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DSC studies on the nature of freezing and
nonfreezing water in polymer-water mixtures

Apostolos Kyritsis
Department of Physics, National Technical University of Athens, Zografou Campus, 15780, Athens, Greece

KEY WORDS:
hydrogels, hydration properties,
plasticization, nonfreezing water

*Correspondent author:
akyrits@central.ntua.gr

Introduction

The interaction of water with natural and synthetic
polymers has been the subject of continued interest
because hydration phenomena of polymers can mod-
ulate the physicochemical properties of such systems.
Indeed, hydration of biomolecules such as proteins
and enzymes is particularly important for the stabili-
ty of the structure as well as proper functionality. On
the other hand, hydrogels based on synthetic or nat-
ural polymers have become especially attractive not
only for their use in biomedical applications but also
for applications in other diverse fields, such as ion-con-
ducting membranes, water retention in agriculture and
sensors and actuators®. A detailed description of the
water-macromolecule interactions and of their role
in determining the structural, dynamic, and function-
al properties is a necessary prerequisite to optimize
hydrogel characteristics for specific applications. It is
known that water molecules in close proximity to bi-
omolecules exhibit properties different than bulk wa-
ter molecules and in order to describe these peculiar
properties of water next to biomolecules the concept
of a hydration shell has been employed. In a qualitative
picture, the hydration shell consists of the first wa-
ter layer or sometimes the first few water layers sur-

140

rounding the biomolecule and interacting with it or at
least noticeably influenced by it A variety of complex
macromolecular structures can be formed depending
on hydration and, therefore, on the degree of water -
macromolecule association. Water may act also as a
“plasticizer” affecting, thus, not only the conformation
but also the dynamical properties at a molecular level'.

Different conceptual frameworks have been used to
describe the water-polymer associations in a range
of hydrophilic polymers!. Terms such as “free, loose-
ly bound, and tightly bound” or “freezable, bound
freezable and non-freezable” help to describe the
distribution of physical and chemical environments
that water experiences in a hydrophilic polymer
network leading thus to a classification of absorbed
water into different states (classes). Alternatively,
hydration properties have been discussed in terms
of phase diagrams and of kinetic factors that inhibit
the water crystallization. One method that is often
used to distinguish between “free” or “bulk-like” and
“bound” or “hydration” water is based on monitoring
the thermodynamics of dehydration of the polymers.
The desiccating force commonly used to distinguish
between types of water is the freezing of water by
employing differential scanning calorimetry (DSC) at
subzero temperatures. In calorimetric experiments,
the enthalpy of ice melting is monitored and recalcu-
lated to the mass of water that undergoes the melting
transition. If this mass is lower than the total mass of
water in the system, the difference in the masses con-
stitutes the amount of nonfreezing (or non-freezable)
water. Many experimental and theoretical works have
focused on the investigation of the nature of nonfreez-
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Figure 1. (a) DSC heating curves obtained on Gel hydrogels at various hydration levels indicated on the plot.
The glass transition temperatures are marked by an arrow. (b) DSC cooling and heating curves of Gel hydrogel

with h = 0.40. The heating rate was 10 °C/min.

ing water. Different states of water, physically binding
to polymer chains, have been proposed, among them
hydrogen-bond bound water, water trapped in “na-
nocavities” in the polymer or simply water molecules
that are not able to diffuse due to the vitrification of
the amorphous polymer matrix.

The main objective of this work is to study the ther-
modynamics of water phases in polymer-water mix-
tures and to reveal the role of hydrogen bond networks
existed in the biomolecules, as a function of added
water molecules. To that end, we employ DSC method
for monitoring the plasticization of the matrix and for
studying the thermodynamics of the separate water
phase (ice) formed at subzero temperatures, by gradu-
al tuning the hydration level (from almost dry polymer
up to highly concentrated solutions).

Material and methods

In the present work we focus on the hydration proper-
ties of synthetic hydrogels based on poly(hydroxyethyl
acrylate) (PHEA). In particular, we focus mostly on us-
ing PHEA copolymers, as well as PHEA/silica and co-
polymer/silica nanocomposites, as hydrogel matrices

300 :

4 D 4

280 - :

2601 q |

i— o o g

=, 240- :
=

) 5 .

220 - @, 1

200 4 e 9D o 1

180 1

0 10 20 30 40 50 60 70
h

Figure 2. Glass transition temperature, Tg, measured
by DSC, against water fraction h in neat PHEA hy-

drogels.

(xerogels)'. In addition, we investigate the hydration
properties of a family of injectable natural hydrogels
that mimic the composition of the extracellular matrix,
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with a homogeneous distribution of gelatin (Gel) and
hyaluronic acid (HA) chains by enzymatic gelation of
aqueous solutions of different mixtures of both poly-
mers. Protein (Gel) and polysaccharide (HA) have been
combined in an injectable crosslinked hydrogel with
controlled Gel-HA ratio®.

The hydration of the hydrogels was achieved by equi-
libration of the samples over certain salt solutions, i.e.
within environments with varied relative humidity
(RH). The hydration level is expressed in terms of wa-
ter fraction, h, (=m___/m__). Thermal transitions of
the materials were investigated in high purity helium
(99.9995 %) atmosphere in the temperature range
from -150 to 150 °C using a TA Q200 series DSC instru-
ment, calibrated with indium (for temperature and en-
thalpy) and sapphire (for heat capacity).

Results and Discussion

Figure 1 show DSC heating curves obtained on Gel
hydrogels at various hydration levels indicated in the
plot. We observe the strong plasticization of the gela-
tin matrix. For the highest water fraction studied, hW
= 0.40 for Gel, we observe in Figure 1b that during
cooling the thermogram shows a weak exothermic
peak that corresponds to water crystallization (with
strong super-cooling). During heating the thermogram
shows strong cold crystallization process and subse-
quent (rather complex) melting of ice crystals formed
during both, cooling and heating. The analysis of the
spectrum reveals that the fraction of nonfreezing wa-
ter in Gel is about 0.24. It is worth to notice that HA do
not shows water crystallization at the hydration level
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of 0.40. Water crystallizes during cooling only for h >
0.60, whereas the analysis reveals that in that case the
non-freezing water is again about 0.23. These results,
on the one hand, highlight the, well known, property of
HA to absorb large amount of water at elevated RH val-
ues, on the other, reveal that the nonfreezing fraction
of absorbed water is similar in Gel and HA hydrogels,
irrespectively of the total water fraction absorbed.

In Figure 2 we can see the strong plasticization ac-
tion of water molecules being absorbed in neat PHEA
hydrogels. In the range 0 < h < 30% (or 0.30) water
does not phase separate at subzero temperatures, i.e.
no ice crystals are formed, implying that water mol-
ecules are molecularly distributed, forming eventually
water clusters, and affect strongly the molecular mobil-
ity and chain conformations of the PHEA macromole-
cules. For higher water fractions, ice is formed during
cooling and the plasticization action of water stops.
Interestingly, the Tg of PHEA is not affected by the for-
mation of the ice phase.

Conclusions

DSC is a powerful tool for studying hydration properties
of hydrogels. The method provide information regard-
ing both, the molecular mobility of the hosting macro-
molecules and the thermodynamic properties of the
separate ice phase formed at subzero temperatures. ]
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To KaBoAko g lepag Moviig Avadriiewg Tou TwTrpog amoTeAel Tov KUpLo
vad Tou povaotnplol mov Bploketatl oty evpvTepT TEPLOXT TG EAacadvag,
otov ‘OAvumo. To HovaoTipl KATOOKEVAGTNKE oTa Héoa Tov 16 aiwva. H
TapoVoA Epyacia AQOPA TN LEAETT TWV VTTOCTPWHATWY TWV TOLXOYPAPLHOV
tou KabBoAwoV, ot omoieg xpovoAoyolvtalr ota péoa tov 17 awwva.
Méow ™G peAéTng poodiopifovTal T VALKG oV Xp1oLLoTom Onkay ota
VOO TPWUATA TWV TOLXOYPOAPL®YV, LLE CKOTIO TOV TIPOCSLopLopd TG pebddou
KATOOKELNG autwv. H avdiuon Twv vTooTpWUAT®WY TPpAyHaToTow 0nke
HECW BEPUIKNG aVAALONG, PAGUATOCKOTI AG UTIEPVOPOV, TIEPIOANGLOUETPLOG
AKTIVOV-XKAUNAEKTPOVIKIG LKPOOKOTILOG 0dpwaonG. TavtomomOnken xprion
acfeotitn HE Hkpn TOOOTNTA XAAX{l, EVWD VTTAPYXOLV LOXUPESG EVOEIEELS TNG
KATAOKEUNG TWV TOLYOYPAPLOV UE TNV TEXVIKN TNG VWTIoypaiag (fresco).

1. Ozswpntikn Elcaywyn

H Movn Bploketon Sutika g Xukéag EAacoovag,
xpovoAoyeitat oto 1650 pe 8pUTEG TOUG pOVaYOUG
Iwakeip kot Iwdvvn, kat Tov tepopdvayo Aovioto. To
KaBoAikd kaB®G kot 0L UTIOAOLTIOL XWPOL TOU HOVAGTH)-
pLov £xouV avakavicBel TTApweL2,

To KaBoAko BplokeTal 6TO KEVTPO TNG ECWTEPLKIG
QUG LE TNV APXLTEKTOVIKT] TOU VA EVOL OTAVPOELST|G

eyyeypappévog pe miayioug xopous. O totyoypa@ieg

éxouv emkaAv@Bel pe kKoviapa oto peyaditepd Toug
HLEPOG KoL EXOUV UTIOOTEL aApKETES PBOopES. H ayloypa-
pnomn mpaypatomowm)Bnke 1o 1650 pe MapacTACELS
Aylwv oto Bopeo kat voto tujpa tov Naol, evw
0TO TUPAG B0A0 amekoviletal o [Mavtokpdtwp. Ot
ELKOVEG TIOU KOGWUOUV TO TEUTAO KATAOKEVACTIKAV
T0 1778, 8ia xelpdg Aotepiov ek Kadapputwv Iwav-
vivwvlA

H mapolUoa epyacia €xel okomd va yapaktnpioet
TANPWS TA UTTOGTPWHATA TWV TOXOYpaPL®V Tou Ka-
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Xynua 1. H mpog eé€taon toyoypagia. Ta onueia Sstyuatoinpiag vrodsikvioviar aptOuntid.

BoAwcov ¢ lepag Movrig AvaAnPews Tou Zwtrpog,
WOoTE Vo EEAOPOALTTEL TAPNG TIPOGSLOPLONOG TWV
VALKV TIOU XpnotpoTomnkay oAA& KoL TNV TEXVL
K] KATAOKEVNG TOU UTOOTPWHATOG. H Bacukr] peAét
mpaypatomomfnke péow Oepukni avdluong, v
TEPALTEPW AVAAVOT] Yl OUYKPLON QTOTEAECUATWV
éywe péow @acpatookotiog FTIR, meplOAaciopetpi-
oG oktivwv X-XRD KAI nAeKTpovIKNG HIKPOOKOTI{AG
SEM-EDS3*,

144

2. Mewpapatiko pépog

Ta Setypata cuAAEXBNKaV Ao TNV opdda cuvTipnong
KaTd TN SLEPKELX avaoTUAWONG TNG HOVNG KOl ETIAE-
XONKav yloo HEAETN TOGO TOU UTIOOTPWUATOS 600 KOl
TWV XPWOTIKWOV (TUpa GAANG PeAETNG).

H avdAvon vumepiBpou petacynuatiopov Fourier
(FTIR) mpayuatomowmbnke e @acpatookomnio Perkin
Elmer, Spectrum 1000. AN@6nkav 32 capwoelg yu



ZITA,

MEDICAL MAMNAZENENT

www.hsmc.gr/en/pharmakeftiki-journal/

L Xpvoaon et al, Papuakevtiki, 30,4, 2018 | 143-149

L Chrisafi et al, Pharmakeftiki, 30, 4,2018 | 143-149

Iynqua 2. dwtoypdeion oto opatd Tov Ssiyuartos el01, wg avTimpoowTEVTIKG.

KaBe @aopa SLHmEPATOTNTAG HE SLAKPLTIKT] LKAVOTN-
Ta 4 cm? oV TepLoyn Tou pécou vmepvBpov (4000-
400cm™). T ™ ANYPN @AOUATWY TIAPACKEVATTNKOY
Swokia Bpwotyov kariov (KBr) Bapoug epimov 200
mg pe Ttpoadkn Setypatog 1.8 mg. Ot petprioeis epap-
HOGTIKAVY TIPLV KAL LETA TNV BEPUIKT] avaAvo).

H nAektpovikn pikpookotia odpwong (SEM-EDS)
TPAYUATOTIOMONKE HE NAEKTPOVIKO UIKPOOKOTIO OG-
pwong ¢ Jeol (novtédo JSM 840A) pe TtpooapTnpe-
Vo 10 avoAuTikd cvotua OXFORD ISIS 300. I'a v
TpogToacia Tou Selypatog, kdkkolL aTEPEDONKAV
amevBeiag og petadAkd Setypato@opéa. Ol HETPNOELS
£ywav uTo Aettovpyia YopnAoU Kevo.

lNa ™ Beppua) avaivon (TG) twv Serypdtwv xpn-
owomombnke to 6pyavo SETARAM Setsys 16/18. H
HETPNON TIpaypaTtoTon|OnKe 08 SUVAULIKEG GUVONKE,
ot Beppoxpaciakn mepLoym Twv 25-1000 °C, pe pubpod
B¢ppavong 20 °C/min og atpdo@apa alwtov. Xpnot-
pomowmBnke Setypa Bapovg 8.4 mg To omoio KoviopTo-
TomOnke KL TomobeTONKE 0 KUAWVSPIKO Setypato-
PopEa amd aAovpiva.

H mepBAaciopetpia axtivwv X (XRD) mpayuatomot-
Nbnke pe ) xprion mepBracipetpov aktivwv X koOve-
¢ Rigaku Ultima+ 8Yo kUkAwv, oe yewpetpio Bragg-
Brentano kat axtivoBoAia Auyviag CuK . H tavtomoinon
£yWe péow KapTedwv TiepiBAaong tov JCPDS-ICDDS.

100-\
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Zynua 3. Kaumideg Ocpuixric avdvong

3. AtoteA{opata KoL cul)Tnon

TOH@WVA PE TA ATMOTEAEOUATA TNG BEPIIKNG ava-
Avong (ExMua 3) to Seiypa pog amoteAeital kKupiwg
am6 acBeotit (CaCO,) pe pikpr) cuppeToxy xoAa-
Cla (Si0,). H amwAewa palag otn Beppokpaciakt
meploy” uExpL toug 120 °C opeidetal oV amwAgla
vepou (vypaoiag). Ztovg 550 °C mapatnpovpe pa
Hkpn kat @apdid kopu@n 1 omoia avtiotolxel oTto
xoAadia. Xe Oeppokpacies peyaAvtepeg twv 600 °C1)
ATOAELN HAJOG KATA TNV ATORAKPUVOT TwV avBpa-
KIKOV O@EAETAL OTNV ATOUAKPLVOT TOU Sloetdiov
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Zynua 4. daopata FTIR kat XRD mipwv (a, B) kat petd (y, 6) tn Oepuixti avdlvon

Tou avBpaka*®. Bpébnke o A6yog CO,/H,0 o omoiog
umopel va xpnowomnomBel wote va mpoodloplotel
1 VSpaAVAKOTNTA TOV Kovidpatog. O Adyog Bpednke
(oog pe 35,6 >10 pAypo IOV TAUTOTIOLEL TNV EVEELEN
QEPLKWV KOVIXUATWV.

1o @aopa avaivong FTIR mpwv ) Bgppikn avaAv-
on (ExMqua 4a) ot KOPLEG YAPAKTNPLOTIKEG KOPLPEG
Tov acPeotitn Bplokovtatota 1796,1419, 874, 713
cm™? [8,9] evwy Tou yaAalio ota 1084 cm [10]. Ot
KOPLPEG TIOV gp@avifovtal otn meploxn 1100-900
cm pmopovv va amodoBovv emiong og apyuvAoTu-
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PLTIKESG PhoELs. ZTo pdopa avaivong FTIR petd
Oepukn avaivon (Exnua 4y) TapampovvTal ETi-
OTG OL XUPAKTNPLOTIKEG KOPUPES TOV aoBeaTitn Kot
Tou YoAadla. ETiong mapatnpeitaln Vmapén Cao kot
Ca(OH),, Ta omoia tpoABav amd ™ Sidomacn Tov
acBeoatit.

Ta meplOracioypagrjuata XRD mpwv (Syqua 48)
KOl LETG TNV e@appoyn g Bepuikis avaivong (Exm-
po 48) ocuvp@wvolv e TIG TIPOTYOUUEVEG QVOAL-
oelg (calcite hexagonal #47-1743, calcium hydroxide
hexagonal #44-1481).
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Mivakag 1. AvdAvon otorxeiowv EDS

Spectrum 0 Al Si S Cl Ca

Spectrum 1 84.92 - <1 <1 <1 14.91
Spectrum 2 85.12 <1 <1 - - 14.31
Spectrum 3 81.06 <1 <1 <1 <1 17.75
Spectrum 4 82.50 <1 <1 <1 <1 15.88

H otoyewkn avoivon TOU  TpAyUATOTOW)-
Onke péow SEM-EDS (Mivakag 1) emPBefaio-
oe TN ovppetox] acPeotim. EmmAéov, moapotn-
PETAL KAl WIKPT) OUUUETOXT]  OPYLAOTIUPLTIKWV.

4. Tupumepdopata

H mtapovoa epyacio 0ToxeVEL GTO 0TI HEAETT TOV UTIO-
OTPWUATOS TWV ToLoypa@wv Tou KaboAkov g le-
pag Movig AvaAPiews Tou Zwtpog. Ot TEXVIKEG TToV
eQapuooTNKAV NTAV QUTEG TNG BEPUIKNG avaAvong,
™ms @acpatookotiog FTIR, ¢ mepbAaciopetpiog
aktivwv X Kot TG NAEKTPOVIKIG LKPOOKOTIAG CApw-
ong SEM-EDS. H Baown peAétn mpaypatomowmbnke
HEow TNG BePUIKNG avaAuom S Kal pag £5woe akpLfn
amotedéopata ta omoia emBefatwbnkav kat péow
TWV GAAWVY @uatkoxnukwv peBddwv. Kiplo cuotartt-
k6 Tov Koviduatog Bpebnke o aoBeoTitng, eve eppa-

vIioTNKE KL éva Lkpo T0600TO Yodadia TTov amodideTal
oV UTap&n KOKKWV GOV -TIHPASOGIOKA CUCTATIKA
KATOOKEVTG UTTOOTPWHATWY. YTIAPYXOUV LoXUPES eVOE(-
EE16 TNG EQPApROYNG TNG TEXVIKIG TG VTIoypagiag yla
TNV KATAOKEUT] TWV TOLXOYPAPLOV. ZE ETOUEVO 6TASLO
B akoAouBT|oEL I LKPO-OTPWUATOYPOPIKY HEAETN
TWV TOOYPAPLWV Yix TNV eMBefalwon TG TEXVIKIG
™m¢ vwmoypapiag'12. O

Euyaplotieg

H Yr. AS. A. MoAAetlidov suyapiotel ) Fevikn Tpap-
pateio ‘Epevvag kat Teyvoloyiag kat to EAAnviko
"I6pupa ‘Epevvag kat Kawvotopiag (TTET-EAIAEK) y
TNV OKOVOUIKI UTIOoTPEN YLt TN GUUMETOXN] KOTA
TNV TIPOETOHAGIA TNG TIAPOVGAS EPYAOING, OTO TANI-
010 ™G xpruatoddtnong tov Sidaktopikov TS (Kwéb.:
95546).
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Monastery of the Ascension, Elassona,
Mount Olympus: Complementary analysis
of the Catholicon wall paintings

Iouliana Chrysafi?, L. Malletzidou?, P. Beinas?, V. Touli3, K. M. Paraskevopoulos?, E. Pavlidou?,
G. Vourlias!
! X-Rays, Optical Characterization and Thermal Analysis Laboratory, School of Physics, Aristotle University Of
Thessaloniki, GR-54124 Thessaloniki, Greece
2 Private Conservator, ‘Esaeitechnon’ Artwork Conservation Laboratory, GR-60100 Katerini, Greece
3 Ephorate of Antiquities of Larissa, GR-41500 Larissa, Greece

KEYWORDS:
TG, FTIR,SEM-Eps, ~ ABSTRACT
XRD, vomoypa@ia The Monastery of the Ascension (mid-16% century) is located near the village

of Elassona, Mount Olympus. The interior of its catholicon (the main church)
is decorated with wall paintings, which were constructed in the mid-17%
century. In the framework of the present work, the wall paintings’ plaster
layers are examined. Through this study, the materials which were used in the
substrates of the murals are identified, in order to obtain insights regarding
the applied construction technique. The analysis was performed by Thermal
Analysis, Fourier Transform Infrared Spectroscopy, X-Ray Diffractometry
and Scanning Electron Microscopy. The use of calcite with a small amount of
quartz was identified. In addition, there are strong indications of the use of
the fresco technique.
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Contribution of Differential Scanning Calorimetry
to the Investigation of Polymerization Kinetics
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Introduction

Free radical polymerization is extensively employed
to produce several polymers, ranging from the com-
modity polyethylene, polystyrene, etc. to specialty
biopolymers, such as poly(2-hydroxylethyl meth-
acrylate), PHEMA, etc. The latter; is a polymer hydro-
gel that has been widely used in the biomedical field
because of its nontoxicity, antigenicity and excellent
compatibility with living organism tissue. In fact, hy-
drophilic polymers based on HEMA have been wide-
ly used in soft contact lenses, as well as in the field
of tissue engineering as matrix for repairing and
regenerating a wide variety of tissues and organs,
in artificial skin manufacturing and burn dressings,
as it ensures good wound-healing conditions'? Re-
cently, new monomers have been employed in the
preparation of “smart” biorelevant materials com-
posed of a methacrylate moiety connected to a short
poly(ethylene glycol) (PEG) chain® These materials
form polymeric hydrogels with several applications
as biosensors, artificial tissues, etc. Although their
applications have been studied, their polymerization
kinetics has not been explored so far in literature.
Differential Scanning Calorimetry (DSC) is a pow-

150

erful technique usually used to measure thermal
properties (such as melting or glass transition tem-
perature) of several materials, including polymers.
In this investigation its application in measuring
complex polymerization kinetics is presented. Re-
cently, this technique has been used in our lab to
study the polymerization kinetics of several poly-
mers*8, DSC presents several advantages compared
to other techniques, such as requirement of small
monomer amounts, achievement of homogeneous
reaction conditions and controlled temperature, as
well as a continuous recording of the variation of
polymerization rate with either time or tempera-
ture.

Radical polymerization of vinyl monomers is an
exothermic reaction accompanied by a significant
heat release (polymerization enthalpy) due to the
addition reaction to the double bond. The amount of
heat released during polymerization can be record-
ed via the DSC as a function of time (isothermal) or
temperature (non-isothermal) variation*. Then the
polymerization rate (dx/dt) can be estimated from
the rate of heat released (d(AH)/dt) measured by the
DSC, from the following equation:

dx 1 d(AH)

dt AH, dt

where AH, is used to account for the total reaction
enthalpy and x is monomer conversion.

The degree of monomer conversion (in terms of
double bond) is calculated by integrating the area
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between the DSC thermograms and the baseline es-
tablished by extrapolation from the trace produced
after complete polymerization (no change in the
heat produced during the reaction). It should be
noticed that DSC measures consumption of double
bonds. This is identical to monomer conversion only
in mono-functional monomers, while it is not the
same in di- or multi- functional monomers (i.e. di-
methacrylates etc.).

Material and methods

The monomers used were methyl methacrylate
(MMA) with a purity > 99% from Alfa Aesar, 2-hy-
droxyethyl methacrylate (HEMA), purity =2 97% from
Sigma-Aldrich, poly(ethylene glycol) methacrylate
(PEGMA) with average molecular weight 360 and
poly(ethylene glycol) methyl ether methacrylate
(PEGMEMA), with average molecular weight 300
(their chemical structure is shown below) both from
Sigma-Aldrich. The free radical initiator used was
benzoyl peroxide (BPO) with a purity >97 %, provid-
ed by Fluka and purified by fractional recrystalliza-
tion twice from methanol (Merck). All other chemi-
cals used were of reagent grade.

4] ‘ ’ 0
e)
HECN}I)Lin\,]'OH Hac‘{' M}D%&CHE
CHQ il L n

CHa
PEGMA PEGMEMA

Polymerization was investigated using the DSC, Di-
amond (from Perkin-Elmer) equipped with the Py-
ris software for windows. Indium was used for the
enthalpy and temperature calibration of the instru-
ment. Polymerizations were carried out under both
isothermal and non-isothermal conditions. Isother-
mal polymerizations were carried out at constant
reaction temperatures ranging from 70 to 90 °C,
whereas in non-isothermal experiments, constant
heating rates were used varying between 2.5 and 20
°C min™.

100 — — —

Reaction conversion (%)

0+ —
o 10 20 30 40 50 &0

Palymerization time (min)

1 " - - T

Figure 1: Comparison of reaction conversion vs time
experimental data obtained from DSC measurements
(continuous line) to gravimetric measurements from
four individual experiments (discrete points).

Results and Discussion

The first step in order to check the accuracy of the
DSC method in measuring the variation of monomer
conversion with time is to compare results obtained
from this technique to others. As such, gravimetry
was employed since it provides absolute conversion
data (i.e. without needing any calibration curve).
Comparative experimental data are presented in
Figure 1. It is clear that DSC data follow very well
the corresponding gravimetric obtained from sever-
al repeated experiments.

Furthermore, several experiments were carried
out under different experimental conditions and
monomer types. It was found interesting to inves-
tigate the polymerization behavior of the new mon-
omers, PEGMA and PEGMEMA and compare their
polymerization profiles to corresponding of PHE-
MA and those of the model polymer, PMMA. A com-
parison of the dynamic evolution of polymerization
rate and monomer conversion in isothermal exper-
iments is presented in Figure 2. A totally different

151



®APMAKEYTIKH, 30, 4 (2018)

www.hsmc.gr/en/pharmakeftiki-journal/

PHARMAKEFTIK]I, 30, 4 (2018)

I
I.I
|

§

- J

A &

[

=

| =

(=}

[
m FHEMA
&  PEGMEMA
& PEGMA
+  PHMA
] 40

Time/min

EPEYNHTIKH EPTAXIA
RESEARCH ARTICLE
100 T T T *
= FHEMA
i « PEGMA
';:l,' a0 4 & PEGMEMA
= ! + PMMA
P ]
E (-]
[ =
=]
EREE é .
= H
1]
E = g
[=] n
oL F i
0d —. =
0 40

F1':| L 20 30
alymerization time (min)

Figure 2: Variation of monomer conversion (as adapted from ref [5]) and reaction rate with time during polym-
erization of PHEMA, PEGMA, PEGMEMA and PMMA using benzoyl peroxide as initiator.

behavior was observed from the four experiments.
Initially, all three PHEMA, PEGMA and PEGMEMA
result in much faster reaction rates compared to
PMMA. PEGMA, having hydroxyl groups in its struc-
ture presents much faster reaction rate compared
to PEGMEMA, which includes only methyl groups.
The behavior of PEGMA is similar to that of PHE-
MA which also has hydroxyl groups. Therefore, it
seems that such groups act as a catalyst promoting
polymerization rate and resulting in higher mono-
mer conversions. Moreover, PHEMA with smaller
monomer molecules compared to PEGMA presents
a very rapid polymerization completing in only a
few minutes. Therefore, great care should be taken,
since such high rates may result in increased tem-
perature during polymerization, which may reach
to more than 100 °C.
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From the polymerization rate profiles the overall
kinetic rate constant can be estimated from which
the activation energy can be estimated. The initial
activation energy from PMMA, PHEMA, PEGMA and
PEGMEMA was estimated to be 84, 89, 82 and 100
k] /mol, respectively*2.

Conclusions

DSC is a powerful tool in measuring radical polymer-
ization kinetics and recording the phenomena taking
place during the reaction. One should always have in
mind the elementary chemical reactions taking place,
as well as the effect of diffusion-controlled phenom-
ena on the Kinetic rate constants. Finally, functional
groups in the monomer molecules always play an im-
portant role. O
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Synthesis, characterization and thermal
analysis of PE-RT /graphene nanocomposites

Dimitra Kourtidou", Evangelia Tarani’, Dimitrios N. Bikiaris? George Vourlias?,
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! X-ray, Optical Characterization and Thermal Analysis Laboratory, Physics Department, Aristotle University
of Thessaloniki, GR 54124, Greece
2 Laboratory of Polymer Chemistry and Technology, Department of Chemistry, Aristotle University of Thessa-
loniki, GR 54124, Greece

KEYWORDS:

graphene ABSTRACT
nanoplatelets, Polyethylene of Raised Temperature resistance (PE-RT) nanocomposites
nanocomposite, PE-RT, with graphene nanoplatelets (GNPs) were prepared in order to investigate
thermal stability the effect of the nanofiller on the thermal stability of the polymer. PE-RT is a
new type of polyethylene with improved mechanical and thermal properties
and is commonly used as a piping material'. Various types of graphene are
often used as a reinforcement filler material to improve electrical, thermal
and mechanical properties of the polymeric matrix?. In the present work, PE-
RT/GNPs nanocomposites were prepared by the melt mixing method using
GNPs with 5um diameter and 6nm thickness at different filler concentration
*Corresponding Author: (0.5, 1, 2.5% wt.). The characterization of neat PE-RT and the corresponding
Dimitra Kourtidou, nanocomposites was achieved by X-Ray Diffraction (XRD). The effect of GNPs
(+30) 2310998054, on the thermal properties of PE-RT nanocomposites was studied by using

dikourti@physics.auth.gr Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis
(TGA). It was found that the presence of GNPs affected the crystalline struc-
ture of the PE-RT matrix. TGA results also showed that the nanocomposites
exhibited better thermal stability than neat PE-RT. The nanocomposites with
2.5%wt. filler content exhibited the most improved thermal stability com-

pared to the ones with lower filler content (0.5, 1%wt.).

1. Introduction

Polyethylene is one of the most commonly used pol-
ymers that has a wide range of applications. Because
of this wide application range, many types of PE
have been developed during the past years in order
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to achieve better suitability for each type of use. Pol-
yethylene of Raised Temperature resistance (PE-RT)
was developed for piping material due to its high
thermal stability, excellent processability, and high
impact strength®.

Polymer/graphene nanocomposites have been pro-
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duced to apply in commercial materials that demands
high mechanical endurance and thermal stability such
as piping. Graphene nanoplatelets (GNPs) are com-
monly used, at low loadings, as a nanofiller reinforce-
ment of the polymeric matrix due to their excellent
thermal and mechanical properties®3* According to
the literature, HDPE/GNPs composites with differ-
ent diameters and filler's content were synthesized.
It was found that HDPE nanocomposites show better
thermal stability and conductivity than neat HDPES.
LDPE/GNP composites were also produced; the pres-
ence of GNPs into polymer matrix leads to higher
thermal conductivity and increased Young’s modulus
compared to neat LDPE®.

In this work, a series of PE-RT/GNP composites
were prepared by melt mixing method with differ-
ent filler content of GNPs having an average diam-
eter of 5um. X-Ray Diffraction was used to confirm
the presence of the GNPs and to estimate the degree
of crystallinity of nanocomposites. Differential Scan-
ning Calorimetry was applied to study the melting
and crystallization process of the PE-RT/GNP com-
posites, while a more accurate crystallinity percent-
age was calculated from the peak area of the curves.
Finally, the influence of the various concentrations
of GNPs on the thermal stability of nanocomposites
was studied using Thermogravimetric Analysis.

2. Materials and methods
Materials

PE-RT under the trade name DaelimPoly mLLDPE
XP9000 was supplied by Daelim Industrial Petro-
chemical Division (Seoul, Korea). It has a melt flow
index of 0.6 g/10 min and a density of 0.935 g/cm?.
The GNP filler with an average thickness of 7 nm
were supplied by XG Sciences Inc., USA having aver-
age platelet diameter of 5 pm. This translates into an
average particle surface area ranging of 120 to 150
m?/g. The bulk density of the GNP filler is reported
to be 2.2 g/cm?3.

Nanocomposites preparation

A series of PE-RT/graphene nanocomposites were
prepared by the melt-mixing method. A certain
mass-measured PE-RT and GNPs (content: 0, 0.5, 1
and 2.5 wt.%) were mixed in a Haake-Buchler Reo-
mixer (model 600) with roller blades and a mixing
head with a volumetric capacity of 69 cm?® for 600
seconds at 180 °C with a torque speed of 30 rpm. The
nanocomposite samples are referred to this work as
x% wt. M5, where x is the GNPs content.

X-ray diffraction (XRD)

X-ray diffraction patterns were recorded at
Bragg-Brentano geometry by a two-cycles Rigaku
Ultima + powder X-ray diffractometer (Rigaku Cor-
poration, Shibuya-Ku, Tokyo, Japan) using CuK, ra-
diation, a step size of 0.05° and a step time of 1.5 s,
operating at 40 kV and 30 mA.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry curves were ob-
tained by using DSC 141, SETARAM instrument. 5.5
+ 0.2 mg of each sample was placed in crimped alu-
minium crucibles, while an empty one was used as a
reference. Samples were heated from ambient tem-
perature to 170 °C in a 50 ml/min flow of N, with a
heating and cooling rate of 5 °C/min.

Thermogravimetric analysis (TGA)

The thermal stability of PE-RT/GNP nanocompos-
ites was examined by TGA using a SETARAM SETSYS
TG-DTA 16/18. Samples (5.5 * 0.1 mg) were placed
in alumina crucibles. An empty alumina crucible was
used as a reference. The samples were heated from
ambient temperature to 600 °C in a 50 ml/min flow
of nitrogen, at a heating rate of 20 °C/min. Continuous
recordings of sample temperature, sample weight, its
first derivative and heat flow were performed.

155



®APMAKEYTIKH, 30, 4 (2018)

www.hsmc.gr/en/pharmakeftiki-journal/

-'H.'--i.'E H] k

PHARMAKEFTIK]I, 30, 4 (2018)

1.2
'EE‘ L
< 1.0 =
2 o
0 0.8 ]
= (%]
s | /
=1 B
06 !
a!
| i
HO0.4 26 0 i
Eoz : 8%
= L w woow
B B o
0.0 N i I T — S — |
10 20 30 40

Lt E:E
=0 L‘E-
:%?‘(' :
EPEYNHTIKH EPTAXIA
RESEARCH ARTICLE
"
50+
3
249 ]
£
=
0 48t
o
L& ] "
I.//
4T L PO [POR S— | | PO S
60 05 10 15 20 25

2 Theta Angle (Degrees)

Figure 1. X-Ray Diffraction patterns of neat PE-RT
and PE-RT/GNP composites

3. Results and Discussion.
XRD characterization

X-ray diffraction patterns of neat PE-RT and PE-
RT/GNP composites are shown in Figure 1. Neat
PE-RT and GNPs composites are characterized by
five peaks, reflections (1 1 0), (2 0 0), (210), (0 2
0) and (0 1 1), corresponding to the orthorhom-
bic phase (Pnam space group) of polyethylene’.
The above-mentioned peaks for the neat polymer
are individually located at 28 values around 21.3°,
23.65° 29.8° and 36.05° respectively, while
the peaks of all nanocomposites appear in slight-
ly higher 20 values (around 24.7°, 24.05°, 30.25°
and 36.4°, respectively) indicating higher inter-
nal stress. GNP composites exhibit a sharp dif-
fraction peak at 26x26.7°, which represents the
diffraction of the (002) crystal plane of GNPs®.
As expected, the peak of the normalized intensity
increases as the filler content increase in the pol-
ymeric matrix.

The degree of crystallinity was estimated using
the Equation 1 where A_ and A represent the rel-
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Filler content (% wt.)

Figure 2. The degree of crystallinity as estimated
from the XRD patterns for neat PE-RT and PE-RT/
GNP composites at various filler’s content

ative area under the major crystalline components
(the 110 and 200 reflections) and amorphous halo,
respectively, Figure 1; K is a constant related to
the scattering factors of crystalline and amorphous
phases, here taken 1°. It was found that the degree
of crystallinity of PE-RT/GNP composites is higher
compared to neat PE-RT. Also, the crystallinity in-
creases as the GNPs content increase in the polymer-
ic matrix, Figure 2.

— Ao
Apr+K-Agm

100% (1)

Xc

Melting and crystallization behavior of PE-RT/GNP
composites

DSC melting and crystallization curves of neat PE-RT
and its GNP composites are shown in Figure 3a and
b, respectively. Table 1 lists the melting temperature
(T,), the crystallization temperature (T ), as well as
the melting (AH ) and crystallization (AH ) enthalp-
ies for neat PE-RT and PE-RT/GNP composites. The
melting temperature of all the nanocomposites were
found to be around 125 °C close to the melting tem-
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Figure 3. a) DSC melting and b) crystallization curves of neat PE-RT and PE-RT/GNP composites

Table 1: DSC melting and crystallization
parameters of neat PE-RT and PE-RT /GNP

composites

Melting process Crystallization
process

% Tm AH Tc AH_
Filler  (°C) (/gr) Q) (J/gr)
neat 1249 106.1 113.3 -121.5
0.5 125.3 106.3 114.2 -96.9
1 125.2 106.8 114.4 -94.7
2.5 125.2 111.5 114.6 -93.2

perature of the neat PE-RT. Also, the crystallization
temperature of PE-RT/GNP composites increases
with increasing filler content. This behavior was as-
cribed to the high thermal conductivity of the GNP
filler that allows the latent heat to be transferred
faster from the polymer to the surrounding medium.
However, the more dominant effect is the crystal nu-
cleation that can be formed at higher temperature
due to the presence of GNPs which act as a foreign
substance in the PE-RT matrix*°.

Figure 4 shows the crystallinity percentage of

neat PE-RT and GNP composites versus GNP content
calculated by using the Equation 2, where AH_ (in
J/g) is the enthalpy of fusion of the samples, AH °
is the heat of fusion of the completely crystalline PE
(293 J/g)** and m is the polymer weight fraction of
materials'?. Higher crystallinity in the PE-RT/GNP
composite samples attributed to the high surface
area and the nucleation effect of the GNPs. GNPs act
as heterogeneous nucleation sites, which can also be
seen in the increase of crystallization peak temper-
ature?®.

_ AHp
(1-m)AHD,

X 100%

2

Thermal stability of PE-RT/GNP composites

TGA curves of neat PE-RT and PE-RT/GNP composite
with different filler content are shown in Figure 5a at
a heating rate of 20 °C/min under the nitrogen atmos-
phere. The GNP composites present better thermal
stability since no significant mass loss occurred until
444 °C. Mass loss temperature increases with increas-
ing the content of GNPs. The residual amount of the
nanocomposites raises with the content of GNPs; the
additional residue is close to the added filler %wt. in
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Table 2: Detailed data obtained from TGA tests for neat PE-RT and PE-RT /GNP composites

Residual content

% Filler T,,,(°C) T, (°C) T, (°C) (%)
neat 440.5 493.3 497.3 0.15
0.5 444.7 495.1 498.6 0.9
1 446.6 495 498.5 1.02
2.5 4474 496.6 499.3 2.7
-0 with 2.5% wt. GNP, respectively, as shown in Table
2. The increase at the highest decomposition rate
380} temperature suggests that the incorporation of the
— GNPs increase the thermal stability of the PE-RT
= a7l matrix. The temperature at which mass loss of neat
_.E‘ PE-RT and its nanocomposites is 2%, versus the fill-
E er content, is given in Table 1. An enhancement of
E A 4.2, 6.1, and 6.9 °C appeared for the nanocomposites
2> containing 0.5, 1 and 2.5% wt. GNPs, respectively.
O a5 The temperature at which mass loss of neat PE-RT
._d_,.._pr""f and PE-RT/GNPs composites is 50% (Table 2) also
36.0 Bl o — shows an increase with increasing the filler content.

0.0 05 10 15 20 25
Filler content (% wt.)

Figure 4. Crystallinity as calculated by the DSC
curves for neat PE-RT and PE-RT/GNP composites at
various filler’s content

all the nanocomposites. The thermal decomposition
of the PE-RT retards in the nanocomposites due to the
decomposition of GNPs that have initial degradation
temperature above 600 °C'*. The derivative thermo-
gravimetric curves (DTG), in Figure 5b, show the
presence of one peak suggesting that the thermal deg-
radation of neat PE-RT and PE-RT/GNP composites
occurs at one stage until 497 °C.

The highest decomposition rate is around 497 and
499 °C, for neat PE-RT and PE-RT/GNP composite
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The retarding of thermal stability may result from
the restricted mobility of the polymeric chains due
to the presence of the GNPs, leading to an increased
activation energy of the nanocomposite PE-RT sam-
ples®s.

4. Conclusions

PE-RT/GNP composites were successfully prepared
by the melt mixing method. XRD patterns revealed the
main PE peaks of the orthorhombic phase of polyeth-
ylene. The presence of GNPs in the PE-RT nanocom-
posites was also confirmed. DSC study revealed a slight
increase in the melting temperature of the PE-RT/
GNP composites compared to neat polymer. Moreover,
it was found that the crystallization temperature in-
creases with increasing the filler content in the PE-RT
matrix. According to the calculation of the crystallinity
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Figure 5. a) Mass (%) and b) derivative of TGA curves for neat PE-RT and PE-RT/GNP composites at a heating

rate of 20 oC/min under the nitrogen atmosphere

from the XRD and DSC diagrams, GNPs serve as heter-
ogeneous nucleation sites in PE-RT nanocomposites,
leading to a higher percentage of crystallinity. Ther-
mogravimetric measurements suggest higher thermal
stability of the nanocomposites with increasing GNPs
content compared to neat PE-RT. Summarizing, the PE-
RT nanocomposite with 2.5% wt. GNP was found to be
the most thermally stable sample.
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Introduction

Since AT1R antagonists are highly lipophilic mol-
ecules (Table 1), vehicles such as cyclodextrins
are used to overcome low solubility and bioavaila-
bility barriers, and therefore to improve the phar-
macological profile. In our previous study, we have
examined the interactions of irbesartan (IRB) and
irbesartan-2-hydroxypropyl-B-cyclodextrin (HP-[3-
CD) complex with dipalmitoyl phosphatidylcholine
(DPPC) bilayers by utilizing an array of biophysical
techniques, including Differential Scanning Calorim-
etry (DSC), Small angle X-ray Scattering (SAXS), ESI
Mass-Spectrometry (ESI-MS), and solid state Nucle-
ar Magnetic Resonance (ssNMR). Molecular Dynam-
ics (MD) calculations have also been conducted to
complement the experimental results and to provide
insight into the molecular interactions of IRB and
its complex in DPPC bilayers. Irbesartan was found

to be embedded in the lipid membrane core and to
perturb the phase transition properties of the DPPC
bilayers. SAXS studies revealed that IRB alone does
not display perfect solvation as some coexisting IRB
crystallites were present. In its complexed form, IRB
gets fully solvated in the membranes, showing that
encapsulation of IRB in HP-B-CD may improve the
ADME properties of this drug™.

In the present work, we have used DSC along with
SAXS experiments to study the effects of irbesartan—
HP-B-CD in DPPC bilayers containing cholesterol.

Material and methods

Materials: IRB was kindly provided by Prof. M. Koup-
paris. DPPC and cholesterol were purchased from
Avanti Polar Lipids Inc. (Alabaster, AL). HP-3-CD was
purchased from Sigma Aldrich (St. Louis, MO).
Preparation of the IRB-HP-f-CD lyophilized com-
plex: A freeze-drying procedure was applied for the
preparation of IRB-HP-$-CD lyophilized product. For
the preparation of IRB-HP-3-CD aqueous solutions
for freeze-drying in a molar ratio of 1:2, the neutral-
ization method was used? More specifically, 0.060
g of irbersartan and 0.408 g of HP-B-CD were accu-
rately weighed, transferred in a 100 mL beaker and
suspended with 50 mL of water. Small amounts of
ammonium hydroxide were then added under con-
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2-hydroxypropyl-f-cyelodextrin

Figure 1: Structures of irbesartan, 2-hydroxypropyl-f-cyclodextrin, DPPC, and cholesterol.
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Table 1: Predicted lipophilicity values (logP) of sartans.

Drug Lipophilicity (logP) Source
Azilsartan 6.03 DrugBank
Azilsartan Medoxomil 6.03 DrugBank
J. Med. Chem., 2002, 45 (12),
*
Candesartan 4.79 2615-26235
Candesartan cilexetil 7.53 DrugBank
Eprosartan 3.9 DrugBank
Eprosartan Mesylate 3.8 DrugBank
i . . 7
Fimasartan 491 1.] Clin Pharmacol. 2016;56:576
2.DrugBank
J. Med. Chem., 2002, 45 (12),
*
Irbesartan 5.40 2615-26235
J. Med. Chem., 2002, 45 (12),
*
Losartan 3.46 2615-26235
Olmesartan 5.9 DrugBank
Olmesartan Medoxomil 4.46 DrugBank
Telmisartan 6.66 DrugBank
J. Med. Chem., 2002, 45 (12),
*
Valsartan 4.44 2615-2623
*Values are clogP.

tinuous stirring and pH monitoring until complete
dissolution and pH adjustment to a value between
9 and 10 were obtained. The resulting solution at
molar ratio of 1:2 was thereafter frozen at -80 °C
and freeze-dried using a Kryodos-50 model Telstar
lyophilizer.

Preparation of liposome mixture: DPPC and
IRB stock solutions were prepared by dissolving
weighed amounts of dry DPPC or mixture of DPPC/
cholesterol (x=0.15 or 15 mol%) and IRB-2-HP-§-

CD powder in chloroform. The DPPC (or DPPC/
cholesterol) complex concentration was x=0.2 (20
mol%). DPPC (or DPPC/cholesterol) complex IRB-
HP-B-CD were then evaporated at room tempera-
ture under a gentle stream of nitrogen and there-
after placed under vacuum for 12 hours in order to
form a thin lipid film at the bottom of glass vials.
The obtained mixtures were then fully hydrated
(50% wt/wt water) in order to achieve multila-
mellar vesicles (MLVs).
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Figure 2: (A) DPPC bilayers containing the complex
[irbesartan/2-HP-B-CD] 80:20, and (B) DPPC:choles-
terol bilayers containing the complex [irbesartan/2-
HP-f3-CD] 80:20.

Differential scanning calorimetry: The prepared
samples for DSC were transferred to stainless steel
capsules obtained from Perkin-Elmer and sealed.
Thermal scans were obtained on a TA instrument
MDSC Model 2910 (De, USA). All samples were
scanned from 10 to 60 °C at least three times until
identical thermal scans were obtained using a scan-
ning rate of 2.5 °C/min. The temperature scale of
the calorimeter was calibrated using indium (Tm =
156.6 °C) and DPPC bilayers (Tm = 41.2 °C).

X-ray diffraction experiments: Small angle X-ray
scattering (SAXS) measurements were performed
with a high flux SAXSess camera (Anton Paar, Graz,
Austria) connected to a Debyeflex 3003 X-ray gener-
ator (GE-Electric, Germany), operating at 40 kV and
50 mA with a sealed-tube Cu anode. The Goebel-mir-
ror focused and Kratky-slit collimated Xray beam
was line shaped (17 mm horizontal dimension at
the sample) and scattered radiation was measured
in the transmission mode and recorded by a one-di-
mensional MYTHEN-1Kk microstrip solid-state detec-
tor (Dectris Switzerland), within a g-range (with q
being the magnitude of the scattering vector) of 0.01
to 0.5 A, Using Cu Ka radiation of wavelength 1.54
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Table 2: Enthalpy changes and maxima

of the phase transitions observed in the
preparations studied.

Transition state

AH (J/g)

Samples
Tm (2C)

DPPC/complex
[irbesartan/

2- HP-B-CD]
80:20

47.67 39.82

[DPPC/cholesterol]/
complex
[irbesartan/2-HP-[3-
CD] 80:20

29.78 34.86

A and a sample-to-detector

distance of 307 mm, this corresponds to a total 20
region of 0.14° to 7°, applying the conversion q [A?]
= 41(sinB) /A with 20 being the scattering angle with
respect to the incident beam and A the wavelength of
the X-rays. Samples were filled into a 1 mm (diame-
ter) reusable quartz capillary (wall thickness of 10
pum) with vacuum-tight sealing screw-caps at both
ends. All measurements of the samples in the capil-
lary were done in vacuum and at the respective tem-
peratures with an exposure time of 10 min at each
temperature step in a heating scan (20 to 50 °C in 5°
intervals with 10 min equilibration).

Results and discussion

The DSC scans of DPPC/cholesterol have been ex-
tensively analyzed previously*®. In summary, choles-
terol caused the abolition of the pretransition tem-
perature even at very low concentrations, a gradual
broadening of the phase transition, and a decrease
of AH as its incorporated concentration increased,
while it did not affect significantly the Tm of DPPC
bilayers alone.
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DPPC/cholesterol
8%:15 molar ratio

DPPC/[complex irbesartan/2-HP-§-CD 1:1]
80:20 molar ratio

|DPPC/cholesterol 85:15] /[complex|*
80:20 molar ratio
* [complex irbesartan/2-HP-B-CD 1:1)

Figure 3: SAXS experiments for samples DPPC/cholesterol 85:15 molar ratio (left), DPPC/[irbesartan/2-HP-f5-
CD 1:1] 80:20 molar ratio (center), and [DPPC/cholesterol 85:15]/[irbesartan/2-HP-f-CD 1:1] 80:20 molar ratio

(right).

This broadening is more effective and a lowering
of the Tm is also observed, signifying that the com-
plex potentiates the perturbation of cholesterol. As
shown in Figure 2 and Table 2, the complex alone
does not affect significantly the DPPC bilayers as
the decrease of Tm and AH is not pronounced.

SAXS experiments show that DPPC: cholester-
ol samples are characterized by sharp peaks all
through the mesomorphic phases (Figure 3, left).
When the IRB-HP--CD complex is added to DPPC
bilayers, broad diffraction peaks are apparent in
all mesomorphic phases (Figure 3, middle). The
addition of IRB-HP-3-CD complex in DPPC:choles-
terol bilayers resembles that of DPPC: cholesterol
x-ray diffraction patterns in the gel phase, but in
the liquid crystalline, the peaks become broad and
even broader to those of IRB-HP-$-CD compley, in
agreement with DSC data (Figure 3, right).

Conclusions

When irbesartan is inserted as IRB-HP-f3-CD com-
plex in DPPC:cholesterol bilayers, it enhances the
effects of cholesterol. This is an intriguing effect and
may suggest that a new formulation of irbesartan in
such an environment can modify its physicochemi-
cal properties and consequently its pharmacological
profile in a beneficial matter.
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sartan cilexetil (TCV-116) was kindly provided by Me-

dochemie Hellas A.E. (Pharma Cypria). Captopril was

Table 1. Lipophilicity profile of selected

drugs (logP).

email: tmavrom@chem.uoa.gr Drug Lipophilicity value
Aliskiren 3.9!
Introduction Candesartan 4,823
: . 1
For many years, we investigate the interactions of AT1 Candesartan cilexetil 7.5
antagonists in lipid bilayers as the latter play an im- Captopril 1.0t
portant role in drugs mode of action!2. Enalapril 0.61
Here, we compare the thermal effects of drugs act- . — s
ing on the RAS system (renin inhibitor aliskiren, ACE prosartan Mesylate ’
inhibitor captopril, and AT1 antagonist candesartan Irbesartan 5.4%3
cilexetil) in lipid bilayers to study their similarities Lisinopril —1.2%
and differences in their perturbing effects. The lipo- 13
philicity profile of selected molecules (Figure 1) to be Losartan 35
studied is shown in Table 1. Olmesartan 59!
Telmisartan 6.71
Materials and Methods Valsartan 4.423
Materials: Dipalmitoyl-phosphatidylcholine (DPPC)  Predicted values from

was purchased from Avanti Polar Lipids (Birmingham,
AL) and was used without further purification. Cande-

!DrugBank, ?]. Med. Chem., 45, 2615-2623, 2002.11
*Values are clogP.
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Figure 2. Thermal effects of aliskiren at x=0.05, 0.10 and 0.20 on DPPC bilayers.
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Figure 3. Thermal effects of candesartan cilexitil at x=0.05, 0.10 and 0.20 on DPPC bilayers.
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Figure 4. Thermal effects of captopril at x=0.05,
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0.10 and 0.20 at DPPC bilayers.
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Table 2. DSC results for aliskiren, captopril and candesartan cilexetil in DPPC bilayers.

Samples Tpre AT, Jzpre
DPPC 35.50 1.0
DPPC/aliskiren 95:5 = =
DPPC/aliskiren 90:10 - -
DPPC/aliskiren 80:20 = =
DPPC/captopril 95:5 30.09 3.5
DPPC/captopril 90:10 28.20 2.8

DPPC/captopril 80:20 - -
DPPC/cand. cilexetil 95:5 - -

DPPC/cand. cilexetil 90:10 - -

DPPC/cand. cilexetil 80:20 - -

kindly offered by ELPEN A.E. (Greece) and aliskiren
by Novartis. Spectroscopic grade CHCI, was obtained
from Sigma Aldrich (St. Louis, MO).

Differential Scanning Calorimetry: For DSC experi-
ments, portions of ca. 5 mg from 50% (w/w) liposo-
mal dispersions were used. The drug concentrations
used were x=0.005 (5% mol), x=0.10 (10% mol) and
x=0.20 (20% mol). The samples were transferred to
a Perkin-Elmer DSC-7 instrument (Norwalk, CT). All
samples were scanned from 10 to 60 °C at least three
times until identical thermal scans were obtained us-
ing a scanning rate of 2.5 °C/min. The following diag-
nostic parameters were used for the study of drug-
membrane interactions: Tm (maximum position of

170

AH

(kfﬁie/ (T‘é‘) AT(‘ZS/ 2 (keal/
mol) mol)
1.20 41.20 1.0 7.89
; 41.04 16 7.87

- 39.19 0.9 9.47

- 38.45 15 10.45
0.34 40.39 13 7.91
0.16 4031 16 8.23
, 39.30 17 8.37

, 40.1 13 8.61

] 38.3 16 453,

40.1 13 4.4 (8.97)

: gg:;’ 13 i'.g'
(8.97)

the recorded heat capacity), AT, /2 (the full width at
half maximum of the phase transition) and the en-
thalpy change, AH.

Results and Discussion

The thermal changes in pure DPPC/water and the
influence of aliskiren are shown in Figure 2, Table
2. In pure DPPC (Figure 2, top curve), two charac-
teristic endothermic peaks are visible referring to
the pre- and the main transition, respectively. The
DPPC molecules form the well-organized lamellar
gel phase, Ly, below the pretransition, while the
fluid lamellar phase, L is apparent above the main
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transition temperature. An intermediate phase, P,
is also observed, in which the bilayers are modulat-
ed by a periodicripple (ripple phase). The recorded
transition temperatures and enthalpy values are in
agreement with literature values?.

Aliskiren at alow concentration of x=0.05 broadens
the main phase transition and abolishes the pretran-
sition without significantly affecting the maximum of
the phase transition temperature and AH. At higher
concentrations, it lowers the main phase transition
and causes an increase in AH.

Such an increase of AH at the same concentration has
been observed for the AT1 antagonists losartan, irbe-
sartan, EXP3174, valsartan and candesartan cilexetil,
but not for candesartan and telmisartan. In addition,
this progressive broadening of the phase transition and
abolishment was more eminent to losartan, irbesartan,
EXP3174, valsartan and candesartan cilexetil (Figure 3),
but not for candesartan and telmisartan*?°,

The ACE inhibitor captopril is also found to progres-
sively broaden the phase transition temperature, to
abolish the pretransition at high concentration, and
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1. Introduction

DSC is a thermodynamic technique suitable for
studying the effects of drugs on the phase transi-
tions of membrane bilayers The technique, as its
name signifies is based on the differential heat flow
between a sample that undergoes a phase transition
in the temperature range under study and an inert
reference material that lacks such a phase transi-
tion in the same temperature range. When a phase
transition occurs, the sample undergoes a thermal-
ly-induced event. The following parameters in an
endothermic or exothermic event are recorded dur-
ing the phase transition: (a) Tm (maximum of the
peak) (b) Tonset (the starting temperature of the
phase transition); (c) T, (the half-height width of
the phase transition); (d) the area under the peak
which represents the enthalpy change during the
transition (DH).

Due to the high complexity of the biological mem-
branes and their instability, the study of their phase
transitions is not an easy task. Therefore, lipids and

especially phospholipid bilayers which share many
of the conformational and dynamic properties of the
natural membranes are used as a model membranes.

In this plenary lecture, examples of the effects of
bioactive molecules with lipid bilayers will be given
and the complementarity information of various oth-
er techniques will be mentioned.

2. Materials and Methods

Materials: Lo-dipalmitoyl - phosphatidylcholine (La-DP-
PC, 99+%) was purchased from Avanti Polar Lipid Inc.
and CHCI, from Sigma Aldrich. Valsartan was kindly do-
nated by Novartis.

Methods: Appropriate amounts of DPPC and valsartan
were diluted in chloroform and were mixed, dried under
a stream of N, and then stored under vacuum overnight.
After dispersing in water (50% w/w), ca. 5 mg were
sealed in stainless steel capsules obtained from Perk-
ing-Elmer. The drug concentrations used were x=0.01,
x=0.02, x=0.05, x=0.10 and x=0.20.

3. Results and Discussion

Figure 1 shows the calorimetric scan of La dipalmitoyl
phosphatidylcholine multilamellar vesicles in the ab-
sence and presence of valsartan. These bilayers have
been studied extensively since they show two endo-
thermic transitions, a broad low enthalpy pretransition
(Tm=35.3 °C) and a main phase transition (Tm=41.2
°C). Below the pretransition the phospholipid mole-
cules are arranged in a one-dimensional lamellar gel
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Figure 1. DSC scan for DPPC bilayers alone and ascending concentrations of valsartan.
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Figure 2. Proposed perturbations induced by valsartan when it is incorporated in lipid bilayers. A and C Fig-
ures show DPPC bilayers at gel and liquid crystalline phases. B shows the effect of valsartan (20% mol) in the
gel phase and D in the liquid crystalline phase. In the gel phase valsartan induces the formation of valsartan
rich-domains with chain interdigition (L), This partial interdigitation is also evident in the liquid crystalline
phase as depicted by the decrease of the thickness of lipid bilayers*.
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phase (L"), while above the main transition they exist
in the liquid crystalline phase (L,’). At temperatures be-
tween the ripple phase (P,’)' and main phase transition
(La) based on solid-state NMR evidence, the bilayers
are composed of coexisting gel and liquid crystalline
components.

Below pretransition temperature, the chains are
in all-trans conformation? and are tilted with re-
spect to membrane normal about 32°%. Above the
phase transition a trans:gauche isomerization is
evident. At only 1 mol% of valsartan, the pretransi-
tion is almost suppressed, the enthalpy is lowered
by a factor of three and the transition width spans
over 7-8 °C. This illustrates the interface activity of
the drug molecule. Increased of drug concentra-
tion leads to the decrease of the phase transition
monotically. From the 5-20% valsartan concentra-
tion there is a splitting of the main phase transition
into two components (Table 1). The total enthalpy
increased quite significantly from 7.5 to 9.8 kcal/
mol for 1-20 mol%. This enthalpy change as it is
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confirmed by x-ray diffraction data and Raman
spectroscopy is due to the induce of a partial inter-
digitation of the alkyl chains.

The mechanism of action of valsartan on membrane
bilayers in gel and liquid crystalline phase base on a
combination o biophysical results is shown in Figure 2.

Conclusions

Valsartan is hypothesized that exerts its action
probably through the lipid bilayers. DSC in combi-
nation with x-ray diffraction and Raman spectros-
copy defined its topographical position and its ef-
fects on lipid bilayers. It is evident from this study
that valsartan is possible to perturb lipid bilayers
inducing partial interdigitation. This is not a com-
mon feature for the rest seven AT1 commercially
available antagonists. This indicates that partial
interdigitation is based on subtle structural fea-
tures. O
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Introduction

Differential scanning calorimetry (DSC) has been
proven to be a very useful and fast technique to-
wards the revealing of interactions between drug
molecules and lipid biomembranes!.

The scope of the present study is to assess the in-
teractions of two congener amphiphilic drug mole-
cules, namely amantadine and its synthetic analog
spiro[pyrrolidine-2,2'-adamantane] = compound
(AK13), with 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC) model membranes.

Apart from the calorimetric profile of the systems,
we attempted to evaluate their thermodynamic
properties upon time and monitor their kinetic
mode.

Material and Methods

The amantadine drug (Amt) (Merck Schuchardt OHG
- Hohenbrunn) and its synthetic analog AK13 (synthe-
sized in the lab of Prof. A. Kolocouris) were mixed with
DMPC phospholipid (Avanti Polar Lipids, Inc.) at four
drug molar concentrations (5, 8, 20 and 50%) and dis-
solved in methanol that was evaporated at room tem-
perature under a gentle flow of argon. Subsequently,
the samples were placed under vacuum for 24 hours
in order to form a thin lipid film. The prepared samples
were fully hydrated with phosphate buffer saline (PBS).
Samples were hydrated immediately after preparation
(indicated as “new”), as well as two weeks later (indi-
cated as “old”) and were subjected to DSC scans. More-
over, the DSC measurements of all the samples were
repeated after 15 days. An 822e Mettler-Toledo instru-
ment (Schwerzenbach, Switzerland) was used, while
all thermal (T, ., T,) and thermodynamic (AHm)
parameters were calculated with the Mettler-Toledo
STARe software.

Results and Discussion

Starting from the pure DMPC bilayers (Figure 1),
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Figure 1: Thermodynamic stability after 15 days during heating of (a) old DMPC bilayers; (b) new DMPC bilay-
ers; during cooling of (c) new DMPC bilayers; and d) old DMPC bilayers. The DSC measurements were repeated

twice.

some differences between the old and the new sam-
ples were observed. This observation implies that
the preparation protocol can influence significantly
the thermal properties of a sample.

Referred to the DMPC bilayers that were incorpo-
rated with the two lipophilic drug molecules, it can
be assumed that both molecules affected significant-
ly the calorimetric parameters of the main transition
of DMPC bilayers (Table 1), while they also caused
abolishment of the pretransition, reflecting alter-
ations of the membrane organization?3. The curves
of Figures 2 and 3 suggested a strict dependence of
the thermodynamic behavior on the drug concentra-
tion.

Moreover, many differences appeared between the
old and new samples (Figure 2), highlighting that
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the long interval between sample preparation and
hydration affected the thermal behavior. Finally, the
changes observed upon the time reflected some ki-
netic instability of the thermodynamic behavior of
all the studied samples, especially for AK13. More
specifically, the drug topography, orientation and the
formation of various domains depicted in the scans
with complex peaks and using high concentrations
are very sensitive to the drug preparation and sam-
ple equilibration conditions.

Conclusions
This study showed that DSC thermodynamic tech-

nique is very sensitive to the sample equilibration
conditions. Distinct scans are observed with DMPC
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Figure 2: Thermodynamic stability after 15 days of heating and cooling A) a+h) DMPC:Amt 5% old, b+g) DMPC:Amt
5% new, c+f) DMPC:AK13 5% old, d+e) DMPC:AK13 5% new and B) a+h) DMPC:Amt 8% old, b+g) DMPC:Amt 8%
new, c+f) DMPC:AK13 8% old, d+e) DMPC:AK13 8% new. The DSC measurements were repeated twice.
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Figure 3: Thermodynamic stability after 15 days of A) a+d) DMPC:Amt 20%, b+c) DMPC:AK13 20% and B) a+d)
DMPC:Amt 50%, b+c) DMPC:AK13 50%. The DSC measurements were repeated twice.
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bilayers containing amantadine or AK13 at different
concentrations using different preparation protocols.
The consequences of these observations are signifi-
cant. Kinetic instability modifies the thermodynamic
parameters and thermal scans. Thermal scans reflect

RESEARCH ARTICLE

the topographical position and orientation of drugs in-
corporated in membrane bilayers. As thermal scans are
modified according to protocol preparation is inferred
that topographical position and orientation of the drug
embedded in lipid bilayers are also modified.

Table 1. Calorimetric profiles of DSC runs and reruns of bilayers (heating cycle).

Sample Day MDo;:l'g" %
DMPC:Amt 1 5old
DMPC:Amt 15 5old
DMPC:AK13 1 8old
DMPC:AK13 15 8old
DMPC:AK13 1 8 new
DMPC:AK13 15 8 new
DMPC:Amt 1 20
DMPC:Amt 15 20
DMPC:AK13 1 20
DMPC:AK13 15 20
DMPC:Amt 1 50
DMPC:Amt 15 50
DMPC:AK13 1 50
DMPC:AK13 15 50
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Introduction

Complexity and variability of bio-systems are en-
coded elements of natural processes that govern
their functionality and adaptability. Drug delivery
nanosystems that are characterized as biomimetics
should be designed following the natural concept
of complexity and variability!. Initial conditions, in-
cluding biomaterial concentration in lyotropic bio-
systems and their dynamics, give birth to complexity,
which in turn leads to non-linearity and stochasticity.
Non-linearity itself is the cause of chaos and self-or-
ganization/assembly, the most typical example be-
ing the cell membrane and its artificial models, e.g.
liposomes. Morphogenesis of deviant structures has
been repeatedly linked to concentration and molar
ratio of molecules in a binary or of higher complex-
ity nanosystem?. Herein, we attempt to evaluate the
observed linear thermodynamic behavior in certain
ranges of thermoresponsive chimeric biomimetic ly-
otropic self-assembled nanosystems, which could be

utilized to predict the biofunctionality of drug deliv-
ery nanosystems. A similar approach has been pro-
posed in a previous study, regarding pH-responsive
chimeric nanosystems?.

Materials and Methods

The saturated phospholipid 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine (DPPC) was purchased from
Avanti Polar Lipids Inc. (Alabaster, AL, USA) (Figure
1A). The thermoresponsive ampliphilic diblock co-
polymers poly(N-isopropylacrylamide)-b-poly(lau-
ryl acrylate) (PNIPAM-b-PLA) 1/2 (66-34/50-50
molar compositions and 18,000/6,500 molecular
weights) were synthesized through RAFT polymer-
ization (Figure 1B). Pure lipid and chimeric bilayers
were prepared by mixing the appropriate amounts
of DPPC:PNIPAM-b-PLMA 1/2 (9:0.02, 9:0.05, 9:0.1,
9:0.2,9:0.5 and 9:1 molar ratios) in chloroform solu-
tions and subsequently evaporating the solvents.
Those were fully hydrated with phosphate buffer
saline (PBS, pH = 7.4) and subjected to differen-
tial scanning calorimetry (DSC), by utilization of a
DSC822¢ Mettler-Toledo (Schwerzenbach, Switzer-
land) calorimeter, calibrated with pure indium (T =
156.6°C). Two heating-cooling cycles and a heating
scan were performed, in order to ensure good repro-
ducibility of the data.
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Figure 1: Molecular structures of A) DPPC and B) PNIPAM-b-PLA.
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Figure 2: DSC heating scans of a) DPPC, DPPC:PNIPAM-b-PLA 1/2 b) 0.02c) 0.05d) 0.1¢e) 0.2f) 0.5g) 1 and h)

PNIPAM-b-PLA 1/2.
Results and Discussion

The DSC heating scans of DPPC:PNIPAM-b-PLMA 1/2 in
various molar concentrations are presented in Figure
2. The most obvious phenomenon is that, in both cases,
by increasing the polymer content inside the phospho-
lipid bilayers, the main transition during the 1st heat-
ing process is shifted to higher temperatures, in a con-
centration-dependent way. This phenomenon inside a
complex lyotropic liquid crystalline system is import-
ant for two reasons. First, the thermoresponsiveness
of the constructed chimeric nanosystems is a dynamic
and irreversible behavior and occurs at a temperature
value that is determined by the polymer-membrane in-
teractions. Second, the incorporation of the polymers
inside the bilayer creates a phase that is organized in
a way that is defined by the polymer intramembrane

182

conformation, which changes as the polymer chains
become overcrowded and defines the information/
entropy balance of the system*. The dynamics of the
creation of such phases is non-predictable in a complex
system that leads to morphologies, behaviors and ki-
netics that are also non-predictable and always based
on the probabilities arising from the various interac-
tions. In this case however, as described below, it is ev-
ident that certain thermodynamic parameters may be
predicted based on the polymer concentration and in
certain ranges, something that has up until now been
considered as highly unlikely for lyotropic systems.
Concerning the systems containing PNIPAM-b-
PLA, we observed that there is a polymer concentra-
tion range in which the alteration of some thermo-
dynamic parameters exhibits a linear trend, found
through regression analysis between the system
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polymer content and each parameter separately.
Specifically for PNIPAM-b-PLA 1, in the range be-
tween 0.1 and 1 polymer molar ratios, the 1% cycle
transition enthalpy (4H ) decreases in a slightly
linear way (R? = 0.9352), which also applies for the
2 cycle AH_(R? = 0.9069). The AH_ of the bilayers
incorporating PNIPAM-b-PLA 2 presented an even
stronger linear dependence on the concentration of
the polymer in the aforementioned range, for both
the 1t (R? = 0.9973) and 2" cycle (R? = 0. 9972). In
addition, for this polymer, the 1% cycle transition
temperature (T, ) increases in a slightly linear way
(R% = 0.9188). These facts indicate that certain ther-
modynamic phenomena in complex systems, such
as artificial membranes with more than one com-
ponents, may be governed by linearity, at least in
specific ranges, which may also apply for biological
membranes. Linear behavior in certain ranges of
complex systems that are highly and variably affect-
ed by the initial conditions, e.g. concentration, poten-
tiates that the information/entropy balance is con-
stant or constantly altered, representing the system
characteristics and determining the system process
kinetics, such as aggregation, stability and drug re-
lease. Previous works have shown that factors such
as the shape and morphology of nanosystems affect
these properties in similar ways?®.
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Conclusions

Initial conditions of a complex system, such as con-
centration of biomolecules, create variability and
through non-linear processes, lead to self-assembly
of morphologies that are chaotically or stochasti-
cally determined. The discovery of functions, linear
or other, that connect the initial conditions with the
outcome of self-assembly or with behaviors that oc-
cur after that, despite all the intermediate dynamic
processes, could be the next step in controlling the
functional properties of such systems, including bio-
functionality and biological stability. Prediction over
probability of traits of drug delivery nanosystems,
like stability and drug release kinetics, is the next
step towards the development of quality new prod-
ucts, as well as towards the determination of speci-
fications required by the regulatory authorities for
building nanosimilars. [
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ABSTRACT

Abstract: The aim of the present work is to investigate the influence of ther-
mal shock cycling on the dynamic properties of epoxy matrix composites rein-
forced with natural fibers. Polymer composites reinforced with flax fiber fab-
ric were manufactured. The samples have been exposed to a certain number
of thermal shock cycles (50, 100, 200, 300, 400), at a temperature range from
-40°C to +28°C. Dynamic mechanical analysis tests were performed in pris-
tine and thermally shocked specimens in order to determine the viscoelastic
response of the material. Storage and loss modulus values were decreased
on the order of 50 % due to thermal fatigue, up to a certain number of ther-
mal cycles. After 100 cycles, no further degradation of dynamic properties
was observed. On the contrary, glass transition temperature and damping
factor values showed minor variation as the thermal shock increased. The
time-temperature superposition principle (TTSP) was successfully applied,
confirming the fact that the flax composite is a thermo-rheologically simple
material. Likewise, three-point bending tests were executed and a decrease
of 20% was observed for a maximum number of cycles 400.

of glass fibers. Likewise, alike most natural fibers,

In recent years, natural composites are used in in-
dustrial fields due to an increasing requirement for
developing sustainable materials. Flax fibers are a
type of natural reinforcement combining low envi-
ronmental impact with a relatively low cost offering
specific mechanical properties comparable to those
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they have low density, which reduces the weight of
the final structure or product.

As the use of composites expands into fields like
automotive, aeronautics and aircraft, their compo-
nents may be subjected to thermal shock or mois-
ture environments. Thus, it is critical to understand
how bio-sourced composite materials behave to
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Fig. 1. (a) flax fabric composite plate after polymerization, (b) flax fabric composite specimen for three-point

bending test
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Fig. 2. Variation of (a) storage modulus, (b) loss modulus versus number of thermal cycles.

such extreme conditions in order to produce a
well-designed, cost effective and energy efficient
product. During thermal shock cycling, damage typ-
ically appears in the form of macroscopic cracks as
a result of cyclic thermal stresses and strains due to
temperature changes, under constrained thermal
deformation'. The thermal shock process is rath-
er complex because of the structural heterogeneity
of composite materials? Radical effects like matrix
cracking or fibre-matrix interface degradation may
occur, under extreme temperatures®. Additionally,
voids and cracks in the microstructure of a material

can further lead to an increase of moisture or water
absorption which can cause matrix plasticization or
delamination and eventually leading to failure*.

1. Materials and Experimental Procedure

1.1 Materials and Manufacture Process

The epoxy system used as matrix material was the
resin Renlam CY219 combined with a curing agent
Renlam HY 219 at a ratio 2:1, by weight. Four plies

of flax fabric in plain weave were used as reinforce-
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Table 1. Variation of glass transition temperature, for different thermal shock cycles

Thermal Fatigue Tg (°C) Tan Delta
0 cycles 69.99084 0.31068
50 cycles 69.99213 0.28221
100cycles 69.99124 0.29459
200 cycles 69.99074 0.28105
300cycles 69.99222 0.29251
400 cycles 69.99203 0.27945

ment, having 0/900 orientation. The manufacturing
method used to produce the composite is a well-
known technique, called resin vacuum infusion. It
is an advanced technique, which is widely used for
high-performance, defect-free, composite materials.
Specimens were cut from the primary composite
plates (Fig. 1a) in dimensions 58 x 12 x 2.5 mm (Fig.
1b).

1.2 Static Mechanical Test

Static three-point bending tests were performed in
a UTM Instron 3382 of 100 kN loading capacity, at a
room temperature. A constant crosshead speed 0.5
mm/min was applied and samples had a total length
of 58 mm and a gauge length of 45 mm.

1.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis tests were executed
on a DMA Q800 system of TA Instruments, in three-
point bending mode and dual cantilever. Multi-fre-
quency isothermal tests were performed within the
range of 1 to 100 Hz with the temperature being in
the range 350C to 1500C while the heating rate in
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Tg (°C) Tan Delta Tg (°C) Drl;:ltla
79.99960 0.30342 84.99976  0.36542
79.99960 0.30342 85.00055 0.31293
79.99907 0.31362 85.00016 0.32631
79.99938 0.29645 84.99999 0.30921
80.00028 0.30925 84.99991 0.32276
79.99968 0.30053 85.00031 0.31444

all cases was set at dT/dt =50C/min. Thus, stepwise
isothermal frequency sweeps were obtained.

1.4 Thermal Shock Cycling

The flax composite specimens were induced in ther-
mal shock cycling and the effect on their viscoelas-
tic characteristics was investigated. The specimens
were exposed to 280C for 10 min and then they were
immediately placed in a freezer at -400C temper-
ature, for the same period of time. During this pro-
cess, the samples were removed regularly at 50, 100,
200, 300 and 400 cycles in order to evaluate their
dynamic properties as a function of the number of
thermal shock cycles.

2 Results and Discussion

The storage and loss modulus measured, are plotted
against the number of thermal cycles (at 1 Hz) in
Fig.1. For the pristine specimens, the storage modu-
lus at 35°C (approx. 7500 MPa) is clearly higher from
the corresponding modulus values for the thermal
shocked samples (Fig. 2a), indicating the influence
of thermal cycling on the stiffness at lower temper-
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Fig. 3. (a) master curve of storage and loss modulus, (b) master curve of tan delta with angular frequency at a
reference temperature of 1500C after different thermal shock cycles

atures (T<Tg). The storage modulus curves, in all
cases, exhibit a less significant drop as the testing
temperature rises, approaching the rubbery state
and reach a rubbery plateau at higher temperatures
(T>Tg)®. A higher peak of loss modulus is also ob-
served for the non-thermal shocked samples (Fig.
2b), which shows a regular decrease with the in-
crease of thermal cycles.

A reduction in storage and loss values on the order
of ~48% and ~50%, respectively, is observed. The
degradation of the dynamic properties seems to take
place up to a certain number of thermal cycles, which
is 100 cycles, where the saturation of microdamage
is attained.

The reduction of the dynamic properties due to the
thermal cycling can be attributed to a combination
of several factors. During the thermal shock process
the localized stress concentration arises because of
the heterogeneity of composites and the different co-
efficients of thermal expansion of their components.
The cycling temperature changes can result to the
initiation and the propagation of cracks which final-
ly may lead to changes in geometry and the physical
characteristics of composites®?®.

Glass transition temperatures were measured
from the peak’s location of the damping factor
curves. Their values remained unaffected from the
thermal shock cycling duration since Tg is an inher-
ent property.

2.1 Application of the time-temperature superposition
principle (TTSP)

The master curves of storage modulus, loss modulus
and damping factor obtained from the application
of the TTSP, are displayed in Fig. 3. They have been
constructed by the automatic shift program, at a ref-
erence temperature of 150°C. The values can be ob-
tained for an otherwise not measurable wide range
of frequencies.

At high frequencies, a reduction of both storage
and loss modulus values is observed (Fig. 3a), up
to 100 thermal cycles, while a less significant drop
is noticed for the damping factor values. The peaks
of the tan delta corresponding to these frequencies
suggest a high frequency vibration damping capabil-
ity of the composite.

The horizontal shift coefficient is given from the
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application of TTSP which is empirically determined
and is a function of temperature. The data of hori-
zontal shift factor have been extrapolated using Wil-
liams-Landel-Ferry equation (eq. 1), with 150°C as
reference temperature, where C; and C, treated as
fitting parameters (Fig.4).

In(a(T)) = -C1(T - Tref) / (C2 + (T - Tref)) (1)

Predicted values were found in relativity good
agreement with respective experimental results.
However, there are some points of divergence. Like-
wise, the vertical shift coefficient is almost zero at
all cases, which indicates that the effect of thermal
expansion may be omitted.

From the Fig. 5, a decrease in bending modulus
was observed due to the increase of the number of
thermal cycles. A maximum decrease of ~20% was
achieved at 400 thermal cycles due to the structural
deterioration of the material increasing the loading
cycles.

3. Conclusions

In the current study the influence of thermal shock
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cycling on the dynamic mechanical behavior of pol-
ymer composite reinforced with flax fabric is inves-
tigated. The samples were mechanically tested and
characterized after having subjected to thermal
shock conditions in a temperature range from -400C
to 280C, at testing frequencies 1-100 Hz. The main
conclusions are as follows:

1. The thermal shock process decreases the values
of storage and loss modulus. Up to 100 cycles a de-
crease on the order of ~ 50 % is achieved.

2. After 100 thermal cycles, no significant further
reduction of the dynamic mechanical properties
is observed. There is seems to be a certain point at
which saturation of damage is attained.

3. The damping factor (tand) and the glass transi-
tion temperature (Tg) do not get affected by the ther-
mal shock cycling.

4. The results of the application of TTSP principle
meet the assumption of a thermo-rheologically sim-
ple material that can be used for damping high-fre-
quency vibrations.

5. A decrease in bending strength with the increase
of thermal shock process is observed. A maximum
decrease of ~ 20% is achieved at 400 cycles. [
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1. Introduction

The recent trend towards shorter lifespan of Elec-
trical and Electronic Equipment (EEE) has changed
the electronics industry over the last decade as more
demand is generated. Great demand has created an
expansion of technology, along with short innovation
cycles that have produced different versions of similar
electronic products. Thus, the percentage of obsolete
EEE has increased and has generated a huge volume
of waste electrical and electronic equipment (WEEE)™.
In order to specifically manage this waste, the Europe-
an Commission has implemented Directive 2002/96/
EC by setting targets for the recovery of useful ma-
terials from WEEE between 70% and 80%?% WEEE
contains about 20-30% polymeric materials and
therefore it is imperative to include these polymers
in material recovery or recycling systems. Recycling
of WEEE is a major challenge, mainly for two reasons.
Firstly, inert WEEE contains more than 10 different
types of polymers such as (acrylonitrile-butadiene-
styrene) copolymer (ABS), high impact polystyrene
(HIPS), polypropylene (PP), polystyrene (PS), (sty-
rene-acrylonitrile) copolymer (SAN), polyesters, pol-
yurethane (PU), polyamides (PA), PC/ABS blends and
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HIPS/p-phenylene oxide (PPO), thus the economy of
any kind of recycling is put into question*. Secondly,
polymeric WEEE may contain organic and inorganic
hazardous compounds®. Advanced thermochemical
methods for the treatment of WEEE provide a viable
and promising recovery solution, as reported exten-
sively in the literature, where not only the largest pro-
portion of monomers could be recovered (up to 60%),
but it was also possible to produce compounds of
commercial and research interest such as gases (low
MW hydrocarbons), tar (waxes and liquids too high in
flavourings) and carbon (elemental and/or activated
carbon)®.

The pyrolysis process appears to be a promising
alternative for the degradation of WEEE as it can, un-
der controlled conditions, act on a large number of
organic macromolecules and degrade them into use-
ful products (some of which are of high commercial
value). Allowing the recovery of high added value
products such as precious metals, fuels and chemi-
cals (usually the polymers’ monomers and other or-
ganic ingredients)>®. Thermal cracking requires high
temperatures due to the low thermal conductivity of
the polymers, furthermore it is not very selective and
a possible solution for reducing these reaction condi-
tions is the application of catalytic cracking. Catalytic
cracking is another alternative to recycling clean or
mixed plastic waste’. Catalysts reduce the tempera-
ture and reaction time and allow the production of
hydrocarbons with a higher added value, such as fuel
oils and petrochemical feedstocks. That is, the usage



www.hsmc.gr/en/pharmakeftiki-journal/

A. Povon et al, dapuaxevtikn, 30, 4,2018| 190-198

AlMCMA

TEME

Realative Intensity (%)
-
o

400 00

Tesmperadiore (*C)

Realative Intensity (%)

A. Rousi et al, Pharmakeftiki, 30, 4,2018| 190-198

1 o Sllesabng
g 1
z 1 ALBACMAY
£ Z5ms
-
& o
£ ] Fe0
5] s,
€ 4
| Fal
1 #
{ Cag
1 [l
1 il EELESYRN
|
* T ™ T T — 1
303 43 503 B0
Tempaeraturs "G}
S glite
ALMCML
Fat 2]
Fo,0,
LD,
(=13
na caalyed
T T
] e

Tomporaturns [“C)

Figure 1. EGA thermograms of (a) ABS, (b) HIPS, (c) PC.

of catalysts gives an added value to the pyrolysis and
cracking efficiency of these catalysts depending both
on its chemical and physical characteristics’.

2. Materials and Methods
2.1. Polymers and Catalysts

In the present study, the standard materials chosen
for the pyrolytic experiments are the poly(acryloni-
trile-butadiene-styrene) (ABS), poly(styrene-butadi-
ene) (HIPS) and poly(bis-phenol A carbonate) (PC)
which are mainly present in the polymeric parts of
WEEE. The polymers were supplied by Sigma-Aldrich

USA. A mill was used to grind the ABS, HIPS, PC pel-
lets to a size of less than 2 mm. The catalysts that were
used in the pyrolysis of the polymers were behaving
as Lewis’ acids or bases. The acidic catalysts were rep-
resented by zeolites (ZSM-5, silicalite), a mesoporous
MCM-41 alumino-silicate, y-alumina (y-AlZO3L iron(III)
oxide (Fe,0,), while the basic catalyst was calcium ox-
ide (Ca0). They were all dry

2.2. Experiment procedures

The pyrolysis of ABS, HIPS and PC were conducted
in a Py-GC/MS (EGA/PY-3030D by Frontier Lab cou-
pled with QP-2010 Ultra Plus GC/MS by Shimadzu,
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Table 1. EGA curves maxima and selected temperatures for SS pyrolysis.

No

catalyst Ca0 1-AL0,
ABS
Tpeak (°C) 430 430 435
HIPS
Tpeak (°C) 445 450 445
PC
Tpeak (°C) 530 435 525

Japan), where products were separated chromato-
graphically and identified spectroscopically. The EGA
thermogram was obtained after heating the polymer
from 100-700 °C at a rate of 20 °C/min and an inter-
face temperature of 300 °C. From the thermogram,
we can get information about the thermal behaviour
of the material, our interest is focused on the peak
temperature. The SS programs, later, are generat-
ed by flash pyrolysis of the polymers at the select-
ed temperatures for 0.5 min. The evolved gases are
separated into the Ultra Alloy (5% diphenyl- 95%
dimethyl)polysiloxane (30m x 0.25mm x 0.25pm)
capillary column following a temperature program
of 45 min. the column flow was set at 1 mL/min, the
He flow at 3 mL/min, the split ratio at 100 and the
MW range 10-500. The database libraries NIST and
Frontier are equipped for analyzing the results on a
LabSolutions ver. 2.71 software. The sample:catalyst
ratio was 2:1.

3. Results and discussion

The results evolved by the pyrolyzer and EGA pro-
cess showed wide curves (Figure 1) with their char-
acteristic peak values included in Table 1. At ABS
thermograms in the absence of catalysts, a peak of
decomposition at 430 °C is exhibited. Although there
is almost no difference in the decomposition temper-
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Fe,0,  Silicalite ~ ZSM-5 C‘;l[: 1
430 435 430 430
445 450 445 435
450 535 530 530

ature, by using a catalyst there is a large increase in
product peaks, new compounds are detected as well
as the number of hybrid compounds (consisting of
acrylonitrile and styrene) significantly increase. The
maximum temperatures at the peaks of HIPS de-
composition is at 430 °C. When Ca0, y-Al0, Fe,0,
catalysts are used the pyrograms result with fewer
compounds. The maximum temperatures at the top
of the decomposition area of PC is at 530°C. Although
when using catalysts CaO and Fe,0, the temperature
at the maximum of the PC decomposition area is sig-
nificantly lower than without the use of a catalyst,
however, there is no advantage in terms of the prod-
ucts produced, on the contrary less products are de-
tected .Same results observed by catalyst ZSM-5 too.
The bold letters for temperatures in Table 1 show
the most effective catalyst choice.

At Table 2, we can see the compounds identified
after the pyrolysis of ABS copolymer. Pyrolysis of
ABS results in the production of the styrene and
acrylonitrile monomers, together with styrenic
dimer and trimer and along with hybrid dimers
and trimers of styrene and acrylonitrile. By using
a catalyst there is a large increase in product peaks
as we can see in Figure 2a, new compounds are
detected, as well as the number of hybrid com-
pounds (the trimers particularly from 8 in the
non-catalytic pyrogram reach about 30 for the
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Table 2. Identified compounds found after the SS pyrolysis of ABS.

t (min) Compound MW % Similarity
0.50 acetonitrile 57 80
0.59 acetonitrile 57 80
1.85 acrylonitrile 53 80
3.95 styrene 104 72
4.12 styrene 104 89
4.18 styrene 104 85
4.64 styrene 104 97
11.40 2-methylene-4-phenylbutanenitrile - hybrid 157 94
12.53 4-phenylpent-4-enenitrile - hybrid 157 69
15.34 1,3-diphenyl-propane 196 96
16.12 3-butene-1,3-diyldibenzene - styrenic 208 96
17.17 2-methylene-4-phenethylpentanedinitrile - hybrid 210 88
17.57 2-methylene-4phenylheptanedinitrile - hybrid 210 95
17.76 2-(2-phenylallyl)pentanedinitrile - hybrid 210 71
20.15 2-methylene-4,6-dipenylhexanenitrile - hybrid 261 98
20.57 4,6-diphenylhept-6-enenitrile - hybrid 261 95
20.81 2-phenethyl-4-phenylpent-4-enenitrile - hybrid 261 93
23.07 5-hexene-1,3,5-triyltribenzene - styrenic 312 95

catalysts CaO, y-A1203, Fe,0,, at 26 for AI-MCM-41,
while for Silicalite, ZSM-5 only 12 peaks). The Al-
MCM-41 catalyst is the only catalyst that hybrid
trimers are observed from retention time 10min
and on, whereas in all the other catalysts after
16 min. Aliphatic nitriles of up to 18 C atoms are
present, but aromatic too. With Silicalite, ZSM-5,
Al-MCM-41 catalysts applied no products are ob-

served after 26 min of elution, while with CaO,

y-ALO,, products are observed up to 32 min and
for Fe,0, catalyst up to 33 min. With these latter
3 catalysts at 32 min elution area the 1-tetratri-
acontene compound appers. Some compounds are
common to all catalysts, others common to some
of them, while there are compounds found in a
specific catalytic experiment. Generally, in all cata-
lytic pyrolysis most of the compounds are aromat-
ic. Using Fe,O, on ABS, has produced even around
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Figure 2. Pyrograms produced after SS pyrolysis of (a) ABS, (b) HIPS, (c) PC.

80 compounds, the highest number followed by
y-ALO,, AI-MCM-41, CaO experiments, while the
fewer are with the Silicalite and ZSM-5 catalysts.
When Fe,0, is applied as catalyst, besides most
compounds being identified, there is also a great
variety of products, like p-tert-butylphenol or
2-ethylhexyl-2-cyano-3,3-diphenylacrylate.

The pyrogram of HIPS in Figure 2b is rather
simple and the main compounds identified are the
styrenic dimmer and trimmer. With much small-
er intensity, some aromatic compounds with 2-3
phenyl rings are also identified as shown in Table
3. By comparing the decomposition products in

194

all chromatograms, we observe that the styrenic
trimer of 5-hexene-1,3,5-triyltribenzene is found
in more peaks with CaO pyrolysis and fewer with
Al-MCM-41. With CaO, y-A1203, Fe O, catalysts,
the pyrograms with the fewer compounds are ob-
tained. With the exception of 5-hexene-1,3,5-triyl-
tribenzene and triphenylbenzene, most products
bear two benzene rings, while for the ZSM-5 and
Al-MCM-41 catalysts there are compounds with
more than two benzene rings such as 5,6-dihy-
drochrysene, 7,12-dimethyl-1,2-benzanthracene,
1,2-dihydro-1-phenylnaphthalene or 1,3-diphe-
nylpyrene. Caution should be given to the CaO
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Table 3. Identified compounds found after the SS pyrolysis of HIPS.

t (min) Compound MwW % Similarity
1.35 ethane 30 75
15.36 1,3-diphenylpropane 196 92
16.13 3-butene-1,3-diyldibenzene - styrenic 208 97
17.27 benzene,1,1’-(1-butene-1,4-diyl)bis 208 85
23.14 5-hexene-1,3,5-triyltribenzene - styrenic 312 96
24.66 benzene,1,1'[3-(2-phenylethylidene)1,5-pentanediyl]bis 326 69
25.15 benzene,1,1'-(3-methyl-1-propene-1,3-diyl)bis 208 66
26.73 triphenylbenzene 306 92
28.31 benzene,1,1'[3-(2-phenylethylidene)1,5-pentanediyl]bis 326 69
28.49 ethylene,tetrabenzyl 388 68

catalyst, as the formation of bisphenol A is then
observed. By using the catalyst Fe,0,, more com-
pounds than non-catalytic pyrolysis are ob-
served, however fewer than the rest of catalysts
(the catalyst with most degradation products is
Al-MCM-41). Aliphatic products are only detect-
ed with y-AL O, and Al-MCM-41 effect. When Al-
MCM-41 is added compounds with lower MW
such as ethylbenzene, styrene, p-ethyltoluene,
a-methylstyrene, are observed too.

Likewise, as for the pyrogram of PC, in Fig.
2c, the compounds identified were several phe-
nols with one or two aromatic rings, with main
products the monomer bisphenol A, the p-hy-
droxy-2,2-diphenylpropane and p-isopropenyl-
phenol. All the compounds that were identified in
the 30min elution are shown in Table 4. Using the
CaO catalyst as shown in the pyrogram Figure 2c,
the chromatogram with fewer products is yield,
fewer even from when it’s absent. Although the
temperature at the maximum of the decomposi-

tion area is significantly lower than without the
use of a catalyst, there is no advantage in terms
of the products produced. Similar findings exist
for the Fe,O, catalyst, the temperature at maxi-
mum decomposition decreases greatly to 450 °C,
the products however are again less than without
catalytic presences. At 500 °C in the shoulder of
the main stage the products are more, the number
similar to that without the usage of catalyst and
only two new compounds are detected: a-methyl-
styrene and 2,4-bis[2-(4’-hydroxyphenyl)-2-pro-
pyllphenol. The ZSM-5 catalyst does not reduce
the decomposition temperature and the products
are in a lower ratio at 530 °C pyrolysis relatively
to the non-catalytic cracking. Some non-catalyt-
ic cracking compounds do not appear here, but
there is the presence of a-methylstyrene, o-cresol,
2,4-bis[2-(4’-hydroxyphenyl)-2-propyl]phenol,
while the products identified overall are still less
than non-catalytic case.

The most interesting pyrograms for PC have

195



=
ZITA www.hsmc.gr/en/pharmakeftiki-journal/ iy E?I
®APMAKEYTIKH, 30, 4 (2018) EPEYNHTIKH EPTAXIA
PHARMAKEFTIK]I, 30, 4 (2018) RESEARCH ARTICLE
t (min) Compound MW % Similarity
1.77 carbon dioxide 44 89
5.20 carbon monoxide 28 73
6.20 phenol 94 97
6.42 phenol 94 97
7.68 p-cresol 108 98
7.84 p-cresol 108 97
9.03 p-ethylphenol 122 98
9.18 p-ethylphenol 122 97
9.84 p-vinylphenol 120 94
9.90 p-isopropylphenol 136 95
10.07 p-vinylphenol 120 83
10.36 p-ethyl phenol 122 14
11.04 p-isopropenylphenol 134 98
11.12 p-isopropenylphenol 134 85
15.52 p-hydroxy-2,2-diphenylpropane 212 82
15.86 diphenylcarbonate 214 92
16.31 4-isopropenyldiphenylether 210 97
17.72 p-hydroxy-2,2-diphenylpropane 212 97
18.71 p-hydroxy-3-methyl-2,2-diphenylpropane 226 85
20.43 4,4'-ethylidenediphenol 214 87
20.53 4,4'-ethylidenediphenol 214 89
21.14 bisphenol A 228 94
21.19 bisphenol A 228 94

occurred by using the catalysts y-AlLLO, and Al- the number of products as well as the intensity
MCM-41 or Silicalite, regarding the diversity and displayed in relation to non-catalytic cracking.
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With y-AlL O, catalyst applied, almost all the com-
pounds appeared here are further aromatic with
-OH, C=0 or 0=C-0 groups. With Silicalite cata-
lyst on the other hand, the p-cresol, p-ethylphenol
compounds are in higher proportion than without
a catalyst, while the different compounds are al-
most twice as high. It is the only catalyst that most
aromatic oxygen-free compounds are detected,
such as fluorene or anthracene. Interest is also
shown in the appearance of the 5-hexene-1,3,5-tri-
yltribenzene compound, ie the styrenic trimer that
appears also at the pyrograms of ABS and HIPS.
When Al-MCM-41 catalyst applies, there are also
more compounds yield than non-catalytic crack-
ing. There is an interesting difference in the per-
centage corresponding to phenol and bisphenol
A without catalyst; the first compound is at about
20% and the second at 80% in the presence of
catalyst, phenol reaches 100% intensity while
bisphenol A at 20%. Herein all the new aromatic
compounds that appear also have oxygen bonds.
No aliphatic compounds are found in any pyro-
grams. From these catalysts, in terms of product
intensity at the pyrograms, the highest is detected
by using y-Al203 catalyst, followed by Al-MCM-41
and finally by Silicalite. While using Silicalite cat-
alyst many products are presented, their intensi-
ty is not quite large at the highest decomposition
rate.

4. Conclusions

Over the years the consumption of EEE products
has increased, generating big amounts of WEEE
and environmental concern has generated too. Py-
rolysis has been effective compared to other dis-
posal methods, because it can (re)use the energy
and the raw materials contained in those waste,
reducing thereby the environmental impacts. The
pyrolysis process may be simple or catalytic. Ther-
mal degradation is an endothermic process and
due to the low thermal conductivity of polymers,

A. Rousi et al, Pharmakeftiki, 30, 4,2018| 190-198

there is a need for high temperatures. Due to that,
there is a high demand of energy. In order to de-
crease this temperature, catalysts may be used.
Using a catalyst will favour the pyrolysis process,
both by selectiveness in the production of select-
ed compounds and by the reduction of energy re-
quirements due to the reduction of reactive activa-
tion energy. Moreover with the catalytic pyrolysis,
the catalytic reaction decreases the degradation
time. The composition and amount of the obtained
products depend on the catalyst used.

Thermal pyrolysis of ABS, HIPS generates mainly
their monomers, but also styrenic dimer and trim-
er for ABS, HIPS and hybrid dimer and trimer for
ABS. As far as PC is concerned, the main products
after its pyrolysis are the monomer bisphenol A,
the p-hydroxy-2,2-diphenylpropane and p-isopro-
penylphenol.

When using catalysts the number of products
obtained as well as the diversity of them increas-
es exceptionally with most catalysts. After using
six different catalysts for the catalytic pyrolysis of
these polymers based on the rise of the diversity
and number of products obtained, taking also into
account the intensity of the peaks comparing all
the catalytic pyrograms with each other and the
programs, we could extract an assumption on the
best option of catalyst for each polymer.

Regarding ABS, the catalyst Fe, O, has some ad-
vantages over the rest catalysts which are the
number of hybrid compounds, namely trimers,
pyrolytic products are observed up to 33 min of
elution, the pyrogram with the most compounds
(about 80) are observed, demonstrating the great-
est variety of products and interest.

When using AI-MCM-41 as catalyst for HIPS the
relative intensity of most product peaks is at 20%
or more, indenes, naphthalenes and their deriva-
tives, as well as derivatives of anthracene appear,
compounds with more than two benzene rings
occur, since it is the catalyst with the most break-
down products while the decomposition temper-
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ature decreases. And finally for PC polymer, when
compared to all the other catalysts the one that
stands out is y-Al 0, and that is because the com-
pounds that are yield are almost twice as high as in
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1. Introduction

The necessity of packaging for all products and
services is profound, since it protects the product,
gives identity and information for the content, en-
sures the safe storage and carriage even makes it
attractive. Packaging material may be wood, paper,
glass, metal or polymeric, known for this case as
“plastics”. The main advantages of polymer pack-
aging are the low cost, light density, easy shaping,
safety for consumers?. The statistics say that more
than 50% of the packaging materials are plastics
while for 2016 year 335 mil. tones of polymers
were produced worldwide, 60 of them corre-
sponding to Europe? Out of these, first application
sector is packaging. As it is expected therefore,
the large consumption of goods for developed so-
cieties and economies generates great amounts
of waste, reaching the limits of pollution for both
waters and soil. From all polymer waste gathered
in Europe in 2015, the 60% of it came from pack-
aging, due to their short life3. European Union
acts towards pollution caused by plastics, through
awaking public concern on the matter or publish-
ing councils’ guidances and committees’ reports/
studies proposing the countermeasures?. It should

be emphasized that polymers are not toxic for the
environment because of their ingredients but be-
cause of their vast volume and non biodegrability.

One of the main problems to be faced by the in-
dustry of plastic materials today is the develop-
ment of methods and processes for recycling, in
order to produce raw materials or valuable sec-
ondary materials, without additional burden on
the environment. The environment-friendly tech-
niques are not always the most profitable or eco-
nomically beneficial, but they are helpful for the
earth climate. Greece for example, distributed the
plastic post-consuming waste as follows: 21% in
recycling, 77% in landfill disposal and 2% for en-
ergy recovery®. In this context, the thermochem-
ical recycling methods, using a small amount of
energy, lead not only to recycling (and therefore
potentially disappearing) of polymers but also to
the creation of petrochemical products with com-
mercially-added value. The main problems for py-
rolysis of plastics, though, are the variety/mixing
of the polymers found, the inconsistency in the
feeding for the facilities, the presence of additives
and the contamination by exterior factors®.

A variety of polymers utilized as packaging mate-
rials, are pyrolytically studied in this work. The ob-
jective of the study is the determination of the de-
composition behaviour of the polymeric structures
via TGA and identification of smaller molecules
or parts of the macromolecular chains produced,
when the materials are subject to simple or cata-
lytic pyrolysis.
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Figure. 1. TGA curves of (a) PS, (b) PP, (c) PET with various catalysts.

2. Materials and Methods "1
. :

2.1. Polymers and Catalysts % ®
H

In the present study, the standard materials chosen

for the pyrolytic experiments are the poly(ethylene
terephthalate) (PET), polystyrene (PS) polypropyl-

ene (PP), polyethylene (HDPE or LDPE) which con- . l
stitute the plastic packaging waste. The polymers . i
were supplied by Sigma-Aldrich USA. A mill was “

. . g L [N PN | PO Y Y 1 Y [
used to grind the pellets to a size of less than 2 mm. . . " " " " "
The catalysts that were used in the pyrolysis of the e i)

polymers were behaving as Lewis’ acids or bases. Figure 2. The chromatogram after 460 oC PP pyroly-
The acidic catalysts were represented by y-alumina  sis, the main decomposition products are also shown.
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Table 1. Identified compounds found after the SS pyrolysis of HDPE.

t (min) Matching compound MW Similarity (%)
14.83 n-heptadecane 240 92
15.91 n-octadecane 254 98
16.85 p-hydroxy-2,2-diphenylpropane 212 77
16.94 n-nonadecane 268 97
17.93 n-eicosane 282 97
18.88 heneicosane 296 94
19.78 docosane 310 94
20.66 tricosane 324 94
21.27 benzyl butyl phthalate 312 88
21.49 tetracosane 338 96
22.31 1-pentacosene 350 64
23.08 hexacosane 366 97
23.85 heptacosane 380 97
24.55 octacosane 394 96
25.24 nonacosane 408 96
2591 1-triaconetene 420 76
26.59 hentriacontane 436 94
27.32 1-dotriacontene 448 80
28.16 1-tritriacontene 462 85
29.13 1-tetratriacontene 476 89
30.29 pentatriacontane 492 96
31.69 pentatriacontane 492 91
31.98 tetratriacontene 476 94
33.37 pentatriacontane 492 95
34.81 1-tetratriacontene 560 66
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Figure 3. Pyrogram produced after SS pyrolysis of LDPE/Fe203 at 440 oC.

(y-Alzoa)' iron(III) oxide (Fe203)’ while the basic cata-
lyst was calcium and magnesium oxide (Ca0, MgO).

They were all dry.
2.2. Experiment procedures

The pyrolysis of PET, PE, PP, PS was conducted on a
Pyris 1 TGA balance (Perkin Elmer, USA) under 20
°C/min heating rate and 20 mL/min N2 flow. Later,
the flash pyrolysis were executed in a Py-GC/MS
(EGA/PY-3030D by Frontier Lab coupled with QP-
2010 Ultra Plus GC/MS by Shimadzu, Japan), where
products were separated chromatographically and
identified spectroscopically. From the TGA thermo-
gram we can get information about the thermal be-
haviour of the material, our interest is focused on
the dTG curve peak temperature. The SS programs,
thus, are generated by flash pyrolysis of the poly-
mers at the selected temperatures for 0.5 min. The
evolved gases are separated into the Mega 5HT (Ita-
ly) (5% diphenyl- 95% dimethyl)polysiloxane (30m
x 0.25mm x 0.25pm) capillary column following a
temperature program of 30 or 90 min. The column
flow was set at 1 mL/min, the He flow at 3 mL/min,
the split ratio at 100 and the MW range 10-500. The
database libraries NIST and Frontier are equipped
for analyzing the results on a LabSolutions ver. 2.71
software. The sample:catalyst ratio was 2:1°.

3. Results and discussion

Some of the results gained by TGA experiments are
shown in Figure 1, where a comparison of the sim-
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ple polymer degradations is held along with a cat-
alytic one. As it seems, for PS the effect of y-AlZO3 is
absent, on the contrary both PP and PET are affected
by Fe,O, and CaO correspondingly as catalysts. That
reveals that each polymer may be facilitated for its
decomposition by a certain kind of inorganic com-
pounds as catalyst. It can also be observed in Figure
1 that the ratio for sample to catalyst may influence
the results (it was applied various proportions, like
10, 20, 25%). The evaluation of dTG curves leads
to the determination of maximum degradation rate
temperatures, which are used later for the Py-GC/MS
experiments. Those are 480 for HDPE, 470 for LDPE,
460 for PP, 420 for PS and 435 °C for PET.

In PP thermogram in the absence of catalysts, a
peak of decomposition at 460 °C is exhibited. Al-
though there are slight differences in the decomposi-
tion temperatures by using catalysts, there is a large
increase in product peaks. In Figure 2, PP demon-
strates olefinic derivatives as pyrolysis products. The
highest peak corresponding to the monomer C_H,, is
given soon, less than 1min of elution, then the MW
rises. Trimmer is eluted at 5 min, C15 to C20 com-
pounds are yield between 5-20 min of recording,
C30 molecules and more are given away till the end
of the elution. As we can see, the pyrolates structures
follow the monomer repetition, we may assume that
the breakdown of the PP chain progresses by radical
reactions, the unsaturated ending bond (or bonds)
indicates that.

At Table 1, the main decomposition products of
HDPE pyrolysis at 445 °C in the presence of Fe,0, are
seen. The notable comment on PE pyrolysis in gener-
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al is the elution of pyrolyzates in a way that the chro-
matogram peaks shape a “crown” on the plot area.
The absence of peak for 10 or 15 min of elution is
followed by dense peak area of 15 to 35 min of elu-
tion. The degradation products are H/C of high MW
in the range of 240 to 500, compounds from C16 to
C34. In some cases, rather few, a double bond for the
first C is shown.

Moving on to LDPE and Figure 3, working like-
wise, we may see a part of the recording got, regard-
ing 10 to 30 min of elution, where the repetitive peak
shape is well-shown (three sharp peaks of different
heights going to one large).

Looking in PS thermal behaviour, we would rec-
ommend Fe,0, as the best catalytic choice for its
pyrolysis. PS does generate its monomer and oligo-
mers as pyrolysis products, which makes the pro-
cedure worth. Apart from that, other aromatics are
a-methylstyrene, toluenes and xylenes, diphenyl-
propane, propenylbenzene or diphenylbenzene iso-
mers’®. Fully aromatic derivatives are noticed for
greater elution times in recordings. The contribution
of the catalyst is the variation of products found.
Those compounds are known as raw materials for
solvents/diluents in industry.

As for PET, it is the only polymer that contains
O atoms in its structure, meaning that the decom-
position of it produces aromatic compounds with
-OH or -0- groups. Catalysts facilitate its pyrolysis
significantly, by lowering the peak temperature for
10 or 15 °C, and most importantly by releasing a
greater variety of molecules. The catalyst with the
greater influence on PET is y-Al,0,. The compounds
repeatedly found are p-cresol, p-ethylphenol, p-iso-
propylphenol, p-hydroxy-2,2-diphenylpropane or

heavier isomers of benzophenones, ethylbenzophe-
nones, diphenyls etc.

4., Conclusions

For last decades the consumption of packaging poly-
mer materials, known as “plastics” has increased,
generating big amounts of packaging waste and en-
vironmental concern has risen. Pyrolysis, simple or
catalytic, has been effective compared to other dis-
posal methods, because it can earn energy and the
raw materials contained in those waste, reducing
thus the environmental impacts. Thermal pyroly-
sis of PS, PP generates mainly their monomers, but
also oligomers which are valuable for reproducing
the material. As far as PET is concerned, the main
products after its pyrolysis are the hydroxy-diphen-
ylpropane and isopropenylphenol isomers. When
using catalysts the number of products obtained
as well as the diversity of them increases in some
cases (taking also into account the intensity/shape
of the peaks). The PE pyrolysis products are olefins
of great MW, with C16-C38 range, indicating liquid
H/C derivatives. Regarding PS, the catalyst Fe,O, has
some advantages over the rest catalysts, while when
using y-Al0, as catalyst for PET the intensity of the
products peaks is greater, the decomposition tem-
perature decreases significantly and the number of
products rises, showing variety of products.
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1. Introduction

Graphitic carbon nitride (g-C,N

ABSTRACT

Graphitic carbon nitride (g-C,N,) is a hotspot emerging material widely
used in different applications including pharmaceutical residues treat-
ment and biomedical imaging due to its unique physicochemical prop-
erties. In the present study, g-C,N, polymeric material was prepared by
thermal condensation process using urea as a precursor compound.
The physicochemical characterization was conducted by several tech-
niques such as X-ray diffraction (XRD), scanning electron microscopy
(SEM), Fourrier-transformed infrared spectroscopy (FT-IR) and ther-
mal analysis (TA).The results confirmed the successful synthesis of
g-C,N, at the temperature range examined bearing mesoporous and
packed layered structure. Thermal analysis revealed the transforma-
tion of the precursor material to g-C,N, through several steps. The most
effective for both the polymerization step and the produced quantity of
g-C,N, are the Al crucibles.

Pharmaceuticals have been frequently detected in
various surface waters, posing potential threat to hu-

4), a metal-free semi- man health and environment. G-C,N, has been previ-

conductor with a band gap (2.7eV) corresponding to
an optical wavelength of 460 nm has been investigated
in various applications like sensors, organic synthesis,
photocatalysis, lithium-ion batteries etc. G-C,N, with
two dimensional (2D) nanostructure has high thermal
(up to 600°C in air) and chemical stability, which cred-
ited to the s-triazine ring structure. Also, shows high
resistance in acidic and basic solutions and is insoluble
in common solvents as ethanol and water.

ously used for the photocatalytic treatment and deg-
radation of pharmaceutical residues. Recently, g-C,N,/
Zn0/ZnFe,0, composite photocatalyst have been used
for the enhanced degradation of ibuprofen (IBF) and
sulfadiazine (SDZ)*. WO,/TiO,/g-C,N, composite has
been used for photocatalytic degradation of aspirin
(acetylsalicylate) and caffeine (methyl- theobromine)5
whlle iodine and potassium co-doped g-C,N,° BiOCl/g-

C,N,/Cu,0/Fe,0, composite” and WO,-g-C,N, compos-
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Figure 1. XRD pattern of g-C3N4.

1 B
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Figure 3. SEM image of g-C3N4.

ite photocatalyst® have been used for sulfamethoxazole
degradation. Finally, properties such as inherent blue
light photoluminescence, high stability and good bio-
compatibility, suggested g-C,N, materials to be studied
as a platform for bio-related applications, and more
specifically, an important candidate for bioimaging ap-
plications.’

Several methods have been investigated for the

206
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Figure 2. The FT-IR spectrum of g-C3N4.

preparation of g-C,N, with different architectures and
electronic properties. However, thermal condensation
of nitrogen-rich precursors such as urea, melamine,
cyanamide, thiourea, trithiocyanucic acid, triazoles etc.
has been the most attractive method for preparation of
g-C,N, because of the simplicity and use of cheap and
readily available precursors.

In this work the effect of the used crucible in the
g-C,N, synthesis from urea was studied using thermo-
gravimetry (TGA) and differential scanning calorime-
try (DSC) techniques.

2. Materials and methods

The g-C,N, powder was synthesized by thermal con-
densation process using urea (99.5%, Acros Organics)
as a precursor compound. In a typical synthesis, 30g of
urea powder was dried out at 90°C for 24h and then
was put into an aluminum foil coated ceramic crucible
and was treated in air at 500°C for 4h at the heating rate
of 100C/min. The X-ray diffraction (XRD) patterns of
the prepared g-C,N, was determined using a Bruker
Advance D8 XRD instrument generating monochro-
matic Cu-Ka (A= 1.5418 A) radiation with a continuous
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Figure 4. Thermal analysis curves for thermal treat-
ment of urea in Al open crucible.

scanning rate in the range of 10°< 26 < 90° in steps of
0.02° and rate 0.01 °6/sec. The patterns were assigned
with the use of the International Center for Diffraction
Data (ICCD). Fourier transform infrared spectroscopic
(FT - IR) analysis was carried out by a Perkin Elmer
Spectrum BX instrument. Spectral grade KBr (= 99%,
Acros Organics) was used as a reference. G-C,N, was
ground with KBr in 1:5 ratio and made into pellets
using a hydraulic press. The pellet was scanned in the
range 4000-400 cm™. The morphology of the prepared
g-C,N, was studied using a Jeol JSM 5600 scanning elec-
tron microscopy (SEM) instrument. Thermogravimet-
ric analysis (TGA) was performed by STA 449C Netzsch
instrument with a heating rate of 10°C/min from 25 to
800°C. The covered and uncovered crucibles used were
Al, A1203 and Pt/Rh.

3. Results and Discussion

Figure 1 is shown the XRD pattern of g-C,N,. Two
characteristic intense peaks of g-C,N, at 13.1%nd 27.4°
were detected. The peak at 26=13.1%orresponds to the
(100) plane of g-C,N, and it is attributed to the in-plane
repetitive and continuous heptazine network. The peak
that located at 27.4° corresponds to the (002) plane of

A

DTG, %imin
&

Covered crucible

ALD,
% —Al
—— PURD
A0 . 1 . 1 . 1
300 350 400 450 500

Tem perature, °C

Figure 5. DTG curves, at selected temperature rang-
es, in open/covered Al203, Al and Pt/Rh crucibles.

Open crucible

AI:O)
— Al

| —— PURh

Covered crucible
r ALO,
— Al
4 | ——— Pt/Rh

400 420 440 460 480 500
Temperature, °C

Figure 6. DSC curves, at selected temperature rang-
es, in open/covered Al203, Al and Pt/Rh crucibles.

g-C,N, and is assigned to the stacking of the conjugated
aromatic system.!%13

The chemical composition and bonding information
of g-C,N, powder was also studied by FT-IR spectrosco-
py (Figure 2). Several peaks of g-C,N, can be observed
at 1573, 1465, 1403, 1319 and 1241 cm™ confirming
the stretching vibration of C-N(-C)-C or C-NH-C het-
erocycles. The peaks between 3300 and 3000 cm™! re-
lated to the stretching vibration of N-H and the peak
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at 1637 cm corresponding to the C=N bending vibra-
tion. The peak at 810 cm is the most characteristic for
g-C,N, attributed to the out-of-plane bending vibration
characteristic of heptazine rings. The morphology of
the prepared g-C,N, was studied by SEM. The SEM im-
age (Figure 3) reveals a structure of packed nanosheets
of g-C_N, via -t stacking.

The thermal analysis of urea, using uncovered Al
crucible is given in Fig. 4. The thermal decomposition
of urea takes place in three main steps. The DTG curve
deconvolution reveals that the first step it consisits
from two stages, in which mainly melamine is pro-
duced. In the second and third steps, which consist of
several stages, the decomposition of melamine leads
to the formation of triazine rings and polymerization.
An exothermic peak at 462.5 °C, without significant

RESEARCH ARTICLE

weight loss, is attributed to a further polymerization
process.

Figures 5 and 6 illustrate the DTG and DSC curves
in the temperature range where melamine is decom-
posed / polymerized for various open or covered cruci-
bles. The DTG curves indicate that with open crucibles
the curves are similar regardless of the crucible materi-
al. With covered crucibles, this stage is 30% greater in
weight loss and occurs at a higher temperature range
with increasing value for crucibles: Pt/Rh <Al <ALO,.
The DSC curves indicate that an exothermic polym-
erization step gives the open and covered crucible Al,
as well as the covered Pt/Rh crucible. From the above
results, we conclude that the most effective for both
the polymerization step and the produced quantity of
g-C,N, are the Al crucibles. O

XuvOeon I'pagritikov Nitpidiov g-C,N, ano
ovpla. MeA£tn pe Oepukn Avaivon).

Pediag Mnaipaung, Imdvvng Kwvoetavtivov, Anuntprog Metpdkng, TiRépLog Baipdkng
Tunjua Xnuelag, Mavemiotiuto lwavvivwy, llavemiotnuiovmoAn lwavvivwy, TO. 1186, 45110 lwdvviva

KEYWORDS:
Ovpia, ABSTRACT
YPa@LTIKO viTpidio, To ypattiko vitpidlo Tov avBpaka eivat Eva avabuOHEVO Kot TIOAAQ UTIOOYO-
Ogppkt) avaivon LLEVO VALKO TO OTIO(0 EPEVVATOL GE SLAPOPES EQAPUOYESG CUUTIEPIANUBAVOUEV WV

NG QWTOKATHAVTIKNG SLAOTIAONG VTTOAELUUATWY PUPUAKEVTIKWOV EVWOOEWY
KL TV BLO-LOTPIKOV ATEIKOVICEWY. TNV Epyacia TTApAoKEVAGOHNKE TO TTOAL-
LLEPLKO YPOPLTIKO VITPISLO TOL avBpaka e BEp KT CUUTIUKV®OT) TNG oUPLAG WG
TPOSpoung évwong. IMpaypatomomOnke @UOIKOXTUKOG XOPAKTNPLOUOG TOU
VAKOU PE SLAPOPES TEXVIKES OTIWG TrEPBAaon aKTiVwV X, NAEKTPOVIKY HLKPO-
OKOTIOL 6APWOTG, PACUATOOKOTI VTIEPUOPOL Kat Beppkr) avdAvon. Ta amo-
TEAEGUATO TWV TEYVIKWV £SEEy TNV ETILTUXT GUVOEGT YPaPLTIKOU VITpLSiou pe
LEGOTIOPWEN SOUT] TWV CUGCWPEVHEVWY (TIAKETAPLOUEVWV) VAVO-@UAAwY. H
Beppikn avaivon £8eiée OTL N pETATPOT] TNG oVplag Aapfavel xwpa o€ Tpla St-
adoyka Bripata. Ta TAEOV ATIOTEAEGUATIKA, TOGO YIX TO GTASLO TIOAVUEPLOLOU
600 Kat ylo mv mapaydpevn ocomrta g-C,N, eivar ta xwvevtipla AL
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