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Preparation and corrosion inhibiting mechanism of
bio-based cerium phytate nanoparticles
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Liaoning, China )

Abstract: A series of epoxy coatings with different cerium phytate (Ce-PA) content (based on the mass of
epoxy resin, the same below) was obtained by adding bio-based anticorrosion pigment Ce-PA prepared from
phytic acid (PA) and cerium nitrate. Ce-PA was characterized by FTIR, TGA and SEM. The microstructure,
mechanical properties and corrosion resistance of the coatings were analyzed, while the action mechanism
of Ce-PA in epoxy coating was discussed. The results showed that Ce-PA, with an average diameter of 185 nm,
displayed a good mono-dispersity and thermal stability. In addition, Ce-PA dispersed homogeneously in
epoxy coating and led to good mechanical properties. Ce-PA leaching solution effectively protected aluminum
alloy from external corrosive media, with protection efficiency reaching 98.7%. The prepared epoxy coating
with 4% Ce-PA presented the best protectiveness for aluminum alloy, with the coating resistance of intact
coating maintained at 1.0x10® Q-cm? after 50 d of immersion in mass fraction 3.5% NaCl solution, while
the coating resistance of the coating with artificial defect also reached 7.5x10° Q-cm? after 14 d of
immersion in mass fraction 3.5% NaCl solution. Ce-PA could release Ce*" and PA" and form a composite
protective film composed of PA conversion film and Ce(OH), on the surface of aluminum alloy, thereby
effectively improving the corrosion resistance of the epoxy coating.
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Fig. 1 Schematic diagram of preparation process of Ce-PA
nanoparticles and coating
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Fig.3 TGA (a) and DTG (b) curves of Ce-PA
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Fig. 4 Cross-section SEM images of Ce-PA (a), EP coating
(b), EP-2 (c), EP-4 (d), EP-6 (e), EP-8 (f), EP-10 (g)
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Fig. 5 Polarization curves (a), Bode plots (b), and Nyquist
plots (c) of aluminum alloy immersed in the extract
of Ce-PA and mass fraction of 3.5% NacCl solution,
equivalent electrical circuit used to fit the EIS
curves (d)
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Table 1 Fitted polarization parameters and inhibition
efficiency of AA2024 aluminum alloy immersed in
Ce-PA leaching solution
Econ/
SEL AT o icon/ 7bc/ ba/ 0,
B (Vs (uA/m?) (mV/dec) (mV/dec) 1'%
SCE)
B R 3.5%m —1.268 2.3x107% 55 36 —
NaCl i 0 h
Ce-PAIRHM 8h  -1.077 1.9x10° 36 35 97.4
Ce-PA BRI 16 h  —0.695 83x10° 229 19 98.6
Ce-PA 2k 24h  -0.653 9.7x10° 29 27 98.7
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Table 2  Fitted results of impedance parameters of AA2024 aluminum alloy immersed in Ce-PA leaching solution

2 — R(S-cm’) P Rol@enty  Zbornd
YJ/(F-S"Vem?) ne Yal(F-S"V/em?) R (Q-enm)

M 3.5%11 NaCl i& 5.9x10°° 0.84 3.0x10* 5.1x107° 0.84 3.0x10* 1.2x10°
Ce-PA B 8 h 3.9x10° 0.86 1.5x10° 1.1x10°° 1.00 5.7x10* 2.2x10°
Ce-PA iZHK 16 h 1.2x10° 0.64 6.7x10° 2.6x10°° 0.91 3.0x10° 5.6x10°
Ce-PA E MK 24 h 1.7x107° 0.86 1.7x10° 1.6x10°° 0.62 2.8x10° 2.7x10°

T YoMl Yo MW MGMAITHE, TR,

Bl 6 AA2024 58E 4 AR /04 3.5%) NaClLIEH PR 0h (a). 2h(b). 16 h(c). 24h (d) B SEM & K75 Ce-PA

BB HIRH 20 (e), 16h (f), 24h (g) HY SEM A

Fig. 6 SEM images of AA2024 aluminum alloy immersed in mass fraction 3.5% NaCl solution for 0 h (a), 2 h (b), 16 h (c),
24 h (d), as well as immersed in Ce-PA leaching solution for 2 h (e), 16 h (f), 24 h (g)
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24 h J5 ) EDX %4

MFE 3 AL IS P Al Ce JTLEK , 2 Ce-PA
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SRR —BE G R, ARANH 7HE4 48
A R e

£ 3 AA2024 FBA4LTE Ce-PA B HTNIEW 24 h JF WY

EDX #(¥5
Table 3 EDX data of AA2024 aluminum alloy immersed in
Ce-PA leaching solution for 24 h

R ETRR RSB T AEE %
Al 13 94.33 92.04
0 8 4.24 6.98
P 15 1.08 0.92
Ce 58 0.34 0.06

23 BREMNNFMEEST

T A NARRNIRIZN 122 RE

M 4 TTLEH, AARZTERINK Ce-PA
J& . EP2~EP10 [WETERMFE | LRI . il vhdi g 5
W S TC B Asfk, RIHL R 8 1 eEbERE, X
FEIE BTk Ce-PA A B/NRIAL, BEXEHA
WIE R AL, RO IR AR IR )2 TR IR g i
(10%) B9k Ce-PA, BASHE N AIRIE T2
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Fig. 7 OCP of different coatings immersed in mass fraction 10Fe 100
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Fig. 8 Bode plots of different coatings immersed in mass
concentration 3.5% NaCl solution for different time
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Fig. 9 Nyquist plots of different coatings immersed in
mass fraction 3.5% NaCl solution at different
immersion time
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Table 5 Fitted parameters of EIS curves for complete coatings

CPE, CPEq
1L ) /d w2 RJ(Q-cm?) R/(Q-cm®) | Zloo1 1/ (Q-cm?)
Y/(F-S"'/em?) ne Yo/(F-S" ' /em?) na
0 EP 1.4x107° 0.98 2.0x10° 9.7x107° 0.63 6.5x10* 1.6x10°
EP-2 1.7x10°° 0.95 2.5x10* 8.5x107° 0.55 2.7x10° 1.8x10°
EP-4 1.2x107° 0.97 9.6x10° 4.8x107° 0.61 3.9x10° 5.6x10°
EP-6 2.1x107° 0.96 1.4x107 3.5x10°® 0.53 2.5x10* 3.3x10’
EP-8 2.3x107° 0.96 9.3x10’ 2.9x10° 0.56 2.4x10* 3.9x107
EP-10 2.3x107° 0.94 3.9x10° 1.3x10°® 0.49 2.8x10° 2.8x10*
7 EP 2.8x10°® 0.93 9.1x10’ 1.5x10°® 0.45 2.1x10° 7.1x107
EP-2 1.1x10°® 0.85 1.6x10° 9.1x10°® 0.75 2.9x10° 1.4x10°
EP-4 2.6x107° 0.93 3.6x10° 6.6x107° 0.60 2.2x10° 7.1x10°8
EP-6 6.9x107° 0.88 4.1x10’ 2.8x10° 0.50 7.1x10° 1.3x10°
EP-8 1.1x10°® 0.85 2.3x10° 1.9x10°8 0.61 1.6x107 2.3x10°
EP-10 3.2x107° 0.92 1.1x10° 9.6x107° 0.52 3.5x10° 4.1x108
15 EP 3.5x10°" 0.91 1.5x10° 3.7x10°® 0.30 2.7x10° 4.5x107
EP-2 1.9x10°® 0.80 3.0x10’ 1.3x107 0.99 9.2x10° 8.8x107
EP-4 4.1x107° 0.91 9.9x10° 4.9x107° 0.61 2.1x10° 8.4x10°
EP-6 1.1x10° 0.86 7.3x107 1.1x107 0.48 1.8x10° 2.6x107
EP-8 1.2x10° 0.86 4.3x10° 6.4x10°" 0.50 8.6x10° 6.0x10’
EP-10 3.3x107° 0.92 1.5%x108 1.2x10°® 0.49 1.5%x10° 3.1x10*
30 EP 6.1x10°* 0.87 4.9x10° — — — 1.6x107
EP-2 2.0x10°® 0.80 1.4x107 1.3x107 1 5.6x107 5.8x107
EP-4 6.7x107° 0.83 3.5x10° 5.7x107° 0.55 7.8x107 5.9x10*
EP-6 1.3x10° 0.85 1.5%x107 3.2x1077 0.45 4.6x10° 7.0x107
EP-8 1.4x10° 0.86 2.4x10° — — — 6.9x107
EP-10 4.3x107° 0.90 1.1x108 1.1x10°® 0.49 2.6x10° 3.3x10°
50 EP 6.9x10°* 0.86 2.3x10° — — — 6.9x10°
EP-2 8.3x10°" 0.87 3.9x10’ 1.4x10° 0.75 4.9x10* 4.0x107
EP-4 7.3x107° 0.88 5.9x10° 1.9x107° 0.54 5.0x107 4.1x10°
EP-6 1.4x107® 0.85 8.9x10° 3.1x1077 0.43 4.1x10° 5.4x10°
EP-8 1.4x10°® 0.85 4.2x10° — — — 9.2x10°
EP-10 8.8x107° 0.87 1.1x108 1.3x10°® 0.57 1.2x107 3.0x10°
b CPE, b7 5 UKL RE 5 A RE ] T AL, Ao ) A RRE K TR

& 10 SEA0H
Fig. 10 Equivalent electrical circuits
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Fig. 13 Nyquist plots of coatings with artificial defects
immersed in mass fraction 3.5% NaCl solution
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Table 6 Fitted parameters of EIS for coatings with artificial defects

CPE, CPEq
2t al/d )z RJ/(Q-cm?) R/(Q em®)  |Zoo u/(Q-cm?)
Y/(F-S""/em?) ne Ya/(F-S""/em?) nal
0 EP 2.5x1077 0.79 2.1x10° 1.4x107 0.87 1994 2.2x10°
EP-2 5.6x1077 0.78 3.4x10° 1.6x107° 0.86 706 4.3x10°
EP-4 1.6x107° 0.75 7.9x10° 1.6x1077 0.84 406 7.1x10°
EP-6 4.8x1077 0.73 3.5x10° 4.5x10°¢ 0.85 1945 3.4x10°
EP-8 4.3x1077 0.73 2.9x10° 3.5x1077 0.72 885 2.6x10°
EP-10 1.8x10”7 0.72 5.4x10° 3.9x1077 0.77 1576 4.3x10°
1 EP 2.0x10”7 0.83 1.7x10° 2.2x10° 0.82 868 1.9x10°
EP-2 3.5x10°® 0.82 2.5x10° 4.1x1077 0.84 395 2.3x10°
EP-4 7.6x10°® 0.77 9.7x10° 1.9x1077 0.82 1756 8.0x10°
EP-6 4.5x10°® 0.78 6.1x10° 1.7x1077 0.82 291 6.5x10°
EP-8 8.2x10°* 0.76 2.2x10° 3.0x1077 0.80 111 2.2x10°
EP-10 1.8x10”7 0.71 4.5x10° 3.1x107 0.82 2602 3.9x10°
7 EP 1.8x10° 0.65 6.1x10° 1.4x107° 0.85 360 7.7x10°
EP-2 2.7x10°® 0.84 2.3x10° 3.4x107 0.83 378 2.2x10°
EP-4 2.6x10°® 0.80 1.5x107 2.3x1077 0.81 761 1.2x107
EP-6 2.1x10°® 0.81 3.6x10° 8.5x1077 0.71 410 3.3x10°
EP-8 8.5x10°* 0.72 6.9x10° 3.5x107 0.72 500 5.9x10°
EP-10 9.3x10°® 0.77 4.2x10° 2.5x1077 0.77 1003 3.6x10°
14 EP 1.0x10° 0.20 1.9x10° 1.2x10° 0.96 389 1.7x10°
EP-2 2.2x10°® 0.86 3.2x10° 3.0x1077 0.83 426 2.8x10°
EP-4 4.3x10°® 0.77 7.5x10° 2.6x1077 0.78 1116 6.0x10°
EP-6 7.9x10° 0.56 4.9x10° 1.4x107 0.86 943 4.1x10°
EP-8 2.7x107 0.66 2.1x10° 3.6x10°® 0.90 1264 2.0x10°
EP-10 1.0x10° 0.61 1.3x10° 3.2x1077 0.89 10000 1.2x10°




TR, A AW S A KA TR il ) ) B R S0 2 H 4 G e 1 A L

* 1489 -

al, a2—EP I%)Z; bl. b2—EP-2; cl. c2—EP-4; dl. d2—EP-6; el. e2—EP-8; fl. f2—EP-10
Bl 14 BREEIREMRE (al~fl) KM (a2~f2) SEM K
Fig. 14 Surface (al~fl) and inside (a2~f2) SEM images of coatings with artificial defects

®7OWERI 14 d FHEEAL I EDX
Table 7 EDX data at the defect of coatings after 14 d immersion
Wi ook mEEEC mmsmes o UNC| we ok mERE meme oo U
EP (6] 8 54.85 64.46 EP-6 Al 13 65.17 55.01
Al 13 39.47 27.51 (6] 8 28.23 40.19
C 6 4.84 7.58 P 15 6.50 4.78
Cl 17 0.84 0.45 Ce 58 0.10 0.02
EP-2 (6] 8 49.33 62.50 EP-8 Al 13 55.80 46.56
Al 13 44.76 33.63 (0] 8 33.50 47.14
P 15 5.91 3.87 P 15 8.08 5.87
EP-4 Al 13 46.20 37.61 Ce 58 2.63 0.42
(6] 8 38.78 53.24 EP-10 (6] 8 42.65 58.15
P 15 12.30 8.72 Al 13 40.36 32.63
Ce 58 2.72 0.43 P 15 11.98 8.44
Ce 58 5.01 0.78
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Al-3e — AI* (2)
2H,0 +2¢ — H, +20H" (3)
AP*+30H — AI(OH); | (4)
Ce-PA — Ce*" + PA™ (5)
Ce*' +40H — Ce(OH), | (6)
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Bl 15 50 d £h5 SRl A IR 2067 MR
Fig. 15 Optical photos of different coatings before and after 50 d salt spray test
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