Reactive and Functional Polymers 164 (2021) 104912

ELSEVIER

Reactive and Functional Polymers

journal homepage: www.elsevier.com/locate/react

=

REACTIVE &
FUNCTIONAL
POLYMERS

Contents lists available at ScienceDirect

Perspective Article

Check for

Development of terpene based sorbents via emulsion templating: Synthesis =

and swelling behavior

Burcu Kekevi® ', E. Hilal Mert”"

@ Yalova University, Yalova Community College, Material and Material Processing Department, 77100 Yalova, Turkey
® Yalova University, Faculty of Engineering, Department of Polymer Materials Engineering, 77200 Yalova, Turkey

ARTICLE INFO ABSTRACT

Keywords:

Terpene

p-Myrcene

High internal phase emulsion
Polymeric sorbent

Swelling behavior

Polymeric sorbent materials exhibiting excellent swelling capacity were developed using high internal phase
emulsion (HIPE) templating approach. Precursor HIPEs were prepared by using continuous phases that
composed of mixtures of f-myrcene (monomer) and 1,3-butanediol dimethacrylate (crosslinker). The influence
of f-myrcene concentration on the emulsion stability and crosslinking was investigated. Swelling behaviors of
resulting polyHIPEs in different solvents were studied. It was found that the maximum swelling capacities were

reached 713%, 667% and 310% in benzene, toluene and hexane, respectively.

1. Introduction

Marine oil spills are one of the most threatening pollution to ecology
and the environment. It is known that oil spills can cause serious dam-
ages on the health of marine creatures and humans [1,2]. Thereby, an
effective and fast removal approach is necessary to eliminate and
minimize the probable damages. For this purpose, several methods
including chemical treatment with demulsifiers or dispersants [3,4],
bioremediation with biological agents or microorganisms [5-7], and
physical treatment with absorbents [8-10] have been used by the sci-
entists. Among these, sorption is the most preferred one due to the ease
of applicability and is driving scientists to develop effective new sorbent
materials [11-13].

So far, scientists utilized several kinds of sorbent materials including
inorganic kinds [14-16], biobased materials [17-19], synthetic poly-
mers [12,13,20-22], and polymer composites that are combining inor-
ganic species with polymer matrices [23]. However, all the above-
mentioned sorbents have their own drawbacks. For instance, natural
inorganic materials exhibit poor oil/water selectivity and low oil ab-
sorption capacities, while biobased organic sorbents usually have poor
surface hydrophobicity, low removal efficiency, and buoyancy. On the
other hand, in most of the cases synthetic polymer-based sorbents have
poor biodegradability and biocompatibility [24]. Moreover, their rela-
tively high density as compared to oils causes submerge of the sorbent
material in the used environment during the utilization. Regarding to
properties and efficiency, excellent oil-sorption capacity, ease of
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preparation, sustainability and low fabrication cost are the most
demanded properties from a sorbent material [11].

In the last two decades, high internal phase emulsion templating
(HIPE) approach has been attracting interest of scientist for the prepa-
ration of highly porous monolithic polymers. A HIPE is a concentrated
emulsion consisting of minimum 74.05 vol% of internal phase. When
monomeric species are used for the preparation of a HIPE, polymeriza-
tion of the obtained emulsion leads the formation of polyHIPEs, which
are highly porous and low-density materials [25]. So far, various types
of polyHIPEs have been described by researchers for the sorption pur-
poses including synthetic polymer based polyHIPEs [26-28] and bio-
based polyHIPEs [29-32]. However, within our knowledge a terpene-
based polyHIPE sorbent has not been reported yet.

Terpenes are a highly aromatic class of compounds that determine
the scent of many herbs such as lavender, rosemary, citrus fruits. The
simple derivation of these bio-based organic compounds from the
essential oils of citrus and hemp plants has made terpenes one of the
most widely preferred sustainable materials in fragrances, cosmetics,
food, pharmaceuticals and inhalation products [33,34]. Due to the wide
availability in nature and inherent double bonds in the chemical struc-
ture of mono-, di-, tri- and other polyterpenes, the demand on the studies
on creating novel sustainably sourced polymeric products by using ter-
penes and terpenoids have been also increased lately [35]. In this
respect, we also focused on the development of terpene-based sorbent
polymers via emulsion templating approach. The depletion of fossil re-
sources has increased the importance given to the concept of
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sustainability and the focus of scientists has shifted to renewable
monomers, solvents and additives. Terpenes, which are widely found in
nature as different species, are stated as interesting renewable mono-
mers . Isoprene-like chemical structure of terpenes made these organic
molecules to be preferred especially in applications requiring elasticity.
Three double bonds present in the chemical structure of f-myrcene
provides relatively high reactivity to the structure, so that it can be even
polymerized at room temperature without using a polymerization
catalyst [36]. The functionality of the pendant double bonds in its
structure makes f-myrcene an alternative chemical that can be used in a
variety of applications. For instance, it has found use as a hardening
agent for polyurethane [37], raw material for disposable absorbent
materials [38], or pure polymers for biomedical applications [39] in
studies conducted so far. Despite so many studies focusing on the
polymerization of f-myrcene have been performed, free radical copo-
lymerization of this terpene in HIPE templates has not yet been studied
in detail.

p-Myrcene and ethylene glycol dimethacrylate (EGDMA) based pol-
yHIPEs [40] and polyHIPE/nanoclay nanocomposites [41] were first
synthesized by our group in the literature. By these studies, it was shown
that when the ratio of f-myrcene in the monomer mixture exceeded a
critical limit resulting polyHIPEs demonstrated an elastic behavior. In
addition, it has been observed that during the polymerization of these
precursor HIPEs, volume contraction occurs, resulting in cavities
collapsing and capillary channels remained behind.

Based on these premises, this work focused on the purpose of pre-
paring elastic polymer monoliths with excellent swelling behavior. For
this purpose, copolymerization of g-myrcene with 1,3-butanediol
dimethacrylate (BDDMA) was achieved in HIPE templates. Conse-
quently, polyHIPE sorbents with excellent swelling capacity were pre-
pared by implementing a bio-derived monomer. Resulting polyHIPEs
were prepared as the specifically designed materials for spilled oil re-
covery applications. To the best of our knowledge, these are the first
examples of f-myrcene based polyHIPE sorbents in the literature.

2. Experimental
2.1. Materials

p-Myrcene (technical grade, Sigma-Aldrich), 1,3- butanediol dime-
thacrylate (BDDMA; 95%, contains 200-300 ppm MEHQ as inhibitor,
Sigma-Aldrich), poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol) (Pluronic® L-121; Mn ~ 4400, non-ionic
surfactant, Sigma-Aldrich), sorbitane monooleate (Span® 80, non-
ionic surfactant, Sigma-Aldrich), potassium persulfate (KPS; >99.0%,
ACS reagent), calcium chloride hexahydrate (CaCly.6H20; 98%, Sigma-
Aldrich), benzene (anhydrous, 99.8%, Sigma-Aldrich), toluene
(>99.5%, ACS reagent), n-hexane (anhydrous, 99.5%, Sigma-Aldrich),
tetrahydrofuran (THF; anhydrous, >99.9%, inhibitor-free, Sigma-
Aldrich) were used as received. In all experiments ultrapure double
distilled deionized water was used.

2.2. Synthesis of terpene-based polyHIPE sorbents

Terpene-based polyHIPE sorbents were all prepared with 80 vol% of
nominal porosity. Accordingly, 40 mL of each HIPE was the aqueous
phase, while 10 mL was the continuous (external/oil) phase. HIPEs were
prepared by using a reactor system composed of a round bottom two-
necked glass flask equipped with an overhead stirrer and a peristaltic
pump. In a typical experiment, continuous phase was consisting
p-myrcene, BDDMA, Pluronic® L121 and Span® 80; while the internal
phase was obtained by dissolving 1 wt% of CaCl,.6H20 and 1 mol% of
KPS (regarding to monomers) in deionized water. HIPEs were prepared
under continuous stirring (@400 rpm). For this purpose, 40 mL of in-
ternal phase was dispersed in the continuous phase by using a peristaltic
pump at a pumping rate of 50 rpm. Once the addition of internal phase
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completed, stirring was continued for an additional 15 min in order to
obtain a homogenous dispersion of emulsion droplets. Afterwards, ob-
tained HIPE was poured into a glass flask and polymerized in an air-
circulated oven at 60 °C for 24 h. Thereafter, resulting cylindrical
monolith was removed from the glass flask and Soxhlet extracted by
using ethanol for 24 h, and dried in a vacuum oven at 40 °C until con-
stant weighing was available. In order to demonstrate the influence of
drying on the pore morphology, a series of polyHIPEs sorbents were also
prepared according to the given procedure above and freeze-dried.
During the experiments the ratio of f-myrcene to BDDMA was
changed between 85:15 and 99:1. In addition, total amount of the sur-
factants was corresponding to the 30 vol% of the continuous phase. The
ratios of the Span® 80 and Pluronic® L121 were determined based on
the volume ratios of the myrcene and BDDMA monomers in the
continuous phase, respectively. In the end, three different polyHIPE
sorbents were obtained by using five different precursor HIPE templates.
Resulting materials were named as PMBS-x, in where x is the formula-
tion number of the used HIPE template. Compositions of the emulsion
phases of the precursor HIPE templates are presented in Table 1.

2.3. Solubility test

The amount of soluble polymer parts in the resulting polyHIPEs was
determined by applying solubility test. In this respect, certain amounts
of polyHIPE sorbents weighed in a glass reactor, and 20 mL of THF was
added on. The mixture was stirred at room temperature for 24 h.

Table 1
Compositions of the emulsion phases of the precursor HIPE templates.

Emulsion Phase Composition Ratio (vol%) mmol
HIPE-1
External (Oil) p-Myrcene 85 49.35
BDDMA 15 6.70
Emulsifier ~ Span® 80 25.5 5.89
Pluronic® L121 4.5 10.29 x 1072
Internal Deionized Water (mL) 40
CaCl,.6H,0 (g) 0.40
KPS 5.99 x 10 ?mmol
HIPE-2
External (Oil) p-Myrcene 90 52.25
BDDMA 10 4.46
Emulsifier Span® 80 27 6.24
Pluronic® L121 3 6.85 x 1072
Internal Deionized Water (mL) 40
CaCl,.6H20 (g) 0.40
KPS 5.36 x 10~ 2mmol
HIPE-3
External (Oil) f-Myrcene 95 55.16
BDDMA 5 2.23
Emulsifier Span® 80 28.5 6.58
Pluronic® L121 1.5 3.43 x 1072
Internal Deionized Water (mL) 40
CaCl2.6H,0 (g) 0.40
KPS 6.61 x 10~?mmol
HIPE-4
External (Oil) p-Myrcene 97 56.32
BDDMA 3 1.33
Emulsifier ~ Span® 80 29.1 6.72
Pluronic® L121 0.9 2.05 x 1072
Internal Deionized Water (mL) 40
CaCl,.6H,0 (g) 0.40
KPS 6.74 x 10~?mmol
HIPE-5
External (Oil) p-Myrcene 99 57.48
BDDMA 1 0.44
Emulsifier ~ Span® 80 29.7 6.86
Pluronic® L121 0.3 6.86 x 1072
Internal Deionized Water (mL) 40
CaCl,.6H,0 (g) 0.40
KPS 6.93 x 10"?mmol
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Afterwards, samples were filtered, extracted with ethanol for 10 h and
dried under vacuum until constant weighing was available.

2.4. Characterization

Porous morphology of the polyHIPEs was characterized by scanning
electron microscopy (SEM; ZEISS Supra 40 VP, Germany). With this aim,
polyHIPE samples were coated with gold prior to analysis. The
Brunauer-Emmet-Teller (BET) specific surface area (8ggr) of the poly-
HIPEs was measured by using Micromeritics Gemini VII Surface Area
and Porosity Analyzer (Micromeritics Instrument Corporation, USA).
Measurements were performed after degassing procedure, which was
conducted at 100 °C for 24 h, under nitrogen flow on a degassing unit
(Micromeritics FlowPrep 060 Sample Degas Unit, Micromeritics In-
strument Corporation, USA). For each sample, Sggr was calculated as the
arithmetic average of 3 different measurements that were conducted by
using 3 different specimens.

Foam densities (pf) of the obtained polyHIPEs were determined ac-
cording to Archimed’s principle. For this purpose, an analytical balance
equipped with a density determination kit (Sartorius YDK01) was used.
For each sample, foam density was calculated as the arithmetic average
of 3 different measurements which were conducted by using 3 different
specimens.

Elastic modulus of the polyHIPEs was determined in terms of
compressive properties. For this purpose, stress vs. strain curves of the
monolith samples with the dimensions of ~1.5 cm x 1.0 cm were
recorded on a ZwickRoell 7020 Universal Testing Machine
(ZwickGmbH&Co.KG, Germany) equipped with a 10 kN load cell.
Elastic modulus of the samples was calculated from the stress vs. strain
curves by using testXpert II Testing Software (ZwickGmbH&Co.KG,
Germany). For each sample five different specimens were used in
compression tests, and polyHIPEs were tested without applying any
cutting or breaking operations.

2.5. Swelling behavior

Maximum swelling capacities of the polyHIPE sorbents were deter-
mined in different solvents. For this aim, benzene, toluene and n-hexane
were chosen as solvent media. In a typical swelling test polyHIPE sor-
bent sample was thrown into 20 mL of solvent at 25 °C, and the weight of
the sorbent was measured in constant time intervals, after the sample
was dried with a napkin. Once the constant weighing was reached
swelling capacities were calculated by using the following equation.

Swelling% = (Wmax—wo) x 100/wq M

where wpgy refers to the maximum weight of the polyHIPE sample
during swelling, whereas wy stands for the initial weights of polyHIPE
samples.

2.6. Reusability

In order to determine reusability of the polyHIPEs, certain weights of
polyHIPE sorbents was immersed in solvents and benzene/water
mixture and left in 24 h to reach maximum absorbance capacity. Then
polyHIPEs were removed by filtering and dried in a vacuum oven at
40 °C for 24 h to release the absorbed solvent. The absorption/desorp-
tion cycles were repeated 10 times.

3. Results and discussion

In order to implement high amount of a bio-derived monomer and to
obtain polyHIPEs exhibiting elasticity and high swelling capacity, the
ratio of f-myrcene in the continuous phase of precursor HIPE templates
were derived between 85 vol% and 99 vol%. Considering the different
polarities of f-myrcene and BDDMA a bisurfactant system was used to
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ensure the stability of precursor HIPE templates. In this respect, mix-
tures of Span® 80 and Pluronic® L121 were used in each formulation.
The ratio of the surfactants was determined based on the ratio of the
monomers in the oil phase by keeping the total surfactant concentration
constant. The stability of the obtained emulsions was evaluated at room
temperature and polymerization conditions. Accordingly, observations
regarding to emulsion stability are summarized in Table 2. It was
determined that using a surfactant mixture was very effective for
forming stable HIPEs of f-myrcene and BDDMA. Both at lower and
higher concentrations of f-myrcene same result was obtained in terms of
stability. On the other hand, HIPEs containing higher f-myrcene con-
centrations exhibited significantly high viscosity. When the g-myrcene
ratio exceeded 95 vol%, even continuing the stirring process became
quite difficult. For all precursor HIPEs stability of the emulsions was
maintained for more than 72 h at room temperature. Moreover, we did
not observe phase separation during polymerization period for any of
the HIPEs. However, in the end, HIPEs containing 97 vol% and 99 vol%
of p-myrcene were not crosslinked. Accordingly, solid monolithic
structures produced from HIPE-4 and HIPE-5 is non-existent; HIPE-4 and
HIPE-5 resulted in gel-like creams (Table 2). In addition, significant
volume shrinkage was observed during drying of the solvent extracted
monoliths that were produced from HIPE-1, HIPE-2, and HIPE-3. This
result could be explained by the reactivity of f-myrcene in the copoly-
merization medium. On the other hand, in free radical polymerization,
crosslinking is only formed through a polymer radical whose concen-
tration is fairly low and whose lifetime is very short. The existence of
other chains of different ages during its growth has a significant effect on
the kinetics of network formation [42]. On the other hand, since there is
a crosslinking density, distribution of crosslinking degree is different at
different domains of the polymer network [43]. In the copolymerization
of monomers having different degrees of water solubility it is possible to
observe inhomogeneous gels which contain different domains with
different degrees of crosslinking. This situation usually occurs due to the
combination of several parameters including the reactivity of the double
bonds in the monomers and the decreased reactivity of the double bonds
on the resulting polymer chains [42]. When a monomer unit is bound in
the polymer chain its reactivity may change due to chemical and/or
physical effects including steric hindrance and excluded volume effect.
It is also important to know which primary polymer molecule the
crosslinked divinyl monomer originally belonged to [43]. Accordingly,
it is possible that the resulting polymer network exhibited macroscopic
and microscopic inhomogeneities.

When copolymerization crosslinking of f-myrcene and BDDMA in
precursor HIPEs was initiated with water-soluble KPS, radicals are
generated in the aqueous internal phase upon the decomposition of the
initiator. Since only a small amount of f-myrcene was dissolved in the
internal phase, oligoradicals might have formed by the attack of initiator
radicals to p-myrcene in this phase and precipitated when they reach the
solubility limit. On the other hand, oligoradicals might penetrate to the
water/oil interface, which is the locus of initiation, and to the oil

Table 2
Emulsion stability and crosslinking situation of the precursor HIPEs.
p-myrcene: Stability@25 °C  Stability@60 °C  Crosslinking*®
BDDMA
HIPE- 85:15 >72h >24h +
1
HIPE- 90:10 >72h >24h +
2
HIPE- 95:5 >72h >24h +
3
HIPE- 97:3 >72h >24h -
4
HIPE- 99:1 >72h >24h -
5

" () crosslinked; (—): not crosslinked.
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macrophase. Since the oil phase is rich in f-myrcene and BDDMA, it is
expected that the polymerization is proceed in this phase. During
polymerization the rate of addition of f-myrcene units to the primary
radicals or the growing oligoradicals is different from the addition of
BDDMA units. Since -myrcene is highly reactive it tends to add its own
monomer during copolymerization reactions [44]. In addition to all,
despite f-myrcene has three double bonds, the resonance between the
conjugated bonds might also prevent formation of crosslinking between
p-myrcene and BDDMA [45]. On the other hand, previous findings of
Abraham and Kollarigowda [36] might also explain the polymer
network structure. Abraham and Kollarigowda reported that poly-
myrcene chains could easily form micro-crosslinks due to the unsatu-
rated bonds. Based on their findings, the degree of micro-crosslinking is
dependent on the concentration of f-myrcene and increases with the
increasing amount of it [36]. Accordingly, the final polymer micro-
structure is a result of monomer reactivity and total monomer amount in
the reaction system. At higher BDDMA concentrations macro-
crosslinked polymer network can be formed, while at lower BDDMA
concentrations the resulting polymer is composed of different domains
with low degree of macro and micro-crosslinks. Thereby, most of the
polymer network could be dissolve in solvents. However, low degrees of

(A)

Mag= 2.50 K X
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macro and micro-crosslinks could avoid fully collapse of the polyHIPE
structure. On the other hand, the reason why HIPE-4 and HIPE-5 was not
resulted in any solid polymer could be attributed to be the inhibition of
micro-crosslinking. Since the reaction medium was highly viscous in
these HIPEs, it is possible that either micro-crosslinking of the poly-
myrcene chains was not occurred due to the decreased diffusion of
growing chains.

Pore morphology of the obtained polyHIPE sorbents was investi-
gated by using SEM imagining. SEM micrographs are presented in Fig. 1.
However, the SEM images presented in Fig. 1 are not coherent with the
well-known hierarchical macroporous structure of polyHIPEs. The
morphology is more consistent with polyHIPEs where cavities collapse
during drying, which can be attributed to the low-crosslinking density
[46-48]. It can be seen by comparing the SEMs at low and high mag-
nifications given in Fig. 1A and B that collapsing of cavities accompa-
nied with the volume contraction of the monoliths lead to capillary-like
pores. The average sizes of these pores were calculated by measuring the
diameter of a minimum of 60 pores from the SEM image (Mag = 5.00 K
X) for each sample. The average pore sizes for PMBS-1, PMBS-2 and
PMBS-3 were found to be 0.52 + 0.03 pm, 1.10 £+ 0.04 pm and 0.65 +
0.04 pm, respectively.

(B)
Mag=5.00 K

~

ta\

Fig. 1. SEM images of the Soxhlet extracted polyHIPEs: (A) Images at low magnificaiton, (B) Images at high magnification. (a) PMBS-1, (b) PMBS-2, (c) PMBS-3.
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Collapse of well-known polyHIPE pore morphology can be attributed
to the presence of high amount of f-myrcene in the continuous phase of
precursor HIPEs and is consistent with our previous findings [40]. As the
amount of f-myrcene was increased, the degree of macro-crosslinking
might be decrease as explained above. Because of the low degree of
crosslinking, volume of the resulting monoliths was contracted after
solvent extraction and drying. Consequently, cavities were all collapsed,
and capillary-like pores arise due to the volume shrinkage. On the other
hand, as mentioned above micro-crosslinks might be the reason why the
polyHIPE structure is not fully collapsed.

In order to confirm that the resulting morphology was arise due to
the Soxhlet extraction followed by drying of the low-crosslinked poly-
mer network, a series of polyHIPEs that were synthesized by using
precursor HIPE-1, HIPE-2, and HIPE-3 formulations were freeze-dried.
SEM images of the freeze-dried samples are also presented in Fig. 2A.
It can be clearly seen from the SEM images of the freeze-dried samples
that the crosslinker amount has a significant influence on the formation
of open-porous morphology. As the ratio of f-myrcene in the HIPE
formulation increased and the ratio of the crosslinker comonomer
decreased the morphology was altered from open-cell to closed-cell. The
polyHIPE sample in which f-myrcene/BDDMA ratio is 85/15 was found
to be composed of cavities connected with pore throats. Although this
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example exhibits a limited openness, the sample with a monomer ratio
of 90/10 was found to have a completely closed-cell structure. More-
over, the cavities in the sample synthesized from HIPE-3 were found to
be collapsed completely. At this point, we should mention that apart
from the other two samples, this sample was in a sticky form at the end
of freeze-drying. In order to reveal the amount of soluble polymer parts,
freeze-dried samples were treated with a solvent (THF) for 24 h at 25 °C
and the weight loss of the samples were calculated. Accordingly, it was
determined that the percentage of weight loss for the freeze-dried
samples of PMBS-1, PMBS-2, and PMBS-3 after solubility test were
75.85%, 81.85%, and 73.21%, respectively. To demonstrate the influ-
ence of solubility test on the final pore structure of low-crosslinked
polymer network, morphology of these samples was also investigated
by SEM and presented in Fig. 2B. The images presented in Fig. 2B shown
that treating freeze-dried polyHIPEs with an organic solvent leads much
more open-porous structure. This result was demonstrated that, in
addition to removing soluble polymer from the resulting polymer
network, treating polyHIPEs with a solvent also benefits the removal of
the internal phase entrapped in voids during the formation of contin-
uous polymer film. On the other hand, this result is consistent with the
hypothesis suggested by Menner and Bismarck about the formation of
pore throats in HIPE templating [49]. It is known that pore structure of

-

1(.)“1]] Mag

Pt

Fig. 2. (A) SEM images of the freeze-dried polyHIPEs and (B) SEM images taken after solubility test of the freeze-dried polyHIPEs. (a) PMBS-1, (b) PMBS-2, (c)

PMBS-3.
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polyHIPEs is dependent on several parameters including surfactant
concentration, internal phase volume, emulsion stability, droplet size,
monomer composition, and polymer film formation. According to
Menner and Bismarck [49], aqueous phase droplets are entrapped
within the organic polymer films that formed between the adjacent
droplets during polymerization. The pore openings between the cavities
are formed during the purification step (Soxhlet extraction and vacuum
drying), as a result of the rupture of the thin polymer films around the
adjacent droplets while the aqueous phase is removed from the obtained
polyHIPE.

It appears that solvent treatment or Soxhlet extraction is still
required to obtain a more open structure in polyHIPEs with sufficient
crosslinking, even if the samples are freeze dried. On the other hand, it
can be said that the purification technique will not cause a significant
change in the pore structure of low-crosslinked polyHIPEs.

At this point, it was required to confirm the chemical structure of the
resulting polyHIPEs. To confirm the crosslinking reaction between
p-myrcene and BDDMA, chemical structures of the monomer, como-
nomer and resulting polyHIPEs were studied via FTIR and overlapped
spectrums are presented in Fig. 3. In Fig. 3, the peak at 3092 cm™! arise
from = C—H stretching of f-myrcene and it disappeared by polymeri-
zation. Consecutive absorption peaks appeared at 2970 cm™!, 2931
em™! and 2860 cm™! in the spectrum of p-myrcene correspond to
asymmetric stretching vibrations of —CHs, —CHy and —CH. These
peaks are observed as a broad band in the spectrum of polyHIPEs.
Conjugated diene structure of f-myrcene located in C;—C; and C3—C4
positions is verified by the peak appeared at 1594 cm™! in the spectrum
of f-myrcene. However, this peak is not so intense because of steric
hindrance caused by the conjugated double bonds. On the other hand,
not appearance of the absorption peak at 1594 cm ™ in the spectrums of
polyHIPEs can be attributed to the crosslinking reaction. Additionally,
the absorption frequencies at 890 cm ™~ and 988 cm ™! are because of the
sp? C—H bending of the double bonds of g-myrcene; while the former
corresponds to di-substituted diene structure, the latter corresponds to
mono-substituted alkene [50]. It was detected that the peak corre-
sponding to the di-substituted diene structure was also appeared in the
FTIR spectrums of polyHIPEs with a remarkably decreased intensity. On
the other hand, the peak corresponding to the mono-substituted alkene
structure was not observed in the FTIR spectra of the polyHIPEs. In
addition to all, the peaks appeared at 1637 cm ™! and 1718 cm™! in the
spectrum of BDDMA corresponds to the —C—C— stretching vibrations
and —C—O0 stretching of the monomer, respectively. It was also detected
from the spectrums of polyHIPEs that the peak corresponding to —C—0
stretching was appeared with a declined absorption frequency, while the

PMBS-3
PMBS-2
El PMBS-1
g " BDDMA
< ~
8 “
b= o
£ Tl oo
[7/] -
c ~
E L
e
W B-Myrcene
< (=23
© o 8
2[8 B
[--}

Wave number (cm'1)

Fig. 3. FTIR spectrums of f-myrcene, BDDMA, and PMBSx sorbents.
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peak corresponding to —C—C— stretching was found to be disappeared.
Consequently, FTIR results are demonstrating that the crosslinking of
p-myrcene with BDDMA was predominantly occurred via the mono-
substituted alkene structure.

The major advantage of using a comonomer having a spacer group is
the decrease of steric hindrance of conjugated double bonds and the
increase of polymerization ability of f-myrcene in the emulsion medium
[51]. There is also an additional advantage of copolymerizing f-myrcene
with BDDMA comonomer is that each monomeric unit contributes to the
chain flexibility. In here, although high ratio of volume contraction was
occurred in the resulting polyHIPEs, it was also observed that each
sorbent exhibits rubbery behavior and reversible elastic deformation. As
mentioned above, this result might mostly be attributed to the high
reactivity of f-myrcene against BDDMA. As a consequent, polymeriza-
tion of HIPE precursors resulted in polyHIPE sorbents with low ratio of
crosslinks were obtained, as with rubbers.

The influence of the monomer composition was also investigated in
terms mechanical properties. Mechanical properties of the obtained
polyHIPEs were investigated via compression tests. Elastic modulus (Ec)
of the samples that were determined from stress-strain plots were pre-
sented in Table 3, while the stress-strain plots were given in Supple-
mentary Information File (Fig. S3). In addition, the elastic behavior of the
obtained polyHIPEs can be clearly seen from the Supplementary Video
File. It was determined by the compression tests that the elastic modulus
of polyHIPEs was significantly decreased with the decreasing percentage
of comonomer (BDDMA). As the ratio of BDDMA descended, elastic
modulus of the polyHIPEs decreased, most probably due to the low
crosslinking density. According to Table 3, elastic modulus of PMBS-1,
PMBS-2, and PMBS-3 was found to be 431.50 kPa, 377.01 kPa, and
271.50 kPa, respectively. Although resulting polyHIPEs did not exhibit
high mechanical performance, these results are consistent with the
previously reported polymyrcene based polymers [55-57].

In Table 3, Specific BET surface area (8ggr) and foam density (ps) of
the resulting polyHIPEs tabulated. It was determined that obtained
polyHIPEs were exhibited similar foam densities which were below 1.0
g cm 3. However, Sggr values of the polyHIPEs were even found to be
lower than conventional polyHIPEs, which is not a surprising result
considering the final morphology of the materials [52-54]. According to
Table 3, specific surface area of the polyHIPEs was found to be decrease
as the ratio of f-myrcene increased. This result is consistent with the
pore morphologies of the resulting polyHIPEs.

Considering the highly flexible structure of the obtained monoliths,
swelling behaviors in different solvents were investigated. The swelling
of a gel can be defined as the compatibility of solvent molecules with the
polymer structure in solution. And generally, swelling occurs if the
solvent used has a similar polarity value to the polarity of the polymer
surface [58-60]. f-Myrcene is a highly hydrophobic molecule and pol-
yHIPE sorbents synthesized with high amounts of p-myrcene are
showing highly hydrophobic behavior. Due to their high hydrophobicity
of the polyHIPEs, benzene, toluene, and n-hexane were preferred as the
solvent media of swelling experiments. In addition, absorption capac-
ities were also investigated in benzene/water mixtures (4 mL benzene in
10 mL deionized water) to reveal the absorption performance of the
sorbents in aqueous environment. The absorption capacities of poly-
HIPEs in different solvents and benzene/water mixture are given in
Table 4. In addition, photographs of the polyHIPEs taken before and
after absorption (in toluene) are presented in the Supplementary

Table 3
Specific BET surface area (8pgr), foam density (pg), and elastic modulus (Ec) of
the polyHIPE sorbents.

Sper Mg pr gem > Ec (kPa)
PMBS-1 0.33 0.95 431.50 + 25.81
PMBS-2 0.10 0.94 377.01 +16.45
PMBS-3 0.04 0.95 271.50 + 12.37
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Table 4
Maximum swelling capacities of the polyHIPEs.

Toluen (%) Hexane (%) Benzene (%) Benzene/Water

(%)

PMBS- 713.86 &+ 309.76 &+ 667.18 & 623.45 + 18.61
1 19.25 18.79 29.76

PMBS- 573.12 + 245.3+16.38  570.67 + 484.53 +£10.25
2 41.58 10.97

PMBS- 418.50 + 179.5+12.38 434.19 + 413.32 £ 12.27
3 20.87 16.12

Information File (Fig. S1 and Fig. S2).

When the maximum swelling capacities of the polyHIPEs in toluene,
hexane, benzene, and benzene/water mixtures was compared, the order
of swelling was found to be PMBS-1 > PMBS-2 > PMBS-3. Meanwhile,
the amount of BDDMA in the monomer mixture of precursor HIPEs was
15 vol%, 10 vol%, and 5 vol% for PMBS-1, PMBS-2, and PMBS-3,
respectively. According to this result, polyHIPE which was obtained
by using the HIPE containing higher amount of BDDMA has the
maximum swelling capacity. This result is consistant with the literature:
It is known from the previous studies that acrylate monomers having
long-chain alkyl groups exhibit good affinity towards organic solvents
[61]. On the other hand, since the relative polarities of the solvents are
changing on the order of benzene > toluene > hexane, it was expected
that the solvent with highest polarity shows maximum absorption.
Interestingly, the maximum amount of absorption for the solvents was
found to be changed in the order of toluene > benzene > hexane for
PMBS-1, and toluene = benzene > hexane for PMBS-2. On the other
hand, maximum amount of absorption was changing in the order of
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benzene > toluene > hexane for PMBS-3. According to the swelling
capacities of polyHIPEs in benzene/water mixtures (Table 4), each
polyHIPE showed significant swelling also in the presence of water. The
maximum swelling capacities of polyHIPEs in benzene/water mixtures
was found to be 623.45%, 484.53% and 413.32% respectively for PMBS-
1, PMBS-2, and PMBS-3. These results suggest that the polyHIPEs can be
used in aqueous environment.

Based on the Flory’s swelling theory, the elasticity, affinity to solvent
and crosslinking density is the primary parameters that control the
swelling capacity of the sorbent materials [62]. In polyHIPE sorbents
composed of polymer chains with higher amounts of f-myrcene units
than BDDMA units, the elasticity of the material increased while the
crosslinking density is decreased. This situation has led to the formation
of polymer networks which are more prone to expansion. Contrary to
this, swelling capacity of the obtained polyHIPE sorbents was found to
be decrease with the decrease of the amount of crosslinker comonomer,
BDDMA. The reason of this diminishment in swelling capacity might be
attributed to the tight arrangement of f-myrcene units and the formation
of micro-crosslinked structure in the polymer network to constitute an
elastomeric structure [36].

In order to demonstrate the reusability of the resulting materials,
polyHIPEs were tested in absorption/desorption experiments through
10 cycles. The variation of maximum absorption capacities of each
polyHIPE sorbent during 10 cycles were demonstrated in Fig. 4. It can be
seen from Fig. 4 that each polyHIPE can be effectively used to remove
benzene through 6 cycles, toluene through 5 cycles, and hexane and
benzene/water mixture through 3 cycles. SEM imagening was used to
determine the pore structure of the polyHIPEs after 10 cycles of ab-
sorption/desorption tests. For this purpose, pore morphologies of the

Hexane
EPMBS-1 iZPMBS-2 ®PMBS-3

400

Cycle Number

Benzene/Water

EPMBS-1 ZPMBS-2 ®mPMBS-3
800

Cycle Number

Fig. 4. Aborption capacities of polyHIPEs at different absorption/desorption cycles.
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polyHIPEs that were used in toluene absorption were investigated and
SEM images are presented in Fig. 5. It can be seen from the images given
in Fig. 5 (a) and (b) that PMBS-1 and PMBS-2 exhibited small pores and
pore structure of these samples did not deformed during adsorption/
desorption cycles. On the other hand, Fig. 5 (c) reveals that the
morphology of PMBS-3, which has the lowest crosslinking degree, was
found to be significantly deformed.

Kinetic analysis of solvent absorption with polyHIPEs was also
investigated and absorption kinetics of the sorbents was presented in
Fig. 6. The given kinetic curves were obtained by plotting the absorption
capacity against the contact time of the polyHIPEs with the studied
solvents. When Fig. 6 is evaluated, it can be said that PMBS-1 sorbent
reaches saturation in 2 h, while PMBS-2 and PMBS-3 sorbents reach
saturation in 3 h and 7 h, respectively. It is also clear that the curves of
polyHIPEs remained constant until the end of the experiments after
reaching the saturation point.

In order to make a complete assessment of the absorption kinetics,
the kinetic data obtained experimentally was fitted into pseudo first-
order and pseudo-second order kinetic model by using the linearized

Fig. 5. SEM images of polyHIPEs after performing 10 cycles of absorption/
desorption in toluene: (a) PMBS-1, (b) PMBS-2, and (c) PMBS-3.
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pseudo-first order and pseudo second-order rate equations given in Egs.
(2) and (3), respectively [63].

In (g, —q;) = Inq, — kst (@3]

t/q!:]/(kZ q22)+t/qe (3)

where g, (g/g) and q; (g/g) are the absorption capacities at equilibrium
and time t (min), respectively. k; is the pseudo-first order and k is the
pseudo-second order rate constants. While, pseudo-first order kinetic
model was not to be fit with the experimental data, pseudo-second order
model was found to be in a good correlation with the experimental data.
The pseudo-second order kinetic plots of the solvent absorption of pol-
yHIPEs are presented in Fig. 7, while the kinetic parameters are tabu-
lated in Table 5. As can be seen from the given plots and the presented
kinetic data in the table, R-square (R2) values that are close to 1 is
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Table 5
Pseudo-second order kinetic parameters for the solvent absorption of polyHIPEs.
Solvent Rate Constant k; (g/g min) R?
PMBS-1 Benzene 0.0069 0.9215
Toluene 0.0080 0.9297
Hexane 0.0296 0.9379
PMBS-2 Benzene 0.0163 0.9961
Toluene 0.0867 0.9934
Hexane 0.0252 0.9859
PMBS-3 Benzene 0.0555 0.9992
Toluene 0.0181 0.9950
Hexane 0.1673 0.9987
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showing the good agreement between the kinetic model and the
experimental data. Considering the rate constants, it can be concluded
that the order of absorption rate was quite different for the polyHIPEs.
For PMBS-1 absorption rate was found to be change in the order of
hexane > toluene > benzene. On the other hand, the order of absorption
rate was respectively found to be toluene > hexane > benzene and
hexane > benzene > toluene for PMBS-2 and PMBS-3. In addition to all,
it was determined that the fastest absorption was carried out by PMBS-3
in hexane. In general, it is expected that the solvent which has the lowest
polarity absorbed faster [61]. Since the relative solvent polarities was
changing in the order of benzene > toluene > hexane, it is not surprising
that hexane being absorbed faster within the polyHIPEs. However, the
data obtained show that only PMBS-1 fits this order. In addition, it was
found that PMBS-1 exhibited slower absorption as compared to PMBS-2
and PMBS-3. When the polarity of the solvent is low, absorption process
is limited with the surface of the sorbent material and equilibrium is
reached fast, which means absorption rate is high. On the other hand,
when the polarity increased a two-stage mechanism is involved. In the
first step absorbent molecules interact with the surface of the sorbent,
then in the second step they diffused into the matrix. As expected, this
mechanism is slower but results in higher amount of absorption [61].

4. Conclusions

In this study, we reported the first examples of terpene-based poly-
HIPE sorbents in the literature to demonstrate the applicability in spilled
oil recovery. Sorbents were prepared by the copolymerization of
p-myrcene and 1,3-butanediol dimethacrylate (BDDMA) in water-in-oil
(w/0) type high internal phase emulsions (HIPEs). In this way, polyHIPE
sorbents were obtained by using up to 95 vol% pS-myrcene in the
monomer composition. We showed that pore morphology of the
resulting polyHIPEs was determined by the combination of several pa-
rameters including monomer composition and crosslinking degree. On
the other hand, we also demonstrated that mechanical processes such as
purification and drying have also remarkable influence on the formation
of pores. Thanks to the contributions of isoprene and BDDMA units to
chain flexibility, resulting polyHIPEs showed an elastic behavior. Due to
the hydrophobic nature of the sorbents and low-crosslinking degree as in
rubbers, the swelling capacity of the polyHIPEs was excellent against
toluene, hexane, and benzene. Conclusively, we showed that emulsion
templating can be used for the design of new sorbent materials by using
sustainable bio-derived sources.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.reactfunctpolym.2021.104912.
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