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• The aggregation behaviors of NICs in 
water environment are systematically 
reviewed. 

• Typical NICs are introduced in terms of 
structure, morphology, charge 
proprieties. 

• The classical and extended DLVO inter-
action mechanisms are summarized 
elaborately. 

• Both the intrinsic and extrinsic factors 
affecting NICs fate are analyzed in 
detail. 

• The existing drawbacks and the future 
research directions are reasonably put 
forward.  
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A B S T R A C T   

Natural inorganic colloids (NICs) are the most common and dominant existence in the ecosystem, with high 
concentration and wide variety. In spite of the low toxicity, they can alter activity and mobility of hazardous 
engineered nanoparticles (ENPs) through different interactions, which warrants the necessity to understand and 
predict the fate and transport of NICs in aquatic ecosystems. Here, this review summarized NICs properties and 
behaviors, interaction mechanisms and environmental factors at the first time. Various representative NICs and 
their physicochemical properties were introduced across the board. Then, the aggregation and sedimentation 
behaviors were discussed systematically, mainly concerning the heteroaggregation between NICs and ENPs. To 
speculate their fate and elucidate the corresponding mechanisms, the classical Derjaguin-Landau-Verwey- 
Overbeek (DLVO) and extended DLVO (X-DLVO) theories were focused. Furthermore, a range of intrinsic and 
extrinsic factors was presented in different perspective. Last but not the least, this paper pointed out theoretical 
and analytical gaps in current researches, and put forward suggestions for further research, aiming to provide a 
more comprehensive and original perspective in the fields of natural occurring colloids.   
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1. Introduction 

Natural colloids (NCs, 1–1000 nm in diameter) were produced by 
natural substances through weathering and mineral formation pro-
cesses, having been existed since 4.54 billion years ago (Sharma et al., 
2015). While engineered nanoparticles (ENPs, 1–100 nm) just appeared 
after human activities (Hochella et al., 2019). Most of the present work 
has researched into the toxicity, transformation and behavior of ENPs, as 
their massive emissions can arise serious environmental concerns 
(Philippe and Schaumann, 2014; Peijnenburg et al., 2015). However, 
the behaviors of NCs were nonetheless neglected, which should be worth 
explorations and discussions. For the reasons that in generally, the 
annual production of NCs was approximately five to six magnitudes 
more than ENPs (Hochella et al., 2015; Sharma et al., 2015). Besides, it 
interacted with poisonous ENPs in a high probability to reduce the un-
certainty of migration and occurrence for ENPs (Bakshi et al., 2015), 
further shrinking the risks of poison entering into creatures and envi-
ronment to guarantee food safety and human health (Fig. 1). 

The natural inorganic colloids (NICs), the major part of NCs, mainly 
included (1) clay minerals (e.g., montmorillonite (Zhou et al., 2012; 
Sabaraya et al., 2021) and kaolinite (Tombácz and Szekeres, 2006; 
Wang et al., 2015b)); (2) iron (hydr)oxides (e.g., hematite (He et al., 
2008; Huynh et al., 2012), magnetite (Vikesland et al., 2016; Zhang 
et al., 2020), goethite (Vindedahl et al., 2016; Carstens et al., 2021) and 
Ferrihydrite); (3) suspend sediments (SS) and so forth (Zhao et al., 
2021a), which were generally chosen as representative NICs to conduct 
researches and reviews due to their wide distributions. Their environ-
mental behaviors, such as aggregation, disaggregation and sedimenta-
tion, are closely related to the stability in waters (Phenrat et al., 2007). 
Aggregation is the process that particles collide, attach and then produce 
larger clusters, while disaggregation and sedimentation is that the pro-
duction breaks up and settles down, respectively (Therezien et al., 
2014). Concerning the subdivisions of aggregation, homoaggregation 
occurs between two particles similar in physicochemical characteristics, 
and heteroaggregation exists between different particles (Islam et al., 
1995; Bansal et al., 2017). Further, to explicate the internal mechanism 
and speculate the fate of nanoparticles (NPs), DLVO theory was devel-
oped to calculate the net interaction energy in terms of balancing van 
der Waals (VDW) and electrical double-layer (EDL) forces (Boström 
et al., 2001; Xu et al., 2015b). X-DLVO theory was supplemented to fully 

express the interactions in the complex natural environment (Hotze 
et al., 2010; Keller et al., 2010). 

These colloidal behaviors are strongly affected by the intrinsic (eg., 
particle size, morphology, structure, potential) and environmental fac-
tors (eg., pH, ionic strength (IS), natural organic matters (NOM) and 
microorganisms) (van Riemsdijk et al., 2006; Ma et al., 2020; Sun et al., 
2021a). For example, the bare and surface modified NICs have respec-
tive performance ascribing to varying shapes and sizes (Ghosh et al., 
2016). Solution pH affects particle behavior by changing surface po-
tential. For most colloids, the potential might be reversed with pH 
increasing. And when the potential is zero, the corresponding pH is 
called pHPZC or PZC (Table 1). Besides, at high ionic strength or valency, 
particles aggregate quickly owing to the adequate DEL compression, 
bridging or other favorable forces (Clavier et al., 2016; Cheng et al., 
2020a). NOM has similar impacts on particle stability through bridging 
(Sheng et al., 2016b; Liu et al., 2020; Sun et al., 2020a). It also attaches 
onto particles to induce steric hindrance, making aggregation reversible 
and the structure dynamic (Philippe and Schaumann, 2014). The im-
pacts of these environmental factors are complex. Thus, having a deep 
understanding on these factors helps to control particle behaviors (Wang 
et al., 2018a). 

Few studies paid attention to the fate and transport of NICs (Peij-
nenburg et al., 2015; Mukherjee et al., 2016; Abbas et al., 2020), thus 
this paper was reviewed from the following aspects to provide a more 
comprehensive knowledge: 1) the physical and chemical properties of 
representative clay minerals and iron oxides; 2) the association of NICs 
themselves and with ENPs; 3) the behavior mechanisms and modelling 
in NICs stability that can explain and extrapolate the fate and transport; 
4) the intrinsic and extrinsic factors that affect colloidal behaviors; 5) 
the discussions on the deficiencies of current researches and prospects 
for future research. 

2. Representative minerals 

2.1. Clay minerals 

Clay minerals, whose shape is similar to rounds or pillows with a 
slightly hexagon-like modular structure, are composed of hydrated 
aluminosilicate, possessing the potential to interact with pollutants and 
ENPs (Jing et al., 2021; Wang et al., 2021b). 

Fig. 1. Natural nanomaterials fluxes are described using black or white numbers, and within the bold white arrows for natural nanomaterials movement in the 
environment. Reproduced from (Hochella et al., 2019). Copyright (2019) Science. 
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The plate-like clay minerals have the unique charge heterogeneity, 
which originates from the layer structure that comprises tetrahedral 
silicate sheets and octahedral aluminum hydroxide sheets (Uddin, 2017; 
Awad et al., 2019). The SiO4

2− unit of tetrahedral sheets are arranged by 
layers to a simple hexagonal network (Si2O6(OH)4). While, the octahe-
dral sheets (Al2(OH)6) center on the cations (eg., Al3+) with six oxygens 
or hydroxyls besieging them (Fig. 2a). These layers are connected 
together sharing oxygen atoms (Zhou et al., 2012). Consisting of 
repeated layers, kaolinite (Kl) is a typical 1:1 lamellar silicate (Uddin, 
2017), and montmorillonite (Mt) is a representative 2:1 clay with one 
layer of Al-octahedra sandwiched with two layers of Si-tetrahedra 
(Fig. 2b) (Tombácz and Szekeres, 2006). The basal plane of Mt ex-
hibits permanent net negative charges, owing to the isomorphic sub-
stitutions of low-valent cations (Fe2+ or Mg2+) toward high ones (Si4+ or 
Al3+) (Tombácz and Szekeres, 2006), But the edges show a 
pH-dependent charge as the extended discontinuity of Si–Al bonds 
(Zhou et al., 2012). As the consequence, when pH < pHpzc, edge, surface 
protonation endows the edge with positive charges, and at pH > pHpzc, 

edge, deprotonation brings it with negative one (Fig. 2c). The charges are 
usually measured negative at a low IS. It may result from that fewer 
positively charged (+) sites than negative (− ) ones, and that the sites on 
edges can be screened by the spillover of the diffuse double layer from 
the facets (Tang et al., 2018; Sabaraya et al., 2021). Kl has the similar 
phenomenon with Mt, except that its Al–OH facets carry positive charges 
at pH < pHpzc, edge (Fig. 2d). This differentiation may come from its 
fewer displaceable isomorphic sites and less permanent structural 
charges (Sabaraya et al., 2021). 

2.2. Iron (hydr)oxides 

The iron (hydr)oxides, mainly including hematite, goethite, 
magnetite and ferrihydrite, possess their own specific morphology 

(Fig. 2e) and pHPZC (Table 1). They are formed by oxidization and hy-
dration, vitally affecting the fate and transport of pollutants (Tang and 
Lo, 2013; Li et al., 2020b; Wu et al., 2022). 

Hematite (α-Fe2O3) is one of the most abundant and stable iron ox-
ides with spherical or spheroidal shapes. With –OH2

+ surface functional 
groups, hematite nanoparticles (HemNPs) usually present positive po-
tential (Huynh and Chen, 2014; Sheng et al., 2016b). Goethite 
(α-FeOOH) is the most thermodynamically stable crystalline iron oxy-
hydroxide (Liu et al., 2017). The de-/protonation of Fe–OH groups lead 
to the pH-dependent surface charges, which governs its behaviors (Zhu 
et al., 2019). Magnetite (γ-Fe3O4) is a ferromagnetic iron oxide with the 
apparent magnetic properties. The influence of its peculiar magnetic 
properties on aggregation is apparent under magnetic fields, where 
ferromagnetic or paramagnetic dispersions form chain-like aggregates 
(Phenrat et al., 2007). Ferrihydrite (Fh) is a poorly crystalline but 
ubiquitous iron hydroxide. Its pHPZC is around 7, implying the instability 
in the natural environment and the constraint by solution chemistries 
(Liao et al., 2017; Li et al., 2020b). 

2.3. Others 

Suspend sediment (SS) is an essential component in the waters and 
presents plate-like sheets and large hydrodynamic diameters (Zhao 
et al., 2021a). It settles manufactured materials out via the hetero-
aggregation propensity with particles and the sedimentation in turbu-
lent water (Velzeboer et al., 2014; Li et al., 2019). Comprising various 
inorganic components and substantial organic matters, it has quite 
heterogeneous size and chemical content. Besides, no pHPZC can be 
determined and negative potential is permanently maintained (Zhao 
et al., 2021a), but a higher heteroaggregation rate with ENPs than other 
NICs was observed (Velzeboer et al., 2014). 

Table 1 
The pHPZC s and CCCs of typical NICs under specific conditions.  

Materials pHPZC (conditions) Ref. CCC (mM) (conditions) Ref. 

Kl pHPZC, edge = 6 – 6.5 (100 mM NaCl) Tombácz and Szekeres, (2006) CCCNaCl = 50, 150, 125 (pH = 4, 6, 8; size: 241 ± 114 
nm) 

Sabaraya et al., 
(2021)  

pHPZC = 4.8 – 5.3 (10 mM NaCl) Wang et al., (2019a) CCCNaCl = 263; CCCCaCl2 = 4 Wang et al., 
(2015b)    

CCCNaCl = 50 (pH = 6.5) Wang et al., 
(2019a) 

Mt pHPZC, edge ~ 6.5 (10 mM NaCl, size: 
100 – 500 nm) 

Zhou et al., (2012) CCCNaNO3 = 35, 100 (pH = 4, 8; size: 100 – 500 nm) Zhou et al., (2012)  

pHPZC < 2.5 (10 mM NaCl) Wang et al., (2019a) CCCNaCl = 37, 73, 147 (pH = 4, 6, 8; size: 357 ± 114 
nm) 

Sabaraya et al., 
(2021)    

CCCNaCl = 80 (pH = 6.5) Wang et al., 
(2019a) 

Hematite pHPZC = 5.8 ± 0.1 (97.7 ± 2.5 nm) Oriekhova and Stoll, (2019) CCCNaCl = 45 ± 4, 54 ± 6, 70 ± 6 (pH = 5.7; size: 12, 
32, 65 nm) 

He et al., (2008)  

pHPZC = 7.2, 8.2, 8.8 (12, 32, 65 nm) He et al., (2008) CCCNaCl = 35.7 (pH = 5.2; size: 87 nm) Huynh et al., 
(2012)  

pHPZC = 7.8–9.2 Philippe and Schaumann, (2014) CCCNaCl = 45.8 (pH = 5.2; size: 87–95 nm) Feng et al., (2017)  
pHPZC = 7.5 (140.8 nm) Xu et al., (2015b) CCCNaCl = 75.0; CCCNaNO3 = 79.2; CCCNaF = 7.8; 

CCCNa2SO4 = 0.5 (140.8 nm) 
Xu et al., (2015b)  

pHPZC = 7.8 (1 mM NaCl; size: 20 nm) Baalousha, (2009) CCCNaCl = 69; CCCCaCl2 = 10 (pH = 5.7; size: 125 ± 18 
nm) 

Sheng et al., 
(2016b) 

Goethite pHPZC = 8.0–9.0 Zhang et al., (2020) CCCNaCl = 62.6; CCCNaNO3 = 54.7; CCCNaF = 5.5; 
CCCNa2SO4 = 0.2 (152.1 nm) 

Xu et al., (2015b)  

pHPZC = 7.0–8.0 Philippe and Schaumann, (2014)    
pHPZC = 7.9 (152.1 nm) Xu et al., (2015b)   

HAsp 

α-FeOOH 
pHPZC = 8.9 Ghosh et al., (2016) CCCCaCl2 = 59 (pH = 5) Ghosh et al., 

(2016) 
LAsp 

α-FeOOH 
pHPZC = 6.5 Ghosh et al., (2016)   

Magnetite pHPZC = 7.0–7.5; ~8 (Zhang et al., 2020) (Philippe and 
Schaumann, 2014) 

CCCNaCl = 23.8 (pH = 9.8; size: 12.2 ± 1.2 nm) Hu et al., (2010b) 

Ferridyrite pHPZC = ~8.2 ± 0.1 (18.7 ± 1.5 nm) Liao et al., (2017) CCCNaCl = 233; CCCCaCl2 = 107; CCCNa2SO4 = 2 (pH =
5.0 ± 0.1) 

Liu et al., (2019a)  

pHPZC = 7.1 (5 mM NaNO3, size: 30 
nm) 

Li et al., (2020b) CCCNaCl = 150 (pH = 5.5; size: 30 nm) Li et al., (2020b)  
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3. The environmental behaviors of NICs 

The aggregation kinetics is related to particle collision frequency (K) 
and attachment efficiency (α). K is the probability of particles contacting 
with each other and α is a key parameter to quantify attaching proba-
bility. The equation, k = K × α expressed the aggregation kinetics under 
ideal conditions (Quik et al., 2014). Therein, k, the apparent aggregation 
rate constant, is obtained from (Xu et al., 2015a): 
(

dDh(t)
dt

)

t→0
∝N0k (1)  

where Dh, the average hydrodynamic diameter; t, time; N0, the initial 
particle concentration. 

The attachment efficiency, α, is the inverse stability ration (1/W): 

α =
1
W

=
k

kfast
=

1
N0

(
dDh(t)

dt

)

t→0
1

(N0)fast

(
dDh(t)

dt

)

t→0,fast

(2)  

where the term “fast” refers to the favorable conditions. 
When α is very small (~0), corresponding to that k is approximate 

zero, the particles will not aggregate. Then, as α increases (0 < α < 1), 
partial aggregation takes place due to critical collisions and the declined 
interaction energy barrier. In this stage, called slow-aggregation stage or 
reaction-limited aggregation (RLA), colloidal stability could be affected 
by water chemistry. As α climbs continuously (α = 1), a completely 
destabilized suspension is produced. This aggregation process reaches 
fast-aggregation stage or diffusion-limited aggregation (DLA), where the 
aggregation rates achieve the maximum (Wang et al., 2019b). The 
electrolyte concentration corresponding to RLA and DLA mutation 
points is critical coagulation concentration (CCC), that is a basic 
parameter to characterize the stability of nanoparticles in the dispersed 
system (Table 1). Additionally, it is closely associated with the electro-
lyte valence (Petosa et al., 2010): 

CCC∝
1

z6A2
H

tanh4
(

zeξ
4kBT

)

(3)  

where AH, the Hamaker constant; z, the ion valence; kB, the Boltzmann 

Fig. 2. (a) The constituent layers of clay mineral. The SiO4
2− tetrahedra make up the tetrahedral sheets, the yellow filled circles represent silicon atoms and red filled 

circles represent hydroxyl groups. Octahedron constitutes the Octahedral sheets, blue filled circles represent metal centers and red filled circles represent hydroxyl 
groups (Uddin, 2017); (Awad et al., 2019). (b) The kaolinite and montmorillonite structure (Awad et al., 2019). (c–d) The simplified image of (c) montmorillonite 
and (d) kaolinite charge heterogeneity (Hu et al., 2020). (e) The SEM of (i) montmorillonite and (ii) kaolinite (Sabaraya et al., 2021). (iii) High-resolution TEM of 
HemNPs (Huynh et al., 2012); (iv) SEM image of spheroidal hematite particles of 4.7 ± 0.7 aspect ratio (Upendar et al., 2018); (v) TEM images of pristine ferrihydrite 
NPs alone (Liao et al., 2017); (vi) SEM and (vii) TEM images of goethite (Zhang et al., 2020); (viii) SEM and (ix) TEM images of magnetite (Zhang et al., 2020). All 
images are reproduced with permission. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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constant, 1.38 × 10− 23 J K− 1; T, temperature; ξ, zeta potential. 
When ξ is high (i.e., zeξ

4kBT ≫ 1), the CCC is proportional to z− 6, known 
as Schulze-Hardy rule. On the contrary, when the potential is low (i.e., 
zeξ

4kBT ≪ 1), the CCC is proportional to z− 2. As a result, the z-dependent 
CCC for most NPs should range from z− 6 to z− 2 (Petosa et al., 2010). 

3.1. NICs homoaggregation 

Homoaggregation behavior is essential and universal for NICs in the 
aqueous environment (Sharma et al., 2015). It can be constrained by 
physicochemical properties, influencing the fate and toxicity of pollut-
ants, nutrient and pathogen (Lin et al., 2018; Sun et al., 2020b). 

The platelet geometry and charge heterogeneity lead to an increased 
polarizability vector that appears across the basal plane for clay min-
erals. Self-association between clay particles may thus occur by face-to- 
face (F–F), edge-to-face (E− F), edge-to-edge (E− E). At pH < pHPZC, edge, 
there is barrier-less E− F homoaggregation due to attractive forces be-
tween edges (+) and facets (− ). When suspension pH > pHPZC, edge, all 
surfaces are negatively charged. Therefore, E− F aggregation is no longer 
favorable and CCC are increased correspondingly (Fig. S1). Meanwhile, 
F–F and E− E aggregation are in low likelihood for clay platelet. As 
another main constituent of NICs, iron (hydr)oxides behave differently 
due to charge properties and different structure. With the increased salt 
concentration, the aggregation behaviors of HemNPs and goethite went 
through the stage from RLA to DLA (Chen et al., 2006; Huynh et al., 
2012; Xu et al., 2015a). Magnetite NPs are unstable under the natural 
conditions. Its Fe–OH functional groups can be de-/protonated to FeOH2

+

or Fe–O− under acidic and alkaline, respectively, which induced elec-
trostatic repulsion to stabilize dispersion (Wang et al., 2017). Although 
the homoaggregation of NICs is of great importance, the existing articles 
are distinctly insufficient. 

3.2. Heteroaggregation and sedimentation 

With the intense human activities, huge numbers of ENPs have been 
discharged into the ecosystem. Carbon-based nanomaterials, exoge-
neous metal (oxides) and other emerging nanomaterials came into 
public light. With high mobility and reactivity, they might interact with 
the abundant NICs (Table 2). 

3.2.1. Carbon-based materials 
Carbon-based materials (CBMs), such as Graphene oxide (GO), ful-

lerenes (C60), carbon nanotubes (CNTs) and biochar, are increasingly 
used in industrial production and human life due to high absorption 
capacity, amphiphilicity, electrical conductivities and so on (Yi and 
Chen, 2013; Zhao et al., 2015; Shao et al., 2021). They are usually highly 
negatively charged, meaning the long-term stability (Zhao et al., 2015). 
However, this stabilization might be broken up when aggregating with 
omnipresent minerals, which is related to the solution pH and the 
abundant particle species. 

At a higher pH, negatively charged CBMs and NICs were dominated 
by electrostatic repulsion (Sotirelis and Chrysikopoulos, 2017). Under 
lower pH conditions, iron (hydr)oxides and partial surfaces of clay 
minerals are positively charged. The generated electrostatic attraction 
between them induced a fast heteroaggregation (Sotirelis and Chrys-
ikopoulos, 2017; Guo et al., 2020). Besides, no matter the acidity or 
alkalinity, some NICs can aggregate with CBMs through special in-
teractions, like magnetic forces and bridging effect (Huynh et al., 2012; 
Ghosh et al., 2016; Huang et al., 2016; Feng et al., 2017). 

The effects of different types of nanocarbon on the heteroaggregation 
behaviors of NICs-CBMs showed different characteristics (Fig. S2). For 
instance, due to the high hydrophobicity of fullerenes, they can be 
adsorbed on clays, thus triggering steric stabilization to inhibit sec-
ondary heteroaggregation (Guo et al., 2020). As compared, the peanut 
shells-derived biochars that produced at 300 and 600 ◦C had no 

interaction with clays, but could aggregate with iron hydr (oxides) via 
EDL attraction, especially the biochar at 600 ◦C (Liu et al., 2018a). For 
biochar colloids produced from different substance, Kl and goethite 
presented different behavior mechanisms in associating with them. Kl 
(+) increased the stability of the colloids by increasing electrostatic 
repulsion or charge shielding. Meanwhile, goethite (− ) prompted the 
aggregation of some colloids via charge neutralization, whereas 
restrained that of others by charge shielding (Gui et al., 2021). From 
these interactions, the stability of biochar in the soils might be enhanced 
by these minerals, which benefits the carbon sequestration and 

Table 2 
The summarizing of the interaction between NICs and NPs.  

NPs Classifications NICs Ref. 

Carbon-base 
nanomaterials 

GO Montmorillonite Zhao et al., (2015) 
Kaolinite (Yang et al., 2013; 

Zhao et al., 2015; 
Sotirelis and 
Chrysikopoulos, 2017) 

HemNPs (Yang et al., 2013; 
Feng et al., 2017, 
2019) 

Goethite Zhao et al., (2015) 
KGa Huang et al., (2016) 

C60 Kaolinite Guo et al., (2020) 
γ-Fe2O3 and 
magnetite 

Ghosh et al., (2014) 

Goethite Ghosh et al., (2016) 
CNTs Montmorillonite (Han et al., 2008; 

Zhang et al., 2012) 
Kaolinite (Han et al., 2008; 

Zhang et al., 2012) 
HemNPs (Huynh et al., 2012; 

Huynh and Chen, 
2014) 

Biochar Kaolinite (Yang et al., 2018; Gui 
et al., 2021) 

HemNPs Liu et al., (2018b) 
Goethite (Liu et al., 2018b; Lian 

et al., 2019; Gui et al., 
2021) 

Metal or metal 
oxide 
nanoparticles 

nZVI Kaolinite and 
Montmorillonite 

Wang et al., (2019a) 

AgNPs montmorillonite, 
illite 

(Zhou et al., 2012; Liu 
et al., 2015) 

Kaolinite (Wang et al., 2015b; 
Dong and Zhou, 2020) 

HemNPs (Huynh et al., 2014; 
Huang et al., 2019) 

SS Zhao et al., (2021a) 
TiO2 Montmorillonite (Zhou et al., 2012; 

Labille et al., 2015) 
Kaolinite (Wang et al., 2015b; 

Guo et al., 2019) 
Metal or metal 

oxide 
nanoparticles 

CeO2 Montmorillonite Zhao et al., (2021b) 
Kaolinite Zhao et al., (2021b) 
HemNPs (Oriekhova and Stoll, 

2019; Zhao et al., 
2021b) 

Goethite (Li et al., 2020a; Zhao 
et al., 2021b) 

SS Lv et al., (2020) 
Cit-AuNPs HemNPs Smith et al., (2015) 
CuO, ZnO Clay (Gupta et al., 2017; 

Kansara et al., 2019; 
Parsai and Kumar, 
2020) 

MnO2 HemNPs, Goethite Zhang et al., (2015) 
Other specific 

materials 
PSNPs Montmorillonite, 

Kaolinite 
(Singh et al., 2019; 
Zhang et al., 2020) 

HemNPs, Goethite Zhang et al., (2020) 
SS Li et al., (2019) 

MoS2 Montmorillonite, 
Kaolinite 

Sabaraya et al., (2021) 

Silica 
nanoparticles 

HemNPs Upendar et al., (2018)  
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greenhouse gas mitigation (Yang et al., 2018). 
Different types of CBMs and NICs may form kinds of aggregate 

structures through various interactions, which influenced the results of 
aggregation. A multilayered structure of GO sheets is formed when 
aggregating with goethite, because charge neutralization lowers the 
interlayer repulsion between GO (Zhao et al., 2015). Fullerene could 
produce the closed-loop structure with goethite due to the head-tail 
magnetism, the orderly assembled one with pure magnetic iron ox-
ides, and the dimensional structures (1D, 2D, 3D) in Kl-C60 hetero-
aggregates (Ghosh et al., 2014, 2016, 2019). These provided new 
insights into the transport of organo-mineral complexes in global carbon 
cycling. In conclusion, the questions that how other CBMs (e.g., reduced 
GO and activated carbon) interact with NICs, and whether we can 
modify them to weaken their negative impact on the environment, are 
still needed to explore further. 

3.2.2. Metal (oxide) nanoparticles 
As another large component of ENPs, metal (oxide) nanoparticles 

(MNPs), such as AgNPs, nanoparticulate zero-valent iron (nZVI), TiO2, 
cerium oxide nanoparticles (CeO2 NPs), have universe and inevitable 
interactions with NICs in water systems. Like CBMs, particle surface 
potential is of great importance in their interactions. 

The material properties and solution pH can influence surface po-
tential to control colloidal behavior. For example, positively charged 
and uncharged CeO2 significantly destabilized Kl suspension by charge 
neutralization and/or shading. The negatively charged CeO2 enhanced 
its colloidal stability by electrostatic repulsion (Fig. S3) (Guo et al., 
2019). In acidic waters, the negatively charged AgNPs could adsorb onto 
the Al–O faces and edges of Kl, declining positive charges and inhibiting 
aggregation of KL. On the other hand, it could heteroaggregate inten-
sively with Mt edge by electrostatic attraction due to the spillover of 
negative basal plane EDL (Zhou et al., 2012; Wang et al., 2015b). As for 
TiO2 (+), it formed primary heteroaggregates with Kl via electrostatic 
attraction and then secondary heteroaggregates via bridging. In com-
parison, it heteroaggregated with Mt face to make the suspension un-
stable (Fig. 3) (Zhou et al., 2012; Wang et al., 2015b). Differently, at a 
higher pH, the clay minerals were more prone to interact with the 

positively charged MNPs via electrostatic attraction, while the edges 
were the main sites through VDW and Lewis acid-base interactions 
(Fig. S4) (Wang et al., 2019a). Amounts of MNPs could aggregate with 
clay minerals, but the interaction modes were still unclear (Kansara 
et al., 2019; Parsai and Kumar, 2020). 

The positively charged iron (hydr)oxides have relatively explicit 
heteroaggregation manners compared with clay minerals. For instance, 
when comparing these NICs for CeO2 (− ), their aggregation capacity 
followed the sequence Mt > goethite > hematite > Kl, agreeing with the 
adsorption capacity and DLVO energy (Zhao et al., 2021b). Additionally, 
the iron (hydr)oxides aggregated with MNPs following the “electrostatic 
patch” mechanism because they are oppositely charged (Smith et al., 
2015; Zhang et al., 2015). But in other cases, no aggregation was 
observed between CeO2 NPs and Fe2O3 or goethite owing to the elec-
trostatic repulsion (Oriekhova and Stoll, 2019; Li et al., 2020a). Con-
cerning the interaction between AgNPs and HemNPs, they can not only 
keep stable due to the electrostatic and steric repulsion, but also quickly 
aggregate because of electrostatic attraction (Huynh et al., 2014; Huang 
et al., 2019). This difference might come from the synthesis methods and 
solution chemistries. More difference for various ENPs could be found 
out to understand their behaviors in the natural environment. 

In terms of SS, its interaction with AgNPs is negligible due to their 
negative charges (Zhao et al., 2021a). But for CeO2, SS prompted it 
through the strong adsorption capacity in all cases (Lv et al., 2020). 
Although many published particles have researched into ENPs and NICs, 
the knowledge gaps concerning their aggregation still existed. 

3.2.3. Other emerging materials 
Except what we mentioned above, some emerging nanoparticles (e. 

g., plastics, MoS2) also interacted with NICs (Duan et al., 2021; Sabaraya 
et al., 2021). Global plastics production has reached almost 367 million 
tons in 2020. China produces 32% of the whole, ranking first in the 
world (PlasticsEurope, 2021). Micro- and nanoplastics are distributed 
anywhere through decomposition process (Liu et al., 2019b; Singh et al., 
2019), which poses a high potential risk due to the small size and high 
surface area (Wang et al., 2021a). Thus, their interactions with NICs 
become critical and urgent to be known about. Two iron oxides have 

Fig. 3. The interaction between TiO2 NPs or Ag NPs and Kl or Mt. The schematic description of heteroaggregation between (a) TiO2 NPs and Kl, (b) Ag NPs and Kl. 
Reprinted with permission from (Wang et al., 2015b). Copyright (2015) Elsevier. (c) The schematic description of heteroaggregation between TiO2 NPs or Ag NPs and 
Mt, and (d) the corresponding SEM of Ag NPs-Mt heteroaggregates (Zhou et al., 2012). Copyright (2015) Elsevier and (2012) American Chemical Society. 
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been reported to destabilize polystyrene nanoplastics (PSNPs) via strong 
electrostatic attraction and adsorption capacity (Fig. S5a) (Zhang et al., 
2020). Further, the stabilization of PSNPs might be disturbed by Mt with 
IS increasing because of the transition from charge repulsion to 
neutralization (Singh et al., 2019; Zhang et al., 2020). This similar 
destabilization by the high IS might be ceased because the aggregation 
entered into DLA regime for the binary system containing PSNPs and 
large SS (Li et al., 2019). Conversely, the sedimentation of polyethylene 
microplastic was barely impacted by small SS owing to their low het-
eroaggregation tendency (Li et al., 2019). 

Another emerging two-dimensional MoS2 arose wide concern 
recently (Fig. S5b). At pH 4, MoS2 can heteroaggregate with clay min-
erals via electrostatic interaction. The aggregation rate of MoS2− Mt was 
higher than that of MoS2− Kl; therein, the former interaction produced a 
loosely-bound structure (E–F aggregates) mainly through charge 
attraction, and the latter formed a compact one (F–F and E–F aggre-
gates) because of the rigid nature of Kl. However, it did not appear under 
higher pH conditions due to the negative surface charge (Sabaraya et al., 
2021). 

3.3. Disaggregation 

The disaggregation may occur by strong hydrodynamic forces and 
ultrasonic energy (Huynh and Chen, 2014). The CNTs-HemNPs hetero-
aggregates were disaggregated in an ultrasonic bath, then the aggregates 
regrow after ultrasonication. The elevated pH and additive NOM could 
also enhance the propensities of disaggregation. However, no 
re-aggregation would occur in the later cases (Baalousha, 2009; Huynh 
and Chen, 2014). For example, the GO-HemNPs aggregates broke down 
into small particles with increasing pH. The deprotonation of GO and the 
charge reversal of HemNPs resulted in their negative surface charges 
and the weakened GO− HemNPs bonds (Feng et al., 2019). High con-
centration of humic acid induced the disaggregation of iron oxides 
nanoparticles due to the enhanced electrostatic repulsion (Baalousha, 
2009). The condition that disaggregation occurs might be miscellaneous 
but few studies explored, drawing us to investigate further. 

Particle behaviors can scavenge the manufactured materials or sta-
bilize the particle suspension. Large amounts of studies investigated 
basic interactions and novel analytical methods in complex water 
chemistries. Still, the behaviors of emerging materials need to be 
investigated further to control and lower risks. The behaviors in actual 
waters also make significant difference from laboratory experiment, 
which urges us to establish association between them. 

4. Mechanisms and modelling of the behaviors 

4.1. DLVO theory 

The classical DLVO theory was used to explain the stability of nano- 
and micro-particles (Hotze et al., 2010). It was often employed in 
sphere− sphere (NP-NP), sphere− plate (NP-collector) and plate− plate 
(collector-collector) patterns (Table S2). According to DLVO theory, the 
net interaction energy between particles is the sum of VDW attraction 
and EDL repulsion, as a function of particle size, Hamaker constant (AH), 
surface potential and solution chemistry (Phenrat et al., 2007). 

The equation can be expressed as 

VDLVO(h) = VVDW(h) + VEDL(h) (4)  

where VDLVO, VVDW and VEDL denote the total, van der Waals and 
electrostatic interaction energy, respectively; h, the distance between 
materials. 

VDW attraction contains the Keesom (or orientation) force, the 
Debye induction force and the London (or dispersion) force. Its strength 
strongly depends on AH, a value relating to NPs properties (Chen et al., 
2016). The higher AH means the greater aggregation tendency for 

particles (Hotze et al., 2010). The relation between particles and me-
dium expressed in the following 

A121 =
(

A1/2
22 − A1/2

11

)2
(5)  

A123 =
(

A1/2
22 − A1/2

11

)(
A1/2

22 − A1/2
11

)
(6)  

where A11, A22, and A33 denoted AH of NPs “1”, medium, NPs “2” in 
vacuum, respectively; A121 and A123 denoted the Hamaker constants for 
homoaggregation between NPs “1” and heteroaggregation between NPs 
“1” and “2”, respectively. 

The mathematics of EDL force is based on the assumption that with 
the distance increasing, the alteration of particle surface charges follows 
the Poisson-Boltzmann distribution. The electrostatic force decreases 
exponentially with distance and can be easily affected by IS. The Debye 
length (κ) is the inverse of EDL thickness, and 

κ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1000e2

εKT
∑

i
ziMi

√

(7)  

where Mi is molar concentration of electrolyte. 
Hence, when the solution IS increases, the thickness of the double 

layer reduces, which decreases the electrostatic repulsion and facilitates 
aggregation(Grasso et al., 2002). 

4.2. DLVO interaction energy profiles 

As the separation between two particles increases, the VDW attrac-
tion inversely and EDL repulsion exponentially decreases, respectively. 
Specifically, as particles get close, the interparticle DLVO energy might 
go through a weak secondary minimum (a shallow attractive well), an 
energy barrier and a primary minimum (a deep attractive well). The 
reversible aggregation usually exists in the secondary minimum and 
only when the interaction energy overpasses the barrier, the primary 
minimum can be arrived (Islam et al., 1995; Buffle et al., 1998). Three 
main situations exist in the DLVO energy of particle aggregation 
(Fig. S6). 

4.3. X-DLVO 

The X-DLVO theory also plays a vital role in speculating the fate and 
transport of particles, such as H-bonding, Lewis acid-base (AB) force, 
steric interaction, bridging and so on (Fig. 4). These interactions are 
proposed in different specifical cases, needing to discuss and analyze in 
detail. 

4.3.1. H-bonding 
As we all know, high electronegative atoms have the propensity to 

despoil electron from proton to form H-bonding (Grasso et al., 2002). It 
often appears between colloids or the nanoparticles with substantial 
oxygen-containing groups, and between the modified NPs and hydrated 
ions (Wang et al., 2015a, 2017; Chen et al., 2017). Its strength will be 
weakened when pH is far from the neutral. Specifically, having the 
hydroxyl moieties, goethite was likely to associate with other NPs (e.g., 
CDs, nano-black carbon and PSNPs) to facilitate aggregation (Liu et al., 
2017; Lian et al., 2019; Zhang et al., 2020). However, H-bonding formed 
between silanols and hydroxyls of clay surface may be the culprit for the 
decreased aggregation (Sun et al., 2021c). 

4.3.2. Lewis acid-base force 
Lewis acid-base (AB) force, defined as the acceptor-donor in-

teractions between electrons, is the driving force for hydrophilic 
repulsion and hydrophobic attraction (van Oss, 1993). It exists between 
an “unshielded” proton (Lewis acid, electron acceptor/proton donor) 
and available electrons (Lewis base, electron donor/proton acceptor) 
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(Grasso et al., 2002). Its strength will decrease with increasing pH (Yang 
et al., 2013). The AB interaction is a short-range force (Hermansson, 
1999), and can be calculated from (Hotze et al., 2010): 

VAB

Surface area
= ΔGAB

H0
exp

(
H0 − H

λ

)

(8)  

where, ΔGAB
H0

, free energy of AB interaction between particles at distance 
H0; H0, minimum equilibrium separation distance; H, the distance be-
tween the two particle surfaces; λ, decay length for AB interactions. 

Lewis AB force can promote aggregation for particles. For instance, 
in the scenario of goethite (Lewis base) and carbon dots or black carbon 
(Lewis acids), it may overcome the charge repulsion and conduce to the 
adsorption between them (Liu et al., 2017; Lian et al., 2019). Further-
more, AB force, rather than the classical DLVO theory, is suitable for 
rough surfaces (Hoek and Agarwal, 2006). 

4.3.3. Steric interaction 
Commonly, steric interaction enhanced colloidal stability when 

polymer or polyelectrolyte is adsorbed or grafted onto particle surfaces 
(Chen et al., 2010; Shrestha et al., 2020). However, the particle fullerene 
also could adsorb onto kaolinite surface to provide the increased steric 
hindrance (Guo et al., 2020). It often integrally linked with electrostatic 
repulsion, making up the electrosteric stabilization, but the total inter-
action energy cannot be easily summed up (Romero-Cano et al., 2001; 
Fritz et al., 2002). The electrosteric stabilization can be affected by 
solvent chemistries, while steric force was influenced by polymer 
properties (surface density, molecular weight and solubility of the 
portion extending into solution) (Fritz et al., 2002; Chen et al., 2010). 
The adsorbed mass, layer thickness and conformational changes of the 
adsorbed NOM might also have impacts (Li et al., 2020b; Ding et al., 
2021). 

The steric force has two contributions: osmotic and coil compression. 
Thermodynamically, the compression equals to a configurational en-
tropy net loss. An osmotic effect VOsm will generate when the distance 
between two particles is twice smaller or equal to the thickness of 
adsorbed layer. 

VOsm

kBT
= 0 2L ≤ H (9)  

VOsm

kBT
=

4πa
v1

φ2
P

(
1
2
− χ

)(

L −
H
2

)2

L ≤ H < 2L (10)  

VOsm

kBT
=

4πr
v1

φ2
P

(
1
2
− χ

)

L2
[

H
2L

−
1
4
− ln

(
H
L

)]

L > H (11)  

where r, the particle radius; χ, the Flory-Huggins solvency parameter; 
φP, the volume fraction of polymer within the brush layer; L, the 
thickness of the brush; v1, the volume of one solvent molecule. 

When the distance is smaller or equal to the thickness, the elastic 
compression of the layer occurs, there, an entropy elastic repulsion VVR 
comes into being. 

VVR

kBT
= 0 L ≤ H (12)  

VVR

kBT
=

(
2πr
MW

φPL2ρP

)

⎧
⎪⎪⎨

⎪⎪⎩

H
L
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⎡

⎢
⎢
⎣

H
L

⎛

⎜
⎝

3 − H
L

2

⎞

⎟
⎠

2⎤

⎥
⎥
⎦

⎫
⎪⎪⎬

⎪⎪⎭

− 6 ln

⎛

⎜
⎝

3 −
H
L

2

⎞

⎟
⎠

+3
(

1 +
H
L

)

L > H

(13)  

where MW, the molecular weight of the polymer; ρP, its density. 
Substantial studies have found steric force takes an important role in 

stabilizing suspension in the presence of NOM (Huynh et al., 2012; Feng 
et al., 2019; Wang et al., 2019a). When the polymer that adsorbed onto 
particles surface unfolded, the increased conformational entropy resul-
ted in the weakened steric force. Inversely, the suppressed or folded 
polymer leads to a lower entropy and the elevated steric hindrance 
(Fig. S7). 

4.3.4. Bridging 
Bridging, a molecular connection between two or more particles, 

leads to morphologically specific aggregation (Philippe and Schaumann, 
2014). A basic requirement for bridging is enough unoccupied sites on 

Fig. 4. The schematic description of the interactions between NICs and nanoparticles. Reproduced from (Wang et al., 2015a). Copyright (2015) Elsevier.  
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the particle surface where cation, polymer and NPs can adsorb onto and 
connect with other particles (Han et al., 2008; Huynh et al., 2012; Yang 
et al., 2018; Wang et al., 2019a). 

Cation bridging is mainly found in suspension with Ca2+ or Mg2+

(Chekli et al., 2013; Tang et al., 2018; Oriekhova and Stoll, 2019). It 
could decrease suspension CCC and enhance aggregation because Ca2+

was adsorbed onto the surface through cation bridging and screening 
effect (Li et al., 2020a). Generally, the investigations concerning Mg2+

are scarcer than that about Ca2+ and even cannot be observed in some 
published articles (Chowdhury et al., 2013; Wang et al., 2017). But it 
might appear in the high Mg2+ concentration or in the presence of 
organic matters (Zhang et al., 2013; Tang et al., 2018). The bridging of 
trivalent cations (Al3+, Fe3+) was also certified to be vital (Li and Sun, 
2011; Cheng et al., 2020b), but their important impact on the aggre-
gation of NICs was not taken much consideration. 

Same as cation bridging, polymer and surfactants bridging also 
provided favorable conditions for particle aggregation, e.g., bridging 
macromolecules enhanced the homoaggregation of NICs or the hetero-
aggregation with ENPs (Chen et al., 2006; Han et al., 2008). Moreover, 
particles can serve as bridging agents to connect particles in some het-
erogeneous system (Praetorius et al., 2014; Sun and Zhou, 2014). In the 
meantime, there might be depletion force existing between particles, as 
discussed below. 

4.3.5. Depletion force 
Depletion force exists usually in the heterogenous system containing 

both large and small size particles, with weak or even no electrostatic 
interactions (Feng et al., 2021). When large spheres approach each 
other, the excluded volumes overlap. As a result, those small spheres 
enter into a larger available volume. Then the increased total entropy of 
the system generally produces a depletion attraction between large 
spheres. Another explanation for this attraction originates from osmotic 
effect (Marenduzzo et al., 2006). However, it is not always attractive, 
which is greatly determined by the volume fraction of small particles 
(Landman et al., 2021). The higher volume fraction develops the 
depletion repulsion, meaning the enhanced stability (Ghosh et al., 
2014). Specifically, the α-FeOOH hard rods aggregated with fullerene 
under the low volume fraction of C60 via depletion attraction. Further-
more, the aggregates sizes slightly decreased with the increasing frac-
tion of C60 due to the transition to depletion repulsion (Ghosh et al., 
2016). The mechanisms between iron oxides and fullerene were in 
agreement with the above (Ghosh et al., 2014). Zhou et al. (2012) 
supposed that depletion attractive force possibly resulted in the aggre-
gation between Mt and AgNPs, but the suspension stability at pH 8 
overturned this conclusion. 

4.3.6. Magnetic and born force 
The magnetic force benefits the adhesion efficiency of magnetite and 

hematite with no predicted aggregation barrier (Phenrat et al., 2007; 
Hong et al., 2009). The calculation of magnetic force is rarely used since 
the low magnetism of hematite and limited application of magnetite: 

VM =
− 8πμ0M2

s r3

9
(

H
r
+ 2

)3 (14)  

where μ0, the permeability of the vacuum; Ms, saturation magnetization. 
Born repulsive forces is a short-range interaction originating from 

the interpenetration of electron clouds around the atoms of particles and 
a planar surface when their separation distance is less than 0.5 nm (Yi 
and Chen, 2013; Shen et al., 2014). 

VBorn(H) =
AHσ6

7560

[
8r + H

(2r + H)
7 +

6r − H
H7

]

(15)  

where σ, the collision diameter, a typical experimentally derived value 

for σ, 0.5 nm. 
The competition between these forces plays out like a tug-of-war and 

the suspension stability lies on the winner. The VDW and EDL interac-
tion play the dominant role and guide the other forces. Several in-
teractions may take no effect in some situations, but they also have the 
pivotal influence in others. Actually, these interactions are still limited 
in explaining the phenomena in natural waters and more parameters 
needs to be measured and determined. Future studies should focus more 
on the modelling and the contribution proportion of these interactions to 
discern the dominant force under the complex environmental 
conditions. 

5. Factors 

Existing in the natural environment, particles might undergo various 
fate and transport by intrinsic and extrinsic factors. The interesting 
stabilization or mobility for particles under different conditions arouse 
wide concerns. 

5.1. Particle characteristics 

Particle characteristics are fundamental factors for behaviors. Spe-
cifically, on the one hand, particles with smaller size have a higher AH, 
which is beneficial to particles aggregation (Hotze et al., 2010; Xu et al., 
2020). Moreover, small particles possess more atoms exposed onto their 
surfaces, which leads to high surface activity and energy, making par-
ticles tend to aggregate into stable clusters (Shrestha et al., 2020). On 
the other hand, the smaller particle has the thicker EDL or structural 
hydration layer, which resulted into the resistance to aggregation 
(Sheng et al., 2016a; Sun et al., 2021b). This difference might come from 
the initial particle concentration. 

Some non-spherical NICs have charge heterogeneity (Zhou et al., 
2012; Wang et al., 2015b) and even form the special aggregates 
morphology (Lian et al., 2019). For instance, the well-crystallized and 
poorly-crystallized Kl have different aggregation tendencies and mech-
anisms (Wang et al., 2015b). As for the well crystallized low aspect 
(LAsp) and the weakly crystallized high aspect (HAsp) α-FeOOH, the latter 
has inherent crystal deficiencies and many surface charges, prompting 
its aggregation with fullerene via strong EDL attraction in acidic solution 
(Ghosh et al., 2016). 

5.2. Particle concentration (ratio) 

Particle concentration (ratio) affects collision efficiency, hence 
influencing particle aggregation (Shrestha et al., 2020). The mean sur-
face distance between particles can be calculated through Woodcock’s 
equation: 

hsusp = Dp

[
{1/(3πF) + 5/6}0.5

]
(16)  

where F, the solid fraction and Dp, the particle diameter. 
As for the suspension of 300 nm particles, when the concentration 

exceeds 40 vol%, the hsusp is around 10 nm, then the EDL repulsion force 
alone is not adequate to stabilize suspension. At 10 vol%, the hsusp 

significantly exceeds 10 nm, consequently stabilizing the suspension is 
possible (Shrestha et al., 2020). 

The effect of mass/number concentration ratio was mostly investi-
gated on the particle stabilization (Labille et al., 2015). The plot of mass 
concentration ratio vs heteroaggregation rate exhibited a typical 
inverted “V” (Fig. 5) (Huynh et al., 2012). Lots of particles collided and 
attached into primary aggregates via electrostatic interaction and then 
aggregated into large clusters via particle bridging. As the ratio 
increased until the optimal value, the highest aggregation rate was 
reached, where the surface charges of particles were close to zero (Feng 
et al., 2017, 2019). Further, at the higher ratio, stable nanohybrids were 
formed owing to charge screening and reversal (Feng et al., 2017). 
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However, the decreasing phase was not found in nZVI− clay hetero-
aggregation. Their aggregation rate increased continuously as the con-
centration ratio due to the magnetic force of nZVI and bridging with 
clays (Wang et al., 2019a). This indicates that the suitability of this 
inverted “V” rule under NPs/NICs concentration ratios for various sys-
tems needs to explore further. Therefore, the fate and behavior of the 
final formed composite NPs might have vital environmental impacts, 
which should be paid attention to. 

5.3. Solution pH and ionic strength 

Solution pH has a profound effect on particle surface charges. When 
suspension pH approaches the particles pHPZC, there is a rapid aggre-
gation because of the decreased electrostatic repulsion (Zhu et al., 
2014). At low IS, the farther the pH is from pHPZC, the more stable the 
solution is (Xu et al., 2015b; Wang et al., 2019a). This may contribute to 
that pH can induce de-/protonation of the surface functional groups to 
change the sign of particle surface charge (Liu et al., 2018c; Guo et al., 
2020). 

As for ions, besides the aforementioned cation bridging, the high 
ionic concentration and valence in a certain range can reduce inter-
particle electrostatic repulsion extremely through the EDL compression 
or charge neutralization (Hotze et al., 2010; Lowry et al., 2012). For 
example, the capability of counter ions to enhance Kl aggregation is in 
the order of Eu3+ > Sr2+ > Mg2+ > Cs+ > Na+ (Sun et al., 2020b). The 
anions destabilization for HemNPs and goethite NPs (+) followed the 
order: NO3

− ≈ Cl− < F− < SO4
2− (Xu et al., 2015b). Moreover, solution pH 

and ion concentration may impact the surface charge of particle, then 
affect the destabilization capacity of ions. For instance, at pH 9, the 
cations facilitated magnetite (− ) aggregation by the decreased energy 
barrier, and the destabilization effects followed Ba2+ > Sr2+ > Ca2+ >

Mg2+ > Na+. In comparison, the magnetite particle charge presented 
positive at pH 5; therefore, the totally converse order was determined 
(Wang et al., 2017). As for the stability of goethite, its CCC of NaCl, 
NaNO3, Na2SO4 were corresponded to the Schulze-Hardy rule but no 
CCC could be found for Na3PO4. When Na3PO4 concentration ranged 
from 0 to 1 mM, the aggregation rate increased firstly and then 
decreased because the goethite surface charge was neutralized followed 
by reversed. When the concentration continually increased, the amount 
of negative charges decreased because of the charge screening caused by 

sodium counter ions, which enhanced particle aggregation (Lin et al., 
2018). 

A number of studies focused on the effect of ions on the aggregation 
of particles carrying the opposite charges. However, the aggregation of 
particle in the presence of the ions with the same charge sign is also 
important. The mean aggregation rate for goethite (+) followed Cu2+ <

Ca2+ < Mg2+, because Cu2+ can substitute the atoms H and develop the 
strongest covalent bonding − OCu+ to elevate activation energy, thus 
enhancing electrostatic repulsion. The anions also can affect the stability 
of cit-magnetite nanoparticles (− ) and the sequence followed PO4

3− >

SO4
2− > Cl− , because PO4

3− can be strongly adsorbed (Liu et al., 2018c). 

5.4. NOM 

NOM, consisting of humic substances (HS) and non-humic ones 
(NHS), interact with NPs through their surface oxygen-containing 
functional groups (Grillo et al., 2015; Artifon et al., 2019; Junaid and 
Wang, 2021). Their interaction can be inhibited by changing particle 
surface charge and inducing interparticle steric stabilization (Chen 
et al., 2017; Barbero et al., 2021), or be enhanced by charge neutrali-
zation, bridging and others (Fig. S8) (Hu et al., 2010a; Sun et al., 2018). 
These interactions might also affect the transport and reactivity of NOM 
in turn and other transformation and reaction process in the 
environment. 

On the one hand, NOM induced colloidal stabilization. HS and small 
molecular acids can be adsorbed to clay edges through ligand exchange 
to stabilize suspensions (Heidmann et al., 2005; Guo et al., 2020). 
Meanwhile, protein (Feng et al., 2019; Yan et al., 2019; Sun et al., 2022) 
and extracellular polymeric substance (Lin et al., 2018; Wang et al., 
2018b; Zhao et al., 2021b) can coat NP surfaces to enhance electrostatic 
or steric repulsion. On the other hand, the aggregation induced by NOM 
also existed. For instance, alginate can bridge with Ca2+ or particles to 
form alginate gels (Chen et al., 2006; Wang et al., 2018a). The nega-
tively charged NOM can also interact with positively charged NPs 
through EDL attraction (Palomino and Stoll, 2013a; Sheng et al., 2016b). 
The studies concerning the effect of NOM on particle aggregation have 
been largely comprehensive, but the ones focusing on the hetero-
aggregation of NICs-ENPs are relatively rare. 

These (de)stabilization might depend on the type and concentration 
of NOM and the electrokinetic properties of NPs. For instance, compared 

Fig. 5. The proposed heteroaggregation mechanisms at different mass concentration ratios. (a) The interaction between black carbon nanoparticles and goethite with 
increasing mass ratios (Lian et al., 2019); (b) the GO-HemNPs heteroaggregation with increasing GO/HemNP mass concentration ratios (Feng et al., 2017); (c) the 
heteroaggregation between CNT and HemNP (Huynh et al., 2012); (d) the heteroaggregation rates of NPs and NICs as a function of mass concentration ratio (Feng 
et al., 2017). Figures are adapted from references mentioned above with permission. 
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to fulvic acid (FA), the abundant reactive groups of humic acid (HA) 
made it possess stronger adsorption capacity, thus the HA-induced ag-
gregation was more dependent on water chemistry (Weng et al., 2007). 
Although both HA and FA inhibited Fh NPs aggregation, CH3COONa did 
not (Liu et al., 2019a). Furthermore, when NOM concentration was low, 
the enhanced Fe oxides homoaggregation and the weakened Fe oxi-
des-MnO2 heteroaggregation occurred due to the oppositely charged 
patches. With the increased NOM concentration, heteroaggregation 
were thwarted because all particles were negatively charged (Hu et al., 
2010a; Zhang et al., 2015). It even led to disaggregation originating 
from EDL repulsion, VDW forces and hydrophobic forces (Palomino and 
Stoll, 2013b). As for alginate bridging, it was not observed in the asso-
ciation between CeO2 NPs and Fe2O3 NPs. Low concentration of alginate 
had no effect, while high one inhibited the heteroaggregation due to 
electrostatic interaction rather than bridging (Oriekhova and Stoll, 
2019). In addition, the adsorption mass and conformation change of 
macromolecules might alter the surface charge and adsorbed layer 
thickness of NICs, thus influencing electrostatic interaction and steric 
repulsion. 

The environmental factors are also important in determining the 
impacts of NOM. For instance, the increased pH made the less electro-
static repulsion between NOM and clays, and then the hydrophobic or H- 
bonding interactions began to take effect (Sabaraya et al., 2021). High 
concentration of multivalent cations led to the stabilization of 
NOM-coated particles through the decreased attractive interaction and 
the increased steric force, while the low one induced fast aggregation by 
patched charge attraction (Sheng et al., 2016b). This study focused on 
the stabilization of the secondary aggregates to provide a new 
perspective on particle aggregation. Moreover, the different exposure 
orders of electrolyte with high concentrations and protein was also 
found to have a significant role in the aggregation of HemNPs (Ding 
et al., 2021). Except the aforementioned, more environmental factors in 
the natural waters are urgent to be revealed and to be investigated in 
aggregation experiment to simulate real water systems and solve the 
actual environment problems. 

6. Conclusions and environmental implications 

This article comprehensively reviewed NICs behavior in the water 
system. They can not only homoaggregate with themselves, but also 
heteroaggregate with carbon-base colloids, metal (oxide) colloids and 
other emerging colloids. To explain and predict these behaviors, the 
associated mechanisms and modelling (DLVO and X-DLVO theory) were 
proposed. The classical DLVO theory was usually employed in ideal 
situations, and the X-DLVO theory was developed in terms of non-ideal 
conditions, which provided new perspectives on particle behaviors. 
Additionally, a variety of intrinsic and extrinsic factors were proposed to 
explore the generality and speciality of particle behaviors. Their in-
teractions are mutually connected, therefore taking a diversity of factors 
into consideration simultaneously is important and necessary. 

Despite of many studies in this field, there still exist some problems 
and gaps that need to be settled out and investigated further. 

(i) Pay more attention to the emerging materials. Except the tradi-
tional CBMs and MNPs, some new matters have unpredictable 
risks affecting the stability and eco-balance of the nature, such as 
2D-nanomaterials (e.g., Cofs, mofs, Mxene), the nanoporous 
materials, transition metal dichalcogenides and phase change 
materials. They may present different physicochemical charac-
teristics, thus interacting with NICs via peculiar mechanisms in 
the waters. It probably gives us novel inspiration on under-
standing particle behaviors and fates and on controlling potential 
environmental risks in aquatic system.  

(ii) Innovate the detecting and analytical methods systematically. For 
example, the low concentration of NPs might make them un-
measurable in most cases. In addition, it is difficult to observe in 

situ the changes in particle size and morphology during aggre-
gation, the absorption content and thickness of NOM on the 
particles, and the structural changes when NOM interacts with 
NPs by current techniques. Thus, some analytical apparatus can 
be combined together to determine them accurately and timely.  

(iii) Numerical analytic and methodological models should be further 
developed. Particle homoaggregation has been explored thor-
oughly, albeit for the more complex heteroaggregation, there 
exists the deficiency in numerical models yet. It is worth noting 
that artificial intelligence and machine learning models are 
applied broadly with the arrival of information evolution. Huge 
development potential exists in this area, therefore incorporating 
the latest and traditional technologies might open up new sights 
in evaluating pollution fate and transport.  

(iv) How to combine micro experimental phenomena with macro 
environmental problems has become a vital development direc-
tion in the future. Considering the environmental complexity, it is 
expected that operating in situ observation and particle size 
measuring on the spot support the knowledge about natural sit-
uation. The existing factors that we talked are not adequate to 
clarify particles behavior in the natural environment. Lots of 
factors need us to explore in the natural environment, such as the 
temperature, the concentration of nutrients and pollutants, the 
emerging organic or inorganic materials, as well as the interac-
tion zones, where the particles might experience the dramatic 
change of environmental conditions. 

Future studies can focus more on these aspects and discuss relative 
mechanisms to offer novel insights. With more and more pollutants 
putting into the environment, the development of the investigation on 
NICs behaviors will continue as before. We anticipate that more inten-
sive research could focus on solving the technical and theoretical 
problems concerning pollutants-control and overcoming the current 
constraints in environmental applications. 
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