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a b s t r a c t 

Dissolved black carbon (DBC), widely found in soil and water environments is likely to affect the transport 

of nanoplastics in aquatic environments. The aggregation and deposition behaviors of fresh and aged 

polystyrene nanoplastics (PSs) with and without DBC in NaCl solution were investigated by time-resolved 

dynamic light scattering (DLS) and quartz crystal microbalance with dissipation monitoring equipment 

(QCM-D) techniques. The results suggest that DBC can screen the surface charges of PSs by interacting 

with PSs through hydrogen bonding, hydrophobic interactions and π- π interactions, although they were 

negatively charged. DBC promoted the aggregation of PSs under relatively low ionic strengths, and it 

minimally affected the stability of PSs under high ionic strength. Deposition experiments showed that 

both DBC in salt solution and DBC adsorption on silica surface facilitated the deposition of fresh PSs 

while HA inhibited both deposition processes. After aging, PSs were more stable, and the effects of DBC 

and HA were weakened. This study investigated the influence mechanism of DBC on the aggregation 

and deposition behaviors, which provides new insights into the stability and transport of PSs in complex 

aquatic environments. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

The extensive usage of plastic materials results in the ex- 

ess release into the environment, which constitute up to 60–

0% of marine litter ( Eerkes-Medrano, Thompson et al. 2015 , Erni- 

assola, Gibson et al. 2017 , Alimi, Farner Budarz et al. 2018 ). Af-

er chemical degradation, biodegradation, photodegradation, ther- 

al degradation, and mechanical abrasion, these plastics can 

re continuously broken down to form microplastics (MPs) with 

izes of 0.1 mm–5 mm or nanoplastics (NPs) with sizes of < 

00 nm ( Alimi, Farner Budarz et al. 2018 , Mao, Ai et al. 2018 ,

u, He et al. 2019 , Mao, Li et al. 2020 , Mao, Li et al. 2020 ).

Ps might be discharged from wastewater treatment plants into 

he environment, or migrate into rivers and oceans via atmo- 

pheric deposition or overland runoff ( Bergami, Pugnalini et al. 

017 , Besseling, Quik et al. 2017 , Cai, Hu et al. 2018 ). After expo-
∗ Corresponding author. 
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ure to aquatic environments, NPs can be ingested by a wide range 

f aquatic organisms including mammals ( Besseling, Foekema et al. 

015 ), fish ( Alomar and Deudero 2017 ) zooplankton ( Cole, Lind- 

que et al. 2016 ), and phytoplankton ( Mao, Ai et al. 2018 ), caus-

ng cytotoxicity and metabolic disorders. NPs can undergo vari- 

us transformations, including aggregation, deposition, aging, or 

egradation ( Eerkes-Medrano, Thompson et al. 2015 , Aller 2016 , 

esseling, Quik et al. 2017 , Alimi, Farner Budarz et al. 2018 , 

nfrin, Dumee et al. 2019 ), which are closely associated with their 

ate and toxicity in environments. Previous studies have inves- 

igated the environmental behavior of NPs in soils and waters 

 Summers, Henry et al. 2018 , Liu, Hu et al. 2019 , Mao, Li et al.

020 , Wang, Zhao et al. 2021 ). NPs exhibit high colloidal sta- 

ility under common water conditions ( Wu, Jiang et al. 2019 , 

u, Shen et al. 2019 , Shams, Alam et al. 2020 , Wang, Zhao et al.

021 ). Mao et al. reported that the critical coagulation concentra- 

ion (CCC) of polystyrene (PS) NPs was 590 mM for Na + and 74 

M for Ca 2 + ( Mao, Li et al. 2020 ). Similarly, Shams et al. also con-

luded that CCC values of PSs were 10 mM for CaCl 2 , 800 mM for

aCl and 25 mM for MgCl 2 ( Shams, Alam et al. 2020 ). In addition

o the homoaggregation behavior of NPs in synthetic and natural 

https://doi.org/10.1016/j.watres.2021.117054
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2021.117054&domain=pdf
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aters, heteroaggregation with natural colloids and nanoparticles 

lso plays an important role in their transport and bioavailabil- 

ty in aquatic systems ( Long, Paul-Pont et al. 2017 , Cai, Hu et al.

018 , Oriekhova and Stoll 2018 , Liu, Hu et al. 2019 ). A certain con-

entration of negatively charged alginate and Fe 2 O 3 can destabi- 

ize PSs with amino functional groups due to charge neutraliza- 

ion, while further increasing the alginate and Fe 2 O 3 concentra- 

ions could induce charge inversion, thereby reducing the aggre- 

ate sizes ( Oriekhova and Stoll 2018 ). Extracellular polysaccharides 

romote the interactions of PS MPs and marine phytoplankton, re- 

ulting in species-specific heteroaggregation ( Long, Paul-Pont et al. 

017 ). Large suspended sediment with sizes of 10 0–50 0 mm sig- 

ificantly increased the aggregation and settling of PSs with an av- 

rage diameter of 100 nm while the presence of humic acid (HA) 

ecreased the heteroaggregation between suspended sediment and 

Ss because of steric repulsion ( Liu, Hu et al. 2019 ). Although pre-

ious studies have provided some insights into the heteroaggre- 

ation behaviors of NPs, the mechanisms of heteroaggregation be- 

ween NPs and natural colloids as well as nanoparticles require fur- 

her investigation. 

Black carbon (BC), an important carbon component of soil and 

ediment systems, has attracted widespread attention in agricul- 

ural and environmental fields because of its roles in many related 

iogeological processes, including the transport of contaminants, 

arbon cycling, and soil conditioners ( Ouyang, Zhao et al. 2016 , 

u, Fu et al. 2016 ). With the rainfall and irrigation, BC can release

 water-soluble fraction called dissolved BC (DBC) into aquatic 

nvironments ( Xu, Wei et al. 2017 ), which accounts for approxi- 

ately 10% of dissolved organic carbon in rivers and 2% in oceans 

lobally ( Hopkinson and Vallino 2005 , Dittmar and Paeng 2009 , 

ittmar, de Rezende et al. 2012 , Rudolf Jaffé, Yan Ding et al. 2013 ).

n addition, particulate or nanoparticulate BC might form because 

f the physical disintegration of BC after aging and weathering in 

he environment ( Qian, Zhang et al. 2016 ). In China, particulate BC 

ccounted for 13 ± 0.9% and 22 ± 11% of the particulate organic 

arbon pools in the Changjiang and Huanghe rivers, respectively 

 Xu, Xue et al. 2016 ). Previous studies have suggested that DBC ex- 

ibits high stability under environmental conditions ( Xu, Wei et al. 

017 ). Xu et al. found that DBC is hard to aggregate even at 800

M Na + or Mg 2 + solutions because of the strong hydration force 

 Xu, Wei et al. 2017 ). The CCC values of DBC produced at 400 °C
nd 700 °C were 700 and 140 mM for Na + ( Lian, Yu et al. 2019 ).

n addition, as DBC has abundant aromatic domains and oxygen- 

ontaining functional groups such as carboxyl ( −COOH) and hy- 

roxyl ( −OH) groups, it might exhibit strong affinity to environ- 

ental pollutants and soil matrices ( Harvey, Herbert et al. 2011 , 

ao, Gao et al. 2014 , Lian and Xing 2017 , Alam, Gorman-Lewis et al.

018 , Luo, Chen et al. 2019 , Xu, Ou et al. 2020 ). Considering its high

obility and reactivity, DBC is expected to have an impact on the 

ransport and fate of associated contaminants, such as NPs. 

Owing to their high surface-to-volume ratio and high surface 

ydrophobicity, NPs exhibit strong affinities toward a range of 

ydrophobic organic chemicals such as polychlorinated biphenyls 

PCBs), polycyclic aromatic hydrocarbons (PAHs) and perfluorinated 

urfactants ( Chua, Shimeta et al. 2014 , Velzeboer, Kwadijk et al. 

014 , Huffer and Hofmann 2016 , Liu, Fokkink et al. 2016 , 

iu, Ma et al. 2018 ). PSs have higher adsorption ability to PCBs than

olyethylene MPs because of the higher aromaticity and surface- 

olume ratio of PSs ( Velzeboer, Kwadijk et al. 2014 ). The π–π in- 

eractions between PAHs and the aromatic polymer PS contributed 

o the high and nonlinear adsorption ( Liu, Fokkink et al. 2016 ). 

ith adequate aromatic components, DBC might strongly adsorb 

o the surface of NPs via hydrophobic interactions and π–π inter- 

ctions, thereby impacting the transport of NPs. However, limited 

esearch has investigated the impact of DBC on the transport of 

Ss in aquatic environments. 
2 
In this study, to investigate the effect of DBC on the stability 

nd transport of PSs, the aggregation and deposition behaviors of 

rimary and aged PSs with and without DBC or HA were studied. 

irst, the DLS method was applied to study the aggregation behav- 

or of the aggregation kinetics of PSs with and without DBC from 

arious sources. Moreover, the QCM-D technique was utilized to 

xamine the deposition of individual PSs on the SiO 2 surface, the 

o-deposition behavior of DBC and PSs on SiO 2 surface, and the 

eposition of PSs on the DBC-modified SiO 2 surface. 

. Materials and methods 

.1. Materials 

A PS stock solution (aqueous suspension) with a diameter of 

.05 –0.1 μm was purchased from Macklin Biochemical Co., Ltd 

Shanghai, China). The stock solution had a particle concentra- 

ion of 2.5% w/v (i.e., 25 g/L) of PSs without surface modification. 

rior to the experiments, the PS suspension was prepared by di- 

uting the stock solution with ultrapure water to obtain 40 mg/L 

S. A final PS concentration of 10 mg/L was used in all experi- 

ents, which was selected as a representative nanoplastic concen- 

ration commonly applied in previous studies ( Liu, Hu et al. 2019 , 

u, Shen et al. 2019 , Liu, Huang et al. 2020 , Wang, Zhao et al.

021 ). 

The PS aging experiments were conducted in an aging chamber 

quipped with a UV lamp (UVC-254 nm, 15W). A 250 mL suspen- 

ion of 40 mg/L PS was added to a quartz vial and a UV lamp was

nserted into the reactor. The sample was exposed to UV light for 

ither 12 h or 24 h and stirred constantly to ensure uniform expo- 

ure. The unaged samples and PSs aged for 12 h and 24h, named 

S 0 , PS 12 and PS 24 , respectively, were stored at 4–8 °C before use. 

DBC originating from biochar was prepared by an ultrasonic 

ethod ( Luo, Xu et al. 2015 , Xu, Wei et al. 2017 ); the detailed pro-

edure is presented in Text S1 of the Supplementary Material. Dif- 

erent types of DBC were prepared using maize straw biochar (py- 

olyzed at 500 °C and 300 °C), wood and rice straw biochar (py- 

olyzed at 500 °C) as raw materials, termed MS5, MS3, WO, RS, re- 

pectively. HA, was purchased from Sigma-Aldrich (CAS 1415- 93- 6 ) 

nd used as a representative aquatic humic substance. The total or- 

anic carbon (TOC) content of DBC and HA solutions was measured 

o determine their concentrations. The MS5, MS3, WO, RS and HA 

tock solution with a concentration of 10 mg C/L were stored at 

–8 °C prior to the experiments. According to published values 

f dissolved organic carbon (DOC) and DBC (0.001–3.7 mg C/L) in 

quatic environments ( Ding, Cawley et al. 2014 , Wagner, Jaffé et al. 

018 ), the experimental concentrations of DBC and HA were se- 

ected as 2 mg/L. 

.2. Characterization of PSs and DBC 

The structural properties and functional groups of unaged and 

ged PSs, DBC, and HA samples were determined by Fourier trans- 

orm infrared spectroscopy (FTIR). FTIR analysis was performed us- 

ng the KBr tablet method with wavenumbers ranging from 400 

o 40 0 0 cm 

−1 . X-ray photoelectron spectroscopy (XPS) was used 

o characterize the surface chemical compositions of these sam- 

les ( Qu, Fu et al. 2016 ). The XPS measurements were performed 

ith a PHI 50 0 0 Versaprobe system (ULVAC-PHI, Japan) using 

onochromatized Al K α radiation ( h ν = 1486.6 eV). All samples 

ere freeze-dried before FTIR and XPS characterization. The hy- 

rodynamic sizes and zeta potentials of PSs were measured at 25 

C via dynamic light scattering (DLS) using a Zetasizer Nano ZS90 

Malvern Instruments, UK) operated with a HeNe laser at a wave- 

ength of 633 nm and a scattering angle of 90 °. To determine effect 

f DBC and HA on the surface charge of PSs, the zeta potentials of 

https://www.sigmaaldrich.com/catalog/search?term=1415-93-6ceinterface=CAS%20No.ceN=0cemode=partialmaxcelang=zhceregion=CNcefocus=product
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Ss with or without DBC and HA were measured over a range of 

aCl concentrations at pH 7 (adjusted by using 0.1 M NaCl and 

Cl). Each sample was measured in triplicate, with 10 runs per 

easurement. 

.3. Aggregation kinetics measurements 

The aggregation kinetics of PSs under various solution were 

etermined by time-resolved DLS measurements using a Malvern 

etasizer instrument (Nano ZS, Malvern, UK) with a He–Ne laser 

t a wavelength of 633 nm and a fixed scattering angle of 90 °
 Xu, Ou et al. 2020 ). Prior to each measurement, the PS samples

ere sonicated in a water bath for 15 min. During the aggregation 

easurements, 1.5 mL of the PS suspension was added to the DLS 

olystyrene cuvette, followed by the addition of 1.5 mL of the pre- 

ared NaCl solution. For the aggregation processes in the presence 

f DBC and HA, the PSs, DBC, HA and NaCl solutions were mixed 

n a certain proportion. The final concentrations of PSs and DBC 

ere 10 mg/L and 2 mg TOC/L, respectively. The time-resolved DLS 

easurements continuously monitored the average hydrodynamic 

iameter of PSs every 30 s for 30 min, with no delay between 

easurements. All measurements were conducted in triplicate to 

ncrease statistical power for data analysis. 

The aggregation kinetics of PSs in the initial stage were evalu- 

ted by measuring the initial rate of change in hydrodynamic size 

D h ) over time t. The initial aggregation rate constant (k) was pro- 

ortional to the initial rate of increase in D h and inversely propor- 

ional to the initial PS concentration of PSs in the suspension (M 0 ) 

 Equation (1) ) ( Jiang, Raliya et al. 2016 ). 

 ∝ 

(
d D h ( t ) 

dt 

)
t→ 0 

M 0 

, (1) 

The initial rate of the linear increase of D h for PSs with time 

dD h (t)/dt) was determined from t = 0 to the time when D h 

eached 1.5D h0 . The value of dD h (t)/dt was calculated using a lin- 

ar least squares regression analysis. The attachment efficiency ( α) 

pplied to characterize the stability of PSs was calculated by nor- 

alizing k under different solution conditions to k f under fast ag- 

regation conditions ( Liu, Legros et al. 2013 ). 

= 

k 

k f 
= 

(
d D h ( t ) 

dt 

)
t→ 0 (

d D h ( t ) 
dt 

)
t→ 0 , fast 

, (2) 

.4. Deposition experiments 

The PS deposition experiments in aquatic solution were per- 

ormed using a QCM-D D300 system (Q-Sense AB, Gothenburg, 

weden). The selected silica (SiO 2 , QSX 303) surface purchased 

rom Q-sense AB was a representative environmental surface. 

CM-D experiments were conducted to monitor changes in the 

requency ( �f ) of a 5 MHz AT-cut quartz sensor crystal. The QCM 

ensors were cleaned according to the standard cleaning protocols 

ecommended by the Q-sense (Text S2) prior to each deposition 

xperiment. The flow rate of the solution was controlled at 0.15 

L/min, and the experiment was performed at 25 °C. 

To investigate the effect of DBC on the deposition behavior of 

Ss on silica surfaces. The deposition of individual PSs on the SiO 2 

urface, the co-deposition behavior of DBC and PSs on the SiO 2 sur- 

ace, and the deposition of PSs on the DBC-modified SiO 2 surface 

ere examined. In each deposition experiment, the QCM-D system 

as first pre-equilibrated with the desired salt solution to obtain 

 stable baseline at 0.15 mL/min. For the first case, the prepared 

S suspension (10 mg/L) in desired salt solution was then injected 

nto the crystal chamber to obtain the frequency shift curve. For 

he co-deposition process, PS suspension (10 mg/L) with 2 mg C/L 
3 
BC or HA in the desired salt solution was injected to obtain the 

requency shift curve. For the last case, DBC or HA samples (2 mg 

/L) were first injected to obtain a stable baseline, then the de- 

ired salt solution was injected to remove the unabsorbed DBC or 

A. Finally, the PSs in the desired salt solution were injected. 

The continuous increase in the mass of the deposited PSs or 

BC ( �m ) can lead to a shift in the resonance and overtone fre-

uencies ( �f ), described by the Sauerbrey relationship: 

m = −C� f n 

n 

, (3) 

Where n is the overtone number (n = 3 in this study) and C is

he crystal constant (17.7 ng/Hz/cm 

2 when f = 5 MHz). 

The initial deposition rate ( r D ), quantified by the initial shift of 

he normalized frequency at a given period, was obtained to deter- 

ine the deposition kinetics ( Chen and Elimelech 2006 ). 

 D = 

d� f 3 
dt 

, (4) 

. Results and discussions 

.1. Characterization of PSs and DBC 

The particle size, morphology, and hydrodynamic size of pri- 

ary PSs and DBC were determined by SEM and DLS measure- 

ents. The SEM images showed that the average diameter of the 

Ss was 50 nm, exhibiting a regular spherical morphology (Fig. S1). 

LS measurement showed the average hydrodynamic size of PSs 

as 117.8 ± 5.7 nm. DLS was further used to determine the zeta 

otential of the PSs (Fig. S2). The fresh PSs had strong negative 

urface charge with a ζ -potential of 44.4 ± 1.3 mV as measured at 

0 mM NaCl and pH 7 (Fig. S2), which indicated that the fresh PSs 

ere very stable ( Liu, Hu et al. 2019 , Liu, Huang et al. 2020 ). Af-

er UV radiation, the ζ -potential of PSs barely changed (41.4 ± 3.5 

V for PS 12 and 43.3 ± 1.8 mV for PS 24 at 10 mM NaCl and pH

) (Fig. S2), which was similar to the results of previous studies 

 Liu, Hu et al. 2019 ). The hydrodynamic size of fresh PSs decreased

o 98.1 ± 4.1 and 70.9 ± 4.4 nm at 12 and 24 hours after UV ir-

adiation, respectively (Fig. S3). FTIR and XPS were further used to 

haracterize the functional groups and surface elemental composi- 

ion of fresh and aged PSs ( Fig. 1 , S4 and Table S1). For fresh PSs,

ypical adsorption peaks were identified at 1500 and 1649 cm 

−1 

hat corresponded to C = C stretch of aromatic ring and alkene, re- 

pectively ( Liu, Hu et al. 2019 , Mao, Li et al. 2020 ). Aromatic C–H

ending contributed to the adsorption peaks at 698 and 831 cm 

−1 

 Luo, Chen et al. 2019 ). For PS 12 and PS 24 , the broad adsorption

eaks of C = O stretching (1600–1755 cm 

−1 ) implied the formation 

f hydrophilic groups after ageing. Moreover, the polarity indexes 

(O + N)/C] of PS 0 , PS 12 , and PS 24 were 0.07, 0.11, and 0.18, respec-

ively (Table S1), suggesting aged PS contained more polar func- 

ional groups ( Lian, Yu et al. 2019 , Liu, Hu et al. 2019 ). 

The SEM images showed that the morphology of DBC was irreg- 

lar, and the particle size was not uniform or definite (Fig. S1). All 

BCs were negatively charged and the ζ -potential of DBC generally 

ollowed WO > RS > MS5 > MS3 (Fig. S5). FTIR was used to an-

lyze the surface functional groups of the DBC ( Fig. 1 ). The strong

bsorbance at 3361, 1622, 1400, 1251, and 1120 cm 

−1 of MS5 sug- 

est that it contained O-containing functional groups such as C–

–C, –OH, and C = O groups ( Lian, Yu et al. 2019 ). Additionally, the

nsaturated aromatic C = C stretching at 1560 cm 

−1 and aromatic 

–H bending (625–900 cm 

−1 ) indicated the abundance of aromat- 

cs ( Luo, Chen et al. 2019 ). Similarly, FTIR also indicated that the 

resence of O-containing functional groups and aromatic compo- 

ents in MS3, WO, RS and HA ( Fig. 1 ). The polarity indexes of MS5,

S3, WO, RS and HA were 0.45, 0.50, 0.37, 0.42, 0.45, respectively, 

nd almost followed WO < RS < MS5 ≈ HA < MS3 (Table S1). 
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Fig. 1. The FTIR spectra of samples. (a) fresh and aged PSs, (b) DBC and HA. 
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Additionally, the ζ -potential of PSs in the presence of MS5, 

S3, WO, RS and HA in a range of NaCl concentrations were mea- 

ured (Fig.S2). Interestingly, the addition of a certain amount of 

BC reduced the ζ -potential of PSs. Both the DBC and PS were 

egatively charged (Fig. S5), but a decrease in the negative charge 

n the PSs was observed in this study. Owing to the abundance 

f O-containing groups and aromatic constituents of DBC, other in- 

eractions such as hydrogen-bonding, hydrophobic and π- π inter- 

ctions may overcome electrostatic repulsion, resulting in the ad- 

orption of DBC onto the PS surface. Thus, the partial charge of 

Ss was shielded by BC molecule distributed unevenly on the PS 

urface. The ζ -potential increased more when the concentration of 

dded DBC (MS5) was higher, which indicated the spatial shielding 

f the surface charge was enhanced. In addition, the ζ -potential of 

Ss in the presence 2 mg C/L MS5, MS3, WO, RS almost followed 

O > RS > MS5 > MS3 (Fig. S2). However, the ζ -potential of PSs 

emained almost constant in the presence of HA (Fig. S2). Previous 

tudy also reported that HA had little or no effect on the surface 

harge of PSs ( Liu, Huang et al. 2020 ). 

.2. Aggregation behaviors of PSs 

.2.1. DBC enhanced aggregation of fresh PSs 

DBC had a different refractive index, and the DLS signal was 

ainly derived from PSs as the solution contained more small PSs. 

o identify the effect mechanism of DBC on the aggregation kinet- 

cs of fresh PSs, 1, 2, and 5 mg C/L MS5, 2 mg C/L MS3, WO and

S were selected to conduct the aggregation experiments. Fig. 2 

hows the change of hydrodynamic size of fresh PS 0 with time af- 

er the addition of DBC at different concentrations at several se- 

ected NaCl concentrations. As observed, all DBC appeared to in- 

rease the hydrodynamic size of fresh PSs to a certain extent un- 

er 200 mM NaCl solution. Taking MS5 as an example, with the 

ncrease in DBC concentration, the hydrodynamic size of fresh PSs 

ncreased more obviously. Particularly, after adding 5 mg C/L DBC, 

he particle size increased significantly to 600 nm within 30 min, 

hile individual PS 0 maintained high stability in 200 mM NaCl so- 

ution. The SEM images reveal that PS 0 were partially connected, 

mplying that aggregation was not obvious in this case (Fig. S6a). 

owever, parts of the PS 0 attached to the DBC surface and clus- 

ered together (Fig. S6b) in the presence of DBC. Therefore, DBC 

as conducive to the aggregation of PS 0 to some extent. Accord- 

ng to the change in the ζ -potential of the PSs in Fig. S2, the re-
4 
uced electrostatic repulsion was responsible for the increased ag- 

regation of PSs. However, when the ionic strength exceeded 400 

M, the positive effect of DBC on PSs aggregation weakened and 

ven disappeared. The SEM images also indicated that PSs signifi- 

antly aggregated in 500 mM NaCl solution compared to low ionic 

trength (Fig. S6c). Although DBC can form heretoaggregates with 

ome PSs, only a minimal effect on the average aggregate size was 

bserved (Fig. S7d). Thus, the presence of DBC is not significantly 

nfluential on the hydrodynamic size of PSs under high salt con- 

entrations, which is attributed to the low stability of individual 

Ss and the limited impact of DBC. 

The aggregation efficiency of PSs with or without MS5 under 

arious salt concentrations was used to further quantify the aggre- 

ation kinetics of PSs ( Fig. 3 a). The initial stage when the aggrega-

ion efficiency of PSs increased with an increase in ionic strength 

as called the reaction-limited stage, which basically conformed 

o the DLVO theory ( Huangfu, Ma et al. 2019 , Huangfu, Xu et al.

019 , Xu, Ou et al. 2020 ). Under high ionic strength, the adsorp-

ion efficiency was close to 1 and remained almost constant, in- 

icating that the energy barrier was completely shielded and the 

ggregation rate reached its maximum. This process is known as 

he diffusion-limited stage ( Liu, Hu et al. 2019 , Shams, Alam et al. 

020 ). The ionic strength corresponding to the transition from 

he reaction-limited stage to the diffusion-limited stage is called 

he CCC, which is usually used to evaluate the particle stabil- 

ty under different environmental conditions ( Liu, Hu et al. 2019 , 

ao, Li et al. 2020 , Shams, Alam et al. 2020 ). The CCC value of PSs

easured in this study was approximately 585 mM NaCl, which 

as close to the CCC values reported in other papers ( Cai, Hu et al.

018 , Liu, Hu et al. 2019 , Wu, Jiang et al. 2019 , Yu, Shen et al. 2019 ,

ao, Li et al. 2020 , Shams, Alam et al. 2020 ). The CCC values of

Ss in the presence of 1, 2 and 5 mg/L MS5 were 560 mM, 520

M and 485 mM, respectively, which were lower than those of 

ndividual PSs ( Fig. 3 a). This suggests that DBC can destabilize PSs 

o some extent, and this destabilization ability is positively corre- 

ated with the DBC concentration. Generally, the increase in DBC 

oncentration screened the surface charges of PSs because of the 

ydrophobic interaction and π- π interaction between them, as a 

esult, DBC may act as a bridge between PSs and promote the ag- 

regation of PSs. Some scholars also reported that the addition of 

 certain concentration of DBC could neutralize the surface charge 

nd thus promote the aggregation of iron oxide colloidal particles 

ecause of the opposite charge between DBC and iron oxide col- 
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Fig. 2. Typical aggregation kinetics of PS 0 in the presence of DBC and HA as a function of NaCl concentration. 
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oidal particles ( Lian, Yu et al. 2019 ). However, in this study, we

ound that there was a similar bridging effect, although both DBC 

nd PSs were negatively charged. 

.2.2. Comparison of HA and different DBC 

DBC is an important carbon component of DOC in aquatic envi- 

onments ( Armanious, Aeppli et al. 2014 , Wagner, Jaffé et al. 2018 , 

ian, Yu et al. 2019 ). To distinguish the role of DBC and natural or-
5 
anic matter in the aggregation of nanoplastics, the aggregation ki- 

etics of fresh PSs with 2 mg C/L MS5, MS3, WO, RS and HA were

nvestigated. Fig. 3 b shows the hydrodynamic size shift curves of 

Ss with 2 mg/L DBC or HA under a range of NaCl concentrations. 

or examples ( Fig. 2 ), individual PS 0 and PS 0 with 2 mg C/L HA

emained stable while 2 mg C/L DBC significantly increase the hy- 

rodynamic size of PSs in 200 mM NaCl solution. This means that 

here was an obvious difference between DBC and HA in control- 
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Fig. 3. Attachment efficiency of PSs as a function of NaCl concentration. (a) PS 0 
with 0, 1, 2, 5 mg C/L DBC (MS5), (b) PS 0 with 2 mg/L MS5, MS3, WO, RS and HA, 

(c) PS 12 with 2 mg/L MS5, MS3, WO, RS and HA. 
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ing the aggregation of PS 0 in NaCl solutions. Fig. 3 b shows the 

ggregation efficiency of PS 0 with or without 2 mg/L DBC and HA 

t various NaCl concentrations. The CCC values of PSs in the pres- 
6 
nce of 2 mg/L MS5, MS3, WO, RS and HA were 520 mM, 550 mM,

15 mM, 500 mM, and 1200 mM, respectively. Notably, the pres- 

nce of DBC promoted the aggregation of PSs, whereas HA strongly 

tabilized PS 0 . 

Additionally, the four DBC samples exhibited different extents 

f aggregation effects on the PS 0 in NaCl solutions. The physico- 

hemical properties of DBC from different sources may play an im- 

ortant role in dominating the processes. For example, the promo- 

ion effect of MS3 produced by low-temperature pyrolysis of maize 

traw was the weakest, which was likely related to its higher hy- 

rophilicity and more negative zeta potential compared with other 

BC produced at high temperatures (Table S1 and Fig. S5). Thus 

he presence of MS3 insignificantly affected the stability of PS 0 . 

enerally, the positive effect of DBC on PS 0 aggregation likely re- 

ulted from the electrical double-layer compression mechanism. As 

iscussed above (Fig. S2), the presence of DBC screened the nega- 

ive charges of PS 0 due to the binding of DBC. Because of the dif- 

erent physicochemical characteristics of different, the zeta poten- 

ial of PS 0 in the presence of DBC followed WO > RS > MS5 >

S3 (Fig. S2), which is consistent with the change rule of CCC val- 

es. In contrast to DBC, the adsorption of HA on the PS 0 surface 

lightly changed the surface charges of PS 0 (Fig. S2), which reflects 

he findings of previous studies ( Liu, Huang et al. 2020 ). Most stud-

es implied that the HA molecules absorbed on the PS 0 surface can 

roduce steric repulsion and therefore strongly enhance the stabil- 

ty of PS 0 ( Liu, Huang et al. 2020 , Shams, Alam et al. 2020 ). 

.2.3. Effect on the aggregation of aged PSs 

As previously mentioned, hydrophobic PSs can absorb DBC and 

A to varying degrees, either by promoting or inhibiting their ag- 

regation. Environmental PSs are likely to undergo the aging pro- 

ess, DBC and HA may have distinct effects on the aggregation of 

ged PSs. Fig. S7 and S8 show the hydrodynamic size shift curves 

f PS 12 and PS 24 in the presence of 2 mg/L DBC and HA under 

 range of NaCl concentrations. After UV radiation, PS 12 and PS 24 

ontained more hydrophilic oxygen-containing groups that could 

orm hydrogen bonds with water, resulting in higher stability than 

S 0 (Table S1) ( Cai, Hu et al. 2018 , Liu, Hu et al. 2019 ). Notably, the

ydrodynamic size of PS 24 with and without DBC and HA barely 

hanged even in 10 0 0 mM NaCl solution (Fig. S8). Fig. 3 c describes

he aggregation efficiency of PS 12 with or without 2 mg/L DBC and 

A at various NaCl concentrations. The CCC value of PS 12 was 700 

M NaCl, which was similar to the CCC values reported in pre- 

ious studies ( Liu, Hu et al. 2019 , Mao, Li et al. 2020 ). Studies

lso suggested that enhanced electrostatic repulsion due to depro- 

onation of O-containing functional groups, as well as steric hin- 

rance between formed molecules on aged PS surfaces, were re- 

ponsible for the stability of aged PSs ( Liu, Hu et al. 2019 ). In this

tudy, there was no significant difference in zeta potential between 

ged PSs and fresh PSs (Fig. S2). Thus, the enhanced stability of 

ged PSs may be attributed to the enhanced hydration repulsion 

 Xu, Wei et al. 2017 , Liu, Hu et al. 2019 , Xu, Ou et al. 2020 ). 

In addition, the effects of DBC and HA on the aggregation of 

ged PSs were different from those of the fresh PSs. Notably, the 

CC value of PS 12 in the presence of HA was 1100 mM, which was

lightly lower than that of PS 0 in the presence of HA ( Fig. 3 b and

 c). Hence, the inhibitory effect of HA on the aggregation of aged 

Ss was not as strong. As PS 0 is more hydrophobic, it can absorb 

A more easily than hydrophilic PS 12 . The steric repulsion derived 

rom the adsorbed HA layer was the primary mechanism of en- 

anced PS 0 stability ( Liu, Huang et al. 2020 , Shams, Alam et al. 

020 ). Therefore, the weak interaction between HA and aged PSs 

as likely responsible for the reduced inhibitory effect of HA. Sim- 

larly, while DBC promoted the aggregation of PS 12 to some extent, 

he effect was not significant (Fig. S7 and 3c). 
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Fig. 4. (a) Representative frequency shift curve of the deposition of individual PSs on the SiO 2 surface (50 mM), (b) Representative frequency shift curve of the co-deposition 

of PSs and DBC on the SiO 2 surface (50 mM), (c) Representative frequency shift curve of the deposition of PSs on the SiO 2 surface coated with DBC (50 mM NaCl). 
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.3. Deposition behaviors of PSs 

.3.1. Influence of DBC and HA 

To explore the influence of DBC or HA on the deposition be- 

avior of fresh PSs on environmental surface, we studied the co- 

eposition behavior of DBC or HA and PS 0 on a representative SiO 2 

urface, as well as the deposition behavior of PS 0 on the surface of 

iO 2 coated with DBC ( Fig. 4 ). Fig. 4 a and S9 show the representa-

ive frequency shift curve of individual PS 0 deposited on the silica 

urface (50 mM). The deposition process of PS 0 can lead to an ob- 

ious frequency shift. The initial deposition rate was 3.52 ± 0.31 

z/min, indicating that the deposition behavior can occur under 

ow ionic strengths. Fig. 4 b and S9 represents the representative 

requency shift curves of PS 0 deposited on the SiO 2 surface in the 

resence of 2 mg C/L DBC and HA. After adding 2 mg/L of DBC, 

he frequency shift was more obvious than that of individual PS 0 , 

hile the addition of HA inhibited this process. The initial depo- 

ition rates when adding MS5, MS3, WO, RS and HA were 5.84 ±
.25, 4.05 ± 0.14, 7.23 ± 0.42, 5.45 ± 0.11, and 2.60 ± 0.10 Hz/min 

 Fig. 5 a). Similar to the aggregation experiments, the adsorption of 

BC on PS 0 surface reduced the surface charge of PS 0 (Fig. S2), re- 

ulting in a decrease the electrostatic repulsion between PS 0 and 

he silica surface. The promotion effect of different DBC generally 

ollowed WO > RS ≈ MS5 > MS3, which is in agreement with the 

eta potential of PSs in the presence of DBC (Fig. S2). In contrast, 

he presence of HA prevented the deposition of PS 0 due to the ad- 

itional steric repulsion. Other publications have also reported that 

A can limit the deposition of several engineered nanoparticles 

uch as MnO 2 , fullerene, quantum dots, and silver nanoparticles 

 Qu, Alvarez et al. 2012 , Furman, Usenko et al. 2013 , Quevedo, Ols-

on et al. 2013 , Huangfu, Ma et al. 2019 ). 

The deposition process of PS 0 on the DBC-or HA-coated silica 

urface ( Fig. 4 c, and S9) was further studied to investigate the im- 

act of DBC or HA adsorbed on the environmental surface. After 

re-depositing 2 mg C/L DBC on silica surface, there was a signifi- 

ant frequency shift when PS 0 was added (Fig. S9). The deposition 

xperiment can provide information about the affinity of PS 0 to 

he surface, and such a large deposition rate suggested there was a 

trong interaction between PS 0 and DBC, although both were neg- 

tively charged, which may be attributed to the strong hydropho- 

ic and π- π interactions between PS 0 and the aromatic compo- 

ent of DBC. In this case, DBC deposited on surface was likely to 

ct as a bridge, mediating the deposition of PS 0 on the silica sur- 

ace. This bridging effect of DBC was similar to the DBC-mediated 

ontact between PS 0 in the aggregation experiment ( Fig. 2 ). Sev- 

ral studies have reported increased nanoparticle deposition by 

urface-immobilized macromolecules, including C 60 deposition on 

lginate and EPS-coated silica surfaces ( Chen and Elimelech 2008 , 
7 
ong, Ding et al. 2010 ), and nMnO 2 on a protein (bovine serum 

lbumin)-coated silica surface in monovalent electrolyte solutions 

 Huangfu, Ma et al. 2019 ), which was likely attributed to the hy-

rophobic effect of these macromolecules. In this study, the ad- 

orption of DBC on the surface of the silica surface may provide 

ore hydrophobic binding sites for PSs. In contrast, the coating 

f HA impeded PS 0 deposition due to additional steric repulsion 

 Qu, Alvarez et al. 2012 , Furman, Usenko et al. 2013 ). 

With the increase in NaCl concentration (e.g., 100 and 200 

M), the deposition rate of PS 0 with or without DBC and HA in- 

reased due to the decreased electrostatic repulsion ( Fig. 5 a and 

 b) ( Quevedo, Olsson et al. 2013 , Xu, Ou et al. 2020 ). However,

he cases differed with further increases in salt concentration. At 

igh ionic strength (e.g., 500 mM), the deposition rates of both in- 

ividual PS 0 and PS 0 with DBC dramatically decreased. This was 

ttributed to the reduced mass transfer rate due to the aggrega- 

ion the particles, and many publications have reported on this 

iffusion-limited transport mechanism ( Qu, Alvarez et al. 2012 , 

uangfu, Ma et al. 2019 , Xu, Ou et al. 2020 ). In the diffusion-

imited stage, neither DBC in solution nor DBC adsorbed on the 

ilica surface had any effect on the deposition of PS 0 . However, 

t high NaCl concentrations, the initial deposition rate of PS 0 co- 

eposited with HA was much higher than that of individual PS 0 , 

esulting from enhanced mass transfer rate of PS 0 in the presence 

f HA because of the smaller particle size ( Qu, Alvarez et al. 2012 ).

wing to the domination of diffusion-limited transport, the ab- 

orbed HA on the silica surface had a minimal effect on the de- 

osition of PS 0 . 

.3.2. Deposition of aged PSs 

The aging of PSs significantly affected their deposition. For ex- 

mples, with the increase of aging time, the deposition rate of 

Ss in 50 mM NaCl solution dramatically reduced from 3.52 ±
.31 Hz/min for PS 0 to 2.10 ± 0.11 Hz/min for PS 12 and 0.98 ±
.14 Hz/min for PS 24 ( Fig. 5 c, 5 e, S10 and S11). This was simi-

ar to the aggregation phenomenon that the increased hydrophilic- 

ty of PS 12 and PS 24 inhibited both the aggregation and deposi- 

ion processes, and similar results were reported for the deposi- 

ion of UVA-irradiated nC 60 ( Qu, Alvarez et al. 2012 ). With the 

ncrease in NaCl concentration, the initial deposition rate of PS 12 

rst increased and then decreased. This was attributed to the en- 

anced hydrodynamic size of PS 12 , implying that the diffusion- 

imited transport was also present in the deposition of PS 12 at high 

alt concentration. However, the initial deposition rate of PS 24 con- 

tantly increased from 0.98 ± 0.14 Hz/min to 3.20 ± 0.11 Hz/min 

s the NaCl concentration increased from 50 to 800 mM ( Fig. 5 e).

s discussed above, PS hardly aggregated even at 10 0 0 mM NaCl 
24 
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Fig. 5. The deposition rate change of fresh and aged PSs with NaCl concentration in the presence and absence of DBC and HA (2 mg/L). (a) The co-deposition of PS 0 and 

DBC or HA on the SiO 2 surface, (b) The deposition of PS 0 on the SiO 2 surface coated with DBC or HA, (c) The co-deposition of PS 12 and DBC or HA on the SiO 2 surface, (d) 

The deposition of PS 12 on the SiO 2 surface coated with DBC or HA, (e) The co-deposition of PS 24 and DBC or HA on the SiO 2 surface, (f) The deposition of PS 24 on the SiO 2 
surface coated with DBC or HA. 
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olution and thus the electrostatic interaction rather than mass 

ransfer rate controlled the deposition of PS 24 (Fig. S8). 

The initial deposition rates of PS 12 and PS 24 in the presence 

f DBC were higher than that of individual PS 12 and PS 24 , which 

as similar with the effect of DBC on the deposition of PS 0 . No-

ably, the effect of DBC on the deposition of aged PSs was not as 

trong as that on fresh PSs due to the weak interaction between 
8 
BC and aged PSs owing to their high hydrophilicity. In particular, 

he deposition rates of PS 12 and PS 24 on the DBC-modified silica 

urface were insignificantly different from those on the silica sur- 

ace, which indicated the limited role in controlling the deposition 

f aged PSs ( Fig. 5 d and 5 f). The presence of HA in either salt solu-

ion or silica surface was not conducive to the deposition of aged 

Ss because of the additional steric repulsion ( Fig. 5 c- 5 f). 
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. Conclusions and environmental implications 

The aggregation and deposition of nanoplastics are important 

or evaluating their fate in aquatic environments. Current studies 

ave focused on the aggregation behavior of PSs under different 

onditions, such as the effects of salt concentration and valence 

 Cai, Hu et al. 2018 , Mao, Li et al. 2020 ), pH ( Shams, Alam et al.

020 ), aging ( Liu, Hu et al. 2019 , Mao, Li et al. 2020 ), natural

rganic matter and biological macromolecules ( Dong, Hou et al. 

020 , Leiser, Wu et al. 2020 , Liu, Huang et al. 2020 ), tempera-

ure ( Alimi, Farner et al. 2021 ), as well as their heteroaggrega- 

ion behaviors with marine phytoplankton ( Long, Paul-Pont et al. 

017 ), suspended sediment or natural colloids ( Oriekhova and 

toll 2018 , Li, Wang et al. 2019 ), and engineered nanoparticles 

 Li, He et al. 2020 ). These studies provide insights into the trans-

ort of nanoplastics in complex aquatic environments. DBC is an 

mportant component of DOC, accounting for approximately 10% 

f the DOC in rivers and 2% in oceans ( Hopkinson and Vallino 

005 , Dittmar and Paeng 2009 , Dittmar, de Rezende et al. 2012 ,

udolf Jaffé, Yan Ding et al. 2013 ). Elucidating the effect of DBC on

he aggregation and deposition of nanoplastics is important for un- 

erstanding the transport of nanoplastics in natural environments. 

ur study found that DBC from the four sources can promote the 

ggregation of PSs to some extent. The deposition experiments also 

howed that the coexistence of DBC promoted the deposition of 

Ss on the silica surface. Similarly, the DBC-modified silica surface 

as also conducive to PS attachment. Our findings provide new 

nsights into the effect of DBC on the fate of environmental con- 

aminants and enrich the research on the transport of nanoplas- 

ics in complex aquatic systems. The work on the influence of DBC 

nd HA on the deposition process of nanoplastics on environmen- 

al surfaces is also meaningful for understanding the accumulation 

f fine plastic particles in river/lake sediment, as well as the po- 

ential effects of dissolved BC and natural organic matter. 

This study had several limitations. For example, similar to other 

rticles, the selected commercial PSs are unlikely to represent 

anoplastics in actual aquatic environments, and the amount and 

istribution characteristics of nanoplastics in aquatic systems re- 

ain unknown. Additionally, as reported in previous studies and 

his study, commercial PSs with the critical coagulation concen- 

ration of 50 0-60 0 mM NaCl under neutral conditions are very 

table; thus these works are profound only in the range of high 

onic strengths and short time horizons. Studies on the fate of PSs 

an help predict their possible environmental behavior and poten- 

ial ecological risks. Future studies should focus on the quantifi- 

ation and identification of nanoplastics in actual environments, 

nd the long-term vertical or horizontal migration of nanoplas- 

ics commonly detected in the real environment requires further 

esearch. 
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