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The aggregation kinetics of TiO, nanoparticles was studied in the absence and presence of Suwanee River
humic acid (SRHA) in either NaCl or CaCl; electrolytes. The CCC[Ca2*]/CCC[Na*] ratios were found to yield
a proportionality fraction of z=7 (in the absence of SRHA) and z~>¢ (in the presence of SRHA), near the
theoretical prediction of z=6, where z is the cation’s valence. SRHA drastically increased the stability of
TiO, nanoparticles under most conditions, due to the combined effect of increased electrostatic and steric
repulsions. Deposition rates of TiO, nanoparticles onto a silica surface were quantitatively measured
Keywords: X . . C . .
N . using a quartz crystal microbalance with dissipation (QCM-D) over a broad range of solution (pH and
TiO, nanoparticles .. .. . .- .
SRHA ionic strength, IS) conditions, and the effects of the SRHA on particle deposition behavior were evaluated.
QCM-D In general, zeta potential can be used to predict the interaction energies between particles or particles
Critical coagulation concentration and surfaces, and from there an inference can be made as to the potential for aggregation and deposition.
Aggregation kinetics The presence of SRHA significantly hinders TiO, deposition onto silica surfaces via steric repulsion in
Deposition addition to repulsive electrostatics even under high ionic strength, which has important implications for

the mobility of these nanoparticles.
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1. Introduction

The key to understanding the environmental implications of dif-
ferent nanomaterials will be a robust predictive framework for their
fate and transport, so that exposure (dose) can be estimated. The
main questions that fate and transport studies must answer relate
to nanoparticle mobility, persistence, bioavailability and reactivity.
Nanoscale TiO, is widely used in commercial applications such as
photocatalysts, ceramic membranes and cosmetic pigment addi-
tives [1]. The impact and possible risks of nanotechnology on the
environment through the use of such engineered nanomaterials in
society has lead to multiple studies on their fate and transport [2-5]
as well as ecotoxicity in the event of exposure [6-8]. In particular,
numerous studies have been done to quantify the environmen-
tal fate and behavior of TiO, nanoparticles [9-14]. While previous
researchers have characterized the physicochemical properties and
transport behavior of TiO, nanoparticles (NPs) over a range of envi-
ronmentally relevant conditions under varying ionic strength (IS),
pH and to some extent the interactions with natural organic mat-
ter (NOM), there is still a need to understand TiO, NP mobility and
stability in complex aqueous matrices.
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The mobility of NPs in the environment is controlled
by their aggregation and deposition rates. Traditionally, the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [15] that has
been considered is dependent on pH and ionic strength, since
these two water chemistry parameters control the charge on the
NP and the thickness of the electric double layer surrounding the
particle. As the pH of the aqueous system approaches the point
of zero charge (PZC), there is a marked decrease in the electro-
static repulsion between NPs or between a NP and the surrounding
solid surfaces, resulting in a faster rate of aggregation, increased
aggregate size, and increased rate of deposition onto soil and sedi-
ment particles. At any given pH, an increase in the ionic strength of
the aqueous system results in a thinner electric double layer sur-
rounding the NPs and the surrounding surfaces, again increasing
the rate of aggregation, the size of the aggregates, and the rate
of deposition onto mineral surfaces. While the NPs may aggre-
gate to sub-micron or larger colloids [16], it is likely that many of
the exposed surfaces still retain nanoscale properties (e.g., quan-
tum effects, very high surface area) that can have environmental
implications.

However, the presence of natural organic matter (NOM), com-
posed of thousands of organic compounds (e.g. organic acids, sugars
and other carbohydrates, cellulosic materials, alginate, proteins,
lipids, etc.), in all natural aqueous matrices has a profound effect
on the charge balance of the NPs, and thus on their mobility and
deposition behavior [17-19].
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The early-stage NP-NP aggregation kinetics (in practice treated
as the time in which the aggregate’s mean diameter grows by 50%)
is believed to reflect the formation of doublets [20],

(dagt(t))poaano (1)

where ay, (t) is the hydrodynamic diameter of aggregates as a func-
tion of time t, Ny is the initial number concentration of primary
particles, and kq; is the doublet formation rate. In the absence
of NOM, under low salt concentration, ky; is sensitive to the
change in ionic strength, since increase in ionic strength will
diminish the energy barrier. At high salt concentration, the energy
barrier is significantly diminished, and k;; will be equal to the
diffusion-limited aggregationrate, k4. The NP-NP attachment effi-
ciency, a=kj1/kgi, is used to describe the aggregation kinetics.
The diffusion-limited (DLCA) and reaction-limited (RLCA) cluster-
ing aggregation regimes can be identified in a plot of electrolyte
concentration vs. «, and the transition is denominated the critical
coagulation concentration (CCC)[21]. The presence of NOM can sig-
nificantly shift the CCC, since the effective charge on the particles is
modified by the adsorbed NOM. Steric hindrance and other interac-
tions may also affect the CCC. Electrostatic repulsion is controlled
by two terms, surface potential and the Debye-Huckel parameter,
1/k. The Debye-Huckel parameter « characterizes the exponential
decay of the electrostatic repulsion. At 25°C, k can be calculated
using [21],

1/2
Kk =2.32x10° (Z cl»z,»z) (2)

where ¢; is the concentration of the ith ion, and z; is the valence of
the ith ion.

Similarly for deposition, there are conditions that lead to rapid
deposition (e.g., positively charged particles attaching onto neg-
atively charged surfaces), others that prevent deposition (e.g.,
particles and surfaces strongly negatively charged), and a tran-
sition regime as the charge on the particle is influenced by the
cations in solution. NOM also plays a significant role in modify-
ing the regime at which the system transitions from no deposition
to rapid deposition.

The objective of this paper is to systematically examine the
influence of NOM on the kinetics of TiO, NP aggregation and depo-
sition onto silica surfaces, which are similar to those found in
natural soils and sediments. Fatisson et al. [9] demonstrated the
capability of the quartz crystal microbalance with dissipation mon-
itoring (QCM-D) as an effective sensitive real-time tool to quantify
the deposition of TiO, NP suspensions onto clean silica surfaces
in aqueous media. However their study was performed at pH 3,
5 and 9 and without NOM; the results can be strikingly differ-
ent under more realistic conditions with NOM present. For this
study we dispersed TiO, NPs in several aqueous matrices and mea-
sured their deposition onto silica using QCM-D. These matrices
represent a wide range of ambient water conditions, particularly
with regard to IS, NOM and pH, and enable us to understand the
factors that influence the mobility of TiO, NPs in the environ-
ment.

2. Experimental
2.1. Preparation of NP suspensions

TiO, NPs were acquired from Evonik Degussa Corp. (U.S.). The
nominal diameter reported by the manufacturer was 30 nm. A
detailed characterization of these NPs was presented previously
[4]. A stock suspension of TiO, NPs (100 mg/L) was prepared
by transferring the TiO, powder into deionized (DI) water fol-
lowed by ultrasonication in a sonication bath (Branson 2510,
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Fig. 1. Representative (a) SEM and (b) AFM images of dry, unused TiO, nanoparti-
cles. Both images show particles to be roughly spherical and around 40-60 nm in
primary diameter.

Danbury, CT) for 30 min. TiO, suspensions (10 mg/L) were pre-
pared by diluting the stock suspension into a number of NaCl and
CaCl, (Sigma-Aldrich) solutions of different salt concentrations
(IS=1, 10 and 100mM) at pH 5, 6, 7, 8 and 9. The resulting TiO,
suspensions were further sonicated for another 15min prior to
use.

We used Suwanee River humic acid (SRHA, Standard II, Interna-
tional Humic Substances Society) as model for naturally occurring
humic substances. Humic acid stock solution (100 mg/L) was pre-
pared by dissolving the humic acid in DI water and then further
diluting to 10 mg/L with the TiO, suspensions.

2.2. NPsizing and imaging

Scanning electron microscopy (SEM) (XL40 Sirion FEG Digi-
tal Scanning Microscope w/EDS, FEI company, Hillsboro, OR) and
atomic force microscopy (AFM) (MFP-3D, Asylum Research, Santa
Barbara, CA) were used to characterize the primary size of the dry
TiO, NPs as received from the manufacturer. Examination by both
SEM and AFM revealed that the TiO, NPs are roughly spherical
and about 40-60nm in diameter (Fig. 1). Dynamic light scatter-
ing (DLS, Malvern Zetasizer Nano ZS-90) was used to measure the
hydrodynamic diameter of the TiO, particles under various solution
chemistries. The particles were sonicated prior to the DLS measure-
ment.



558 BJ.R. Thio et al. / Journal of Hazardous Materials 189 (2011) 556-563

2.3. Zeta potential

Laser Doppler velocimetry (Malvern Zetasizer Nano ZS-90) was
used to characterize the electrophoretic mobility (EPM) of the TiO,
NPs in the various electrolytes. Measured EPMs were converted to
¢-potential using the Smoluchowski equation. 200 nm SiO, parti-
cles (Brinker Nanostructures Research Group, University of New
Mexico) were used as a surrogate to characterize the ¢-potential
of the silica surface of the QCM-D sensor crystal. This method is
similar to the one used by Jiang et al. [22] in their measurements of
the ¢-potentials of crushed SRHA-coated and uncoated quartz sand
as substitutes for the ¢-potentials of silica surfaces and surfaces
precoated with SRHA of their QCM-D.

2.4. Aggregation kinetics

The hydrodynamic size of TiO, NPs was determined as a func-
tion of time using dynamic light scattering (DLS) (Zetasizer nano,
Malvern Instruments) with a 633 nm laser source and a detection
angle of 90°. An aliquot of stock suspension was withdrawn and
sonicated for 10 min to re-disperse the particles. Borate buffer with
preadjusted pH of 8 and humic acid stock solution were added to
achieve a final buffer concentration of 1 mM and final humic acid
concentration of 10 mg/L. A measured amount of Nanopure water
was then used to dilute the sample. Immediately after adding the
desired amount of electrolytes, DLS measurements were started.
Data was collected at 30s intervals, and the intensity weighted
mean hydrodynamic radius was collected for sample analysis. Data
collection was continued until a 50% increase in the hydrodynamic
radius was observed.

2.5. Quartz crystal microbalance with dissipation

A QCM-D D300 system (Q-Sense AB, Gothenburg, Sweden) was
used to examine the deposition behavior of TiO; NPs on silica
surfaces. QCM-D experiments were performed by simultaneously
monitoring the changes in frequency (Af) and energy dissipation
(AD)of a5 MHz AT-cut quartz sensor crystal with silica coated sur-
face (QSX-303). Before use, the crystal, chamber and tubing were
cleaned by rinsing with at least 10 mL DI water and 5 mL of ethanol.
The crystal was further cleaned in a UV-o0zone chamber for 30 min
before being mounted onto the chamber. The TiO, NP deposition
experiments were performed in batch mode at a preset tempera-
ture of 298 K. A background electrolyte (1 mL) at the pH and ionic
strength of interest was injected into the QCM-D chamber for a min-
imum of 1 h or until a stable baseline was obtained (drift of average
normalized frequency less than 0.2 Hz within 30 min), whichever
was longer. Subsequently, 0.5 mL of the TiO, suspension in the
same electrolyte was injected into the chamber and the Afand AD
were recorded. In our study, we monitored the shifts in the nor-
malized third overtone frequency and dissipation (Af3 and ADj3)
since this overtone usually has the best signal-to-noise ratio [23]
to determine the TiO, deposition behavior onto silica in different
electrolyte types and concentrations (IS). The working volume of
the D300 chamber is 80 pL [24], and 0.5 mL of TiO, suspension is
sufficient to displace the background electrolyte completely. QCM-
D experiments were repeated using at least three different samples
(prepared on different days) of each unique electrolyte concentra-
tion and pH.

In cases where deposition of TiO; onto the silica surface occurs
as very thin or quasi-rigid layers, the increase in the mass per unit
area Am can be described by the Sauerbrey relationship [25]:

CAfa
Am = _T (3)

Table 1
Comparison of the mass of TiO, deposited on QCM-D silica surface (1.cm?) deter-
mined by ICP and Sauerbrey relationship.

Afs Mass of TiO, by ICP (p.g) Mass of TiO, by Sauerbrey
relationship (ug)
0 0.00 0.000
-1.5 1.63 0.0089
-3 1.95 0.018
-7 2.28 0.041
-8 2.32 0.047

where Af;, is the shift in resonance overtone frequency, n is the
overtone number (1, 3, 5, or 7) and C is the mass sensitivity con-
stant (17.7 ng/cm?/Hz when f=5MHz). ADy, is calculated using the
Q-sense software (Qsoft) and can be described as the ratio of the
energy lost during one oscillation cycle to the total energy stored
in the oscillator at a resonance overtone frequency n. AD provides
complementary information with the Afon the deposition process
as well as some of the viscoelastic properties of the deposited layer.
Ingeneral, anegative Afand a positive AD mean particle deposition
onto the silica surface occurs, while the reverse is true in cases of
particles detaching from the silica surface. In our study, we mon-
itored the shifts in the normalized third overtone frequency and
dissipation (Af; and ADs3) since this overtone usually has the best
signal-to-noiseratio[23] to determine the TiO, deposition behavior
onto silica in different electrolyte types and concentrations (IS).

2.6. Inductively coupled plasma atomic emission spectroscopy
(ICP-AES)

AThermo iCAP 6300 ICP was used to measure the concentration
of several of the TiO, suspensions before and after passing through
the QCM-D chamber. The difference in concentration was used to
determine the mass of TiO, deposited on the silica surface, and
was compared to calculations of mass deposited using the Sauer-
brey relation from the raw QCM-D data (Table 1). Briefly, 0.5 mL of
the TiO, suspension was collected on a test-tube and the volume
diluted with DI water to 5 mL. A 0.1136 mL H,SO4—(NH4);S04 mix-
ture (2.976 g of (NH4),SO4, 4 mL DI water, 6 mL conc. H,SO4) was
added to the test tube, put on high heat on a heating plate for 1h
and cooled for 5min. 0.1420 mL conc. HNO3 and 0.4261 mL conc.
HCL were then added to the resulting mixture and let sit for another
10 min before being injected into the ICP. Elemental standard solu-
tion (1000 mg/L Ti, Merck, Darmstadt, Germany) was employed to
prepare diluted standard solutions to ICP-AES optimization.

3. Results and discussion
3.1. Electrophoretic mobility measurements

Fig. 2 presents the {-potentials of TiO, NPs in the absence of
SRHA. For reference, the ¢-potential as a function of pH under very
low IS, used to determine the pH at PZC (pHp,¢) is shown in Fig. 3. ¢-
potentials of the TiO, particles in the presence of monovalent NaCl
ranged from+20 mV at pH4 to —50 mV at pH9 at 1 mM IS, which are
similar to previously reported studies [9,14], and became less posi-
tive or more negative with the increase of IS due to the compression
of the electrostatic double layer. However, the trend of ¢-potential
for CaCl, at the same IS and pH does not follow the screening of
the double layer, indicating that Ca2* is a potential determining ion
(particularly at 10 and 100 mM [Ca2*]) rather than an indifferent
ion. {-potentials were either less positive (at pH < pHp,¢) or less neg-
ative (pH > pHpc) at higher IS (Fig. 2b) suggesting that as more Ca®*
ions surround the TiO, NPs, they neutralize the surface charge (pH
8, Fig. 4), or shorten the Debye length with increased ion valence
and IS (Fig. 5) and thus result in smaller TiO, electrostatic repul-
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Fig. 4. Salt titration of TiO, vs. zeta-potential at pH 8, for NaCl and CaCl,, with and
without Suwanee River humic acid (SRHA).
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Fig. 5. Debye-Huckel parameter as a function of CaCl, concentration.

sion potentials [14]. The presence of Ca%* has generally increased
the net positive charge on the TiO, nanoparticle suspension [10].

In the presence of SRHA, the ¢-potentials of TiO, NPs are nega-
tive at 4 <pH <9 regardless of IS and type of electrolyte (Fig. 6). This
indicates the properties of the TiO, NPs are significantly modified
by the adsorption of SRHA to the particle surfaces. Although higher
IS leads to a decrease in the magnitude of the {-potentials due to
the compression of the double layer around the TiO, NPs, the effect
is much weaker. The decrease in magnitude of {-potentials is more
pronounced in the case of CaCl, than NaCl, reflecting the effect of
ion valence on particle surface charge.

For reference, the ¢-potentials of silica particles for 5<pH<9 in
the presence of CaCl, and SRHA are presented in Fig. 7 and are neg-
atively charged. At higher IS, the ¢-potentials of silica become less
negative, indicating the increased screening of the surface charges.
Our results show the stronger effect of Ca2* over the SRHA and pH.
The ¢-potentials suggest that the Ca2* ions can act as electrostatic
bridges between the negatively charged silica nanoparticles at a
pH range of 7-9. In addition, there is the effect of ion valence on
the Debye length and in turn, on electrostatic repulsion. From Eq.
(2) the inverse of the Debye length is proportional to the valence
charge of the ion; as valence charge increases (z=2 for Ca%* and
z=1 for Na*) the Debye length decreases resulting in smaller mag-
nitude Zeta-potentials. This phenomenon is in agreement with the
previous report by French et al. [14].

3.2. Aggregation kinetics of TiO, NPs

TiO, nanoparticles were observed to form stable suspensions
with aggregates of radius 100-200 nm after dispersion in Nanop-
ure water. The stock suspension prepared in this study was stable
for more than 4 days without change in aggregate size as mea-
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Fig. 6. ¢-Potential of TiO, with Suwanee River humic acid (SRHA) as a function of
PH, in various electrolytes and ionic strengths.



560 BJ.R. Thio et al. / Journal of Hazardous Materials 189 (2011) 556-563

0
-10
S 20 + 1 mM NaCl w/o
E -30 + SRHA
E ';g ® 10 mM NaCl w/o
B - SRHA
S -60 }
g -70 4 1 mM NaCl with
N -80 SRHA
-90
-100 .
4 5 6 7 8 9 10
pH
10
Al mM CaCl2 w/o SRHA
0 A
o
S,._: =10 - 2 010mM CaCl2 w/o SRHA
T 20 5
g % é 4100 mM CaCl2 w/o SRHA
Q
£ 30
n‘; % % ©1mM CaCl2 w/SRHA
o -40
N
-50 X10mM CaCl2 w/ SRHA
-60
©100 mM CaCl2 w/ SRHA
4 5 6 7 8 9 10

pH

Fig. 7. ¢-Potential of silica nanoparticles as a function of pH in varying concentra-
tions of (a) NaCl and (b) CaCl, and presence/absence of SRHA.

sured by DLS. Similar behavior was observed in previous studies
[14,16,26,27], and it is proposed that the enhanced collision fre-
quency due to the local high particle concentration when the stock
dispersion was prepared and the reduced surface energy when
forming larger aggregates could be the driving forces of this phe-
nomenon. Fig. 8 shows a representative aggregation profile at pH
8 with five different CaCl, concentrations. At low CaCl, concentra-
tion (0.01, 0.05, and 0.1 mM), an increase in ionic strength led to
faster aggregation, which is ascribed to the screening of the elec-
tric double layer. At higher CaCl; concentration (1, 10 mM)), further
increase in ionic strength had no effect in enhancing aggregation.
The DLCA and RLCA regimes were identified for the four con-
ditions tested (Fig. 9). In the absence of humic acid, the CCC was
ca. 15mM for NaCl electrolyte, while it was only ca. 0.1 mM for
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Fig. 8. Representative time-resolved aggregation data of TiO, nanoparticles.
[TiO2] =100 mg/L, pH 8.
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Fig. 9. Attachment efficiency of TiO, at four conditions. [TiO2]=100mg/L, pH 8
[SRHA] =10 mg/L (when present).

CaCl,. In the presence of humic acid, the CCC was ca. 200 mM for
NaCl electrolyte, compared with ca. 5 mM for CaCl, electrolyte. The
CCC[Ca2*]/CCC[Na*] ratio yields a proportionality fraction of z=7-2
(in the absence of humic acid) and z=>-3 (in the presence of humic
acid), where z is the cation’s valence. The Shultz-Hardy trend pre-
dicts a proportionality fraction of z-¢ for systems without cation
specific adsorption [27], however, due to the limited data size, no
conclusion can be drawn regarding the statistical significance of
the difference between the experimental and the theoretical val-
ues. The addition of humic acid clearly stabilized TiO, particles,
evidenced by the increase of CCC over an order of magnitude. Zeta-
potential measurements revealed that in the absence of humic acid,
the surface charge of TiO, is sensitive to IS, the addition of either
NaCl or CaCl, leads to smaller zeta-potential values, and Ca?* is
more effective in depressing the surface charge of TiO, (Fig. 4).

The role of the cations in destabilizing TiO, particles in the
absence of humic acid is two-fold: (1) reduce the surface charge
of TiO, NPs; and (2) lessen the exponential decay length (i.e.,
Debye length) of the electrostatic repulsion. In contrast, in the pres-
ence of humic acid, increasing IS has much less effect on surface
charge of TiO, NPs, since the TiO, surface is covered by humic
acid and the measured zeta-potential represents the properties of
the humic acid (Fig. 4). In this case salt induces aggregation solely
by compressing the electric double layer. In addition, humic acid
coated TiO, is more resistant to salt induced aggregation due to
salt enhanced humic acid adsorption on TiO,. It is suggested that
humic substances would become more coiled and compact with
increased ionic strength [19,28]. Consequently greater amount of
humic substance could adsorb onto the surface of nanoparticles and
lead to enhanced steric hindrance.

Chen et al. [20] reported enhanced aggregation of alginate-
coated hematite in the presence of calcium ions, possibly due to
the formation of an alginate gel network enhanced by calcium
complexation, which bridged the hematite clusters. In their study,
CaCl, concentration was shown to be positively related to the
apparent attachment efficiency. Similar behavior was not observed
for the SRHA-Ca?*-TiO, system in this study, indicating the dif-
ferent response towards CaZ* between SRHA and alginate. Using
Chen et al’s method [20], the aggregation rate constant under
diffusion-limited conditions (k;1) were calculated for the four con-
ditions tested (6.3 x 1019 m3/s (NaCl), 7.5 x 1019 m3/s (NaCl with
SRHA), 1.23 x 10-18m3/s (CaCl;), 6.56 x 10-19m3/s (CaCl, with
SRHA)). These comparable kq; values suggest that regardless of the
cation that is present, under diffusion-limited conditions the TiO,
nanoparticles aggregate at the same rate within the experimental
error.
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Fig. 10. Frequency shift Af; as a function of pH, IS and [SRHA]: (a) in NaCl; (b) in
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3.3. TiO, deposition onto silica

Figs. 10 and 11 show the summary Af; and ADj; for the series
of QCM experiments involving the deposition of TiO, NPs onto sil-
ica in NaCl and CaCl, at various IS and pH, while Fig. 12 shows
a representative Afs and AD3 of TiO, deposition onto silica. In
the case of NaCl, the magnitude of deposition, as measured by the
Af; and ADs, decreases as pH increases; when pH is held constant
(5<pH<7), anincrease in IS from 1 to 100 mM has the same effect
of decreasing deposition. At pH 8 and 9, we did not observe any
TiO, deposition onto the silica surface regardless of IS. These behav-
iors are in qualitative agreement with the classical DLVO theory
of colloidal stability [21,29,30]. For those experimental conditions
where there was no deposition, we collected the data for a longer
time period of 30 min beyond the introduction of the NPs into the
chamber as shown in Fig. 13 to verify that the NP concentrations we
were using were low enough such that gravity did not play a sig-
nificant role in the deposition behavior. From Fig. 2, the ¢-potential
of TiO, without SRHA in NaCl is nearly zero at pH 6 independent
of IS, and becomes more positive as pH — 4 and more negative as
pH — 9. Positive {-potentials of TiO, at pH <6 mean that the attrac-
tive electrostatic forces predominate under such conditions; from
Fig. 7 the silica surface is negatively charged under the range of
conditions studied since its pHzpc 3 [31]. At a fixed IS, the particles
are more positively charged as the pH is decreased from pH 6 to pH
5 leading to increased deposition (Af; becomes more negative and
AD3 more positive). As the IS increases from 1 to 100 mM Na(l, the
electrostatic attraction between particles and surface is weakened
and leads to smaller Af; and AD3 values. Our results are similar
to that of Fatisson et al. [9], who used NaNOs3 as their monova-
lent electrolyte; however, they only studied the deposition at pH
3, 5 and 9, somewhat outside the range of environmentally rel-
evant pH conditions. Conversely at pH > 6, repulsive electrostatic
interactions dominate the NP-surface interactions and reduce or
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Fig. 11. Dissipation ADs as a function of pH, IS and [SRHA]: (a) in NaCl; (b) in CaCl,.

prevent TiO, deposition onto silica at all IS. At pH 7, the TiO, NPs in
NaCl are negatively charged. As the IS increases from 1 to 100 mM
NadCl, there is an increase in deposition shown by larger Af; and
ADj5 as repulsive forces are reduced due to the compression of the
double layer by increased electrolyte concentration. Af; and AD3
were essentially zero at pH 8 and pH 9 at all IS, indicating no TiO,
deposition.

When the electrolyte was switched to divalent CaCl,, we
observed a similar trend in TiO, deposition. The magnitude in
deposition as indicated by Af; and ADj3 of the TiO, in CaCl, was
markedly higher than in NaCl at the same IS, reflecting the stronger
electrostatic attraction of positively charged NPs and a negative
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Fig. 12. Representative frequency shift (Af;) and dissipation (D3;) when TiO;
nanoparticles are introduced to the QCM-D chamber with a silica coated sensor
crystal in 1 mM CacCl; at pH 7.
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Fig. 13. Representative frequency shift (Af;) and dissipation (AD3) when TiO,
nanoparticles are introduced to the QCM-D chamber with a silica coated sensor
crystal in 100 mM CaCl, at pH 7 with 10 mg/L SRHA.

silica surface at pH 5 and 7 (Figs. 2b and 7). Higher [CaZ*] leads to
neutralization of the negative charges on the silica surface and thus
to a reduction of electrostatic repulsive forces.

From Fig. 10b, the highest deposition (i.e. deposition efficiency)
occurs at pH 5 and 1 mM CacCl, with a | Af3|max value of about 8 Hz.
By normalizing the deposition behavior of the TiO, nanoparticles
at other conditions with the |Af3|max value, we obtained a series
of values for the TiO, deposition efficiency onto silica (Fig. 14). We
show that the transition to no deposition for the TiO, nanoparti-
cles onto silica occurred between 1 and 10 mM CacCl, at pH 5 and
7. In the case where NaCl was the electrolyte, the TiO, deposition
efficiencies were all very low, with the transition regime occurring
at below 1 mM NaCl which is not environmentally relevant (graph
not shown). Given that most natural waters are in the pH range
from 6 to 9, one would thus expect that in the presence of signifi-
cant [CaZ*], TiO, nanoparticles would not attach strongly to silica
surfaces if NOM is not taken into consideration.

3.4. Effect of Suwanee River humic acid on TiO, deposition

In the presence of 10 mg/L SRHA at electrolyte concentrations of
1 mM and 100 mM NacCl and CaCl, from pH 5 to 9 (Figs. 10 and 11),
no significant frequency or dissipation shifts were observed when
the TiO, NPs were introduced. This indicates that the NP aggregates
do not attach onto the silica surfaces when SRHA is present, which
agrees well with previous reported results of the non-deposition
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Fig. 14. Deposition efficiency of TiO, nanoparticles under various IS and pH condi-
tions.
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Fig. 15. Mass of TiO, deposited on silica surface determined using ICP as a function
of Afs.

of engineered polymer modified NPs in the presence of organic
macromolecules [32,33]. Given the negative zeta potential of the
TiO, NPs in the presence of SRHA, it is not surprising that no depo-
sition occurs, even at lower pH. Steric hindrance may also play a
role, butit would be difficult to separate its contribution. Our results
are similar to that previously reported by Chen and Elimelech [17]
on the significant decrease in deposition of fullerene NPs on sil-
ica precoated with humic acid compared to the case where humic
acid was absent. In their work, the adsorption of humic acid onto
both fullerene NPs and silica surfaces prevented deposition, possi-
bly due to steric repulsion thus, although possible also due in part
to electrostatic repulsion of the two surfaces coated with humic
acid.

3.5. Determination of TiO, mass deposition using ICP

Fig. 15 shows the relationship between the mass deposited on
the silica surface determined using ICP with Afs;. While the TiO,
mass deposited on silica is non-linear with respect to Af; the rela-
tionship can still be used to quantitatively determine the deposition
rate under different environmental conditions. To our knowledge
this is the first quantitative use of QCM-D for measuring deposi-
tion rates. The ICP measurements show that Afs shifts of as low
as 1.5Hz correspond to deposition of TiO, NPs in the pg range,
which are two orders of magnitude larger than that determined
using the commonly used theoretical Sauerbrey [25] relationship
(Table 1). This indicates the invalidity of using the Sauerbrey equa-
tion for non-homogeneous films since it underestimates the actual
deposited mass for our system.

4. Conclusions

The aggregation kinetics and deposition behavior of nano-TiO,
ontosilicais arather complex process that depends on the nature of
the surfaces and the environmentally relevant solution pH [NOM]
and IS. In our study, the TiO, nanoparticles were found to aggregate
immediately upon their introduction to water, with the smallest
aggregates slightly above 250 nm in hydrodynamic diameter. How-
ever, the presence of humic acid significantly stabilized the TiO,
NPs. In the natural water matrices reported in a previous study [4],
Na* is the dominant cation with a concentration above 400 mM in
seawater samples, while Ca%* is the predominate cation in ground-
water and river water samples with a concentration in the range
of 4-10 mM. All the natural waters had substantial concentration
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of NOM. If NOM is not taken into consideration, one would pre-
dict that, given the IS in these natural waters, TiO, NPs would
be in the diffusion-limited clustering aggregation regime, i.e., TiO,
would undergo fast aggregation. However, since humic substances
are present in all these waters, the combined effect of electrostatic
repulsion and steric repulsion should stabilize the TiO, particles in
these media, increasing their mobility. IS does play a role, but only
for highly saline environments. Similarly, deposition of TiO, onto
silica can be expected at lower pH in the absence of humic acids.
However, in the presence of humic acid attachment of the TiO,
onto silica surfaces is not favorable, regardless of pH and IS, and
may not occur in the absence of other mechanisms, such as physi-
cal straining. Thus, NOM plays a very important role in determining
the mobility of TiO, NPs in natural aqueous matrices.
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