eXPRESS Polymer Letters Vol.7, No.11 (2013) 885
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2013.85

Polymer Letters

Editorial corner — a personal view
Controlling properties by understanding polymer crystallization

M. Gahleitner”
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More than half of the thermoplastic polymers used
worldwide have a crystalline structure, making solid-
ification a complex process in which polymer micro-
structure, additives and processing conditions
together define the final optical and mechanical
properties. While standard differential scanning
calorimetry (DSC) or heat-stage microscopy with a
limited heating and cooling rate range have domi-
nated polymer studies for many years, conversion
processes became faster and faster. Now methods
have caught up, using nano-calorimetry for better
heat transfer and enabling up to 10° K-s! in cooling
and heating. This allows to study quenching effects
and the development of metastable crystal modifi-
cations, as in case of isotactic polypropylene (iPP)
or poly(ethylene terephthalate) (PET). Next steps
are increasing the possible pressure and deforma-
tion rate ranges into ‘realistic’ regions — also here,
instrumental challenges exist.

A better understanding of crystallization processes
enabled by better data allows better conversion
modelling. For injection moulding it is already
widely applied for optimizing geometry and param-
eters, even if often with unrealistic assumptions.
The situation is, however, worse for processes involv-
ing free surfaces like blown film or extrusion blow
moulding, where empirical rules still dominate indus-
trial practice. And, of course, the next step should
be to relate crystalline morphology to mechanics
with realistic structural models.

For years, iPP has been in the focus of polymer
crystallization. For some reasons it is a good ‘model
material’: Chain structure and molecular weight
distribution can be varied widely, in practice for
product design. iPP polymorphism has got more

diverse recently, the three forms of a-, - and y-iPP
being expanded by the trigonal d-form. And the
combination of moderately fast crystal growth at
large undercoolings together with the absence of
sporadic nucleation makes it an ideal material for
crystallization control by nucleating agents.

Other areas still need ‘elucidation’. For linear poly-
ethylene (HDPE) with its trickily high crystalliza-
tion rate, effects of high molecular weight fractions
and flow are getting attention recently. Effects of con-
fined crystallization in thin layers or small droplets,
as well as from solid glassy- or mesophase, need to
be studied. For polar polymers, there is an interac-
tion between crystallization and hydrogen bonds —
recently seen as a severe factor for iPP graft copoly-
mers of. And urgent is the problem of crystallizing
biopolymers like poly(lactic acid) (PLA), so far
limiting the applicability range. It will clearly be
necessary to improve the understanding of nucle-
ation options and the effect of chain disturbances
(in commercial PLA up to 3 mol% stereodefects)
on growth rate.
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Abstract. Poly(D,L-lactide-co-glycolide), PLGA, is a biodegradable polyester with high interest in medical industry, espe-
cially when zinc (II) 2-ethylhexanoate (ZnOct,) is used as catalyst substitute in polymerization processes as a substitute of
the toxic tin (I) 2-ethylhexanoate (SnOct,) together an initiator such as methanol to improve the reaction rate. This article
shows the optimization of the bulk copolymerization method by using a factorial design approach on three experimental
parameters: temperature (7), molar ratio monomers/catalyst (MC ratio) and molar ratio initiator/catalyst (/C ratio). Their
influence on mass conversion (X) and number-average molecular weight (M) was also discussed. Also it provides a useful
tool to select in a fast way the proper experimental conditions for the obtaining of this polymer as a previous stage in the
synthesis and impregnation of biodegradable scaffolds. This analysis revealed that the most relevant variable in the process
is the temperature, being desirable to use the high value (160°C) in order to obtain high values of conversion and molecular
weight.

Keywords: biodegradable polymers, poly(D,L-lactide-co-glycolide), bulk polymerization, optimization, response surface

methodology

1. Introduction

Polylactide (PLA), polyglycolide (PGA) and their
copolymer (PLGA) have been widely used as bio-
medical materials in absorbable sutures, orthopaedic
devices, tissue scaffolds or drug delivery [1-3].
These types of biopolymers can be synthesized by
direct melt polymerization of the hydroxyacids lac-
tic and glycolic acid, as well as by ring-opening of the
cyclic dimers lactide and glycolide (Figure 1). Ring-
opening polymerization (ROP) can take place by
cationic, anionic, coordination-insertion or enzymatic
mechanisms. The coordination-insertion method
has drawn the most attention and has been widely
employed due to advantages such as lower risk of
side reactions, higher molecular weights obtained
and easy control of the molecular weight [4, 5]. Tin
alkoxides and carboxylates have been usually used

*Corresponding author, e-mail: Juan.RRomero@uclm.es
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Figure 1. Chemical structure of cyclic dimers: (a) lactide;
(b) glycolide.

as catalysts for this mechanism, but the deposition
of toxic metallic residues, difficult to extract, into
the resulted polyesters becomes a severe drawback.
This fact explains the success of zinc octoate,
ZnOct, as a substitute [5—7]. The mechanism con-
sists in the conversion of ZnOct, into zinc alkoxide
by reaction with an alcohol added as an initiator.
The deliberate addition of a predetermined amount
of alcohol to the polymerisation medium is an
effective way to control the molecular weight by
the monomer-to-alcohol molar ratio [8]. Initiation
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Figure 2. Initiation with zinc-alkoxide formed via carboxy-
late-alkoxide ligand exchange reactions. R
denotes H or alkyl group, OctH is the 2-ethyl-
hexanoic acid, M is the lactide or glycolide mole-
cules and m is the polyester repeating unit [9]
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Figure 3. Ring-opening polymerization of lactones: lactide
and glycolide [8]

and ROP process is shown in Figure 2 and Figure 3
(8, 9].

In a previous study ZnOct, and methanol were
determined as interesting catalyst and initiator respec-
tively for the copolymerization of D,L-lactide and
glycolide [10]. One of the aims of this work is to
study the influence of different operational parame-
ters such as temperature (7)), molar ratio monomer
to catalyst (MC ratio) and molar ratio initiator to
catalyst (/C ratio) and their interactions in the copoly-
merization process and to carry out the optimization
using Response Surface Methodology (RSM) to
quantify the effect of main parameters and their
interactions on polymer variables such as mass con-
version (X) and number-average molecular weight
(M,) to produce suitable PLGA for subsequent use
in drug release. Moreover, the mathematical model
obtained provides a useful tool to select quickly and
effortlessly the proper experimental conditions to
achieve the desired properties of the polymer as a
previous step in the synthesis and impregnation of
biodegradable scaffolds [11, 12] without having to
carry out complex mathematical calculations based
on a rigorous theoretical model. Considering that this
work represents only a practical approach in order
to estimate the properties of the synthesized PLGA
for a further step of impregnation, the rigorous
study of the reactions that are taking place is not an
end in itself (unlike other specific mechanistic or
kinetic studies [10, 13—16]) so that this model of
‘black box’ is only a practical method to choose a
set of conditions for the polymerization process.

2. Experimental

2.1. Materials

Glycolide (G) (1,4-dioxane-2,5-dione; Purac Bio-
chem bv, The Netherlands) and D,L-lactide (L) (3,6-
dimethyl-1,4-dioxane-2,5-dione; Purac Biochem bv,
The Netherlands) both with a purity higher than
99.5%. Zinc octoate (ZnOct;) (zinc (II) 2-ethyl-
hexanoate; Nusa, Spain) with a metal content of
12%. Methanol anhydre (MeOH) (SDS s.a., Spain)
with purity higher than 99.85%. Potassium bromide
(KBr) (Sigma-Aldrich, Spain) with purity higher
than 99%, for FTIR measures. Tetrahydrofuran
(THF) (HPLC grade; SDS s.a., Spain). 1,1,1,3,3,3-
hexafluor-2-propanol (Sigma-Aldrich, Spain) with
purity higher than 99.8%. And n-hexane (analytical
grade; Brenntag Quimicas s.a., Spain). All products
were used as received.

2.2. Bulk polymerizations

All experiments were carried out in a set-up con-
sisting on a glass stirred-tank reactor with a volume
of 500 mL and put into a constant inert atmosphere
of nitrogen. The vessel was submerged into an oil
bath and heated using a hot plate. Temperature was
fixed by means of a temperature controller with a
sensor inside the reaction melted mixture. Samples
were collected along the reaction time through an
opening in the reactor cover.

In a typical experiment, the procedure took place as
described in [10] using a total monomer mass of
100 g, molar ratio D,L-lactide:glycolide (L:G) of
80:20 in order to get better control in the subse-
quent polymer degradation rate [17] and reaction
time of 3 h. All the experiments were carried out in
random order to avoid any kind of residual ten-
dency and minimize the effect of possible uncon-
trolled variables.

2.3. Polymer characterizations

2.3.1. FTIR

A Fourier transform infrared spectrometer (FTIR 16
PC, Perkin Elmer, Spain) was used to measure the
monomers ratio in polymer. All samples were dis-
solved in THF or 1,1,1,3,3,3-hexafluor-2-propanol
(THF-insoluble samples) with a concentration of
35 mg-mL~!, and were applied on potassium bro-
mide (KBr, standard infrared grade; Sigma-Aldrich
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Figure 4. FTIR spectra for commercial homopolymers of
glycolide, D,L-lactide, commercial PLGA 75:25
and synthesized PLGA 74:26

Quimica) pellets prepared by a manual hydraulic
press (Perkin Elmer, Spain) and heated in oven at
70°C oven 30 min to allow the solvent to evaporate,
leaving a solid film. Poly(D,L-lactide) and copoly-
mers of PLGA standards with different molar com-
positions of two comonomers (Sigma-Aldrich
Quimica) were used as reference for the estimation
of the comonomer ratio in the polymer taking into
account the absorption bands of CH, group
(1424 cm™) and CH (1452 cmi™!). Transmittance spectra
were recorded from 370 to 4400 cm™!. Figure 4
shows some examples of FTIR spectra with
assigned peaks.

2.3.2. GPC

The molecular weight distribution was determined
by gel permeation chromatography on a GPC chro-
matograph (Waters, Spain) equipped with two
columns (Styragel HR2 and Styragel HR0.5) and a
refractive index detector. Tetrahydrofuran (THF)
was used as eluent at 35°C (flow: 1 mL-min~'; injec-
tion volume of 100 pL). Samples were dissolved in
THF at a concentration of 1.5 mg-mL~"! and filtered
before injection (pore size: 0.45 um). Since no spe-
cific calibration was available, all measured molec-
ular weights are values polystyrene-equivalent val-
ues and can be used only as relative quantities.

2.3.3. Gravimetric analysis

A simple gravimetric analysis consisting in dissolv-
ing all monomer-impurified polymer samples, pre-
viously quantified, in THF and precipitating only
the polymer by the addition of n-hexane was carried
out in order to calculate the mass conversion of
each polymerization. The solid precipitate was fil-

trated under vacuum, drying in an oven at 70°C for
a minimum of 13 hours and until constant weight.

2.34. TGA

Thermogravimetric analysis was used in order to
verify the mass conversion data obtained through
gravimetric method. A TGA (TA Instruments, Q600)
with a refrigerated cooling system was used. Sam-
ple weights were between 3—10 mg and the meas-
ures were run in aluminium pans until 210°C (PLA)
or 250°C (PLGA) using a ramp of 40°C-min~'. The
TGA cell was purged with nitrogen gas flow of
100 mL-min~". To estimate the polymer amount, TA
Universal Analysis 2000 software was utilized.

2.4. Response surface methodology (RSM)
and statistical analysis

RSM is commonly used in the study of empirical
relationships between measured responses and inde-
pendent variables (also called factors), minimizing
experimentation and leading to correlations which
can be used for optimization purposes [18].

The effect of the operating variables in the copoly-
merization process (temperature, MC ratio and /C
ratio) and their possible interactions on the mass
conversion (X) and number-average molecular
weight (M,) as response variables were carried out
using a 23 full factorial design with two central
points. The levels of each factor are indicated in
Table 1 and were selected on the basis of prelimi-
nary studies of this polymerization system [10, 13—
15]. In order to allow a direct comparison of each
variable the independent variables were normalized
in the range —1 to +1 according to Equation (1):

_ 2()(1 B Xmin) 1
Xi - (Xmax - Xmin) - 1 ( )

where x; is the normalized value of variable X at
condition i, X; the dimensional value, and X,,;, and
Xmax represent the dimensional inferior and superior
limits, respectively.

A statistical analysis was performed for these
results using the commercial software Statgraphics

Table 1. Levels of factors in the experimental design

Factor Lower level Higher level
D +D
Temperature [°C] 120 160
Molar ratio monomer/catalyst 100 500
Molar ratio initiator/catalyst 0.5 2
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5.1 Plus (Manugistics, Inc. Rockville, MD, USA).
The analysis of variance (ANOVA) provided a study
of the variation present in the results of experiments
carried out and the test of statistical significance, p-
value, was determined according to the total error
criteria considering a confidence level of 95%. The
influence of a factor will be significant if the value
of critical level (p) is lower than 0.05; discarding the
meaningless parameters for p-values over 0.05 [19].
As a result of the RSM, an empirical model encom-
passing all the operating variables and their binary
interactions was calculated. Nevertheless, once the
factors with statistical significance in mass conver-
sion and number-average molecular weight were
determined, the rest of the meaningless information
was deleted from this model, obtaining new equa-
tions, for X and M, which fitted the experimental
data representing much correctly their scientific
meaning and avoiding fitting terms for discarded
variables or their interactions.

3. Results and discussion

As commented before, the effect of the operating
variables (7, MC ratio and /C ratio) and their possi-
ble interactions on the mass conversion (X) and
number-average molecular weight (M,) were stud-
ied using a 23 full factorial design. The standard
experimentation matrix is shown in Table 2.
Columns 2 to 4 give the variable levels coded in the
dimensionless coordinate while as columns 5 to 7
give the dimensional variable levels. Table 2 also
shows the experimental values obtained for the
selected responses (columns 8, 9, 11 and 12) together
with theoretical number-average molecular weight

(column 10) supposing activity of both active cen-
tres of Zn(Oct); and calculated according to the fol-
lowing Equation (2) [15]:
_ 1M, X%]
heoretical ~— 2 C 100

M, Mg 2)
where M/C is the molar ratio monomer to catalyst,
M, is the experimental number-average molecular
weight, X is the total monomer conversion and
Mycighted 18 @ weighted molecular weight for a
pseudo-monomer formed by a mixture of both co-
monomers, assuming that monomer mixture com-
position does not change along the reaction (80:20
for D,L-lactide and glycolide, respectively). So, for a
conversion of 100% Mineoreticai Should be 6900
approximately.

3.1. Statistical analysis in RSM: ANOVA test
and evaluation of the effect of curvature
The analysis of main effects and their interactions
for the chosen responses are shown in Table 3. Sta-
tistically significant effects are underlined accord-
ing to p-values calculated.
In order to obtain correlations to predict the
responses values along the interval studied, it is
necessary to evaluate the curvature and the effect of
curvature. Curvature (C) can be calculated as the dif-
ference between the mean value of the response ana-
lyzed considering all the experimental points (yy,)
and the mean value of the response analyzed con-
sidering only the central points (ymcp). Effect of
curvature (EC) is obtained through the Equation (3):

11
EC = ts\|~+ = 3)
N r

Table 2. Experimental matrix and results for the full 2 factorial design®

Run [OTC] M/C IC [of:] M/C I/C X " /1::0“ M[‘;;::(;‘l“]*“b PDI¢ ][j,/(];
1 -1 —1 -1 120 100 0.5 0.65 | 13700 4500 1.67 72:28
2 | —1 -1 160 100 0.5 0.87 | 22600 6 000 1.61 80:20
3 -1 1 -1 120 500 0.5 0.87 | 12900 | 29500 1.66 71:29
4 1 1 q 160 500 0.5 097 | 18600 | 33400 1.66 77:23
5 0 0 0 140 250 1 0.80 | 15500 | 13600 1.64 71:29
6 1 4 1 120 100 2 0.69 | 11100 4700 1.53 69:31
7 1 3 1 160 100 2 098 | 18000 6700 1.67 74:26
8 1 T 1 120 500 2 0.40 3600 | 13500 1.49 61:39
9 1 i 1 160 500 2 099 | 23600 | 33900 1.87 7327

10 0 0 0 140 250 1 0.78 | 14900 | 13400 1.85 73:27

Conditions for all experiments: Total monomers mixture weight, 100 g; molar ratio L:G = 80:20; stirring rate, 100 N; 7= 3 h.

"Miheoretical 18 the theoretical number-average molecular weight of PLGA and it has been calculated using Equation (2).

M
°PDI is the polydispersity index <PDI =—
the molecular weight distribution

v:) , necessary together M,, or M, to fully describe the morphology of the polymer chains in
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Table 3. Estimated effects, interactions and ANOVA analysis from 23 factorial design for the polymerization system

. . X M,

Factor of interaction Effects (£s) p-Value Effects (£s) p-Value
T 0.3 (£0.014) 0.0019 10375 (+424.264) 0.0042
M/C 0.011689 (+£0.014) 0.4603 —1575.47 (+424.264) 0.1433
1/C —0.011689 (£0.014) 0.0297 —2742.29 (+424.264) 0.0545
T-M/C 0.045 (+0.014) 0.0740 2475 (£424.264) 0.0670
T-M/C 0.14 (£0.014) 0.0085 3075 (+424.264) 0.0450
M/C-M/C —0.150563 (+£0.014) 0.0073 691.823 (£424.264) 0.4129
M/c1C 0.105 (x0.014) 0.1490 4075 (£424.264) 0.0664

Table 4. Curvature and effect of curvature calculated for
both responses

Curvature Effect of curvature
Ym Ymcp (©) (EC)
X 0.8025 | 0.79 0.0125 0.0706
M, |15512.5| 15200 312.5 2117.7129

where ¢ is the ¢ parameter from the Student’s t-dis-
tribution, s is the standard deviation, N is the num-
ber of experiments and r is the number of central
points.

According to Table 4 the effect of curvature was not
significant for any response. The lack of significance
of the curvature indicates the validity of the pure
design in the experimental range analyzed and shows
that linear terms and their interactions are enough to
describe the responses studied and, consequently,
quadratic terms are not necessary.

3.2. Mass conversion

From results in Table 2 and using RSM (Table 3),
the only factors affecting mass conversion are 7, /C
ratio, the binary interaction 7-/C ratio and the
binary interaction MC-IC ratio.

It can be concluded from the RSM that 7'is the main
effect and it is positive along the interval. Obvi-
ously the polymerization reaction rate follows the
Arrhenius Law and conversion increases for the
same reaction time at higher temperatures. For that
reason, in most of the experiments conversions
above 0.95 are reached at 160°C . However, for those

aetoooon~
coooooooo
BERRINBRE

experiments at 120°C conversion falls down because
the advance of the polymerization is much slower
and conversion is still quite low at three hours.

The IC ratio had a negative effect according to
Table 3. It can be explained taking into account that
the initiator acts also as chain transfer agent. Its
presence in the media favours the occurrence of ter-
mination reactions (chain transfer) which cuts the
growth of the polymer chain even though a signifi-
cant quantity of monomer remains in reaction
medium. The observed effect is that the conversion
decreases markedly. An excess of a chain transfer
agent like methanol in the medium [15], which cor-
responds with /C ratio = 2 produces an early decel-
eration of the conversion growth.

Since both effects are opposed and a binary interac-
tion 7-IC ratio exists (Figure 5a), the combined
effect of both produces different results depending
on the considered level. As previously commented,
temperature is the main effect according to RSM
analysis. For that reason at the higher temperature
level its effect on conversion prevail over the /C ratio
because although there is an excess of methanol
(initiator) in the reaction medium, the conversion
reaches elevated values in a very short period of
time. Nevertheless, for the low T level, the reaction
rate is not fast enough to stand out its effect over
higher values of /C ratio. As a result, the chain
transfer reactions become more noticeable than
polymerization reaction and the mass conversion

fnioooom-~
[=l=l=l=l=l=t=1=1~]
BRERINELB
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LB~ 0e WD
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100 200 300

08 IC
400 0.5
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Figure 5. Response surfaces plot showing the combined effect 7-/C ratio (a) and MC-IC ratios (b) on the mass conversion

as a result of RSM analysis
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decreases when /C ratio increases at this tempera-
ture.

Moreover, a binary interaction between MC-IC
ratios also exists. In this case, the MC ratio has not
signification and the results must be analyzed
together /C ratio. Figure 5b shows the combined
effect of both variables over the conversion. Mainly,
the effect of a decrease in MC ratio, and therefore
an increase in the quantity of catalyst added to the
system, is an increase of conversion since polymer-
ization rate is accelerated. Consequently, the effect
is similar to previous interaction: at low MC ratios
(high amount of catalyst in reaction medium) its
effect is stronger than the effect of chain transfer-
ence, so the mass conversion increases in all the
interval of /C ratios. When MC ratio is high (low
amount of catalyst) the chain growth is not so fast,
so high values of /C ratio (large amounts of methanol
which acts a chain transfer agent) produce a growth
ineffective an earlier step of polymerization and as
a consequence the mass conversion decreases.

As described before above, according to Table 4 the
effect of curvature was no significant, indicating the
validity of pure fractional design in the experimen-
tal range analyzed, so that second-order models
were not necessary to describe the process. Equa-
tion (4) that relates the mass conversion to the inde-
pendent variables can be expressed in the following
terms:

M
X=—0253 + 6.542:10*T + 2.932'10‘3'6

1 M I
+0.184'——1.625-1075-T-— —5.833- 10 * T-—

C C C
M I

M I
—-2.952:1073— -—+1.750-10">-T" 4

Cc C ccC @
where the values of all variables are specified in

their original units.

3.3. Number-average molecular weight
According to data shown in Table 2 and using RSM
(Table 3), the more influential factor on the molecu-
lar weight is T together to the binary interaction 7-
IC ratio. In this case, the effect of temperature is
also positive according to Arrhenius equation due to
an increase in the polymerization rate promotes the
chains growth and, consequently, their molecular
weight.

Analogously to the previous section and according
to Figure 6, the binary interaction 7-/C ratio has a

891
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Figure 6. Response surface plot showing the combined
effect of temperature together /C ratio on the
number-average molecular weight

similar positive effect in M, and X during the poly-
merization process. Comparing Figure 6 with Fig-
ure 5a, this similarity can be easily understood tak-
ing into account that a larger extension of the
polymerization can be evaluated through the mass
conversion (based on the ratio between the amount
of initiated chains in relation to the amount of unre-
acted monomer) or the molecular weight of the syn-
thesized polymer. At higher temperatures its effect
is more noticeable than the action of methanol as
chain transfer agent even when a large amount is
added to the system. Therefore, M, is always increas-
ing in all the interval of /C ratios. At low tempera-
ture, the tendency is the same although less marked
that for the case of mass conversion: reaction rate is
slower due to the Arrhenius Law and consequently
any reaction of chain transfer produced by methanol
(especially at higher /C ratios) stops the polymer-
ization. In this case, the decreasing of M, is minor
and for that reason the slope of the response surface
is less pronounced.

As it can be observed in Table 2, the experimental
M,, values resulted quite low in comparison to theo-
retical M in experiments with MC ratio of 500. A
possible explanation for these low molecular weights
could be in the few quantity of catalyst employed
that limits the conversion of zinc octoate into zinc
alkoxide for the initiation reaction (Figure 2). This
fact generates a competition between this reaction
and other secondary reactions (transesterification,
interesterification) that could be produced even by
impurities or humidity traces in the polymerization
mixture [20]. It would justify the negative influence
of MC ratio although it has not signification in the
statistical analysis. On the contrary, for experiments
carried out with MC values of 100 the quantity of
catalyst is not a limiting reagent in the reaction. In
this case, experimental M, values are significantly
larger than theoretical ones which means that only
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takes place the substitution of one carbolixate group
from Zn(Oct), for one methoxide group of initiator
[21].

Due to the lack of significance of the effect of cur-
vature, the fitting of data to a first-order model gave
as a result an empirical relationship between the
dependent variable M, and the independent vari-
ables described by the Equation (5):

M, = —21392.400 + 292.125'T + 68.720'%

+ 11 655'i— 0.540'T'M— 101.250'T’£
C C C

M I M1
- N777— —+ 0.679 T——
c C

cC )

where the values of all variables are specified in
their original units.

3.4. Equations fitting according the significant
effects and comparison of predicted
parameters with experimental values

Equations (4) and (5) have been considered as a

result of applying the RSM. Once they were calcu-

lated, the non-influential effects were deleted in

them and consequently changing into Equations (6)

and (7) respectively:

I
X=—0438 + 1.667-10>T — 0.551'6

1 M1
+ 4.667-1073-T E - 5.020'10°*T——

cc ©

M = — 2925 + 131.250' T — 14350'é

+ 102.500 ‘T'é 7)

05
0.44
0.31
0.24
0.14
0.04 0.g &P ! el

.
=0.11
=0.2+
=0.34

Residuals X
L ]
L ]

These new equations gave different predicted val-
ues which were compared with the experimental
ones according to Figure 7. Residuals of values given
by both models versus fitted values were graphi-
cally represented. As it can be appreciated, the val-
ues predicted with the Run 2 fitted the experimental
ones reasonably (the best accuracy was obtained
with the mass conversion model) and additionally
the scientific meaning with respect to the Run 1 was
improved. If the residuals of both Runs are ana-
lyzed, it can be appreciated that the variability of
the simplified model is slightly greater although the
tendency continues to be linear, the residuals are
quite symmetrical and there is no heteroscedastic-
ity. Therefore, the acceptance of the model has been
confirmed.

3.5. Global optimization of the polymerization
process

From previous results, the optimization of polymer-
ization process for variables X and M, cannot be
performed in a separated way due to different ten-
dencies in the effects of the studied parameters
depending on the range values. For that reason it is
necessary to optimize the values of 7, MC ratio and
1C ratio in order to select the best operation condi-
tions in the experimental range analyzed.

Regarding to the mass conversion of polymer, a
high value is desired since it minimizes the quantity
of unreacted monomer as potential impurity which
could perturb the drug release process. The appro-
priate conditions which achieve this criterion
included to work at high temperature (160°C) and to
use values of MC and /C ratios which do not pro-

=0.4+

-0.5

@ Run 1
o Run2

0.0
a)

Figure 7. Graphical representation of residuals given by both models versus fitted values for: (a) X; (b) M,. Empty circles

0.2

04 056
Predicted X values

0.8 10

mote the competition of the initiation step of poly-
merization with other ones and do no generate an
10000
7500+
5000+
=" 2500 . .
) . o -
ol . a8 00
E 0- o 0.« 33 2
& _2500- .
-5000-
75004 < Run1
® Run2
-10000 . , : :
0 5000 10000 15000 20000 25000

b)

Predicted M, values

corresponds to the first run of the model and filled circles corresponds to the second run

892



Cabezas et al. — eXPRESS Polymer Letters Vol.7, No.11 (2013) 886—894

excess of methanol that acts as a chain transfer
agent. Namely, values of 100 and 0.5 for MC ratio
and /C ratio respectively.

However, in relation to M, and according not only
to the specific polymer characteristics but their sub-
sequent use as biodegradable scaffold in controlled
drug release, it is not necessary to achieve its maxi-
mum value. Authors [22-25] use a wide variety of
values of PLGA molecular weight for this purpose,
although molecules of PLGA with molecular
weight values around 20000 seem to be suitable for
their use in controlled drug release [26, 27]. So as
long as a temperature of 160°C is selected, this tar-
get value is reached and any value of MC ratio or IC
ratio would be appropriate.

Finally, in order to determine globally the best oper-
ating conditions, it is necessary to consider copoly-
mer composition because it plays a relevant role due
to its influence to modulate the degradation rate of
the scaffold [17]. For this reason, this variable
should be taken into account. According to litera-
ture [22, 28, 29], L:G molar compositions of PLGA
of 50:50, 85:15 and 75:25 are widely used and
ratios around 75:25 are highly desirables since they
achieve high control on the degradation rates [17].
From Table 2, the experimental conditions which
accomplish all the previous requirements of mass
conversion, number-average molecular weight and
copolymer composition are: 160°C, MC ratio of 100
and /C ratio of 2, and they can be determined as the
optimal polymerization conditions.

4. Conclusions

RSM has been used in this work to screen variables
affecting copolymerization in bulk of D,L-lactide
and glycolide, to estimate the main effects caused
by these variables individually and by their interac-
tion and to develop an empirical model to optimize
the resultant copolymer in order to get the best
option for its subsequent use as tissue scaffold and
drug release device. This model provides a practical
tool in order to avoid a rigorous mechanistic study
of the polymerization in this preliminary step of the
research.

The regression models proposed to predict mass
conversion (X) and number-average molecular
weight (M,) were found to fit experimental data
properly after identified the experimental variables
statistically significant and simplified the model
only using them.

Temperature of 160°C and molar MC ratio and /C
ratio of 100 and 2 respectively were selected as the
optimal experimental variables in order to maxi-
mize the value of X and produce a relatively high
M, producing the appropriate PLGA for the subse-
quent stages of the synthesis of biodegradable scaf-
folds.
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Abstract. We present an alternative polymer modification of poly (propylene carbonate) (PPC). A conventional practice for
PPC melt processing is the melt — modification with maleic anhydride (MAH) — a di-carboxylic anhydride —. In our work,
PPC is melt-modified with pyromellitic di-anhydride (PDAH) — a tetra-carboxylic dianhydride — Using MAH modified
PPC as reference, the polymer degradation and the thermal and viscoelastic properties of the materials are studied. Both
anhydrides after their melt compounding have similar efficiency in the conservation of the molecular weight. Strikingly, the
use of PDAH is advantageous over MAH considering the improvement of the thermal stability, the decrease of the complex
melt viscosity and higher storage modulus (stiffness) of the modified PPC. It is speculated that the changes in the material
performance arise from the occurrence of long chain branching and non-covalent interactions from the PDAH modifier.

Keywords: mechanical properties, thermal properties, pyromellitic dianhydride, polymer stability, poly(propylene carbonate)

1. Introduction

The transformation of carbon dioxide as a low cost
monomer into useful materials like poly (alkylene
carbonates) for packaging and consumer goods, has
been globally proposed by industry and academia
as a contribution to the mitigation of the greenhouse
effect [1]. Poly(propylene carbonate) (PPC), the
most studied of these polymers, faces multiple chal-
lenges when it comes to material properties and
processing, in particular with respect to its mechan-
ical properties, warpage and polymer degradation
upon melting extrusion [2—5]. The esterification of
the hydroxyl end groups of PPC using i.e. maleic
anhydride (MAH), a dicarboxylic anhydride, has
proven successful to mitigate the thermal degrada-
tion via chain unzipping and minimize the loss of
molecular weight during extrusion [2—8]. Using
anhydrides containing three or more carboxylic
groups, like the tetra-carboxylic pyromellitic di-

*Corresponding author, e-mail: siw.fredriksen@norner.no
© BME-PT

anhydride (PDAH), has however not been reported.
In this short communication we want to report some
advantages found for PDAH over MAH as melt
modifiers of PPC, based on characterizations of the
polymer stability, and the viscoelastic and thermal
properties.

2. Material and methods

2.1. Sample preparation

PPC pellets (QPAC40 from Empower Materials,
USA) (4.8% propylene carbonate) were dried under
dry N, atmosphere at 25°C for 72 h prior to use.
PDAH (Cat. # 412287, Mw 218.32, 97%, Sigma
Aldrich, Germany) and MAH (Cat. # 63200, My
98.06, 99%, Sigma Aldrich, Germany). PPC pellets
(300 g) and anhydride powder (0.1, 0.5, 1.0 and
3.0 wt%) was premixed and fed in a Prism Euro-
lab16 twin screw compounder (Thermo Electron
Corporation, UK, Barrel D: 16 mm, L/D: 25, feed-
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ing speed: 2 kg/h, screw speed: 500 r.p.m, barrel
and die temperature: 140°C). The extrudate was
cooled by water, cut into pellets and dried under dry
Ny. The initial and final portions of the extrudate
were discarded and approximately 120 g of each
melt compounded recipe was collected.

2.2. Characterization methods

Rheology: Complex viscosity (n°), was measured
within the linear viscoelastic range using the Rheo-
metrics Scientific RDA II Analyzer, equipped with
plate-plate geometry (diameter 25 mm), on hot
pressed specimens (diameter 25 mm). Preheating
time of 200 s, frequency interval 0.06 to 15.85 rad/s
for isothermal/isostrain measurements at 140°C/10%
was used.

TGA: Thermogravimetric analysis thermograms
were recorded in a TGA Q500 instrument from TA
Instruments in accordance to ISO 11358, using
3 mm diameter disks approximately of 10 mg, cut
from plates 1 mm thick hot pressed at 150°C. Con-
stant flow of N, was used during 5 min purging
period and during the analysis. TGA runs were
recorded over a temperature interval of 25-425°C

using a heating rate of 10°C/min. The characteriza-
tions were made following the ICTAC guidelines
for data acquisition [9].

GPC: The molecular-weight distribution was deter-
mined by size-exclusion chromatography (SEC).
The analyses were performed in an Agilent PL-
GPC 50 equipped with a refractive index detector
and calibrated with narrow polystyrene standards
using THF as the eluent at 40°C (triplicate measure-
ments).

DMTA: Dynamic mechanical thermal analysis
characterizations were performed in a DMA Q800
from TA Instruments using a single-cantilever fix-
ture. Storage and loss moduli, £’ and E", were
measured within the linear viscoelastic range. The
scanned interval was —5 to 70°C using a dynamic
strain of 0.01% and a frequency of 1 Hz; the test
specimens were 2 mm x5 mm X 25 mm strips cut
from hot-pressed films at 150°C (triplicate meas-
urements).

3. Results and discussion
The characterization of anhydride melt modified
PPC (PPCMA: MAH modified, and PPCPA: PDAH
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Figure 1. Characterization of unmodified PPC and melt modified PPC with maleic anhydride (MAH) and pyromellitic
dianhydride (PDAH) at various wt% loadings. a) TGA: N, 10°C/min, 7]s¢, [°C]: temperature at 5 wt% loss,
Tions [°C]: temperature at the onset of the main thermal decomposition. b) GPC: M, [kDa]: molecular weight in
number, M,, [kDa]: molecular weight in weight. ¢) RDA: n*‘ 0.1 and 11*\10 [kPa-s]: complex viscosity at 0.1 and
10 rad/s. d) DMA: T, [°C]: glass transition temperature, £’ [MPa]: storage modulus at 20°C
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modified) by SEC, RDA, DMTA and RDA is shown
in Figure 1. Reference samples are unmodified PPC
(not extruded). The TGA parameters (Figure 1a)
show the expected increase in the thermal stability
for PPC after the addition of MAH and PDAH. At
the highest level of anhydride addition (3 wt%), Tjs,
decreases for both MAH and PDAH and 7)oy
increases steadily, clearly indicating the occurrence
of degradation via chain unzipping (ChUz) proba-
bly caused by the excess of acidity in the system.
This behavior at the 3 wt% level is consistent with
the drop in the molecular weight M, and M,, (Fig-
ure 1b), the decrease of the complex viscosity (0.1
and 11*|10) (Figure Ic), and the stiffness (£’ in Fig-
ure 1d).

The stoichiometric amounts required to complete
the end capping in both polymer ends correspond
approximately to 0.3 wt% loading for both anhy-
drides. Hence, a stoichiometric excess of acid equiv-
alents are present in most of the samples. Further, it
may be assumed that incomplete end capping hap-
pens in practice due to, e.g., short residence time and
incomplete mixing in the compounder. Therefore,
the improvement of properties approximately above
0.3 wt% anhydride are assumed to be explained
also by non-covalent interactions between the unre-
acted anhydrides and the polymer chains or among
unreacted anhydrides, e.g., hydrogen bonding and
other non-covalent interactions (vide infra).

One of the major concerns regarding PPC com-
pounding is the polymer degradation due to simul-
taneous thermal and mechanical (shear) degrada-
tion. Random chain scission (RCS) and ChUz of
freshly generated hydroxyl chain ends is commonly
evidenced in our work with end capped PACs. This

PPC

la)

Extrusion

e\

- MW loss
- Unzipping

MAH 1@

"'@
Extruded PPC HO O/'\J

shear dependent process affects in particular the
high molecular weight fraction of the polymer as
evidenced from the higher drop of M,, compared to
M,, (Figure 1b). Both anhydrides act as chain exten-
ders or chain healers as evidenced by the observed
mitigation of the molecular weight decrease, simi-
lar to previously reported for MAH [7]. The chain
healing process is depicted in Figure 2 and can be
described as follows: during PPC extrusion in the
absence of any anhydride, RCS occurs and new
hydroxyl end groups are generated (Figure 2a).
These end groups cause increase in the ChUz with
the concomitant formation of cyclic propylene car-
bonate (CPC). In the presence of a di or tetra car-
boxylic compound like MAH or PDAH (Figure 2b—
2¢), the hydroxyl ends react with the carboxyl
moieties in two ways. On the one hand, end capping
occurs for the free polymer ends thus reducing
ChUz in the conventional way. On the other hand, it
is suggested that the anhydrides participate in a
‘healing’ reaction that remedies the molecular
weight drop caused by the RCS. The chain ‘healing
efficiency’ is similar for both anhydrides as seen
from the similar values of M, and M,, at the same
level of anhydride. This fact suggests that the ester-
ification rate for the two anhydrides with PPC is
similar under the conditions used. The molecular
weight conservation can be expected at slightly
higher levels than 1 wt% of anhydride.

PPC containing CPC is soft since the latter has a
plasticizing effect. The polymer softness leads to
warpage and shrinkage of PPC items that have been
processed by conventional polymer converting tech-
niques like injection molding. Therefore, it is desir-
able to increase the polymer stiffness in order to

WOH
HO

[+] o
o}kjf ] 4 c)
il

- MW loss # ~MWloss ¥
- Unzipping ¥ — Unzipping +
—Branching !

Figure 2. Hypothetical reaction paths during reactive extrusion in absence of additives a), in presence of dicarboxylic
mono-anhydride (MAH) b) and tetracarboxylic di-anhydride (PDAH) c)
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counteract the relaxation of the built up internal
stresses in order to mitigate these phenomena. The
storage modulus (£'po), a measure of the stiffness,
shows that PDAH contributes to increased stiffness
(Figure 1d). The presence of more than two car-
boxylic groups in PDAH may allow the tethering of
multiple PPC chains to a single dianhydride mole-
cule (Figure 2c¢). Also, the slight modification of T,
that is observed follows the trend for £'p. It is
worthwhile to mention that the resulting modified
polymer samples are fully thermoplastic, and fully
soluble in acetone which allows discarding the
occurrence of strong crosslinking. Instead this behav-
ior suggests that the improved mechanical proper-
ties may arise from branching from at least three
PPC chains tethered to a PDAH molecule (Fig-
ure 2c¢). This hypothesis is also supported from pre-
vious work on chain extension in PLA in which the
addition of polyfunctional chain extenders with iso-
cyanide or epoxy moieties result in branched poly-
mer structures [10, 11]. Maleic anhydride rein-
forces the polymer at low loadings but softens the
polymer at higher level. The drop in stiffness with
increasing MAH loading is opposite to previous
observations [7]. In our work it appears that the
coupling of two maleate moieties which allows
branching and explains the increase of stiffness in
previous work [7] is a reaction of low significance.
The changes in £’y and T, could also be under-
stood as the result of a varying content of CPC in
the samples. However, when evaluating the CPC
content in the samples modified with 1.0 wt% of
PDAH and MAH, both show insignificant differ-
ences in the CPC level. This observation allows dis-
carding any significant effect of the CPC content in
the changes in £"j59 and 7, of samples modified with
similar levels of both anhydrides under discussion.
The characterization of CPC was done by 'H-NMR
however, for brevity, was not included.

When checking the DMA and TGA characterization
of samples, the dissimilar modification of the ther-
mal stability and stiffness may also be explained
from non-covalent interactions. Hydrogen bonding
has been reported to contribute to both perform-
ances in PPC [12, 13]. Also considering the pres-
ence of aromatic rings from PDAH, interactions
with the & electron cloud (m—carbonyl, m—carboxyl
or m—7 interactions [14]) could also be the origin of
the improvements observed in these properties. The

changes in Tjoys from TGA reveals the changes in
the ability of the polymer to undergo degradation
via RChSc. The samples modified by PDAH show
higher values in this parameter which is a sign of
different levels of thermal stabilization as the result
of the modification of non-covalent interactions.
The thermomechanical properties of PPC may also
be enhanced by the compounding with organic and
inorganic micro- and nanofillers. This commonly
results in a steep increase of the melt viscosity,
which affects the processing performance of the
resulting compounds. A lower melt viscosity of the
resin can be achieved by decreasing the molecular
weight, but this is most often undesired. Preferably,
the final molecular weight should be high while at
the same time decreasing the melt viscosity to facil-
itate processing. This type of performance is achieved
after the compounding of PPC with anhydrides,
evidenced from the drop of the complex viscosity
both at high and low shear (Figure 1c). Taking into
account the mitigation of the molecular weight drop
when increasing the anhydride loading (Figure 1b),
the observed decrease of the complex viscosity can
clearly not be linked to the decrease of the molecu-
lar weight. These facts allow speculating on the
polymer structural reconformation and/or the modi-
fication of the secondary interactions with the anhy-
drides.

4. Conclusions

The melt modification with multifunctional car-
boxylic anhydrides like PDAH is a useful tool in
high-shear melt processing of PPC. It is found that
this alternative compared to the modification with
MAH improves the stiffness, the thermal stability
and decreases the melt viscosity of PPC while miti-
gates the molecular weight drop caused by shear. It
is suggested that in addition to conventional end-
capping, branching due to the tethering of more
than two PPC chains to a single anhydride mole-
cule, and the influence of non-covalent interactions
may explain these results.
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Abstract. A facile process for in-situ modification of surface properties of Waste Expanded Polystyrene (WEP)/graphite
film produced by spin coating technique has been described. The additives undergo spontaneous surface agglomeration with
formation of islands of forest of flake structure during the spinning process. This results in polymer films with enhanced
roughness and highly hydrophobic surfaces. Wettability was analyzed using static water contact angle, surface morphology
was observed using atomic force microscopy (AFM) and field emission scanning electron microscopy (FE-SEM). The
polymer composite exhibited maximum water contact angle (WCA) of 129°. Surface texture reveals the variation of sur-
face roughness which enables anisotropic surface wettability property. The present work exhibits promising approach for

fabricating nano flake forest in polymer structures for various industrial applications.

Keywords: polymer composites, recycling, coatings, thin film, flake

1. Introduction

Inspired by biological materials, effort has been
made to replicate similar technology. Active research
on wettability property finds tremendous applica-
tions in key industries and in daily life, which is
precisely controlled by geometrical pattern and chem-
ical composition of the surface. The self-cleaning
property of good water repellent surface with water
contact angle of more than 150° and angle of hys-
teresis less than 10° has stimulated researchers to
replicate multifunctional properties of natural mate-
rials for fabricating artificial superhydrophobic sur-
faces [1-4]. The water wettability is determined by
water-material interaction and surface morphology
[5]. Superhydrophobic surfaces have received great
interest due to their multifunctional applications in
different areas such as self-cleaning, anticorrosion,
drag reduction, ice-mitigation, window glasses, anti-
icing textile, micro/macro fluid channels, optical
devices, electronic and photonic material chemical

*Corresponding author, e-mail: meetkbs@gmail.com
© BME-PT

sensors etc. [6—11]. Slippery surfaces are generally
obtained by a combination of low surface energy
materials and hierarchal structures, with trapped air
pockets on which water droplets forms a liquid ball
[12—17]. Earlier investigations on the surface tex-
ture of hydrophobicity were reported in terms of
Wenzel and Cassie-Baxter model considering the
water wettability of solid surface. Since then, low
surface energy materials and fabrication techniques
have been explored to design and create superhy-
drophobic surfaces [18, 19].

Nanostructured superhydrophobic surfaces have
been fabricated using silica based materials and
tridecafluoro-1,1,2,2-tetrahydrooctyldimethylchloro-
silane (TFCS, CF3(CF2)5(CH2)2(CH3)2SICD through
dip coating technique [20]. Shang et al. [21] have
fabricated superhydrophobic silica film on glass
substrates using polystyrene particles and DFMS
(dodecafluoroheptyl-methyl-dimethoxysilane) as
low surface energy material. Superhydrophobic sur-
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faces using sodium chloride, sodium nitrate fol-
lowed by fluorination treatment exhibiting water
contact angle of 166° [22, 23]. Each technique so far
invented requires significant advancement and inno-
vation in fabrication process and materials for real
and exact industrial applications of superhydropho-
bic surfaces.

Considerable attention has been drawn on fabrica-
tion of hydrophobic surface using polymer/clay
nanocomposite structures. Uniformly dispersed clay
either as intercalated or delaminated results in nano-
composite formation however, non-dispersed clay
shows no formation of nanocomposites. Enhance-
ment of mechanical properties leads to the forma-
tion of exfoliated nanocomposite as compared to
those observed for intercalated systems. It has been
suggested that layered materials may be beneficial
for the enhancement of polymer properties. Once
clay materials are dispersed uniformly in a polymer
matrix, the properties can be largely enhanced [24,
25]. Graphite as a layered structured material demon-
strates enhancement of properties. It consists of car-
bon layers in an alternate stacking sequence with
covalently bonded carbon atoms in a hexagonal
arrangement within the layers. The typical d-spac-
ing between the carbon layers in graphite is approx-
imately 0.335 nm [24, 25]. Graphite and graphite
powder are valued in industrial applications due to
its lubricating properties. Based on these observa-
tions, it would be assumed that there should be
improvement of properties observed for the graphite-
polymer composites. Micron sized particles are
indispensable materials for industries due to their
unique size dependent properties (such as optical,
mechanical, and electrical) largely differ from their
bulk materials. Such particles have a different ten-
dency for adhesion and aggregation, thus it is nec-
essary to control their aggregation/dispersion phe-
nomena in order to use them in functional materials
and final products. However, controlling the stabil-
ity of suspension in organic media is still a chal-
lenging issue [26-31].

WEP is extensively used as thermal insulation, due
to its moisture resistance, lifetime durability and
flame retardancy. It is the largest commodity poly-
mer with total demand more than 80 million tonnes
per annum. Most of the used WEP materials are not
recycled effectively and hence pose serious dis-
posal issues. However, the impact of WEP on the
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environment has drawn a great interest. The present
work focuses on the study of wettability property of
WEP which is used as binder and graphite powder
as additive for investigating the hydrophobic prop-
erties. Literature reports the use of fluoropolymers
or organic/inorganic materials to achieve highly
hydrophobic surfaces. We have proposed an alter-
native cost-effective versatile method for achieving
hydrophobic surfaces without fluorination treat-
ment.

2. Experimental

2.1. Materials

Graphite powder (250 pm, 99.99%), toluene (anhy-
drous, 99.8%), acetone (ACS reagent, >99.5%), and
ethanol (ACS reagent, >99.5% (200 proof), absolute)
were purchased from Sigma—Aldrich (India) and
used as received. Glass slides (30 x35 %3 mm) were
received from Fisher Scientific (India). WEP hav-
ing excellent properties such as thermal insulation,
water resistance, compressive strength, non-abra-
sive to delicate parts are procured from POLY-
FOAM Corporation (USA) and used as received.

2.2. Procedure for cleaning glass slides

Glass slides were ultrasonicated (Sonicator Model-
EI-6LH-SP, SI. No- 1209-122, India) at 20 kHz and
20 W in 20 mL ethanol for 15 min followed by ultra-
sonication with deionised water twice for next
5 min [32]. These cleaned glass slides were ready
for use as substrates for hydrophobic coating.

2.3. Preparation of homogeneous WEP
composites

In a typical process for fabrication of polystyrene
blend, varying concentration of WEP (2—6 g) was
mixed with 10 mL toluene. The viscosity of resulted
solution was measured by Brookfield Viscometer.
Appropriate amount of graphite powder (1-7 wt%)
was dispersed in WEP solution followed by ultra-
sonication at 40 °C. The viscosity of 2 g WEP in
10 mL toluene was observed to be 900 mPa-s con-
sistency. It is observed that viscosity of samples
increases drastically with increase in concentration
of WEP (3 to 6 g). Since solvent evaporation is high
during the spin coating process, higher viscosity of
the solution results in non-uniform layer on the sub-
strate. For achieving uniform thin layer on the glass
slide, it is necessary to control the viscosity of the
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solution. It was observed that viscosity imparted by
mixture of 2 g WEP in 10 mL toluene is suitable for
formation of uniform thin layer on substrate.

2.4. Fabrication of hydrophobic coating

The optimized WEP/graphite solution was spin
coated on a cleaned glass slide using spin coater,
(Holmarc Model No. HO-TH-05, India). Briefly,
two drops of solution were placed on a glass slide
and spin coated at 2000 rpm for 90 sec. This step is
repeated thrice for fabrication of a dense layer on
the surface of the substrate. The thickness of spin
coated samples was optimized to 20 micron and
was maintained for comparative study of wettabil-
ity property. Figure 1 illustrates schematically the
fabrication process for formation of hydrophobic
coating on the glass substrates.

Graphite
>, powder o
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40°C for 45 mins || Spln coater
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Figure 1. Schematic representation of the process for fabri-
cation WEP film

2.5. Films characterization

The thickness of the coated layer was measured by
3D non contact surface profile (NewView™ 7100,
Middlefield, USA). The morphology of the samples
was observed using FE-SEM (JSM-6700F, JEOL,
Japan). The roughness of the resulted coatings was
evaluated using AFM (Asylum research, an Oxford
Instrument company, UK) in tapping mode. The sta-
bility of the dispersed graphite powder in the poly-
mer blend was monitored by the surface area ana-
lyzer (XiGo Nano Tools, Acorn Area, UK). This
instrument was used for characterizing the stability
of micro/nano sized particles present in the solution
for fixed time duration. The stability of particles in
the solution leads to homogeneous dispersion of
particles i.e. particles do not aggregate or settle at
the stipulated time period. The stability of the sol-
vent (toluene), WEP/toluene, WEP/toluene/graphite
was individually measured using the Acorn Area
software version 0.82. These measurements were
carried out in NMR tubes having outer diameter
5 mm. 0.5 mL samples were placed in different
NMR tubes such that the tubes are filled till the

minimum height of 54 mm ensuring that no air bub-
bles are trapped. The tubes were capped to prevent
drying of samples. For accurate results, the tubes
were filled to the same volume. Initially, the bulk
relaxation time (7)) of pure solvent (toluene)
expressed in ms was quantified and saved as refer-
ence value for determining the relaxation time (75)
for polymer composite (EPF/graphite 4 wt%, and
WEP/graphite 5 wt%). Surface wettability property
of the samples was measured by the sessile drop tech-
nique [33]. The water contact angle (WCA) meas-
urements were carried out on a Kriiss DSA100
(Germany) contact angle goniometer with deionised
water at an ambient temperature. During water con-
tact angle measurement, 4 pL of DI water was deliv-
ered from the syringe to form a sessile drop on the
surface of the glass slide. An average of five meas-
urements was used for the analysis.

3. Results and discussion

Surface modification of the particles is required to
achieve enhanced stability of micron-sized particles
in liquid media. This is done by introducing poly-
meric materials to generate an effective steric repul-
sive force from the polymer chains. This repulsive
force increases the surface charge which controls
the suspension rate of particles in the liquid medium.
The nature of polymeric materials (hyrophilic/
hydrophobic) also plays a major role for generation
of steric repulsive force for effective dispersion and
stability of particles. For dispersion of hydrophobic
powders such as SiC, CNT, Coal, etc., polymers with
hydrophilic group or hydrophobic groups are often
used as a surfactant. For hydrophobic surface mod-
ification of particles is a well-known technique for
obtaining good dispersion and stability. The hydro-
phobic segments aids in adsorption of dispersant on
to hydrophobic particles. Aromatic compounds such
as styrene is used to make an effective adsorption of
hydrophobic particles by means of hydrophobic and
pi-pi interactions [34-37]. PEI (polyethyleneimine)
is also used as hydrophobic segments, which is
known to improve the stability of SiC and CNT in
aqueous media by PEI [38]. Uhl and Wilkie [24] and
Min et al. [25] have reported that parallel hexagonal
networks of carbon atoms in graphite sheet are held
together at certain spacing by weak van der Waals
forces. During sonication process, (20 kHz and
20 W) the individual layer of hexagonal network of
carbon atoms in graphite particles are detached eas-
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Figure 2. (a) SEM of graphite as supplied, (b) SEM of
ultrasonicated graphite

ily due to weak van der Waals forces which leads to
reduction in particle size from 250 to less than
50 um which was confirmed in FESEM micrographs
(Figure 2a-2b). Hence, sonication was contunued
for 45 min. However, in the present WEP/graphite
composite no charge effect was observed. Toluene is
a nonpolar solvent, there is no steric effect and
charge formation. Aggregation of small sized
graphite particles (<50 pm) occurs in the solution,
which has strong impact on the morphology of the
films. These flakes are deposited during spin coat-
ing process and forms islands of flakes. During son-
ication homogeneous dispersion occurs, which has
stability up to 30 min. Aggregation occurs during
spin coating which results in formation of islands of
flakes. These islands enhance the surface roughness
which increases the hydrophobicity surface. The
quality of dispersion of particles in the NMR tubes
affects the suspension of graphite particles in the
composite. 4 and 5 wt% graphite in WEP blend
showed good dispersion of particles for 30 min.
However, suspension of graphite particles from
WEP/4 wt% graphite was found to be better as
compared to suspension of graphite particles in
WEP/5 wt% graphite. This is due to settling of
graphite from WEP/5 wt% graphite, which leads to
variation in the relaxation time as shown in Figure 3.

440
400-. ..o0.9000000..................
360
£ 320
2 2801 -
5 2407 T T T L L L L b
§ 200-_
§ 160
120
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40 4 ® EPF + 5 wi% graphite
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Time [s]

Figure 3. Stability test of graphite powders of 4 wt% and
5 wt% in the polymer solution

Uniform relaxation time was observed for
WEP/4 wt% graphite confirming no aggregation or
settling of particles. Thus the relaxation time
required for settling of particles was measured
through surface area analyzer and used to study the
stability of particles in solution. These experimental
results facilitate correlation of surface morphology
of polymer film with wettability property.

Polymer films with uniform thickness of 20 pm thin
film were fabricated using spin coater were fabri-
cated using varied concentration of additives. The
effect of concentration of additives on the water con-
tact angle as shown in Figure 4 presents stepwise
loss of hydrophilic property with increase in weight
percentage of graphite powder. With 1 wt% graphite
in the blend, WCA enhances from 89 to 98°. Fur-
ther increase in graphite concentration to 2 wt%,
WCA shows marginally increase in WCA from 98
to 101°. With 3 and 5 wt%, WCA was obtained to
be 104 and 119° respectively which shows better
hydrophobicity. Decrease in WCA was observed with
further increase in graphite content. WCA in how-
ever increased from 119 to 129° with an increase in
thickness of the film from 20 to 30 um on the glass
slide. This increase in hydrophobicity of film corre-
lates the surface morphology of the developed film
with different concentration of graphite loading.
The wetting behaviour of the surface depends upon
the surface chemistry and surface topology. The
surface topology follows the Wenzel and Cassie-
Baxter water contact model, in which surface rough-
ness increases the apparent water contact angle. For
hydrophilic surfaces, the interaction between the
substrate surface and water is favoured but for hydro-
phobic surfaces, this interaction is prevented due to
the presence of surface roughness resulting in spon-
taneous increase in water contact angle. Systemati-
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Figure 4. Effect of the different concentration of graphite
on water contact angle
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cally study the surface morphology of blend films
were studied by formation of layer by layer of sta-
ble surface of graphite with WEP was generated on
the surface of etched glass by spin coating tech-
nique. Surface roughness is a measure of the texture
of the surface. It is quantified by the vertical devia-
tion of the real surface from its ideal surface. The
double layer structure improves the surface rough-
ness as compared to single layer structure. When
second layer structure is introduced over the single
layer structure, the deposition of graphite particles
takes place over the top first layer, which enhances
roughness factor. This phenomenon is based on
Wenzel Equation (1) [18]:

cos(0%) = rcosf (1)

where 6 is the maximum WCA observed, 7 is the
theoretical roughness calculated and 8% is Wenzel
water contact angle. The arithmetic mean height of
surface along Z axis, of double layer structure is
more than the single layer structure and hence hydro-
phobicity increases. The aggregation of graphite
flakes occurs over each layer and arithmetic mean
height of surface along Z axis is enhanced. The
mean height affects the roughness () of the surface
and hence hydrophobicity is enhanced. Table 1 pres-
ents gradual increase in WCA with increase in r val-
ues indicating WCA is related to air fraction on the
surface.

FESEM studies of the polymer films revealed the
evolution of different morphological images as
shown in Figure 5. By spin coating, the solution of
intrinsically hydrophobic polystyrene smooth film
is formed on the surface of glass substrate. Previous
studies regarding multiscale structures especially
micro-nano scale structures, which are advanta-

Table 1. Water contact angle and roughness of the surface
of different polymer blends

Concentration Average Average Water contact
of graphite | roughness, Sa | height of peak angle
[wt%] [nm] [nm] [°]

0 20.009 14 89
1 80.141 30 98
2 86.418 40 101
3 88.064 65 104
4 93.567 79 108
5 109.078 110 119
6 104.560 102 115
7 95.120 80 110

geous for obtaining hydrophobicity have been dis-
cussed using Wenzel and Cassie—Baxter models.
Figure 5a, reveals the presence of large number of
micro-sized particles on the surface. Aggregation of
the particles was observed with 1 wt% graphite in
the blend. Aggregation of the microsize particles
and increase in the number of flakes was observed
with 2 wt% graphite [39, 40]. The magnified image
(Figure 5b) reveals more aggregation of graphite
particles and enhanced non-wettability property.
Similarly, the multiscale slippery surface is revealed
with an increase in concentration of graphite from 2
to 3 wt% as shown in Figure 5c. Islands of flakes
forest was observed (Figure 5d) with 4 wt% graphite
which covers maximum are of the film and is the
result of aggregation of graphite [41, 42]. With
graphite content of 5 wt%, the entire surface was
observed to be covered with large number of island-
like surface structures. These islands are composed
of forest of flakes, and these flakes originates from
the balance of spin rate and time duration, which
results in the enhancement of hydrophobicity as
shown in Figure 5e. This island enhances the rough-
ness of the substrate. The water contact angle is
increased due to roughness factor () and hence
water repellent property improved. Since large num-
bers of air pockets are trapped between these flakes,
they result in enhancement of surface roughness on
an island. FESEM image (Figure 5e) of spin coated
specimen shows the presence of large number of
islands indicating increased surface roughness. Thus,
the micro scale structure with formation of forest of
flakes, during the spin coating process provides
more roughness for obtaining hydrophobicity [40].
Marginal decrease in WCA was observed with
7 wt% graphite polymer blend. Similalr behaviour
was reported by Manoudis ef al. and Ramaratnam et
al. [43, 44]. Separation between the flakes in a sin-
gle island decreased with the introduction of more
flakes. It results in less trapping of air pockets and
surface roughness will gradually loosen. However
enhancement in WCA observed with 5 wt% graphite
with introduction of the fourth layer on the glass
surface as shown in Figure 6a reveals the formation
of more islands and drastic enhancement of in
roughness value.

To examine the influence of surface topology on
wettability property, AFM analysis was adopted as
shown in Figure 7. The images reveal that the
islands are composed of a large number of flake
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L]

20 um

e)

Figure 5. FE-SEM images of the WEP blend with different concentration of graphite powder (a) 1 wt%; (b) 2 wt%;
(c) 3 wt%; and (d) 4 wt%; (e) 5 wt%

formed on the surface with hierarchal structures. 80.141 was quantified for WEP/1 wt% graphite
Surface roughness was evaluated by the vertical  film. Introduction of more number of islands with
deviation of a real surface from its original form. increase in graphite content to 2 wt% increased the
The average roughness of polymer film, Sa= average roughness to 86.418. Further increase in
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WCA = 129°

300

a) b)

Figure 6. (a) FE-SEM images of the WEP blend (four layers) with 5 wt% of graphite powder, (b) AFM image WEP film
with 5 wt% graphite powder for four layers

Figure 7. Tapping mode of AFM topology and 2D images of WEP film with content of graphite powder of (a) 1 wt %;
(b) 2 wt%:; (c) 3 wt%; (d) 4 wt%:; (e) 5 wt%
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graphite content to 3 wt%, shows increase in num-
ber of nano flakes formation which combines to
form the forest as shown in Figure 7c. Our observa-
tion correlates well the roughness of the film with
the water contact angle. Similarly, the relation
between surface roughness and water contact angle
for other samples was revealed [45]. The surface
roughness and water contact angle data collected
from all the samples are shown in Table 1. Maxi-
mum surface roughness of 109.078 was quantified
for graphite concentration of 5 wt%. This increase
in roughness was attributed to the formation of a
large number of islands. We also noticed that maxi-
mum height of a single flake (160 nm) and separa-
tion between two flakes (0.2 nm) on the surface
enables the anisotropic slippery surface. A single
island consists of a forest of nano flakes formed on
the surface, which covers maximum area with
increasing graphite content. This trend translated
into the increased hydrophobicity was indicated by
WCAs (Figure 4). With increased graphite concen-
tration the distance between the nano flakes
decreased gradually. The average height of nano
flakes also decreases simultaneously and hence
roughness loosened widely. But with increasing
thickness of the polymer film layer, surface rough-
ness improves, which was clearly observed from in
Figure 6b [46]. In Wenzel model, water droplet floats
on the projection surface. The average height of the
peaks is experimentally calculated as 110 nm for
graphite concentration of 5 wt% from AFM images.
With the introduction of more concentration of
graphite powders, more nano flakes are formed on
the surface, which reduces the average height of the
peak. It was observed that with 7 wt% graphite, the
average height of peak reduces to 80 nm. Similar
observations are also revealed with the deposition
of four layers on the surface. This observation sup-
ports the idea that surface topology plays an impor-
tant role determining the wettability behaviour of
the surface than surface composition.

4. Conclusions

In this study, we have described a facile and cost
effective technique for fabrication of hydrophobic
surface with good water repellent property using
WEP, which can be self assembled into a forest of
nano flakes by the spin coating process. These forests

of nano flakes are combined to form small islands
on the surface. The network of nano flakes of the
spin coated sample was effectively controlled by
the concentration of graphite, and the wettability
property was analyzed by measurement of water
contact angle. The stability of dispersed graphite
powders with WEP materials clearly shows excel-
lent suspension behaviour in the liquid medium.
The induced roughnesses in the samples seem to be
correlated to the surface morphology. The proposed
water contact angle values were reflected from the
surface topology. WCA was enhanced up to 129°
due to modification of surface film by increase in
thickness of film. This method could provide an
alternative approach for fabricating superhydropho-
bic materials with hierarchical structures. We hope
that this approach could provide to prepare the
superhydrophobic surface with low adhesion.
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Abstract. The effect of the type of epoxidation processes of soybean oil on the characteristics of epoxidized soybean oils
(ESOs), acrylated epoxidized soybean oils (AESOs), and acrylated epoxidized soybean oil — poly(methyl metacrylate)
copolymers (AESO-co-PMMA) has been investigated. Two epoxidation processes were used: an in situ chemical epoxida-
tion using hydrogen peroxide and formic acid, and a chemo-enzymatic epoxidation using 2 enzymes: Novozyme® 435
(CALB) and a homemade lipase/acyltransferase (CpLIP2). ESOs containing different numbers of epoxide groups/molecule
were synthesized. A commercial ESO (Vikoflex® 7170) was employed and it had the highest number of epoxide groups.
Acrylation of ESOs was carried out using acrylic acid, and copolymerized with a methyl methacrylate monomer. The
chemo-enzymatic epoxidation produced high acid value, particularly from the CpLIP2 (~ 46—48%) and indicated the for-
mation of epoxidized free fatty acids. In contrast, the ESO synthesized from the chemical epoxidation showed a very low
acid value, <0.6%. The AESOs synthesized from the CALB-based ESO and the chemical-based ESO showed a similar
number of acrylate groups/molecule while that from the CpLIP2-based ESO showed a very low number of acrylate groups
because the carboxylic groups from the epoxidized free fatty acids impeded the acrylation reaction. The lower the number
of acrylate groups the lower was the crosslink density, the 7}, and the gel content in the AESO-co-PMMA copolymer.

Keywords: polymer synthesis, tailor-made polymers, biocomposites, thermosetting resins, thermal properties

1. Introduction

In the last two decades bio-based polymers have
received increasing attention from the industrial
sector and researchers. These polymers or their
monomers are derived from renewable resources.
They could be a thermoplastic or a thermosetting
plastic and they could be biodegradable or non-
biodegradable. Plant oil is one of the interesting
renewable monomers, particularly soybean oil as it
is abundant and cheap. Typically, a triglyceride is the
major component in all plant oils and these contain
both saturated and unsaturated fatty acids. Their

*Corresponding author, e-mail: varaporn.t@psu.ac.th
© BME-PT

reactivity depends on the numbers of double bonds
(C=C) or the type of fatty acid. Soybean oil has rel-
atively high double bond content but these double
bonds are not highly active for typical free radical
polymerization. Therefore, the double bonds in the
soybean oil have to be converted to more reactive
functional groups such as epoxide groups, acrylate
groups, hydroxyl groups, and even some bromoacry-
lated triglycerides, that can be used in the free radi-
cal polymerization [1-12]. Epoxidized soybean oil
(ESO) has been produced for the last 30 years and
is available under various trade names. ESO has
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been polymerized to form plastic materials such as
ESO-co-styrene/divinylbenzene resins [13—18], ESO
thermosetting allyl resins [19], a sheet molding
compound resin [20], and a hydrogel [21], or even
polymer composites such as an organo clay nano-
composite [22], and fiber-reinforced composites
[23-25]. According to Hazer and coworkers [26—
33], vegetable oils were autooxidized by exposure
to sunlight or daylight in air for a given time to pro-
duce epoxides, peroxides, peroxides, and hydroper-
oxides in the molecular chains and were also graft
copolymerized by free radical polymerization with
other materials such as methyl methacrylate and
styrene. Recently, the vegetable oil-based polymers
have been prepared by cationic, olefin metathesis
and condensation polymerization reactions, includ-
ing the use of ‘click’ chemistry and carbon dioxide
[5, 34-37]. Acrylation of epoxidized vegetable oils
is one of the interesting techniques for preparing the
vegetable oil-based polymers. The mechanical and
thermal properties of acrylated epoxidized soybean
oil (AESO) have been reported [3, 5, 8, 20, 23, 38,
39]. It has been established that AESO shows higher
mechanical properties than ESO [22, 39]. AESO
has been used for copolymerization with other
materials such as a vinyl ester resin containing
styrene [8—10] and with poly(methyl methacrylate)
[38—40]. It was found that the mechanical proper-
ties of an AESO-co-PMMA copolymer were higher
than those of AESO. Furthermore, the AESO-co-
PMMA copolymer is an interesting polymer owing
to the high weathering resistance of PMMA.

Although ESO- and AESO-based polymers seem to
be environmentally friendly materials, the epoxida-
tion process should be improved by using more
green chemistry. This is because on an industrial
scale, ESO is produced by an in situ epoxidation in
the presence of a strong acid as a catalyst such as
H,SO4 and H3POy4. The drawbacks of this method
are the corrosion of equipment due to the acidic
solution and the product must be neutralized and
purified. Moreover, these acids can initiate oxirane
ring-opening reactions with water, and lead to the
formation of hydroxyl group on the fatty acid back-
bone and other by-products [41]. To eliminate these
problems, enzymes have also been used in the
epoxidation process [41]. The enzymes involved in
the chemo-enzymatic epoxidation were a peroxyge-
nase and a lipase. Blee and Schuber [42, 43] used the
peroxygenase enzyme for epoxidation of mono-
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and polyunsaturated fatty acids. Piazza and cowork-
ers [44-46] developed a method for the rapid isola-
tion and immobilization of peroxygenases on mem-
branes, and conducted epoxidation reactions in
organic solvents. Lipase B from candida antartica
(CALB) is one of the enzymes used most frequently
as a biocatalyst. Lipase enzymes have been shown
to produce peroxy acids from hydrogen peroxide
and fatty acids by a perhydrolysis reaction. Most of
the developments of the lipase-catalyzed chemo-
enzymatic epoxidation in plant oils or fatty acids
have been studied using a commercial enzyme
lipase (Novozyme® 435) [41, 47-54]. By using
enzymes, the addition of free acids was not required
in order to obtain a high conversion, i.e. >80%, and
the neutral pH of the reaction mixture was main-
tained [52]. While ESO has been synthesized by the
chemo-enzymatic epoxidation, to the best of our
knowledge the conversion of this ESO into AESO
has not been reported.

The objectives of the present study were to investi-
gate the effect of the different epoxidation methods
on ESO and the effect of the degree of epoxidation
(or number of epoxide groups/molecule) in ESO on
the characteristics of the ESO, AESO and AESO-
co-PMMA copolymer. ESO was synthesized by
chemical and chemo-enzymatic epoxidation meth-
ods. Peroxy acid produced from formic acid and
hydrogen peroxide was used in the chemical epoxi-
dation process. Hydrogen peroxide and lipase were
used in the chemo-enzymatic epoxidation.
Novozyme® 435 and a lipase from Candida parap-
silosis (CpLIP2) were also employed. CpLIP2 has
been shown to catalyze the alcoholysis of various
esters in the presence of a large molar excess of
water in a biphasic aqueous/lipid reactant medium
with hydrolysis of the esters and was also found to
be effective for the production of fatty hydroxamic
acids in an aqueous medium by an aminolysis of
fatty acids [55]. There has been no previous report
of the chemo-enzymatic epoxidation of ESO cat-
alyzed by CpLIP2.

2. Experimental

2.1. Materials

Commercialized cooking-grade soybean oil was
employed. Commercialized epoxidized soybean oil
(Vikoflex® 7170) was produced by Arkema Inc.
(Philadelphia, PA, USA). Novozyme® 435, lipase B
from Candida antarctica (CALB) immobilized on
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macroporous polyacrylate resin beads, was from
Sigma-Aldrich Corp. (St. Louis, MO, USA). It has
a bead size of 0.3—0.9 mm and its activity is approx-
imately 7,000 PLU/g. An enzyme lipase/acyltrans-
ferase CpLIP2 (Candida parapsilosis) was pro-
duced in our laboratory. Anhydrous sodium sulfate,
sulfuric acid, acrylic acid, methyl methacrylate
(MMA) and benzoyl peroxide were from Sigma-
Aldrich (St. Louis, MO, USA). Hydrogen peroxide,
hydroquinone and glacial formic acid were from
Merck (Darmstadt, Germany). All chemicals were
used as received.

2.2. Synthesis of epoxidized soybean oil (ESO)
2.2.1. Chemical epoxidation catalyzed by
sulfuric acid

A solution of soybean oil (100 g) and glacial formic
acid (13.97 g) was heated at a 45-55°C. Sulfuric
acid (0.5 mL) was added into the solution. Then,
116.98 g of 30 wt% H,0, solution was added slowly
from a dropping funnel and reacted at 45, 50 and
55°C for 1-7 h. The molar ratio of soybean oil:
formic acid: hydrogen peroxide was 1:2.64:8.9. The
crude product was filtered and washed with distilled
water repeatedly until a pH of 7.0 was obtained. The
oil phase was dried with anhydrous sodium sulfate
then filtered. Finally, the residue (water) was removed
using an evaporator at 45—50°C under pressure. The
number of epoxide groups per molecule of ESO
was calculated from the "TH-NMR spectrum by using
the peak at & = 4.0-4.4 ppm for the glycerol back-
bone and the peak at 0.9 ppm for the methyl group
as an internal standard, and using the peak intensity
ratio between the peak at 2.8-3.2 and 4.0-4.4 ppm
[56]. This number was used to represent the sample
code of the ESO. The degree of epoxidation (DOE)
or percentage of conversion from double bonds to
epoxide groups was determined from Equation (1)
and the number of starting double bonds of the soy-
bean oil used in the present study was 4.60:

number of epoxide groups

DOE = 100 (1)

number of starting double bonds

We assumed that DOE (Degree of epoxidation) of
Vikoflex® 7170 should be very high, i.e. ~100%.
However, there was no data on the starting soybean
oil; therefore, it was not possible to determine its
DOE in the present study. ESOs containing 50 and
75% DOE were prepared, and Vikoflex® 7170 was
a representative of 100% DOE.

2.2.2. Chemo-enzymatic epoxidation catalyzed
by enzymes
About 18 g of soybean oil, 1.5 g of CALB (~ 8 wt%
of soybean oil), and 9.24 g of 35 wt% hydrogen
peroxide solution were mixed together and heated
at 55°C in an incubator shaker. The mixture was
then cooled and the enzyme was removed by filtra-
tion. The final product was purified in a similar way
to the chemical epoxidation method.
About 0.5 g of soybean oil was mixed with 1.44 mL
of 5 wt% hydrogen peroxide solution in a pH buffer
of 5.35 at 30°C. The CpLIP2 content was 30, 90
and 300 U/mL. The mixture was stirred at 300 rpm
with a magnetic stirrer. The enzyme was removed
and final product was purified.
The number of epoxide groups per molecule of the
derived ESOs was calculated from the 'H-NMR
spectrum [56] and the DOE was evaluated as
described above. In order to compare the different
epoxidation methods between the chemical epoxi-
dation and the chemo-enyzmatic method, obtaining
a similar DOE was our concern. As a result, 50 and
75% DOE were used.

2.3. Synthesis of acrylated epoxidized soybean
oil (AESO)

AESO was prepared from a reaction between ESO
and acrylic acid in a similar way to previous reports
[39, 40]. About 50 g of ESO were placed in a 250 mL
round-bottom flask equipped with a magnetic stir-
rer and a reflux condenser. Hydroquinone was used
as a free radical inhibitor. The molar ratio of ESO:
acrylic acid was 1:10. The reaction temperature and
time was 110°C and 7 h, respectively. The mixture
was cooled to room temperature and diluted with
toluene before purifying by washing with distilled
water. The final step was dehydration with anhy-
drous sodium sulfate and the solvent was evapo-
rated using an evaporator. The number of acrylate
groups/molecule of the resulting product was deter-
mined from the 1H-NMR spectrum [56]. The num-
ber of acrylate groups/molecule and epoxide groups/
molecules were assigned in the sample designation
of AESO.

2.4. Characterization of ESO and AESO

The 'H-NMR, '3C-NMR and 2D-NMR spectra were
recorded qualitatively by a Unity Inova® spectrom-
eter (Varian, Germany) at a frequency of 500 MHz
using chloroform-d as a solvent. The Fourier trans-
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form infrared (FTIR) spectra of the copolymer
sheets were recorded by a Bruker® EQUINOX 55
spectrometer (Bruker, Rheinstetten, Germany) from
400 to 4000 cm .

The acid value of oil corresponded to its free fatty
acid content and can be expressed as the weight%
of the most abundant fatty acid of the oil. The titri-
metric method was based on the French standard
NF T60-204 (December 1985). About 2.0 g of ESO
and 40 mL of diethyl ether/ethanol (1:1 v/v) were
added followed by adding 3 drops of 20 g/L ethano-
lic phenolphtalein solution with continuous agita-
tion. This sample solution was titrated with a 0.1 N
ethanolic potassium hydroxide solution until the
pink color remained stable for at least 10 seconds.
The acid value, in weight%, was calculated based
on Equation (2):

V=V, NM

Acid value [ % | = oW

@)
where V" was the mL of potassium hydroxide solu-
tion used for the sample titration, /'y was the mL of
potassium hydroxide solution used for the blank, N
was the titer of the potassium hydroxide solution, M
was the molar mass [g/mol] of the most abundant
fatty acid in the sample and W was the sample
weight [g].

The qualitative analysis of the ESO samples was
performed by High-Performance Thin Layer Chro-
matography (HPTLC) on pre-coated silica gel 60
plates (200 pm thickness, 4—8 pm particle size) from
Merck (Darmstadt, Germany). Samples and stan-
dards were diluted in a chloroform-methanol mix-
ture (2:1, v/v) at a concentration of 1 mg/mL, except
for the standard mixture of monoolein, diolein and
triolein (0.33 mg/mL each). The sample and stan-
dard solutions were deposited on HTPLC plates in a
band-shape of 10 mm width, using an automatic
TLC sampler ATS4 by CAMAG® (Muttenz, Switzer-
land). The deposited volumes were the following:
soybean oil 2 uL, ESO 4.2 uL, oleic acid (OA)
1 uL, linoleic acid (LA) 1 uL, cis-9,10-epoxystearic
acid (ESA) 2 uL, cis-9,10-12,13-diepoxystearic
acid (DESA) 1.3 uL. The development (65 mm
migration distance) was performed vertically in an
automatic developing chamber ADC2 by CAMAG,
with hexane/diethyl ether/acetic acid (70:30:1;
v/v/v) as the mobile phase. The plates were visual-
ized after dipping the plate in a solution of phos-
phoric acid 85%/saturated aqueous copper sulphate

solution/water/methanol (8:10:78:5, v/v/v/v) and
heating for 10 minutes at 180°C. The retention fac-
tors (Rf) of standard compounds were used for iden-
tification of the reaction products. The retention
factor (Rf) was defined using Equation (3):

A
Rf =7 G)

where 4 was the distance from the deposition line
to the center of a spot and B was the distance from
the starting point (deposition line) to the solvent
front. The more closely the retention factor was
close to 1, the more non-polar was the compound.
Conversely, the more the retention factor was close
to 0, the more polar was the compound.

2.5. Preparation of the AESO-co-PMMA
copolymer

A mixture of 50 wt% of MMA and 50 wt% of
AESO was well mixed before adding 1 wt% of ben-
zoyl peroxide. The mixture was heated at 70°C for
15 min in a closed container before casting into a
glass mold. Then, the mixture was cured at 90°C for
15 min in a thermal oven and at 90°C for 15 min in
a vacuum oven sequentially.

2.6. Characterization of the AESO-co-PMMA
copolymer

Dynamic mechanical thermal analysis (DMTA)
was performed using a Rheometric Scientific®
DMTA V (Piscataway, NJ, USA) at a frequency of
1 Hz from —80 to 180°C. The heating rate was
2°C/min in the tension mode had a strain control of
0.01%. The storage modulus (£"), the loss modulus
(E™) and the loss tangent (tand) as a function of
temperature were recorded. Differential scanning
calorimetry (DSC) was carried out on a differential
scanning calorimeter (Perkin Elmer® DSC7,
Waltham, MA, USA) with a heating rate of
10°C/min from —50 to 100°C in a nitrogen atmos-
phere. Thermogravimetric analysis (TGA) was per-
formed on a thermogravimetric analyzer (Perkin
Elmer® TGA7, Waltham, MA, USA) with a heating
rate of 10°C/min in a nitrogen atmosphere from 25
to 1000°C. The temperatures at 5, 10 and 50% of
weight loss were determined.

A swelling test was carried out with common sol-
vents for surface coating such as ethanol and water.
The copolymer sheets with a sample size of 1x2 x
0.2 cm were swollen to an equilibrium state — a
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constant weight. The degree of swelling was calcu-
lated based on Equation (4):

. W, — W,
Degre of swelling [ % | = —w 100 4

0

where W, was the weight of the dried sample before
the swelling test and W, was the weight of the
swollen sample.
The gel content in the copolymer sheet was deter-
mined by the insoluble fraction left after treating
with tetrahydrofuran (THF) that was a good solvent
for AESO and PMMA. The copolymer sheets with
the sample size of 1x2x0.2 cm were immersed in
THF at room temperature for 4 days. The insoluble
part was removed from the solvent and dried at
60°C until the weight was constant (//), after
approximately 24 h. The gel content was calculated
based on Equation (5) [57, 58]:

w.
Gel content [ % | = Wz -100 Q)

0

3. Results and discussion

3.1. Epoxidation of soybean oil

In order to investigate the effect of DOE on the
AESO-co-PMMA copolymers, three DOE values
were used: 100, 75 and 50%. It was expected that
Vikoflex® 7170 has a very high DOE (~ 100%)
because the C=C protons were not observed in its
"H-NMR spectrum. ESO’s containing 75 and 50%
DOE were synthesized by chemical and chemo-
enzymatic epoxidations. Owing to the chemical
epoxidation, the reaction at 50°C for 3 h provided a
76% DOE and the reaction at 45°C for 1 h provided
a 52% DOE. Their number of epoxide groups per
molecule was 3.50 and 2.40, respectively. The
structure of the epoxidized triglyceride was con-
firmed by '"H-NMR, *C-NMR, 2D-NMR and FTIR
(not shown here).

The chemo-enzymatic epoxidation process cat-
alyzed by the enzyme was studied in terms of the
enzyme content and reaction time. Using 8 wt% of
CALB for 13.5 h produced an ESO with 72% DOE
(3.30 epoxide groups/molecule). A lower DOE was
obtained using milder conditions (5 wt% of CALB
for 9 h). The resulting ESO contained 52% DOE
and 2.40 epoxide groups/molecule.

The present study was a first attempt to use CpLIP2
for the preparation of ESO. Based on a preliminary
study in the CpLIP2 system, the DOE increased
with reaction time. By using 30 U/mL of CpLIP2
for 24 h, the maximum DOE was 60%. An increase
in the CpLIP2 content and reaction time, i.e.,
90 U/mL at 24 h, the DOE was 75-78%. A higher
content of CpLIP2, i.e. 300 U/mL, did not signifi-
cantly increase the DOE. Therefore, 90 U/mL of
CpLIP2 was employed, and 49 and 78% DOE were
obtained when the reaction time was 4 and 24 h,
respectively.

3.2. Characteristics of ESO

The number of epoxide groups/molecule was calcu-
lated using the peak at 6 =4.0—4.4 ppm for the glyc-
erol backbone and the peak at 0.9 ppm for the methyl
group as an internal standard and using the intensity
ratio between the peak at 2.8-3.2 and 4.0—4.4 ppm
[56]. This number is listed in Table 1, and it was
used to represent the sample code of the ESO.

The acid value of all ESO products is listed in
Table 1. This value depended on the epoxidation
system. ESOs derived from the chemical epoxida-
tion process (ESO4.60, ESO3.50, and ESO2.40)
had a very low acid value (<0.6%). The CALB-
based ESOs (ESO3.30-enzl and ESO2.40-enzl)
showed a higher acid value (3-4%), and the
CpLIP2-based ESOs (ESO3.58-enz2 and ESO2.25-
enz2) showed the highest value (46-48%). A high
acid value indicated a high free fatty acid content. It

Table 1. Sample designation, number of epoxide groups, the DOE and acid values of the ESOs

L. No. of epoxide DOE Acid value
ESO code Epoxidation process groups/molecule (%] (%]

ES04.60 4.60 —* 0.12+0.02
ES03.50 Chemical 3.50 76 0.54+0.03
ES02.40 2.40 52 0.56:0.06

E .30~ . .59+0.
S0O3.30-enz1 CALB 3.30 72 3.59+0.02
ES02.40-enzl 2.40 52 3.24+0.04
ES03.58-enz2 3.58 78 46.46+0.03

CpLIP2

ES0O2.25-enz2 2.25 49 48.15+0.03

“number of starting double bonds of Vikoflex® 7170 was unknown.
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Figure 1. Schematic diagram of the chemical and chemo-enzymatic epoxidation process of soybean oil

was believed that these free fatty acids were epoxi-
dized because the DOE or the number of epoxide
groups/molecule of the enzyme-based ESO was as
high as that of the chemical-based ESO. It was
believed that CpLIP2 induced hydrolysis as well as
epoxidation to provide the structure of an epoxi-
dized mono-, di- and tri-glycerides including epoxi-
dized free fatty acids as shown in Figure 1. These
structures were substantiated by thin layer chro-
matography (TLC) and NMR/FTIR spectroscopy.

A thin layer chromatogram of the 14 samples listed
in Table 2 is illustrated in Figure 2. Table 3 details
the retention factor (Rf) of some epoxidized and
non-epoxidized standard molecules separated by
chromatography on HPTLC silica gel 60 plates. As
depicted in Figure 2, the starting soybean oil

(Track 1) exclusively contained triacylglycerols
(TAG) that, owing to their non-polar character, was
close to the front of the solvent (Rf=1). Typically,
soybean oil consists of 26.6% oleic acid, 52.8%
linoleic acid and 5.4% of linolenic acid. The epoxi-
dation of the double bonds of the oleic, linoleic and
linolenic acids presented in TAGs increased the

Figure 2. Thin layer chromatogram of samples listed in
Table 2

Table 2. Sample ID and characteristics that corresponded to the TLC results shown in Figure 2

Track Sample Concentration Band width Volume
[mg/mL)] [mm] [nL]
1 Soybean oil 1 10 2.0
2 ES04.60 (Vikoflex® 7170) 1 10 4.2
3 ES03.50 1 10 4.2
4 ES02.40 1 10 4.2
5 ES03.30-enzl 1 10 4.2
6 ES0O2.40-enzl 1 10 4.2
7 Blank -
8 ES0O3.58-enz2 1 10 4.2
9 ES0O2.25-enz2 1 10 4.2
10 Oleic acid (OA) 1 10 1.0
11 Linoleic acid (LA) 1 10 1.0
12 Epoxystearic acid (ESA) 1 10 2.0
13 Diepoxystearic acid (DESA) 1 10 1.3
14 MO-+DO+TO" 0.33 each 10 10.0

*MO: monoolein, DO: diolein, TO: triolein
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Table 3. Retention factor of some epoxidized and non-
epoxidized standard molecules separated on
HPTLC silica gel 60 plates

Compound type Reference Rf
Fully unsaturated TAG Triolein 0.95-1.00
Partially epoxidized TAG Triolein 0.80-0.87
Oleic acid 0.67

Unsaturated fatty acids

Linoleic acid 0.65

E tearic acid 0.43
Fully epoxidized fatty acids |-py> canc acld.

Diepoxystearic acid 0.24
Diacylglycerol Diolein 0.42
Monoacylglycerol Monoolein 0.05

TAG = triacylglycerols

polarity of the latter. As a result, the greater the
number of epoxide groups, the more polar the
TAGs. The commercial ESO, ESO4.60, (Track 2)
contained neither fully unsaturated TAGs/free fatty
acids (0.63<Rf<0.68) nor partially epoxidized
TAGs (0.80<Rf<0.87). Moreover, its very low acid
value (0.12%) meant that it was mainly composed
of fully epoxidized TAGs and was probably fully or
partially epoxidized di- and monoacyglycerols, and
this was confirmed by the absence of DESA (Rf=
0.24) and only traces of ESA (Rf= 0.43) as shown
in Table 3.

Samples of the chemically prepared ESO (Track 3
and 4) having a DOE of 76 and 52% respectively,
exhibited a very similar profile to that of Vikoflex®
7170 (ESO4.60). The main differences essentially
concerned compounds with Rf values>0.35, that
corresponded to partially epoxizided species and
that again was consistent with the epoxidation con-
tent of these samples.

Profiles of the samples chemo-enzymatically epox-
idized with CALB (Novozyme® 435) in track 5 and
6 were similar to the chemically prepared ESO. How-
ever, they contained significant amounts of fully
unsaturated TAGs, thus revealing the incomplete
conversion of soybean oil, but also there were par-
tially epoxidized TAGs and fatty acids (no band
exactly matched the fatty acid standards). It is worth
mentioning that, despite the high water activity of
the reaction medium, the hydrolysis of substrate
and products remained limited as was shown by the
moderate acid values of both samples (3.2-3.6%).
Finally, the composition of samples from the chemo-
enzymatic epoxidation with CpLIP2 was radically
different from all the others. Soybean oil was com-
pletely converted into unsaturated fatty acids
(0.65<Rf<0.68), mono- and di-epoxidized fatty

acids (ESA, Rf=0.43; DESA, Rf= 0.24) and most
likely mono- and diacylglycerols (Rf'=0.05 and Rf=
0.42 respectively). These results agreed well with
the high acid values of the two samples that ranged
from 46 to 48%. Thus, it can be assumed that in the
CpLIP2 mediated epoxidation, hydrolysis reactions
(substrates and peracids) were faster than the epox-
idation itself.

To verify the ESO structure, 'H-NMR and 3*C-NMR
spectroscopy were used. Figure 3 shows the 'TH-NMR
spectra of soybean oil, commercialized ESO and
synthesized ESO, and their chemical shift (J)
assignment are listed in Table 4. The presence of an
epoxide ring in all the ESO was confirmed with a 0
at 2.8-3.2 ppm, epoxy proton (position 4 in the
chemical structure). The glyceride backbone in the
soybean oil was assigned to the ¢ at 4.0-4.4 and 5.1,
and the ¢ at 5.2-5.6 ppm (methylene proton) repre-
sented the unsaturation or carbon-carbon double
bond (C=C) of soybean oil (position 1 in the chem-
ical structure). It was observable that there was no
C=C in the commercialized ESO (ESO4.60) whereas
the C=C bands continued to appear in the synthe-
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Figure 3. "H-NMR spectra: (a) soybean oil; (b) ESO4.60,
ES03.30-enz1 and ESO3.50; and (c) ESO3.58-
enz2
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Table 4. Assignment of the '"H-NMR spectra of soybean oil, epoxidized soybean oil and epoxidized fatty acids

1.5 (broad singlet)

H:CAA(‘H_‘_

Chemical shift, 3 Structure Assignment
[ppm]
0.88 (triplet) v CH, Terminal ~CHj;
o] 8]

B—CH,— to epoxy group

1.7 (broad singlet)

—CH,— adjacent to two epoxy group

2.9

L

O,
_cfi-tu

C

HJ
2.0 (broad singlet) He” . NcH ~CH,~CH=CH-
2.0 (broad singlet) ne” - N Nen ~CH,~CH=CH-

O
2.0 (broad singlet) /aA _CH,-CH=CH-—
H.,C
O

2.2 (broad singlet) /;C /A\ —CH,— adjacent to one epoxy group and one C=C group

H.‘.
2.8 (broad singlet T NN —CH,— adjacent to two C=C group

C

H]

O 0

—CH- proton of epoxy group

0 0
3.1 \ /
CH__C H¥

—CH- proton of epoxy group

3.7 (doublet) OH-CH, CH; in diglyceride
4.0-4.4 CH,-CH-CH, —CH,— of glycerol backbone
5.1 CH,—CH-CH, —CH- of glycerol backbone
53 F:E‘] —CH- proton of C=C group
7~ ~N
5.4 ? :E E{ :]él —CH- proton of C=C group
~ ~ ~

sized ESO from both the chemical and chemo-
enzymatic epoxidations. The chemical- and CALB-
based epoxidation seemed to produce a similar
product based on their 'H-NMR spectra. In contrast,
epoxidation with CpLIP2 led to a different chemi-
cal structure as shown in Figure 3c. The disappear-
ance of the glyceride protons at 4.2 ppm and the
appearance of a methylene attached to a hydroxyl
group at 3.7 ppm (position 9) in the diglyceride of
ESO catalyzed by CpLIP2 were noticed. The inserted
figure showed a small signal at 10 ppm that was
assigned to a carboxylic acid (COOH) proton. These
results substantiated the assumption that the hydrol-
ysis of triglyceride by CpLIP2 produced the mono-

or di-glyceride that generated the epoxidized free
fatty acid in the CpLIP2-based ESO. The '3C-NMR
and 2D-NMR results (not shown here) agreed with
the results described above. Both the TLC and
NMR results indicated that the chemical-based
ESO and the CALB-based ESO had epoxidized
triglycerides while the CpLIP2-based ESO con-
tained a mixture of epoxidized monoglycerides,
epoxidized diglycerides, epoxidized triglycerides,
and epoxidized free fatty acids.

Figure 4 shows the FTIR spectra of ESOs. All ESOs
showed the C=0 ester peak of the triglyceride at
1750 cm™!. A unique peak at 1725 cm™! was found
only in the CpLIP2-based ESO (ESO3.45-enz2). It
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Figure 4. FTIR spectra of ESOs

belongs to the C=0 ester peak of the carboxylic
acid (COOH). The presence of epoxidized free fatty
acid in the CpLIP2-based ESO was again proven by
the FTIR result.

3.3. Acrylation of ESO and the characteristics
of AESO
The formation of an acrylate group was determined
using "H-NMR. Figure 5 shows the 'H-NMR spec-
tra of AESOs. The new peaks after acrylation were
the peaks at 5.8—6.7 ppm that were assigned to the
3 protons of the acrylate esters. The AESOs also had
peaks at 5.3-5.6 ppm (-CH=CH-) and 3.0-3.2 ppm
(epoxide proton) which indicated an incomplete
acrylation reaction. The acrylate group in AESO
was investigated by FTIR spectroscopy (not shown
here). We observed a peak at 1400, 985, 810 cm™!
that was attributed to the CH=CH, (acrylate group)
and the peak of the residual epoxy groups at 822,
845 cm™'. The number of acrylate groups/molecule
of AESO calculated from its 'H-NMR spectrum
[56] is shown in Table 5. The number of acrylate
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Figure 5. "H-NMR spectra of AESOs

groups of the AESO derived from the synthesized
ESO was in the range of 0.42—1.70 while that from
Vikoflex® 7170 was highest (2.76). An incomplete
acrylation reaction was also found in the commer-
cialized AESO (Ebecryl® 860) that have 3.50 acry-
late groups/molecule (not shown here). Based on
our knowledge, the complete acrylation reaction of
ESO has not been reported. It should be noted that
two samples, A1.54/E2.40 and A1.54/E2.40-enzl,
were good representatives for comparisons between
the chemical epoxidation and chemo-enzymatic
epoxidation on the characteristics of the copolymer.
They had the same number of epoxide groups and
number of acrylate groups.

The number of acrylate groups represents the
degree of acrylation. Typically, the acrylation reac-
tion has a first-order dependence on the epoxide
concentration of oil, pure triglyceride and fatty acid
methyl ester. It seemed that the effect of the number
of epoxide groups (or DOE) on the number of acry-
late groups appeared only in the AESOs derived
from the chemical-based ESO, i.e., the number of
acrylate groups decreased from 1.70 to 1.54 when
the number of epoxide groups decreased from 3.50
to 2.40 (Table 5). In contrast, the acid value played
an important role on the acrylation of the enzyme-
based ESOs for which the numbers of their acrylate
groups did not change significantly although their
numbers of epoxide groups were different. The
CALB-based ESOs had 2 epoxide contents i.e.,
3.30 (ESO3.30-enzl) and 2.40 (ESO2.40-enzl).
After acrylation, the derived AESOs showed a sim-
ilar number of acrylate groups, i.e., 1.55 (A1.55/
E3.30-enzl) and 1.54 (A1.54/E2.40-enzl). This
behavior was more clearly observed in the CpLIP2-
based AESOs. Their starting ESO had a signifi-
cantly different epoxide content, i.e., 3.58 (ESO3.58-
enz2) and 2.25 (ESO2.25-enz2), but the derived
AESOs had a similar number of acrylate groups, i.e.

Table 5. Sample designation and number of acrylate groups

ofthe AESO
No. of acrylate No. of epoxide
AESO code groups/molecule groups/molecule
in AESO in ESO
A2.76/E4.60 2.76 4.60
A1.70/E3.50 1.70 3.50
A1.54/E2.40 1.54 2.40
A1.55/E3.30-enzl 1.55 3.30
A1.54/E2.40-enz1 1.54 2.40
A0.46/E3.58-enz2 0.46 3.58
A0.42/E2.25-enz2 0.42 2.25
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0.42—0.46. This was because the epoxide group
reacted with the carboxylic group of the epoxidized
free fatty acid by an addition reaction [59, 60]. This
indicated that the presence of epoxidized free fatty
acid was very important for further modifications of
ESO. The number of epoxide groups/molecule may
not be a key factor for the synthesis of AESO by
using the enzymatic ESO. The free fatty acid formed
during the chemo-enzymatic epoxidation was able
to be epoxidized and that was a reason for the high
number of epoxide groups found in the ESO3.58-
enz2. The occurrence of the carboxylic groups in
the epoxidized free fatty acids did not favor the
attraction of acrylic acid. Therefore, their number
of acrylate groups was very low, i.e., 0.46.

3.4. Characteristics of the AESO-co-PMMA
copolymer

The thermal stability of the AESO-co-PMMA
copolymer was determined in terms of the thermal
degradation temperature (74) at a selected weight
loss such as 5, 10 and 50%. TGA thermograms of
the copolymers are demonstrated in Figure 6 and
their 7 are listed in Table 6. Sample designations of
the copolymers followed the name of the AESO
which included the number of acrylate groups and
the number of epoxide groups. For example, Co-
A2.76/E4.60 and Co-A1.55/E3.30-enzl was syn-
thesized from A2.76/E4.60 and A1.55/E3.30-enzl,
respectively. PMMA had the lowest thermal stabil-
ity because of its linear molecular structure. The
network structure produced a much higher thermal
stability of the copolymers, except for Co-A0.46/
E3.58-enz2 that showed a slightly higher thermal
stability than PMMA due to its low crosslinking.
Excluding Co-A0.46/E3.58-enz2, there was no sig-

100
e CoA2TEE460
Co-A1.7VE3.50
801 . - Co-AlS4E240
i 601 PilhA 4 Co-A1.55E3 30-enz1
'g') ) Y _Co-A1.54E2 40-enz1
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Temperature [°C]

Figure 6. TGA thermograms of PMMA and AESO-co-
PMMA copolymers

Table 6. Glass transition temperature (7,) and thermal
degradation temperature (74) of the PMMA and
AESO-c-PMMA copolymer

T, Tq [°C]
Sample [°C] at weight loss of

DMTA | DSC | 5% | 10% | 50%
PMMA 94 — 236 | 274 | 360
Co-A2.76/E4.60 40 3.92| 340 | 368 | 425
Co-A1.70/E3.50 14 —15.96| 278 | 355 | 427
Co-A1.55/E3.30-enzl -1 —23.54| 324 | 364 | 426
Co-A1.54/E2.40 -9 —26.13| 313 | 359 | 422
Co-A1.54/E2.40-enzl -8 —24.12| 324 | 356 | 413
Co-A0.46/E3.58-enz2 N/A N/A | 236 | 280 | 383

N/A: not applicable (no data)

nificant difference in the thermal stability among
these copolymers. The high acid value and the very
low acrylate groups in the CpLIP2-based AESO did
not promote copolymerization with MMA. Conse-
quently, the Co-A0.46/E3.58-enz2 was very soft
and weak, and it was unable to copolymerize with
A0.42/E2.25-enz2.

The glass transition temperature (7) of the copoly-
mers was examined by DMTA and DSC. The tand
as a function of the temperature of the copolymers
is shown in Figure 7. The temperature at the maxi-
mum tanod was the o transition temperature and
equivalent to T, but a different value was obtained
by the DSC due to the different testing conditions.
The Co-A0.46/E3.58-enz2 was unable to form a
continuous sheet for DMTA testing. All copolymers
and PMMA showed a very broad peak and their T
is listed in Table 6. The T, of PMMA was 94°C
while the T, of the copolymers were in the range of
-9 to 40°C. The copolymers showed a lower T,
than PMMA although they were a thermosetting
plastic. This is because the flexible and relatively
short chains of the triglyceride in the copolymers

1.2
1.04 PMMA, 94°C
08 Co-A1.54E2 40-enz1, -8'C
e . Co-A1.55E3 30-enz1, -1°C
S 0.6 coatsaE240-gc-{,-/\
= TN\ CoA TOE3 50, 14°C
AP
0.4 ‘. ra \Co-A2 TEE4.60, 40°C
0.2\ ¢

0.0 . ke ST el i
-80 -60 40 -20 0O 20 40 60 80 100 120 140

Temperature [°C]

Figure 7. Tand as a function of the temperature of PMMA
and AESO-co-PMMA copolymers
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contributed to the lower T,. The T, also depended
on the number of acrylate groups. More acrylate
groups caused more crosslinking and produced a
higher T;,. The single 7, indicated that a random
copolymer has been derived. The Co-A1.70/E3.50
and the Co-A1.54/E2.40 showed a sub-T} or f tran-
sition temperature while the CALB-based copoly-
mers showed a shoulder. These may be due to phase
segregation of the un-crosslinked structure or some
homopolymer of PMMA, so a further study is
required. The T, of the copolymers obtained from
DSC is listed in Table 6. It agreed with the results
from the DMTA.

The degree of swelling in water and ethanol of the
copolymers are tabulated in Table 7. The copoly-
mers provided good stability in water (1-4%)
whereas a lower stability in ethanol (15-18%) was
observed. This is because ethanol is less polar than
water; therefore, ethanol could penetrate into the
non-polar chains of the copolymers more than
water. Generally speaking, there were only slight
differences in the degree of swelling among those
copolymers.

Tetrahydrofuran (THF) is a good solvent of PMMA
and AESO. To compare the crosslink density among
these copolymers, the solubility in THF was inves-
tigated and reported as gel content (Table 7). The
higher gel content indicated a higher density of
crosslinks. The Co-A2.76/E4.60 had the highest gel
content owing to it having the highest number of
acrylate groups whereas the A0.46/E3.58-enz2 had
the lowest gel content. The chemo-enzymatic epox-
idation produced the lower gel content because of
the formation of epoxidized free fatty acids that was
attributed to a reduction in the molecules that could
be crosslinked (epoxidized triglycerides). This
effect was obvious in the A0.46/E3.58-enz2 with its
starting ESO having a very high acid value and a
high number of epoxide groups. On the other hand,
the gel contents of the CALB-based copolymers

Table 7. The degree of swelling and gel content of the
AESO-co-PMMA copolymer

Sample Degree of swelling [%] | Gel content [%]

Ethanol Water (THF)
Co-A2.76/E4.60 15.39 3.79 96.68
Co-A1.70/E3.50 16.89 3.58 92.27
Co-A1.55/E3.30-enzl | 14.70 1.19 90.46
Co-A1.54/E2.40 17.08 0.98 91.50
Co-A1.54/E2.40-enzl |  17.67 0.62 89.99
Co-A0.46/E3.58-enz2 - - 65.58

were slightly lower than those of the chemical-based
copolymers. Comparing the Co-A1.54/E2.40 with
the Co-A1.54/E2.40-enz1, their physical properties
were in the same range. Their 7, was —26 and
—24°C, and their a transition temperature was —9 and
—8°C, respectively. Furthermore, their degree of
swelling was also similar. This behavior implied
that the small acid value in the CALB-based ESO
(~3%) did not affect the copolymerization. How-
ever, the presence of the free fatty acid in the
CALB-based ESO did influence the degree of acry-
lation and copolymerization.

Finally, we proposed models of the molecular struc-
ture of the copolymers which depended on the
epoxidation method as shown in Figure 8. Figure 8a
shows the molecular structure of the AESO-co-
PMMA copolymer derived from the chemical epox-
idation. By using chemo-enzymatic epoxidation,
the molecular structure varied based on the epoxi-
dized products. The epoxidized triglycerides pro-
vided the network structure as shown in Figure 8a.
The epoxidized diglycerides with or without the
free fatty acids would generate the network (Fig-
ure 8b). The epoxidized free fatty acids may lead to
the crosslinked or linear structure that depended on
the number of acrylate groups per fatty acid chain
(Figure 8c and 8d).

4. Conclusions

The present work has provided a systematic study
on the effect of the epoxidation process of soybean
oil on the characteristics of the epoxidized soybean
oil, acrylated epoxidized soybean oil, and acrylated
epoxidized soybean oil-co-poly(methyl methacry-
late) copolymer. Two different epoxidation processes
were carried out: a chemical and chemo-enzymatic
epoxidation. Novozyme® 435, lipase B from Can-
dida antarctica (CALB) and an enzyme lipase/acyl-
transferase CpLIP2 (Candida parapsilosis) were
employed. The epoxidation process had a strong
influence on the resulting product. The CpLIP2-
based epoxidation also generated free fatty acids,
monoglycerides and diglycerides due to the hydrol-
ysis reaction and subsequently these became epoxi-
dized products, as indicated by a very high acid
value and the "H-NMR and FTIR spectra and TLC
chromatograms. The dependence of the acrylation
reaction on the epoxide content or degree of epoxi-
dation was observed only in the chemical-based
epoxidized soybean oil. The presence of the epoxi-
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Figure 8. Molecular structure modeling of the AESO-co-PMMA copolymer derived from (a) the epoxidized triglyceride;
(b) the epoxidized diglyceride with or without the free fatty acid; and (c—d) the epoxidized free fatty acid

dized free fatty acids in the enzymatic ESOs played
a major role on the acrylation reaction. The higher
the acid value in the ESO, the lower were the num-
bers of acrylate groups in the AESO obtained. The
presence of carboxylic groups impeded the acryla-
tion reaction. CpLIP2 was not suitable for synthesis
of ESO under the present conditions. Although the
small acid value in the CALB-based ESO did not
affect the copolymers’ properties, but it strongly
affected the number of acrylate groups of the
AESO.
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Abstract. Carbon fibers chemically grafted with hydroxyl-terminated diblock copolymer poly (n-butylacrylate)-b-poly
(glycidyl methacrylate) (OH-PnBA-b-PGMA), were used as the reinforcement for epoxy composites. The multi-filament
composite specimens were prepared and measured by dynamic mechanical analysis (DMA), to study the interfacial tough-
ness of carbon fiber reinforced epoxy composites with the diblock copolymers. The loss modulus and loss factor peaks of
B-relaxation indicated that composites with diblock copolymers could dissipate more energy at small strain and possess bet-
ter interfacial toughness, whereas composites without the ductile block PnBA having the worse interfacial toughness. The
glass transition temperature and the apparent activation energy calculated from the glass transition showed that the strong
interfacial adhesion existed in the composites with diblock copolymers, corresponding with the value of interfacial shear
strength. Therefore, a strengthening and toughening interfacial structure in carbon fiber/epoxy composites was achieved by
introducing the diblock copolymer OH-PnBA-b-PGMA. The resulting impact toughness, characterized with an Izod impact

tester, was better than that of composite without the ductile block PnBA.

Keywords: polymer composites, diblock copolymer, interface, fracture toughness, DMA

1. Introduction

Carbon fiber reinforced epoxy composites are widely
used in many fields, including aerospace, trans-
portation, civil constructions, marine and automo-
bile industries due to their good engineering proper-
ties such as high specific strength and stiffness, low
density and so on. They have also attracted a long-
standing attention [1-5]. However, epoxy resins are
inherently brittle and hence have reduced damage
tolerance, and consequently the damage tolerance
of the epoxy composites. During the past decades, a
large number of researches have been aimed at the
toughening of epoxy composites. One of the most

*Corresponding author, e-mail: xdzhou@ecust.edu.cn
© BME-PT

effective methods is by improving the matrix tough-
ness. For example, ductile thermoplastics and rub-
bers were used to increase the resin toughness [6]
through their plastic deformation. However, this
approach may seriously affect modulus and thermal
properties of the material for only a modest increase
in the toughness. Other techniques include inter-
leaving [7] or toughening with the thermoplastic
fibers [8] and carbon nanotubes [9].

The other most effective method is by coating the
carbon fibers with a ductile polymeric material
before they are incorporated into a matrix. A variety
of polymer coatings such as anhydride copolymers
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[10], acrylonitrile copolymers [11], polyvinyl alco-
hol [12] and epoxy coating [13] have been supplied
to carbon fibers, and consequently improving the
fracture toughness of reinforced composites by mod-
ifying the mode of failure and thus the potential
energy absorbing capacity. However, these coatings
usually provide weak bonding at the interface; thick
coatings also result in the reduction of the compos-
ite strength and modulus.

Up to date, we synthesized and used the hydroxyl-
terminated diblock copolymer poly (n-butylacry-
late)-b-poly (glycidyl methacrylate) (OH-PnBA-b-
PGMA) as macromolecular coupling agent for
applying to the carbon fiber/epoxy composite to
yield a strengthening and toughening interface. The
Micro-Raman spectroscopy revealed that introduc-
ing flexible segment PnBA into the interface can
significantly relax the interfacial stress between car-
bon fibers and epoxy resin. On the other hand, the
microbond test showed that the interfacial shear
strength of the composites (up to 52.3 MPa) was
also significantly improved due to the grafting of
diblock copolymer OH-PnBA-b-PGMA onto the
carbon fiber surfaces [14]. However, there is no
direct proof to show the improvement of the interfa-
cial toughness and the consequent fracture tough-
ness of composites.

The fracture behavior of polymers under large-scale
deformations is of considerable interest for many
thermal analysts who are interested in specifying
polymers for use in critical load-bearing applica-
tions. Brostow and Corneliussen [15] and Chartoff
et al. [16] indicated how linear viscoelastic dynamic
mechanical analysis (DMA) data can be of benefit
as an aid in deciding some practical criteria for
selecting what material to use. The relevant relax-
ation processes are the first secondary relaxation
below T,. Hartmann and Lee [17] and Woo et al.
[18] had reported a method that by doing a Fourier
analysis to obtain the complete frequency spectrum
of the impact pulse and comparing this spectrum
with the room-temperature frequency spectrum of
the loss factor of the secondary transition, the impact
resistance was correlated with the secondary transi-
tion. They also obtained good agreement between
the calculated value and the measured value. More
recently, Karger-Kocsis ef al. [19] reported that the
intensity of the B-relaxation assigned to conforma-
tional changes of the cyclohexylene linkages corre-
lates with the toughness of vinylester/epoxy-based

thermosets. All the researches indicated that the
impact properties of polymers can be correlated
their B-relaxation.

To our knowledge, there are few reports about the
relationship between fracture toughness with p-relax-
ation of fiber reinforced polymer composites, due to
the complicated failure mechanisms such as matrix
fracture, fiber-matrix interface debonding, post-
debonding friction, fiber fracture, stress redistribu-
tion, fiber pull-out, etc. [12]. However, when small
strain is given to composites, the energy absorption
and dissipation is mainly dependent on the molecu-
lar chain mobility of matrix polymer and interface
before failure. In other word, interfacial toughening
contributes significantly to material toughness when
matrix resin is fixed, and can be correlated with the
B-relaxation of composites. For fiber reinforced poly-
mer composites, we expect that they can not only
absorb a large amount of impact energy when fail-
ure occurs, but dissipate energy by molecular chain
mobility and deformation as encountering relatively
small load. Therefore, DMA may be an effective
method to analyze the interfacial toughness, although
there is a philosophical difficulty in relating the
DMA data to the fracture toughness of composites.
In this study, to prove that the hydroxyl-terminated
diblock copolymer OH-PnBA-b-PGMA can yield a
strengthening and toughening interfacial structure
in carbon fiber/epoxy composites, the multi-fila-
ment composite specimens were prepared and tested
by dynamic mechanical analysis (DMA), to thor-
oughly study the interfacial toughness of carbon
fiber reinforced epoxy resin composites. The result-
ing impact toughness was also characterized with
an Izod impact tester.

2. Experimental section

2.1. Materials

Carbon fibers (CFs) (T700, approximate diameter
is 7 pm, 12 000 single filament in the tow) were pur-
chased from Toray Industries, Inc. Japan. The sur-
face treatments of the CFs were similar to those
described in our previous study [14]. The CFs,
extracted with acetone (Sinopharm Chemical
Reagent Co., Ltd, AR grade, China) and petroleum
ether (Shanghai Tianlian Fine Chemical Co., Ltd,
AR grade, China) in a Soxhlet apparatus for 24 h
respectively and then dried under vacuum at 60°C,
were denoted as CFO. After extraction, the CFs
were oxidized by nitric acid (Yixin Guanghui Addi-
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tives Chemical Co., Ltd, AR grade, China) for 5 h at
100°C, denoted as CF-COOH. The as-prepared CF-
COOH was immersed in thionyl chloride (Shanghai
Lingfeng Chemical Reagent Co., Ltd, AR grade,
China) and stirring at 70°C for 24 h, and then chem-
ically grafted with the synthesized copolymers OH-
PnBA-b-PGMA70 with various polymerization
degrees (0, 130 and 220) of the PnBA blocks,
named as CF-PGMA, CF-DI130 and CF-DI220,
respectively.

The resin used in this study was the two part E-
51(618)/T-31 epoxy system, provided by Shanghai
Resin Factory Co. Ltd. China.

2.2. Preparation of the testing samples
2.2.1. Preparation of multi-filament composite
specimens
All the multi-filament composite specimens were
prepared as follows: Ten filaments were parallel
aligned on a rectangular mould with a size of 30 %
5x0.3 mm using double-side tape, ensuring that
each filament was non-overlapped to avoid the
interference between interfaces. Then the resin E-
51(618) and hardener T-31 were mixed with a mass
ratio 10:3, poured into the mould and degassed under
full vacuum to enable evaporation of entrapped air
bubbles, followed by curing at 60°C for 6 h and
subsequent 120°C for 5 h under compressive pres-
sure of 200 kPa. The photograph of multi-filament
specimen was shown in Figure 1. For all the speci-
mens, the fiber contents were uniform by employ-
ing equal amounts of resin and equal numbers of
filaments.
It is worth noting that the dimension of specimens
must be precisely controlled, especially the thick-
ness, significantly influencing the modulus of mate-
rials in DMA test. The specimens will be given up if
their thickness does not fall in the range of 300~
350 pm.

carbon fiber

a) b)

Figure 1. Samples of multi-filament composite specimens
for DMA tests (a) photograph of the whole sam-
ple; (b) arrangement of single carbon fiber embed-
ded in epoxy resin

2.2.2. Preparation of notched impact specimens
The quantitative bundles were first laid in three lay-
ers in the mould with the size of 60x 10x2.5 mm,
followed by pouring the quantitative resin mixture
with vacuum degassing. Then the notched impact
specimens of the unidirectional composites were
obtained after the curing process similar to that
described for the preparation of multi-filament
specimens. The schematic diagram of the notched
impact specimen was shown in Figure 2. The fiber
content of all the notched impact specimens was
5% by weight.

25mm | 60 mm ;‘3—*1?
i S
v
E £ o/
e © Notch

Figure 2. Schematic diagram of the notched impact speci-
men

2.3. Instruments and measurements

Dynamic mechanical thermal analysis (DMA) was
performed in film tensile mode with a dynamic
mechanical thermal analyzer (DMAQS800, TA Instru-
ments, USA). Using DMA Multi-Frequency—Strain
module, the prepared specimens were measured with
various oscillation frequencies of 1, 5, 10, 30 and
50 Hz and a constant oscillation strain of 0.07%.
The testing temperature ranged from —125 to 200°C
at 2°C /min.

Both for the bulk matrix and for the multi-filaments
composite specimens, an apparent activation energy
AFE for the glass transition has been calculated, as
reported by other authors [20], using the Arrhenius
equation as shown in Equation (1):

RT,

w = Aexp (1)
where @ is the oscillation frequency, 7, is the
absolute temperature at the glass transition loss fac-
tor peak and 4 is a frequency factor.

The single fiber pull-out behavior of the multi-fila-
ment composites was recorded by the optical micro-
scope (LV100POL, Nikon Corporation, Japan).
The fracture toughness of composites was evalu-
ated using an Izod impact tester (XJU-22J, Chengde
Teating Machine Co., Ltd, China) of full scale 4 J at
an impact velocity of 1 m/s. The notched impact
strength was calculated according to ASTM D-256
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at -50°C. Each value obtained represented the aver-
age of five samples.

Scanning electron microscopy (SEM) was applica-
ble to investigate the surface morphology of the
fractured section of the impact specimens. Samples
were fixed to a platform with conductive tape, vac-
uum-dried and sputtered with gold. Images were
taken on an S-4800 scanning electron microscopy
(Hitachi Company, Japan), operating at 15 kV.

3. Results and discussion

3.1. Dynamic mechanical thermal analysis
3.1.1. Multi-filament composite specimens
Considering the appropriate damping for impact
would either be longitudinal or some combination
of shear and longitudinal, the tensile mode was
employed in DMA test. The additional advantage of
this mode is benefit of the specimen preparation. It
is easy for single filament to be parallel aligned in
small dimension specimens. As shown in Figure 1,
the multi-filament composite specimens were pre-
pared with the dimension of 30x5x0.3 mm. To
ensure all the samples been tested in linear vis-
coelastic region, the 0.07% oscillation strain was
selected.

w=5Hz —=—epoxy resin
——CFD
300 / . CF-PGMA
e ——CF-DI130
— ¥ CF-DI220
[1]
o
=
£ 200+
=
o
£
@
S
100
X
-100 0 100 200
a) Temperature ["C]

3.1.2. Loss modulus E” of B-relaxation

The variation of the dynamic loss modulus £” with
temperature for the various samples was shown in
Figure 3. The values sweeping at 5 and 50 Hz were
selected respectively to be convenient for compar-
ing. Besides the glass transition at the high-temper-
ature end about 140~150°C, one secondary transi-
tion was found at —60~-50°C. This phenomenon
had been widely reported [21, 22]. The peak value
of loss modulus and S, the area under the loss mod-
ulus curve at 5 and 50 Hz, were listed in Table 1.
For epoxy/amine networks, most authors associated
the B-relaxation with the motion contributions of
diphenylpropane groups and glyceryl units [21-23].
Comparing the loss modulus of the bulk matrix and
the multi-filament composites at the secondary
transition, the peak value of the neat epoxy resin
was lower than that of CF-DI220 and CF-DI130
composites, whereas it higher than that of CF0O and
CF-GMA composites, both sweeping at 5 and 50 Hz.
The loss modulus is the viscous component of com-
plex modulus and is related to the sample’s ability
to dissipate mechanical energy as heat through the
molecular motion per cycle of sinusoidal deforma-
tion, when different systems are compared at the

—e— epoxy resin

—— CF-DI130
CF-DI220

Loss modulus [MPa]

| N

-100 0 100 200
b) Temperature [°C]

Figure 3. Loss modulus of various samples as a function of temperature, sweeping at (a) 5 Hz and (b) 50 Hz, respectively

Table 1. Data about B-relaxation of carbon fiber/epoxy resin composites

Sample 5Hz 50 Hz
Loss modulus SpL10- Sps Loss modulus SpL10 Sps
[MPa] [MPa]

Epoxy 252.7 27.6 9.2 258.0 31.5 10.3
CFO0 2373 25.2 7.5 251.3 29.0 8.6
CF-PGMA 213.2 25.7 8.9 2223 29.2 9.9
CF-DI130 316.8 31.2 12.9 323.1 41.5 13.9
CF-DI220 327.4 38.5 13.1 328.9 43.1 14.3

Sp.. is area under the loss modulus curve, Sg.5 is area under the tand curve.
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same strain amplitude. It is most sensitive to the
molecular motions. The dissipation from the mechan-
ical energy into thermal energy per cycle is described
in Equation (2) [18]:

A w) = [ o(w) &(w)dt
=wa, e, 02”/ “[coswt*sinwt'cosd +sin’wt sind |dz

= mg)(w) E"(w) )
where o(w) is the stress at frequency w, &(w) is the
resulting strain at @ with amplitude &y, 0 is the
phase angle between stress and the strain, £"(w) is
the loss modulus at w.

It was found that Sg.1, area under the loss modulus
curve, also had the similar trend as that of loss mod-
ulus: CF-DI220>CF-DI130>epoxy resin>CF0=
CF-GMA.

Thus, it implied that the energy dissipation capacity
of the neat epoxy resin was lower than that of CF-
DI220 and CF-DI130 composites, and higher than
that of CFO and CF-GMA composites. At small
strain (0.07%), the multi-filament composites have
no detectable matrix fracture and fiber pull-out, the
variation of toughness is mainly contributed by the
interfacial toughness as the resin matrix is fixed.
We have known that the glass transition of PnBA
block in diblock copolymer occurs at about —50°C.
It can increase the frictional shear work due to its
high viscosity and the plastic deformation at the
interface, and act as a stress relief medium which
reduces compressive stresses caused by matrix
shrinkage during curing and as a crack inhibitor
[24]. In our previous study, Micro-Raman spec-
troscopy has also revealed the interfacial stress can

significantly be relaxed owing to introducing the
flexible segment PnBA [14]. Thus, the CF-DI220
and CF-DI130 composites possess better energy
dissipation capacity and toughness than the neat
epoxy matrix. It was noted that CFO multi-filament
composite showed lower energy dissipation than
the neat epoxy matrix. Commonly, weak interfacial
adhesion provides slight limit to the neighboring
chain motion; whereas good interfacial adhesion
seriously restricts the movement of the chain seg-
ments, resulting in the worst interfacial toughness
of CF-GMA composite.

3.1.3. Loss factor tan o of p-relaxation

The loss factor tand is the ratio of loss modulus to
storage modulus, and represents the mechanical
damping or the internal friction in a viscoelastic
system. Compared with loss modulus, the loss fac-
tor eliminates the effect of sample’s geometrical
shapes. The variation of loss factor tand with tem-
perature for various samples was shown in Figure 4,
and Sp.s, the area under the tand curve was also
shown in Table 1.

As can be seen from Table 1 and Figure 4, Sp.;
ranged as: CF-DI220>CF-DI130>epoxy resin>
CF-GMA > CFO0, both sweeping at 5 and 50 Hz. The
similar trend with that of loss modulus, composites
with diblock copolymer possessing the best interfa-
cial toughness and composites without the ductile
block PnBA having the worse interfacial toughness,
was very significant. This is not in accordance with
the principle that a composite with a poor matrix/
fiber load transfer tends to dissipate more energy
than one with good interfacial interaction [25]. As
reported in our recent study, the micro-composite
with diblock copolymer coupling agent had strong

- ! _ n
w=5Hz | __ epoxy resin w=50Hz 7 bL
04F o Iy —— CFO 04F o ik
1 +— CF-PGMA k) L
’_{ ‘. L —— CF-DI130 T, \l
0.3 - Y )& b CF-DI220 - TT:.; 'l
SroE : Tiie 5 \
) 1 By o] A P rIy i
e - AN . R
502} A 5 ‘1; 1
0.0 % o ! 1‘\ pz2E oo i = 1 ; i
Temperature ['C] ; Y‘ 3 Temperature ["C] [ a‘i
04 L i g X
—_ By 3 4 i
-_.—’//Mf/ P / . ‘j
oor = SN~
1 1 1 0.0 1 1 1 "
=100 0 100 200 =100 0 100 200
a) Temperature [°C] b) Temperature [*C]

Figure 4. Loss factor of various samples as a function of temperature, sweeping at (a) 5 Hz and (b) S0Hz, respectively
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Carbon fiber
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| |
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OH OH

Figure 5. Schematic illustration on the interactions of grafted
diblock copolymer at the interface between CF
and epoxy resin

interfacial shear strength of 49.0 MPa (CF-DI1220),
while the micro-composite with PGMA and CF0
had only interfacial shear strength of 40.2 and
29.8 MPa, respectively [14].

We have reported in our other paper that, the ductile
block PnBA will act as the ductile interlayer col-
lapsing on fiber surface due to its low 7, and poor
compatibility with the PGMA block and the epoxy
resin [26], which is illustrated in Figure 5. It is well
acceptable that the ductile PnBA interlayer with
high viscosity will increase frictional shear stress at
interface, and the movement of PnBA chain seg-
ments at interface also improves the plastic defor-
mation of the interface region.

3.1.4. a-relaxation

Table 2 showed that the glass transition tempera-
ture, from the loss factor for bulk resin and compos-
ites at various testing frequencies. It is evident from
the loss factor curves that all the multi-filament
composites show a relaxation peak at temperatures
lower than that obtained from bulk resin. Ratna [27]
reported that the 7, for GFRP epoxy composite was
190°C whereas for unreinforced cured epoxy it was
217°C. Ghosh et al. [28] reported similar effects in
the case of jute fiber reinforced composites. They
explained that the organosilane coating used for
commercial fibers, with unreactive organic groups
led to an interface with many unrestrained or free

Table 2. Data about a-relaxation of carbon fiber/epoxy
resin composites

Sample T, T, Activation energy,
[°C,5Hz] | [°C, 50 Hz] AE [kJ-mol™]
Epoxy 146.4 155.7 325.1
CFO 136.8 144.4 365.9
CF-PGMA 142.6 151.9 402.0
CF-DI130 142.2 149.8 4279
CF-DI220 141.3 148.9 421.3

end groups which resulted in reduction in the cross-
link density of the polymer network in the interface
region, and thereby caused a reduction in relaxation
temperature [29]. In our experiments, we used the
macromolecular coupling agents synthesized by
ourselves, but not the commercial organosilane
coating, the similar effects were also obtained. It
was considered that the thickness of the prepared
multi-filament specimens is only about 300 um, the
parallel arrangement of CF with and without coat-
ing slightly reduced the cross-link density and inte-
grality of the polymer network in the interface
region. Furthermore, for the CFO composite, the
presence of uncoated fibers can affect the initial sto-
ichiometry of the epoxy-amine network due to the
higher affinity of the carbon surface for one of the
monomers. The generation of a non-stoichiometric
interphase is possibly the reason of the decrease of
T, [29]. For the CF-GMA, CF-DI130 and CF-DI220
composites, some epoxy groups in PGMA block
react with amine hardener during the curing
process; the others unreacted are free or unre-
strained and have a plasticization effect on the zone
next to the interface, explaining the decrease in 7
of the composites.

Obviously, the CFO composite desized the commer-
cial coating on carbon fibers had the lowest 7T;,. Usu-
ally, the good interfacial adhesion will restrict the
chain segment movement, resulting in an increase
in glass transition temperature. Thereby, the T, of
composites with macromolecular coupling agents
was higher than that of CFO composite. However,
the ductile interlayer still affected the 7. This is con-
firmed by the descending order of T, value for CF-
PGMA, CF-DI130 and CF-DI220 composites, in
which the polymerization degree of PnBA block is
0, 130 and 220, respectively.

According to Equation (1), by plotting the loga-
rithm of the frequency vs. the reciprocal absolute
temperature corresponding to the tano peak, the
apparent activation energy for the glass transition can
be calculated from the slope of the regression line.
Figure 6 showed this relationship, and the calcu-
lated values for the apparent activation energies of
epoxy matrix and multi-filament composites were
listed in Table 2. As can be seen, the relaxation of
the epoxy matrix required the least energy com-
pared with all the multi-filament composites. The
desized fibers micro-composites CF0 had a bit higher
value, implying that the molecular motion was only
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slightly restricted by the reinforcing fibers. This is
due to the weak interfacial adhesion between CFO0

= epoxy resin
v CFO

& CF-PGMA
* CF-DI130

¢ CF-DI220

E2l
0k
1 1 1
0.00230 0.00235 0.00240 0.00245 0.00250
T

a
Figure 6. The relationship curves between 1/7; and Ino in
pure epoxy resin and carbon fibers with various
surface modification reinforced epoxy resin com-
posites

and epoxy matrix. The relaxation of the epoxy resin
in composites with dibock copolymer required the
most energy, relating to the best interfacial adhe-
sion. It could be clearly seen that there was a very
good agreement between the activation energy and
the interfacial adhesion, indicating the strengthen-
ing and toughening interfacial structure in carbon
fiber reinforced epoxy resin composites induced by
diblock copolymer OH-PnBA-b-PGMA.

3.2. Single fiber pull-out

Many researchers have proved the fiber pull-out

work (R,,) to be a predominant component of the

fracture toughness (more than 90%) of carbon fiber

reinforced plastics [12, 30]. Kim and Mai employed

Equation (3) to estimate the fiber pull-out work:
Vf‘a-f.lc Vfo-fl_

— po
o123 @)

Figure 7. Optical micrographs of the multi-filament composites after fracture under the dynamic load of 50Hz.
(a) CF0/epoxy resin; (b) CF-COOH/epoxy resin; (c) CF-PGMA/epoxy resin; (d) CF-DI220/epoxy resin
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where Vs is the volume fraction of fibers, oy is the
tensile strength of carbon fibres, and /, po 18 the aver-
age fiber pull-out length.

In our experiments, after specimens fracture under
the dynamic load of 50 Hz, the fiber pull-out length
of the multi-filament composites is easy to measure
when employing optical microscope or SEM. As
can be seen in Figure 7, the average fiber pull-out
length and number of CF0 composite was signifi-
cantly higher than all the other samples. CF-GMA,
CF-DI130 and CF-DI220 composites were seldom
observed the phenomenon of fiber pull-out, accord-
ing with Beaumont’s and Anstice [31] opinion that
the debonding of single fibers seldom occurs because
the debond stress is greater than the fiber strength
for carbon-epoxy composites with strong interfacial
bond strength and high-stiffness fibers. Therefore,
for the composites with diblock copolymer, the
energy dissipation cannot be improved through the
interfacial debonding and fiber pull-out.

3.3. Impact fracture toughness

Figure 8 showed the notched impact strength of car-
bon fibers reinforced epoxy composites with vari-
ous surface modifications. It can be found that the
impact strength of CFO composite was as high as
19.05+2.10 kJ/m?. It is due to the fact that the weak
interfacial bonding between CF0 and epoxy resin
allows more interfacial debonding and fiber pull-
out during the whole fracture process, giving large
contributions to the fracture toughness of the com-
posite. Compared to CFO composite, much lower
impact strength was observed in CF-COOH and
CF-PGMA composites, only 4.50+0.52 and
3.80+1.21 kJ/m?, respectively. This is because that

Motched impact strenght [kd/m?)

CF0 CF-COOH

CF-PGMA CF-DI220

Figure 8. The notched impact strength of carbon fibers with
various surface modification reinforced epoxy
resin composites

the increase of the oxygen-containing functional
groups on CF-COOH surface and the strong inter-
action between the grafted homopolymers PGMA
and epoxy resin greatly improved the interfacial
adhesion of the systems. In the case of strong bond-
ing, the interfacial debonding during the fracture
process is so difficult that the advancing crack
propagates through the fibers, resulting in the low
energy dissipation. As a consequence, the fracture
toughness significantly reduced.

However, with the introducing of PnBA blocks, the
impact fracture toughness of the composite was
slightly increased due to the low grafting density of
diblock copolymer. As we known, the strong bond-
ing between carbon fiber and epoxy resin is essen-
tial for efficient stress transfer and thus to achieve
high strength in CF-DI220 composite, suggesting
that the dominant source of the fracture toughness
in the system is not attributed to the said toughening
mechanisms of interfacial debonding and fiber full-
out, which was also indicated by the result of single
fiber pull-out. It can be explained as follows: first,
the flexible interlayer can bear larger imposed
deformation and relax the stress concentration at
interface, which delays the occurrence of interfacial
slippage and the interfacial debonding, and effec-
tively enhance the number of starting points of the
material damage; second, the flexible interlayer can
act as a crack arrester to prevent the crack propaga-
tion through the fibers and thus prolong the crack
propagation path; finally, the composite can overall
deform more largely before failure. All of these delay
the material damage and increase the energy absorp-
tion capacity. Therefore, the notched impact strength
of CF-DI220/epoxy resin composite was increased
t0 9.21+1.42 kJ/m?.

Figure 9 demonstrated the fracture morphology in
different carbon fiber reinforced epoxy resin com-
posites. For CFO composite, as seen in Figure 9a,
CF was obviously pulled out with a smooth surface
from the epoxy resin, and a number of holes were
residual, proving that the main failure mechanism
of the CF0O composite was the fiber debonding and
pull-out. While with an increase in the interfacial
adhesion, the brittle fracture occurred in CF-PGMA
composite as illustrated in Figure 9b. As for CF-
DI220 composite (Figure 9c), the fiber debonding
phenomenon was also seldom observed due to the
strong interfacial bonding. Nevertheless, the frac-
ture model was changed with introducing the flexi-
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20.0 um

20.0 um

Figure 9. SEM photographs of impact fracture surfaces for (a) CFO/epoxy resin; (b) CF-PGMA/epoxy resin; and (c) CF-

DI220/epoxy resin composites

ble block PnBA, where amount of the residual resin
adhered around the fractured fibers.

4. Conclusions

Based on our previous study, the influence of the
grafted diblock copolymer OH-PnBA-b-PGMA,
which could effectively improve the interfacial
adhesion between carbon fiber and epoxy resin, on
the interfacial toughness and consequent fracture
toughness of the composites was studied by DMA
and Izod impact test in this study.

The loss modulus and loss factor peaks of B-relax-
ation in DMA spectra showed that the composites
with diblock copolymers could dissipate more
energy at small strain and possess better interfacial
toughness, whereas composites without the ductile
block PnBA having the worse interfacial toughness.
The glass transition temperature and the apparent
activation energy calculated from the glass transi-
tion displayed that the strong interfacial adhesion

existed in the composites with diblock copolymers,
corresponding with the value of the interfacial shear
strength.

The ductile block PnBA can bear larger imposed
deformation and relax the stress concentration at
interface, which delays the occurrence of interfacial
slippage and the interfacial debonding, increasing
the energy absorption capability and thus improv-
ing the impact fracture toughness of the compos-
ites.

Therefore, it can be concluded that a strengthening
and toughening interfacial structure in carbon fiber
reinforced epoxy resin composite was successfully
achieved by introducing the diblock copolymer
OH-PnBA-b-PGMA.
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Abstract. Organically modified hydrotalcite is a recent class of organoclay based on layered double hydroxides (LDH),
which is anionically modified with environmental friendly ligands such as fatty acids. In this paper the influence of hydro-
talcite compounded/dispersed by means of two different processes for production of plates and fibers of polyolefin
nanocomposites will be compared. A polyethylene matrix, suitable for fiber production, was firstly compounded with vari-
ous amounts of hydrotalcite in the range of 0.5-5% by weight, and then compression moulded in plates whose thermo-
mechanical properties were evaluated. Similar compositions were processed by using a co-rotating twin screw extruder in
order to directly produce melt-spun fibers. The incorporation of clay into both bulk and fiber nanocomposites enhanced the
thermal stability and induced heterogeneous nucleation of polyethylene crystals. Hydrotalcite manifested a satisfactory dis-
persion into the polymer matrix, and hence positively affected the mechanical properties in term of an increase of both
Young’s modulus and tensile strength. Tenacity of nanocomposite as spun fibers was increased up to 30% with respect to
the neat polymer. Moreover, the addition of LDH filler induced an increase of the tensile modulus of drawn fibers from

5.0 GPa (neat HDPE) up to 5.6-5.8 GPa.

Keywords: nanocomposites, hydrotalcite, polyethylene (HDPE), fiber spinning, mechanical properties

1. Introduction

In recent years several research efforts have been
focused on the preparation of polymer/layered inor-
ganic nanocomposites [1-3] because of the excel-
lent properties in comparison to the neat polymer.
The main reason of this interest lies certainly in the
properties of the nanoclay, like high stiffness, and
high aspect ratio, that may induce enhancement of
various polymer properties (thermal stability,
mechanical properties, flame resistance and gas bar-
rier) even with small amount of filler [3, 4]. The
nanocomposite materials can exhibit properties
over those expected from continuum mechanics
predictions, not achieved with larger scale rein-

*Corresponding author, e-mail: luca.fambri@unitn.it
© BME-PT

forcement [5]. Moreover, nanocomposites can be
processed more easily than microcomposites.

Most of the research has been focused on the smec-
tite-type fillers, such as montmorillonite or hec-
torite. On the contrary, much less work [6—11] has
been focused on the effects of layered double hydrox-
ides (LDH) in polyolefins. The structure of LDH,
also referred as hydrotalcite, is derived from brucite
or Mg(OH),, where some Mg?" cations are replaced
by trivalent cations yielding positively charged
layer [6—8]. Organic modification is adopted to
enlarge the interlayer distance of the pristine clay
and to increase the hydrophobic nature, thus decreas-
ing the interaction between platelets in order to
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facilitate its dispersion in hydrophobic polymers
[6]. The commercially available nanoparticles con-
sist of aggregates or stacks of platelets which are
broken up by stress applied during melt mixing.
With proper processing conditions, organically mod-
ified nanofiller can be melt-dispersed into poly-
olefins and exfoliated, while it is not very good as
that observed in polyamides, polyurethanes, and
some other polar polymers [5]. However, signifi-
cant improvement of thermo-mechanical, flame
retardant, barrier, rheological properties and fre-
quently better thermoforming properties were
observed in nanofilled polyethylene [6-8, 12], poly-
propylene [10] and polybutene [11].

Some polyolefin nanocomposites have been also
processed by melt spinning, that is the most com-
mon textile process [13]. However, it should be
noted that even in the case of low molecular weight
polymers, the presence of nanofiller and sometimes
the lower level of chain extension determine the
formation of various type of defects, and hence rel-
atively low modulus and strength values of the spun
fibers. In the case of polyethylene fibers, both linear
low density and high density polymers at very low
melt flow, between 0.27 and 0.9 dg/min (190°C,
2.16 kg), were spun with various organo-modified
clays or with fumed silica [14—18]. The high molec-
ular weight of polymers allowed an efficient draw-
ing process and the achievement of higher mechan-
ical properties of drawn nanocomposite fiber with
respect to those of neat polymer. In particular, the
organo-modified clay was considered responsible
for the reduction of the fiber defects during drawing
and for the higher attainable draw ratios [17]. On the
other hand, various authors described the produc-
tion of isotactic polypropylene fibers containing
organo-modified clay with a double-step process con-
sisting in a preliminary melt compounding with or
without compatibilizer, followed by fiber spinning
[19-22] or melt-spun bonding [23]. The fiber prop-
erties were found to be dependent on the polypropy-
lene melt flow, ranging between 12 and 35 dg/min
(230°C, 2.1 6kg), the nanoclay composition, and
the spinning and drawing conditions. Recently, the
preparation of polypropylene-nanoclay composite
fibers starting from hydrotalcite has been described
by Guo and Hagstrom [24].

The present work details the formulation of hydro-
talcite/polyethylene composite and the production
of melt spun fiber. In particular, HDPE was com-

pounded via melt mixing with an organically modi-
fied hydrotalcite masterbatch. Processing and prop-
erties of both compression molded plates and melt
spun fibers are reported.

2. Experimental

2.1. Materials

High density polyethylene Eltex® A4009 (density
0.96 g/cm?; melt flow index 0.85 dg/min at 190°C,
2.16 kg) was supplied by BP Solvay (Brussels, Bel-
gium) in the form of fine powder.

Synthetic hydrotalcite organically modified with
fatty acid, Perkalite F100 from Akzo-Nobel (CAS
number 39366-43-3 and 67701-03-5; density 1.35—
1.40 g/cm®) was provided from Clariant Master-
batches S.p.A. (Pogliano Milanese, M1, Italy) in the
form of HDPE pellets containing 12% by weight of
LDH and 12% by weight of maleated polyethylene
(HDPE-g-MA) as compatibilizer. Before process-
ing, masterbatch was dried in a vacuum oven for
24 h at 90°C.

2.2. Processing

Samples of both neat and nanofilled polymers were
prepared by using two types of manufacturing
processes: 1) plates were produced by mixing in an
internal mixer and compression molding; ii) fibers
were obtained in a single step by extrusion/com-
pounding in a twin screw extruder.

In the case of plate production, HDPE powder and
the selected amount of clay (0.5, 1, 2 and 5% by
weight) were physically mixed at room temperature
according to the percentage formulation summa-
rized in Table 1. Each mixture was melt com-
pounded in a co-rotating Thermo-Haake (Karslruhe,
Germany) Polylab Rheomix internal mixer (155°C;
rotor speed 60 rpm; residence time 10 minutes).
Subsequently, square sheets (160 mm wide and
1.5 mm thick) were obtained by compression mold-
ing in a Carver (Wabash, IN, USA) Laboratory press
(155°C; 10 minutes; consolidation pressure 0.2 MPa).
The molten plates were then water cooled at
20°C-min"".

Neat HDPE and nanofilled HDPE fibers were pro-
duced after direct mixing and compounding of
selected formulation by using a Thermo Haake
(Karslruhe, Germany) PTW 16 intermeshing co-rotat-
ing twin screw extruder (screw diameter = 16 mm;
L/D ratio = 25; rod die diameter 1.65 mm). The
screws rotation speed was regulated in the range of
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Table 1. Designation and formulation of HDPE nanocomposites (in percentage by weight). Dependence of melt flow

Dabrowska et al. — eXPRESS Polymer Letters Vol.7, No.11 (2013) 936-949

(230°C, 2.16 kg), hardness Shore D and Vicat Softening Temperature VST on the composition

Sample HDPE Compatibilizer HDPE-g-MA Hydrotalcite MFI Shore D VST
designation [%] [%] [%] [dg/min] [Hs] [°C]
HDPE 100 0 0 0.90+0.03 62.2+0.6 136.6+0.3
Masterbatch 76 12 12 1.59+0.02 62.0£0.5 127.8+1.5
LDH-0.5 99 0.5 0.5 0.91+0.03 62.5+0.5 135.9+0.4
LDH-1 98 1 1 1.03+0.02 64.5+0.6 135.8+0.6
LDH-2 96 2 2 1.12+0.02 64.3£0.6 135.44+0.5
LDH-3 94 3 3 - - -
LDH-5 90 5 5 1.26+0.03 63.5+0.4 134.0+0.4

3-5 rpm with residence time of 20 min in order to
produce HDPE and nanofilled polyethylene fibers
with diameter of about 500 um. The temperature
profile was gradually increased from hopper to rod
die (T1 =130, T2 =200, T3 =210, T4 =220, TS =
220°C) with an output of 140 g/h. The spun fibers
were rapidly cooled in water and wounded around a
collecting roll/drum at room temperature.

Fibers were drawn ten times at 100°C by using a
modified hot-plate drawing apparatus (SSM-Giu-
dici srl, Galbiate, LC, Italy), defining the draw
ratio, DR, as the ratio between the initial D; and
final Dy diameter according to Equation (1):

D.\?
DR = <Df) (1)

Nanocomposites were designated as LDH (hydro-
talcite abbreviation) followed by the filler percent-
age by weight. For instance, LDH-2 indicates a
nanocomposite sample filled with 2 wt% of hydro-
talcite.

2.3. Characterization

Melt Flow Index measurements were performed by
a Dynisco LMI 400 plastometer (Heilbronn, Ger-
many) according to ASTM D1238-10. About
3 grams of material were preheated at 190°C for
5 min following procedure A and then extruded
with an applied load of 2.16 kg.

Scanning electron micrographs (SEM) were
obtained by using a Philips XL30 Environmental
Scanning Electron Microscopy (Eindhoven, The
Netherlands), at an acceleration voltage between 20
and 25 kV. Samples were fractured in liquid nitro-
gen.

The XRD analysis over 260 = 1.8-40° for plates and
20 = 3-30° for fibers, in steps of 0.02° and 5 s meas-
uring time for each point were carried out using a
Rigaku III D-Max diffractometer (Tokyo, Japan) in

the Bragg-Brentano configuration with Cu-K, radi-
ation (A = 0.154 nm) generated at 30 mA and 40 kV.
Shore D hardness was evaluated according to
ASTM D2240-05 at 25 °C on 3mm thick rectangu-
lar specimen by using an ATS-Faar S.p.A (Milano,
Italy) durometer as average of 5 measurements in
different positions under an indentation time of 5
sec.

Vicat softening temperature (VST) was measured
by a HDT-VICAT instrument from ATS-Faar S.p.A
(Milano, Italy) following ASTM D1525-09. Three
specimens of 3 mm thickness were used in each test
(heating rate of 50°C/h; applied load of 10 N).
Dynamic mechanical thermal analysis (DMTA)
was performed on 12x5x 1.0 mm samples with a
DMA Q800 testing unit (TA Instruments, New Cas-
tle, DE, USA). The experiments were carried out in
tensile mode by applying a sinusoidal strain with a
frequency of 1 Hz and amplitude of 64 microns
under a preload force of 10 N (constant stress of
2 MPa).

Thermal degradation was studied in the range 50—
600°C by a thermobalance Mettler TG 50 (Schwar-
zenbach, Switzerland) on sample of about 15 mg at
a heating rate of 10°C/min with an air flow of
100 mL/min. The results represent the average of
three tests.

Density measurements were performed by using a
Micromeretrics Accupyc 1330 helium pycnometer
(Norcross, GA, USA) at 23.0°C. A testing chamber
of 3.5 cm?® was used, and 30 measurements were
replicated for each specimen. Standard deviation on
each measurement was +0.001 g/cm?.

Differential scanning calorimetry (DSC) analysis
was performed on samples of about 15 mg in 160 pL
aluminum crucible by using a Mettler DSC30
calorimeter (Schwarzenbach, Switzerland), in the
range 0-200°C with a heating and cooling cycle at
+10°C/min flushing nitrogen at 100 mL/min. The
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crystallinity percentage of HDPE Xjppg was calcu-
lated according to Equation (2):

X 100 A, 2
HDPE AHHDPE.(l _f) ( )
where AH; is the melting enthalpy, AHyppg is the
reference enthalpy of a fully crystalline polyethyl-
ene, taken as 293 J-g!' [25], and fis the weight frac-
tion of nanofiller.
Mechanical properties of plates and fibers were per-
formed at room temperature by using an Instron
4502 (Norwood, MA, USA) dynamometer, equipped
with load cells of 1 kN and 100 N, respectively.
Rectangular specimens (80 mm long, 5 mm wide
and 1.5 mm thick) and fiber specimens (diameter
500 and 158 micron; gauge length 30 mm) were
tested at a cross-head speed of 50 mm-min~'. Accord-
ing to ISO 527 standard, the elastic modulus was
determined as a secant value between deformation
levels of 0.05 and 0.25%. The results represent the
average of at least three specimens.

3. Results and discussion

3.1. Compounding and morphology

As reported in Table 1, the investigated formula-
tions are a combination of polyethylene with the
nanofiller LDH and the compatibilizer. It should be
noted the higher MFI of the masterbatch, and con-
sequently the MFI values increased with the per-
centage of hydrotalcite in the polymer matrix, with
an almost linear dependence on the HDPE-LDH
composition (Table 1).

The effect of compounding and the quality of
hydrotalcite dispersion into HDPE matrix was eval-
uated from ESEM analysis of cryo-fractured sur-
faces of HDPE-LDH nanocomposites. Figure la
evidences the presence of various agglomerates
with dimensions in the range between 5 and
15 microns in the masterbatch containing 12 wt%
of hydrotalcite. These agglomerates need to be prop-
erly disaggregated and dispersed in HDPE com-
pounds during processing otherwise these defects
and stress concentration points could prevent the
drawability in fiber spinning [22]. ESEM analysis
evidenced the progressive dispersion of LDH in
polyethylene matrix. An almost satisfactory result
was obtained in compounding through internal mixer
for various compositions, as evidenced from the
particle dimension at the fracture surface in com-
parison with that of the masterbatch (Figure 1a).

For instance LDH particles of 0.25-0.40 microns
and other aggregates of about 0.8 micron were
observed in plates at 5% of LDH (Figure 1b). The
dimension of both aggregates and particles was found
to reduce with the masterbatch content. Figure 1c
shows the fracture surface of LDH-1 plate, for
which particles of about 0.20—0.35 micron and
aggregates up to 0.6 micron were evidenced.

In the case of fibers filled with LDH, some lower
size particles were revealed, indicating that twin-
screw processing allowed a submicron level of dis-
persion especially at low hydrotalcite content, as in
the case of LDH-0.5 fiber, for which particles of
0.15-0.24 micron were shown in Figure 1d.

The XRD analysis is a very useful method to
describe the extent of intercalation and exfoliation
of the nanofiller having layered structure. The XRD
analysis for HDPE-LDH plates and fibers are
reported in Figure 2a and 2b respectively. The XRD
pattern was interpreted with respect to the position
of the basal peak (003), which depends on the dis-
tance between two adjacent metal hydroxide sheets
in the LDH crystal lattice. The higher order peaks
indicate the presence of repeating crystal planes and
symmetry in a specific crystallographic direction
[26]. A more intense and sharp peak indicates a
more ordered intercalated structure, while less
intense and broader peak testify the existence of a
disordered intercalated structure [27]. XRD spec-
trum of LDH-5 plate evidences the two characteris-
tic Bragg reflections of LDH presence at about 4.9°
(003) and 11.2° (006), in agreement to the ICPDS
Powder Diffraction File (LDH number 41-1428).
According to some authors [26] the third peak at
8.4° is attributed to LDH, while it is not included in
the ICPDS standard for AI-Mg LDH; however it
might be related to the phase derived from primary
clay, like Dypingite, Mgs(CO3)4(OH),-5H,O. For
the compositions LDH-2 and LDH-1 with lower
nanofiller content only the main peak at 11.2° is
well detectable, whereas the two others appear weak
and broad. Moreover, XRD spectrum of LDH-5
suggests the presence of another and very intensive
reflection at about 1.9° (001), even if not com-
pletely visible in Figure 2a, that could be attributed
to the presence of bulk LDH nanoplatelets [28].
XRD spectra of HDPE-LDH fibers containing 1
and 2% of hydrotalcite reported in Figure 2b show
the characteristic reflections attributed to LDH par-
ticles, the very weak peaks and the shift to lower 26
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Figure 1. a) ESEM micrograph of masterbatch (fracture surface), b) ESEM micrograph of LDH-5 plate (fracture surface),
¢) ESEM micrograph of LDH-1 plate (fracture surface), d) ESEM micrograph of LDH-0.5 fiber (fracture surface)

(4.4, 8.1 and 11.0°). It is known that a complete
degree of exfoliation of layered crystalline fillers in
polymer matrix determines the disappearance of
corresponding peaks in the XRD spectra of the
composites. However, the absence of the peak
could be also related to the very low concentration
of the filler [6]. Some of these results might suggest
a possible intercalation with partial exfoliation, as

- plates
5
s
= ==
5 Jweak and board reflexion
= intercalation +
N partial exfoliation
—rr T 1 1~ 1~ T T 1 °
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a) 26
Figure 2.

reported by other researchers [10, 26-30]. More-
over, after comparison of Figures 2a and 2b, the
lower intense reflections of fibers with respect to
those of plates, at the same (1 and 2% by wt.)
nanofiller content, could suggest that the layer of
LDH were better intercalated and partially exfoli-
ated in the polymer during melt compounding/spin-
ning in twin-screw extrusion.

fibers
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a) XRD patterns of HDPE-LDH nanocomposites plates with different nanofiller content, b) XRD patterns of

HDPE-LDH nanocomposites fibers with different nanofiller content
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3.2. Compression molded plates (Shore D,
Vicat and DMTA)
Shore hardness (Hs) and Vicat softening tempera-
ture (VST) are interesting data for the initial com-
parison of nanocomposite compression molded
plates, being related to the tip penetration at room
temperature and during heating, respectively. Higher
Shore D values of polymer nanocomposites (about
63—64 Hs) with respect to 62.2 Hs for polyethylene
evidence the effect of nanofiller, as reported in
Table 1. The highest hardness value was obtained
for LDH-1 (64.5 Hs), while at higher LDH content
the reinforcement action is progressively counter-
balanced by the presence of various agglomerates
(lower interfacial interaction), reaching for LDH-5
value equal to 63.5 Hs.
Vicat Softening Temperature (VST) gives a useful
indication of the relative rigidity at high tempera-
ture (Table 1). VST value progressively decreased
with the percentage of hydrotalcite in the polymer
matrix, in particular from 136.6°C, for neat HDPE,
to about 135-136°C for LDH content in the range
0.5-2%, and to 134.0°C for LDH-5 respectively.
The results of dynamic mechanical analysis of neat
HDPE and nanofilled HDPE plates are reported in
Figure 3. Storage modulus increased with percent-
age of the organically modified LDH, particularly
at lower temperatures, i.e. from —120°C to —20°C,
and the highest values were obtained for LDH-5
and LDH-1, as shown in Figure 3. These results
could be tentatively attributed to the combined
effects of both the filler content and the polymer
microstructure (note that hardness values present a
maximum for LDH-1). On the other hand at higher
temperature above 0°C, both neat HDPE and
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Figure 3. Storage modulus and loss modulus of neat HDPE
plates (m) and nanocomposites HDPE plates con-
taining 0.5% (%), 1% (©), 2% (<) and 5% (A) of
LDH, respectively

HDPE-LDH nanocomposites exhibited a similar
storage modulus, with some minor differences. In
the range 0—50°C the highest storage modulus was
found for LDH-1. A similar behavior in the case of
LDPE/silica composite was explained from Kontou
and Niaounakis by considering the coexistence in
the matrix of composite two parts, i.e. the bulk free
part and the interphase formed by the physical/
chemical interaction of polyethylene molecules
and/or crystallization on the filler’s surface [31].
Loss modulus evidences in Figure 3 the three main
relaxations of polyethylene a, p and y at about 50,
—40 and —120°C respectively, according to litera-
ture [32, 33]. The B relaxation, related to the move-
ment of the chain units in the interfacial region [32,
34], typically dependent on branching, is practically
absent in the case of neat HDPE, as previously
shown for HDPE with melt flow 1.15 dg/min [35].
After addition of 0.5% LDH, the B-peak appears in
the zone —50 and 0°C, and it becomes more intense
for higher percentage of hydrotalcite [36], as a com-
bined effect of the higher amount of fatty acid, the
organo-modifier agent, and the higher interfacial
region due to the higher percentage of nanofiller.
The position of loss modulus a-peak moved to
lower temperature after addition of hydrotalcite
masterbatch, i.e. from 59°C of the neat HDPE to
52°C in the case of LDH-5. Moreover, the intensity
of the o—peak in loss modulus curves of LDH-com-
posites is higher than that of neat HDPE, in direct
dependence on the crystallinity of the polymer
matrix.

3.3. Thermal properties of plates and fibers
Following the initial characterization of HDPE-
LDH plates up to 5% of hydrotalcite, various com-
positions with a maximum 3% of LDH were also
compounded and extruded for fiber production. In
particular, this paragraph will describe and compare
thermogravimetry results, density and calorimetric
data of both plates and fibers with LDH.
Representative TGA curves of plates are reported in
Figure 4, evidencing the beneficial effect of organi-
cally modified hydrotalcite on the thermal degrada-
tion resistance not only for the masterbatch, but also
for all the nanocomposites at 0.5-5% LDH, with
respect to the neat HDPE. Similar results were
observed in the case of fibers, where the curves of
nanofilled HDPE appeared shifted at higher tem-
perature.
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The comparison of thermal stability was carried out
in terms of selected decomposition temperatures, in
particular the initial degradation at 10% (7)), and
the temperatures 7y s and 7y g at which occurred 50
and 80% of mass loss, respectively. The decompo-
sition temperatures (7.1, Tos, To.8) of HDPE-LDH
plates and fiber, summarized in Table 2, were found
to be higher than those of neat HDPE, even at low
hydrotalcite content with a stabilizing effect of
nanofiller particles under oxidizing conditions. Fol-
lowing Gilman’s suggestion [37], this behavior is
due to the hindered thermal motion of the polymer
molecular chain. At the same time the selected
decomposition temperatures tend to increase with
LDH content. However some discrepancies from
linearity could be attributed to the parallel contribu-
tion of the nanofiller dispersion, particularly at
higher mass loss. For instance in the case of fiber
and plates containing 1% of LDH, it is worth noting
that T g was found at a higher temperature than that
of masterbatch at 12% of LDH content, 460 vs.
458°C, respectively. The slightly lower degradation
temperature of HDPE nanocomposite fibers with

respect to plates could be attributed to the higher
surface of fiber in oxidizing atmosphere.

Residual mass at 600°C is directly dependent on the
nanofiller content, ranging between 0.4% for com-
position LDH-0.5 up to about 1.8% for LDH-3 fiber
and LDH-5 plate. HDPE masterbatch (12 wt% of
LDH content) plate exhibited a relevant mass loss
of about 3% weight in the range 230-280°C, and a
final residue of 4% at 600°C.

Hence, these LDH nanocomposites showed in TGA
test a charring process with formation of a charred
layer, which enhances the material thermal stability,
in conformity to literature results [38, 39]. In fact,
the incorporation of clay into a polyolefin matrix
enhances its thermal stability by acting as a superior
insulator and mass transport barrier to the volatile
products generated during decomposition, making
the diffusion path of the oxygen more tortuous, and
thus retarding the thermo-oxidative process [2, 7,
40].

Bulk properties of plates and fibers were compared
in term of density, as shown in Table 3. The results
evidenced a direct dependence not only on the com-
position, but also on the different processing. The
higher the LDH content, the higher the density, in
between the density 0.957 g/cm?® of neat polyethyl-
ene and the density of the masterbatch, 0.985 g/cm®.
It should be noted that the density of fiber contain-
ing 1-3% of LDH is higher not only than HDPE
fiber, but it is also higher than the correspondent
LDH nanocomposite plates. This evidence reveals
that density could be influenced from various other
factors than LDH content, for instance from the ori-
entation and from the crystallinity.

For such reason, an investigation of plates and
fibers was performed through DSC, as shown in
Figure 5 where the heating-cooling cycles of HDPE
and selected LDH composites were compared. In

Table 2. Selected TGA results of neat HDPE and nanofilled HDPE plates and fibers

Temperature of 10% Temperature of 50% Temperature of 80% Residual mass at

COHIpOSitiOIl mass loss — TO.I mass loss — TO.S mass loss — T0.8 600°C
[°C] [°C] [°C] [%]

plates fibers plates fibers plates fibers plates fibers
HDPE 35612 35842 403+1 41243 444+6 444+£10 0.0+0.2 0.0+0.4
Masterbatch 424 - 447 - 458 - 4.0 -
LDH-0.5 364+5 362+1 42045 428+5 460+4 454+£3 0.4+0.4 0.4+0.1
LDH-1 365+8 368+1 428+2 42248 460+2 460+6 1.340.1 1.0+0.3
LDH-2 371+4 375+5 43343 42543 465+6 454+4 1.4+0.3 1.5+0.1
LDH-3 - 389+6 - 433+3 - 452+4 - 1.8+£1.0
LDH-5 405+4 - 441+1 - 455+1 - 1.8+0.2 -
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Table 3. Density, melting temperature (71,), crystallinity content, and crystallization temperature (7;) for pure HDPE and

nanofilled HDPE plates and fibers

Density Melting temperature Crystallinity Crystallization temperature
Composition [g/em?] [°C] [%] [°C]
plates fibers plates fibers plates fibers plates fibers
HDPE 0.957 0.954 134.6 133.4 70.8 50.5 110.0 110.8
Masterbatch 0.985 - 136.9 - 62.5 - 109.4 -
LDH-0.5 0.958 0.945 136.7 133.0 70.0 51.7 113.5 111.8
LDH-1 0.963 0.960 137.4 133.4 71.8 53.0 114.0 112.5
LDH-2 0.964 0.976 137.5 132.0 71.0 54.5 115.3 112.8
LDH-3 - 0.982 - 133.0 - 53.3 - 115.0
LDH-5 0.971 - 135.0 - 70.4 - 1153 -
4l 4 fibers
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Figure 5. DSC thermograms (heating at +10°C/min and cooling at —10°C/min) of neat HDPE and nanocomposites
plates (a) and fibers (b) with different nanofiller content

Table 3, the relative crystallinity values of polyeth-
ylene matrix and the temperatures of melting and
crystallization during the heating and the cooling
were presented. The melting temperature and par-
ticularly the level of crystallinity of fiber samples
were lower than the correspondent of plate samples,
in this latter case about 50 vs 70%, confirming a
peculiar dependence on the thermal history in the
processing [41]. Fast cooling in fiber spinning (about
—20°C/sec) caused not only a quenched crystalliza-
tion process with the formation of less perfect crys-
tal (and almost constant melting temperature of
about 133°C), but also a lower crystallizability. On
the other hand, the slow cooling applied for plates
(about —20°C/min) determined a slow crystallization
rate and hence the formation of more perfect crys-
tals at higher melting temperature, from about 135°C
(HDPE) up to 137°C (LDH nanocomposite).

Literature data reported various effects of nanofiller
on crystallization temperature and crystallinity con-
tent of polyethylene matrix, showing negligible [42],
or significant [36, 43] or small differences [12], in
dependence on both processing and composition. In
our case, the crystallinity of nanofilled polymer was

found almost the same in the case of compression
molded plates, whereas the final crystallinity of
fiber slightly increased with LDH content, in direct
conformity to the density measurements.

From the DSC cooling stage, it is noticeable that
crystallization temperature of nanocomposites
plates and fibers is higher than neat HDPE, i.e. up
to 115 versus 110°C, suggesting a mild effect of
LDH as nucleating agent. Moreover it should also
be considered that the higher crystallization temper-
ature of plates with respect to fibers could be attrib-
uted to the higher initial crystallinity of plates, par-
ticularly associated to the heterogeneous nucleation
attributed to hydrotalcite [10, 37].

3.4. Mechanical properties of plates and fibers
An enhancement of elastic modulus and tensile
strength, and a reduction of tensile ductility com-
pared to neat matrix could be expected after a good
dispersion of nanofiller [11, 44, 45]. Therefore,
mechanical tests were performed on both plates and
fibers of various LDH content.

Representative stress-strain curves for plates and
fibers are presented in Figures 6, whereas all the
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Figure 6. Stress-strain curves of compression molded plates (a) and as-spun fibers (b) of neat HDPE and selected HDPE

nanocomposites containing 0.5 and 2% of LDH

Table 4. Tensile mechanical properties of neat HDPE and nanofilled HDPE plates

Composition Tensile modulus Yield stress Strain at yield Stress at break Strain at break
[GPa] [MPa] [%] [MPa] [%]
HDPE 0.96+0.01 311 11+1 26+4 1766+166
LDH-0.5 0.95+0.02 311 11£1 29+1 1933430
LDH-1 1.01+0.03 311 11+1 25+1 1590+63
LDH-2 1.03+0.02 311 11+1 21+3 1205+144
LDH-5 1.04+0.04 30+1 14+1 17+1 378+60
Table 5. Tensile mechanical properties of neat HDPE and nanofilled HDPE fibers (diameter 500 micron)
Tensile . Strain at Stress at | Strain at . CalcPlated Linear o
... Yield stress . Mechanical| maximum L Tenacity
Composition| modulus [MPa] yield break break draw ratio | strength density [cN/tex]
[GPa] [%] [MPa] [%] [tex]
[MPa]
HDPE 0.55+0.02 2242 8+2 4241 1206420 13.1 549 187 4.440.1
LDH-0.5 0.53+0.01 2541 16=1 5644 1860+60 19.6 1098 185 5.9+0.4
LDH-1 0.60+0.08 2241 114 5246 1360+60 14.6 759 188 5.4+0.6
LDH-2 0.62+0.02 2241 11£1 53+1 1770442 18.7 991 192 5.4+0.1
LDH-3 0.66+0.02 2341 12+1 43+1 1470+70 15.7 675 193 4.4+0.1

“for definition of Linear density and Tenacity see ASTM [48].

results are summarized in Table 4 and in Table 5,
respectively. As first evidence, the formulation at
0.5% of organically modified LDH showed the
highest ultimate properties of both stress at break
and strain at break (about 1900%), either in the case
of plates (Figure 6a) or in the case of fibers (Fig-
ure 6b). However at the same time, a slightly lower
tensile modulus with respect to HDPE was obtained,
0.95 vs 0.96 GPa after compression molding (plates),
and 0.53 vs 0.55 GPa after spinning (fibers).

At higher LDH content, a progressive stiffening of
both plates and fibers was achieved as expected.
The elastic modulus increased up to 1.04 GPa for
LDH-5 plates, and up to 0.66 GPa for LDH-3 fibers.
It is well known that mechanical properties of a
nanocomposite depend upon these two factors,

crystallinity of the matrix and reinforcement of the
filler [38]. For such considerations, if the elastic
modulus of polyethylene and LDH-composite will
be compared as a function of the crystallinity a
good correlation between the two groups of plates
and fibers data can be observed. The main differ-
ence of modulus values can be directly attributed to
the different processing conditions, because they
affected the crystallinity content.

A similar dependence on the crystalline content,
was also found in the case of yield stress, resulting
about 30 MPa for all the plates (with 70-73% of
crystallinity) and about 22 MPa for the fibers (with
50-55% of crystallinity).

Moreover the effect of the nanofiller content on the
tensile modulus can be specifically clarified after
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the comparison of the relative stiffness of plates and
fibers. In particular the relative elastic modulus
(REM) was calculated as the ratio between the com-
posite modulus (Eyppg.1 pa) and the matrix modulus
(Eyppg) according to Equation (3):

EHDPE—LDH (3)

REM =
EHDPE

and it was depicted in Figure 7. It is quite evident
that the initial reduction for composition at 0.5% of
LDH, is followed by a slight increase in the case of
plate up to about 7% for LDH-5, and a much higher
increment for the fibers (about 20% for LDH-3).
This latter effect of stiffening is particularly related
to the spinning process, for which the twin screw
extrusion at higher temperature determined a better
distribution of the filler and the following interac-
tion with the oriented polymer chains.

The comparison of ultimate properties evidenced
the higher strength of fibers (Table 5) with respect
to plates (Table 4), as result of polymer orientation
during the spinning process. Moreover, in the case
of fiber a good improvement of stress at break was
obtained with hydrotalcite, from 42—-46 MPa for
neat HDPE, up to 52-56 MPa for nanocomposite at
LDH content in the range 0.5-2%. These results
could be related to the better filler dispersion and
the smaller dimension of hydrotalcite aggregates.
On the other hand, as expected, at higher LDH con-
tent, the stiffening effect was also counterbalanced
by a consistent and progressive reduction of tensile
properties at break, in conformity to other literature
data [12, 45, 46]. For instance the strain at break of
plates decreased from about 1700% for HDPE
plates to 380% for LDH-5. The decrease in both
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Figure 7. Comparison of relative elastic modulus of plates
(m) and fibers (©) as function of nanofiller content

tensile strength and strain at break at high nanofiller
content, particularly in LDH-5 plates and LDH-3
fiber, has been attributed to the presence of hydro-
talcite aggregates, that may behave as defects, and
could also reduce the interfacial adhesion between
the matrix and the filler [5, 47].

Some other indications on the fiber drawing can be
evaluated from the mechanical draw ratio Aygc, or
the maximum drawability that is defined according
to Equation (4):

&
Ape = 1 + 100 4)
where ¢, is the strain at break expressed in percent-
age [13, 21].
At the same time, the maximum attainable strength
oMax, 18 computable from the stress at break, oy
multiplied by the mechanical draw ratio, following
Equation (5):

€

Tyvax = O Avec = O'b(l + 1(;)) (%)
These data are compared in Table 5. Mechanical
draw ratio of nanocomposite fiber ranged in between
15-20, and correspondingly the calculated maxi-
mum strength was between 670 and 1100 MPa,
with respect to the values of 13 and about 550 MPa
of HDPE fiber, respectively. The highest mechani-
cal draw ratio and the maximum strength were
obtained for composition at 0.5% of LDH.

The linear density [48] of spun monofilament slightly
increased with the LDH content, from 187 tex of
neat HDPE fiber up to 193 tex of LDH-3 fiber. At
the same time, the tenacity of nanocomposite fibers
containing 0.5-2% of LDH was found in the range
of 5.4-5.9 cN/tex, much higher than neat HDPE
fiber (4.4 cN/tex), indicating the positive effect of
LDH dispersion. On the other hand, at higher LDH
content, both the stress at break and tenacity
decreased as a possible consequence of a non-
homogenous nanofiller dispersion.

Selected compositions of as-spun filament were
drawn ten times at 100°C, producing fibers of about
158 micron (titer of 19 tex) at higher stiffness and
strength. Representative stress-strain curves are
shown in Figure 8, whereas tensile results are
reported in Table 6. It is well evident that elastic
modulus of drawn HDPE-LDH fibers (5.5-5.8 GPa)
is higher of about 10-15% in comparison to neat
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Table 6. Effect of drawing on tensile mechanical properties of neat HDPE and nanofilled HDPE fibers drawn at 100°C with

DR = 10 (diameter 158 micron)

. Tensile modulus | Stress at break | Strain at break Mechanical ?alculated R.elatl.ve
Composition [GPa] [MPa] (%] draw ratio maximum strength stlffemr:g
[MPa] factor
HDPE 5.04+0.50 592450 68+10 1.68 994 9.2
LDH-1 5.54+0.32 460+35 98+5 1.98 910 9.2
LDH-2 5.81+0.42 470+40 98+10 1.98 930 9.4
LDH-3 5.59+0.10 510420 76+8 1.76 897 8.5

“relative tensile modulus of draw fiber and as-span fiber

800
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Figure 8. Stress-strain curves of selected fibers of neat
HDPE and HDPE nanocomposites drawn ten
times at 100°C

HDPE drawn fibers (5.0 GPa), maintaining the
stiffening effect of LDH.

The highest improvement was observed for the
composition with 2 wt% of nanofiller. Together with
improvement in modulus, a slightly lower stress at
break was observed, whereas strain at break exhibit
higher values in comparison to neat HDPE drawn
fiber (Figure 8 and Table 6).

In general, the enhancement of mechanical stiffen-
ing observed for nanocomposites can be explained
as an effect of the alignment of nanofiller particles
along the strain direction [18]. This process is very
similar to the exfoliation process induced by the
flow in polymer/clay nanocomposites with a good
affinity between the two components. The elonga-
tion flow could be responsible to the break and ori-
entation of the dispersed nanoparticles aggregates
even if the viscosity ratio of the two components is
very different and this can be the reason of the
observed improvement of tensile modulus [49]. On
the other hand after addition of LDH and drawing,
nanocomposite polyethylene fibers exhibited a
slight lower strength (0.46—0.51 GPa) with respect
to neat HDPE drawn fibers (0.59 GPa). At the same
time deformation at break of drawn LDH-fiber is
higher than that of HDPE (68%). However, the

higher the LDH content the lower the deformation
at break that decreases from about 100% for LDH-1
and LDH-2 to 75% for LDH-3.

The calculated maximum strength of LDH drawn
fibers is about 910 MPa, with respect to 990 MPa of
HDPE drawn fibers. Moreover it is worth noting
that the relative stiffening factor, calculated as the
ratio between tensile modulus of drawn and as-spun
fiber, increase from 9.2 for HDPE and LDH-1, to
9.4 for LDH-2 and decreases to 8.5 for LDH-3 (see
Table 6).

It can be concluded that a reinforcement effect for
HDPE fibers can be obtained with a relatively small
amount of hydrotalcite (in the range of 0.5 and 2%
by wt.) resulting in a positive combination of
improved stiffness (elastic modulus), tenacity (stress
at break) and strain at break.

4. Conclusions

HDPE composites with organically modified hydro-
talcite were prepared following two different com-
pounding routes, i.e. internal mixing and compres-
sion molding, or twin-screw extrusion and spinning.
The effect of filler on the thermo-mechanical prop-
erties of high density polyethylene was investigated
on compression molded plates and as-spun fibers.
In both cases, the dispersion of nanoparticles in a
content of 0.5-5% significantly improved the ther-
mal stability and the elastic modulus of HDPE. The
stiffening effect of nanofiller was also confirmed by
the proportional increase of Shore D hardness val-
ues.

Depending on the lower cooling rate after compres-
sion molding, HDPE plates showed a higher crys-
tallinity with respect to the fibers. However, nano-
composites fibers showed a higher improvement of
the relative elastic modulus with respect to the
nanocomposites plates containing the same percent-
age of nanofiller. This behaviour could be a conse-
quence of the different orientation and morphology
related to the crystallinity developed in the spin-

946



Dabrowska et al. — eXPRESS Polymer Letters Vol.7, No.11 (2013) 936-949

ning. These results confirmed that polyethylene con-
taining organically modified hydrotalcite could be
easily spinned into nanofilled fibers. The composi-
tions between 0.5 and 2% by wt. of hydrotalcite
resulted the more promising for improving the fiber
properties. HDPE-LDH drawn fiber exhibited higher
stiffness than correspondent HDPE drawn fiber.
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Abstract. A new method for biopolymer poly-L-lactic-acid (PLLA) surface nanostructuring with surface plasmon reso-
nance appearance is proposed. The motivation of this work is to determine optimal conditions for rough or flat biopolymer
surface which may find broad application in tissue engineering as biocompatible carrier for various types of cell lines. A
combination of plasma pre-treatment with consequent excimer laser exposure is proposed as a method for increasing the
roughness of PLLA surface and changing its morphology. The focus of this paper is to determine morphology changes in
combination with mass loss changes. The ablation loss and morphology of PLLA was induced by excimer laser exposure of
plasma pre-treated PLLA with different laser fluencies and number of pulses. The combination of a certain input parameters
of plasma pre-treatment together with laser exposure induces extensive physico-chemical changes (morphology, contact
angle, optical properties) on polymer surface with dramatic roughness increase. Gravimetric studies have revealed an
extensive polymer ablation after excimer laser application. The effect of surface plasmon resonance was observed in laser

modified PLLA. Conditions for PLLA surface flattening are also proposed.

Keywords: nanomaterials, biodegradable polymers, plasma pre-treatment, excimer laser, surface characterization

1. Introduction

Synthetic biodegradable polymers are the most ver-
satile of all materials used in tissue engineering [1,
2]. Their surface properties can be changed e.g. by
the application of plasma discharge or laser treat-
ment [3] or by grafting procedures and the limita-
tions of the scaffold architecture could be improved.
Poly-L-lactic-acid is such kind of polymer that has
been extensively used in tissue engineering [4].
Biodegradable polymers [5, 6] are promising scaf-
folding materials; however, the roughness of poly-
mer and its surface structure may play a significant
role in cell-polymer interaction with a significant
improvement of biocompatibility [7]. The surface of
a solid material is important to the material perform-
ance [8, 9] in at least two aspects, (i) the microstruc-

*Corresponding author, e-mail: petr.slepicka@vscht.cz
© BME-PT

ture and (ii) properties of surfaces, which are usu-
ally different from those in the bulk.

Although PLLA polymer represents an important
member of biodegradable polymers family, only a
few papers have been published about the biomate-
rial interaction with an excimer laser. The effect of
excimer laser exposure on crystallinity and chemi-
cal changes of biodegradable polymer has been
recently published [3]. The surface modification of
biopolymer by ArF laser has been studied [10]. The
effect of KrF excimer laser treatment on surface
properties of biopolymer foils in combination with
plasma treatment remains still to be discovered.
This paper deals with the surface modification of
PLLA by plasma pre-treatment in combination with
consequent exposure by excimer laser. The effect of
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these modifications on its surface morphology is
introduced. The ablation (mass loss) of plasma pre-
treated samples by excimer laser exposure is deter-
mined. The effect of laser pulses number and laser
fluence is investigated. The roughness and surface
morphology of PLLA was studied by AFM, abla-
tion by gravimetry and surface plasmon resonance
by UV-Vis spectroscopy, contact angle measure-
ment by goniometry. The surface induced changes
represented by the alteration of both surface mor-
phology and roughness are described in detail. The
proposed technique of combination of plasma treat-
ment and excimer modification has been success-
fully applied for ‘super-rough’ biopolymer surface.

2. Materials and methods
2.1. Materials, plasma pre-treatment, laser
exposure
We used biopolymer poly(lactic acid) (PLLA, den-
sity 1.25 g'em™3, Ty = 60°C, crystallinity 60-70%,
50 um thick foils, supplied by Goodfellow Cam-
bridge Ltd., Cambridge, Great Britain).
Plasma treatment was accomplished with diode
plasma discharge on Balzers SCD 050 (BalTec
Maschinenbau AG, Pfiffikon, Switzerland), device
for 240 s, using DC Ar plasma (gas purity was
99.997%, 10 W). Process parameters were: Ar flow
0.3 L's™!, Ar pressure 10 Pa, electrode area 48 cm?,
the inter-electrode distance of 50 mm, chamber vol-
ume 1000 cm?.
For exposure of the PLLA we employed an KrF
excimer laser (Coherent Compex Pro 50, Santa Clara,
CA USA, wavelength of 248 nm, pulse duration of
2040 ns, repetition rate 10 Hz). The beam of KrF
laser was polarized linearly with cube of UV grade
fused silica 25 x 25 x25 mm with active polarization
layer. For homogeneous illumination of the samples
we used only the central part of the beam profile by
means of an aperture (0.5 % 1 cm?). The samples were
mounted onto a translation stage at perpendicular
position of the sample and laser beam. The pulses
were chosen from 500 to 6000 with laser fluencies
in the interval of 6-30 mJ-cm2. All experiments
with laser treatment of biopolymer PLLA were per-
formed on the samples firstly pre-treated with argon
plasma (power 10 W and exposure time 240 s) and
consecutively aged for 72 hours, when the surface
is ‘aged’ and stabilized with the exception of sam-
ples for comparison.

951

2.2. Measurement techniques

Surface morphology and roughness of the pristine,
plasma and laser treated PLLA samples was exam-
ined by AFM technique using a Bruker Corporation
CP-II setup (Santa Barbara, CA, USA) device in tap-
ping mode. A Si probe RTESPA-CP with the spring
constant of 20-80 N-m™' was used. The mean rough-
ness value (R,) represents the arithmetic average of
the deviations from the centre plane of the sample.
Mean thickness of the removed surface layer after
the plasma ablation was measured using a Mettler
Toledo UMX2 (Metler Toledo LLC, Columbus,
USA) microbalance. The thickness of the removed
layer was calculated from the measured change of
weight of 3 samples before and after the treatment.
The depolarization high-frequency gate was used to
discharge the sample surface in order to minimize
the influence of surface electrostatic charge on the
measurement. After weight-loss determination the
ablated thickness was calculated (error £5%) from
the weight of the ablated layer, area of the sample
and the PLLA density.

The UV/Vis spectra were measured using a Perkin
Elmer Lambda 25 spectrometer in the spectral range
from 225 to 400 nm. Applicable range is 190—
1100 nm with bandwidth 1 nm (fixed).

Contact angle was determined by goniometry using
static water drop method. The measurements of the
water contact angles (error £5%) were performed
using distilled water on 4 different positions using
the Surface Energy Evaluation System (SEE Sys-
tem, Advex Instruments, Czech Republic). By auto-
matic pipette a water droplet of volume (8.0+0.2) ulL
was deposited on the polymer’s surface and the
consequent photo was evaluated. The set of values
were then evaluated with the Origin 8.0 program.

3. Results and discussion

3.1. Plasma pre-treatment

The first step of PLLA surface modification was the
pre-treatment of the polymer surface by Ar plasma
discharge. Previous experiments with only laser
exposure of PLLA did not reveal ripple-like pattern-
ing of biopolymer PLLA or its significant roughness
increase [12, 13]. Therefore the plasma pre-treatment
has been implemented. Since the goal of our study
was to prepare a highly rough polymer surface, the
modification (10 W and 240 s) was chosen for the
consequent experiments since the most pronounced
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Figure 1. Surface morphology and roughness of pristine PLLA and PLLA pre-treated in argon plasma with 10 W and 240 s

changes in morphology were observed with higher
plasma power [14]. As it is obvious from Figure 1,
plasma pre-treatment leads to a mild increase of the
surface roughness of PLLA. The pristine PLLA
sample exhibits lower surface roughness in compar-
ison with the treated samples and ‘pits’ are apparent
on the modified surface. During plasma pre-treat-
ment, the ablation of the polymer surface takes
place [14]. The different ablation rate of crystalline
and amorphous phases results in the appearance of
crystalline structures on the treated PLLA surface.
The frequency of crystallites being more pro-
nounced on the treated PLLA with higher plasma
power. The amplification of the crystalline phase on
the PLLA surface leads to an increase of surface
roughness [14]. It is known that beam treatment
(e.g. plasma, ions, laser, excimer lamp) of polymer
leads to the cleavage of chemical bonds (e.g. C—H,
C-C, C-0) [15, 16]. It was shown previously that
carbonyl, carboxyl and ester groups are created on
the polymer surface layers by the oxidation during
or after plasma treatment [17]. The re-orientation of
surface polar groups on the polymeric chain leads
to lower oxygen concentration in comparison to the-
oretical value thus influencing the wettability [18].

3.2. Polymer laser ablation

We investigated the influence of laser exposure of
plasma pre-treated PLLA (by different number of
pulses and laser fluence) on its thickness loss. Since
the laser exposure can cause thickness loss of
exposed foil, it is important to study the ablation of
modified PLLA foil. The thickness loss of PLLA
foil induced by plasma pre-treatment under similar
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Figure 2. The dependence of PLLA ablated thickness and
mass loss on number of laser pulses for laser flu-
ence 6-15 mJ-cm™. PLLA samples have been
pre-treated with plasma (10 W, 240 s)

conditions did not exceeded 100 nm [14]. If the
thickness loss caused by consequent laser exposure
would be too high, the PLLA surface alteration
would not be effective as the mechanical properties
of modified foil could be lost. The thickness loss and
ablation of plasma pre-treated polymer foils was
studied for consequent laser exposure with pulses
from 1000 up to 6000 (Figure 2). This number of
pulses was applied with laser fluences from 6, 9 and
15 mJ-cm™. It was found, as expected, that the
thickness loss of PLLA foil significantly increases
both with increasing laser fluence and number of
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laser pulses. With increasing laser fluence the effect
of laser pulses becomes stronger. However, the
value of thickness loss did not exceeded 1.5 pm
(15 mJ and 6000 pulses) which represents about 3%
of the bulk. Another important result is that the
plasma pre-treatment causes significantly lower
ablation in comparison to the excimer laser. Plasma
exposure leads to the preferential ablation of the
amorphous phase which results in the appearance of
the crystalline structures on the treated polymer sur-
face. The heavy argon ions impacting the polymer
surface cause polymer bond breakage until the
macromolecular chains are released to the ambient
atmosphere. The laser exposure (photon impacts)
influences also the crystalline phase of the polymer.
By the absorption of ultraviolet light also the ther-
mal bond breakage takes place probably, when an
inhomogeneous heat flux is present on the biopoly-
mer surface between the pulses [8].

3.3. Surface contact angle (wettability)

The dependence of PLLA contact angle on laser
fluence is introduced in Figure 3. The samples were
used pre-treated with plasma and aged for more
than 72 hours, that means that the input values of
PLLA contact angle before laser exposure were
those of 90° (surface is stabilized). As it can be con-
cluded from Figure 3, laser exposure leads to the
decrease contact angle by aged PLLA and even from
pristine PLLA (it is cca 71°). This decrease depends
on the number of laser pulses and laser fluence. The

—o— 6000 pulses

85 —a— 3000 pulses
1 1000 pulses
804 —o— 500 pulses

Contact angle [*]
S o
L 1
\
OO G0~
ar
e
‘_,)_}_0_.
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|
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Laser fluence [mJ-cm?)

Figure 3. The dependence of contact angle of plasma pre-
treated PLLA surface on laser fluencies with dif-
ferent laser number of pulses (500-6000). Black
dash line represents contact angle for pristine
PLLA, blue dash line (upper one) represents con-
tact angle of aged plasma pre-treated (10 W,
240 s) PLLA.

sample treated with 500 pulses exhibits the highest
values of contact angle in comparison to samples
exposed with higher number of pulses. With increas-
ing laser fluence the surface morphology is strongly
influenced. With more pronounced ablation also the
surface chemistry is significantly altered. The macro-
molecular chains rearrangement ability and chemi-
cal structure of modified surface is influenced by
the laser fluence. The changes of contact angle are
probably caused by several factors involving sur-
face roughness change, e.g. the stability of treated
surface (ability to macromolecular chains rearrange-
ment) and amount of ablated biopolymer material.
The slight fluctuations of contact angle appear, prob-
ably due to the ablation of polymer surface, which
were confirmed earlier (Figure 2). The most pro-
nounced decrease of contact angle was observed for
samples treated for 6000 pulses. However, the slight
increase with higher laser fluence (40 mJ-cm2) was
observed, probably due to more pronounced abla-
tion. The trend of contact angle decrease with higher
laser fluence on pristine PLLA was also observed
[10], however the PLLA and type of excimer laser
was different from our experimental set-up.

3.4. Preparation of highly rough surface

The surface morphology for selected laser exposed
samples (fluence 9 mJ-cm™) is introduced in Fig-
ure 4. This laser fluence was chosen since the mod-
ification in the interval of 9-15 mJ-cm™ led to the
roughness increase similar to that of 9 mJ-cm™. As
a consequence of plasma pre-treatment globular
formations (Figure 1) appear. These surface frag-
ments are connected with the ablation of amorphous
phase that is typically higher than that of crystalline
phase [11]. The applied laser exposure causes at
lower laser pulses only a minor change in the sur-
face roughness and morphology. Rather different
situation was achieved for laser exposure with
6000 pulses. The plasma pre-treatment combined
with consecutive laser exposure (9 mJ, 6000 pulses)
causes a sharp increase of surface roughness up to
roughness R, = 25.7 nm. The structure formation is
connected to local surface melting caused by inter-
action of exposed polymer with laser. The micro-
crystalline regions of polymer bulk (crystallinity
60-70%, according to Goodfellow Ltd.) may react
with the incoming polarized laser beam which leads
to surface melting, which causes consequent re-
crystallization. This phenomena together with strong
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Figure 4. The surface morphology of plasma pre-treated PLLA and consequently exposed with laser beam with 9 mJ cm™>
and different number of pulses (1000, 3000 and 6000 p). R, represents arithmetic mean roughness in nm.

ablation process, when up to 1.5 pum of PLLA could
be removed induces a highly rough surface, appli-
cable consequently e.g. as a scaffold for cell adhe-
sion and proliferation improvement.

3.5. Preparation of flat surface

The effect of increase of surface roughness with
increasing number of laser pulses can be observed
up to a laser fluence of 20 mJ-cm™. The reason for
the increase of plasma pre-treated PLLA surface
roughness (e.g. for 9 mJ-cm™) is the ablation (poly-
mer removal) connected with local heating and melt-
ing of laser exposed surface. The ratio of amorphous
and crystalline phase (set by the plasma pretreat-
ment, crystalline structures are revealed) is also
strongly affected by the increase of laser fluence
and polymer removal. The highest laser fluence
(30 mJ-cm™2), on the contrary, causes probably such
pronounced polymer ablation, that local melting
prevails combined with consequent recrystalliza-
tion. Therefore the opposite effect takes place and
the roughness is reduced, as it is obvious in Fig-
ure 5. The spherulitic structures exposed by plasma

pre-treatment diminishes with increasing number of
laser pulses (fluence 30 mJ-cm™2) and the surface
roughness being strongly lowered. The dramatic
surface roughness changes are visible in Figure 6.
As it is evident from Figures 5 and 6, application of
plasma pretreatment strongly influences the latter
effect of laser exposure. If a lower laser fluence
(9 mJ-cm™) is applied, it leads to a strong amplifica-
tion of surface roughness of PLLA. Higher laser
fluence (30 mJ-cm™) in combination with plasma
pre-treatment has an opposite effect. This observa-
tion can find an excellent applications e.g. in tissue
engineering [19], where the knowledge of both sur-
face contact angle (wettability) and surface mor-
phology and roughness is important for applicable
scaffold construction.

3.6. Optical properties

The UV-VIS absorption spectra of laser exposed
PLLA with 9 and 30 mJ-cm™ by different number
of laser pulses is introduced in Figure 7a. The same
set of samples with plasma pre-treatment is intro-
duced in Figure 7b. It is evident, that both laser flu-
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Figure 5. The surface morphology of plasma pre-treated PLLA and consequently exposed with laser beam with 30 mJ cm™>
and different number of pulses (100, 500, 1000, 3000 and 6000 p). R, represents arithmetic mean roughness in nm.

ence and plasma pre-treatment with consequent
laser exposure lead under certain conditions to sur-
face resonance peak occurrence. The optical prop-
erties of interacting conjugated systems have often
been discussed in the framework of molecular exci-
ton theories based on (transition) dipole-dipole
interaction models [20]. As it is obvious from Fig-
ure 7a, consequent laser exposure significantly
influences UV absorption. The slight effect of sur-
face plasmon resonance is observed for higher laser
fluence (both 1000 and 6000 pulses). The diagonal
shift of the absorbance curve corresponds to increas-
ing both the double bonds concentration [21].

Surface plasmon resonance (SPR) can be described
as a collective oscillation of electrons in a solid or

liquid stimulated by incident light. The condition
for the resonance appearance is established when
the frequency of light photons matches the fre-
quency of surface electrons oscillating against the
restoring force of positive nuclei. This effect when
occurs in nanometer-sized structures is called local-
ized surface plasmon resonance (LSPR). SPR
reflectivity measurements can be used to detect
molecular adsorption, such as polymers, DNA or
proteins, molecular interaction studies [22]. The
shift of the curves in extinction spectra can be
explained by the coupling of the electromagnetic
field between surface plasmons excited in gold
nanoparticles of different density and size.
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Figure 6. Surface roughness of samples of laser exposed
PLLA or plasma pre-treated PLLA (10 W, 240 s)
and consequently exposed with laser (9 and
30 mJ cm?) with different number of pulses
(1000, 3000 and 6000)
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Rather different situation was observed for samples
exposed with lower laser fluence, but number of
pulses 6000. The strong peak of surface plasmon
resonance was observed at a position of approx.
295 nm, which indicated nanostructures formation
on the PLLA laser exposed foil. The phenomenon of
plasmon resonance probably arises from structural
changes due to annealing while a PLLA surface is
exposed to laser fluence. Both the shape and dimen-
sion of nanostructure can significantly influence the
shape and position of surface plasmon peak [23].
The shift of the peak is connected with the nanopar-
ticle dimension changes or the agglomeration effects.
The shifts of the optical-absorption peak were also
observed during the reduction of gold-sulfide parti-
cles to gold particles [24]. It was previously found,
that by controlling the initial size of the gold-sulfide
particles, the resonance shift can be correlated with
a theoretical model that includes both quantum con-
finement and the resonance effects (the so-called
surface-plasmon resonance) [24]. Ultra smooth sur-
faces from template-stripping procedures can be
also used for periodic structures preparation [25],
which can induce effects of surface-plasmon reso-
nance.
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Figure 7. UV-Vis spectra of samples exposed with laser fluence 9 and 30 mJ cm= (1000 and 6000 pulses) (a); the same
samples with plasma pre-treatment (10 W 240 s) (b). The spectra for pristine PLLA (a) and plasma pre-treated

PLLA (10 W, 240 s) (b) is introduced for comparison.
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The behavior of laser exposed foils with plasma
pre-treatment is rather different. The peak of plas-
mon resonance can be found for the laser exposed
samples at the constant position of approx. 270 nm.
With increasing the laser fluence and number of
laser pulses only the amplification of the peak is
apparent, which indicates increasing amount of
nanostructures on the modified foils. The absolute
value of the absorbance is higher with increasing
laser fluence and number of pulses, which is proba-
bly caused by the changes in structure morphology,
density and size of nanoparticles in the modified
surface.

4. Conclusions

A method for preparation of biopolymer surface of
high/smaller roughness has been introduced.
Plasma pre-treatment of PLLA surface leads to the
formation of pits consisting of crystalline phase with
mild increase of surface roughness. The combina-
tion of plasma pre-treatment with consequent laser
exposure leads to an extreme increase of PLLA sur-
face roughness up to 26 nm with appearance of
lamellar structures. The exposure of plasma pre-
treated surface by laser induces the ablation of
PLLA surface. The ablation loss depends strongly
on number of laser pulses and applied laser fluence.
Under certain conditions a strong decrease of PLLA
surface roughness was observed. Optical properties
of plasma-pretreated PLLA with laser exposure
exhibited plasmon surface resonance effects are
dependent on laser fluence, which indicated nanos-
tructures formation in the biopolymer surface.
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