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A B S T R A C T   

This study developed multi-linear regression (MLR) quantitative structure-activity relationships 
(QSARs) to predict n-TiO2 aggregation in the presence of high concentrations of representative 
emerging organic contaminants (EOCs), which presented favorable conditions to interaction with 
n-TiO2. The largest diameter change (Δ 517 nm at 0 h and Δ 1164 nm at 12 h) of n-TiO2 was 
observed by estrone, while the smallest diameter change (Δ − 114 nm at 0 h and – 4 nm at 12 h) 
was observed by lincomycin during experimental periods. In addition, the zeta potential changes 
of n-TiO2 were observed that the biggest changes were observed by 17β-estradiol (− 1.3 mV) and 
alachlor (− 10.02 mV) at 0 h, while 17β-estradiol (− 1.31 mV) and pendimethalin (− 11.4 mV) 
showed the biggest changes at 12 h comparing to control. These changes of n-TiO2 diameter and 
zeta potential may implicate the effects of unique physico-chemical properties of each EOC on the 
surface modification of n-TiO2. Based on the interaction results, this study investigated the QSARs 
between n-TiO2 aggregation and physico-chemical descriptors of EOCs with 7 representative 
descriptors (pKa, Cw, log Kow, M.W., P.S.A., M.V., # of HBD) for predicting n-TiO2 aggregation rate 
kinetics at 0 h and 12 h by applying MATLAB statistical methods (model 1 - fitlm and model 2 - 
stepwiselm). In a model 1, QSARs showed the good coefficients of determination (R2 = 0.92) at 0 
h and (R2 = 0.87) at 12 h with 7 descriptors. In a model 2, QSARs showed the goodness of fit of a 
model (R2 

= 0.9998) with 8 descriptors (pKa, Cw, log Kow, M.W., P.S.A., M.V., #HBD, pKa⋅#H 
bond donors) at 0 h, while QSARs showed the coefficients of determination (R2 = 0.68) with 2 
descriptors (pKa, M.V.) at 12 h. Particularly, we observed that some descriptors of EOCs such as 
pKa and # of HBD having polarity have more influenced on the n-TiO2 aggregation rate kinetics. 
Our developed QSARs demonstrated that the 7 descriptors of EOCs were significantly effective 
descriptors for predicting n-TiO2 aggregation rate kinetics in favorable conditions, which may 
implicate the complexity interactions between heterogeneous surfaces of n-TiO2 and physico- 
chemical properties of EOCs.   

1. Introduction 

Due to the large application of engineered nanoparticles (ENPs) such as titanium dioxide nanoparticle (n-TiO2) in a variety of 
commercial products including cosmetics, coatings and paints, the global markets of n-TiO2 have grown extensively and its volume of 
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projected productions has been expected about 6.1 million metric tons in 2016 [1]. Thus, there are concerns about the potential 
impacts of ENPs on environment because of their persistent and toxicity. A recent study reported the estimated releases of ENPs into 
environment such as landfills, soils, waters and atmosphere and they demonstrated 63–91% of ENPs end up in landfills [2]. As a result, 
it is an inevitable situation that ENPs will be discarded into landfill sites or wastewater treatment plants (WWTPs) and previous studies 
has reported the occurrence of NPs in WWTPs [3–5] and landfill leachate [6,7]. 

Landfill leachate presents one of favorable environmental conditions in the point of ENPs behaviors because it contains high levels 
of several contaminants such as humic acid (HA), inorganic salts causing ionic strength (IS) such as sodium (Na+) or calcium (Ca2+) 
and emerging organic contaminants (EOCs) including personal pharmaceutical products (PPCPs), steroid estrogens and pesticides [6, 
8–11]. Particularly, it has been reported that EOCs ranged from 30 to 29,000 mg as TOC/L and the concentrations of Na+ and Ca2+

ranged from 10 mg/L to 7200 mg/L in landfill leachate [12]. In the case of observed pH, it has been reported from 4.5 to 9.4 in landfill 
leachate [10,12–14]. Here, ENPs behaviors would strongly be influenced by surrounding environmental conditions such as IS, pH and 
EOCs [15–19] and recent studies demonstrated that ENPs can interact with emerging pollutants, which would have influenced on the 
fate and transport of ENPs in a landfill [7,20]. However, limited information about the ENPs behaviors in various favorable conditions 
has been known. Therefore, it is necessary to investigate the behaviors of ENPs in favorable conditions like landfill leachate because it 
could be the potential sources of ENPs into receiving environment and it may significantly have impacts on environment and human 
health. 

IS can reduce the inverse of Debye length (1/κ) known as the electric diffuse layer of ENPs resulting in reduced repulsive forces of 
ENPs, which would induce the aggregation of ENPs [17,18,21–23]. pH also can alter the surface properties of ENPs that rapid and 
larger aggregation of ENPs would occur at the point of zero charge (pHzpc) by reducing electric diffuse layer of ENPs [17,22,24]. 

Table 1 
The structure and descriptors of EOCs.  

EOCs Descriptors 

Structure Name pKa Cw [mg/ 
L] 

log 
Kow 

M.W. [g/ 
mol] 

Polar Surface 
Area (Å2) 

Molar volume 
[cm3] 

#H bond 
donors 

Azithromycin 8.74 7.09 4.02 748.99 180.08 169.9 5 

Estrone (E1) 10.77 3 3.13 270.37 37.3 232.1 1 

17β-estradiol (E2) 10.71 3.6 4.01 270.39 40.46 232.6 2 

Ibupropen 4.91 21 3.97 206.28 37.3 200.3 1 

Lincomycin 7.6 927 0.56 406.54 147.79 313.3 5 

17α-Ethinylestradiol 
(EE2) 

10.33 11.3 3.67 296.41 40.46 244.467 2 

Atrazine 1.3 34.7 2.61 215.69 62.73 169.9 2 

Alachlor 0.62 240 3.52 269.77 29.54 240.9 0 

Cyanazine 0.87 170 2.22 240.7 86.52 179.4 2 

Pendimethalin 2.8 0.3 5.18 281.31 103.67 231.5 1 

Data Source: http://sitem.herts.ac.uk/aeru/footprint/en/index.htm, http://sis.nlm.nih.gov, http://www.chemspider.com 
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Particularly, a recent study has reported the effect of representative EOCs (e.g. 17β-estradiol) on the aggregation of n-TiO2 under 
various IS conditions that resulted in the different n-TiO2 aggregation behaviors due to the adsorption of 17β-estradiol, which has 
influenced on the mobility of n-TiO2 in porous media [23]. When we consider landfill leachate conditions, it may happen to the 
interaction between ENPs and various EOCs that the stability of ENPs would be influenced by EOCs having different physicochemical 
properties, which may result in different affinity of EOCs on particulate phase [25]. 

To analysis the relationships between ENPs aggregation and properties of EOCs, this study applied quantitative structure-activity 
relationships (QSARs). Generally, QSARs have been widely used to investigate the biological, chemical or physical activity of a 
chemical compound based on its physicochemical properties [26–32] and recently QSARs have been used to predict biological toxicity 
according to physical properties of ENPs [26,27,33,34]. A previous study has reported well-developed multi-linear regression (MLR) 
QSARs for prediction of pharmaceuticals (PhACs) sorption on sludge and according to molecular descriptors of PhACs [35] and this 
study demonstrated that more predictable QSARs are likely related with increases of possible properties of PhACs. In addition, other 
study reported that linear regression models between the aggregation rate of nanoparticle ZnS (n-ZnS) and properties of natural 
organic matter (NOM) such as molecular weight, carboxyl (% DOC) under various ionic strength and DOC concentrations [36] that 
suggested the role of various molecular descriptors of NOM originated from various sources on the stability of ZnS in environment. 
Particularly, our recent study developed QSAR models to predict n-TiO2 aggregation with representative 7 descriptors of target organic 
contaminants with 0.2 mg/L that is considered as the environmentally relevant concentration of EOCs [37]. From our studies, it 
showed developed-relationships between 7 descriptors of target organic contaminants and n-TiO2 aggregation as well as demonstrated 
the effect of physicochemical properties of organic contaminants on the n-TiO2 behaviors. Interestingly, our previous study showed 
that the solubility of target organic contaminants is most likely influenced on the n-TiO2 aggregation behaviors from the predicted 
QSAR models. Therefore, it may need to investigate ENPs behaviors due to the presence of high concentrations of EOCs. 

To address this situation, we investigated the aggregation of n-TiO2 by adsorption of EOCs in the presence of 80 % solubility of each 
EOC in 2 mM CaCl2 solution at pH 7, which present landfill leachate effluent conditions that are generally considered as favorable 
environmental conditions for n-TiO2 aggregation. Based on the results of TiO2 aggregation, we developed MLR QSAR models for the 
prediction of n-TiO2 aggregation in terms of representative molecular descriptors of EOCs. 

2. Material and methods 

2.1. Chemical reagents 

Rutile n-TiO2 was purchased from Nanostructured & Amorphous Material Inc. (Los Alamos, NM, USA) with an average particle size 
of 10 × 40 nm, 98% purity, specific surface area of 160 m2/g, and coated with less than 5% SiO2. Emerging organic contaminants 
(EOCs) including pharmaceuticals (ibuprofen (Fluka), azithromycin (Fluka), lincomycin (ICN Biomedicals Inc.)), pesticides (atrazine 
(Fluka), alachlor (Sigma-Aldrich), pendimethalin (Fluka), and cyanazine (Fluka)) and steroid estrogens (17β-estradiol (Sigma- 
Aldrich), estrone (Sigma-Aldrich), and 17α-ethinylestradiol (Sigma-Aldrich)) are provided in Table 1 in details about structures and 
descriptor properties of EOCs. 

2.2. Preparation of n-TiO2 suspensions 

n-TiO2 suspension was prepared in 2 mM CaCl2 solution as described in previous studies [17,38,39] that is a favorable condition 
occurring rapid n-TiO2 aggregation. 1.5 mg of n-TiO2 was placed in 300 ml of 2 mM CaCl2 solution in a 500 ml glass flask generating in 
a final n-TiO2 concentration of 5 mg/L n-TiO2 suspensions were immediately stirred using a magnetic stir-plate for 30s followed by 
sonication in an ultrasonic water bath (FS 60, 100 W, 42 kHz, Fisher Scientific, Pittsburg, PA) for 1 h to obtain a homogeneous 
suspension of n-TiO2. After sonication, the flask was immediately cooled to 25 ◦C and 0.01 M NaOH was added to adjust pH to 7 ± 0.1. 
After pH adjustment, each EOC was separately spiked into the n-TiO2 suspension from a stock solution in methanol or Milli-Q water 
that a stock solution was kept less than 1 % (v/v) to minimize the cosolvent effect on n-TiO2 aggregation. The final concentration of 
each EOC in n-TiO2 suspension was 80% of solubility (Cw) of each EOC (Table 1). 

2.3. Measurement of particle size and zeta potential 

The average hydrodynamic diameter of n-TiO2 was measured by using 90 Plus Particle Size Analyzer (Brookhaven Instruments 
Corporation, Holtsville, NY) based on a dynamic light scattering (DLS) method. The zeta potential of aggregated n-TiO2 was measured 
by using a ZetaPALS zeta potential analyzer (Brookhaven Instruments Corporation, Holtsville, NY). ZetaPALS utilizes phase analysis 
light scattering (PALS) technique, an extension of electrophoretic light scattering, to measure the electrophoretic mobility, which was 
then converted to zeta potential according to a Smoluchowski equation [23,39]. During aggregation experiments in the presence of 
EOCs, a flask was covered with aluminum foil to prevent the photo-degradation of EOCs by light and it was kept in a dark chamber at 
room temperature. Aggregation experiments were conducted over a 12 h period in triplicate. To ensure a representative sample was 
collected, the n-TiO2 suspension was vigorously shaken for seconds before taking a 3 ml aliquot [39]. 

To determine the rate of change in hydrodynamic diameter, the diameter of n-TiO2 -before adding EOCs, shortly after (9 min) 
adding EOCs, and an extended period (12 h) - after adding EOCs were measured. An aggregation rate kinetic (kt) was calculated based 
on an aggregation rate kinetic equation published in previous studies [40,41]; 
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kt∝
(

ΔDH(t)
Δt ⋅ N0

)

(1)  

Where kt is the aggregation rate kinetic at time t, ΔDH(t) is the difference between n-TiO2 average hydrodynamic diameter at time t 
between before adding EOCs and after adding EOCs, N0 is the concentration of n-TiO2, and Δt is the experimental measurement time. 
Two time points, 9 min at initial experimental time and 12 h at final experimental time, were evaluated to determine the diameter 
changes of n-TiO2 at the beginning and after an extended time duration that represented the aggregation rate kinetic of k1 and k2, 
respectively. For the convenience of discussion, the initial experimental time point (9 min) is denoted as 0 h in our discussion below. 

2.4. Development of MLR QSARs 

The aggregation behaviors of n-TiO2according to the molecular descriptors of EOCs are predicted by MLR quantitative structure- 
activity relationships (QSARs) between n-TiO2 aggregation rate kinetic (Y) and descriptors of EOC (xn) [33]. Here, a response (Y), the 
n-TiO2 aggregation rate kinetic at 0 h or 12 h was calculated from Eq. (1) and 7 descriptors (pKa, Cw, log Kow, Molecular Weight (M.W.), 
Polar Surface Area (P.S.A.), Molar Volume (M.V.), # of H Bond Donor (# of H.B.D.)) of each OWC are shown in Table 1. To develop 
MLR QSARs, we used two different statistical methods (fitlm and stepwiselm) in MATLAB (R2015a). The former model is to generate a 
MLR QSAR model by using all 7 descriptors. The latter model used forward and backward stepwise regression method by removing 
some descriptors of EOC from the model to generate a MLR QSAR model until it was satisfied with the p-value (<0.05). 

3. Results and discussion 

3.1. n-TiO2 aggregation in the presence of EOCs 

Aggregation studies of n-TiO2 were conducted by 80 % solubility of EOCs in 2 mM CaCl2 at pH 7 and Fig. 1 presented the average 
hydrodynamic diameter differences of n-TiO2 (Δ diameter) from DLS measurements between in the presence EOCs and the absence of 
EOCs at 0 h and 12 h. In the absence of EOCs, little aggregation of n-TiO2 was observed during experimental periods (12 h) that showed 
874 nm at 0 h and 757 nm at 12 h, which was in good agreement with previous studies [23,39]. However, we observed the significant 
diameter changes of n-TiO2 in the presence of EOCs at 0 h and 12 h (Fig. 1). At 0 h, most of EOCs increased the diameter changes except 
of pendimethalin and lincomycin that showed decreased diameter changes of n-TiO2 comparing to a control sample in the absence of 
EOCs. The largest diameter changes (517 nm) of n-TiO2 were observed by estrone, while the smallest diameter changes (− 114 nm) of 
n-TiO2 was observed by lincomycin. Similarly, the largest diameter changes (1601 nm) were observed by estrone and lincomycin 
showed the least diameter changes (− 2 nm) of n-TiO2 at 12 h. Particularly, all EOCs increased diameter changes of n-TiO2 at 12 h 
comparing to diameter changes of n-TiO2 at 0 h, particularly azithromycin showed the biggest diameter changes of n-TiO2 with 1115 
nm. 

The statistical significance of EOCs on hydrodynamic diameter changes of n-TiO2 both at 0 h and 12 h was evaluated by one-tailed 
Student’s t-test assuming unequal variance (α = 0.05). Most of EOCs resulted in statistically significant changes in hydrodynamic 
diameter of n-TiO2 except of ibupropen, pendimethalin and alachlor at 0 h. However, lincomycin showed only statistically insignif-
icant changes in hydrodynamic diameter of n-TiO2 at 12 h. Based on the results of n-TiO2 diameter changes, we calculated the ag-
gregation rate kinetics from an Eq. (1) and Fig. 2 showed the aggregation rate kinetics of n-TiO2 (k1 and k2 for 0 h and 12 h, 
respectively) in the presence of EOCs. At 0 h, the largest k1 (11.5 nm L/min⋅mg) was observed in estrone, while the smallest k1 (− 2.5 
nm L/min⋅mg) was observed in lincomycin. In the order of k1, it showed estrone, 17β-estradiol, azithromycin, cyanazine, 17α-ethi-
nylestradiol, ibupropen, atrazine, alachlor, pendimethalin, and lincomycin. After 12 h, the largest k2 (0.4 nm L/min⋅mg) was observed 
by estrone and the smallest k2 (0.0 nm L/min⋅mg) was observed by lincomycin. In the order of k2, it showed estrone, azithromycin, 

Fig. 1. Diameter changes of n-TiO2 between with 80 % solubility of EOC and without EOC in 2 mM CaCl2 solution at pH 7.  
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17β-estradiol, ibupropen, cyanazine, pendimethalin, atrazine, 17α-ethinylestradiol, alachlor, and lincomycin. From the results, we 
observed the linear regression relationships on the aggregation rate kinetics based on EOCs and times that may particularly present the 
effects of each EOC on the different aggregation of n-TiO2 because of the unique molecular properties of EOC. Similarly, a recent study 
reported the adsorption mechanisms between halogenated aliphatic contaminants and carbon nanotubes [42]. They demonstrated 
that the adsorption affinity of contaminants on the carbon nanotubes was related with some descriptors of contaminants such as molar 
volume, hydrophobicity, polarizability, and hydrogen bond accepting ability of contaminants. Therefore, our results of n-TiO2 

Fig. 2. Aggregation rate kinetics: k1at 0 h (A) and k2 at 12 h (B).  

Fig. 3. Average zeta potential of n-TiO2 in the presence of EOCs with 80% of solubility in 2 mM CaCl2 solution at pH 7.  
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aggregation rate kinetics in the presence of EOCs would support that the unique physico-chemical properties of EOCs may influence 
various n-TiO2 aggregation behaviors. 

3.2. n-TiO2 zeta potential changes in the presence of EOCs 

Fig. 3 showed the changes of n-TiO2 zeta potential in the presence of EOCs. In the absence of EOCs, the zeta potential of n-TiO2 was 
− 5.7 mV at 0 h and − 7.4 mV at 12hr. However, we observed significant changes of n-TiO2 zeta potential in the presence of some EOCs 
that resulted in either less negative charges or more negative charges comparing to the zeta potential changes in the absence of EOCs. 
At 0 h, the most negative zeta potential of n-TiO2 was observed by alachlor with − 10mV, while the least negative zeta potential of n- 
TiO2 was observed by 17β-estradiol with − 1.3 mV (Fig. 3). Comparing to control, some EOCs that are estrone, 17α-ethinylestradiol, 
alachlor and pendimethalin resulted in more negatively zeta potential of n-TiO2 at 0hr. At 12 h, the most negative zeta potential of n- 
TiO2 was observed by pendimethalin with − 11.4 mV and the least negative zeta potential of n-TiO2 was observed by 17β-estradiol with 
− 1.3 mV (Fig. 3). Comparing to the control, most of EOCs make to be more negatively zeta potential of n-TiO2 except of 17β-estradiol 
and ibupropen at 12 h. 

Our observation about the zeta potential changes of n-TiO2 can be noted that the adsorption of EOCs on the surface of n-TiO2 
influenced n-TiO2 surface charges significantly that may change the stability of nanoparticles. Previous studies have reported the 
effects of organic contaminants on the surface charges of n-TiO2 that resulted in the increased stability of n-TiO2 due to the steric 
repulsion on the surface of n-TiO2 by adsorption of EOCs on the n-TiO2 [43–45]. In addition, a recent study demonstrated that the 
adsorption of 17β-estradiol on n-TiO2 caused the steric repulsion resulting in the increased stability of n-TiO2 [39]. In our study, we 
observed the increased zeta potentials comparing to a control during experimental times in some EOCs including azithromycin, 
estrone, pendimethalin, 17α-ethylinestradiol, alachor and atrazine that resulted in the little aggregation due to increased zeta po-
tential. However, we only observed the little aggregation of n-TiO2 in the presence of pendimethalin and alachlor at 0 h. In addition, it 
was expected to be little aggregation of n-TiO2 in the presence of estrone, pendimethalin, 17α-ethinylestradiol, alachor and atrazine as 
those EOCs increased zeta potentials of n-TiO2 comparing to control at 12 h, however we observed increased diameter changes of 
n-TiO2. From the result of zeta potential changes, we observed little relationships between zeta potential and the aggregation behaviors 
of n-TiO2 in the presence of EOCs. However, the results may indicate the effect of unique properties of each EOC on n-TiO2 surface 
modification resulting in the changes of aggregation and surface charge. Similarly, a previous study demonstrated the role of unique 
properties of OWCs (organic wastewater contaminants) on the diameter and zeta potential changes of n-TiO2 in the presence of OWCs 
[37]. 

Fig. 4. Plot of experimental rate of diameter changes and predicted rate of diameter changes from QSAR models from Eqs. (1) and (2) obtained by 
model 1 at 0 h (A) and 12 h (B), respectively. 
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3.3. QSARs for n-TiO2 aggregation rate kinetics 

In order to develop QSARs for the TiO2 aggregation rate kinetics with 7 descriptors of EOCs, two different multiple liner regression 
(MLR) models using both fitlm (model 1) and stepwiselm (model 2) in MATLAB were applied. Model 1 generated two QSAR models 
between the aggregation rate kinetics of n-TiO2 and seven descriptors of EOCs at 0 h and 12 h, respectively. The QSAR models obtained 
from model 1 were k1 at 0 h and k2 at 12 h below:  

k1 = 29.665 + 1.491(pKa) + 0.004(Cw, Water Solubility) - 2.657(logKow) + 0.007(Molecular Weight) + 0.068(Polar Surface Area) - 0.0109 
(Molar Volume) - 4.970(#H Bond Donors), R2 = 0.92                                                                                                                     (2)  

k2 = 1.279 + 0.076(pKa) + 0.001(Cw, Water Solubility) + 0.035(logKow) - 0.0001(Molecular Weight) + 0.003(Polar Surface Area) - 0.007(Molar 
Volume) - 0.189(#H Bond Donors), R2 = 0.87                                                                                                                               (3) 

In our developed QSAR models of k1 and k2, the coefficient of determination (R2) was 0.92 and 0.87, respectively that indicated 
good linearity between TiO2 aggregation rate kinetics and seven descriptors of EOCs. In k1, four descriptors including pKa, water 
solubility, molecular weight, and polar surface area showed positive coefficients that may increase n-TiO2 aggregation rate kinetics. 
While, three descriptors including log Kow, Molar Volume, and # of H bond donors showed negative coefficients that may decrease n- 
TiO2 aggregation rate kinetics. In k2, four descriptors of pKa, Water Solubility, log Kow, and polar surface area showed positive co-
efficients, while molecular weight, molar volume and #H bond donors showed negative coefficients that could decrease n-TiO2 ag-
gregation rate kinetics. In the aspects of nanoparticles stability by particle size, five descriptors including pKa, water solubility, log Kow, 
molecular weight, and polar surface area seemed to be key roles on increasing the n-TiO2 aggregation rate kinetics from the two models 
of k1 and k2. Particularly, two descriptors of water solubility and molecular weight seemed to be little influencing on the n-TiO2 
aggregation rate kinetics due to small coefficients, however pKa was likely to be much influencing on the aggregation rate kinetics in k1 

Fig. 5. Plot of experimental rate of diameter changes and predicted rate of diameter changes from QSAR models from Eqs. (3) and (4) obtained by 
model 2 at 0 h (A) and 12 h (B), respectively. 
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due to high coefficient comparing to other coefficients. Similarly, pKa seemed to be much influencing on the n-TiO2 aggregation rate 
kinetics, while other three descriptors of water solubility, log Kow, and polar surface area were likely to be little influencing on the 
aggregation rate kinetics in k2. The scatter plots between the predicted aggregation rate from Eqs. (2) and (3) versus the experimental 
aggregation rate at both 0 h and 12 h were shown with reference line in Fig. 4. The correlation graphs between predicted and 
experimental aggregation rate kinetics showed significantly good relationships with R2 = 0.92 at 0 h and R2 = 0.87 at 12 h. These 
results demonstrate that predicted QSARs by model 1 in present paper were reliable to the experimental aggregation rate kinetics of n- 
TiO2. 

Model 2 generated QSARs by applying statistical analyses with p-value of linear regression model satisfying less than 0.05 at 0 h 
and 12 h. The QSAR models obtained from model 2 were k1 at 0 h and k2 at 12 h below:  

k1 = 147.487–2.209(pKa) − 0.054(Cw) - 15.715(log Kow) − 0.165(Molecular Weight) + 0.575(Polar Surface Area) - 0.207(Molar Volume) - 38.350 
(#H bond donors) + 4.315(pKa)(#H bond donors), R2 = 0.999                                                                                                          (4)  

k2 = 0.526 + 0.030pKa - 0.002Molar Volume, R2 = 0.68                                                                                                                (5) 

In the predicted QSAR models of k1 by model 2, the coefficient of determination (R2) was 0.999 that indicated very good linearity 
between TiO2 aggregation rate kinetics and 8 descriptors, which may be resulted from a new descriptor of (pKa)⋅(#H bond donors) 
added in the model. In k1, the positive coefficients were observed in two descriptors of polar surface area and (pKa)⋅(#H bond donors) 
that could increase n-TiO2 aggregation rate kinetics. In the predicted QSAR model of k2 by model 2, the coefficient of determination 
(R2) was 0.68 between TiO2 aggregation rate kinetics and 2 descriptors of pKa and molar volume. In k2, the positive coefficient was pKa 
that could increase n-TiO2 aggregation rate kinetics. The scatter plots between the predicted aggregation rate kinetics from Eqs. (4) and 
(5) versus the experimental aggregation rate at 0 h and 12 h were shown with reference line in Fig. 5. The correlation was R2 = 0.9998 
at 0 h and R2 = 0.68 at 12 h between predicted and experimental aggregation rate kinetics. 

In QSAR results, the best model with the highest R2 to describe n-TiO2 aggregation was eight descriptors in k1 by model 2, while the 
worst model with the lowest R2 was two descriptors in k2 by model 2. In model 1, both k1 and k2 showed the good R2 with 0.92 and 0.87 
with 7 descriptors. Particularly, we observed the better R2 of k1 rather than those of k2 both model 1 and model 2. Our QSAR results 
demonstrated the effects of descriptor numbers on generating better QSAR models that is an agreement with previous study [35]. In 
addition, k1 showed better QSAR models than k2 in both model 1 and model 2, which suggested that better QSARs in this study were 
significant with reliable R2 in k1 from model 1 and model 2. Moreover, our developed QSARs may present some implications that some 
descriptors such as pKa and # of H bond donors from model 1 and model 2 may play a key role on the interaction between EOCs and 
n-TiO2 based on the microscopic and/or molecular interaction mechanisms. The 2 descriptors, pKa and #H bond donors, generally 
caused the polarity of EOCs that may result in chemical reactivity between particles and EOCs [46,47] and similarly a previous study 
demonstrated that the two descriptors played a key role on the aggregation of n-TiO2 in the presence of target organic wastewater 
contaminants in QSARs [37]. 

4. Conclusion 

Developed QSARs in this study showed very significant relationships between 7 descriptors of EOCs and n-TiO2 aggregation rate 
kinetics that demonstrates some insights about the microscopic and/or molecular effects of each EOC on n-TiO2 behaviors. Particu-
larly, some descriptors causing polarity on EOCs such as pka and # of H bond donors may enhance the chemical reactivity with the 
surface of n-TiO2 resulting in the aggregation of n-TiO2. However, n-TiO2 surface would be composed of complexity with surrounding 
chemistry conditions, thus chemical reactivity on the n-TiO2 surface with EOCs descriptors would be more complicated, which 
implicate all descriptors have been responsible for the n-TiO2 aggregation. In addition, our QSARs showed that the high concentrations 
of EOCs have much influence on the n-TiO2 aggregation behaviors, which resulted in more significant QSAR results comparing to a 
recent study about QSARs in the environmentally relevant conditions of organic wastewater contaminants [37]. Particularly, the best 
QSAR model with a highest degree of R2 (0.9998) to describe the aggregation kinetic rates of n-TiO2 was developed by eight descriptors 
at k2 from model 2, while the worst QSAR model with a lowest degree of R2 (0.68) to describe to the aggregation rate kinetics of n-TiO2 
was developed by only two parameters at k2 from model 2 even though the latter model considers the statistic p-value (<0.05). These 
results may indicate that n-TiO2 would be diversely interacting with available descriptors of EOCs according to conditions and time. 
Similarly, a recent study demonstrated that the predictive capability (pre-R2) of poly-parameter QSAR models increased with increases 
of number of predictors [35]. Thus, our developed QSARs suggest that considered all descriptors are significantly effective descriptors 
to describe n-TiO2 aggregation in favorable conditions and it demonstrates that the complexity surface interaction between descriptors 
of EOCs and heterogeneous surfaces of n-TiO2 may be dominant. 
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