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Abstract—Olive oil based polyurethanamide/ZnO biocomposites were prepared by energy efficient microwave irradi-
ation technique. The biocomposites showed good coating properties: scratch resistance, impact resistance, adhesion and
flexibility retention. The corrosion studies carried out by potentiodynamic polarization measurements exhibit inhibi-
tion efficiency of 99.99% in 5% NaCl, 99.99% in 3.5% HCI, and 99.94% tap water, respectively. The overall approach is
significant as it focuses on the utilization of vegetable oil, a sustainable material, polyurethanamide, synthesized through
an energy efficient technique, at lower temperature, in lower reaction time, promoting value addition through simple
chemistry. The coatings provide corrosion protection by barrier action.
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INTRODUCTION

Polyurethanamide (PUA) is an emerging class of polymer from
vegetable oils [VO]. Here urethane and amide linkages are present
in the same polymeric chain. VO based PUA is prepared by the
addition reaction between -OH groups of diol fatty amide (DFA)
and -NCO groups of a diisocyanate. The urethane linkages enhance
abrasion resistance, toughness, and chemical resistance, providing
protection in outdoor services, while the amide linkages enhance
alkali resistance, thermal stability and tensile strength [1-4]. Karak
et al. synthesized PUA by chemical reaction of Nahar oil based
DFA and toluene-2,4-diisocyanate [TDI] in presence of dibutyltin-
dilaurate (catalyst) and polyethylene glycol (chain extender) [5].
Ahmad et al. synthesized PUA by one shot technique using DFA
from Linseed, Pongamia glabra, Castor oil and TDI for corrosion
protective coatings [6-8]. In their latest work they have modified
Pongamia, Linseed oil derived PUA through the incorporation of
metal and metalloid (boron and silicon) with improved perfor-
mance relative to the virgin PUA [9-12].

For advanced applications, the modification of polymers as nano-
composites (PNC) with very low loading (less than 5 vol%) of well
dispersed nanosized fillers gets much attention due to their unique
mechanical, thermal, and optical properties [13]. The properties of
PNC depend on the particle size, shape and loading, and also the
distribution of (fillers) nanoparticles in polymer with good adhe-
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sion at the interface [14]. There are various inorganic nanoscale
fillers such as nanoclay [15,16], nanosilica [12], nanosilver [17],
aluminum oxide [18], titanium dioxide [19,20], zinc oxide (ZnO)
[13], nano-ZrO2 [21], nano-iron oxide [22,23], graphene [24] and
carbon nanotube [25] with varying particle sizes along with sur-
face modifications, that have been used in very low % to improve
the overall performance of the polymeric materials [26].

ZnO nanoparticles are non-toxic. They can be used to produce
environmentally benign materials with excellent optical, chemical,
thermal, mechanical and biological properties. They have versatile
applications in different fields such as in transparent electronics,
ultraviolet light emitters, photocatalysis, photo protecting devices,
piezoelectric devices, chemical sensors, optoelectronic materials,
spin electrics, UV-absorbing materials, cosmetics, along with anti-
microbial and corrosion protective coating materials [13].

We selected virgin olive oil (VOO) for the synthesis of PUA and
their ZnO nanocomposite. VOO is a non-drying oil (iodine value=
81, acid value=1.5 mg KOH/g, specific gravity at 27 °C=0.9133) ob-
tained from olive seeds (olea europaea, family oleaceae), used in phar-
maceuticals, cosmetics, and soaps. We developed polyetheramide
from VOO for corrosion protective coatings [27]. In the present
work we have synthesized VOO based polyurethanamide (OPUA)
(curable at ambient temperature) and also polyurethane nanocom-
posite OPUA/ZnO coatings from VOO derived DFA (soft segment),
TDI (hard segment) and different concentrations of ZnO nanopar-
ticles (as filler) via microwave assisted method for their use as
advanced coating material. The chemical structure, morphology,
mechanical properties, thermal properties, and optical properties
of OPUA/ZnO nanocomposites were investigated as a function of
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ZnO loading. A literature survey revealed that the modification of
PUA derived from VO has been accomplished by inclusion of
metal, metalloid, nanosilica, nanoclay; however, the modification of
PUA with nano-ZnO has not been reported yet [9-12]. The pres-
ent research work provides a synergistic approach towards the uti-
lization of a renewable resource by an energy efficient pathway to-
wards value addition; OPUA serves as the “greener” matrix while
nano-ZnO as nanofiller provides reinforcement to the matrix, thus
showing synergism.

EXPERIMENTAL

1. Materials

VOO (Turkey via Reef Corporation for Import and Export,
Riyadh, KSA; fatty acid composition: oleic acid 80%, linoleic acid
5%, linolenic acid 1%, palmitic acid 10%) [27], diethanolamine
(RiedeldeHaen, Germany), methanol, sodium metal, TDI (Acros
Organics, USA) were used as received.

DFA of VOO, i.e., N-N"bis(2-hydroxyl ethyl) olive oil fatty amide
[HEOA] and ZnO nanoparticles used in the study were prepared
by previously reported methods [27,28].

2. Synthesis of Olive Polyurethanamide (OPUA)

HEOA (0.10 mol) and TDI (1.0 mol) along with 8-10% xylene
were taken in an Erlenmeyer flask. The reaction mixture was heated
at 140+2°C for 1 min under MW irradiations in a MW oven
(MicroSYNTH PLUS, Milestone, Sorisole, BG, Italy). The comple-
tion of reaction was monitored by TLC and FTIR.

3. Synthesis of OPUA/ZnO Nanocomposite

10 gram of OPUA along with 20 ml xylene were placed in an
Erlenmeyer flask and heated at 28+2°C for 30 sec under MW
irradiations and then ZnO (0.4 wt%, 0.6 wt% and 0.8 wt%) was
added slowly. It was again heated at the same temperature for 2-
3 min under MW irradiation. The synthesized systems are abbre-
viated as OPUA-0.4, OPUA-0.6 and OPUA-0.8. Last numeral in-
dicates the wt% of ZnO wir.t. OPUA.

TEST METHODS

FT-IR spectra of OPUA/ZnO nanocomposite were taken on an
FT-IR spectrophotometer (Prestige-21, FTIR-8400S, Shimadzu Cor-
poration, Kyoto, Japan) using NaCl cell. The thermal analysis was
performed on TGA/DSC1 (Mettler Toledo AG, Analytical CH-
8603 Schwerzenbach, Switzerland), at a heating rate of 10 °C/min
in N, atmosphere. Molecular weight of OPUA resin was meas-
ured by GPC (HT-GPC Module 350A, Viscotek, Houston, TX,
USA). Tetrahydrofuran was used as eluent at a flow rate 1.0 ml/
min and calibrated with polystyrene standard. Refractive index
was taken on Abbe Refractometer, Model R-4 Indian, Rajdhani
Scientific Instrumets Co. India. Different compositions of OPUA/
ZnO nanocomposite coatings were prepared using 40 wt% of OPUA/
ZnO nanocomposite in solvent (xylene) by brush technique on com-
mercially available mild steel (MS) strips of 30 mmx10 mmx1 mm
for corrosion resistance and 70 mmx25 mmx1 mm for gloss test
(ASTM D523-89) (Model RSPT20, Digital Instruments, Santa Bar-
bara, California, USA) at 45°, scratch hardness (BS 3900), pencil
hardness test (ASTM D3363) (Wolff~-Wilborn tester, Sheen instru-

ments, England), cross hatch adhesion test (ASTM D3359-02),
impact resistance (IS; 101 part 5/sec-3, 1998), bend test (ASTM D
3281-84) and to measure the thickness of coatings by thickness gauge
(Model 456, Elcometer Instrument, Manchester, UK). The nano-
composite was studied by Transmission Electron Microscope (JEM-
2100E Jeol, Japan). Scanning Electron micrographs (SEM) (JEOL,
JSM 7600F, Japan) were taken for OPUA/ZnO coating and also
OPUA/ZnO coating immersed in 5wt% NaCl (240 hr), 3.5 wt%
HCI (5 hr) and tap water (240 hr).

Potentiodynamic measurements were performed in three elec-
trodes at room temperature, a platinum electrode as counter elec-
trode, and saturated calomel electrode (SCE) as reference electrode.
The specimen as working electrode was embedded by polytetera-
fluroethylene (PTFE), exposed surface area of 1.0 cm” to different
corrosive media 3.5 wt% HCI, 5 wt% NaCl and tap water (Cl” ion
163.303 ppm, S* ion 139.375 ppm, Ca™* ion 35.310 ppm measured
by ICP Mass). Tafel curve were carried out using a computer-con-
trolled Auto ACDSP (ACM Instruments) with Boukamp software.
Potentiodynamic (Tafel) polarization curves were obtained using a
sweep rate of 1 mV/s in the potential range of +250 mV with respect
to the initial open circuit potential. The linear Tafel segments of
anodic and cathodic curve were extrapolated to corrosion poten-
tial to obtain the corrosion potential (E,,,), corrosion current den-
sity (L), and inhibition efficiency (IE %). The IE of the coatings
was calculated by the following equation [27].

Iy, — L.
Inhibition Efficiency (%)= w %100
Ocorr
where I, and L, are corrosion current density of uncoated and
coated MS.

RESULTS AND DISCUSSION

HEOA was prepared by amidation of Olive oil. The free hydroxyl
groups of HEOA reacted with isocyanate groups of TDI by polyad-
dition reaction forming OPUA (Scheme 1) [6-12]. The polyurethane
formation occurs in 1 minute by MW irradiation technique and
in 2 hours by conventional heating [27]. The lowering of reaction
time in former case is due to the interactions between materials and
MW radiations. MW energy is directly delivered to the reaction
mixture. Through molecular interactions with the electromagnetic
field and heat generated by molecular collision and friction, the
reaction is facilitated to occur at very low time period compared
to conventional heating [29].

The strategy holds significance because of the following features:
(i) using VO-a sustainable raw material, (ii) reaction occurring at
lower temperature, (iii) obviating multi step reactions, and (iv) ad-
vocating value addition via “greener” route.

The molecular weight of OPUA was observed to be 5347 (Mw)
and 3765 (Mn) with polydispersity Index as 1.420. Refractive index
values were found to increase from HEOA (1.4903), OPUA-0.4
(1.5100), OPUA-0.6 (1.5108), to OPUA0.8 (1.5118) due to the pres-
ence of urethane linkages and metal oxide, respectively.

1. FTIR

Fig. 1 shows the FTIR spectrum of OPUA and OPUA-0.8. The

OPUA spectrum shows characteristic peaks of polyurethane amide
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Scheme 1. Synthesis of OPUA/ZnO composite.
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Fig. 1. FT IR spectra of OPUA and OPUA-0.8.

at 1,712cm™ (C=0 urethane), 1,622 cm™ (C=O amide), 2273 cm™’
(t, free NCO), 1,230 cm ™ (NCOO-), 697 cm™" (&, very small peak
N-H urethane). The spectrum of OPUA-0.8 also shows the other
peaks characteristic of olive fatty amide chain in OPUA [6-12].
The spectrum of OPUA-0.8 shows some additional peaks, along
with aforementioned peaks, at 3,422 cm™" (OH of ZnO), and 589
cm™, 485 cm™ (-O-Zn-O) [13]. Close examination of the spectrum
of OPUA-0.8 reveals some shifting of peaks as in C=0 urethane
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Fig. 2. TEM micrograph of ZnO nanoparticle in OPUA.

stretching peaks (+5 cm™ shifting), C=O amide (—11cm™ shifting),
and N-H urethane bending (—5 cm ™" shifting).

The presence of peaks at 3,422 cm™ (OH of ZnO) and 589 cm ™,
485 cm™ (-O-Zn-O) can be correlated to the incorporation of nano-
ZnO in OPUA, while the presence of sharp peaks at 692cm™ (&
sharp N-H urethane) and disappearance of free NCO at 2,273
cm™' can be correlated with the chemical reaction between sur-
face -OH of nano-ZnO and free NCO groups of OPUA [6-13].

2. TEM Analysis
TEM micrograph (Fig. 2) clearly shows the presence of ZnO
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Fig.3.TGA thermograms of OPUA, OPUA-04, OPUA-06, and
OPUA-08.

nanoparticles in OPUA matrix. The particles are unagglomerated
with distinct boundaries [28].
3. Thermal Analysis

Fig. 3 shows the TGA thermograms of OPUA, OPUA-0.4 OPUA-
0.6 and OPUA-0.8. The thermal stability of nanocomposites in-
creases with the incorporation of nano-ZnO. The initial weight loss
(5% at loss) is observed at 200-210 °C in all systems. It can be cor-
related with evaporation of entrapped solvent. 10 to 20 wt% wt loss
at 219-300 °C in virgin OPUA and nanocomposites is due to the
degradation of urethane linkages [30,31]. 50 wt% loss at 436-440 °C
in all compositions is attributed to the degradation of amide link-
ages. The amide linkages are more stable than urethane linkages.
80 wt% loss observed at 469-486 °C in all the compositions can be
attributed to the degradation of hydrocarbons (aliphatic and aro-
matic). The increase of weight residue observed at 525°C from
OPUA to OPUA-0.8 can be related to the presence of ZnO nano-
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Fig.4. DTA thermogram of OPUA, OPUA-04, OPUA-06, and
OPUA-08.

particles.

DTA thermograms (Fig. 4) of OPUA, OPUA-0.4, OPUA-0.6, and
OPUA-0.8 show three endotherms, while OPUA-0.8 shows two
endotherms associated with good interactions between nanoparti-
cles and the matrix in the latter. The endotherms at 313 °C, 342 °C,
341 °C and 340°C can be attributed to the restructuring of seg-
ments or melting followed by degradation, the latter being evident
in TGA thermogram within same temperature range. The nano-
composite coatings can be used safely up to 200-210 °C.

4. Physico-mechanical Performance

The coatings were cured at ambient temperature (30 °C). The
cured specimens were subjected to physico-mechanical tests and
corrosion studies after 30 days of their application over the sub-
strate. The curing occurred by (i) solvent evaporation, (ii) reaction
of free isocyanates with moisture as typical in polyurethane coat-
ings, and (jii) auto-oxidation at unsaturation. The thickness of these
coatings was found as 105+5 pm. The coatings showed good gloss
(48), scratch hardness (2.0 kg), impact resistance (150 Ib/inch), flex-
ibility retention (1/8inch conical mandrel) and pencil hardness
values OPUA-0.4(3H), OPUA-0.6(5H), OPUA-0.8(5H). The coat-
ings showed good cross hatch adhesion tape test, indicating good
adhesion to the substrate contributed by polar hydroxyl, isocya-
nate, urethane, amide and ZnO nanoparticles.

5. Corrosion Studies

Fig. 5 shows the potentiodynamic polarization curve of bare MS,
OPUA-04, OPUA-0.6 and OPUA-0.8 after 240h immersion in
3.5% HCl solution. The corrosion potential (E,,,) of bare MS moves
to more noble values from —539.59 to —512.15, —447.25 and —384.80
mV vs. calomel reference electrode. The presence of ZnO nanopar-
ticles polarizes the E,,, in the same direction. As can be seen in
Table 1, the inhibition efficiency of composite coatings is greater
than bare MS in acidic medium. Fig. 6 shows the polarization curve
in 5% NaCl after 240 h immersion; the corrosion potential as well
as corrosion current density decrease from bare MS to OPUA-0.8
(Table 1). Fig. 7 represents the polarization curve in tap water after
252 h immersion. I,,, of bare MS was 4.211x10> mA/cm’ and E,,,,
—679.87 mV. As compared to OPUA-0.4 and OPUA-0.6, OPUA-
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Fig. 5. Tafel plots of (1) MS, (2) OPUA-04, (3) OPUA-06, and (4)
OPUA-08 coated in HCI solution.
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Table 1. Corrosion parameters for coated and bare mild steel in different corrosive environment

*Code Medium S i Eor (mV) I, (mA/cm®)  Corrosion rate (mm/yr) Inhibition efficiency (%)
MS 35%HCI 17172 16318  —539.59 1.8487 21.426 -
OPUA-04  35%HCl 23004 257.02 -512.15 6.63x107* 7.693%107° 99.96
OPUA-06  35%HCI 41350 43320 —447.25 1.18x10°° 1.296x107* 99.99
OPUA-0.8 35%HCI 67517 23157 —384.80 3.79x1077 4.403x10°° 99.99
MS 5%NaCl 5584 59600  —550.83 1.3485 15.629 -
OPUA-04  5%NaCl 52870 40248  —606.37 5.777x107 6.695x107 99.57
OPUA-0.6  5%NaCl 308.53 32492  —596.73 1.043x10°° 1.209%10°* 99.99
OPUA-0.8  5%NaCl 48869 34792  —110.54 1.852x10°° 2.147x107° 99.99
MS Tap water 20099 11123 —679.87 4211x107° 0.488 -
OPUA-04  Tapwater 27891 53443 —706.96 5.353x107* 6.204x10° 98.72
OPUA-0.6  Tapwater 36809 28348  —625.93 2.300x10°° 1.507x10™° 99.94
OPUA-0.8  Tapwater 38215  396.00 158.28 1.393x10°° 2.393%107° 99.94

*Sample code: MS>Bare Mild Steel

g

Potential (mV)

g

<750

1 |
w1 w1 w1’ 1 10 1’ 0

Current (mAlcm?)

Fig. 6. Tafel plots of (1) MS, (2) OPUA-04, (3) OPUA-06, and (4)
OPUA-08 coated in NaCl solution.
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Fig. 7. Tafel plots of (1) MS, (2) OPUA-04, (3) OPUA-06, and (4)
OPUA-08 coated in Tap water.
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Fig. 8. SEM micrograph of OPUA-0.8.

0.8 has smaller I, value, 1.393x10°%, which shows that 0.8% ZnO
nanoparticle containing OPUA has better protection than others.
OPUA-0.8 shows higher inhibition efficiency against the attack of
corrosive media. These results demonstrate that ZnO nanoparticle
containing OPUA coating acts as a protective layer on mild steel
to improve the corrosion protection performance. The biocom-
posites produced compact and uniform, hydrophobic and imper-
meable covering (barrier) at the interface of the substrate and cor-
rosive media, hindering the permeation of corrosive ions.
6. SEM Analysis

SEM micrographs (Fig. 8) of composite coatings show the pres-
ence of ZnO in OPUA matrix. The micrograph (Fig. 9) of NaCl
tested coating shows that the coating is unaffected in saline envi-
ronment; slight deposition of salt is evident on the surface. After
being subjected to acidic environment, the micrograph (Fig. 10)
shows the presence of cracks on the coating surface. However, the
said medium is unable to penetrate the coating and reach the sub-
strate, ie., the coating does not lose adhesion with the substrate
and shows no dissolution or further deterioration. The micrograph
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Fig. 9. SEM micrograph of OPUA-0.8 after immersion in NaCl solu-
tion.

Fig. 10. SEM micrograph of OPUA-0.8 after immersion in HCI solu-
tion.

Fig. 11. SEM micrograph of OPUA-0.8 after immersion in Tap water.

(Fig. 11) of the sample dipped in tap water shows that the coating
is unaffected, however accompanied by slight loss in gloss.

CONCLUSION

Olive oil polyurethanamide/ZnO coatings were prepared by sim-
ple chemical approach at lower reaction temperature, within lower
reaction time, via simple curing strategy. The corrosion protection
mechanism is based upon the barrier action of coatings upon the
substrate, due to good adhesion conferred by polar hydroxyl, ure-
thane, amide groups as well as hydroxyls present on ZnO surface.
The coatings showed good physico-mechanical performance and
corrosion protection in various corrosive media (5 wt% NaCl, 3.5
wt% HC, and tap water). The approach may be well employed on
those oils that are not utilized or find limited utilization till date.
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