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28 standard deviations of 3 measurements.

29 Fig. S5. Hydrodynamic diameter (size) of rutile NP suspension (5mg/L) as a function of electrolyte 

30 concentrations (NaCl and CaCl2) at pH 5 and 8. The error bars correspond to standard 

31 deviations of 3 measurements.

32 Fig. S6. Average hydrodynamic diameter (size; left) and zeta potential (right) of anatase NP 
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36 bars correspond to standard deviations of 3 measurements.

37 Fig. S7. Average hydrodynamic diameter (size; left) and zeta potential (right) of rutile NP 

38 suspension in NaCl and CaCl2 solutions of variable IS at pH5 and 8, after 24h, in the 

39 absence (NP) and in the presence of AMPA (5µg/L) or glyphosate (5µg/L). The 

40 hydrodynamic diameter of rutile NP (54 nm) is also indicated (red dashed line), the error 

41 bars correspond to standard deviations of 3 measurements.

42 Fig. S8. Average hydrodynamic diameter (size; left) and zeta potential (right) of anatase NP 

43 suspension in NaCl and CaCl2 solutions of variable IS at pH5 and 8, at t0 (A) and after 24h 

44 (B), in the absence (NP) and in the presence of 2,4-D (5µg/L). The hydrodynamic diameter 

45 of anatase NP (14 nm) is also indicated (red dashed line), the error bars correspond to 

46 standard deviations of 3 measurements.

47 Fig. S9. Average hydrodynamic diameter (size; left) and zeta potential (right) of rutile NP 

48 suspension in NaCl and CaCl2 solutions of variable IS at pH5 and 8, at t0 (A) and after 24h 

49 (B), in the absence (NP) and in the presence of 2,4-D (5µg/L). The hydrodynamic diameter 

50 of rutile NP (54 nm) is also indicated (red dashed line), the error bars correspond to standard 

51 deviations of 3 measurements.

52
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53 pHIEP determination

54 The NPs were injected into the respective aqueous solution, the size and the surface charge 

55 were instantly determined by DLS, and the final solution pH was measured just after completion. In 

56 this way, pHIEP determination of each sample was independent of those in preceding measurements.

57

58 Critical coagulation concentration (CCC)

59 The critical coagulation concentrations (CCC) of anatase and rutile NP suspensions were 

60 measured in the presence of NaCl and CaCl2 (Fig. 1-2). In good agreement with theoretical 

61 prediction and previous observations from the literature1-3, the CCC values for anatase and rutile NP 

62 suspensions were strongly dependent on the NP surface charge, i.e., on the pH.

63 At pH 5 (<pHIEP), the CCC of the anatase NP suspension (5mg/L) in the presence of NaCl 

64 (CCCNaCl) and CaCl2 (CCCCaCl2) was 10-2M and 1.7x10-3M, respectively (Fig. 1). That is consistent 

65 with Loosli et al.,4 who indicated a value of 4x10-2M for CCCNaCl of anatase at pH 4.5. The fact that 

66 CCCCaCl2 < CCCNaCl is also in good agreement with previous studies.1, 3-7 Note that under these 

67 solution conditions, Cl– plays the role of the counterion.

68 However, at pH 8 (>pHIEP), Na+ and Ca2+ play the role of the counterion. The CCCNaCl and 

69 CCCCaCl2 were <5x10-3M and <1.7x10-3M, respectively, for the anatase NPs (Fig. 1). Because of the 

70 use of the buffer (NaHCO3 1mM), it was not possible to work with IS < 5x10-3M, and thereby to 

71 accurately measure the low CCC values. Here, the lowest IS studied was higher than the CCC. A 

72 rapid aggregation of anatase NPs was observed in all studied solutions. This is in good agreement 

73 with DLVO theory and the decrease in the electrostatic NP-NP repulsive forces.8-10 For rutile NP 

74 suspensions, the CCCNaCl and CCCCaCl2 at pH8 (>pHPZC) were 5.10-2M and <1.7x10-3M, 

75 respectively (Fig. S5). These values do not contradict the Schulze-Hardy rule that says that the 

76 CCCNaCl/ CCCCaCl2 = 1/26 = 1/64.11-14, Indeed, following this relation, the CCCCaCl2 value for rutile 

77 NPs should be 7.8x10-4M (i.e <1.7x10-3 M as found above).

78 At pH 5 (near pHIEP of 4.0-4.2), the CCCNaCl and CCCCaCl2 for the rutile NPs (5 mg/L) were low: 
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79 <10-4M and <3.3x10-5M, respectively (Fig. S5). The CCCNaCl at pH 5 was much lower than at pH 8 

80 (5x10-2M) confirming that pH conditions closer to the pHIEP result in lower CCC values.11 Any 

81 slight modifications of the solution physical-chemistry when pH is close to pHIEP may therefore 

82 strongly affect NP homoaggregation.

83

84
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85 Table S1. Pesticide properties.

Product Molar Mass, 
g/mol Formula IUPAC Name pKa solubility, 

mg/L
density, 
g/cm3

log 
KOW

Max conc. in surface 
waters, µg/L

2,4-D 221.03 C8H6Cl2O3

2-(2,4-
dichlorophenoxy)ac

etic acid
2.73 677 1.42 2.81 700

AMPA 111.03 CH6NO3P
methylaminophosp

honic acid
pKa1 = 1.8; pKa2 = 5.4; 

pKa3 = 10.0  >20000* 1-5

Glyphosate 169.07 C3H8NO5P
2-

(phosphonomethyla
mino)acetic acid

pKa1 = 0.8; pKa2 = 2.3; 
pKa3 = 6.0; pKa4 = 11.0 12000 1.7 -3.4 42

86  
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87 Table S2. Corresponding Ionic Strength – electrolyte concentration in the modeled solutions.

88

pH 8, CaCl2
Ionic Strength, Mol [Ca2+], Mol [Cl-], Mol Notes

1x10-4 3.33x10-5 6.67x10-5 *no NaHCO3

1x10-3 3.33x10-4 6.67x10-4 *no NaHCO3

5x10-3 1.33x10-3 2.67x10-3 **with 10-3M NaHCO3

1x10-2 3.33x10-3 6.67x10-3 ** no 10-3M NaHCO3

1.1x10-2 3.33x10-3 6.67x10-3 ** with 10-3M NaHCO3

1x10-1 3.33x10-2 6.67x10-2 ** no 10-3M NaHCO3

1.01x10-1 3.33x10-2 6.67x10-2 ** with 10-3M NaHCO3

pH 8, NaCl
Ionic Strength, Mol [Na+], Mol [Cl-], Mol

1x10-4 1x10-4 1x10-4 *no NaHCO3

1x10-3 1x10-3 1x10-3 *no NaHCO3

5x10-3 5x10-3 4x10-3 **with 10-3M NaHCO3

1x10-2 1x10-2 1x10-2 ** no 10-3M NaHCO3

1.1x10-2 1.1x10-2 1x10-2 ** with 10-3M NaHCO3

1x10-1 1x10-1 1x10-1 ** no 10-3M NaHCO3

1.01x10-1 1.01x10-1 1x10-1 ** with 10-3M NaHCO3

pH 5, CaCl2
Ionic Strength, Mol [Ca2+], Mol [Cl-], Mol

1x10-4 3.33x10-5 6.67x10-5

1x10-3 3.33x10-4 6.67x10-4

1x10-2 3.33x10-3 6.67x10-3

1x10-1 3.33x10-2 6.67x10-2

pH 5, NaCl
Ionic Strength, Mol [Na+], Mol [Cl-], Mol

1x10-4 1x10-4 1x10-4

1x10-3 1x10-3 1x10-3

1x10-2 1x10-2 1x10-2

1x10-1 1x10-1 1x10-1
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89 Table S3. Results of Mann-Whitney test comparing rutile NP hydrodynamic diameter 

90 measurements at pH5 in presence or absence of glyphosate.

IS, Mol p-values
NaCl 1x10-4 2.9x10-3

1x10-3 2.2x10-3

1x10-2 2.9x10-3

1x10-1 0.12
CaCl2 1x10-4 2.3x10-3

1x10-3 4.0x10-3

1x10-2 0.11
1x10-1 7.3 x10-3

91

92

93 Table S4. Molal ratio between surface site and pesticide.
Ratio area NP/pesticide for [NP]=5mg/L and [pesticide]=0.5µg/L, 
[NP]/[pesticides]= 10000 (in mg/L)

Ratio NP/Glyphosate NP/AMPA NP/2,4-D
Anatase 7018.8 4609.3 9175.9

Rutile 350.9 230.5 458.8

Ratio area NP/pesticide for [NP]=5mg/L and [pesticide]=5µg/L, 
[NP]/[pesticides]= 1000 (in mg/L)

Ratio NP/Glyphosate NP/AMPA NP/2,4-D
Anatase 701.9 460.9 917.6

Rutile 35.1 23.0 45.9

Ratio area NP/pesticide for [NP]=5mg/L and [pesticide]=50µg/L, 
[NP]/[pesticides]= 100 (in mg/L)

Ratio NP/Glyphosate NP/AMPA NP/2,4-D
Anatase 70.2 46.1 91.8

Rutile 3.5 2.3 4.6
94

95

96
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97

98
99 Figure S1. Schematic presentation of anatase (A) and rutile (R) NP surface charge, and glyphosate, AMPA and 2,4-D dominant forms at pH 5 and 8.

100
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101
102 Figure S2. The size distribution of rutile NP aggregates at pH5, in NaCl, in the presence (red line) 
103 and absence (green line) of glyphosate.
104
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108

109 Figure S3. Zeta potential and hydrodynamic diameter (size) of anatase (left) and rutile (right) NPs as a function of pH (in 1mM NaCl solution).

110
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112 Figure S4. Hydrodynamic diameter (size) of anatase NP suspension (5mg/L) as a function of 

113 electrolyte concentrations (NaCl and CaCl2) at pH 5 and 8. The error bars correspond to standard 

114 deviations of 3 measurements.

115
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117 Figure S5. Hydrodynamic diameter (size) of rutile NP suspension (5mg/L) as a function of 

118 electrolyte concentrations (NaCl and CaCl2) at pH 5 and 8. The error bars correspond to standard 

119 deviations of 3 measurements.

120

121
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124
125 Figure S6. Average hydrodynamic diameter (size; left) and zeta potential (right) of anatase NP 

126 suspension in NaCl and CaCl2 solutions of variable IS at pH5 and 8, after 24h, in the absence (NP) 

127 and in the presence of AMPA (5µg/L) or glyphosate (5µg/L). The hydrodynamic diameter of 

128 anatase NP (14 nm) is also indicated (red dashed line), the error bars correspond to standard 

129 deviations of 3 measurements.

130
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131
132 Figure S7. Average hydrodynamic diameter (size; left) and zeta potential (right) of rutile NP 

133 suspension in NaCl and CaCl2 solutions of variable IS at pH5 and 8, after 24h, in the absence (NP) 

134 and in the presence of AMPA (5µg/L) or glyphosate (5µg/L). The hydrodynamic diameter of rutile 

135 NP (54 nm) is also indicated (red dashed line), the error bars correspond to standard deviations of 3 

136 measurements.

137
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138

139
140 Figure S8. Average hydrodynamic diameter (size; left) and zeta potential (right) of anatase NP 

141 suspension in NaCl and CaCl2 solutions of variable IS at pH5 and 8, at t0 (A) and after 24h (B), in 

142 the absence (NP) and in the presence of 2,4-D (5µg/L). The hydrodynamic diameter of anatase NP 

143 (14 nm) is also indicated (red dashed line), the error bars correspond to standard deviations of 3 

144 measurements.
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145

146
147 Figure S9. Average hydrodynamic diameter (size; left) and zeta potential (right) of rutile NP 

148 suspension in NaCl and CaCl2 solutions of variable IS at pH5 and 8, at t0 (A) and after 24h (B), in 

149 the absence (NP) and in the presence of 2,4-D (5µg/L). The hydrodynamic diameter of rutile NP 

150 (54 nm) is also indicated (red dashed line), the error bars correspond to standard deviations of 3 

151 measurements.



17

152 References

153 (1) Liu, X.; Chen, G.; Su, C. Effects of material properties on sedimentation and aggregation 
154 of titanium dioxide nanoparticles of anatase and rutile in the aqueous phase. J. Colloid Interface Sci. 
155 2011, 363(1), 84-91; DOI 10.1016/j.jcis.2011.06.085.

156 (2) Loosli, F.; Le Coustumer, P.; Stoll, S. TiO2 nanoparticles aggregation and disaggregation 
157 in presence of alginate and Suwannee River humic acids. pH and concentration effects on 
158 nanoparticle stability. Water Res. 2013, 47(16), 6052-6063; DOI 10.1016/j.watres.2013.07.021.

159 (3) Botta, C.; Labille, J.; Auffan, M.; Borschneck, D.; Miche, H.; Cabié, M.; Masion, A.; 
160 Rose, J.; Bottero, J.-Y. TiO2-based nanoparticles released in water from commercialized sunscreens 
161 in a life-cycle perspective: Structures and quantities. Environ. Pollut. 2011, 159(6), 1543-1550; 
162 DOI 10.1016/j.envpol.2011.03.003.

163 (4) Loosli, F.; Le Coustumer, P.; Stoll, S. Effect of electrolyte valency, alginate concentration 
164 and pH on engineered TiO2 nanoparticle stability in aqueous solution. Sci. Total Environ. 2015, 
165 535, 28-34; DOI 10.1016/j.scitotenv.2015.02.037.

166 (5) Shih, Y.-H.; Zhuang, C.-M.; Peng, Y.-H.; Lin, C.-H.; Tseng, Y.-M. The effect of 
167 inorganic ions on the aggregation kinetics of lab-made TiO₂ nanoparticles in water. Sci. Total 
168 Environ. 2012, 435-436, 446-452; DOI 10.1016/j.scitotenv.2012.06.076.

169 (6) Liu, X.; Wazne, M.; Chou, T.; Xiao, R.; Xu, S. Influence of Ca2+ and Suwannee River 
170 humic acid on aggregation of silicon nanoparticles in aqueous media. Water Res. 2011, 45, 105–
171 112; DOI 10.1016/j.watres.2010.08.022.

172 (7) Chekli, L.; Zhao, Y. X.; Tijing, L. D.; Phuntsho, S.; Donner, E.; Lombi, E.; Gao, B. Y.; 
173 Shon, H.K. Aggregation behaviour of engineered nanoparticles in natural waters: Characterising 
174 aggregate structure using on-line laser light scattering. J. Hazard. Mater. 2015, 284, 190-200; DOI 
175 10.1016/j.jhazmat.2014.11.003.

176 (8) Smith, B. M.; Pike, D. J.; Kelly, M. O.; Nason, J. A. Quantification of Heteroaggregation 
177 between Citrate-Stabilized Gold Nanoparticles and Hematite Colloids. Environ. Sci. Technol. 2015, 
178 49(21), 12789-12797; DOI 10.1021/acs.est.5b03486.

179 (9) Brant, J.; Labille, J.; Bottero, J.Y.; Wiesner, M. Nanoparticle transport, aggregation and 
180 deposition. In Environmental Nanotechnology. Applications and Impacts of Nanomaterials; 
181 Wiesner M.R.; Bottero, J.-Y., Eds., Mc Graw Hill pub.; 2007, pp 231-297.

182 (10) Petosa, A. R.; Jaisi, D. P.; Quevedo, I. R.; Elimelech, M.; Tufenkji, N. Aggregation and 
183 deposition of engineered nanomaterials in aquatic environments: Role of physicochemical 
184 interactions. Environ. Sci. Technol. 2010, 44(17), 6532-6549; DOI 10.1021/es100598h.

185 (11) Metcalfe, I. M.; Healy, T. W. Charge-regulation modelling of the Schulze-Hardy rule and 
186 related coagulation effects. Faraday Discuss. Chem. Soc. 1990, 90, 335-344; DOI 
187 10.1039/dc9909000335.

188 (12) Schulze, H. Schwefelarsen im wasseriger Losung. J. Prakt. Chem. 1882, 25, 431-452.

189 (13) Lyklema, J. Coagulation by multivalent counterions and the Schulze-Hardy rule. J. 
190 Colloid Interface Sci. 2013, 392(1), 102-104; DOI 10.1016/j.jcis.2012.09.066.



18

191 (14) Overbeek, G. T. J. The rule of Schulze and Hardy. Pure Appl. Chem. 1980, 52, 1151-
192 1161; DOI 10.1351/pac198052051151.

193
194
195


