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ABSTRACT: Molecular sorption behavior of amorphous and
semicrystalline samples based on poly(2,6-diphenyl-1,4-phenyl-
ene oxide) (PPPO) has been compared. Fully amorphous
PPPO powders, as obtained by supercritical carbon dioxide
(scCO,) extraction of concentrated solutions, present uptake of
pollutants much higher than for commercial sorbent materials
based on semicrystalline PPPO (Tenax TA). Robust monolithic
aerogels with good handling characteristics can be easily
obtained by solvent extraction by scCO, from gels including
PPPO blends with syndiotactic polystyrene (s-PS). These
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monolithic PPPO/s-PS aerogels present many advantages as sorbent materials with respect to both amorphous and
semicrystalline PPPO powders. In fact, besides the obvious advantages in terms of easier and safer handling, the new monolithic
aerogels present higher surface areas and equilibrium guest uptakes.
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1. INTRODUCTION

Poly(2,6-diphenyl-1,4-phenylene oxide) (shortly indicated as
PPPO), which was patented in 1969,' has been mainly
developed with the trade name Tenax as a porous column
packing polymer for gas chromatography.” Indeed, PPPO is an
excellent porous adsorbent for the trapping of many types of
volatiles such as halogenated and aromatic compounds,®>
normal alkanes,>®” cycloalkanes,3 ketones,”>™” alcools,>>~7
and volatile fatty acids® mainly from air”*~” but also from
water.*

Moreover PPPO, generally provided in granular form, has
several attractive features for a use as a porous material in air
analysis: it is thermally stable (up to 350 °C for Tenax TA),®
presents a low water retention,” and is relatively resistant to
oxygen.” Thus PPPO is largely used as an adsorbent material in
standard methods for routine air monitoring® or for the study
of specific industrial emissions.'®”

Recently, for a structurally similar polymer, poly(2,6-
dimethyl-1,4-phenylene oxide) generally known as PPO, the
occurrence of nanoporous-crystalline modifications exhibiting
high guest solubility already for low guest activity, has been
established.">™'® In fact, semicrystalline samples of PPO
present particularly relevant transport properties, because
their nanoporous-crystalline phases present guest solubilities
and diffusivities even higher than those (already particularly
high)'”~>* of their amorphous phases.

Syndiotactic polystyrene (s-PS) is the only one other
polymer beside PPO for which the formation of two
nanoporous crystalline forms, called **** and &, has been
reported in literature. As for PPO, it has also been observed for
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s-PS that, for low activities, the sorption of volatile organic
compounds (mainly halogenated or aromatic hydrocarbons)
from air and water is higher in the nanoporous crystalline
phases than in the amorphous phase.”**’

Thus, as for most molecular sorption studies®”'°~'* PPPO
is used as a semicrystalline powder, the first aim of the present
study was to establish if the occurrence of a nanoporous
crystalline phase could be at the origin of the high sorption
properties of PPPO.

Aerogels constitute a unique class of materials, characterized
by a highly porous network making them attractive for many
applications such as thermal and acoustic insulation, capacitors
or catalysis.”®

Since the pioneering report of Pekala® it has been shown
that monolithic organic based aerogels can be easily prepared
from chemically cross-linked gels obtained with various
polymers such as polydimethylsiloxane,®® or polyimide.*!

Monolithic and robust aerogels, have been obtained also
from thermoreversible gels of crystallizable synthetic poly-
mers>>>® or biopolymers,”’ ° by sudden solvent extraction
with supercritical carbon dioxide (scCO,). The good handling
characteristics and the high diffusivities due to the presence of
macropores makes these monolithic aerogels very promising for
water and air purification, mainly when they are based on
polymers characterized by nanoporous-crystalline phases such
as s-PS or PPO.*™Y
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Hence, a second aim of the present study is to explore the
possibility to obtain PPPO aerogels, in the attempt to improve
the already high sorption capability of this polymer.

2. EXPERIMENTAL SECTION

2.1. Material and Sample Preparation. Poly(2,6-diphenyl-1,4-
phenylene oxide) used in this work was purchased from Sigma Aldrich
(Tenax TA 60—80 mesh) and syndiotactic polystyrene was
manufactured by Dow Chemicals under the trademark Questra 101.
BC nuclear magnetic resonance characterization showed that the
content of syndiotactic triads was over 98%. Weight-averaged and
number-averaged molecular masses were found to be M,, = 320 000 g
mol™" and M,= 82 000 g mol™". Solvents were purchased from Aldrich
and used without further purification.

All gel samples were prepared with chloroform in hermetically
sealed test tubes by heating the mixtures at ca. 140 °C until complete
dissolution of the polymer and the appearance of a transparent and
homogeneous solution had occurred. Then the hot solution was
cooled down to room temperature where gelation occurred.

The total polymer concentration and the polymer weight ratio were
set by weighting the solvent and both polymers. All gel samples
prepared to get the aerogels were prepared at a total polymer
concentration C,; = 10 wt % with C, = 100m,q1e,/ (mpolymer +
Mgorent) Where oy and my, are the masses of the polymers and of the
solvent, respectively using c.a. five mL of chloroform for the gel
preparation.

Solvent was extracted directly from the gels with a SEFX 200
supercritical carbon dioxide extractor (ISCO Inc.) putting the samples
in a 10 mL cartridge. The extraction was carried out using the
following conditions: T = 40 °C, P = 250 bar, extraction time ¢ = 300
min. The operative pressure conditions were reached in less than 1
min. During the extraction the CO, flow rate was set at ca. 2—3 mL/
min and after solvent extraction the sample cartridge was slowly
depressurized at a flow rate of 2 mL/min before removal from the
extractor.

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

/)aPP
P=1001 - —
ppol

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.

2.2. Techniques. Wide-Angle X-ray Diffraction (WAXD). X-ray
diffraction patterns were obtained on a Bruker D8 automatic
diffractometer operating at a step size of 0.03° a rate of 164 s/step
and with a nickel-filtered CuKa radiation. Diffraction patterns of
aerogels were obtained with cylinder-shaped samples, with a thickness
of 2 mm.

The degree of crystallinity of the samples was evaluated from X-ray
diffraction data applying the standard procedure of resolving the
diffraction pattern into two areas corresponding to the contributions of
the crystalline and amorphous fractions for the 26 range 6—35°.

VOC Sorption Experiments. The VOC vapor sorption measure-
ments have been carried out at 35 °C with a VTI-SA symmetrical
vapor sorption analyzer from TA Instruments. The equilibrium criteria
used for the measurements were a weight uptake of 0.01% in S min
with a maximum equilibrium time of 240 min.

The VOC equilibrium uptakes from diluted aqueous solutions have
been determined at 20 °C after c.a. four days of sample immersion in a
1 L solution being maintained under stirring. The weight gain of
samples was obtained by thermogravimetric measurements (TGA)
performed with a TG 209 F1 from Netzsch after accurate samples
wiping. A 10 mL/min nitrogen flow and a 10 °C/min heating rate
were used for all the measurements.

5494

SEM. The internal morphology of the aerogels was characterized by
means of a LEO 1525 Field Emission Scanning Electron Microscope.
Samples were prepared by fracturing small pieces of the monoliths in
order to gain access to the internal part of the specimen. Before
imaging, all the specimens were coated with gold using a VCR high
resolution indirect ion-beam sputtering system. The samples were
coated depositing approximately 20 nm of gold.

Porosimetry. Surface area and pore volume were obtained by N,
adsorption measurements carried out at 77 K on a Micromeritics
ASAP 2020 sorption analyzer. All the samples were outgassed for 24 h
at 30 °C before the analysis. The specific surface area of the 4golymers
was calculated using the Brunauer—Emmet—Teller method.

3. RESULTS AND DISCUSSION

3.1. PPPO Powders and Films. The as-received
commercial PPPO powder presents the X-ray diffraction
pattern shown in Figure 1A, typical of the known crystalline
phase’ with a degree of crystallinity close to 40%.
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Figure 1. X-ray diffraction patterns (CuKa radiation) of PPPO
samples: (A) as-received commercial semicrystalline powder; (B)
amorphous powder, obtained by scCO, extraction of a concentrated
solution; (C, D) amorphous films obtained by casting in CHCl, at (C)
135 and (D) 20 °C.

The X-ray diffraction patterns of powders obtained from a
concentrated CHCl; solution (C,, = 20 wt %) by scCO,
extraction and of films obtained by casting from CHCI;
solutions at 135 °C and at 20 °C, are shown in Figure 1B—
D, respectively. The three patterns present the typical PPPO
amorphous halo with two maxima,* which are however
centered at definitely different 20 values: at 8.6° and 17.3°
for the scCO, extracted powder while in the ranges 8.8—9.1°
and 17.7-18.0° for the films. The most dense amorphous
sample (corresponding to the pattern shifted at highest 26
values of Figure 1D) is obtained for the low temperature
solution casting procedure while the less dense amorphous
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sample (corresponding to the pattern shifted at lowest 20
values of Figure 1B) is obtained for the powder obtained by
sudden solvent removal by scCO,.

The samples of Figure 1 have been compared as sorbent
materials for carbon tetrachloride (CCl,) vapor at low activity.
The choice of CCl, as test pollutant is related to its very slow
degradation, leading to gradual accumulation in the environ-
ment.>°

Gravimetric CCl, sorption isotherms, at 35 °C and at
activities (p/p,) up to 0.2, are reported in Figure 2. For the
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Figure 2. CCl, sorption isotherms at 35 °C for PPPO samples: (A) as-
received commercial semicrystalline Tenax TA powder; (B) fully
amorphous powder, obtained by scCO, extraction of a concentrated
solution; (C, D) fully amorphous films obtained by casting in CHCI,
at (C) 135 and (D) 20 °C. The dotted curves with empty symbols (A’
and B’) indicate the sorption isotherms of the semicrystalline and
amorphous powders A and B after annealing at 220 °C.

entire CCl4 activity range, the equilibrium uptake from the
amorphous powder (Figure 2B) is much higher than from the
two amorphous films (Figure 2C, D) and also higher than for
the commercial semicrystalline powder (Figure 2A). For
instance, the equilibrium sorption at p/p® = 0.10 for the
amorphous powder is nearly 14 wt % while for the
semicrystalline powder is nearly 8 wt % and for the amorphous
films cast at 135 and 20 °C is lower than S5 and 1 wt %,
respectively.

The different values of the CCIl, sorption uptake obtained
with the cast films and the amorphous powder can be attributed
to the different density of the amorphous phases obtained in
the three samples. In fact the most dense sample (i.e., cast film
prepared at 20 °C) is characterized by the lowest CCl, uptake
(Figure 2 D) while the less dense sample (i.e., powder obtained
by scCO, extraction of a concentrated solution) presents the
highest CCl, uptake (Figure 2 B)

The guest uptake from the semicrystalline sample (Figure
2A), is roughly equal to 60% of the guest uptake of the
amorphous powder (Figure 2B), ie., close to the amorphous
content of the semicrystalline powder. This indicates that, as
generally occurs for polymers, guest uptake is essentially due to
only the amorphous phase and that, differently from the case of
PPO, the crystalline phase of PPPO is not nanoporous.

It is worth adding that annealing procedures on both
amorphous and semicrystalline samples, which do not alter
significantly their degree of crystallinity, can largely reduce the
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pollutant uptake. For instance, gravimetric CCl, sorption
isotherms, of the amorphous and semicrystalline powders of
curves A and B, after treatment at 220 °C (ie., glass transition
temperature of PPPO*®) for 240 min (reported as A’ and B’
curves, with empty symbols and dotted curves in Figure 2),
show a reduction of the guest uptake of roughly 40%. This
reduction of pollutant uptake is due to the expected
densification of the amor}zahous phases, occurring by thermal
treatments close to Tg.sl’S

Hence, our results indicate that the free volume of PPPO
amorphous phases is largely dependent on the preparation
procedure as well as on the thermal history and thus important
differences of the guest uptakes may be observed in amorphous
PPPO samples.

3.2. PPPO-Based Monolithic Aerogels. Physically cross-
linked aerogels are generally prepared by scCO, extraction of
thermoreversible physically cross-linked gels.>*~* PPPO is
easily dissolved in many organic solvents (e.g, CHCl;, CH,Cl,,
benzene) but all our attempts to obtain gelification on cooling,
at least for polymer concentrations <10 wt %, were
unsuccessful.

Unlike PPPO, syndiotactic polzlstyrene can readily form
strong elastic thermoreversible gels”*** in many solvents>® and
highly stereoregular s-PS can form thermoreversible gels for
concentrations as low as C,,; = 1 wt %.>° Thus, thermorever-
sible gels with PPPO can be also easily obtained for blends with
syndiotactic polystyrene (s-PS), even for PPPO/s-PS ratios as
high as 90/10 (Figure 3A). Moreover, as already observed for

(A)

Figure 3. Photographs of (A) a cylindrical 90/10 PPPO/s-PS gel, with

(B)

Cpot = 10 wt % and (B) the corresponding monolithic aerogel, with

porosity P = 90% as obtained by scCO2 drying .

PPO/s-PS gels,45 robust monolithic aerogels with good
handling characteristics can be easily obtained from the
mixed PPPO/s-PS gels by sudden solvent extraction by
scCO, (Figure 3B).

Scanning electron microscopy (SEM) images of a 50/50
PPPO/s-PS aerogel are shown in Figure 4.

The SEM images clearly show that as previously observed for
PPO/s-PS areogels,45 the typical fibrillar morphology of s-PS
aerogels‘m"%s’56 is maintained in PPPO/s-PS aerogels while
PPPO beads with diameter of 0.5—1 pm included in the fiber
network can be also observed. Thus, we can assume that the
maintenance of the s-PS fibrillar morphology allows the
obtaining of robust monolithic PPPO/s-PS aerogels with
good handling characteristics.

X-ray diffraction patterns of aerogels obtained from physical
gels of s-PS and of 50/50 and 90/10 PPPO/s-PS blends, in
CHCl; and with polymer concentration C,, = 10 wt %, are
reported in Figure S.
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Figure 4. SEM images of a PPPO/s-PS aerogel with porosity P = 90% obtained from a 50/50 PPPO/s-PS gel prepared in chloroform with C, = 10

wt %, after complete solvent extraction by scCO2.
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Figure S. X-ray diffraction patterns (CuKa radiation) of aerogels as
obtained by scCO, extraction of gels in chloroform, with C,,; = 10 wt
%, of (A) sPS (nanoporous-crystalline § form) (B) s-PS/PPPO, 50/50
by wt; (C) s-PS/PPPO, 10/90 by wt. (D) For the sake of comparison,
the diffraction of an amorphous sample of s-PS is also shown.

The 50/50 PPPO/s-PS aerogel (Figure SB) presents, besides
other broader peaks, a diffraction peak at 20 = 8.3°
corresponding to the 010 reflection of the nanoporous &
phase of s-PS (Figure 4A).>> The 90/10 PPPO/s-PS aerogel
(Figure SC) only shows two broad amorphous halos, whose
maxima are slightly shifted to lower 26 values (8.5 and 17.2°),
also with respect to the high-free-volume PPPO amorphous
powder of Figure 1B. A comparison with the X-ray diffraction
pattern of an amorphous s-PS film,*”*® presenting the typical
halos roughly centered t 26 ~ 10° and 20° (Figure SD), clearly
indicates that this shift toward lower angles of the amorphous
halos of PPPO is not due to the s-PS blend component.

Adsorption—desorption N, isotherms (where the sorption is
expressed as cm’ of nitrogen in normal conditions per gram of
polymer), for the aerogels of Figure SA—C are compared with
those of the PPPO commercial semicrystalline powder, in
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Figure 6. The corresponding values for the total surface areas
Sger and total pore volume V,, are compared in Table 1.
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Figure 6. (A) Volumetric N, adsorption isotherms recorded at 77 K of
the commercial Tenax powder (blue squares) and of aerogels of s-PS/
PPPO 10/90 by wt (gray stars), s-PS/PPPO 50/50 by wt (red
diamonds), and sPS (nanoporous § crystalline form) (black circles).
Filled and empty scatters refer to the adsorption and desorption
branches, respectively. (B) Detail of the adsorption branch, for low
pressures.

Table 1. Total Surface Area (Szzr) and Total Pore Volume
(Vo) of Aerogels and Powders Based on s-PS and PPPO

samples  polymer composition (w/w) Sgpr® (m? g™') Vil (em’g™)

aerogels® s-PS(5-form) 290 0.31
PPPO/s-PS, 50/50 197 0.20
PPPO/s-PS, 90/10 47 0.04

powders s-PS(8-form) 43 0.10
PPPO 207 0.02

“Total area evaluated following the BET model in the standard 0.05 <
p/po < 0.25 pressure range. bTotal pore volume calculated as volume
of the liquid at p/p, = 0.90. “As prepared from chloroform gels with a
same polymer content (Cpol =10 wt %). “It is worth noting that as
already reported in ref 6, the measured specific surface area of PPPO is
lower than the advertised value of 35 m?/g.

It is apparent from Table 1 that both Sgpy and Vi, largely
increase moving from powders to aerogels. Relevant is the
increase of the surface area, by factors of roughly 2.3 and 10
moving from the PPPO powder to the 90/10 and 50/50
aerogels, respectively (3rd column of Table 1). This increase is
due to the s-PS d-form, which is characterized by nanopores
having the same volume of ca. 115 A3**

dx.doi.org/10.1021/am400592z | ACS Appl. Mater. Interfaces 2013, 5, 5493—5499
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CCl, sorption isotherms, at 35 °C and for p/p, up to 0.20,
are reported in Figure 7, for the aerogels of Figure S and
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Figure 7. CCl, sorption isotherms at 35 °C for the aerogels of Figure
3A—C: (A) s-PS, & form; (B) PPPO/s-PS 50/50 wt % (C) PPPO/s-
PS 90/10 wt %. For the sake of comparison, the sorption isotherms of
the (D) highly sorbent PPPO amorphous and (E) semicrystalline
powders of Figure 2 are replotted.

compared with those of the PPPO powders of Figure 2. It is
apparent that the PPPO/s-PS aerogels present CCl, uptake
much higher than for the most efficient PPPO powders. This is
only in part due to the higher sorption ability of the
nanoporous & form of s-PS (Figure 7A). In fact, the aerogel
containing only 10% of s-PS (Figure 7C), which includes a
negligible amount of nanoporous § phase (as shown by the
fully amorphous pattern of Figure SC), presents a guest uptake
roughly 30% higher than the best PPPO powder (Figure 7D).

Although the evaluated surface areas (Table 1) and the CCl,
equilibrium uptakes (Figures 7) are markedly larger for aerogels
than for powders, the sorption kinetics are similar. This is
shown, for instance in Figure 8, for the sorption kinetics relative
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Figure 8. Sorption kinetics relative to a sudden increase of CCl,
activity from zero up to p/p° = 0.01, for the PPPO/s-PS 90/10 wt %
aerogel (blue circles), for 5-sPS aerogel (green squares), for PPPO
amorphous powder (black triangles), and commercial PPPO semi-
crystalline powder (magenta squares).
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to a sudden increase of CCl, activity from zero up to p/p° =
0.01. It is apparent that the monolithic 90/10 PPPO/s-PS
aerogel (circles) maintains the fast sorption kinetics of fine
powders (triangles and stars) with a halftime for the
equilibrium lower than 15 min.

In this respect, it is worth adding that the monolithic s-PS
aerogel (squares in Figure 8), which exhibits the highest surface
area (Table 1) and the highest CCl, uptake (Figure 7), presents
a halftime for the equilibrium higher than 20 min. This slower
diftusivity of CCl, in s-PS samples can be easily rationalized on
the basis of attractive interactions of CCl, molecules in the
crystalline cavities of the ¢ form of s-PS, analogous to those
studied in detail for other chlorinated organic guests.sg_61

The same aerogels have been compared as for their ability to
remove pollutants being present in traces in water. For instance
for PPPO/s-PS aerogels, the equilibrium uptake of CCl, and
1,2-dichloroethane (DCE) from 10 ppm aqueous solutions are
reported in Figure 9, versus the PPPO weight percent. It is
worth noting that both the shape and the dimensions of the
aerogels were not modified when immerged in aqueous
solutions.

o]
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polymer)
EN

r DCE b

CCl,,DCE uptake (9/100g
N

90 100
PPPO wt% Composition Tenax TA
Figure 9. Equilibrium uptake (wt %) of CCl, and DCE from dilute
aqueous solutions (10 ppm) for PPPO/s-PS aerogels (as obtained
from gels with C,y = 10 wt %) vs the PPPO wt % composition. PPPO
rich aerogels are particularly suitable for removal of CCl, traces from
diluted aqueous solutions. Continuous lines are guide for eyes.

The uptake of CCl, by the PPPO/s-PS, 90/10 aerogel is
large (nearly 8 wt %) also higher than for the commercial
powder (7 wt %) and much higher than for the s-PS aerogel. In
fact, s-PS aerogels, which are highly efficient in the removal of
other similar organic guests, like DCE™ (red curve in Figure 9)
and in the removal of the same CCl, guest from vapor phase
(Figures 7 and 8), absorb a negligible amount of CCl, from
diluted aqueous solutions.

This is possibly due to the large hydration sphere®®* of this
symmetrical apolar molecule presenting highly polar C—Cl
bonds, possibly exceeding the size of the crystalline cavity of the
nanoporous & crystalline phase (115 A%).**

4. CONCLUSIONS

Depending on the preparation procedure, fully amorphous
PPPO samples with different amorphous halos indicating a
different free volume can be obtained. The CCl, sorption
measurements show that the guest uptake for fully amorphous

dx.doi.org/10.1021/am400592z | ACS Appl. Mater. Interfaces 2013, 5, 5493—5499
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powders, as obtained by scCO, extraction of concentrated
solutions, can be much higher than for commercial sorbent
materials based on semicrystalline PPPO (Tenax). Annealing
procedures on both amorphous and semicrystalline samples can
largely reduce the pollutant uptake, due to the densification of
the amorphous phases. Hence, the sorption ability of PPPO
samples is largely dependent on their preparation procedure as
well as on their thermal history.

The comparison of molecular sorption behavior of the
considered PPPO samples also allows to conclude that,
differently from the case of PPO and as generally occurs for
polymers, the guest uptake is essentially due to its amorphous
phase while its crystalline phase is not nanoporous.

Although PPPO does not form physical gels from diluted
solutions, gels can be easily obtained for blends with
syndiotactic polystyrene (s-PS), also for PPPO/s-PS ratios as
high as 90/10. These mixed gels lead to robust monolithic
aerogels by sudden solvent extraction by scCO,. SEM
experiments suggest that the obtaining of PPPO/s-PS aerogels
is due to the s-PS fibrillar morphology. The obtained aerogels
exhibit fully amorphous PPPO with a high-free-volume
amorphous phase. Moreover, s-PS rich (wt % > S0) aerogels
exhibit, beside a high-free-volume PPPO amorphous phases,
the highly sorbent nanoporous-crystalline & phase of s-PS.

Monolithic PPPO/s-PS aerogels present many advantages as
sorbent materials with respect to the commercially relevant
PPPO powders. In fact, besides the obvious advantages in terms
of easier and safer handling, the new monolithic aerogels
generally present higher equilibrium guest uptake and maintain
diftusivities similar to those of the powders. Volumetric N,
adsorption isotherms show that the surface area (Spgpr)
increases in the aerogels with respect to the powders, by
factors of roughly 2.3 and 10 for the monolithic 90/10 and 50/
50 PPPO/s-PS aerogels. Particularly interesting is the CCl,
uptake at low activities from the monolithic 90/10 PPPO/s-PS
aerogel. In fact, the CCI, uptake from vapor phase at p/p° =
0.01 (7.5 wt %) is nearly double than for the PPPO powders
(in the range 2.5—4.5 wt %), whereas the uptake from diluted
(10 ppm) aqueous solutions (8 wt %) is much higher than for
the s-PS aerogel (<0.1%).

The observed increases of surface area and of guest uptakes
in the aerogels, observed for the PPPO/s-PS aerogels with
respect to the powders, are in part due the presence of the &
phase of s-PS and to its crystalline nanocavities and in part due
to the less dense packing of the amorphous phase in the
aerogels. The whole set of results indicates that monolithic
PPPO-based aerogels are particularly suitable for efficient, easy,
and safe removal of pollutants from water and air.
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