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ABSTRACT: Monolithic syndiotactic polystyrene (s-PS)
aerogels, formed by highly crystalline nanofibrils with a
hydrophobic nanoporous-crystalline phase and a hydrophilic
amorphous phase have been prepared and characterized.
These aerogels, with a high degree of sulfonation of the
amorphous phase and nearly negligible sulfonation of the
crystalline phase, are obtained by treating physical gels
exhibiting O-clathrate form. With respect to unsulfonated
nanoporous-crystalline polymeric aerogels, these new selec-
tively sulfonated aerogels present the great advantage of a high
water diffusivity and water uptake up to 600 wt %. This water
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uptake increases greatly the sorption kinetics of organic pollutants by the hydrophobic nanopores of the crystalline phase. For
instance, for aerogels with a sulfonation of 10%, the diffusivity of a volatile organic compound (1,2-dichloroethane, DCE) from
10 ppm aqueous solution is more than 3 orders of magnitude higher than that for the unsulfonated aerogel and is very close to

the DCE diffusivity in water.
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B INTRODUCTION

Aerogels are generally obtained by drying of wet gels and
constitute a unique class of materials, which is characterized by
highly porous networks. For many applications, it is relevant to
obtain monolithic aerogels, which can be easily obtained with
different organic/inorganic materials such as silica,l_3 clays4_6
and polymers.” > The most common type of monolithic
polymeric aerogels reported in literature are obtained with a
large variety of chemically cross-linked polymers, such as
resorcinol-formaldehyde,”® melamine-formaldehyde,” polyur-
ethane,'® polyimide,"" polyamide,'* and also from polymeric
organic framework (POF)."> Robust monolithic polymeric
aerogels can be also obtained from gels being formed through a
three-dimensional network based on interchain ionic inter-
actions or crystalline regions instead of covalent bonds. In
particular, hydrophilic aerogels are obtained from hydrogels
generally made of natural polysaccharides like cellulose,™*
alginates,15’16 carrageenans,15 chitosan,”> or chitin'” while
hydrophobic aerogels with crystalline phases are obtained
from organogels, generally based on regular synthetic polymers
such as syndiotactic polystyrene,'® poly(L-lactic acid)," poly-
(vinylidene fluoride),”® poly(vinylidene fluoride-co-hexafluor-
opropylene),”" and poly(4-methyl-1-pentene).”

In the two last decades, the formation of polymeric
nanoporous-crystalline forms, that is, of crystalline forms
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presenting an ordered 3-D distribution of molecular-size
cavities and exhibiting density lower than the corresponding
amorphous forms, has been discovered.> ** In particular,
nanoporous crystalline forms have been disclosed for two
industrially relevant polymers: syndiotactic polystyrene (s-
PS)**** and poly(2,6-dimethyl-1,4-phenylene)oxide (PPO).>®
These nanoporous-crystalline polymers are able to absorb
volatile organic compounds (VOCs) also when present in
traces and have been proposed for molecular separation,®®™>"
sensor,”>* and catalysis®* applications.

Based on these thermoplastic polymers exhibiting nano-
porous-crystalline forms, a special class of monolithic physically
cross-linked aerogels, has been achieved. These nanoporous-
crystalline polymeric aerogels, whose physical knots are
constituted by nanoporous-crystalline phases, exhibit beside
disordered amorphous meso and macropores (typical of all
aerogels) all identical nanopores (or microporous according to
IUPAC cdlassification) of the crystalline phases."®*>>* Nano-
porous-crystalline aerogels present the high sorption capacity
typical of the nanoporous crystalline phases (due to the
sorption of molecules as isolated guests of the host crystalline
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phase) associated with the high sorption kinetics typical of
aerogels (due to the high and disordered porosity of the
aerogels)."®**7>* This gives high guest solubility particularly
relevant for VOCs in traces as well as high selectivity, mainly
due to specific host—guest interactions in crystalline phases.
Moreover, low material cost, robustness, durability, and easy
recycling of the used commercial thermoplastic polymers,
associated with the ease of handling, make these aerogels
suitable for agplications in chemical separations (mainly air
purification),"®*373* oil-spill recovery,”® and gas (mainly
hydrogen)* storage.

Nanoporous-crystalline polymeric materials, although char-
acterized by high uptake and fast diffusivity of VOCs, present
poor water permeability. This strongly reduces pollutant
sorption kinetics and constitutes a major drawback for their
practical use in water purification.

This inconvenience has been overcome, at least for s-PS
films, by a selective solid-state sulfonation procedure, based on
sulfonating agents being bigger than the polymer crystalline
cavities.*"~** This leaves essentially unaltered 5 or & nano-
porous-crystalline phases while making highly hydrophilic the
corresponding amorphous phases.**™* This procedure, how-
ever, is not suitable for s-PS aerogels which, after this
sulfonation treatment, become mushy and are rapidly destroyed
when soaked in water.

Sulfonated s-PS aerogels, have been recently obtained from
gels prezpared with sulfonated polymer, after extraction by
scCO,.* However, the extraction of gels of sulfonated s-PS
leads to large and irregular shrinkages, at least for degree of
sulfonation higher than 229%."

In this paper, robust and high porosity monolithic s-PS
aerogels, even for degrees of sulfonation as high as 30%, are
obtained by sulfonation of s-PS organogels (rather than
gelation of sulfonated s-PS). This procedure poorly affects
the crystalline phase, leading to selective sulfonation of the
amorphous polymer fraction. The main advantage of s-PS gels,
sulfonated in the gel state, is the occurrence of negligible
monolith shrinkage, when extracted by scCO,.

The obtained hydrophilic-amorphous/hydrophobic-nanopo-
rous-crystalline aerogels have been characterized by X-ray
diffraction analysis, IR spectroscopy, scanning electron
microscopy, and nitrogen sorption measurements, and their
water uptake and diffusivity, as well as their sorption properties
of VOCs from diluted aqueous solutions, have been
investigated. In particular, sorption of 1,2-dichloroethane
(DCE), an aquifers contaminant which presents high resistance
to common remediation techniques based on reactive barriers
containing Fe0* has been considered.

B EXPERIMENTAL SECTION

Materials. The s-PS used in this study was manufactured by Dow
Chemical Company under the trademark Questra 101. The “C
nuclear magnetic resonance characterization showed that the content
of syndiotactic triads was over 98%. The weight-average molar mass
obtained by gel permeation chromatography (GPC) in trichlor-
obenzene at 135 °C was found to be M, = 32 X 10° with the
polydispersity index, M,/M, = 3.9. All solvents and reagents were
purchased from Aldrich and used without further purification.

Gels Preparation Procedure. All semicrystalline gels considered
in this paper have been obtained by dissolving s-PS pellets in
chloroform or 1,2-dichloroethane (solvent/polymer ratio of 90/10 by
weight) in hermetically sealed test tube above the solvent boiling
temperature. After complete dissolution of the polymer, the hot
solution was cooled to room temperature and gelation occurred.
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Sulfonation Procedure. The sulfonating reagent was prepared by
mixing an excess of dodecanoic acid (lauric acid) with chlorosulfonic
acid (CISO;H) at room temperature, for 24 h. In particular a mixture
of 4.8 X 1072 mol of lauric acid (>98%) for 3.0 X 1072 mol of CISO;H
(99%) was used.

s-PS gel cylinders with a diameter of ca. 6 mm, length of ca. 35 mm
and weight of ca. 1.5 g were immersed in solutions containing a given
amount of sulfonating reagent and 40 mL of chloroform or 1,2-
dichloroethane depending on the solvent used for the gel preparation
for a time sufficient to the gel swelling with sulfonating reagent (= 12
h). The swelled s-PS gel cylinders were removed from the sulfonating
solution and soaked in pure chloroform or DCE and the sulfonation
reaction was thermally activated by heating at T = 40 °C. Samples with
different sulfonation degrees were obtained by changing the heating
times and the amount of sulfonating reagent in the solution (i.e., 2 g of
sulfonating reagent and 1 h heating time to obtain an aerogel with a
degree of sulfonation of 3.5%).

The resulting sulfonated gels were purified from possible residuals
of the sulfonation process by washing the gels with ethanol and pure
chloroform or DCE and the sulfonated aerogels were finally obtained
by extracting the solvent with scCO,. The absence of any residuals in
the aerogels was verified by FTIR (see Figure S1 in the Supporting
Information).

The solvent extraction was performed by using a SFX 200
supercritical carbon dioxide extractor (ISCO Inc.) under the following
conditions, T = 40 °C, P = 200 bar, extraction time ¢ = 180 min. This
procedure allows a complete removal of possible guest molecules from
all possible s-PS cocrystalline phases, leading to nanoporous crystalline
phases, 183537

For monolithic aerogels with a regular shape (i, spherical or
cylindrical), the total porosity, including macroporosity, mesoporosity,
and microporosity, can be estimated from the volume/mass ratio of
the aerogel. Then, the percentage of porosity P of the aerogel samples
can be expressed as

P

A,
P=100{1 - 2
pol

(1)

where p,, is the density of the polymer matrix and p,,, is the aerogel
apparent density calculated from the mass/volume ratio of the
monolithic aerogels.

Techniques. Micrographs are obtained by using a scanning
electron microscope (SEM) (Leica Cambridge Stereoscan $440)
coupled with a probe for energy-dispersive scanning (EDS), to
evaluate the sulfonation degree at different depths throughout the
sample thickness. The aerogels were cryogenically fractured in liquid
N, for the SEM-EDS experiments in order to gain access to the
internal part of the samples. Before imaging, all the specimens were
coated with gold using a VCR high resolution indirect ion-beam
sputtering system.

Wide-angle X-ray diffraction patterns with nickel filtered Cu Ko
radiation were obtained, in reflection, with an automatic Bruker D8
Advance diffractometer.

A crystallinity index (X.) has been determined resolving the X-ray
diffraction pattern in a selected 26 range (5—40°), into two areas A,
and A, that can be taken as proportional to the crystalline and
amorphous weight fractions, respectively, and calculated trough the
expression

X, =[A/(A. + A,)]100

Infrared spectra were obtained at a resolution of 2.0 cm™ with a
Tensor 27 Bruker spectrometer equipped with deuterated triglycine
sulfate (DTGS) detector and a Ge/KBr beam splitter. The frequency
scale was internally calibrated to 0.01 cm™" using a He—Ne laser; 32
scans were signal averaged to reduce the noise.

DCE equilibrium sorption isotherms from aqueous solutions were
obtained by measurements of FTIR absorbances of DCE peaks using
calibration curves analogous to those described in ref 45.
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Figure 1. Photographs of a piece of s-PS gel prepared in 1,2-dichloroethane at C,,; = 0.10 g/g, before (A) and after (B) sulfonation. The photograph
of the corresponding sulfonated aerogel, as obtained by complete solvent extraction via scCO, is shown in C. Units of the ruler are centimeters.

Nitrogen adsorption at liquid nitrogen temperature (77 K) was used
to measure surface areas of unsulfonated and sulfonated aerogels with
a Nova Quantachrome 4200e instrument. Before the adsorption
measurement, aerogel samples were degassed at 45 °C under vacuum
for 24 h. The surface area values were calculated using the Brunauer—
Emmet—Teller (BET) method.

The water uptake of the polymers was investigated by a Q5000 SA
thermogravimetric analyzer from TA Instruments, containing a
microbalance in which the sample and reference pans were enclosed
in a temperature and humidity controlled chamber. The temperature
in the QS000 SA was controlled by Peltier elements. Dried N, gas flow
(200 mL min™") was split into two parts, of which one part was wetted
by passing it through a water-saturated chamber.

The aerogel sulfonation degree has been determined by elemental
analysis of whole aerogel sections using a Flash EA 1112 analyzer from
Thermo Fisher Scientific and the reported sulfonation degree
(thereafter indicated as S) is reported as a molar percent of sulfonated
monomeric units.

S = (sulfur moles by elemental analysis

/moles of polymer styrenic units) 100

B RESULT AND DISCUSSION

Preparation of Monolithic Aerogels with Sulfonated
Amorphous Phase. In a recent paper, we have described a
procedure for solid-state sulfonation of syndiotactic polystyrene
semicrystalline films involving the use of a bulky sulfonating
agent (lauroyl sulfate), which was effective to selectively react
with the phenyl rings of the polymer amorphous phase, leaving
substantially unaltered the crystalline phase.*’

Based on this experience, the same sulfonation procedure
was applied on s-PS aerogels obtained after solvent extraction
of s-PS/chloroform gels in order to obtain aerogels with
sulfonated amorphous phases.

However, the direct sulfonation of aerogels, exhibiting the &
and & nanoporous crystalline s-PS forms or the dense f s-PS
form and having porosity less than 80%, is not useful because
the corresponding sulfonated aerogels, although remaining
monolithic and stable in organic solvent totally break up when
soaked in water.

For this reason, a new appropriate sulfonation procedure,
reported in detail in the Experimental Section, has been
developed. In this procedure, the treatment with the sulfonating
agent is carried out on gels rather than on aerogels. Then,
sulfonated aerogels can be obtained from sulfonated gels using
the typical solvent extraction by scCO,.

The sulfonation procedure has been carried out with s-PS
gels with chloroform and 1,2-dichloroethane (DCE). As an
example, the photographs of a piece of s-PS gel prepared in
DCE at a polymer concentration Cpol = 0.10 g/g, before and
after sulfonation and of the corresponding aerogel, as obtained
by complete solvent extraction by scCO,, are shown in Figure
1.
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Figure 1 clearly shows that the dimensions of the gel remain
substantially unchanged during the sulfonation and extraction
procedures and that a monolithic aerogel is obtained. The
values of aerogel apparent porosity reported in Table 1

Table 1. Areogel Apparent Porosity, Crystalline Degree
Evaluated from X-ray Diffraction Patterns, BET Values of
Aerogels with Different Degree of Sulfonation Prepared
from 1-2-Dichloroethane (DCE) and Chloroform

sulfonation degree  porosity  crystalline degree BET
solvent (S) (%) (%) (X-ray, %) (m*/g)
DCE 0 88 40 220
DCE 4 89 30 214
DCE 9.5 85 23 193
DCE 16 87 10 171
DCE 19 89 8 177
CHCI, 0 9”2 45 284
CHCl, 7.5 80 35 245
CHCl, 12 80 30 nd.
CHCl, 20.5 79 15 150
CHCl, 32 82 10 150

(column 3, lines 2—S) for aerogels with different degree of
sulfonation show that at least for sulfonation degree up to 20%,
the porosity of the sulfonated aerogels obtained from s-PS/
DCE gel is nearly equal to those of the corresponding
unsulfonated aerogels (i.e, nearly 90%, for the considered
solvent/polymer 90/10 ratio). Unlike DCE, a small decrease of
the aerogel porosity occurs when the sulfonation procedure is
carried out on s-PS gels in chloroform as can be seen in Table 1
(column 3, lines 8—12). For example, in this case, the porosity
of sulfonated aerogels for sulfonation degree S = 20.5% is 79%,
while the porosity of the unsulfonated aerogels is 92% as can be
seen in Table 1.

In this respect, it is worth adding that, when aerogels are
obtained from gels of sulfonated s-PS, a large and irregular
shrinkage of the aerogels is observed for sulfonated s-PS with
degree of sulfonation of 22%.%

Typical SEM micrographs of a unsulfonated aerogel and of a
sulfonated aerogel with a degree of sulfonation of 12% being
obtained from gels prepared in chloroform at C,, = 0.1 g/g are
reported in Figure 2A and B, respectively.

Figure 2 shows that the gel-state sulfonation procedure does
not modify the gel morphology, maintaining the typical
nanofibrillar morphology greviously reported for most
unsulfonated s-PS aerogels."®**** The morphololgy steadiness
was also observed for DCE-based aerogels as shown in Figure
S2 of the Supporting Information.

Structural Characterization of Sulfonated s-PS Aero-
gels. The X-ray diffraction patterns of unsulfonated and
sulfonated s-PS aerogels with a degree of sulfonation up to ca. S
= 20% being obtained from gel preparation and sulfonation

DOI: 10.1021/am507116e
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Figure 2. SEM micrographs of an unsulfonated aerogel (up) and of a
sulfonated aerogel with S = 12% (down) being obtained from gels
prepared in chloroform at C,, = 0.1 g/g.

procedure carried out with chloroform and DCE are reported
in Figure 3A and B, respectively.

We can observe that both unsulfonated aerogels present
strong reflections located at 20 (X-ray wavelength correspond-
ing to Cu Ka emission) 8.3, 13.5, 16.8, 20.7, 23.5° being typical
of the s-PS § nanoporous crystalline form.”® The degree of
crystallinity, as evaluated by subtraction of the amorphous halo,
for unsulfonated aerogels obtained in chloroform and DCE is
40% and 45%, respectively.

The X-ray diffraction patterns of sulfonated aerogels show
that all samples are semicrystalline, and in particular, the
diffraction patterns still present a diffraction peak located at 26
~ 8.3, which indicates the existence of the nanoporous delta
form in the sulfonated aerogels.

The diffraction patterns also clearly show a progressive
decrease of the degree of crystallinity with increasing the degree

of sulfonation (see Table 1, column 4). For example, while the
crystallinity degree estimated by subtraction of the amorphous
diffraction pattern is equal to 45% for the unsulfonated aerogel
obtained in chloroform (S = 0% in Figure 3A), it decreases to
30% for an aerogel with a degree of sulfonation of 12%.

It is also worth noting that the aerogels obtained with a
chloroform preparation procedure present a higher degree of
crystallinity than aerogels obtained from DCE.

Thus, an aerogel with S = 20.5% obtained with chloroform
(Figure 3A) presents a degree of crystallinity of ca. 15% while
the aerogel with the same degree of sulfonation being obtained
with DCE presents a degree of crystallinity of ca. 8% (Figure
3B).

FTIR spectra in the wavenumber ranges 1300—980 cm ™" and
590—480 cm™" of unsulfonated and sulfonated aerogels, whose
X-ray diffraction patterns are shown in Figure 3, are reported in
Figure 4.

As expected, a progressive increase of the 1126 cm™ (in-
plane vibrations of disubstituted aromatic rings)*® and 1007
cm™' (in-plane bending deformation of the aromatic ring
substituted with a sulfonic acid group)46 peaks with increasing
the aerogel degree of sulfonation is observed. It is also worth
noting that another IR band located at 1412 cm™’, absent in
unsulfonated s-PS and never described for sulfonated
polystyrenes, also increases with increasing the sulfonation
degree.

The FTIR spectra of unsulfonated s-PS aerogels obtained in
chloroform and DCE present infrared bands at 1277, 572, and
502 cm™' being characteristic of the ordered s(2/1)2 helical
conformation of the s-PS nanoporous ¢ crystalline form. It is
also worth noting that the absorbance of the characteristic
bands of the ordered helical conformation is higher for aerogels
obtained from chloroform than from DCE. This result is
consistent with the X-ray diffraction patterns reported in Figure
4.

The absorbance of these helical conformation bands
decreases progressively with increasing the degree of
sulfonation which indicates a decrease of the polymer fraction
with ordered s(2/1)2 helical conformation. However, this
decrease is much less pronounced that the decrease of the
crystalline degree evaluated from X-ray diffraction patterns. In
particular, for aerogels obtained with DCE, the X-ray diffraction
crystalline degree for the aerogel with § ~ 19% is ca. S times
lower than for the unsulfonated aerogel (40% vs 8%, Table 1,
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Figure 3. X-ray diffraction patterns (Cu Ka) of unsulfonated and sulfonated aerogels presenting different degree of sulfonation obtained using
chloroform (A) and DCE (B), for both gel preparation and sulfonation processes.
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Figure 4. FTIR spectra, in the wavenumber ranges 1430—980 cm™" (left) and 590—480 cm™" (right) of unsulfonated and sulfonated s-PS aerogels
exhibiting nanoporous crystalline § form obtained in chloroform (bottom curves) and DCE (top curves). Relevant absorbance peaks associated with
the crystalline (1277, 572, and 502 cm™") § form or with the sulfonation level (1126 and 1007 cm™) are also indicated. The degree of sulfonation,

evaluated by the elemental analysis, is reported near the curves.

column 4), while the normalized absorbance of the s(2/1)2
helical band located at 572 cm™" for the aerogel with S ~ 19% is
ca. 2 times lower than for the unsulfonated aerogel.

This difference can be explained by the formation of smaller
crystallites during sulfonation. As X-ray diffraction affords a
determination of long-range three-dimensional order while
infrared spectroscopy affords a determination of short-range,
conformational order, the degree of crystallinity evaluated by
FTIR spectroscopy is not affected by the dimension and the
perfection of the crystallites and thus is generally larger than the
degree of crystallinity evaluated by X-ray diffraction.”’

Thus, it is possible to conclude from combined FTIR and X-
ray diffraction analysis that (i) only s-PS chains of the
amorphous phase are sulfonated and (i) the sulfonation
leads to a decrease of the aerogel crystalline degree but there
are still a meaningful amount of small nanoporous o-form
crystals for degree of sulfonation as high as 20%.

Surface Area Characterization of Sulfonated Aero-
gels. The BET surface areas of aerogels determined from
nitrogen adsorption isotherms at 77 K are compared in Table 1
(column S) and in Figure S for unsulfonated and sulfonated
aerogels obtained from gels prepared in chloroform and DCE.

Figure S clearly shows that for aerogels, both from DCE and
chloroform, the BET decreases with the degree of sulfonation.

300

250

200

BET (m%/g)

0 1 1 1 1 1 1 1
10 15 20 25 30

Degree of sulfonation (%)

Figure S. Surface area (BET, m?/ g) of s-PS aerogels with different
degree of sulfonation obtained using chloroform (A) and DCE (M)
for both gel preparation and sulfonation processes.
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In s-PS samples with the 6 nanoporous crystalline phase the
BET values depend on the degree of crystallinity (i.e,, amount
of crystalline nanopores) but also on the apparent porosity (i.e.,
accessibility of the crystalline nanopores).

As mentioned above, the degree of crystallinity evaluated by
X-ray diffraction is underestimated when small crystallites are
present, and thus, the BET values cannot be directly correlated
to the crystallinity values reported in Table 1, column 4, which
have been obtained by the subtraction of the amorphous halo
from the diffraction pattern. The decrease of the BET values
observed for sulfonated aerogels is better correlated with the
decrease of the short-range conformational order measured by
FTIR spectroscopy. The better qualitative correlation between
the decrease of the BET values and the decrease of s(2/1)2
helical absorbance band is shown in Figure S3 of the
Supporting Information.

In particular for sulfonated aerogels obtained from DCE, the
apparent porosities for unsulfonated and sulfonated aerogels are
substantially unchanged (ie, P = 90%) and thus the BET
decrease should only be due to a decrease of the short-range
conformational order. As the absorbance of the s(2/1)2 helical
band located at 572 cm™" for the aerogel with S ~ 19% is ca. 2
times lower than for the unsulfonated aerogel, by considering
that the BET value of a s-PS aerogel with the same porosity but
without crystalline nanopores is ca. 65 m?/g,>’ the estimated
calculated BET value for the aerogel with S ~ 19% is ca. 150
m?/ g. This value is consistent with the BET measured value,
which is 177 m?/ g

For aerogels obtained from chloroform, the larger decrease of
the BET can be attributed to a decrease of both the crystalline
order and the apparent porosity.

Despite the progressive BET decrease with increasing
sulfonation degree, it is worth emphasizing that the innovative
sulfonation process reported here allows the preparation of
monolithic aerogels characterized by the nanoporous d-form, a
sulfonation degree larger than 30%, an apparent porosity of
80% and high BET values of ca. 150 m?/g.

Sorption Properties of Sulfonated s-PS Aerogels.
Water Sorption. Syndiotactic polystyrene is a completely
hydrophobic polymer while semicrystalline nanoporous s-PS
samples with a selective sulfonated amorphous phase presents a

DOI: 10.1021/am507116e
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highly hydrophilic amorphous phase and at the same time an
hydrophobic nanoporous-crystalline phase.

The different floating behavior of unsulfonated and
sulfonated (S = 20%) s-PS aerogels, when soaked in water is
shown in Figure 6.

Figure 6. Sulfonated (right) and unsulfonated (left) s-PS aerogels
immersed in water.

In previous reports,**** it has been shown that the solid-state

selective sulfonation of the amorphous phase in semicrystalline
films characterized by the nanoporous & crystalline form can
lead to hydrophilic films characterized by a high water uptake.
The liquid water uptake of sulfonated s-PS films and sulfonated
aerogels obtained from chloroform and DCE are compared in
Figure 7A.

We can observe that, as already observed with films, the
water uptake in sulfonated aerogels increases with increasing
degree of sulfonation. The larger water uptake observed with
sulfonated aerogels with respect to sulfonated films with the
same sulfonation degree is due to the highly amorphous porous
structure (i.e., mesopores and macropores) of the aerogels.

It should also be emphasized that only a small aerogel
swelling occurs during the water uptake. As an example,
aerogels with sulfonation degree of 20% have a volume change
lower than 10%.

Figure 7A also shows that the water uptake for aerogels being
obtained with DCE is larger than that for aerogels obtained
from chloroform. This result can be attributed to the higher
apparent porosity of the DCE-based aerogels but other aerogel
microstructure characteristics such as more uniform and smaller
pore4zize and higher degree of interconnections may also play a
role.

The water sorption kinetics at 0.8 water vapor activity for a
sulfonated film (S = 26%) and a sulfonated aerogel (S = 15%),
both obtained from chloroform, are shown in Figure 7B. The
reported curves clearly show that the aerogel presents a
sorption kinetic faster than for the film, despite of the lower
sulfonation degree. In particular, the water apparent diffusion
Fick coefficients (D,,), obtained from the slopes of the linear
region (Mt/Minf < 0.5) of the sorption curves,* of the
analyzed s-PS film and sulfonated aerogel samples are 3.9 X
10~ ecm?/s and 2.3 X 107° cm?/s, respectively.

It is worth noting that the observed value of the water
diffusion coefficient in sulfonated s-PS aerogels (S = 15%) is in
agreement with the apparent diffusion Fick’s coeflicients
commonly observed in polymeric hydrogels.*>*"

VOCs Sorption from Diluted Aqueous Solutions. The
sorption capacity of VOCs both from vapor phase or diluted
aqueous solutions in s-PS aerogels has been largely
investigated.'®*> 7>

In particular, the DCE sorption uptake from diluted aqueous
solutions has been extensively studied as a result of its presence
as pollutant in contaminated aquifers. Moreover, DCE is
characterized by a selective sorption of DCE trans conformer
into the s-PS nanoporous crystalline § form,*>* which allows,
from the infrared analysis of DCE conformers, a simple
quantitative evaluation of fraction of DCE sorbed in the
nanoporous crystalline § form (only trans conformer) or in the
amorphous phase (both trans and gauche conformers).*>**

FTIR spectra in the wavenumber range 1300—1100 cm™" of
a sulfonated &-aerogel with porosity P = 89% and S = 10%,
soaked in a 10 ppm DCE aqueous solution for different times,
are reported in Figure 8.

In these FTIR spectra, only the peak of the DCE trans
conformer at 1234 cm™ is present, while the peak of the DCE

L A
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E 500 0.8F D=ZS:1:)§Z:n’/sec Film
2 400 © 1)=4$1=02‘6%’/
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Figure 7. (A) Liquid water sorption, as a function of sulfonation degree, from s-PS nanoporous crystalline sulfonated monolithic aerogels obtained
from DCE (A), chloroform (O), and films (). (B) Water sorption kinetics at room temperature and at 0.8 water vapor activity, from a sulfonated
s-PS film with S = 25% and an aerogel with S = 15%, obtained from chloroform. Mt and Minf are the water uptake at time ¢ and equilibrium,
respectively, and L is the macroscopic thickness of aerogel.
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Figure 8. FTIR spectra of a sulfonated 5-aerogel with P = 89% and S =
10% soaked in a 10 ppm DCE aqueous solution for different times.

gauche conformer at 1284 cm™! is absent. This shows that most

DCE molecules are guest of the nanoporous ¢ crystalline
hase 552
phase.

From the absorbance peaks of the DCE trans conformer the
equilibrium uptake of DCE in the sulfonated aerogel with S =
10% was found to be 3.2 wt %. It is worth noting that this value
is somewhat lower than the equilibrium uptake for the
corresponding unsulfonated aerogels (ca. 5 wt %).>* This
decrease of DCE uptake can be correlated to the decrease of
the crystalline degree (Figure 3B and Table 1).

DCE sorption kinetics of §-form unsulfonated aerogels with a
porosity P = 90% and -form sulfonated aerogel obtained from
DCE with a porosity P = 89% and a degree of sulfonation S =
10% from 100 ppm (A) and 10 ppm (B) solutions, as obtained
by FTIR measurements, are compared in Figure 9.

We can clearly observe a significant increase of the sorption
kinetics for the sulfonated aerogel, and this increase appears to
be more pronounced when the VOC concentration in the
aqueous solution is reduced. Thus, for a 10 ppm solution, at
£'/2/L = 1000, which corresponds to a sorption time of ca. 3
hours with an aerogel of macroscopic thickness of 1 mm, the
sulfonated aerogel has already sorbed ca. 90% of its equilibrium
uptake (i.e., 2.9 wt % for an equilibrium uptake of 3.2 wt %)
while the unsulfonated aerogel has sorbed only 15% of the

equilibrium uptake (i.e., 0.75 wt % for an equilibrium uptake of
ca. S wt %). Thus, sulfonated aerogels are more efficient than
unsulfonated aerogels for short sorption times.

As already established in previous papers””*>* the kinetic
curves for guest sorption into the s-PS nanoporous crystalline
O-phase samples can be fitted by means of Fick’s model. The
apparent diffusivity constants (D,,,) obtained by the slopes of
the initial linear region of the sorption curves of unsulfonated
and sulfonated aerogels* are reported in Table 2 and added as
labels to the curves in Figure 9A and B.

Table 2. Apparent Diffusivity Constants at Room
Temperature and Equilibrium Uptake of DCE into s-PS
from Aerogel Samples Having Different Porosity and
Sulfonation Degree, for Sorption from Different DCE
Diluted Aqueous Solutions

P (%) DCE concn. (ppm) S (%) Dapp (cm?/s) DCE uptake (wt %)

90 100 0 2% 1077 7
89 100 10 2.1 % 107° 5.6
90 10 0 24 %1070 5
89 10 10 5.1 % 107¢ 32

It is clearly evident that the DCE apparent diffusivity
constant substantially increases after sulfonation of the aerogels.
In particular, the comparison of D, value obtained for DCE
sorption from 100 ppm aqueous solutions shows that for a low
sulfonation degree (S = 10%) the DCE sorption kinetics
increases by 2 orders of magnitude respect to unsulfonated
aerogel.

For a 10 ppm solution, we can observe that the DCE
apparent diffusivity constant of both sulfonated and unsulfo-
nated aerogels decreases with respect to the values obtained
with 100 ppm solutions. This diffusivity dependence from the
penetrant concentration is a typical feature of not extremely
diluted Fickian systems,*” which was already observed for the
chloroform vapors sorption in unsulfonated s-PS films.””

Nevertheless, the benefit of sulfonation is much larger for the
10 ppm DCE solution than for the 100 ppm ones, and the Dy,
value for a 10% sulfonated aerogel is more than 3 orders of
magnitude larger than a unsulfonated aerogel.

The observed increase of DCE diffusivity constants is closely
related to the fast water sorption in the hydrophilic sulfonated
amorphous phase of s-PS aerogels. In fact, due to the water

1.0 [P= 2.1x10"cm2/= ant ° A
u '<-)
08} ®
- m  sulfonated (S =10%)
£ 06 O not sulfonated
=
0.4
= D=2x10"cm’/s
0.2 100 ppm
0.0 1 1 '} 1
0 1000 2000 3000 4000
t"2/Ls"*/cm)

M¢t/Minf

5000

LOfF g gy "mm'm s B
[ o
08F D=5.1x10"cm’/s
m sulfonated (S =10%)
0.6 ° o not sulfonated
04}
0.2} 10 ppm
D=2.4x10"cm’/s

1000 2000 3000 4000 5000 6000 7000
t"*/L(s"*/cm)

0.0
0

Figure 9. Sorption kinetics at room temperature of DCE from 100 ppm (Figure A) and 10 ppm (Figure B) aqueous solutions for unsulfonated &-
form s-PS aerogels with P = 89% and sulfonated d-form s-PS aerogels with P = 85% and S = 10%. Mt is the amount of penetrant sorbed at time f,
Minf is the amount of penetrant absorbed at equilibrium, and L is the macroscopic thickness of aerogel.
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presence into the amorphous phase, the DCE sorption process
is no longer influenced by the DCE diffusivity in the
amorphous phase but instead depends only on the DCE
diffusivity in the water and in the s-PS nanoporous crystalline
phase, in which the DCE is absorbed.

In particular, the DCE diffusivity in water (1.05 X 10~ cm?
s7!') estimated by Hayduk and Laudie method™ should be
considered as the maximum limit of the DCE diffusivity into
the polymer when sorption occurs from aqueous solutions.
This value is very close to the observed DCE diftusivity for
sorption from 100 ppm DCE aqueous solutions.

B CONCLUSIONS

Sulfonated semicrystalline s-PS monolithic aerogels have been
prepared using a sulfonation procedure carried out on the gels
followed by a solvent extraction by scCO,. This innovative
sulfonation procedure allows the preparation of high porosity
monolithic aerogels with apparent porosity up to 90% and
sulfonation degree up to 30%. Moreover, as the polymer
amorphous phase is selectively sulfonated, s-PS aerogels with
nanoporous 6 crystalline phase are obtained. Thus, monolithic
aerogels with high BET values, in the range 250—150 m?/ g are
easily obtained, at least for sulfonation degree up to 30%.

Water sorption tests in these sulfonated s-PS aerogels show
fast sorption kinetics and high water uptake, associated with
reduced aerogel volume variation. In particular, aerogels with
sulfonation degree of 15% show water diffusivity comparable to
that observed in most common polymeric hydrogels and a
water uptake up to 600 wt %. s-PS films having similar
sulfonation degree, present water uptake and sorption kinetics
1 and 2 orders of magnitude, respectively, lower than for
aerogels.

DCE sorption measurements from aqueous diluted solutions
(10 and 100 ppm) have been carried out to investigate a
possible use of these innovative materials for water purification
applications.

DCE sorption tests of sulfonated s-PS aerogels with a
porosity P &~ 90% and a sulfonation degree S = 10%, show that
DCE equilibrium uptake is lower to the uptake of unsulfonated
samples (3.2 wt % vs S wt % for a 10 ppm aqueous solutions).
However, as sulfonated aerogels present much faster DCE
sorption kinetics than unsulfonated samples, the sulfonated
aerogels are more efficient in DCE sorption from diluted
aqueous solutions for short sorption times required for field
applications. In particular, the DCE apparent diffusivity
constant for a 10 ppm aqueous solution and a sulfonated
aerogel with P =~ 90% and S = 10% is more than 3 orders of
magnitude larger the DCE diffusivity constant for the
unsulfonated aerogel with the same porosity. Thus, as a result
of the faster kinetics, the DCE uptake in the sulfonated aerogel
is ca. 90% of its equilibrium uptake (i.e, ca. 2.9 wt % for an
equilibrium uptake of ca. 3.2 wt %) while the unsulfonated
aerogel, during the same time, has sorbed only 15% of the
equilibrium uptake (i.e., 0.75 wt % for an equilibrium uptake of
ca. S wt %).

This increase in sorption kinetic is due to high hydrophilicity
of the sulfonated amorphous phase, which allows a rapid and
direct contact between the DCE dissolved in water and the s-PS
nanoporous crystalline é phase and thus DCE sorption.

In particular, the observed DCE diftusivity for sorption from
100 ppm DCE aqueous solutions is very close to DCE
diffusivity in water which can be considered as the maximum
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limit of the DCE diffusivity into the polymer when sorption
occurs from aqueous solutions.
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