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A study of anti—corrosive epoxy coating doped polyaniline and nano

titanium dioxide

Sang Jin Lee

Department of Industrial Chemistry, Graduate school

Pukyong National University

Abstract

Polyaniline (PANI) is —one of the most intensively studied
intrinsically conducting polymers because of its high “polymerization
vield, good/ environmental stability, tunable conductivity, and relatively
low cost, and has received considerable attention over recent years as
a promising conducting polymer for many electronic applications. This
polymer has been found to be an important constituent in coatings
and recently it has drawn attention as an effective ‘material for
corrosion protection. - The soluble polyaniline . (PANI) salts were
synthesized by “chemical~-oxidative polymerization of aniline using
ammonium per sulphate- (APS) as- starting materials. sodium
dodecylbenzene sulfonic acid, camphor sulphonic acid and hydrochloric
acid were used as dopants. The synthesized PANI were characterized
by X-ray diffraction, scanning electron microscope, Fourier
transform-infrared spectroscopy. The anticorrosion performance of
epoxy coating was evaluated by employing EIS. In this study, the
aim was to investigate the effect of dopant used for polyaniline salt
on the corrosion rate of coated steel. The results showed that epoxy
coating systems showed that epoxy coating systems formulated with

PANI have improved corrosion protection in 3.5% saline solution.



Kewords : nanocomposite, titanium dioxide, coating, nanoparticle, EIS
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Table 1. Character of TiO, structures.

Material Anatase Rutile Brookite
Composition Ti0O,
System Tetragonal Tetragonal Orthorhombic
Temperature
(C) 25
3.784 | 3.784 | 9.514 | 4.593 | 4.593 | 2.959 | 9.174 | 5.449 | 5.138
abc(A) |43 | ds |y | > @ TS| e e | e
a,B,y(deg) 90 90 90 90 90 90 90 90 90
Unit cell
volume (A3) 136.3 62.42 257
Dx (g/cn?) 3.89 4,25 4.13
z 4 2 8
space group | P4i/amd (No.141) | P4s/mnm (No.136) Pbca (No.61)
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— PANI Coating

0, + 2H,0 — 40H (Neutral media)

Electrons PANI (ES) =>PANI (LS)
(Acid media)
Fe
&
Fo — NN
Fe Pin Hole
Electrons PANI (ES) — PANI (LS)
(Acid |media)

0, + 2H,0 > 40H" (Neutral media)

N PANI Coating

Fig. 8. Passivation diagram of iron.
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YD-1287 ZAdtA= olwl Zro] 280~320 mgKOH/g= Hlw# =&
DOMIDE G-0930S A}&3te] A2 28 &<t}

(a) Bisphenol®

\L@ by P m_%g )b @o S—

R=H(bisphenol F)
CHs(bisphenol A)

(b) NovolacH
CH,—CH—CH, CH,—~CH—CH, CH,—CH—TCH,

| | |
0] 0 0] (0] (0] 0]
R R R
R=H (phenol novolac)
G i y CHs(cresom novolac))
(c) W< amined
HZC—/CH —CHz\ /CHz_ CH—H,C
H.C — CH—CH, Do S

N/
o \O/

(1N, 1", ' ~tetraslycidl-4,4-diaminodiphenylmetane TGDDM)

H,C—CH—CH,
N N
& N 0~—CH,—CH—H,C
HC— CH—CH, e
N/
o}

(1,N,0-triglycidyl-p—aminophenol)

(@ A8dY

C—0—CH,
0 1
OO
(8,4 —epoxy cyclohecyl methyl - 3,4 - epoxy xyxlohexane carboxylate)
CH-CH,
o@/ o

(4 —vinyl-1-cyclohexenediepoxide)

Fig. 9. Type of epoxy resin.
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of adhesion
' Chemical breakdowan S

Bliisterimg Failure
Water penetrating film and
producing blisters and loss

Corrrosion

Water, with oxygen
corrosion of metal
substrates beneath coating
film

Water acts as a solvent
For reactions between

chemicals /',,-"'

e ¥

Long-term'photochemica L g :
reaoncqao mr:fo?ving wr:;e Albsor;:tlo andrdeu dsorpt]on
oxygen and ultraviolet a'ltem:ti g:pre:ﬂc'::e and
radiation lead to chemical : wld tehsile stre:
> . ! sile stress

\ Q::, bulk phase or
\}\ Droplets at hlgh

Fig. 11. Role of water in coating film deterioration.
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2.12.2. ALl 3% =3 WAYF

frlmere] wabo] o} E v F Ae A9 AUV)OI T, Aol
A oGA B3} mAA R Al F 5t BAAGRA F2

A SlA wAsE A6l @ Pt f71ERe] GEA

ko
_?E
[40

7be w=ske] 3 gEjeolw, w3t MIAYES A7 Fig. 129F o] o] Fof
A,
a) Initiation o .
Initiation may occur at either the
C+hv —C> Polymer (P).itself or at some other
c?— Reaction 1 Unstable coating component (C).
b) Propagation
C'+ 0, — COO Reaction 2 Propagation will inevitably involve
COO* + PH —» COOH + P° Réaction 3 the polymer as free radicals abstract
hydrogen atoms from structure.
COOH+ Ay — CO’ + ‘OH Reaction 4
PH+CO' —» COH+P? Reaction 5 - .
‘ h ; For any reaction involving C there
PH+‘OH —1H,0+P Reaction 6 can-be a corresponding reaction
P+ 0, — POO’ Reaction 7 inyolving P.

¢) Termination (Cross-linking R eactions)

P'+P' —P-P Reaction 8 Termination reactions leading to
POO’ + POO’ —» P-00-P+ 0, Resatiig Cross-linking involve polymer.
. Residual free radicals from other
P*+P0O0’ — P-00-P Reaction10  gpecies may also terminate growing
P’ + PO’ —» P-O-P Peavbion: i chains without cross-linking.
d) Chain Scission
o C”)
-CH,-C-CH,- —» -CH,-C-CH, + ‘CH,- Reaction 12 Chain scission reaction may also
(I3H3 OCCUr.

Fig. 12. Degradation of polymeric coatings by UV radiation.
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Table 29} #Zo] LA (UV)e &7|7F Z24
olye} 9k Yol hydroxyl group®l

N

F sl

R I

(

710 2ol wek Ak 3oo]

& sHA 32l

J

2
Lo

s

Table 2. Effects of UV light-induced degradation in coating films

Aesthetics

Mechanical

Color change
Fading of color
Yellowing
Chalking

Loss of gloss

Change in flexibility

Change in elongation at break
Change in hardness
Change in abrasion resistance

Change in coefficient ,of friction

Increases transmission
Delamination from substance or

intercoat loss of film thickness

Hazing Change in internal stress
Performance Chemical
) ) Oxidation

Aligatoring )

. Hydrolysis
Checking )

) Generation of polar surface

Crazing o

] Increased surface hydrophilicity
Cracking

Change in solubility
Increased wet ability of surface
Change in crosslink density, Tg

and free volume
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A3F A 3

=~

3.1.1. o]2t3 Hetw R Eotdd

b

HoAfo A= titanium(IV) chloride (JUNSEIL 99.9%), H.O (distilled
water), n-butanol (JUNSEIL, 99.0%), aniline(JUNSEI, 93.13%),
dodecylbenzenesulfonic acid sodium salt (ALDRICH), camphor sulfonic
acid(ALDRICH, 98%),: hydrochloric acid (JUNSEI, 36%), ammonium
persulphate (JUNSEI 98%)

3.1.2. A # A3A
BoAFoA "o AFEEH 4A]i= bisphenol-A o Z&A] A (YD-128,

T3t (F)E AHEstlaL, AstAle 9743410 domide(G-0930, = %=

seh(F) 2 739 W& AEah

ol
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3.2. Y o]tz EHElwe ¥4

Al $9e A A7 Gae] wEd

3 AA ZY Alzde AEEgde o, Ao ayE o

=5
)
ftlo
e
I

-

N

HEE

U875 =3 TiCLet &9 (H.O+n-butano)S & 3}ar, 1A 7k 2 A

7bEE AlZth TiCLY PRz By 89S AutoclaveE E3519]
s
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{ Titanium(IV) chloride + n-butanol + H,0 ]

{ Hydro!ysi:; for 1h

Aging for 1h

B o

Hydrothermalya@(}ﬁ“ﬁ“@lh) =

Filéériﬁg(l@__s"times)

rying(60°C, 16h)
| e

-

—

Fig. 13. TiO; nano powder synthesis flow chart.
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3.3. ZTotdd F4
331 3 EFotdd &4

2 AT AFEHE Zgoldd2 Fig. 149 #o] =¥ E(SDBS, CSA,
HCDeF 4F3kA]<l  ammonium persulphate(APS)E o] &3le] ofdd =
chemical oxidative polymerizationste] A3t WA 500 ml A1k
&7l°l 0.5 M SDBS(100ml)¥} obd&l& F9skal ice-baths ] &3k
05 CEZ FA3te] FWAL 055 M ammonium persulphateE 3 % 3]
A7tstAA wbg& it w2 SA]Z_P%OJ A&etqom Agkol
Aol wEt e =S4 57 Al Ak AN EL 6A s
ageingS 7% ¥ distilled waterS 0%} /‘ﬂ 2, oaste] FAh o
HE BAES XA T0CAA AN Tt dxEste] JE A&
9 PANI-SDBSE ¢€= + At #FAFS WHe

=4
PANI-HCl& &4 stsla 2L A4 e 2= = Stk
3.3.2. o]23 HEwe] A7tE EFotdd

ojxtst Elebwo]l Hrbe-ZEletdd2 ok FAE WH o= Fig. 159
= 5

Sl o} polymerization Aol ultrasonications E3}o] 20%

=3
ek TR AR S wrgS X8ste]  PANI-SDBST,
PANI-CSAT, PANI-HCITS 9<& & 9lth

_43_



{ Aniline+ Dopant(SDBS, CSA, HCl) ]

<——- 0.55M APS
 —

- e

Polymerization(0~5°C, 5h) }'
, VA .
Ageing(6h)
| '
1 & | T
WasA\andFiit"er distilled H,0)
J—
Dry (70°C, 24
\‘(\\'% :
'S H‘""*--h___n_
PANI-SDBS, PANI-CSA, PANI-HCI

o

Droping pannel

*"' \
4

lectric stirrer

el

Thermometer
AT
)
APS ) \
i N R
4 n
» § i
& |
-

\ "\:.
el An |neﬂrhpa nt

Fig. 14. Polyaniline synthesis flow chart.
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{ Aniline+ Dopant(SDBS, CSA, HCI)+Ti0,
i
[ Ultrasonicatié)n (20min)

Aniling+Dapant=Tid;

PANI-SDBS, PANI-CSA, PANI-HC|

Fig. 15. Polyaniline synthesis with TiO, flow chart.
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3.4. =23

K

g AEE Az

AWARQl =442 Fig. 169 YERU Sl Al Table 3 ol A<} 2ol
70x150 =71, 08" CR Z4¥& AHE3tdaL, oldd g & & § P220 gt
2 dAnAZ o] gate] KS M ISO 15149 A0 s FWAgE AAee

AEAS Gl EARAIZ E2]obd U(0.2g) 7 epoxy resin(20g)S & #ato]

Table 3. Specimens preparation.

Specimens 70x150, 0.8" CR
Surface treatment £ onl (KS' M ISO 1514)
Applications Bar coater

4 hr (at 25TC)

Curing time 2 hr Aat 80°C)

3.5. 715 €3 AY

ASTM B 117(Standard practice for operating salt spray (fog apparatus)©l

Fato] GFRTANGL QGG AFEPADS A A =S

EEAPOZN 75 Ao e Tyt WA TS Hrtsted 7HE dE
o5 = Aot =&F AIHL chambertolA A&EHo g2 H43F

A DA wFET AP ALHE 4% AL 05N NaClgo]v]
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-\

| 4

? a q { polyaniline

Epoxy Resin /solvent

Curing 80°C x 2hr s ' KS M IS0 1514

Fig. 16. Schematic of epoxy coating.
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Table 4. Accelerated aging condition

Accelerated aging condistion

Electrolyte solution : 3% Sodium chloride

Temperature : 35°C
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3.6.1. Y oJ4itsl Helgy 2 EFordd o 54 4

36.11. X-A g4 &4

HE AAES] A444E Absh7] f8A X-A 31d "2 Cu Ka
radiation¥} graphite crystal monochromators #2F3k X-A 3|4 24 7]
(PHILPS, X'Pert-MPD system)&©}-§3lo] 209 ®E 5~80°7+A
0.02°¢] tA o2 ZA3 .

3.6.1.2. FE-SEM 4

HZT WA= e 3FE BAE, A A AEH s A
7] A8l A=7t 993 FE-SEM(Field Emission Scanning Electron
Microscope;. JEOL, JSM-6700F)< A}-&3}%) t}.

3.6.1.3. TEM 24

HE AAEY vAFx2 2 FAE A9 A7), B TS FAEH]
#3te] TEM(Transmission Electron Microscope, JEOL, JEM-2010)<
AR-&-3F A T}

3.6.1.4. FT-IR 29 Eg £

FE ABEEY FAHAF E FAEIY EAE sl Hsko

FT-IR(Fourier transform infrared spectroscopy, Thermo scientific,

NICOLET iS10)2 =43} t}.
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3.6.2. ULE3 A mH EA B

EdE mute] FEs vlal A5 flelA GE 54 7] (gloss meter,
BYK, micro-gloss meter 60°)& AF-&3to] 9 x 15 me WA & 53] o] %
SAst] Hds AU

36.22. HIAAH A4

59 HFAAPAHLE ASTM D 33599 cross—cut- Al@Wol wal Al
e =gl 2= F48 Wi, ol et n=A FAHES
Az gteol 22 LAA R FH Azggel g wEjAlA S| A7 F9
o] wutulg] AEE Sgko g Hlmwate] 5BOBE 5kt olu, 5B
E vk A8 gl dEE JEd ) B ¢ vteE AEHE YER
ct.

IR ZHe 20T FHo= ZAgge i d e ASTM
D1141e] & 1Fal+E AFEstith. 12132100 KHz ~ 10 MHz7HA|
°of Fu WfolA dIPx FEs FAHER ™ electro chemical
impedance spectroscopy(SOLATRON, FRA 1260, dielectric interface
1296)& AH&stdth Q7F ulr A 50 mV, 54 & decaded 5=
3ttt (Table 5)

_50_



Fig. 18. Electro chemical impedance spectroscopy.

Table 5-Measurement conditions

Electrochemical impedance spectroscopy

Equipments Diclertnie ntenface 1296
Measurement points 5/decade
Frequency range 100 KHz ~ 10 MHz
Applied amplitude AC 50mV
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FE-SEM imageS %3l dAZEe] S5 0] &2A5ATE TEM images

satol dzke] 2717F oF 20 nm F = ]l As = 5 (Uek(Fig. 20)
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PEEE S |V
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10 20 30 40 a0 50 70 a0
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Fig. 19. Comparison of XRD pattern of TiO: nanopowder prepared in

this work with commercial TiO, products.
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(c)

Fig. 20. FE-SEM and TEM images of TiO, nano powder, a)
FE-SEM image x 10,000, (b) FE-SEM image x 100,000 and
(¢) TEM image.
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Fig. 21. XRD patten of polyaniline:
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4.2.2. FT-IR 29 &3} £4

AukHel Zgleldele] FT-IR ~#Ego M 1600 cm'e] ¥ =9}
1500 cm o) 9z2E Esto] Y o AFAEHS =3 oiE
At 1600 cm Ao FaE Zgoldd A& o AlstE Rl

Arol=g e &S yepith wkA 1500 cm 'olA Y ¥ 3= Egold
drrEUe] FYE FEQ wiAlmol=go] EA7) urapgrq oA Arst
g Egold 9 P FAreol=g o] FFATIZE A
119 B2 Yepbdo vbd =sgE Zejold 9 7§% ol =)o
ge 1600 cm ' ¥-29 Azt A9 vEhA ghErh oWl AdeAE
ZEjotdd GAAREH FAES AASFAA Wi istE S YEve
1600 cm ‘o] FA7F Aol WERYA] ook FHofl & Etstar 1600 cm !
o] 97} ek
12te] =REE o] &ete] d4dE Z

o,
o
rlr
g
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742} = 1

25 A3 1585cm '9F 1493cm ! F-o] A3 F Y FdE WAd
w9 A= el C=CY A=xFo] gt Aoz woln, o] F F
e FFAZRE SIS FASE Atk 53], 1493 cm'!
B2o WAy ] C-Ce AEHFTFd7E A Ve Atsy
He #A=3 185 2oy aglgrt 458 58 F ddnh 1
23 1302 cm ' Fol A YElYE F4dlE C-C AF5AEd 93 Ao

2 HolW, 1250cm 'FZo YEhUYE FFUE secondary  aromatic
amine®] C-No. 2 #Hlt} (Fig. 23)
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Fig. 23. FT-IR analysis of Polyaniline.
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4.3. =& A

431 39 R HAAAY A

EaA e Aol wal WA u
g HE A FAsrh YHY HAE A% BE JFo| ]

Fig: 24. Epoxy coa-ting fofmulated with. polyaniline.

i

Epoxy PANI-HCI PANI-HOT PANI-CSA PANI-CSAT PANI-SDBES | PANI-SDBST

Gloss 30 105 %0 103 98 44 38

Gloss 4week 25 103 88 100 97 41 35

Adhesion 48 5B 5B 4B 5B 4B 48

Table 6. Gloss and adhesion of epoxy coating with polyaniline
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Fig. 25. Body plot for epoxy.
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Fig. 26. Body plot for PANI-HCI.
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Fig. 27. Body plot for PANI-HCIT.
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Fig. 28. Body plot for PANI-CSA.
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Fig. 29. Body plot for PANI-CSAT.
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