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The correlation between solvent treatment and the
microstructure of PAN-b-PEG copolymer membranes

Fuwei Lu, Ying Kong, Hongling Lv, Jingrong Yang and Zhaoxuan Feng

Block copolymer membranes consisting of thiophene-permselective components for use in gasoline desulfurization were
prepared by the copolymerization of polyethylene glycol (PEG) with acrylonitrile by water-phase precipitation copolymerization.
In this study, a solvent annealing treatment was applied to evaluate the microdomain orientation and the affinity between
polyacrylonitrile-block-polyethylene glycol (PAN-b-PEG) copolymers and solvents. Using atomic force microscopy, appreciable
microphase separation was observed in the PAN-b-PEG membranes. The affinity of the PEG segments and solvents was reflected
by the different sizes of the PEG domains. The sizes of the PEG domains grew gradually with solvent annealing treatments of
heptane, toluene and thiophene for all of the copolymers. Using phase separation by different solvent annealing treatments,
PAN-b-PEG could be used as a highly selective material for thiophene. This method can also be applied as an important
alternative to provide a semi-quantitative method for determining the adsorption properties of pervaporation membranes,

which cannot be evaluated by sorption experiments.
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INTRODUCTION

Pervaporation (PV) is a liquid separation process in which liquid is in
contact with the membrane at the feed side, whereas the permeate side
is kept dry and at low pressure.! The discriminating affinity that exists
between the feed components and the polymeric membrane results in
the partitioning of mixtures and separation.”? Many liquid organic—
organic mixtures have been successfully separated with the PV process,
such as in the process of gasoline desulfurization.>® In gasoline
desulfurization by PV, a non-porous polymeric membrane usually
serves as the separating barrier for the process.” When the membrane
is in contact with the gasoline feed, sulfur components can be
preferentially removed from the feed because of their higher affinity
with and/or their quicker diffusivity through the membrane.

In this technique, the polymer membrane is the central focus of the
research and development. The selection of the polymer material is
critical to the success of the PV separation.® Because gasoline desul-
furization is an emerging application of PV, the guidelines for
membrane material selection are crude, and predictive methods are
still under development. In a previous study of membrane material
selection, much attention was given to the relationships describing the
mass transfer properties of polymers.” The common approaches focus
on the use of empirical parameters, and the most widely used
parameters remain the well-known solubility parameters.!®!! Lin
et all>"1 investigated the PV characteristics of polyethylene glycol

(PEG) membranes on real gasoline desulfurization using the solubility
parameters theory. Qi et al'® evaluated the desulfurization perfor-
mance of polydimethylsiloxane membranes. Each studied membrane
showed sound separation performance; however, reports on the
sorption and transport behavior based on the solubility parameters
of the membrane material selection are insufficient. The sorption—
diffusion properties of membranes should be tested experimentally
before being installed in a PV unit.

Until recently, the sorption—diffusion information of the individual
penetrants has always been provided by sorption experiments.!” Our
previous work has reported the solubility and diffusion behavior of
typical gasoline components through PEG membranes by sorption
experiments.'8 The detailed study of the solution of gasoline molecules
on the PEG membrane has provided information that is helpful in
optimizing membrane performance, but sorption experiments per-
formed with immersion tests could not meet the accuracy of the
variation of the weight change, especially for polymers with good
solvent-resistance properties. For example, the fractional weight
change of the polyacrylonitrile-block-polyethylene glycol (PAN-b-
PEG) copolymer after being immersed in solvents is hardly measur-
able because of the small weight change that occurs after swelling in
gasoline components. In addition to the sorption experiments, the
solubility of PEG chains and gasoline components can also be
investigated by the morphology of PEG aggregations. When the
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interaction between the membrane and the adsorbing solvent is
important for separation, the nature of the solvent reveals informa-
tion about the membrane. Penetrants are widely used as probes to
infer the detailed structure of polymer systems.!*?’ However, there is
no direct method to evaluate the affinity between solvents and
polymers.

This paper attempts to correlate the selectivity of different gasoline
components with the morphology variation in the microphase separa-
tion of PAN-b-PEG block copolymers. The correlation between gaso-
line components and PAN-b-PEG block copolymers is determined by
solvent annealing experiments.

EXPERIMENTAL PROCEDURE

Materials

Two PEG samples with molecular weights of 2000 and 20000Da were
purchased from Shanghai Ace of reagents (Shanghai, PR China). Analysis-
grade acrylonitrile was purchased from Kermel Chemical Reagent (Tianjin,
PR China). Ceric ammonium nitrate was purchased from Shanghai Chemical
Reagent (Shanghai, PR China). Thiophene was purchased from Alfa Aesar
(New York, NY, USA). N,N-Dimethylformamide, toluene and heptane were
purchased from Sinpharm Chemical Regent (Hangzhou, PR China). All of the
solvents were used without further purification.

Polymerization

A series of PEG-b-PAN copolymers with various molecular weights of PEG
were synthesized by water-phase precipitation copolymerization using ceric
(IV) ammonium nitrate as an initiator. The methodology of copolymerization
can be found elsewhere.?1??

Film formation

The polymer was dissolved in N,N-Dimethylformamide to obtain a 1wt%
solution, which was then filtered through a porous polytetrafluoroethylene
membrane (with 0.25-um diameter pores). The films were prepared by spin
coating at 2000 r.p.m. for 30s on freshly cleaved mica plates after heating the
solution to its boiling point. After spinning, the films were first air-dried for
24h and then dried under vacuum at room temperature for another 12h.
The spun membranes were applied in solvent annealing experiments.

Characterization

The powdery copolymers were ground in an agate mortar, and their elemental
composition was detected by X-ray photoelectron spectroscopy. The X-ray
photoelectron spectroscopy was performed using a PHI5000C ESCA System
with a Magnesium KR X-ray source (1253.6¢eV) (PerkinElmer Inc., Waltham,
MA, USA). The X-ray gun was operated at a power of 250 W, and the
maximum voltage was maintained at 140kV with a detection angle of 54°.
The chamber pressure during analysis was ~ 1x 1078 Torr. Fourier transform
infrared (FT-IR) spectra of the copolymers were obtained on a Nicolet Avatar
370 FT-IR spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).

Solvent annealing experiment

The spun films were placed in an airtight vessel with 0.1 ml of single-
component gasoline at the initiation of the solvent annealing process. The
temperature of the model gasoline component’s vapor was kept at 333.15K for
2 h. After being exposed to model gasoline component vapor, the samples were
quickly removed from the vessels and dried under vacuum at room tempera-
ture. The samples were investigated with atomic force microscopy (AFM).

Sorption experiment

During the sorption procedure, single-component liquid sorption was mea-
sured by immersing membrane pieces of PEG in a solvent. The change in
membrane weight was determined.!® The constant, K, which depends on the
structural characteristics of the polymer and provides information about the
interaction between polymer and solvent, can be found using an empirical
formula.??
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Figure 1 X-ray photoelectron spectroscopy core level spectra of polyacrylonitrile-
block-polyethylene glycol copolymers.

Table 1 A summary of element weight percentages and PEG contents
in PAN-b-PEG copolymers

Weight percentage
of element (wt%)

Sample Molecular weight PEG in copolymer
number of PEG c 0 N (wt%)
1 2000 74.59 6.32 15.07 17.93
2 20000 78.71 5.46 15.83 15.02
3 2000 73.80 11.17 12.36 31.57

Abbreviations: PAN-b-PEG, polyacrylonitrile-block-polyethylene glycol; PEG, polyethylene glycol.

RESULTS AND DISCUSSION

Characterization of the PAN-b-PEG copolymers

Samples 1 and 3 are copolymers prepared with different PEG content
of PEG 2000. Sample 2 is the copolymer formed by the copolymer-
ization of PEG 20000 and acrylonitrile. Figure 1 shows the X-ray
photoelectron spectroscopy spectra of the elemental composition of
the PAN-b-PEG copolymers. In the case of the three copolymers, three
strong peaks at 285, 401 and 525eV were observed, which were
attributed to Cls, N1s and Ols, respectively. There were no foreign
element peaks found for any of the copolymers. The elemental
compositions of carbon (C), oxygen (O) and nitrogen (N) of all the
samples were calculated and are presented in Table 1. Because PEG is
the only source of oxygen for the synthesized copolymers, the
measurement of elemental composition provides valuable information
for calculating the weight percentages of PEG in PAN-b-PEG
copolymers. The PEG contents in samples 1 and 3 were 17.93 and
31.57 wt%, respectively. The PEG content in sample 2 was 15.02 wt%,
similar to the content of sample 1.

Figure 2 shows the FT-IR spectra of the studied copolymer
membranes. It can be seen that, as compared with the FT-IR spectrum
of PEG 2000, there is a series of new absorption peaks at 2246.89,
2937.56 and 1452.00cm™~! in the spectra of the copolymer mem-
branes. These peaks were assigned to v(CN), v,(CH,) and 6(CH,) on
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the polyacrylonitrile segment in the PAN-b-PEG block copolymers,
respectively. The difference of PEG content in the PAN-b-PEG
block copolymers can be fully embodied by the adsorption peak of
v(C-O-C) at 1109.78cm~'. The content of the C-O-C group
increases gradually from sample 2 to 1 to 3, which is consistent
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Figure 2 Fourier transform infrared spectra of polyacrylonitrile-block-
polyethylene glycol (PAN-b-PEG) copolymers.

with the elemental composition analysis of the X-ray photoelectron
spectroscopy spectra.

Film morphologies annealed by solvents

For a given system, a solvent that is appropriate for one block can be
classified as neutral, slightly selective or strongly selective, according to
whether it is appropriate for one block in copolymer, or a nonsolvent
for the other block. Thiophene, toluene and heptane serve as the
annealing solvents. Thiophene and toluene are good solvents for the
PEG segment in a PAN-b-PEG block copolymer. The PAN segments
are insoluble in all of the solvents. For a specific solvent, there are
visible differences in polymer-solvent affinity between the different
polymer segments. These differences might be related to the difference
in the affinity of the solvent to a specific block, especially to the PEG
segments.

The phase images of thin-films of the copolymer of sample 1 with
17.93 wt% PEG are shown in Figure 3. The microphase separation
morphologies of the annealed samples using gasoline components
under the same annealing conditions were investigated by AFM. The
micrographs demonstrate that the PAN-b-PEG membranes have
distinct phases of microphase separation, consisting of a PEG phase
and a PAN phase. Different groups have already demonstrated the
concentration of one block inside the holes triggered by the interac-
tion of the special segment with the solvent vapor. The light region is
the bulk PAN phase, and the dark region is the aggregation of the
dispersed PEG segments, displayed as holes in the AFM images.
In particular, there is no obvious phase separation by thermal
treatment in Figure 3a. On exposure to heptane vapor, the PEG chains
aggregate into the dark phase in Figure 3b. The dispersed PEG

Figure 3 Phase images of sample 1 annealed by gasoline components: (a) blank; (b) heptane; (c) toluene; and (d) thiophene.
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Figure 4 Phase images of sample 2 annealed by gasoline components: (a) blank; (b) heptane; (c) toluene; and (d) thiophene.

domains aggregated and made larger domains when the copolymer
membranes were annealed by toluene vapor. For thiophene vapor
annealing treatment, some of the PEG chains aggregated into pores
with an average diameter of about 350nm, a larger pore size than
samples annealed by heptane or toluene vapor. The size of the PEG
pores aggregated by solvent annealing may be related to the affinity
between the polymer and solvent. The image processing demonstrates
that the sizes of PEG domains grow gradually with solvent annealing
treatments of heptane, toluene and thiophene.

The influence of PEG molecular weight

Figure 4 is an AFM image of the surface topography of the annealed
membranes of sample 2. Figure 4a shows that the surface of the film is
smooth and featureless because of thermal annealing, indicating that
no microphase separation exists to form PEG pores at the film surface
after the formation of the layer. Rare pores of PEG domains on a
smooth background can be observed in Figure 4b, which was annealed
by heptane vapor. The larger sizes of the pores aggregated by toluene
vapor annealing and the selective swelling effect of the solvent vapor
lead to a rougher film morphology as compared with the films
exposed to heptane. In the presence of thiophene, the swollen PEG
chains become more mobile and can more easily reorganize them-
selves, and the PEG domains migrate together to form larger aggrega-
tions, as shown in Figure 4d. The image processing demonstrates that
the sizes of the PEG domains grow gradually with the solvent
annealing treatments of heptane, toluene and thiophene, consistent
with the results of the images of sample 1. Generally, the boundary
between the PEG aggregates and the bulk PAN regions becomes
unclear as the lengths of PEG chains increase from 2000 to

20000 Da with similar PEG content. This ambiguity might be due
to the fact that the PEG chains with a molecular weight of 20000 Da
are slower than the PEG 2000Da chains under the same solvent
annealing conditions; however, the reason for the aggregation of the
PEG clusters with thiophene vapor annealing treatment requires
further investigation.

The influence of PEG weight content

Figure 5 displays the phase images of thin-films of the copolymer of
sample 3 with 31.57 wt% PEG 2000. It can be seen that PEG segments
are highly dispersed in bulk PAN. When the film was treated by
thermal treatment or solvent annealing, microphase aggregation
occurred. No obvious differences were observed between heptane
vapor annealing and thermal treatment without a solvent. The poor
affinity of heptane to both the PEG and PAN block should be noted,
which was consistent with the results of the images of samples 1 and 2.
The dispersed PEG domains aggregate and form larger domains under
toluene vapor annealing treatment. The hybrid structure of the
microphase separation morphology of the PEG domains with different
sizes might be a consequence of the affinity of the PEG domains with
toluene or the time limitation of 2 h. For thiophene vapor annealing
treatment, clear borders between the PEG and PAN block were
apparent in the images of films, which was different from the
morphology of samples 1 and 2. A smooth surface on the bulk PAN
phase can be observed because of the high aggregation of PEG blocks
by thiophene vapor annealing. On thiophene vapor exposure, the
crystallization of PEG segments can be obtained from the peaks by the
high aggregation of the PEG blocks. The surface morphology changed
from holes to island-like structures (with heights of around 4 nm),
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Figure 5 Phase images of sample 3 annealed by gasoline components: (a) blank; (b) heptane; (c) toluene; and (d) thiophene.

with an average number of islands or peaks similar to the number
of holes. The formation of islands as replacements for holes indicates
that the PEG block quantity increases substantially on the pore surface
on thiophene vapor annealing, because thiophene may significantly
swell the PEG blocks; however, the crystallization was not observed
in the samples subjected to heptane and toluene vapor annealing
treatment.

Pioneering work in exploiting solvent annealing by different gaso-
line components has demonstrated that various film morphologies
can be obtained by varying the annealing solvents. On the basis of the
effective interactions between the PEG and the other domains, a
possible mechanism of the morphologies formation has been sug-
gested. When the films are annealed under a saturated solvent vapor
environment, the top surface is cooled because of the evaporation of
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the solvent. The enhanced polymer mobility caused by the solvent
swelling can lead to a high degree of ordering in the film.?* However,
the ordering degree of the morphologies should be primarily deter-
mined by the species of the solvents and other annealing treatment
conditions. Toluene and thiophene are selective solvents for PEG
blocks. Under the saturated solvent vapor, the disordered phase of
the PEG blocks is highly swollen and is driven into a high degree of
ordering in the film. This scenario of the PEG aggressions annealed by
different gasoline components is illustrated schematically in Figure 6.
As the solvent evaporates, an ordering front will propagate into the
film, leading to a perpendicular orientation of PEG cylindrical
microdomains throughout the film. The crystal growth restriction of
the PEG blocks is a consequence of the formation of a glassy PAN layer
adjacent to the PEG chains. In this case, thiophene has prior affinity to
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Figure 6 Schematics to describe polyethylene glycol (PEG) domain
formation by solvent annealing treatments. PAN-b-PEG, polyacrylonitrile-
block-polyethylene glycol.

Table 2 Comparison on the selectivity of gasoline components and
PEG by solvent annealing treatment and sorption experiment

Annealing treatment

Size of  Statement Sorption experiments® polymer—solvent
Solvent PEG (nm) of PEG interaction value (K)
Blank 23 Highly dispersed —
Heptane 31 Highly dispersed 5.02
Toluene 299 Pores congeries 100
Thiophene 205 Highly aggregated 1000

Abbreviation: PEG, polyethylene glycol.
2The value of K was obtained from reference 18

PEG blocks and can reduce the restriction of PEG crystalline structure
formation.

Comparison with sorption experiment results

From the above surface topography discussions, thiophene was the
preferential sorption component in PEG blocks. To correlate the
selectivity of gasoline components and the morphology variation
of the PEG blocks, the difference in the constant polymer—solvent
interaction value (K) calculated by sorption experiments!® and the size
variation of the PEG pores of sample 3, treated under the same
temperature, are displayed in Table 2. The size variation of the PEG
pores demonstrates that the morphology of the microphase separation
is strongly dependent on the species of the gasoline components,
which show the same polymer—solvent interaction tendency of PEG by
the sorption experiments. The coalescence circumstance of multiple
small aggregations of the PEG domains with toluene vapor and the
affinity between toluene and PEG blocks affect the coalescence of the
PEG domains. The average diameter of the coalescence domains is
~299nm, more than 10-fold larger than the domains created by
heptane vapor annealing treatment. A variation of the K value similar
to that obtained by the sorption experiments could also be observed;
however, the arrangement of the PEG domains annealed by thiophene
vapor was more effective than that of other gasoline components,
showing no small PEG pores dispersed in the bulk PAN phase. The
lack of pores might be caused by the strong affinity of thiophene to the
PEG domains. The high value of K in the thiophene sorption
experiments showed the normal swelling properties of PEG mem-
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branes. Thus, the solvent annealing treatment could be used as a semi-
quantitative method for studying the adsorption properties of poly-
meric membranes, which could not be analyzed by sorption experi-
ments. As discussed above, PAN-b-PEG membranes were fabricated
for a desulfurization process by PV. Compared with the PAN-b-PEG
membranes, no permeate sample could be collected by the PAN mem-
brane without PEG blocks, which means that PEG microdomains
function as the permeate sample carrier. The selectivity factor of all the
samples was higher than 2.0 for thiophene in the gasoline component
mixtures,'> which resulted in PEG being the selective segment for
gasoline desulfurization in the copolymer.

CONCLUSION

In this work, the microphase separation of PAN-b-PEG copolymers
was investigated by solvent annealing treatment. The size of the PEG
domains grows gradually with the solvent annealing treatments of
heptane, toluene and thiophene for all of the copolymers. Thiophene
shows previous affinity to PEG blocks of PAN-b-PEG copolymers.
On the basis of the size variation of the PEG domains, this method can
be used as a semi-quantitative method to determine the adsorption
properties of the copolymer membranes. The PEG domains are key
components for gasoline desulfurization by PV processes. The mor-
phology of PEG aggregations annealed by the mixture of gasoline
components might be useful in further understanding the sulfur
removing process. The correlation between desulfurization perfor-
mance and membrane morphology should also be considered in
future studies.
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