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Abstract

:

Titanium dioxide nanoparticles (TiO2NPs) are widely produced and used NPs in different applications. To evaluate the risk from anthropogenic TiO2NPs, more information is needed on their occurrence in the environment. For the first time, this study reports the levels of TiO2NPs in waters and sediments at selected sampling sites along the Sava River using inductively coupled plasma mass spectrometry in single particle mode (spICP-MS). The highest concentrations of TiO2NPs were determined in river water at Vrhovo (VRH), Jasenovac (JAS), and Slavonski Brod (SLB) sampling locations impacted by urban, agricultural, and/or industrial activities, suggesting that these NPs are likely of anthropogenic origin. The results further showed that hydrological conditions and sediment composition significantly influence the levels of TiO2NPs in river water at most locations. Moreover, the Ti/Al elemental concentration ratios of NPs in water and sediments at JAS were higher than the natural background ratios, further confirming their anthropogenic origin. The outcome of this study provides first information on the presence of (anthropogenic) TiO2NPs in different environmental compartments of the Sava River, contributing to more reliable risk assessments and better regulation of TiO2NPs emissions in the future.
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1. Introduction


Titanium dioxide nanoparticles (TiO2NPs) are produced in large quantities annually on account of their increasing use in various applications. As a result, emissions of anthropogenically produced TiO2NPs into the environment are also increasing. Anthropogenic TiO2NPs can be released into the environment through urban runoff from exterior facades [1]; as a result of recreational activities, e.g., from sunscreen when bathing [2]; from municipal wastewater effluents containing TiO2NPs originating from personal care, food (containing food additive E171), textiles, and other consumer products [3]; from agricultural runoff containing TiO2NPs used as essential nutrients for plant growth and development; and as a result of accidental spills during their production and transport. TiO2 (nano)particles in the environment could also result from natural sources formed via biogeochemical and/or environmental processes. They can be present as Ti-bearing minerals (rutile, ilmenite, sphene, titanomagnetite, magnetite, and ilmenite) or Ti-containing particles formed after weathering of parent rocks [4]. Although much higher amounts of natural NPs are released in the environment than anthropogenic NPs [5], the occurrence of anthropogenic NPs is of concern particularly in urban areas, where increasingly more of the population will be living in the future. Due to unique properties related to their small size and increased surface area, the presence of anthropogenic TiO2NPs in the environment has raised legitimate concerns about their potential impact on human health and the environment [6].



The knowledge of TiO2NPs levels, especially in the river environment, is therefore necessary to better predict and control the pollution of the river. The Sava is a 945-km-long river that flows through Slovenia, Croatia, Bosnia, and Herzegovina and Serbia and is the primary drainage basin in South-Eastern Europe and the biggest tributary of the Danube River. The groundwater aquifers charged by the Sava are vital drinking water sources for the 9 million riparian inhabitants. The main sources of pollution are industrial and intensive agricultural activities, big cities with high population densities, and, in the lower parts of the Sava River, the discharge of non-treated municipal sewage. Regarding metals, the Sava River is considered a moderately polluted European river [7]. These pollution sources can also contribute to increased levels of anthropogenic TiO2NPs in the river, thus impairing the quality of the river ecosystem and drinking water sources.



To the best of our knowledge, there is currently no data on the occurrence and concentrations of (anthropogenic) TiO2NPs in the Sava River environment. The lack of information on the Sava River and other surface waters is related to the difficulties in quantifying NPs in environmental matrices. Most current methods for detecting NPs are challenged by their low concentrations in environmental samples (ng/L range), matrix interferences (physical or spectral), and the presence of natural NPs of a similar size, morphology, or composition. One method with the potential to overcome these limitations is single particle inductively coupled plasma mass spectrometry (spICP-MS). Since its first introduction by Degueldre’s group [8] in 2003, spICP-MS has been used to characterize and quantify metal-based NPs in different matrices [9]. The method provides information on the number-based particle size (expressed as the mass-equivalent spherical diameter) and size distribution, particle mass and number concentration, and the concentration of dissolved analyte in the sample [10]. It is a sensitive element-specific method that requires relatively simple sample pre-treatment and offers a rapid analysis of metal-containing NPs. So far, spICP-MS has been used to detectTiO2NPs in different environmental compartments, such as surface waters, treated drinking waters, rainwaters, swimming pool waters [4,11,12,13,14,15,16], sanitary sewage spills [3], and municipal sewage treatment plants [17]. Despite the relatively large number of reported spICP-MS applications for TiO2NPs analysis, improvements in the analytical performance of the method are still needed, especially concerning the reduction of particle size detection limits. Namely, its limitations are related to spectral interferences that hinder the detection of small NPs, thereby increasing particle detection limits. (Sp)ICP-MS measurements of certain elements, including the most abundant Ti isotope at a mass-to-charge (m/z) ratio of 48, can be hampered by isobaric (Ca isotope at m/z of 48) and/or polyatomic interferences (formed from P, S, Si, and C isotopes), which have the same m/z ratio as the target element. Several approaches have been used to remove or minimize spectral interference, one of them being tandem ICP-MS/MS technology, in which the instrument is equipped with an additional quadrupole located before the collision/reaction cell (CRC) to act as a mass filter [18]. For example, an ICP-MS/MS approach in single particle mode using a mixed cell reaction gas containing O2 and H2 has been proposed for the interference-free measurement of TiO2NPs in the presence of high Ca concentrations [9,19,20,21].



Identifying and quantifying the concentrations of anthropogenic TiO2 (nano)particles among the ubiquitous presence of naturally occurring Ti-containing particles in rivers is critical in assessing the potential environmental exposures and risk of anthropogenic TiO2 (nano)-particles in the environment. The distinction between the natural and anthropogenic particles is challenging because of their similarity in the elemental composition and size and the tendency of natural and anthropogenic NPs to form heteroaggregates in the natural environment [22]. Moreover, the concentration of naturally occurring Ti-bearing NPs can be several orders of magnitude above that of anthropogenic ones, overshadowing their presence. There are currently few promising approaches for quantifying and discriminating anthropogenic NPs from natural NPs in environmental samples. Natural and anthropogenic NPs can be distinguished based on a difference in their concentration in an unexposed and contaminated environment. However, this approach is only valid when information on the background levels of NPs is available and if the background levels are not in the same range as the anthropogenic NPs. A second method relies on the properties of anthropogenic NPs, e.g., chemical composition, size, and morphology, being significantly different from those of natural homologous particles. For instance, it can be assumed that natural Ti-bearing particles are part of larger mineral particles while anthropogenic TiO2NPs are, in general, smaller. However, determining the size of particles present at low concentration levels and in the presence of larger mineral particles is challenging due to the interferences affecting particle characterization. Another recently implemented approach exploits the differences in the elemental ratios in the individual particles between anthropogenic and natural NPs. Naturally occurring TiO2 particles can contain elements, such as Al, Fe, Ce, Si, Pb, Mn, etc. (also as carriers of heavy metals), whereas anthropogenic TiO2 particles are relatively pure [3,15]. Anthropogenic TiO2NPs can then be identified based on shifts in Ti’s elemental mass concentration ratio to a selected element relative to the corresponding natural background elemental ratios. This principle has been used to quantify the concentration of TiO2 anthropogenic (nano)particles in surface waters impacted by sewage spills (Ti:Al, Si, Fe, Ce, Zr, Nb, Ba, Pb) [3], bathing activities (Ti:Al, V, Ga, Y, Nb, Eu, Ho, Er, Tm, Yb) [2], urban runoff (Ti:Nb) [23], soils from stormwater green infrastructures (Ti:Nb, Ta, Al) [24], surface waters (Ti:Al, Fe, Si, Nb) [4,11], suspended particulate matter (SPM) from recreational lakes (Ti:Al, V, Mn, Fe, Pb) [15], and industrial waste streams (Ti:V, Al, Fe) [25]. The proposed approach can be therefore used to differentiate anthropogenic from naturally occurring Ti-containing NPs on a larger environmental scale.



The overall objective of this study was to evaluate whether different pollution sources previously identified by the elevated concentrations of potentially toxic elements across the Sava River can also contribute to the increased levels of anthropogenic TiO2NPs. To achieve this objective, the specific aims were to (1) quantify the concentration of TiO2 NPs in water and sediment samples at selected sampling sites along the Sava River to evaluate the influence of human activities on the levels of TiO2NPs; (2) evaluate the correlation between TiO2NPs concentrations found in river water and sediments with the amount of SPM in water and the sediment fraction <63 µm to evaluate if TiO2NPs in water are the results of sediment resuspension; (3) compare the elemental Ti/Al concentration ratios in NPs detected in water and sediment with natural background ratios to distinguish between natural and anthropogenic TiO2NPs.




2. Materials and Methods


2.1. Sample Collection


Water and sediment samples were collected along the Sava River in September 2015 under low water discharge conditions during the second sampling campaign, organized within the EU 7th FW funded GLOBAQUA project [7]. Fifteen sampling sites in Slovenia, Croatia, and Serbia were selected (Figure 1).



The main pollution sources were identified at Vrhovo (VRH), a large hydropower reservoir, receiving pollutants from the Sava tributary Boben, impacted by the chemical and glass industry and former chloro-alkali industry; Zagreb (ZAG) and Beograd (BEO), both strongly impacted by urban pollution and industrial activities; and Jasenovac (JAS), Slavonski Brod (SLB), Županja (ZUP), Sremska Mitrovica (SRM), and Šabac (SAB), impacted by agricultural activities, local oil refineries, heavy metallic industry, site mining industry, and river transport (Table S1). The unpolluted site of Mojstrana (MOJ), located in Slovenia close to the Sava Dolinka spring, one of the headwaters of the Sava River, was chosen as a reference location.



Water samples were collected following the guidance on surface water chemical monitoring given in the Water Framework Directive (WFD) [26]. At each sampling site, river water was collected in 10 L plastic buckets from which an aliquot (1 L) was transferred to a PE brown bottle and stored in a freezer at −20 °C prior to analysis. Sediment samples were collected from the river bank (grab sample, from the top 10 cm), following the recommendations for chemical monitoring of sediment [27]. Approximately 2 kg of sediment were collected at each sampling site and transferred into 2 L plastic bottles.



Water discharge, temperature, pH, and electrical conductivity were measured at each sampling location. The amount of SPM in river water, and the mass percentage of the sediment fraction <63 μm, was determined as described in Milačič et al. [7].




2.2. Sample Preparation


2.2.1. Water Samples


A Mettler AE 163 (Zürich, Switzerland) analytical balance was used for all weighing. MilliQ water (18.2 MΩ cm) from Millipore (Bedford, MA, USA) was used throughout the work.



Before analysis, the river water samples were allowed to thaw, shaken on a horizontal shaker (Edmund Bühler GmbH, Germany) for 10 min at 300 rpm, and bath sonicated (Elmasonic P 180 H, Elma, Germany) for 3 min at 100 W power and 37 Hz frequency. Sonication resulted in an increased number of detected TiO2NPs compared to a non-sonicated sample without affecting the particle size distribution of TiO2NP (Figure S1). However, samples could only be sonicated for 3 min since prolonged sonication caused sample heating. Immediately after sonication, 2 (analytical) subsamples were taken from each bottle and diluted with MilliQ water, i.e., 10 to 400 times for TiO2NPs analysis and 50 to 1000 times for Al-containing NPs analysis.




2.2.2. Sediment Samples


Sediment samples were wet-sieved through a 63 μm sieve with river water and subjected to lyophilization. The TiO2NPs were extracted from the lyophilized sediment using a modified extraction procedure, reported by Dutschke et al. [28]. A known weight (0.375 g) of lyophilized sediment (corresponding to 0.5 g wet sediment) was mixed with 10 mL of 0.1 M NaCl (99.99%, suprapur, Merck Millipore, Burlington, MA, USA) in a 1:20 solid:liquid ratio to remove any exchangeable divalent cations (predominantly Ca2+). The solution was thoroughly mixed using a vortex mixer (Vibromix 10, Tehtnica, Železniki, Slovenia) for 10 s and probe sonicated for 10 min using a Qsonica Sonicator Q125 (L.L.C, Newton, CT, USA), equipped with a 6 mm probe (model CL-18) and operated at an 80% amplitude in pulse operation mode. Since all particles were expected to be aggregated to sizes > 30 nm in 0.1 M NaCl, the mixture was centrifuged for 49 min at 8603× g using a Hettich Universal 320 centrifuge (Beverly, MA, ZDA) to remove TiO2NPs particles larger than 30 nm. The centrifugation speed and settling time were calculated assuming a particle density of 4 g/cm3. The supernatant was removed, and the step was repeated. Afterwards, any excess NaCl was carefully removed, and the sediment re-resuspended in 12 mL of MilliQ water, followed by vortex mixing for 10 s and probe sonication for 10 min. The suspension was centrifugated to a 300 nm cut-off size (centrifugation for 10 min at 425× g) and 10 mL of supernatant were carefully collected and replaced with 10 mL of MilliQ water. Two more washing steps were performed until the supernatant was substantially less turbid. Finally, the supernatant fractions (total volume: 30 mL) were combined and stored in the dark at 4 °C. The extraction of each sediment sample was performed in triplicate (N = 3). Prior to analysis, the sediment extracts were shaken on a horizontal shaker for 10 min at 300 rpm and sonicated for 3 min at 100 W power and 37 Hz frequency. In total, 2 (analytical) subsamples were taken from each extract and diluted with MilliQ water (250,000 to 500,000 times for TiO2NPs analysis and 100,000 to 500,000 times for Al-containing NPs).



The efficiency of the extraction procedure was evaluated by analyzing sediment samples spiked with a TiO2NPs standard reference material SRM 1898, obtained from NIST (Gaithersburg, MD, USA), since no reference material for TiO2NPs in sediment matrix is available. The SRM 1898 suspension for spiking was prepared as described in the Supplementary Material. An aliquot (0.1876 mL) of the SRM 1898 suspension containing 2 mg/mL of TiO2NPs was added to 0.375 g of BCR-320R (channels sediments, IRMM, Geel, Belgium) and 0.375 g of sediment collected at MOJ to give a concentration of 1000 µg TiO2NPs per g of sediment in the spiked samples. Spiked sediment samples were subjected to the same extraction procedure described above. The samples were prepared in triplicate, and from each triplicate, two (analytical) subsamples were taken for analysis.





2.3. Single Particle ICP-MS Analysis of NPs in Water and Sediment Samples


2.3.1. spICP-MS Method


spICP-MS analysis of TiO2NPs and Al-containing NPs was performed on an 8800 Triple Quadrupole ICP-MS instrument (Agilent Technologies, Santa Clara, CA, USA) equipped with 2 quadrupoles and a collision/reaction cell. Based on recommendations by the instrument supplier [29], 48Ti+ isotope was measured in MS/MS mass-shift mode using O2 and H2 reaction gases to overcome isobaric interference on 48Ca+. In this measurement mode, the first quadrupole (Q1) was set to m/z 48 (the mass of the precursor 48Ti+ ion) and the second quadrupole (Q2) was set to m/z 64 (the mass of the target product ion 48Ti16O+). O2 promotes the formation of the 48Ti16O+ product ion, and H2 helps with the formation of 48Ca16O1H+, avoiding interference of 48Ca16O+ on 48Ti16O+. In a separate batch, 27Al+ isotope was measured in single quad mode with He as the collision gas to reduce carbon- and nitrogen-based polyatomic interferences on m/z 27. The signal intensity of each isotope was recorded in time-resolved mode for 60 s using a dwell time of 3 ms. An accurate sample flow rate (at peristaltic pump speed of 0.1 rotations/s) was determined daily by pumping a known weight of MilliQ water at room temperature (N = 2). Instrument tuning was performed prior to analysis according to the manufacturer’s recommendation. Instrumental settings for the spICPMS analysis are summarized in Table S2.



For all samples, the dilution factor was adjusted in such a way that the number of detected particles during 1 acquisition was >100 to reduce the random error governed by Poisson statistics to 10% and lower than 1170 to limit relative bias due to multiple particle events to below 3%, assuming a transport efficiency of 0.06, sample flow rate of 0.33 mL/min, and a dwell time of 3 ms [30]. Another criterion for selecting the optimal dilution factor was a low baseline signal that can be increased due to spectral interferences and/or dissolved analyte. Applied dilution factors resulted in a baseline signal corresponding to a Ti mass concentration lower than 12 ng/L and an Al mass concentration lower than 300 ng/L.



Each of the two analytical subsamples for the river water were measured twice by spICP-MS, and the blank samples (MilliQ water) were treated identically to the samples. To prevent particles from sticking to the components of the ICP-MS sample introduction system, a 4% nitric acid solution (prepared from 67–70% HNO3, Carlo Erba Reagents, Val-de-Reuil, Normandie, France) was aspirated after each sample for 45 s at a flow rate of 1 mL/min, followed by rinsing with MilliQ water for another 45 s at a flow rate of 1 mL/min.



Transport efficiency was determined daily according to the “particle size” method [31] using gold nanoparticle (AuNP) reference suspensions (RM8012 and RM8013, NIST, Gaithersburg, MD, USA) with an average particle diameter of 27.6 ± 2.1 nm for RM8012 and 56.0 ± 0.5 nm for RM8013, as determined by TEM. RM8012 and RM8013 suspensions were diluted with MilliQ water to reach an AuNP concentration of 5 and 50 ng/L, respectively. For calibration, a series of dissolved Au standards (0, 0.1, 0.5, 1.0, and 2.0 ng/mL) were prepared from a stock standard solution of ionic Au (1.000 ± 0.002 g Au/L, H(AuCl4) × 3H2O in 12.7% HCl, Titrisol® from Merck, Burlington, MA, USA) in MilliQ water.



The performance of the spICP-MS method was evaluated by analyzing SRM 1898. According to the certificate of analysis provided by NIST, SRM 1898 consists of 76% anatase and 24% rutile, with TiO2 particles of a primary size < 50 nm (as observed by TEM) and a volume-weighted mean diameter of 71 nm in a water suspension as determined by laser diffraction spectrometry (LDS). A standard solution, prepared from the SRM 1898 (Supplementary Material), was analyzed with each batch of samples.




2.3.2. Data Analysis


Data processing was performed by exporting the recorded signal intensities (in cps) from ICP-MS software to an Excel spreadsheet (Microsoft Office Excel 2019, Microsoft, Redmond, WA, USA) developed for spICP-MS data processing by RIKILT (Imperial Quality Control of Agricultural and Horticultural Products, University of Wageningen, Wageningen, The Netherlands). Particle mass, number concentration, and particle size (expressed as mass-equivalent spherical diameter) were determined following the previously described procedure [32]. Quantification of the particle mass was based on calibration curves constructed from the blank (MilliQ water) and a series of dissolved Ti or Al standards (0.2 to 5.0 µg/L) prepared from the stock standard solution of ionic Ti or Al (1000 ± 4 mg/L in 2–3% HNO3, Merck). Particle mass was converted into the particle diameter by assuming particles with a spherical shape consisting of TiO2 (Ti mass fraction 0.6) in the anatase form with a density of 3.9 g/cm3 or Al-containing NPs (Al mass fraction 1.0) with a density of 2.7 g/cm3.



The threshold for distinguishing the baseline signal from the nanoparticulate signal was calculated using an iterative algorithm based on the average signal plus N times the standard deviation of the whole data set. For the analysis of TiO2 and Al-containing NPs, an iterative algorithm based on 6 and 5 times the standard deviation was applied, respectively. In the case of TiO2 NPs, the corresponding particle thresholds resulted in minimum detectable particle diameters ranging from 28 to 38 nm in river water and from 34 to 46 nm in sediment extracts, depending on the intensities of the baseline signal. For Al-containing particles, the minimum detectable particle diameters ranged from 68 to 79 nm in water samples and from 113 to 177 nm for particles in sediment extracts, again depending on the intensities of the baseline signal.



The particle number limit of quantification (LOQ) was calculated as 10 times the standard deviation of the number of particles detected in a minimum of 6 blank samples. All samples were blank corrected, and only those above LOQ were considered for quantification.





2.4. Total ICP-MS Analysis of Ti and Al in Water and Sediment Samples


The total mass concentration of Ti and Al in bulk water and sediment samples was determined by conventional ICP-MS analysis of acid-digested samples. Water and sediment samples were digested as previously described by Vidmar et al. [33]. Briefly, a 10 mL aliquot of river water sample or a 0.25 g aliquot of lyophilized sediment sample was transferred into a Teflon vessel. In total, 4 mL of nitric acid (67–70% HNO3), 1 mL of hydrochloric (30% HCl), and 2 mL of hydrofluoric acid (40% HF) were added in the first step, and 6 (for water samples) or 12.5 mL (for sediment samples) of boric acid (4% H3BO3) were added in the second step. All acids were supplied from Merck Millipore. The samples were subjected to 2-step microwave assisted digestion: ramping to T = 200 °C in 30 min, holding at T = 200 °C for 60 min (first step), ramping to T = 200 °C in 15 min, holding at T = 200 °C for 30 min (second step). A CEM MARS 6 Microwave Acceleration Reaction System (CEM Corporation, Stallings, NC, USA) was used for sample digestion. The acid digests were made up to 30 mL with MilliQ water and appropriately diluted prior to ICP-MS analysis. Quantification was performed based on external calibration by measuring Ti and Al ionic standards prepared in 1% nitric acid in the concentration range of 0.1–500 µg/L and online internal standard (25 µg/L Rh in 1% nitric acid). Each sample was digested in parallel, and at least seven blank samples were prepared for each set of experiments.



The performance of the analytical procedure for total Ti and Al determination in the acid-digested water and sediment samples was evaluated by analyzing a BCR-320R reference material (informative value for Ti: 1785 ± 15 mg/kg and for Al: 30.2 ± 0.0 mg/g) and SRM 1898 suspension, which were both digested in the same way as water and sediment samples. Briefly, a 10 mL suspension of 50 ng/mL TiO2NPs prepared from SRM 1898 standard, and a 0.20 g aliquot of BCR-320R standard were digested in triplicate and analyzed by conventional ICP-MS. Mass recovery for the determination of Ti in SRM 1898 was 94 ± 11% (N = 3). Good mass recoveries were also achieved for Ti (94 ± 2%, N = 3) and Al (105 ± 5%, N = 5) in BCR-320R.





3. Results


3.1. TiO2 Nanoparticles in River Water Samples


The performance of the spICP-MS/MS method for TiO2NPs in river water was evaluated using SRM 1898, prepared at 50 ng/L of TiO2NP in MilliQ water. The particle size distribution is shown in Figure S2. The average particle diameter, calculated as the mass-equivalent spherical diameter assuming spherical particles in anatase form, was 65 ± 2 (N = 8), which agrees with the certified value (volume-weighted mean diameter of 71 ± 4 nm, as determined by LDS). The minimum detectable particle diameter, i.e., the smallest observable particle diameter in the particle size distribution, was 36 nm. In addition to the particle size, good analytical recovery (92 ± 16%, N = 8) was achieved for the mass concentration of TiO2NPs. Repeatability was evaluated by analyzing SRM 1898 over 10 different days. Table S3 shows the particle mass recovery, particle number concentration, mean particle diameter determined on each day of analysis, and the between-day repeatability expressed as the relative standard deviation (RSD). The results show good repeatability for the mean particle diameter (RSD 4%) and satisfactory repeatability (RSD 17%) for particle mass and number concentration, similar to that reported in the literature [34].



The mass and number concentration of TiO2NPs determined in the water samples of the Sava River are presented in Figure 2.



At most sampling sites, the TiO2NPs concentrations were low (<1 µg/L or 106 particles/mL). At the MOJ reference location and LIT, the TiO2NPs concentrations were <LOQ (LOQ values for TiO2NPs mass and number concentrations were 0.027 µg/L and 6.9 × 103 particles/mL, respectively). The highest TiO2NPs concentrations were observed at VRH (7.23 ± 2.2 µg/L), JAS (5.16 ± 1.27 µg/L), and SLB (1.96 ± 0.52 µg/L), all of which are impacted by different industrial, urban, or agricultural activities (Table S1) that could contribute to the release of TiO2NPs into surface water. At LIT, SRM, and SAB, the mass and number concentrations of TiO2NPs detected at the input sources (1) were not significantly higher than those at the output (2).



As can be seen from Table S4, the sizes of detected TiO2NPs did not differ significantly among different sampling sites. The size range was between ~30(minimum detectable particle diameter) and ~400 nm (maximum detectable particle diameter), with average particle diameters ranging from 51 to 63 nm across the sampling sites.



In addition, the total Ti mass concentrations determined in acid-digested samples by conventional ICP-MS analysis were significantly higher than the total Ti concentrations determined in the diluted samples by spICP-MS (calculated as the sum of Ti-NPs and ionic Ti, Table S5). Total Ti quantified by spICP-MS represented only 0.4 to 8% of the total Ti measured in the acid-digested water samples. This difference could be explained by the inability of spICP-MS to detect large Ti-bearing particles/aggregates/agglomerates and Ti associated with natural colloids/minerals present in the river water. This observation is supported by a strong correlation (Spearman correlation coefficient of 0.74) between the TiO2NPs in water and Ti associated with the SPM (particles > 450 nm) in river water (Figure S3).



Using spICP-MS, it was also possible to distinguish the ionic form of Ti from TiO2NPs. From Table S5, it is clear that ionic Ti represented only a small percentage (around 10%) of the total Ti measured by spICP-MS, which can be explained by the low dissolution rate of TiO2NPs and/or the fact that Ti is a lithophile element and tends to form minerals.




3.2. TiO2 Nanoparticles in Sediment Samples


The performance of the extraction procedure was evaluated by analyzing sediment samples spiked with SRM 1898. Analytical recoveries were determined based on the expected particle mass (1000 µg TiO2NPs/g sediment) and number concentration (1.0 × 1012 TiO2NPs/g sediment) in the spiked sediment samples. The results in Table S6 show that mass and number recoveries close to 100% were achieved for both sediment samples, and the extraction procedure did not alter the particle size distribution of SRM 1898 (Figure S4). This demonstrates that the applied method is efficient for the quantitative extraction of TiO2NPs from sediments while preserving their original size.



The mass and number concentrations of TiO2NPs extracted from river sediments and quantified by spICP-MS are presented in Figure 3.



The results show how the TiO2NPs concentrations did not differ among sampling locations (from 365 ± 94 µg/g at MOJ to 871 ± 136 µg/g at JAS) as much as in river water (Figure 2). Similar to the water samples, the lowest TiO2NPs concentration was observed in sediment extracts from the unpolluted MOJ site while the size of the TiO2NPs did not differ significantly among the sampling sites (Table S7). The size range of TiO2NPs detected in sediment extracts was between ~40 and ~250 nm, with average particle diameters ranging from 59 to 67 nm across all sampling sites.



A fraction of Ti-containing NPs relative to the total Ti mass concentration (calculated as the sum of Ti-NPs and ionic Ti) determined in sediment extracts by spICP-MS ranged from 60 to 94% (Table S8). The data (Table S8) show a decreasing trend in the percentage of the NP fraction along the Sava River basin, which is a consequence of an increase in ionic Ti along the Sava River basin, with Ti-NPs concentrations staying relatively constant. Notably, the “ionic Ti” fraction does not contain dissolved Ti only but also TiO2NPs < size LOD. As the minimum detectable diameter (Table S7) gradually increases from MOJ (38 nm) to BEO (44 nm), a larger proportion of particles smaller <size LOD is considered as the “ionic Ti” fraction. An increase in small TiO2NPs (<size LOD) along the Sava River basin could also be attributed to the gradual increase in the mass fraction of fine-grained sediment (<63 µm) and the content of clay particles (smaller than 2 µm) as the Sava turns from a highland into a lowland river [7].



The total Ti concentration in the sediment extracts determined by spICP-MS represented only around 50% of the total Ti measured in the acid-digested bulk (Table S8). This finding is likely related to the ability of the analytical procedure applied (extraction method + spICP-MS) to recover and detect only TiO2 particles within the size range of 36 (minimum detectable diameter) and 341 nm (maximum particle diameter detected in extracted samples). The upper size limit corresponds to the 300 nm cut-off size applied in the extraction procedure.




3.3. Studying the Origin of TiO2 Nanoparticles in the Sava River


3.3.1. Correlation of TiO2 Nanoparticles in Water and Sediment Samples


To evaluate if TiO2NPs detected in river water are correlated with their concentrations in the river sediments across all sampling sites, the Spearman correlation coefficient (SCC) between the TiO2NPs mass concentrations in water and sediment was calculated. A very weak correlation was found (SSC of 0.08) when considering all locations where TiO2NPs > LOQ were observed (Figure S5A). When VRH and SLB were excluded, the TiO2NPs concentration in sediments extracts (Figure S5B) strongly correlated with the increasing TiO2NPs content in river water (SSC of 0.68), indicating that TiO2NPs observed at VRH and SLB are not a result of sediment resuspension. Since the spICP-MS method cannot detect larger Ti-bearing particles, as discussed later, a correlation analysis of total Ti concentrations determined in the acid-digested bulk water and bulk sediment samples was also performed. A moderate correlation (Figure S6) was obtained when considering all sampling locations (SCC of 0.43), and a very strong correlation was obtained when excluding VRH and BEO (SCC of 0.85). However, following the levels of TiO2NPs in sediment samples is not a suitable tool for evaluating the extent of pollution with TiO2NPs, given that naturally present Ti-containing particles are present in sediments in much higher concentrations than anthropogenic TiO2NPs. This is also why TiO2NPs concentrations found in river water samples (Figure 2) exhibited substantially more variability across the sampling locations than those found in sediment samples (Figure 3).



Another aspect to consider when evaluating contaminants in river waters is hydrological conditions. Heavy rains, for instance, can dilute the concentrations of pollutants and/or re-suspend some of them from riverbed sediments. Milačič et al. [7] demonstrated that hydrological conditions and the composition of sediments greatly influence the amount of SPM in river water. A strong correlation exists (SCC of 0.74) between the TiO2NPs concentration in water and the Ti concentration associated with SPM in water (Figure S3), and an even stronger correlation (SCC of 0.84) is obtained when VRH is excluded, indicating that the increased level of TiO2NPs at VRH cannot be explained solely by the presence of SPM in river water.



In addition, more particles are expected to be released into river water in the lowest reaches of the Sava, given that the water discharges and the mass fraction of the fine sediment particles <63 μm gradually increased along the Sava [7]. However, a weak correlation (SCC of 0.200) between TiO2NPs in river water with sediment fraction <63 µm was observed. Again, the exclusion of VRH and JAS produces a strong correlation (SCC of 0.68), which suggests that a higher fraction of sediment <63 µm leads to an increase in the release of TiO2NPs from bottom sediments and thus a higher TiO2NPs concentration in water at most sampling sites while the elevated TiO2NPs levels in river water VRH and JAS are most likely from external contamination.




3.3.2. Determination of Ti/Al Elemental Ratios


To evaluate whether the TiO2NPs found in Sava River waters and sediments were of natural or anthropogenic origin, an approach based on the determination of elemental ratios between Ti and Al concentrations was tested. Al is an example of a conservative element since it is a major constituent of aluminosilicates and is likely to coexist with Ti in minerals, such as palygorskite, montmorillonite, illite, kaolinite, hectorite etc. [4], also in the form of naturally occurring particles. Anthropogenic TiO2NPs, on the other hand, have a relatively pure elemental composition, although TiO2NPs released from certain products (sunscreens, clothing) can contain Al as a coating agent adsorbed on their surface [35]. If the contribution of anthropogenic TiO2NPs to the Ti concentration is sufficiently high, an increase in the Ti/Al ratio above the variation of the natural background would be observed and therefore attributed to the presence of anthropogenic TiO2NPs in the sample. To determine the Ti/Al elemental ratio in NPs detected in water and sediment samples, the mass concentration of Ti-containing NPs was divided by the mass concentration of Al-containing NPs.



First, the correlation between the mass concentrations of Ti- and Al-containing NPs detected in water and sediment samples was evaluated (Figure 4).



The very strong correlation between Ti- and Al-containing NPs in river water (SCC of 0.89) and strong correlation in sediment extracts (SCC of 0.79) when excluding data from JAS suggests that Ti-containing particles in the river are associated with Al-containing particles. When the mass concentration of Ti-containing NPs was normalized to the mass concentration of Al-containing NPs to determine the Ti/Al elemental ratio of NPs at each sampling location (Figure 5), the elemental ratios of Ti/Al associated with NPs were significantly higher in sediment extracts (median: 0.250 ± 0.055) than in river waters (median: 0.051 ± 0.029).



However, it must be emphasized that the applied extraction procedure was only optimized for the quantification of TiO2NPs in sediments and not for Al-containing NPs. The performance of the Al-containing NPs extraction procedure was assessed by comparing their concentration in the extracts of BCR-320R sediment determined by spICP-MS to the total Al concentration determined in acid-digested BCR-320R sediment by conventional ICP-MS. A recovery of 29.6 ± 1.7% (N = 6) was achieved. If the mass concentrations of Al-containing NPs were corrected for the corresponding recovery, the Ti/Al ratios in sediments would be lower (median: 0.074 ± 0.016) and thus no longer significantly higher than the ratios in river water. Furthermore, the Ti/Al ratios in water and sediment samples did not significantly differ among sampling locations except at JAS, where a significant increase in the Ti/Al ratio was observed in both river and sediment samples. To identify the origin of the detected TiO2NPs at each sampling location based on the Ti/Al elemental concentration ratios, natural background information for the Ti/Al ratio values at the selected sites is required. Background Ti/Al information is likely a specific value for a given sampling site and varies, e.g., based on geographical location, and the composition of river sediments. Quartz is a prevailing mineral phase in sediment fractions <63 μm along the Sava River basin, with calcite and dolomite being the most abundant at RAD (the representative sampling site from the upper Sava). In contrast, in BEO (representative sampling site from the lower Sava), clay minerals (i.e., illite/muscovite and chlinochlore, all of them are aluminosilicates) prevailed [7].



Therefore, to confirm the presence of anthropogenic TiO2NPs in river water at JAS, the Ti/Al elemental concentration ratios of NPs in water or sediments were compared to the corresponding natural background elemental concentration ratio [24]. To determine natural background levels and to exclude potential artefacts in analyzing Al-containing NPs in sediments extracts, Ti/Al ratios were calculated in the acid-digested bulk water and bulk sediment samples, and in the SPM (Figure 6). The Ti/Al mass ratios associated with NPs in sediment extracts were corrected by applying a 30% correction factor.



Variations in the Ti/Al ratios across all sampling sites were the highest in NPs, detected either in water or sediment extracts (Figure 6a). The highest Ti/Al elemental ratios were observed for NPs in sediment extracts (0.074 ± 0.019) and bulk sediments (0.058 ± 0.019), followed by the ratios in SPM (0.053 ± 0.016), bulk water (0.046 ± 0.009), and NPs in water (0.044 ± 0.028), calculated as median values ± SD of all sampling sites. Median values determined in bulk sediments were in close agreement with the reported average sediment elemental ratio (0.0634) while median values in the SPM were similar to the average elemental ratio in river particulate (0.0596) [36]. Therefore, the natural background Ti/Al concentration ratio in water particulates was considered to be equal to the median Ti/Al ratios determined in SPM across all sampling sites. In contrast, sediments’ natural background ratio value was considered equal to the median Ti/Al ratios determined in bulk sediments. Looking at Ti/Al ratios determined at each sampling site (Figure 6b), we can see that at most sampling sites, the ratios associated with NPs in water (blue squares) follow the same trend as in bulk water (green triangles) and SPM (blue triangles). The only 2 outliers can be observed at the JAS (Ti/Al ratio of 0.124) and ZUP sampling sites (Ti/Al ratio of 0.092), where the Ti/Al ratios associated with NPs were significantly higher than the median Ti/Al ratio in SPM (0.053 ± 0.016) (Figure S8). At JAS, the Ti/Al ratio increase in water NPs followed the Ti/Al ratio increase in sediment NPs (0.120), which was significantly higher than the natural background values in sediments (0.058 ± 0.019). These observations confirm that TiO2NPs at JAS result from anthropogenic activities. Interestingly, the Ti/Al ratios at VRH and SLB, which contained one of the highest TiO2NPs concentrations in the water of all sampling sites (Figure 2), were not significantly higher than the natural background ratios.






4. Discussion


In this study, the concentration levels of TiO2NPs in water and sediment samples were determined, for the first time, at selected sampling sites along the Sava River. The TiO2NPs mass concentrations ranged between 0.177 and 7.23 µg/L in river water samples and between 365 and 871 µg/g in river sediment samples across all sampling sites. This corresponded to TiO2NPs number concentrations ranging from (0.07 to 7.0) × 106 particles/mL in river water and from (0.45 to 1.0) × 1012 particles/g in river sediments. The TiO2NPs levels found in the Sava River were comparable to the measured and modelled concentrations of (anthropogenic) TiO2NPs reported in other surface waters (3 ng/L–1.6 μg/L [37]; 104 to 107 NP/mL, corresponding to 0.332 μg/L [11]; 0.2 to 8.1 μg/L [13]; 0.55–6.48 μg/L [22]; 20–140 µg/L following rainfall events [4]). The TiO2NPs levels in the sediments of the Sava River were also within the range of TiO2NPs observed in similar sample matrices, i.e., 550–1800 µg/g in stormwater green infrastructure sediments [24]. The average values for mass-equivalent particle diameters of TiO2NPs in the Sava River ranged from 51 to 63 nm in water and 59 to 67 nm in sediments, assuming spherical anatase particles. Furthermore, the minimum and maximum detectable diameters of 28–38 and 400 nm in river water and 34–46 and 340 nm in sediment extracts were found. These findings were comparable to the reported size distributions of TiO2NPs found in different environmental compartments (~30–60 nm, reported as the mode of diameters [11]; 25–200 nm with a modal size of 50 nm [24]; 50 nm [25]).



Although TiO2NPs levels in the Sava River did not exceed predicted or measured TiO2NPs concentrations in the waters of other river basins, the presence of anthropogenic TiO2NPs could not be excluded. The highest TiO2NPs concentrations among the selected sites along the Sava River were observed at VRH, JAS, and SLB, which is not surprising as different anthropogenic activities severely impact these sampling sites: VRH in Slovenia is located near the hydropower plant and close to different chemical industries, JAS in Croatia is impacted by intense agricultural activities, while SLB in Croatia is located near an oil refinery, metal, and other industries, and a large urban area. Elevated concentrations of potentially toxic elements (Cr, Ni, Cd, Zn, Cu) were also observed in river water samples (in total or soluble fraction < 0.45 µm) that were collected at VRH, JAS, and SLB sampling sites during the same sampling campaign [7].



However, to identify the origin of detected TiO2NPs solely based on their concentration, baseline information for natural nanoparticles present in the selected sites is required. This is a specific value for a selected location and varies based on the geographical location and mineralogical composition of the river sediments, and also depends on the temporal variability due to varying hydrological and metrological conditions [4]. However, in our study, the information on the levels of natural Ti-containing particles at selected sites along the Sava River was not available. Therefore, to study the possible effects of varying river sediment composition and hydrological conditions on the presence of TiO2NPs in river water, a correlation between TiO2NPs in water and sediment extracts was made at each sampling site. In addition, a comparison of their concentrations to the amount of SPM and sediment fraction <63 µm was also made. The SPM was used as an indicator of the varying hydrological conditions, since the transport of certain pollutants in rivers is often facilitated by re-suspension of sediment particles, which are typically mobilized during high discharge events, e.g., floods [38]. For most sampling sites, TiO2NPs concentrations in river water are strongly correlated with the TiO2NPs content in sediment extracts, and with the SPM concentration in water and sediment fraction <63 µm, confirming that the hydrological conditions and sediment composition at each sampling site have a significant influence on the levels of TiO2NPs in river water. The TiO2NPs concentrations in VRH, JAS, and SLB waters did not follow the concentrations of NPs in sediment extracts, the SPM levels, and sediment fraction <63 µm, which suggests that the TiO2NPs observed at these sampling sites are not associated with sediment resuspension but are most likely the results of the external contamination. To further identify the presence of anthropogenic TiO2NPs in the Sava River, the Ti/Al elemental concentration ratios were determined in the detected particles. Like before, natural background information for the Ti/Al ratio values was first established for river water (median value of Ti/Al ratios determined in the bulk SPM samples) and sediment (median value of Ti/Al ratios determined in the bulk sediment samples). Comparing the Ti/Al mass ratios determined in NPs from water and sediment extracts revealed that TiO2NPs detected at the JAS can result from anthropogenic activities.



In this study, spICP-MS was applied as a sensitive technique, providing fast detection of TiO2NPs at low environmental concentrations (in the range of ng/L), and as an element-specific technique, being able to detect NPs of interest among other types of (nano)particles that are also present in complex matrices. To overcome spectral interferences that occur at the same m/z ratio as Ti-containing NPs, a collision/reaction cell technology in combination with tandem ICP-MS instrumentation was used, which enabled the detection of relatively small TiO2NPs (minimum detectable particle diameters of 28–38 nm in river water and 34–46 nm in sediment extracts). Comparable (26 nm [20], 40 nm [19], 37–40 nm [9]) or lower (15 nm [21]) particle size limits were reported for TiO2NPs analyzed in a water suspension by spICP-MS using a similar approach, i.e., MS/MS mode in combination with H2/O2 reaction gas. The lower TiO2NPs size limits achieved by Wojcieszek et al. [21] likely arise from using the latest triple quadrupole ICP-MS instrumentation with enhanced sensitivity and faster time-resolved analysis using microsecond dwell times. Despite its many advantages, spICP-MS still suffers from some limitations. For example, it cannot quantify Ti-carrying particles > 713 nm, i.e., the maximum detectable TiO2NPs diameter in river water (Table S4), that settle during sample dilution and/or cannot be ionized in the plasma. Consequently, the total Ti mass concentrations determined by spICP-MS in water were only 0.4 to 8% of the total Ti concentration measured in acid-digested water samples. Another reason for underestimating the Ti concentration determined by spICP-MS is the adsorption of Ti ions onto the surface of tubing or other parts of the ICP-MS introduction system due to the non-acidified water samples. On the other hand, when measuring total Ti concentrations in water, microwave-assisted digestion of the sample was applied that completely decomposes matrix constituents present in river water as large particles. Similarly, the total Ti concentration determined in sediment extracts by spICP-MS represented only around 50% of the total Ti measured in the acid-digested bulk sediments. Low recoveries can again be related to the inability of the spICP-MS method to detect larger particles and to the applied extraction procedure with a 300 nm cut-off. Low recoveries were also observed in the literature for TiO2 particles extracted from soil samples using Na4P2O7 as extractant, followed by quantification with asymmetrical flow-field flow fractionation coupled to ICP-MS (AF4-ICP-MS) [24]. However, the purpose of this study was not to detect all Ti-bearing particles within the sediment but only the exchangeable fraction that could be released from the river sediment into the water.



Another limitation of the spICP-MS is that the information on the particle chemical composition, shape, and density needs to be known to convert particle mass to particle size. In our study, the composition and shape of Ti-containing NPs observed in environmental samples were unknown and only assumed (spherical TiO2NPs particles in anatase form). For this reason, other complementary techniques (e.g., scanning electron microscopy (SEM) or transmission electron microscopy (TEM) in combination with elemental analyses, such as energy-dispersive X-ray spectroscopy, EDS) are recommended. These techniques that can determine particle chemical composition could also help to evaluate the association of TiO2NPs with other natural particles. Namely, particles with Ti/Al ratios lower than the natural background levels can also be heteroaggregates between anthropogenic TiO2NPs and natural colloids composed of aluminosilicates, which could explain the unexpectedly low Ti/Al ratios determined for NPs in water at VRH and SLB sampling sites (see Figure 6b and Figure S8). Namely, the formation of heteroaggregates between anthropogenic TiO2NPs and natural colloids is far more likely to happen in environmental waters as the concentration of colloids is generally expected to be much higher than the concentration of anthropogenic TiO2NPs [39,40]. Heteroaggregates of TiO2NPs with montmorillonite [41] and kaolin particles [42], both of which contain Al, have been reported before. However, solely based on spICPMS, it is impossible to distinguish between individual anthropogenic TiO2NPs and their aggregates with other minerals. Moreover, determination of the multi-element composition on a particle-per-particle basis, which could provide more reliable discrimination between anthropogenic and natural NPs, was impossible using the described spICP-MS method. Namely, quadrupole-based ICP-MS instruments cannot simultaneously measure 2 different isotopes (e.g., Ti and Al) in a short time (dwell time of 3 ms) as the settling time is required for peak hopping between different isotopes. With the development of improved ICP-MS instrumentation, this issue can be overcome by a time-of-flight (TOF) mass spectrometer (spICP-TOFMS) to provide a multi-elemental fingerprint of an individual NP. The spICP-TOFMS method has already been applied to study NPs origin, their transformation in natural systems, and their interaction with naturally occurring particles [3,11,15,43,44].



Summing up, the water levels of TiO2NPs that were observed along the Sava River do not yet appear to exceed the toxicity threshold for the environment. Based on probabilistic environmental risk assessment, the predicted no effect concentrations of anthropogenic TiO2NPs in freshwater are between 10.6 and 20.7 µg/L (with a median value of 15.7 µg/L) [45]. However, the TiO2NPs concentrations reported in this study only reflect the levels at the time of sampling and do not give a broad picture of TiO2NPs pollution along the Sava River. For instance, hydrological conditions can significantly influence the dilution and redistribution of contaminants between the sediment and water body. Moreover, it is also expected that anthropogenic TiO2NPs will gradually increase in the future, especially near urban areas. Therefore, monitoring their levels and fluctuations in the river water bodies will help in environmental and human health risk assessment.




5. Conclusions


The presented work provides new information on the occurrence, mass/number concentration, and particle size distribution of natural and anthropogenic TiO2NPs in water and sediment samples at 15 selected Sava River basin sampling locations. Overall, low TiO2NPs concentrations were found in river water at the sampling sites that were comparable to the reported values in other river environmental compartments, with the highest concentrations (up to 7 µg/L) detected at VRH, JAS, and SLB. With varying geographical location, hydrological conditions, and pollution stressors, the concentrations of TiO2NPs found in river water exhibited substantially more variability across the sampling locations than those found in sediment samples. Hydrological conditions and sediment composition also influence the levels of TiO2NPs in river water except in the case of VRH, JAS, and SLB, where the observed TiO2NPs are likely not associated with sediment resuspension. By identifying the increase in the Ti/Al mass elemental ratios in NPs relative to the corresponding natural background ratios, the TiO2NPs observed in river and sediment at JAS were anthropogenic in origin.



The spICP-MS/MS method also enabled the detection of relatively small TiO2NPs (the lowest detectable particle diameter was 28 nm) at low concentrations (LOQ values for TiO2NPs mass and number concentrations in river water were 0.027 µg/L and 6.9 × 103 particles/mL, respectively). Since the composition and shape of the detected particles were unknown, spherical particles in anatase form were assumed. However, other techniques (e.g., SEM/TEM in combination with EDS) are recommended to confirm this assumption. Further work needs to be performed to improve the extraction efficiency of large Ti-containing particles/aggregates/agglomerates, Ti associated with matrix constituents, and Al-containing NPs from sediments, and to validate the relationship between different elemental ratios calculated for anthropogenic and naturally occurring Ti-containing NPs.



It is expected that the results from this study will improve our understanding of the occurrence and origin of TiO2NPs in the Sava River Basin, which will serve as a good foundation for further long-term environmental studies. Since the anthropogenic pressures, particularly in urban areas, will likely increase, and variations in hydrological conditions driven by climate change and other human factors are expected to occur, continuous monitoring of TiO2NPs in the future is recommended.
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Figure 1. Location of the Sava River sampling sites. 
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Figure 2. Mass and number concentration of TiO2NPs determined in water samples from 15 different locations of the Sava River. Data represent the mean ± STD of four replicates (N = 4). Asterisk (*) denotes sampling sites with TiO2NPs concentrations below LOQ. 
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Figure 3. Mass and number concentration of TiO2NPs determined in sediment extracts from 12 different locations of the Sava River. Data represent the mean ± STD of six replicates (N = 6). 
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Figure 4. Correlation between mass concentrations of Ti- and Al-containing NPs determined by spICP-MS in (a) river water and (b) sediment samples (when excluding data from JAS). Log-log plot in graph (a). Spearman correlation coefficients (SCCs) are presented in graph (a,b). 
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Figure 5. Ti/Al ratios determined in NPs detected in water (blue squares) and sediment extracts (red circles), collected along the Sava River. Each data represents the mean ± STD of N replicates (N = 4 for water and N = 6 for sediment samples). The median value ± std for each sample type was calculated by considering all sampling sites, and its lower (median − std) and upper limit (median + std) are shown as dotted lines. 
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Figure 6. Ti/Al mass ratios determined in NPs in water, NPs in sediment extracts, bulk water, bulk sediment, and SPM: (a) Boxplots of Ti/Al values for each sample matrix determined by considering data from all sampling sites. Limits of the boxes and whiskers represent 25–75% percentiles and range within the 1st quartile, respectively, while the solid line and empty circle represent the median and mean ratios, respectively, observed within each sample matrix. (b) Ti/Al ratios of NPs in water, NPs in sediment extracts, bulk water, bulk sediment, and SPM at each sampling site. Each data represents the mean ± STD of N replicates (N = 4 for NPs in water, N = 6 for NPs in sediment samples, N = 4 for bulk water, N = 2 for bulk sediment and SPM). 






Figure 6. Ti/Al mass ratios determined in NPs in water, NPs in sediment extracts, bulk water, bulk sediment, and SPM: (a) Boxplots of Ti/Al values for each sample matrix determined by considering data from all sampling sites. Limits of the boxes and whiskers represent 25–75% percentiles and range within the 1st quartile, respectively, while the solid line and empty circle represent the median and mean ratios, respectively, observed within each sample matrix. (b) Ti/Al ratios of NPs in water, NPs in sediment extracts, bulk water, bulk sediment, and SPM at each sampling site. Each data represents the mean ± STD of N replicates (N = 4 for NPs in water, N = 6 for NPs in sediment samples, N = 4 for bulk water, N = 2 for bulk sediment and SPM).



[image: Water 14 00959 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
(,-71 b61) uonesUaUOI SSew sdN°OlL

o
~— O OO0 M~ O U < OO N -

O ro39g

-Gl -2avs

@ rigavs

@A 2INYS

O LNYS
oo FdNZ
—CaH -89S
- SVl
ED-OVvZ
- 1vO
~HYA
®-2l
*O-11

O
O

O
)

* (-FON

8x10° -
6x10° -
4x10° -

x10° -

AN
(,_7w) uonesuadUoI Jaquinu sd N°OlL

Sampling site

O NPs number concentration
O NPs mass concentration





nav.xhtml


  water-14-00959


  
    		
      water-14-00959
    


  




  





media/file2.png
~ Mojstrana S < \ PN
A N |
) :
\\_\i ad - “y e
Radﬁ%l)lca Litija . Vrhovo . %o \‘
1‘_ k‘-\-\L \ N
- ; - g
I Si f Krka A, Zagreb » )
{ ), _Catez :
- & PN S . ri\j\"g_ S b@
T
A L \/‘»‘»f \r"? - KO’p 2 Aﬂ\/--—\;;ijj’ S — - -
NZA RV asenovac - I e Sty
! Sava p; Zupanja ¢/ ~ Sremska \
a River ) Mitrovica -
kS s . v N
] \ e Slavonski o Beograd >
b < N Brod : N
c . L
Rt AN { & Sabac <
— S 2, '
) = QS

N

¥

A Sampling sites

—— River network

[_1 sava River Basin






media/file5.jpg
(,.5 61i) uoneNUIUO SSEW SANOLL

€ 8§ 8 8 8 .

2 g &

o o Fo3g

o— o ravs
O s

. o o dnz
o o s

OB svr
oo ovz
—o—ao 170
oo FHYA
—o— o un
o avy

oa roN

2

H
(,_6) UonenuSUOD J2qUINY SANOLL

ax10"

2
]

O NPs number concentration - Sampling site

© NPs mass concentration





media/file3.jpg
_(1-167) uonenuaouod ssew sdN‘oLL

2o @~ © ® v o o -

o

%
&
(,-1w) uoneUadUOD JaqUINU SIN’OIL

&10° 7
6x10°
ax10°

038
2avs
1avs
s
[
dnz
a1s
svr
ovzZ
v
HYA
an
un

ron

O NPs number concentration ~ Sampling site

O NPs mass concentration





media/file1.jpg
A suirgems

[ sov e Basin






media/file7.jpg
10

£ SCC: 0.89
§ = VRH
H = JAS
t2
T mSLB
58
Ss = zup
= m W SAB2
3 WySRM1 SAB1
E Bo W SRM2
RAD = cAT
o1 = nZAC
10 100
AL-NPs concentration in water (ug/L)
(@

600 -
o scc:0.79
<
£ Bso
£2
5%
8 Lo
SE
%
& & a0
s Ll

200 /M MOY

500 1000 1500 2000

AI-NPs concentration in sediment (1g/g)

(b)





media/file10.png
054 |

O water
O sediment

044 O O
o
%03 -_-___c?____ ________ ) ) A
<_: T o) %}
S L o > o 4 . (Jl;
Foo2d . | A SUU S S ST (U

%

| |

0

1 I 1 I I I I I I I | | |
) A QY A A
NO° @O (N (P @ o 130 18 8 R W W po e kO

Sampling site





media/file12.png
Ti/Al ratio

0.14 -

0.12 -

o
—_
|

= =
o o
(o)} (0]
] ]

0.04 -

0.02

-25%~75%

T Range within 11QR
— Median ratio

o Mean ratio

4 *
.0
1 1 1 1 1
NPs in NPs in bulk water bulk SPM
water sediment sediment

Sample matrix

(a)

Ti / Al ratio

024 |

0.14 |

o
—

d g

NPs in water
NPs in sediment
bulk water

bulk sediment
SPM

b
A¥eDoOODO

4
? ¢

0

A

| I I I I | ] | |
A A
\‘\03 ?\?9 \>'\ \’\’\q’ \‘?X\ O\;S 1/?*6 3\"5 6\/% »L\)?%?&‘\ 6?&“{)’6?@ 5‘*%?, 6?/0

Sampling site

(b)





media/file9.jpg
05

°
=

Ti/ Al ratio
°
i

o
S

0.14

o water
©  sediment

AAAAAAA st alli- L

s

0

WO @O (O (@ K 5O 15 6P R W00 80 20

Sampling site





media/file0.png





media/file8.png
Ti-NPs concentration in

Ti-NPs concentration in

sediment (ug/g)

water (pg/L)

10

0.1

600 -

(&)
o
o

N
o
o

W
o
o

200

SCC: 0.89
B VRH
H JAS
H SLB
B ZUP
m B SAB2
B, SRM1 SAB1
Beo ® SRM2
RAD
. ZAG B CAT | |
10
Al-NPs concentration in water (ug/L)
(a)
SCC: 0.79
HmLIT1

m ZUP

mRAD o mESABY

| mgzAG H W 5 B3O
VRH SRM1
H MOJ
500 1000 1500 2000

Al-NPs concentration in sediment (ug/g)

(b)





media/file11.jpg
IAI ratio

o
oo
o0s

N nver
N n sasment

Dk socmant

4
i

b @0
bose

£
I

°

a4
Sample matrx

b P P 98 o b S
Samping sto

®





media/file6.png
(,_B B7) uonesuad’uoO ssew sdN°OlL
m o o o o
o o o o o
-« o0 O < N o
| | | X | |
O 1O -0349
—O— H{H -19vs
e © S = - LINYS
O HOH -dNZ
O O -g1S
0O +O- - SvYr
OO -OVZ
O O -1VO
O+ -HYA
'e) o - 1117
R O S & | -avy
R = B -MOW
| | ' |
© © ©

(,_6) uonenusdsuod 1aquinu sdN°oOlL

O NPs number concentration Sampling site

O NPs mass concentration





