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@ggfmig Effect of surfactants, pH and water hardness on
the surface properties and agglomeration
oo evren-satine 207 hahavior of engineered TiO, nanoparticles

Frédéric Loosli* and Serge Stoll*

The influence of sodium dodecyl sulfate (SDS) on the stability of TiO, engineered nanoparticle (ENP) dis-
persions is investigated under various pH conditions, SDS and divalent cation concentrations. Based on dif-
ferent scenarios and systematic measurements of surface charges and z-average sizes, a detailed mecha-
nistic approach is proposed assuming surfactant adsorption/desorption, charge inversion, cation bridging,
specific adsorption, hydrophobic effects, agglomeration and disagglomeration. Adsorption of SDS on op-
positely charged TiO, nanoparticles is found to strongly modify their stability. Formation of large agglomer-
ates can be achieved via several routes: i) in the absence of SDS and by adjusting the pH close to the TiO,
point of zero charge, and ii) in the presence of SDS at a concentration where the positive surface charges
of the TiO, nanoparticles are counterbalanced by the SDS negative charges (charge neutralization). It is
also found that hydrophobic interaction mechanisms between the SDS molecules can also promote the
formation of large structures. The influence of pH variations on TiO,-SDS electrostatic complexes, formed
at low pH, indicates that an excess of SDS is required to prevent the formation of large agglomerates upon
pH changes. At low or intermediate SDS concentrations, TiO, stability is governed by the subtle interplay of
SDS adsorption and TiO, surface charge acid-base properties. The presence of divalent electrolytes (water
Received 16th August 2016, hardness) is found to reduce the SDS amount adsorbed on TiO, ENPs and to promote the formation of
Accepted 3rd November 2016 large micron-sized agglomerates by cation bridging. Our results also indicate that the dispersion prepara-
tion protocol is an important issue to consider when ENPs and SDS mixtures have to be prepared and that
for the formation of “individually” coated and stable nanoparticles, punctual addition of SDS is required at
rsc.li/es-nano concentrations higher than the isoelectric point.

DOI: 10.1039/c6en00339g

Environmental significance

Relatively little attention has been paid to date to the impact of surfactant molecules on the stability of manufactured nanoparticles in aquatic systems and
the detailed mechanistic approach based on different scenarios and systematic measurements. In this study we demonstrate that surfactant molecules can
significantly influence the TiO, nanoparticle stability through several processes including surface adsorption and agglomeration. These processes are
found reversible (desorption, disagglomeration) by changing the pH or SDS concentration. The surfactant concentration, mixing procedure (successive or
punctual addition), pH as well as the presence of divalent electrolytes are also found to be of high importance. Stabilization/destabilization processes are
shown here to be governed by complex mechanisms such as electrostatic repulsions, hydrophobic interactions between SDS chains, specific adsorption of
divalent electrolytes, adsorption/desorption of surfactant molecules, and cation bridging. It should be also noted that for a given SDS concentration,
electrostatic TiO,-SDS complexes can undergo important transformation with pH. We believe that this study is of high value for i) the establishment of
ENP dispersion protocols to improve nanoparticle stability with the use of surfactant molecules, ii) a better understanding of ENP commercial dispersions
stabilized by surfactants in contact with environmental matrices, iii) the understanding of the impact of water hardness on the SDS-TiO, nanoparticle
interactions in particular by considering the competition between the divalent cations and the surfactant molecules and iv) for risk assessment evaluation
of ENPs entering aquatic systems where both changes in pH and water hardness are expected.

1. Introduction

Due to their very unique properties," mainly arising from
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Sciences de la Terre et de I'Environnement, University of Geneva, 66 boulevard . . .

Carl-Vogt, CH-1211 Genéve 4, Switzerland. E-mail: looslifred@gmail.com, terials, engineered nanoparticles (ENPs) are nowadays used

serge.stoll@unige.ch; Fax: +41 22 379 0302; Tel: +41 22 379 0341, not only in many domains such as biomedicine, textile and

+41 22 379 0333 cosmetic industries but also in the development of sensors

Group of Environmental Physical Chemistry, F.-A. Forel Institute, Section des

This journal is © The Royal Society of Chemistry 2017 Environ. Sci.: Nano, 2017, 4, 203-211 | 203


http://crossmark.crossref.org/dialog/?doi=10.1039/c6en00339g&domain=pdf&date_stamp=2017-01-18
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6en00339g
https://pubs.rsc.org/en/journals/journal/EN
https://pubs.rsc.org/en/journals/journal/EN?issueid=EN004001

Open Access Article. Published on 07 November 2016. Downloaded on 8/2/2025 1:44:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and electronic devices.>™ ENPs are produced in continuously
increasing quantities to meet the needs of industry.>® One of
the most produced nanomaterials, with more than 10000
tons per year,” is TiO, due to its numerous applications and
high stability.>®*> The stability of ENPs, which is often re-
quired for industrial applications, is strongly dependent on
water chemistry such as pH and ionic strength"*™"® and the
presence of various compounds in the dispersion media.'*"®
An important group of chemicals that are often used to stabi-
lize ENPs during synthesis are surfactants.’® ' These amphi-
philic compounds have the ability to self-assemble into well-
defined structures, modify interfaces, improve dispersion sta-
bility and are frequently used for the synthesis of many inor-
ganic nanomaterials.>>** Surfactants are found in detergents,
personal care, washing and cleaning agents as well as in nu-
merous technical applications such as textile auxiliaries, ag-
rochemicals, the metal and mining industry, the plastic in-
dustry and lubricants.>® According to the European
surfactant producers statistics the total quantity of surfac-
tants produced in 2013 in Western Europe was 2.9 million
tons.> Surfactants are also used as efficient compounds for
the removal of heavy metals present in water via surfactant-
based separation processes such as micellar-enhanced ultra-
filtration.>®*” Only a few systematic studies were made to
evaluate in a systematic way the stability of ENPs in the pres-
ence of surfactants. The role of the surfactant on the stability
of TiO, particles was first investigated by Imae et al.>® They
studied the interaction between surfactants at concentrations
above the CMC and TiO, ENPs using absorbance, dynamic
light scattering measurements and electron microscope ob-
servations. They attributed the change of absorbance in the
presence of the surfactant to different adsorption modes of
hemimicelles or double layer compression depending on the
TiO, surface charge pH dependence and showed that the
presence of trivalent cations strongly influences the TiO, sta-
bility and induces an arrangement of the double-layer com-
pression. Arnold et al. investigated the adsorption of ionic
surfactants on hydrophobic particles.>® This study provided a
comparison of surfactant micellization in solution and ag-
glomerate formation at one interface by considering hydro-
phobic and electrostatic interactions. Liu et al. investigated
the stability of nano-SiO, in the presence of a cationic surfac-
tant’® and demonstrated that different mechanisms of ENP
agglomeration (charge neutralization, depletion flocculation
and hydrophobic effects) were involved in the ENP destabili-
zation. Coagulation-flotation processes of inorganic ENPs in
the presence of cationic surfactants were also investigated to
optimize the removal of ENPs through particle agglomeration
for the treatment of wastewaters from industries producing
silica ENPs.*’* Other studies dealing with ENP-surfactant
interactions investigated the structures formed during the
complexation processes between bare (or polymer coated)
ENPs and surfactants by using Fourier transform infrared
spectroscopy,® small-angle neutron scattering® ™’ and sol-
vent relaxation nuclear magnetic resonance.*® In these stud-
ies, the authors observed that the presence of surfactants pro-
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moted the desorption of the polymer coating due to the
conformational change of the polymer layer to a more diffuse
state.

Since surfactants are largely used in the field of nanotech-
nology they are likely to be one of the chemicals that will co-
exist with ENPs in the environment. Indeed ENPs have the
possibility to contaminate water treatment plants, in which
surfactants are present, as well as aquatic systems through
direct, indirect, accidental or deliberate ENP release.>*™*' Cur-
rent knowledge suggests that ENPs entering aquatic systems
will exhibit transport and fate behavior that will be highly de-
pendent both on their released form and on the physico-
chemical characteristics of the receiving water.”>™*® There is
thus a great need to evaluate the effects of water chemistry,
changing conditions, and stability of the complexes they
form with surfactants under environmental conditions.

In this study, we are investigating the properties and sta-
bility of TiO, ENPs in the presence of sodium dodecyl sulfate
(SDS) which is a common anionic surfactant with low pro-
duction cost.*” We first focus on the effect of the SDS concen-
tration (and how SDS is added into the ENP dispersions, ie.
punctual versus successive additions) on TiO, stability in a
pH domain where electrostatic interactions between the two
compounds are favored. Formation of electrostatic complexes
based on electrostatic attractions is of great importance for
the synthesis of stable ENP dispersions via surfactant surface
coating. Then, the TiO, stability in the presence of SDS, by
considering surface charge and size changes, is evaluated
upon pH variations and in the presence of divalent cations to
investigate the effects of water hardness. This enables the re-
lease and behavior of surfactant coated, stable, ENP disper-
sions in natural waters to be mimicked, which is of high im-
portance for the risk assessment associated with ENPs
entering aquatic systems. The novelty of this study is to con-
sider here different scenarios (SDS concentration variations,
pH changes, the presence of divalent cations) and systematic
measurements of surface charges and z-average sizes to pro-
pose a detailed mechanistic approach and predict the TiO,
behavior from pristine solutions to aquatic systems in the
presence (or not) of surfactants. The importance of electro-
static and hydrophobic interactions, SDS desorption and spe-
cific adsorption of divalent cations is here discussed by con-
sidering stabilization, agglomeration and disagglomeration
processes.

2. Materials and methods
2.1. Materials

1 g L™ dispersions were prepared by dispersing anatase TiO,
ENP powder (Nanostructured & Amorphous Material Inc,
Houston, TX, USA) in ultrapure Milli Q water (Millipore,
Zoug, ZG, Switzerland, with R > 18 MQ cm, T.O.C. < 2 ppb).
The pristine diameter and specific surface area were, as given
by the manufacturer, equal to 15 nm (TEM) and 240 m* g*
(BET). The dispersions were sonicated with an ultrasonic
probe (CV18, Sonics Vibra cell, Blanc Labo S.A., Switzerland)

This journal is © The Royal Society of Chemistry 2017
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delivering a power of 50 W for 15 min using a pulsed 80%
mode.*® Sodium dodecyl sulfate (AppliChem, purity >99%,
Darmstadt, Germany) solutions were prepared by dissolving
the surfactant in ultrapure Milli Q water and used without
further purification. To adjust the dispersion pH, sodium hy-
droxide and hydrochloric acid (1 M NaOH or HCI, Titrisol®,
Merck, Zoug, ZG, Switzerland) were used after dilution. Cal-
cium chloride (CaCl,, purum, Fluka, Buchs, SG, Switzerland)
and magnesium chloride (MgCl,, puriss, Sigma Aldrich,
Buchs, SG, Switzerland) were used to adjust the electrolyte
concentration to the desired values. Experiments were
performed in 25 x 90 mm polypropylene tubes (Milian, Ver-
nier, GE, Switzerland) with one 8 x 10 mm crosshead mag-
netic stirrer (VWR, Nyon, VD, Switzerland) and the agitation
speed was set to 500 rpm.

2.2. Zeta potential and size distribution measurements

Determination of z-average hydrodynamic diameters and zeta
(0) potential values was achieved by dynamic light scattering
and laser doppler velocimetry using a Zetasizer Nano ZS in-
strument (Malvern Instruments, Worcestershire, UK). The
Smoluchowski approximation model*>*® was applied for ¢
potential determination. Analysis was conducted at 25 °C
and by considering in most cases 50 mg L™" TiO, dispersions.
Such a concentration was selected to provide an optimum
light scattering signal. All polydispersity indexes were found
below 0.6. All measurements were made 30 min after pH
changes or SDS addition.

2.3. Experiments under pH changing conditions and in the
presence of divalent electrolytes

The influence of pH changes (from acidic to circumneutral
PH, representative of natural aquatic systems) in the pres-
ence of divalent cations on the stability of TiO,-SDS com-
plexes was investigated by first forming stable complexes at
low pH. Then they were introduced into a synthetic water
containing divalent cations so as to take into account water
hardness. The Ca** and Mg”" concentrations were, after addi-
tion of TiO,-SDS complexes, equal to 45 mg L' and 5 mg
L', the pH to 8.2 and the TiO, concentration to 25 mg L.
The total hardness and pH of investigation were adjusted to
the values generally found in the Geneva Lake (France,
Switzerland).

2.4. Procedure of SDS addition: punctual addition and
successive addition

The effect of the SDS surfactant on the stability of TiO, ENPs
is investigated for two different scenarios of SDS addition.
For “punctual” addition, the total amount of SDS is injected
into the TiO, dispersion in a unique manner so that the final
SDS concentration is directly obtained after the addition. For
“successive” addition, the ENP dispersion is titrated with the
SDS solution to finally reach, after a certain number of injec-
tions, the final desired SDS concentration. The time between
each successive addition was set to 30 min which corre-
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sponds here to the time needed to obtain a plateau in terms
of zeta potential and hydrodynamic diameter values.

3. Results and discussion

TiO, characterization. The TiO, z-average diameters and {
potential values as a function of pH for a 50 mg L™ TiO, dis-
persion are shown in Fig. 1. The { potential values continu-
ously decrease from +36 mV at pH 3 to -40 mV at pH 11. The
point of zero charge (PZC) is found for a pH value equal to
6.1 + 0.1 which is in good agreement with previous stud-
ies.™>> For pH values below 5, the TiO, ENPs are stable with
constant z-average diameters equal to 402 + 29 nm (mean of
triplicate measurements + standard deviation of mean
values). In the pH 5.0 to 7.2 domain strong destabilization of
the ENPs occurs and maximum agglomeration is observed
for pH values close to the PZC with agglomerate sizes up to 1
pm. This destabilization domain corresponds to { potential
values in a range of about +20 mV to about —20 mV. At higher
pH values (pH > 7.2) the TiO, ENP z-average diameters are
constant with values equal to 365 + 8 nm. Even under pH
conditions which promote the TiO, dispersion state (pH <
5.0 and pH > 7.2) ENPs form agglomerates with sizes signifi-
cantly larger than their initial pristine diameters (380 nm in
comparison with 15 nm). Such a size difference is due to the
difficulties to completely disperse as individual objects the
TiO, ENPs during the solution preparation procedure and ir-
reversible ENP aggregation that happens during ENP
storage.>

SDS characterization. Due to the presence of sulfate func-
tional groups, SDS molecules exhibit a negative charge in the
full pH domain (from 3 to 10) as shown in Fig. 2a where { po-
tential values as a function of pH are reported for a 1 g L™
SDS solution. The { potential values are found constant and
equal to -54.7 + 3.3 mV. SDS solution conductivity

= 1200- ' ' ' ' L 40
e B = @ z-average diameter
K= 8 O zeta potential 30 —
- i 2]
g 10 8 [20 O
N
- [0}
% 8001 % © Oy
© J % 0 -
o]
8) 600+ | --10 @
{ o 5
(] --20 g
% 400+ e = [ 30 —
! ®
" Bee 4o %
N 5
Q 200 . . . .
[ 2 4 6 8 10 12
pH

Fig. 1 TiO, ENP z-average diameters and { potential values as a func-
tion of pH. The ENPs are found stable at pH < 5.0 and pH > 7.2 with
hydrodynamic diameters around 380 nm, whereas for { potential
values from +20 mV to -20 mV (5.0 < pH <7.2) strong destabilization
occurs resulting in the formation of agglomerates with sizes up to one
micron. The point of zero charge (PZC) is found here equal to 6.1 *
0.1.
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Fig. 2 a) ( potential value of a 1 g L™* SDS solution as a function of pH.
SDS is negatively charged in the full pH range due to the presence of
the sulfate functional groups. b) SDS critical micelle concentration
(CMC) obtained by measuring the variation of the solution conductivity
as a function of the SDS concentration at 25 °C. The slope change
indicates the formation of micelles. The CMC is found equal to 2370
mg L%,

15000

measurement as a function of the SDS concentration in
Fig. 2b allows a graphical determination of the critical
micellization concentration (CMC) which is found equal to
2.37 g L' in good agreement with previous studies.>"*®

3.1. Influence of SDS concentration on TiO, ENP properties:
Punctual versus successive addition of SDS

The influence of the SDS concentration on the stability of 50
mg L' TiO, dispersions is first investigated at pH 3.1 under
conditions where the ENP surfaces are, prior SDS addition,
positively charged (Fig. 1) with a { potential value equal to
+36 mV. All SDS concentrations used during the experiments
are below the CMC and two mixing modes are considered
(punctual versus successive SDS addition).

Punctual SDS additions. { potential values and z-average
diameters as a function of SDS concentrations are repre-
sented in Fig. 3a. When SDS concentrations are lower than
50 mg L the ENP surface charge is modified due to SDS ad-
sorption but the ¢ potential value remains higher than +20
mV. ENPs are stable with constant z-average diameter values
(385 + 19 nm). For SDS concentrations between 50 and 150

206 | Environ. Sci.: Nano, 2017, 4, 203-211
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Fig. 3 a) Z-average diameter and ¢ potential values of a 50 mg L™*
TiO, dispersion at pH 3.1 as a function of SDS concentrations for punc-
tual additions. For SDS concentrations between 50 mg L™ and 150 mg
L™ (+20 mV > { potential > 20 mV) the ENPs form large agglomerates
especially for SDS concentrations with values close to the IEP (+10 mV
> ( potential > -10 mV) with agglomerate sizes larger than 1 um. b)
Z-average diameter and ( potential values of a 50 mg L™ TiO, disper-
sion at pH 3.1 as a function of the SDS concentration obtained for suc-
cessive SDS additions with 30 minutes between two successive addi-
tions. Once agglomerates are formed, further SDS addition does not
disagglomerate the ENPs through electrostatic repulsions or steric ef-
fects. Destabilization domains are represented by the gray area.

mg L™ adsorption of SDS promotes TiO, agglomeration. SDS
induces TiO, surface charge neutralization at a concentration
equal to 80 mg L™ which corresponds to the ENP-SDS com-
plex isoelectric point (IEP) and to maximum agglomeration
with the formation of 1200 nm agglomerates. For higher SDS
concentrations (=200 mg L") charge inversion is obtained
with ¢ potentials higher than —20 mV. Under such conditions,
ENPs are found stable again with constant z-average diame-
ters equal to 397 + 22 nm. It is assumed that large agglomer-
ates formed near the IEP in the presence of SDS involved not
only different destabilization mechanisms such as charge
neutralization but also hydrophobic interactions between
SDS tails as suggested by Liu et al®* and represented in
Fig. 4a.

Successive SDS additions. TiO, ENP stability was also in-
vestigated by successively adding SDS to a 50 mg L™ TiO, dis-
persion. The corresponding size and { potential values after
successive SDS additions at pH 3.1 with a 30 min equilibrium
time between SDS additions (time needed to obtain constant

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Schematic representations of TiO, and SDS interactions and
agglomerate formation. a) TiO,-SDS agglomerates at pH 3.1
Hydrophobic interactions promote the formation of large
agglomerates. b) TiO, agglomerate formation at pH 8.2 in the
presence of divalent cations (&). Cation bridging between TiO,
promotes agglomeration. c) TiO,-SDS agglomeration in the presence
of divalent cations at pH 8.2. Cation bridging between SDS tails
destabilizes the complexes and promotes agglomeration. Length
scales of ENPs, SDS chains and divalent cations are not indicated for
the sake of clarity.

z-average diameter and { potential values for “punctual” SDS
additions) are represented in Fig. 3b. For SDS concentrations
higher than 50 mg L™ and when large micrometer agglomer-
ates are formed, it is found, contrary to punctual SDS addi-
tion, that further SDS addition does not lead to
disagglomeration of the agglomerates which were formed at
the IEP. This is an important outcome indicating that i) prep-
aration protocols are important parameters to consider when
ENPs and SDS mixtures have to be prepared, ii) for the for-
mation of “individually” coated and stable ENPs, punctual
addition of SDS is required at concentrations higher than the
IEP and iii) once formed agglomerates are relatively resistant
to disagglomeration.

3.2. Behavior of SDS-TiO, complexes upon pH variation

The effect of pH variation (from acid to basic pH with 30 min
between successive pH adjustments) on stable SDS-TiO,
electrostatic complexes formed at pH 3.1 is now investigated
at a constant TiO, concentration (50 mg L") and by consider-
ing three SDS concentrations. The first concentration is equal
to 40 mg L and results in the formation of positively
charged complexes at pH 3.1. The second one is equal to 200
mg L' and results in the formation of negatively charged
complexes. The third concentration corresponds to 1442 mg
L™ and corresponds to the formation of negatively charged
complexes with a large excess of SDS.

As shown in Fig. 5a when partial coating of TiO, is
obtained at 40 mg L™ the increase of pH to 5.5 does not af-
fect the complex stability (constant z-average diameters) even

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Z-average diameters and { potential values as a function of pH
(successive adjustment) for three different SDS concentrations. a) For a
40 mg L™ SDS concentration charge neutralization and inversion is
observed. SDS-TiO, complex properties are mainly controlled by the
TiO, surface properties. b) For [SDS] = 200 mg L™ the impact of SDS
properties on the behavior of the TiO,-SDS complexes is more
pronounced. Charge neutralization occurs and the IEP is obtained at
pH 5.2. Then by increasing further the pH negative values are obtained
due to surface deprotonation. c) For a SDS concentration equal to
1442 mg L™ the SDS-TiO, complexes exhibit stable z-average diameter
and ¢ potential values in the full pH range. [TiO,] = 50 mg L™.

if the deprotonation of TiO, hydroxyl surface sites results in
a decrease of the { potential from +30 mV to +25 mV. Further
pH increase rapidly promotes surface charge neutralization
then formation of agglomerates (sizes >1 pum). Agglomerate
formation is expected to be due here mainly to TiO, surface
charge neutralization owing to the limited number of
adsorbed SDS molecules. It is noteworthy that the IEP is
found equal to pH 6.5 + 0.1 which is higher than the PZC

Environ. Sci.. Nano, 2017, 4, 203-211 | 207


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6en00339g

Open Access Article. Published on 07 November 2016. Downloaded on 8/2/2025 1:44:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

value obtained in the absence of SDS (pHpzc = 6.1). Such a
small but significant difference is attributed to the difficul-
ties in deprotoning the TiO, positive surface due to the pres-
ence of the negatively charged SDS molecules which changes
the acid-base properties of the TiO, surface groups. By in-
creasing further the pH (pH = 10) a continuous decrease of
the mean z-average diameters is observed. The sizes of such
agglomerates are greater than those of agglomerates formed
at pH 3.1 or agglomerates formed at pH 10 by punctual addi-
tion (Fig. 1). This is due to the successive pH adjustment and
the fact that once formed, large agglomerates only undergo
partial disagglomeration. High pH values result in charge in-
version to negative values which are close to the values
obtained in the absence of surfactants hence indicating de-
sorption of the negatively charged surfactants from the nega-
tively charged ENP surfaces. Under such conditions of low
SDS concentration, the TiO,-SDS complex properties and its
pH charge dependency are mainly controlled by the TiO, sur-
face properties.

¢ potential values and z-average diameters of TiO,-SDS
complexes formed at 200 mg L™ SDS concentration are
presented in Fig. 5b. At pH 3.1 the complexes are negatively
charged and the pH increase rapidly results in a decrease of
the { potential and concomitant formation of agglomerates.
Such a behavior is related here to SDS molecule desorption
when positive surface sites are deprotonated as well as the
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presence of both positive and negative sites on the ENP sur-
face when the { potential is equal to zero. The IEP is obtained
here at pH 5.2 and corresponds to a state where the number
of hydroxyl positive surface sites is still important but exactly
counterbalanced by the adsorbed SDS molecules. Further pH
increase, from pH 6 to 10, induces TiO, surface site depro-
tonation and a continuous decrease to more negative values
of the { potential. The size of the agglomerates increases con-
tinuously with pH increase from 3 to 8.5 then stabilization is
observed. No significant disagglomeration is observed.

Size and surface charge evolution as a function of pH for
TiO,-SDS complexes obtained with an important excess of
surfactants (SDS concentration equal to 1442 mg L™) is rep-
resented in Fig. 5c. In the full pH domain, the complexes are
found stable with constant z-average diameters and { poten-
tial values of about 370 nm and -34 mV, respectively. Data in-
dicate here that the SDS-TiO, properties are essentially con-
trolled by the presence of the surfactants and that the TiO,
surface deprotonation has little effect on the complex total
charge which is held constant by the desorption of SDS mole-
cules. An excess of SDS molecules in comparison with the ex-
periment previously discussed in the presence of 200 mg L™
prevents a decrease of the { potential value upon pH variation
and therefore formation of large agglomerates.

The TiO,-SDS complexes, relative charges, number of SDS
molecules and stability diagram with pH have been

©

pH

ol €3

]
50
?@
IS
@

200

1442,

[SDS]
mg L

fQ%OO

+=10M el

+(x#12) . Conen

Fig. 6 Stability diagram of TiO, and TiO,-SDS complexes as a function of pH and for different SDS concentrations. In the absence of SDS and for
a SDS concentration equal to 40 mg L™ the complexes are positively charged at low pH (empty square). pH increases lead to surface hydroxyl site
deprotonation (and SDS desorption), surface charge neutralization (isoelectric point; without square), and agglomeration (dot arrow) until charge
inversion is achieved (gray squares representing negative surface charges). At 200 mg L™ agglomeration is observed in most cases as well as SDS
desorption due to the decrease of the positive surface charges with pH increase. At 1442 mg L™, TiO,-SDS complexes are found stable and
negatively charged in the full pH domain. Bold numbers refer to the relative numbers of free surfactants and x to the relative number of free
surfactants in the presence of an excess of surfactants (at 1442 mg L ™). [TiO,] = 50 mg L™
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summarized in Fig. 6. The number of charges on TiO, ENPs
and number of SDS molecules are only qualitative to take
into account the total surface charge of the ENPs with respect
to the experimental { potential values. This stability diagram
denotes the subtle interplay between the TiO, ENP surface
charge, pH, SDS concentration and impacts on SDS adsorp-
tion, SDS desorption, agglomeration as well as
disagglomeration processes.

3.3. Stability of TiO,-SDS complexes in the presence of
divalent cations and at environmental pH

The stability of TiO,-SDS complexes is investigated by first
forming electrostatic and stable complexes at pH 3.1 and
then by introducing them in synthetic water at pH 8.2, with
[Ca*"] =45 mg L™ and [Mg>"] = 5 mg L™ so as to take into ac-
count water hardness. { potential value and z-average diame-
ter evolutions as a function of time for different initial SDS
concentrations are represented in Fig. 7. In the absence of
SDS, when positively charged TiO, ENPs are introduced in
the synthetic water (Fig. 7a), TiO, charge inversion is ob-
served and the { potential rapidly changes from a positive
value to -7 mV. It should be noted here that this final { po-
tential value is lower than that observed in the absence of di-
valent cations ({ potential equal to -30 mV at pH 8.2 as
shown in Fig. 1). Such a difference is explained by the spe-
cific adsorption of divalent cations on the ENP surface in ad-
dition to charge screening. Owing to the { potential value,
large agglomerates are then rapidly formed and, after 30
min, a steady state is obtained. The presence of divalent cat-
ions is also found to promote the formation of large agglom-
erates (diameters up to 3 um) with the help of cation bridg-
ing as represented in Fig. 4b and in comparison with
agglomerate diameters obtained in the absence of divalent
electrolytes (around 1 um at pHpy after 30 min).

For a 40 mg L™" SDS concentration (Fig. 7b) similar trends
are observed. However, the final { potential values are found
more negative in the presence of SDS (-13 versus -7 mV). Un-
der such conditions Ca** and Mg>" ions are assumed to form
complexes with the SDS molecules and, as a result, less diva-
lent cations are available for specific adsorption on TiO,
surfaces.

For a 200 mg L™ SDS concentration (Fig. 7c) the { poten-
tial stabilization takes a longer time (90 min instead of 30
min in the previous experiment) due to TiO, surface charge
modification and equilibrium time between SDS desorption
and SDS-cation complex formation. Indeed, we start with a
negative surface potential which rapidly becomes positive
then decreases again to negative values. The { potential pla-
teau obtained here is higher than that obtained in the ab-
sence of divalent cations for an identical pH (-25 versus —20
mV in Fig. 5b) as SDS-cation complex formation reduces the
SDS amount adsorbed. Finally, for the highest SDS concentra-
tion investigated (1442 mg L™, Fig. 7d) a significant increase
of the z-average diameter is observed, if comparison is made
in the absence of cations, due to cation bridging between

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Z-average diameter and ( potential value variations as a
function of time after pH change from 3.1 (stable complexes) to 8.2
and in the presence of 45 mg L™* Ca®?* and 5 mg L™ Mg?* to mimic the
effect of water hardness. Strong destabilization is observed for SDS
concentrations below or equal to 200 mg L™ (a-c) whereas at a SDS
concentration equal to 1442 mg L™ the complexes are found stable.
Data indicate the importance of the pH change and the presence of
divalent cations on TiO,-SDS stability and surface charge
modifications. [TiO,] = 50 mg L™, (a) [SDS] = 0 mg L™, (b) 40 mg L%,
(c) 200 mg L' and (d) 1442 mg L™,
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Fig. 8 Schematic illustration of TiO,-SDS complex behavior after an important pH change and in the presence of divalent cations. Divalent
cations (&) strongly influence not only the ENP surface charge due to specific adsorption but also the SDS molecule behavior in the bulk via
complexation processes. Hashed squares represent destabilized TiO,-SDS complexes. Empty or grey squares represent respectively positively and

negatively charged surfaces. [TiO,] = 50 mg L™

TiO,-SDS complexes as represented in Fig. 4c. The { potential
reaches a constant value equal to —27 mV which is lower than
that observed in the absence of Ca®>" and Mg*>* (-34 mV at pH
8.2) due to SDS-cation complex formation. Less SDS mole-
cules are then available for adsorption on the TiO, surface.
Fig. 8 summarizes the influence of the pH change and the
presence of divalent cations on the resulting stability and
structure of TiO,-SDS complexes. Agglomeration conditions
are presented in this figure by hatched squares.

4. Conclusion

In this study, using a mechanistic approach, we demonstrate
that surfactant molecules can significantly influence ENP sta-
bility through several processes. The surfactant concentra-
tion, mixing procedure (punctual or successive addition), pH
as well as the presence of divalent cations are also found to
be of high importance.

Stabilization/destabilization processes are shown here to
be governed by complex mechanisms such as electrostatic re-
pulsions, hydrophobic interactions between SDS chains, spe-
cific adsorption of divalent cations, adsorption/desorption of
surfactant molecules, and cation bridging. It should be also
noted that for a given SDS concentration, electrostatic TiO,-
SDS complexes can undergo important transformation with
pH. We believe that this study is of high value for i) the de-
sign of ENP dispersion protocols to improve nanoparticle sta-

210 | Environ. Sci.: Nano, 2017, 4, 203-211

bility with the use of surfactant molecules, ii) a better under-
standing of ENP commercial dispersions stabilized by
surfactants in contact with environmental matrices, iii) the
understanding of the impact of water hardness on the SDS-
TiO, nanoparticle interactions in particular by considering
the competition between the divalent cations, surfactant mol-
ecules and TiO, nanoparticles, and iv) for risk assessment
evaluation of ENPs entering aquatic systems where both
changes in pH and water hardness are expected.
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