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Environmental Science: Nano

Fundamental new materials are needed for trace metal collection from water as well as
aqueous waste streams. Materials such as mesoporous organosilica sorbents have been
investigated for trace collection capabilities. These nanomaterials have a variety of
desirable properties, such as tunable selectivity based on ligand chemistry, fast sorption
chemistry, and exceptionally high surface areas (and thus capacities). We have
demonstrated a new supramolecular, non-covalent surface functionalisation method on
nanoporous silica and extended the approach to Fe3Os nanoparticles, demonstrating its
flexibility. This supramolecular functionalisation has several advantages over traditional
methods, such as ease of ligand installation, a generalizable motif that can be used with a
variety of ligands and surfaces/nanomaterials, and a promise for a regenerable sorbent
material.
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DOI: 10.1039/x0xx00000x A non-covalent approach to functionalizing nanostructured materials with high-specificity ligands
is described. In this work a variety of thiol ligands were non-covalently attached to self-
assembled phenyl monolayers on nanostructured materials by taking advantage of favorable
aromatic interactions. The resulting sorbent materials, both mesoporous silica and magnetic
nanoparticles, were found to be very effective at scavenging soft heavy metal cations, Cd(ll),
Hg(ll), Pb(ll) and Ag(l), from aqueous matrices, performing better than commercial sorbents and
comparably to the best covalently functionalized thiol sorbents available. This approach can be
extended to a variety of surface chemistries and has application to chemical functionalization of
a broad range of support structures used for chemical separations and processing.
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Introduction

Clean water is a health concern for the entire world The need for water purification methods extends to

population: the demand for clean drinking water continues to numerous industries that require purification of their aqueous

increase as a result of population growth as well as increased waste streams.’ As a specific example, the mining industry

standards of living. At the same time, supply is decreasing due seeks trace collection materials for both harmful contaminants

to contamination of fresh water sources.” Thus, the demand . . .
and recovery of desirable precious metals from their waste

for new sorbent materials and strategies for remediation of 6 .
streams.” The present work focuses on fundamental science

contaminated aqueous systems is on the rise. The capture of aimed at developing a novel, reversible (non-covalent)

toxic heavy metals—whether occurring naturally in the water functionalization method for mesoporous silicas and related

system or introduced by humankind—is essential for human nanomaterials. While the present work is aimed at developing
the initial basic research behind these new sorbents, these

resulting materials offer long-term promise in advancing

health. Heavy metals, such as mercury (Hg), lead (Pb), or
cadmium (Cd), have been shown to have adverse health effects

. . 3,4
at concentrations as low as part per billion levels. sorbent technologies by enabling: i) facile screening of surface

ligands that can be attached through non-covalent interactions
rather than stepwise synthesis; ii) possible new routes to

sorbent regeneration that could avoid the harsh acid/base

B ) } } )
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sorbents; and iii) exceptionally high capacities and selectivities
that are easily tunable through non-covalent functionalization
even in these first generation materials. Gratifyingly, these
materials feature comparable performance to commercial and
specialty sorbents for trace collection of heavy metals.

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1
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A variety of methods exist that can be tapped as solutions to
aqueous remediation, from liquid-liquid extraction to
sorption.”® Solid phase sorbent materials serve as excellent
filtration media due to their ease of use, selectivity, and trace
collection capabilities.” Mesoporous silica sorbents, such as
MCM-41, exhibit many attractive properties, including well
established surface chemistries, controllable “honey-comb”-like
porosity, structural integrity, hydrothermal stability, and high
surface areas approaching 1000 m*/g.'""'? Other materials, like
polymer and resin-based sorbents, have good selectivity for
target contaminants due to their diverse and easily modifiable
surface chemistries, but suffer from low contaminant loading
capacities as a result of limited surface area and low ligand
densities. Alternatively, activated carbons have high surface
area but limited selectivity.'? By functionalizing mesoporous
materials with highly selective ligands, one can integrate
desirable substrate properties such as a large surface area, rapid
kinetics, and a high density of selective ligands to afford
effective sorbent materials for trace level capture of
contaminants in drinking water as well as other applications.

There are many examples of functionalized silicas as
sorbents for aqueous remediation.'*'> A class of covalently
functionalized  silicas, self-assembled
mesoporous  silica (SAMMYS),
performance as sorbent materials for a range of contaminants
including toxic metals, metalloids, oxyanions as well as
radioactive species.'*'®'® Thiol- and sulfur- functionalized
materials have exceptional affinities for soft ions such as
Hg(I), Ag(I), Cu(Il), Cd(II), and Pb(II), and have been shown
to enable enhanced collection and detection of trace metal

monolayers  on

have shown excellent

contaminants.'”?* The materials discussed herein are a non-
covalent complement to thiol-SAMMS. As such, we tested their
performance for trace collection of heavy metals from natural
waters for comparison.

Silica surfaces are typically chemically modified using
established silane chemistries, such as co-condensation or post
synthetic grafting, which result in a covalent connection.”’
Unfortunately, covalent attachment requires optimization for
each class of organic molecules; additionally, the use of bulky
protecting groups is necessary when working with incompatible
functional groups.”® Protecting groups hinder the ligand
density, and the deprotection can be harmful to the base
material. Utilizing our functionalization method, we would be
able to bypass these steps reducing the amount of waste
produced, and providing a material that would not suffer from
partial deprotection. Herein thiol functionalized ligands were
employed directly without the use of protecting groups: simply
using a supramolecular approach enables the synthesis of
materials that can be directly functionalized with a variety of
ligands using non-covalent aromatic interactions.

Results and Discussion

Non-covalent functionalization method

2| J. Name., 2012, 00, 1-3
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In a previous communication, we demonstrated a non-
covalently modified material featuring benzylmercaptan-
functionalized Ph-SAMMS (BM, Figure 1). This first-
generation material, although very effective in toxic metal ion
uptake, suffered from leaching of the secondary thiol layer into
the aqueous matrices.”” In our previous report a third of the
initial thiol surface leached into the aqueous media; this work
has greatly improved upon these numbers by altering the
hydrophobic nature of the secondary surface (Figure 1).

5 % By

H
BMMB MN

Figure 1: Depiction of idealized surface structure of materials created with
varying ligands that were tested for stability. Benzyl mercaptan (BM), 1,4-
bis(mercaptomethyl)benzene (BMMB), 2-(mercaptomethyl) naphthalene(MN),
and 3,3-Diphenylbenzo[c]thiophene-1(3H)-thione (DTP).

Herein, Ph-SAMMS surfaces have been modified with
several different thiol-bearing aromatic molecules (Figure 1,
Scheme 1). A primary surface of a phenyl-functionalized
mesoporous silica material (Ph-SAMMS) serves as an anchor
layer that supports a secondary surface layer of thiol-bearing
aromatic ligands, which in turn, present a high density of thiol
sites to the interior of the material. Figure 1 depicts idealized
representations of aromatic interactions between the ligands
and Ph-SAMMS surface; in reality the attachment of these
ligands is likely dominated by edge-to-face (CH-m) interactions
anchoring these hydrophobic ligands to the hydrophobic phenyl
substrate in aqueous streams.”®>* The hydrophobicity of each
ligand was altered to optimize surface coverage and minimize
ligand leaching. The resulting materials were evaluated for
stability in aqueous matrices, and this functionalization motif
was expanded to magnetic nanoparticles with the potential to
span to a variety of form factors (vide infra).

y :
—“—- 00 0

Si(OMe),

This journal is © The Royal Society of Chemistry 2012
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Scheme 1: Preparation of Ph-SAMMS and supramolecular modification thereof.
A) A phenyl layer is covalently attached to the MCM-41 surface yielding Ph-
SAMMS. B) Ph-SAMMS is incubated with aromatic thiols. C) Slow evaporation
yields a non-covalently functionalized thiol-bearing material, which is effective
for capture of Cd, Hg, and Pb. The orientations of molecules in this illustration
are idealized, but are shown in several probable orientations with ligands likely
anchored by a variety of non-covalent interactions.

Synthesis of functionalized mesoporous silica

All synthetic details and the crystal structure for 3,3-
diphenylbenzo[c]thiophene-1(3H)-thione (DTP, ESI Figure S1)
are contained in the ESL>'

The general material generation is depicted in Scheme 1.
Ph-SAMMS (A) materials were prepared by stirring MCM-41
in dry toluene for 30 minutes to ensure that the silica has been
solvated (see ESI for additional details). A small amount of
water (enough to coat the surface of the materials) was added to
the reaction ensuring accessible surface hydroxyl groups. After
an hour of stirring under argon, trimethoxyphenyl silane was
added and the reaction was brought to reflux and left overnight.
The methanol, a byproduct, was removed by evaporation at
120°C leading to increased ligand density. To remove any
excess trimethoxyphenyl silane, the reaction was hot filtered
and washed with methanol. The resulting functionalized silica
was dried at room temp then placed under vacuum for at least 6
hours.

The density of the phenyl anchor layer is easily varied by
adjusting the stoichiometric addition of reagents (Table 1 and
ESI). The chosen thiol ligand was incubated with the Ph-
SAMMS materials in dichloromethane (B) then evaporated
overnight (C). During this time, the thiol ligands assembled on
the surface due to favourable aromatic interactions with the
primary phenyl surface. The materials were washed thoroughly
with methanol, which removed any excess ligand that had
simply precipitated as opposed to incorporating within the Ph-
SAMMS material. The material was dried under vacuum for at
least 6 hours to afford the final material.

The
gravimetric analysis

ligand density was thermal
(TGA).

confirmed by comparing pore sizes with increasing ligand

determined using
Surface coverage was also

coverage (Table 1). Pore size was determined by the Barrett-
Joyner-Halenda (BJH) method,*” and it was found that the pore
size decreases as the extent of silanation increases (Table 1).
The surface area, determined by the Brunauer-Emmett-Teller
(BET) method, was also found to decrease proportionally as
phenyl silane loading increased, producing a material with a
higher density but slightly reduced surface area/volume.***
These results support that the surface is being functionalized
while the pores remain unobstructed by oligomerization of the
organosilanes (Table 1). High density functionalization of the
surfaces can be seen to reduce the mean pore diameter from 35
to 17 A. This 18 A reduction in diameter is in good agreement
with a phenyl silane monolayer (~9 A) bound to each side of
the pore wall.

This journal is © The Royal Society of Chemistry 2012

Table 1. Surface area and mean pore diameter for selected Ph-SAMMS

Phenyl Silane Coverage Surface Area Mean Pore Diameter
(phenyl molecules nm?) (m’g™") A
243 390 17
222 400 17
1.60 550 19
0.72 730 27
0.34 770 31
0.06 875 34
0 1050 35

Surface area was measured using the Brunauer-Emmett-Teller (BET)
method. As expected, surface area and mean pore diameter are lower for
more completely functionalized materials. The pore diameter measurements
indicated the reduced surface area is not due to obstruction of the pore by
phenyl silane oligomers.

Because X-ray and microscopy methods are not effective in

interior surfaces materials,
the

Ellman’s test for thiols acts as a quick and effective

analyzing of highly porous

characterizing interior surface remains challenging.
characterization method in addition to TGA for quantification
of surface thiols.>* Ellman's test relies on the use of DTNB
(5,5'-dithiobis-(2-nitrobenzoic acid) or Ellman's
which the

thiobenzoate (TNB) upon reaction with a free thiol.

Reagent),
2-nitro-5-
This
reaction is stoichiometric: one molecule of TNB is produced

releases brightly-colored anion,

per thiol. The TNB concentration may be measured by UV-Vis
spectroscopy thiol
concentration. Ellman's test is ideal for measuring surface
thiols since the indicator, TNB, is free of (not bound to) the
thiol itself. Thus, the concentration of TNB in solution can be
the
thiols. Using this method yielded a standard deviation across

and is a direct indication of

used to determine number of accessible surface
four measurements of 0.003 mmol SH per gram sorbent,
proving to be highly precise. The DTP ligand density was
measured with TGA and leaching was quantified with UV-vis
Additional
material characterization method details are provided in the

ESI.

spectroscopy using standard calibration curves.

Impact of phenyl layer density on stability of secondary surface

For these non-covalently modified sorbent materials to be
effective in water remediation applications, it is imperative that
the interaction between the active surface layer and the
anchoring base Ph-SAMMS substrate is robust enough to
prevent the secondary surface layer from leaching into water.
The density of the base/phenyl anchoring layer has a significant
impact on the stability of the interaction and resulting
functional material.

Hydrophobic effects presumably drive the assembly of the
secondary surface on to the Ph-SAMMS base layer, with
the
molecules to the Ph-substituted surface. We hypothesize that

specific attractive aromatic interactions anchoring
the surface density of the anchoring phenyl rings affects both
the capacity of the Ph-SAMMS material for secondary surface
molecules as well as the stability of that secondary surface
(Figure 2). In order to test the stability/capacity of the material,

we varied the anchoring phenyl density from 0.1/nm* to

J. Name., 2012, 00, 1-3 | 3
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2.4/nm% functionalized the surfaces with mercaptomethyl
naphthalene ligands (MN, Figure 1), and then measured the
loading coverage and leaching percentage (Figure 2). The Ph-
SAMMS capacity for loading aromatic thiol ligands increases
with density of the phenyl anchor with an optimal range (for
MN) of 1.3-1.9/nm’. Similarly, data show the stability of the
secondary surface is related to the density of the phenyl layer.
Higher concentrations of phenyl groups provide more
anchoring sites for the aromatic ligands, resulting in very little
leaching for ~1-2 phenyl silanes/nm?. It can be seen in Figure 2
that as the density of the anchor layer increases beyond ~2
phenyl silanes/nm” the amount of thiol ligands bound to the
surface decreases and leaching of the ligands begins to increase.
Clearly steric crowding in the phenyl anchor layer can
compromise surface ligand loading and stability.
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Figure 2. Comparative stability of mercaptomethyl naphthalene (MN) surface
installed on Ph-SAMMS scaffolds of different anchoring densities. The lowest
leaching and highest SH loading occurs for 1.3-1.9 anchoring phenyls per nm2.

Impact of density and identity of secondary surface components

The identity of the ligands used to make up the secondary
surface layer has a significant effect on material stability
(Figure 3). Benzyl mercaptan (BM) forms the least stable
surface: 34% leached after 2 hours in filtered Columbia River
water, which is not surprising given its relatively high water
solubility. 1,4-bis(mercaptomethyl)benzene (BMMB) shows
reduced leaching compared to BM, but still loses up to 10% of
the thiol surface under identical conditions.
Mercaptomethylnaphthalene (MN), which has very limited
water solubility, forms the most robust secondary surface
tested, leaching as little as 5%. 3,3-Diphenylbenzo[c]thiophene-
1(3H)-thione (DTP) is the most hydrophobic ligand and did not
show any detectable leaching. Unfortunately, DTP creates a
surface layer that is too hydrophobic, and resists wetting, which
causes ineffective solution contact and thus precludes effective
metal uptake. Mercaptomethyl naphthalene was recognized as
the preferred ligand for the secondary surface due to its ability
to self-wet, its high thiol density and the low leaching of the
secondary surface. All four non-covalently functionalized
materials can be prepared with thiol surface densities similar to
the covalently bound propyl thiol surface of SH-SAMMS.

4| J. Name., 2012, 00, 1-3
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Figure 3. Comparative stability of materials based on secondary surface identity.
Ligands are defined in Fig. 1 Both the covalently bound SAMMS as well as the
most hydrophobic ligand, DTP, had no detectable leaching. Substrates had a
phenyl silane anchor area density of 1.3 silanes/nm2.

Because the density of the secondary surface also affects the
stability of the final material to aqueous matrices, by varying
the amount of thiol component one can increase the robustness
of the secondary surface. Materials were prepared with less
than 0.01 to 0.11 mmols thiol per gram on Ph-SAMMS that
have 1.3 anchoring phenyls per nm?®. The samples with 0.01 to
34% 5%,
respectively. Presumably, highly dense and complete secondary

0.11 mmols thiol per gram leached ca. and

surfaces contribute to the overall hydrophobicity of the surface
environment, making the more densely covered surfaces more
attractive for hydrophobic species.

Comparative Sorbent Performance of Mesoporous Materials

Sorbent performance was characterized by fundamental
affinity of target analytes. A sorbent’s affinity for a target
species can be described by the distribution coefficient, K :

:(CO_Cf)K

c, M

K,

Here, C, is the initial concentration of the target analyte, C;
is the final equilibrium concentration, V is the volume (mL) of
the testing solution, and M is the mass (g) of sorbent used. The
distribution coefficient is the solid phase equilibrium constant
which acts as an empirical measurement of a sorbent’s affinity
(for the specified chemical in the specified matrix). A liquid to
solid (L/S) ratio of 5,000 was chosen and kept constant through
all experiments. For these experiments this meant we had one
milligram of material removing 50 ppb of target metals from 5
mL of water. Analytical methods details are provided in the
ESI.

High chemical affinity is when removing
contaminants at trace levels. The material must selectively bind
target species that are present in much lower concentrations
than other ions. Ky values of 1x10* are good, and K, values
exceeding 1x10° are considered excellent and preferred for
sorbents being used for trace collection applications.’ In
addition to sorbent affinity, the percent metal removal
percentage is shown from real water sources (Tables 2 and 3,

essential

This journal is © The Royal Society of Chemistry 2012
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respectively). We compared the uptake of the toxic metal ions,
Cd(II), Hg(II), and Pb(Il), with Ag(I) another soft thiophillic
metal ion.

The thiol-functionalized SAMMS has been demonstrated
repeatedly to be a superlative sorbent material for heavy

metals'®

and almost 100% removal of heavy metals from
river water samples can be observed in Table 2. The non-
covalently (NC) functionalized materials reported herein
provide high performance that is on par with the covalent
counterpart SH-SAMMS (Tables 2 and 3). By keeping the
support material and ligand density constant we were able to
compare and contrast performance of the covalent vs. non-
covalent surface attachment. The NC functionalization motif
provides similar performance to covalent grafting, and we were
able to achieve almost identical thiol ligand densities for this
comparison as well: 0.27 ligands/nm® for SH-SAMMS versus
0.28 ligands/nm? for the NC material (with equivalent SH per g
of sorbent loadings).

Both surface modified nanostructured sorbents substantially
outperformed commercial resin sorbent with similar thiol based
the
noncovalently (NC) bound materials with three different ligand
densities (0.05, 0.26, and 0.55 mmols thiol per gram) of
It can be

surface chemistry. We compared the performance

mercaptomethylnapthalene surface chemistry.
observed that even at low ligand densities (0.05 SH/g,
equivalent to 0.06 ligands/nm?), the noncovalently bound
material provides excellent performance, outperforming
While Table 2 shows the

different NC bound materials perform similarly at relatively

commercial sorbent materials.

low ligand loadings, one would expect that materials featuring
higher ligand loadings would maintain high metal capture
performance longer as the volume of water treated increases
(i.e., larger L/S ratios).

For all non-covalently functionalized sorbents reported (as
well as SH-SAMMS) the concentrations of Pb, Hg, and Cd
were all reduced from 50 ppb to well below the Environmental
Protection Agency’s maximum contaminant levels for safe
Materials presented here exhibit ~100%
capture of target contaminants when working with the L/S ratio

drinking water.>*

of 5000; it is clear the sorbent material could successfully
process much higher relative solution volumes to safe drinking
water levels.

Table 2. Performance of selected materials for capture (%) of toxic metals

Table 2 and Table 3. Both materials show much lower metal
capture and chemical affinity than the thiol functionalized
materials. This confirms that the performance of our non-
covalently functionalized materials is in fact due to the thiol
component of the secondary layer.

Table 3. Chemical affinity (Kq) values for selected materials

Materials Cd (%) Hg (%) Pb (%) Ag (%)
MCM-41 15 3 95 2
Ph-SAMMS 5 3 62 4
GT-74 Thiol Resin 62 57 66 84
SH-SAMMS >99 99 >99 >99
NC 0.05 SH per g 97 97 92 >99
NC 0.26 SHper g 99 97 >99 >99
NC 0.55 SH per g 98 97 99 >99

Percent target removal of soft metals with selected materials.

Noncovalently (NC) surface modified material loadings are given as mmol
thiols (MN) per gram material, respectively. Experiments in Columbia River
water (pH~7.8) with a L/S of 5000. Analytical error +/- 2%.

Raw MCM-41 silica and Ph-SAMMS (1.3 silanes/nm?)
were also tested as control reference materials as shown in both

This journal is © The Royal Society of Chemistry 2012

Materials Cd Hg Pb Ag
MCM-41 8.3x107 1.3x10° 9.3x10* 1.3x10°
Ph-SAMMS 2.7x10? 9.0x10? 2.2x10* 4.7x10°
GT-74 Thiol Resin ~ 8.2x10° 6.6x10° 9.8x10° 2.7x10*
SH-SAMMS 8.3x10° 4.8x10° 2.2x10° >3.5x10’
NC 0.05 SH per g 2.0x10° 1.5x10° 6.2x10* >3.1x10’
NCO0.26 SHperg  4.9x10° 1.8x10° >1.3x10° >3.1x10’

K, values for selected materials. > indicate that the values were calculated
based on limit of detection values since there was not enough metal left in
solution to accurately measure.

Noncovalently (NC) surface modified material loadings are given as mmol
thiols (MN) per gram material, respectively. Experiments in Columbia River
water (pH~7.8) with a L/S of 5000. Analytical error +/- 2%

As previously mentioned Ky is the solid phase distribution
coefficient directly measures the chemical affinity of a sorbent
(for the specified conditions). As shown in Table 3, all thiol-
functionalized MCM-41 silica materials outperform GT-74, a
commercially available macroporous resin with thiol
functionality by orders of magnitude in affinity (K4) for Hg(II),
Cd(II), Ag(I) and Pb(II) (Table 3). For example, when looking
at mercury affinity GT-74 has a K4 of 6.6x10° while the non-
covalent functionalized material has Ky’s > 10°. Furthermore,
the affinity of the non-covalently functionalized material for
Hg(I), Cd(II), Ag(I) and Pb(Il) is on par with that of their
covalently functionalized counterpart, SH-SAMMS (Table 3).
This supports that our non-covalent approach to surface
modification is as effective as traditional covalent surface
functionalization techniques. Further, the non-covalent surface
modification approach offers some advantages over direct
covalent linking. The active surface layer of the non-covalent
attached ligands can be removed from the substrate with
appropriate solvents, regenerated and replaced. Pragmatically,
this enables the reuse and recycling of the expensive
nanostructured sorbent (details will be reported in separate
focused work). For fundamental studies the non-covalent
attachment method also provides a rapid and practical way to
screen many ligands for efficacy, thereby eliminating the need
for stepwise covalent attachment (potentially with complicating
protection and deprotection steps) for each new material-ligand
combination.

Non-covalent functionalization of Fe;O,4 nanoparticles

To demonstrate the potential and general applicability of
our non-covalent surface functionalization method we applied it
to a different sorbent form factor; magnetic nanoparticles. The
magnetic Fe;O4 nanoparticles are nonporous with convex
surfaces providing a different physical configuration and
chemical composition than the mesoporous silica. Recently
Fe;04 nanoparticles have been shown to be effective sorbents

J. Name., 2012, 00, 1-3 | 5
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for a variety of toxic metals from aqueous matrices.’>**

Unfortunately, it can be challenging to functionalize these
particles with high affinity ligands since the complexing groups
tend to bind to the iron surface of the particles rendering the
installed surface chemistry inert. We were able to eliminate
this problem by utilizing the two-stage
functionalization motif previously described.

As a support structure, Fe;O, nanoparticles (NPs) are
advantageous due to their high surface area, dispersability, and
susceptibility to magnetic fields. For application as a sorbent
material, the NPs can be dispersed into solution and provide
rapid kinetics resulting from the high surface area and good
contact efficiency provided by the fine grain particles dispersed
in solution. The sorbent material can then be retrieved
magnetically as opposed to using filtration or packed bed
configuration used with traditional sorbent materials. *>*7 The
use of dispersed magnetic media eliminates some of the
problems typically encountered with filtration media such as
backpressure and plugging due to fines and fouling.

The Fe;04 nanoparticles were prepared as previously
described.*® Magnetic Fe;0, nanoparticles were modified to
have a covalently bound phenyl surface (see ESI). The phenyl-
bearing surface on the nanoparticles is analogous to that of Ph-
SAMMS and can act as an anchor layer for aromatic ligands to
form the secondary chemically-functionalized surface (Figure
4).

non-covalent

Figure 4. Illustration of a non-covalently functionalized Fe304 nanoparticle. The
phenyl (black) ligand shell enables non-covalent attachment of the thiol-bearing
layer in idealized orientation that is not to scale.

Synthesis of modified Fe;O4 nanoparticles

The nanoparticles were prepared with lauric acid ligand
shells.*! The lauric acid molecules are attached to the Fe;O4
surface through their carboxylate functionality, which were
then exchanged for benzoic acid. As a result, the phenyl rings
form the accessible surface of the benzoic acid Fe;O,
nanoparticles. The benzoic acid Fe;0, NPs were then incubated
with aromatic thiols in an organic solution and
evaporation of the solvent yielded a non-covalently attached
thiol-bearing surface.

Fe;04 NPs were characterized using BET, TGA, as well by
Scanning Transmission Electron Microscopy coupled with
Energy-dispersive =~ X-ray spectroscopy (STEM, EDX,
respectively; see ESI). The BET surface area of the benzoic

slow
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acid NPs was 110 m? per g while TGA indicated 0.8 mmol
benzoic acid per g of material. These values are expected for
the type and diameter (approximately 8 nm average) of these
NPs. Fe;04 materials are unfortunately not compatible with the
Ellman’s test for direct measurement of thiols, yielding a false
positive. TGA analysis indicated approximately 0.04 mmols of
BMMB per g material (0.22 ligands/nm?), 0.05 mmols/g MN
(0.27 ligands/nm?), and 0.01 or less mmol per g BM (0.05
ligands/nm?). These values represent similar surface layer
densities and approximately the same secondary ligand
surface:phenyl anchor layer ratio (roughly 1:15) as most of our
other non-covalently functionalized mesoporous silica
materials. This suggests that the overall hydrophobic effect and
specific favorable aromatic interactions between the phenyl
anchor layer and secondary surface layer function similarly in
both the convex and concave nanostructured materials reported
herein.

Comparative sorbent performance of magnetic nanoparticles

The addition of the thiol-bearing secondary surface on the
benzoic acid Fe;O, NPs yields a material with excellent
sorption ability for toxic metals Cd(II) and Hg(II) (Table 4).
The phenyl functionalized benzoic acid NPs were used as a
comparative material for control, and mercaptopropionic acid
functionalized NPs (MPA NP) were compared as the covalent
counterpart to the new surface chemistry. As expected the thiol-
modified surfaces provide very effective capture of heavy
metals, particularly mercury. The NC functionalized NPs
perform better than conventional resin materials while enabling
faster kinetics, magnetic separation and renewable surface
chemistry.

Table 4. Capture and Chemical Affinity (K4) of Thiol Resin and
Functionalized Fe;O4 Nanoparticles (NP) for Cd (II) and Hg(II)

Sorbent Material Cd Hg
% K % Kq

Benzoic Acid NP 76 3.5x10° 28 3.6x10°
GT-74 Thiol Resin 62 8.2x10° 57 9.8x10°
MPA NP 95 2.5x10* 99 1.1x10°
NC BMMB+Phenyl NP 88 1.2x10* 94 1.3x10*
NC MN+Phenyl NP 90 1.4x10* 92 1.2x10*
NC BM+Phenyl NP 86 1.0x10* 97 5.8x10*

MPA NPs are covalently functionalized with mercaptopropionic acid (MPA).
Noncovalently (NC) ligands bound to NP surfaces are defined in Fig. 1.
Experiments in Columbia River water (pH~7.8) with an L/S of 10°.
Analytical error +/- 2%.

Conclusions

A simple non-covalent method for surface functionalization,
utilizing an aromatic anchor layer to retain high affinity surface
chemistry, has been generally demonstrated and optimized for
selected nanomaterials. The surface functionalization method
was shown to work for both nanoporous (silica) and
nanoparticle (magnetic Fe304 NPs) structures. The binary
surface chemistry with a phenyl anchor layer and an active
layer of aromatic ligands is flexible, reversible and enables
installation of high affinity ligands without many of the

complications associated with covalent attachment. We show

This journal is © The Royal Society of Chemistry 2012
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that altering the density of the primary phenyl scaffold and
hydrophobicity of the secondary surface layer (aromatic thiols
in this effort) affects the stability of the materials. We
demonstrate these non-covalently functionalized sorbents
performed on par to the best covalently functionalized materials
and better than commercial resins with similar surface
chemistry. The materials with non-covalently functionalized
thiol surfaces showed excellent sorption capabilities for softer
heavy metals such as Hg(II), Cd(II), Ag(I) and Pb(II). Results
from this work show that this functionalization motif may be
applied to a wide variety of support structures used for
chemical separations and environmental remediation. The
surface modification methods can be used for various
applications, from remediation to immobilized catalysis, by
expanding out from thiol containing arenes into a wide variety
of aromatic ligands containing application relevant
complexation moieties.

Current efforts are focused on the regeneration of these
materials in a sustainable closed-loop approach, making the use
of these nanostructured sorbent supports more economically
viable for remediation and trace collection purposes, as well as
decreasing their environmental impact. Material stripping and
regeneration methods for conventional sorbent materials are
based on repetitive washes containing strong acids, bases, or
The higher chemical affinity

ligands that are particularly useful for trace collection and

competitive chelating ligands.

environmental remediation require more aggressive stripping
methods, and sorbent materials can be significantly damaged by
these processes. Utilizing the non-covalent interactions should
enable the use of simple benign washes to remove the ligand-
metal complex, and we are optimizing such processes to report
in due course. This will allow the most expensive component—
the sorbents support material—to be reused many times. Initial
experiments suggest polar aprotic organic solvents can
effectively strip the metal ligand complexes, however we are

working towards a greener processing system.
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Graphical abstract

A non-covalent approach to functionalizing nanostructured materials with high-specificity ligands yields
effective sorbents for capture of trace metal ions from water.



