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ABSTRACT: Perfluorooctanesulfonate (PFOS) persistently accumu-
lates in the environment and in humans, causing various toxicities. To
determine the key molecular determinants for optimal PFOS specificity
and efficiency, we designed and synthesized a combinatorial gold
nanoparticle (GNP) library consisting of 18 members with rationally
diversified hydrophobic, electrostatic, and fluorine−fluorine interaction
components for PFOS bindings. According to our findings, the
electrostatic and F−F interactions between PFOS and nanoparticles are
complementary. When F−F attractions are relatively weak, the
electrostatic interactions are dominant. As F−F interactions increase,
the electrostatic contributions are reduced to as low as 20%, demonstrating that F−F binding may overpower even electrostatic
interactions. Furthermore, F−F interactions (28−79% binding efficiency) are 2-fold stronger than regular hydrophobic
interactions (15−39% binding efficiency) for PFOS adsorption, explaining why these novel PFOS-binding nanoparticles are
superior to other conventional materials based on either hydrophobic or electrostatic binding. The PFOS adsorption by the
optimized nanoparticles performs well in the presence of ionic interferences and in environmental wastewater. This library
mapping approach can potentially be applied to recognition mechanism investigation of other pollutants and facilitate the
discovery of effective monitoring probes and matrices for their removal.

■ INTRODUCTION

Perfluorooctanesulfonate (PFOS) is one of the persistent
organic pollutants (POPs) included in the Stockholm
Convention.1 This pollutant is widely distributed in the
environment. It has been found in the Tennessee River,2 the
Baltic Sea,3 Tokyo Bay,4 and dolphins from the Brazilian
Coast.5 In addition to its wide distribution and accumulation, it
has also been found in humans, such as in cord blood,6,7 breast
milk,8 and human plasma.9,10 The accumulation of PFOS in
humans may cause significant toxicity. Abnormal sexual
development in children has been correlated with their serum
concentration of PFOS.11 The concentration of PFOS in cord
serum is also linked to reductions of the birth weight, ponderal
index, and head circumference in newborns.12 Danish children
born to mothers with higher plasma PFOS levels are more
likely to start sitting without support at a later age than those
born to mothers with lower PFOS levels.13

Because of its high stability, the degradation of PFOS is
difficult to achieve with current pollutant treatment meth-

ods.14,15 The removal of PFOS from an aqueous phase often
involves nonspecific adsorptions, such as anion exchange16,17

and hydrophobic interactions.18,19 However, adsorbents, such
as activated carbon,20,21 zeolites,22 and sludge,23,24 do not show
any selectivity for PFOS. Molecularly imprinted polymers
(MIPs) offer improved selectivity.25 However, this method has
a relatively long equilibrium time and a lower binding capacity.
Using perfluorinated magnetic mesoporous microspheres for
extraction of PFOA and PFOS from water and biological
samples showed that a short equilibrium time and good
selectivity could be achieved.26−28 Other than mesoporous
microspheres, perfluorinated silica gels have also been used as
liquid chromatography stationary phases for PFOS adsorp-
tion.29−32 From these studies, F−F interaction is an important

Received: March 30, 2017
Revised: May 18, 2017
Accepted: May 24, 2017
Published: May 24, 2017

Article

pubs.acs.org/est

© 2017 American Chemical Society 7120 DOI: 10.1021/acs.est.7b01635
Environ. Sci. Technol. 2017, 51, 7120−7127

pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.7b01635


attribute to PFOS binding. However, the role of positive charge
and the interplay between the charge and F−F interactions also
need to be addressed. Because of the eco-environmental and
toxicological importance of this issue, the onsite detection and
effective removal of PFOS have become imperative tasks,
especially in drinking water sources that contain a low
concentration of PFOS. To achieve these objectives, a
fundamental understanding of the molecular interactions for
PFOS adsorption is essential.33

Compared to a one-at-a-time trial-and-error approach, the
combinatorial nanoparticle library approach34−36 represents a
powerful methodology for discovering effective binders37 and
biocompatible nanoparticles38,39 or for exploring nanostruc-
ture−activity relationships (NSAR).40 In this work, we
established a combinatorial nanoparticle library approach to
reveal major molecular interaction components for pollutant
adsorption using PFOS as an example. We determined that the
optimal molecular adsorption of PFOS by functionalized gold
nanoparticles (GNPs) requires simultaneous electrostatic and
fluorine−fluorine (F−F) interactions. The optimized PFOS-
binding GNPs perform well in simulated environmental
wastewater.

■ MATERIALS AND METHODS

Synthesis of Ligands and the GNPs Library. The SN,
SH, and SF ligands were synthesized following the routes
shown in Schemes S1 and S2. The pKa values of SN1−3 were
calculated using ACD/I-Lab (https://ilab.acdlabs.com/iLab2/
). The dual GNPs library was prepared following the route
shown in Scheme S3. The GNPs library was purified by the
centrifugation method. Information about the entire dual GNP
library is shown in Table 1.
Zeta Potential Measurements. GNPs were suspended in

water with sonication. The zeta potentials of the GNPs were
measured at 25 °C and at pH 6.0 and pH 11.0 using a Malvern
Zetasizer instrument (Malvern Nano ZS90; Malvern Instru-
ments Ltd., Worcestershire, UK). All samples were measured at
the same concentration. Each sample was measured in
triplicate.
Kinetics Experiments. Adsorption kinetics experiments

were performed in 1.5 mL polypropylene centrifuge tubes at
pH 6.0 or pH 11.0 at 25 °C on an orbital shaker (240 rpm). In
each tube, 0.05 mg of GNPs and 20 μg mL−1 PFOS were used.
Sampling was performed at 0, 5, 15, 30, 60, 120, and 180 min.

After shaking for 120 min, the mixtures were separated by
centrifugation.

PFOS Adsorption by GNP Library. PFOS absorption
experiments were conducted in 1.5 mL polypropylene
centrifuge tubes at pH 6.0 or pH 11.0 at 25 °C on an orbital
shaker (240 rpm). All experiments were conducted in triplicate,
and the average value was recorded. A PFOS solution without
nanoparticles was used as a control.

PFOS Quantification by LC/MS/MS. Following the
adsorption experiments, the mixtures were separated by
centrifugation. The supernatant was collected and diluted for
the determination of the remaining PFOS. The PFOS analysis
was conducted on a LC/MS/MS (API 3200; Applied
Biosystems/MDS Sciex, Framingham, MA, USA) operated in
negative-ion mode. The separation was carried out on a Dionex
Acclaim 120 C18 column (4.6 mm i.d. × 150 mm length, 5 μm;
Dionex China Ltd., Sunnyvale, CA, USA). A 10 min dualistic
gradient at a flow rate of 1.0 mL min−1 was used. The mobile
phases were 50 mM NH4OAc and water. The elution
conditions were as follows: 0 min, 28% NH4OAc; 3 min,
28% NH4OAc; 4 min, 5% NH4OAc; 7 min, 5% NH4OAc; 8
min, 28% NH4OAc; 10 min, 28% NH4OAc. Quantitative
analyses were then conducted using ESI/MS/MS (API 3200;
Applied Biosystems/MDS Sciex, Framingham, MA, USA). The
detection limit was 0.1 ng L−1. The parent/product ions
(PFOS−/SO3

−: 498.8/79.9) were selected as the quantitative
ion pair.

■ RESULTS AND DISCUSSION

Design of a Dual-Ligand PFOS-Targeting Combinato-
rial GNP Library. We hypothesize that synergistic actions of
electrostatic and F−F interactions between PFOS and a solid
matrix can maximize molecular interactions for efficient PFOS
adsorption (Figure 1). To test this hypothesis, we designed a
combinatorial GNP library (Table 1) by varying the length of
the poly/perfluoroalkyl chain (containing 4, 7, or 9 carbons, SH
and SF) and amino groups of various pKa values (pKa: SN1, 9.4
± 0.4; SN2, 9.9 ± 0.4; SN3, 10.5 ± 0.4, as calculated by ACD/
iLab). With this approach, we can control the protonation of
amino groups on GNPs by adjusting the pH values. At pH 11.0,
all of the amino groups are not protonated. PFOS molecules
likely bind to GNPs through F−F interactions. On the other
hand, at pH 6.0, the amino groups on GNPs are all protonated,
and PFOS molecules presumably bind to GNPs by both
electrostatic and F−F binding interactions. To further compare

Table 1. Chemical Structure and Numbering of the Combinatorial GNP Library
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the PFOS binding strength through F−F interactions with that
through hydrophobic interactions, we designed GNPs of similar
modifications (the same chain length) with only H atoms
replacing the F atoms (Table 1).
Synthesis and Characterization of the PFOS-Target-

ing GNP Library. Ligands SN, SH, and SF were synthesized
following Schemes S1 and S2. The yields of products SN, SH,
and SF ranged from 50% to 95%. All products were purified by
column chromatography to a purity of ≥95% (LC/UV214 nm)
and were characterized by high-resolution mass spectrometry
and 1H NMR (see details in the Supporting Information).
Members of the combinatorial GNP library (H1−H9 and

F1−F9) were synthesized following Scheme S3. The ligands
were coupled to GNPs in situ through strong chelation
between sulfur and gold atoms. The average number of ligands
on each nanoparticle was determined to be 294 ± 25; the SN/
SH and SN/SF ratios were approximately 1:1 according to LC/
MS analysis after ligand cleavage by I2 (Figure S1, Table S1).

41

The particle sizes were characterized by TEM (Figure 2a,b).
The average diameter of GNPs was 5.0 ± 0.3 nm. The typical
size distribution of GNPs is shown in Figure 2c,d. The
electrostatic properties of GNPs in aqueous solution strongly
affect both their stabilities and their interactions with PFOS. To
check the different electrostatic properties of GNPs, the zeta
potential of the GNPs in water was determined at both pH 6.0
and pH 11.0. All 18 members exhibited a positive zeta potential

at pH 6.0 (15.7 to 31.4 mV) due to the protonation of the
amino group (Figure 2e). At pH 11.0, although the surface
charge (surface potential) for all GNPs was neutral, they had a
negative zeta potential value (−37.2 to −44.1 mV, Figure 2e).
Unlike surface potential, which is defined as the potential
between the particle surface and the bulk solution, the
definition of zeta potential is the potential between the double
layer (slipping plane) and the bulk. At the alkaline pH, the
surface potential of the amine-functionalized nanoparticles is
neutral. However, OH− ions are accumulated in the first
adsorbed layer because of the high pH value. The second layer
contains some polarized water molecules. However, these
molecules cannot reverse the negative charge from the first
layer. Therefore, the zeta potential of our nanoparticles, as well
as many other neutral NPs, is negative in agreement with that
reported by other researchers.27,42−46 Because of the different
surface potentials at different pH ranges, we might have an
opportunity to investigate the adsorption of PFOS only
through F−F interactions at pH 11.0 or through the combined
F−F and electrostatic interactions at pH 6.0.

Thermodynamic and Kinetics Behavior of PFOS
Binding. To understand PFOS adsorption by GNPs, we
selected F6 and H6 GNPs as models and investigated the
isotherm and kinetics of PFOS binding. In order to explore the
PFOS binding mechanism, the equilibrium adsorption data
were fitted to both Freundilch and Langmuir models. R2 values
of the curve fitting for F6 were 0.96 vs 0.92 by Freundlich and
Langmuir models at pH 6.0. For H6, these values were 0.96 vs
0.95. At pH 11.0, such two pairs of values were 0.98 vs 0.97 and
0.99 vs 0.97 (Figure S2). Because of the small differences
between these fitting results, we only speculate a possibility that
multiple bindings might occur due to the strong F−F
interactions; i.e., when a single layer of PFOS molecules bind
to the surface of GNPs, extra PFOS molecules could still
assume some interactions with the bound PFOS layer.
The time-dependent PFOS adsorption onto F6 and H6

GNPs was also determined (Figure S3). In the absence of
electrostatic interactions at pH 11.0, rapid adsorption of the

Figure 1. Rationale for the adsorption of PFOS by a dual-ligand GNP.

Figure 2. Characterization of selected members (H6, F6) from the combinatorial GNP library. TEM images of GNP library members H6 (a) and F6
(b); the scale bar represents 10 nm. Size distribution of GNPs H6 (c) and F6 (d) as measured by TEM; (e) zeta potential of the GNPs in water. The
concentration of the liquid was quantified as 50 μg mL−1 and was then measured 3 times independently after balancing for 2 min. Error bars
represent ± standard deviation.
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PFOS was observed and equilibrium was reached within 20
min. At pH 6.0, with the additional electrostatic interactions,
the binding equilibrium for both kinds of GNPs was reached
even faster (Figure S3). At both pH values, faster adsorption
was found for F6 than H6. In comparison, the nonspecific
adsorption of PFOS onto sediment and soil slowly reaches
equilibrium within days,47,48 and the binding equilibrium of
PFOS to MIP adsorbents is reached in 20 h.25 These results
indicate that PFOS adsorption by F6 was by far the fastest
compared to PFOS adsorption by other reported adsorption
materials.
Nanostructure-Dependent PFOS Bindings by GNP

Library. We further examined the PFOS adsorption efficiency
by the GNP library. Although PFOS binding was fast, we still
incubated nanoparticles with PFOS for an extended time (120
min) at room temperature before separating them from the
supernatant by centrifugation. The concentrations of PFOS in
the supernatants were quantified using LC/MS/MS (Figure
S4).
To identify the unique GNP−PFOS interactions, we

intentionally synthesized GNPs containing surface ligands
with a perfluoroalkyl chain (F1−F9) or a hydrocarbon chain
(H1−H9). In alkaline solution (pH 11.0), the amino groups on
both types of GNPs (H series and F series) are not protonated.
PFOS molecules could bind to GNPs only through interactions
with the hydrocarbon or perfluoroalkyl chains of the surface
ligands. In all experiments, we used only PFOS (20 μg mL−1)
without adding nanoparticles as control for correcting the
nonspecific PFOS loss due to tube adsorption. GNPs
functionalized with hydrocarbon ligands (H1−H9) exhibited
PFOS binding efficiencies ranging from 15% to 39% of the

starting PFOS concentration (Figure 3a). Although the PFOS
binding efficiency generally increased with increasing chain
length of the surface ligands, the PFOS adsorption efficiencies
of F1−F9 were nearly doubled (28−79%) compared to those
of H1−H9 (15−39%) with hydrocarbon ligands of the same
chain lengths (Figure 3b).
The electrostatic interaction between GNPs and PFOS is

also an important driving force in addition to the afore-
mentioned F−F or hydrophobic interactions. The SN ligands
on 18 GNPs were all protonated at pH 6.0. With both
electrostatic and F−F (or CF-CH) binding mechanisms, the H
series exhibited a PFOS binding efficiency of 48% to 71%
(Figure 3c), whereas the PFOS binding efficiency of the F
series ranged from 57% to 98% (Figure 3d). Considering that
the PFOS adsorption efficiency at pH 11.0 was primarily due to
F−F (for F) or hydrophobic (for H) interactions, the extra
PFOS adsorption might correspond to contributions from the
additional electrostatic interactions. On the basis of this
simplified dissection, we calculated the percentages of electro-
static vs F−F or hydrophobic interactions (Table 2). The data
show that the ratio of electrostatic interactions over F−F/
hydrophobic interactions between the GNPs and PFOS was
only slightly higher when the latter was relatively weak (such as
F1−F3 or H1−H3). When the hydrocarbon or fluoroalkyl
chain became longer (such as in F7−F9 or H7−H9), the F−F
or hydrophobic interactions equalized or overpowered the
electrostatic interactions. In the case of F7−F9, the strength of
the F−F interactions was approximately four times stronger
than that of the electrostatic interactions. This finding again
demonstrated that, although charge interaction was a strong

Figure 3. The adsorption of PFOS by the GNP library at pH 11.0 and pH 6.0. (a, b) PFOS adsorption by GNPs was performed at pH 11.0, where
SN ligands were not protonated (not charged). (c, d) PFOS adsorption by GNPs was performed at pH 6.0, where SN ligands were protonated.
PFOS (20 μg mL−1) was incubated with GNPs (0.7 mg mL−1) for 120 min before the PFOS concentration in the supernatant was determined.
PFOS (20 μg mL−1) in tubes without adding nanoparticles was used as control for correcting PFOS loss due to tube adsorption. The average of
three independent measurements is plotted. Error bars represent the standard deviation.
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addition for the binding, F−F binding was still a dominant
mechanism for PFOS adsorption in an optimal PFOS binder.
Further Analysis of PFOS Binding Components by

Computational Chemistry. To explore the molecular
mechanisms of the optimal PFOS binding, we used the
structural information on the surface ligands to develop a
computational model for PFOS binding affinities. Because the
GNPs used in this study contain two surface ligands with a 1:1
ratio, we averaged the 11 descriptors related to the surface
properties (Figure S5) to obtain values for each pair of ligands
for GNPs. Using multilinear regression (MLR) analysis, we
developed two MLR models based on the experimental results
obtained at two different pH values. The correlation between
experimental and calculated PFOS binding values is shown in
Figure 4. The results showed that the linearity was good and
that the models correctly predicted a higher PFOS adsorption
at lower pH (pH 6.0) and higher PFOS binding values by F1−
F9 compared to H1−H9.
Because GNP H1−H9 and GNP F1−F9 show significant

differences in their PFOS bindings, we not only calculated the
significance of these 11 descriptors in both models but also
calculated different contributions of these descriptors in GNP
H1−H9 and GNP F1−F9, respectively. When the pH was
changed from 6.0 to 11.0, the orders of significance of these 11
descriptors to both models also changed. At pH 6.0, the most

significant descriptor was the maximum single-bond chain
length (b_max1len, Figure S5a); thus, the PFOS molecules’
binding affinity to GNP H1−H9 and GNP F1−F9 mainly
depended on the length of the ligand on each GNP, including
both F−F and hydrophobic interactions. At pH 11.0, when the
amino group was not protonated, the b_max1len descriptor still
ranked as the second most important descriptor, indicating the
importance of the surface ligand length. However, the most
significant descriptor was the total negative van der Waals
surface area (PEOE_VSA_NEG, Figure S5b); thus, the PFOS
molecule binding affinity was mainly determined by the
negative charge of surface ligands, contributed by F atoms,
on GNPs. On the basis of this analysis, it is clear that the
dominant interactions was F−F interactions at pH 11.0.

Implication for Environmental Applications. The above
evidence, both experimental and theoretical, demonstrated that
GNPs with both electrostatic and F−F interactions exhibited
stronger bindings with PFOS compared to materials with only
one of these interaction mechanisms. To examine this, we
quantitatively compared PFOS adsorption by F6 and that by
traditional adsorbents, such as granular activated carbon
(GAC), powder activated carbon (PAC), and an anion-
exchange resin (AI400) with the same surface area or functional
group (Table S3). We found that the adsorption rate of F6 was
48, 46, and 16 times faster than AI400, GAC, and PAC,
respectively, and the PFOS adsorption efficiency of F6 in 24 h
was 1.9, 1.5, and 1.2 times higher than AI400, GAC, and PAC
under the same experimental conditions (Figure S6). These
results demonstrate that functionalized GNP F6, with
synergistic (electrostatic and F−F) interactions with PFOS,
seemed superior to traditional materials GAC, PAC, and AI400
in terms of adsorption rate and binding efficiency.
In wastewater or natural waters, the effect of ionic strength

on the adsorption process cannot be ignored. At pH 6.0, GNPs
are positively charged. An increase in ionic strength may lead to
a reduction of electrostatic attractions between GNPs and
PFOS, resulting in a reduced PFOS adsorption. To examine
such effects, we determined PFOS adsorption by GNP F6
under the influence of a thousand-fold of interfering ions.
Although more comprehensive tests are still required in future
application studies, in this test, our results showed that the
PFOS adsorption by F6 was reduced only by 4% and 5% by
Na+ and K+ (Figure 6b).
The optimal ligand composition discovered in this work,

when transferred to another matrix, such as certain membranes
or solid phase, can be used to treat environmental waters. To
evaluate the PFOS removal from wastewater by F6, we tested
PFOS removal in untreated wastewater from an advanced

Table 2. Key Molecular Determinants for PFOS Binding

PFOS binding (%) dissected contributor

f-GNPs pH 11.0 pH 6.0
hydrophobic

(%) F−F
electrostatic

(%)

H1 22.8 ± 6.6 56.3 ± 5.5 41  59
H2 22.5 ± 5.0 48.6 ± 4.5 46  54
H3 15.6 ± 0.0 59.1 ± 3.0 26  74
H4 29.6 ± 1.5 63.9 ± 7.8 46  54
H5 32.7 ± 5.8 60.8 ± 3.0 54  46
H6 29.9 ± 1.7 65.4 ± 0.1 46  54
H7 37.6 ± 4.2 63.0 ± 4.1 60  40
H8 39.2 ± 1.1 63.1 ± 5.1 62  38
H9 35.0 ± 4.1 71.4 ± 5.7 49  51
Fl 29.7 ± 1.3 74.0 ± 2.9  40 60
F2 28.8 ± 4.8 57.9 ± 3.3  50 50
F3 30.6 ± 1.8 69.7 ± 2.1  44 56
F4 73.8 ± 3.2 98.5 ± 0.2  45 55
F5 60.6 ± 4.9 81.4 ± 0.3  75 25
F6 61.3 ± 3.7 89.8 ± 3.1  68 32
F7 79.4 ± 5.9 98.9 ± 0.3  80 20
F8 68.4 ± 4.8 76.9 ± 5.3  89 11
F9 66.8 ± 2.5 83.0 ± 0.6  80 20

Figure 4. Correlation of experimental and predictive PFOS binding affinity at pH 6.0 (a) and at pH 11.0 (b). GNPs H1−H9 are indicated in blue
and F1−F9 are shown in red. The R2 values for the two models are 0.85 and 0.94, respectively.
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wastewater treatment plant near in Beijing (see Supporting
Information Materials and Methods). When concentrations of
PFOS in wastewater were 2, 5, 50, and 500 μg L−1, F6
treatment achieved 99.1−87.6% of PFOS removal (Figure 5).

Our results showed that F6 was quite effective in PFOS
adsorption, especially at the lower PFOS concentrations. F6
treatment of wastewater with starting PFOS concentrations of 2
and 5 μg L−1 resulted in residual PFOS concentrations as low
as 22 and 45 ng L−1, well below the U.S. health advisory level
for PFOS (70 ng L−1). The PFOS concentration in the
environmental water sample treated by F6 was well below this
mark.
In summary, we revealed the major molecular components

for optimal PFOS adsorption. The fast binding of PFOS was
driven by the interplay of two driving forces between GNPs and
PFOS: electrostatic and F−F interactions. The contributions
from the former were relatively large when the latter was weak
and vice versa. F−F interactions were stronger than regular
hydrophobic interactions. These findings may facilitate the
future development of PFOS monitoring probes and matrices
for removing low concentrations of PFOS. On the basis of
these findings, PFOS adsorption can be optimized and applied
to environmental treatment, as shown by some feasibility
evaluation experiments. The efficient multidimensional testing
and elucidation of several key molecular components in PFOS
binding using this approach demonstrate the value of the
nanoparticle library approach. Although the transformation of
the discovered ligands to various matrices for sensor or
adsorbent development will be needed, the success of this
approach opens an avenue for discovering novel binders of
crucial pollutants and for mapping complicated interaction
mechanisms between pollutants and binding matrices.
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