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 23 

Abstract 24 

 25 

When manufactured nanoparticles are released to natural waters, 26 

heteroaggregation between nanoparticles and water compounds is expected to occur 27 

and play a key role in nanoparticle fate, transport and transformation. In this work, the 28 

heteroaggregation between CeO2 nanoparticles and Fe2O3 inorganic colloids, which 29 

represent the main inorganic fraction from Lake Geneva water, is studied. The 30 

heteroaggregation processes between CeO2, Fe2O3 and alginate in multiple water 31 

samples are investigated using zeta potential and z-average diameter measurements. 32 

The kinetics of heteroaggregation of individual components as well as mixtures of CeO2 33 

nanoparticles and Fe2O3 colloids and alginate are studied using time resolved dynamic 34 

light scattering. The global attachment efficiency (αglobal) is calculated using data from 35 

kinetic experiments. αglobal for pristine CeO2 nanoparticles varied from 0.5 to 0.7 in lake 36 

and synthetic waters and is found around 1 for pristine Fe2O3 and mixture CeO2 and 37 

Fe2O3. Our findings demonstrate that heteroaggregation is highly dependent on 38 

environmental conditions and resulting electrostatic scenarios. No heteroaggregation at 39 

pH 8 between CeO2, Fe2O3 and alginate is observed in ultrapure water, because of 40 

electrostatic repulsions between negatively charged compounds. In synthetic and lake 41 

waters, the situation is opposite. Indeed, specific adsorption of divalent cations and 42 

presence of salt are found to promote heteroaggregation via cation bridging and 43 

screening effects. The kinetic experiments indicate that aggregation rate of pristine 44 

Fe2O3 is higher (89 nm/min in lake water) compared to pristine CeO2 nanoparticles (50 45 

nm/min) and on the same level as mixture of CeO2 and Fe2O3 (96 nm/min). Low alginate 46 

concentration, 0.25 mg/L, has no effect on heteroaggregation in mixture of CeO2 and 47 

Fe2O3 in lake and synthetic waters. On the other hand, in natural water, the presence of 48 

higher alginate concentration, 2 mg/L, is found to reduce the heteroaggregation rate. 49 

 50 

Keywords: CeO2 nanoparticles, Fe2O3, alginate, heteroaggregation, lake water, cation 51 

adsorption 52 
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1. Introduction  54 

The progress in nanotechnology has resulted to the wide commercial production and 55 

use of manufactured nanoparticles (NPs) increasing the concern about their 56 

accumulation and fate in environmental aquatic systems. Cerium dioxide (CeO2) NPs are 57 

used in industry and everyday products and produced on the level from hundreds to 58 

thousand tons per year (Piccinno et al., 2012). The fate of CeO2 NPs in natural aquatic 59 

systems depends on the MNP properties such as surface charge and size but also on the 60 

water chemistry including pH, ionic composition, presence of natural organic matter 61 

(NOM) and inorganic colloids. 62 

Natural aquatic systems are highly heterogeneous systems which contain 63 

naturally occurring colloidal particles such as natural organic matter, biological colloids, 64 

inorganic colloids etc. Because of such heterogeneity, NPs released to natural waters are 65 

interacting with different water compounds resulting in aggregation or stabilisation. It is 66 

expected that concentration of NPs released to the water body is much lower than the 67 

concentration of naturally occurring colloids (Gondikas et al., 2014; Piccinno et al., 2012; 68 

Slomberg et al., 2016) resulting to heteroaggregation between NPs and natural colloids 69 

(Praetorius et al., 2014; Quik et al., 2012; Wang et al., 2015). Moreover, Quik et al. (2012) 70 

showed that the type of aggregation (homo- or heteroaggregation) was strongly 71 

dependent on the NP concentration. When the NP concentration released to river water 72 

is relatively high (10 and 100 mg/L), homoaggregation is dominant, contrary to the 73 

relatively low concentration (1 mg/L) for which heteroaggregation with natural colloids 74 

is the main mechanism for particle elimination (Quik et al., 2012). 75 

In order to obtain input parameters (i.e. attachment efficiencies for 76 

heteroaggregation, αhetero), which are independent on the NP concentration, to use in the 77 

environmental fate models, heteroaggregation of TiO2 NPs with natural colloids (SiO2 78 
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particles) was performed (Praetorius et al., 2014). Authors showed that αhetero is 79 

strongly dependent on solution ionic strength at pH 8 when NPs and natural colloids are 80 

both negatively charged. It was also shown that NOM (humic acid) has a stabilising effect 81 

on heteroaggregation. The experimental data were also used to obtain the global 82 

aggregation rate (αglobal) which represents overall the global behaviour of the 83 

aggregating system, and, in particular, the formation of primary and secondary 84 

aggregates (Praetorius et al., 2014). 85 

Heteroaggregation of TiO2 NPs with a smectite clay, which represents an 86 

analogue of natural colloids, was evaluated to assess the main mechanisms controlling 87 

the NP aggregation in natural environment (Labille et al., 2015). It was found that the 88 

shape and dispersion state of colloids, the affinity and concentration ratio between 89 

colloids and nanoparticles are the main parameters that affect heteroaggregation. 90 

Moreover, authors showed that the presence of 1 mg/L humic acids reduce the 91 

aggregation rate.  92 

The importance of NOM on the NP aggregation and interaction between NPs and 93 

ICs have been extensively studied separately. However, studies evaluating the impact of 94 

NOM and ICs together on NP aggregation in natural environment are still limited. In our 95 

work we concentrated mainly on the effect of two colloidal fractions, polysaccharides 96 

and inorganic colloids. The choice of these two fractions is discussed below. 97 

Alginate is a natural polysaccharide that represents up to 30% of NOM in lake 98 

water (Buffle et al., 1998) and commonly used as a model polyelectrolyte to mimic 99 

polysaccharides from natural waters (Chen et al., 2006). Alginate is a linear anionic 100 

polymer with a negative linear charge and carboxylic acid groups on the chain backbone 101 

(Pawar and Edgar, 2012). The stabilising effect of alginate coating on iron oxide 102 

nanoparticles in biological media was shown by (Castelló et al. 2015). Alginate coated 103 
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iron oxide particles were found stable up to 9 days in biological fluids. Another study 104 

indicated that the adsorption of alginate on titanium dioxide NPs induces the partial 105 

fragmentation of already formed aggregates (Loosli et al., 2013).  106 

Another component of natural water that is also expected to influence the fate 107 

and behaviour of NPs are inorganic colloids (ICs). The concentration of ICs in natural 108 

water is highly variable and can change from a few to hundreds mg/L (Eyrolle and 109 

Charmasson, 2004). The most common ICs are clays, aluminoscilicates and iron 110 

oxidyhydroxides (Eyrolle and Charmasson, 2004, 2001; Filella, 2007). For example, the 111 

concentration of suspended particulate matters in river Rhône varies from 3 to 40 mg/L 112 

and is mainly represented by the presence of clay minerals, calcite, quartz, muscovite 113 

and iron oxide (sampling of Rhône water near Arles) (Slomberg et al., 2016). Another 114 

study indicates the proportions of Fe and Al observed in the colloidal phase in the river 115 

Rhône freshwaters reached 42% and 35% respectively (Eyrolle and Charmasson, 2004). 116 

In our work, we used alginate as a model of natural polysaccharides to study the 117 

heteroaggregation of CeO2 NPs. An iron (III) oxide was chosen as an analogue of ICs as 118 

iron oxy-hydroxides was found to be one of the main inorganic components of the Lake 119 

Geneva water column (Graham et al., 2014). The aim of this study was to understand 120 

and establish the correlation between surface properties including surface charge, pH 121 

effect and concentration ratio with the importance of CeO2 NP heteroaggregation in 122 

natural water. To fulfil this objective first, the heteroaggregation of a mixture composed 123 

of CeO2 and Fe2O3 in absence and presence of 0.25 mg/L alginate and in increasing Fe2O3 124 

concentration in ultrapure water was considered, and then filtered lake water was used. 125 

Second, the kinetics of heteroaggregation of individual components as well as mixtures 126 

of medium increasing complexity was studied. Finally, the effect of increasing alginate 127 

concentration on heteroaggregation was investigated.  128 
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 129 

2 Materials and Methods  130 

2.1 Materials 131 

Pristine CeO2 NPs (powder NM-212, JRC, Ispra, Italy) with nominal particle diameter 28 132 

± 10 nm and a specific surface area equal to 27.2 ± 0.9 m2g–1 (Singh et al., 2014) were 133 

used. To prepare a 1 gL–1 CeO2 stock suspension, NP powder was weighed and diluted in 134 

ultrapure water (R > 18 MΩ cm, Millipore, Switzerland) at pH 3.0 to obtain a stable 135 

suspension. Then the dilution was done and in all further experiments a 50 mgL–1 CeO2 136 

suspension was used, unless indicated. The detailed characterisation of pristine NPs is 137 

provided in supplementary materials (SM) (Fig. 1 and Fig. SM.1). The stability of 138 

suspension was systematically controlled every time before performing the experiments 139 

by measuring z-average diameter and zeta potential. 140 

Alginate (A2158, Sigma Aldrich, Switzerland) was used as a model of natural 141 

polysaccharide. A 100 mg/L stock solution was prepared in ultrapure water and used 142 

for further dilution. The detailed characterisation of alginate solution is shown in SM 143 

(Fig. SM.3).  144 

As an analogue of inorganic colloids, iron (III) oxide (α-Fe2O3, 99%) (Nanoamor, 145 

Inc., USA) as a powder was used. A 1 g/L suspension was prepared and the suspension 146 

pH was set to 10. Such pH allowed a better resuspension and higher stability of 147 

dispersed particle. Probe sonication was done during 15 min. Then a 100 mg/L stock 148 

suspension was prepared by dilution with ultrapure water which pH was also 149 

previously adjusted to 10. The z-average hydrodynamic diameter and zeta-potential 150 

were measured as a function of pH in order to characterise obtained particle dispersion. 151 

Fe2O3 was found to have a negative surface charge at environmentally relevant pH (pH 152 
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8.0 ± 0.2). The detailed particle characterisation and titration curves are provided in Fig. 153 

1 and in the SM (Fig. SM.2). 154 

To mimic the ionic composition of Lake Geneva water, in particular the 155 

concentration of divalent cations such as Ca2+ and Mg2+ two electrolytes were used. Two 156 

stock solutions a 1 g/L of CaCl2·6H2O and MgCl2·6H2O (Fluka and Sigma-Aldrich, 157 

Switzerland) were prepared. They were diluted and mixed to obtain a final solution that 158 

represented synthetic water with ion concentrations equal to 45 mg/L for Ca2+ and 6 159 

mg/L for Mg2+. 160 

Samples of natural water from Lake Geneva were collected in Versoix (Geneva, 161 

Switzerland). The physicochemical characterisation was performed in situ using pH 162 

(PHC101), conductivity (CDC401) and oxygen (LDO101) probes with multiparameter 163 

meter (HQ40d) (Hach Lange, Switzerland). The water ionic composition was defined by 164 

chromatographic analysis using a Dionex ICS-3000 analyzer (Dionex, Switzerland). The 165 

detailed characterisation of lake water sample is provided in the SM (SM.1). Lake water 166 

was filtered with a pore size equal to 0.45 µm before performing the experiments. 167 

All stock solutions were stored in a dark place at 4 °C. 168 

 169 

2.2 Experimental procedures and methods 170 

Series of independent suspensions were prepared to investigate the effect of IC 171 

concentration on the heteroaggregation of CeO2 NPs. An aliquot of CeO2 stock 172 

suspension was added to ultrapure and lake water to obtain final concentration equal to 173 

50 mg/L. Sodium hydroxide and hydrochloride acid 0.01 M (NaOH and HCl, 174 

Titrisol®113, Merck, Switzerland) were used to adjust the pH to 8. Variable 175 

concentrations of IC from 0 to 7.5 mg/L were added to ultrapure and lake waters before 176 

the addition of CeO2 suspension. The measurement of z-average hydrodynamic diameter 177 
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was done using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd, UK) directly 178 

(starting 30 sec after the mixture preparation) during 15 min with time interval 30 sec. 179 

The average value was calculated based on the last 3 min of experiments. Zeta potential 180 

was determined after the measurement of z-average diameter, i.e. 15 min after mixture 181 

was prepared. Alginate was added to ultrapure and lake water before the addition of 182 

NPs but after IC. The concentrations of the different compounds in kinetics experiments 183 

were equal to [CeO2] = 50 mg/L [Fe2O3] = 5 mg/L, [Alginate] = 0.25 and 2 mg/L. The 184 

order of compounds addition was first water (ultrapure, synthetic, lake waters), then IC, 185 

if needed alginate and at the end CeO2 NPs. The control of pH was done during all 186 

experiments with a Hach Lange HQ40d portable meter and pH probe PHC101 (Hach 187 

Lange, Switzerland). 188 

All the experiments were performed at least in duplicates and the results given as 189 

mean values and standard deviations. 190 

A JEOL JSM-7001FA scanning electron microscope (SEM) was used to obtain 191 

images of CeO2 NPs in mixture with IC and in complex matrix. For each samples, 10 µL of 192 

the NPs dispersion were placed on one aluminum stub covered with a 5×5 mm silica 193 

wafer (Agar Scientific, G3390) and wrapped with 3 – 5 nm of Pt/Pd coating. The 194 

instrument was set with following parameters: voltage 15 kV, probe current 1 nA. 195 

The aggregation kinetics experiments were investigated by time resolved 196 

dynamic light scattering (DLS) methods by measuring z-average diameters. Average 197 

value of z-average hydrodynamic diameter and standard deviation of this value were 198 

calculated by considered two neighbour points to plot the kinetics curves. The kinetic 199 

data of z-average hydrodynamic diameters, measured over the first 5 min after mixture 200 

preparation, were linearly fitted to obtain the slope and to calculate the aggregation rate 201 

(nm/min). Global attachment efficiency (αglobal) was calculated also using time resolved 202 
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DLS method and represents the global behaviour of the system including homo- and 203 

heteroaggregation between pristine particles as well as NOM (Gallego-Urrea et al., 2016; 204 

Labille et al., 2015; Praetorius et al., 2014). The slope of the fitting line of the increase of 205 

z-average hydrodynamic diameters with time (first 5 min) for each particle mixture in 206 

different type of water is calculated. Attachment efficiencies were calculated by dividing 207 

these slopes for different water composition (i.e. in the reaction limited aggregation 208 

regime) by the slope of the diffusion limited aggregation regime determined under 209 

favourable conditions (i.e. critical coagulation concentration (CCC)) (Chen et al., 2006; 210 

Gallego-Urrea et al., 2016):  211 

max

global

k

k
  ,    (1) 212 

were  is the aggregation rate of the studied system at any specific moment (the 213 

reaction limited aggregation),  is the aggregation rate when all the collision 214 

between particles are efficient, i.e. results in the formation of permanent contacts 215 

(diffusion limited aggregation). Such type of aggregation usually occurred when the CCC 216 

is reached. 217 

To determine the CCC, the homoaggregation of pristine CeO2 NPs in increasing 218 

NaCl concentration was performed (SM, Fig. SM.8). Then the aggregation rates of 219 

different mixtures were divided by the aggregation rate at the CCC of CeO2 NPs to obtain 220 

αglobal. The graphical representation of attachment efficiency during homoaggregation 221 

(αhomo) in comparison to αglobal is also presented in SM. 222 

 223 

3. Results and discussion 224 
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Before performing the heteroaggregation experiments between CeO2 NPs and inorganic 225 

colloids (Fe2O3 ICs) in natural waters, we studied the behaviour of uncoated pristine 226 

particles as well as coated with NOM in more simplified condition (such as ultrapure 227 

water). CeO2 NPs, alginate and Fe2O3 ICs were also characterised by measuring the 228 

variation of zeta potentials and z-average hydrodynamic diameters with change of pH. 229 

 230 

3.1 Characterisation of NPs and ICs  231 

The zeta potential values as well as z-average diameters of both CeO2 and Fe2O3 as a 232 

function of pH are presented in Fig. 1. CeO2 NPs are positively charged below pH 6 233 

whereas Fe2O3 ICs are positively charged below pH 5.0. Both are negatively charged 234 

above pH 7.0 and zeta potential is gradually decreasing with pH increase, from around 235 

+50 mV for CeO2 and from +30 mV for Fe2O3 to around –45 mV and –35mV, accordingly. 236 

The pHPZC was found equal to 6.8 ± 0.1 for CeO2 and 5.8 ± 0.1 for Fe2O3, in accordance 237 

with other experimental data (Kosmulski, 2009; Yi et al., 2015). At environmental pH 8.0 238 

± 0.2 both NPs and ICs are negatively charged; zeta potential of CeO2 is equal to –37.0 ± 239 

0.4 and of Fe2O3 –27.1 ± 0.6. CeO2 NPs are stable below pH 4 and above pH 8 with mean 240 

z-average diameter equal to 173.8 ± 7.8 nm. Fe2O3 ICs are stable in the same pH range 241 

but with slightly smaller diameter equal to 97.7 ± 2.5. Around the PZC both NPs and ICs 242 

are aggregated with diameter approaching 1800 nm for CeO2 and 4500 nm for Fe2O3. 243 

Therefore, at the PZC the size of CeO2 homoaggregates is smaller compared to the size of 244 

Fe2O3 homoaggregates. Such a behaviour is due to the different shapes of the pristine 245 

particles which result in the formation of more compact CeO2 aggregates compared to 246 

Fe2O3. We performed SEM images of CeO2 NPs and Fe2O3 ICs individually to gain insight 247 

into the morphology of homoaggregates and to be able to distinguish both types of 248 

particles in a mixture (SM.2, Fig. SM.1 and Fig. SM.2). We found that CeO2 NPs have cubic 249 
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shape whereas Fe2O3 ICs exhibit long needle shaped particles. We also characterise 250 

alginate which is negatively charged across the full pH range with a z-average 251 

hydrodynamic diameter that not exceed 250 nm (Fig. SM.3). 252 

 253 

3.2 CeO2 NP heteroaggregation in presence of Fe2O3 ICs and alginate 254 

Heteroaggregation of CeO2 NPs in ultrapure water 255 

To understand the heteroaggregation of CeO2 NPs in presence of Fe2O3 ICs all 256 

experiments were performed at pH 8 to approach environmental conditions. We 257 

increased the concentration of Fe2O3 from 0 to 7.5 mg/L and measured zeta potentials 258 

(15 min after mixture preparation) and z-average hydrodynamic diameters (every 30 s 259 

during 15 min) in absence and presence of 0.25 mg/L alginate. At this pH both CeO2 NPs 260 

and Fe2O3 ICs are negatively charged and no interaction was observed because of the 261 

electrostatic repulsions (Fig. 2). The average value of zeta potential was found equal to –262 

37.1 ± 1.6 mV and z-average diameter to 177 ± 9 nm. Similar results, regarding 263 

heteroaggregation, were obtained by considering TiO2 NPs and SiO2 colloids (Praetorius 264 

et al., 2014). No heteroaggregation was observed at pH 8 (at low electrolyte 265 

concentration) because of the repulsive charges between particles. In presence of 266 

alginate, no significant change in the value of zeta potential (equal to –37.3 ± 1.5 mV) 267 

and z-average diameter (171 ± 8 nm) (Fig. 2 A and B) was observed due to the 268 

importance of repulsive interactions. 269 

Heteroaggregation of CeO2 NPs in lake water 270 

We performed similar experiments as described in previous section but in filtered water 271 

from Lake Geneva to evaluate the importance of CeO2 NP heteroaggregation in lake 272 

water. Interestingly, we observed a shift of particle zeta potential (for both cases in the 273 

presence and absence of alginate) to low values compared to ultrapure water. Zeta 274 
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potential became less negative and equal to –12.0 ± 0.4 mV without alginate and –14.8 ± 275 

0.5 mV in the presence of alginate (Fig. 3A). The more negative value of zeta potential in 276 

the presence of alginate is due to the additional negative charges provided by alginate 277 

(Fig. SM.3). The difference of zeta potentials observed in ultrapure water compared to 278 

lake water was attributed to the presence of positively charged ions such as Na+, K+, Ca2+ 279 

and Mg2+ resulting in screening effects and specific adsorption on the negative NP 280 

surface. In such conditions, heteroaggregation of CeO2 NPs was observed. Z-average 281 

diameter was found equal to 904 ± 148 nm without alginate and 370 ± 55 nm in the 282 

presence of 0.25 mg/L alginate (Fig. 3B). Alginate was found to reduce the aggregation 283 

rate process in lake water for pristine NPs due to stabilising effect (with alginate 284 

adsorption via cation bridging) (Oriekhova et al., 2017). The addition and increase of 285 

Fe2O3 concentration resulted in the increase of heteroaggregation with and without 286 

alginate. Below 1 mg/L Fe2O3 the aggregate z-average diameters were found less than 287 

1000 nm (Fig. 3B). Increase of Fe2O3 concentration resulted in larger size of the 288 

aggregates, with z-average diameters close to 3000 nm. The presence of alginate was 289 

found to have no effect above 1 mg/L Fe2O3, therefore, indicating dominant effect of 290 

Fe2O3 concentration on heteroaggregation and z-average diameter measurements in 291 

such conditions. 292 

 293 

3.3 Heteroaggregation kinetic experiments 294 

The aim of this section was to investigate in details kinetics of heteroaggregation 295 

between CeO2 NPs, Fe2O3 ICs and alginate. First, we studied the kinetics of 296 

homoaggregation of pristine CeO2 and Fe2O3, then the heteroaggregation in mixtures of 297 

CeO2 and alginate, and Fe2O3 and alginate. Finally, we studied the heteroaggregation of 298 

mixture CeO2–Fe2O3 and of the system with including three compounds, i.e. CeO2, Fe2O3 299 
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and alginate. We performed experiments first in ultrapure water and then in synthetic 300 

and in natural waters for a more detailed understanding of the interaction mechanisms.  301 

Heteroaggregation kinetics in ultrapure water 302 

As shown in Fig. 4, in which z-average hydrodynamic diameters of particles in ultrapure 303 

water at pH 8.0 are presented, CeO2 NPs and Fe2O3 ICs are stable at pH 8. Mean value (15 304 

min) of z-average diameters of pristine CeO2 NPs is equal to 192 ± 6 nm and is stable 305 

during 15 min measurement. The presence of alginate slightly reduces the value of z-306 

average diameters which is equal to 177 ± 9 nm. Z-average diameters of Fe2O3 ICs and 307 

Fe2O3 + alginate are equal to 147 ± 6 nm and 170 ± 10 nm, respectively. By considering a 308 

mixture of CeO2 and Fe2O3 without alginate z-average diameter is equal to 181 ± 8 nm. 309 

This value is found between the diameters of CeO2 and Fe2O3, indicating no interaction 310 

between NPs and ICs. The presence of alginate slightly reduces z-average diameter 311 

which is equal to 161 ± 8 nm. The most important point here is to note that no 312 

heteroaggregation is observed in the mixtures between CeO2 and Fe2O3 and in the 313 

mixtures CeO2/ Fe2O3/Alginate in ultrapure water due to the negative surface charges of 314 

all components as indicated by the zeta potential value presented in Table 1.  315 

Heteroaggregation kinetics in lake water 316 

The time variation of z-average hydrodynamic diameters of CeO2 NPs, Fe2O3 ICs, and 317 

mixtures of NPs and ICs in the presence and absence of alginate in filtered Lake Geneva 318 

water is presented in Fig. 5A. Pristine CeO2 NPs are forming aggregates in lake water 319 

(black squares) with z-average dimeter equals to 1065 ± 19 nm after 15 min. 320 

Aggregation is promoted due to the presence of divalent electrolytes, dissolved organic 321 

matter and natural colloids (Louie et al., 2013; Oriekhova and Stoll, 2016). The presence 322 

of alginate reduces the aggregation rate of CeO2 NPs from 50 ± 8 nm/min to 19 ± 4 323 

nm/min (Fig. 5B). The value of the z-average diameter is also decreased and is found 324 
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equal to 434 ± 10 nm. Moreover, zeta potential of CeO2 NPs in the presence of alginate 325 

decreases compared to pristine particle and is equal to -15.0 ± 0.6 versus -12.3 ± 0.5 mV 326 

(Table 1) indicating NP surface coating by alginate and alginate stabilisation effect.  327 

 328 

Table 1. Zeta potentials in different water samples (pH 8.0 ± 0.2) 329 

 330 

Pristine Fe2O3 ICs are also aggregated in lake water (red circles) with z-average 331 

diameter equals to 2236 ± 90 nm. The aggregation rate of Fe2O3 ICs is higher compared 332 

to the aggregation rate of CeO2 NPs indicating that Fe2O3 aggregates growth faster 333 

compared to CeO2 NPs. We believe it is due to the Fe2O3 shape resulting in formation of 334 

more extended structures and less compact aggregates. In the presence of alginate, 335 

Fe2O3 ICs are found to have larger aggregate sizes (3051 ± 172 nm) due to the bridging 336 

effect in presence of alginate. Heteroaggregation between CeO2 NPs and Fe2O3 ICs in lake 337 

water is occurring now since it was not the case in ultrapure water (Fig. 4). 338 

Heteroaggregation is due to the presence of natural ions (Ca2+, Mg2+) and organic 339 

substances which specifically adsorb on the surface of both NPs and ICs changing their 340 

surface chemistry. The presence of alginate does not have an effect on 341 

heteroaggregation in a mixture CeO2 + Fe2O3 (Fig. 5A). In a mixture of NPs and ICs and in 342 

natural water alginate does not have an effect on the size of heteroaggregates. In 343 

addition, the size of Fe2O3 aggregates is similar to the size of mixtures, probably, because 344 

of the main role of Fe2O3 in the process of aggregate formation.  345 

Heteroaggregation kinetics in synthetic water 346 

It is known that divalent cations have a significant effect on the NP stability (Chekli et al., 347 

2015; Liu et al., 2013; Loosli et al., 2015). Regarding the results obtained in previous 348 

section and in order to specifically evaluate the effect of divalent cations, synthetic water 349 
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containing the same amount of Ca2+ and Mg2+ as in Lake Geneva water was prepared 350 

(more details in section 2.1). The time variation of z-average hydrodynamic diameters 351 

presented in Fig. 6A indicates that the same trend as in lake water is observed. Pristine 352 

CeO2 and Fe2O3 are aggregated in synthetic water and the aggregation rate is slightly 353 

increased for CeO2 and stays similar for Fe2O3 (62 ± 6 and 95 ± 13 nm/min, accordingly) 354 

compared to the aggregation rate in lake water 50 ± 8 and 89 ± 18 nm/min, accordingly. 355 

Aggregation is due to both charge screening and specific adsorption of cations which 356 

lead to the destabilisation of NPs and mixtures. The presence of alginate also slightly 357 

reduces the aggregation rate for NPs but has no effect on Fe2O3 and on the CeO2 + Fe2O3 358 

mixture (Fig. 6B). However, the effect of naturally present organic matter is clearly 359 

reflected on zeta potential values (Table 1). Very interestingly, in synthetic water the 360 

presence of divalent electrolytes only results in lower value of zeta potential, whereas in 361 

lake water zeta potentials are more negative because of the presence of natural organic 362 

matter. Therefore, this comparative study between synthetic and natural waters 363 

highlighted the key role of divalent electrolytes in the heteroaggregation of NPs in lake 364 

water. 365 

 366 

3.4 Effect of alginate concentration on heteroaggregation in lake water 367 

To gain an insight into the effect of alginate concentration we studied the 368 

heteroaggregation between CeO2 NPs and Fe2O3 in lake water by increasing the 369 

concentration of alginate from 0.25 to 2 mg/L (Fig. 7). Without alginate and in the 370 

presence of 0.25 mg/L alginate, z-average diameters are found close to 2500 nm (after 371 

15 min heteroaggregation). The presence of 2 mg/L alginate is found to significantly 372 

reduce the size of the aggregates equal to 608 ± 45 nm (after 15 min) (Fig. 7). The 373 

aggregation rate is also significantly reduced and is found equal to 125 ± 41 and 15 ± 2 374 



16 
 

nm/min (Fig. SM.6) in the presence of 0.25 and 2 mg/L alginate, accordingly, in good 375 

agreement with stabilisation effects related to electrostatic and steric effects (Baalousha, 376 

2009; Oriekhova and Stoll, 2016). Our findings are also supported with SEM images (Fig. 377 

8). In Fig. 8A and B large heteroaggregates of CeO2 and Fe2O3 are found and no 378 

significant difference is observed at low alginate concentrations. Whereas in Fig. 8C 379 

heteroaggregates are much smaller and it is possible to distinguish the presence of 380 

Fe2O3 connected by alginate and “individual” alginate chains on the surface of silica 381 

wafer. Therefore, in our work we showed that high alginate concentration prevent the 382 

heteroaggregation of mixtures of CeO2 NPs and Fe2O3 ICs in lake water. It should be 383 

noted that the same trend was observed in synthetic water (Fig. SM.7) where the 384 

increase of alginate concentration was found to decrease the aggregation rate but less 385 

significantly compared to lake water. 386 

The global attachment efficiency (αglobal) which is a mixture of the attachment 387 

efficiencies of homo- and heteroaggregation (Labille et al., 2015) is given in Fig. 9. This 388 

figure is presenting the attachment efficiencies calculated from experimental data of 389 

pristine CeO2 NPs and Fe2O3 ICs as well as their mixtures in synthetic and lake waters as 390 

a function of alginate concentration. The presence of alginate decreases the global 391 

attachment efficiency of heteroaggregates. We also observe that the attachment 392 

efficiency between pristine CeO2 NPs is lower than between Fe2O3 ICs. We also shown 393 

that in mixture without alginate and at low alginate concentration the attachment 394 

efficiency is larger than 1 indicating faster formation of heteroaggregates compared to 395 

pristine CeO2 NPs at high ionic strength (CCC), i.e. during the diffusion limited 396 

aggregation (Metreveli et al., 2015).  397 

 398 

4. Conclusions 399 
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Our findings demonstrate that heteroaggregation between CeO2 NPs and Fe2O3 ICs is 400 

highly dependent on the resulting electrostatic scenarios and presence of divalent ions 401 

in the solution. In ultrapure water, no heteroaggregation between NPs and ICs is 402 

observed because of the electrostatic repulsions due to the presence of negative charges. 403 

On the other hand, in natural lake and synthetic waters, in presence of divalent ions 404 

(such as Ca2+ and Mg2+), CeO2 heteroaggregation is observed due to the formation of 405 

bridges between the different negatively charged compounds. The concentration of 406 

alginate plays also a crucial role in controlling heteroaggregation in natural waters. In 407 

absence and at low alginate concentration (below 0.25 mg/L) significant 408 

heteroaggregation is observed, whereas, high alginate concentration (2 mg/L and 409 

above) prevents heteroaggregation. Our results indicate that both water hardness and 410 

natural organic matter concentration are key parameters to consider when evaluating 411 

the importance of heteroaggregation, determination of attachment efficiencies, and 412 

prediction of NPs in transport models including both homo and heteroaggregation 413 

processes. 414 
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 422 

Table 1. Zeta potentials in different water samples (pH 8.0 ± 0.2) 423 

Name of the sample Ultrapure Lake Geneva Synthetic water 

CeO2 -40.3 ± 2.6 -12.3 ± 0.5 -2.0 ± 0.2 

Fe2O3 -24.9 ± 1.6 -10.6 ± 0.4 -3.9 ± 0.3 

CeO2 + Fe2O3 -34.3 ± 1.4 -10.8 ± 0.4 -2.7 ± 0.3 

CeO2 + Alginate  -39.2 ± 1.4 -15.0 ± 0.6 -14.8 ± 0.4 

Fe2O3 + Alginate -27.5 ± 0.7 -14.4 ± 0.4 -13.4 ± 0.4 

CeO2 + Fe2O3 + Alginate -36.9 ± 2.1 -13.8 ± 0.5 -9.9 ± 0.4 

 424 

425 
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Figures 426 
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Fig.1. (A) CeO2 NP and (B) Fe2O3 IC zeta potential and z-average hydrodynamic diameter 429 

variation as a function of pH. Experimental conditions: [CeO2] = 50 mg/L, [Fe2O3] = 10 430 

mg/L. No electrolytes were added to the NP suspensions. At environmental pH = 8.0 ± 431 

0.2 both NPs and ICs are negatively charged. Each point represents the mean value of 432 

five parallel experiments and error bars represent the standard deviation. 433 

434 
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Fig. 2. (A) Zeta potential and (B) z-average hydrodynamic diameters of CeO2 NPs in 437 

ultrapure water at different concentrations of inorganic colloids (Fe2O3) in presence and 438 

absence of alginate. Experimental conditions: pH 8.0 ± 0.2, [CeO2] = 50 mg/L, [Alginate] 439 

= 0.25 mg/L. No heteroaggregation between NPs, ICs and alginate is observed. Error 440 

bars of zeta potential represent standard deviations of duplicates. Each z-average 441 

diameter value represents the average value of last 3 min measurements and error bars 442 

represent standard deviations. 443 
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Fig. 3. (A) Zeta potential and (B) z-average hydrodynamic diameters of CeO2 NPs in lake 446 

water in increasing concentration of inorganic colloids (Fe2O3) in presence and absence 447 

of alginate. Experimental conditions: pH 8.0 ± 0.2, [CeO2] = 50 mg/L, [Alginate] = 0.25 448 

mg/L. Heteroaggregation is observed with increase of IC concentration both in absence 449 

and presence of alginate. Error bars of zeta potential represent standard deviations of 450 

duplicates. Each z-average diameter value represents the average value of last 3 min 451 

measurements and error bars represent standard deviations. 452 

453 
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Fig. 4. Z-average hydrodynamic diameters of CeO2 NPs in varied conditions: in the 456 

presence of inorganic colloids and alginate at pH > pHPZC in ultrapure water. No 457 

interactions between CeO2 NPs, Fe2O3 IC and alginate is observed. Experimental 458 

conditions: pH 8.0 ± 0.2, [CeO2] = 50 mg/L [Fe2O3] = 5 mg/L, [Alginate] = 0.25 mg/L. 459 

Error bars represent standard deviations of duplicates. Horizontal lines are used to 460 

guide the eyes and are drawn in the error limits. 461 

 462 
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 465 

 466 

Fig. 5. (A) Z-average hydrodynamic diameters and (B) aggregation rate of CeO2 NPs in 467 

Lake Geneva water: in the presence of Fe2O3 ICs and alginate. Experimental conditions: 468 

pH 8.0 ± 0.2, [CeO2] = 50 mg/L [Fe2O3] = 5 mg/L, [Alginate] = 0.25 mg/L. Error bars 469 

represent standard deviations of duplicates. 470 
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 473 

Fig. 6. (A) Z-average hydrodynamic diameters and (B) aggregation rate of CeO2 NPs in 474 

synthetic water (in the presence of Ca2+/Mg2+ ions) and in the simultaneous presence of 475 

Fe2O3 ICs and alginate. Experimental conditions: pH 8.0 ± 0.2, [CeO2] = 50 mg/L [Fe2O3] 476 

= 5 mg/L, [Alginate] = 0.25 mg/L. Error bars represent standard deviations of 477 

duplicates. 478 
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Fig. 7. Time variation of z-average hydrodynamic diameters of CeO2 NPs and Fe2O3 ICs 480 

in Lake Geneva in varied alginate concentration. Experimental conditions: pH 8.0 ± 0.2, 481 

[CeO2] = 50 mg/L [Fe2O3] = 5 mg/L, [Alginate] = 0.25 and 2 mg/L. The aggregation rate 482 

decreases with increase of alginate concentration. Error bars represent standard 483 

deviations of duplicates. 484 

485 



26 
 

 486 

 487 

 488 

 489 

Fig. 8. SEM images of CeO2 NPs and Fe2O3 ICs in Lake Geneva in varied alginate 490 

concentration. Experimental conditions: [CeO2] = 10 mg/L [Fe2O3] = 1 mg/L (A): 491 

[Alginate] = 0 mg/L; (B) [Alginate] = 0.05 mg/L and (C) [Alginate] = 2 mg/L. With 492 

increase of alginate concentration, we observed the formation of smaller 493 

heteroaggregates corresponding to the results illustrated in Fig. 6.  494 

495 
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 496 

Fig. 9. The global attachment efficiency (αglobal) of pristine CeO2 NPs (green rectangle), 497 

pristine Fe2O3) IC (blue rectangle) and of a mixture NPs + ICs in synthetic and lake 498 

waters as a function of alginate concentration. Experimental conditions: pH 8.2 ± 0.2, 499 

[CeO2] = 50 mg/L, [Fe2O3] = 5 mg/L, [Alginate] = 0; 0.25 and 2 mg/L. Error bars 500 

represent relative standard deviations of division (calculated for the ratio k/kmax). 501 
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