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15 Abstract 

16 The ever-increasing plastic production and its continuous release of primary and secondary 

17 nanoplastic particles (NP) (particles <1000µm) to the environment is an emerging contaminant for 

18 terrestrial environmental systems. Its fate and transport characteristics in the subsurface are still not 

19 fully understood, as those environments are highly complex with high mineral, chemical, biological 

20 and morphological heterogeneity. Our study focuses on the interaction between major abundant 

21 minerals occurring in the subsurface and NP under simplified water chemical conditions (1mM KCl, 

22 pH 5.5). Therefore, potential chemical effects from ions in solution can be excluded, and only the 

23 effect of mineral complexity can be assessed. Various surface-modified polystyrene nanoparticles 

24 serve as proxies for degradation (-COOH) or protein associations (-NH2) occurring in plastics in 

25 environmental settings. Here, we also compare our experimental results to DLVO double-layer force 

26 estimates. All minerals studied maintained negative charges across pH changes. Therefore, we 

27 hypothesize that adsorption behaviour is mainly “surface charge” driven (Zeta potential). 

28 Furthermore, we discuss other mechanisms, such as specific ion-binding interactions occurring in 

29 the presence of metal ions, bridging mechanisms and hydrogen bonding. Our study indicates that 

30 biogeochemical and mineralogical composition is a controlling factor in NP attachment and release 

31 processes in subsurface environments and, thus, crucial for transport in aquifers.

32          
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33 1. Introduction

34 Plastic particles follow complex transport behavior along various environmental pathways with 

35 different transport mechanisms according to their size range, solution chemistry and biogeochemical 

36 conditions. Nano-sized plastic particles (NP) (particles <1 µm) introduce additional considerations in 

37 plastic transport as their size increases the importance of particle-particle interaction and particle-

38 collector grain interaction in the fate of plastic. Similarities between NP and engineered nanoparticles 

39 (ENP) transport exist once material-specific properties (density, aggregation behavior, 

40 hydrophobicity, surface reactivity) are accounted for (Koelmans et al. 2015). Yet, NPs differ greatly 

41 from ENPs in their particle morphology and compositional diversity. (Gigault et al. 2021). NP 

42 transport follows water cycle pathways and deposits via atmospheric precipitation, transports via 

43 surface waters (streams, sewage channels, etc.), or agricultural practices (plastic mulching), and 

44 eventually infiltrates shallow soils to reach groundwater aquifers through recharging water (Allen et 

45 al. 2019; Bergmann et al. 2019; Bläsing and Amelung 2018; Dris et al. 2015; Hurley et al. 2018; 

46 Kirstein et al. 2021; Mintenig et al. 2017; Nizzetto et al. 2016; Vollertsen 2017). 

47 NP deposition in shallow soil is highly likely due to its complex hydrology (wetting-drying, dual 

48 porosity matrix) and biogeochemical characteristics, supporting particle retention in the shallow 

49 subsurface (Bläsing and Amelung 2018). It has been shown that pollutants and ENP infiltrate beyond 

50 shallow soils and enter the saturated zone via dominant convective transport through coarser porous 

51 media, matrix heterogeneities, well-connected macro or micropores and preferential flow paths, 

52 which develop along fractures and cracks (Kessler et al. 2012; Looms Zibar et al. 2018; Mosthaf et 

53 al. 2021). An effective filtering and physical retention process for particles is “straining” in saturated 

54 pore water. Straining is mainly a function of grain size distribution and the ratio between particle-

55 collector grain sizes (i.e., minerals). Straining occurs until a critical ratio between the particle-collector 

56 grain size does not exceed 0.05 to 0.002 (Bradford et al. 2002; Herzig et al. 1970). As an example, 

57 if 100 nm NPs are released into saturated subsurface materials, grains in the matrix as small as 2 

58 µm and as large as 50 µm are expected to induce straining. Groundwater aquifers, which aim to 
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59 produce a cost-effective water yield, contain hydraulic conductivity beyond the fine sand range and, 

60 therefore, in return, have grain size distributions and mean grain sizes, producing straining ratios far 

61 above the straining thresholds. Additionally, fractures or macropores in consolidated soils and 

62 aquitards may exceed those thresholds (Beven and Germann 1982). Therefore, straining becomes 

63 ineffective and leaching of nanoplastic particles <100 nm can be expected. Consequently, other 

64 mechanisms, such as the chemo-electric properties of particles and minerals at the submicron scale, 

65 become important for the transport of NPs. 

66 Groundwater aquifer systems are foremost characterized by their complex mineral composition. As 

67 such, minerals are a major component of the subsurface aqueous environment and pose a large 

68 cumulative reactive surface. The mineral composition of an aquifer is governed by its geological 

69 evolution. Carbonates, clay minerals from the smectite, illite and kaolinite groups, quartz and other 

70 rock-forming silicates, as well as iron oxides, are among the most abundant minerals of the Earth´s 

71 crust and hence are expected as the most dominant minerals in terrestrial aquifers.  Recently, 

72 molecular dynamic simulations have also shown the great potential of the hydroxyl surfaces of 

73 kaolinite to bind emerging contaminants of PFAS molecules (Loganathan and Wilson, 2022). Clay 

74 minerals and phosphate, i.e., apatite, are also known to adsorb to metal contaminants (Zhuang and 

75 Yu 2002; Li et al. 2023). Calcite and the Al- groups of feldspar effectively adsorb arsenate (As V) 

76 (Alexandratos et al. 2007; Sø et al. 2008; Yazdani et al. 2016). A surface modification of the iron-

77 bearing silicate mineral biotite to nano FeC2O4 has also shown high removal potential for Cr(VI) and 

78 Cr(III) pollution under environmentally relevant conditions (Zeng et al. 2020). Iron oxides, in particular 

79 goethite, are known as an effective adsorbent for heavy metals and other inorganic components (i.e., 

80 fluor) or a range of organic compounds,  i.e., glyphosate (Dideriksen and Stipp 2003; Liu et al. 2014; 

81 Borch et al. 2010). In addition, a wide range of studies exists on the retention capacity of different 

82 minerals and natural soils for various ENPs, such as TiO2, ZnO2 or AgNPs (Mustapha et al. 2020; 

83 Dong and Zhou 2020; Parsai and Kumar 2020; Coutris et al. 2012; Rahmatpour et al. 2017; Simonin 

84 et al. 2021; Torrent et al. 2019; Manik et al. 2023), to name a few. Recently, polymer-based NPs and 
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85 their effect on subsurface systems have moved into focus (i.e., Yu and Flury 2020), making NP 

86 interactions with subsurface geochemistry and mineralogy pertinent to NP fate.   

87 Most minerals maintain a negative surface charge under environmentally relevant conditions in 

88 freshwater systems (Kosmulski 2009). A few minerals, such as iron oxides, have predominantly 

89 positive surface charges, favoring the attachment of negatively charged plastic polymers (M. Li et al. 

90 2019). However, NP's aggregation and retain-release process strongly depend on the particle 

91 surface's physiochemical conditions and surrounding solution chemistry. (Elimelech 1994). 

92 Aggregation behaviour is often studied under batch experimental conditions, where particle size is 

93 measured over time under varying solution chemistry, and a time-resolved size increase is used to 

94 derive attachment-efficient parameters (Chen and Elimelech 2006; Alimi et al. 2022). Zhang et al. 

95 (2020) describes adsorption between NP, goethite, aluminum oxides, and kaolinite in batch-scale 

96 studies and point to the dependence of adsorption on surface charge and solution pH. However, to 

97 date a lack of studies focused on other regularly occurring minerals to address subsurface 

98 complexity remains, which we aim to address in the current study.

99 This study investigates whether the subsurface acts as a sink for NP due to mineral-plastic 

100 interaction alone. To this end, we i) investigate the chemo-electric properties of NP and minerals 

101 under changing solution pH conditions and ii) study adsorption behavior in batch adsorption 

102 experiments.
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103 2. Methods:

104 2.1 Materials:

105 Non-functionalized pure polystyrene particles (PS-PLAIN) and carboxyl- functionalized polystyrene 

106 (PS-COOH) of 100 nm nominal diameter were purchased from Micromod (Micromod 

107 Partikeltechnologie GmbH, Rostock). Carboxyl-coated polystyrene is a proxy for degraded plastic, 

108 as carboxyl groups are produced at nanoplastic surfaces via ageing by UV light. (Mao et al. 2020). 

109 Amine-coated polystyrene (PS-NH2) of 100 nm nominal diameter was purchased from Sigma Aldrich 

110 and represents a proxy for the interaction of plastics with organic nitrogenous substances typically 

111 present in the subsurface. The polymers were analyzed using ATR-FTIR to confirm their chemical 

112 surface composition (Error! Reference source not found.). A stock solution of 1000 mg/L was 

113 prepared from the vendor's Stock suspension (10000 mg/L) for each PS type. For the experiments, 

114 a fraction of the stock was diluted with one mM Potassium chloride (KCl) to achieve the desired 

115 experimental particle concentration of 20 mg/L. The experimental PS concentrations used here are 

116 far beyond realistic environmental concentrations. Still, high concentrations were chosen to achieve 

117 mechanistic understanding and avoid the potential influence of uncertainty of analytical methods 

118 used herein at low concentrations. The three different particle coatings provide proxies for ions and 

119 physio-chemical conditions (i.e., charge) to which plastic polymers can be exposed in natural 

120 environments. Pure polymers are unlikely to occur in natural environments because producers 

121 regularly modify plastic surfaces to serve specific applications (i.e., Food, beverage, Cosmetics, 

122 etc.). 

123 Mineral powder samples representative of the most abundant minerals in aquifers, i.e., goethite and 

124 kaolinite, were purchased from Sigma Aldrich. Quartz, feldspar, calcite, biotite and apatite samples 

125 were collected from the mineral collection at the Department of Geosciences and Natural Resource 

126 Management (IGN) at the University of Copenhagen. There, subsamples of a larger mineral were 

127 cut to access pristine, unweathered samples. The pristine sample was dry-milled for approx.10-30 
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128 min. After that, a powder suspension was made with ultra-pure Silex water. After ultra-sonication for 

129 30 min, the mineral solution samples were wet sieved through a 20 µm mesh. After sieving, the 

130 samples were oven-dried at 30°C for 24 h. The resulting powder was stored under dark, dry 

131 conditions until further use. The mineral powders were then analyzed for major elemental and 

132 mineralogical composition using X-ray fluorescence (XRF) and X-ray diffraction (XRD), respectively 

133 (see below).

134 2.2 Zetapotential & Hydrodynamic radius 

135 The Zeta potential (ZP) for polymers and minerals in 1 mM KCl was measured with the Stabino 

136 (Colloid Metrics GmbH, Germany). The Stabino instrument measures streaming potential in a 10ml 

137 PTFE chamber with an oscillating piston. The piston movement creates a mobile ion cloud around 

138 the pistons surrounding it, forming a double layer that is set in motion. This oscillating ion cloud 

139 generates voltage and is captured by two separate electrodes, which defines the streaming potential 

140 of the solution as proportional to the zeta potential of the particles. The Stabino method is 

141 advantageous for dense and polydisperse solutions as it can measure across a large particle size 

142 range (0.3 nm– 300 μm) and particle concentrations up to 40vol%. Further, the optical properties of 

143 the measurement liquid are not relevant for its measurement, unlike methods based on 

144 electrophoresis. 

145 Mineral powders were suspended in the desired electrolyte solution (1 mM), producing a suspension 

146 of 100 mg/L for each mineral powder. To ensure full hydration of the mineral surface, the mixture 

147 was shaken with an orbital shaker for 12 h and ultra-sonicated for 30 min before measuring its Zeta 

148 potential (ZP).

149 The hydrodynamic radius was measured using dynamic light scattering (DLS) technology using 

150 Nano-Flex II (Colloid Metrics GmbH, Germany), which applied the heterodyne 180° backscattering 

151 principle. DLS measurements before and after the adsorption experiments add extra quantitative 
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152 and qualitative information on adsorption results when working with mineral and plastic particles. 

153 The average of the intensity (D50) is reported in the following.    

154 2.3 Adsorption experiments

155 To study the adsorption behavior of NP in batch experiments, a 20 ppm NP solution was prepared 

156 by diluting a 100 ppm NP stock solution from above to the desired concentration using a one mM 

157 KCl background electrolyte. The pH of that mixture was adjusted to 5 before the experimental start 

158 using 0.05 mM HCl. The experiment was started by adding 20 mg of mineral powder to each 10 ml 

159 vial to yield a mineral concentration of 2000 ppm, which is 100 times larger than the NP 

160 concentration. There are currently no reliable measurements of NP occurrence in groundwater 

161 environments. However, as minerals define the host material of rocks, the natural abundance of 

162 minerals in groundwater logs surpasses the NP concentration by far.   

163 Adsorption was detected spectrophotometrically using a Biotek EPOCH3 with UV cuvettes at IGN. 

164 A wavelength of 220nm was most suitable for OD (optical density) measurements (see attachment) 

165 of the different NP particles, as no interference with most minerals can be ensured. However, calcite 

166 shows OD values beyond PS-PLAIN and PS-COOH and close to PS-NH2 at 20 ppm polymer 

167 concentration. Thus, DLS provides additional evidence that clarifies contradictory (or unclear) 

168 absorbance measurement data. To develop a background signal, the suspension of NP in 1 mM KCl 

169 was analyzed before the addition of the minerals (starting concentration). After that, minerals were 

170 added, and the suspension was left for 24 hours. During those 24 hours, the vials were placed on 

171 an orbital shaker to ensure that the whole liquid was mixed in the vial. Upon conclusion of the 

172 experiment, shaking was stopped, and the experimental vials were centrifuged for 20 minutes at 

173 3000 rpm. The supernatant was removed by decantation. The supernatant's OD at 220 nm 

174 wavelength was measured again at the final step. 

175 The adsorption data are expressed as a percentage fraction. This fraction was calculated directly 

176 from the OD measurements because, from the calibration curves (supplement), a linear relationship 
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177 is measured between OD and particle concentration at particle concentrations below 30 ppm (Error! 

178 Reference source not found.). This approach is valid due to linearity below 30 ppm and has the 

179 advantage of leaving out an intermediate calculation from OD to mg/L. At concentrations >30 ppm, 

180 the OD of NP reaches saturation and takes a logarithmic shape. Consequently, interpretations of 

181 experiments beyond 30 ppm are strongly biased. Thus, 20 ppm was used herein.  

182 2.4 Elemental and mineral composition

183 The mineral powders were analyzed for major elemental composition using a handheld XRF 

184 mounted in a certified portable workstation (HH-XRF, Innov-X Olympus Delta Premium 600 handheld 

185 energy-dispersive XRF spectrometer) at IGN. Powder X-ray diffraction (PXRD) analysis further 

186 checked the mineral composition using a Bruker-AXS D8 Advance diffractometer at IGN. This 

187 instrument has a Cu X-ray tube, a primary beam Ge111 monochromator (wavelength 1.54059 Å), 

188 and a silicon-strip LynxEye detector with an opening of 3.3°. The analyses were performed using the 

189 Bragg-Brentano technique with a rotating sample holder, a fixed divergence of the primary beam of 

190 0.25°, at 2θ angles between 5-90°, in steps of 0.02° and a measuring time of 4 seconds per step for 

191 optimal statistical sample coverage. The qualitative evaluation of the sample mineral content was 

192 performed using the Bruker DIFFRAC.EVA version 7.0 software and the built-in crystallography 

193 database. The quantitative analyses were performed using the Rietveld refinement method and the 

194 Bruker DIFFRAC.TOPAS version6 software and structure files imported from the Inorganic Crystal 

195 Structure Database (ICSD,(Bergerhoff et al. 1983). The PXRD profiles were defined by fundamental 

196 parameters calibrated using a powder CeO2 standard with an average crystallite size of 595 nm.

197 2.5 Imaging 

198 After centrifugation, the solid mineral samples remaining in the vials were inspected under a He-ion 

199 microscope (Orion NanoFAB, Carl Zeiss) at the Mads Clausen Institute (MCI), University of Southern 

200 Denmark (SDU) to visualize their association with NP. The beam energy was set to 30 keV, with a 
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201 probe current ranging from 0.1 to 0.3 pA. Before imaging, no conductive coatings were applied to 

202 the samples to preserve the sample surface information. Charge compensation was ensured through 

203 a low-energy electron beam (flood gun, 433 eV) directed at the sample.

204 2.6 Interaction energies (DLVO)

205 Theoretical interaction energies were calculated based on classical DLVO using a sphere-plate 

206 relationship according to the equations provided, i.e., (Israelachvili 2011a) and (Petosa et al. 2010). 

207 Van der Waals forces (VDW) were calculated by:

208 𝑉𝐷𝑊 = ―
𝐴123 ∗ 𝑎𝑝

6ℎ(1 + ℎ
𝜆 )

209 Table A.1 in the supplementary section provides details on mineral- specific Hamaker constants 

210 where A123 is the Hamaker constant between the polymer and respective mineral in water. ap is the 

211 particle radius, assuming 100 nm as the nominal particle diameter. h is the separation length 

212 between the sphere, and λ is the characteristic retardation wavelength. Retardation limits the range 

213 of the VDW forces at larger separation distances, as at larger separation distances, the polarization 

214 of dipoles is less correlated. (Henry et al. 2012).  

215 The electric double-layer force component (EDL) was calculated as follows:

216 𝐸𝐷𝐿 = 64𝜋𝜀0𝜀𝑎𝑝(𝑘𝐵𝑇
𝑧𝑒

)2
tanh [ (𝑧𝑒𝜁1)

(4𝑘𝐵𝑇)]tanh [ (𝑧𝑒𝜁2)
(4𝑘𝐵𝑇)]𝑒𝑥𝑝(-κh)

217  With k being the Debye length estimated by:

218 κ = (
2 ∗ IS ∗ 𝑒2 ∗ NA ∗ 1000

𝜀0𝜀𝑘𝐵𝑇 )
1/2

219 Where 𝜀0= dielectric permittivity in vacuum (8.8541878128E-12 C2 J-1 m-1), 𝜀 =  dielectric constant in 

220 water (78.54 at 25°C), ap= particle radius, kB= Boltzmann constant (1.38E-23 m2 kg s-2 K-1), T= 

221 Temperature in Kelvin, z=ion valency of the solution, e= elementary charge constant  (-1.60E-19 
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222 C),ζ1 and ζ2 are the Zeta potential of the polymer and mineral, respectively. IS is the ionic 

223 concentration of the solution (here 1 mM) and NA= Avogados number (6.02E+23 particles M-1). 

224 Finally, the complete interaction is calculated by:

225 VDLVO = VDW + EDL

226 given in kBT units.

227
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228 3. Results & Discussion

229 3.1 Mineral origin and their relevance for groundwater aquifer systems 

230 Upon entering the subsurface, NPs come into close contact with the mineral composition of the host 

231 materials. Among the hydrological characteristics (such as pore size and porosity), these mineral 

232 properties are crucial in governing the fate and transport of nanoparticles (NPs) in subsurface 

233 environments. Geological evolution defines a groundwater aquifer's mineral constituents, making the 

234 mineral composition of individual aquifers highly dependent on regional geological history. 

235 Simplifying this complex natural composition to just a few minerals is challenging. Nevertheless, a 

236 few minerals can be considered abundant in most terrestrial aquifers on a global scale due to their 

237 specific rock-forming mechanisms. Those are quartz and other rock-forming silicates, clay minerals 

238 from the smectite and kaolinite groups and illite, iron oxides such as goethite and hematite as well 

239 as carbonates. A selection of seven minerals is included in this study, and an overview of their 

240 respective aquifer abundance, as well as rock formation condition, is listed in Table 1. Among those 

241 chosen minerals, quartz, feldspar, goethite, kaolinite, and calcite are by far the most abundant.           

Mineral Geological environment 
(by abundance) Formation Aquifer type 

(by highest abundance)
Quartz most rock formations, 

water-yielding units
As part of crust formation 
(e.g., crystallization in 
igneous rocks, crystallized 
from metamorphic fluids) 

porous media, fractured rocks, karstic 
systems

Goethite high abundance on earth 
in aquatic environments 
(lakes, soils, swamps, 
porous media)

Weathering product of iron-
rich minerals 

porous media, high-yielding aquifers

Apatite Igneous rocks (i.e., 
granite), metamorphic 
(i.e., gneiss), sedimentary 
rocks as erosive-reformed 
products (i.e. organic 
marine deposits)

Crystallization in igneous 
rocks, precipitation in 
aquatic environments, 
metamorphic formation

porous media & fractured rocks

Biotite Magmatic and 
metamorphic rocks, 2:1 
phyllosilicate

Crystallization in igneous 
rocks, metamorphic 
processes

fractured igneous aquifers

Kaolinite Type 1:1 clay low 
abundance in ocean 
sediments and a high 
abundance in the crust

Weathered granitic rocks porous media and weathered soils
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Feldspar 60% of Earth's crust, 

igneous, metamorphic
Precipitation from magma, 
metamorphic formation

porous media, fractured rocks

Calcite most stable calcium 
carbonate mineral under 
atmospheric surface 
conditions, main constitute 
of limestones and marble

Precipitation in aqueous 
environments, diagenetic 
conditions.

sedimentary porous media, Karstic 
systems, limestone fractured aquifers

242 Table 1. Mineral description and their geological abundance in Earth´s environmental systems, 

243 major formation properties (Klein and Dutrow 2007), and relevance for different types of aquifer 

244 systems. As those minerals are abundant on Earth, their corresponding occurrence in all aquifer 

245 systems is given. 

246 3.2 Mineral inspection and quality

247 Mineral impurities are common in natural settings. While naturally occurring impurities on minerals 

248 may dramatically alter the transport characteristics of NPs, it had to be ensured that the minerals 

249 used herein are of high quality and purity.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4866425

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



14

250

251 Fig. 1. Element contents of mineral samples used (color coded) determined by XRF. Th). Small 

252 amounts of Cl- and Mg2+ in goethite are most likely a result of pre-washing of the mineral during 

253 industrial production.  

Mineral PXRD results 
Quartz quartz, SiO2 (98.08%); orthoclase, KAlSi3O8 (1.92%)

Goethite pure goethite, FeO(OH)

Apatite hydroxylapatite, Ca5(PO4)3(OH), pure

Biotite biotite, K(Mg,Fe)3(AlSi3O10)(OH)2, pure

Kaolinite kaolinite, Al2Si2O5(OH)4 (87.5%), quartz, SiO2 (9.4%), plumbogummite, 
PbAl3(PO4)(PO3OH)(OH)6 (3.10%)

Feldspar antiperthite, albite, (KAlSi3O8) (61.9%), microcline, (NaAlSi3O8) (38.1%), 

Calcite calcite, CaCO3 (99.6%) and quartz, SiO2 (0.4 %)

254 Table 2. Summary of PXRD mineral compositions determined by Rietveld qualitative analysis 

255 (using the Bruker.TOPAS software). Corresponding PXRD diagrams can be found in 

256 supplementary material. The quantitative results are expressed in wt %
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257 The mineral composition of the samples applied in this study is detailed in Table 2 and their chemical 

258 composition measured by XRF in Fig. 1. Apatite assembles major contents of phosphorous and 

259 calcium ions, and the XRD confirms it as hydroxylapatite. A more complex elemental composition 

260 shows biotite containing a mixture of Si, Al, Fe, Mg and K ions and its purity is confirmed by PXRD. 

261 The purity of feldspar (Al, Si, Na, K), quartz (Si) and calcite (Ca, and trace amounts of Si) is confirmed 

262 by both PXRD and XRF measurements. The latter measuring the elements with electron number 

263 greater than 11, thus not registering Na. 

264 The kaolinite sample shows a small admixture of quartz and a mineral belonging to the 

265 plumbogummite family, which explains the small amount of Pb and P found by XRF. Small amounts 

266 of K and Fe, also detected by XRF, are normally adsorbed to kaolinite and point towards the origin 

267 of kaolinite in the zone of rock and ore metamorphism (Error! Reference source not found.Error! 

268 Reference source not found.). In goethite, XRF shows a distinguishable amount of Cl. This may 

269 occur when industrially produced goethite is washed clean with acid, and Cl- ions remain on the 

270 surface. 

271 3.3 Polymer and Mineral ZP as a function of pH 

272 In abiotic settings, the ZP of particles and minerals is considered a good indicator for deducting 

273 adsorption properties. The value for ZP is unique depending on particle surface chemistry, different 

274 ion types, and the electrolytic solution's overall ionic strength (IS) (Bhattacharjee, 2016). A 10% 

275 measurement error on the value of ZP may be expected, while potential measurement uncertainty 

276 is increased close to the iso-electric point (IEP) (Kosmulski, 2009; Nobbmann, 2017). 
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277

278 Fig. 2. ZP across pH in 1 mM KCL experimental solution. a) for non-coated Polystyrene (PS-PLAIN), 

279 for carboxylated polystyrene (PS-COOH), and amine-coated polystyrene (PS-NH2) particles and b) 

280 for minerals used in this study. Overall, the ZP decreases with decreasing pH.Error! Reference 

281 source not found.The ZP of polystyrene (PS) with various surface coatings and minerals is shown 

282 as a function of pH (Fig. 2).  PS-PLAIN and PS-COOH particles and all minerals obtain a negative 

283 charge, contrary to the amine-coated PS, throughout a wide pH range (Fig. 2). At conditions relevant 

284 to the natural environment, i.e., pH from 4.5 to 8.5, charges vary between approximately - 40 and -

285 10 mV, respectively, with the exception of PS-NH2 that remains positively charged. Protonation 

286 (lowering pH) or deprotonation (increasing pH) of a particle surface moves the ZP towards 0 mV with 

287 decreasing pH and vice versa when metal ions are associated at the particle surface (Kirby and 

288 Hasselbrink 2004). Protonation and deprotonation have a minor effect on the ZP of calcite, which is 

289 unstable at low pH. For calcite, charge only indirectly relates to pH as the calcite surface is dominated 

290 by CO3
2- ion between pH 5 and 11 and is thus negatively charged. The surface composition is not 

291 controlled by pH but by Ca2+ and CO3
2- availability in solution. Therefore, pH affects ZP on the surface 

292 of calcite only at constant CO2 pressure where Ca2+ and pH are related (Al Mahrouqi et al. 2017). 
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293 The partial pressure of CO2 was not constant during the measurements presented here. Therefore 

294 calcite was unstable (dissolved), and  ZP values were discarded below pH5.5.

295 For PS-NH2, the influence of OH- groups at the surface causes a reversed trend. Protonation of 

296 amino groups prevails across the entire pH range. Goethite has negative ZPs across the pH range, 

297 and an IEP around 8 is not reached. Goethite´s IEP may vary between pH 5- 9 (Kosmulski 2009; 

298 Shrimali et al. 2016) Depending on mineral impurities. Scaratti et al. (2018) reported similar results 

299 to our measurements for α-FeOOH (goethite) and attributed it to the surface-adsorbed anionic 

300 species, e.g. CO3
2-, SO4

3- . Those anionic species are thus likely to reduce naturally occurring 

301 goethite IEP far below pH 8. XRF analysis identified the presence of Cl- ions associated with the 

302 goethite used herein (Fig. 1). This indicates that the commercial goethite sample was synthesized 

303 with Cl- salts instead of NH4
+ salts. Chloride shows a higher affinity for ion oxides and cannot 

304 exchange OH- groups as easily, producing negative ZP at lower pH. (Ahmed and Maksimov 1968) 

305 Therefore, the streaming potential method applied at the Stabino system captures the minor 

306 presence of Cl- ions at the surface. Different streaming potential methods directing liquid over a 

307 porous sample surface, or the more general electrophoresis method based on current exciting the 

308 sample may not capture such minor impurities. 

309 Apatite´s ZP and IEP strongly depend on the ion type in the background solution and the type of 

310 apatite and elemental impurities. Indeed, IEPs vary between pH 8 in a KNO3 solution for 

311 hydroxyapatite down to pH 6 for fluorapatite (Somasundaran and Wang 1984). A recent study 

312 reported IEP as low as pH 3.5 at ten mM KCl (Zhou et al. 2020). The latter study aligns with our 

313 measurements at 1 mM KCl. Apatite has the potential to release Ca2+ ions to the surrounding solution 

314 as a function of pH, which is shown not to affect the overall electric properties of the apatite (Zhou 

315 et al. 2020). Biotite and kaolinite ZPs align with measurements reported for 1 mM KCl (Filippov et al. 

316 2016).   
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317
318 Fig. 3. HIM images of pure polymers, spherical shapes and monodisperse distribution are 

319 confirmed. 

320 3.4 Mineral- Polymer adsorption

321 The interaction of NP with minerals can be interpreted from measuring NP concentrations in 

322 supernatants before and after a mineral amendment to a suspension. The results of the 

323 spectrophotometrically obtained supernatant NP concentrations expressed as a %- fraction of the 

324 original concentration are shown in Fig. 4. A value of 100 % indicated that all PS particles were 

325 absorbed to the mineral. Thus, the PS was withdrawn from the supernatant and undetected. DLS-

326 particle sizes of the same supernatant are shown in Table 3. Using this measurement, additional 

327 information was gained on particle aggregation (size increase), destruction (size decrease), or 

328 adsorption and settling (no size detection). 

329 Overall, DLS sizes and absorbance measurements agreed, meaning that when no adsorption was 

330 spectrophotometrically detected, the DLS size in the supernatant solution were close to the size of 

331 the original polymer (Table 3).
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332  

333 Fig. 4. Results of 24-hour adsorption experiments at pH5. Changes in NP concentrations in the 

334 supernatant are expressed in % change compared to the starting concentration. If no adsorption 

335 exists, the adsorption percentage yields 0%, while if no NPs are present, the adsorption yields 

336 100%.

337 Adsorption behavior varies between mineral and NP types (Fig. 4). Often, the presence of PS 

338 particles was indicated by D50 occurring at around 100 nm, which is the original PS size. Size 

339 fractions above the background DLS- D50 of PS indicated the formation of heteroaggregates that 

340 remained in the solution after centrifugation.

341
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 PS-PLAIN PS-COOH PS-NH2
DLS-Peak 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd

pure particle 140.6±44 85.4±21 90.2±28.1

Apatite 137±42 87.3±16.8 177 652

Biotite 150±48 258 65.3 7.8 1682

Calcite 168 >1500 88.5±23 5.2 648 4584

Feldpspar 146±58 84.8±23 86±26

Goethite 592 1246 141 1396±772 298

Kaolinite 594 1541 85.4 1138 2566±609

Quartz 183±73 164±110 N.A.

342  

343 Table 3. DLS sizes for pure NP in 1 mM KCl as well as the decanted solution. The measurements 

344 from the decanted solution represent a potential NP-mineral aggregate formed. If present, the 1st, 

345 2nd, and 3rd refer to multiple peaks in the DLS signal. No adsorption is indicated if a single peak is 

346 observed screening the original particle size. Those are highlighted in bold. Partly adsorption is 

347 indicated when a fraction of the original particle size is measured in solution. In contrast, 

348 adsorption is indicated when only larger sizes or no observation can be made (due to gravitational 

349 particle settlement). Values highlighted in red give contradictory information compared to 

350 absorbance measurements. 

351 Generally, the adsorption behavior can be explained by charge-driven interactions, where oppositely 

352 charged materials attract one another. Apatite and feldspar showed potential for the lowest 

353 adsorption affinity for PS independent of their surface coating, which was expressed in an adsorption 

354 percentage close to 0%. This was confirmed by DLS for PS-NH2, where the D50 of 86nm was 

355 recorded close to the PS-NH2 original size (Table 3). 
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356 For PS-PLAIN-Kaolinite and PS-NH2-Kaolinte, effective adsorption was measured (close to 100%), 

357 while two DLS peaks at 594nm and 1541nm for the PS-PLAIN-Kaolinite solution and a single peak 

358 at 2566nm for the PS-NH2-Kaolinite solution were detected. This suggested heteroaggregation (DLS 

359 particle size increase). The lack of an absorbance signal can be attributed to the shielding of Kaolinite 

360 deposition at the PS particle surface. 

361 A further advantage of combining DLS with absorbance measurements is shown for PS-NH2-apatite, 

362 PS-PLAIN—biotite, PS-NH2—goethite, PS-PLAIN—quartz, and PS-COOH—quartz (Table 3, red 

363 highlighted). For example, the absorbance method suggests no adsorption (close to 0%) for Apatite 

364 and PS-NH2, while a larger-sized primary and secondary DLS peak at 177nm and 652nm exists for 

365 these particles, respectively. 

366 3.4.1 Apatite

367 No adsorption of PS-PLAIN and PS-COOH on the surface of apatite was observed, which was 

368 confirmed by DLS, showing the presence of a single peak close to the original polymer size. Despite 

369 the opposite charge between the apatite´s surface and the PS-NH2 as well as theoretical DLVO 

370 calculations, neither adsorption is suggested based on the absorbance measurements. However, 

371 DLS does not confirm these results. The occurrence of two major peaks, with the first peak 

372 approximately double the original polymer size and the second peak at 652nm, suggests aggregation 

373 processes have occurred. The release of Ca2+ ions from the apatite surface may cause 

374 homoaggregation by forming calcium amides and, hence, bridge NH2 functionalized particles 

375 (Speight et al. 2019). The visual inspection of the supernatant with HIM indicates such a process, 

376 where larger homoaggregates are shown among single particle appearances (Error! Reference 

377 source not found.). However, those homoaggregates do not explain a D50 of 652nm as their size 

378 in the HIM image is below that value. The HIM images also show heteroaggregates among the PS-

379 NH2 homoaggregates. Those are approximately of the size of the D50 (Error! Reference source 

380 not found.). Thus, a combination of homo- and heteroaggregates can explain the second observed 

381 DLS peak. Interestingly, Zhu et al. (2003) found only a very small deposition of apatite onto NH2 
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382 surfaces at pH <7.5 using Quartz-Crystal Microbalance with Dissipation (QCMD) measurements. 

383 There, a two-stage process involving EDL interaction (pH > 7) and hydrogen bonding of NH2 head 

384 groups (NH3) (ph<7) is proposed. Unfortunately, neither the pH of the decadent solution or the 

385 elemental composition was measured to confirm such a process. Hence, the underlying mechanism 

386 can only be speculated upon, while HIM images and DLS sizes prove that aggregation occurred.      

387

388 Fig. 5. Theoretical sphere-plate DLVO interaction energies at pH 5.25 in a one mM KCl solution. 

389 PS-PLAIN and PS-COOH show a strong repulsive barrier for all mineral types, while PS-NH2 

390 shows a strong, attractive force component. DLVO can only partly reproduce adsorption 

391 observation, and it can be concluded that its predictive quality fails for more complex mineral 

392 compositions.

393 3.4.2 Feldspar

394 The adsorption results and DLS results align and show that NPs do not adsorb onto feldspar as well 

395 as reflect the original D50 particle size. From DLVO, adsorption between PS-NH2 particles and 

396 feldspar was expected (Fig. 5). Yet, the lack of adsorption between PS-NH2 and feldspar may be 

397 explained by surface free energies (Lewis-Acid base), which create a steric force component. In the 

398 presence of amino groups, feldspar increases surface hydrophobicity (Karagüzel et al. 2005), 

399 preventing the attachment of amine- coated PS. Moreover, surface adsorption onto feldspar may be 

400 influenced by the configuration of the Lewis-acid base interaction energies. The same study shows 
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401 that upon grinding, the feldspar surface mainly becomes a basal plane surface (-OH endings), where 

402 the Lewis-electron acceptor component (ys
+) is larger than the Lewis-electron donor component (ys). 

403 Consequently, PS-NH2 is less likely to adsorb onto the mineral surface.

404 3.4.3 Biotite

405 Based on absorbance measurements, adsorption of different magnitudes was suggested between 

406 biotite and all NP types (i.e., PS-PLAIN and PS-NH2 nearly 100%) (Fig. 4). Helium-ion microscope 

407 images also showed PS-PLAIN-biotite aggregates (Fig. 6). General DLVO calculations suggests that 

408 only adsorption of PS-NH2 on biotite is due to opposite charge interaction (Fig. 5). However, the 

409 DLS measurements show particles around the nominal diameter of PS-PLAIN in solution. The DLS 

410 of the PS-COOH groups show a primary peak at 258 nm and a secondary peak at ~65nm, which is 

411 close to the nominal diameter (Table 3). The presence of two size fractions in PS-NH2 particles is 

412 also observed (7.8nm and 1682nm). Potentially, net-negative charged biotite particles adsorb onto 

413 positive charged PS-NH2 particles, forming hetero-aggregates and thus shielding the actual polymer 

414 for the absorbance signal. This would explain the low spectrophotometric detection and the presence 

415 of a larger size fraction in the supernatant. Despite the strong repulsive barrier present (Fig. 5), biotite 

416 may still attach NP via its positive Mg+ and Al+ edges. Bray et al. 2014 show how metal release 

417 mechanisms of biotite strongly depend on the pH of the solution, while the net charge of the biotite 

418 surface is unaffected. More specifically, they show that around pH 5 (experimental pH used herein), 

419 biotite contains only low amounts of Mg2+, while Al+ remains exposed on the edges. Additionally., 

420 it is shown that biotite grain edges exceed the reactivity of the basal planes between 71-131 times 

421 (Hodson 2006). Hence, PS-PLAIN may adsorb onto the positively charged edges of the biotite 

422 mineral. A slightly modified mechanism can explain the observed adsorption for PS-COOH NPs. 

423 Here, divalent positive Mg2+ ions bridge the COOH groups at the polymer surface and cause 

424 adsorption. This mechanism is well known for organic matter in the presence of COOH groups 

425 (Adusei-Gyamfi et al. 2019). But it is less effective for Mg2+ due to the affinity for Mg to water, where 
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426 COOH groups cannot dehydrate Mg effectively (Carter-Fenk et al. 2021) yielding less effective 

427 bridging. 

428 3.4.4 Calcite

429 From the absorbance measurements, calcite- PS interaction was considered charge driven, as 

430 similar charged PS-PLAIN and PS-COOH remained in solution, while PS-NH2 particles were fully 

431 absorbed. This process was largely confirmed from the DLS measurements, where the original 

432 sizes of the plain and COOH polymers are still in solution. The PS-NH2 sample shows three 

433 peaks, with the largest occurring at 648 nm and a second even larger peak at 4588 nm. This 

434 suggests the occurrence of aggregation processes. HIM inspection does not show clear PS-NH2-

435 calcite aggregates formations, but rather points towards homoaggregation of PS-NH2 (Error! 

436 Reference source not found.). The presence of divalent ions Ca2+ in solution can be an effective 

437 coagulant if the concentration is close to the critical coagulation concentration (CCC). This 

438 suggests that calcite is dissolved and the release of Ca2+ into solution provoked homoaggregation 

439 of the particles causing a large range of DLS sizes. 

440 3.4.5 Kaolinite

441 The 1:1 clay kaolinite effectively adsorbs PS-PLAIN and PS-NH2, while it does not effectively adsorb 

442 PS-COOH. The adsorption behavior for PS-NH2 is predicted with DLVO (Fig. 5) as well as confirmed 

443 by DLS measurements (Table 3). In contrast, PS-PLAIN and PS-COOH show modified adsorption. 

444 Kaolinite has a high charge heterogeneity with net-negative charge but carries positively charged 

445 Al+ ions on the edges, which, depending on pH and IS, initiates aggregation processes. The 

446 increasing role of positive charge groups at the kaolinite surface is shown at pH below 6- 6.5 and at 

447 IS of 1 mM NaCl (Tombácz and Szekeres 2006). While ZP under current study conditions of pH 5.5 

448 is net negative (Fig. 2), positive chargers are present.    Consequently, PS-PLAIN particles without 

449 any surfactant will be attracted to the positive sites and thus get adsorbed to the kaolinite matrix, that 

450 is also expressed in the DLS primary sizes of 594nm. DLVO calculations cannot confirm that 

451 process, as it does not account for charge heterogeneities. Adsorption to kaolinite is low to PS-
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452 COOH likely due to the strong steric force component introduced by the -COOH groups on the 

453 polymer. Those stabilize the polymer against aggregation, which is also confirmed by the DLS 

454 measurements. 

455 3.4.6 Goethite

456 Goethite showed a high affinity for negatively charged particles of PS-PLAIN and PS-COOH, while 

457 no adsorption to the PS-NH2 particles occurred. From the DLS measurements, a larger fraction was 

458 still present in the PS-PLAIN and PS-COOH of 592nm and 1396, respectively. This suggests either 

459 homoaggregates or heteroaggregates between iron hydroxyl-oxide and polymers. No absorbance is 

460 detected at the wavelength of 220nm from the absorbance spectra of goethite (Error! Reference 

461 source not found.). This suggests that goethite or an iron species coats the polymer surface and 

462 shields it when absorbance is measured. Hence, no absorbance at 220nm was detected. Based on 

463 our ZP measurements and the consequent DLVO calculations, such interactions are not suggested 

464 (as discussed above). Nonetheless, it is commonly observed that attractive electrostatic interactions 

465 between iron oxides and negatively charged polymers occur (i.e., Alimi et al. 2018; Zhang et al. 

466 2020). The visualization of such hetero-aggregates confirms the adsorption between the PS-PLAIN 

467 and goethite (Fig. 6A and Error! Reference source not found.). No adsorption occurred between 

468 goethite and PS-NH2 due to similar charges for the two phases. Nonetheless, DLS measurements 

469 of the PS-NH2- goethite supernatant show a peak at 298nm (Table 3) and HIM imaging shows 

470 clearly homoaggregates (Error! Reference source not found.), evidently pointing towards 

471 homoaggregate not adsorbed to the mineral phase. Different mechanisms may cause the release of 

472 iron from goethite in the presence of organic molecules. Particularly at lower pH <8, the release of 

473 Fe(III) species from the surface is common (Li et al. 2022). Those may attach to the surface of the 

474 PS-NH2 particles and cause a partial aggregation, which the DLS detects (Table 3) and HIM imaging 

475 confirms (Error! Reference source not found.).
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476

477 Fig. 6. HIM image of the mineral-plastic interface in the pellet. 

478 3.4.7 Quartz

479 Quartz showed effective adsorption to all NPs despite the similarly charged surfaces of PS-PLAIN 

480 and PS-COOH, while this was expected only for PS-NH2 according to the DLVO. The measured 

481 DLS sizes show a small size increase of the PS-PLAIN and PS-COOH supernatant, while no signal 

482 was detected for the PS-NH2 supernatant. The latter evidently pointed towards an effective 

483 adsorption of PS-NH2 and was confirmed by HIM images (Error! Reference source not found.A). 

484 Furthermore, the HIM images of the pellet and supernatant for PS-PLAIN and PS-COOH with quartz 

485 can explain the observed discrepancy between absorbance - and DLS measurements. Adsorption 

486 of PS-Plain to the quartz pellet is indicated by HIM images (Fig. 6). HIM imaging did not detect PS-

487 PLAIN and PS-COOH NPs in the supernatant (Error! Reference source not found.B and C), but 

488 quartz particles below 1 µm were visible. Thus, the DLS sizes of 183 nm and 164 nm for the PS-

489 PLAIN and PS-COOH supernatants are misleading and reflect suspended quartz particles, not NPs.

490 The attraction between PS-PLAIN and PS-COOH as exemplified in Fig. 6, can be explained by the 

491 small amount of orthoclase measured by PXRD (Table 2). Orthoclase has Al3+ sides, with local 

492 positive charges, which create attractive adsorption conditions for PS-PLAIN and PS-COOH. 

493 Alternative processes can take place at the quartz surface which can explain such unexpected 

494 adsorption behavior. Breaking Si-O bonds upon grinding, the oxide surface becomes unsaturated 
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495 and in contact with water becomes hydroxylated which changes its surface physiochemical 

496 properties. When PS and particular PS-COOH are present in that water, the polymers OH- ending 

497 may absorb the unsaturated endings (Zheng et al. 2024). However, such a process is speculative 

498 and may be interfered with by water molecules, creating a hydration layer on the quartz surface (non-

499 DLVO force “solvation”) and thus creating a near-surface repulsive energy barrier. To investigate 

500 such a process, a different study with a different hypothesis needs to be set up.        

501 The interactions between different functionalized NPs and the minerals evaluated in this manuscript 

502 is presented in a conceptual manner to display the processes described in this study in Fig. 7.

503

504 Fig. 7. Conceptual summary of adsorption results of different functionalized nanoplastic with 

505 various minerals. If not otherwise stated, electrostatic interaction was not dominant, and other 

506 processes may be more relevant. Additional DLS measurements of the supernatant were 

507 beneficial for indicated minerals to explore mechanisms between NPs and minerals.   

508
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509 4. Implications and Conclusion

510 Nanoparticles released into the aquatic environment interact with minerals in the subsurface 

511 environment. Here, we study the interaction of different surface-modified polystyrene nanospheres 

512 with the most abundant mineral species in terrestrial freshwater environments. The interaction is 

513 explored using batch adsorption experiments in combination with DLS measurements, visual 

514 inspection using HIM and compared with theoretical DLVO calculations. We show that mineral-

515 specific interactions with PS particles exist. The interaction is largely charge-driven as DLVO 

516 theory overall aligns well with the observation. However, theoretical calculations fail to predict 

517 interactions when a more complex mineralogical structure is present and specific ion binding and 

518 bridging processes dominate the interaction. 

519 Main findings include:  

520 - Zeta potential varies greatly with pH for minerals and nanoplastics, while under 

521 environmentally relevant pH conditions (pH 4.5-8), stronger negative charges are 

522 predominant for both minerals and PS

523 - The interaction between minerals and plastic is mainly charge-driven, where Zeta potential 

524 is a good indicator of their interaction behavior

525 - Clay minerals may not be efficient in removing NP particles from the liquid phase under 

526 environmentally relevant pH conditions

527 - More complex interaction is often associated with -NH2 groups at the polymer surface 

528 - Bridging interaction occurs when Ca-containing minerals are present, minerals with Al- edges 

529 or Fe- release drive specific ion binding interaction, and Phosphor induces hydrogen bonding 

530 mechanisms   

531 Our findings highlight implications for the fate and transport processes of nanoplastic in terrestrial 

532 freshwater environments. The mineral interaction with nanoplastic particles impacts nutrient-rich 

533 interfaces at the hyporheic zone or wetlands, groundwater discharge zones in agriculturally impacted 
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534 streams or lakes, redox boundaries in the aquifer, recharge areas near coastal saltwater wedges, 

535 and wastewater treatment plants. 

536 In future studies, mineral-plastic interaction should be studied more systematically regarding aquifer 

537 and groundwater-related systems' biogeochemical and mineral complexity. This study indicates that 

538 biogeochemical and mineralogical composition controls the attachment and release of NP in 

539 porewaters, and therefore determining its transport in aquifers.    
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