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A B S T R A C T   

Aquatic fate models and risk assessment require experimental information on the potential of contaminants to 
interact with riverine suspended particulate matter (SPM). While for dissolved contaminants partition or sorption 
coefficients are used, the underlying assumption of chemical equilibrium is invalid for particulate contaminants, 
such as engineered nanomaterials, incidental nanoparticles, micro- or nanoplastics. Their interactions with SPM 
are governed by physicochemical forces between contaminant-particle and SPM surfaces. The availability of a 
standard SPM material is thus highly relevant for the development of reproducible test systems to evaluate the 
fate of particulate contaminants in aquatic systems. Finding suitable SPM analogues, however, is challenging 
considering the complex composition of natural SPM, which features floc-like structures comprising minerals and 
organic components from the molecular to the microorganism level. Complex composition comes with a het-
erogeneity in physicochemical surface properties, that cannot be neglected. We developed a procedure to 
generate SPM analogue flocs from components selected to represent the most abundant and crucial constituents 
of natural riverine SPM, and the process-relevant SPM surface characteristics regarding interactions with par-
ticulate contaminants. Four components, i.e., illite, hematite, quartz and tryptophan, combined at environ-
mentally realistic mass-ratios, were associated to complex flocs. Flocculation was reproducible regarding floc size 
and fractal dimension, and multiple tests on floc resilience towards physical impacts (agitation, sedimentation- 
storage-resuspension, dilution) and hydrochemical changes (pH, electrolytes, dissolved organic matter concen-
tration) confirmed their robustness. These reproducible, ready-to-use SPM analogue flocs will strongly support 
future research on emerging particulate contaminants.   

1. Introduction 

River-systems are among the major contaminant-receiving waters 
and constitute potential long-range environmental transport routes. 
Contaminant transport and fate depend on their interactions with nat-
ural materials, which are present in all forms – from truly dissolved, 
through colloidal and suspended particulate matter, to bed load and 
bottom sediments. Within this continuum of matter, a crucial role can be 

attributed to suspended particulate matter (SPM) because (1) SPM is in 
constant exchange with all other phases, through adsorption/desorp-
tion, attachment/detachment, (de-)agglomeration, flocculation/rupture 
and sedimentation/resuspension, (2) SPM is mobile and links the pelagic 
and benthic zones (by sedimentation and resuspension), rivers to lakes 
and oceans (by advective transport) and terrestrial to aquatic environ-
ments (via erosion and runoff, or flooding), and (3) SPM provides 
habitat and feed to aquatic organisms (Walch et al., 2022). The affinity 
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of contaminants for SPM depends on both their respective properties, 
and governs their transport behavior, bioavailability, uptake, and fate 
(Geitner et al., 2016; Hofmann and von der Kammer, 2009; Schulze 
et al., 2015). 

A quantification of contaminant-SPM interactions is needed for 
exposure assessment in the framework of environmental risk assess-
ment. For dissolved contaminants, classical solid/liquid partition co-
efficients (Kd) can be employed to describe the affinity of a contaminant 
for water versus solid phases. Over the past decades, however, partic-
ulate contaminants, such as engineered nanomaterials, micro- or 
nanoplastics, received increased attention, and chemical legislation (e. 
g., REACH, TSCA) requiring environmental risk assessment is adapted to 
cover these contaminants. This has triggered scientific debate about 
suitable fate descriptors for particulate contaminants (Dale et al., 2015; 
Praetorius et al., 2014b; Svendsen et al., 2020; Westerhoff and Nowack, 
2013). Praetorius et al. (2014) emphasized that partition coefficients 
cannot be employed for particulate contaminants, as the underlying 
thermodynamic equilibrium assumption is only applicable for dissolved 
substances. Consequently, calls for harmonized testing protocols specific 
to particulate contaminants (Baun et al., 2017; Stone et al., 2010) can 
only be responded to while accounting for the process-relevant inter-
action mechanisms. 

Interactions between particulate contaminants and SPM (i.e., het-
eroagglomeration) are kinetically driven (Praetorius et al., 2014b) and 
governed by short-range physicochemical surface interactions. As 
depicted in Fig. 1, interaction forces (mainly electrostatic, hydrophobic, 
and van der Waals forces, or NOM-interactions) arise from the interplay 
of intrinsic material properties of both, particulate contaminants and 
SPM, and hydrochemical conditions (mainly pH, electrolytes, and NOM: 
natural organic matter) (Elimelech et al., 1995; Gregory, 2005). The 
effects of intrinsic and extrinsic factors cannot be easily disentangled, 
especially regarding more complex multi-component systems (Praetor-
ius et al., 2020). Consequently, protocols to test particulate contami-
nants’ affinity for SPM require accounting for both, the process-relevant 
physicochemical surface properties of natural SPM and the relevant 
hydrochemical conditions. 

Freshwater hydrochemical conditions were recently operationalized 
within the OECD test guideline No. 318 Dispersion stability of nano-
materials in simulated environmental media (OECD, 2017) and the ratio-
nale beyond the selected hydrochemical test parameter ranges 

(Abdolahpur Monikh et al., 2018) is directly applicable to hetero-
agglomeration. Hence, the selection of suitable counterparts for heter-
oagglomeration, ideally SPM analogues which represent the 
agglomeration-relevant natural properties, remains one major gap to 
fill (Praetorius et al., 2020). Achieving this task is hampered by the 
complexity and spatiotemporal variability of natural riverine SPM 
(Walch et al., 2022). SPM is operationally defined and comprises any 
materials that do not sediment under the given hydrodynamic and 
hydrochemical conditions and get retained by 0.45 or 0.22 µm filtration 
membranes (Eisma, 1993). SPM typically exhibits agglomerate or 
floc-like structures, integrating minerals and organic components (from 
molecules, via detritus up to microorganisms) of alloch- and autoch-
thonous origins (Droppo, 2001; Henning et al., 2001; Zimmermann--
Timm, 2002), with each component contributing distinct 
physicochemical surface properties to a floc (Walch et al., 2022). 

Most heteroagglomeration studies either employed simple mineral 
SPM surrogates (e.g., Gallego-Urrea et al., 2016; Labille et al., 2015; 
Oriekhova and Stoll, 2018; Praetorius et al., 2014a; Yu et al., 2021; 
Zhou et al., 2012) or natural water samples (e.g., Quik et al., 2014; 
Velzeboer et al., 2014; Adam et al., 2016; Li et al., 2019; Surette and 
Nason, 2019), but neither meet the need for environmentally relevant 
and yet standardizable test conditions. Simple minerals do not reflect the 
complexity and heterogeneity of natural SPM, while natural samples do 
not allow for reproducibility, since the properties of natural SPM are 
specific to a certain sampling location and time. So far, the only publi-
cation reporting near-natural SPM is Slomberg et al. (2016), who tried to 
assemble SPM analogues based on the mineralogical composition of 
SPM from the Rhône catchment. However, they included only major 
(negatively charged) mineral fractions, neglecting minor but function-
ally important components such as positively charged oxide and (oxy) 
hydroxide minerals, or microbial extracellular polymeric substances 
(EPS) (Walch et al., 2022). 

Standardization requires simplification, but a valid model test sys-
tem needs to cover the most relevant factors which control the process 
under observation. Hence, we took a conceptual approach to select key 
components for the generation of complex SPM analogue flocs, devel-
oped a simple protocol for their association, and finally evaluated their 
robustness and handling in the laboratory. The detailed rationale 
beyond component selection is given in the conceptual framework 
(supporting information S1). Briefly, we aimed at tailoring SPM 

Fig. 1. Material-dependent interaction forces between SPM and particulate contaminants as modulated by hydrochemistry.  
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analogues that represent those characteristics of natural riverine SPM 
which are most relevant for heteroagglomeration. Analogues should 
reflect the complex composition/structure of natural SPM, as well as its 
heterogeneity in physicochemical surface properties, while comprising 
only few components to allow for reproducible generation. Our 
component selection is based on an extensive literature review (Walch 
et al., 2022), looking at the mineralogical and organic composition of 
natural riverine SPM and crucial components governing the dynamics of 
SPM formation. Selected minerals comprise illite, quartz, and hematite; 
and the amino acid tryptophan was chosen as a proxy substance to 
mimic some properties of microbial EPS (based on screening tests S2). 
Illite and quartz are representatives for the most abundant mineral 
constituents of natural riverine SPM, and hematite for minor but func-
tionally important iron oxide and (oxy)hydroxide minerals (FeOx). 
Similarly, microbial EPS are mostly less abundant in SPM than re-
fractory humic-like substances, but due to their heterogeneous proper-
ties, EPS are considered more relevant for flocculation. Being combined 
in realistic mass-ratios, the selected components not only reflect the 
composition of natural SPM, but also add to an increased heterogeneity 
in physicochemical surface properties, which is probably the most 
relevant feature of natural SPM when it comes to interactions with 
particulate contaminants. 

The aim of this study was to develop and test reproducible SPM 
analogue flocs. We show that, using illite, quartz, hematite, and tryp-
tophan in realistic mass-ratios, it is possible to generate complex SPM 
analogues, which are consistent regarding floc size and fractal dimen-
sion, and exhibit the desired robustness towards physical impacts and 
hydrochemical changes to allow proper handling in experimental 
setups. 

2. Materials and methods 

2.1. Hydrochemical Background 

Following OECD test guideline No. 318 (OECD, 2017), hydro-
chemical test conditions comprised a pH range of 5–8.5, Suwannee River 
NOM (SR-NOM) at 0.1–10 ppmC and 0.1–10 mM CaCl2 and MgSO4 at a 
molar ratio of Ca:Mg 4:1 (hereafter just referred to as electrolytes). CaCl2 
was used, instead of CaNO3 suggested by the guideline’s alternative 
medium, because Cl− is more abundant in river waters than NO3

− (Sal-
minen et al., 2005). SR-NOM stock was prepared according to the 
guideline: SR-NOM powder (2R101N, International Humic Substances 
Society) was dissolved in ultrapure water at pH 8 while agitating (> 16 
h). After readjusting the pH and filtering the solution (sterile 0.2 µm PES 
bottle-top filters, Nalgene), the non-purgeable organic carbon concen-
tration was determined with a total organic carbon (TOC) analyzer 
(TOC-L CPH/CPN, Shimadzu), and with 40 ± 1.5%wt was close to the 
expected values of 42.6%wt (Perdue, 2012) or 46.2%wt (IHSS, 2020a). 
Electrolyte solutions were prepared from calcium chloride dihydrate (≥
99%, Sigma Aldrich) and magnesium sulfate heptahydrate (≥ 99.5%, 
EMSURE, Merck) at 800 or 80 and 200 or 20 mM, respectively, to 
receive a 4:1 Ca:Mg molar ratio in 1:1 mixtures. Intended pH values 
were adjusted with 0.1 M NaOH or HCl and monitored during mea-
surements. Only at pH 8.5 the value dropped and had to be read-
justed/maintained by constant NaOH additions during measurements 
(<0.1% of the total sample volume). 

2.2. SPM Analogue components 

Details on illite and hematite stock preparation are given in the 
supporting information (S3-A and S3-B). Briefly, illite rock chips (IMt-2, 
Silver Hill, MT, USA, Clay Minerals Society), were milled, dispersed, Na- 
exchanged and washed in repeated centrifugation-resuspension cycles, 
before narrowing the size distribution by differential centrifugation. 
Hematite was prepared by forced hydrolysis according to Wang et al. 
(2008). Quartz powder (SiO2 0.5 µm spheres, Alfa Aesar) was dispersed 

in ultrapure water (weigh-in 1.5 g L − 1) using an ultrasonic probe (40 
min, 40 W, TT13 tip, Sonoplus 3200, Bandelin). Dispersion efficacy was 
confirmed by checking hydrodynamic diameters (Zetasizer Nano ZS, 
Malvern). Characterization of mineral suspensions comprised hydrody-
namic diameters, zeta potentials, polydispersity indices, isoelectric 
point determination in different hydrochemical backgrounds, and 
scanning electron microscopy (SEM) imaging, as reported in S3-C. 
L-Tryptophan solution was prepared at a carbon concentration of 2 g L 
− 1 based on the carbon mass fraction in tryptophan (64.7%), dissolving 
the powder (≥ 98%, Sigma Aldrich) in ultrapure water by overnight 
shaking. Carbon recoveries, determined on a TOC analyzer (see 2.1.), 
were 98 ± 4%. All stocks were stored in the dark at 4 ◦C. The stability of 
mineral stocks was evaluated checking hydrodynamic diameters and 
zeta potentials (Zetasizer Nano ZS, Malvern) before use. Hematite sus-
pensions were stable for 6 months (Figure S3–1), illite and quartz can be 
stored for at least one year, with quartz requiring 15–20 min ultrasonic 
probe sonication before use after resting for more than a few days. 
Organic stocks were replaced every two months. 

2.3. SPM Analogue generation 

For SPM analogue flocculation and characterization, a batch setup 
consisting of two stirred batch reactors connected to a laser diffrac-
tometer (Mastersizer 2000, Malvern) was designed, where the sample 
was passed through the measurement cell in “freefall” (~ 6 mL s − 1) to 
avoid any change in floc size or fractal dimension, with a peristaltic 
pump closing the circuit between the two batch reactors (S4-A). SPM 
analogue composition (Table 1) was based on typical riverine SPM 
compositions (see S1 and (Walch et al., 2022)) and screening tests (S2) 
and refined within the Mastersizer setup (S4-B). Starting from quartz 
and illite in ultrapure water at pH 5 (to maintain the positive surface 
charge of hematite upon addition), dilutions of hematite, tryptophan, 
electrolyte and SR-NOM stocks were quickly added (<15 s) in this 
sequence to both stirred batches simultaneously, establishing the SPM 
component concentrations given in Table 1, as well as the targeted 
hydrochemical background concentrations in a final volume of 800 mL 
for each batch (for details see S4-C). 

Two procedures to generate SPM analogues were followed. (1) As-
sociation procedure: preparation directly in the two stirred batches con-
nected to the Mastersizer, where circulation through the system and 
measurement of the sample were started right before the addition of 
hematite, tryptophan, electrolytes and SR-NOM, which allowed inves-
tigating the flocculation process. (2) Shaker equilibration: components 
were added into two magnetically stirred bottles (1 L centrifuge bottles, 
Heraeus) and then left on an overhead shaker for 1–24 h (16 rpm, Reax 
20, Heidolph), before introducing the suspension into the Mastersizer 
setup for characterization. 

2.4. SPM Analogue protocol validation 

Hydrochemical conditions employed for protocol validation were 
0.1 mM electrolytes at pH 5, without SR-NOM addition (for reasoning 
see S5-A). The association procedure was repeated 4 times using the same 
component stocks for within-batch reproducibility, and 3 times 
employing different component-stock batches for between-batches 
reproducibility. The shaker equilibration was validated only within- 

Table 1 
SPM analogue component fractions and final concentrations.   

Mass fractions [%wt] Conc. [mg L − 1] 

Illite:Quartz Ratio 55:45 Quartz 41.85 18.83 
Illite 51.15 23.02 

Hematite 7 3.15 
Total mineral 100 45 
Tryptophan (C-based) +5% to minerals 2.25  
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batch (4 replicates). To test storability, SPM was prepared by shaker 
equilibration (shaken for 1 h) and stored in the dark fridge at 4 ◦C. Three 
batches were repeatedly resuspended at increasing time intervals (1 h, 1, 
4, 8, 20 and 48 d), by three different means: overhead shaking (1 h, 16 
rpm, Reax 20, Heidolph), ultrasonic bath sonication (20 min) and ul-
trasonic probe sonication (10 min, 40 W, TT13 tip, Sonoplus 3200, 
Bandelin) applied to each storage bottle containing 800 mL. Four 
additional parallel batches were resuspended by overhead shaking after 
0, 5, 9 and 15 days of storage, respectively, to investigate storability 
without interim resuspension. Robustness towards changes in SPM 
concentration and stirring speed was tested by halving the concentration 
(from 45 to 22.5 ppm) and by varying the stirring speed between 50, 100 
and 150 rpm, both, during SPM association, and after storage and 
resuspension. 

SPM analogue reproducibility, storability and robustness were 
evaluated regarding stability and resilience of floc size and fractal 
dimension by means of laser diffractometry (Mastersizer 2000, Mal-
vern). The fractal dimension describes the structural compactness of an 
agglomerate and takes values between 1 and 3, with 3 describing a solid 
sphere. We employ the fractal dimension for relative comparisons; ab-
solute values might differ, as a mix of minerals at different concentra-
tions with different refractive indices, particle sizes and shapes is 
considered, and all these properties impact the light scattering behavior. 
Volume-based median diameters (dV0.5) and mass fractal dimensions 
(Df) were recorded and plotted in a time-resolved manner. Volume- 
based size distributions and mode diameters (mode dV) were 
employed to compare samples at a specific time point. Details are given 
in S5-B. Additionally, SPM analogue floc morphology was investigated 
by SEM imaging, as described in S3-C. 

2.5. SPM analogues in changing hydrochemistry 

The formation of SPM analogues in varying hydrochemical back-
grounds was evaluated regarding floc size and fractal dimension in the 
Mastersizer setup after overnight shaker equilibration. Electrolyte (0.1, 1, 
10 mM) and SR-NOM concentrations (0, 0.1, 1, 10 ppmC) were varied at 
pH 5, and zeta potentials were measured according to S3-C. The impact 
of pH (values 5, 7, 8.5) was investigated in batches prepared at 0.1 mM 
electrolytes without any SR-NOM, and at 10 mM with 1 ppmC SR-NOM. 
Adjustments of pH were done during SPM preparation, before overnight 
shaking, and continuously during measurement. 

To evaluate whether flocs keep their integrity when hydrochemistry 
is changed after floc formation, and may be transferred into different 
hydrochemistries, SPM was generated at pH 5 without any electrolytes 
or SR-NOM added (SPMzero). After association, the hydrochemistry was 
adjusted by adding diluted electrolyte and SR-NOM stocks to reach a 
hydrochemical background of 0.1 mM and 1 ppmC, while halving the 
SPM concentration to 22.5 ppm. 

3. Results and discussion 

3.1. Complex Near-Natural spm analogue flocs can be reproducibly 
prepared 

Flocs formed within minutes with diameters consistently around 7 
µm and fractal dimensions slightly above 2.5. Signals in the size range of 
the individual components were not recorded by the Mastersizer 2000. 
The generated flocs can be considered primary flocs, characterized by 
rather small floc sizes and compact structures (indicated by high fractal 
dimensions). Primary flocs constitute base units that can assemble to 
larger more loose secondary flocs, increasingly colonized by microor-
ganisms. Within a recent floc structure hierarchy (Spencer et al., 2021), 
microflocs and particle-particle associations (flocculi) would be the corre-
sponding classes. Considering structural floc dynamics throughout the 
year (Zimmermann-Timm, 2002), type 3 (densely packed mineral par-
ticles and detritus < 150 µm, often spherical) which is typical in winter, 

autumn, and during flood, would correspond. 
The individual component preparations were highly consistent 

(Table S3–1), meeting the criteria to allow a reproducible SPM analogue 
generation, which was confirmed regarding floc size and fractal 
dimension, whether the same (Figure S6–1) or different component 
batches (Fig. 2) were employed. After an initial floc association phase, 
the diameter and fractal dimension reached an interim plateau. Size 
distributions were stable during that time, narrow and consistent be-
tween replicates (Fig. 2b, Figure S6–1 b). The relative standard de-
viations (RSDs) of the volume-based mode diameters (mode dV) 
compared after 1 h were 4.8% (mode dV= 7.3 µm, n = 4) and 6.7% 
(mode dV = 7.9 µm, n = 3), for within-batch and between-batches 
replicates (see 2.4.) respectively. The size of the flocs falls within the 
range of natural riverine floc sizes covering < 1 to 1000 µm (Zimmer-
mann-Timm, 2002), with typical values from few µm up to (few) hun-
dred µm (Guo and He, 2011; Lartiges et al., 2001; Woodward and 
Walling, 2007). Fractal dimensions exhibited values within the pre-
determined range for shear flow (i.e., ≥ 2.4) (Conchuir et al., 2014), 
with RSDs of 0.9% (Df = 2.56, n = 4) within-batch, and 5.1% (Df = 2.7, 
n = 3) between batches. These quite high fractal dimensions partly 
result from the way laser scattering data were fit (see S5-B), however, 
the optimization of the floc composition to yield stable, robust flocs, 
probably also entailed compact structures. 

SPM analogue preparation by 24 h shaker equilibration was also well 
reproducible (Fig. 3a), exhibiting within-batch RSDs (n = 4, compared 
at 60 min) of 11.1% and 1.4%, for size (mode dV = 6.6 µm) and fractal 
dimension (Df = 2.65) respectively. Both parameters were similar to 
freshly associated flocs compared at 60 min (Fig. 3b). For size distri-
butions see Figure S6–2. 

SEM images (Fig. 4a) show complex SPM analogue floc structures 
that incorporate all constituents, generating heterogeneous surfaces. 
Images resemble those of natural SPM (Buffle et al., 1998; Le Meur et al., 
2016; Slomberg et al., 2016; Wheatland et al., 2017). With hematite 
being the smallest and quartz the largest component (Fig. 4b), their 
relative sizes reflect trends observed for natural SPM, where 
quartz-shares increase in the larger size fraction and FeOx mainly form 
nanoparticles or patchy coatings on larger particles (Walch et al., 2022). 
As expected from the positive surface charge of hematite (Figure S3–2) 
in the given hydrochemistry (pH 5, 0.1 mM electrolytes, no SR-NOM), 
SEM images show hematite to act as bridging-agent between illite and 
quartz (Figure S6–3). Hematite mainly distributes on the negative edges 
of illite (Figure S6–4), where it is likely associated with tryptophan, as 
NOM-FeOx associations seaming clay edges have been previously re-
ported (Poulton and Raiswell, 2005). Quartz mostly distributes on the 
floc surface, while the core is composed of illite-hematite associations 
(Figure S6–5). This reflects modeling results (Frungieri et al., 2020) 
which showed that agglomeration of imbalanced mixtures of positively 
and negatively charged particles depleted minority particles first, while 
majority particles cover the agglomerate surface. In our case, positive 
surface charges (on hematite and illite edges) represent the minority and 
negative charges (on quartz and illite basal planes) the majority, as 
confirmed by an overall negative floc zeta potential of -18 ± 1.2 mV. 

3.2. Floc Size evolution is controlled by particle concentration and stirring 
speed 

Floc association and size evolution proceeds in three phases: (1) 
quick, diffusion-limited association governed by electrostatic forces, (2) 
a shear and concentration dependent restructuring and compaction 
phase, (3) further floc growth approaching a flocculation-rupture 
regime. 

Initial association is fueled by a high primary particle number 
allowing for a high collision frequency. Due to opposite charges of the 
components (Figure S3–2) in the present hydrochemistry (pH 5, 0.1 mM 
electrolytes), association is probably diffusion limited (attachment ef-
ficiency α ~ 1) and attachment governed by electrostatic attractions 
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(neutralization of negative charges on illite and quartz by addition of 
positive hematite, Ca2+and Mg2+). The dominance of electrochemical 
mechanisms in primary floc formation was also inferred from 3D 
structural observations of natural flocs (Spencer et al., 2021). 
Collision-dependance is confirmed by a slower and slightly retarded 
association at halved concentrations (Fig. 5a). Lower stirring should also 
reduce collisions but had little impact on the early association phase. 
This is because the collision rate is proportional to the concentration 
squared, while proportional to the mean shear rate (Tran et al., 2018). 
Additionally, all primary particles (quartz, illite, hematite) were 
nano-sized, and diffusion-driven collisions prevail over orthokinetic 
(advection-driven) collisions (Figure S7–1 a), resulting in an insignifi-
cance of shear (Han and Lawler, 1992; Praetorius et al., 2020). 

With a decreasing primary particle number, the collision frequency 
decreases, while, simultaneously, charge heterogeneities are neutral-
ized, letting floc size plateau. According to the model by Frungieri et al. 
(2020), size stabilizes when minority particles (in terms of surface 
charge) are used up and floc surfaces are covered by majority particles, 
establishing an electrostatic energy barrier. The model showed good 
stabilization at 85% majority particles, while growth was 
self-accelerating at equal shares. A rough calculation of the positive and 
negative surface areas in the present SPM component mix yields 92.5% 
negative and 7.5% positive surface (Table S7–1). Since the composition 
was based on natural SPM composition, future research should address if 
natural flocs require a certain composition ratio to persist as stable flocs. 

At 45 ppm SPM, size peaked and slightly decreased before plateauing 
(Fig. 5a). Size reduction was suggested to result from floc compaction 

and restructuring (Selomulya et al., 2003), which is supported by ob-
servations of an increase in floc circularity during that phase (Vlieghe 
et al., 2014). A zoom into the fractal dimension axis (Fig. 5b) reveals that 
size peaks and dips before Df reaches its maximum, and Df continues to 
slowly increase (indicating compaction) until the floc size plateaus. 
Restructuring can proceed in two ways: (1) As a consequence of charge 
neutralization, the attachment efficiency has dropped, and collision 
energy is dissipated by slowly continued compaction rather than floc-
culation; (2) Flocs have reached a size-range where shear forces start to 
act on them and induce restructuring, which was demonstrated by a 
model by Becker et al. (2009). Since, in the case of halved SPM con-
centrations, a size peak-dip sequence was not observed, a ballistic effect 
is more likely than a shear effect. 

At some point flocs resume growth (see size at 50 rpm in Fig. 5a) for 
two possible reasons: (1) floc restructuring reduces the suggested surface 
enrichment of (negatively charged) majority particles (Frungieri et al., 
2020), lowering the electrostatic energy barrier; (2) compaction in-
creases the components’ coordination number and floc stability (Con-
chuir et al., 2014; Selomulya et al., 2003), inhibiting dissipation of 
collision energy by deformation, and allowing energy barriers to be 
overcome. When flocculation is resumed, Df slowly decreases again (see 
Df at 50 rpm in Fig. 5b). This coincides with the clear proliferation of a 
second peak in the size distribution (Figure S7–2), confirming that pri-
mary SPM flocs flocculate to larger, again less compact secondary flocs, 
which finally approach a flocculation-rupture regime (see size at 50 rpm 
in Fig. 5a) due to shear-induced rupture of loose flocs (Becker et al., 
2009). 

Fig. 2. (a) Evolution of volume-based median floc diameters (dV0.5) and fractal dimensions (Df) of three between-batches replicates (ave. ± sd) during floc asso-
ciation (pH 5, 0.1 mM electrolytes); (b) respective size distributions at 60 min. 

Fig. 3. (a) Volume-based median floc diameters (dV0.5) and fractal dimensions (Df) of four within-batch replicates (ave. ± sd) prepared by 24 h shaker equilibration; 
(b) Volume-based mode diameters (dV) and fractal dimensions of four within-batch replicates (ave. ± sd) prepared by association and shaker equilibration methods 
(compared at 60 min measurement time). 

H. Walch et al.                                                                                                                                                                                                                                  



Water Research 229 (2023) 119385

6

The extension of the interim size-plateau was clearly shorter at 
reduced stirring speed (50 instead of 100 rpm) (Fig. 5a). As SPM flocs 
have reached several µm in size, orthokinetic (advective) collisions 
dominate (Figure S7–1 b). Lower stirring speed lowers the approach 
velocity of flocs and thus their mutual repulsion by hydrodynamic ef-
fects (Gregory, 2005). As flocs are fractal agglomerates, not solid 
spheres, a less turbulent flow allows permeation of flocs and induces a 
transition from curvilinear towards rectilinear floc trajectories, which 

increases the collision frequency (Bäbler et al., 2006; Han and Lawler, 
1992; Li and Logan, 1997; Veerapaneni and Wiesner, 1996). Lower 
shear stress and lower ballistic stress (Tran et al., 2018) additionally 
reduce floc rupture and allow for quicker resumption of growth. Halving 
the concentrations (22.5 instead of 45 ppm SPM) at 100 rpm stirring 
prolonged the plateauing phase (Fig. 5a), as explained by a reduced 
collision frequency slowing down compaction and the onset of further 
floc growth, together with relatively high shear forces sustaining floc 
rupture and/or hydrodynamic effects – i.e., curvilinearity of collision 
trajectories. 

3.3. SPM Analogues are storable, resilient and robust upon resuspension 

Storage and resuspension tests revealed that flocs can be stored for at 
least 8 d without any significant change in fractal dimension, volume- 
based diameter (Fig. 6), or size distribution (Figure S8–1), no matter if 
batches were repeatedly resuspended or stored for a certain time 
without interim resuspension (parallel batches). The different resus-
pension techniques applied had no impact on floc size after a stabiliza-
tion time of 60 min (Fig. 6a), while the fractal dimension was generally 
lower for sonication treatments. The latter reflects observations of par-
tial floc rupture through sonication, and regrowth within the stabiliza-
tion time. Shaker-resuspended samples, in turn, exhibited breakage of 
initial larger clusters to original floc size when introduced into the 
stirred batch system. Within-treatment RSDs over 8 or 9 storage days 
ranged from 0.9% to 1.4% for Df and from 4% (ultrasonic probe) via 
5.5% (shaker) to 13% (ultrasonic bath) for size (dV0.5). At 15 or 20 days 
of storage, deviations of dV0.5 and Df (Fig. 6) as well as size distributions 
(Figure S8–1) were clearly pronounced for shaker-resuspension. 
Employing ultrasound, storability may be extended beyond 8 days, 
close to 20 days. 

Fig. 4. SEM images (a) of the SPM analogue flocs at different resolutions and (b) of the mineral constituents: hematite, illite and quartz (from left to right).  

Fig. 5. Co-evolution of (a) SPM analogue floc size and (b) fractal dimension 
(note the axis zoom), as controlled by stirring speed (shear forces) and SPM 
concentration. 
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Varying stirring speeds (between 50, 100 & 150 rpm) after resus-
pension (by ultrasonic probe), hardly influenced the volume-based 
median SPM floc diameter. The RSD of floc size among speeds 
(compared after 60 min of stirring) was only 7%, which confirms results 
of Yu et al. (Yu et al., 2011) showing that, after floc breakage and 
regrowth, shear conditions had little impact on size. The concentration 
effect on floc size was also concealed by resuspension. During floc as-
sociation, halved SPM concentration (22.5 ppm) yielded a higher 
plateau size (mode dV = 11.1 µm) than 45 ppm (mode dV= 7.3 µm) 
(Figure S8–2 a). After resuspension, batches prepared at 22.5 and 45 
ppm, as well as 45 ppm batches diluted 1:1 (either before, or after 24 h 
shaking) all approached similar floc sizes when exposed to controlled 
stirring conditions (100 rpm) in the Mastersizer setup for about 1.5 h 
(mode dV = 9.1 - 10.4 µm) (Figure S8–2 b). 

3.4. SPM Formation, size and fractal dimension depend on 
hydrochemistry 

When being prepared in the respective target hydrochemistry, not all 
combinations of electrolyte and SR-NOM concentrations led to floc 
formation (Fig. 7a). This can be explained by electrostatic stabilization 
through NOM: SR-NOM is dominated by hydrophobic acids (66–70% of 
the carbon mass) (Ratpukdi et al., 2009), which are rich in carboxyl 
groups (IHSS, 2020b; Schumacher et al., 2006). The latter exhibit a low 
pKa, making SR-NOM highly negatively charged. 

Electrolytes counteracted NOM-stabilization, and the more SR-NOM 
was present, the more electrolytes were required to induce flocculation 
(Fig. 7a). Electrolytes act in several ways: sorption of counterions and 
strong electrical double layer compression destabilize suspensions 
(Gregory, 2005), and multivalent ions (especially Ca2+) may induce 

interparticle bridging (Wang et al., 2017) or bridging flocculation 
involving NOM (Philippe and Schaumann, 2014) (Fig. 1). Combinations 
of 0.1 mM electrolytes with 0.1 and 1 ppmC SR-NOM, and 1 mM elec-
trolytes with 0.1 ppmC SR-NOM yielded no flocs. This allows to predict 
that even higher (10 ppmC) SR-NOM concentrations would as well 
prohibit floc formation at 0.1 mM and 1 mM electrolytes. 

Regarding floc size, combined effects of SR-NOM and electrolyte 
concentrations were not linear. A smaller size of flocs at 10 mM elec-
trolytes with 1 ppmC than with 10 ppmC SR-NOM (Figure 7 a), for 
example, may either indicate that Ca2+-induced bridging flocculation is 
limited by SR-NOM concentrations, or that at higher electrolyte con-
centrations, SO4

2− competes with SR-NOM for sorption sites on hematite 
(Gu et al., 1995; Tan and Kilduff, 2007). The latter is likely, as both, high 
electrolytes and SR-NOM strongly reduced or inversed the positive 
surface charge of hematite (Figure S3–2). An effect of SO4

2− is also 
supported by a slightly decreasing Df (from 2.86 down to 2.56) with 
increasing electrolyte concentrations (Figure 7 a). Of the tested combi-
nations, the largest flocs (at pH 5) resulted at 0.1 ppmC SR-NOM and 1 
mM electrolytes (Fig. 7a), concentrations at which hematite was at its 
isoelectric point (for SR-NOM) or exhibited low positive charge (for 
electrolytes) (Figure S3–2). Generally, flocculation will be favored by an 
optimum ratio of SR-NOM, available (favorable) sorption sites, and 
sorption- or bridging-enhancing electrolyte ions. For mechanistic in-
sights, further research is required. 

An impact of pH was observed at low electrolyte concentrations (0.1 
mM) and in the absence of SR-NOM (Fig. 7b). Floc compactness (Df) 
decreased with increasing pH and finally resulted in smaller flocs (at pH 
8.5), as explained by stronger electrostatic repulsion between SPM 
components at increasing pH, especially when hematite turns negative 
at pH 8.5 (Figure S3–2). In presence of 10 mM electrolytes and 1 ppmC 

Fig. 6. Volume-based median diameter and fractal dimension (Df) at 60 min measurement time, after resuspension (a) of the same three batches at different time 
intervals by a different treatment each; (b) of independent batches resuspended by shaking for 1 h after different storage times each. 

Fig. 7. (a) Floc formation by shaker equilibration in different hydrochemistries; and (b) impact of pH on SPM analogue floc size and fractal dimension.  
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SR-NOM, the pH-effect was probably masked by overriding impacts of 
electrolytes and SR-NOM (Fig. 7b). 

3.5. SPM Analogues remain stable upon transfer into unfavorable 
hydrochemistries 

As flocculation was prohibited by some hydrochemical conditions, 
SPM analogues were generated without any electrolyte or SR-NOM 
addition (SPMzero) and adjusted to target hydrochemistries unfavor-
able for flocculation. SPMzero association at pH 5 (positive charge of 
hematite) yielded a larger plateau floc size at 60 min (mode dV= 15.42 
± 0.96 µm, within-batch), than flocs associated at 0.1 mM electrolytes 
(mode dV= 7.3 ± 0.4 µm), in accordance with hematite being more 
positively charged in absence of electrolytes (Figure S3–2). 

The modification of hydrochemistry to 0.1 mM electrolytes & 1 
ppmC SR-NOM in course of a 1:1 dilution of both, freshly associated and 
overnight shaker-equilibrated SPMzero, did not induce disintegration of 
flocs (Figures S8–3 and S8–4), even though these hydrochemical con-
ditions prohibited flocculation (Fig. 7a). Agglomeration is frequently 
reported to not be fully reversible and de-agglomeration by unfavorable 
hydrochemistry produces fragments rather than single particles (Baal-
ousha, 2009; Loosli et al., 2013; Mohd Omar et al., 2014), as probably 
mainly weak bonds (secondary minima) are broken (Philippe and 
Schaumann, 2014; Wang et al., 2016). Still, the extent of 
de-agglomeration was found to increase with concentration of stabiliz-
ing NOM and with reaction time, as molecules slowly migrate into ag-
glomerates (Baalousha et al., 2009; Loosli et al., 2013). However, even 
after storage for 6 d and resuspension (by shaking over night for >18 h), 
SPMzero floc integrity was not affected by the modified hydrochemistry 
and resuspended flocs approached the sizes of freshly 
hydrochemistry-adjusted flocs after about 1.5 h in controlled stirring 
conditions (Figures S8–3 and S8–4). Consequently, after every physical 
or chemical impact, a conditioning phase in the final experimental 
stirring conditions should be allowed. 

4. Conclusions 

In this study we developed SPM analogues which can be used to 
investigate interactions of SPM with particulate contaminants, such as 
engineered nanomaterials, nano- and microplastics, soot, or others, at 
environmentally relevant freshwater conditions. Natural SPM compo-
sition is complex and characterized by heterogeneous physicochemical 
surface properties. Hence, interactions of contaminant particles with 
SPM will be governed by multiple co-occurring interaction mechanisms, 
which are even more tortuous considering naturally occurring hydro-
chemistries. While simple test systems are highly important to gain in- 
depth mechanistic understanding, complexity cannot be neglected 
when trying to properly represent natural systems and informed sim-
plifications should guide the development of environmentally relevant 
and standardizable test systems. 

Our SPM analogues were designed to represent those physicochem-
ical surface properties of natural SPM relevant for interactions with 
particulate contaminants. Selected components not only represent the 
most abundant components of natural riverine SPM in realistic mass- 
ratios, but also maximize heterogeneity in physicochemical surface 
properties, and the resultant SPM analogue flocs reflect the complex 
composition and structure of natural riverine SPM. These analogues 
could be reproducibly generated at different agitation conditions 
(shaking, stirring), as association is controlled by surface chemistry. 

The primary role of surface chemistry for flocculation was confirmed 
by inhibition when component surfaces are repulsive in hydro-
chemistries unfavorable for floc formation. However, flocs associated 
under favorable conditions did not disintegrate upon subjection to 
hydrochemistries suppressing flocculation and SPM analogues can be 
transferred into unfavorable hydrochemistries for follow-up 
experiments. 

For direct use of freshly associated flocs in experiments, the experi-
ment duration should not exceed the extent of the stable size plateau, 
which depends on shear forces and SPM concentrations in the system. 
For flocculation conditions tested here, the plateauing phase lasted for at 
least 1.5 h. While floc association was somewhat sensitive to varying 
stirring speeds and SPM concentrations, analogues which had sedi-
mented and rested during storage exhibited extended stability and 
higher robustness to modified stirring speeds and SPM concentrations 
upon resuspension. 

Physical or chemical impacts, such as changed agitation (stirring or 
shaking), sedimentation and storage, resuspension (by shaking, ultra-
sonic bath or probe), dilution, or changed hydrochemistry, induced 
elastic changes, and the SPM flocs returned to a stable size when exposed 
to controlled stirring for 1 - 1.5 h. The resilience of SPM analogues to 
sedimentation and resuspension and the storability for at least 8 days 
eases handling in the lab and allows for flexibility when planning ex-
periments. The flocs also seem to be quite robust to varying stirring 
speeds. However, if a different agitation regime is employed, stability of 
size should be reevaluated and may be tuned via stirring speed and SPM 
concentration. 

The presented SPM analogues constitute the missing link between 
complex natural systems and simplistic approaches, providing the pre-
requisite for the development of standardizable and yet environmentally 
relevant experimental protocols to assess the behavior and fate of par-
ticulate contaminants in the presence of SPM. Employing these ana-
logues, fate processes like heteroagglomeration (OECD, 2020), 
SPM-assisted transport or sedimentation, bioavailability and uptake in 
the presence of SPM may be investigated in a comparable manner for 
various types of particulate contaminants. 
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