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1. Introduction 
 

During the last decade, engineered nanoparticles (ENP) 

have become an essential part of everyday consumer 

products, exhibiting a widespread application in foods, 

personal care products, textiles, and home appliances (Benn 

and Westerhoff 2008, Nowack et al. 2011, Weir et al. 2012, 

Windler et al. 2012, Hansen et al. 2016, Wagener et al. 

2016). Studies have shown various pathways of exposure of 

these particles into the aquifer, ranging from municipal 

waste to non-point source pathways (Kaegi et al. 2008, 

Benn et al. 2010, Petersen et al. 2011, Debia et al. 2016). 

And based on the product type and property, some show as 

much as 100% direct release into the sewer system, where 

some show a small but steady release of particles under 

specific conditions. The outflow of ENPs will undergo 

various treatment procedures, eventually resulting in 

exposure to aquatic life forms as well as landfill 

accumulation (Adams et al. 2006, Bolyard et al. 2013, Sun 
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et al. 2016, Bundschuh et al. 2018). 

In aquatic environments, the transport and fate of 

nanoparticles are mainly due to the mobility of the particles. 

Interaction between particles play a key role in determining 

the behavior, mobility, and fate of ENP. According to the 

DLVO theory, the rate of aggregation kinetics depends on 

the electrostatic double layer of the particles. With the 

increase of ionic strength, electric double layer compression 

occurs, lowering the resistance between the particles, 

resulting in a higher likelihood of particle attachment. The 

stability ratio (or attachment efficiency) shows the particle 

attachment as a function of ionic strength concentrations. 

Aside from DLVO forces, organic sorption onto 

nanoparticle surfaces increases the stability of particles 

through steric repulsion. Negatively charged functional 

groups on the organic matter causes steric repulsion, 

resulting in the stability of the nanoparticles, decreasing the 

aggregation kinetics and hence increases the CCC values 

(Li and Chen 2012, Miao et al. 2016). As an example, it has 

been reported that with the addition of humic acids, the 

CCC values of SWCN was increased 2~5 times (Chen and 

Elimelech 2007). The influence of organic matter relies on 

the type of organic matter as well as the amount sorbed onto 

the particle surface. It has been known that the type of 

organic matter influences the stabilization of particles, 

where humic acid (HA) showed the highest repulsion 
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followed by natural organic matter (NOM) and fulvic acids 

(FA) (Erhayem and Sohn 2014). The amount of organic 

sorption to the particle surface also follows this order, 

where the sorption of organic matter is due to the higher 

ratio of aromatic to aliphatic carbon (Erhayem and Sohn 

2014). In general, an increase in organic sorption will 

enhance the stability of particles; however, it has been 

proven that at low organic concentrations aggregation 

processes were increased through organic bridging (Illés 

and Tombácz 2006). This has been observed with the 

existence of divalent cations, where Ca2+ induced a bridging 

effect between the sorbed organic materials resulting in 

faster aggregation kinetics (Li and Huang 2010).  

Various aggregation studies have been conducted with 

different ENPs (ZnO, TiO2, Fe2O3, C60, Single walled 

carbon nanotubes and grapheme oxide) under numerous 

aquatic conditions to verify the fate and transport of 

nanoparticles (Chen and Elimelech 2006, Zheng et al. 2011, 

Aboubaraka et al. 2017, Chang et al. 2017, Sani-Kast et al. 

2017, Sousa et al. 2017). Both metallic and carbon based 

nanoparticles show similar characteristics under higher 

ionic strengths as well as sorption of dissolved organic 

material onto the particle surface. With NaCl, the CCC 

values of carbon based nanoparticles range from 44~160 

mM, where metallic particles ranging from 20~40 mM 

(Keller et al. 2010, Li and Huang 2010, Chowdhury et al. 

2013, Jiang et al. 2016). Difference in the measured CCC 

range are due mainly to the surface characteristics of the 

particles, where metallic oxides have an even charge 

distribution on the surface where the carbon based 

nanoparticles differ on the state of surface oxidation. 

Detailed results of the literature research showed CCC 

values of 25, 15, 20, 160, 160, and 44 mM for TiO2, Fe2O3, 

C60, SWCN, and GO respectively (Illés and Tombácz 2006, 

Chen and Elimelech 2007, Chen et al. 2007, Li and Huang 

2010, Zhou and Keller 2010, Jiang et al. 2016). 

For carbon-based materials it has been proven that the 

surface charge relies on the oxidation of the carbon surfaces 

leading to surface functional groups (Duch et al. 2011). 

Carboxylic and hydroxyl functional groups are the main 

cause of the surface charge of carbon materials, where the 

amount of oxidation determines the degree of surface 

charge and hence the aggregation (Jiang et al. 2016). 

However, some studies have shown that the shape of 

materials also influences the aggregation of the particles. 

This has been seen in carbon nanotubes having structural 

irregularities in its scaffold as well as incomplete carbon 

rings in the end termini, making it more acceptable to 

oxidation (Müller and Bunz 2007). Graphene oxide and 

fullerenes also share this trend where the CCC value of 2D 

graphene oxide (GO) is higher than 1D carbon nanotubes 

(CNT), and lower than 3D fullerene (Chowdhury et al. 

2013). Among graphene oxides, the physical crumbling of 

the particles also showed influence on the surface charge 

and attachment characteristics (Jiang et al. 2016). 

Difference in CCC values based on particle shape has also 

been seen with ZnO, where non-spherical particles show 

faster aggregation characteristics compared to spherical 

particles (van Zanten and Elimelech 1992).  

Various studies have proven the effect of humic, fulvic 

and NOM on the stability of ENP. However, the majority of 

the research was focus was on controlled organic substances 

with the lack of investigation in field samples. In the current 

study, particle stability was investigated under aquatic 

conditions that simulate wastewater treatment plants. 

Organic matter used in the study was extracted from field 

samples collected from wastewater treatment plants to 

verify the particle stability under dissolved organic matter 

and attachment to sludge particulates. The pH and ionic 

strength will be a main factor as well as the natural organic 

matter from the sampled wastewater. Attachment efficiency 

tests were conducted to verify the effects of natural 

wastewater conditions and its effect on the stability and 

aggregation of the nanoparticles of interest. Additionally, 

sorption tests of two different size fractions with ENP were 

also conducted to assess the amount of organic sorption to 

nanoparticles, and its fate as well.  
 
 

2. Theoretical aspects 
 

Aggregation of mono-disperse particles to doublet 

formation can be described with a kinetic approach with the 

equation (van Zanten and Elimelech 1992, Shih et al. 2012) 

𝑑𝑁2

𝑑𝑡
=

1

2
𝑘11𝑁1

2 − 𝑘12𝑁1𝑁2  (1) 

this equation shows the aggregation kinetics of single 

particle aggregation as well as the dissociation of 

aggregated particles, where N1 and N2 are the number 

particles of the primary and secondary particles, 

respectively. The second-order rate constants k11 and k12 are 

rate constants related to the aggregation and dissociation 

process of particle interaction, respectively. For early state 

aggregation where single particle interaction occurs, in 

absence of dissociation, Eq. (1) can be simplified as the 

following expression  
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= −
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𝑑𝑡
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2
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Based on the surface chemistry of the particles and 

aquatic chemistry, particles aggregation may display two 

different stages. The fast aggregation stage occurs under 

high salinity conditions or at pH near the ZPC of the 

particles where the surface charge of the particles is 

negligible. According to Smoluchowski, (van Zanten and 

Elimelech 1992) in this state, Brownian motion dominates 

the particle attachment where each collision results in 

aggregation represented by the following equation. 

𝑘11,𝑓𝑎𝑠𝑡 =
4𝑘𝐵𝑇

3𝜇
 (3) 

where k11fast is the rate constant for fast aggregation, kB is 

the Boltzmen constant, T is temperature, and μ is the 

viscosity of the fluid.  

On the contrary, slow aggregation occurs under 

conditions where the repulsive forces retard the aggregation 

between the particles lowering the attachment per collision 

ratio. The relationship between the two stages can be 

explained by the following equation 
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𝑘11𝑁1
2 =  𝛼𝑘11,𝑓𝑎𝑠𝑡𝑁1

2  (4) 

where k11 is the aggregation rate constant at a given aquatic 

condition, k11fast is the rate constant at the fast aggregation 

stage, and α is the attachment efficiency. The attachment 

efficiency is the also known as the reciprocal of the stability 

ratio (W), where it represents the success of attachment per 

number of particle collision. The equation can also be stated 

as  

α =
1

𝑊
=

𝑘11

𝑘11,𝑓𝑎𝑠𝑡

 (5) 

Through the comparison of aggregation rates, the 

attachment efficiency (0 < α ≤ 1) can be known without 

measuring the absolute rate values. 

 

 

3. Material and methods 
 
3.1 Preparation of engineered nanoparticles 
 

For the experiments, titanium dioxide (P25, Sigma 

Aldrich), and zinc oxide (Sigma Aldrich, U.S.A.) was used 

as model ENP. According to the information provided by 

the supplier, TiO2 has a diameter of 21 nm with an assay of 

≥ 99.5% trace metals basis, where ZnO has a diameter of 50 

nm and smaller with an assay of ≥ 97% trace metals basis. 

However, using dynamic light scattering (DLS), (Zetasizer 

nano, Malvern, UK) the hydrodynamic radius of TiO2 

particles were determined to be 200 nm (± 20 nm) and ZnO 

to be 80 nm (± 10 nm) in diameter when measured in 

aqueous conditions. Before each experiment, the powdered 

form of ENP was suspended in deionized water (18 mΩ) 

and dispersed with a high intensity ultrasound processor 

(Ultrasonic Homogenizer 4710 Series, Cole-Parmer 

Instrument Co., Chicago, IL). During the sonication process 

the temperature of the samples were controlled with a 

thermostat pump in conjunction with a cooler and adjusted 

to 25℃. The electrolyte (NaCl and Na2SO4) stock solutions 

were prepared and filtered through 0.2 µm filters and 

adjusted to the desired pH before use. All samples were, 

unless otherwise stated, prepared at a pH of 6.0. All 

chemicals were of analytical grade. 

 
3.2 Collection and preparation of dissolved organic 

matter 
 
Wastewater samples were collected from the secondary 

return sludge of the Wilmington wastewater treatment plant. 

Sampled wastewater was firmly sealed and stored in an 

icebox containing ice during the transportation process. The 

collected samples were stored in a refrigerated environment 

of 4°C before experiments. Experiments were conducted 

within three days after sampling. Organic matter was 

separated into three fractions based on their size; as 

dissolved organic matter (DOM), small organic particular 

matter (SOPM), and large organic particulate matter 

(LOPM). Centrifugation was used to separate the DOM 

fraction of organic matter from the sludge. Collected 

wastewater was centrifuged at 20,000G for 30 min (RC-5 

Super-speed Refrigerated centrifuge, DuPont), to separate 

particular organic and other undissolved matter from the 

samples. The DOM was collected from the supernatant of 

the centrifuged wastewater samples. After collection the 

DOM samples were analyzed for the organic content with a 

TOC analyzer. Collected DOM samples were stored in a 

refrigerated environment before the experiments. The 

SOPM was collected through gravitational sedimentation, 

where sampled sludge was settled in an Imhoff cone for 4 

hr. After the sedimentation process, the supernatant was 

collected for SOPM. To collect the LOPM, sludge was 

settled in an Imhoff cone for 4 hrs, where the settled matter 

was collected as the LOPM. The supernatant was removed 

and the settled matter was then collected to acquire the 

LOPM. To isolate only the organic matter that is larger than 

1 μm, the settled matter in the Imhoff cone was suspended 

in DI water and settled to separate additional DOM and 

SOPM in the separated sample. The supernatant of the 

settled sludge was removed, and the settled matter was 

filled with DI water, agitated and settled for 4hours again. 

After the sedimentation process, the supernatant containing 

DOM and SOPM was removed and the Imhoff cone was 

again filled with DI water. This process was repeated for 

three times to remove as much DOM and SOPM in the 

sludge samples. 

 

3.3 Coagulation experiments 
 

The change in particle diameter was measured with 

Dynamic light scattering, performed on the Zetasizer nano 

(Malvern). It was equipped with a He-Ne laser source with 

a wavelength of 633 nm and 90° fixed angle detector. 

Before each experiment the ENP was dispersed with a high 

powered sonicater (Ultrasonic Homogenizer 4710 Series, 

Cole-Parmer Instrument Co., Chicago, IL) for a minimum 

of 2 minutes for maximum particle dispersion. The stock 

suspension of TiO2 and ZnO were added to a disposable 

methacrylate cuvette (Fisherbrand, Fisher), and diluted with 

DI water to match the target particle concentration. The 

desired ionic solution was added moments before the 

sample was added into the cuvettes and placed in the 

instrument (Zetasizer) for measurement. For experiments 

associated to ENP and organic matter, DOM was added to 

the cuvettes immediately after the ENP.  

The measurement was conducted with a 10 second 

interval with a total measurement time of 30 minutes to an 

hour. Total detection time was based on the time for the 

hydrodynamic radius to increase approximately 30%. This 

provides adequate data to derive the aggregation kinetics of 

single particle interaction, since the defective doublet 

hydrodynamic radius has been reported to be about 1.38 

times the primary particle hydrodynamic radius (van Zanten 

and Elimelech 1992). All measurements were carried out at 

25°C, and the pH of each of the stock solution and DI water 

was checked before the experiments. Additionally, the 

coagulation experiments with organic matter and 

nanoparticles were conducted under various aquatic 

conditions. The effect of pH on the coagulation was tested 

by altering the hydrogen content with HNO3 and NaOH. To 
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test the effect of divalent anions, Na2SO4 was added to the 

samples under various concentrations. 

 

3.4 Sedimentation experiments 
  

For large organic matter, a differential sedimentation 

method was applied to measure the amount of sorption onto 

sludge flocs. The method was based on a method developed 

by Nicolosi et al. (2005) measuring the sedimentation as a 

function of time. Examples of the process are illustrated in a 

previous research conducted by the current research group 

(Nicolosi et al. 2005). To obtain a sediment curve, a time 

dependent measurement of turbidity should be conducted. 

Samples were mixed in 12 mm disposable polystyrene 

cuvettes, where sludge and ENP were added along with DI 

water and NaCl, depending on the experiment. The cuvettes 

where shaken and placed on a shaking plate for 2 hr. The 

cuvettes where then placed in a UV-visible spectro- 

photometer (HACH DR5000) to measure the light 

transmittance at the wavelength of 600 nm. The light 

transmittance was recorded every 10 min for the first 1hr, 

20 min for the next 1 hr, and every 30 min for the next 2 

hours. Each experiment was repeated 5 times for accuracy. 

A sedimentation curve was plotted based on the measured 

transmittance values. The sediment curve was separated 

into various sections based on the type of sediment. Free 

ENP concentration was extrapolated based on the final 

section of the sediment curve, which represents free floating 

ENP. The attached amount of ENP was calculated by 

subtracting the free ENP concentration from the added 

initial ENP concentration. 
 

 

4. Result and discussion 
 

4.1 Interaction of engineered nanoparticles under 
various aquatic conditions 

 

The stability of nanoparticles is closely related to the 

fate, and transport, of nanoparticles. Previous research has 

shown that aquatic conditions such as ionic strength, 

organic matter, and divalent cations are the main factors 

influencing particle stability. However, previous research 

mainly focuses on a single organic matter under low 

concentrations, which may not properly represent the field 

conditions. So in the current study particle stability was 

tested under conditions simulating filed conditions, such as 

neutral pH, and high DOM concentrations. Conditions such 

as the pH and type of ions were considered in the 

experiment. The results of this study will aid in the 

comprehension and prediction of ENP in wastewater 

treatment plants, providing insight to particle interaction 

under field conditions.  

Fig. 1, shows the increase of nTiO2 particle size as a 

function of time. The experiments were performed in 

duplicates at each electrolyte concentration showing good 

reproductively. Results showed an increase in the hydro- 

dynamic radius with time for different electrolyte 

concentrations. The slope of the hydrodynamic radius 

versus time curve increased dramatically when the 

electrolyte concentration was increased from 0.01 M to 0.1 

 
Fig. 1 Dynamic light scattering (DLS) measurements of 

nTiO2 aggregation. The aggregation profile was 

measured as a function of salt concentration; Conditions: 

TiO2 = 10mg/L, pH = 8, NaCl used as an electrolyte 

 

 
Fig. 2 Stability ratio as a function of various pH 

conditions; The blue dashed line indicates the CCC value 

at pH 6, the purple double dotted line indicates the CCC 

value at pH 3, and the red dotted line indicates the CCC 

value at pH 8 Experimental conditions: [TiO2] = 80 

mg/L; Temperature = 25°C; electrolyte = NaCl 
 

 

M. Any increase in the electrolyte concentration did not 

result in an incline in the slope indicating that 0.1 M NaCl 

is in the fast aggregation regime. This is in good agreement 

with the characteristics of the fast regime where the 

coagulation rate constant is independent of the electrolyte 

concentrations. It can also be observed that at higher 

electrolyte concentrations the particle size distribution 

increases with time. This is due to multiple scattering, 

which leads to a diffuse halo around the primary laser beam 

inside the cell and a reduced intercept of the autocorrelation 

function resulting in a wider spread in particle size 

measurement.  

From the slopes obtain in Fig. 1 the attachment 

efficiency was calculated and presented in Fig. 2. The 

stability ratio was shown through the attachment efficiency 

as a function of electrolyte concentration. Fast coagulation 

(where the attachment efficiency = 1) was calculated by 

averaging three of the slopes in the fast regime. The effect  
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Fig. 3 Stability ratio ratio as a function of electrolyte 

concentration; The solid line indicates the CCC value 

with Na2SO4 added, where the dashed line indicates the 

CCC value when NaCl is added; Experimental conditions 

[TiO2] = 80 mg/L; Temperature = 25oC; pH = 3 

 

 

of pH on particle aggregation was verified by testing the 

attachment efficiency of TiO2 in three different pH 

conditions (pH 3, 6, 8). The pH was selected based on the 

zero point charge (ZPC) of the particles, which is known to 

be approximately pH 6.3. Zeta potential of the particles 

were measured at +15mV for pH 3, close to zero at pH 6, 

and -20mV at pH 8. Coagulation of the particles show a 

strong correlation with the zeta potential where the 

attachment efficiency was 0.07 mM at pH 6, 8 mM at pH 3, 

and 20mM for pH 8. Based on the degree of surface charge, 

the CCC value rises from one to two degrees of magnitude. 

The effect of pH can be seen with the results where the 

surface charge is a two-step protonation of the metal oxides 

on the particle surface. Since pH 6 is near neutral 

conditions, a slight increase of ionic strength will result in 

the coagulation of the particles due to the even distribution 

of single protonated surface groups. However, with pH 3 

the high concentration of dual-protonated surface charges 

demands a higher degree of anions to suppress the positive 

surface charge. And with particles in pH 8, the cations will 

interact with the deprotonated surface for coagulation.  

Aside from the effect of pH and salinity, multivalent 

ions are also known to have pronounced effects on the 

destabilization of colloidal particles (Gambinossi et al. 

2015). Fig. 3 shows the aggregation profiles with different 

divalent anion concentrations at pH 3 where the particles 

displayed a positive charge. Results showed a rapid increase 

in the slope at Na2SO4 concentrations up to 0.5 mM. 

Compared with the monovalent anions the divalent anions 

showed a difference in the CCC up to two degrees of 

magnitude. Shih et al. (2012) have also reported similar 

results where the CCC of NaCl was 8.2 mM and NaSO4
2- 

was 0.05 mM. The results with Cl- showed almost identical 

results where SO4
2- showed a one degree of magnitude 

difference. This may be due to the fact that Shih et al. 

(2012) conducted the experiments in pH 3 to 4, where in pH 

4 the zeta potential dropped to 8 mV aiding in the lower 

CCC value. However, in various researches the effect of 

divalent cations have shown to differ based on the selected 

ionic species. Results have indicated that will various 

divalent ionic species the CCC values may differ up to two 

degrees in magnitude (French et al. 2009, Keller et al. 2010, 

Thio et al. 2011). The Schulze–Hardy rule states that the 

difference between the monovalent and divalent ion CCC 

values should be 1:64 (1/16:1/26). However, the results 

from the two different electrolytes (Cl- and SO4
2-) show a 

ratio of 1:16.4. The difference between the theoretical and 

experimental value may be due to the size and symmetry of 

the sulfate ions, where the Schulze–Hardy rule is based on 

the assumption of using symmetrical ions, not fitting the 

tetratomic ions of interest (Thio et al. 2011). 
 

4.2 Interaction of engineered nanoparticles and 
dissolved organic matter 

 

The effect of dissolved organic matter on particle 

stability was tested with organic matter sampled from a 

wastewater treatment plant. Dissolved organic matter was 

extracted from secondary waste sludge and tested under the 

sampled pH conditions (pH 6). The DOM showed TOC 

concentrations of 409 mg/L, where the experimental 

conditions were set at 300 mg/L due to the addition of ENP 

and ionic species.  

Fig. 4 shows the attachment efficiency of nTiO2 and 

nZnO under various DOM concentrations. With dissolved 

organic matter, results showed that both particles displayed 

higher CCC values. The overall aggregation kinetics of both 

particles showed similar results, where CCC values where 

of NaCl concentrations of 100 mM. However as seen in Fig. 

4(a), the change in organic matter concentration impacts the 

aggregation kinetics, where lower organic concentration 

shows lower CCC values. It has been proven in previous 

studies that the amount of sorption influences the 

aggregation kinetics of nanoaprticles, where increasing HA 

concentrations from 1 mg/L to 5 mg/L results in a 35% 

increase in the CCC (Erhayem and Sohn 2014). This may 

be due to the compact formation of DOM on particle 

surfaces where the increase of ionic strength impacts the 

shape and morphology of organic material. It has been 

reported that with increased ionic strength, the steric 

repulsion of humic acid (HA) decreases, resulting in a 

compact sorption layer of HA on the particle surface (Yuan 

et al. 2008, Liao et al. 2017). Higher ionic strength may 

also change the shape of the organic material from linear to 

spherical due to the neutralization of anionic carboxylic and 

phenolic groups resulting in higher sorption (Wang et al. 

2001, Erhayem and Sohn 2014). Hence, higher ionic 

strength and organic concentration may result in the 

decrease of aggregation kinetics.  

Additionally, the concentration of DOM may also be a 

factor, where with higher DOM attachments will lead to an 

increased in the number of functional sites, requiring a 

higher amount of cations to reduce the steric effects of the 

organic material.  

By comparing Figs. 4 (a) and 4(b) it can be seen that 

interactions with the DOM, sampled from wastewater 

treatment plants, resulted in similar CCC values for both 

TiO2 and ZnO. It should be mentioned that the surface 

charge of the two ENPs are different where ZnO shows 

strong positive charge, and TiO2 a near neutral charge.  
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(a) Interaction of TiO2 and DOM 

 
(b) Interaction of ZnO and DOM 

Fig. 4 Stability ratio as a function of various DOM 

conditions; Experimental conditions: [TiO2] = 50 mg/L; 

[ZnO] = 50 mg/L; Temperature = 25°C; electrolyte = 

NaCl; DOM = 300 mg/L; pH 6 

 

 

Regardless of the nanoparticle surface charge the stability 

of the particles will rely on the steric repulsion of the 

organic matter. And due to the fact that both particles 

displayed stability values near 100mM, it can be deduced 

that equal amounts of functional groups are displayed on 

the outer organic layer. Additionally, it can also be deduced 

that for similar steric repulsion to occur, the amount of 

organic sorption is higher with positively charged particles 

to mask the surface charge. This may be due to the masking 

of the particle surface charge. And at the surface of the 

particles, similar amounts of functional groups are exposed 

to the aquafer resulting in similar stability of the particles. 

Particles of different surface charges may have different 

DOM sorption capacities, where the positively charged 

particles have larger amounts of DOM attachment to mask 

the surface charge (Gora and Andrews 2017). This may lead 

to the fact that regardless of the particle type, high 

concentrations of dissolved organic matter will cancel out 

the particle surface charge effect. So based on the results 

above it can be concluded that under field conditions, 

regardless of the surface charge or material composition of 

the ENP, DOM attachment leads to a similar degree of 

stability for various nanoparticles.  

 
Fig. 5 Sorption study of DOM and small organic 

particulates with nTiO2 and nZnO; Small organic 

particulate matter (d < 1μm), Large organic particulate 

matter (d > 1μm), pH 6.5; (a) Organics obtained from 

primary waste sludge; (b) Organics obtained from 

secondary waste sludge 

 
 
4.3 Interaction of engineered nanoparticles and 

organic particulates 

 

As it can be seen in Fig. 4, both particles display similar 

CCC values under the presence of high DOM 

concentrations although nTiO2 and nZnO have different 

surface charges. Based on the results, organic sorption 

experiments were conducted under the assumption that the 

affinity of ENP to organic matter will depend on the particle 

surface charge. To verify the assumption, sorption 

experiments were conducted on both nTiO2 and nZnO with 

organic matter from wastewater treatment plants.  

Fig. 5 compares the attachment of nTiO2 and nZnO onto 

wastewater sludge and its constituents. Since the interaction 

of dissolved organic matter and ENP have been observed in 

the previous section, ENP interaction with particulate 

organic matter was observed to better understand the 

interaction and fate of the nanoparticles. Wastewater sludge 

was separated into two size groups, small organic particular 

matter (d < 1 μm) and large organic particular matter (d > 1 

μm), to undergo sorption experiments with ENP. Results 

show that for both large and small organic particulates, 

nZnO display a stronger affinity than nTiO2. This has also 

been observed in various studies, where the maximum 

sorption of humic acid (HA) to nZnO was measured to be 

60.48 mgHA/gNP (Zhou and Keller 2010), and maximum 

NOM sorption to nTiO2 of 18 mg NOM/gNP (Erhayem and 

Sohn 2014). Although it has been proven that humic acids 

have a stronger affinity to metallic particles, the measured 

difference does not exceed two times the amount (Erhayem 

and Sohn 2014). The difference in the affinity is mainly due 

to the positive surface charge of nZnO, compared to nTiO2 

displaying a nearly neutral surface charge. The negative 

charge of organic matter induces the attachment of nZnO 

onto the organic surfaces. Attachment of nZnO to organic 

particulates will result in charge screening, where the 

compiling of the particles masks the negative charge of the 

34



 

Engineered nanoparticles in wastewater systems: Effect of organic size on the fate of nanoparticles 

functional groups favoring additional attachment of nZnO 

onto the organic material. This may lead to a multilayer 

sorption, where the positive surface charge masks the 

functional groups of the organic layer leading to additional 

nZnO attachment. Additionally, the stronger positive charge 

contributes to smaller and more mobile nZnO nanoparticles. 

The lack of aggregation will provide a larger surface area, 

compared to nTiO2, leading to higher amount of DOM 

attachment to nZnO surfaces.  

It can also be seen in Fig. 5 that large organic 

particulates have a higher affinity with nZnO. This is due to 

the existence of DOM in the small organic particular 

samples, and its attachment to the ZnO surfaces. 

Attachment of DOM to ZnO surfaces hinders the positive 

charge of the nanoparticles stabilizing it thorough steric 

hindrance. This prevents the attachment of ZnO to small 

organic particular matter, hence the lower sorption results 

of ZnO to small organic particular matter. However, with 

nanoparticles and larger organic flocs, various mechanism 

occurs with the interaction resulting in higher amounts of 

nZnO attachment to the organic matter. Studies have shown 

that nanoparticles can be found in wastewater samples 

through floc aggregation, microbial cell attachment, and 

internalization within microbial cells (Chowdhury et al. 

2012, Park et al. 2013). For floc aggregation, positively 

charged particles have been proven to increase the floc size 

through the reduction of the organic material’s energy 

barrier resulting in a fractal shape aggregation of the flocs 

(Mukha et al. 2013, Xu and Li 2016). Aside from the 

attachment of nanoparticles to various wastewater 

constituents, nanoparticles have also been proven to 

penetrate through the microbe membrane and entrapped 

inside the cells. Due to the combined effects stated above, 

nZnO may show higher degrees of attachment to larger 

organic matter.  

Aside from the interactions mentioned above, the 

complexity of ENP sorption to wastewater organic matter 

may be due to various reasons other such as calcium 

bridging, ligand exchange, chelation, and hydrophobic 

attraction. Further research is to be conducted on the matter. 
 

 

5. Conclusions 
 

In the current research the stability of ENP was tested 

under various aquatic conditions simulating field 

conditions. CCC experiments with pH and ionic strengths 

showed results that agreed with conventional DVLO 

theories. However, with the addition of DOM, both tested 

nanoparticles (nTiO2, nZnO) showed similar CCC values. 

This indicates that at field conditions, where the DOM 

concentration is high and the organic composition is 

diverse, the attachment of DOM to nanoparticles may differ 

based on the nanoparticle surface charge. The positive 

surface charge of nZnO attracts higher amounts of DOM to 

the surface, leading to a multi-layer attachment of organic 

matter. The attachment of the organic layers proceeds to the 

point where the functional groups of the organic matter 

maximizes on the outer sorption layer, where nZnO attracts 

more organic matter due to its positive surface charge. 

Different amount in organic attachment and its influence in 

particle stability can also be seen in Fig. 4(a), where at 

lower DOM concentrations the CCC values of the 

nanoparticles decrease. This may also be explained with the 

amount of functional groups on the outer sorption layer 

since with lower DOM concentrations the amount of DOM 

sorption will decrease, hence lesser number of functional 

groups will be positioned at the outer sorption layer. In 

conclusion, although ENPs of various materials and surface 

charges may enter the wastewater treatment plants, the 

organic matter will stabilize the particles in a similar 

manner, resulting in a plant wide distribution of the ENP.  

With DOM, it has been proven that the concentration of 

the organic matter is the main factor that influences the fate 

and transport of the nanoparticles. However, with organic 

particulates it has been proven that the surface charge of the 

nanoparticles is the main factor that influences the sorption 

of ENP to organic particulates. Particles with positive 

surface charges showed higher affinity to the negative 

organic particulates, displaying attachments of one degree 

of magnitude higher than neutral particles (nTiO2). This 

was observed with organic matter of both large and small 

sizes, where it is assumed that the positive nZnO may form 

multiple layers on the organic particulate. Additionally, 

lower degrees of aggregation of ZnO, due to its positive 

charge, may also aid the higher degree of attachment due to 

its higher diffusive characters. 

With the current research, various aspects of ENP and 

organic material interaction have been addressed. It should 

be mentioned that the current research focused on the 

interaction of ENP with various organic matter sampled 

directly from wastewater treatment plants. Results have 

shown high stability of ENP leading to a plant wide 

distribution of particles. Additionally, the attachment of 

ENP to large organic matter which indicated accumulation 

of nanoparticles in the sedimentation tanks.  
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