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Abstract One hundred and fifty nanometers sized
anatase titanium dioxide nanoparticles (TiO, NPs)
have been functionalized with the -CH3, —-NH,, —SH,
—OH, —-COOH, and —SO3H terminal groups. Surface
charge, aggregation, and adsorption behaviors of the
functionalized NPs in aquatic phase have been inves-
tigated by a set of experiments following the full
factorial design. The dependence of surface charge,
suspension size, and surface adsorption upon the
various factors (including surface chemistry of NPs,
the pH value, and ionic strength of an aqueous
solution) has been studied with the statistical methods
such as multiple linear regressions and multiple
comparison tests. The surface functional group on
the TiO, NPs affects the characteristics in the simu-
lated aquatic environment. The correlations among the
characteristics of NPs have also been investigated by
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obtaining Pearson’s correlation coefficient. The
hydrodynamic size is negatively correlated with the
absolute value of zeta potential, and positively corre-
lated with the ionic strength. In the NaCl solution, the
charge screening effect is responsible for the aggre-
gation. In the CaCl, solution, the charge screening
effect is dominant mechanism for aggregation at a low
salt concentration. In contrast, the interaction between
Ca”" jons and the specific functional group plays a
significant role at a high salt concentration. The
adsorption efficiency of humic acid decreases with an
increase in the pH value, whereas increases with an
increase in the ionic strength. The adsorption effi-
ciency is positively correlated with the zeta potential.
The statistical analysis methods and the results have
implications in assessment of potential environmental
risks posed by engineered nanoparticles.
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Introduction

Nanomaterials with at least one dimension less than
100 nm exhibit unique properties different from bulk
counterparts (Duan et al. 2001; Liet al. 2011; Tan et al.
2003; Wu et al. 2005; Zhang et al. 2010). With rapid
development of nanotechnology, engineered nanom-
aterials are finding increasing applications in
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consumer products and additives. For example, tita-
nium dioxide nanoparticles (TiO, NPs) are exten-
sively used for photocatalysis, energy conversion/
storage, and biosensing (Li et al. 2008a, b, c; Tafen
et al. 2009; Wang et al. 2009, 2010; Wu et al. 2010;
Yang et al. 2008). Growing production and use of
nanomaterials inevitably increases their release and
exposure into the surrounding environment, which
raises serious concern on its potential environmental
risks and toxicity (Hamilton et al. 2009; Lee et al.
2007; Magrez et al. 2009; Sharma 2009). The envi-
ronmental concentration of TiO, NPs was estimated to
be 0.7-16 pg/L. This was close to or higher than a
threshold toxicity value of 1 pg/L determined by a
recent report (Mueller and Nowack 2008). In natural
water, the physicochemical characteristics of NPs
change under various environmental conditions (Yang
et al. 2009; Domingos et al. 2009; Epling and Lin
2002; French et al. 2009; Solovitch et al. 2010). These
alterations will consequently have profound influence
on their environmental contamination and toxicity
potency. Therefore, to assess the environmental risk
and toxicity of TiO, NPs, it is essential to quantify the
dependence of characteristics of TiO, NPs upon the
environmental factors in an aquatic system (Zhang
et al. 2009).

The water quality parameters, including pH, ionic
strength, cation type, and natural organic matters
(NOMs) affect the physicochemical characteristics of
engineered nanomaterials (Hyung et al. 2007; Hyung
and Kim 2008; Smith et al. 2009; Wang et al. 2008).
Several investigations have been conducted to exam-
ine the effects of the water quality parameters on the
aggregation and adsorption behaviors of nanomateri-
als (Chen et al. 2012; Liu et al. 2011; Keller et al.
2010). It has been found that the NOM adsorption on
the carbon nanotubes is strongly dependent on the
hydrophobic interaction, m—mn interaction, hydrogen
bond, electrostatic interaction, and the Van der Waals
interaction between adsorbates and engineered
nanomaterials (Hyung and Kim 2008). In addition,
the uptake and toxicity of gold nanoparticles are
dictated by the surface functional group (Zhu et al.
2010). The hydrophilic particles can be ingested and
rapidly cleared without obvious health impact,
whereas hydrophobic particles are accumulated in
the organism with toxic effects. So far, limited
information is available regarding the effect of surface
chemistry on the surface charge and aggregation of
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NPs, as well as on the surface adsorption on NPs in
aquatic systems.

The objective of this study is threefold: (i) to
systematically investigate how the surface charge,
aggregation, and surface adsorption behavior of func-
tionalized NPs are affected by a range of factors
including functional group (surface chemistry) of the
NPs, the pH value and cation type/concentration in an
aquatic environment; (ii) to determine the correlation
between the hydrodynamic size and the zeta potential,
and (iii) to determine the correlation between adsorp-
tion efficiency and the zeta potential. Statistical
methods are adapted to perform such an investigation.
First, full factorial design is used to specify factor
combinations (i.e., experimental settings) at which
laboratory experiments are carried out (Montgomery
2012). Second, based on the experimental data,
multiple linear regression is performed, which eval-
uates not only the individual factor effects but also the
interacting effects of multiple factors in a statistically
valid manner (Tamhane and Dunlop 2000). This is in
distinct contrast to the conventional one-factor-at-
a-time approach which studies the effect of one-
factor-at-a-time and is thus not able to examine the
interacting effects of factors. Third, the correlation in
objectivies (ii) and (iii) is estimated by the Pearson
method (Tamhane and Dunlop 2000), and statistical
significance of such a correlation is evaluated.

Materials and methods
Experimental controllable factors and levels

In our experiments, three controllable factors and the
experimental levels for each factor are given in
Table 1. The functional group of the NPs, denoted as
x1, is varied among seven different settings: pristine
T102 NPS, NHz—, SO3H—, COOH—, OH—, SH—, and
CHj;-terminated TiO, NPs (Palma et al. 2007; Cano-
Serrano et al. 2003). The factor x, represents the pH
value of the aqueous solution; it is set at three levels, 5,
7, and 9, since the pH value in an aquatic environment
is generally in the range of 5-9. For x;, the salt
condition in the aqueous solution, there are five
experimental levels: solution without addition of
NaCl/CaCl,, with 0.01 M NaCl, 0.1 M NaCl,
0.01 M CaCl,, and 0.1 M CaCl,. The factor levels of
salt condition are specified in this way because the
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Table 1 Controllable factors and their experimental levels

Factor Factor levels

x1: Functional group of the Pristine, -NH,, -SO3H, -COOH, —OH, —SH, and —CH3;

NPs
Xp: pH value 57,9

x3: Cation type and
concentration

(INaCl] = 0, [CaCl,] = 0), (INaCl] = 0.01 M, [CaCl,] = 0), ((NaCl] = 0.1 M, [CaCl,] = 0),
(INaCl] = 0, [CaCl,] = 0.01 M), ([NaCl] = 0, [CaCl,] = 0.1 M)

ionic strength is 0-0.1 M order of magnitude in
surface waters (Epling and Lin 2002), and NaCl and
CaCl, are the typical cations in soft water and hard
water. At a selected factor combination, the TiO, NPs
were exposed to the liquid solution, and their charac-
teristic responses were measured which include
(i) zeta potential y(l), (i1) hydrodynamic size y(z), and
(iii) adsorption efficiency y(3) of TiO, NPs.

Surface modification of TiO, nanoparticles

Engineered TiO, NPs with NH,, SO;H, COOH, OH,
SH, and CHj terminal groups were prepared by
surface modification of commercially available TiO,
using N-butyltrimethoxysilane (BTMS), (3-mercapto-
propyl) trimethoxysilane (MPTS), (3-glycidoxypro-
pyD) trimethoxysilane (GPTMS), triethoxysilylpropyl
succinic anhydride (TESPSA), and 3-aminopropyl-
triethoxysilane (APTMS), respectively (Palma et al.
2007). Typically, 1.0 g of dry TiO, NPs, which were
150 nm sized round-shaped anatase spheres, were first
immersed into 10 mL of deionized water, of which pH
value was adjusted to 11 by tertramethylammonium
hydroxide pentahydrate (5 wt%, TMAOH, (CH3),N-—
OH-5H,0), to facilitate the adsorption of hydroxyl
group. The hydroxyl group rich TiO, NPs were
washed twice with 20 mL of methanol to remove the
excessive TMAOH. The TMAOH-treated TiO, NPs
were dried in a vacuum oven at room temperature for
use. After that, 3 mL of silane coupling agents were
added into the TiO, suspension in 20 mL of toluene.
The suspension was further refluxed at 110 °C for 24 h
under an argon flow and vigorous stirring, washed
three times with methanol to remove the unreacted
silane coupling agents, and then dried in a vacuum
oven prior to use.

The SO3;H-TiO, NPs were prepared by the oxida-
tion of SH-TiO, NPs using H,O, according to a well-
established procedure (Cano-Serrano et al. 2003).

Testing of surface charge, aggregation,
and adsorption of nanoparticles

Surface charge and aggregation measurements

Five milligrams of modified TiO, NPs were
dispersed into 500 mL of D.I. water followed by
ultrasonication for 10 min to obtain the 10 mg/L
TiO, stock suspension. Three bottles were put by
100 mL of the prepared TiO, suspension, and then
the pH value was adjusted to 5, 7, and 9 by
addition of 1 M HCI or 1 M NaOH aqueous
solution, respectively. Aliquots (~20 mL) of the
resulting suspensions were taken out, and the salt
concentration was adjusted to 0, 0.01, and 0.1 M by
addition of 5M NaCl or CaCl,. Finally, there
was a 0.2 U shift in the pH value in both NaCl
and CaCl, samples because no buffer solution was
used.

Adsorption experiments

All adsorption experiments were performed at room
temperature. 20 mg of humic acid was added to three
vials containing 40 mL of D.I. water, respectively, and
then the pH value was adjusted to 5, 7, and 9 by
addition of 1 M HCI or NaOH aqueous solution. As a
result, the humic acid stock solutions with the
concentration of 500 mg/L and pH value of 5, 7, and
9 were obtained, respectively. 200 pL of humic acid
stock solution was added to 10 mL of modified TiO,
suspensions with the same pH value, and then the salt
concentration was adjusted to 0, 0.01, and 0.1 M by
addition of 5 M NaCl or 5 M CaCl,. The resulting
suspensions were shaken for 24 h to reach the sorption
equilibration for humic acid. After that, the suspen-
sions were centrifuged, and the supernatant was taken
out and subjected to the UV-Vis absorption
measurement.
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Statistical methods
Design of experiments

A full factorial design was adopted for our experi-
ments, and it allowed for the evaluation of the main
effect of each factor and the two-factor interaction
effects. With the three controllable factors and their
experimental levels in Table I, a total of
105 =7 x 3 x 5 (7 levels for x;, 3 levels for x,,
and 5 levels for x;) distinct factor settings were
explored following the full factorial design. To reduce
the effects of unknown nuisance factors (factors other
than the three considered as of interest), the 105
experiments were performed at the 105 factor settings
in a completely random order. At each factor setting,
one replication was conducted, and the responses of
interest were measured.

Multiple linear regressions

To quantify the relationship between the three factors
and the responses of TiO, NPs, multiple linear
regressions were performed to approximate each
response, y(i) (i = 1, 2, 3) as a function of the factors
X1, X2, and x3. Such a model investigates the main
factor effects and the two-factor interaction effects. In
our regression analysis, all the factors were considered
as categorical (nominal) factors, and for each one,
several dummy variables were used to represent its
experimental levels. To achieve the simplest adequate
model, stepwise regression method was adopted in
search of the best model describing the x—y relation-
ship. The details of the multiple linear regressions
performed in this study are given in Section S1.1 (See
the Supplementary material).

Other statistical methods

Following up the linear regressions, multiple compar-
ison tests were carried out to perform pairwise
comparison of the effects that various factor levels
may have on the response. Consider for example the
salt condition factor which has five experimental
levels (Table 1). Does the addition of 0.01 M CaCl, to
the liquid solution have a bigger impact on the
responses than the addition of 0.01 M NaCl? In this
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study, such questions are addressed by the Tukey-—
Kramer multiple comparison test in a statistically valid
manner (Tamhane and Dunlop 2000).

To investigate the dependence of hydrodynamic
size y¥ and adsorption efficiency y* upon zeta
potential y(l), two-tailed Pearson method was used to
evaluate the correlations for (", y®) and (y'", y*¥)
pairs, respectively.

Results and discussion

In this part, we present the findings from the
experimental data-based statistical modeling and
analysis, and explore the causes behind these find-
ings. Three types of statistical methods were used in
our work: multiple linear regressions, multiple
comparison tests, and Pearson’s correlation, which
are detailed in Section S1 (See the Supplementary
material).

Since a lot of the discussions in this section are
based on the regression models (M1, M2, and M3)
(See the Supplementary material), those models are
briefly explained as follows for the reader’s conve-
nience. Take model M1 as an example, which
quantifies the response y", zeta potential as a function
of the selected important dummy variables (D;; i = 1,
2,..., 12). All the variables (D;; i = 1, 2,..., 12) are
dichotomous, and takes values of either 1 or 0. In
model M1, the content in the parenthesis explains
what factor level (e.g., pH 5 in the environment) is
associated with D; (i = 1, 2,..., 12); all the factor
levels are given in Table 1. If a factor level is used in
the experiment, then its corresponding dummy vari-
able is set as 1; otherwise it is 0. For instance, for an
experiment performed on COOH-TiO, NPs in a liquid
solution with pH 5 and 0.01 M NaCl, we have:
D; =1, Dg =1, D;; =1, and the rest of dummy
variables are all zero; the expected zeta potential can
be estimated by plugging the dummy values into
model MI1. The case for which all the dummy
variables are zero corresponds to the control experi-
ments where pristine NPs are exposed to solution with
pH 7 and no salt. Models M2 and M3 can be explained
in the same way as M1 for the other two responses,

hydrodynamic size y*, and adsorption efficiency y*,
respectively.
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Surface charge and zeta potential
Effect of the pH value on the surface charge

Figure la—c plots the zeta potential against pH value
for the aqueous solutions with 0, 0.01, and 0.1 M
CaCl,, respectively. First, the zeta potential of
nanomaterials generally decreased with an increase
in the pH value of the aqueous solution, which was
confirmed by our analysis. In model M1, the estimated
coefficient for variable Dg(pHS) was 29.7 mV, which
indicated a general increase in the zeta potential when
the pH value decreased from 7 to 5. At a low pH
regime, the surface functional groups on the NPs were
substantially protonated and their charge was positive.
As the pH value increased, more surface functional
groups were dissociated to the negative groups (Ofir
et al. 2007; Gu et al. 2009), and more OH™ were
adsorbed onto the pristine TiO, NPs (Fumiaki et al.
2010). Hence, the zeta potential of all types of NPs
became more negative as the pH increased. In
addition, no term related to D;(pH9) appeared in the
model, which suggested that there was no substantial
change in the zeta potential when the pH value
increased from 7 to 9. In this pH regime, the surface
functional groups were stable.

Second, the surface functional group of nanomate-
rials affected the dependence of the zeta potential on the
pH value (Fig. 1). This was reflected in model M1 by the
significant interacting terms between functional groups
and pH levels: D»(SOsH) x Dg(pHS), D3;(COOH) x
Dg(pHS5), D4(COOH) x Dg(pHS), Ds(SH) x Dg(pHS5).

Third, with different salt conditions, the zeta
potential versus pH trend also changed. This was
reflected in model M1 by the significant interacting
terms between pH and salt conditions: Dg(pHS) x
Dy(0.1 CaCly), Dg(pHS) x D;¢(0.01 CaCly), Dg(pHS) x
D11(0.1 NaCl), D,(SOsH) x D;,5(0.01 NaCl). This is
illustrated by the sequence of graphs in Fig. 1. In
Fig. 1a, b where [CaCl,] was 0 and 0.01 M (low), the
zeta potential typically decreases with increasing
the pH value. But when [CaCl,] was 0.1 M (high),
the increasing pattern dominates as shown in Fig. 1c.
This was because at high [CaCl,], the dissociated
surface groups (as a result of high pH value) can bind
to the Ca®" through the bridge binding (Kim et al.
2001).
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Fig. 1 Zeta potential of various surface-functionalized TiO,
nanoparticles as a function of the pH value at a [CaCl,] = 0 M,
b [CaCl,] = 0.01 M and ¢ [CaCl,] = 0.1 M
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Effect of the ionic strength on the surface charge

The zeta potential of TiO, NPs as a function of the
CaCl, concentration is shown in Fig. S1 in Supple-
mentary material. The zeta potential of the TiO, NPs
increased with an increase in the salt concentration,
which was mainly due to the fact that the addition of
salt increased the ionic strength and reduced the
thickness of the electric double layer. This was
supported by model M1 in which all the four salt
condition levels had significant positive main effects:
41.1 for Dy(0.1CaCly), 31.0 for D;(0.01CaCl,), 17.8
for D1,(0.1NaCl), and 7.1 for D{,(0.01NaCl). For both
CaCl, and NaCl, a steep increase in zeta potential was
obtained when the salt concentration increased from 0
to 0.01 M, while over the concentration range (0.01,
0.1) M, the zeta potential increased much slower with
the salt concentration.

Model M1 indicates that COOH is a special
functional group since it has a strong positive inter-
action with CaCl,: the coefficients of D;(COOH) x
Dy(0.1CaCl,) and D3(COOH) x D((0.01CaCl,) are
positive. This can be graphically explained by Fig. S1.
For COOH-TiO, NPs, the zeta potential was partic-
ularly sensitive to the change in the CaCl, concentra-
tion. This was due to the fact that Ca®" can chemically
bind to the COOH group by the bridge binding in
addition to the electrostatic interaction, leading to the
faster increase of the zeta potential in comparison with
the other TiO, NPs (Epling and Lin 2002; Kim et al.
2001). In short, the bridge binding is responsible for
the significant two-factor interactions between the
COOH group and the CaCl, solution from the
statistical result. Therefore, the zeta potential of
TiO, NPs with different functional groups showed
the distinct dependence on the salt concentration.

Effect of the cation type on the surface charge

At the same concentration level, CaCl, has a higher
positive effect on the zeta potential than NaCl. Table
S3 provides the Tukey—Kramer comparison results
(See the Supplementary material), and shows that the
effect difference between CaCl, and NaCl varied
between (18.7, 30.0) at the level of 0.01 M, and the
effect difference ranges among (19.6, 30.9) at 0.1 M.
The detailed Tukey—Kramer comparison results are
given and discussed in Section S1.2 (See the Supple-
mentary material).
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The zeta potentials of all functionalized NPs in the
CaCl, solution were higher than that in the NaCl, which
can be explained by three reasons. First, the addition of
divalent Ca®* leads to the higher ionic strength because
the ionic strength is positively proportional to not only
the concentration of ions but also the chemical valence,
expressed by (Li et al. 2009).

1 .,
I:E;cizi. (1)

Second, divalent Ca®" results in smaller Debye
length (1/k) than the monovalent N at. Itis well known
that the Debye length is the inverse of the Debye
parameter (x) that is expressed as (Epling and Lin
2002; Kim et al. 2001)

2 72
NN DL 2)
&eokpT

where e is the electron charge, »; is the number of ion
i in the bulk solution, and z; is the valence of ion i. Thus
decreasing Debye length increases the apparent zeta
potential. Third, Ca®" can be adsorbed on the nega-
tively charged NPs by the bridging interaction in some
cases in addition to the electrostatic adsorption (Epling
and Lin 2002; Kim et al. 2001). Therefore, the zeta
potential increases rapidly as the CaCl, concentration
increases.

In short, the zeta potentials of all types of NPs
decreased with an increase in the pH value at a low salt
concentration. At a high salt concentration, the zeta
potentials of SO;H-, COOH—-, OH-, and SH-TiO,
NPs slightly increased when pH increased. The zeta
potential of COOH-TiO, NPs was most sensitive to
the CaCl, concentration. The effects of charge
screening and the functional group will be discussed
in more detail later.

Hydrodynamic size in aquatic phase

The particle size measured with the dynamic light
scattering (DLS) technique is the hydrodynamic size
that reflects the degree of aggregation of particles in
the solution, which is different from that observed with
TEM and SEM under the dry condition. In general, the
existing form of particles in aquatic environment
depends on the Van der Waals force, the electrostatic
interaction, the hydrogen bonds, the chemical bonds,
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etc. The theory of Derjaguin, Landau, Verwey, and
Overbeek (DLVO) (Derjaguin et al. 1941; Verwey and
Overbeek 1948), which incorporates the Van der
Waals force with the electrostatic interaction origi-
nated from the presence of electric double layer, has
been used for interpreting the stability of colloidal
suspensions. According to the DLVO theory, the
hydrodynamic size of the charged particle suspensions
increases as the ionic strength increases or the surface
charge (absolute value of zeta potential) decreases.

Effect of the pH value on the hydrodynamic size

In model M2, no pH related main effects are signif-
icant, i.e., neither Dg(pHS5) nor D,(pH9) appears in the
model. This suggests that pH value does not have a
statistically significant main effect on the hydrody-
namic size of TiO, NPs. In other words, the pH value
has no significant effect on the hydrodynamic size in
the absence of salts, which can also be confirmed in
Fig. S2a in Supplementary material. There are, how-
ever, three significant interaction terms related to the
pH value in model M2: —342 nm Dg(pHS) x Do(0.1
CaCl,), 347 nm Dg(pH5) x D15(0.01 NaCl), and
—549 nm D{(NH,) x Dg(pH5).

According to the DLVO theory, the hydrodynamic
size of particles in the solution strongly depends on
both the surface charge and the ionic strength. When
the pH value increased in the presence of CaCl,, there
was no evident change in the zeta potential of NPs
except for the NH,-TiO, NPs (Fig. 1b, c). Consis-
tently, there was no evident change in the hydrody-
namic size of NPs except for the NH,-TiO, NPs (Fig.
S2b, c). The zeta potential of the NH,—TiO, NPs was
reduced with an increase in the pH value (Fig. 1b, c),
which increased the hydrodynamic size of the NH,—
TiO, NPs (Fig. S2b, c¢). This suggested that the DLVO
mechanism accounted for the aggregation of the NPs
in the presence of CaCl,.

When the pH value increased in the absence of
CaCl,, the zeta potential of NPs was reduced (Fig. 1a).
However, there was no significant change in the
hydrodynamic size of NPs (Fig. S2a).

Effect of the ionic strength on the hydrodynamic
size

Figure 2 shows the effect of the CaCl, concentration
on the hydrodynamic size. Model M2 involves

positive coefficients 602, 568, and 589 nm for
Dy(0.1 CaCl,), D19(0.01 CaCl,), and Dy(0.1 NaCl),
respectively, indicating that changing the solution
from no salt to any one of those three salt conditions
will result in substantial increase in the hydrodynamic
size of the NPs. The Debye length is inversely
proportional to the square root of the ionic strength,
and is characteristic of the thickness of double layer.
Thus, the thickness of double layer is reduced with the
increasing ionic strength (that is, the ion concentration
or/and the valence of the cations).

For the NPs with different functional groups, the
way that salt concentration affects hydrodynamic size
may be different. This is evident from model M2 in
which significant interaction effects, 1017 and
1067 nm, are obtained for D{(NH,) x Do(0.1 CaCl,)
and D3(COOH) x Do(0.1 CaCl,), respectively. This
suggests that for the NH,-TiO, and the COOH-TiO,
NPs, the hydrodynamic size increases particularly fast
as the CaCl, concentration increases in comparison
with other NPs, as seen from Figs.2 and S2c.
Generally, the thickness of electrical double layer
decreases with an increase in the isoelectric point
(Morrison and Ross 2002). The NH,—TiO, NPs have a
very high isoelectric point, thus a very thin electrical
double layer, and are more significantly dependent on
the ionic strength. On the other hand, it is well known
that the amine and the carboxylic groups strongly tend
to form the chelate complexes with the metal ions like
Ca”". Such strong chelating bonds can aggravate the
aggregation of NPs. Therefore, it is not surprising that
the NH,-TiO, and the COOH-TiO, NPs have larger
hydrodynamic size than the other NPs at the same
CaCl, concentration and pH value.

Effect of the cation type on the hydrodynamic size

In the case of low concentration (0.01 M) of salt,
addition of 0.01 M CaCl, had an estimated main effect
of 568 nm on the hydrodynamic size according to
model M2, while addition of 0.01 M NaCl had no
significant effect. As given in Table S3, the Tukey-
Kramer comparison showed that the effect difference
between 0.01 M CaCl, and 0.01 M NaCl was 404 nm,
and could vary over the range of (199, 610 nm). This is
due to two mechanisms. First, there is a bridge binding
between functional groups and Ca®" while there is no
such a binding with Na*. Second, Ca*" has higher
valence than Na™, leading to higher ionic strength.
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Consequently, the thickness of the electric double
layer surrounding the NPs in the CaCl, solution is
smaller, leading to smaller electrostatic repulsion
force. As a result, the hydrodynamic size in CaCl,
solution is larger. At a low salt concentration
(0.01 M), the first mechanism (the charge screening
effect) is dominant. Therefore, addition of 0.01 M
CaCl, had a significant effect. At a high salt concen-
tration (0.1 M), the second mechanism (interaction
between Ca®" ions and functional group) is dominant,
and 0.1 M salts make the saturated status of the ionic
strength level. There is no significant difference in the
electrostatic repulsion force induced by CaCl, and
NaCl. As a result, CaCl, and NaCl have comparable
effects on the hydrodynamic sizes with the estimated
main effects being 602 and 589 nm, respectively, as
seen in model M2. The Tukey—Kramer comparison
also confirms that there is no significant difference
between the effects of 0.1 M CaCl, and 0.1 M NaCl
(Table S3).

Correlation of the hydrodynamic size
with the surface charge

According to the DLVO theory, increasing the
surface charge (the absolute value of zeta potential)
suppresses the aggregation of NPs, leading to a
decrease in the hydrodynamic size. This implies a
potential negative correlation between the zeta
potential and the hydrodynamic size, which is
confirmed in our analysis. Based on the experimen-
tal data, the Pearson’s correlation between the
hydrodynamic size and the absolute value of zeta
potential is calculated as —0.409 (Table S4). The
negative correlation between the hydrodynamic size
and the absolute value of zeta potential is shown in
Fig. 3 for the TiO, NPs functionalized with various
groups, and the statistic parameter describing the
correlation can be found in Table S5. This con-
cludes that the DLVO mechanism plays a significant
role in the aggregation of the NPs. The NH,— and
COOH-terminated NPs show deviation from this
correlation. This is due to the fact that the aggre-
gation/dispersion of these NPs is controlled by
additional driving forces (e.g., chelating binding and
hydrogen bond) besides the DLVO mechanism.
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Fig. 3 Correlation of the zeta potential with the hydrodynamic
size of various surface-functionalized TiO, nanoparticles

Adsorption of humic acid on the TiO, particle
surface

Humic acid is a common NOM in the wide surface
waters. The adsorption of humic acid can change the
surface property and thus the behaviors of TiO, NPs in
the simulated aquatic environment.

Effect of the pH value on the adsorption efficiency

Model M3 suggested that the adsorption of humic acid
increased slightly with a decrease in the pH value.
More specifically, in model M3, Dg(pH5) had a small
but significant coefficient, indicating that the adsorp-
tion efficiency increased when the pH was reduced
from 7 to 5. No term related to D;(pH9) appeared in
model M3, indicating that the adsorption efficiency
was little affected when the pH changed from 7 to 9.
These trends are graphically illustrated in Fig. S3 in
Supplementary material.

As shown above, increasing the pH value led to
more adsorption of OH™ on the pristine TiO, NPs or
more negatively charged functional groups on the
TiO, NPs. It is well known that humic acid is
negatively charged. Therefore, increasing the pH
enhanced the electrostatic repulsion between the
negatively charged NPs and humic acid. As a result,
adsorption of humic acid on all types of TiO, NPs was
reduced with an increase in the pH value.

Effect of the ionic strength on the adsorption
efficiency

In model M3, the main effects of all the salt condition
levels were significant: 70.5 % for Dy(0.1 CaCl,),
67.3 % for D;p(0.01 CaCly), 20.2 % for D;;(0.1
NaCl), and 11.7 % for D, (0.01 NaCl), suggesting
that salt condition was an important factor that
affected the adsorption of humic acid. For both CaCl,
and NaCl, a steep increase in adsorption efficiency was
observed when the salt concentration increased from 0
t0 0.01 M. Over the concentration range (0.01, 0.1 M),
the increase was much slower. This trend is clearly
shown in Fig. 4a—c, which plots the adsorption
efficiency against the CaCl, concentration at pH 5,
7, and 9, respectively. The rationale is that increasing
[CaCl,] reduces the thickness of the electric double
layer, and thus reduces the electrostatic repulsion,
which promotes the adsorption of humic acid on the
NPs. All types of TiO, NPs follow a similar sensitivity
to the CaCl, concentration.

Effect of the cation type on the adsorption
efficiency

At the same concentration level, CaCl, had higher
positive effect on humic acid adsorption than NaCl.
Specifically, Tukey—Kramer comparison showed that
the effect difference between CaCl, and NaCl on zeta
potential was estimated to be (56.7, 59.8 %) and (1.0,
4.1 %) at 0.01 and 0.1 M, respectively (Table S3 in
Supplementary material). At the same concentration,
CaCl, has higher ionic strength than NaCl, which
induces smaller thickness of the electric double layer.
This facilitates the adsorption of humic acid.

Correlation of the adsorption efficiency
with the surface charge

The Pearson’s correlation between the zeta potential
and the adsorption efficiency for humic acid was
obtained as 0.797, which indicated that the adsorption
efficiency of humic acid was positively proportional to
the zeta potential of TiO, NPs. The positive correla-
tion between the adsorption efficiency and the zeta
potential is graphically illustrated in Fig. 5. This is due
to the fact that the humic acid is negatively charged.
When the NP surface is negatively charged, the
electrostatic repulsion suppresses the adsorption of

@ Springer



Page 10 of 12

J Nanopart Res (2013) 15:1293

(a) 100
pH=5
280 —1
g —t
]
2
::.:: —a—NH
v —o—SO:H
£ i A—COOH
E —e—OH
32 SH
< 2 —e—CH:
—W¥— pristine
t} ' L '
0.00 0.04 0.08 0.12
[CaCl:] (M)
(b) 100
s pH 7
2 80 ——N
= @
=] &
= v
o
2 60
< —m—NH:
g —o—S0O:H
£ 40 A—COOH
g —e— OH
2 53 SH
—&— CH:
—w—pristine
0 . 'S e A . 'S e
0.00 0.04 0.08 0.12
[CaCl:] (M)
(c) 100
pH=9
3 80
Z !
g =
2
é —u—NH:
-; —o— SO:H
2 40 4A— COOH
£ —e—OH
3
< SH
-
-2 —e—CHs
—v—pristine
0 L L 1
0.00 0.04 0.08 0.12

[CaCl:] (M)
Fig. 4 Adsorption efficiency of various surface-functionalized

TiO, nanoparticles as a function of CaCl, concentration at
apH5,bpH 7, and ¢ pH 9

@ Springer

100

" NH:
80 - ® SOH -
A COOH
i ¢ OH .“A’
3 v
i L SH

CH:

Adsorption efficiency (%)

Zeta potential (mV)

Fig. 5 Correlation of the zeta potential with the adsorption
efficiency of humic acid on various surface-functionalized TiO,
nanoparticles

humic acid. When the NP surface becomes positively
charged, the electrostatic attraction takes places,
which promotes the adsorption of humic acid on the
NP surface. The electrostatic attraction increases with
increasing the zeta potential.

Conclusions

The TiO, NPs were modified with various terminal
groups (-CH3, —-SH, -OH, —-COOH, -SOsH, and
—NH,). The water quality parameters were adjusted
by the changing pH value, the NaCl, and CaCl,
concentrations. Experimental design was used to
determine statistical relationships between a number
of dependent and independent variables, and to
provide an efficient approach to extract useful infor-
mation from a complicated system. Results of surface
charge, aggregation and adsorption were analyzed by
multiple regression models to determine the dominant
impact factor on the behaviors of functional NPs.
The zeta potential of NPs decreased with an increase
in the pH value, which was ascribed to the deprotona-
tion of surface functional group and the adsorption of
hydroxyl group. The zeta potential increased with an
increase in the salt concentration at the whole pH range
for all the NPs, which was due to the fact that addition
of salt increased the ionic strength and thus reduced the
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thickness of the electric double layer. Furthermore, the
TiO, NPs with different functional groups exhibited
different zeta potentials that depended on the salt
concentration. The zeta potential was in the order of
NH, > CH; > SH (OH, SO3;H) > COOH at a low salt
concentration while COOH > NH, > SO;H (CH;, SH
and OH) at a high salt concentration. The zeta potential
was significantly higher in the CaCl, solution than that
in the NaCl solution.

At a low salt concentration, the hydrodynamic size
was little affected by the pH value. At a high salt
concentration, the hydrodynamic size increased with
increasing the pH value. Addition of CaCl, into the
aqueous solution significantly increased the hydrody-
namic size but further increasing the CaCl, concen-
tration caused different changes in the hydrodynamic
size for different functional group-modified NPs.
Significant two-factor interactions between NH,;
group and 0.1 M CaCl,, and between COOH group
and 0.1 M CaCl, were observed.

There was a negative correlation between the
hydrodynamic size and the absolute value of zeta
potential while a positive correlation between the
hydrodynamic size and the ionic strength, which
indicated that the DLVO mechanism played a signif-
icant role. The NH,-TiO, and the COOH-TiO, NPs
had larger hydrodynamic size than the other types of
NPs at the same CaCl, concentration and at the same
pH value because the amine and the carboxyl groups
strongly tended to form a chelate complex with Ca®™.

The adsorption efficiency of humic acid decreased
with an increase in the pH value, whereas increased
with an increase in the salt concentration. The
adsorption efficiency of humic acid in CaCl, solution
was higher than that in the NaCl solution and
positively correlated with the zeta potential.
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