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S1 – Natural river water characterization data 
 
 

cations [mg L-1] [mmol L-1] anions [mg L-1] [mmol L-1] 

Ca 44.8 1.12 SO4
2- 22.2 0.23 

Mg 10.1 0.41 Cl- 11.3 0.32 

Na 7.22 0.31 NO3
- 4.97 0.080 

Si 2.08 0.074 F- 0.089 4.7 × 10-3 

K 1.94 0.050 PO4
3- <LOD (0.50)  

Sr 0.174 2.0 × 10-3 NO2
- <LOD (0.31)  

Al 0.039 1.5 × 10-3 Br- <LOD (0.14)  

Ba 0.024 0.17 × 10-3    

Cr 0.003 0.06 × 10-3    

Mn 0.002 0.04 × 10-3    

Fe <0.014 <0.26 × 10-3    

Cu <0.008 <0.13 × 10-3    

Cd <0.001 <0.01 × 10-3    

Ni  <LOD (0.004)     

Pb <LOD (0.006)     

Zn <LOD (0.015)     

 

  



S2 – CeO2 nanomaterial characterization 
 
NM characterization included isoelectric point (IEP) determinations in different 
hydrochemistries (based on OECD TG 318), particle-number based size distribution by single 
particle (SP)-ICP-MS and scanning electron microscopy (SEM) imaging and sizing. 
 
 

IEP determination 

 
For IEP determinations, triplicate pH-titrations accompanied by zeta potential (ZP) 
measurements were conducted in different hydrochemical backgrounds (0-10 mmol L-1 
electrolytes at a CaCl2:MgSO4 molar ratio of 4:2 and 0-10 mg L-1 Suwannee River NOM) based 
on the alternative medium in OECD TG 318 1. Zeta potentials were determined by 
electrophoretic light scattering (λ 633 nm, Zetasizer Nano ZS, Malvern) at a scattering angle of 
17°. Each ZP measurement consisted of 20 runs of 3 s. Measurements were performed in folded 
capillary cells (DTS1070, Malvern) at CeO2 concentrations of 100 mg L-1. Titration curves and 
IEP results are shown below. Additional individual ZP measurements were conducted for CeO2 
in natural water and model water analog. 
 

  

 
 Concentration of electrolytes [mmol L-1] or SR-NOM [mg L-1] 

 0 0.1 1 10  

IEP CeO2 + electrolytes 7.2 ± 0.1 6.1 ± 0.2 none 8.4 ± 0.2 
IEP CeO2 + SR-NOM 7.2 ± 0.1 7.0 ± 0.04 4.4 ± 0.2 none 

 mV    

ZP CeO2 in natural water -14.5 ± 0.45    
ZP CeO2 in model water -16.1 ± 0.40    

 
 
Electrolytes as well as SR-NOM impacted the ZP of CeO2. At acidic pH, the addition of 
electrolytes reduced the positive charge of CeO2 and induced charge reversal at concentrations 
of 1 and 10 mmol L-1. This is probably due to the adsorption of SO4

2-, which is also indicated by 
the negative shift of the common intersection point of the titration curves at different 
electrolyte concentrations 2. At alkaline pH, the opposite behavior was observed: increasing 
electrolyte concentrations reduced the negative charge of CeO2 until, at 10 mmol L-1 and pH > 
8.5, the surface turned slightly positive again. The same was observed for TiO2 in the presence 
of Ca(NO3)2 3 and can be explained by the adsorption of Ca2+ to negatively charged CeO2. Since 
we used CaSO4, SO4

2- may also have acted as a bridge for Ca2+ adsorption. A similar mechanism 
has been described for phosphate and Ca2+ on ZrO2 surfaces 4. SR-NOM additions also added 
negative charge to the CeO2 surface. At 10 mg L-1, coating by SR-NOM established a highly 
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negative charge independent of pH. This is explained by the high density of negatively charged 
carboxyl groups (pKa ~3) on SR-NOM 5,6. 
The moderately negative ZP values in natural (nat.W) and model water (mod.W) suggest that 
NOM effects were dominated by electrolyte effects: the DOC concentration in nat.W and 
mod.W was ~2.5 mg L-1, relevant electrolytes (Ca+Mg) ~1.5 mmol L-1, and the pH 8.3 (see main 
text table 1). Without electrolytes present, that combination of SR-NOM and pH should induce 
a ZP of about -40 mV, as IEP titration curves suggest. However, with -16 mV, ZP is much less 
negative and rather in the range of titrations at 1 mmol L-1 electrolytes without SR-NOM (see 
above). 
 
 

NM particle size distribution 

 
CeO2 particle size distribution was determined by SP-ICP-MS as described in the main text 
(section 2.2). On three different days, dilutions of the NM-stock (19.6 g/L) were prepared by 
four dilution steps (3 × 1:50 and 1 × 1:100) with acidified ultrapure water (pH ~5) to reach a 
concentration of 1.5 µg L-1. From that suspension, triplicates (diluted 1:5) were prepared and 
measured by SP-ICP-MS. The size distributions (derived as described in S7) are shown below. 
Error bars represent standard deviations of triplicate measurements for each independent 
sample. 
 

 

 
The mode particle size was ≥ 24 and < 28 nm, which is in accordance with the nominal size 
indicated (< 25 nm, BET). Size distributions cannot be fully explored by SP-ICP-MS since the 
smaller particles hit the particle size detection limit, which was determined to be 16.8 ± 0.5 nm 
(see S6). 
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SEM imaging 

 
SEM imaging (10 kV, spot 3.5, WD 10 mm, ETD detector, Quanta 3D FEG, FEI) yielded shape 
and additional size information: 5 mL diluted stock suspension (concentration 1.1 mg L-1) were 
deposited onto 0.02 µm filters (Ø 25 mm, Anodisc, Whatman) by vacuum filtration. The filters 
were oven-dried (55 °C) and carbon coated (EM SCD 500, Leica). As visible on the images below, 
shapes were rather irregular, from spherical to angular particles. The diameters of 65 particles 
were measured on SEM images, yielding an average diameter of 32 ± 15 nm and a median of 
28 nm in accordance with the above.  
 

   

 

  



S3 – Stirred batch reactors 
 
A batch reactor comprised a 1 L glass beaker (Duran) and a stirrer (RZR1, Heidolph) with a 
7×7 cm 6-hole blade (Bochem). Batches were filled with 750 mL samples, and stirrers operated 
at 100 rpm, yielding an average shear rate (G) of ~97 s-1 (see S8). Dimensions (in mm) are 
indicated in the graph below. 
 

 

 

  



S4 – SPM suspension characterization 
 

Volume- and number-based SPM size distributions 

 
Volume-based SPM size distributions were measured by laser diffractometry (Mastersizer 
2000, Malvern) as described before 7. Briefly, angular light scattering patterns were recorded 
every 6-7 s (measurement duration 0.5 s), and volume-based size distributions were retrieved 
based on Mie theory, employing the general-purpose analysis mode and a refractive index of 
1.544 (quartz). Size distributions were plotted from medians of 10 subsequent data records 
(covering ~60 s measurement time) taken when the size had stabilized (>1 h), just before the 
measurement was stopped and the suspension was transferred into experimental batches. Size 
class limits for size distributions ranged from 0.01-10,000 µm and increased by a factor of 
100.06 for each bin. 
The volume-based size distributions were converted to number-based distributions by 
calculating the volume-concentration of SPM in the batch from the respective mass-
concentration (45 or 20 mg L-1), assuming an SPM floc density of 1.5 g cm-3. The total SPM floc-
volume was then distributed to the size bins according to the measured volume-based size 
distribution, and the SPM floc-numbers for each size class were approximated, assuming 
spherical floc shape and employing the lower size-class limit as floc diameter for each size bin. 
(The lower size limit was used as laser diffractometry is biased towards larger sizes.) 
The figure below shows the number-based and volume-based size distributions of natural and 
model SPM (nat.SPM and mod.SPM) at 20 and 45 mg L-1 in natural (nat.W) and model water 
(mod.W) right before the experiments were started. Volume- and number-based size 
distributions deviated more strongly for nat.SPM than mod.SPM. Hydrochemistry slightly 
impacted the floc size: mod.W (dashed lines) slightly shifted size distributions towards smaller 
sizes; this was more pronounced for mod.SPM than nat.SPM and is probably related to 
different NOM-types (highly negatively charged SR-NOM in mod.W). 
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As shown below, the SPM concentration in the system had no effect on floc size of nat.SPM, 
but lower concentrations slightly increased the floc size of mod.SPM. The impact of 
concentration on mod.SPM size was reported before 7. 
 

 

 
The figure below shows how raw water processing to natural floc stock affected size 
distributions after resuspension, with the left peaks depicting number-based size distributions 
and the right peaks showing volume-based distributions. Some of the very fine fraction was 
lost (probably during centrifugation), but else the size distributions were hardly changed. 
 

 

 
 

Fractal dimensions 

 
The fractal dimension (𝐷𝑓) describes the structural compactness of an agglomerate via the 

proportional relation (𝑚 ∝  𝑟𝐷𝑓) of mass (𝑚) and agglomerate size (𝑟) and takes values 
between 1 and 3. It can be determined from laser diffractometer data by generating a log-log 
plot of scattering intensities over scattering angles. The slope of the linear range of the fractal 
scattering regime in this plot corresponds to the fractal dimension. We determined fractal 
dimensions as described in Walch et al. 7, with one adjustment: The linear range of in the log-
log plot was automatically determined as the best linear fit over 13 subsequent points on the 
curve (see the figure below). For that, coefficients of determination (R²) of 7 subsequent points 
were calculated along the curve and moving averages over 7 subsequent R² values were 
calculated. The maximum of these values subsumed and thus identified the 13 points yielding 
the best linear fit. 
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Fractal dimension values for raw water (raw.W), i.e., freshly sampled and sieved (125 µm) 
natural river water, and all SPM resuspensions at 20 and 45 mg L-1 are given in the figure below, 
and represent the fractal dimension measured over 20 minutes, when the floc size had 
stabilized in the stirred batch system. Fractal dimensions were similar between the two SPM 
concentrations, but mod.SPM were more compact (higher 𝐷𝑓) than natural flocs. Natural SPM 

in the raw river water sample was also more compact than in the resuspensions. This is likely 
an artefact of sample processing: especially sonication during resuspension may induce partial 
floc breakage and re-agglomeration yielding less compact structures 7. 
 

 

 
 

Zeta potential 

 
Zeta potential (Zetasizer Nano ZS, Malvern) of SPM was measured in the raw water before SPM 
extraction and in 1 mL of SPM suspensions (45 mg L-1) right before starting a 
heteroagglomeration experiment. The values are given in the figure below and indicate a more 
negative charge of mod.SPM, especially in nat.W. 
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SEM images 

 
For SEM imaging (see S2), 0.17 mL of 45 mg L-1 SPM suspensions, were diluted in 5 mL of the 
corresponding natural or model water and vacuum filtered (pore size 0.02 µm, diameter 25 
mm, Anodisc, Whatman). Images of the raw water sample and the different resuspension 
combinations are shown below. 
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S5 – Separation of free and agglomerated NM by centrifugation 
 

Approximation of screening effects during centrifugation 

 
For heteroagglomeration experiments, samples were diluted (0.8 mL in 6 mL) before 
centrifugation to avoid NM losses due to screening effects, which SPM travelling towards the 
bottom may cause. The maximum potential screening effect was calculated for the employed 
15 mL centrifuge tubes (inner diameter 13.6 mm) to demonstrate the effect of dilution prior to 
centrifugation. We assumed spherical shape of SPM and a density of 1.5 g cm -³ and calculated 
the number concentrations of SPM for the employed mass concentrations (i.e., 45 or 20 mg L-

1 before dilution and 6 or 2.7 mg L-1 after dilution, respectively), using the average number-
based mode diameter (𝑑𝑆𝑃𝑀) of 4.5 µm to represent nat.SPM as well as mod.SPM (see S10). To 
calculate the impact of screening, a worst-case scenario was generated by considering the 
fraction of the tube cross-sectional area (𝐴∅𝑑𝑖𝑠𝑐) which is passed by SPM cross-sectional area 
(𝐴∅𝑆𝑃𝑀) as fully screened (see graphs below). The sample volume (i.e., 4.5 mL) between the fill 
level (6 mL) and the 1.5 mL tube mark, which corresponded to a height ℎ𝑠𝑉  of 31 mm, was 
divided into disc-shaped increments with a hight (ℎ𝑑𝑖𝑠𝑐) corresponding to 𝑑𝑆𝑃𝑀. Before 
centrifugation, each disc contains the same number of SPM (𝑛𝑆𝑃𝑀), retrieved by dividing the 
total SPM number in the considered sample volume (𝑛𝑆𝑃𝑀𝑠𝑉

) of 4.5 mL by the total number of 
discs (𝑛𝑑𝑖𝑠𝑐𝑠). During centrifugation, migration of SPM linearly increases the number of SPM that 
passed a disc with increasing depth. Consequently, the screened tube cross-sectional area 
increases from one disc (𝑖) to the next (see graphs below). 
 

 

 
The screened cross-sectional area for each disc was translated to a screened volume by 
multiplication with the disc volume (𝑉𝑑𝑖𝑠𝑐), and the cumulative sample volume screened 
(𝑐𝑢𝑚𝑉𝑠𝑐𝑟) was calculated summing the screened volumes over all discs from  𝑖 = 1 to 𝑖 = 𝑛𝑑𝑖𝑠𝑐𝑠, 
employing the equation below. 
 

𝑐𝑢𝑚𝑉𝑠𝑐𝑟 = ∑
𝑖 

𝑛𝑆𝑃𝑀

𝑑𝑖𝑠𝑐
 𝐴∅𝑆𝑃𝑀

𝐴∅𝑑𝑖𝑠𝑐
× 𝑉𝑑𝑖𝑠𝑐

𝑛𝑑𝑖𝑠𝑐𝑠

𝑖=1

 

 

𝑛𝑑𝑖𝑠𝑐𝑠 =
ℎ𝑠𝑉

ℎ𝑑𝑖𝑠𝑐
 ℎ𝑑𝑖𝑠𝑐 = 𝑑𝑆𝑃𝑀  

𝑛𝑆𝑃𝑀

𝑑𝑖𝑠𝑐
=

𝑛𝑆𝑃𝑀𝑠𝑉

𝑛𝑑𝑖𝑠𝑐𝑠
 

𝑐𝑢𝑚𝑉𝑠𝑐𝑟  

𝑛𝑑𝑖𝑠𝑐𝑠 

cumulative screened sample volume [m³] 

total number of discs in the considered sample volume [-] 



𝑛𝑆𝑃𝑀/𝑑𝑖𝑠𝑐 

𝐴∅𝑆𝑃𝑀 

𝐴∅𝑑𝑖𝑠𝑐 

𝑉𝑑𝑖𝑠𝑐 

ℎ𝑠𝑉 

ℎ𝑑𝑖𝑠𝑐 

𝑑𝑆𝑃𝑀 

𝑛𝑆𝑃𝑀𝑠𝑉
 

number of SPM per disc [-] 

cross-sectional area of an SPM floc [m²] 

cross-sectional area of a disc (or the centrifuge tube) [m²] 

disc volume [m³] 

hight of the considered sample volume within the tube [m] 

disc height [m] 

average number-based mode diameter of SPM (see S10) [m] 

total number of SPM in the considered sample volume [-] 

 
The figure below shows the cumulative screened volume given as fraction of the total 
considered sample volume (4.5 mL between the 6 and 1.5 mL tube marks). Compared at the 
sampling point (slightly below the 3 mL tube mark), dilution reduced the potential impact of 
screening from about 7.5 and 3.5 % for 45 and 20 mg L-1 SPM concentrations, to <1 and <0.5 %, 
respectively. Since sampling with the pipette will draw sample volume from above and below 
the sampling point, as indicated by the shaded area in the graph, the screening effect without 
dilution may be even worse (up to 15.5 and 7 % for 45 and 20 mg L-1 SPM). In samples diluted 
prior to centrifugation screening still remains around 2 and 1 %. 
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Selection of centrifugation parameters to separate heteroagglomerated from free NM 

 
We employed centrifugation to separate heteroagglomerated from free NM particles. With a 
higher buoyant mass of SPM than NM, attached NM are removed with SPM during 
centrifugation, while free NM stay suspended. 
Centrifugation time and speed were selected based on model calculations and pretests. To 
check the impact of centrifugation on CeO2 NM, 15 mL of 50 µg L-1 NM suspension were filled 
into centrifuge tubes (15 mL, metal free, Carl Roth) and centrifuged for 0, 0.5, 2, 5, 15 and 35 
min at 4500 rpm (CR 4.22, Jouan) in triplicates. With a pipette 1.5 mL were sampled at the 8 mL 
tube mark and diluted to 0.05 µg L-1 in acidified ultrapure water (pH ~5) for SP-ICP-MS 
measurements. Results, given in the figure below, showed no impact of centrifugation on CeO2 
particle concentrations. 
 

 

 
Model SPM suspensions (45 mg L-1, pH 5, 0.1 mmol L-1 electrolyte background, i.e., 4:1 
CaCl2:MgSO4) were also centrifuged at 4500 or 1700 rpm (CR 4.22, Jouan) for 5, 10, 15, 20, 35 
min, and supernatants were analyzed on SP-ICP-MS for 56Fe. Fe is a constituent of hematite 
(70 %m) and illite (5.5 %m), those components of model SPM that were small enough to remain 
suspended after centrifugation if not incorporated into SPM flocs. As a control, hematite and 
illite suspensions were prepared in acidified ultrapure water (pH~5) at their respective mass 
concentrations in the model SPM mix (i.e., 3.15 and 23.02 mg L-1) and measured on SP-ICP-MS 
as well. The figure below shows that, compared to the non-centrifuged controls with only 
hematite or illite particles, the fraction of hematite or illite remaining suspended after the 
centrifugation of model SPM is insignificant, irrespective of centrifugation time or speed. 
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Based on the above, 6 min centrifugation time at 4500 rpm (4166 g) was found suitable to 
separate model SPM flocs from free NM particles with the table-top centrifuge (CR 4.22, 
Jouan). 
To ensure natural SPM (and attached NM) removal by centrifugation with the table-top 
centrifuge during heteroagglomeration experiments, the extraction of SPM stock from raw 
water (see main text 2.1) with the Cryofuge (6000i, Heraeus) was performed at an equivalent 
centrifugal force. The equivalent centrifugation time for the Cryofuge operated at 4200 rpm 
(5897 g) was calculated to be 14 min. The clearance factors (𝑘) for both centrifuges (A and B) 
were calculated, employing the equations below, and the equivalent centrifugation time (𝑡) for 
centrifuge B (Cryofuge) was calculated by setting the sedimentation coefficients (𝑆) equal, i.e., 

𝑆 =
𝑘𝐴

𝑡𝐴
=

𝑘𝐵

𝑡𝐵
. 

 

𝑘 =
ln (

𝑟𝑚𝑎𝑥
𝑟𝑚𝑖𝑛

)

𝜔2 ×
1013

3600
 

𝜔 = 2𝜋 ×
𝑟𝑝𝑚

60
 

𝑡 =
𝑘

𝑆
 

𝑘 

𝑟𝑚𝑎𝑥 

𝑟𝑚𝑖𝑛 

𝜔 

𝑡 

𝑆 

clearance factor [s² rad-2] 

radius from rotor axis to sample tube bottom [m] 

radius from rotor axis to sample fill-up point [m] 

angular velocity [rad s-1] 

centrifugation time [s] 

sedimentation coefficient of particle [s rad-²] 

 
 

  



S6 – Setting background cut-offs for SP-ICP-MS 
 
To select the signal background cut-off for SP-ICP-MS, frequency distributions of the signal 
intensities (counts) from blank samples were generated. The cut-off was set to ensure false-
positive signals to be < 0.5 % for Ce in experimental matrix blanks (triplicates per batch), and 
< 0.05 % for Au in ultrapure water blanks. This was achieved by excluding all signals < 3 counts 
and resulted in 0.38 ± 0.06 % and 0.02 ± 0.02 % false positive signals for Ce in hetero- and 
homoagglomeration blanks and in 0.002 ± 0.001 % false positive signals for Au in ultrapure 
water. To further limit the chance that false positive signals yield false positive particle events, 
only three or more dwell-times in a row with signals ≥ 3 counts were considered a particle 
event. This yields a CeO2 particle size detection limit of 16.8 ± 0.5 nm equivalent spherical 
diameter (𝑑𝑃). The size detection limit was determined with the equation given in S7, 
employing a net particle intensity (𝑁𝑃𝐼) determined as follows: The particle intensity of 9 
counts (i.e., 3 dwell-times × 3 counts) was corrected for the average Ce counts/dwell-time 
measured in the respective experimental matrix blanks (triplicates per batch reactor) 
multiplied by the number of integrated dwell-times (i.e., 3). 
 

  



S7 – Determining NM size distribution on SP-ICP-MS 
 
An analyte-mass-based calibration is required to quantify the analyte mass related to a particle 
event. Since particles are discrete units, they do not convey a continuous mass flux into the 
plasma as dissolved analyte does. To account for that, the transport efficiency can be used 8. It 
allows using a dissolved analyte calibration curve and correcting it for the particle mass-flux 
behavior. The transport efficiency is determined for particles of well-defined (narrow) size 
distributions, spherical shape, and known density, in our case 30 nm Au spheres (density 
19,3 g/cm³, BBI Solutions). Assuming analyte NM particles of similar size behave the same way 
during sample introduction, the transport efficiency for Au particles can be employed to correct 
dissolved analyte (Ce) calibration curves for particle behavior.  
Dissolved Ce and Au calibration curves included standards at concentration levels of 0.005, 
0.025, 0.05, 0.25, 0.5, 5, 50 µg L-1, prepared in 0.2 % HNO3 and HCl, respectively. Au particle 
standards were diluted in ultrapure water to a nominal particle number concentration of 
~1 × 106 mL-1 and analyzed for 197Au in triplicates, employing the same instrument settings as 
for Ce SP-ICP-MS (see main text 2.2). 
The signals (counts/dwell-time of 0.1 ms) related to a particle event were integrated by 
summing the counts per particle event (i.e., 3 or more dwell-times in a row with signals ≥ 3 
counts, see S6) and noting the number of integrated dwell-times per particle. The median Au 
particle signal intensity was calculated and corrected for Au background by subtracting the 
average Au counts/dwell-time in ultrapure water blanks (n=9) multiplied by the median 
number of integrated dwell-times per particle; this yields the median net intensity per particle 
(𝑁𝑃𝐼𝑚𝑒𝑑). The slope of the dissolved Au calibration curve (𝑠𝑙𝑜𝑝𝑒𝑑𝑐) was used to determine the 
particle transport efficiency (𝑇𝐸) according to the equation below. 
 

𝑇𝐸 =
𝑚𝑃 𝑠𝑙𝑜𝑝𝑒𝑑𝑐

𝑓𝑙𝑜𝑤 𝑡𝑑 𝑁𝑃𝐼𝑚𝑒𝑑
 

𝑇𝐸 

𝑚𝑃 

𝑠𝑙𝑜𝑝𝑒𝑑𝑐 

𝑓𝑙𝑜𝑤 

𝑡𝑑 

𝑁𝑃𝐼𝑚𝑒𝑑  

transport efficiency [-] 

mass of 30 nm spherical Au particle [kg] 

slope of Au dissolved calibration curve [counts m³ kg-1] 

sample introduction flow rate [m³ s-1] 

dwell-time [s] 

median net particle intensity [counts] 

 
The transport efficiency is used to establish equivalent particle mass-flux calibration curves 
from the dissolved calibration curves employing the equation below. 
 

𝑃𝑀𝐹𝑒𝑞(𝑥) = 𝑐𝑠𝑡𝑑(𝑥) 𝑓𝑙𝑜𝑤 𝑡𝑑  𝑇𝐸 

𝑃𝑀𝐹𝑒𝑞(𝑥) 

𝑐𝑠𝑡𝑑(𝑥) 

equivalent particle mass-flux at calibration level x [kg counts-1] 

analyte concentration calibration standard x [kg m-3] 

 
The slope of the equivalent particle calibration curve (𝑠𝑙𝑜𝑝𝑒𝑝𝑐) is retrieved by plotting the 
average counts/dwell-time of dissolved calibration standards at all calibration levels (𝑥) against 
the respective 𝑃𝑀𝐹𝑒𝑞(𝑥). Equivalent spherical particle diameters (𝑑𝑃) of NM particles can then 

be determined employing the equation below. The net signal intensity for each individual 
particle (𝑁𝑃𝐼) was calculated analogously to 𝑁𝑃𝐼𝑚𝑒𝑑  above, i.e., the particle signal intensity 



was corrected for Ce background by subtracting the average Ce counts/dwell-time in 
experimental matrix blanks (triplicates per batch reactor) multiplied by the number of 
integrated dwell-times per particle. The ionization efficiency (𝐼𝐸) for Ce is 1, the density (𝜌𝑃) of 
CeO2 is 7,130 kg m-³, and the mass fraction of analyte (𝑓𝑚) in CeO2 is 0.814. 
 

𝑑𝑃 = √
6

𝜋

𝑁𝑃𝐼  𝐼𝐸

  𝑓𝑚 𝜌𝑃 𝑠𝑙𝑜𝑝𝑒𝑝𝑐

3

  

𝑑𝑃 

𝑁𝑃𝐼 

𝐼𝐸 

𝑓𝑚 

𝜌𝑃 

𝑠𝑙𝑜𝑝𝑒𝑝𝑐 

particle equivalent spherical diameter [m] 

net particle intensity [counts] 

analyte ionization efficiency [-] 

mass fraction of analyte [-] 

density of particle [kg m-³] 

slope of particle calibration [counts kg-1] 

 

  



S8 – Deriving 𝜶𝒉𝒆𝒕 from the pseudo-first-order 
heteroagglomeration rate constant (𝒌𝒉𝒆𝒕

∗ ) 
 
Deriving 𝛼ℎ𝑒𝑡 from the pseudo-first-order heteroagglomeration rate constant (𝑘ℎ𝑒𝑡

∗ ) requires 
calculating the heteroagglomeration collision rate constant (𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡) and the SPM number 
concentration (𝑛𝑆𝑃𝑀). 
 

𝑘ℎ𝑒𝑡
∗ = −𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡  𝑛𝑆𝑃𝑀 𝛼ℎ𝑒𝑡  

𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡 

𝛼ℎ𝑒𝑡 

𝑛𝑆𝑃𝑀 

heteroagglomeration collision rate constant [m³ s-1] 

heteroagglomeration attachment efficiency [-] 

SPM number concentration [m-³] 

 
The heteroagglomeration collision rate constant is the sum of SPM-NM collisions through 
diffusion, advection, and differential sedimentation and was calculated as given below. 
 

𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡 =
2𝑘𝑇

3µ

(𝑟𝑆𝑃𝑀 + 𝑟𝑁𝑀)2

𝑟𝑆𝑃𝑀𝑟𝑁𝑀
+

4

3
𝐺(𝑟𝑆𝑃𝑀+𝑟𝑁𝑀)3 + 𝜋(𝑟𝑆𝑃𝑀+𝑟𝑁𝑀)2 |

2𝑔

9µ
[(𝜌𝑆𝑃𝑀 − 𝜌𝑊)𝑟𝑆𝑃𝑀

2 − (𝜌𝑁𝑀 − 𝜌𝐿)𝑟𝑁𝑀
2]| 

𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡 

𝑘 

𝑇 

µ 

𝑟𝑆𝑃𝑀 

𝑟𝑁𝑀 

𝐺 

𝑔 

𝜌𝑆𝑃𝑀 

𝜌𝑁𝑀 

𝜌𝑊 

heteroagglomeration collision rate constant [m³ s-1] 

Boltzmann’s constant [m³ kg s-³ K-1] 

absolute temperature [K] 

dynamic viscosity of water (21°C) [kg m-1 s-1] 

radius of SPM floc [m] 

radius of nanomaterial [m] 

shear rate [s-1] 

gravity acceleration [m s-2] 

density of SPM [kg m-3] 

density of nanomaterial [kg m-3] 

density of water (21°C) [kg m-3] 

 
To approximate the shear rate (𝐺), the following equation was used, and the power number 
(𝑁𝑒) was derived employing the power characteristics established in Zlokarnik (2012, page 
443) based on the similarity of stirrers (page 441, types B and C) and batch dimensions. The 
proportional relation of 𝑁𝑒 and the Reynolds number (𝑅𝑒) for these stirrers is given below and 
holds for 10 ≤ 𝑅𝑒 ≤ 2 × 104. 
 

𝐺 = √
𝑁𝑒 𝜌𝑊 𝑟𝑝𝑠3 𝑑5

µ 𝑉
 𝑁𝑒 = 30 𝑅𝑒−

1.17
3  𝑅𝑒 =

𝑑2 𝑟𝑝𝑠 𝜌𝑊

µ
 

 𝑁𝑒 

𝑑 

𝜌𝑊 

power number [-] 

stirrer blade diameter [m] 

density of water (21°C) [kg m-3] 



𝑟𝑝𝑠 

µ 

𝑉 

𝑅𝑒 

stirring speed [rps] 

dynamic viscosity of water (21°C) [kg m-1 s-1] 

volume of liquid in batch [m3] 

Reynolds number [-] 

 
We assumed a buoyant density of SPM of 1.5 g cm-³. The densities of the mineral floc 
components illite, quartz, and hematite are 2.2, 2.0 and 5.3 kg m-³, respectively. With a floc 
fractal dimension of around 2.2 (see S4), a floc density between 1.15-1.17 g cm-³ results if the 
following equation 10 is employed for each of the individual components (diameters used: illite 
330 nm, quartz 500 nm, hematite 70 nm, SPM 4.5 µm). Since flocs consisted of a mix of these 
components and their different shapes (illite platelets, quartz spheres, hematite cubes), sizes, 
and concentrations probably allowed a more compact packing than spherical equal-size 
particles, we assumed a slightly higher SPM density of 1.5 gcm-³. 

 𝜌𝑎𝑔𝑔 =  (𝜌𝑃 − 𝜌𝑊) × (
𝑑𝑃

𝑑𝑎𝑔𝑔
)3−𝐷𝑓   

 𝜌𝑎𝑔𝑔 

𝜌𝑃 

𝜌𝑊 

𝑑𝑃 

𝑑𝑎𝑔𝑔 

𝐷𝑓 

density of fractal agglomerate [kg m-3] 

density of primary particle [kg m-3] 

density of water (21°C) [kg m-3] 

diameter primary particle [m] 

diameter of fractal agglomerate [m] 

fractal dimension of agglomerate [-] 

 
The density of CeO2 NM was 7.13 g cm-³, according to the manufacturer. 
For CeO2 NM, a mode diameter of 25 nm was used (see S2). We tested employing the NM size 
distribution (see S2) instead, but due to the large size difference between NM and SPM, this 
had no impact on 𝛼ℎ𝑒𝑡.  
 
SPM floc size and number were, for comparison, accounted for in two ways: (1) employing the 
number-based mode diameter, and (2) employing number-based size distribution. 
 
Ad (1): The number-based SPM mode diameters were retrieved from number-based size 
distributions (see S4) as the lower size limit of the size class containing the maximum number 
of SPM flocs. Samples were measured right before the start of an experiment. The number-
based mode diameters for all SPM-water combinations are displayed below (figure a) and were 
used to calculate SPM number concentrations from the SPM mass concentrations (45 or 
20 mg L-1), assuming spherical shape and a floc density of 1.5 g cm-³. SPM number 
concentrations and diameters were then employed to calculate 𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡 and to derive 𝛼ℎ𝑒𝑡 
from 𝑘ℎ𝑒𝑡

∗ . For comparison, figure b gives the equivalent volume-based median diameters 
(dV0.5) of raw and prepared samples. The floc size of the raw water sample right upon delivery 
to the lab (see main text 2.1.) is also included in the figures (in red). 
 



 

 
Ad (2): To account for the SPM floc size distribution, 𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡 was calculated for each SPM size 
class (𝑖), employing the lower size class limit diameter, and multiplied with the respective SPM 
floc number concentration per size class (determined as described in S4). The resultant 
collisions per size class were summed, as given in the equation below, and the term (denoted 
𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡

∗ ) was employed to calculate 𝛼ℎ𝑒𝑡 from 𝑘ℎ𝑒𝑡
∗ . 

 

 𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡
∗ (𝑠𝑖𝑧𝑒 𝑑𝑖𝑠. ) = 𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡(𝑠𝑖𝑧𝑒 𝑑𝑖𝑠. ) × 𝑛𝑆𝑃𝑀(𝑠𝑖𝑧𝑒 𝑑𝑖𝑠. ) = ∑ 𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡(i) 𝑛𝑆𝑃𝑀(𝑖)

𝑛

𝑖=1

 

𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡(𝑖) 

𝑛𝑆𝑃𝑀(𝑖) 

heteroagglomeration collision rate constant for SPM floc size class i [m³ s-1] 

SPM number concentration in floc size class i [m-³] 

  
with 𝑛𝑆𝑃𝑀(𝑠𝑖𝑧𝑒 𝑑𝑖𝑠. ) = ∑ 𝑛𝑆𝑃𝑀 (𝑖)

𝑛

𝑖=1

 
 
and 𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡(𝑠𝑖𝑧𝑒 𝑑𝑖𝑠. ) =

𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡
∗ (𝑠𝑖𝑧𝑒 𝑑𝑖𝑠. )

𝑛𝑆𝑃𝑀(𝑠𝑖𝑧𝑒 𝑑𝑖𝑠. )
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S9 – Sensitivity analysis of parameters in 𝜶𝒉𝒆𝒕 determination 
 

Sensitivity of 𝜶𝒉𝒆𝒕 to parameter increase by 15% 

 
The figure below shows the sensitivity of alpha determined for mod.SPM-mod.W experimental 
data to an increase of the respective parameters by 15% for the two cases of 𝛼ℎ𝑒𝑡 calculation: 
(1) employing the number-based mode SPM diameter and (2) employing the SPM size 
distribution (see S8). The base scenario represented the following conditions: SPM 
concentration (cSPM) 45 mg L-1, mod.SPM size (dSPM): either average number-based mode 
diameter 3.2 µm or average size distribution, SPM density (ρSPM) 1,500 kg m-³, NM diameter 
(dNM) 25 nm, and stirrers operating at 100 rpm. 
If the SPM size distribution is used, 𝛼ℎ𝑒𝑡 is generally less sensitive to changes for all parameters 
(except stirring). In comparison to the number-mode SPM diameter, employing the size 
distribution increases the robustness of the 𝛼ℎ𝑒𝑡 value due to an enhanced accuracy of SPM 
size, which strongly impacts the collision rate constant (see S8 and below.) 
 

 
 
 

Impact of using number-based floc size distributions or mode diameters for 𝜶𝒉𝒆𝒕 determination 

 
Employing number-based size distributions instead of number-based mode diameters (see S8) 
for fixed SPM mass concentrations resulted in lower SPM number concentrations (figure a, 
below). The same is true for NM number concentrations, which in both cases exceed the SPM 
number concentrations by 1-3 orders of magnitude. In turn, the collision frequency (figure b) 
increases if size distributions are employed (due to the strong effect of larger SPM sizes on 
collisions). Overall, the product of the collision rate constant (𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡) and (𝑛𝑆𝑃𝑀), denoted 

𝑘∗
ℎ𝑒𝑡,𝑐𝑜𝑙𝑙 (see S8 and the equations below), decreases if size distributions are used. This 

explains higher 𝛼ℎ𝑒𝑡 values for size distributions (figure 3, main text) since 𝑘∗
ℎ𝑒𝑡,𝑐𝑜𝑙𝑙 is 

employed to derive 𝛼ℎ𝑒𝑡 from the slope of the respective log(𝑛𝑁𝑀)-over-time plot. Generally, 
lower SPM numbers due to the presence of larger flocs yield fewer NM-SPM collisions. 

𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡
∗ (𝑠𝑖𝑧𝑒 𝑑𝑖𝑠. ) = ∑ 𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡 (𝑖)

× 𝑛𝑆𝑃𝑀(𝑖)

𝑛

𝑖=1

 

𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡
∗ (𝑛𝑟. 𝑚𝑜𝑑𝑒) = 𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡 × 𝑛𝑆𝑃𝑀(𝑛𝑟. 𝑚𝑜𝑑𝑒) 
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S10– Homoagglomeration vs. heteroagglomeration 
 

Ce mass-balance in homoagglomeration experiments  

 
The Ce mass-balance for homoagglomeration experiments in mod.W and nat.W is given in the 
figures below. It shows the Ce-mass concentration in the top as well as in the bottom three mL 
of the samples after centrifugation at all sampling time points. In both hydrochemistries, the 
initial total mass concentration reflects the expected Ce mass concentration. In mod.W, the 
concentration was stable over time, with a slight but constant accumulation of Ce mass in the 
bottom 3 mL. This can be explained by a few larger and heavier NM particles migrating towards 
the bottom during centrifugation, which can significantly modify mass concentrations. 
In nat.W, the total Ce mass decreased over time, indicating mass losses. While the top 3 mL 
exhibited constant Ce mass concentrations, losses became visible in the bottom fraction, 
indicating a preferential loss of larger/heavier NM. Since the bottom 3 mL were digested 
directly in the centrifugation tube, losses to the vessel or stirrer surfaces in the stirred-batch 
reactor are the only possible explanation. 

 

 

 
Smoluchowski-based model calculations 

 
NM removal due to homoagglomeration and heteroagglomeration were modeled based on 
Smoluchowski’s agglomeration theory (see equations 1 and 2 in the main text and S8) 11,12. 
Involved parameters were set to represent experimental conditions, i.e., G~97 s-1 for stirring at 
100 rpm, 45 mg L-1 SPM concentration, assumed SPM density of 1.5 g cm-³, and 4.5 µm number-
based mode SPM diameter. The latter results from varying the number-based mode diameters 
of model and natural SPM to find the values yielding the best fits with heteroagglomeration 
removal curves modeled employing the average number-based size distributions of nat.SPM 
and mod.SPM. The best-fit mode diameters were 4.2 and 4.9 µm for nat.SPM and mod.SPM, 
respectively. To represent both nat.SPM and mod.SPM size, the average (4.5 µm) was taken as 
number-based mode SPM diameter for all model calculations. Actually, deviations between 
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NM removal curves modeled for nat.SPM and mod.SPM were negligible, whether number-
based mode diameters of 4.2, 4.5, or 4.9 µm were employed or the respective average number-
based size distributions for nat.SPM or mod.SPM. The experimental setup is based on the 
assumption that small (nano-sized) SPM particles are incorporated into larger flocs and 
removed with them by centrifugation. This was ensured by extracting the SPM stocks by 
centrifugation/sedimentation and discarding the supernatants containing non-agglomerated 
small particles (see main text 2.1). 
The initial NM number concentration (𝑛𝑁𝑀,𝑡(0)) was calculated from the initial mass 

concentration (5 µg L-1), assuming a spherical shape with a diameter of 25 nm and a density of 
7.13 g cm-3 for CeO2. The NM number concentration at time 𝑖 was determined employing the 
equations below for homoagglomeration and heteroagglomeration to plot removal curves. 
 

homoagglomeration: 𝑛𝑁𝑀,𝑡(𝑖) = 𝑛𝑁𝑀,𝑡(𝑖−1) ×  𝑒𝑘ℎ𝑜𝑚𝑛𝑁𝑀,𝑡(𝑖−1)d𝑡 

 with 𝑘ℎ𝑜𝑚 = −𝛼ℎ𝑜𝑚 × 𝑘𝑐𝑜𝑙𝑙,ℎ𝑜𝑚 

 and 𝑘𝑐𝑜𝑙𝑙,ℎ𝑜𝑚 =
2𝑘𝑇

3µ

(2𝑟𝑁𝑀)2

𝑟𝑁𝑀²
+

4

3
𝐺(2𝑟𝑁𝑀)3 + 𝜋(2𝑟𝑁𝑀)2 

heteroagglomeration: 𝑛𝑁𝑀,𝑡(𝑖) = 𝑛𝑁𝑀,𝑡(𝑖−1) ×  𝑒𝑘ℎ𝑒𝑡𝑛𝑆𝑃𝑀d𝑡 

 with 𝑘ℎ𝑒𝑡 = −𝛼ℎ𝑒𝑡 × 𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡 

𝑛𝑁𝑀,𝑡(𝑖) 

𝑘ℎ𝑜𝑚 

𝑡 

𝛼ℎ𝑜𝑚 

𝑘𝑐𝑜𝑙𝑙,ℎ𝑜𝑚 

nanomaterial concentration at time i [n m³] 

homoagglomeration rate constant i [m³ s-1] 

time [s] 

homoagglomeration attachment efficiency [-] 

homoagglomeration collision rate constant i [m³ s-1] 

 
The figure below shows that the removal of free NM by heteroagglomeration under the given 
conditions would always dominate that by homoagglomeration unless 𝛼ℎ𝑜𝑚 > 𝛼ℎ𝑒𝑡. Hetero- 
and homoagglomeration were calculated independently, i.e., the processes do not directly 
compete for NM removal. 
 

 

 
 

  



NM vs. SPM number concentrations  

 
Environmentally relevant concentrations of NM are expected to be in the ng L-1 to few µg L-1 
range 13,14, and SPM concentrations can range from <0.5 to >50,000 mg L-1 15, but most 
frequently lie between a few to a few hundred mg L-1. Considering the particle-mass to particle-
number relation below, NM number concentrations can be higher than SPM number 
concentrations, especially at low SPM concentrations of few mg L-1 and/or at increased SPM 
floc size (e.g., at times of higher microbial activity, when flocculation is promoted 16). 
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S11 – NM mass recovery and size in heteroagglomeration 
experiments 

 
Ce mass recovery in digested samples (see main text 2.2) did not change over time in 
heteroagglomeration experiments, as shown in the graph below. 
 

 

 
The CeO2 median particle sizes (determined by SP-ICP-MS, see S7) did not change over time in 
heteroagglomeration experiments, confirming that no homoagglomeration co-occurred. 
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S12 – Heteroagglomeration half-lives  
 
Since heteroagglomeration can be considered a pseudo-first-order reaction, the half-life (𝑡1/2) 

of non-agglomerated NM particles can be calculated employing the following equation. To 
calculate 𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡 and 𝑛𝑆𝑃𝑀  (using the equations in S8), the involved parameters were set to 
represent experimental conditions, as described in S10 (Smoluchowski-based model 
calculations). 
 

𝑡1/2 =
ln (2)

𝑘ℎ𝑒𝑡
∗ =

ln (2)

𝛼ℎ𝑒𝑡 × 𝑘𝑐𝑜𝑙𝑙,ℎ𝑒𝑡 × 𝑛𝑆𝑃𝑀
 

𝑡1/2 half-life of free, non-agglomerated NM particles [s] 
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