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Introduction

In view of the limited range of fossil fuel feed stocks, 
polymers prepared from alternative renewable resources 
are desirable in the long-term [1–4]. Vegetable-oil-based 
polymers play an important role in biomaterials and have 
attracted increasing attention from the polymer commu-
nity. The utilization of vegetable oils is currently in the 
spotlight of the chemical industry, as they are one of the 
most important renewable platform chemicals due to their 
universal availability, inherent biodegradability, low price, 
and superb environmental credentials (i.e., low ecotoxic-
ity and low toxicity toward humans) [5–7]. Autoxidation 
of double bonds is mild, renewable, cheap and non-toxic 
in nature. Autoxidation leads to the polymerization of the 
polyunsaturated moieties together with epoxidation, per-
oxidation, hydro peroxidation and cyclization [8–11]. 
Polyunsaturated fatty acids (PUFA) and polyunsaturated 
triglycerides (PUTG) are readily susceptible to autoxida-
tion. A chain oxidation is initiated by hydrogen abstraction 
from allylic or bis-allylic positions leading to oxygena-
tion and subsequent formation of peroxyl radicals [12, 13]. 
This peroxyl radical forms another alkyl radical and lipid 
hydroperoxide (ROOH) together with cyclization. Thus, 
propagation involves the transfer of a free radical from 
one fatty acid to another. This leads to dimers, trimers 
and oligomers [14–17]. These autoxidized polymeric oils/
polymeric fatty acids acting as macro peroxide initiators 
can initiate free radical thermal polymerization of vinyl 
monomers to obtain graft copolymers [18–20]. Autoxida-
tion of ethyl linolenate and methyl docosahexaenoate was 
performed to expose to atmospheric oxygen using UV 
illumination [21]. Some autoxidation studies of the PUFA 
and PUTG were also performed at elevated temperatures in 
the presence of oxygen [22–24]. When lipids are exposed 
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to oxygen at elevated temperature they undergo oxidative 
modifications, leading to the formation of a variety of prod-
ucts. These processes play an important role in frying and 
cooking, where oils with different contents of saturated 
and unsaturated fatty acids are used [25–27]. Autoxida-
tion of aliquoted PUFA was carried out in 150-mL clear 
glass bottles, leaving sufficient headspace for oxygen to 
react with PUFA in the sample. Photooxidation of PUFA 
was tested in a parallel set of samples exposed to light at 
1500 ± 160 lux at 22 °C [28]. In another example, linoleic 
acid was oxidized neat or in a benzene solution in a round 
bottom flask, at 10, 30, 37, and 50 °C. The oxidation was 
normally carried out under air and was initiated by di-tert-
butyl hyponitrite. By this way, trans–cis and trans–trans 
conjugated diene hydroperoxides from linoleic acid were 
isolated [29, 30]. The same experiment performed in the 
autoxidation of PUFA in benzene/1,4-cyclohexadiene has 
also been studied [31]. Generally, autoxidation at elevated 
temperatures was studied to determine the side product 
aldehydes [32–35]. The oxidation of lipids has long been a 
topic of interest in biological sciences, and the fundamental 
principles of non-enzymatic free radical attack on phospho-
lipids are well established [36]. In vivo and in vitro lipid 
peroxidation of some polyunsaturated moieties including 
arachidonate esters is well studied [37–40]. The nonenzy-
matic and enzymatic oxidations of ω-alkynyl linoleic acid 
and ω-alkynyl arachidonic acid were compared to that of 
linoleic and arachidonic acid. There was no detectable dif-
ference in the primary products of nonenzymatic oxida-
tion, which comprised cis, trans-hydroxy fatty acids [41, 
42]. In fact, lipid oxidation is a problem in food because 
it produces compounds that degrade product quality, alters 
textural properties, and adversely affects the color and 
nutrition of a food product [43]. Very recently, Kumar et 
al. [44] have reported the preparation of a scratch-free coat-
ing. For this aim, cardanyl acrylate was coated on the glass 
slides and autoxidized in the presence of precious metal 
nanoparticles in order to obtain a scratch-free coating. Our 
research area is focused on the graft copolymerization of 
olefin monomers initiated by oxidized polymeric peroxides 
of PUFA and PUTG which act as macroperoxide initiator. 
For this purpose, we have recently performed autoxidation 
by exposing PUFA/PUTG to atmospheric oxygen at room 
temperature. The polymeric peroxide PUFA/PUTG initi-
ated the olefin polymerization to obtain graft copolymers 
[45–49]. The biomedical applications of some graft copoly-
mers were also reported [50, 51]. A water soluble soy bean 
oil polymer was obtained by the reaction of polymeric soy 
bean oil with diethanol amine [52]. In the oxidation pro-
cess of soybean oil, the increasing oxidation time causes 
increase in molecular weight of the oil polymer formed. 
This autoxidation also showed decreased viscosity with 
increasing layer thickness. In this work, we have focused 

on the characterization of the oxidized polymeric soya oil 
and unsaturated fatty acids in view of the polymer chem-
istry. In this manner, soya oil spreading out in Petri dishes 
was exposed to atmospheric oxygen at room temperature 
for several weeks, without needing extra effort such as 
mechanical stirring, extra heating, and/or extra irradiation. 
For the first time, the polymeric soybean oil was fraction-
ated using a solvent/non-solvent system. Then they were 
analyzed by using gel permeation chromatography (GPC), 
NMR and GC–MS techniques. To the best of our knowl-
edge, the effect of gold nanoparticles on the autoxidation 
at room temperature was studied for the first time. In our 
recent work, we found the catalyst efficacy of the gold 
nano particles on the autoxidation of the pendent double 
bonds of the poly-3-hydroxy alkanoates obtained from soya 
oil [53]. Inspired by this catalyst effect on the autoxidation 
of the double bonds, the mixture of the pure soya oil with 
HAuCl4 was exposed to the oxygen in the air. Gold nano-
particles formed in oxidized soybean oil were confirmed 
by TEM and energy dispersive X-ray spectroscopy (EDS) 
analysis.

Experimental

Materials

Soya oil was a gift from Çotanak/Altaş Yağ Su ve Tarım 
Ürünleri Gıda İnşaat Otomotiv Nakliyat San ve Tic 
AŞ Ordu Turkey. It contains palmitic acid (11.6  wt%), 
stearic acid (4.9  wt%), oleic acid (33.7  wt%), linoleic 
acid (42.0  wt%) and linolenic acid (3.63  wt%). HAuCl4 
and Linoleic acid (cis–cis-9–12-octadeca dienoic acid) 
(98  wt%) was supplied from Sigma-Aldrich. Oleic acid 
(95 wt%) and epoxidized soya oil (oleoxol) are gift from 
CHS (İstanbul).

Autoxidized polymeric soybean oil (PSbox) Autoxida-
tion of soya oil was performed according to the modified 
procedure reported in our previous work [49]. For exam-
ple, 2.7 g of soya oil spread out in a Petri dish (Φ = 7 cm, 
oil thickness: 0.7 mm) was exposed to daylight in the air at 
room temperature. After a given time of autoxidation (ca. 
1 month), a sticky, pale yellow viscous liquid polymer layer 
was formed. The synthesis of polymeric soya oil (PSbox) 
was repeated in 10–12 times in Petri dishes with different 
radii.

Preparation of PSyox Containing Gold Nanoparticles 
(AuPSyox)

The same autoxidation procedure was applied on the oil/
fatty acids mixed with HAuCl4. Briefly, 10 g of soy oil was 
spread out in a Petri dish (Φ = 14 cm). 0.250 g of HAuCl4 
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was added to this oil and mixed with a glass rod until 
HAuCl4 was completely dissolved in the oil (if a nickel or 
iron spatula is used, an immediate electrochemical reduc-
tion occurs). The yellow color of the air exposed oil solu-
tion turns purple in 3–4 days, which is attributed to surface 
plasmon resonance (spr) of the gold nanoparticles coming 
from the reduction of the gold cation [54].

Fractionation of the Autoxidized Samples

For this purpose, chloroform (solvent) and petroleum ether 
(40–60) (non-solvent) were used.

In the beginning, PSyox (5.0 g) was leached with 30 mL 
of petroleum ether in a bottle with a screw cap. The mix-
ture was stirred with a magnetic stirrer for 2 h and then left 
for 2 h without stirring to form 2 phases.

The crude oxidized soya oil polymer (Psyox) was 
leached by the mixtures of chloroform and petroleum 
ether with the volume ratios 8/12, 7/12, 6/15 and 5/15, 
respectively. PSbox was all dissolved in the solvent/non-
solvent mixtures with volume ratios 8/12, 7/12, and 6/15. 
When 20  mL of the solvent/non-solvent mixture with a 
volume ratio of 5/15 was stirred with the crude Psbox, 
two liquid phases were formed after settled down for 
2  h without stirring. The upper solution was decanted. 
The precipitate was leached with pure petroleum ether. 
The precipitated waxy solid was dried under vacuum for 
24 h and it was called the I. fraction. The decanted solu-
tions were combined and the solvent was evaporated. The 
viscous liquid residue was dried under vacuum for 24 h. 
It was called the II. fraction. The yields obtained were 
50  wt% for the spongy solid, first fraction, and 50  wt% 
for the viscose oil, second fraction. The same fractiona-
tion procedure was applied in the AuPSbox sample and 
the same fractions were obtained.

Saponification of the PSbox Samples

Briefly, 20  g of PSbox (201), 100  mL of aqueous NaOH 
solution (20 wt% NaOH) and 100 mL of absolute ethanol 
were mixed in a bottle at room temperature for 24 h. The 
soft waxy layer was collected, washed with distilled water, 
neutralized with an aqueous solution of HCl (20 wt%) and 
then distilled water. The saponified oil was dried under vac-
uum at room temperature for 24 h.

GC–MS Analysis: Procedure of the Pre‑treatment 
and Instrumentation

For determination of the autoxidized soybean oil and 
PUFA composition; the same procedure described in the 
cited Ref. [55] was used as a reference method. Briefly, 
0.5  g of oil sample was weighed into a test tube with a 

screw cap with 1  mL internal standard of 5a-cholestan-
3b-ol (1000 mg/L) and saponified with 5.0 mL saturated 
methanolic KOH at 80  °C for 1 h. It was then extracted 
with 5 mL of hexane three times. Under nitrogen gas, the 
volume of hexane was reduced to 10 mL and the result-
ing solution was dried with anhydrous sodium sulfate. 
A 0.5-mL sample of dried hexane extract was silylated 
with 250 mL of a solution of bis(trimethylsilyl) trifluoro-
acetamide/trimethylchlorosilane (4:1) and 250 mL of dry 
pure pyridine at 60  °C for 15  min. After pre-treatment, 
the silylated extract of the autoxidized soybean oil/
PUFA was analyzed using GC–MS, GC (Thermo, Trace 
GC ultra, Italy) equipped with FID and MS (Thermo, 
Polaris Q, USA). Separation of the components was 
performed using SE-54 (5  %-phenyl-1  %-vinylmethyl 
polysiloxane, 30 m ×  0.32 mm ×  0.25 mm and the fol-
lowing method parameters were used for the autoxidized 
soybean oil and PUFA composition analysis. Working 
conditions were as follows: carrier gas, helium; flow rate 
was 0.8  mL/min; injector temperature, 280  °C; detector 
temperature, 300  °C; oven temperature program, initial 
temperature was 60  °C for 2  min, increased at 40  °C/
min to 220 °C, held for 1 min and then increased at 5 °C/
min to 310  °C, held for 30  min. GC KOLON:  DB 5MS 
(60  m-0,25  mm-0,1  µm). Individual samples without 
standards were identified using relative retention time 
(RRT) of 5a-cholestan-3b-ol. Data collected and quanti-
fied with a TotalChrom Navigator, the result of each sam-
ple was expressed as a percentage concentration and the 
total amount was stated as mg/kg of oil.

Instrumentation

Molecular weights were determined by gel permeation 
chromatography instrument, a Viscotek GPCmax Auto 
sampler system, consisting of a pump, three ViscoGEL 
GPC columns (G2000H HR, G3000H HR and G4000H 
HR), and a Viscotek differential refractive index (RI) detec-
tor with a THF flow rate of 1.0 mL/min at 30 °C. A cali-
bration curve was generated with four polystyrene green 
standards: 2960, 50,400, and 696,500  Da, of low poly-
dispersity. Data were analyzed using Viscotek Omni SEC 
Omnie 01 software.

Proton and carbon NMR spectra were acquired at a tem-
perature of 25  °C with an Agilent NMR 600  MHz NMR 
(Agilent, Santa Clara, CA, USA) spectrometer equipped 
with a 3-mm broadband probe.

The toluene solution of AuPSyox (sample no. PSyox-
32.2-I) was dried on a 200-mesh carbon-coated TEM grid 
(Electron Microscopy Sciences (CF200-Cu) (USA)) to 
use for analysis. A JEOL JEM-2100 (Japan) high resolu-
tion transmission electron microscope (HRTEM) at 200 kV 
(LaB6 filament) was used. Images were taken with a Gatan 
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Model 794 Slow Scan CCD Camera (USA). Low magnifica-
tion TEM imaging and HRTEM (atomic lattice imaging and 
fast Fourier transformation (FFT) diffractograms) techniques 
were used. Gatan Digital Micrograph software was used for 
noise filtering and fast Fourier transformation purposes.

UV–visible absorption spectra of the polymer solutions 
in toluene were recorded at room temperature using a Shi-
madzu 1700 Spectrometer with UV-quartz cuvettes (1-cm 
optical path) as the containers.

The fluorescence emission spectra measurements were 
done using a Cary Eclipse model Fluorescence Spec-
trometer instrument at a 390-nm wavelength at room 
temperature.

Thermal analysis of the obtained polymers was carried 
out under nitrogen using a TAQ2000 DSC and Q600 Simul-
taneous DSCTGA (SDT) series thermal analysis systems. 
Differential Scanning Calorimeters (DSC) measured tem-
peratures and heat flows associated with thermal transitions 
in the polymer samples obtained. The dried sample was 
heated from −60 to 170 °C under a nitrogen atmosphere. 
Thermo Gravimetric Analysis (TGA) measures weight loss 
of the samples under a nitrogen atmosphere heating from 
20 to 600 °C at a rate of 10 °C/min.

Results and Discussion

Autoxidation Process

Autoxidation processes of unsaturated fatty acids and their 
esters were carried out by spreading them out on flat sur-
faces of glass cups under atmospheric oxygen at room tem-
perature for several weeks. The photos of the autoxidation 
process on the glass cups can be seen in SI-Fig.  1 in the 
supplementary information. The representative reaction 
design of linoleic acid oxidation process can be seen in 
Scheme 1.

Formation of the Gold NP and Their Catalyst Effect

Due to its green chemistry, the biosynthesis of nanostruc-
tures has attracted much interest in materials science 
because of the minimal adverse environmental effects [56]. 
For the first time, catalysis of gold nano particles was used 
in the autoxidation of soybean oil at room temperature. 
The catalyst effect of the Au NPs was first studied in detail. 
Colloidal distribution of Au NPs in oxidized soy bean oil 
was characterized by surface plasmon resonance, fluores-
cence emission spectra and TEM techniques. Inspired by 
the Au NPs catalyst effect on the autoxidation of the double 
bonds of poly(3-hydroxy alkanoates) derived from soybean 
oil [53], the mixture of the pure soya oil with HAuCl4 was 
exposed to the air oxygen. The yellow color of the Au(III) 

solution in soya oil turned to a deep red color coming from 
the surface plasmon resonance (spr) of gold nanoparticles 
(Au NPs) formed by daylight for 3–4 days [57, 58].

Scheme 2 shows the formation of the Au NPs in the soya 
oil polymer. In this manner, we not only observed a very effi-
cient catalyst effect of Au NPs, but also bio-based Au NPs 
were obtained in this way. SI-Fig. 2a and b in the supplemen-
tary information show the photos of the deep red color of the 
toluene solution of the spongy, soft AuPsbox first fraction and 
its film (autoxidation time: 10 days), respectively. Without the 
gold catalyst, 10 days of oxidation was not enough to obtain 
any film of Psyox I. fraction, instead 41 days of oxidation was 
needed to get Psbox I. fraction film cast from chloroform. 
This catalyst effect was also confirmed by the GPC meas-
urements. After 10  days oxidation, Mn of the AuPsbox is 
69,201 g/mol while that of Psbox is 3326 g/mol. In the longer 
oxidation times, Mn’s of the Psbox samples obtained with or 
without Au nano particles are getting closer each other when 
comparing AuPsbox-29d-I.fr (#57) with Psbox-29d-I.fr (#59) 

Scheme  1   The representative reactions of the autoxidation process 
of linoleic acid in the air oxygen
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in Table 1. Figure 1 shows the GPC chromatograms of the 
Psbox with or without gold NPs, as well. Interestingly, yield 
of the first fraction of the nano composite, AuPsbox-29d-I.fr 
was two times greater than that of Psbox-29d-I.fr. One can 
conclude that Au NPs are also very efficient to obtain the 
high yield of the oxidized soya oil composite. Fractionation 

of these oxidized soya oil polymers gave the same results. 
The second fractions completely separated from the high-
est molecular weight of the soya oil polymer. GPC curves of 
the AuPsbox-29d-I.fr (#57) with Psbox-29d-I.fr (#59) can be 
seen in Fig. 2. TEM analysis results of the gold-Psbox nano-
composite will be mentioned later into the text.  

Scheme 2   Formation of gold 
nano particles from the auric 
acid in soya oil under daylight

Table 1   Synthesis and GPC results of the soya polymers

* There is a trace amount of residue with Mn 22,108 g/mol, Mw 44,648 g/mol and PDI 2.020

Run# Code Oil/layer (g)/thick (mm) HAuCl4 (wt%) Ox time (days) Yield (wt%) GPC (g/mol)

Mn Mw PDI

201. PSbox523-I.fr (5/15) 523/0.7 – 44 64 (1) 54,534 96,066 1.762

(2) 4945 6789 1.373

(3) 1421 2364 1.663

31. Saponified Psbox (#201)* (1) 625 897 1.436

(2) 68 93 1.367

48. PSbox523-II.fr (5/15) 36 (1) 4311 7868 1.827

(2) 971 1076 1.109

59. PSbox-29d-I.fr 20.4/1.3 – 29 23 (1) 44,625 91,029 2.040

(2) 4911 7093 1.444

(3) 1000 1113 1.113

60. PSbox-29d-II.fr 77 (1)3631 4526 1.246

(2) 1078 1126 1.044

54. PSbox30.5-I.fr (5/15) 30.5/1.0 – 24 53 (1) 46,386 96,459 2.079

(2) 4689 6848 1.491

(3) 973 1090 1.121

50. PSbox30.5-II.fr 47 (1) 3574 4782 1.338

(2) 925 1069 1.156

104. AuPSbox104–10 10.0/0.7 1.0 10 (1) 69,201 149,695 2.163

(2) 1547 1995 1.290

105. PSbox104–10 10.0/0.7 – 10 (1) 3326 3538 1.261

(1) 1261 1302 1.033

51. AuPSbox32.2-I.fr. 32.2/1.1 2.6 24 98 (1) 3749 4690 1.251

(2) 1087 1147 1.056

57. AuPSbox-29d-I.fr 20.2/1.35 1.2 29 47 (1) 36,222 127,923 3.532

(2) 4683 6654 1.421

(3) 702 970 1.383

58. AuPSbox-29d-II.fr 53 (1) 3958 5992 1.514

(2) 1006 1077 1.071
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The spr of AuPsbox toluene solution was observed as 
λmax =  540  nm in a UV–VIS spectrometer. The fluores-
cence emission spectrum of the toluene solution of AuPs-
box was observed at λmax =  450 nm, when it was irradi-
ated at λmax = 390 nm. UV–VIS and fluorescence spectra 

of the toluene solution of AuPsbox can be seen in SI-Fig. 3 
in the supplementary information. These results are in good 
agreement with the cited literature [54].

Fractionation of the Oxidized Polymeric Soya Oil 
(Psbox)

Because soy bean oil contains three different unsaturated 
fatty acid esters, the autoxidation process does not take 
place homogeneously. Polymeric soybean oil contains 
fractions with very different molecular weights. Solvent/
non-solvent fractionation technique was also used for the 
first time to separate polymer fractions and the soybean oil 
polymer fractions were analyzed structurally in view of the 
molecular weight analysis (GPC technique). For the first 
time, we performed the fractionation of the oxidized soya 
oil polymer. Chloroform is a good solvent for Psyox, while 
petroleum ether is a non-solvent. The mixture of the chloro-
form and petroleum ether with volume (mL) ratio of 8/12, 

Fig. 2   GPC curves of Psyox fractions: a PSbox-523, I. fraction 
extracted with solvent mixture 5/15 (#201); b PSbox-523, II. fraction 
(#48); c Psyox30.5, I. fraction (#54), d Psyox30.5, II.fraction (#50), 

e AuPsbox-29d-I.fraction (#57), f AuPsbox-29d-II.fraction (#58); 
g Psbox29d-I.fraction (#59), h Psbox29d-II.fraction (#60). Their 
molecular weights can be seen in Table 1

Fig. 1   Autoxidation of soya oil for 10 days, layer thickness: 0.7 mm, 
a gold NP catalyzed (HAuCl4: 1.0 wt%) (AuPSbox-104–10); b with-
out Gold NP (PSbox-104–10)

7/13, 6/14, 5/15, 4/16, and 2/18, respectively was used in 
the fractionation of Psbox samples. Psyox was found to be 
relatively soluble in the solvent mixture with volume ratio 
of 8/12, 7/13, 6/14. The optimum fractionation was carried 
out with the solvent mixture 5/15 and 4/16. GPC technique 
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was used to measure the Mn, Mw and poly dispersity index 
(PDI) of the polymer fractions obtained. GPC curves of 
the Psbox fractions can be seen in Fig.  2. All of the oxi-
dized polymers had the multimodal gpc curves. Each 
multimodal chromatogram was analyzed in view of the 
molecular weight, separately. The highest molecular weight 
of the first fraction of the soya oil polymers was observed 
in the GPC chromatograms. For example, the PSbox523 
first fraction contained the highest molecular weight of the 
hyper-branched polymer with Mn 54,534 g/mol (when the 
molecular weight of the triglyceride is taken as 900 g/mol 
on average, the repeating unit is calculated as 60, Psbox60), 
which is presumably Psyox containing the higher pol-
ylinolenate content. The middle polymer fraction with Mn 
4945 g/mol (Psbox5.5) mostly contains polylinoleates. The 
lowest molecular weight of the fraction with Mn 1421  g/

Table 2   GC-MS results of the soya polymers

SFA saturated fatty acid, UFA unsaturated fatty acid

Retention times (min)

Run# Code 17.07–20.97 21.76, 24.46 24.11 26.65–28.00

Side prod. Total SFA Total UFA Total Oxides

201. PSbox523-I.fr (5/15) 4.5 30.3 58.0 7.2

48. PSbox523-II.fr (5/15) 2.9 23.6 69.4 4.1

54. PSbox30.5-I.fr (5/15) >1.0 18.3 70.9 4.6

51. AuPSbox32.2-I.fr. 6.0 32.5 48.6 10.5

Epoxy Soya Oil (Oleoxol, CHS) 5.6 16.4 4.74 57.8

Fig. 3   GC-MS spectra of (a) PSbox-523-I.fr (201); b PSbox-523-II.fr (48); c PSbox-30.5-I.fr (54) and d AuPSbox-32.2-I. fr (51)

Fig. 4   GPC chromatogram of the saponified Psyox-31. The molecu-
lar weight decreased to Mn 625 g/mol. There is also a trace amount 
of a higher molecular weight of a polymer at around Retention Vol-
ume 13 Ml
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mol is a mixture of monomeric oleate and saturated fatty 
acid triglycerides. The GPC chromatogram of the second 
fraction (PSbox523-II.fr) is bimodal. The polymer fractions 
with Mn 4945 g/mol (ca. linoleates, Psbox5.5) and with Mn 
971 (monomer of the triglycerides of oleates and saturated 
fatty acids) were observed. Thus, the highest molecular 
weight of polylinolenate was successfully isolated by this 
extraction which was partially cross-linked by the time at 
room temperature.

GC–MS Analysis

GC–MS analysis is a good tool to characterize oxidized 
unsaturated oil/fatty acids [41]. Total saturated fatty acid, 
total unsaturated fatty acid and total oxidized oil derivatives 
were measured with this technique. Retention times (min) 
indicate the total side products (17.07–20.97 min), total sat-
urated fatty acids (21.76, 24.46 min), total unsaturated fatty 

acids (24.11 min), and total oxides (26.65–28.00 min). The 
summary of the GC–MS results of the fractionated AuPsbox 
and Psbox samples has been given in the Table 2. Autoxi-
dized soya oil polymers were containing total oxides in 
range from 4.1 to 10.5 mol%. When compared 201 with 48 
in Table 2, the first fractions of the oxidized soya polymers 
have higher total oxides than those of the second fractions.

The catalyst effect of the Au NPs increases the total 
oxides content, when comparing Psbox samples #54, and 
#51 autoxidized under similar conditions. Figure 3 shows 
GC–MS spectra of Psbox samples, #201, #48, #54, and 
#51. It is worthwhile to note that total unsaturated fatty acid 
content decreases in the range from 70.9 to 48.6 mol% as 
total oxides increase. Table 1 contains the fatty acid analy-
sis of commercially available epoxidized soya oil (Oleoxol, 
CHS, İstanbul). In Table  2, a dramatic decrease in total 
unsaturated fatty acids up to 4.74 mol% and a high increase 
in total oxides up to 57.8 mol% can be seen.

Fig. 5   1H-NMR spectra of the 
first and second fractions of an 
oxidized soya polymer sample, 
PSbox-30.5-I (#54) and PSbox-
30.5-II (#50), respectively
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GC–MS spectra of the epoxidized soya oil are given in 
SI-Fig.  4 in the supplementary information. In GC–MS 
spectra of the oxidized soya oil polymers with Au NPs in 
SI-Fig. 5, linolenic acid signal has completely disappeared 
while the linoleic acid signal has partially disappeared 
when compared with the GC–MS spectra of the precursor 
soya oil (SI-Table  1). Interestingly, first fractions of the 
Psbox samples with or without Au NPs became partially 
cross-linked after 10–15  days standing under laboratory 
conditions. Presumably, linolenic acid units tend to cross-
linking with linoleic acid units by the time at room tem-
perature via post polymerization leading to free radicals 
entrapped in the polymer mass [59]. In order to understand 
the structural characteristics, the Psbox samples, #201 and 
#48 were saponified with aqueous NaOH and alcoholic 
NaOH solution at room temperature for 24 h. The results in 
Table 1 show that the higher molecular weight of the soya 
oil polymer was cleaved to monomer units with Mn 625. 
Figure  4 shows the GPC chromatogram of the saponified 
Psbox (#31). The peroxide bonds can easily be cleaved in 
a basic solution at room temperature. Therefore, the perox-
ide bonds between the soya oil units are effective to form 

oxidized soya oil polymer together with low –C–C- and 
–C–O–C- bonds.

First and second fractions of the autoxidized samples were 
analyzed using 1H-NMR spectroscopy. Figure 5 shows the 1H-
NMR spectra of the first and second fractions of an oxidized 
soya polymer sample, PSyox-30.5-I (#54) and PSbox-30.5-II 
(#50), respectively. The first fraction of the PSbox sample has 
typically a –OOH signal at 8.0 ppm which is a good agree-
ment with the data reported in the cited literature [60].

The signal of the double bonds at 5.3 ppm dramatically 
decreases when compared to that of the second fraction. 
Presumably, the polymerization improves from the double 
bonds-linoleic and linolenic acids- with peroxyl radicals 
in order to obtain a higher molecular weight polymer. SI-
Fig. 6 shows 1H-NMR spectra of some Psbox samples.

TEM

The catalyst effect of the gold nano particles increases the 
molecular weight and the yield of polymer fractionation of 
the oxidized soya oil polymer. TEM and EDS analysis of 
the gold-Psbox nanocomposite (#57 in Table 1) confirmed 

Fig. 6   TEM images of the gold-Psyox nanocomposite (#57 in Table 1) with the bar a 1 μm, b 500 nm, c 50 nm, pentagonal, d 50 nm, triangu-
lar, e 50 nm, spherical, and f EDS spectrum indicating Au signals
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Fig. 7   TGA curves of the oxi-
dized soya oil samples: a 201, b 
48, c 70-I, d 70-II, e 70-III, f 50, 
g 51, h 54, i 57, j epoxidized 
soya oil, and k soybean oil

Table 3   TGA results of the 
soybean oil derivatives

Code Td1 (
oC) Td2 (

oC)

(Onset) (End) (Middle) wt Loss (wt%) (Onset) (End) (Middle) (wt) Loss (wt%)

201 155 200 180 4 276 462 415 96

48 120 180 162 2 362 453 420 98

70-I 125 160 145 3 338 458 410 97

70-II 125 168 148 2 345 459 410 98

70-III 153 193 173 1 359 452 415 99

50 130 173 153 8 335 452 420 92

51 145 260 185 2 260 460 395 98

54 150 190 170 2 326 460 420 98

57 130 170 150 3 325 462 420 97

Epoxidized soybean oil (Oleoxol, CHS, Istanbul)

362 451 397 99

Soybean oil (Çotanak, Ordu)

394 454 395 100
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the presence of the Au nano particles. Spherical, pentago-
nal and triangular nanoparticles were formed in the nano-
composite with a size of approximately 40  nm. Figure  6 
shows the TEM images of the gold-Psbox nanocomposite 
sample with different shapes.

TGA Analysis

Peroxygen content of the oxidized soybean oil polymers 
was approximately determined using TGA curves (Fig. 7). 
The first decomposition related to peroxide decomposition 
in the range between 130 and 180 °C was observed for all 
oxidized samples except epoxidized soybean oil and pure 
soybean oil (Table  3). The peroxygen content of the oxi-
dized products changed from 1 to 8 wt%. The first fraction 
of the products usually contain a higher peroxide group 
than the following fraction. The gold nanoparticles do not 
affect the peroxygen content during autoxidation. Interest-
ingly, a second fraction of Psbox sample (#50) has 8 wt% 
of the peroxide group. Similarly, DSC traces of autoxidized 
soybean oil showed a characteristically strong endotherm 
starting from nearly 120 °C while pure soybean oil did not 
show this peroxide decomposition (SI-Fig. 7).

Conclusion

Being green chemistry, the autoxidation of the unsaturated 
plant oils is carried out on a flat surface, under atmospheric 
oxygen and daily light without using any extra heat and 
mechanical energy at room temperature. This macro per-
oxide soya oil polymer is an attractive macro intermedi-
ate to prepare graft copolymers. The renewable resources 
such as plant oils gain great importance as monomers and 
chemicals to prepare bio-based polymers. Because soya 
oil contains different unsaturated fatty acid esters such as 
linolenic acid, linoleic acid and oleic acid, the oxidized 
polymer has multimodal GPC chromatograms. The sol-
vent/non-solvent mixture is suggested to extract the high-
est molecular weight of the oxidized polymer from the 
crude Psbox.

The first time, gold NP as a catalyst were used in the 
autoxidation process and a soya oil polymer was obtained 
even after a five day oxidation period while the autoxida-
tion time takes nearly one month to obtain an oxidized 
soya oil polymer without Au NPs. The oxidized part of the 
soya oil polymer changed from 4.1 mol% to 10.5 mol%. 
Au NPs also increased the oxidized parts in the soya oil 
polymer.

The elastomeric, soft polymer film obtained from 
the first fraction of the soya oil polymer with or without 
Au NPs can be a promising biomaterial as a biodegrad-
able macro peroxide initiator. Autoxidation in view of the 

polymer science especially will be very attractive to read-
ers. In this work, as a renewable resource, soy bean oil is 
also a monomer to produce bio-based materials. Soybean 
oil polymers also lead to the production of graft copoly-
mers soluble in organic solvents.

A biodegradable graft copolymer can be obtained when 
a vinyl monomer is polymerized with a macro peroxide 
initiator.
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