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Abstract
The use of precursors from natural based polymers offer a more biocompatible and biodegradable properties in producing polymer drug vehicle compared to drug vehicles made from synthetic polymer precursors, which normally found in high molecular weight (MW). High MW polymer will lead to immunologic inflammatory responses due to their lower biodegradability and higher cytotoxicity compared to low MW that could give smaller particle size, higher solubility, higher release efficiency, non-immunogenic, better biodegradability and lower cytotoxicity. Therefore, this study is aimed to produce valuable precursors, particularly to produce epoxidized palm olein (EPOo) and diol, to be used in the development of a new polymeric drug vehicle with low MW.  An EPOo was synthesized via in-situ epoxidizing of palm olein (POo) with peracid and sulfuric acid (H2SO4) catalyst. Meanwhile the diol was synthesized using hydroxylation of palm oil-based oleic acid via esterification of oleic acid (OA) with glycerol and 4-dodecylbenzyl sulfonic acid catalyst (DBSA).  It was found that both palm oil-based precursors have been successfully synthesized from natural resources of palm oil. Physico-chemical properties of the synthesized precursors showed that the EPOo and the diol possess average molecular weight (MW) between 900-1500 g/mol and hydroxyl functionality between 2 and 3, based on the presence of hydroxyl (O-H) group functionality, showed in the Infra-red (IR) spectra in the range of 3200-3600 cm-1. These low MW palm oil based-precursors have potential uses for the design and development of new properties of polymeric drug vehicle such as acrylated palm olein (APOo) and polyol polyester, which will produce particle size in the range of 100 - 200 nm or smaller with high efficiency drug loading and controlled release profiles. 
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Abstrak
Penggunaan pelopor dari polimer semulajadi bagi menghasilkan penyampai ubat polimer mempunyai kelebihan tertentu iaitu ianya bersifat bioserasi dan biodegradasi berbanding sistem penyampai ubat yang dibuat daripada pelopor polimer sintetik, kebiasaannya mempunyai berat molekul (MW) yang tinggi.  Polimer dengan MW yang tinggi boleh menyebabkan gerak balas keradangan keimunan akibat kurang keterbiodegradasikan dan kesitotoksikan yang tinggi dibandingkan MW yang rendah yang boleh menghasilkan partikel bersaiz lebih kecil, keterlarutan dan kecekapan perlepasan yang tinggi, tidak imunogen, terbiodegradasi dengan lebih baik dan sitotoksiti yang rendah. Oleh itu, kajian ini bertujuan menghasilkan pelopor yang bersifat istimewa, terutamanya minyak sawit olein terepoksida (EPOo) dan diol yang digunakan dalam membangunkan sistem penyampaian ubat dengan MW yang rendah. EPOo telah disintesis menggunakan pengepoksidaan in-situ minyak sawit olein (POo) dengan perasid dan pemangkin asid sulfurik (H2SO4). Sementara itu, diol disintesis menggunakan penghidroksilan minyak sawit oleik menggunakan pengesteran asid oleik (OA) dengan gliserol dan pemangkin asid sulfonik 4-dodesilbenzil (DBSA). Hasil penemuan mendapati kedua-dua pelopor yang berasaskan minyak sawit ini telah berjaya disintesis daripada sumber semulajadi minyak sawit.  Sifat fisiko-kimia pelopor yang telah disintesis menunjukkan EPOo dan diol mempunyai berat molekul (MW) antara 900-1500 g/mol dan bilangan hidroksil antara 2 dan 3, berdasarkan kehadiran kumpulan berfungsi hidroksil (O-H), yang ditunjukkan dalam spektra Infra-merah (IR) dalam julat 3200-3600 cm-1. Pelopor berasaskan minyak sawit yang mempunyai berat molekul yang rendah berpotensi untuk direkabentuk bagi membangunkan sistem penyampai ubat polimer yang  bersifat  baru  seperti  minyak sawit  olein  terakrilat  (APOo)  dan poliol poliester, yang menghasilkan partikel bersaiz 100-200 nm atau lebih kecil dengan kecekapan pemuatan ubat dan profil perlepasan terkawal yang tinggi. 

Kata kunci:  sistem penyampai ubat, minyak sawit, nanopartikel polimer


Introduction
Polymers are amongst the most extensively explored and widely use materials as drug vehicles for localized and sustained delivery of drug (medication) to a patient [1, 2]. There are different types of drug vehicles such as macromolecular carriers (macromolecular prodrugs, protein-macromolecule conjugates and gene medicines complexed with macromolecular carriers), particulate carriers (micro/nanoparticles, liposomes, dendrimers, lipoproteins, nanotubes, micro/nanospheres and micro/nanoemulsions) and cellular carriers (leucocytes, platelets, erythrocytes, nanoerythrocytes, hepatocytes, and fibroblast) [3-5].  

Natural polymers are currently gaining a lot of research interest due to their advantages such as utilizing environmental friendly materials and involving low energy process which is way better than the synthetic polymers produced via chemical synthesis. The trend of using palm oil based materials for the development of polymeric drug vehicles is growing due to the natural polymer’s biocompatibility compared to the petrochemical-based polymers [6-11]. In addition, the synthetic polymers commonly use chemicals that emits greenhouse gases (GHGs), utilizes high energy during the products preparation and processing and most importantly generates toxic by-products [12]. Thus, the use of renewable feed stock resources such as from palm oil products is receiving numerous interest compared to petrochemical-based products.

In this study, new precursors namely epoxidized palm olein (EPOo) and diol were developed from the palm oil product of palm olein (POo) and oleic acid (OA) for the EPOo and diol, respectively.  The chemical reaction of epoxidation and esterification processes were applied in developing a non-toxic and cleaner reaction of the palm oil based-precursors. Epoxidation process is performed using in-situ generated peroxyacetic acid due to several advantages, such as minimum amounts of reactants are needed to prepare the epoxidising reagent and safer preparation and handling, compare using the preformed peroxyacid that had handling problems since the concentrated peroxyacid is unstable and explosive [13].  Besides, the peroxyacetic was selected due to its easy availability, low production cost and stability at high temperatures, compare to the peroxybenzoic acid, peroxyformic acid, peroxyfluoroacetic acid, m–chloroperoxybenzoic acid and m–nitroperoxybenzoic acid [13-14].

Esterification process is performed with an oleic acid and a 4-dodecylbenzyl sulfonic acid (DBSA) for the diol production, in the absence of solvent. The DBSA was selected because is more efficient catalyst in water where it can act as emulsifier and catalyst compared to other catalysts such as hydrochloric acid, sulphuric acid, phosphoric acid (H3PO4 and p-toluenesulfonic acid [15-17].  Besides, the esterification process with the DBSA catalyst is considerable as green process, cheap and high product yields [17].

In this work, the study included synthesizing and characterizing of the synthesized precursors.  The EPOo and diol produced from the palm oil product are expected to exhibit promising physicochemical properties and have great potential for application in development of new polymeric drug vehicles.

Materials and Methods
In both preparations of the EPOo and diol, the experimental set-up used in this work was reported and referred in our previous work [18, 19].  The set-up consists of reaction flask, mechanical stirrer, thermometer, reflux condenser and oil batch.

Preparation of epoxidized palm olein based precursors
A food grade palm olein (POo) (FFM Marketing Sdn. Bhd) was used as a feedstock to produce the EPOo while other chemicals in this preparation were purchased from Systerm Chem Ar.  Initially the POo was vacuum distilled prior to use. Then the POo (1.62 mol) underwent in-situ epoxidizing in the per-acid solution to form the EPOo at the temperature between 60 – 65 oC for 2.5 hours [14, 20].  The per-acid solution consisted of a glacial acetic acid (4 mol), a hydrogen peroxide (8.24 mol) and a sulphuric acid (1%).  The chemicals were purchased from Systerm Chem Ar., Merck and HmBG Chemical, respectively.  After the epoxidation reaction was completed, the EPOo was immediately transferred from the reaction flask to 2 L glass beaker.  Next, the EPOo was washed with distilled water and vacuum distilled.  The summary of the overall EPOo synthesis process is presented in Figure 1 below.
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Figure 1.  The synthesis routes of the EPOo


Preparation of diol as palm oil based precursors
On another occasion, oleic acid (OA) (R&M Chemicals) was vacuum distilled for 3 hours before vacuum recrystallized in acetonitrile.  After recrystallization, the OA (1.2 mol) was esterified with glycerol (2.4 mol) and 4-dodecylbenzyl sulfonic acid (DBSA) (0.15 mol) to produce diol at the temperature below 120 oC for three hours [15]. The chemicals were purchased from R&M, Systerm Chem Ar. and Fluka, respectively.  Next, the synthesized diol was immersed in a mixture solution consist of ethanol (5%) and natrium chloride (5%) for 24 hours before vacuum distilled and collected for characterization. 

The yield of the reaction for the EPOo and the diol was calculated using Equation (1).


	 									
													         (1)


Characterization of the precursor’s physicochemical properties: Oxirane oxygen content (OOC)
The OOC test was performed following the standard method of AOCS method Cd 9-57, 1963 [21].


							
         (2)
	
where N is normality of hydrogen bromide (HBr), while v is volume of HBr in mL and w is weight of resin in gram.

Acid value
The acid value (AV) was calculated according to the test method is technically equivalent to ASTM D974 [22]:


							
         (3)

where 5.61 is a concentration conversion coefficient (a number of mg KOH corresponding to 1 mL of 0.1 N KOH), v is volume of 0.1 N KOH and w is weight of resin in gram.

Saponification value
The saponification value (SV) was calculated according to the test method ASTM D 1962-67 [23].


		 					
         (4)

where B is volume of 0.5 N HCl required by Blank, S is volume of 0.5 N HCl required by Sample, N is concentration value of HCl = 0.5 N and w is weight of resin in gram.

Iodine value
The iodine value (IV) was calculated according to the Hanus method as described in the AOCS (Cd 1-25) [24].



											         (5)


where B is volume of 0.1 N sodium thiosulfate required by Blank, S is volume of 0.1 N sodium thiosulfate required by Sample, N is concentration value of sodium thiosulfate = 0.1 N and w is weight of resin in gram.

Ester value 
Ester Value (EV) is defined as the mg of KOH required to react with ester content (glycerin or glycerol) after saponification one gram of fat. EV was determined by the equation described in literatures [25-27], where the EV is defined as the difference between the saponification value and acid value: 

   										         (6)

where SV is saponification value and AV is acid value of sample.

Percentage of ester
Percentage of ester was calculated from ester value and molecular weight by the Equation (7) described by Lubrizol [27]: 


									
         (7)

where EV is ester value of sample and the value calculated following Equation (6) and MW is molecular weight of ester = 126.11 g/mol.

Hydroxyl value
The OHV was calculated according to the test method ASTM D4274-99 Method C [28].

										                                     (8)



where B is volume of 0.5 N ethanolic potassium hydroxide required by Blank, S is volume of 0.5 N ethanolic potassium hydroxide required by sample, w is weight of resin in gram and AV is acid value of sample.

Hydroxyl number functionality 
The hydroxyl number functionality (OHf) was determined by the equation described by Ionescu [29] and used known hydroxyl value and molecular weight of sample: 

	  								

											                       (9)

where OHV is hydroxyl value of sample and MW is average molecular weight of sample.

Dynamic viscosity
The dynamic viscosities of the products in liquid form were measured using Brookfield viscometer (Model RV: DVII + Pro) at 25 °C [30]. The spindle plate with grade 40 and CPE-44PY cup were selected for measuring viscosity.

Average molecular weight
The average molecular weight of sample was determined by the equation described by Xu et al. [31] by using known saponification value (SV) and acid value (AV) of sample.



											       (10)


where SV is saponification value and the value was obtained using method (iii) and calculated following Equation (4) and AV is acid value and the value was obtained using method (ii) and calculated using Equation (3).

Fourier transform infrared spectroscopy 
The infrared (IR) spectroscopy of the samples was performed using diamond attenuated total reflectance (DATR) technique.  The infrared spectrums of the samples were recorded in the range of 4000 cm-1 to 650 cm-1 by spectrum 400, FT-IR/FTNIR spectrometer (Perkin Elmer, UK).
 
Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was performed using the TGA-SDTA 851e Mettler Toledo instrument (USA).  Samples were analyzed in temperature range from 27 oC to 800 °C, heating rate of 10 °C/min.

Differential scanning calorimetry
Differential scanning calorimetry (DSC) was carried out using the DSC 822, Mettler Toledo instrument (USA). Samples were scanned at 5 °C/min at first heating cycle from -100 oC to 200 oC and followed by the cooling cycle from 200 oC to -100 oC.

Results and Discussion
Physico-chemical properties of the palm oil based precursors
Table 1 showed the physico-chemical properties of the palm oil-based precursors.  The values in Table 1 were obtained using Equation (2) to (8).  The acid value of POo and OA was 0.56% and increased to 8.09% and 67.32% after conversion to EPOo and diol, respectively.  The iodine value of POo and OA were 61.47 mg   KOH/g oil and 83.91 mg KOH/g oil which is almost similar to the work reported by Ramli et al. [32] at 61.67 mg KOH/g oil and Derawi et al. [8, 14] at 62 mg KOH/ g oil, but slightly higher to the work reported by Ramli et al. [33] at 78.2 mg KOH/g oil for the IV value of high-oleic acid palm oil.  The POo was found to have a complete epoxidization to EPOo based on the reduction of the iodine value of POo from 61.47 to 0 mg KOH/g oil (Table 1), which corresponds to the complete conversion of the POo carbon double bond (C=C) to the epoxide (oxirane) ring of EPOo and similar to the reported previous study by Derawi et al. at IV 61.67 drops to 3.30 to 0.51 [14].  Due to this reason, the oxirane oxygen content (OOC) of the EPOo have increased to 3.33% compared to the POo OOC value of 0.04% only in the beginning of the reaction (Table 1).  This OOC EPOo result is similar to the previous study reported by Giita Silverajah et al. (3.23%) [34]. Meanwhile the saponification value of POo to EPOo was slightly reduced, 196.21 and 192.50 mg KOH/g oil, respectively. Further similarity was the slight reduction of ester value and ester percentage, which were recorded for the POo and EPOo (refer Table 1).  This corresponds to the minor modification on triglyceride structure of POo by introducing epoxide ring to the POo’s for producing of new triglyceride structure of EPOo [14, 35]. 


Table 1.  Physico-chemical properties of the new precursors
	Conducted Test
	Raw Material 1:
Poo
	Precursor 1:
Epoo
	Raw Material 2:
OA
	Precursor 2:
Diol

	Acid value (%)
	0.56
	8.09
	0.56
	67.32

	Iodine value
(mg KOH/ g oil)
	61.47
	0
	83.91
	-

	Oxirane oxygen content (%)
	0.04
	3.33
	-
	-

	Saponification value (mg KOH/g oil)
	196.21
	192.50
	188.80
	132.58

	Hydroxyl value (mg KOH/ g oil)
	-
	-
	231.07
	114.53

	Ester value (mg KOH/ g oil)
	195.65
	184.41
	188.24
	65.26

	Ester (%)
	43.98
	41.45
	42.32
	14.67

	Viscosity (centipoise, cP)
	73.10
	382.60
	32.90
	328.30




On the other hand, the saponification value of OA was decreased from 188.80% to 132.58% (Table 1) after the diol formation.  This corresponds to the conversion of the carboxylic of OA to diol’s ester, which was supported by the decrease in the ester value (or ester) of OA from 188.24 (or 42.32%) to 65.26 (or 14.67%) of diol, as well as the decrease of the hydroxyl value of OA to diol from 231.07 to 114.53, respectively (Table 1).  The dynamic viscosity of POo and OA have increased drastically in EPOo and diol form, which showed initial confirmation of the formation of the new targeted precursors of EPOo and diol (Table 1). This result will be further confirmed by the analytical measurement presented in the following sections.

The EPOo and Diol precursors’ reaction mechanism
The reaction mechanism for EPOo precursor formation is essential to be identified in order to understand the in situ epoxidation of POo with peracetic acid.  In this study, POo was preferable as raw material due to its valuable physicochemical properties that consist of monounsaturated triacylglycerol (TAG), POP (42.8%), and diunsaturated TAG, POO (35.7%), where this TAG structures can be chemically or enzymatically modified to produce new green materials for utilization in industrial and pharmaceutical products applications [8-10, 14].  Furthermore, POo is derived from natural friendly source (a liquid fraction of palm oil), it’s cheaper compare to petrochemical-based products and more importantly, POo is the largest renewable resources in Malaysia [8]. 

Moreover, the conventional chemical treatment method is the most widely used process of epoxidation compare to such as enzymes, metal catalysts and acid ion exchange resin methods [14, 36]. This chemical treatment method is also known as an efficient method for functionalization reactive group onto unsaturation sites (carbon double bonds) in organic compounds and resulted valuable properties of epoxides [14, 36, 37].

In this work, an established method called conventional chemical treatment by Ahmad et al. [20] is used and referred for the production of the EPOo where an alkene (POo) is reacted with peracetic acid [38-39] refer to reaction scheme (11).  This epoxidation is known as an acid-catalyzed reaction [36]. The yield of reaction obtained using this method is 84.52%.  



[image: ]				
    		    		       (11)




The peracetic acid solution was prepared from the glacial acetic acid (RCOOH) as an oxygen carrier and the hydrogen peroxide (H2O2) as an oxygen donor in the presence of catalytic inorganic sulphuric acid (H2SO4).  The reaction mechanism of the peracetic acid formation is presented in scheme (12).  
[image: ]
			
           
				            (12)

Acetic acid was found to be widely used as an oxygen carrier in the epoxidation process besides the formic acid [36].  The reaction conversion was found to be above 80% by using acetic acid, and also the higher conversion is still depends on the synthesis parameter such as temperature, reactants molar ratio, catalyst and mixing speed. In this work, the percentage of the relative conversion of the POo to EPOo, (conversion from double bonds to epoxide ring), by in situ epoxidation for 2.5 hours of reaction time is 89.04 ± 10.56 %. The theoretical value of the OOC is 3.74% [14] while the value obtained in this work is 3.33%. The OOC value was found to be different from the theoretical value probably due to the difference in the epoxidation parameters and reagent composition such as stirring speed, temperature, reaction time, type of reactants and reactants molar ratio [14, 36-37].

The catalytic inorganic of sulphuric acid have been chosen in this system because it was found to be more efficient in producing a high conversion of double bonds to epoxide ring when compared to other inorganic catalyst such as hydrochloric acid (HCI), nitric acid (HNO3) and phosphoric acid (H3PO4) [36, 40].  Derawi and Salimon [14] worked on the epoxidation of POo using the performic acid reaction system [14]. They found that the conversion of epoxidation is 96.5% with a reaction yield of 91.3% for 2.5 hours of reaction time. However, this epoxidation process is considered as expensive compared to using the acetic acid because formic acid is more expensive than acetic acid [14].
  
However  the purification method that we currently used in this work would require attentive washing and transferring in the recovery of the precursors in a way to obtain higher (maximum) yield as reported by other researchers [14, 36].

The average MW of the POo and EPOo were 860.21 and 912.64 g/mol, respectively, which were determined by titration method utilizing saponification value (an analytical method for measuring molecular weight of triglycerides in oils) and calculated using Equation (10).  

We used acid-catalyzed homogeneous esterification reaction for diol production, in the absence of solvent [15-16, 18, 39]. In this study, OA was preferable as raw material due to its valuable chemical structure that consist of a carboxyl site and a carbon-carbon double bond at the ninth position, refer to scheme (13), which is reactive and can be further modified into high value-added products [16, 40-41], as well as its a plant or bio-based oil [an 18-carbon (C18) monounsaturated fatty acid] [16, 41].  This reaction system was conducted at temperature in the range of 115-118 oC, in the presence of 3A molecular sieve as drying agent. The yield of reaction obtained was 72.65 % for 3 hours reaction time [refer Eq. (13)].
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                                                                           (13)






In this work, we used 4-dodecylbenzyl sulfonic acid (DBSA) as additive to homogenize the reaction system due to the reactants of OA and glycerol is not miscible.  The DBSA was selected because it can act as emulsifier and catalyst (or known as a surfactant-type catalyst) compared to other surfactants such as cetyltrimethyl ammonium bromide (CTAB), tetradecyl trimethyl ammonium bromide (TTAB) and Esterquat [15-17].  In addition, DBSA is more efficient catalyst in water than other Bronsted acids such as HCI, H2SO4, H3PO4 and p-toluenesulfonic acid (PTSA). DBSA works well for dehydration reactions such as the esterification, etherification, thioetherification, and dithioacetalization in water, hence, gaining maximum yield of reaction (approximately 96%) [17]. This process was compared with the previous study by Kolvari et al. [17], where they conducted the condensation process of benzil (PhCOCOPh) and 1,2- diaminobenzene in H2O solvent at room temperature for 2 hours by using of 10% of the DBSA and resulted the reaction yield about a 96%. The results showed that the DBSA catalyst play important role to catalyze the reactions to obtain a high yield product above a 70% for at least a 3 hours reaction time.  Besides, these reaction systems is considerable as green process, non-toxic, high product yields and cheap. However, the purification method of diol need carefully washing and transferred to gain maximum yield of reaction.

The average molecular weight of diol is expected in the range of 800 – 1000 g/mol [15] or less than 1500 g/mol [18], determined by GPC.  The theoretical value of the average molecular weight of oleic acid is 282.47 g/mol.  Further analysis of diol for chemical structure determination using nuclear magnetic resonance (NMR) spectroscopy, gas chromatograph (GC) or gas chromatograph-mass spectrometer (GC-MS) methods will be reported in future publications to identify the possibility of nearby functional group (neighbouring group participation) involvement in the reactions, especially the carbon double bond [39].

FTIR analysis for EPOo and Diol precursors
Figure 2 showed the spectra of the POo and EPOo in transmittance mode. The presence of epoxy group absorption in the EPOo at 834 cm-1 corresponds to the formation of the epoxy ring in the EPOo molecular structure. In the previous study by few researchers [14, 19, 34, 42], the FTIR absorption of oxirane was identified at around 834 to 893 cm-1.  The absorption value was found to be slightly different for each of the researchers probably due to the difference in the synthesis parameters such as reactants, catalyst, temperature and mixing speed [14, 19, 34, 42].  In spite of that, the presence of the epoxy (oxirane) group in Figure 2 is strongly indicated that the EPOo was successfully synthesized via in-situ epoxidation of the POo from palm oil based. 

Figure 3  showed the FTIR spectra of the OA and the diol.  The O-H  absorption  was in the range of 3200 – 3600 cm-1 corresponded to the hydroxyl group of the diol (broad).  The hydroxyl value of the diol produced in this work was 114.53 (refer Table 1), which might represent at least two hydroxyl functionality in the diol, refer to scheme (13) and calculated according to Equation (9), which resulted approximately 2.78 of the hydroxyl number functionality. The average MW of the diol was taken as 1361 g/mol [18]. Five bands for the C-O absorptions in the range of 1000 – 1305 cm-1 appeared in the spectra at 1010, 1038, 1124, 1182, 1304 cm-1, which correspond to the ester functional group [16, 18].  Furthermore the carbonyl functional group (C=O) peak at 1716 cm-1 has become shorter after the esterification due to diol formation and this has further confirmed the diol formation.

Based on the FTIR spectral analyses (refer Figure 2 and 3), the formation of EPOo and diol from POo and OA, respectively, are established.  Numerous advantageous such as green renewable resources, cheaper and non-toxic were offered for utilizing a natural polymer as the raw material in designing polymeric drug vehicles [12].  Further analysis on the thermal properties of the precursors are required to identify and understand their degradation and thermal transition properties which are the important aspect in the design and development of polymeric drug vehicles. 
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Figure 2.   FTIR spectra of EPO in comparison to POo
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Figure 3.  FTIR spectra of diol in comparison to OA


Thermal analysis for EPOo and Diol precursors
Figure 4 and 5 showed the thermal degradation (measured by TGA) and the corresponding derivative (DTG) thermograms of the POo and the EPOo, respectively.  TGA thermogram curves of the POo and EPOo showed a single stage decomposition, for POo started at temperature 283 oC to 479 oC and for EPOo started at temperature 275 oC to 523 oC.  Approximately about ~2% weight loss at the temperature of up to 300 oC was observed, which was attributed to the loss of moisture content (Figure 5).  The POo showed a degradation peak at the maximum temperature (Tmax) of 440 oC and the POo was fully degraded at higher temperature, 479 oC.  Meanwhile, the EPOo showed a slightly lower degradation peak at Tmax 407 oC than the POo and the precursor was fully degraded at a higher temperature of 523 oC, which is similar to the work reported by Tee et al. at 409 oC [43] and Giita Silverajah et al. at 405.1 oC, respectively [34] for the peak degradation and was fully degraded at 491 °C and 504.3 °C for the EPO, respectively [34, 43]. The presence of oxirane ring have made the EPOo to have a slightly low thermal resistance compared to POo due to the plasticization effect (soft segment) of epoxide [34, 44] thus having a lower degradation peak (407 oC) than the POo (at 440 oC).  
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Figure 4.  TGA thermograms of POo and EPOo
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Figure 5.  DTG thermograms of POo and EPOo


Figure 6 showed the DSC thermogram of the POo and the EPOo measured for the heating and cooling cycle (first heating cycle) from temperature -100 to 200 oC. The DSC thermograms of POo and EPOo showed a single melting temperature (Tm) peak at 5 oC and 15 oC, respectively, almost in the range of the Tm study reported by  [34, 45-46]. The similarity on the Tm for the palm olein is at 4.74 oC, 6.94 oC, 9 oC and 17.79 oC, as reported by Abdulkarim and Ghazali [45] and Zhang et al. [46], respectively.  For the Tm EPO is shifted to 24.46 °C and 37.69 °C, which is reported by Giita Silverajah [34].

Meanwhile  three  crystallization  temperature  (Tc)  of  POo  were  observed at  Tmax  -58 oC  (in the range of -64 to -55 oC), -25 oC (in the range of -31 to -19 oC) and -3 oC (in the range of -7 to -1 oC), of which the different finding was reported by Zhang et al. approximately at −9.30 oC, 1.39 oC and 14.36 oC [46]. The EPOo thermogram also showed three Tc peaks at Tmax -1 oC (in the range of -4 to 2 oC), 5 oC (between 2 – 8 oC) and 26 oC (in the range of 20 to 29 oC) when the sample is being cooled (Figure 6).  This result is similar to the study reported by Tan and Chow where one of the EPO Tc is at -0.97 oC, which is in the range of temperatures between Tg and Tm when the sample is being cooled [47]. 

The glass transition temperature (Tg) of EPOo was found approximately at Tmax -7 oC, occurred in the range of   -16 to 2 oC (Figure 6). The Tg of EPOo was found to be different from the finding reported by Tan and Chow at -18 oC [47] due to the difference composition of the palm oil been used such as from the palm oil by Tan and Chow and from the palm olein in our study. The Tg of the POo could not be observed in the DSC thermogram (Figure 6), which is might due to the weak transition of Tg especially for crystalline and low amorphous materials [47].  
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Figure 6.  DSC thermograms of POo and EPOo


The TGA and DTG thermograms of the oleic acid and the diol are presented in the respective Figure 7 and 8.  The thermogram patterns of both showed low thermal resistance of diol where the decomposition for OA started at temperature 180 oC to 438 oC. Meanwhile, the decomposition of diol started at temperature 108 oC to 516 oC.  TGA curves of oleic acid and diol (Figure 7) showed two and three stages decomposition, respectively.  In the oleic acid thermogram,  the  first  stage  represented the major degradation of the OA at Tmax 291 oC (in the range of 124 to 323 oC). This might be attributed to the loss of fatty acid in oleic acid, a carboxylic acid, which is about ~88 % from the total weight loss. The second stage occurred at Tmax 347 oC (in the range of 325 to 411 oC), which probably due to the total weight loss of carbon double bonds (C=C) and hydrocarbon (C-H) of about ~8 %.  The OA was found to completely degrade at 438 oC.  

Meanwhile the first stage degradation in the diol thermogram showed a slower decomposition process (than the OA) which is about ~14 % of the total weight loss at Tmax 125 oC (in the range of 79 to 200 oC). This might be attributed to the decomposition of hydroxyl group (O-H), which was produced from the hydroperoxide group (-OOH) (formed from oxidation of oil) and was found to be unstable at above 100 oC [48]. The decomposition of the hydroperoxide involved cleavage of the O-O bond in the hydroperoxide hence produced hydroxy-radical [48]. Based on this justification, the first stage decomposition temperature in the diol was strongly attributed to degradation of hydroxyl group. 

In the second stage degradation, the major degradation of diol was recorded at Tmax 362 oC (in the range of 204 to 426 oC), which consist of about ~76 % of the major total weight loss. This involved bond cleavage on the carboxyl site which later produced ester group in the formation of ester radical. Thus, it can be concluded that this second stage decomposition pattern was possibly attributed to the degradation of the ester group (C-O) (Figure 7 and 8). The third stage degradation is about ~4 % weight loss at Tmax 492 oC (in the range of 457 to 516 oC), which might be attributed to bond cleavage of carbon double bond (C=C) and hydrocarbon (C-H) sides and further heating at 516 oC showed a complete degradation of diol.  
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Figure 7.  TGA thermograms of OA and diol


[image: ]

Figure 8.  DTG thermograms of OA and diol


Figure 9 shows the DSC thermograms of the oleic acid and the diol. Two melting peaks of oleic acid were indicated at Tmax -25 oC (in the range of -31 to -13 oC) and 10 oC (in the range of 2 oC to 23 oC) and also two Tc peaks of oleic acid were occurred at Tmax -27 oC (in the range of -31 to -22 oC) and -5 oC (in the range of -10 to -1 oC) (Figure 9). The oxidative of oleic acid was associated with the thermal decomposition (Figure 7 and Figure 8) which was started from 124 oC to Tmax at 151 oC (in the range of 124 to 173 oC), as shown in Figure 9.  

Four peaks of the diol Tm occurred at Tmax -40 oC, -27 oC, -4 oC (in the range of -49 to 5 oC) and 133 oC (in the range of 112 to 142 oC), as shown in Figure 9.  The diol thermogram also showed one Tc peak occurred at Tmax -21.81 oC (in the range of -36 to -13 oC). The Tg oleic acid is detectable at 2.18 oC (in the range of -0.67 oC to 5.18 oC), as shown in the DSC thermogram. The Tg of the diol was observed at Tmax -57 oC and -12.59 oC (Figure 9), which showed that the diol contains soft and hard segment of molecules structure where the Tg peaks occurred in the range of Tm and Tc temperatures [16, 41]. Besides, the diol Tg results is near to the range of the study reported by Mohd Mustafa et al. at -33.87 ºC, -18.29 ºC and -15.28 ºC [49]. The study reported the palm oleic acid based alkyd resins were prepared from oleic acid and glycerol with the presence of phthalic anhydride using the one step fatty acid process technique for two hours [49]. The similarity between these studies is the process systems are conducted in the absence of solvent.
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Figure 9.  DSC thermograms of OA and diol

The thermal properties of the precursors in comparison to their raw materials found in this study (measured from the TGA, DTG and DSC analyses) are consistent and in line with the chemical properties obtained from the FTIR spectral analysis in Figure 2 and 3, such as the appearance of the functional groups of epoxy (oxirane) in the EPOo and hydroxyl and ester in the diol. This thermal property provided the overview of the degradation mechanisms and thermal transition (Tg, Tc and Tm) of EPOo and diol. The thermal properties will be useful in elucidating the degradation and thermal behavior in designing and developing the future polymeric drug delivery vehicles.

Conclusion
The synthesis of palm oil-based precursors namely EPOo and diol via in-situ epoxidation and esterification techniques using the respective POo and OA were successfully conducted. The procedures offer several advantages including cheap, cleaner reactions and high yields as confirmed by the proposed mechanism. The precursors exhibited promising physicochemical and thermal properties that could be used in designing new polymers such as acrylated palm oil (APOo) and polyol polyester for application in drug delivery system. These new precursors can be further investigated to be used in designing new concepts of biomaterial to create smart polymeric drug vehicle due to their soft, flexible and thermal resistance properties as confirmed by the FTIR, TGA, DTG and DSC analyses.
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