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The land-use has an impact on the TiO2 nanoparticle concentrations, biogeochemistry, dynamics and exports 
rates. 
 

x Higher amounts of small sized TiO2 nanoparticles are detected by sp-ICPMS. 
x Ti speciation varies with the type of soils and land-use.  
x DOM controls the number of TiO2 nanoparticles in surface water samples. 
x Land-use impacts TiO2 nanoparticles concentrations, dynamics and exports rates. 
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 3 

Abstract  4 

Surface waters from three catchments having contrasting land-uses (forested, agricultural, 5 

and urban) were sampled monthly and analysed for nanoparticulate titanium dioxide (NPs-6 

TiO2) by single particle ICPMS and electron microscopy. We report one-year of data for NPs-7 

TiO2 having average number and mass concentrations of 9.1 x 108 NPs-TiO2 particles L-1 and 8 

11 µg NPs-TiO2 L-1 respectively. An increase in concentration during warmer months is 9 

observed in the forested and agricultural catchments. Both concentrations of NPs-TiO2 are 10 

within the range of recently reported values using similar analytical approaches. The positive 11 

correlations for NPs-TiO2 mass concentration or particle number with the concentration of 12 

some trace elements and DOC in the forested and agricultural catchments suggest the 13 

detected NPs-TiO2 in these two systems are mostly from geogenic origin. Additionally, 14 

microscopy imaging confirmed the presence of NPs in the three catchments. Furthermore, the 15 

land-area normalized annual flux of NPs-TiO2 (1.65 kg TiO2 year-1 km-2) was highest for the 16 

agricultural catchment, suggesting that agricultural practices have a different impact on the 17 

NPs-TiO2 dynamics and exports than other land-uses (urban or forestry). A similar trend is also 18 

found by the reanalysis of recent literature data. 19 

 20 

 21 

1. Introduction 22 

Titanium dioxide (TiO2) occurs naturally in rutile (TiO2) and ilmenite (FeTiO3) present in rocks 23 

and soils, with Ti annual cycling in the global surficial environment equalling up to 484 106 24 
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tons Ti y-1 [1]. Since early in the 20th century, particulate TiO2 has been largely used as 25 

pigments in paints, papers and plastics because of its whiteness, high opacity and corrosion 26 

resistance. Owing to later milestone breakthroughs in TiO2 research and the nanotechnology 27 

revolution, engineered nano-TiO2 (en-TiO2), defined as being < 100 nm in diameter, is more 28 

and more applied in other industrial uses [2]. Applications include foods, cosmetics, solar 29 

energy, and environmental remediation for instance. Engineered nano-TiO2 has been 30 

reported as the most fabricated of all nanomaterial with 105 tons of en-TiO2 used globally in 31 

2015, and its production is predicted to increase at least by 2025 [3-4]. For France no such 32 

estimation of future annual use exists, but using the data from Switzerland [5] and 33 

extrapolating to France using its population as a scaling factor, an amount of 3,400 tons of en-34 

TiO2 y-1 is estimated for 2025 (i.e. 2,037 tons of Ti y-1). 35 

 36 

It is likely that en-TiO2 will be discharged during or after its use into terrestrial and aquatic 37 

ecosystems, adding to the natural loads. For instance, in lab or land-scale studies, en-TiO2 38 

release into receiving waters has been reported from: exterior paints [6], textiles during 39 

washing [7], sunscreens [8], and construction and demolition landfills [9]. In addition, TiO2 is 40 

a common food additive (known as E171 in Europe) and can be found in some dairy products, 41 

such as candies, chocolates, chewing gums, soups, nuts, milk and yogurt. A typical exposure 42 

of dietary TiO2 for a US adult is estimated 0.2-0.7 mg TiO2 kg-1of body weight day-1 with most 43 

entering into wastewater treatment plants (WWTPs) [10].  Nanoparticle removal efficiency 44 

can be up to 96% [11-13] but the presence of en-TiO2 in effluents after treatment is still 45 

identified at the level of µg L-1 [13]. These studies demonstrate that en-TiO2 has entered our 46 

aquatic systems and therefore evaluating the potential risk to ecosystems, as well as to 47 

humans, through bioaccumulation is of great importance.  48 



 49 

Manufactured TiO2 is not the only source of Ti in the environment. It is estimated that 375 x 50 

109 kg of Ti per year are displaced by soil erosion at the world scale [1]. Fifty percent of this 51 

flux was of anthropogenic origin mostly because of the influence of agricultural practices on 52 

erosion fluxes [1]. The GEMAS project reported the concentration of Ti in agricultural soils for 53 

Northern Europe to be equal to 3.11 g of Ti kg-1, accounting for the high erosion flux value 54 

resulting from agricultural practices [14]. In addition, the flux of Ti due to coal burning was 55 

estimated at 4.9 x 109 kg of Ti per year using a concentration of 0.8 mg Ti kg-1 coal [1]. The 56 

other major global source of Ti flux are construction activities that correspond to a flux of 43 57 

x 109 kg of Ti per year [1]. All those fluxes are several orders of magnitude higher than an 58 

annual global en-TiO2 flux equal to 409 x 106 kg per year based on Europe’s estimation [4] and 59 

extrapolated to the world using world population as a scaling factor. This complex global and 60 

local biogeochemical Ti cycle complicates the understanding of the respective fate of en-TiO2 61 

vs natural and/or other anthropogenic sources of nanoparticulate TiO2 in the critical zone [15]. 62 

The sum of the three potential types of nanoparticulate TiO2 is defined in this paper as NP-63 

TiO2 = en-TiO2 + natural Ti + other anthropogenic Ti sources. 64 

 65 

To investigate NP-TiO2 fate and ecotoxicity in aquatic systems, quantitative measurement is a 66 

primary step. However, it is a challenging issue because of low predicted concentrations and 67 

high Ti background [16] and the analytical limitations for nanomaterials [17]. Although the 68 

exposure of various types of en-TiO2 has been modelled based on their production volumes 69 

and their foreseen pathways, these predictions must be validated by “real world” data [18]. 70 

There is a consensus that the lack of field data is always the key knowledge gap [19]. Few 71 

relevant studies have been conducted at the field scale to detect nanoparticles (NPs) like 72 



Nano-Ag, TiO2, CeO2 or carbon nanotubes [8,20-26]. These field measurements begin to allow 73 

construction of an NP-TiO2 database, which helps to better understand both their fate in the 74 

environment and to conduct ecological risk assessments. 75 

 76 

Few studies have investigated the temporal changes in NP-TiO2 concentrations arising due to 77 

hydrological and meteorological variability along the year. Moreover, most field 78 

measurements in freshwater were done at one or several sites but along the same river, 79 

focusing mostly on the characterization of Ti-containing nano - or colloidal particles. The 80 

identification of processes and drivers potentially controlling the fate of NPs is still lacking at 81 

the field-scale. Additionally, natural contribution to environmental concentration, in the case 82 

of TiO2, makes all abovementioned research more challenging. It is therefore complicated to 83 

understand the variations in concentrations, not to mention identifying the possible drivers 84 

of those changes against a high geochemical background [14-15]. However, recently the 85 

contribution of en-TiO2 in sewage spills to impacted surface waters was identified and 86 

quantified with single particle counting TOF-ICPMS (Time Of Flight Inductively Coupled Mass 87 

Spectrometry). Concentration of en-TiO2 up to 95 µg L-1 were reported [24] which is a very 88 

high value compared to predicted values [4]. 89 

 90 

Little is known about watershed scale processes regarding NP transport. With the data from 91 

Peters et al.,[22] we calculated the mean annual mass of NPs-TiO2, leaving the Ijssel and 92 

Meuse watersheds and the export rate normalized to the watershed area (in kg NPs-TiO2 km-93 

2y-1). The average annual discharge rate and watershed area for the Ijssel and the Meuse are 94 

390 m3sec-1, 357 m3sec-1 and 4,270 km2, 36,000 km2, respectively [27-29]. For the Ijssel and 95 

the Meuse rivers, the calculated flux annual, normalized export-rate are equal to 45.5 t NPs-96 



TiO2 y-1, 10.9 kg NPs-TiO2 km-2 y-1 and 26.9 t NPs-TiO2 y-1, 0.8 kg NPs-TiO2 km-2 y-1, respectively. 97 

The very different NPs-TiO2 normalized export-rate values obtained for both rivers suggest 98 

that different processes or sources regulate the concentrations of NPs-TiO2 in those two 99 

watersheds.  100 

 101 

It is hard to identify sources and/or processes regulating NP-TiO2 concentrations by 102 

performing measurements at a single or even multiple points along a river without taking into 103 

account land-use and the annual hydrological variability and their geochemical implications. 104 

Field sites under different land-uses, from less-impacted environments to catchments heavily 105 

impacted by urban activities, need to be investigated for a better understanding of NP-TiO2 106 

dynamics. The present study had 3 mains objectives:  1st to collect 1 year of NP-TiO2 107 

measurements in three catchments with variable geochemical characteristics and diverse 108 

land-uses to monitor the relevant concentration of NP-TiO2 in freshwaters; 2nd to assess the 109 

potential processes controlling NP-TiO2 in natural waters from small watersheds with variable 110 

local weather, hydrology and anthropogenic activities and 3rd to address the impact of land-111 

use, at the scale of small size sub-basins, on the export-rates of NPs-TiO2 and total Ti from the 112 

catchment. Given that NP-TiO2 have been suggested to serve as a tracer of other engineered 113 

nanomaterials [11], these investigations could be useful for evaluate the general transport 114 

and fate of widely used engineered nanoparticles in aquatic systems. 115 

 116 

2. Materials and Methods 117 

2.1 Sampling and analysis  118 

2.1.1 Sampling sites 119 



Stream waters were sampled from three sub-basins in the Seine River watershed located in 120 

the West of Paris, France (Fig. 1). The Seine River watershed has a total area of about 67,500 121 

km2 and is located in a sedimentary basin [29]. Sampling of smaller sized sub-basins is justified 122 

because they are prone to react more quickly to hydrological, meteorological and 123 

anthropogenic effects. The three selected watersheds had been used in previous studies on 124 

the origin and dynamics of trace metals and silver nanoparticles [25,30-31]. They have 125 

different lithologies (i.e. sandy vs carbonate) and land-uses, namely forested, agricultural and 126 

artificial surfaces. Their characteristics are detailed in Fig. 1 and Table S1. The urban watershed 127 

is a good analogue of the larger Seine river watershed as it is a representative mixture of the 128 

overall Seine watershed land-uses (i.e. the ratio of artificial areas vs agricultural areas) [25,30-129 

31]. 130 

 131 

  132 

Fig. 1: Sampling location and their land-use. Blue arrows indicate the direction of the water 133 

flow. Coloured boxes report the area of the watershed, the average population density (Pop. 134 

Dens.) and measured annual average water flow rate (L.sec-1) for each watershed. 135 



 136 

2.1.2 Sample collection and analysis 137 

Water samples were collected once per month from November 2016 to December 2017.  Grab 138 

surface water samples were collected in 1 L HDPE bottles pre acid-washed (HCl 1N for 2 days) 139 

and rinsed in ultrahigh purity water (Milli Q water). Various physicochemical parameters were 140 

monitored to comprehensively characterize the aquatic geochemistry. They include pH, 141 

dissolved oxygen, conductivity, alkalinity, dissolved organic carbon (DOC), major anions, 142 

cations, trace elements and rare earth elements (REEs). The detailed analytical protocols and 143 

data can be found elsewhere [25]. In the laboratory, 500 mL of each bulk water sample used 144 

for nanoparticle analysis was ultra-filtered through a 1 kDa regenerated cellulose membrane, 145 

which corresponds to about 1.3 nm in membrane pore size [32], in order to remove all the 146 

particles smaller than a few nanometres. This ultra-filtrate was further used as the matrix to 147 

prepare all standards and solutions for single particle ICPMS analysis. 148 

 149 

2.1.3 Bulk water chemical analysis 150 

The total concentrations of Ti, Ni, Cu, Zn, As, Sb, Cd, Pb in bulk water samples were determined 151 

by ICPMS after complete acid digestion. A mixture of 3 mL HCl, 1 mL HNO3 and 0.5 mL HF (ACS 152 

grade acids distilled in the laboratory) was added to 10 mL of raw water into a 30 mL PFA 153 

Savillex digestion vessel. The well-closed Savillex vessel was heated at 105 °C during 24 hours. 154 

After digestion, the mixture was evaporated at 85 °C to dryness. The residue was then re-155 

dissolved in 10 mL of 2% HNO3. The blank of the digestion procedure was evaluated with ultra-156 

pure water by following the same procedure. Each sample digestion was performed in 157 

triplicate. The protocol was validated by digestion of commercial standards of TiO2 158 



nanoparticles (P25 and AERODISP-W740-X) at concentrations ranging from 20 µg L-1 to 400 159 

mg L-1. Satisfactory recovery factors above 90% were obtained (Table S2). 160 

   161 

2.2 Quantification of TiO2 NPs by single particle ICPMS (sp-ICPMS)  162 

2.2.1 Instrumental operating parameters 163 

A sector-field ICPMS (Element II, Thermo Scientific) was used for sp-ICPMS measurement of 164 

NPs-TiO2. Before sample analysis, the ICPMS instrument was first tuned to ensure a good 165 

sensitivity, stability and low oxide formation. The instrument was operated in medium 166 

resolution mode, which provides sufficient resolution ( > 4,000 ) to avoid isobaric or 167 

polyatomic interferences on 48Ti. The operating conditions are detailed in Table 1. The sample 168 

uptake flow was determined by weighing the sample before and after a fixed period (i.e. 15 169 

minutes), then dividing the mass difference by time. These measurements were systematically 170 

performed at the beginning, middle and end of analysis sequence.  171 

 172 

Table 1: Experimental conditions of sp-ICPMS measurement. 173 

 174 

Parameter 

Experimental 

conditions  

Spray chamber Quartz cyclonic 

Nebulizer PFA MicroFlow 

Plasma power 1315 W 

Cool Gas  16 L min-1 

Auxiliary Gas 1 L min-1 



Peristaltic pump rate 12 rpm 

Uptake flow ≈ 0.2 mL min-1 

Monitored isotope & 

resolution 

Low Resolution: 

197Au 

Medium 

Resolution:47Ti  

Dwell time 1 ms 

Settling time 1 ms 

Data number 10,000 

 175 

2.2.2 Standard and sample preparation 176 

A suspension of 60 nm gold nanoparticles (NIST, RM8013) was used to determine the 177 

transport efficiency. The working standard was freshly prepared by diluting the stock 178 

suspension to about 200 ng L-1 with the ultra-filtrate of stream waters. Ionic calibration 179 

standards (Au: 50 to 5000 ng L-1; Ti: 0.2 to 10 µg L-1) were prepared to determine element 180 

sensitivity (dissolved or particulate form) by diluting the stock standards at 1000 mg L-1 in the 181 

ultra-filtered matrix. Transport efficiency was calculated for each sampling mission and the 182 

value was equal to 9% ± 2% [25]. 183 

The dilution of raw waters was usually performed to reach the proper number of particles for 184 

accurate sp-ICPMS measurements. Here, dilution by 10, 50, 100, 500 times were tested, with 185 

the best dilution factor varying from one sampling collection date and/or sampling site to 186 

another. During each analysis the raw waters were diluted with the ultra-filtered matrix (i.e. 187 

fraction of the water < 1 kDa, as previously described) and dilutions were performed until the 188 

size distribution of the NPs-TiO2 did not change. The samples were not sonicated prior to 189 



measurements to be as close as possible to the field conditions. All standards and samples 190 

were prepared daily, with the minimum delay until sp-ICPMS measurements. 191 

 192 

2.2.3 Data analysis 193 

Theoretical descriptions and calculations of sp-ICPMS are well established in literature [33-39]. 194 

The data analysis in this study is mainly based on procedure described by Pace [39]. The only 195 

difference is that a different method called “subtraction method”, extensively described 196 

elsewhere [25], is applied here to distinguish NPs from the background. The method is 197 

summarized in the supplementary material section 1 and [25]. 198 

The annual average enrichment factor (EF) is calculated by a double normalization of the 199 

average annual total element concentration ([Me]) in the sample ([Me]/[Y])sample) to the 200 

same element ratio in a reference sample (([Me]/[Y])reference),  201 

 202 

EF[Me] = ([Me]/[Y])sample/([Me]/[Y])reference 203 

 204 

Yttrium was chosen as the reference element since the usual reference elements (Th, Al) were 205 

not measured. In addition, Yttrium has no known biological role that would prevent it use as 206 

a reference element.  207 

 208 

2.2.4 Evaluation of the uncertainty on nanoparticles’ number  209 

According to the Guide to the expression of Uncertainty in Measurement (GUM), the standard 210 

uncertainty of measurand can be obtained by propagating the variances of the related 211 

parameters [40]. Several factors are identified as contributors to the uncertainty in case of sp-212 

ICPMS measurements of nanoparticles in natural waters such as the solution preparation, 213 



calibration, sensitivity of ICPMS, field sampling and sample stability. Two main contributions 214 

are taken into account in this paper i.e., the measurement repeatability (u1) and the sampling 215 

variability effect (u2), for the concentration of nanoparticles determined by sp-ICPMS. The 216 

calculation procedure is developed in the supplementary section and an example of 217 

calculation is given in Fig S5.  218 

 219 

2.3 Electron Microscopy observations 220 

A Carl Zeiss Auriga Field Emission Gun – Scanning Electron Microscope (FEG-SEM) was used to 221 

image Ti-bearing particles. It is equipped with secondary and backscattered detectors for the 222 

morphology and contrast in chemical composition of analysed particles. The FEG-SEM analysis 223 

was performed at electron energy of 5 to 15 keV. The coupled energy dispersive X-ray 224 

spectroscopy (EDX) provided elemental compositions of detected particles. The microscopy 225 

analysis was performed randomly on two out of ten samples (i.e. 25/09/17 and 19/12/17)) to 226 

confirm the presence of NPs-TiO2 detected by sp-ICPMS and to gain qualitative knowledge on 227 

their shapes and sizes. The fresh raw waters were first filtered through 0.45 µm 228 

(Polycarbonate) and a 0.2 µm (acetate cellulose) and then a 1 kDa polyether sulfone filters. 229 

These filtration steps were meant to collect the particles on the filters and subsequently 230 

observe the particles on the filters. The filters were air-dried overnight in a clean room. The 231 

dried filters were then cut into 1 cm per 1 cm squares and coated with gold. Each filtration of 232 

raw water was performed in triplicate together with one blank of ultrapure water. 233 

 234 

 235 

3. Results and Discussion 236 

3.1 Physicochemical characteristics of three catchment waters 237 



The three watersheds, where freshwater samples were taken, have different percentages of 238 

three land-uses (i.e., forested, agricultural and artificial; Table S1) and are thus impacted by 239 

natural processes or anthropogenic activities to different degrees. Our previous studies on the 240 

same sites demonstrated that they differ in terms of geochemical background and heavy 241 

metal sources (ex. Zn dynamics) or silver NPs (Ag-NPs) dynamics [31,25]. Number and mass 242 

concentration of NPs-TiO2 derived from these watersheds should vary along the year and 243 

differ among sites. In addition, the fate and the behaviour of NPs-TiO2 should be influenced 244 

by matrix properties, such as pH, ions (identity and concentration) and dissolved organic 245 

matter (i.e. DOC). The properties of catchment’s water are summarized in Table 2 according 246 

to previously published data [25]. The water of the forested catchment has a near-neutral pH 247 

and the lowest ionic strength (as represented by conductivity), but higher DOC concentrations 248 

due to the sandy nature of the soils (Table S1). The urban and agricultural watersheds water 249 

samples have a higher alkalinity and ionic strength since their pedology is dominated by 250 

carbonate soils (Table S1). It’s also noteworthy that DOC concentrations of urban waters are 251 

close to that of forested ones, but with much smaller seasonal variations. Those values are 252 

within the range of values previously recorded and are characteristic of Seine River watershed 253 

waters [29,301]. 254 

 255 

Table 2: Average (range) of some physicochemical properties of three catchment waters. 256 

Original data taken from Wang et al. (2020) (Table S2 in supplementary information [25]).  257 



 258 

3.2 Concentration of NPs-TiO2 detected in three catchments 259 

By comparing sp-ICPMS data for the ultrafiltered water (< 1 kDa) and the raw water, we can 260 

confirm the presence of NPs-TiO2 in sampled waters (Fig. S1). The detected NPs-TiO2 particle 261 

number concentration (PNC) ranges from 9 x 108 to 9 x 1010 particle L-1, with an average value 262 

of 2 x 1010 particle L-1. The mass concentration corresponds to a range of 0.5 to 70 µg NPs-263 

TiO2 L-1, using the ionic Ti calibration curve and the procedure given in [25] and in the 264 

supplementary information. Few field data of NPs-TiO2 in surface waters are available in 265 

literature (Table 3). Despite the variability in these reported literature values, we found higher 266 

values for the PNC of NPs-TiO2 in the catchments.  This difference can be attributed to the 267 

nature of sampling site (i.e., small watersheds vs larger rivers), sample preparation, and for 268 

the larger part most probably related to the sp-ICPMS analysis data processing. Indeed, given 269 

the very low concentration of dissolved Ti (i.e. 50 ng Ti L-1), consistent with the thermodynamic 270 

solubility data of TiO2 [41], a different data treatment method could be applied. This method 271 

is based on the subtraction of the background ion counts of the ultrafiltered matrix (< 1 kDa) 272 

 Forested water Agricultural water Urban water 

pH 
7.1 

(6.3-7.7) 

7.8 

(7.1-8.8) 

8.4 

(8.0-9.0) 

Conductivity (µs/cm) 
247 

(195-320) 

666 

(527-777) 

1117 

(877-1270) 

DOC (mg/L) 
5.6 

(3.4-9.1) 

3.5 

(2.5-4.7) 

5.2 

(4.4-6.1) 

Alkalinity (µM) 
885 

(661-1072) 

3659 

(2260-4663) 

4457 

(3397-5299) 



from those of the bulk sample to calculate PNC [25] (supplementary information section gives 273 

details on its validation as well as reference [25]). With this method, the smallest Ti-containing 274 

particles, which are usually eliminated as part of the so-called dissolved background by 275 

classical data treatment [39], are now measured. Additionally, as a result of using this new 276 

procedure, the measured NPs-TiO2 PNC covers a wider size distribution. The data treatment 277 

impacts the mass concentration measurement only slightly, since very small particles account 278 

only for a small part of the NPs-TiO2 mass concentrations. The mass concentration measured 279 

in this study covers a broad range with an average value equal to 11 µg NPs-TiO2 L-1, slightly 280 

higher than previously published values (Table 3). In addition, the different geological setting 281 

of these sites may also account for such differences, since NPs-TiO2 PNC or mass concentration 282 

can be the result of past and/or present, natural and/or other anthropogenic inputs, mostly 283 

arising from the influence of agricultural practices on erosion fluxes taking place within the 284 

watersheds [1]. 285 

 286 

 287 

Table 3: Concentrations of NPs-TiO2 measured in surface water from the literature and this 288 

study. n.g.: not given. n.a.: not analysed. *Ti: total content of filtered fraction after digestion. 289 

** Engineered nanoparticles only as defined in [24]. 290 

Study site  
Sample    

analysis  
Range/Average Range/Average Reference 

   108.particle L-1 µg NPs-TiO2 L-1   



 291 

 292 

UK (Rural, 

Agricultural and 

Urban rivers) 

 < 0.45 µm 

digestion 

ICPMS  

n.a.  0.55 - 6.48/2.1* [51] 

Austria (Old Danube 

Lake) 

Unfiltered 

sp-ICPMS + 

ultrasonication 

0.01 - 0.2/n.g. n.g./1.7 [8] 

USA (Missouri River) n.g./4.4 n.g./2.2 [21] 

Netherlands (Ijssel 

and Meuse Rivers) 
0.05 - 1.5/ n.g. 0.2 - 8.1/ 3.1 

[22] 

 

China (Lake Taihu) 0.148-12/2.5 0.1-10 [26] 

USA (Salt, truckee 

rivers & Clear Creek) 
0.22-3.2/n.g. 2-42 [42] 

USA (Crane, Stoop 

and Gills Creeks, 

South Carolina) 

Treated 

Na4P2O7 

sonicated and 

centrifuged 

TOF-ICPMS 

0.05-7.15/4.4 1-95/25** [24] 

France (Forested, 

brook) 

Unfiltered sp-

ICPMS 

60 – 720/280 3.5 - 23.4/10.2 

This study 

France (Agricultural, 

stream) 

16 – 862/231 1.4 - 69.6/21.1 

France (Urban, 

stream)  

9 – 39/27 0.5 - 5.9/3.1 



Our results show that when looking only at our urbanized watershed (Table 3), all samples 293 

are in the range of mass concentration reported in the literature. This study provides the first 294 

dataset of NPs-TiO2 in aquatic environment under different land-use in France. However, for 295 

the most recent man-made nanoparticles production estimations [4] the mean concentration 296 

of en-TiO2 in European surface waters was estimated at 2.17 µg en-TiO2 L-1. Our value for NPs-297 

TiO2, in the urban watershed is within this range but the total amount of TiO2 (obtained by 298 

acid digestion and ICP-MS analysis) in those water samples is much higher (see section 3.3 in 299 

this paper). These NPs-TiO2 concentrations are much lower than values corresponding to en-300 

TiO2 only concentrations that can go up to 95 µg en-TiO2 L-1 as detected with a specific sample 301 

pre-treatment targeting a large recovery of engineered TiO2 [24].  302 

 303 

The agricultural and forested stream samples have a wider mass concentration range with 304 

an upper value of 69.6 µg NPs-TiO2 L-1. This finding is not very surprising because in our study 305 

the TiO2 contributions from the natural geological background or other anthropogenic 306 

activities (construction, agriculture…) are taken into account. However, it is to be noted that 307 

higher simulated concentrations equal to 16 and 24.5 µg en-TiO2 L-1 have been reported 308 

[43,44]. 309 

 310 

Concerning the differences between the three watersheds, we can see that regardless of the 311 

time of the sampling, the urban stream samples always contain less NPs-TiO2 than the stream 312 

samples from the other two watersheds either as NPs-TiO2 number (Fig. 2) or mass 313 

concentration (Fig. S6). The high values also reported for the forested watershed samples 314 

could be due to naturally occurring NPs-TiO2 since natural concentrations of colloids and 315 

nanoparticles largely exceed that of engineered nanoparticles [45,15]. Likely causes are high 316 



concentrations of Ti in soils from Northern Europe combined with high anthropogenic erosion 317 

rates, which generate larger amounts of nanoparticles [14,46].  318 

 319 

Looking at the three watersheds individually, some temporal trends for NPs-TiO2 320 

concentrations are observed (Fig. 2). A seasonal variability is detected for stream water 321 

samples taken in the forested and agricultural watersheds. In the forested catchment, NPs-322 

TiO2 concentrations increase from winter to spring, and then remain relatively constant. A 323 

similar trend is observed for the agricultural catchment samples, but the highest 324 

concentrations are measured in summer. These trends could be linked to supply-depletion 325 

issues in the soils or the sediments. Under such situation, the highest PNC could be expected 326 

during the rising stage of these small sub-basins (< 20 km2) might have the highest PNC when 327 

supply-depletion is minimal and dilution potential is small. This effect could be combined with 328 

seasonal farming activities to affect the temporal distribution of the PNC for the agricultural 329 

catchment. 330 

 331 

In contrast, the PNC of the NPs-TiO2 in the urban catchment are less variable (Fig. 2). Firstly, 332 

because the larger area (116 km2) of this watershed could integrate the inputs of different 333 

sources controlling the PNC throughout the year. Secondly, this larger stream would allow a 334 

more efficient combination of different processes contributing to the stabilization of the PNC 335 

values with time. Thirdly, a more diffuse source of NPs-TiO2 resulting from the constant wash-336 

off of TiO2 particles used in common exterior paints and plasters on facades could reach 337 

surface waters via urban transport pathways [47-50]. It is worth noting that no correlations of 338 

NP-Ti concentrations were found with meteorological conditions parameters (rainfall 339 

amounts, wind speed, temperature, humidity, cloud cover from https://www.historique-340 



meteo.net/france/ile-de-france/) during / before the sampling campaigns limiting our 341 

understanding of the role played by those meteorological drivers (Table S8).  342 

 343 

 344 

Figure 2: Particle number concentration (PNC) of NPs-TiO2 measured at the three sites during 345 

one-year of sampling. Samples were taken once per month, except for three months which 346 

are missing. 347 

 348 

3.3 Speciation and distribution of Ti 349 

The dissolved (fraction < 1 kDa) and total Ti after acid digestion were quantified by ICPMS and 350 

their concentrations together with NPs-TiO2 are given in Table S7 and Fig. 3. The dissolved Ti 351 

concentration ranges from 11 to 93 ng Ti L-1 with an annual mean value of 35, 39 and 56 ng Ti 352 



L-1 for forested, agricultural and urban catchments, respectively. Using current 353 

thermodynamic data [41] the calculated dissolved Ti concentrations are around 50 ng Ti L-1 354 

within the pH range of the stream water samples (Table 1), suggesting that solubility 355 

equilibrium is reached in these stream waters.   Other studies have reported higher 356 

concentrations or [Ti] in < 1 kDa fractions sampled in rural, agricultural and urban/industrial 357 

rivers (i.e., 290 to 4650 ng Ti L-1) [51]. Clearly more data on NPs-TiO2 solubility and the 358 

potential role of organic ligands that could increase Ti solubility are needed to better 359 

understand both results. This dissolved fraction accounts on average for only 0.5%, 0.3% and 360 

0.3% of the total Ti measured in bulk water samples (i.e., after total mineralization) from the 361 

forested, agricultural and urban catchments, respectively and these small values are not 362 

displayed in Fig. 3.  363 

Figure 3: Ti distribution (%) of total Ti for two fractions i.e., the NPs-TiO2 fraction (Ti-NPs) and 364 

large particles (Ti-Par) in three waters for one-year sampling, in which Ti-Par = Ti total – Ti NPs 365 

– Ti dissolved with Ti dissolved less than 1% of tot. Panel A, B and C showing the data of the 366 

forested, agricultural and urban watersheds, respectively. The numbers inserted in each bar 367 

correspond to the mass concentration given in µgTi L-1 of measured Ti-NPs and calculated Ti-368 

Par. 369 

 370 

The total amount of Ti obtained by acid mineralization (Table S7), for the three watersheds, 371 

ranges from 2.1 to 181.7 µg Ti L-1.  In Fig. 3, Ti distributions of different fractions is given in % 372 

of total Ti. On average, the NPs-Ti fraction (obtained by spICP-MS) represents 70%, 30% and 373 

9% of the total Ti for the forested, agricultural and urban catchment samples, respectively. 374 

Using the average concentration of Ti in suspended matter (SPM) (i.e. 2942 mg kg-1 SPM), and 375 

the range of SPM content in the Seine river [29-31], the calculated Ti concentrations from 376 



suspended matter would range from 6 to 495 µg Ti L-1, showing that there is clearly a large 377 

reservoir of Ti in the SPM, in the range of the measured Ti-Par fraction (Fig.3). These results 378 

are different from previous findings [51] showing that 79% of Ti is colloidal for rural areas and 379 

28% for urban rivers, then again, in [51] authors focused on the filterable fraction and not on 380 

the total Ti that includes particulate Ti and NPs-TiO2 [51]. The filtration cut-off (i.e., < 0.45 µm) 381 

most probably stopped a large part of the NPs-TiO2 [8], as in the case of Ag NPs [23,25]. The 382 

difference between the sp-ICPMS measure of Ti mass concentration and the total Ti 383 

concentration (illustrated in Fig. 3) also shows that a large amount of Ti is not detected by sp-384 

ICPMS and is likely present in the form of larger homo or hetero aggregates that cannot be 385 

detected or quantified by this technique. 386 

 387 

Assuming that the Ti detected in the NPs is present as TiO2, an equivalent spherical TiO2 388 

diameter can be calculated using the bulk density of TiO2 (4.23 g cm-3). In Fig. 4, we can see 389 

that the average size of the TiO2-NPs is smaller than the previously reported literature values 390 

[21,24,26,42]. This result may indicate that particle size may vary regionally. However, we 391 

believe that the data treatment (subtraction method) has a greater effect on the particle size 392 

distribution calculation. Some investigators use manufacturers’ software [21,42] but the 393 

corrections applied to estimate the background may differ even with the same software 394 

[21,42] preventing direct comparison. Others use home-made spreadsheets or software 395 

[17,22,25] with no general consensus as to how to assign a size cut-off (3𝛔, 5 𝛔, frequency 396 

histogram subtraction). Another reason for the discrepancy is the sample pre-treatment 397 

before sp-ICPMS analysis and deviation mays also arise because particles are not spherical 398 

[17]. Some publications use sonication but with different frequencies and duration that again 399 

prevent direct comparisons (26,42), others researchers have also not sonicated the sample 400 



while others use complex extraction protocols [24] and some even use pre-filtration [26]. This 401 

means that the community of scientists using sp-ICPMS should reach a consensus on how to 402 

treat the samples and the data or at least to have a common protocol to test their data 403 

treatment that will allow intercomparison between publications. 404 

 405 

Figure 4: Calculated diameters of the TiO2-NPs detected by sp-ICPMS and comparison with 406 

recently published data (see supplementary section for detailed size calculation procedure). 407 

[21]: Donovan et al., 2016; [26]: Wu et al., 2020; [42]: Rand et al., 2020. 408 

 409 

3.4 Ti-bearing particles by SEM-EDX analysis 410 

The SEM imaging and EDX analyses were performed to qualitatively confirm the presence of 411 

the NPs-TiO2 detected by sp-ICPMS and to characterize their size, morphology, and elemental 412 

composition. The observed particles differ in shape and size (Fig. 5 and Fig. S9), ranging from 413 

nanoscale up to several micrometres, in the form of either individual particles or hetero-414 

aggregates/agglomerates in agreement with the data of Fig. 4. Moreover, most detected 415 



particles are found associated with other elements, such as Al, Si, K, Ca, Fe. Their coexistence 416 

with Ti reveals that they are most probably naturally occurring particles, derived from ilmenite 417 

(FeTiO3) and clay minerals [52]. These observations are in agreement the results given in Fig. 418 

3 showing that a large part of Ti is not present as NPs-TiO2 but as larger objects. A recent study 419 

proposed that the morphology of TiO2 particles and their status in unperturbed mineral–420 

organic assemblages may provide insights on their source [53]. Our observations (Fig. 5 and 421 

Fig. S9) are not sufficient to come to the same conclusion. Moreover, observations could be 422 

undermined by sample storage as stated in [53]. Our findings are, however, similar to the ones 423 

reported for pure and Ti rich hetero-aggregates [24,26,42]. 424 

 425 

Although SEM-EDX cannot provide a quantitative measurement of Ti speciation, a few pure 426 

TiO2 nanoparticles, that could correspond to en-TiO2 as identified by [24], were detected 427 

suggesting but not confirming some anthropogenic origin. In addition, these images can help 428 

us to understand why sp-ICPMS failed to detect larger aggregates. Indeed, during the 429 

nebulization step, a size fractionation could occur sending the largest particles (> 5 µm) to the 430 

drain [54]. The ionization efficiency of a single NPs-TiO2 would also not be the same as that of 431 

the same NPs-TiO2 imbedded in a much larger hetero-aggregate composed of oxides and clays 432 

and organic matter. To our knowledge no one has examined those effects for sp-ICPMS 433 

measurements. 434 

 435 

 436 



 437 

 438 

Figure 5: Left: SEM images of filters retaining suspended particles containing TiO2, with 439 

different shapes, present in sampled waters. Panels (a) and (c) showing a sample from the 440 

forested and urban watersheds, respectively. Right: Panel (b) and (d) showing the EDX analysis 441 

of corresponding particles highlighted by the green circle in panel (a) and the green square in 442 

panel (c). 443 

 444 

Keeping in mind the limitation of the above approaches our observations raise a series of 445 

questions.  Why do the agricultural and forested samples have much higher NPs-TiO2 446 

concentrations (both PNC and mass concentration) than the urban watershed samples? Is this 447 

difference due to source and/or related watershed processes related to one another? Can we 448 

estimate land-use specific export rates using the present data set? 449 

 450 



3.5 Biogeochemical factors controlling NPs-TiO2 in three watersheds. 451 

Correlation between elements and NPs-TiO2 concentrations (i.e., number or mass) can be 452 

interpreted within a mass balance approach or used to identify driving parameters or 453 

processes for small watersheds [55]. It should be noted that the correlation coefficient r, 454 

together with p-value are evaluated. With r ≥ 0.77 and p-value ≤ 0.05 significant at the 95 % 455 

confidence level, the correlation is considered statistically significant [56]. In addition, the 456 

absence of correlations between the NPs-TiO2 PNC, mass concentration, any other metal ions 457 

and anions, especially chloride ions, suggests that dilution is not responsible for the trends 458 

that are subsequently discussed. In fact, if NPs-TiO2 concentrations were a result of varying 459 

degrees of dilution of the soil water entering the streams, background electrolytes (i.e. Cl-) 460 

concentrations would likely covary.  No such covariation or correlation was observed. 461 

 462 

Our previous study on the same watersheds demonstrated a strong positive correlation 463 

between DOC concentrations and silver nanoparticles concentration (i.e. [Ag-NPs]) reflecting 464 

the control of the dissolved organic matter (DOM) on the number and mass concentration of 465 

Ag-NPs [25]. The more DOM, the more Ag-NPs were detected, although this occurs mainly in 466 

the forested water samples.  467 

  468 



Figure 6:  Particle number concentration (PNC) of NPs-TiO2 as function of that of Ag NPs in 469 

agricultural and forested watersheds. Ag-NPs concentrations are from [25]. The correlation 470 

coefficients r corresponding to Agricultural orange and Forested green broken lines are equal to rAgricultural = 0.96 471 

and rforested = 0.89. Their corresponding p value are equal to 0.00003 and 0.0004 for a sampling size n=9 and 10, 472 

respectively. 473 

 474 

Positive correlations with r > 0.89 are observed between the Ag-NPs PNC and the NPs-TiO2 475 

PNC for the agricultural and forested catchments (Fig. 6). Consistently, for the forest water 476 

samples, a strong positive correlation (r = 0.91) between NPs-TiO2 and DOC concentrations is 477 

observed (Fig. 7). Like for silver [25], it would be evidence of dynamic control of DOM on NPs-478 

TiO2 in this watershed. The stabilization effect of DOM mainly accounts for this trend and it 479 

has been reported in simplified and relevant freshwater matrix [57-60]. DOM can suppress 480 

the dissolution/aggregation processes by electrostatic repulsion, steric stabilization and 481 

hydrophobic interaction. This could also explain the high fraction of total Ti (i.e. 70%) detected 482 

as NPs-TiO2 in the forested catchment. This can cannot be explained by dilution because if the 483 

range in NP-TiO2 concentration was the result of varying degrees of dilution of the soil water 484 

entering the streams, variations in background electrolytes (i.e. Cl-) would likely covary. In 485 

addition, it cannot be explained by the effect of any metrological drivers that would lead to 486 

high runoff of all constituent from soils including organic matter and its associated NPs-TiO2 487 

[25]. 488 



 489 

Figure 7:  Mass concentration of NPs-TiO2 as function of DOC concentration in water samples 490 

from the forested watershed. The correlation coefficient r corresponding to the orange broken line is equal 491 

to r = 0.91 and it corresponds to a p value equal to 0.0002 and a sampling size n=9 492 

 493 

There is no obvious trend in NP-TiO2 concentration with DOC for the agricultural stream 494 

samples. Other factors, such as ionic strength, may also partly control the fate of the NPs-TiO2 495 

in this watershed. A negative trend between NPs-TiO2 and conductivity (r = 0.77) (Fig. S7) is 496 

reported. A higher ionic strength and higher divalent cations concentrations favour the 497 

aggregation/flocculation of NPs-TiO2 [58, 61-62]. The decreasing NPs-TiO2 concentration 498 

therefore most likely results from the enhanced aggregation by the increasing IS and divalent 499 

cations concentrations. Such effect of IS on aggregation is associated with the compression of 500 

the diffuse layer and decreasing of surface charge [62]. Under the field pH range, NPs-TiO2 501 

should have a negative charge according to their Point of Zero Charge (i.e., 6.5 or 4.5 for 502 

anatase or rutile, respectively), the presence of higher divalent cations electrostatically bound 503 

to the negatively charged NP-TiO2 would favour an increase (i.e. going from negative values 504 

to less negative ones or even positive values) in zeta potential of the NPs-TiO2 [63]. 505 



 506 

In urban stream samples, since DOC, IS and cations concentrations barely vary, there is no 507 

clear relationship between the NPs-TiO2 PNC or mass concentration associated with these 508 

factors. Moreover, the fraction of Total Ti under the form of NPs-TiO2 is very small (9%), it is 509 

therefore difficult to discuss processes affecting the NPs-TiO2 even if the SEM images clearly 510 

show that part of the total Ti is in the form of aggregates of smaller objects (Fig. 5, Fig. S9). 511 

Caution must be taken when interpreting the observations made by SEM-EDX on filtered 512 

samples since the observed aggregates could be artefacts caused by filtration. Large objects 513 

above 100 nm are however observed (Fig. 5, Fig. S9) and will be part of the total Ti pool.  514 

Remarkably, the average percentage of the total Ti under the form of NPs-TiO2 for each 515 

watershed is negatively correlated (r = 0.98) to the average conductivity measured for each 516 

watershed (Table S7) suggesting that similar processes are at work in the three watersheds 517 

favouring their transfer in the particulate fraction by aggregation of smaller NPs-TiO2 with 518 

other colloids such as clays or organic matter [64-67].  519 

 520 

In addition to process indicators discussed above, the correlation between NPs-TiO2 and other 521 

elements can be used to identify the potential sources of NPs-TiO2. First, the global Seine river 522 

watershed has a long historical record of pollution lasting from more than 300 centuries 523 

[68,69]. Speleothems in Paris record the historical pollution of Pb, V, Cu, Cd due to the 524 

increased urbanization of Paris mega city [68]. In the Orge river catchment (close to the 525 

studied catchments), with a contrasted land-use pattern (forested, agricultural and urban 526 

areas), trace elements (Pb, Zn, Cu and Sb) concentrations are drastically elevated in the SPM 527 

fraction due to urbanization of the catchment, as urban run-off and sewage strongly influence 528 

the river geochemistry [69,70]. The main sources of the pollution in the catchment are: 529 



atmospheric emissions due to individual and industrial combustion release, erosion of run-off 530 

of urban surfaces (building walls, roofs, roads) and remobilization of historical deposits by 531 

resuspension of bottom sediments [70,71]. A previous study, concluded that Cu, Pb, Sb and 532 

Zn were urban trace elements, while Cr, Co and Ni were more closely related to alumino-533 

silicates sources [70].  534 

The influence of pollution affecting the geochemistry and the total content of elements in the 535 

collected stream samples can be assessed by calculating the annual average enrichment factor 536 

(EF) [72,73].  537 

One reference material was used in this study, a Seine riverbed sediment (SRBS) collected N 538 

48° 24ʹ 39″, E 3° 24ʹ 05″ at Fontaine, France [73] before the river enters the anthropogenically 539 

impacted area of the Région île de France including Paris mega city where the studied 540 

watersheds are located (Fig. 1). EF[Me] values are given in Table 4 for Cd, Pb, Ni, Cu, Zn, Sb 541 

and As. The urban catchment samples are the only ones that have significant EF values 542 

indicating contamination (i.e. EF > 2 [74]) for all elements, even Ni which was associated more 543 

closely related to alumino-silicates rather than urbanization [70]. However, a part of the 544 

watershed is covered by agricultural activities that could account for an EF[Ni] > 2 because of 545 

increased soil erosion due to agricultural practices [1] (Fig. 1). This means that on average for 546 

the forested and agricultural sites the influence of anthropogenic activities is not seen even if 547 

sewage sludge is dispersed on the soils because of a higher natural background signal. This 548 

conclusion would also stand for the NPs-TiO2 (including en-TiO2) introduced by biosolids that 549 

are used for agriculture [75]. 550 

 551 

Table 4: Average enrichment factor (EF) of selected elements in three small catchments 552 

normalized to suspended matter particles (SRSM) of Seine River. 553 



 554 

 Cd Pb Ni Cu Zn Sb As 

Forested 2.0 0.3 2.5 1.0 0.9 2.2 2.4 

Agricultural 1.5 0.9 1.6 1.8 0.7 4.8 4.2 

Urban 6 6 8 11 20 40 8 

 555 

 556 

Another mean of tracking the source of the NPs-TiO2 is to look for correlations between NPs-557 

TiO2 concentration and bulk content of elements linked to natural or anthropogenic sources. 558 

This is valid especially in the case of the forested and agricultural watersheds samples since 559 

NPs-TiO2 account for 70% and 30% of the total Ti on average, respectively. 560 

 561 



562 

 563 

 564 

Figure 8: Mass concentration of TiO2 NPs as function as that (bulk minus dissolved) of (a) Sb 565 

and (b) Ni in forested water. The correlation coefficients r corresponding to the orange broken line are 566 

equal to r = 0.91 and r = 0.89 in panel (a) and (b), respectively. They correspond to a p value equal to 0.0002 and 567 

0.0005 with a sampling size n=10. 568 

 569 

In Fig. 8, strong correlations are observed between NPs-TiO2 and Sb and Ni for the forested 570 

catchment samples. Lepape et al. [70] concluded that Ni is more closely related to alumino-571 



silicates sources: this could mean that our correlation is pointing towards a natural source for 572 

the NPs-TiO2 in this watershed.  The other explanation, suggested by the correlation with Sb 573 

(Fig 8a) is that a similar process controls the fate of both elements and the NPs-TiO2. Here 574 

organic matter binding for Sb [75-77] or stabilization of natural clays for Ni are realistic 575 

processes that would generate such trends since a very strong correlation is seen with NPs-576 

TiO2 and DOC (Fig. 7). 577 

 578 

In the case of the agricultural catchment samples the correlation is strong with As, Zn and Ni 579 

(Fig. S8)  580 

 Only Sb and As have an EF > 2 which could be related to inputs by an external source like 581 

biosolid application. These trends cannot be explained by dilution, no correlation with Cl- ions 582 

is found [25], or with metrological drivers that would lead to high runoff of all constituent 583 

from soils including trace metal pollutants and the associated NPs-TiO2 [78] it is most probably 584 

the erosion controlled by agricultural processes [46,78] that accounts for the release of NPs-585 

TiO2. 586 

 587 

When it comes to urban stream water samples, no clear correlations, between NPs-TiO2 and 588 

elements from anthropogenic origin, are seen. The small amount of total Ti in the form of NPs-589 

TiO2 explains this lack of correlation. This smaller contribution of the NPs-TiO2 pool to the bulk 590 

Ti could be the consequence of the instability of the NPs-TiO2 aggregates from different 591 

sources as well as the variability of hydrological factors along the flow as NPs-TiO2 are 592 

transported downstream of effluent sources [51,65,66]. Despite the difficulty in identifying all 593 

potential sources (natural vs anthropogenic contamination for all three watersheds), the 594 

effect of land-use can be addressed by calculating the normalized fluxes that can be obtained 595 



by integrating the monthly river discharge volume of each sampling period and the respective 596 

watersheds areas. 597 

 598 

3.6 Exportation flux of TiO2 from each watershed 599 

The normalized export-rates calculated as mass of Ti species are given in Fig. 9. For NPs-TiO2, 600 

the agricultural watershed has the highest average value equal to 0.8 kg Ti year-1 km-2, with a 601 

significant temporal variability. Forested and urban catchments have similar export-rates, 602 

which are respectively 0.3 and 0.4 kg Ti year-1 km-2. When compared to our calculated 603 

normalized export rates for the Ijssel and Meuse rivers, 10.9 kg Ti year-1 km-2and 0.8 kg Ti year-604 

1 km-2, respectively, we are in the same range and closer to the one obtained for the Meuse 605 

river. Interestingly, the Ijssel watershed is characterized by intensive agricultural practices 606 

with croplands covering 70% of the basin and has the highest normalized export-rate of NPs-607 

TiO2, much like our much smaller agricultural watershed [28]. These results clearly show that 608 

agricultural practices have a different impact on NPs-TiO2 export than the other land-use types 609 

either because of specific processes occurring in the watershed or specific sources associated 610 

with fertilizer use or application of biosolids. It was demonstrated, for instance in the Meuse 611 

River [27], that soil erosion by agricultural management practices favoured the transfer of 612 

terrestrial organic matter and therefore associated NPs-TiO2 via the suspended particulate 613 

matter.  614 

 615 

 616 



Figure 9: Export-rate of (a) nanoparticulate (b) dissolved < 1 kDa (c) total Ti detected in three 617 

waters along the sampling year. 618 

 619 

For dissolved Ti, the urban stream has a higher average export rate equal to 11.0 g Ti year-1 620 

km-2 than forested and agricultural stream with respective export rates equal to 1.6 and 2.8 g 621 

Ti year-1 km-2. The same trend is calculated for total Ti export, equal to 4.0, 3.0 and 0.4 kg Ti 622 

year-1 km-2 for urban, agricultural and forested streams, respectively. If we look at the 623 

calculated export rates along the year of sampling, the forested and agricultural watersheds 624 

clearly show a similar temporal variation with high export fluxes for the NPs-TiO2 in the 625 

warmer months while the highest export rates are observed in the cold months for the 626 

dissolved fraction (Fig. 9). This could be due to the much smaller size of those two watersheds, 627 

which therefore have a much higher reactivity under changing meteorological or hydrological 628 

conditions. In the warmer months the NPs concentration would increase due to lower water 629 

flow but increased management practices (agriculture or forestry). No clear trend is observed 630 

for the urban watershed with meteorological or hydrological stages. It suggests that in this 631 

larger catchment sources and processes affecting Ti in general are more complex and that the 632 

variability of hydrological factors along the flow modifies them downstream of effluent 633 

sources. 634 

 635 

These output fluxes can be compared to estimated output of Ti. For instance, for France 636 

annual soil loss by erosion on arable land is equal to 200 tons of soil year-1 km-2 [46]. This 637 

corresponds to an output flux of 628 kg Ti year-1 km-2 using an average concentration of Ti in 638 

agricultural soils in France equal to 3.11 g Ti kg-1 [14]. The present estimations demonstrate 639 

that most part of outgoing fluxes are not in the form of NPs-TiO2 but rather in the form of 640 



larger particulate (i.e. > 100 nm) or homo or hetero-aggregates, as seen in this work (Fig. 5) 641 

and previous studies [24,53]. 642 

 643 

Conclusions 644 

NPs-TiO2 have been identified in creek waters from three small sub-basins. The highest 645 

concentrations occurred in forested and agricultural catchments. For the former, it is mostly 646 

due to the high natural background, biogeochemical activity, and conditions that favours 647 

stable NP-TiO2. For agricultural watershed, it is likely related to seasonal farming practices and 648 

erosion controlling TiO2 from natural sources mostly. Moreover, environmental processes 649 

controlled by DOC, IS, and divalent cations have been identified in real-world natural systems, 650 

suggesting the complexity of the fate of NPs-TiO2 in aquatic systems influenced by diffuse 651 

sources, like in the urban catchment. A similar process and fate of other engineered 652 

nanoparticles could be expected since TiO2 can potentially serve as sentinel because of its 653 

long-history and large commercial use. Regarding the unexpected lower concentration of NPs-654 

TiO2 present in urban water, it’s very likely related to the 655 

aggregation/flocculation/sedimentation that can help large particles/aggregates to be 656 

removed from the surface water layer that was sampled in this study, resulting in short 657 

residence time of discharged NPs-TiO2. Additionally, microscopy imaging confirmed the 658 

presence of NPs in the three catchments. Furthermore, the land-area normalized annual flux 659 

of NPs-TiO2 (1.65 kg TiO2 year-1 km-2) was highest for the agricultural catchment, suggesting 660 

that agricultural practices have a different impact on the NPs-TiO2 dynamics and exports than 661 

other land-uses (urban or forestry). A similar trend is also found by the reanalysis of recent 662 

literature data. 663 

 664 



In the future anthropogenic nanoparticles will be continuously produced, distributed and rival 665 

the amount of naturally occurring nanoparticles. Therefore, further studies and measurement 666 

of NPs-TiO2 need to be performed in suspended matter, sediments and soils to better 667 

characterize their origin and fate. Given that the introduction of nanotechnology-derived NPs 668 

is a more recent event that natural NPs, the issue of anthropogenic nanoparticles in natural 669 

system is more likely dynamic.  New survey with state the art techniques like TOF-sp-ICPMS, 670 

which provides a multiple element analysis for each NPs, will allow a better understanding 671 

their impacts and fate on longer time scales. 672 
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Table 1: Experimental conditions of sp-ICPMS measurement. 

Table 2: Average (range) of some physicochemical properties of three catchment waters. 
Original data taken from Wang et al. (2020) (Table S2 in supplementary information [25]). 
 
Table 3: Concentrations of NPs-TiO2 measured in surface water from the literature and this 
study. n.g.: not given. n.a.: not analysed. *Ti: total content of filtered fraction after digestion. 
** Engineered nanoparticles only as defined in [24]. 
 
Table 4: Average enrichment factor (EF) of selected elements in three small catchments 
normalized to suspended matter particles (SRSM) of Seine River. 
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Fig. 1: Sampling location and their land-use. Blue arrows indicate the direction of the water 
flow. Coloured boxes report the area of the watershed, the average population density (Pop. 
Dens.) and measured annual average water flow rate (L.sec-1) for each watershed. 
 
Figure 2: Particle number concentration (PNC) of NPs-TiO2 measured at the three sites during 
one-year of sampling. Samples were taken once per month, except for three months which 
are missing. 
 
Figure 3: Ti distribution (%) of total Ti for two fractions i.e., the NPs-TiO2 fraction (Ti-NPs) and 
large particles (Ti-Par) in three waters for one-year sampling, in which Ti-Par = Ti total – Ti NPs 
– Ti dissolved with Ti dissolved less than 1% of tot. Panel A, B and C showing the data of the 
forested, agricultural and urban watersheds, respectively. The numbers inserted in each bar 
correspond to the mass concentration given in µgTi L-1 of measured Ti-NPs and calculated Ti-
Par. 
 
Figure 4: Calculated diameters of the TiO2-NPs detected by sp-ICPMS and comparison with 
recently published data (see supplementary section for detailed size calculation procedure). 
[21]: Donovan et al., 2016; [26]: Wu et al., 2020; [42]: Rand et al., 2020. 
 
Figure 5: Left: SEM images of filters retaining suspended particles containing TiO2, with 
different shapes, present in sampled waters. Panels (a) and (c) showing a sample from the 
forested and urban watersheds, respectively. Right: Panel (b) and (d) showing the EDX analysis 
of corresponding particles highlighted by the green circle in panel (a) and the green square in 
panel (c). 
 
Figure 6:  Particle number concentration (PNC) of NPs-TiO2 as function of that of Ag NPs in 
agricultural and forested watersheds. Ag-NPs concentrations are from [25]. The correlation 
coefficients r corresponding to Agricultural orange and Forested green broken lines are equal 
to rAgricultural = 0.96 and rforested = 0.89. Their corresponding p value are equal to 0.00003 and 
0.0004 for a sampling size n=9 and 10, respectively. 
 
Figure 7:  Mass concentration of NPs-TiO2 as function of DOC concentration in water samples 
from the forested watershed. The correlation coefficient r corresponding to the orange 
broken line is equal to r = 0.91 and it corresponds to a p value equal to 0.0002 and a sampling 
size n=9 
 
Figure 8: Mass concentration of TiO2 NPs as function as that (bulk minus dissolved) of (a) Sb 
and (b) Ni in forested water. The correlation coefficients r corresponding to the orange broken 
line are equal to r = 0.91 and r = 0.89 in panel (a) and (b), respectively. They correspond to a p 
value equal to 0.0002 and 0.0005 with a sampling size n=10. 
 
Figure 9: Export-rate of (a) nanoparticulate (b) dissolved < 1 kDa (c) total Ti detected in three 
waters along the sampling year. 
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Table S1: Characteristics of three small watersheds of the Seine River.  

 Watershed  Forested Agricultural Urban 

 City Gambaiseuil Monchauvet Beynes 
 Area (km2) 17 22 116 
 River  Ponts Quentin Vaucouleurs Gally 
 Latitude 48.7575 48.885736 48.870527 
 Longitude 1.735392 1.624297 1.889618 
 (*)Flow rate (m3/s) 0.02 0.05 0.70 

Land use  
Forestry  95% 22% 19% 
Agriculture 5% 72% 44% 
Artificial areas   6% 37% 

Lithology 
Limestone  67% 63% 
Chalk   20% 
Sand 100% 33% 17% 

  
(*)annual average    

 

Table S2: Digestion efficiency of two commercial standards of TiO2 NPs (Aerodisp and P25) in Milli Q and Evian waters. 

 TiO2 (µg L-1) Matrix Recovery (%) 

Aerodisp 20 MQ 115 
Aerodisp 100 MQ 102 
Aerodisp 400 MQ 105 

P25 8000 MQ 111 
P25 15000 Evian 95 
P25 32000 MQ 111 
P25 40000 MQ 102 

 

 

Quantification of TiO2 particle number concentration (PNC) by single particle ICPMS (sp-ICPMS) 

 

1. Subtraction approach used for sp-ICPMS data analysis 

 

The ultra-filtrate (< 1 kDa) of sampled water represents well the matrix environment and thus its signal was used 
as the blank of TiO2 NPs present in sampled waters. Blanks have been prepared for each sampled water because 
the water chemistry varied from one site or one sample period to another. First, spectrums of intensity versus 
time for water sample and the corresponding ultra-filtered blank (Figure S1) were converted into the histograms 
of frequency versus intensity. Then, the frequency of the blank was subtracted from that of the unknown sample 
of the same matrix at the same intensity interval. This subtracted frequency was used to calculate the particle 
number concentration. The methodology validation is presented in the following section. 
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Figure S1: 47Ti signal intensity of river samples and their blank (ultra-filtrate < 1 kDa) as function of the time for (a) forested 
and (b) urban watersheds. 

 

2. Methodology validation 

 

2.1 Calculation of transport efficiency (η) 

In the spray chamber, more than 90% of sample is redirected into waste and only a small fraction is transported 
into plasma, leading to differences in mass delivery. This transport loss of sample is termed as "transport 
efficiency" (η), an essential factor required to calculate the concentration and size of NPs. In the present study, 
the method referred to as the particle size method [S1] was applied to calculate η since the applied reference 
material (Au-NPs) is certified for the particle size other than the concentration.  

Given that transport efficiencies and sensitivity of particulate and dissolved standards are the same, η is the 
ratio of the slope of calibration curve of Au-NPs (RNP, cps g-1) to that of corresponding dissolved Au3+ (Rdiss, cps g-

1). RNP can be directly calculated from the mass (mNP, g) of one Au-NP with certified size and the corresponding 
ICPMS response (INP, cps). While, Rdiss equals to the response of dissolved ions calibration (RFion, cps g-1 L-1) divided 
by the uptake flow (qliq, L s-1) and the dwell time (td, s): 

    (1) 

The standard suspension is certified for the size (55.4 nm in average) and the mass concentration of Au is given 
as 51.86 µg mL-1. Given that all Au is in form of nanoparticles of 55.4 nm and Au-NPs are spherical, the particle 
number concentration can be calculated (3.0 x 1010 particle mL-1). Usually, the stock suspension is diluted 2.5 x 
105 times to avoid NPs coincidence at very short dwell time. The suspension used to evaluate η is at the 
concentration of 2.1 x 10-4 µg ml-1 (1.2 x 105 particle mL-1). Transport efficiency has been evaluated for each 
sampling mission and the average value was equal to 9% ± 2%.   

 

2.2 Experiments performed to confirm the methodology  

To confirm the methodology, three samples have been spiked with the smallest standards of NPs commercially 
available, the gold colloidal solutions of 10 nm (BBI, batch 026677). Certified nanoparticles of smaller size do not 
exist for TiO2, Au and Ag to the best of our knowledge. The ultrafiltration step was conducted the same day than 
sample collection to avoid any preparation artefacts. Samples have been prepared as follows: 

1. Sample from the forest site (sample 19/12/2017) doped with Au NPs of 10 nm. 
2. Ultrafiltered fraction of the forest site sample (19/12/2017), doped with Au NPs of 10 nm. 

diss ion NP

NP NP liq d

R RF m
R I q t

h ´
= =

´ ´



 4 

3. MQ water doped with Au NPs of 10 nm. 

These experiments allowed to determine the ultrafiltration efficiency to remove nanoparticles with our 
methodology. They also allowed to evaluate whether the calculated NPs sizes in the three media were within 
the range of the certified one (i.e. 10 nm) and to evaluate the detection limits. All samples were prepared and 
analysed the same day by HR-ICPMS in single particle mode. HR-ICPMS in the single particle mode conditions 
are similar to the one used for the data acquisition and described in the present paper. The gold calibration 
curve was in the range 0 to 1 µg L-1 in 1% HCl solutions. The transport efficiency was 9.1%, and was calculated 
as previously described. 

Results are presented in Figures S2 to S4:  

- Grey dots correspond to MQ water (MQ-D), the ultrafiltered water from the forested site sample treated the 
19/5/2017 (UF-D) and the raw water from the same forested site sampled the same day (19/5/2017) (Raw-D) 
doped with the 10 nm certified gold solution.  

- Orange dots correspond to the same samples but after an ultrafiltration at 1kD (MQ-D < 1KD, UF-D< 1KD, Raw-
D < 1KD), conducted for all field water samples.   

- Green dots correspond to the Au197 signal in MQ water acquired in low-resolution mode with HR-ICPMS in 
single particle mode. 

 

Table S3: Summarizing the experiments performed to confirm the methodology and colour code of the data presented in 
figure S2 to S4. 

 MQ-D UF-D Raw-D MQ-D<1KD UF-D<1KD Raw-D<1KD MQ 
Figure S2        
Figure S3        
Figure S4        

 

In addition, in each of the three figures a line has been added corresponding to 3 times the standard deviation 
of all values recorded for: 

- the MQ< 1kD (blue line) 
- the fraction < 1KD for samples UF-D<1KD (red line) 
- Raw-D<1KD (red line). 

Figures S2, S3 and S4 clearly show that most of the particles were removed by the ultrafiltration process at 1kD. 
The % of removal was calculated to be 94 ± 5%, 95 ± 5% and 93 % ± 5% for the Raw-D, UF-D and MQ-D samples, 
respectively. Table S4 gives 3 times the standard deviation values for the three conditions. 

 

 Table S4: Standard deviations for the three conditions 

Sample MQ-D<1KD UF-D<1KD Raw-D<1KD MQ 
3x Std. Dev. (cps) 19340 20770 19560 16500 

 

The detection limit of size (Dmin) has been calculated according to [S1] and is given in Table S5. 

 

Table S5: Detection limit of size, Dmin 

Sample MQ-D<1KD UF-D<1KD Raw-D<1KD MQ 
Dmin (nm) 4 4 4 4 
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With the data of each sample doped with 10 nm gold NPs and their corresponding ultrafiltrated sample, using 
our data treatment, we can determine the size of the gold NPs and compare it to the certified value: all values 
are given in Table S6. 

 

 Table S6: Determined average size for the three matrices compared to the reference value. 

Sample MQ-D UF-D Raw-D Certified 
D (nm) 10 ± 2 9 ± 2 9 ± 2 10 ± 1 

 

The calculated size for the 10 nm certified gold nanoparticles is thus in perfect agreement with the certified 
value. We therefore believe that this is a strong demonstration that the calculation method for the particles 
number, nanoparticles mass and size for the present paper is solid and valid.  

The smallest size we can detect for gold is 4 nm. A test with 10 nm TiO2 particle was not possible since such 
certified material does not exist. However, our data in the present manuscript allowed to calculate a size limit 
of 20 ± 2 nm. 

 

 

Figure S2: MQ solution doped with 10 nm gold NPs (gray dots), sample after ultrafiltration at 1kD (orange dots) and MQ 
signal (green dots). Red and blue lines correspond to three times the standard deviation of the orange and green data, 
respectively.  
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Figure S3: Forested sample (19/12/2017) ultra-filtered solution doped with 10 nm gold NPs (gray dots), sample after 
ultrafiltration (1kD) (orange dots) and MQ signal (green dots). Red and blue lines corresponding to three times the standard 
deviation of the orange and green data, respectively.  

 

 

 

Figure S4: Forested raw sample (19/12/2017) solution doped with 10 nm gold NPs (gray dots), sample after ultrafiltration 
(1kD) (orange dots) and MQ signal (green dots). Red and blue lines corresponding to three times the standard deviation of 
the orange and green data, respectively.  

 

2.3 Limit of detection of size of TiO2 NPs by sp-ICPMS 

The TiO2-NPs detection limit of size in blank from calibration curves (Dmin) has been calculated according to the 
reported equation [S1]: 
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(2) 

 

where σ (cps) is the standard deviation of the matrix blank, R (cps µl-1) is the sensitivity of the instrument for the 
element of the analyte, fa is the mass fraction of the analysed metallic element in the NP and ρ is the density of 
the NP. In the case of TiO2-NPs, fa = 0.6, ρ = 4.23 g cm3. R is the ratio of the slope of calibration curve of ionic 
standards solution (K at cps µl-1) to η. Assuming TiO2NPs of spherical geometry, Dmin is equal to 20 nm in 
agreement with [S2]. 

 

2.4 Limit of quantification of Ti concentration by sp-ICPMS 

The LOQ (Cmin) can be calculated from the Dmin calculated for MQ water used for the calibration and according 
to the following equation: 

 

(3) 

The value of Dmin-MQ equal to 20 nm gives a Cmin of 7 ng L-1, which is applied as the LOQ of Ti concentration by sp-
ICPMS.  

 

3. Evaluation of the uncertainty on nanoparticles’ number concentration 

According to the Guide to the expression of Uncertainty in Measurement (GUM), the standard uncertainty of 
measurand can be obtained by propagating the variances of the related parameters [41]. Several factors are 
identified as contributors to the uncertainty in case of sp-ICPMS measurements of nanoparticles in natural 
waters such as the solution preparation, calibration, sensitivity of ICPMS, field sampling and sample stability. 
Two main contributions are taken into account in this paper i.e., the measurement repeatability (u1) and the 
sampling variability effect (u2), for the concentration of nanoparticles determined by sp-ICPMS. The expanded 
uncertainty (U) was obtained for three individual sampling matrices, based on Eq. (4) and (5): 

 
  (4) 

 (k=2)  (5) 

       

Where u is the standard uncertainty and k is the coverage factor, chosen equal to 2, defining a level of confidence 
of approximately 95%. The standard uncertainty of the repeatability (u1) was calculated using the standard 
deviation from 3 measurements. To evaluate the standard uncertainty of the sampling effect (u2), six sampling 
replicates (F1-F6) were taken the 23/05/17, 12/07/17 and 25/09/17 in the forested, agricultural and urban 
catchments, respectively. Each sampling replicate is considered as one individual sample and independently 
analysed by sp-ICPMS with three measurements (n=3). The six sampling replicates were quantified in two 
separate sequences and each sequence lasted about 10 hours. Thus, u2 provides an evaluation of the sequence’s 
effect on the NPs concentrations in addition to the sampling variability.  

To evaluate the standard uncertainty of the sampling effect (u2), the analysis of variance (ANOVA) is applied. 
ANOVA is a statistical technique applied for comparing datasets, routinely used when more than two 
populations are involved. In this study, single-factor ANOVA, meaning comparing groups (>3) based on 
independent factor variable, was applied to evaluate the sampling effect. The application of the ANOVA test to 
quantify an effect requires that the concerned data has a normal distribution. For each type of water, 6 
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independent samples and 3 measurements for each sample resulted in 18 data in total. The Shapiro-Wilk test is 
used here to confirm normality of the 18 data. 

The single-factor ANOVA test is performed with the significance level at α = 0.05 for all data analysis. One 
example is given in Fig. S5, with 18 values of F1-F6 and the resume of single-factor ANOVA analysis. When F < 
Fcrit, the sampling effect is not significant. Whereas, if F > Fcrit, the sampling effect needs to be taken into account 
for uncertainty evaluation. In this case, the uncertainty associated with this effect can be calculated with the 
equation given in Fig. S5. It can be expressed as absolute number (particles mL-1) or in relative uncertainty (%).  

 

Figure S5: Example of single-factor ANOVA test for NPs-TiO2 in forested water sampled on the 23th March 2017. 

 

 
Others supplementary information 

 

Sampling 
date 

Ti total (µg L-1)   Ti < 1 kDa (ng L-1) 

Forested Agricultural Urban   Forested Agricultural Urban 

30/11/2016 2 4 34  24 86 93 
20/01/2017 4 21 32  29 29 87 
27/02/2017 14 33 14  28 62 38 
23/03/2017 16 66 10  21 31 83 
23/05/2017 13 175 12  26 55 44 
12/07/2017 6 182 16  11 14 15 
25/09/2017 3 30 36  21 21 53 
24/10/2017 7 18 26  20 25 65 
21/11/2017 8 5 22  86 35 42 
19/12/2017 19 24   86 35 42 
Average 9 56 22   35 39 56 

 

Table S7: Concentration of total Ti after digestion and dissolved Ti in three watersheds throughout the year. 
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Table S8: Correlation matrix of average monthly nanoparticle number (n= 10) for each watershed and meteorological 

variables taken from https://www.historique-meteo.net/france/ile-de-france. 

 

 

 

 
Figure S6: Mass concentration of TiO2 NPs measured in water samples from three watersheds for one-year sampling. 
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Figure S7: Particle number concentration of TiO2 NPs as function as conductivity in water samples from the agricultural 
watershed. The correlation coefficient r corresponding to the orange broken line is equal to 0.77 for a sampling size n=10. 

 

 
 

Figure S8: Mass concentration of TiO2 NPs as a function of that (bulk minus dissolved) of trace elements (Me) As, Ni, Zn, in 
agricultural water.  The correlation coefficients r corresponding to As orange, Ni blue and Zn grey broken lines are equal to 
rAs = 0.92, rNi = 0.96 and rZn = 0.97. They all correspond to a p value equal to 0.00001 and a sampling size n=9  
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Figure S9: Pictures: SEM images of filters retaining suspended particles containing TiO2 of (a, c, d) nano-scale; (e) micro-scale; 
(b) small aggregates; (f) large aggregates, with different shapes present in sampled waters. Graphics: showing the EDX 
analysis of corresponding particles highlighted by the green circle or square, showing their elemental composition. 
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