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The interaction of pollutants with nanomaterials has attracted attention due to the extensive application
of nanomaterials. In this study, the adsorption behavior of PFOS on nano-alumina with different shapes
was investigated. First, the adsorption isotherms and kinetics of PFOS on alumina nanoparticles (NPs)
and nanowires (NWs) were measured to calculate thermodynamic parameters. The effects of solution
chemistry (e.g., pH, ionic strength, and the presence of humic acid) on adsorption were further studied.
The different aggregation behavior of alumina NPs and NWs were the critical factor for PFOS adsorption,
as demonstrated through dynamic light scattering (DLS) experiments. This study is the first to investigate
the aggregation effects on PFOS adsorption on nanomaterials and the results should be useful in iden-
tifying the important roles of shape and aggregation of nanomaterials on the fate of organic pollutants in
the environment.
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1. Introduction

Perfluorooctanesulphonate (PFOS) is a persistent and bio-
accumulative organic pollutant commonly found in the environ-
ment and in biota, and was added as a Persistent Organic Pollutant
in Annex B of the Stockholm Convention in 2009 (Paul et al., 2009).
The properties of PFOS include high chemical and thermal stability,
low surface free energy and surface activity (Hekster et al., 2003;
Lehmler, 2005; Schultz et al., 2003). It has been impregnated in
carpets, furniture, paper and textiles, as well as in fire-fighting
materials. Over 122,500 tons of perfluorooctylsulfonyl fluoride
(POSF, a major precursor of PFOS) were produced globally between
1972 and 2002 (Paul et al., 2009). PFOS can also be produced from
the degradation of their precursors. Direct emissions from POSF-
containing products have released 450—2700 tons of PFOS into
the aquatic environment (Paul et al., 2009).

Sorption, reverse osmosis and nanofiltration are currently
accepted methods for the removal of PFOS from water. Sorption of
PFOS to various materials, especially granular activated carbon, has
been reported to be more economical than other removal
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techniques such as reverse osmosis and some forms of advanced
oxidation (Deng et al., 2015). For example, Valeria et al. (2008) re-
ported that sorption to activated carbon could consistently remove
90% of PFOS in aqueous solution. However, the search for sorbents
with high selectivity and lower cost for removal of PFOS is ongoing.

It is reported that PFOS may interact with nanomaterials in the
environment, which could affect its fate and distribution (Kwadijk
et al., 2013). Nanomaterials have been applied well beyond the
laboratory into the commercial marketplace, and have been
increasingly applied in industrial processes due to their unique
electronic, optical, thermal and photoactive properties (Aitken
et al., 2006; Baur and Silverman, 2007; Colvin, 2003; Liu, 2006).
Inevitably, nanomaterials are released to the environment. It is
necessary to elucidate their interactions with environmental pol-
lutants to predict their dispersion, transport, aggregation, and
deposition in aquatic environments. Among all common nano-
materials, alumina is one of the top ten engineered nanoparticles in
terms of production (Piccinno et al., 2012). Because of their wide-
spread use in a variety of areas, alumina nanomaterials are
commonly detected in aquatic environments (Keller et al., 2013).
Their presence in the aquatic environment may affect the fate and
transport of sorbed pollutants (Petersen et al,, 2011). Although
numerous studies have investigated adsorption of pollutants on
alumina nanomaterials (Franco et al.,, 2014; Nadafi et al., 2014;
Onnby et al., 2014; Qian et al., 2014, 2015; Srivastava et al., 2011;
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Tabesh et al., 2018; Yang et al., 2010), most have only examined the
adsorption efficiency (Franco et al., 2014; Onnby et al., 2014; Tabesh
et al., 2018). The mechanisms of pollutant adsorption on NPs
remain poorly defined. So far, only one study investigated the
adsorption mechanism of PFOS on different nano-sized inorganic
oxides (Lu et al. (2016b)).

Besides solution chemistry, the behavior of nanomaterials in
water is largely dependent on colloidal properties such as particle
size and surface charge of nanomaterials (Lowry et al., 2012; Petosa
et al, 2010). Compared to larger alumina particles, nano-sized
alumina has a greater tendency to aggregate in aqueous solution
(Safronov et al., 2010; Witharana et al., 2012). Aggregation kinetics
has been considered an influential factor in the mobility and
environmental fate of various nanomaterial systems (Baalousha,
2017; Batley et al., 2013; Raza et al., 2016). Aggregation can lead
to an increase in the effective hydrodynamic diameter of nano-
particles in water, a key property affecting the adsorption of pol-
lutants. In addition, the surface charge of suspended nanoparticles
in water affects aggregation ability.

To fill the above-mentioned knowledge gap, the present study
used alumina NPs and NWs as representative nanomaterials to
explore the adsorption behavior of PFOS on nanomaterials of
different shapes. The adsorption kinetics and isotherms were
examined experimentally and theoretically. The aggregation
behavior of NPs and NWs under different pH values, ionic strengths
and HA concentrations were analyzed with dynamic light scat-
tering to quantify aggregation behavior. The present study was the
first to investigate the aggregation effects on PFOS adsorption on
nanomaterials, and the results are useful for identifying the role of
shape and aggregation of nanomaterials in the fate of organic
pollutants in the environment.

2. Materials and methods
2.1. Materials and material characterization

Humic acid, ammonium acetate for high pressure liquid
chromatography—tandem mass spectrometry (HPLC/MS/MS)
analysis and PFOS were purchased from Sigma-Aldrich. Sodium
perfluoro-[3Cg]-octanesulfonate (M8PFOS) was purchased from
Wellington Laboratories (Guelph, Canada). Sodium chloride was
purchased from Xilong Chemical (Guangdong, China). Premium
pure methanol was purchased from Fisher Scientific (Geel,
Belgium).

Alumina NPs and NWs were purchased from Sigma-Aldrich. X-
ray diffraction (XRD) using an X-ray Powder Diffractometer (D8
Advance, Bruker) revealed that the alumina NPs and NWs were
dominated by 6-alumina and J-alumina phases, respectively
(Fig. S1). The surface areas of alumina NPs and NWs were
83.0m?g~! and 1249m?g~! as determined by a Brunauer-
Emmett-Teller (N, adsorption) surface area analyzer (Coulter SA
3100, Beckman Coulter). The particle size of alumina NPs was
13 nm, while the diameter and length of alumina NWs were 2—6
and 13 nm, respectively. The zeta-potentials of alumina NPs and
NWs at selected pH values were analyzed with a zeta-potential
analyzer (Coulter Delsa 440SX, Beckman Coulter). The point of
zero charge (pHpzc) was 9.8 and 10.5 for alumina NPs and NWs,
respectively. Surface morphology was elucidated with a Hitachi S-
4800 scanning electron microscope (SEM) equipped with a sec-
ondary electron detector (Fig. S2).

2.2. Aggregation experiments

Dynamic light scattering (DLS) was used to study the aggrega-
tion behavior of alumina NP and NW. A Nano ZS 90 (Malvern

Instruments) was used to investigate particle size distributions in
solutions with different pH values, ionic strength and humic acid
concentrations. The experimental conditions in DLS tests were kept
consistent with adsorption experiment before the DLS analysis.
Each sample (with different solution chemistry) was measured in
triplicate.

2.3. Sorption experiments

Based on preliminary testing with different amounts of sorbents
and sorbate, 6 mg NPs and 40 mg NWs were used in the adsorption
experiments. The alumina NP or NW solutions were then mixed
with 40 ml PFOS solution at an initial concentration of 50 pug/L in
50 ml polypropylene copolymer (PPCO) Nalgene centrifuge tubes.
Each tube was placed on a shaker at 200 rpm at 25 °C for 4 h. In the
kinetic sorption experiment, tubes were shaken from 5 to 480 min
(5, 10, 20, 30, 60, 120, 240, and 480 min, respectively). In the
equilibrium isotherm experiment, the initial PFOS concentration
was 10—1000 pg/L (10, 20, 30, 50, 100, 200, 300, 500, and 1000 pg/
L), at 30, 40 and 50 °C. The effect of solution pH on PFOS adsorption
was conducted at pH values from 4 to 10, using 0.1 M HCl and 0.1 M
NaOH to adjust pH. To evaluate the effect of ionic strength, different
concentrations of 0.001-0.1 M NaCl(,q) (0.001, 0.005, 0.01, 0.05, and
0.1 M) were introduced. Similarly, different amounts of humic acid
ranging from O to 50 mg/L were used. All experiments were run in
three duplicates.

2.4. Determination of PFOS and HA

After the adsorption experiments, the solution mixture was
centrifuged at 9000 rpm for 20 min. Then 2.5 ml of supernatant was
collected and diluted with 2.5 ml methanol. The diluted mixture
was filtered through a 0.2 um Whatman inorganic membrane filter
(Maidstone, UK) to remove particulate and colloidal material prior
to PFOS analysis. The initial 3 ml of filtered mixture was discarded
to avoid the potential effect of membrane adsorption.

Chromatography was done using an Eclipse Plus C18 column
(2.1 i.d. x 100 mm long, 1.8 um, Agilent). Milli-Q water (18 MQ-cm)
containing 0.1% formic acid (v/v) and methanol were used as mo-
bile phases A and B at a flow rate of 0.2 ml/min. The injection
volume was 5 pl. The gradient started with 75% A and 25% B, was
linearly ramped to 25% A and 75% B over 3 min, then ramped to 0%
A and 100% B over 1 min and held for 2 min, then ramped to 75% A
and 25% B. The column was allowed to equilibrate for 0.1 min, and
the total running time was 7.1 min. The amount of PFOS were
determined by an ultra-performance liquid chromatography
(Nexera X2, Shimadzu) equipped with a tandem mass spectrometer
(Triple Quad™ 5500 System, AB SCIEX) operating in electrospray
negative ionization mode. The tandem MS analysis was conducted
using multiple reaction monitoring (MRM) mode, and the cone
voltage and collision energy were —60V and —90V, respectively. In
addition, 10 ml supernatant was transferred from the adsorption
tube to a glass bottle for total organic carbon (TOC) analysis. The
concentration of HA in the post-adsorption solution was analyzed
by a TOC analyzer (Vario TOC, Elementar).

2.5. Quality assurance and quality control

Sodium perfluoro-1-[13C8]-octanesulfonate (M8PFOS) was used
to test the recovery rate of the entire sorption procedure. The re-
coveries of the internal standards of M8PFOS were 88 +7%. To
reduce the potential loss of PFOS during the sorption process, two
blank samples were set with three sorption samples at the same
sorption conditions (e.g. temperature and solution chemistry). The
adsorbed amount of PFOS on alumina nanomaterials was
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determined by subtracting the average concentration in sorption
samples from the average blank sample concentration.

3. Results and discussion
3.1. Adsorption kinetic and isotherm

The adsorption kinetics of PFOS on alumina NP and NW at pH
6.0 are shown in Fig. 1, and indicates that adsorption was fast and
that equilibrium was reached within 30 min. It is also suggested
that there was no intra-particle diffusion occurred during the
adsorption process due to the small size of alumina nanomaterias
(Nassar, 2010). Nassar (2010) showed that the adsorption of
asphaltenes onto alumina nanoparticles needed 2 h to reach equi-
librium. Besides the possible adsorption behavior difference be-
tween PFOS and asphaltenes, this longer adsorption equilibrant
time might be attributed to the much higher initial concentration of
asphatenes used in the study of Nassar (2010) which is almost 2000
times higher than our study. We applied two commonly used ki-
netic models, pseudo first-order (Eq. (1)) and pseudo second-order
(Eq. (2)), to evaluate the adsorption kinetic data:

In (ge — qt) =In ge — Kyt (1)
t 1 1

= + —
q kg2 ge

(2)

where ge (mg/g) and q; (mg/g) are the amounts of PFOS adsorbed
per unit mass of the adsorbent at equilibrium and at time (t),
respectively; and ki and k; are the rate constants of the pseudo first
and second-order models, respectively (Table 1). The results
showed that the adsorption of PFOS on NP and NW are fitted
slightly better with the second pseudo-order model. It is clear that
PFOS adsorption on NP is greater than that on NW, which indicates
that the shape of nanomaterials may be important for pollutant
adsorption.

Temperature is an important environmental factor for stability,
aggregation state, and adsorption efficiency of nanomaterials
(Baalousha, 2017; Pacek et al., 2007; Zhang et al., 2012). The
adsorption isotherms of PFOS on NPs and NWs at 30 °C, 40 °C and
50°C are shown in Fig. 2. The data was also fitted using two
isotherm models, the Langmuir and Freundlich equations (Haring,
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Fig. 1. The adsorption kinetics of PFOS on alumina NP and NW at pH 6.0 + 0.2 (the solid
line is the fit of the pseudo first-order model and the dashed line is the fit of the
pseudo second-order kinetic model).

Table 1
Constants of the pseudo first-order and pseudo second-order kinetic models fitting
for the adsorption of PFOS on alumina NPs and NWs.

alumina nanomaterial NP NW

Pseudo first-order ky (min~1) 0.142 0.165
qe (g/g) 168 240
R? 0.937 0.905

Pseudo second-order k; (g/gemin) 0.00125 0.0103
qe (g/g) 176 255
R? 0.948 0.939

1926; Langmuir, 1918), and the fitting parameters are shown in
Table 2:
Langmuir model:

_ KigmCe
e = m (3)

Freundlich model:
1
de = KrCt (4)

where ge is the amount of the adsorbate on the surface of the
adsorbent at equilibrium (mg/g), C. is the equilibrium
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Fig. 2. The adsorption isotherms of PFOS on NP and NW at pH 6.0 + 0.2(the solid line is
the fit of the Langmuir model and the dash line is the fit of the Freundlich model).



428 J.-M. Jian et al. / Environmental Pollution 251 (2019) 425—433

Table 2
Constants of the Langmuir and Freundlich equations fitting for the adsorption of PFOS on alumina NPs and NWs, and the calculated thermodynamic data.
alumina nanomaterial NP NW
T(°C) 30 40 50 30 40 50
Langmuir constants
K (L/g) 0.013 0.030 0.0017 0.0025 0.0037 0.0019
qm (Mg/g) 589 485 447 368 288 343
R? 0.890 0.981 0.983 0.961 0.969 0.971
Freundlich constants
Kr [(mg/g)(g/L)-n)] 47.8 85.3 3.57 3.71 429 237
n 2.60 3.73 1.56 1.56 1.68 1.49
R? 0.980 0.949 0.998 0.985 0.998 0.992
AG? (kJ/mol) -239 -26.8 -19.9 -19.7 -214 -203
AH? (k]/mol) —84.6 -114
AS® (kJ/moleK) ~0.190 0.029

concentration of the adsorbate in solution (mg/L), qm is the
maximum adsorption capacity (mg/g), Ky is the Langmuir adsorp-
tion constant (L/mg), Kg is the Freundlich adsorption constant [(mg/
g)(mg/L)~™)], and n represents the heterogeneity factor.

For the adsorption of PFOS on both alumina NP and NW, the data
are fitted well with both the Langmuir and Freundlich equations
(Table 2). With regards to the derived constants of the Freundlich
model, the values of n (1.49—3.73) at all three temperatures (30, 40,
and 50 °C) were all greater than 1, suggesting surface adsorption of
PFOS on alumina NP and NW. Meanwhile, the gy, values of PFOS
adsorption on alumina NPs and NWs were from 288 to 589 mg/g,
which are much higher than those on macro-sized alumina (Wang
and Shih, 2011; Wang et al., 2012). In addition, the results showed
that the qm, of PFOS adsorption on NP (589, 485, and 447 mg/g)
were all higher than those on NW (368, 288, and 343 mg/g)
(Table 2), which should be attributed to the different shape of NP
and NW. The mechanisms will be analyzed in the following sections
with more evidences. Temperature affected the aggregation by
affecting the random Brownian motion of particles and the collision
frequency (Zhang et al., 2012).

The following equations (Eq. (5) and Eq. (6)) were used to
evaluate the thermodynamic parameters of adsorption (AGP,
AH® and ASO), which are summarized in Table 2:

AG® = — RT In(Ky) (5)

AGO = AHO® — T 4SO (6)

where R is the gas constant, T is the absolute temperature, and Kq is
the adsorption equilibrium constant (K in the Langmuir equation).
AG% AH® and AS? are the changes in Gibbs free energy,
enthalpy, and entropy of adsorption, respectively.

Usually, AG is used to represent physical (—20 to 0 k]J/mol) and
chemical (—400 to —80 kJ/mol) sorption (Vimonses et al., 2009). In
this study, all the AG values were negative and around —20 kJ/mol
(Table 2), indicating that the sorption of PFOS on alumina NP and
NW is favorable, exothermic, and is predominately through phys-
ical sorption. It might be due to the presence of spontaneity and
absence of energy barrier during the adsorption of PFOS. The
negative entropy (AS?) indicates that the adsorption of PFOS on
alumina NP was constant without further modification of struc-
tures at the solid-liquid interface. The negative entropy also indi-
cated that the reorientation or restructuring of water around the
solute or surface was favorable (Chang et al., 2009). The positive
value of AS® implied the increase of randomness at the solid/so-
lution interface during PFOS sorption. The increase in the
randomness may be associated with the fact that the adsorbed
water molecules was replaced by PFOS. Such a process would gain

more translational entropy for the displaced water molecules,
which allows the prevalence of randomness in the system.

3.2. Effect of solution chemistry

Solution chemistry can be critical for the adsorption of pollut-
ants on nanomaterials (Engel and Chefetz, 2016; Gora and Andrews,
2017; Lu et al., 2016a; Mwaanga et al., 2014; Zhu et al., 2014) and
usually plays an important role on the aggregation behavior of
nanomaterials, which will affect adsorption on their surfaces (Chen
etal., 2008; Cho et al., 2011; Ma and Uddin, 2013; Rosenzweig et al.,
2014; Shih and Wang, 2013). The effects of pH, ionic strength, and
the presence of humic acid are described below.

3.2.1. Effect of pH

The effects of pH on PFOS adsorption on alumina NP and NW are
shown in Fig. 3(a). The adsorption levels of PFOS on alumina NP and
NW were both decreased as the pH increases. When the pH
increased from 4.0 to 10.0, the adsorbed amount of PFOS on
alumina NP decreased moderately from 230 to 100 mg/mg, but
dramatically decreased on alumina NW from 25 to 0 mg/mg. The
point of zero charge of alumina NP and NW were both around 10.0
(Fig. S4). When the pH increased from 4.0 to 10.0, the surface
charge would decrease due to the neutralization of positive charge
with OH™. When the electrostatic interaction between PFOS par-
ticle and alumina nanomaterial played a dominant role in the
adsorption process, the adsorption level should decrease to be
around 0. Such proposed phenomena was observed for alumina
NW, but the adsorption level of PFOS on alumina NP was still
around 100 mg/mg at pH 10. It was proposed that the stronger
aggregation of alumina NP than NW was the key factor for such
observation (Fig. 5). When the pH increased to 10 (around the
PHpzc), the surface charge of alumina NP was around Oat pH 10
(Fig. S4), electrostatic interaction can be ignored. The strong PFOS
adsorption on alumina NP at pH 10 should be caused by the po-
tential aggregation of NPs, which can trap PFOS molecules in the NP
aggregates (Fig. 3). Although alumina NWs can still form big ag-
gregates at pH 10 (Fig. 5(a)), the loose structures may limit the trap
of PFOS molecules (Fig. 6). This may be the reason why PFOS
adsorption on alumina NW decreased to around 0 when pH
increased to 10 (no electrostatic attraction occurred).

3.2.2. Effect of ionic strength

In Fig. 3(b), it is clear that PFOS adsorption on both alumina NP
and NW decreased with increasing ionic strength. Adak et al.
(2005) proposed that increasing the ionic strength may increase
the adsorption of ionic surfactants on alumina, given the potential
reduction in the lateral repulsive force between the head groups of
two adjacent ionic surfactant molecules. However, much lower
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Fig. 3. The effects of pH and ionic strength on PFOS adsorption on NPs and NWs.

concentrations of PFOS were used in this study, and thus the
reduction effect of the lateral repulsive force could generally be
ignored. It is also possible that the electrostatic attraction between
the positively charged alumina surface and the negatively charged
PFOS molecules was reduced due to the compression of the elec-
trical double layer and a reduction in zeta-potential (Wang et al.,
2012; Wang and Shih, 2011).

The potential effects of ionic strength on the aggregation stage
of nanomaterials also need to be specified. In general, ionic strength
influences the aggregation as the interaction energy barrier Ey is
dependent on ionic strength. The E;, must be overcome by random
movement of NPs in order to orient collisions effectively for suc-
cessful aggregation (Chen et al., 2011; Kumar et al., 2012). As the
ionic strength increases, the E}, decreases to lower the inter-particle
repulsion to facilitate aggregation. At high ionic strength, the
electrical double layer (EDL) could collapse to drive aggregation,
therefore the effective surface area of adsorption decreases to result
in a lower adsorption.

Fig. 5(c) and (d) shows that the aggregate diameter of both
alumina NP and NW increased with the increase of ionic strength.
Since alumina NP and NW both have net positive surface charges at
the used pH (around 7.0) in ionic effects, electrostatic repulsion
between two positively-charged NPs and two positively-charged
NWs would be critical to the aggregate behavior. From the
perspective of DLVO theory, an increase in ionic strength will
compress the electric double layer on the surface of NPs and NWs,
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Fig. 4. The effects of HA concentrations on PFOS adsorption on NPs and NWs at
different pH (4, 7, and 10).

which would further screen the electrostatic repulsion between
them and increase their aggregate diameters. Accordingly, an in-
crease in the aggregate diameter of alumina NPs should increase
PFOS adsorption. However, PFOS adsorption also decreased signif-
icantly with the increase of ionic strength (Fig. 3(b)). It should be
point that alumina NPs with positive charge should be looser than
without charge on the surface due to exist of electrostatic repulsion.
Therefore, PFOS adsorbed by aggregated alumina NPs at higher
ionic strength should be weak. Furthermore, it is well-known that
the increase of ionic strength will greatly reduce electrostatic
attraction between alumina surface and PFOS molecule. Thus, PFOS
adsorption on alumina NPs decreased quickly with the increase of
ionic strength.

3.2.3. Effect of humic acid

Natural organic matter, including HA, is commonly found in
environmental systems such as soils, as well as surface and sub-
surface waters. HAs have a great influence on the surface charge of
mineral particles. HA has been reported to impact the aggregation
of nanoparticles associated with its adsorption onto nanoparticles
(Zhu et al., 2014), and the adsorption of HA and its effect on the
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Fig. 6. The conceptual models for the different adsorption mechanism between alumina NP and NW towards PFOS.

surface charge and the colloidal stability of several oxides have NW at three different pH values (4.0, 7.0, and 10.0) are shown in
been studied (Han et al., 2017; Liu et al., 2018). The pH-dependent Fig. 4. Generally, HA had a negative effect on PFOS adsorption on
effects of humic acid on the adsorption of PFOS on alumina NP and both alumina NP and NW, with dramatically decreasing PFOS
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adsorption with increasing humic acid concentration. We attrib-
uted such decreases to the competition of HA and PFOS for the
positive charge on the alumina surface. Furthermore, the adsorbed
HA on alumina surface may also repel PFOS adsorption due to
electrostatic repulsion.

One obvious phenomenon was greater adsorption of PFOS at pH
4 than at pH 7 and 10 at the same HA concentration. A lower pH can
greatly increase the positive sites on the alumina surface. Although
HA adsorbed more readily to the more abundant positive sites
under lower values of pH, the sorption of PFOS on both alumina
nanomaterials also increased for the same reason. Furthermore, a
lower pH can also protonate the acidic functional groups in HA,
thereby facilitating aggregation of HA on the alumina surface
(Fig. S5). This neutralization of the negatively-charged HA would
reduce the electrostatic repulsion between PFOS and the HA-
modified surface of nano-alumina. Hence, PFOS may more readily
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sorb to HA aggregates on the surfaces of alumina nanomaterials by
partitioning (Wang et al., 2015).

The potential effects of HA on the aggregation of alumina NP and
NW would also affect PFOS adsorption on alumina. Fig. 7 illustrates
the effect of HA on the aggregate diameter of alumina NP and NW.
At pH 4.0, the increase in HA concentration increased the aggregate
diameter of alumina NP and NW first, then their aggregate di-
ameters decreased with further increases of HA concentrations. The
increase in aggregate diameter should be caused by the neutrali-
zation of positive charge on the surfaces of NPs and NWs due to
adsorption of HA. The resulting reduction of electrostatic repulsion
between the NPs and NWs will greatly increase their aggregation.
Furthermore, HA molecules usually carry numerous negative
charges, which can act as bridges for NPs and NWs. However, at
higher concentrations of HA, the surfaces of NP or NW become
negatively charged. Under such conditions, the electrostatic
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Fig. 7. Intensity-based size distribution of alumina NPs (a, b, c) and NWs (d, e, f) at different pH and HA concentrations by DLS.
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repulsion between NPs or NWs may inhibit aggregation, which was
observed as smaller particles at the highest HA concentration
studied (50 mg/L) (Fig. 7(a) and (b)). Meanwhile, PFOS adsorption
decreased continuously with increases in HA concentration from
1.0 to 50.0 mg/L at pH 4.0 regardless of the aggregation diameter of
either type of nano-alumina. These findings suggest that the
competitive adsorption of HA with PFOS was the dominant mech-
anism for the decrease in PFOS adsorption on alumina NP and NW
at pH 4.0. However, the adsorption of PFOS decreased more slowly,
when HA increased from 20.0 to 50.0 mg/L. Previous study (CITE
REFS) suggested that some negatively-charged functional groups,
such as carboxylates, of HA adsorbed on a mineral surface could be
protonated at low pH. This would reduce the electrostatic repulsion
between the negatively-charged PFOS molecule and the adsorbed
HA on alumina surfaces. PFOS may then partition on the adsorbed
HA. At pH 7.0, the effect of HA on the aggregate diameter of alumina
NP was similar to that at pH 4.0. However, the effect of HA on the
aggregate diameter of alumina NW was not obvious. Similar results
were also observed for both NP and NW at pH 10.0. The reason
could be the lower adsorption of PFOS at higher pH, which had a
more limited effect on the surface charge of alumina nanomaterials.
For HA effect on PFOS adsorption on alumina NP and NW, the result
showed that PFOS adsorption level on alumina NP and NW all hold
without significant changes at pH 7.0 and 10.0. Such observation
further indicated that PFOS may partition on the adsorbed HA on
alumina NP and NW surfaces.

3.3. Analysis of particle properties

Because nanoparticles are so small (less than 100 nm), their
interaction with each other can be quite different than that of
larger, micrometer-sized particles. These unique nanoscale particle
interaction features can greatly affect their adsorption behavior
towards PFOS. In our previous studies (Wang et al., 2012; Wang and
Shih, 2011), the adsorption of PFOS on normal size of y-alumina and
boehmite were investigated, respectively. Kinetic studies showed
that PFOS adsorption on common-sized y-alumina and boehmite
reached equilibrium within 48 h. In contrast, adsorption of PFOS on
nano-sized alumina in the current study only needed 30 min to
achieve equilibrium. The different kinetic is attributed to higher
active sites on the surface of nano-sized than common-sized
alumina. The PFOS molecule can be attached on more abundant
and higher active sites of nano-sized alumina more readily and
quickly. Furthermore, the q, of PFOS on common-sized y-alumina
and boehmite were reported to be 0.252 and 0.877 mg/m? at 25 °C,
respectively. For nano-sized alumina, the maximum adsorption
capacity of PFOS on NPs and NWs was calculated to be 7.09 and
2.94mg/m? at 30°C, which are approximately 28 and 12 times
greater than common-sized alumina respectively. Clearly, then,
there is a (nano) particle size dependent difference in PFOS sorption
behavior to alumina. It is well-known that the surface of nano-
material usually has more unsaturated sites, which are active for
adsorption. Although qp,; (mg/g) of alumina were normalized with
surface area, capacities of nano alumina were still several times of
common-sized alumina for each unit area. Changes in particle size
or shape (NP vs NW) could potentially explain the possible
observed sorption behavior, by exposing different parts of the
alumina surface environment or ‘reactive’ surface area to solution.
From the crystal structure perspective, y-alumina has a more stable
crystal structure than boehmite and the two types of nano-alumina
studied here (d-alumina NP and g-alumina NW). Boemite, d-
alumina and g-alumina usually contains more defects on the sur-
face. These defects may be easily protonated to be active sites for
PFOS adsorption. Both the crystal structure and the nanoparticle
size provided important evidence to support the more active sites

on nanomaterials than common-sized materials.

4. Conclusions

PFOS can quickly adsorb on the surface of alumina NP and NW,
with kinetic data that fit both pseudo first-order and pseudo
second-order models. For the adsorption of PFOS on both alumina
NP and NW, the data are fitted well with both the Langmuir and
Freundlich models. The negative values of AG® and AH? both
showed that the adsorption of PFOS on alumina NP and NW were
exothermic. The adsorption levels of PFOS on alumina NP and NW
both decreased as the pH and ionic strength increased. The pres-
ence of HA showed a strong retardant effect on PFOS adsorption on
alumina NP and NW. Based on all the results, the aggregation effect
was proposed to be critical for pollutant adsorption on
nanomaterials.
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