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Abstract

Intelligent coatings, also called smart coatings, refer to coating systems capable of
sensing the generation of corrosive environments, and self-responding to corrosion
occurrence in demand. In this research, an intelligent coating technology based on doping
of home-prepared nanocontainers pre-loaded with inhibitors- in an epoxy host coating
was developed for effective corrosion protection of pipeline steel.

The performance of benzotriazole (BTA) inhibitors on preventing corrosion of an
X65 pipeline steel was investigated in a bicarbonate solution. A layer of protective
inhibitor film with a roughness of nano-meter scale was formed on the steel surface,
inhibiting corrosion of the steel.

To determine the compatibility of nanocontainers with the host coating, multi-
layered Halloysite polyelectrolyte nanocontainers were fabricated and doped in an epoxy
coating. The coating containing Halloysite nanocontainers possessed enhanced corrosion
resistance. The corrosion resistance of the coating was improved with the increasing
content of the Halloysite nanocontainers in the coating.

To improve the ability of nanocontainers to encapsulate inhibitors BTA, a SiO>
nanoparticle based polyelectrolyte assembly was prepared as the BTA-encapsulating
nanocontainers. At either low or high pH value (e.g., pH 2 or 11), the BTA was released
to prevent steel from corrosion in chloride solutions. The Korsemeyer-Peppas model
provided an estimation of the inhibitor-releasing rate, which served as the base for
prediction of the service life of the intelligent coatings.

An intelligent coating was developed by doping the BTA-encapsulated, SiO2 nano-

particle-based polyelectrolyte nanocontainers in the epoxy coating. For the pipeline steel



coated with the intelligent coatings, the corrosion inhibition was time dependent upon
self-releasing of the encapsulated inhibitors from the nanocontainers. With the increasing
content of the BTA-encapsulated nanocontainers in the coating, both the coating
resistance and corrosion resistance of the steel increase, resulting in a reduced corrosion
of the steel.

Furthermore, superhydrophobic zinc nano-films were fabricated on X65 pipeline
steel. The optimal condition for electrodeposition was under the current density of 100
mA/cm? for 20 mins. The fabricated superhydrophobic, which had a water contact angle
up to 158.4°+ 1.5 possessed a satisfactory antifouling and self-cleaning ability, and

provided an effective corrosion protection to the steel in a chloride solution.



Acknowledgements

The research work reported in this thesis was carried out in the Department of
Mechanical and Manufacturing Engineering at the University of Calgary under the
supervision of Dr. Frank Cheng.

Firstly, I would like to express my sincere gratitude to my supervisor, Dr. Cheng for
his excellent supervision, invaluable guidance, constant encouragement, careful and
patient assistance and friendly help throughout my whole Ph.D. program. His deep love
and perception of science, his persistent endeavour for pursuing the truth, and his
consistent efforts at achieving perfection have always inspired and helped me carry out
this research project.

Thanks are also given to the members in my group for their companion, helps and
valuable discussions in this work. Sincere acknowledgment is also made to the students
in Dr. Hua Song’s group in the Department of Chemical and Petroleum Engineering for
their useful assistance. | wish to express my deep gratitude to Dr. Michael Schoel for his
sincere help in technical guidance.

This research was supported by the University of Calgary through the Seed Grant
Program, CH2M Hill, and Natural Science and Engineering Research Council of Canada

(NSERC).



Dedication

For
my parents and other family relatives,

and for others who have taught, encouraged and supported me over the past years.



Table of Contents

ADSTTACT ...ttt b i
ACKNOWIEAGEMENTS ... bbb 1\
DT [ or: {1 P SOPUTTORTROR SRR %
TabIe OF CONENTS .....oviiiiicieee e bbbt Vi
LIS OF TADIES ... ettt nbe e nneas X
List of Figures and HIUSLratioNS ..........c.ooieiiiieiiee e Xi
List of Symbols, Abbreviations and Nomenclature.............cccooevivevinienieene e XVii
CHAPTER ONE: INTRODUCTION ...ttt 1
1.1 Research DackgroUnd...........coiiioiiiii e 1
1.2 RESEAICH ODJECHIVES. ......iiiieiece ettt 4
1.3 CONLENE OF TNESIS ..ottt ettt eeenes 5
CHAPTER TWO: LITERATURE REVIEW. ..ottt 7
2.1 Corrosion as a primary mechanism resulting in failure of engineering structures....7
2.2 Corrosion protection by the combination of coatings and cathodic protection.......... 8
2.3 Technical challenges in conventional coatings for corrosion protection................. 13
2.4 Intelligent coating teChNOIOGY .........cocoiiiiiiiiiic e, 15
2.4.1 Recognition of intelligent Coatings...........cccveveiieieere i 15
2.4.2 Fabrication of micro/Nan0CoONtAINEIS.........ccevviieiieriesieseese e e e 19

2.4.3 Releasing mechanisms of encapsulated inhibitors from the micro-
INANOCONTAINETS ...ttt s e sre e e neesreeneeeneesreense e 25
2.5 SuperhydrophobiC COALINGS.......ccviiieiieie et ereas 30
2.5.1 Recognition of superhydrophobiC coatings..........ccccoveveiineneniniiieeeee, 30
2.5.2 Fundamentals of surface superhydrophobicCity...........c.ccccoeiiiiiiieiiiiciee, 31
2.5.3 Typical functions of a superhydrophobic surface ..........cccceceeveiieiiiiciiennnn, 32

CHAPTER THREE: INHIBITIVE PERFORMANCE OF BENZOTRIAZOLE FOR
STEEL CORROSION STUDIED BY ELECTROCHEMICAL AND AFM

CHARACTERIZATION ..ottt sttt st ste st saan e s ren e 40
I8 N [ (0o [ w1 (o o TSR 40
3.2 EXPEIIMENTAL ... 41

3.2.1 Specimens, solution and iNNIDITOr ............ccceiieiiiicie e, 41

3.2.2 Electrochemical tESTING .......cccvviriiiiiiiee e 42

3.2.3 Surface CharaCterization ...........ccccoovueiiiiei i 43
3.3 RESUIS AN AISCUSSION ..ottt ettt e st ee e e s e r e e s e e e e e e eaees 43

3.3.1 OCP MEASUIEMIENTS .vvviieeiiiiiirrreeieee e e e s s sttt e e e e e s s s ssab b b e s e s e e s s s ssbbbbreeseesessssssrrnes 43

3.3.2 Polarization CUurve MeaSUIEMENTS .......ccvvireiiiriieesiirie e eeriee et e s sraee e s enaaeeas 45

R I = S [T T T =] . [=T £ 47

3.3.4 AFM CharaCteriZation ........ccveveeiiiiiiieiiiiiie et eibre e bbb 48

3.3.5 Analysis of inhibiting mechanism of BTA........ccccoiiiiiien e 49
e SUMMIAIY ..ottt e e e et e et e et e e es b e e e anbe e e anbe e e snbeeesnbeeasaeeanneeansnaens 51

Vi



CHAPTER FOUR: FABRICATION OF HALLOYSITE NANOCONTAINERS
AND THEIR COMPATIBILITY WITH EPOXY COATING FOR

ANTICORROSION PERFORMANCE ..ottt 53
g I g oo [0 Tox 1 o o ST 53
4.2 EXPEIIMENTAL.......eiiiiiiiiiee ettt e neanes 54

4.2.1 Preparation of Halloysite polyelectrolyte nanocontainers.............cccccceevvenenn. 54

4.2.2 Preparation of epoxy coatings doped with Halloysite nanocontainers............ 56

4.2.3 Characterization of the NaN0CONTAINETS ..........ccccvvvriiieieere s 57

4.2.4 Electrochemical MeasuremMents .........cccooveiiieieiieiieese e 57
4.3 RESUILS aNd QISCUSSION ....vvevviiiieiiisiesiee ettt bbb 58

4.3.1 Preparation Of @POXY COLINGS ......ceveieiereiiniiniesie e 58

4.3.2 Morphological characterization of prepared Halloysite nanocontainers......... 61

4.3.3 FTIR CharaCterization ..........cceiveueiieiieie et 63

4.3.4 EIS MEASUIEIMENTS ....ovtiiiiiiiieeiie ettt 64

4.3.5 Morphological observation of coated steel electrodes ............cccocevvrvviirennenn. 67

4.3.6 Analysis of the compatibility of Halloysite nanocontainers with epoxy
coating and the anticorrosion performance of the prepared Halloysite-
CONEAINET CORLINGS. .....viuierieteiterte sttt ettt 69

T 1 010 T YRR 76

CHAPTER FIVE: FABRICATION OF SiO2 NANOPARTICLE-
POLYELECTROLYTE NANOCONTAINERS WITH PRELOADED
BENZOTRIAZOLE INHIBITORS AND THEIR SELF-RELEASING

MECHANISM AND KINETICS .....ooiiiieeieic e 78
T8 A 111 0o 1 o4 o USSR SRPRRTI 78
5.2 EXPEIIMENTAL.......ccuiiiiiieii ettt te e re e re e areas 80

5.2.1 Materials and ChemiCals ...........cooeiiiiiiie e 80

5.2.2 Preparation of inhibitor-loaded nanocontainers ...........cccocevvecevveneeieseenenn, 80

5.2.3 Characterization of the Nan0CONTAINETS ..........ccccvvirieieieiee s 82

5.2.4 EIS MEASUIEIMENTS .....vviiiieiiiieitie st see et sttt s be e re et e sneeenbeesree s 82

5.2.5 Topographic characterization of the steel electrodes ...........cccccevvvevieiieiinennenn, 83
5.3 RESUILS @N0 TISCUSSION .....vveveiiiieiieiesiee e esiestee e eie e sie e s e sae e sneesseeseesseenseenennneas 83

5.3.1 Characterization of the prepared BTA-loaded nanocontainers ...................... 83

5.3.2 EIS MEASUIEIMENTS ......eiiiieiiiieitie sttt sttt e e nree s 86

5.3.3 Topographic characterization of steel electrodes ...........cccccevveveiieiiccciienenn, 92

5.3.4 pH sensitive self-releasing of BTA inhibitors from the nanocontainers......... 96

5.3.5 Kinetic for inhibitor releasing from the nanocontainers.............c.ccocveviieiienn. 97

5.3.6 Mechanisms for inhibitors BTA releasing from the nanocontainers............. 101

5.3.7 Mechanism for corrosion inhibition by BTA ..., 104
5.4 SUMMIAIY ..ttt et e et et e e et e e et e e en b e e snb e e e snbe e e nnbeeetbeeenneeannes 109

CHAPTER SIX: AN INTELLIGENT COATING DOPED WITH INHIBITOR-
ENCAPSULATED NANOCONTAINERS FOR CORROSION PROTECTION

OF PIPELINE STEEL .ottt et 110

LTI 114 0o L8 X [ ISR 110



6.2 EXPEIIMENTAL.......ccuiiiiiie et reenne e 112

6.2.1 Materials and ChemICAlS ..........coovvriiiieece e 112
6.2.2 Fabrication of BTA-encapsulated nanocontainers ............ccccevveevevvenesvennnn 113
6.2.3 Characterization of the NnanOCONTAINENS .........ccoveriiiieriie e 115
6.2.4 Preparation of nanocontainer-doped intelligent coatings...........ccccceevivennenn 116
6.2.5 Characterization of the prepared coatings and coated steel specimens......... 117
6.2.6 EIS MEASUIEMENTS ......viiiiiiiie ettt 117
6.3 RESUILS aNd JISCUSSION .....ouviviiiiiiiiieiieie e bbb 118

6.3.1 Morphology and composition of as-received SiO, nanoparticles and the
prepared BTA-loaded NANOCONTAINETS ........cceeveiveeiieiie e 118
6.3.2 FTIR analysis of BTA-encapsulated nanocontainers...........c.ccoovevvvvevenenen. 120
6.3.3 Thermal stability of the BT A-encapsulated nanocontainers .................c....... 122
6.3.4 Dispersity of the doped nanocontainers in the epoxy coating matrix ........... 124
6.3.5 Thermal stability of the nanocontainer doped epoxy coatings...................... 126

6.3.6 Measurements of self-releasing of the encapsulated BTA in response to
SOIULION PH .. 130

6.3.7 Corrosion resistance of the epoxy coatings doped with BTA-loaded
NANOCONTAINETS ....vviveeieesiesteeste et e st et este e st e s e teaseesreeeeeseesseeneeaneesreeneennes 132

6.3.8 Morphological, compositional and structure characterizations of coated
steels after 30 days of immersion in the solution.............cccccevvvieiiieiiienn, 143
5.4 SUMMIAIY ...eiiiteee sttt ettt e e et e et e e as b e e sbb e e e nb b e e e nbb e e e bb e e e bneenntes 149

CHAPTER SEVEN: STEARIC ACID MODIFIED SUPERHYDROPHOBIC ZINC
NANO-FILMS FOR ENHANCED ANTIFOULING, SELF-CLEANING AND

CORROSION RESISTANCE .....ooiiiitsteeeeeieeste ettt 151
7L INEFOUUCTION ...ttt sttt e e e 151
T2 EXPEIIMENTAL.......oiviiiiiieie ettt neenre e 153

7.2.1 Material and SPECIMENS .......c.viuiiiiiiieite e 153

7.2.2 Electrodeposition of Zn nano-films on steel specimens.............cccccveveiienenn 153

7.2.3 Characterization of the prepared zinc nano-films ............ccocooiniiiiicienn, 154

7.2.4 Corrosion resistance of the prepared zinc nano-films............cccccooveieienn, 155
7.3 RESUILS aNd AISCUSSION .....veevvieiieiiieieeie et eee st e e te e teeneesreenteeneenneenee e 156

7.3.1 Characterization of morphology and composition of the prepared Zn

NANO-TIIMS ... enes 156

7.3.2 Structural and Compositional Characterization of the Zn Nano-films.......... 162

7.3.3 Measurements of Water and Oil Contact AnglesS.........ccccevvviriniiiiniciennn, 165

7.3.4 Anti-fouling and Self-cleaning Performance of the Prepared Zn Nano-

FIIMIS b 169
7.3.5 Corrosion Resistance of the Prepared Zn Nano-films ..........c.ccocvvvvvnvnnennnn, 173
T4 SUMMIAEY .ottt e et e e e e et e e e st e e an b e e ante e e enb e e e ssbe e e sneeeasbeeensneeanses 177
CHAPTER EIGHT: CONCLUSIONS AND RECOMMENDATIONS.........ccovevveiennn. 179
8.1 CONCIUSIONS. ...ttt ettt et sr et et re e e e 179
8.2 RECOMMENAALIONS......ccvveieieiieiesieeie et e ettt e te e e sraenteeneesraenne e 181



REFERENCES



List of Tables

Table 3.1 Electrochemical corrosion parameters fitted from the polarization curves
measured on X65 steel in 0.01 M NaHCO3s solution containing different
CONCENLIAtIONS OF BT A, ..t 46

Table 4.1 Contents of DGEBA and NAEP (both mass and molar values) as well as
xylenes used in this work for preparation of epoxy COatings. .........cccccevererererennns 59

Table 4.2 Electrochemical impedance parameters fitting with the equivalent circuits
SNOWN TN FIQ. 4.9, e et ns 75

Table 5.1 Characteristic bonds of pure SiO2 particles and the prepared BTA-loaded
nanocontainers in the measured FTIR SPECLIa. .......ccocviiririniiieeeee e 84

Table 5.2 Electrochemical impedance parameters derived from the measured
IMPEAANCE LA ...ttt bbb 90

Table 5.3 Surface roughness and root-mean-square height of the steel electrode
derived from the AFM IMAGES. ......ooviiiiiiiiiiieee e 95

Table 5.4 Kinetic data for BTA releasing from the prepared nanocontainers to the
solution With various pH ValUES. ...........ccceeeiieiicic e 101

Table 6.1 EDS results (weight percentage, %) obtained on as-received SiO- particles
and the prepared BTA-encapsulated Nnanocontainers. ..........c.ccceevveveereieeciesieennnn 120

Table 6.2 Characteristic peaks identified in FTIR spectra in Fig. 6.4. ..........ccccocvvvnenn. 122

Table 6.3 The electrochemical impedance parameters fitted from the measured
impedance data iN Fig. B.11. ......ccooiiiiieee e 139

Table 6.4 EDS elemental compositions of results of the steel surface, after the
coatings are peeled off, after 30 days of immersion in 0.1 M NaCl solution. ........ 144

Table 7.1 The electrochemical impedance parameters fitted from the measured
impedance data iN Fig. 7.13. ..o 177



Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

List of Figures and Illustrations

2.1 Development of coating technology in oil/gas pipeline systems [21]................. 10
2.2 Schematic diagram of three-layer polyolefin coating systems [23]. ................... 12
2.3 CP shielding under disbonded coating [30].......cccccevvereiiieiieie e 14
2.4 The mechanism of self-healing action of an intelligent anticorrosion
COALINGLA2Z]. ettt nb e 18
2.5 Illustration of the preparation procedure of cagelike silica gel microspheres
[A4] ettt reenes 20
2.6 lllustration of the synthesis of corrosion inhibitor-loaded PS-BTA/PEI core-
shell polymeric nanocoNtainers [45]. ......ccocoiiiiiiiiiieie e 22
2.7 SEM images of crushed PU (a), PUA (b), and PA (c) capsules [47]. ................. 22
2.8 Loading procedure of halloysite nanotubes with benzotriazole [50]. ................. 24
2.9 Schematic illustration of the procedure for benzotriazole loading for SiO2
nanoparticle CONTAINEIS [54]. ..o s 25
2.10 Release of benzotriazole from
microcapsules/PEI/PSS/Benzotriazole/PSS/PEI in water solutions with different
PH VAIUES [B2]. ... 27

2.11 Schematic representation of underfilm inhibition of corrosion-driven
delamination occurring in the presence of in-coating Bentonite-Ca?* pigment
showing (a) underfilm ion transport in the absence of pigment, (b) cation

exchange and (c) cation hydrolysis at elevated pH [63]. ......ccccovvverviieiieiiiieieee 28
2.12 Mechanism for collapse of microcapsules due to attack by solvents in paint
G153 SRS 30
2.13 Schematic illustration of a water droplet in the Wenzel and Cassie—Baxter
SEALE [ 7]ttt bbbttt 31
2.14 Scheme of the preparation process of Zn electrodeposition self-cleaning
(o0 = U 0o I 1A= PRSP STRPPR 33
2.15 Self-cleaning effect experiments: (a) coating immersed into the muddy
water; (b) sand contaminated coating cleaned with distilled water[75].................... 34
2.16 A sketch of the three stages in the anticorrosion process of the
superhydrophobic surface [80].......cccueiiuiiiieiiiiie e 36



Fig

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig

Fig

Fig.

Fig.

. 2.17 Nyquist diagrams (a), Bode phase angle plots (b), Bode log (|Z]) vs. log (f)
plots (c) after immersion for 0.5 h and (d) evolution of low-frequency impedance
with immersion time (at 0.01 Hz) in 3.5 wt.% NaCl solution of bare steel (1),
DTMD-only treated (2), SiO film-only coated (3) and superhydrophobic coated

ST (4) [BL]. . eveeveereeiie ettt rs 38
2.18 Scheme of the preparation of superhydrophobic CuO film on X90 pipeline
SEEEI SUITACE [B2]. ..ttt 39
3.1 Molecular structure of corrosion inhibitor benzotriazole (BTA)........ccccccevvvenenn. 41
3.2 Open-circuit potential of X65 steel in 0.01 M NaHCOs3 solution containing
various concentrations Of BTA. ......ooo i 44
3.3 Potentiodynamic polarization curves measured on X65 steel in 0.01 M
NaHCOs solution containing various concentrations of BTA. ........cccccovvveneiinienne. 45
3.4 Nyquist diagrams measured on X65 steel in 0.01 M NaHCOs solution
containing various concentrations of BTA. ..o 48

3.5 AFM images of X65 steel after 2 h of immersion in 0.01 M NaHCO3 solution
containing various concentrations of BTA (a) blank, (b) 0.005 M, (c) 0.01 M, (d)
0.03 M, (8) 0.05 M. .ottt 51

4.1 Schematic illustration of the procedure for preparation of 4-layer Halloysite
nanocontainers, where PDDA and PSS are poly- (diallyldimethylammonium
chloride) and poly-(styrene sulfonate), respectively..........ccccoooevoeririiniienriieseenne 55

4.2 Weight changes of the coating as a function of time in acetone, where curves

1, 2, 3, 4 and 5 refer to 0, 10%, 20%, 30% and 40% of extra amount of NAPA,

FESPECTIVEIY. .ottt et et e sre e re e 61

4.3 Optical view of (a) and (b) as-received Halloysite and (c) prepared Halloysite

NANOCONTAINETS. .. .iviiviitietieieieie ettt ettt be bt e s e e et et e sbesbeereaneenes 62
. 4.4 SEM view of (a) as-received and (b) prepared Halloysite materials................... 63
. 4.5 FTIR spectra of as-received and prepared Halloysite. ..........ccccooviviiieniiinnnn. 64

4.6 Bode diagrams measured on X65 steel electrode coated with epoxy coating
undoped and doped with various contents of the prepared Halloysite
nanocontainers in 3.5 wt.% NacCl solution at 60°C. (a) undoped, (b) 3wt.%, (c)
5Wt.%, (d) LOWL.%0, (€) 20WEJ0...c..cvecieieecie et 67

4.7 Morphology of the coated steel electrodes with epoxy coating containing
various contents of the prepared Halloysite nanocontainers after 84 h of testing

xii



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

in 3.5 wt.% NaCl solution at 60°C. (a) undoped, (b) 3 wt.%, (c) 5 wt.%, (d) 10
WE.90, (8) 20 WEZ0. ...vviviieieiieieie ettt sttt nneenean 68

4.8 Nyquist diagrams and Bode plots measured on steel electrodes coated with
the epoxy coating containing 20 wt.% Halloysite in 3.5 wt.% NaCl solution as a
function of time. (a) 12 h, (b) 60 h, (C) 84 h. c.eocveeieeeeee e 73

4.9 Electrochemical equivalent circuits proposed to model impedance data of
coated steel containing 20 wt. % Halloysite in the 3.5 wt.% NaCl at (a) 12, 60

hours and (b) after 84 NOUIS. ........ccvoi i 75
5.1 Schematic illustration of the procedure for fabrication of BTA loaded
nanocontainers with SiO2 nanoparticles as Carriers. .........covvvveierererese e 81
5.2 FTIR spectra of pure SiO. nanoparticles and the prepared BTA-loaded
NaNOCONLAINErS, FESPECLIVEIY. ......oivi i 83
5.3 Thermogravimetric profile of the prepared nanocontainers and the first
derivative Of the TGA CUIVE. ...c.ccviiiece e 85

5.4 Nyquist diagrams measured on X65 steel electrode at its open-circuit
potential after 12 h, 24 h and 48 h of immersion in 0.1 M NaCl solutions with
pH = 2, 5, 7, 9, and 11 in the absence and presence of 1wt.% BTA-loaded
NaNoCONtAINErsS, FESPECLIVEIY. ..o 89

5.5 AFM image of the surface topography of the steel electrode after 48 h of
immersion in 0.1 M NaCl solutions in the absence (left row) and presence (right
row) of 1 wt.% prepared BTA-loaded nanocontainers, respectively (a)(b) pH = 2,

©@W)pH=5,€){HpH=7,@)(N)pH=9,and (I)(j) pH =11...c.cceierrrrrrerrernne 95

5.6 pH dependences of the inhibition efficiency of BTA inhibitors released from
the nanocontainers for steel corrosion after 48 h of immersion in 0.1 M NaCl
solution determined by EIS reSUILS. ........c.coveiiiiiiiice e 97

5.7 Time dependence of the fitting results for BTA inhibitors releasing from the
prepared nanocontainers bY EqQ. (5-8). ...cccooviiiiiiiiiit e 100

5.8 Illustration of swelling of the nanocontainers due to electrostatic repulsions
between negative charges of SPSS (a) an electrostatic equilibrium state, (b)
electrostatic repulsions between negative charges on SPSS............ccccoc i 103

5.9 AFM top view of the surface morphology of X65 steel electrode after 48 h of
immersion in 0.1 M NaCl solution containing 1wt.% of BTA-loaded
nanocontainers at (a) pH 7, (b) pH 2, and (c) pH 11, respectively. ...........cccoovnene 104

5.10 Schematic of adsorption of BTA on X65 surface in (a) acidic solution and
(D) @lKaliNe SOIULION. ....vieeeeieieieee et eas 108

Xiii



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6.1 Schematic diagram of (a) the molecular structure of inhibitor BTA and
polyelectrolytes PDDAC and SPSS, and (b) the prepared SiO> nanoparticle

based BTA-encapsulated polyelectrolyte nanocontainers. ..........ccccoccvvvveveevveseeenne. 114
6.2 Schematic diagram of the nanocontainer doped intelligent epoxy coating
ProCesSed iN thiS WOIK. .......ccuciiiieiic e 116

6.3 SEM images of (a, c) as-received SiO2 nanoparticles and (b, d) the prepared
SiO; based polyelectrolyte nanocontainers, respectively. ........cccovevvviiniiennnnnnne 119

6.4 FTIR spectra of the as-received SiO2 nanoparticles and the prepared BTA-
encapsulated nanocontainers, reSPectively. ... 121

6.5 (a) TGA curves of as-received SiO, nanoparticles and the prepared BTA-
encapsulated nanocontainers, and (b) their DTG SPectra. .......cccccevvverviievveriennnnnn 124

6.6 SEM views of the epoxy coating without and with doping of various contents
of nanocontainers, and the compositional mapping of element Si in the coatings

(a, b) no nanocontainers added, (c, d) 2 wt.%, (e, f) 5 wt.%, (g, h) 8 wt.%............ 126
6.7 (@) The TGA curves of the processed epoxy coatings doped with varied
contents of the prepared nanocontainers, (b) the derived DTG curves................... 128

6.8 (a) DSC curves of the epoxy coatings doped with varied contents of
nanocontainers, and (b) the derivative SPECIra. ........ccccvvverieeieiiese e 129

6.9 UV-vis spectra of the BTA-encapsulated nanocontainers after (a) 1 h and (b)
1 day of immersion in 0.1 M NaCl solutions with various pH values..................... 131

6.10 Time dependence of OCP of the steel electrode coated with epoxy coatings
without and with various contents of BT A-encapsulated nanocontainers in 0.1 M
INACT SOIULION. <.ttt b eneeneas 133

6.11 Bode plots, i.e., both impedance modulus (a, c, e, g) and phase angle (b, d, f,
h) measured on the steel electrode coated with the epoxy coating doped with
various contents of BTA loaded nanocontainers after 6, 12, 18, 24 and 30 days
of immersion in 0.1M NaCl solution at 60 °C (a, b) no doped nanocontainer, (c,
d) 2wt.%, (e, f) 5wt.%, (g, h) 8Wt.% NanoCoNtaiNers...........c.ccceevvereereiieciese e 136

6.12 Electrochemical equivalent circuits used to fit the measured impedance data,
where Rsol, Ret, Re, Qai and Q¢ are solution resistance, charge-transfer resistance,
coating resistance, constant-phase element of double-charge layer and constant-
phase element of the coating, respectively (a) for one time constant impedance
plots, and (b) for two time constant impedance plots. .........cccceveviveveiieeseere s, 137

6. 13 The fitting results of collected EIS data of different coating: (a) coating
resistance, (b)coating CapaCItanCe. ..........cccuerveieiiere e 140

Xiv



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6.14 SEM morphology and EDS spectra of the steel electrode, where the coating
is peeled off, after 30 days of immersion in 0.1 M NaCl solution (a) no
nanocontainer doped, (b) 2 wt.%, (c) 5 wt.%, (d) 8 wt.% nanocontainers. ............ 144

6.15 FTIR spectra obtained on the coated steel electrode (a) before and (b) after
30 days of immersion in 0.1 M NaCl SOIULION. .......ccccoviieiiiiececece e 147

6.16 Schematic diagram illustrating (a) the swelling of the polyelectrolytes in
response to pH changes to release encapsulated inhibitors BTA and (b) the
principle of corrosion protection for substrate steel by an intelligent coating
doped with inhibitor-encapsulated NANOCONLAINETS. .........cevverierieiiee e 148

7.1 Schematic diagram of the experimental setup for electrodeposition and the
stearic acid modification to prepare the superhydrophobic Zn nano-films on the
steel specimen, where SA refers to stearic acid. ..........cccccceveeveeveiiece e, 153

7.2 SEM morphological views of the prepared Zn nano-films after (a) 5, (b) 10,
(c) 20 and (d) 30 mins of electrodeposition at the current density of 50 mA/cm?,
followed by stearic acid modification, where images with a large magnification
are also INCIUAEA. ........ooiiiciece s 158

7.3 SEM morphological views of the prepared Zn nano-films after (a) 5, (b) 10,
(c) 20 and (d) 30 mins of electrodeposition at the current density of 100 mA/cm?,
followed by stearic acid modification, where images with a large magnification
are alSO INCIUAEU. .......ooieiieciee e 159

7.4 SEM morphological views of the prepared Zn nano-films after (a) 5, (b) 10,
(c) 20 and (d) 30 mins of electrodeposition at the current density of 200 mA/cm?,
followed by stearic acid modification, where images with a large magnification
are alSO INCIUAEU. .......ooeeiieceee e 160

7.5 (a) SEM cross-sectional view of the Zn nano-film formed under 100 mA/cm?
current density for 20 mins followed by stearic acid modification. (b) The high
magnificational top-view of the cavity contained in the film. (c) EDS elemental
analysis along the yellow line in Fig. 7.58. ......ccccoceiiiii i 162

7.6 FTIR spectra of the Zn nano-films after 20 mins of electrodeposition at the
current density of 100 mA/cm? without and with the stearic acid modification..... 163

7.7 XRD spectra of the Zn nano-films formed after 10 and 20 mins of
electrodeposition at the current density of 100 MA/CMZ..........ccovvevieeeeieereeeenns 164

7.8 Water contact angles measured on the steel specimen with Zn nano-films
formed by electrodeposition at various times and current densities followed by
stearic acid MOAITICALION. .........coiveiiiiece e 165

XV



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

7.9 QOil contact angles measured on the Zn nano-films formed after 20 mins of
electrodeposition under 50, 100 and 200 mA/cm? current densities and the stearic
ACKId MOITICALION. ...viviiiiieiieee e 168

7.10 Optical top-views of a droplet of (a) water, (b) tea, (c) milk, (d) a soil
solution on the surface of the Zn nano-film prepared under the electrodepositing
current density of 100 mA/cm? for 20 mins and followed by stearic acid
MOAITICATION. .ottt sree e 170

7.11 Antifouling performance of the superhydrophobic Zn nano-film, the steel
treated by stearic acid, and the bare steel, respectively, after (a) 1 minand (b) 1 h
of immersion in a mud liquid with the mud content of 100 kg/m®. ..........cccccevevee 171

7.12 Self-cleaning property of the superhydrophobic Zn nano-film prepared at
the current density of 100 mA/cm? for 20 mins followed by stearic acid
modification was investigated by spreading soil as contaminant on its surface.
(@) Spread soil on the Zn nano-film, (b) Clean with distilled water, (c) Soil
completely removed from the film, while the soil remains on the epoxy holder. .. 172

7.13 EIS Bode diagrams measured on the steel specimen after 20 mins of
electrodeposition under the current density of 100 mA/cm? followed by stearic
acid modification in 3.5% NaCl solution. (a) Impedance modulus plots, (b)
Phase angle plots. As a comparison, the measurements on bare steel and the
electrodeposited Zn nano-film without stearic acid modification are also
INCIUARA. ...ttt b e nneas 174

7.14 Electrochemical equivalent circuits used to fit the measured impedance data.

(a) Bare steel, (b) Steel with Zn nano-film without the stearic acid modification,
(c) Superhydrophobic Zn nano-film modified by stearic acid..............cccccoevvvreennee. 175

XVi



List of Symbols, Abbreviations and Nomenclature

Symbol
BTA
GDP
HIC
MIC
SCC
CP
NACE

FBE
PE
LDPE
HDPE
3LPE
nm
mm
TEOS
MMA
EIS
PS
PEI
PU
PUA
PA
LbL
SVET
MBT
wt.%
h

min
HA
DC
PVB
CA

Ysv

Vsl

Yiv

pDop

NDM

PDDA, PDDAC
PSS, SPSS
DGEBA

NAEP

Definition

Benzotriazole

Gross Domestic Product
Hydrogen-induced corrosion
Microbiologically influenced corrosion
Stress-corrosion cracking

Cathodic protection

National ~ Association of Corrosion
Engineers

Fusion-bonded epoxy

Polyethylene

Low density polyethylene

High density polyethylene

Three-layer polyethylene

Nanometer

Millimeter

Tetraethyl orthosilicate

Methyl methacrylate monomers
Electrochemical impedance spectroscopy
Polystyrene

Polyethylenimine

Polyurethane

Polyurea

Polyamide

Layer-by-layer

Scanning vibrating electrode technique
2-mercaptobenzothiazole

percentage by weight

Hour

Minute

Microampere

Direct current

Polyvinylbutyral

Contact angles

Solid-vapor surface tensions
Solid-liquid surface tensions
Liquid-vapor surface tensions
Polydopamine

n-dodecyl mercaptan
Poly-(diallyldimethylammonium chloride)
Sodium poly-(styrene sulfonate)
Diglycidyl ether of bisphenol A
N-Aminoethylpiperazine

XVii



WE
SCE
RE
CE
AC
BADE
CPE
Rs

Rct
Rc
Rprod
CPEaq
CPE.
CPEprod
AFM

OCP
Ecorr

lcorr

Working electrode

Saturated calomel electrode
Reference electrode

Counter electrode

Alternating current

Bisphenol a diglycidyl ether resin
Constant phase element

Solution resistance
Charge-transfer resistance

Coating resistance

Resistance of the corrosion product layer
CPE of double-charge layer

CPE of the coating

CPE of the corrosion product layer
Atomic Force Microscope

Mole

Open-circuit potential

Corrosion potential

Corrosion current density
Cathodic Tafel slope

Anodic Tafel slope

Inhibiting efficiency

Negatively charged BTA
Protonated cations formed BTA
Atomic mass unit, dalton

Fourier transform infrared spectroscopy
Thermal gravity analysis

Minute

Reference

Double-layer capacitance

Vacuum permittivity

Local dielectric constant
Thickness of the film

Electrode area

Equation

Inhibition efficiency

Proportional to the surface coverage
Time

Inhibition efficiency after t h
Instant surface coverage
Concentration of the released inhibitors in
the solution

Adsorptive equilibrium constant
Releasing rate constant

Diffusion exponent

XViil



Reliability of data fitting

Scanning electron microscopy
Energy-dispersive X-ray spectrum
Differential thermal gravity

Differential scanning calorimetry
Molecular Weight

Glass-transition temperatures

Capacitance

Constant-phase element

Resistance (either Rt or Rc)

X-ray diffraction

Direct current

Fractional areas estimated for the solid
contact with the surface

Fractional areas estimated for the air
contact with the surface

Figure

XiX



Chapter One: Introduction

1.1 Research background

Industrial infrastructure, such as oil and gas pipelines, are mostly made of metals,
especially steels. Corrosion is one of the primary mechanisms that lead to failure of
metallic facilities. For pipelines, corrosion can cause leaks, fire and explosion, resulting
in serious environmental and economic consequences [1, 2]. In the oil and gas industry, it
was estimated that the total annual cost of corrosion is US $ 1.37 billion, with the
associated losses due to lost income and remediation measures running into tens of
billions of dollars every year [3, 4]. Therefore, corrosion protection has been of great
importance for structural integrity management and production assurance.

Two main approaches, an active one and a passive one, are mainly used for corrosion
protection. The passive corrosion protection is achieved by application of a barrier layer
preventing contact of the structural material with corrosive environments. The active
corrosion protection aims at a decrease of the corrosion rate when the main barrier, such
as a coating, is damaged and corrosive species come in contact with the substrate material
[5]. One of the active protection techniques is the introduction of corrosion inhibitors in
the corrosive environment [6]. Application of protective coatings is the most common
passive corrosion protection strategy to protect metals from corrosion. There is a great
variety of coatings, which can be broadly divided into metallic, inorganic, and organic
coatings.

Nowadays, organic coatings have been widely used in various industry sectors,

especially oil and gas industry [7]. Generally, coatings selected for corrosion protection
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must offer an effective physical barrier, separating the access of water and aggressive
species to the metal surface. In addition to the barrier effect, the coating is preferred to
have the ability to inhibit the corrosion process if the protective barrier is degraded and
failed. Moreover, organic coatings usually contain pinholes and micro-cracking, which
can be generated during manufacturing, transportation, construction and service. The
presence of the pinholes and cracks exposes the substrate metal to corrosive
environments, leading to further failure of the coatings and corrosion of the metals. The
timely detection of initial micro-cracks and pinholes is usually difficult due to their small
size. This challenge is especially important for pipeline coatings which are buried in
soils, and have a design service life of several decades.

One of the solutions to overcome this shortcoming is to combine both passive and
active corrosion protection approaches by introducing corrosion inhibitors into the
coatings, and the inhibitors can release "smartly” in response to the coating damage. A
protective environment is thus generated at the damage area, mitigating or eliminating
corrosion of the substrate metal. However, a direct addition of corrosion inhibitors in
coatings can cause some detrimental interactions among components, forming electrolyte
pathways and compromising the barrier properties of the coatings. In order to possess the
corrosion inhibition ability for organic coatings, to the inhibitors can be pre-stored inside
nano- or micro-capsules which are compatible with the coating matrix and are able to
sense the changes associated with the generation of corrosive environments. As a result,
the loaded inhibitors can self-release from the capsules for corrosion inhibition to the

metal [8].
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Intelligent coatings refer to the ones doped with inhibitor-encapsulated micro- or
nano-containers which can sense the generation of corrosive environments due to coating
failure and self-release the inhibitors in response to environmental stimuli such as heat,
light irradiation, mechanical induction, pH, temperature, aggressive corrosive ions, etc.,
preventing metallic corrosion without any external intervention [9-11]. Thus, intelligent
coatings provide a novel alternative for corrosion protection of engineering infrastructure
[12].

Based on functional ingredients of the coating, application, fabrication methods, etc.
intelligent coating can be categorized in many different ways. Stimuli/response materials
include coatings acting as sensors; coatings that respond to changes in light, heat, or
pressure, corrosion control coatings, and color shifting coatings. Other intelligent
coatings that are more difficult to classify include self-assembling polymers/coatings,
electrically conducting coatings, self-repair and self-healing coatings, superhydrophobic
coatings, and optically active coatings [13]. The potential applications for these numerous
types of intelligent coatings are broad. The industry is interested in many types of
intelligent coatings for corrosion control, environmental protection, and other safety
applications [14]. The need for functional surfaces also exists in the marine, automotive,
construction, communication, energy, and many other industries. While the intelligent
coatings have been proposed and tested as a promising coating alternative for corrosion
prevention, none of them were developed at an industrial scale, especially for heavily
corrosive environments such as those encountered in oil/gas and pipeline industries.
Moreover, most of the intelligent coating research were focus on the lab study. Most

importantly, some of the smart coating technologies are very complicated, such as using
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vacuum method to encapsulate the inhibitor in hollow mesoporous silica spheres, and
also, those should control the experimental parameters, such as fabrication time and
temperature. Those methods increased the cost of the intelligent coating and lead to the
intelligent coating technology too complex to use in large-scale industrial application.

To date, there has been no intelligent coating technology available for corrosion
protection of oil and gas pipelines. Development of high-performance intelligent coatings
which are capable of sensing the corrosion occurrence and smartly releasing pre-loaded
corrosion inhibitors for effective protection for pipelines is expected to revolutionize the
pipeline coating uses and cause a significant technology innovation and breakthrough. It
will further improve the pipeline integrity, prolong the service life of pipelines, and

reduce the maintenance cost.

1.2 Research objectives
The overall objective of this research is to develop a high-performance intelligent

coating technology for effective pipeline corrosion sensing and protection. Progress will
be made in the following areas:

1) To investigate the inhibiting mechanism and performance of inhibitors BTA

for corrosion of an X65 pipeline steel in bicarbonate solution.

2) To fabricate multi-layered Halloysite polyelectrolyte nanocontainers and

investigate their compatibility with an epoxy coating.

3) To fabricate SiO> nanoparticle based polyelectrolyte nanocontainers to

encapsulate BTA, and to determine the appropriate mechanism to trigger self-

releasing of the inhibitors from the nanocontainers.
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4) To derive the releasing mechanism and kinetics of BTA inhibitors from the
nanocontainers.
5) To develop an intelligent coating by doping uniformly the prepared BTA-
encapsulated nanocontainers in an epoxy coating, and to characterize the
corrosion protection of the coated pipeline steel in corrosive environments.
6) To prepare superhydrophobic zinc nano-coatings on X65 pipeline steel by
electrodeposition technique and stearic acid modification, and to investigate the
corrosion resistance, self-cleaning and antifouling of the coatings by optimizing

the preparation conditions.

1.3 Content of thesis

The thesis contains eight chapters, with Chapter One giving an overall introduction
of the research background and objectives of the work.

Chapter Two presents a comprehensive literature review on development of
intelligent coatings and superhydrophobic coatings for corrosion protection, including
fabrication of micro- and nano-containers for inhibitor encapsulation, mechanisms for
self-releasing of pre-loaded inhibitors from the containers, performance of intelligent
coatings for corrosion protection, and preparation of superhydrophobic coatings.

Chapter Three studied the mechanism and inhibiting effect of inhibitors BTA on
corrosion of X65 pipeline steel in bicarbonate solution.

Chapter Four investigated the compatibility of the prepared multi-layered Halloysite
polyelectrolyte nanocontainers with an epoxy coating and the potential effect of the

nanocontainer doping on the coating properties.
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In Chapter Five, SiO. nanoparticle based polyelectrolyte nanocontainers were
fabricated to encapsulate inhibitors BTA. The trigger mechanism for self-releasing of
BTA was determined, and releasing kinetics of the inhibitor molecules from the
nanocontainers was derived.

Chapter Six developed an intelligent coating by doping uniformly with the prepared
SiO2 nanoparticle based polyelectrolyte nanocontainers in the epoxy coating. The
morphology and structure of the intelligent coating were characterized, and its corrosion
inhibition performance was determined.

Chapter Seven developed a convenient method to fabricate superhydrophobic zinc
nano-films on X65 pipeline steel by electrodeposition and stearic acid modification. The
films were characterized, and the self-cleaning, antifouling and anticorrosion
performance of the film were investigated.

Chapter Eight summarized the main conclusions of this research, and

recommendations for the further work were suggested.



Chapter Two: Literature Review

2.1 Corrosion as a primary mechanism resulting in failure of engineering structures

Based on data published by NACE International in 2013, the global cost of corrosion
is estimated to be US$ 2.5 trillion, which is equivalent to 3.4% of the global Gross
Domestic Product (GDP) (2013) [15]. By using available corrosion control practices, it is
estimated that saving of between 15 and 35% of the cost of corrosion could be realized,
i.e. between US$375 and $875 billion annually on a global basis. These costs typically do
not include individual safety or environmental consequences. Through near misses,
incidents, forced shutdowns, accidents, etc., several industries have come to realize that
lack of corrosion control can be very costly and that, through proper corrosion control,
significant cost savings can be achieved over the lifetime of an asset.

The essential condition for corrosion to happen is the formation of a corrosion cell on
material surface with corrosive media [16]. A basic corrosion cell is comprised of an
anode (where an oxidation reaction occurs), a cathode (where the reduction reaction
occurs), and a conducting electrolyte. The only difference is that the anodic area corrodes
while the cathodic area does not. Instead, the cathodic area becomes the place for
cathodic reactions, such as the reduction of H* and O, to happen. The conducting
electrolyte is usually a salt solution. The salinity or resistivity of the solution also affects
the corrosion rate.

Almost all industrial facilities and equipment are made of steels, especially carbon
steels [2], various corrosive environments and operating conditions in different

production sectors have been found to result in a wide variety of corrosion types,
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including general corrosion, localized corrosion, stress corrosion cracking (SCC), erosion,
hydrogen-induced corrosion (HIC), microbial influenced corrosion (MIC), etc. [17].

The fact that corrosion control can be profitable has been realized over and over
again by industry, often following costly business interruptions due to failures of
equipment and assets to perform as intended. Cost savings from corrosion control are
often not obvious for some period of time; i.e. [15], (i) maintenance costs slowly decrease;
(it) monitoring or inspection costs decrease or inspection intervals increase; (iii) fewer
failures save lost production time and/or lost product, decreases injuries, decrease
property damage, decrease environmental releases, and improve public relations; and (iv)
life extension of the asset. All of these can be included in the business case for enhanced
corrosion control. Achieving the most benefit form corrosion control practices is

dependent on good business decisions.

2.2 Corrosion protection by the combination of coatings and cathodic protection

Two common methods used to control corrosion, especially external corrosion, of
industry infrastructure (e.g., pipelines) are protective coatings and cathodic protection
[18]. This design is actually based on the principle that the coating, if intact, provides full
protection to the underlying steel. When the coating fails, CP works as a backup to
provide continued protection. Thus, the coating used should be compatible with CP, as
standards. In other words, the coating used for pipelines should not be cathodic shielding
[19].

According to NACE Standard RP0169-2013 [20], a desirable coating should possess

the following properties.
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1. Effective electrical insulation. As corrosion is an electrochemical process, a good
coating must break the current circuit by isolating the metal from its environment
(electrolyte). To assure a high electrical resistance, the coating should have a high
dielectric strength.

2. High moisture (water) resistance. Water transfer through the coating film may
cause blistering, and contribute to corrosion of the metal.

3. Easy applicability. Application of the coating to structures must be possible by a
method that will not adversely affect the properties of the structure and with a minimum
of defects.

4. Ability to resist development of holidays with time. The coating’s resistance to
chemicals, hydrocarbons, and acidic or alkaline conditions should be sufficient to ensure
their performance in contaminated environments.

5. Good adhesion to metal surface. The coating requires a sufficient adhesion to
prevent water ingress or migration between the coating and the metal structure.

6. Ease of repair. As coatings would degrade gradually in service, repairs and
recoating in the field are expected.

Pipeline coatings have experienced innovative developments in the past six decades.
The product evolution for protection of steel pipes has migrated from field-applied
asphalt and coal tar-based materials to the currently used high-performance, field-applied
and plant-applied coatings, such as fusion-bonded epoxy (FBE), spray-applied liquid
coatings, and two- and three-layer polyolefin coatings, as shown in Fig. 2.1 [21].

Coal tar acted as a filler within the crosslinked epoxy matrix, and the resulting film

possesses a proper toughness, adhesion, UV resistance and thermal stability. It was often
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used as coating to the offshore pipelines operating at ambient temperatures. However, it
was reported that coal tar had some adverse effects on health. Asphalt was then used as a
substitute for coal tar because the former contained lower levels of carcinogen. Asphalt
coatings had some limitations in terms of flexibility at very low temperatures. Moreover,
health and safety restrictions resulted in the continuing decline in the use of the asphalt

coatings [22].

Composite [~ |
3-Layer »
| Fusion Bonded Epoxy
2-Layer -
| Polyethylene Tape
| Wax & Vinyl Tape |
Coal Tar
1930 1[-;4[] 1BIECI 1BIBD 1BI?D 1BIBD 1BIBD 2‘DIDD 2010

year

Fig. 2.1 Development of coating technology in oil/gas pipeline systems [21].

Polyethylene (PE) tapes have commonly been used as pipeline coatings. PE is a
linear polymer with a crystalline structure. Based on its densities that decided by its
molecular weight, there are low density polyethylene (LDPE, with a density of 0.91-0.94
g/cmq) and high density polyethylene (HDPE, with a density of 0.94-0.97 g/cm®). When

compared to LDPE, the HDPE has a larger crystalline structure, higher yield strength,



11
and is less permeable to aqueous phase, but it has lower resistance to elongation. So,
LDPE, or a blend of LDPE and HDPE is mainly used as PE tape coatings. One typical PE
tape consists of three layers: adhesive, inner anti-corrosion tape, and outer mechanical
protection tape. The adhesive is a mixture of rubber and synthetic compounds in a
suitable solvent, providing a bond between the surface and the inner tape layer. PE
backing layer and a laminated butyl-adhesive layer are the main parts for the inner tape
layer. The outer layer is also a two-layer tape consisting of a polyolefin backing layer and
a laminated butyl-adhesive layer. Disbondment is one common failure style of PE type,
usually caused by soil stress. The disbonded PE tape coating normally shields the
cathodic protection current, and if water enters the area beneath the disbonded PE tape,
corrosion occurs.

Fusion bonded epoxy (FBE) coatings, sometimes called thin-film epoxy, are epoxy-
based powder coatings that are widely used to protect pipelines. As a thermoset polymer
coating, FBE is made from dry powders. The resin and hardener parts of the dry powders
remain unreacted at ambient conditions. At typical coating application temperatures,
which are usually in the range of 180 < to 250 <C, the solid powder melts and
transforms into a liquid. The liquid FBE film flows onto and wets the steel surface, and,
assisted by heating, becomes a solid coating by chemical cross-linking. This process is
known as “fusion bonding”. The chemical cross-linking reaction that takes place in this
case is irreversible, which means that, once the curing takes place, the coating cannot be
converted back to its original form by any means. A primary disadvantage of the FBE
coatings is that they cannot hide apparent surface defects. Therefore, the steel surface has

to be inspected after it is coated. The number of holidays contained in the coating is a
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function of the surface condition of the steel and the thickness of the coating applied.
Increasing the coating thickness could minimize this problem, but the internal stress may
be increased up. The FBE usually possesses a superior adhesion to the pipe steel if the
steel surface is properly treated.

Three-layer polyolefin pipeline coatings were developed in the 1990s as a way to
combine the excellent adhesion of FBE with the strong mechanical strength of extruded
PE. These systems consist of an FBE primer, an intermediate copolymer layer, and a
topcoat consisting of PE. The function of the intermediate copolymer is to bond the FBE
primer with the polyolefin topcoat. Early generations of this coating utilized a 50-75 pm
primer which often proved to be inadequate to achieve the desired performance. More
recent three-layer systems utilize a 200-300 pum primer as a standard thickness is shown

in Fig. 2.2 [23].

/\l\r Top Coat

/\L\, Adhesive

co2

Metal Surface

Fig. 2.2 Schematic diagram of three-layer polyolefin coating systems [23].
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2.3 Technical challenges in conventional coatings for corrosion protection

Maintenance of structural integrity in increasingly corrosive environments provides
great challenges and opportunities for development of new and innovative coating
technologies. Generally, organic coatings can effectively withstand the corrosion attack
during earlier stages of their service life. At the later stage the barrier performance of the
coatings will be adversely affected due to degradation of the coating in exposure to the
corrosive electrolyte. Furthermore, when the electrolyte reaches to the adhesive bonds at
coating/metal interface, the coating would further disbond and corrosion occurs on the
steel under the disbonded coating [24].

Moreover, the polymeric coatings such as epoxy coatings usually contain defects and
cracks, which can act as pathways for the ingress of water, oxygen, carbon dioxide, and
aggressive species towards the metallic substrate, resulting in corrosion occurrence.
Moreover, being hydrophilic in nature, epoxy coatings experience large volume
shrinkage upon curing and can absorb water from surroundings [25]. The pores in the
cured epoxy coating can assist in the migration of absorbed water and other species to the
coating/steel interface, leading to corrosion [26]. Field experiences in pipelines [27] have
found a great number of corrosion pits and cracks on the external surface of the pipelines
under failed coatings after several years of service [28, 29].

Furthermore, coating disbondment is another common mode encountered on
infrastructure including pipelines. The disbonding of coatings can be resulted from either
a poor surface preparation condition of the pipeline steel or the stretching of the coating
during alternating dry-wet cycling and/or significant ground movement. The disbonded

coating usually shields the cathodic protection current from reaching the pipe steel
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surface for corrosion protection, as shown in Fig. 2.3 [30]. Water, carbon dioxide and
chemicals could enter the disbonded area under the coating, generating a corrosive
environment. However, the applied CP has access to the open defect only, and is
shielded, at least partially, from reaching the depth of the disbondment. The CP shielding
occurs due to the geometrical limitation of the disbonding crevice for mass transport of
conductive chemical ions in the trapped electrolyte. Accumulation of corrosion products
can also block the diffusion of ions in the crevice. Thus, the cathodic current cannot fully
flow into the disbondment, especially its bottom, for corrosion protection. It has been
demonstrated that CP shielding by disbonded coatings has been the primary mechanism

to cause external corrosion of pipelines in practice [28].

Coating

disbondment
Open mouth

Bottom of
disbondment

Full CP  Insufficient CP
protection protection

Zero CP
protection

Fig. 2.3 CP shielding under disbonded coating [30].



15

Although both coatings and CP are applied on the metallic structures such as
pipelines, corrosion still occurs and potentially causes the facility failures. Thus,
development of high performance functional intelligent coatings, such as intelligent
coatings and superhydrophobic coatings, provides an effective way to obtain reliable

corrosion protective performance.

2.4 Intelligent coating technology

2.4.1 Recognition of intelligent coatings

Almost all of the organic coatings are susceptible to cracks formed deep within the
structure because of changes in the mechanical properties of the coatings during their
service life. The cracks propagate and expose the substrate to corrosive environments,
finally leading to the failure of the coatings. The detection of initial micron cracks is
difficult and their reparation is almost impossible. This challenge is especially important
for pipeline coatings which has been designed in service for several decades and are
buried in soil. Therefore, efforts have been made to find proper methods to improve the
anticorrosion properties of the organic coatings [31-34]. Intelligent coatings technology
have evolved from a coating with a specialized resin, pigment, or other material that can
respond to an environmental stimulus and react to it. This response can be used in various
ways to protect materials from corrosion and other types of damage. There are two basic
mechanisms by which intelligent coatings provide corrosion protection: i.e., blocking
barrier and chemical inhibition. As mentioned above, organic coatings can retard
corrosion through a barrier mechanism, which is achieved via a coating that effectively

isolates the substrate from corrosive elements such as moisture, oxygen and ionic species
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that can react with the substrate [35]. Organic coating with intelligent properties means
that this coating can allows release of the inhibiting species into the aqueous environment
present on the metal substrate to retard corrosion via barrier, chemical inhibition or
sacrificial mechanism [36]. Barrier protection is achievable only when the coating
completely isolates the metal substrate from the corrosive environment. Chemical
inhibition refers to the ability of a coating system to release inhibitors to retard corrosion.
Sacrificial corrosion protection refers to an active metal coated on a substrate that
corrodes at a faster rate due to its more negative electrochemical equilibrium potential of
the active metal than the substrate itself. The coating therefore acts as a sacrificial anode,
and the substrate is cathodic in the corrosion cell.

The inhibitors that are used in intelligent coating system can be organic or inorganic
ones depending on operating conditions and corrosion-inhibiting properties. The most
effective inorganic inhibitors are chromates, nitrates, carbonates and phosphates. The
most effective organic corrosion inhibitors are amines, heterocyclic nitrogen compounds,
and natural compounds such as glue and proteins. These inhibitors act through absorbed
films, formation of compact precipitates and/or passivation mechanisms. Two strategies
have been reported for designing intelligent coatings, i.e., direct doping of coatings with
inhibitors, and encapsulation of inhibitors in prepared micro/nanocontainers or reservoirs
that are distributed uniformly in the host coating [37]. For the direct doping technique,
there are problems of early leakage of the inhibitors and undesirable interactions between
the matrix and the inhibitors, which disrupt the barrier properties of the coatings.
Moreover, direct addition of corrosion inhibitors to coatings can cause some detrimental

interactions between components, as well as formation of preferential electrolyte
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pathways, compromising the barrier properties. In contrast, encapsulation of active
materials inside micro/ nanocontainers which are compatible with the coating matrix and
are able to sense the local changes induced by the corrosion process can overcome the
aforementioned limitations of direct doping. Moreover, the incorporation of nanoparticles
into polymers offers an environmentally benign solution to enhance the durability of the
coatings. The fine particles dispersed in the coating can fill cavities and cause crack
bridging, crack deflection and crack bowing [38, 39]. Nanoparticles tend to occupy small
defects formed from local shrinkage during curing of the polymer, and act as a bridge
interconnecting more molecules. This results in a reduced total free volume as well as an
increase in the cross-linking density [40]. In addition, polymer coatings containing
nanoparticles offer significant barrier properties for corrosion protection, and reduce the
trend for the coating to blister or delaminate [41].

The intelligent coatings can sense the environment and provide an appropriate
response. It can control at an early stage to prevent further corrosion and provide coatings
with reliable corrosion protection properties during long service life. Using such
capsules, the corrosion protection properties of the organic coatings can be improved
significantly. This can be attributed to the slight releasing of small amount of inhibitive
species triggered by the external environment, such as variation in pH, increased chloride
ion concentration or mechanical damage. Then, the inhibitive species reach the active
sites present on the steel surface. In this way, they can restrict the access of the aggressive
ions to the active sites of the metal surface. This strategy has led to the development of a
new generation of intelligent coatings for anti-corrosion purpose. The mechanism of an

intelligent anticorrosion coating is shown schematically in Fig. 2.4 [42]. It is seen that
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micro/nanocontainers are doped in the coating to protect the substrate material from
corrosion. However, if the coating is damaged by mechanical impact or chemical attack,
it can release pro-loaded chemical to repair the coating itself or form protection film
underneath the coating on substrate metals. As a result, the ongoing corrosion that caused
by the failure of applied coating can be retard without any human interference.

Generally, micro/nanocapsules are particles (ranging from several nm to a few mm in
diameter) containing a core (solids, droplets of liquids, or gases) surrounded by a shell
(micro/nanocontainers) [43]. The ideal micro/nanocontainers are proposed to be featured
with (1) chemical and mechanical stability, (2) compatibility with the coating matrix, (3)
sufficient loading capacity, (4) an impermeable shell wall to prevent leakage of the active
substance, (5) the ability to sense corrosion onset, and (6) release of the active substance
on demand. Some commonly used methods to fabricate the micro/nanocapsules are
briefed as follows. The contents from chapter 3 to chapter 6 are aimed to use an easy and

economic method to fabricate the smart capsules and intelligent coating.

) . Mechanical
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Fig. 2.4 The mechanism of self-healing action of an intelligent anticorrosion

coating[42].
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2.4.2 Fabrication of micro/nanocontainers

Carriers that can be loaded with functional species, such as corrosion inhibitors, are
added to the coating formulation and to become dispersed in the coating matrix. These
carriers work as reservoirs, in which the functional species are stored, until they are
needed. Suitable carriers include polymeric capsules, porous and hollow particles,
nanotubes, clays and a wide array of mesoporous inorganic particles. When added to
coatings it is essential to ensure a good compatibility between the guest carriers and the
host coating matrix. This is mandatory to maintain the expected barrier performance of
the protective coating. Moreover, the guest carriers must be stable and able to store the
functional agent for long periods, releasing it only if required. Several functionalities can
be inserted in protective coatings using this approach to fabricate intelligent coating, as

shown below.

Interfacial self-assembly method

He et al. [44] studied the interfacial self-assembly process to make cagelike
intelligent porous microcapsules. The overall preparation procedure of the cagelike
particle composites is illustrated in Fig. 2.5. The first step was to self-assemble surface
sulfonated polystyrene particles, consisting of tetraethyl orthosilicate (TEOS) and methyl
methacrylate monomers (MMA), at the water-oil droplet interface. Then 1 g of oil phase
(MMA/TEOS = 17/3, mol/mol) was introduced and stirred in the system. In this
reserving period, TEOS diffused into the interface of oil phase and water, leading to
hydrolysis and condensation reactions of alkoxysilane precursors that were catalyzed by

surface sulfogroup of the sulfonated polystyrene particles to form cagelike microspheres.
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The cagelike particles were used as reservoirs for encapsulating repairing agents and
chemical initiators, which provide self-repairing ability to the protective system after self-
assembling into ordered sol-gel coatings. The electrochemical impedance spectroscopy
(EIS) measurements for sol-gel film containing this kind of cagelike capsules

demonstrated the self-repairing effect after 2 h of immersion in 3 wt.% NaCl solution.

sulfopated layer
N Y water
stirring
—>
polystyrene core . . . .
sulfonated PS latex particle water and latexs Sebleaimtision
set-aside ﬂ
silica gel
icrosphere
hydrolization
&— o=l
disengaging of particles swelling of particles

Fig. 2.5 Hlustration of the preparation procedure of cagelike silica gel microspheres

[44].

Polymeric nanocontainers method
Li et al. [45] studied the pH-responsive polystyrene (PS) as polymeric

nanocontainers loaded with corrosion inhibitors for anticorrosion coatings. Corrosion
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inhibitors (benzotriazole, BTA) are encapsulated in the PS matrix during the
polymerization process, which was followed by adsorption of a highly branched
polyethylenimine (PEI) as a regulated release of BTA in the response to external pH, as
shown in Fig. 2.6. It was proved that the inhibitor-loaded nanocontainers can quickly
respond to environmental changes caused by the electrochemical corrosion process,
releasing the inhibitors quickly to corrosion areas in response to the pH changes, and
forming an organic barrier to block diffusion of corrosive species and terminating further
corrosion growth. The shortcoming of this method is its complicated fabricating method,
which restricts its application mostly in lab research. Moreover, Latnikova et al. [46]
developed a method to encapsulate inhibitors by interfacial polymerization with three
types of high cross-link density polymers, i.e., polyurethane (PU), polyurea (PUA), and
polyamide (PA). It was found that the type of polymer has a great impact on the structure
of the resulting capsules. For PU and PUA compact particles loaded with the inhibitors
are homogeneously distributed in the polymer matrix when compared with PA capsules,
as shown in Fig. 2.7 [47]. However, the release of inhibitors has not been studied well in

this work.
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Fig. 2.6 lllustration of the synthesis of corrosion inhibitor-loaded PS-BTA/PEI core-

shell polymeric nanocontainers [45].

Fig. 2.7 SEM images of crushed PU (a), PUA (b), and PA (c) capsules [47].

Halloysite inorganic clays as container method

Natural halloysite (Al2Si20s(OH)4-nH20) inorganic clays have attracted significant
interest to develop intelligent coatings [48]. One predominant form is the hollow tubular
structure with a very small inner diameter in the sub-micron range. A strong surface
charge of the Halloysite tubules enables a multilayer assembly at nanoscale using layer-

by-layer (LbL) adsorptions [49]. By covering with polyelectrolyte to form nano-shells



23
over the nanotubes and blocking the tube ends, it is possible to develop further means of
controlling the rate of release, as shown in Fig. 2.8 [50]. The results showed that the
release of the encapsulated inhibitors was regulated by pH changes in local corrosion
areas because of the sensitivity of polyelectrolyte multilayers to changes in the
surrounding environment. The scanning vibrating electrode technique (SVET)
measurements of alumina coated with sol-gel containing halloysite tubes filled with BTA
inhibitors indicated that the corrosion rate at the defect points was remarkably slowed

2 compared with the corrosion rate of 18 pA/cm? for a pure sol-gel

down (3 pA/cm
coating). Borisova et al. studied the concentration and position of the mesoporous
halloysite silica nanocontainers loaded with 2-mercaptobenzothiazole as inhibitors
(MBT@NCs) in a hybrid sol-gel (SiOx/ ZrOx) layer coated on an aluminum alloy
AA2024-T3 [51, 52]. The results showed that a very low concentration (0.04 wt.%) of the
nanocontainers led to good coating barrier properties, but unsatisfactory corrosion
inhibition because of an insufficient amount of available inhibitors. In contrast, a high
concentration (0.8-1.7 wt.%) of the nanocontainers deteriorated the coating integrity by
introducing diffusion paths for aggressive electrolyte species, resulting in a loss of
anticorrosion efficiency. It was also found that the inhibitors can quickly release from the
nanocontainers as the corrosion proceeded and improved the corrosion resistance and
self-healing ability. The drawback with the inorganic clay based halloysite particles is
their lower loading efficiency. Moreover, some kinds of inorganic clay have too long

length that they usually form defects such as tunnels from the metal surface to outside

environments. This can degrade the anti-corrosion performance of the coating matrix.
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Fig. 2.8 Loading procedure of halloysite nanotubes with benzotriazole [50].

Nanoparticle based polyelectrolyte multilayer method

In addition to the above mentioned fabrication methods, polyelectrolyte multilayers
develop new opportunities for anticorrosion protection of intelligent coatings [53]. The
sensitivity of the polyelectrolyte film to a variety of physical and chemical conditions
such as pH-shift or mechanical impact of the surrounding media provides the ability of a
controlled release of the inhibitors entrapped into multilayers. Polyelectrolytes are
usually assembled on the surface of nanoparticles via a layer-by-layer (LBL) approach to
form inhibitor-loaded nanocontainers. The LBL deposition procedure involves the
stepwise electro-static assembly of oppositely charged species on the substrate surface
with a nanometer scale precision, and allows the formation of a coating with multiple
functionalities. The coating properties can be controlled by the number of deposition
cycles and the types of polyelectrolytes used. The conformation of polyelectrolytes is
mostly dependent on their nature and adsorption conditions, and much less dependent on
the substrate and charge density of the substrate surface. The inhibitors will be released in
a controllable way from the host structure when the conformation of the polyelectrolyte

molecules changes due to changes in pH, as shown in Fig. 2.9 [54]. The intelligent
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release properties of the polyelectrolyte multilayers system are based on following two
steps: (i) the polyelectrolytes have pH-buffering activity and can stabilize the pH change
on the metal surface in corrosive media; (ii) the inhibitors are released from
polyelectrolyte multilayers shell only after start of the corrosion process, directly

preventing the corrosion propagation in the rusted area [55].

benzotnazole
loading

polyelectrolyte
deposition

SiO,

Fig. 2.9 Schematic illustration of the procedure for benzotriazole loading for SiO2

nanoparticle containers [54].

2.4.3 Releasing mechanisms of encapsulated inhibitors from the micro-
/nanocontainers

Encapsulation or intercalation of corrosion inhibitors in micro/nanostructured hosting
systems have been developed for fabricating intelligent coating, and various
nanocontainers serving as inhibitor-carriers with specific triggering mechanisms for
inhibitor-releasing. In this part, some typical triggering mechanisms that are proper to

development of intelligent coatings are reviewed.

Desorption controlled releasing
The hybrid sol-gel film on different metals can work by desorption controlled

releasing of encapsulated inhibitors [56]. Zheludkevich et al. [57] reported an inhibitor
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immobilization strategy by incorporation of inhibiting cations such as Ce** in amorphous
ZrO; nanoparticles. It was found that sol-gel films with Ce-doped ZrO, followed a slow
releasing of inhibitors Ce®*" by the interaction between cerium cations and ZrO:
nanoparticles. The releasing of cerium cations resulted in a decease of electron binding
energy of Zr in ZrO nanoparticles, indicating that cerium inhibitor interacted directly

with the nanostructured particles by adsorption and absorption mechanism.

pH- controlled releasing

A different strategy was used to provide coatings intelligent ability, based on the
release of inhibitor on demand by using local changes of pH during corrosion processes
as the trigger [58, 59]. In corrosion processes, perhaps the most relevant trigger is pH, as
the initiation of corrosion activity is accompanied by local changes of pH in anodic and
cathodic sites. The corrosion inhibitors, such as BTA, are incorporated between
oppositely charged polyelectrolyte layers on inorganic nanocarriers. The mechanism of
this method is to use the permeability dependence of polyelectrolyte shells on pH,
providing release of corrosion inhibitors. It can release the inhibitors only when corrosion
processes are about to start or have already started, and the surrounding pH changes at the
same time to trigger the releasing of the pro-loaded inhibitors [60, 61]. In this method, the
negative charged particles are firstly coated with a layer of positively charged
polyelectrolyte, followed by adsorption of negatively charged polyelectrolyte and then
positively charged BTA as corrosion inhibitors. Shi et al. [62] found that polyelectrolytes
were sensitive to the pH change, with “open” or “close” state by swelling to thicker layer

or shrinking to thinner original state, as shown in Fig. 2.10. It was reported that



27
polyelectrolytes had a pH-buffering activity and could stabilize pH values between 5 and
7.5 on the metal surface in corrosive media. If polyelectrolytes are used as carriers,
inhibitors are able to be released out from the “open” polyelectrolyte multilayers and
inhibit corrosion, triggered by the pH changes to more acid or alkaline range due to the
corrosion attack on substrate. When pH returns to neutral values, polyelectrolytes recover

to “close” state and the inhibitors are sealed again.
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Fig. 2.10 Release of benzotriazole from
microcapsules/PEI/PSS/Benzotriazole/PSS/PEI in water solutions with different pH

values [62].



28

lon-exchange control of inhibitor releasing

(a) C
A Coating A
N T
O &= Electrolyte Na® _}..(_ OH- = H
D 0
E D
E
(b) Pigment C
A Coating 6;,‘%" A
N T
Q &= Electrolyte Na;f ”’—ﬂ'} = H
D 0
E Metal D
E
(c) : Pigment C
A Coating @ A
N T
0 &= Yo = H
D ) O
E D
E

Fig. 2.11 Schematic representation of underfilm inhibition of corrosion-driven
delamination occurring in the presence of in-coating Bentonite-Ca?* pigment
showing (a) underfilm ion transport in the absence of pigment, (b) cation exchange

and (c) cation hydrolysis at elevated pH [63].

In addition to the mechanism for inhibitor releasing from simple desorption to pH-
triggered release of inhibitors, another type of intelligent nanoreservoirs for corrosion

inhibitors releasing on demand is by ion-exchange. Bentonite is a cation-exchanger,
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consisting of stacks of negatively charged aluminosilicate sheets, between which
inhibiting cations can be intercalated [64].

Williams et al.[63] reported that bentonite pigments exchanged with zinc could act
as inhibitors of corrosion-driven cathodic disbondment of polyvinylbutyral (PVB)
coatings adherent to the intact zinc surface of hot dip galvanised steel. It was proposed
that the decrease in cathodic delamination rates resulted principally from the underfilm
Ca?" cation hydrolysis, giving rise to ohmic inhibition through a reduction in mass
transport rates, as shown in Fig. 2.11. Incomplete exchange of underfilm Na* by the in-
coating bentonite pigments was thought to account for the observation that delamination

rates could be slowed down by Ca?* cations, but not completely halted.

Mechanical rapture control of inhibitor releasing

The mechanical rapture trigger mechanism is not corrosion-related but can cause
coating degradation and ultimately uncover the metallic substrate, making it accessible to
corrosion attack. Kumar et al. [65] proposed the feasibility of developing intelligent
coatings based on mechanical rapture releasing of corrosion inhibitors by using
formulations and embedding microcapsules in commercially available coating systems,
as shown in Fig. 2.12. Laboratory tests showed that, when the coating system was
damaged by abrasion, the microcapsules released the corrosion inhibiting compounds.
Growth of coating damage at the scribe was arrested in self-healing coatings with all

microcapsule formulations compared to control samples.
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Fig. 2.12 Mechanism for collapse of microcapsules due to attack by solvents in paint

[65].

2.5 Superhydrophobic coatings

2.5.1 Recognition of superhydrophobic coatings

Superhydrophobicity is a key surface property enabling corrosion protection because
the metal surface results in water and aqueous electrolyte repellence. Superhydrophobic
surfaces are characterized by a static contact angles (CA) with water above 150°[66].
The surface hydrophobicity can be achieved by changing the composition, structure or
morphology of the outermost surface layer of the coating system. The lotus leaf effect is
one of the most effective routes to create superhydrophobic surfaces. Such surface
properties attract researchers interested in fabricating such surfaces for self-cleaning and
anti-corrosion performance [67]. One important parameter is required to produce

superhydrophobic properties, i.e., a surface micro- and/or nano- scale roughness.
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Many processes have been employed to control the surface roughness. Particularly,
electrochemical methods combine both ease of implementation, even on very large area
surfaces, and the possibility to obtain various surface morphologies [68-70]. The
electrochemical processes are easy to work out, relatively fast, and very reproducible.
Contrary to most of the other techniques, the electrochemical methods are able to create a
very large variety of surface morphologies including needles, rods, sheets, and flower-
like structures conveniently [66]. Chapter 7 provides the electrodeposition with stearic
acid modification method to fabricate the superhydrophobic coating on pipeline steel

surface.

2.5.2 Fundamentals of surface superhydrophobicity

Wenzel Cassie-Baxter
state state

Fig. 2.13 Schematic illustration of a water droplet in the Wenzel and Cassie—Baxter

state [71].
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The contact angle of a liquid droplet on an ideally flat and chemically homogeneous
surface is given by the Young's relation: cos® = ysv — s/ yiv With ysv, ysi @and yiv are the
solid-vapor, solid-liquid, and liquid-vapor surface tensions, respectively [72]. The water
contact angle is dominated by the interactions along the three interfaces on the flat
surface. Using water as the liquid target, the contact angle of smooth surfaces does not
exceed about 125-130“whatever the nature of the material. If the contact angle is above
90< the surface is intrinsically hydrophobic, and reversely. To obtain superhydrophobic
surfaces with contact angles above 150< a necessary condition is related to the surface
roughness, as described by the Cassie-Baxter state and Wenzel state [73, 74], in which
the water either sits upon the surface protrusions or penetrates into the surface porosity,
respectively, as shown in Fig. 2.13 [71].

In Wenzel model, the interface between the water droplet and the surface is a solid-
liquid interface. Such surfaces are often known as a stickiness surface. The Cassie-Baxter
model can be used to explain the superhydrophobicity. In this model, the water droplet is
suspended on the top of the asperities, and the air fraction present between the surface
and the water droplet makes its suspension much easier. A large amount of air is trapped
in the microgrooves of a rough surface, and water droplets rest on a composite surface

comprising air and the top micro-protrusions.

2.5.3 Typical functions of a superhydrophobic surface

Owing to the unique liquid-repellence, low adhesion and other promising properties,
coatings with a superhydrophobicity have been explored their utilities in many different

fields during the past decades. Nowadays, a great variety of superhydrophobic surfaces
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have shown their commercial potentials. In this work, discussions will be focused on the
applications such as self-cleaning and corrosion resistance.

Self-cleaning properties
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Fig. 2.14 Scheme of the preparation process of Zn electrodeposition self-cleaning

coating [75].

Self-cleaning technology indicates the ability to self-repel contamination. It is
essential for improved corrosion protection. Self-cleaning coatings can be applied in
diverse domains in industry, agriculture, daily life, and military. The concept of self-
cleaning surfaces is inspired by the natural lotus because of water droplets are repelled by
the lotus leaves, allowing them roll freely towards all directions and then collect dirt
particles [76]. The cooperation between a low surface energy and micro/nanoscale

structures contributes to a high static water contact angle, which is essential for the
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formation of superhydrophobicity induced self-cleaning surfaces. Lots of experimental
attempts have been done to generate superhydrophobic self-cleaning products. In
particular, ZnO and similar metallic oxides are the most promising superhydrophobic
materials [77-79]. Wang et al. [75] reported an electrodeposition method to fabricate
superhydrophobic  surfaces with excellent self-cleaning properties by using
multifunctional ~ Zn/polydopamine(pDop)/n-dodecyl — mercaptan(NDM)  composite

coatings, as shown in Fig. 2.14.

Fig. 2.15 Self-cleaning effect experiments: (a) coating immersed into the muddy

water; (b) sand contaminated coating cleaned with distilled water[75].
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They obtained a hierarchical caulifliower-like structure on electrodeposited Zn/pDop
coatings. After modification with NDM, the prepared Zn/pDop/NDM coatings on
different substrate possessed excellent superhydrophobicity, exhibiting a maximum water
contact angle of 167.6< The coated surface could maintain its clean surface without any
contaminants after 30 testing cycles when immersed into muddy water. After dropping
sands on the coating surface, all sand particles could be easily washed away by water, as
shown in Fig. 2.15. The outstanding self-cleaning property can be explained by the joint
action of the hierarchical rough structure and the low-surface-energy materials. On the
one hand, the hierarchical rough structures trapped air, efficiently restraining the contact
of dirt with the surface. On the other hand, the introduction of NDM decreased the
surface energy of the as-prepared coatings, which further prevented the infiltrating of

liquid into the coating.

Corrosion resistance properties

Superhydrophobic coatings can be developed and employed on various engineering
metallic materials to prevent them from corrosion. Direct fabrication of
superhydrophobic coatings on metals provide a promising solution for improved anti-
corrosion performance due to its low cost, convenient controlling of operating conditions,
and high effectiveness. The corrosion resistance mechanism of superhydrophobic
surfaces is attributed by the existence of air pockets between the substrate and the
corrosive solution, providing an effective blocking to the migration of corrosive ions, as

shown in Fig. 2.16 [80].
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Fig. 2.16 A sketch of the three stages in the anticorrosion process of the

superhydrophobic surface [80].

A superhydrophobic carbon steel surface can be fabricated with enhanced corrosion

resistance by a convenient electrochemical method and post-modification with low
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surface energy materials. For example, Zhang et al. [81] reported a method to fabricate a
superhydrophobic surface by a two-step method on carbon steels. Highly porous and
hierarchically nano/micro-structure silica films were prepared by electrodeposition first.
A long alkyl-chained dodecyltrimethoxysilane was then used to further modify the
prepared surface to have superhydrophobicity properties. The results showed that this
superhydrophobic surface provided an effective corrosion protection for the carbon steel
when immersed in aggressive chloride solutions by monitoring the water contact angel
and electrochemical measurements, as shown in Fig. 2.17. Nyquist diagrams (Fig. 2.17a)
clearly showed much higher impedance values of the superhydrophobic sample (curve 4),
in comparison with other specimens (curves 1-3). Warburg impedance characteristic
appeared in the superhydrophobic surface in the low frequency domain (curve 4),
indicating the restriction of diffusion of corrosion products from the steel surface to bulk
solution or that of the reactants (e.g. dissolved oxygen) from the opposite direction. This
phenomenon was a result of the promising barrier property of superhydrophobic films.
Evolution of the low-frequency impedance module with the immersion time showed the
good corrosion performance of the superhydrophobic films (Fig. 2.17c). The impedance
values of the superhydrophobic sample decreased with the increasing time, suggesting a
degradation process of the superhydrophobic films due to the escaping of the entrapped
air layer from the porous structure induced by the continuous attack of water and other
aggressive ions. It was noted that, even though immersed in 3.5 wt.% NaCl solution for
120 h, the superhydrophobic sample still had a relatively higher impedance when

compare with other samples (Fig. 2.17d).
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Fig. 2.17 Nyquist diagrams (a), Bode phase angle plots (b), Bode log (|Z]) vs. log (f)
plots (c) after immersion for 0.5 h and (d) evolution of low-frequency impedance
with immersion time (at 0.01 Hz) in 3.5 wt.% NaCl solution of bare steel (1),

DTMD-only treated (2), SiOz film-only coated (3) and superhydrophobic coated steel

(4) [81].
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Superhydrophobic coatings were also prepared on pipeline steels. Li et al. [82]
demonstrated the corrosion resistance of a superhydrophobic coating on X90 pipeline
steel by electrodeposition and solution immersion process, as shown in Fig. 2.18. The
CuO flower-like structures in situ grew on the surface of steel via chemical reactions,
which was similar to the surface morphology of the lotus leaf. After fluorinated
modification, the CuO film on X90 pipeline steel exhibited a fine superhydrophobic, and
an excellent anticorrosion performance. Potentiodynamic polarization measurements
indicated that the superhydrophobic CuO film on steel surface obviously improved the

corrosion resistance of the steel.

Cu

1. Electrodeposition. modification.
Coaling

3 Fluonnated[ OA

2. Solution-immersion.
e
Fabrication of

the CuO film

Fig. 2.18 Scheme of the preparation of superhydrophobic CuO film on X90 pipeline

steel surface [82].
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Chapter Three: Inhibitive Performance of Benzotriazole for Steel Corrosion
Studied by Electrochemical and AFM Characterization*®

3.1 Introduction

Inhibitor technology provides an effective method to control steel corrosion even at a
very small concentration [83]. Nitrogen-based organic molecules, such as benzotriazole
(BTA), have been widely used as corrosion inhibitors to prevent steels from corrosion
attack [84, 85]. The nitrogen-based corrosion inhibitors are able to adsorb on the steel
surface to form a protective layer due to the fact that the inhibitor molecules contain
electronegative atoms such as nitrogen (N), unsaturated bonds (e.g., double bonds or
triple bonds), and planar conjugated systems including aromatic ring [86]. Moreover, the
mechanistic study can be useful for optimization of the concentration of inhibitors in
order to maximize the corrosion control.

This work is attempted to investigate the inhibiting mechanism and performance of
inhibitors BTA for corrosion of an X65 pipeline steel in a diluted bicarbonate solution
(0.01M NaHCOg), a typical electrolyte generated under disbonded coating in the field
[28]. Moreover, the effect of the inhibitor concentration on the corrosion inhibition was
determined in order to optimize inhibitor uses and maximize the inhibiting performance.

A conceptual model was developed to illustrate the inhibiting mechanism.

* This work has been published as: Yuanchao Feng, Y. Frank Cheng, Inhibitive performance of
benzotriazole for steel corrosion studied by electrochemical and AFM characterization, Journal of
Materials Engineering and Performance 24 (2015) 4997-5001.
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3.2 Experimental

3.2.1 Specimens, solution and inhibitor

Specimens used in this work were cut from a X65 pipeline steel plate, with a
chemical composition (wt.%): C 0.04%, Si 0.2%, Mn 1.5%, P 0.011%, S 0.003%, Mo
0.02% and Fe balance. The X65 pipeline steel is a commonly used steel in pipeline
industry. The specimen used for electrochemical testing was cut into 1 cm <1 cm and
sealed by epoxy. The work face was subsequently ground up to 1200 grits SiC emery
paper. It was then washed with deionized water and degreased with ethanol and acetone,
and dried in air before testing. The specimen used for atomic force microscopy (AFM)
characterization was ground sequentially to 1500 grit SiC emery paper, polished with 1
um diamond pastes, washed with deionized water, degreased with ethanol and acetone,

and dried in air.

H

N
N
AN
N

Fig. 3.1 Molecular structure of corrosion inhibitor benzotriazole (BTA).

The testing solution was 0.01 M sodium bicarbonate (NaHCO3) solution, with BTA
added at various concentrations (0, 0.005, 0.01, 0.03 and 0.05 M). All solutions were

prepared using analytical grade chemicals and deionized water.
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The molecular structure of the inhibitor BTA is shown in Fig. 3.1. As an anodic
inhibitor, the BTA can adsorb on metal surface, improving the corrosion resistant of the

metal [87].

3.2.2 Electrochemical testing

Electrochemical measurements were conducted on a three-electrode cell using a
Solartron 1280C electrochemical workstation. The steel specimen was used as the
working electrode, and a saturated calomel electrode (SCE) and a platinum plate used as
reference and counter electrodes, respectively.

Prior to testing, the working electrode was immersed in the solution for 1 h to reach a
steady state, as indicated by the unchanged open-circuit potential (OCP). EIS
measurements were carried out on the steel electrode at its corrosion potential over a
frequency range from 10 kHz to 0.01 Hz and an AC amplitude voltage of 10 mV.
Potentiodynamic polarization curves were measured at a potential scan rate of 0.167
mV/s. The electrochemical corrosion parameters, including corrosion potential (Ecorr),
corrosion current density (icorr), cathodic Tafel slope (Bc), the anodic Tafel slope (Ba) were
derived from the polarization curves. The data in the ranges of +70 to +170 mV (versus
corrosion potential) and -170 to -70 mV (versus corrosion potential) were used to
calculate the anodic and cathodic Tafel slopes, respectively. The total testing duration for
the measurements of OCP, EIS and polarization curves was about 4 h.

The inhibiting efficiency, IE, was calculated by:
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where i% _ (uA/ecm?) and i, (uA/cm?) are corrosion current density in the absence and

presence of inhibitor in the solution, respectively.

3.2.3 Surface characterization

AFM characterization was conducted on the steel electrode after 2 h of immersion in
the solution containing various concentrations of BTA using a Keysight 5500 AFM
system. The AFM tip was made of Si, and mounted on triangular cantilevers (450 um x
50 um =2 um) with an average spring constant of 0.02~0.77 N/m. The scanning process
was configured as contact model, with a scanning rate of 1 Hz, scanning rang of 10 um x

10 um, and a resolution of 256 %256 pixel.

3.3 Results and discussion
3.3.1 OCP measurements

Fig. 3.2 shows the time dependence of OCP of the steel electrode in the test solution
containing various concentrations of BTA. It is seen that, generally, the addition of BTA
shifts the OCP less negatively. Moreover, with the increasing BTA concentration, the
OCP is less negative. Particularly, in the blank solution, the OCP reaches a steady value
of about -0.70 V(SCE) after 1 h of immersion. When the concentration of BTA is small,

i.e., 0.005 and 0.01 M/, the OCP decreases sharply at first and then gradually recovers to
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reach a relatively constant value. This indicates that the inhibiting effect of BTA on steel
corrosion is dependent on its concentration. At small concentrations, the BTA does not
adsorb on the steel surface for corrosion inhibition in the beginning. The corrosion
control is time dependent. Along with the increase in the concentration of BTA, the OCP
is shifted to less negative value rapidly, indicating that the inhibitor is able to control

corrosion upon immersion in the solution.
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Fig. 3.2 Open-circuit potential of X65 steel in 0.01 M NaHCOs solution containing

various concentrations of BTA.
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3.3.2 Polarization curve measurements
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Fig. 3.3 Potentiodynamic polarization curves measured on X65 steel in 0.01 M

NaHCOs solution containing various concentrations of BTA.

Fig. 3.3 shows the potentiodynamic polarization curves of X65 steel in 0.01 M
NaHCOs solution containing various concentrations of BTA. It is seen that the addition
of BTA in the solution elevates the corrosion potential. Moreover, the anodic curves are
shifted to lower current densities. At individual potential, the anodic current density

decreases with the increasing BTA concentration, while the effect of BTA on cathodic
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branches is not apparent. Moreover, when the BTA concentration is up to 0.01 M, the
steel becomes passivated, as indicated by the presence of passive curves in the anodic
polarization branches. Obviously, as an anodic inhibitor, the BTA is effective to inhibit

corrosion of the steel in the testing solution.

Table 3.1 Electrochemical corrosion parameters fitted from the polarization curves
measured on X65 steel in 0.01 M NaHCOs solution containing different

concentrations of BTA.

ConC., M Ecorr, V/SCE icorr, }LA/CmZ Ba, mV/dec Bc, mV/dec IE (%)

Blank  -0.670%£0.028 3.295+2.262 62.66+16.54 105.48+21.43

0.005 -0.394+0.210 1.241+0.311 3522+5.08 48.00+10.61 62.3
0.01 -0.214+0. 352 0.706+0.244 65.76+t17.84 111.18+2.60 78.6
0.03 -0.232+0.016 0.344+0.021 108.42+17.23 101.36+29.91 895
0.05 -0.120+0. 106 0.164+0.335 73.27x16.75 78.79+22.05 95.0

Table 3.1 shows the fitted values of various electrochemical corrosion parameters,
including icorr, Ecorr, Pe, Pa, and the inhibition efficiency, IE, as a function of the BTA
concentration, where the mean value and the range are present. It is noted that the
reproducibility of the electrochemical results is quite high, with the fact that the electrode
preparation and testing procedure are under a careful control. It is seen that the corrosion
current density decreases and corrosion potentials increases with the increasing
concentration of BTA in the base solution. The inhibiting efficiency increases

continuously with the BTA content. When the BTA concentration is 0.05 M, the
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inhibiting efficiency is up to 95%. Thus, the BTA is effective to inhibit corrosion of steel.
Moreover, the increase in corrosion potential with the BTA concentration and the
presence of anodic passive curves mean that a layer of protective film can be formed on

the steel surface for corrosion protection.

3.3.3 EIS measurements

Fig. 3.4 shows the Nyquist diagrams measured on X65 steel in 0.01 M NaHCOs
solution containing various concentrations of BTA. It is seen that the Nyquist diagram
obtained in the blank solution exhibits a depressed semicircle in the high frequency range
and a straight line in the low-frequency range. While the high-frequency semicircle is
associated with the interfacial charge-transfer reaction during corrosion, the low
frequency straight line is due to the diffusion of dissolved oxygen towards the steel
surface for corrosion reaction. Thus, corrosion of X65 steel in the bicarbonate solution is
mixed controlled by both activation and diffusion steps.

Upon addition of BTA in the solution, the impedance plots are re-shaped. At the
small concentration of BTA, such as 0.005 M, two overlapped semicircles are observed
in the high and low-frequency ranges. Moreover, the high-frequency semicircle becomes
bigger compared to that recorded in the blank solution. With the further increase in BTA
concentration, in addition to the high-frequency semicircle, a new depressed semicircle is
observed in the low-frequency range. This is attributed to the formation of a protective
inhibitor film on the steel surface. Moreover, the size of the low-frequency semicircle
increases with the increasing BTA concentration. Since the diameter of the semicircle is

proportional to the resistance of charge-transfer reaction or the surface film, the enlarged



48
semicircle indicates the improving structure, coverage or thickness of the film for

enhanced corrosion inhibition.
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Fig. 3.4 Nyquist diagrams measured on X65 steel in 0.01 M NaHCOs3 solution

containing various concentrations of BTA.

3.3.4 AFM characterization

Fig. 3.5 shows the AFM surface topography of X65 steel after 2 h of immersion in
0.01 M NaHCO:s solution in the absence and presence of BTA at varied concentrations.
In the absence of BTA, the steel suffers from obvious corrosion, and its surface is quite

rough and uneven, as shown in Fig. 3.5(a). When the BTA is added in the solution at low
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concentrations such as 0.005 M and 0.01 M, the surface of steel specimen becomes
smoother compared to that obtained in the blank solution, with tiny spikes only along the
mechanical scratches generated during the specimen preparation, as seen in Figs. 3.5(b)
and 3.5(c). As the BTA concentration increases, the scratches become almost non-visible,
especially for that 0.05 M BTA is contained, and the steel surface is covered with a layer
of film, which is due to the adsorption of BTA on the steel, as shown in Figs. 3.5(d) and
3.5(e). The homogeneous film is able to protect effectively the steel from corrosion

attack.

3.3.5 Analysis of inhibiting mechanism of BTA

The present work shows that BTA is able to inhibit the corrosion of X65 steel in
bicarbonate solution, and the inhibiting efficiency is increased by the increasing inhibitor
concentration. Moreover, a layer of film is identified to form on the steel surface in BTA-
containing solutions. Generally, organic inhibitors establish their corrosion inhibition
action through adsorption of the inhibitor molecules on the metal surface [88]. The
adsorption is affected by the structure of the inhibitor, the charged surface of the metal,
and the distribution of charges over the whole inhibitor molecule. The BTA molecule can
become charged in aqueous solutions, and the charging type depends on the solution pH.
In weakly alkaline sodium bicarbonate solution, the BTA is negatively charged (BTA),
which can react with the positively charged corrosion product such as ferrous ions to
form un-dissolved deposit on the steel surface through electrostatic interaction. The BTA
molecule contains two —C-N groups and one secondary amino group. When negatively

charged BTA" is adsorbed on steel, coordinate bonds may be formed by transferring
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electrons form polar N atoms to the steel surface [89]. BTA thus combines with the

generated Fe?* ions to form metal-inhibitor complexes by:

NBTA" + nFe?* — [Fe(BTA)z] (3-2)

It is obvious from AFM images that a layer of film is formed on the steel surface in
the presence of BTA in the solution, which might be ascribed to the generated
[Fe(BTA)2]n aggregate. At lower BTA concentrations, there is not sufficient BTA
reacting with the corrosion-generated Fe?* to form the aggregate. With a higher BTA
concentration in the solution, the abundant BTA" is reacted with Fe?* to form metal-
inhibitor complexes. These complexes might adsorb on the steel surface to form a
protective film. Moreover, the AFM images show that the film is quite smooth, with a

roughness at nano-meter scale, especially at high BTA concentrations.
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Fig. 3.5 AFM images of X65 steel after 2 h of immersion in 0.01 M NaHCOs solution

containing various concentrations of BTA (a) blank, (b) 0.005 M, (c) 0.01 M, (d) 0.03

M, (e) 0.05 M.

3.4 Summary

BTA is able to inhibit the corrosion of X65 steel in bicarbonate solution, and the
inhibiting efficiency is increased by the increasing inhibitor concentration. The BTA is an
anodic inhibitor, which shifts the corrosion potential of the steel less negatively and

decreases the anodic current density at individual potential.
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A layer of film, which is probably the metal-inhibitor complex aggregate, is formed

on the steel surface to inhibit corrosion reaction. The presence of the film is demonstrated

by the AFM imaging, and changes the corrosion process, as indicated by the different
impedance feature from that obtained in the absence of BTA in the solution.

Moreover, the formed film on the steel surface is quite smooth, with a roughness at

the nano-meter scale. This ensures an effective protection of the steel from corrosion and

localized corrosion attack.
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Chapter Four: Fabrication of Halloysite Nanocontainers and Their Compatibility
with Epoxy Coating for Anticorrosion Performance*

4.1 Introduction

In the former chapter, the inhibitive performance of BTA for X65 pipeline steel was
discussed. It is confirmed that BTA is an effective inhibitor for protection steel from
corrosion. The combination of inhibitor BTA with epoxy coating to fabricate the
intelligent coating will be discussed in the following parts.

Generally, organic coatings can experience degradation in service, and are not able to
maintain long-term corrosion-protective properties due to water permeation,
disbondment, mechanical damage, etc. [90-92]. Efforts have been made to develop proper
methods to improve the anticorrosion properties of the coatings [93-96]. For example, the
addition of various pigments, e.g., barrier, sacrificial and inhibitive pigments, to the
coating is effective to enhance its performance for corrosion resistance [97]. This is
attributed to the slight solubility of these pigments in water, releasing small amount of
inhibitive species, which then reach the active sites on the steel surface to restrict the
access of aggressive ions [98]. However, a direct addition of corrosion inhibitors and/or
inhibitive pigments, especially some organic inhibitors, to coatings can cause detrimental
interactions among components, as well as formation of preferential electrolyte pathways,
compromising the barrier properties of the coating. In order to overcome these

shortcomings, one possible solution is to store the inhibitor in certain containers that is

* This work has been published as: Yuanchao Feng, Y. Frank Cheng, Fabrication of Halloysite
nanoparticles and their compatibility with epoxy coating for anticorrosion performance, Corrosion
Engineering Science and Technology 51 (2016) 489-497.
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compatible with the coating matrix and able to sense the local changes induced by
corrosion process [8]. This strategy has led to the development of a new generation of
intelligent coatings for anticorrosion purpose [99].

Halloysite (Al2Si2Os(OH)4-nH20), an economic clay material that can be mined as a
raw mineral, is a two-layered 1:1 aluminosilicate, which exhibits a range of
morphologies. One predominant form is a hollow tubular structure with a very small
inner diameter in the sub-micron range. A strong surface charge on the Halloysite tubules
enables a multilayer assembly at nanoscale using layer-by-layer (LbL) adsorptions [100].
The shell of the resulting polyelectrolyte capsules is sensitive to a variety of physical and
chemical conditions of the environment. The Halloysite polyelectrolyte capsules can thus
be used to store corrosion inhibitors in coatings, and to release the inhibitor upon
appropriate triggering mechanisms to sense the environment, and generate an appropriate
response to corrosion occurrence [101].

In this work, multi-layered Halloysite polyelectrolyte nanocontainers, which would
be used for storage of corrosion inhibitors, were fabricated by the LbL method, and were
doped in an epoxy coating. The coating was then painted on a X65 pipeline steel, which
was exposed to a chloride solution. The effect of the nanocontainer loading on corrosion

protection of the coating was investigated. The corrosion morphology was observed.

4.2 Experimental

4.2.1 Preparation of Halloysite polyelectrolyte nanocontainers

Halloysite clay (Aldrich) as-received contained over 70% of tubulars with an outer

diameter of 50 =5 nm, inner diameter of 15 - 20 nm, and a length less than 1 pm. A 15
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wt.% water suspension was prepared by adding water to dry Halloysite powder under
continuous stirring in a lab-used blender to avoid clay aggregation. The dispersion of the
Halloysite particles was further improved by heating at 60<C on a stirring hotplate for 12
h. The resulting Halloysite nanotubes were separated by centrifugation, then washed
three times with distilled water, and dried at 60<C in air for 12 h. The dry Halloysite
nanotubes were stored in a desiccator with the protection of nitrogen for further use

[102].
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Fig. 4.1 Schematic illustration of the procedure for preparation of 4-layer Halloysite
nanocontainers, where PDDA and PSS are poly- (diallyldimethylammonium

chloride) and poly-(styrene sulfonate), respectively.

To maintain controlled release of corrosion inhibitors pre-loaded in the Halloysite
nanotubes, their surface was modified by LbL deposition of four layers of polyelectrolyte
in 2 mg/mL polyelectrolyte + 0.5 M NaCl solution, as shown in Fig. 4.1. A layer of
positively charged poly-(diallyldimethylammonium chloride) (PDDA) was formed for 15
min. The resulting materials were washed by centrifugation to remove adsorbed
polyelectrolyte molecules, and another layer was then deposited in sodium poly-(styrene

sulfonate) (PSS). Alternating adsorption was repeated until the final
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PSS/PDDA/Halloysite four-layer structure was assembled on the surface of the

Halloysite nanotubes to form the Halloysite nanocontainers.

4.2.2 Preparation of epoxy coatings doped with Halloysite nanocontainers

Epoxy coatings are one of the most widely used coatings in industry for corrosion
protection, and are thus chosen in this work. To home-make the epoxy coating, an epoxy
resin (diglycidyl ether of bisphenol A, DGEBA, C»1H2404, with a molecular weight of
340 g mol™) was ultrasonically stirred with xylenes at room temperature for 30 min, and
then mixed with various contents of the prepared Halloysite nanocontainers for another
30 min. Finally, an amine hardener, N-Aminoethylpiperazine (NAEP, CsH1sNs with a
molecular weight of 129 g mol, 98% purity), was added in the mixture and stirred for 2
h. The ratio of DGEBA to NAEP was adjusted to optimize the coating property. The
prepared coating with and without Halloysite nanocontainers was coated on a X65 steel
panel by dip coating application using a withdrawal angle of 30° and an immersion time
of 100 seconds. After coating, the coated steel panels were left at room temperature for 7
days to allow a full curing of the coating.

The chemical composition of X65 steel was given previously [103]. Prior to coating
application, the working face of the steel with 1 cm? in area was subsequently ground
with 120, 240, 600, and 800 grit emery papers, and clean in distilled water, ethanol and
acetone.

The dry film thickness was measured using a Fischer digital thickness gauge on five
different locations on the coated steel panels, ensuring a uniform coating thickness

achieved. The average thickness of the coating is 90 =10 um.
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4.2.3 Characterization of the nanocontainers

Fourier transforms infrared (FTIR) measurements were conducted through a Nicolet
1S50 spectrometer at room temperature to characterize the structure of the prepared
Halloysite nanocontainers. For comparison, the structure of the as-received Halloysite
was also measured. Continuous scans were performed from 4000 - 400 cm™ with a
resolution of 4 cm™,

The morphology of the Halloysite nanocontainers was characterized by a Philips
XL30 SEM and an optical microscope by dispersing the as-received and fabricated
Halloysite on a smooth glass.

Optical morphological observation was conducted on coated steel specimens after

corrosion testing.

4.2.4 Electrochemical measurements

EIS measurements were conducted on a three-electrode system through a Solartron
1280C electrochemical workstation. The coated steel specimen was used as the working
electrode (WE), a saturated calomel electrode (SCE) as the reference electrode (RE), and
a Pt wire as the counter electrode (CE). All tests were performed in a 3.5 wt.% NaCl
solution at 60°C.

Prior to testing, the steel WE was immersed in the solution for 60 min to achieve a
steady state. A sinusoidal AC perturbation of 10 mV amplitude was applied on the WE
which was maintained at the free corrosion potential. The EIS was measured in the
frequency range from 10 kHz to 0.01 Hz. The impedance data was analysed using the

associated Zview software.
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During electrochemical impedance measurements, each test was performed at least
three times to ensure reproducibility of the testing data. When the measured EIS obtained
from three tests were similar, the curve lied in between was presented herein. If big
deviations of the results were found in three tests, the fourth or even fifth test was
conducted. The deviated result(s) was disregarded, and the data presentation followed the
procedure mentioned above.
It is noted that, as the first part of a series work, this work did not pre-load corrosion
inhibitors in the prepared Halloysite nanocontainers. Instead, investigations were focused

on the compatibility of the added Halloysite with epoxy coating.

4.3 Results and discussion

4.3.1 Preparation of epoxy coatings

Epoxy coatings are made by epoxy resin which contains epoxy functional groups
reacting or cross-linking with either themselves through catalytic polymerisation, or with
a wide range of reactants such as polyfunctional amines, acid anhydrides, phenols,
alcohols and thiols. These reactants are often referred as hardeners or curatives, and the
cross-linking reaction is commonly referred as curing. In order to make high-quality
cross-linking epoxy coatings, the influence of the content of amine hardener on the
solubility of cured epoxy coatings in acetone solution is studied in this work.
Theoretically, 3 mol DGEBA completely reacts with 2 mol NAEP to form a cured
coating. In reality, the amount of hardener NAEP is usually slightly greater than the

stoichiometric ratio mentioned above. The contents of the two components used in this
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work is listed in Table 4.1. The NAEP is over-stoichiometric and DGEBA is sub-

stoichiometric for coatings no.2, 3, 4 and 5. For coating no. 1, they are stoichiometric.

Table 4.1 Contents of DGEBA and NAEP (both mass and molar values) as well as

xylenes used in this work for preparation of epoxy coatings.

Coating sample no.

1 2 3 4 5

DGEBA/g 1 1 1 1 1
DGEBA/mol 2.94x10° 2.94x10° 2.94x10° 2.94x10° 2.94x10°

NAPA/g 0.26 0.29 0.31 0.34 0.36
NAPA/mol 2.02x10° 2.24x10° 2.40x10° 2.64x10° 2.79x10°®

Xylenes/g 1.24 1.26 1.29 1.31 1.35

NAPA extra proportion/% 0 10 20 30 40

Acetone has a strong capacity to dissolve DGEBA and NAEP. The prepared epoxy
coatings are evaluated by soaking them in acetone to measure the weight change upon
soaking. Depending on the curing level of coatings with varied combinations of
bisphenol a diglycidyl ether resin (BADE) and NAEP, un-reacted BADE and NAEP
molecular can be released from the coating, causing a change of the coating weight. Fig.
4.2 shows the weight of the coating samples as a function of time in acetone. It is seen
that the total weight of the prepared coating increases with time until a maximum value is
reached. This is due to the permeation and absorption of acetone into the coating. It takes
about 24 hours for the coating to achieve the saturated absorption state. After the
maximum absorption is reached, the weight of the coating decreases with time, which is

probably attributed to the extraction of sol molecules upon swelling in acetone. Coating
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sample 1 has the biggest weight increment upon absorption of acetone, and a relatively
small weight loss in acetone. This formulation, which contains the least NAEP in relation
to the amine curing compound compared to other formulations, would contain a greater
polymer-free volume in which small molecular species such as water and acetone would
be mobile. At the same time, the DGEBA is a long-chain molecule, and is not easy to
release from the cured coating when soaking in acetone. Thus, coating sample 1 is
associated with a big weight increment and relatively small weight loss. On the contrary,
coating samples 4 and 5 reach the saturated absorption of acetone quickly, and have a
relatively big weight loss after soaking. This is due to the fact that acetone can permeate
into the coatings through microchannels formed by extra NAEP. Moreover, the NAEP,
which is relatively smaller than DGEBA in terms of the molecular size, is easy to release
form coatings in acetone.

By comparison of the weight changes of the five coating samples, coating samples 2
and 3 have the lowest polymer-free volume when compared with samples 1, 4 and 5. On
comparing samples 2 with 3, sample 2 has a slightly smaller weight loss in acetone. It is
thus assumed that coating 2 possesses a better cross-linking and cured performance. This

coating formulation is thus chosen for further research.
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Fig. 4.2 Weight changes of the coating as a function of time in acetone, where curves
1,2, 3,4 and 5 refer to 0, 10%, 20%, 30% and 40% of extra amount of NAPA,

respectively.

4.3.2 Morphological characterization of prepared Halloysite nanocontainers

Fig. 4.3 shows the optical view of as-received Halloysite and the prepared Halloysite
nanocontainers. It is seen in Fig. 4.3a and 4.3b that the as-received Halloysite is a white
powder, and particles tend to agglomerate to form big, irregular aggregates with non-
uniform sizes. The prepared Halloysite nanocontainers have a more uniform scale and
better dispersion, as seen in Fig. 4.3c. This is due to the adsorption of polyelectrolyte on
the surface of Halloysite, decreasing the agglomeration of the Halloysite particles.

Fig. 4.4 shows the SEM view of the as-received and prepared Halloysite. It is seen

that the as-received Halloysite (Fig. 4.4a) agglomerates much more seriously compared
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to the prepared Halloysite in Fig. 4.4b. Despite the adsorption of polyelectrolyte on the
surface of Halloysite, the agglomeration still occurs on the prepared Halloysite. It is
noted that the particle agglomeration may affect the anti-corrosion performance of the
host coating. Thus, further improvements to enhance the dispersion of Halloysite
nanocontainers in the coating are being conducted in authors' lab, while this work focuses

on investigation of the compatibility of Halloysite nanocontainers with the epoxy coating.

Fig. 4.3 Optical view of (a) and (b) as-received Halloysite and (c) prepared

Halloysite nanocontainers.
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Fig. 4.4 SEM view of (a) as-received and (b) prepared Halloysite materials.

4.3.3 FTIR characterization

Fig. 4.5 shows the FTIR spectra measured on the as-received and prepared
Halloysite. Several characteristic peaks are observed in the range of 600 ~ 3700 cm™™.
Particularly, inner OH" stretching vibrations of Halloysite's aluminium groups occur at
3620 and 3690 cm?, the Si-O-Si deformations at 1100 ~ 1200 cm™, the Si-O-Al
perpendicular stretching at 800 cm™, symmetric Si-O- Si stretching at 1000 cm™,
respectively [104]. For the prepared Halloysite in this work, in addition to the
characteristic peaks identical to those obtained on the as-received Halloysite, two
additional peaks are observed and labelled in the figure. The peak at 2930 cm™ is
attributed to the presence of C-H flexible vibration due to the absorption of PDDA on the
surface of Halloysite, while the peak at 1470 cm™ corresponds to the C=C functional
groups from PSS [105]. The results confirm that the PDDA and PSS are present on the
surface of the prepared Halloysite. Thus, the processing in this work introduces new

functional groups in Halloysite, but does not change its intrinsic structure.
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Fig. 4.5 FTIR spectra of as-received and prepared Halloysite.

4.3.4 EIS measurements

Fig. 4.6 shows the Bode plots measured on X65 steel electrode coated with epoxy
coating undoped and doped with various contents of the prepared Halloysite
nanocontainers in 3.5 wt.% NaCl solution over 84 hours. It is seen that, for both undoped
and doped epoxy coatings, the measured low-frequency impedance decreases with time,
indicating the water permeation into the coating. Upon addition of the Halloysite
nanocontainers, the low-frequency impedance of the coated steel is bigger compared to
that measured on the undoped coating at individual times. For example, the low-
frequency impedance of the undoped coating is about 10’ Q cm?, while that measured on

the coating containing 20 wt.% Halloysite nanocontainers is approximately 10° Q cm?.
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The addition of Halloysite nanocontainers improves the corrosion resistance of the epoxy

coating by blocking the permeation of corrosive media through the coating systems.
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Fig. 4.6 Bode diagrams measured on X65 steel electrode coated with epoxy coating
undoped and doped with various contents of the prepared Halloysite

nanocontainers in 3.5 wt.% NacCl solution at 60°C. (a) undoped, (b) 3wt.%, (c)

5wt.%, (d) 10wt.%, (e) 20wt.%.

4.3.5 Morphological observation of coated steel electrodes

Fig. 4.7 shows the morphology of the coated steel electrodes with epoxy coatings
containing various contents of the prepared Halloysite nanocontainers after 84 h of
testing in 3.5 wt.% NaCl solution. It is seen that the steel corrodes over a larger area
under the undoped coating compared to those coated with coatings doped with Halloysite
nanocontainers. As the Halloysite content increases in the coating, the corrosion area on
the steel surface decreases. This result is consistent with the impedance measurements

that the added Halloysite is able to improve the anti-corrosion ability of the coating.
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Moreover, the morphological observation shows that corrosion occurs under coating,
indicating that the coating is disbonded, and the corrosive solution permeates under the
coating. Thus, the Halloysite addition would also be able to decrease the disbonding area.
Particularly, the epoxy coating containing 20 wt.% Halloysite nanocontainers shows the
best resistance to corrosion attack as it results in the smallest disbonding area for

corrosion to occur among all the coatings.

Fig. 4.7 Morphology of the coated steel electrodes with epoxy coating containing

various contents of the prepared Halloysite nanocontainers after 84 h of testing in
3.5 wt.% NacCl solution at 60°C. (a) undoped, (b) 3 wt.%0, (c) 5 wt.%, (d) 10 wt.%,

(e) 20 wt.%.
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It is noted that the coating applied on steel panels is a home-made, pure bisphenol-A
epoxy coating, without addition of any other pigments and additives. The main
components contained in the coating include epoxy resin BADE, amine hardener NAEP
and the prepared Halloysite nanocontainers. Thus, the anti-corrosion performance of the
coating is not compared to commercial coating products. This is the key reason that
corrosion occurs on the coated steel specimen in a short time period of immersion in
NaCl solution at 60°C. Furthermore, this work is attempted to understand the potential
effect of the addition of Halloysite nanocontainers in the epoxy coating on its structure
and corrosion resistance, i.e., the compatibility of the bisphenol-A epoxy coating with
Halloysite. Actually, the doping of the prepared Halloysite in commercial coatings is

being discussed with a coating manufacturer.

4.3.6 Analysis of the compatibility of Halloysite nanocontainers with epoxy coating and
the anticorrosion performance of the prepared Halloysite-contained coatings

The present work shows that, compared to undoped epoxy coating, the coating
containing Halloysite nanocontainers possesses an enhanced corrosion resistance, as
indicated by the EIS measurements and morphological characterization. Moreover, with
the increasing content of the added Halloysite nanocontainers in the coating, the
corrosion resistance is further improved. Therefore, the prepared Halloysite
nanocontainers are highly compatible with the epoxy coating in terms of its corrosion
protection, and they actually enhance the corrosion resistance of the coating.

Addition of nanoscale particles is able to improve the corrosion resistance of organic

coatings [106-108]. Moreover, the effect is more apparent for epoxy coating incorporated
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with Halloysite nanoparticles than those added with SiO2 and Zn nanoparticles [108]. It
was proposed that at least two possible mechanisms contribute to the enhanced corrosion
protection of epoxy coating upon addition of nanoparticles. First, nanoparticles improve
the quality of the cured epoxy coating, reduce the porosity of the coating matrix, and
zigzag the diffusion path available by deleterious species, leading to improved barrier
performance of the coating. Second, nanoparticles improve the adherence of epoxy
coating to the underlying substrate and alter the physiochemical properties of the coating-
steel interface.

Furthermore, it is found that the epoxy coating containing 20 wt.% of the prepared
Halloysite nanocontainers shows the best anti-corrosion performance under the testing
condition in this work. Further corrosion analysis is performed on this coating to
understand the mechanistic aspect of corrosion of steel under the coating. Fig. 4.8 shows
the Nyquist diagrams and Bode plots measured on steel electrode coated with the epoxy
coating containing 20 wt.% Halloysite in 3.5 wt.% NaCl solution at 60°C as a function of
time. At the initial stage, i.e., 12 h, the measured impedance plots contain two time
constants, as shown in Fig. 4.8a. The high-frequency time constant is ascribed to the
capacitive behaviour of the coating, and the low-frequency one is associated with the
charge-transfer reaction at the steel-coating interface. The coating can provide sufficient
protection over the substrate steel from corrosion at this stage.

With the increase in immersion time to 60 h, the coating is degraded and corrosive
species reach the steel/coating interface for corrosion reaction, resulting in the decrease
of the low-frequency impedance. The high-frequency capacitive behaviour reduces and is

gradually replaced by the resistive behaviour. However, the corrosion mechanism does
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not change, and the impedance plots still contain two time constants, as shown in Fig.

4.8b.
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Fig. 4.8 Nyquist diagrams and Bode plots measured on steel electrodes coated with
the epoxy coating containing 20 wt.% Halloysite in 3.5 wt.% NaCl solution as a

function of time. (a) 12 h, (b) 60 h, (c) 84 h.
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After 84 h of immersion in the solution, three time constants are observed in the
measured impedance plots, as shown in Fig. 4.8c. The high-frequency time constant is
associated with the capacitive behaviour of the coating, and the low-frequency one is
attributed to the interfacial charge-transfer reaction. The impedance semicircle in the
middle frequency range is probably due to the deposit of corrosion product on the
electrode surface, reflecting the resistance of the corrosion product layer. It is expected
that the deposit layer would affect the further corrosion. Thus, the corrosion of steel
under coating experiences mechanistic change with time in this system.

For quantitative determination of the coating properties and electrochemical
corrosion parameters, the measured impedance data are fitted with electrochemical
equivalent circuits shown in Fig. 4.9, where a constant phase element (CPE) is used to
replace capacitance to consider the heterogeneous surface condition of the coated steel
electrode. Rs is solution resistance, Rct is charge-transfer resistance, R. is coating
resistance, Rn is the resistance of the corrosion product layer, CPEq is CPE of double-
charge layer, CPE. is CPE of the coating and CPEy is CPE of the corrosion product layer.
After 12 hours and 60 hours of testing, the impedance data are fitted by the circuit in Fig.
4.9a to consider the interfacial behaviour with two time-constants. The circuit in Fig. 4.9b
is considered for the impedance spectroscopy measured at 84 hours of testing, where a

three-time-constant behaviour is observed. The fitting results are shown in Table 4.2.
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Fig. 4.9 Electrochemical equivalent circuits proposed to model impedance data of

coated steel containing 20 wt. % Halloysite in the 3.5 wt.% NacCl at (a) 12, 60 hours

and (b) after 84 hours.

Table 4.2 Electrochemical impedance parameters fitting with the equivalent circuits

shown in Fig. 4.9.

Re(@Qem2)  CPEs Ca R, CPEs G Ri(Q.cm?) CPE,
Sample
Y n Y " Y n
gl L3I0 29407 076 26307 736x0° 47000 053 L07X1(0°
fon 1371300 6900 074 L750"  250x0°  173x10° 057 9.28X10°
B 6O0XI0°  41240% 050 123X0° 89107 326x0° 080  426X10°  253X07  835X0% (73

It is seen that both Rt and R¢ decrease, and the CPEg4 and CPE. increase with time,

which is attributed to the water uptake and penetration of ions into the coating, causing

corrosion of the steel. After 84 hours of immersion in the solution, corrosion products
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generated form a layer deposit on the steel surface, which results in the appearance of a

new time-constant in the impedance spectroscopy.

4.4 Summary

Multi-layered Halloysite nanocontainers are fabricated, which have a more uniform
scale and better dispersion than the as-received Halloysite particles. The PDDA and PSS
are present on the surface of the Halloysite nanocontainers, introducing new functional
groups in the material, but does not change its intrinsic structure.

An epoxy coating, which contains the mass ratio of DGEBA to NAPA of 1:0.29, i.e.,
10% more hardener than the ideal stoichiometric ratio, is prepared. The coating is
featured with the relatively slow absorption of acetone and a small weight loss in the
acetone solution, and possesses a good cross-linking and cured performance.

The coating containing Halloysite nanocontainers possesses enhanced corrosion
resistance. Moreover, with the increase in the content of the Halloysite nanocontainers in
the coating, the corrosion resistance is further improved. Therefore, the prepared
Halloysite nanocontainers are highly compatible with the epoxy coating in terms of the
corrosion protection.

The corrosion of pipeline steel under the epoxy coating with addition of Halloysite
nanocontainers experiences mechanistic changes with time. In the beginning, the
impedance of the coated steel is dominant by the capacitive behaviour of the coating,
which protects effectively the substrate steel from corrosion. With the increase in time,

the coating degrades and corrosion is increased. Along with the corrosion occurrence,
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corrosion product generates and deposits on the steel surface, affecting the mechanism of

further corrosion.
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Chapter Five: Fabrication of SiO2 Nanoparticle-polyelectrolyte Nanocontainers

with Preloaded Benzotriazole Inhibitors and Their Self-Releasing Mechanism and
Kinetics*

5.1 Introduction

In chapter 3 and chapter 4, the inhibition performance of inhibitor BTA for steel and
the compatibility of polyelectrolytes modification Halloysite with epoxy coating were
discussed respectively. The method to fabricate the smart capsules by encapsulating BTA
in nano SiO; particles with polyelectrolytes modification will be stated in this chapter.

Technologies for encapsulation of corrosion inhibitors have been developed, and
various nanocontainers serving as inhibitor-carriers with specific triggering mechanisms
for inhibitor-releasing have been reported [109-114]. For example, acid and alkaline dual
stimuli-responsive hollow mesoporous silica nanoparticles were fabricated as inhibitor-
loaded nanocontainers for development of smart coatings, where supermolecular
nanovalves were installed on the external surface of the silica nanoparticles to enable pH-
responsive controlled release for corrosion inhibitors [115]. Halloysite clay nanotubes
were used to prepare nanocontainers by using a layer-by-layer (LBL) assembly of
polycations on Halloysite surface to control release of protective agents in its hollow

[109, 116].

* This work has been published as: Yuanchao Feng, Shougang Chen, Y. Frank Cheng, Fabrication of
SiO2 Nanoparticle-polyelectrolyte Nanocontainers with Pre-loaded Benzotriazole Inhibitors and Their Self-
Releasing Mechanism and Kinetics. Journal of Materials Science, 52 (2017) 8576-8590.
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While the smart coating technology based on encapsulation of corrosion inhibitors
BTA in the fabricated nanocontainers and self-releasing of the inhibitors by appropriate
triggering mechanisms has been propsoed and tested in recent years as a promising
alternative for corrosion control, there has been limited work to investigate the releasing
kinetics of the pre-loaded inhibitors out of the nanoscaled containers. Actually, the
majority of the work focused on fabrication and characterization of the inhibitor-loading
nanocontainers and the testing for corrosion inhibition. The inhibitor-releasing kinetics
has so far not been paid appropriate attentions although the knowkedge is critical to
predict the service life of the inhibitor-loaded nanocontainers and thus the smart coatings.
In this work, we fabricated SiO> nanoparticle based nanocontainers by established
LBL deposition of polyelectrolytes [111, 117, 118] for storage of corrosion inhibitors
BTA. The pH selective triggering mechanism for BTA releasing was determined. The
structure of the nanocontainers and the amount of the loaded inhibitors was characterized,
respectively. The inhibition performance and inhibition efficiency of the released BTA
from the nanocontainers for corrosion of an X65 pipeline steel in NaCl solutions with
varied pH values was measured. The surface topography of the steel specimen after
corrosion testing was characterized. The inhibitor-releasing mechanism from the
nanocontainers was discussed. A Langmuir adsorption isotherm, combined with the
Korsmeyer-Peppas releasing model, was derived to define the releasing kinetics of the

inhibitors.
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5.2 Experimental

5.2.1 Materials and chemicals

Specimens used in this work were cut from a X65 steel pipe, with a chemical
composition (wt.%): C 0.04%, Si 0.2%, Mn 1.5%, P 0.011%, S 0.003%, Mo 0.02% and
Fe balance. The specimens were cut into 1 cm <1 cm dimension, and sealed in epoxy.
The exposed face was subsequently ground by 240, 400, 600, 800 and 1,200 grit SiC
emery papers, and then washed with deionized water and degreased with ethanol and
acetone, and dried in air.

SiO2 nanopowders with a purity of 98+% were purchased from U.S. Research
Nanomaterials, Inc., with an average diameter of 70 nm in the as-received state. The
nanopowders were amorphous in structure, and separated in individual particles.

Corrosion inhibitors BTA (i.e., CsHsN3) were used for inhibition of steel corrosion.
Various chemicals used in this work, including sodium poly-(styrene sulfonate) (SPSS,
molecular weight My of about 70,000), poly-(diallyldimethylammonium chloride)
(PDDAC, My, of about 100-200 kDa), HCI, NaCl and NaOH, were analytical grade. All

solutions were prepared by deionized water.

5.2.2 Preparation of inhibitor-loaded nanocontainers

A 15 wt.% water suspension was made by adding as-received SiO2 nanopowders to
deionized water under a continuous stirring using an electrical blender in order to avoid
aggregation. The dispersion of the SiO2 nanoparticles was further improved by heating at
60 <C under stirring for 12 h. The resulting SiO2 nanoparticles were separated by

centrifugation, and washed three times with deionized water.
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The surface of the SiO2 nanoparticles was modified by a LBL deposition method to
improve the inhibitor adsorption. A layer of positively charged PDDAC was deposited on
the surface of the negatively charged SiO. nanoparticles in 2 mg/mL polyelectrolyte +
0.5 M NaCl solution for 15 min under stirring. The resulting materials were washed by
centrifugation to remove loosely adsorbed polyelectrolytes. A layer of negatively charged
polyelectrolyte was then deposited in 2 mg/mL SPSS + 0.5 M NaCl solution for 15 min,
with co-adsorption of the inhibitors BTA, as shown in Fig. 5.1. Alternating adsorptions
were repeated until the final assembly, i.e., PDDAC/SPSS/(BTA/SPSS)./PDDAC/SPSS,

was prepared on the surface of SiO2 nanoparticles to form the nanocontainers.

Polyelectrolyte f
deposition

Fig. 5.1 Schematic illustration of the procedure for fabrication of BTA loaded

Polyelectrolyte
re-deposition

nanocontainers with SiO2 nanoparticles as carriers.

It is noted that, while BTA is a neutral molecule, it, when dissolved in aqueous
solutions, becomes charged. Generally, BTA exists in the form of protonated cations (i.e.,
BTAH™) at pH < 8, or in deprotonated anionic species (i.e., BTA") at pH > 8. In this
work, the BTA solution used to encapsulate the inhibitors on nano-SiO surface was
adjusted by HCI to pH 3 in order to increase the solubility of BTA. At this pH value, the

BTA is in the form of BTAH", i.e., positively charged.
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5.2.3 Characterization of the nanocontainers

A FTIR (Model Nicolet iS50) was used to characterize the functional groups and
structure of the prepared nanocontainers. For all spectra recorded, the nanocontainer
samples experienced a 64'scan data accumulation in the range of 600 - 4000 cm™ at a
spectra resolution of 4.0 cm™.

The thermal gravity analysis (TGA) was performed at a temperature range of 30 -
600 °C using a PerkinElmer STA 6000 at a heating rate of 15 °C/min in helium
atmosphere. The amount of the loaded inhibitors in the prepared nanocontainers was

measured during thermal decomposition of BTA at high temperatures.

5.2.4 EIS measurements

Electrochemical measurements were conducted using a Solartron 1280C
electrochemical system on a three-electrode cell, where the X65 steel specimen was used
as the working electrode, and a carbon rod and a saturated calomel electrode (SCE) as
counter electrode and reference electrode, respectively. The testing solution was 0.1 M
NaCl with the pH values of 2, 5, 7, 9 and 11 adjusted by HCI or NaOH solution. The 1
wt.% prepared nanocontainers was added into the solution at 21 #1 °C.

After immersing the steel electrode in the solution until a steady-state open-circuit
potential (OCP) was achieved, EIS measurements were performed over a frequency range
from 10 kHz to 0.01 Hz, with a disturbance AC voltage of 10 mV. Each test was
performed three times to ensure the reproducibility of the results. The electrochemical

parameters were obtained by fitting the EIS data by using ZView software.
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5.2.5 Topographic characterization of the steel electrodes

The AFM characterization was conducted on the steel electrodes after testing in 0.1
M NaCl solution in the absence and presence of 1 wt.% prepared nanocontainers using a
Keysight 5500 AFM system. The AFM tip was made of Si, and mounted on triangular
cantilevers (450 um x50 um >x2 um) with an average spring constant of 0.02-0.77 N/m.
The scanning mode was configured as contact, with a scanning rate of 1 Hz, and

resolution of 256 %256 pixel.

5.3 Results and discussion

5.3.1 Characterization of the prepared BTA-loaded nanocontainers

Pure Si0z nanoparticles

R e A

N\

L/

Prepared BTA-loaded
nanocontainers

Transmittance/%

4000 3500 3000 2500 2000 1500 1000 500
Wave Numben’cm_l

Fig. 5.2 FTIR spectra of pure SiO2 nanoparticles and the prepared BTA-loaded

nanocontainers, respectively.
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Table 5.1 Characteristic bonds of pure SiO2 particles and the prepared BT A-loaded

nanocontainers in the measured FTIR spectra.

Wavelength (cm™) Bonds Ref.
817 Si-O-Si bending vibration [119]
1038 N-H stretching vibration [89]
1083 Si-O-Si stretching vibration [33]
1209 -N=N-N- breathing vibration [120]
1358 C-N stretching vibration [85]
1361 Benzene ring stretching vibration [121]
3300-3600 Hydrogen bands O-H, N-H, and C-H [122, 123]

The SiO2 nanoparticle-based nanocontainers with pre-loaded inhibitors BTA were
fabricated by LBL deposition in this work. It was aimed at, by using the well-established
technique to prepare inhibitor-loading nanocontainers, determining the self-releasing
mechanism and kinetics of the inhibitors from the nanocontainers.

The FTIR spectrometer is used to identify whether inhibitors BTA are loaded in the
nanocontainers. Fig. 5.2 shows the FTIR spectra of pure SiO2 nanoparticles and the
prepared BTA-loaded nanocontainers, respectively. The characteristic functional groups
identified are listed in Table 5.1, where the reference sources for specific bonding groups
are also included. For both spectra, the characteristic peaks for SiO, are associated with
the stretching and bending vibration of Si-O-Si bonds at 1083 cm™ and 817 cm™,
respectively. In the spectrum obtained from the prepared nanocontainers, the peak at
1209 cm is from the vibration of typical triazole rings contained in inhibitors BTA. The

low-intensity peak at 1038 cm™ is attributed to N-H stretching vibration. The benzene
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rings in BTA exhibit a peak at 1361 cm™. The peak with a considerable intensity at 1358
cm™ is due to the C-N stretching vibration, which is associated with the C-N functional
groups in inhibitors BTA. Moreover, a broad bond at 3300 ~ 3600 cm™ is attributed to
hydrogen bonds O-H and N-H, which are from the interactions between SiO;
nanoparticles and polyelectrolytes as well as the inhibitors BTA. The FTIR results

demonstrate that inhibitors BTA are loaded in the prepared nanocontainers.
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Fig. 5.3 Thermogravimetric profile of the prepared nanocontainers and the first

derivative of the TGA curve.

The thermogravimetric profile of the prepared nanocontainers is shown in Fig. 5.3,
where the first derivative of the measured TGA curve is also included. Two stages of

weight loss are observed. In stage one, nearly 1.8% weight loss occurs at temperatures
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between 30 and 120 °C. It is attributed to the loss of remaining water in the
nanocontainers. The weight loss of 2.5% occurs from 120 to 550 °C in helium
atmosphere at stage two, where the weight loss rate increases gradually with time. As the
SiO2 nanoparticles remain stable up to 600 °C, the weight loss in this stage is primarily
due to the thermal decomposition of the loaded inhibitors BTA. The weight percentage of
the encapsulated inhibitors BTA are about 2.5 wt.% in the nanocontainers determined by

the thermal stability test.

5.3.2 EIS measurements

Fig. 5.4 shows the Nyquist diagrams measured on the steel electrode at its OCP in
0.1 M NacCl solutions with various pH values (pH =2, 5, 7, 9 and 11) in the absence and
presence of 1 wt% BTA-loaded nanocontainers at different immersion times,
respectively. It is seen that all impedance plots feature a depressed semicircle over the
whole frequency range, with inductive loops present in some measured impedance plots.
The depressed impedance semicircles and low-frequency inductive behaviour are often
associated with heterogeneity of the electrode surface resulted from inhibitor adsorption,
surface roughness and porous film formation [124]. In the solutions containing
nanocontainers, the size of the semicircle is bigger than that recorded in the absence of
nanocontainers in the solutions. Moreover, the semicircle becomes bigger with time.
Since the size of the semicircle is proportional to the charge-transfer resistance of the
corrosion reaction, the increasing semicircle size indicates that the inhibitors BTA release
from the nanocontainers to the solution for corrosion inhibition. Moreover, the inhibiting

effect becomes more effective with time.
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Fig. 5.4 Nyquist diagrams measured on X65 steel electrode at its open-circuit
potential after 12 h, 24 h and 48 h of immersion in 0.1 M NaCl solutions with pH =
2,5,7,9,and 11 in the absence and presence of 1wt.% BTA-loaded nanocontainers,

respectively.

To obtain the electrochemical impedance parameters from the measured impedance
data, an electrochemical equivalent circuit, which consists of a solution resistance (Rs)
connected in series with a parallel connection of a charge-transfer resistance (R¢t) and a
double-layer capacitance (Ca), is used. Consider the data scattering in the low frequency
range, the inductive parameters are not fitted. The inhibition performance of the released

inhibitors is evaluated by changes of Rct and Cq as a function of time.
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Table 5.2 Electrochemical impedance parameters derived from the measured

impedance data.

pH Solution Rs(Qcm?) Rct(Qem?)  Ca(uF/em?)  1E (%)
2 No nanocontainer added 26.81 329.7 262.4 /
12 h 24.1 462.7 224.0 28.74
24 h 28.25 668.4 181.6 50.67
48 h 23.17 906.4 133.7 63.63
5 No nanocontainer added 38.18 986.4 286.41 /
12 h 38.83 1075 240.85 8.24
24 h 36.43 1191 107.56 17.18
48 h 34.67 1324 154.53 25.50
7 No nanocontainer added 38.6 1003 483.82 /
12 h 30.09 1127 408.15 11.00
24 h 29.68 1167 373.48 14.05
48 h 30.93 1189 310.66 15.64
9 No nanocontainer added 31.16 1199 974.23 /
12 h 30.81 1393 906.22 13.93
24 h 30.82 1638 841.29 26.80
48 h 30.74 1894 750.17 36.69
11 No nanocontainer added 34.37 847.9 551.3 /
12 h 36.31 1328 441.9 36.15
24 h 37.68 1782 301.4 52.42
48 h 35.9 2876 239.9 70.52

Table 5.2 shows the fitted impedance parameters. It is seen that the Re increases
while the Cq decreases as the immersion time increases. It is proposed that, with the

releasing of inhibitors BTA, a protective adsorption film is formed on the steel surface
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[125]. As a result, the corrosion of the steel is reduced, accompanying a decrease of the
Cai. This phenomenon can be described according to the Helmholtz model, where Cqi is

proportional to the surface charge by [9]:
Cy=—12A (5-1)

where &° is the vacuum permittivity, & is the local dielectric constant, d is the thickness

of the film, and A is the electrode area. Generally, the decrease in C,, is attributed to the

replacement of adsorbed water molecules on the metal surface with the inhibitor
molecules which have a lower dielectric constant [126]. Moreover, the increase in the
thickness of the adsorptive film may also cause the decrease of Cq according to Eq. (5-1).

The charge-transfer resistance, Rct, refers to the resistance of the charge-transfer
reactions occurring at the steel electrode/solution interface during corrosion. It is directly
related to the resistance of corrosion reactions, while the double-layer capacitance is not
related to corrosion rate directly. Thus, the change of the charge-transfer resistances is
usually used to indicate the change of corrosion rate of the steel in the system. To
evaluate the performance of an inhibitor for corrosion inhibition, the inhibition efficiency

is frequently calculated by:

_ 0
IE% = %xm% (5-2)

ct
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where R, and R] are the charge-transfer resistances of the steel in the presence and

absence of the prepared BTA-loaded nanocontainers, respectively. It is seen that the
inhibition efficiency is quite low in the near-neutral pH solutions (pH from 5 to 9), and
increase to 64% and 70% in pH 2 and 11 solutions, respectively. It further increases with
the immersion time. The results indicate that the steel corrosion is inhibited due to the
continuous releasing of BTA inhibitors from the nanocontainers in low and high pH
ranges. While in near-neutral pH ranges, the nanocontainers are kept closed and the

inhibitors cannot be not released into the solution.

5.3.3 Topographic characterization of steel electrodes

To demonstrate whether the corrosion inhibition is due to the formation of an
adsorptive inhibitor film on the steel surface, the AFM is used to visualize the surface
topography of the steel electrode after 2 days of immersion in 0.1 M NaCl solutions with
various pH values in the absence and presence of 1 wt.% prepared BTA-loaded
nanocontainers, as shown in Fig. 5.5. The derived surface roughness and root-mean-
square height from the AFM images are shown in Table 5.3. It is seen that, in the absence
of BTA-loaded nanocontainers in the solution, the steel electrode suffers from obvious
corrosion, and the electrode surfaces are much rougher than those obtained in the
nanocontainer-added solution. This is more obvious in low pH solutions such as pH 2,
where severe corrosion happens on the steel to cause the surface roughness of the
electrode to be 322 nm in the absence of nanocontainers in the solution, as seen in Fig.

5.5a and Table 5.3. When the BTA-loaded nanocontainers are included in the solution,
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the steel surface is quite even and a layer of film is formed on the electrode surface, as
seen in Fig. 5.5b. The surface roughness is 76 nm only. The presence of BTA-loaded
nanocontainers in the solution decreases the steel corrosion and the surface roughness of
the electrode due to formation of a layer of inhibitor adsorptive film on the steel surface.
The similar results were reported previously [127]. In near-neutral pH solutions (pH 5
and 9), the steel corrosion is not so severe (as seen in Figs. 5.5¢ and 5.5g) since the
solution environments are mild. However, the electrode surface is still covered with a
uniform film in the solutions with the addition of nanocontainers (Figs. 5.5d and 5.5h).
The solution at pH 7 shows similar AFM topographies and surface roughness in both the
absence and presence of nanocontainers in the solution, indicating that the loaded
inhibitors are not released appreciably to the solution. In the high pH solution (i.e., pH

11), the presence of nanocontainers does not decrease the surface roughness of the steel

remarkably, as seen in Table 5.3, as the alkaline solution is not corrosive to the steel.
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Fig. 5.5 AFM image of the surface topography of the steel electrode after 48 h of

immersion in 0.1 M NacCl solutions in the absence (left row) and presence (right row)
of 1 wt.% prepared BTA-loaded nanocontainers, respectively (a)(b) pH =2, (c)(d)

pH =5, (e)(f) pH =7, (g)(h) pH =9, and (i)(j) pH =11.

Table 5.3 Surface roughness and root-mean-square height of the steel electrode

derived from the AFM images.

pH Solution Surface roughness Root-mean-square height (nm)
2 No nanocontainer added 322 38
With nanocontainers 75.9 5.89
5 No nanocontainer added 285 24.7
With nanocontainers 63.5 5.11
7 No nanocontainer added 31.3 2.54
With nanocontainers 24.4 2
9 No nanocontainer added 59.5 4,12
With nanocontainers 26.1 2.15
11 No nanocontainer added 20.3 1.37

With nanocontainers 16.8 1.27
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5.3.4 pH sensitive self-releasing of BTA inhibitors from the nanocontainers

The present work shows that the prepared nanocontainers are pH sensitive. At low
and high pH values (such as pH 2 and 11), the pre-loaded inhibitors BTA can self-release
out of the nanocontainers for corrosion inhibition; while in near-neutral pH ranges, such
as pH 5-9, the nanocontainers are kept closed. In general, polyelectrolytes are sensitive to
pH changes, with “open” or “close” state by “swelling” to break the shell layer or
“shrinking” to recover to original state, respectively [62]. It was reported that
polyelectrolytes, i.e., PDDAC and SPSS, used in this work possess a pH-buffering
capability and can stabilize pH values between 5 and 9 on steel surface in corrosive
environments [128]. Inhibitors can release from the multilayer polyelectrolytes shell for
corrosion inhibition in environments with the solution pH drops to an acidic range which
can cause corrosion to steels. When the solution pH is elevated to a near-neutral value,
polyelectrolytes are back to “close” state, where the inhibitors become sealed in the
nanocontainers.

Fig. 5.6 shows the pH dependences of the inhibition efficiency of BTA released from
the nanocontainers for steel corrosion after 48 h of immersion in 0.1 M NaCl solution
determined by EIS results. The rapid increase of the inhibition efficiency at low or high
pH values (pH 2 or 11) is observed. The smart release of inhibitors BTA in acidic
environments shows that the PDDAC-BTA-SPSS multilayer assembly possesses the
ability to respond to the corrosive environment generated where the coating is damaged

and the electrolyte becomes acidic.
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Fig. 5.6 pH dependences of the inhibition efficiency of BTA inhibitors released from
the nanocontainers for steel corrosion after 48 h of immersion in 0.1 M NaCl

solution determined by EIS results.

5.3.5 Kinetic for inhibitor releasing from the nanocontainers

Upon releasing of BTA inhibitors from the nanocontainers to the solution, the steel
corrosion is inhibited by forming an adsorptive inhibitor film. Assume the inhibition

efficiency, », is proportional to the surface coverage, 6, of the inhibitor molecules, and

the inhibitor adsorption obeys the Langmuir isothermal equation [129]:



98

‘9t _ _corr corr U (5_3)

Ct
“to = 4C 5-4
a ‘ (5-4)

where t is time (h), n, is the inhibition efficiency after t h, 6: is the instant surface

coverage, 12 (uA/cm?) and 1. (nA/cm?) are corrosion current densities in the absence

corr corr

and presence of inhibitor-loaded nanocontainers in the solution, respectively, C, is the
concentration of the released inhibitors in the solution, and K, is the adsorptive

equilibrium constant. Combine Egs. (5-3) and (5-4) gives:

C=— T (5-5)
(100-7,)K,

The present results show that the inhibition efficiency is low in the pH 7 solution. It
is thus assumed that the amount of BTA inhibitors released from the nanocontainers in
the pH 7 solution is negligible. The kinetic study of inhibitor-releasing is conducted in
solutions with pH values of 2, 5, 9 and 11 only. It was reported that the Korsemeyer-
Peppas model is appropriate to simulate the pH-dependent releasing of inhibitors from

nanocapsules [130-132]:

C,
—L =K,t" 5-6
C r ( )
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where C, is for the initial amount of BTA inhibitors in the prepared nanocontainers,
K, is the releasing rate constant, and n is the diffusion exponent subject to the inhibitor-

releasing mechanism and type.
Combine Egs. (5-5) and (5-6) to have the relationship between the inhibition

efficiency and time:

100C,K K, t"
=t G-7)
1+C,K, K.t
Rearrange and transform Eq. (5-7) to its logarithmic form:
In—" —InC,K,K, +nlint (5-8)
100 —n,

The inhibition efficiencies obtained from the EIS measurements in Table 5.2 are
normalized with this model. Fig. 5.7 shows the time dependence of the fitting results for

BTA inhibitor releasing from the prepared nanocontainers by Eq. (5-8). It is seen that

7
0-n,

linear relationships are obtained by plotting In vs. Int for all the solutions with

varied pH values. The n values are obtained from the slope of the lines and the results
are shown in Table 5.4. The TGA results in Fig. 5.2 shows that there is approximately 2.5
wt.% BTA contained in the prepared nanocontainers. In EIS measurements, 1 wt.% of

nanocontainers was added in 50 mL of the test solution. Thus, the initial amount of BTA
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inhibitors in the prepared nanocontainers, C, is calculated as 0.0021 mol/L. TheR? in

Table 5.4 is the coefficient measuring the reliability of data fitting, where a value close to

1 indicates a good fitting. Obviously, all R? values are close to 1, and the experimental

results agree with the modelling very well.
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Fig. 5.7 Time dependence of the fitting results for BTA inhibitors releasing from the

prepared nanocontainers by Eq. (5-8).

From the data fitting in Fig. 5.7 and Table 5.4, it is seen that the Korsmeyer-Peppas

kinetic model gives an accurate fitting with the experimental results. Hence, the

Korsemeyer-Peppas model is appropriate to predict the releasing of BTA inhibitors from
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the prepared nanocontainers in response to pH changes. The model is able to provide
information about the releasing rate and service time of the pre-loaded inhibitors,
avoiding the difficulty, and frequently inability, of real-time monitoring of the inhibitor

performance in practice.

Table 5.4 Kinetic data for BTA releasing from the prepared nanocontainers to the

solution with various pH values.

pH n |n(CoKaKr) KaKr R?
2 1.16 -3.79 10.75 0.9923
5 0.87 -4.50 5.29 0.9948
9 0.83 -3.87 9.93 0.9934
11 1.16 -3.89 9.74 0.9908

5.3.6 Mechanisms for inhibitors BTA releasing from the nanocontainers

This work demonstrates that the inhibitor molecules BTA encapsulated in the
multilayer polyelectrolyte shells on the SiO2 nanoparticle carrier can self-release to the
corrosive electrolyte in response to solution pH changes as the triggering mechanism.
Generally, there are four types of mechanism for BTA molecules releasing from
nanocontainers based on the value of n in Eqg. (5-8). For n < 0.45, the releasing of
inhibitor molecules follows the Fickian diffusion mechanism; for 0.45 < n < 0.89, a non-
Fickian transport applies; For n = 0.89, the inhibitor-releasing follows a relaxational
transport mode; and for n > 0.89, the super-relaxational transport applies [133, 134]. The
values of n listed in Table 5.4 show that the n is 0.87 and 0.83 in solutions pH 5 and 9,
respectively. This indicates that, in these solutions, the releasing of inhibitor molecules

follows a non-Fickian, diffusion-controlled transport mechanism. Actually, the BTA
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molecules release slightly from the nanocontainers in neutral pH solutions within the test
time period in this work. When the solution pH is at 2 or 11, the Kkinetic diffusion
exponent n is up to 1.16. The BTA molecules follow the super-relaxational transport
mechanism to release from the nanocontainers by swelling-controlled releasing
processes. The polyelectrolytes shells are open sufficiently, and the BTA-releasing is fast
through relaxational steps as described in Fig. 5.8.

In near-neutral pH environments, the multilayer polyelectrolytes and BTA inhibitors
are in an electrostatic equilibrium state. The electrostatic forces existing among
oppositely charged BTA, SPSS and PDDAC are in equilibrium that makes the multi-
layers in a shrinking state and the BTA inhibitors are stored in the shell, avoiding their
leaking, as shown in Fig. 5.8a. Upon generation of a corrosive environment, the solution
pH changes. As the pH deceases (or increases), the concentration of cations or anions
increases, which would disturb the charge balance in the solution, and that in the multi-
layers deposited on SiO2 nanoparticles. The additional positive or negative charges
preferentially adsorb on negatively or positively charged SPSS or PDDAC molecules,
respectively. The electrostatic force between SPSS and PDDAC becomes unbalanced. An
electrostatic repulsion on the chain of polyelectrolytes increases their mutual distances,
leading to swelling of the shell structure, as shown in Fig. 5.8b. The swelling of the shell
deposited on SiO2 nanoparticles opens the shell to release BTA molecules from the

nanocontainers to the solution.
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Fig. 5.8 llustration of swelling of the nanocontainers due to electrostatic repulsions
between negative charges of SPSS (a) an electrostatic equilibrium state, (b)

electrostatic repulsions between negative charges on SPSS.
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5.3.7 Mechanism for corrosion inhibition by BTA

Fig. 5.9 AFM top view of the surface morphology of X65 steel electrode after 48 h of
immersion in 0.1 M NacCl solution containing 1wt.% of BTA-loaded nanocontainers

at (a) pH 7, (b) pH 2, and (c) pH 11, respectively.

Generally, organic inhibitors inhibit steel corrosion by formation of an adsorptive

inhibitor film on the metal surface. In order to prove the formation of an adsorptive film
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on X65 steel surface upon releasing of BTA from the nanocontainers to the solution, the
AFM surface topographic images of X65 steel electrode after 48 h of immersion in 0.1 M
NaCl solution with 1 wt.% of BTA-loaded nanocontainers at pH 2, 7 and 11, respectively
are shown in Fig. 5.9. It is seen from Fig. 5.9a that, in pH 7 solution, small granule
particles are present along the mechanical scratches on the steel surface. The bright
stripes maybe from the deposition of corrosion products, which is similar to the corroded
steel as reported previously [85]. In pH 2 solution, an uneven surface with compact
spherical or bread-like particles are observed on the steel surface (Fig. 5.9b). When the
solution pH is 11, similar bread-like particles, but with finer size, are distributed on the
steel surface. The bread-like particles were confirmed as the adsorption of inhibitors on
the steel surface [135].

The BTA inhibitors released to the solution can form adsorptive films on the steel
surface in both acidic (pH 2) and alkaline (pH 11) solution. However, the scale of the
bread-like particles is different. While the features formed in the pH 11 solution have
several nm of dimension, the features are over 30 nm in the pH 2 solution. The difference
is attributed to the different adsorption mechanisms of BTA inhibitors in the solutions.
The polar unit of three heterocyclic nitrogen atoms in BTA molecules is regarded as the
core for the chemisorption process. Generally, BTA exists as the form of protonated
cations, i.e., BTAH", at pH lower than 8, and in the deprotonated anionic species, i.e.,

BTA", at pH > 8 by:

BTAH" « 24 _BTA Akl ,BTA" (5-9)
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In acidic chloride solutions, the corrosion of steels follows the following mechanism

[136, 137].

Fe + CI" — (FeCl)ads (5-10)
(Fecr)ads i (F9C|)ads +e (5'11)
(FeCl)ags — FeCI* +e (5-12)
FeCl* — Fe?" + ¢ (5-13)

In acidic solutions, the BTA exists in the form of cations, i.e., protonated BTAH?,
which produces electrostatic repulsions to the positively charged steel surface. Thus, a
physical adsorption takes place due to electrostatic interactions between the positively
charged protonated molecules (BTAH®) and negatively charged (FeCl")ads species [126].
It is noted that the molecular structure of protonated BTA remains unchanged. When
adsorbed on the steel surface, strong covalent bonds can form between two N atoms in
the triazole ring and iron atoms by sharing electrons between the inhibitor molecules and
iron [135, 138], as shown in Fig. 5.10a. Thus, BTA or protonated BTA can form a
protective film on the steel surface in acidic solutions through physical and chemical
adsorption, with the morphology of the film shown in Fig. 5.9b. The formation of the
protective film is confirmed by the EIS results in Table 5.2, where the decrease in Cqi as a
function of time in pH 2 solution is attributed to the formation and growth of adsorptive
BTA film on the steel surface. This film has a lower dielectric constant and decreases the
active corrosion area on the steel. Moreover, due to the interaction between protonated

BTA with corrosion products (FeCl)ags, the anodic reaction in Eg. (5-11) can be retarded,
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making the charge-transfer step more difficult and causing an increase in R, as shown in
Table 5.2. Since the protonated BTA directly adsorbs on corrosion products (FeCl)ads,
the AFM view shows the bread-like particles on the steel surface.

In alkaline chloride solutions, the corrosion of the steel occurs by [139, 140]:

Fe + OH — (FeOH)as + € (5-14)
(FEOH)ads e (FGOH+)ads +e (5'15)
(FEOH")ags — Fe?* + OH (5-16)

An iron chloride complex can be formed by:

Fe2* + mOH" + nCI" — [Fe(OH)nClJ2™" (5-17)

In alkaline solutions, corrosion intermediates, (FeOH)ags, can largely cover the steel
surface due to the high concentration of OH", reducing the steel corrosion. This can be
confirmed by the lower R¢t from EIS measurements and the AFM image with a low
surface roughness of the steel in pH 11 solution. The result from Yao et al. [141]
indicated that each iron atom may coordinate with several deprotonated BTA (BTA")
species through N-atoms in the triazole rings. Some BTA™ can adsorb on the steel surface.
The results from Mennucci et al. [125] also found that the corrosion protection of steels
in alkaline NaCl solution by BTA involves the formation of a complex. The BTA present
in its deprotonated form in the alkaline chloride solution can form the complex

[Fe(OH)mCI,]>™™", which adsorbs on the steel surface by coordination of the pairs of free
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electrons from nitrogen atoms with iron. The complex covers the steel surface acting as a
barrier to the access of corrosive species to the substrate steel to reduce corrosion, as

shown in Fig. 5.10b.

Fig. 5.10 Schematic of adsorption of BTA on X65 surface in (a) acidic solution and

(b) alkaline solution.



109
5.4 Summary

The polyelectrolyte deposition method was used to prepare SiO2 nanoparticle based
nanocontainers to store inhibitors BTA. Both structural characterization by FTIR and
thermal gravity analysis by TGA show that there are approximately 2.5 wt.% BTA
loaded in each nanocontainers.

The releasing of the pre-loaded BTA from the nanocontainers is pH selective. The
inhibitors can self-release into the solution to inhibit steel corrosion at either low or high
pH values, such as pH 2 or 11. In the near-neutral pH range from 5 to 9, the
nanocontainers remain closed and the inhibitors are not able to release at an appreciable
level. In pH 2 and pH 11 solutions, the added BTA-loaded nanocontainers decrease the
corrosion rate of the steel, with an inhibition efficiency up to 64% and 71% after 48 h of
testing, respectively. Moreover, the inhibition efficiency is increased with time, subject to
continuous releasing of the loaded inhibitors. The inhibition to steel corrosion by BTA is
through formation of an inhibitor film on the steel surface by physical and chemical
adsorption, which is influenced by solution pH.

The Korsemeyer-Peppas model is appropriate to illustrate and predict the releasing
of BTA inhibitors from the nanocontainers in response to pH changes, providing
information on the releasing rate of the pre-loaded BTA inhibitors.

In solutions with pH 5 and 9, the inhibitor molecules show a non-Fickian, diffusion-
controlled transport mechanism with a limited releasing. When the solution pH is at 2 or
11, the BTA molecules follow the super-relaxational transport mechanism to release from

the nanocontainers by swelling-controlled releasing processes.



110

Chapter Six: An Intelligent Coating Doped with Inhibitor-encapsulated
Nanocontainers for Corrosion Protection of Pipeline Steel*

6.1 Introduction

Intelligent coatings refer to coating systems with “corrosion-sensing” and “self-
healing” properties, providing not only a barrier to the environment, but also a self-
release of corrosion inhibitors, which are preloaded into the coating, as demanded by
coating damage/degradation and the presence of a corrosive environment on metals [12,
142-145]. In particular, BTA is an excellent choice of corrosion inhibitors encapsulated
in intelligent coatings. The protective action of BTA is attributed to formation of an
adsorptive protective film on the steel surface [124, 146]. It was found [147-149] that
encapsulation of corrosion inhibitors in micro- or nanocontainers which are inert to the
host coating provides a meaningful method, where the inhibitors pre-loaded in the
nanocontainers can “sense” the generation of corrosive environments and self-release to
inhibit the corrosion of metals in response to certain triggering mechanisms. For example,
Chen and Fu [61] prepared inhibitor-loaded capsules based on hollow mesoporous silica
spheres. The pre-stored inhibitors BTA can release from the silica spheres based on the
change of local pH caused by the corrosion of metals.

While the intelligent coatings based on encapsulation of corrosion inhibitors in
micro- or nanocontainers and self-releasing of the inhibitors based on appropriate

triggering mechanisms were proposed and tested as a promising coating alternative for

* This work has been published as: Yuanchao Feng, Y. Frank Cheng, An intelligent coating doped
with inhibitor-encapsulated nanocontainers for corrosion protection of pipeline steel, Chemical Engineering
Journal 315 (2017) 537-551.
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corrosion prevention, none of them has been developed at an industrial scale, especially
for pipeline corrosion control. To date, the majority of the relevant research was
conducted in lab, where the host matrix coatings were not industrial ones used in the
field. Moreover, the technologies to encapsulate inhibitors in the containers, such as the
vacuum method, are very complicated and impractical at the industry scale, both
technically and economically. With these challenges, in the previous work at chapter
three, the authors used a field-used epoxy coating as the host coating and investigated its
compatibility with the prepared inhibitor capsules. It was found that doping of the
nanocapsules does not affect the coating properties. This work furthers pervious one and
attempts to develop an industry-feasible intelligent coating technology by encapsulation
of inhibitors in fabricated nanocontainers that are uniformly doped in a field-used
pipeline coating and by self-releasing of the encapsulated inhibitors on demand for
pipeline corrosion control. The used materials in the work, including inhibitors BTA,
epoxy coating and SiO2 nanoparticles, are economic and available in the market. The
method to fabricate nanocontainers and the inhibitor-loading process are simple and well-
established. Moreover, the inhibitor-loaded nanocontainers are doped in an industry
epoxy coating currently used on pipelines. All of them will contribute to develop a
technically feasible and cost-effective smart coating technology for improved pipeline
integrity in practice.

In this work, an intelligent coating was developed by fabrication of SiO2 nanoparticle
based polyelectrolyte nanocontainers where corrosion inhibitors BTA were pre-loaded
and the doping of the nanocontainers in an industry-used epoxy coating. The morphology

and structure of the prepared nanocontainers and the doped amount of the nanocontainers
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in the host coating were characterized by SEM, energy-dispersive X-ray spectrum (EDS),
FTIR, TGA and differential thermal gravity (DTG). The dispersity of the nanocontainers
in the epoxy coating was characterized by SEM and EDS, and the potential influence of
the nanocontainers on the coating property, i.e., glass-transitional temperature, was
determined by TGA and differential scanning calorimetry (DSC). The self-releasing of
the encapsulated BTA in response to changes of the solution pH was measured by UV-—
vis spectroscopy. The anticorrosion performance of the developed coatings and the
corrosion resistance of the coated steel were measured by EIS in a chloride solution.
Long-term tests were conducted to investigate the self-releasing of the pre-loaded BTA
inhibitors for corrosion inhibition of the steel in the solution. The inhibitor adsorption on
the steel surface was confirmed by EDS and FTIR measurements. It is expected that this
work develops an intelligent coating technology with the ability to smart sense the
corrosion occurrence and self-release the pre-loaded inhibitors on demand for corrosion

control in practice.

6.2 Experimental

6.2.1 Materials and chemicals

Steel specimens used in this work were cut from a X665 steel pipe, with a chemical
composition (wt.%): C 0.04%, Si 0.2%, Mn 1.5%, P 0.011%, S 0.003%, Mo 0.02% and
Fe balance. The specimens were cut into 1 cm > 1 cm area, sealed in epoxy, and
subsequently ground up to 800 grit SiC emery papers. They were then washed with
deionized water, degreased with ethanol and acetone, and dried in air. The SiO:

nanoparticles with a purity of 98+% were purchased from U.S. Research Nanomaterials,
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Inc., with an average diameter of 70 nm in the as-received state. They were amorphous in
structure.

Corrosion inhibitors BTA were analytical grade. The BTA, i.e., CeHsNas, is a
heterocyclic chemical compound containing three nitrogen atoms, with the molecular
structure shown in Fig. 6.1a. Various chemicals used in this work, including sodium
poly-(styrene sulfonate) (SPSS, molecular weight Mw ~ 70000) and poly-
(diallyldimethylammonium chloride) (PDDAC, Mw ~ 100-200 kDa), were also analytic
grade. Their molecular structures are shown in Fig. 6.1a. The water used to prepare

solutions was deionized water.

6.2.2 Fabrication of BTA-encapsulated nanocontainers

To fabricate BTA-encapsulated nanocontainers, 10 wt.% of as-received SiO;
nanoparticles (negatively charged) were added in deionized water containing 1.5 wt.%
BTA (pH=3) under a continuous stirring using an electrical blender to make a suspension
solution. In order to improve the dispersion of the SiO2 nanoparticles, they were heated at
60 <C under stirring for 12 h. The resulting SiO2 nanoparticles were then separated by
centrifugation, and washed three times with deionized water.

The surface of SiO2 nanoparticles was modified by a layer-by-layer deposition
method in order to improve the adsorption of inhibitors BTA. A layer of positively
charged PDDAC was deposited on the surface of the negatively charged SiO>
nanoparticles in 2 mg/mL polyelectrolyte + 0.5 M NaCl solution for 15 min under
stirring. The resulting materials were washed by centrifugation to remove loosely

adsorbed polyelectrolytes. A layer of negatively charged polyelectrolyte was then
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deposited in 2 mg/mL SPSS + 0.5 M NaCl solution for 15 min. The modified silica
nanoparticles were added to BTA solution between steps of polyelectrolyte deposition.
Alternating  adsorptions were repeated wuntil the final assembly, i.e.,
PDDAC/SPSS/(BTA/SPSS). /PDDAC/SPSS, as shown in Fig. 6.1b, was prepared on the

surface of SiO2 nanoparticles to form the nanocontainers.

@ H
N
@[N//”
BTA
CI CH_CH2
N
N SO;Na* |,
PDDAC SPSS

Fig. 6.1 Schematic diagram of (a) the molecular structure of inhibitor BTA and
polyelectrolytes PDDAC and SPSS, and (b) the prepared SiO2 nanoparticle based

BTA-encapsulated polyelectrolyte nanocontainers.
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It is noted that, while BTA is a neutral molecule, it, when dissolved in aqueous
solutions, becomes charged. Generally, BTA exists in the form of protonated cations (i.e.,
BTAH™) at pH < 8, or in deprotonated anionic species (i.e., BTA") at pH > 8. In this
work, the BTA solution used to encapsulate the inhibitors on nano-SiO> surface was
adjusted by HCI to pH 3 in order to increase the solubility of BTA. At this pH value, the

BTA is in the form of BTAH", i.e., positively charged.

6.2.3 Characterization of the nanocontainers

A FTIR (Model Nicolet iS50) was used to characterize the functional groups and
structure of the prepared nanocontainers. For all spectra recorded, the nanocontainer
samples experienced a 64 scan data accumulation in the range of 600 cm™ - 4000 cm™ at
a spectra resolution of 4.0 cm™.

In order to obtain the amount percentage of loaded BTA in nanocontainers, a
TGA/DTG synchronization analyser was utilized to investigate the thermal stability of
the nanocontainers under nitrogen atmosphere. The TGA/DTG was performed within the
temperature range of 30 °C — 600 °C using a PerkinElmer STA 6000 at a heating rate of
20 °C/min in nitrogen atmosphere. The amount of the loaded BTA inhibitors in the
nanocontainers was measured during thermal decomposition of BTA at high
temperatures.

The morphology and elemental composition of the nanocontainers, as well as the as-

received SiO> nanoparticles were characterized by SEM and EDS.
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6.2.4 Preparation of nanocontainer-doped intelligent coatings

A liquid epoxy coating, which has been a commonly used pipeline coating in
practice, was supplied by Canusa-CPS, Canada. The coating is a type of non-solvent
epoxy composite coating, and can be cured at room temperature. The coating contains
30~60% pigments and other hydrocarbon resins, with varied contents of the prepared
nanocontainers doped in this work. The nanocontainers were mixed in the resin, while
kept stirring for 10 min. The hardener was then added to the mixture under stirring for 2
min. The processed coating was applied on the ground X65 steel surface, as shown in
Fig. 6.2. The coated steel specimen was kept at room temperature for 5 days to allow a

full curing, with a dry-film thickness of about 110 pum.

P(i‘ﬁ ; %zﬁt% P

Fig. 6.2 Schematic diagram of the nanocontainer doped intelligent epoxy coating

processed in this work.
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6.2.5 Characterization of the prepared coatings and coated steel specimens

The dispersion of the nanocontainers doped in the epoxy coating matrix was
characterized by SEM and EDS. The molecular structure of the processed intelligent
coating, which was applied on X65 steel (1 cm x 1 cm in area, the most commonly used
size of coated steel specimens for lab study), was characterized by FTIR before and after
30 days of immersion in 0.1 M NaCl solution. The glass-transition temperatures (Tg) of
the coating, with various contents of nanocontainers, was measured by DSC
(PerkinElmer STA 6000) at a heating rate of 20 <T/min under the nitrogen atmosphere.
The Ty of the coating was determined as the inflection temperature from the endothermic
peak in the DSC curve.

The UV-vis spectroscopy (Shimadzu UV-1800 spectrometer) was used to
characterize the self-releasing of encapsulated BTA from the nanocontainers, and
determine the specific solution pH conditions to trigger the inhibitor-releasing. For the
purpose, 0.5 g prepared nanocontainers with BTA encapsulation was added in 10 mL
NaCl solution (0.1 M) to make a suspension. The solution pH was adjusted to 2, 5, 7, 9
and 11 by dropping HCI and NaOH solutions, respectively. The amount of released BTA
from the nanocontainers to the solution as a function of time was measured by the UV-vis

spectroscopy.

6.2.6 EIS measurements

In this work, the EIS technique was used for measurements and evaluation of
corrosion resistance of the coated steel specimens. The main reasons include that EIS is a

non-destructive method, and does not disturb the measured specimen. It is thus very
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suitable for continuous measurements over a long-term period. Moreover, the EIS is a
good technique for measurements of a high-impedance system, such as the coated steel
specimen. In addition to corrosion resistance of the specimen, the EIS can provide more
information on the coating film.

The corrosion resistance of the intelligent coating with addition of varied contents of
BTA-encapsulated nanocontainers was studied by EIS measurements in 0.1 M NaCl
solution on a three-electrode cell, where the coated X65 steel specimen was used as
working electrode, a platinum wire as counter electrode and a saturated calomel electrode
(SCE) as reference electrode. The EIS measurement was conducted over a frequency
range from 10 kHz to 0.01 Hz, with a disturbance AC voltage of 50 mV. Each test was
performed at least three times to ensure the reproducibility of the results. The
electrochemical impedance parameters were fitted with appropriate equivalent circuits
using the ZSimpWin software.

To ensure the reproducibility of testing results, all tests were conducted on at least

three parallel specimens.

6.3 Results and discussion

6.3.1 Morphology and composition of as-received SiO2 nanoparticles and the prepared
BTA-loaded nanocontainers

Fig. 6.3 shows the SEM images (at two magnifications) of as-received SiO>
nanoparticles and the prepared SiO> based polyelectrolyte nanocontainers, respectively. It
is seen that, while the as-received SiO; nanoparticles feature with an amorphous,

spherical shape with a rough texture (Fig. 6.3a and c), the prepared SiO2 based
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polyelectrolyte nanocontainers are globularly shaped, with a smooth surface, as shown in
Fig. 6.3b and d. The SiO2 nanoparticles serve as carrier, and the inhibitors BTA are
wrapped in the polyelectrolytes, with a homogenous surface morphology. As the as-
received silica nanoparticles possess an amorphous and rough surface texture, the
nanoparticles aggregate easily to form big particles, as shown in Fig. 6.1c. While
attempts have been made to separate the SiO> nanoparticles by heating at 60 °C under
stirring for 12 h, it is still possible that each silica nanoparticle cannot be deposited

individually.

HV Mag WD |Spot|Det Tilt Pos X PosY HV Mag WD |Spot|Det| Tilt Pos X PosY

20 kV/100000 x|5.7 mm| 2.5 |SE |25 °|-7.0038 mm 3.3795 mm —500 nm— 20 kV/100000 x|4.5 mm| 1.9 |SE |25 °|-2.9763 mm 14.6413 mm —500 nm—

(d)

Mag WD |Spot|Det Tilt| PosX Pos Y
200000 x'5.5 mm| 2 |SE 25 °/5.1763 mm|-29.8378 mm

Fig. 6.3 SEM images of (a, c) as-received SiO2 nanoparticles and (b, d) the prepared
SiO2 based polyelectrolyte nanocontainers, respectively.
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The EDS results obtained on as-received SiO particles and the prepared BTA-
encapsulated nanocontainers are shown in Table 6.1. It is seen that elements Si, O, C and
N are identified, where the elements Si and O are from SiO2 nanoparticles. Compared to
the elemental composition of the as-received SiO, nanoparticles, there is an obvious
increase of the atomic weight of elements C and N in the nanocontainers. While element
C is from the polyelectrolytes, the N elements are from the inhibitors BTA. The EDS

results indicate that inhibitors BTA are encapsulated in the prepared nanocontainers.

Table 6.1 EDS results (weight percentage, %) obtained on as-received SiO2 particles

and the prepared BTA-encapsulated nanocontainers.

C N O Si
As-received SiO, 9.29 1.84 32.39 56.48
Prepared BTA-encapsulated 2106 576 5733 1585

nanocontainers

6.3.2 FTIR analysis of BTA-encapsulated nanocontainers

Fig. 6.4 shows the FTIR spectra of the as-received SiO, nanoparticles and the
prepared BTA-encapsulated nanocontainers, respectively. The characteristic functional
groups identified are listed in Table 6.2, where the reference sources for all the bonds are
also included. It is seen that, for both spectra, the characteristic peaks for SiO are
associated with stretching and bending vibrations of Si-O-Si bonds at 1090 cm™ and 817
cmL, respectively. In the spectrum obtained from the BTA-encapsulated nanocontainers,

the peak at 1209 cm™ is from the vibration of typical triazole rings contained in inhibitors



121
BTA. The low-intensity peak at 1038 cm™ and a considerable intensity peak at 1626 cm™

are attributed to N-H stretching vibration.

---- As-received SiO, 1090
— Prepared nanocontainers

Absorbance

4000 3500 3000 2500 2000 1500 1000
Wavenumber(cm'1)

Fig. 6.4 FTIR spectra of the as-received SiO2 nanoparticles and the prepared BTA-

encapsulated nanocontainers, respectively.

By comparison with the spectrum for SiO2 nanoparticles, the spectrum for the
nanocontainers contains peaks with a considerable intensity at 1305 cm™ and 1460 cm™,
which are due to C-N stretching vibration from the C-N functional groups contained in
inhibitors BTA and positively charged polyelectrolyte PDDAC. The peak at 1383 cm™
can be clearly seen in nanocontainers’ spectrum, and is attributed to the C-H deformation

absorption of the polyelectrolytes deposited on the surface of SiO2 nanoparticles. The
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broad bond at 3300 cm™ ~ 3600 cm™ is due to hydrogen bonds of O-H and N-H, which
are from the interactions between SiO. nanoparticles and the polyelectrolytes and
inhibitors BTA. Obviously, the FTIR measurements demonstrate that inhibitors BTA are

encapsulated in the prepared nanocontainers.

Table 6.2 Characteristic peaks identified in FTIR spectra in Fig. 6.4.

Peaks (cm™) Characteristic bonds Ref.
817 Si-O-Si bending vibration [119]
1038 N-H stretching vibration [89]
1090 Si-O-Si stretching vibration [33]
1209 -N=N-N- breathing vibration [120]

1305, 1460 C-N stretching vibration [115, 150]
1383 C-H deformation absorption [60]
1626 N-H stretching vibration [121]

3300-3600 Hydrogen bands O-H, N-H, and C-H [122, 123]

6.3.3 Thermal stability of the BTA-encapsulated nanocontainers

The thermal stability of the prepared nanocontainers and the loaded amount of BTA
inhibitors in the nanocontainers are characterized by TGA and DTG, and the results are
shown in Fig. 6.5. It is seen that the weight lost rate of SiO, nanoparticles keeps
approximately consistent when temperature is elevated to 600 °C. Obviously, the SiO:
particles have an excellent thermal stability up to 600°C, and the weight loss is 0.18%
only. Different from the spectrum obtained on SiO> nanoparticles, there are three stages
of weight loss for the BT A-encapsulated nanocontainers, as shown in Figs. 6.5a and 6.5b.

In stage one from ambient temperature (about 30 °C) to 120 °C, nearly 0.99% weight loss
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occurs, which is attributed to the loss of remaining water in the nanocontainers. Thus,
nanocontainers tend to absorb water during polyelectrolyte deposition and inhibitor-
loading, which is consistent with the presence of the broad FTIR peak from 3000 cm™-
3600 cm™ in Fig. 6.4. Stage two is from 120 °C to 250 °C, where a weight loss of 6.70%
occurs due to the thermal decomposition of the loaded inhibitors BTA. The melting and
boiling points of BTA are 98.5 °C and 204 °C, respectively. When the temperature
reaches 250 °C, the encapsulated BTA is decomposed completely. The maximum
decomposition rate is at about 200 ~ 210 °C (Fig. 6.5b). In stage three from 250 °C to 550
°C, the 2.07% weight loss is due to degradation of the polyelectrolyte backbone. Thus,
the weight percentage of the encapsulated inhibitors BTA are about 6.70% in the

nanocontainers determined by the thermal stability test.
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Fig. 6.5 (a) TGA curves of as-received SiO2 nanoparticles and the prepared BTA-

encapsulated nanocontainers, and (b) their DTG spectra.

6.3.4 Dispersity of the doped nanocontainers in the epoxy coating matrix

The SEM views of the epoxy coating without and with doping of various contents of
nanocontainers are shown in Fig. 6.6, where the compositional mapping of element Si is
also given to sever as the indicator for the doping of the prepared SiO> nanoparticle based
nanocontainers in the host coating. It is seen in Fig. 6.6a that the as-received epoxy
coating is smooth in surface, but contains micro-cracks. The detected Si elements are
mainly from the quartz contained in the coating. It was reported [96] that deposition of
polyelectrolyte layers not only encapsulates the corrosion inhibitors, but also improves
the dispersity of nanocontainers in the coating. Upon doping of the prepared

nanocontainers, the surface morphology of the coating is changed obviously. There is no
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micro-crack observed in the doped coatings. This is because the polyelectrolyte layer of
the nanocontainers has a good cohesion with epoxy coatings. As the doped content of the
nanocontainers increases, the Si content detected increases, as shown in Figs. 6.6d, 6.6f
and 6.6h. More important, the Si element mapping shows that the nanocontainers
distribute uniformly in the epoxy matrix, especially at the high doping content such as
8wt.% of the nanocontainers. The results demonstrate that this work enables a relatively
uniform distribution of the BTA-encapsulated nanocontainers in the coating matrix to

process the intelligent coating.

SEM MAG: 100.0kx HV:10kV WD:11.7mm Px:1nm

MAG: 100.0kx HV:10kV WD:11.7mm Px:1nm
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SEM MAG: 100.0kx HV:10kV WD:11.7mm Px:1nm

Fig. 6.6 SEM views of the epoxy coating without and with doping of various contents
of nanocontainers, and the compositional mapping of element Si in the coatings (a,

b) no nanocontainers added, (c, d) 2 wt.%, (e, f) 5 wt.%, (g, h) 8 wt.%.

6.3.5 Thermal stability of the nanocontainer doped epoxy coatings

Fig. 6.7 shows the thermal weight loss curves of the processed epoxy coatings doped
with varied contents of the prepared nanocontainers. It is seen that all measured curves

almost copy each other due to the small weight percentages of the doped nanocontainers
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in the epoxy coating. However, it is still visible that there is a slightly larger weight loss
for nanocontainer-doped coatings than the undoped one. The small weight loss observed
for doped coatings up to 300 °C is mainly due to decomposition of the encapsulated BTA
inhibitors in the nanocontainers, as confirm in Fig. 6.5. As the weight of the loaded
inhibitors is much smaller than that of the coating itself, the weight-change difference
among the coatings is so small that it is not distinguishable. The big weight loss for all
coatings from 300 °C to about 500 °C is due to cleavage of epoxy resin chains in the
coating skeleton. The maximum thermal decomposition temperature is 360 °C - 370 °C as
seen in Fig. 6.7b. The deposited polyelectrolytes decompose in this temperature range,
but the weight of the polyelectrolytes is much smaller than that of the epoxy coating.
After 500 °C, the remaining weight is mainly from pigments and other additives in the

coating matrix [151].

100 ‘ (@)

90 -

Q)

=

o 80+

o

@

o 70+

=

K=y . .

S g0l As-received epoxy coating

= — Epoxy coating doped with 2wt.% nanocontainers

| — Epoxy coating doped with 5wt.% nanocontainers

50 - —— Epoxy coating doped with 8et.% nanocontainers

100 200 300 400 500 600

Temperature (°C)



128

0.1
(b)
0.0
0
X
<01F
()
]
©
S
@
2 '0.2 ~
b
<
=
g 0.3
| — As-received epoxy coating
— Epoxy coating doped with 2wt.% nanocontainers
04— Epoxy coating doped with 5wt.% nanocontainers
— Epoxy coating doped with 8wt.% nanocontainers
| |

100 200 300 400
Temperature (°C)

500 600

Fig. 6.7 (a) The TGA curves of the processed epoxy coatings doped with varied

contents of the prepared nanocontainers, (b) the derived DTG curves.

Furthermore, DSC was used to examine the cross-linking property of the

nanocontainer-doped epoxy coatings, and the results are shown in Fig. 6.8. It is seen that

both undoped and doped coatings have an identical glass-transitional temperature, Tg,

which is about 200 °C. Thus, the addition of the nanocontainers would not change the

chemical cross-linking structure of the epoxy coating.
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Fig. 6.8 (a) DSC curves of the epoxy coatings doped with varied contents of

nanocontainers, and (b) the derivative spectra.
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6.3.6 Measurements of self-releasing of the encapsulated BTA in response to solution
pH

Figs. 6.9 show the UV-vis spectra of the BT A-encapsulated nanocontainers after 1 h
and 1 day of immersion in 0.1 M NaCl solutions with various pH values, respectively. It
IS seen that the inhibitor-releasing is time dependent. After 1 h of immersion, the spectra
measured in all solutions almost copy each other. The peaks at 260 nm and 273 nm
wavelengths, which are attributed to the presence of BTA in the solution, have
approximately identical intensity, as seen in Fig. 6.9(a). After one day of immersion of
the nanocontainers in the solution, the absorbance peak intensities measured in different
solutions change remarkably. Generally, the intensity of the bond at BTA peak position is
primarily influenced by the amount of BTA in the solution. A higher peak indicates the
higher concentration of BTA contained in the solution [152, 153]. It is seen from Fig.
6.9(b) that there is a slight increase in the absorbance peak when the solution pH is 7.
However, for solution pH of 2 and 11, the absorbance intensities increase obviously,
indicating that the BTA selectively release from the nanocontainers at these pH
environments. When the solution pH is 5 or 9, the BTA absorbance intensity is in

between.
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Fig. 6.9 UV-vis spectra of the BT A-encapsulated nanocontainers after (a) 1 h and (b)

1 day of immersion in 0.1 M NaCl solutions with various pH values.
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6.3.7 Corrosion resistance of the epoxy coatings doped with BTA-loaded
nanocontainers

Fig. 6.10 shows the time dependence of OCP of the steel electrode coated with epoxy
coatings without and with various contents of BT A-encapsulated nanocontainers in 0.1 M
NaCl solution. It is seen that, initially, the OCP of all specimen is relatively positive, and
is between 0.1 V (SCE) and 0.15 V (SCE). As time increases, the OCP decrease
gradually. After 14 days of testing, the OCP drops rapidly to about -0.1 V (SCE). For the
specimen coated with the undoped epoxy coating, the OCP continues to decrease and
reaches a relatively steady value of -0.2 V (SCE) after 26 days of immersion in the
solution. For the epoxy coating containing 2 wt.% BTA encapsulated nanocontainers, the
OCP of the coated steel also deceases after 14 days of immersion in the solution, but the
relatively stable value of about -0.16 V (SCE) is less negative than that for the undoped
coating. When the amount of the doped nanocontainers in the coating increases to 5 wt.%
and 8 wt.%, the OCP shifts positively after the 14 days of immersion. The stable values
after 26 days of testing in the solution are about -0.09 V (SCE) and 0.11 V (SCE),
respectively. Obviously, the steady-state OCP of the coated steel becomes more positive
as the amount of the nanocontainers doped in the coating increases. Similar results for
coated metal specimens’ coatings doped with inhibitor-loaded nanocontainers were also
reported by other researchers [154]. This phenomenon is attributed to the ability of the
coating to sense the generation of corrosive environments on the steel due to water
permeation through the coating during exposure to the solution, and self-release the pre-
loaded BTA from the nanocontainers after 30 days of immersion. The inhibitor-releasing

can be triggered by the change of the electrolyte pH on the steel surface [42, 102, 110,
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155], as determined above. The released inhibitors are able to form a protective
adsorptive film on the steel surface, enhancing the corrosion resistance of the steel, as
indicated by the positive shift of OCP of the steel with the increasing amount of the

nanocontainers doping the coating [146, 156].
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Fig. 6.10 Time dependence of OCP of the steel electrode coated with epoxy coatings

without and with various contents of BT A-encapsulated nanocontainers in 0.1 M

NaCl solution.

Fig. 6.11 shows the Bode plots (both impedance modulus and phase angle) measured
on the steel electrode coated with epoxy coatings doped with various contents of BTA-

encapsulated nanocontainers after 6, 12, 18, 24 and 30 days of immersion in 0.1 M NaCl
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solution at 60 °C. It is seen that, for the undoped coating, a high low-frequency
impedance of over 10° Q cm? is observed after 6 days of immersion in the solution, with
one maximum phase angle. This is typical of the capacitive behavior for a coated steel
electrode, where the coating serves as an effective barrier to protect the steel from
corrosion at this time. With the increase of the immersion time, the low-frequency
impedance decreases due to water uptake by the coating. At the 18" day, the low-
frequency impedance is about 3x<10’ Q cm? and another maximum phase angle is
observed between 0.1 Hz and 1 Hz. This indicates that, in addition to the impedance
response from the coating, corrosion occurs on the steel surface. With the time increasing
to 24 and 30 days, the low-frequency impedance further decreases due to the coating
degradation with time. The low-frequency phase angle maximum becomes more apparent
compared to that at the 18" day.

When the epoxy coating contains BTA-encapsulated nanocontainers, the measured
Bode plots show the similar feature to that in the absence of nanocontainers in the
coating. In the first 12 days, a capacitive impedance behavior is observed, and the coating
is able to protect the steel from corrosion. At day 18, the doped coatings start to lose their
protective ability, as shown by the reduced low-frequency impedance with time. For the
coating doped with 2 wt.% nanocontainers, the low-frequency impedance further
decreases as the immersion time increases to 24 days. However, the low-frequency
impedance measured at the 30" day becomes higher than that measured at the 24" day, as
seen in Fig. 6.11c, which is different from that obtained in the undoped coating in Fig.
6.11a. The same phenomenon is also observed for the coating doped with 5wt.%

nanocontainers in Fig. 6.11e. The difference is that the low-frequency impedance
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measured at the 30" day for 5 wt.% nanocontainer doped coating is higher than that for 2
wt.% nanocontainer doped coating. When the doped nanocontainers are increased to 8
wt.% in the epoxy coating, the low-frequency impedance measured at the 24™ day is
higher than that measured at the 18" day. With the immersion time increasing to 30 days,

the low-frequency impedance further increases, as seen in Fig. 6.11g.
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Fig. 6.11 Bode plots, i.e., both impedance modulus (a, c, e, g) and phase angle (b, d, f,

h) measured on the steel electrode coated with the epoxy coating doped with various

contents of BTA loaded nanocontainers after 6, 12, 18, 24 and 30 days of immersion

in 0.1M NaCl solution at 60 °C (a, b) no doped nanocontainer, (c, d) 2wt.%, (e, f)

5wt.%, (g, h) 8wt.% nanocontainers.

To derive electrochemical impedance parameters for various coated steel electrodes,

the measured impedance data are fitted with appropriate equivalent circuits, as shown in

Fig. 6.12, where Rsol, Ret, Re, Qai and Qc are solution resistance, charge-transfer resistance,
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coating resistance, constant-phase element of double-charge layer and constant-phase
element of the coating, respectively. The equivalent circuits in Figs. 6.12a and 6.12b are
chosen to fit the impedance plots with one and two time constants, respectively. To
determine appropriate circuits for fitting the measured impedance data, in addition to EIS,
the time dependence of OCP of the coated steel specimen is also used for corrosion
analysis. It is seen in Fig. 6.10 that, in the first 14 days, the OCP of all specimen

maintains at relatively positive values.
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Fig. 6.12 Electrochemical equivalent circuits used to fit the measured impedance
data, where Rsol, Ret, Re, Qi and Qc are solution resistance, charge-transfer
resistance, coating resistance, constant-phase element of double-charge layer and
constant-phase element of the coating, respectively (a) for one time constant

impedance plots, and (b) for two time constant impedance plots.

In the first 12 days, there is only one time constant, as indicated by one maximum

phase angle in Fig. 6.11, for the measured impedance spectra. After 16 days of
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immersion, the measured impedance plots are associated with two time constants due to
the low frequency charge-transfer reaction and the high frequency response from the
coating. The results show that, prior to 14 days of immersion, corrosion of the coated
steel is marginal, and the coating is considered protective. Although the slope of the
impedance modulus changes around 0.1-1 Hz after 6 and 12 days (Fig. 6.11), the phase
angle curves do not show obvious changes. It is thus assumed that, while the coating is
permeable to water at these times, corrosion is yet to occur and the circuit with one time
constant is used for the impedance fitting. Thus, in the first 12 days, the circuit with one
time constant is used to fit the measured impedance spectra. After 16 days of immersion,
the measured impedance plots are associated with two time constants due to the low
frequency charge-transfer reaction and the high frequency response from the coating.

In this work, the constant-phase elements, Q, is used to model the capacitances of the
coating and the double-charge layer in the equivalent circuits. This element usually
describes the interfacial heterogeneity due to either localized corrosion or adsorption of
reaction products and intermediates. The constant-phase element is related to an
equivalent capacitance such as coating capacitance (Cc) and the capacitance of double-

charge layer (Car), by [150, 157]:

Cx: (Qx ><Rxl—n) 1/n (6_1)

where Cyx, Qx, Rx and n are capacitance, constant-phase element, resistance (either Rct or

Rc) and the empirical exponent, respectively. The electrode closes to an ideal capacitor

when the exponent n approaches to 1.
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Table 6.3 The electrochemical impedance parameters fitted from the measured

impedance data in Fig. 6.11.

R Ce R Qa Ca
Qc
Time (Q cm?) (Flem?) (Qem?) (F/em?)
Coatings
(day) Y Y 7
n
(C'ems") (Qemr’s™)
6 4.48+0.66x10° 1.22+0.08x101° 0.80+0.021.05+0.12x101°
12 2.37+0.21x10° 2.7240.22x101° 0.85£0.022.51+0.32x1010
As-received 5 3 8 6 -9 9
) 18 1.52+0.15x10% 1.14+0.01x10% 0.80+0.071.29+0.01x10° 2.94+0.16x10° 1.66+0.18x10° 0.87+0.041.07+0.03%10
€poxy coating
24 4.724023x10% 1.5240.12x107  0.8320.011.42+0.17x107 3.08+0.12x108 2.02+0.06x107 0.85+0.041.85+0.12x107
30 2.2340.16x10° 3.3040.19x107 0.88+0.033.15+0.27x107 3.12+0.04x10° 1.37£0.03x10%0.9740.021.5540.01x107
6 5.16+0.47x10° 1.21+0.11x101? 0.80+0.021.07+0.16x101°
. 12 9.43+0.85x10% 1.7520.15%101° 0.80£0.021.12+0.21x1010
Coating doped
with2 wt.% 18 4.99+0.19x107 2.57+0.05<10% 0.80£0.022.73+0.07x108 2.26+0.07x107 1.424£0.07x10-70.810.011.86+0.10x10~
tai . .
TANOCOMAINETS 1 4 7220.18x10° 1.5820.14x107 0.92+0.011.47=0.16x107 1.200.05x107 2.3320.06x10°7 0.8620.042.360.01x10”
30 5.0440.15%10° 2.58+0.08x107 0.87+0.028.25+0.01x10° 8.17+0.36x107 1.09+0.07x1070.87+0.041.50+0.01x107
6 2.49+0.04x10° 7.1940.11x101" 0.80£0.024.70+0.28x101
. 12 1.5240.06x10° 7.28=0.43x10"° 0.80£0.027.46+0.60x10°
Coating doped
with Swt.% 18 8.08+0.18x10° 9.90+£0.64x107 0.88+0.063.93£0.10x10% 8.43+0.16x107 1.20+0.03x1070.83+0.011.93£0.01x107
nanocontainers 5 5 o s 5 5
24 2.3240.05x107 1.05£0.03x10%"  0.8820.028.67£0.63x10° 2.9420.08x10% 2.02+0.03x10%0.95+0.042 27+0.16x10
30 1.60£0.07x10% 2.71+0.25x10° 0.95£0.012.59+0.13x10° 8.06+0.09x10°% 4.36+0.24x10°0.870.035.24+0.11x10°
6 2.36+0.08x10° 2.76+0.24x10* 0.80+0.011.41+0.14x101
_ 12 1.86+0.05x10° 3.97+0.09x101° 0.80£0.023.67+0.16x101°
Coating doped
with 8wt.% 18 1.39+0.07x107 1.12£0.01x10% 0.80+0.037.01£0.73x10° 1.56+0.04x107 3.11+0.14x10°0.85+0.062.73+0.13x10°*
nanocontainers
24 4.944029x108 1.29+0.07x10° 0.8620.021.19£0.11x10° 7.64+0.41x108 1.09+0.01x10°0.81+0.061.82+0.02x10°¢

30

9.19+0.30x10° 8.75+0.37x10"°

0.81£0.028.31£0.55%x10"

4.1120.10x10° 2.57+0.20x10° 0.870.083.72+0.05x107
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Table 6.3 lists the fitted electrochemical impedance parameters from the measured
impedance data in Fig. 6.11. The tendencies of coating resistance and coating capacitance
as the immersion time increasing to 30 days are shown in Fig. 6.13. It is seen from Fig.
6.13 that, for undoped epoxy coating, the coating resistance Rc decreases and Cc increases
with time, indicating the continuous degradation of the coating in the solution. The fitted
charge-transfer resistance R¢t, which is inversely to corrosion rate of the steel, fluctuates
around 3.00<10® Q cm? when the coating starts to degrade at the 18" day. The value is
much lower than the original coating resistance. When the coating is doped with BTA-
encapsulated nanocontainers, the R¢ decreases and the C. increases with time initially, but
they increase and decrease, respectively, after a certain time period of immersion in the

2 and

solution. For example, after 24 days of immersion, the Rc is 4.72x10° Q cm
2.32x10" Q cm?® for 2 wt% and 5 wt.% nanocontainer doped epoxy coatings,
respectively. At the 30™" day, the Rc is increased to 5.04>10% Q cm? and 1.60%<108 Q cm?,
respectively. Correspondingly, the Rc increases from the 24™ day to the 30" day of
immersion. When the doped nanocontainers are up to 8 wt.%, the R¢ increases and Cc
decreases at the 24" day, and the values are 1.39%10" Q cm?, 4.94x10% Q cm? and
9.19x108 Q cm? after 18 days, 24 days and 30 days of immersion, respectively. At the
same time, the Rt increases from 1.56x107 Q cm? at the 18" day to 7.64x108 Q cm? and
4.1110° Q cm? after 24 days and 30 days of immersion, respectively.

Generally, the evolution of Rc measures the resistance of a coating in a corrosive
environment, and C¢ is associated with water uptake of the coating. Coatings with a high

Rc values and a low C. are considered to offer a good anticorrosion performance. The Rt

is inversely to the corrosion rate of a steel and describes the corrosion resistance of the
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steel in the corrosive environment. During the immersion period, the decreased Rc and the
increased C. of the undoped epoxy coating indicate that the barrier property of the
coating is gradually deteriorated with time. In comparison, the R. and C. of the coating
doped with 2 wt.% nanocontainers have similar values to the undoped coating until 24
days of immersion. After that, a small increase of Rc and drop in C. are observed. This
slight change is believed to be from the releasing of pre-encapsulated BTA inhibitors in
the nanocontainers. This is confirmed by the slight increase of Rc: of the steel. It is noted
that the 2 wt.% nanocontainer doped coating improves the corrosion resistance of the
steel after 24 days of immersion in the solution, but slightly only.

The doping content of the inhibitor-encapsulated nanocontainers in the coating is a
critical parameter to affect the anticorrosion performance of the developed intelligent
coating. Upon the increase of the BTA-encapsulated nanocontainers to 5 wt.% and 8
wt.% in the epoxy coating, there are further increases of Rc and drops in Cc, as shown in
Fig. 6.13. Particularly, the increase of Rt of the steel is apparent, indicating the enhanced
corrosion resistance of the steel. Therefore, the prepared BTA-encapsulated
nanocontainers is critical in improving the anticorrosion performance of the developed
coatings and the corrosion resistance of the steel in the solution. This effect is mainly
attributed to two aspects. First, the prepared nanocontainers have a good compatibility
with the host epoxy coating, and would not affect the coating properties. Second, once a
corrosive environment associated with a low or high solution pH is generated to cause
steel corrosion, the preloaded inhibitors would release on demand for corrosion

inhibition.
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6.3.8 Morphological, compositional and structure characterizations of coated steels
after 30 days of immersion in the solution
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Fig. 6.14 SEM morphology and EDS spectra of the steel electrode, where the coating
is peeled off, after 30 days of immersion in 0.1 M NaCl solution (a) no nanocontainer

doped, (b) 2 wt.%, (c) 5 wt.%, (d) 8 wt.% nanocontainers.

Table 6.4 EDS elemental compositions of results of the steel surface, after the

coatings are peeled off, after 30 days of immersion in 0.1 M NaCl solution.

Element (wt.%) C N @) Si Mn Fe

Steel coated with as-received epoxy coating 20.73 147 212 100 1.03 72.66

Steel coated with 2 wt.% nanocontainer doped
18.38 2.76 2.09 0.39 1.23 76.74

epoxy coating

Steel coated with 5 wt.% nanocontainer doped
) 16.14 3.74 138 037 111 77.26
epoxy coating

Steel coated with 8 wt.% nanocontainer doped
1542 4.60 125 037 115 77.22

epoxy coating

The morphological and structural characterizations and EIS measurements

demonstrate that the prepared BTA-encapsulated nanocontainers have a good
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compatibility with the epoxy coating. The nanocontainers distribute uniformly in the host
epoxy coating. It has been established [124, 146] that BTA inhibitors, after released from
the nanocontainers, would adsorb on the steel surface to form a protective adsorptive
film. The polar unit of three heterocyclic nitrogen atoms in BTA molecule serve as the
reaction center for chemisorption with the steel. Strongly covalent bonds can form
between N-atoms in the triazole ring and iron atoms by displacement of water molecules
from the steel surface, and sharing electrons between the BTA molecules and iron
through partial transference of electrons from the polar N-atoms to the steel. The formed
adsorptive film can be confirmed by the EIS results in Table 6.3, as indicated by the
decreasing Cq when the coating is doped with 5 wt.% and 8 wt.% nanocontainers. The
decrease of Cy) is attributed to the BTA adsorptive film on the steel surface, which has a
lower dielectric constant and reduces the area for corrosion to occur. Moreover, due to
the adsorption interaction between protonated BTA with corrosion products, the anodic
reaction of the steel can be hindered, causing an increase in R, as shown in Table 6.3.

Fig. 6.14 shows the SEM morphology and EDS spectra of the steel electrode, where
the coating is peeled off, after 30 days of immersion in 0.1 M NaCl solution. The EDS
elemental composition results are shown in Table 6.4. It is noted that the SEM, rather
than an optical microscope, was used for characterization of corrosion morphology of the
specimen due to the fact that the base coating used in this work contains carbon back as
the pigment, which makes the microscopical view very dark. Thus, the SEM is the better
method for morphological characterization. It is seen that, with the increase of the doped
nanocontainers in the epoxy coating, the scratches introduced during the electrode

grounding become more apparent. Actually, for the steel electrode coated with undoped
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epoxy coating, there is no mechanical scratch observed. The morphology of the steel
electrode is typical of that suffering from corrosion. It is thus seen that the steel
experiences reduced corrosion when the coating contains a higher content of BTA-
encapsulated nanocontainers. The elemental composition results show an increasing N
content and decreasing O content with the increasing content of nanocontainers in the
coating. As stated, the element N is from the adsorptive inhibitors BTA on the steel
surface upon releasing from the nanocontainers. With effective inhibition of the steel
corrosion, the content of element O present in corrosion products decreases.

Furthermore, the adsorptive inhibitors BTA on the steel surface can be confirmed by
FTIR results obtained before and after 30 days of immersion in the solution, as shown in
Fig. 6.15. Prior to corrosion testing, the FTIR spectra for all coatings include a peak at
851 cm, which is attributed to the C-O-C stretching vibration due to the cross-linking
reaction of the epoxy with added hardeners [158]. After 30 days of immersion, the peak
at 851 cm™* disappears. This may be due to the coating failure and the hydrolysis of C-O-
C functional groups. At the same time, a weak peak at 3600 cm™ is observed, which is
associated with the -OH functional group coming from the coating [159]. More
important, a new peak is observed at 1209 cm™ in the spectra obtained for the coated
steel with high nanocontainer contents such as 5 wt.% and 8 wt.%. This peak is attributed
to the -N=N-N- breathing vibration, and comes from the BTA inhibitors only [120]. It is
seen that this peak is not observed on the undoped coating and the coating doped with a

low content of nanocontainers such as 2 wt.%.
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Fig. 6.15 FTIR spectra obtained on the coated steel electrode (a) before and (b) after

30 days of immersion in 0.1 M NacCl solution.
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(b) Corrosion Attack  Corrosion Attack Corrosion Attack

Fig. 6.16 Schematic diagram illustrating (a) the swelling of the polyelectrolytes in

response to pH changes to release encapsulated inhibitors BTA and (b) the principle
of corrosion protection for substrate steel by an intelligent coating doped with

inhibitor-encapsulated nanocontainers.

As confirmed by the UV-vis spectroscopy, the self-releasing of the preloaded
inhibitors BTA is specific to changes of the solution pH. Generally, polyelectrolytes are
sensitive to pH changes, with either ‘open’ or ‘close’ state by ‘swelling” to thinner the

layer or ‘shrinking” back to the original state [62], as schematically described in Fig.
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6.16a. It was reported [128, 160] that the PDDAC and SPSS that are used to prepare the
nanocontainers in this work have a pH-buffering activity, and can buffer the solution pH
in near neutral pH ranges, such as pH 5-9. Inhibitors BTA are able to release from the
multilayer polyelectrolytes shell to reduce steel corrosion when the solution pH becomes
acidic. When the solution pH is at near neutral values or is back from acidic to near
neutral, the polyelectrolytes remain closed, and the inhibitors are sealed in the
nanocontainers. The principle of corrosion inhibition for an intelligent coating is

schematically described in Fig. 6.16b.

6.4 Summary

An intelligent coating is developed based on encapsulation of BTA inhibitors in the
prepared SiO2 nanoparticle based polyelectrolyte nanocontainers, and self-releasing of
the inhibitors for corrosion inhibition to pipeline steel in chloride solutions. The
nanocontainers have a smooth surface with a globular geometry. Both EDS and FTIR
measurements demonstrate that the inhibitors are effectively encapsulated in the
nanocontainers. There are about 6.7 wt.% of inhibitors loaded in the nanocontainer, as
determined by the thermal stability test.

The prepared BTA-encapsulated nanocontainers are dispersed uniformly in an
industry-used epoxy coating under the testing condition. The doping of the
nanocontainers would not change the chemical cross-linking structure of the coating, as
shown by the identical glass-transitional temperature of the coatings doped with various
contents of nanocontainers. Moreover, the encapsulated inhibitors can self-release from

the nanocontainers in response to changes of solution pH, specifically low and high pH
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values (pH 2 and 11), for corrosion inhibition. At near-neutral solution pH, the
nanocontainers remain “closed” and the inhibitors would not release.

For the steel coated with the processed coatings doped with inhibitor-encapsulated
nanocontainers, the corrosion inhibition is time dependent upon the self-release of the
inhibitors from the nanocontainers. The doping content of the nanocontainers in the
coating is a critical parameter to affect the anticorrosion performance of the developed
coating, and the corrosion resistance of the substrate steel. Moreover, with the increasing
content of the BTA-encapsulated nanocontainers in the coating, both the coating
resistance and the corrosion resistance of the steel increase, resulting in a reduced
corrosion. The released inhibitors decrease the steel corrosion by forming a layer of
inhibitor adsorptive film, which is detected on the steel surface after 30 days of

immersion in the solution.
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Chapter Seven: Stearic Acid Modified Superhydrophobic Zinc Nano-films for
Enhanced Antifouling, Self-cleaning and Corrosion Resistance*

7.1 Introduction

An intelligent coating that was fabricated by doping BTA encapsulated
nanocontainers in epoxy coating was investigated in the former chapters. Generally, the
superhydrophobic coating with self-cleaning and antifouling performance is also
attributed as one kind of intelligent coating because of the initiative action when
corrosive environment generates on its surface.

It has been acknowledged [161] that a micro/nanoscale surface structure and its low
surface energy contribute to the superhydrophobicity. When a superhydrophobic material
IS exposed to aqueous environments, an “air-cushion” is formed on its surface due to the
non-wettability of the material. This effectively blocks the diffusion of corrosive species
in the environment towards the substrate material. At the same time, a superhydrophobic
surface serves like a vertically cylindrical tube placed in liquid. Due to the Laplace
pressure, the corrosive electrolyte can be pushed out of the pores contained in the
superhydrophobic surface film [162-164]. For example, Sethi et al. [163] prepared a
superhydrophobic coating on steels to create a carbon nanotube mesh structure. The
coating is able to withstand environmental attack to the substrate steel. Li et al. [78] used

a hydrothermal treatment method to fabricate superhydrophobic ZnO films on a pipeline

* This work has been submitted as: Yuanchao Feng, Shougang Chen, Y. Frank Cheng, Stearic acid
modified superhydrophobic zinc nano-films for enhanced antifouling, self-cleaning and corrosion
resistance, Corrosion Science, March 2017
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steel to achieve a water contact angle of 157.59< which is effective for protection of the
steel from corrosion.

Electrochemical techniques possess the advantages of low cost, convenient
controlling of operating conditions, and high effectiveness to engineering materials to
achieve desirable structures and properties [165, 166]. In particular, the electrodeposition
technique is able to fabricate micro-/nano-patterned structures conveniently, achieving
the hydrophobic or superhydrophobic property [167]. To date, most of the reported work
have been conducted on metals such as Al, Cu, Zn and their alloys [168-172]. There has
been rare work conducted on carbon steels, the most commonly used engineering
materials. This work attempts to develop superhydrophobic Zn nano-films on carbon
steel, with antifouling, self-cleaning and anticorrosion properties, by a simple and
feasible process.

In the present work, superhydrophobic Zn nano-films were prepared on a X65
carbon steel by electrodepostion and the stearic acid modification. The morphology,
composition and structure of the prepared films were characterized by SEM, EDS, X-ray
diffraction (XRD), and FTIR, respectively. The water and oil contact angles of the filmed
steels were measured, and the antifouling and self-cleaning performance were
determined. The corrosion resistance of the film was studied by EIS in a chloride
solution. The optimal electrodepositing condition to achieve the superhydrophobity and

desired properties was determined.
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7.2 Experimental

7.2.1 Material and specimens

Steel specimens used in this work were cut from a X65 carbon steel pipe, with a
chemical composition (wt.%): C 0.04%, Si 0.2%, Mn 1.5%, P 0.011%, S 0.003%, Mo
0.02% and Fe balance. The specimens were machined into 1 cm <1 cm > 1 cm square
shape, and sealed in epoxy, leaving an exposed area of 1 cm?. The working face of the
specimen was subsequently ground up to 1,200 grit SiC emery papers, washed with

deionized water, degreased with ethanol and acetone, and dried in air.

7.2.2 Electrodeposition of Zn nano-films on steel specimens

Electrodeposition Stearic acid modified

Thermometer

Structure of SA

Electrolyzer
\ g Magnetic Stirrer @ L*IL’L\&)\L ,L:" ,L\L }‘L }\ ).\‘L }“
Heating Plate R

Fig. 7.1 Schematic diagram of the experimental setup for electrodeposition and the

stearic acid modification to prepare the superhydrophobic Zn nano-films on the

steel specimen, where SA refers to stearic acid.

Prior to electrodeposition, the steel specimens were ultrasonically degreased in an

alkaline solution containing 20 g/L NaOH, 10 g/L NaCOs and 10 g/L NasPO4 at 50 °C for
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10 mins. The specimens were then immersed in 50 g/L H2SO4 for 1 min at room
temperature to remove oxides from the surface, and then rinsed thoroughly with
deionized water and dried in high-purity nitrogen (99.999%). Fig. 7.1 shows the
schematic diagram of the experimental setup for electrodeposition and the post-
modification by stearic acid to prepare superhydrophobic Zn nano-films on the steel
substrate. The steel specimen was installed in a cell containing 250 g/L ZnSQO4 solution
with a pH of 2.0 adjusted by 50 g/L H2SO4. The specimen, which served as the cathode,
was connected to the negative pole of a direct current (DC) power supply. A carbon rod,
used as the anode, was connected to the positive pole of the DC power source. The
distance between the anode and the cathode was 2 cm. The bath solution, which was
under magnetic stirring, was maintained at 50 °C with a heating plate.

After electrodeposition, the specimen was removed from the solution, rinsed with
deionized water and dried in air. The Zn filmed specimen was then immersed in 0.05
mol/L stearic acid ethanol solution for 5 h at room temperature, which would generate a
stearic acid layer with a low surface energy. The specimen was then removed, washed
with ethanol and dried with cold air to obtain the superhydrophobic Zn nano-film on the
steel substrate.

To control the reproducibility of the prepared Zn nano-films, three parallel steel

specimens were prepared for electrodeposition under the identical condition.

7.2.3 Characterization of the prepared zinc nano-films

The water contact angle of the filmed steel specimen was measured with a 3 pL

water droplet using an environmental goniometer (100-26-TH, Raméhart Instrument
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Co.) at room temperature. Each data point present in this work was the average of five
measurements conducted at different locations on the specimen. The oil contact angles
were measured following the same procedure, but using a mineral oil droplet as the
testing material.

The morphology and chemical composition of the prepared Zn nano-films were
characterized using a SEM equipped with an EDS. A FTIR (Model Nicolet iS50) was
used to characterize the functional groups and structure of the films. For all spectra
recorded, the specimens were experienced a 64-scan data accumulation in the range of
600 - 4000 cm™ at a spectral resolution of 4.0 cm™. The XRD (Rigaku Multiflex 0-0
diffractometer) was used to measure the crystalline structure of the prepared Zn nano-
films with a Cu Ka radiation (40 kV, 40 mA, A=1.5418 A). A scan range of 20 = 20%90°
and a scan speed of 0.2<9min was used.

The antifouling and self-cleaning properties of the prepared films were investigated
by immersing the filmed specimen in a mud liquid and spreading soil on the film surface,
respectively. For the former, the specimen was removed after various time periods of
immersion to observe visually its surface color and condition. For self-cleaning testing,
the soil spreading on the filmed steel specimen was washed off by spraying water, while

the specimen was inclined at an angle of 10 - 15<

7.2.4 Corrosion resistance of the prepared zinc nano-films

The corrosion resistance of the prepared zinc nano-films was measured by EIS
measurements in 3.5 wt.% NaCl solution on a three-electrode cell using a Solartron

1280C electrochemical workstation. The filmed steel specimen was used as working
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electrode, a carbon rod as counter electrode and a SCE as reference electrode. The EIS
measurement was conducted at the corrosion potential (Ecorr) Of the specimen over a
frequency range from 10 kHz to 0.01 Hz, with a disturbance AC voltage of 10 mV. The
electrochemical impedance data were fitted with appropriate equivalent circuits using the

ZSimpWin software.

7.3 Results and discussion

7.3.1 Characterization of morphology and composition of the prepared Zn nano-films

Figs. 7.2-7.4 show the SEM morphological views of the prepared Zn nano-films after
5, 10, 20 and 30 mins of electrodeposition at current densities of 50, 100 and 200
mA/cm?, respectively, followed by stearic acid modification. It is seen that compact,
nanoscale Zn films are formed under all conditions. The morphological features of the
films depend on the electrodepositing current density and time. Generally, at individual
current densities, the size of the particles present on the films increases, and the film
becomes rougher with the increasing time. Under the electrodepositing current density of
50 mA/cm?, the films are featured from a tiny wrinkled texture to formation of large
particles, and then to layered particles as the depositing time increases. After 5 and 10
mins of electrodeposition, the films are compact and the adjacent particles are linked
coherently (Figs. 7.2a and 7.2b). When the depositing time increases to 20 mins, the
particles grow, with layered waves observed. As the depositing time is up to 30 mins, the
film is further rougher, and more layered waves are observed on the particles. The valley-
peak fluctuations of the particles reduce compared to the structure of the film formed

after 20 mins.
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Under the electrodepositing current density of 100 mA/cm?, the nano-films have the
similar feature to those formed under the current density of 50 mA/cm?, but with an
increased surface roughness at the identical electrodepositing time. The film formed after
5 mins of electrodeposition possesses a homogeneous, wrinkled texture, as seen in Fig.
3a. When the depositing time increases to 10 mins, the particles becomes larger and the
films are rougher (Fig. 7.3b). After 20 mins of electrodeposition, the film changes to a
regular layered structure. Cavities and crevices generate between particles, as shown in
the enlarged photo in Fig. 7.3c. After 30 mins of electrodeposition, the film is rougher,
with cracks produced between enlarged particles. The valley-peak fluctuations decrease,
i.e., the film formed after 30 mins tends to be flatter compared to that formed after 20
mins.

Under the 200 mA/cm? of electrodepositing current density, the surface structure is
quite different from those formed at 50 and 100 mA/cm? after 5 mins of
electrodeposition. A compact nano-film is formed, containing numerous particles with
the diameter of about 5 um. The wrinkled texture is not observed. As the depositing time
increases to 10 mins, large particles grow on the film, which is much rougher than before.
After 20 mins of electrodeposition, many cavities and spaces with increased size present
between particles. The film starts to show non-uniform growth, with locally preferential
deposition of the film. After 30 mins, the film is more heterogeneous, with further local
growth of the film. The particles become a layered structure, with the scale of several to

10 microns.



Fig. 7.2 SEM morphological views of the prepared Zn nano-films after (a) 5, (b) 10,

(c) 20 and (d) 30 mins of electrodeposition at the current density of 50 mA/cm?,
followed by stearic acid modification, where images with a large magnification are

also included.



Fig. 7.3 SEM morphological views of the prepared Zn nano-films after (a) 5, (b) 10,

(c) 20 and (d) 30 mins of electrodeposition at the current density of 100 mA/cm?,
followed by stearic acid modification, where images with a large magnification are

also included.
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Fig. 7.4 SEM morphological views of the prepared Zn nano-films after (a) 5, (b) 10,

(c) 20 and (d) 30 mins of electrodeposition at the current density of 200 mA/cm?,
followed by stearic acid modification, where images with a large magnification are

also included.

From the morphological characterization of the prepared Zn nano-films, it is seen
that typical micro-/nanoscale structure can be formed on the films. This is the typical

feature of the leaf-like morphology similar to that of the lotus leaf surface [173]. This
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type of surface structure contains numerous grooves and cavities to entrap air. The
resulting “air-cushion” can effectively prevent water from wetting the substrate material.
Under the depositing current density of 50 mA/cm? tends to produce compact Zn nano-
films, which do not enable remarkable hydrophobic property by generation of the so-
called “air-cushion’ structure. However, the current density of 200 mA/cm? is too high to
generate a homogeneous film, especially at extended depositing times. The current
density of 100 mA/cm? is appropriate by adjusting the electrodepositing time to produce
uniform, “air-cushion” typed nano-films, which is expected to result in the surface
superhydrophobity.

Fig. 7.5a shows the SEM cross-sectional view of the Zn nano-film formed under 100
mA/cm? current density for 20 mins followed by stearic acid modification, and Fig. 7.5b
shows the high magnificational top-view of the cavity present on the film. It is seen that
the Zn nano-film is formed uniformly on the steel surface, with an average thickness of
56.54 um. The film close to the steel substrate is more compact than that nearby the
surface, where the micro-/nanoscale structure is present. It is noted that some dark
artifacts in the cross-sectional view are not associated with the film, but generated during
preparation of the specimen for metallographic observation. Particularly, the enlarged
view of the cavity proposed to form the “air-cushion” structure possesses nanoscale
layered structure internally. Fig. 7.5¢ shows the EDS elemental analysis along the yellow

line in Fig. 7.5a. The results confirm the formation of Zn film on the steel.
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Fig. 7.5 (a) SEM cross-sectional view of the Zn nano-film formed under 100 mA/cm?
current density for 20 mins followed by stearic acid modification. (b) The high
magnificational top-view of the cavity contained in the film. (¢c) EDS elemental

analysis along the yellow line in Fig. 7.5a.

7.3.2 Structural and Compositional Characterization of the Zn Nano-films

Fig. 7.6 shows the FTIR spectra of the Zn nano-films formed after 20 mins of
electrodeposition at the current density of 100 mA/cm? without and with the stearic acid
modification. Specifically, the peaks at 1398 and 1461 cm™ are from the chelating

coordination of zinc with stearic acid[162], and the peak at 1649 cm™ is ascribed to the
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vibration adsorption of —COO [174]. There are two adsorption peaks at 2887 and 2972
cm™ are associated with the CH, asymmetric and symmetric stretching vibrations [175,
176], respectively. All the five peaks are absent in the prepared Zn film without
modification by stearic acid. The results confirm the interaction of stearic acid with the

zinc film.
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Fig. 7.6 FTIR spectra of the Zn nano-films after 20 mins of electrodeposition at the

current density of 100 mA/cm? without and with the stearic acid modification.

Fig. 7.7 shows XRD spectra of the Zn nano-films formed after 10 and 20 mins of
electrodeposition under the current density of 100 mA/cm? and the stearic acid

modification. The peaks at 26 = 42.9°, 54.0° and 69.7 “are indexed as Zn (101), (102) and
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(103), respectively. The approximately similar intensity of these peaks for the film
formed after 10 mins of electrodeposition indicates that these crystalline faces grow at a
nearly equal rate. After 20 mins, the peak at 20 = 69.7 becomes much more distinct and
sharper than the other ones, showing the preferential growth of the film on the (103)
plane, which is orientated parallel to the film surface to form a layered particle structure.
As reported [177], the growth of electrodeposited Zn film is initiated by formation of a
subcrystalline layer, on which the crystalline layer of Zn film builds up rapidly. Thus, the
structural change of the Zn films as visualized in Figs. 7.2 — 7.4 is due to the growth of
Zn from the initial subcrystalline structure to the preferential growth on specific planes

with a certain orientation.
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Fig. 7.7 XRD spectra of the Zn nano-films formed after 10 and 20 mins of

electrodeposition at the current density of 100 mA/cm?,



7.3.3 Measurements of Water and Oil Contact Angles
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Fig. 7.8 Water contact angles measured on the steel specimen with Zn nano-films

formed by electrodeposition at various times and current densities followed by

stearic acid modification.

To understand the influence of electrodepositing parameters on the hydrophobic

property of the prepared Zn nano-films, the water contact angles are measured on the

filmed steel specimen, as shown in Fig. 7.8. The water contact angle on the bare steel is

74.8< After filming, the contact angle increases remarkably, indicating that the Zn nano-

films possess the hydrophobic property. Under individual depositing current densities, the

contact angle increases with time from 5 to 20 mins. After reaching a maximum value,
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the contact angle decreases as the time increases to 30 mins. The optimal depositing time
in the present system to achieve the best hydrophobic performance is 20 mins for all the
electrodepositing current densities. The Zn nano-films formed under 100 mA/cm? have
larger contact angles than those formed under 50 and 200 mA/cm?. Particularly, after 20
mins of electrodeposition under 100 mA/cm?, the water contact angle is up to 158.4 =+
1.5< where the nano-film shows a superhydrophobic property. As a comparison, prior to
the stearic acid modification, the water contact angle of the Zn nano-film formed under
100 mA/cm? for 20 mins is 103.721.2< Thus, the stearic acid modification for the Zn
nano-film results in a further increase of the water contact angle. This is attributed to the
formation of a stearic acid layer which possesses a low surface energy.

The hydrophobic and superhydrophobic properties of the Zn nano-films formed
under various electrodepositing current densities and times depend on their surface
morphology and structure, as the composition of the films is identical under the present
condition. As shown in Figs. 7.2-7.4, with the increased depositing time, the films tend to
change from the initial compact structure to the one with the increased surface roughness,
with the presence of numerous nano- and micro-scale particles or features. This structure
results in the increasing surface hydrophobic property. After 20 mins of electrodeposition
under various current densities, the “air-cushion” type of structure is formed, enabling the
best hydrophobic performance for the film. Under a low electrodepositing current density
such as 50 mA/cm?, the particle growth is slow and the formed micro-/nanoscale
structure is not sufficiently effective to produce a good hydrophobic performance.
However, at the high current density of 200 mA/cm?, the growth of the particles is too

fast to generate a satisfactory surface structure. Both depositing current densities are not



167
able to produce a surface structure to achieve the superhydrophobic level. When the
depositing current density is 100 mA/cm?, the growth of surface micro-/nanoscale
structure is appropriate. After 20 mins of electrodeposition, a superhydrophobic surface is
produced, representing the optimal film-forming condition in this work.

According to Cassie-Baxter’s model about the wettability of a rough surface[73],
liquid drops cannot enter cavities, if they are sufficiently small, present on the surface.
Instead, they would rest on tops of the asperities, leading to a composite interface
including trapped air in these cavities. Therefore, a rough surface possessing a micro-
/nanoscale structure is required in order to achieve a superhydrophobic performance. To
obtain the superhydrophobic state, the surface roughness of the material must reach the
Cassie-Baxter state, which is regarded as a composite film consisting of a rough material
surface, and air is trapped in the micro-/nanoscale cavities. The water contact angle is

calculated by [178]:

cos(#)=f1 cos(6o) — f (7-1)

fi+f=1 (7-2)

where 0 and 6o represent the water contact angles of the rough and smooth surfaces with
the same chemical composition, respectively, and f, and f, are the fractional areas
estimated for the solid and air contact with the surface, respectively. In this work, the
water contact angles of the prepared Zn nano-films with and without stearic acid
modification are #=158.4<and 6o =103.7 respectively. The calculated f; and f, are thus

0.092 and 0.908, respectively. The results mean that the air- occupied part of the total
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contact area between the water droplet and the micro-/nanoscale structured Zn film is up
to 90.8%. Only 9.2% of the surface area contact with water. Thus, the superior
superhydrophobicity of the prepared Zn nano-film is resulted from the formation of a

unique, layered micro-/nanoscale architecture, where a large fraction of air is trapped.

50
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Fig. 7.9 Oil contact angles measured on the Zn nano-films formed after 20 mins of
electrodeposition under 50, 100 and 200 mA/cm? current densities and the stearic

acid modification.

At the same time, the oleophobic properties of the prepared Zn nano-films are also
investigated by measuring the oil contact angles on the films formed after 20 mins of

electrodeposition under various conditions and stearic acid modification, as shown in Fig.
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7.9. The oil contact angle of bare steel is 8.6< only, showing that the steel is highly
oleophilic. After filming, the oil contact angle increases nearly 5 times to 44.2< 48.1<and
42.9°under the current densities of 50, 100 and 200 mA/cm?, respectively. The results
show that the prepared Zn nano-films are also able to improve the oleophobic property.
In particular, the condition to achieve the superhydrophobicity, i.e., the electrodepositing
current density of 100 mA/cm? and the time of 20 mins with the stearic acid modification,

results in the best oleophobic performance.

7.3.4 Anti-fouling and Self-cleaning Performance of the Prepared Zn Nano-films

One of the main functions possessed by a superhydrophobic surface is its antifouling
and self-cleaning properties. Fig. 7.10 shows the optical top-views of a droplet of water,
tea, milk, and a soil solution, respectively, on the Zn nano-film prepared under the
electrodepositing current density of 100 mA/cm? for 20 mins and followed by stearic acid
modification. It is seen that the water droplet has a perfectly spherical shape with a
contact angle of 158.4° (Fig. 7.10a), demonstrating the superhydrophobicity of the
prepared Zn nano-film. To measure the hydrophobic properties of the Zn nano-film to
withstand other aqueous environments, Figs. 10b-10d show the droplet of tea, milk and a
soil solution on the prepared Zn nano-film, respectively. It is seen that the tea, milk and
soil solution droplets exhibit typical spherical shapes on the film as well, with the
measured contact angles of 156.3< 154.7 °and 154.3< respectively. The results confirm
that there is an excellent superhydrophobicity of the prepared Zn nano-film to these

liquids.
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Fig. 7.10 Optical top-views of a droplet of (a) water, (b) tea, (c) milk, (d) a soil

solution on the surface of the Zn nano-film prepared under the electrodepositing
current density of 100 mA/cm? for 20 mins and followed by stearic acid

modification.

Fig. 7.11 shows the antifouling performance of the superhydrophobic Zn nano-film,
the steel treated by stearic acid, and the bare steel, respectively, after 1 min and 1 h of
immersion in a mud water with the mud content of 100 kg/m®. It is seen that the

superhydrophobic Zn nano-film is very clean without mud water remnant after 1 min of
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immersion. As a comparison, there are some mud water signs on both the stearic acid
modified steel and bare steel, as shown in Fig. 7.11a. After 1 h of immersion in the mud
water, there are extensive brown liquid and iron rusts on the bare steel, and some brown
mud and rusts on the stearic acid modified steel surface. However, the superhydrophobic

Zn nano-film surface remains its original clean state, without any contaminant observed.

Fig. 7.11 Antifouling performance of the superhydrophobic Zn nano-film, the steel
treated by stearic acid, and the bare steel, respectively, after (a) 1 min and (b) 1 h of

immersion in a mud liquid with the mud content of 100 kg/m?3.

The self-cleaning property of the prepared Zn nano-film is also investigated by
spreading soil as contaminant on its surface. The self-cleaning performance of the Zn
nano-film forming at the current density of 100 mA/cm? for 20 mins followed by stearic

acid modification is shown in Fig. 7.12. Soil is spread on the surface of the Zn nano-film.
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The surface is then washed by distilled water, while the specimen is maintained at an
inclination angle of 10 - 15< The soil present on the Zn nano-film is immediately
dissolved with water and is washed away. The film surface becomes very clean,

indicating an excellent antifouling ability of the prepared Zn nano-film.

Fig. 7.12 Self-cleaning property of the superhydrophobic Zn nano-film prepared at

the current density of 100 mA/cm? for 20 mins followed by stearic acid modification
was investigated by spreading soil as contaminant on its surface. (a) Spread soil on
the Zn nano-film, (b) Clean with distilled water, (c) Soil completely removed from

the film, while the soil remains on the epoxy holder.

The antifouling and self-cleaning properties of the prepared Zn nano-film is due to
the joint action of the micro-/nanoscale structure of the film and the generation of a low
energy surface by stearic acid modification. As mentioned, the micro-/nanoscale surface

structure of the Zn film can trap air and restrain the contact of dirt with the substrate. At
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the same time, the treatment of the Zn film by stearic acid decreases the surface energy,

further preventing direct contact of liquid and solid dirt with the Zn film.

7.3.5 Corrosion Resistance of the Prepared Zn Nano-films

Fig. 7.13 shows the EIS Bode diagrams measured on the steel specimen after 20
mins of electrodeposition under the current density of 100 mA/cm? followed by stearic
acid modification in 3.5% NaCl solution. As a comparison, the measurements on bare
steel and the electrodeposited Zn nano-film without stearic acid treatment are also
included. It is seen that, for bare steel, the maximum phase angle appears in the middle
frequency range, and the low-frequency impedance is 10° Q cm? only, indicating that the
steel experiences active corrosion in the solution. The EIS data measured on the bare
steel is thus fitted with the equivalent circuit shown in Fig. 7.14a, where Rs is solution
resistance, and Qa and R are the constant phase element modelling the double-charge
layer capacitance and charge-transfer resistance, respectively. The constant-phase

element is related to the capacitance of the double-charge layer (Cq) by [179]:

Car= (Qai xRt ¥ (7-3)

where n is the empirical exponent. The value of 1 for the exponent n indicates that the

electrode closes to an ideal capacitor.
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Fig. 7.13 EIS Bode diagrams measured on the steel specimen after 20 mins of
electrodeposition under the current density of 100 mA/cm? followed by stearic acid
modification in 3.5% NacCl solution. (a) Impedance modulus plots, (b) Phase angle
plots. As a comparison, the measurements on bare steel and the electrodeposited Zn

nano-film without stearic acid modification are also included.
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Fig. 7.14 Electrochemical equivalent circuits used to fit the measured impedance
data. (a) Bare steel, (b) Steel with Zn nano-film without the stearic acid

modification, (¢) Superhydrophobic Zn nano-film modified by stearic acid.

For the electrodeposited Zn nano-film without stearic acid modification, two

maximum values of phase angle are observed in the high and low frequency ranges,
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respectively, which are associated with the electrochemical responses from the Zn film
and the charge-transfer reaction, respectively. The equivalent circuit shown in Fig. 7.14b
is used to fit the impedance results, where Ry is the film resistance and Qs is the constant
phase element modelling the film capacitance. Without modified by stearic acid, the
solution can enter the space between Zn particles to cause corrosion of the zinc film.

When the electrodeposited Zn nano-film is modified by stearic acid to form a layer
with a low surface energy, there is only one maximum phase angle in the high frequency
end and the phase angle of zero over the majority of the measuring frequency range, as
seen in Fig. 7.13b. This is associated with a resistive impedance feature. The low-
frequency impedance is approximately over three orders of magnitude higher than those
of bare steel and the Zn nano-film without the stearic acid modification. Thus, the
superhydrophobic Zn nano-film upon stearic acid modification provides an excellent
corrosion protection to the substrate steel in chloride solution. The equivalent circuit in
Fig. 7.14c is used to fit the impedance data measured on the superhydrophobic film in the
solution, where the capacitive superhydrophobic film dominates the impedance behavior.

Table 7.1 lists the fitted electrochemical impedance parameters of bare steel, Zn
nano-film without stearic acid modification, and the superhydrophobic Zn nano-film with
stearic acid modification, respectively. It is seen that the electrodeposited Zn nano-film
has similar Rt to the bare steel. The Zn film generally acts as a sacrificial anode for
corrosion protection to the substrate steel. The electrolyte contacts the film and causes
corrosion of Zn. This work thus demonstrates that the micro-/nanoscale structure of the
electrodeposited Zn films does not possess the ability for corrosion protection. Instead, it

serves as the foundation to generate a superhydrophobic film upon the stearic acid
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modification. The charge transfer cannot occur in the film where air is trapped. As a
result, a closed current circuit enabling electrochemical corrosion reaction is not
established between the steel/Zn and the solution because of the insulating effect of the

superhydrophobic film.

Table 7.1 The electrochemical impedance parameters fitted from the measured

impedance data in Fig. 7.13.

Rs o Ci Ret o Cai
T dl
(Q cm?) (Flcm?) (Q cm?) (Flcm?)
Specimen
Y Y n
n
(QlemZs) (QlemZs")
1027.00 (5.2740.12) 0.80 (4.5240.18)
Bare steel
+16.40 <10 +0.05 %106
Zn nano-film,
. o 131913 (5.8340.30) 0.71 (1.9440.02) 1249.48 (2.3040.01) 0.84 (5.8640.23)
without stearic acid
o +0.62 x10° .06 x10° +15.45 x10* 40.03 x10°
modification
Superhydrophobic
Zn nano-film with ~ (2.2940.05) (3.5440.85) 0.80 (1.06490.01)
stearic acid 108 x10° .02 x10°
modification

7.4 Summary

Hydrophobic and superhydrophobic zinc nano-films are fabricated on steel by
electrodeposition and stearic acid modification. The superhydrophobicity of the films is
resulted from formation of a layered micro-/nanoscale surface microstructure and the
presence of the stearic acid layer which has a low surface energy.

The morphological and structural features of the Zn nano-films depend on the

electrodepositing current density and time. The optimal condition for electrodeposition is
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under the current density of 100 mA/cm? for 20 mins, under which an “air-cushion”
typed micro-/nanoscale structure is produced, which, combined with the stearic acid
modification, results in the surface superhydrophobity. The water contact angle is up to
158.4 =1.5< It is estimated that the air-occupied part of the total contact area between
the water droplet and the micro-/nanoscale structured Zn film is up to 90.8%. Only 9.2%
of the surface area contacts water. The Zn nano-film prepared under the optimal
electrodepositing condition and stearic acid modification is also oleophobic, with the oil
contact angle increasing from 8.6 on bare steel to 48.1<on the film. In addition to the
superhydrophobity in water droplet, the prepared Zn nano-film is also superhydrophobic
to the droplet of tea, milk and a soil solution.

The prepared superhydrophobic Zn nano-film possesses an excellent antifouling and
self-cleaning property in a mud liquid and under soil spreading on the film surface. This
is also attributed to the joint action of the micro-/nanoscale surface structure of the
electrodeposited Zn film and the stearic acid layer with a low surface energy.

The prepared superhydrophobic Zn nano-film provides an excellent corrosion
protection to the substrate steel in chloride solution. The measured low-frequency
impedance is approximately over three orders of magnitude higher than those of bare
steel and the Zn nano-film without the stearic acid modification. The micro-/nanoscale
structure of the electrodeposited Zn films does not possess the ability for corrosion
protection. Instead, it serves as the foundation to generate a superhydrophobic film upon

the stearic acid modification.
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Chapter Eight: Conclusions and recommendations

8.1 Conclusions

Nanocontainers for encapsulation of corrosion inhibitors were successful fabricated
to develop intelligent coatings for steel corrosion protection. The mechanism for
triggering the self-releasing of pre-loaded inhibitors from the nanocontainers was
determined. The releasing Kinetics of the inhibitor molecules was derived based on
numerical calculation and experimental verification. Moreover, a superhydrophobic nano
Zn film was developed on steel surface for enhanced self-cleaning and anticorrosion
performance. Primary conclusions are drawn as follows.

Inhibitors BTA are able to effectively inhibit corrosion of pipeline steels in
bicarbonate solutions. The inhibiting efficiency is increased by the increasing inhibitor
concentration. A layer of smooth, adsorptive inhibitor film with a surface roughness of
nanometer scale is formed on the steel surface for corrosion prevention.

An epoxy coating contains the mass ratio of DGEBA to NAEP of 1:0.29, i.e., 10%
more hardener than the ideal stoichiometric ratio, is prepared with a good cross-linking
and cured performance. The fabricated multi-layered Halloysite nanocontainers have a
more uniform scale and better dispersion than the as-received Halloysite particles. The
coating containing Halloysite nanocontainers possesses enhanced corrosion resistance.
With the increase of the content of the Halloysite nanocontainers in the coating, the
corrosion resistance is further improved. The prepared Halloysite nanocontainers are
highly compatible with the epoxy coating in terms of the corrosion protection. For

inhibitors BTA pre-loaded in the fabricated SiO, nanoparticle based polyelectrolyte
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nanocontainers, the inhibitor releasing is pH selective. The inhibitors can self-release into
the solution to inhibit the steel corrosion at either low or high pH values. In pH 2 and pH
11 solutions, the added BTA-loaded nanocontainers decrease the corrosion rate of the
steel, with an inhibition efficiency up to 64% and 71% after 48 h of testing, respectively.
The corrosion inhibition by BTA is through the formation of an inhibitor film on the steel
surface by physical and chemical adsorption, which is influenced by solution pH. The
Korsmeyer—Peppas model is appropriate to illustrate and predict the releasing of BTA
inhibitors from the nanocontainers in response to pH changes, providing information on
the releasing rate of the preloaded BTA inhibitors. In solutions with pH 5 and 9, the
inhibitor molecules show a non-Fickian, diffusion-controlled transport mechanism with a
limited releasing. When the solution pH is at 2 or 11, the BTA molecules follow the
super-relaxational transport mechanism to release from the nanocontainers by swelling-
controlled releasing processes.

Encapsulation of BTA inhibitors in the prepared SiO2 nanoparticle based
polyelectrolyte nanocontainers is an effective method to fabricate intelligent coatings.
The nanocontainers have a smooth surface with a globular geometry. There are about 6.7
wt.% of inhibitors loaded in the nanocontainer. The prepared BTA-encapsulated
nanocontainers are dispersed uniformly in an industry-used epoxy coating. The doping of
the nanocontainers would not change the chemical cross-linking structure of the coating,
which means that it has a good compatibility with the industrial in-use epoxy coating.
The content of the doped nanocontainers in the coating is a critical parameter to affect the
anticorrosion performance of the coating and the corrosion resistance of the substrate

steel. With the increasing content of the BT A-encapsulated nanocontainers in the coating,
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both the coating resistance and the corrosion resistance of the steel increase, resulting in a
reduced corrosion.

A layered micro-/nanoscale surface microstructure and the presence of the stearic
acid layer which has a low surface energy is used to fabricate superhydrophobic zinc
nano-films on steel surface by electrodeposition method. The optimal condition for
electrodeposition is under the current density of 100 mA/cm? for 20 mins, under which an
“air-cushion” typed micro-/nanoscale structure is produced, which results in the surface
superhydrophobity with the water contact angle up to 158.4 £1.5< Up to 90.8% of the
total contact area between the water droplet and the micro-/nanoscale structured Zn film
is the air-occupied part. Only 9.2% of the surface area contacts water. The surface is also
oleophobic, with the oil contact angle increasing from 8.6 <on bare steel to 48.1<0on the
film. In addition to the superhydrophobity in water droplet, the prepared Zn nano-film is
also superhydrophobic to the droplet of tea, milk and a soil solution. The prepared
superhydrophobic Zn nano-film possesses an excellent antifouling and self-cleaning
property in a mud liquid and under soil spreading on the film surface. The prepared
superhydrophobic Zn nano-film provides an excellent corrosion protection to the
substrate steel in chloride solution. The measured low-frequency impedance is
approximately over three orders of magnitude higher than those of bare steel and the Zn

nano-film without the stearic acid modification.

8.2 Recommendations
This research advances development of functional coating technology for corrosion

protection. Further work is recommended to improve the applicability of the research
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outcomes in practice, and if possible, combine those two technologies to further improve
the anticorrosion performance.

1) The fabricating method of intelligent coating technologies should be refined to
produce the intelligent coating in large scale to meet the industrial use. The
fabrication method is very reproducible at a lab scale. Industrial using focuses on
a large scale of production of the intelligent coating to meet the actual needs.

2) It is meaningful to extend the concept of intelligent capsules to other coatings that
have been used in industry. The home-made SiO, capsules with pre-loaded
inhibitors have already been demonstrated with a very good compatibility with the
commercial epoxy coating. The concept can be used for other coatings such as
polyethylene based coatings, composite coatings, etc.

3) The method to increase the durability of superhydrophobic coatings on steels is a
direction for further research. The further research can focus on development of
high performance superhydrophobic coatings with a higher water contact angle

and oil contact angle with a durable service life.
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