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Abstract

The present study is focused on developing an emvientally benign bio—based epoxy
thermoset that can be used as a sustainable nhdterigarious engineering applications. So,
renewable resources like sorbitol and castor @l ased to synthesize novel hyperbranched
epoxy resins. Three hyperbranched epoxy resinsastioc oil with varying ratios of sorbitol
along with conventional reactants are reported.hEre chemical structure of them is confirmed
by FTIR and NMR studies. The epoxy thermosets curgdatty acid derived poly (amido
amine) showed excellent mechanical properties asdmigh impact resistance (upto 34.5 kJ/m);
good tensile strength (upto 31 MPa); good elongadibbreak (upto 37%) and moderate scratch
hardness (upto 5 kg); high thermal stability (U838 °C); high tensile adhesive strength (upto
2152 MPa); good chemical resistance in differenengical environments and acceptable
biodegradability. Thus, the sorbitol modified castd based hyperbranched epoxy thermosets

are found to be superior in toughness, biodegréitigbeélongation etc. compared to a linear



epoxy resin without sorbitol as well as previousdported thermosets derived from bio—based
materials like vegetable oil, starch and glycerbherefore, these thermosets possess great

potential to be used as sustainable materialsanows advanced applications.

Keywords Bio—based hyperbranched epoxy, Castor oil, Sorl#ioldegradation, Eco—friendly

1. Introduction

Epoxies are one of the most widely used engineetirgmosets because of their
advantages like high stiffness, superior tensitengjth, easy to process, excellent electrical
strength, exceptional solvent resistance, good wanas well as thermal resistance and
compositional versatility [1,2]. However, these gpothermosets possess some serious
disadvantages like low toughness, high brittlersess relatively high cost [3-5]. So, to address
such limitations branch generating moiety has bhagoduced to the epoxy matrix which has
achieved noteworthy interest to the researcherssd hyperbranched epoxy resins are of unique
nature due to their simple as well as single-stegpgrative technique, high solubility, low
viscosity and existence of large numbers of reaativd functional groups that provides strength
and toughness to the epoxy thermosets [3]. Numesguthetic protocols and their relevant
applications have been reported by several resemotips [6—9]. Although substantial work has
been done on hyperbranched epoxy resins but tleesnastly synthesized from petroleum based
feedstocks which are non-biodegradable and alssesadetrimental effect to health and
environment. The depleting petroleum resourcessastktal issues across the globe have urged
the researchers and chemical industries towardsstistainable development by adopting
renewable bio—based chemicals and products. Theretm deal with such issues epoxy resins
modified with bio—based feed stocks such as cald#omin, lignin, glucose, vegetable oil etc.

have been of extensive research interest as tHey lmbdegradability to the thermosets [10].



Vegetable oils have achieved considerable atterdignto their advantages like non-toxicity,
biodegradability, renewability, easy modificatiomdeenvironment friendly nature [11-18hey
can be chemically crosslinked in the open atmosplrich causes the reaction between the
atmospheric oxygen to form polymeric materials witinee dimensional network structures
[17,18]. Das and Karak synthesized epoxy resin ingiMesua ferera seed oil to provide
flexibility to the prepared epoxy thermoset [19]owkver, the prepared epoxy resins showed
poor mechanical properties compared to the comaleegioxy. Among the different types of
vegetable oils, castor oil has been widely usethdustries because of its easy availability in
large quantity and unique chemical composition. Be, et al. reported a biodegradable
hyperbranched epoxy from the polyester polyol efrionoglyceride of castor oil which showed
excellent adhesive strength, good impact strerggtfatch hardness, chemical resistance as well
as biodegradability. However, they have used costly bis(hydroxyl methgtppionic acid
modified polyol as branching unit as well as thedeigradability rate is very slow. Thus, in the
present study bio—derived sorbitol is used direatiypbranch generating unit and monoglyceride
of castor oil as another bio—based reactant fothegiving the desired hyperbranched epoxy.
Sorbitol is a naturally available sugar alcoholtthas got good plasticizing ability, oxygen
permeability and environmentally friendly substaft&-18]. It is also used as a substitute of
sugar for food, starting material for synthesisitdmin 12, plasticizer in ionomer and also in the
manufacture of bio composites [20-25homzaine et al. studied the effect of sorbitol and
glycerol blends on the physical properties of gelditms [21]. On the contrary, it has been
observed that with the increase in the amount diigw the flexibility of the films increases but
its barrier properties decreases [22]. As a readppting a dual strategy by incorporating

sorbitol as a branch generating moiety in castobased epoxy resin might fulfill the objective



of conveying flexibility and biodegradability to éhresulting thermoset and thereby addressing
almost all the shortcomings like high brittlendssy toughness, high cost, non renewability and

biodegradability.

In the present study, therefore, an attempt heen bmade to overcome the existing
drawbacks of commercially available epoxy therm®sky using bio—based components,
combination of aromatic and aliphatic moieties dmgperbranched structure. Thus, three
hyperbranched epoxy resins were synthesized byptiycondensation of monoglyceride of
castor oil and bisphenol A with epichlorohydrin mesence of sorbitol at different weight
percentages. The sustainable thermosets of thgsgltgnched epoxy resins were obtained by
curing with poly(amido amine). The performance eltgristics such as mechanical, thermal,
chemical properties and bacterial biodegradatiorewstudied and the same were compared with
a linear epoxy without sorbitol as well as previgusported thermosets derived from bio—based

materials like starch, vegetable oil and glycerol.

2. Experimental

2.1. Materials

Castor oil Ricinus communis) (Sigma Aldrich, Germany), sorbitol (HiMedia
Laboratories Pvt. Ltd., India) and glycerol (Rankéndia) were dried under vacuum before use.
Bisphenol A (Sisco Research Laboratories Pvt. Ldlia) was recrystallized from toluene prior
to use. Epichlorohydrin (Sisco Research Laboragom®t. Ltd., India), sodium chloride
(Rankem, India), sodium hydroxide (HiMedia Laboras Pvt. Ltd., India), sodium sulphate
anhydrous (Merck Specialities Pvt. Ltd., India),lyyamido amine) hardener (Asian Paints,

India, as gift sample with amine value 5-7 equiyMgre used as received.



2.2. Preparation of monoglyceride of castor oil

Monoglyceride from castor oil was prepared by thevmpusly reported standard
procedure. In brief, castor oil, glycerol (1:2 cdtand calcium oxide (0.05 wt.% with respect to
the oil) were taken together in a three—neck robatdom flask equipped with a mechanical
stirrer, a thermometer and a nitrogen gas inleéroyen gas was purged inside the flask through
the inlet. After that the mixture was continuoustyred and heated upto 22545 °C for 2 h. The
formation of the preferred monoglyceride was conéd by checking its solubility in methanol

(monoglyceride:methanol = 1:3, v/v) at room tempae [26].

2.3. Preparation of hyperbranched epoxy

The hyperbranched epoxy resin was synthesizeahb+By (X,y > 2) polycondensation
reaction of monoglyceride of castor oil and bisgiieA with epichlorohydrin in presence of
sorbitol. Bisphenol A, monoglyceride of the oil (1@.% of bisphenol A), sorbitol (10 wt% of
bisphenol A) and epichlorohydrin (taken as 1 : 3 madio with respect to the total hydroxyl
groups) were taken together in a three necked rbottom flask, fitted with a condenser and a
pressure equalizing funnel and stirred by a magrsgtirer. A 5 N aqueous solution of NaOH
(equivalent amount to hydroxyl groups) was slowtided to the reaction mixture at 80 °C
through the pressure equalizing funnel under copotis heating. The reaction temperature was
allowed to attain 110 °C. The addition took abob#@0 min to complete. After the completion
of addition, the reaction was continued for anothér. The reaction was then stopped, allowed
to cool down to room temperature with continuousisg. The cooled, white viscous mass
obtained was transferred to a separating funnashed with brine solution, followed by
distilled water for 2-3 times and the aqueous layes separated out to obtain the desired

organic layer after absorbing the remaining watngi anhydrous sodium sulphate. Then, the



resin was dried at 75 °C in a rotary evaporatoreundacuum to remove the excess of
epichlorohydrin, THF and entrapped water. Finadlywiscous sticky transparent light yellowish
mass was obtained which was coded as SMD 10. EBhe gbtained was 96%. Similarly, MGE,
SMD 05 and SMD 15 were synthesized by following $hene method with 0, 5 and 15 wt% of
sorbitol (with respect to bisphenol A) respectiveélyne amount of all other reagents remained
same for all the cases. The yield obtained for MGHED 05 and SMD 15 were 88.8%, 93% and

91% respectively.

The physical properties of the resins such asbddly, viscosity, degree of branching

(DB), epoxy equivalent and hydroxyl equivalent wevaluated as per standard protocols.

2.4. Curing study of theresins

The thermosets of the synthesized resins wereinglotaby curing the homogenous
mixture of them with poly(amido amine) hardenerr Hus purpose, the required amount of
hardener was mixed with each of the epoxy resink éfjuivalent ratio of epoxy to amine),
separately taken in glass beakers, at room temyperaturther, the mixing was facilitated by
adding few drops of THF to the mixture and thenrdlighly stirred for about 15 min until a
homogenous mixture was obtained. The mixture was tmiformly coated on cleaned glass
slide of dimension 75 mm x 25 mm x 1.3 mm. Thistedaglass slide was then degassed in
vacuum desiccator and kept under room temperatur24f h to remove the volatiles present in
it. Finally, the clean, bubble free slide was cuatd.00 °C followed by post curing at 120 °C
temperature in an oven for specified period of §mEhe degree of curing of the thermoset was

verified by determining the swelling value as ge following formula,

Swelling (%) = [(W — Wq)/Wq] x 100



where W and W are the weights of the swelled and dried filmpeesively. The thermosets of
SMD 05, SMD 10, SMD 15 and MGE are coded as SMDTSMDT 10, SMDT 15 and MGET

respectively.
2.5. Instrumentation

The FTIR spectra of the prepared resins were recobg using KBR pellets in the FTIR
spectrophotometer Nicolet (Madison, USA) FT-IR Imip&l0. Theé'H and**C NMR spectra of
the resins were recorded by 500 MHz AV500 AvanteHT-NMR (Bruker, Switzerland),
spectrometer by using CD{ls the solvent. The viscosity of the resins wasuetad by using
rheometer (Bohlin Instruments, Rheometer CVO, Maly&K). The mechanical properties like
tensile strength and elongation percentage of tihedcthermosets were evaluated by using the
Universal Testing Machine (UTM), (WDW10, Jinan, 64&) with a load cell of 500 N at
crosshead speed of 20 mm thi\STM D 638). The scratch hardness was tested @pthatch
hardness tester (Sheen Instruments Ltd., UK). Thesive strengths of the thermosets were also
evaluated by UTM machine using lap shear test otalrmetal (78 mm x 25 mm x 0.50 mm)
substrates with a load of 10 kN at a crossheaddspeB0 mm min' as per ASTM D 897. The
impact tester (S. C. Dey Co. Ltd., India) was usedcheck the impact resistance of the
thermosets on coated galvanized iron plates (150 mm x 1.50 mm) by using the standard
(ASTM D 1709) falling ball method. The thermal st of the thermosets were calculated by a
thermogravimetric analyzer (TGA) (Shimadzu TG 5@hva nitrogen flow rate of 30 mL miih
at a heat rate of 10 °C mifhin a temperature range of 30 to 600 °C. The chdmésistance test
of the thermosets was studied in different chem&alironments for instance aqueous NaOH
(5%), aqueous NaCl (15%), aqueous HCI (10%), aguethanol (20%) as well as fresh water.

For this study the cured thermosets were cut imtallspieces and kept in abovementioned media



at room temperature (30 °C) for a period of 30 da#\fter completing the experiment, weight

loss percent of these thermosets was measured.
2.6. Biodegradation study

The biodegradation of the films were studied bylolelng the McFarland turbidity
method on the cured films using the bacterial s&raif P. aeruginosa andB. subtilus.?’ These
bacteria were isolated from the crude oil-contateith@oil of Assam, India. A nutrient medium
containing 3.61 g of KPP, 1.75 g of MgSQ.7H,0, 2.0 g (NH).SO,0.2 g of CaCGl2H,0, 2.0
g of NgHPQ,, 0.5 g of FeSQ7H,O, 0.01 g of CuS©Q7H,O, 0.5 g of MnSQ@ 0. 7 g of
ZnSQ,.7H,0, 0.1g of HBO3.5H,0 and 0.1 g of Mo@was prepared in 1.0 L in distilled water.
Then, in a 100 mL conical flask 10 mL of this netri medium was transferred and sterilized by
using an autoclave at a temperature of 121 °C aeskspre of 15 Ib for 15 min. The bacterial
strains to be used for this study were culturedhis nutrient medium at 37 °C inside an
incubator shaker for a time period of 48 h. Therrtiesets to be used for this study were
incubated inside the medium under sterile conditwr87 °C. The growth of bacteria of the
medium was signified by the increasing turbidityteé medium. A medium without the cured
films was taken as the control. The extent of dégfian was measured by taking absorbance of
the medium at 600 nm to check the optical denshy)(of the microorganism with regard to the
control for a time gap of 15 days. This study waggrmed as per the standard ASTM D 5332-
98. The experiment was carried out for 8 weekstaecamount of degradation of the films was

analyzed by SEM [3, 27,28].
3. Results and Discussion

3.1. Synthesis and characterization of the resins



The hyperbranched epoxy resins with three diffevesight percentages of sorbitol (viz.
5, 10 and 15 wt%) were synthesized by polyconde@rsaeaction using an,ABy (x,y > 2)
approach. In this approach, bisphenol A reacts egichlorohydrin and forms diglycidyl ether
of bisphenol A (DGEBA) in situ due to higher reaty of aromatic hydroxyl of bisphenol A
compared to aliphatic hydroxyl of monoglyceridecaétor oil and sorbitol, in presence of a base.
The monoglyceride is used in this synthesis adliphadic diol which helps in the improvement
of flexibility of the thermoset. This is due to tfect that the presence of flexible hydrocarbon
chain as a pendent moiety attached with the fatig @rovides plasticization effect. The
hyperbranched epoxy containing only sorbitol moragy result into the formation of a rigid and
brittle thermoset. Hence, the existence of thigille moiety within the non entangled highly
branched structure results in superior flexibilagd high impact resistance compared to the
commercially available epoxy as well as the linepoxy prepared without the hyperbranched

moiety.

The formation of diglycidyl ether of bisphenol A @EBA) in the first step was proved
by taking a'H NMR after complete addition of NaOH in order tave a more clear
understanding about the reaction pathway of theetiypnched epoxy resin. The in situ
generated DGEBA also contains a little amount dfagped sorbitol and monoglyceride of
castor oil even after normal purification. THé NMR spectrum (Figure 1), [500 MHz, CDCI
(S), Me&Si, 6 (ppm)] indicates the presence of peaks for DGEBA.G2 (3H, CH groups of
bisphenol A), 2.73 and 2.87 (2H, g@HBrotons of oxirane ring), 3.3 (1H, CH of oxirameg), 3.9
(2H, CH; present next to oxirane ring), 6.8 (4H, protonsseng in aromatic bisphenol A) and
7.15 (4H, aromatic protons of bisphenol A). The kseat 3.67-3.78 (5H, s and G of

sorbitol), 3.89— 3.96 ( 2H, {protons of sorbitol), 4.02—4.12 {QC; and OH of sorbitol), 4.15—



4.20 (3H, G and G of sorbitol), 0.88 (terminal methyl protons of faticid chain) and 1.25-
1.47 (CH protons of fatty acid chain) [3,28-32] were alswrid in the spectrum due to the
existence of entrapped un-reacted sorbitol and glgoeride of castor oil. The presence of
unsubstituted aliphatic hydroxyl groups clearlyigades the fact. Again, with due course of
reaction the epoxy group of DGEBA reacts with hygtagroups of monoglyceride of castor oll
and sorbitol for chain extension. However, the pmynhydroxyl groups react faster than the
secondary ones due to their difference in reagtiitirthermore, the remaining hydroxyl groups
may react with epichlorohydrin directly [2&Il such polycondensation reactions resulted to the

desired hyperbranched epoxy resin as shown in Seliem
3.2. Sructural characterization

The presence of different chemical linkages inginecture of epoxy resin was confirmed
by the FTIR spectroscopic studies (Figure 2). Thadbaround 3444 cthis due to —OH
stretching vibration and the bands around 915 —®81 are assigned for asymmetric vibrations
of oxirane ring® The presence of a sharp absorption band at 1244rexeals the existence of
aryl-ether linkage in the structure. This blue tsimf absorption value is associated with the
electron withdrawing aryl group attached with thieee linkages. Similarly, the band observed at
1035 cm* is due to the presence of alkyl—ether linkageh@resin. The aliphatic and aromatic —
C—-H groups present in the epoxy matrix showed bahdsretching frequencies at 2966—2929
cmt and 3057 cit respectively. The stretching vibrations at 1732 cmnd 1608 cit
correspond to —C=0 and aromatic —-C=C— groups réisphc Also, the band at 1505 ¢

refers to the aliphatic —C=C- stretching frequeoftcthe ricinoleic acid group [3,4,29,30].
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The structure of SMD 10 was confirmed Y NMR spectral analysis (Figure 3 (&),
ppm (500 MHz, CDGl Me4Si): peaks at 3.36 (1H, CH of oxirane ring){4 and 2.88 (2H,
CH, of oxirane ring), 3.94 (2H, CHnext to oxirane ring), 6.86 (4H, aromatic protaofs
bisphenol A), 7.17 (4H, aromatic protons of bisptieh), 1.69 (3H, CH of bisphenol A), 4.22
(1H, CH attached with OH), 3.71-3.77 (protons di¢acto G C, and G of sorbitol), 3.93-3.95
( protons attached to;@nd G of sorbitol), 4.07 and 4.08 (1H, protons attactee@; and G of
sorbitol), (G, &, Cs, Csand G are named according to IUPAC format and are dasgghin the
structure as I, m, n, o, p and g respectively)] 391 (terminal methyl protons of fatty acid
chain), 4.9-5.5 (CH=CH of aliphatic chain) and £=B%0 (CH protons of ricinoleic acid chain)

. The®®C NMR spectral analysis was also conducted to sthelypresence of carbon in different
chemical environments (Figure 3 (lby), ppm (CDC}, S): peaks at 31.0 (GHof bisphenol A),
44.5 and 50 (ring carbons of oxirane ring), 1137.72143.4 and 156.2 (carbons belonging to
aromatic moiety of bisphenol A), 68.4, 68.7 and36fr linear (L), dendritic (D) and terminal
(T) substituted sorbitol moiety, 14.5-36.8 ( carbanh fatty acid chain) and 113 (GHCH, of
fatty acid chain). The degree of branching (DB}t hyperbranched structure was calculated
from Fréchet equation: DB = (D + T)/(D + L + T) wikeD, L and T are the integration values of
dendritic, linear and terminal units. The DB foet8MD 10 was found to be 0.82. The values of

DB for SMD 05 and SMD 15 were found to be 0.80 ar88B respectively (Figure 4).
3.3. Physical properties of the resins and thermosets

The prepared epoxy resins are odorless and lighkawish sticky mass. The physical
properties such as hydroxyl value, epoxy equivaleistosity etc. of the resins was evaluated
and presented in Table 1. The epoxy equivalentedses with the increase in sorbitol content of

the resin which implies that the number of epoxyugs in a molecule is more, indicating faster
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curing rate as supported by the curing time (diseddater). Based on the proposed structure of
the hyperbranched resin the epoxy equivalent shbald25 g/eq, however, experimentally it
was found to be 389 g/eq which indicates the piesenh some amount of DGEBA as shown in
Scheme 1. The hyperbranched resins were found &olodle in most of the common organic
solvents like dichloromethane, chloroform, acetoe#anol, DMAc, DMF, DMSO etc. The
solubility of hyperbranched resin was found to berencompared to its linear analog in a
particular tested solvent. This is due to the preseof large number of flexible moieties and
polar functional groups along with the unique sinwal attribute of the former compared to the
later> The gloss characteristic of the cured thermosets wood because of appropriate
crosslinking density, structural stability and teeooth surface. The specific gravity of the
thermosets varies from 1.13 to 1.18 as presentddhlile 1 which is also due to the compact
globular structure of the resins. The molecularghe(Mw), number average molecular weight
(Mn) and poly dispersity index (PDI) of the resBIMD 10) were found to be 1437 g/mol, 1393
g/mol and 1.03 respectively. These results ar¢@parts that are soluble in THF. However, the
actual molecular weight is higher than this asdtandard used is linear polystyrene, which is

also reflected by the molecular weight (4257 g/nodlthe proposed structure (Scheme 1).
3.4. Curing study

The curing of the synthesized resins was carrigdaevaluate the mechanical, thermal
and chemical resistance properties of their regsmecthermosets. For this purpose, the
synthesized resins were cured with poly(amido ajrfvaedener at 1:1 equivalent ratio of epoxy
to amine. Thus, the amount of hardener added tb ehthe resin was different as they have
different epoxy equivalent values. On curing atvated temperature with poly(amido amine)

hardener the highly strained oxirane ring of eptesin open up due to its reaction with labile

12



protons of amine group of hardener and hence,gfiaous substance was transformed to a solid
form of three dimensional crosslinked structur@][2The plausible crosslinking reaction
pathway is shown in Scheme 2. This is also evidiemh the FTIR study, where the band for
oxirane ring in the region of 914-835 ¢mwas completely disappeared [32]. The curing time
decreases with the decreasing epoxy equivalentviagcause the number of epoxy groups
increases (Table 1). Thus, SMD 10 took the lowiest to cure due to its lowest value of epoxy
equivalent compared to SMD 05 and SMD 15. The aptincuring time is taken as the time at
which the swelling value of the thermoset in aahl# solvent lies in between 20-30% as shown
in Table 2. The linear resin MGE took higher timectire than the hyperbranched resins because
hyperbranched resins possesses greater number oaly dpnctionality and hence, higher

crosslinking density compared to linear one [28].
3.5. Performance

The evaluation of mechanical properties like tenstrength, elongation, scratch hardness,
impact strength and adhesive strength for thrderdifit hyperbranched thermosets and the linear
analog were evaluated and the data are given ileTRISMDT 15 displayed the highest tensile
strength and toughness but lower percent of elaorgaHowever, the overall percentage of
elongation is superior than the glycerol based Hyp&ched epoxy thermosets reported by
Barua et af. Better elongation at break of the thermoset magieeto the combined effect of
relatively high molecular weight of the hyperbraedrepoxy as a result of higher functionality
of the branch generating moiety and the plastigizaffects of the hardener, sorbitol and
monoglyceride of the oil. The presence of sorbitolhe hyperbranched moiety also affects the
tensile strength of the thermoset. The value irsgeavith the increasing proportion of sorbitol

due to the higher functionality of it [21]. Agaias sorbitol is used here as a branching moiety so
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the formation of non entangled globular structufethe resin offers best possible level of
crosslinking in the structure which results intolfagood tensile strength and toughness (Figure

5).

The evaluation of impact resistance showed thathterbranched epoxy thermosets
exhibited higher impact resistance compared tbnésar analog. This is because of the presence
of unique combination of aromatic and aliphatikéiges in appropriate proportions. The scratch
resistance of the thermosets was also studied amddfto be good because of the above
mentioned reasons. The adhesive strength of theape thermosets for metal substrates was
found to be better than the linear thermoset andciteases with the increasing percentage of
sorbitol content in the epoxy matrix. This is doetlie good physical interactions of the polar
epoxy, ether and hydroxyl groups of the hyperbradcktructure and the poly(amido amine)
hardener with the substrates as well as better amécdl interlocking. The structure of sorbitol
leads to globular like hyperbranched structure wipossesses low viscosity that results into
higher rate of diffusion and hence the mechanictdriocking with the pore structure of the

metal substrate [33].

3.6. Thermal properties

The thermal stabilities of the hyperbranched al§ as linear thermosets were studied
(Figure 6) and their degradation temperatures wesrerded (Table 4). The thermograms showed
that the hyperbranched epoxy thermosets exhibitedoastep degradation pattern. The initial
degradation temperature varies from 261 to 293 AZhwvere found to be better than the starch
based epoxy resins reported by Duarah and Kargk Th2 peak temperatures of the different

thermosets were found to be in the range from 84868 °C which is due to the degradation of

14



the aliphatic thermolabile moieties of the monoglyde and sorbitol present in the matrix of the
thermosets. This variation is also in accordancth wihe epoxy equivalent values of the
respective resins, (as shown in Table 1), whichiB&s adequate degree of crosslinking of the
thermosets. The peak temperature for second stefegradation varies from 432 to 449 °C
which is attributed to the thermostable aromaticietyoof diglycidyl ether of bisphenol A
linkage as well as the amide linkages presenterefhoxy thermosets [4,33]. However, the peak
temperature for second step of degradation is rhigter for the starch based epoxy thermosets
because starch is made up of closed chain of digplakages which offer high stability to the
thermoset under high temperature. On the other hamdbitol is made up of only flexible
straight chain aliphatic linkages and hence itkpemperature for the second degradation step is
low. An initial reduction of 2-5 wt% is due to thess of volatiles including moisture associated
with the polar functional groups present in therttiheset [28,34]. The thermosets also possess
weight residues of 3.49 - 8.66 % at 600 °C whicldig to the presence of carbonaceous
substances. The glass transition temperaturesofTipe thermosets showed an increasing trend
along with the proportion of sorbitol in the epomatrix because of the increase of secondary
interactions such as the polar-polar interactiord drydrogen bonding as a result of
hyperbranched structure [28,35]. The percentagegaf aromatic moiety present in MGET is
more compared to any of these sorbitol based hygeched structure and thus, the rigidity of

the former is higher so the glass transition telajee.
3.7. Biodegradation study

The biodegradation study of the hyperbranched ameal thermosets revealed the
gradual degradation of the thermosets upon expaduPeaeruginosa bacterial strain with time

(Figures 7 and 8). The degradation was also stuaydgisubtilis but the degradation was found
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to be low compared tB. aeruginosa bacterial strain and hence the results are nseptedP.
aeruginosa is a hydrocarbon degrading bacteria extracted fioode petroleum oil field.
Biodegradability is achieved by the increase of ghous nature, flexibility as well as polarity
of the linkages and the hydrophilic character & golymer [36]. Further, the presence of
hydrolysable ester linkages of the monoglyceridmilted in biodegradation of the thermosets.
However, the rate of biodegradation increases thiéhincreasing amount of sorbitol content in
the epoxy matrix. Sorbitol is a sugar alcohol whishnaturally available and biodegradable.
SMDT 15 with the highest amount of sorbitol contantl hyperbranched structure offers better
surface for bacterial growth. The SEM micrograplvsifer revealed the adherence and growth of

bacteria on the surface of the hyperbranched effegnoset (SMDT 15).

3.8. Chemical resistance

The chemical resistance of the thermosets wasestudidifferent chemical media such
as 10% HCL, 5% NaOH, 15% NaCL, 20% EtOH and watekr the results are given in Table 5.
The hyperbranched thermosets showed good chengsatance against the acid and alkali
medium compared to its linear analog which is dugstunique structural attribute and presence
of polar moieties. Also, the good crosslinking dgnsontributed to the good chemical

resistance of the thermosets [4].

4. Conclusion

From this study, it can be concluded that a suskdénand biodegradable hyperbranched
epoxy thermoset of castor oil and sorbitol withthjgerformance was obtained. The degree of
branching of the synthesized resin was increas#dserbitol content. The cured thermosets was

also found to exhibit sorbitol content dependentodjotoughness, biodegradability,
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thermostability and excellent adhesive strength pamed to the linear as well as previously
reported bio—based epoxy thermoset. The thermataese, biodegradability and chemical
resistance were also found to be much better tmatirtear analog. Thus, these bio—based epoxy

thermosets have potential to be used as tough d¢niadable advanced sustainable materials.
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Scheme Captions
Scheme 1Reaction pathway for the synthesis of hyperbrad@poxy resin.

Scheme 2. Crosslinking reaction between hyperbranched epargd poly(amido amine)

hardener.

Figure Captions

Fig. 1.*H NMR spectrum of DGEBA resin.

Fig. 2. FTIR spectra of SMD 10 and its thermoset.

Fig. 4. Linear (L), dendritic (D)and terminal (T) units @) SMD 05, (b) SMD 10 and (¢) SMD

15.
Fig. 5. Stress—strain profiles of MGET, SMDT 05, SMDT X@&MDT 15.

Fig. 6. (a) TGA thermograms, (b) DTG curves and (c) glasasition temperatures of epoxy

thermosets.
Fig. 7. Bacterial growth profiles dP.aeruginosa against exposure time for the thermosets.

Fig. 8 SEM micrographs along with surface plots of (&pBT before degradation, (b) MGET

after degradation, (c) SMDT 15 before degradatimh @) SMDT 15 after degradation.
Table Captions
Table 1.Physical properties of the resins and thermosets

Table 2. Curing parameters of the resins
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Table 3.Mechanical properties and adhesive strength ofitenosets

Table 4. Thermal parameters of the epoxy thermosets

Table 5. Weight changes (%) of the thermosets in diffecdr@mical media
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Scheme 1Reaction pathway for the synthesis of hyperbrad@poxy resin.
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Fig. 1.'"H NMR spectrum of DGEBA resin.
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Fig. 3.(a) *H NMR and (b)**C NMR spectra of SMD 10.
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Fig. 8 SEM micrographs along with surface plots of (&pBT before degradation, (b) MGET
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Table 1.Physical properties of the resins and thermosets

Resir Thermose!
Epoxy o
Hydroxyl ) Degree of . . Specific
Sample  equivalent equivalent branching Viscosity Sample Glos gravity
code Code 0
(mg (Pa.s) (°C)
(@) yomry @B
SMD 05 172.06 482 0.80 20.82 SMDT 05 74.3x1 1.13+0.01
SMD 10 122.25 389 0.82 3.16 SMDT10 74.6+4 1.11+0.03
SMD 15 178.16 403 0.83 9.18 SMDT 15 81.8+1 1.07+0..01
MGE 147.80 352 _ 57.01 MGET 78.7+7 1.18+0.01
Table 2. Curing parameters of the resins
Properties SMD 05 SMD 10 SMD 15 MGE
Time for curi_ng at 100 °C 40 20 o5 60
(min)
Time for post c_uring at 120 °C 20 10 15 30
(min)
Swelling value at 25 °C (%) 28 22 25 28
Table 3.Mechanical properties and adhesive strength ofitenosets
Properties SMDT 05 SMDT 10 SMDT 15 MGE
Tensile strength (MPa) 22+0.6 25+0.4 31+0.5 20+1
Elongation at break (%) 371 35+Z2 33+0.t 14+1
Toughness (MJ n) 5.56+0.5 7.33£1.0 8.11+2 1.73+0.5
Scratch hardness (kg) 2+0.5 4+0.€ 5+1 3
Impact strength (kJ/m) 17+3 34.5 31.9 16.8
Adhesive strength (MPa) 1680+3 1989+5 2152+1 14026
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Table 4. Thermal parameters of the epoxy thermosets

Parameter MGET SMDT 05 SMDT 10  SMDT 15

Initial degradation temperature (°C) 272 261 274 293

Peak temperature foroflrst step of 342 340 346 353
degradation (°C)

Peak temperature _for s:acond step of 432 436 445 449
degradation (°C)

Weight residue (%) 8.66 7.01 4.90 3.49

Glass transition temperature (°C) 44 35 38 42

Table 5. Weight changes (%) of the thermosets in diffecdr@mical media

Chemical medium SMDT 05 SMDT 10 SMDT 15 MGET
Ag. HCI (10%) 0.006 0.005 0.006 0.012
Ag. NaOH (5%) 0.005 0.009 0.005 0.010
Ag. NaCl (15%) 0.004 0.006 0.003 0.011
Ag. EtOH (20%) 0.006 0.001 0.004 0.009

Water 0 0 0 0




