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In trying to modify partially acetylated chitosan (CS) marine polymers ground from crab or
shrimp shells for use as environmentally benign water-base coatings for aluminum (Al)
substrates, CS was dissolved in a solution of HCL acid, and then mixed with corn
starch-derived dextrine (DEX) containing Ce nitrate as oxidizing agent in agueous medium.
This blend of polysaccharides was deposited on Al surfaces by a simple dip-withdrawing
method, and then heated at 200 °C to transform the liquid layer into a solid film. The
solution — solid phase transition provided the changes in the molecular conformation of
CS and DEX; the former was transformed into deacetylated poly(D-glucosamine) and the
latter referred to the formation of Ce-complexed carboxylate fragments. Furthermore, the
chemical reactions between the NH, groups in deacetylated CS and the carboxylate
fragments led to the creation of amide linkages that served in grafting DEX fragments onto
the CS. Such fragment-grafted CS polymer coating films deduced from the proper
proportions of CS to DEX offered great film-forming performance, low susceptibility to
moisture, and low ionic conductivity, conferring a salt-spray resistance of 720 hours.
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1. Introduction modifications successfully resolved the following five
In attempting to replace coating systems containingindesirable problems that arose when the polysaccha-
environmentally harmful ingredients, such as volatileride was directly applied as a protective coating with-
organic compound (VOC) and toxic chromium and outany molecular modifications to the metal substrates;
lead compounds, by environmentally acceptable watethere were (1) the settlement and growth of microorgan-
based ones, our previous work [1, 2] focused on seekisms in its aqueous solution, (2) the high susceptibility
ing ways to modify and design non-toxic natural of films to moisture, (3) the poor chemical affinity of
polysaccharide polymers from the potato-starch andilms for Al surfaces, (4) the weak adherence to poly-
corn-starch derived dextrine as renewable agriculturameric topcoatings, and (5) the biodegradation of films
resource. The modifications were made in the fol-caused by fungal growth. There was no doubt that such
lowing two ways: One way involved reconstituting modifications significantly enhanced the potential of
an oxidation-derived fragmental polysaccharide strucpolysaccharide for use in corrosion-protective coatings.
ture by Ce; the other way was by grafting synthetic As part of our ongoing research aimed at developing
water-soluble polymers, such as polyorganosiloxan@n uniform, continuous hydrophobic natural polymer
and polyacrylamide, onto the polysaccharide. The forfilm that adequately protects aluminum (Al) substrates
mer method employed a two-step reaction. The first stepgainst corrosion, we next focussed on assessing the
consisted of fragmentating the polysaccharide structurability of chitosan [CS, poly(D-glucosamine)] ground
by incorporating Ce nitrate (CAN), as a chemical oxi- from the crab or shrimp shells, to mitigate corrosion
dizing agent, into the polysaccharide solution; this waf Al. The CS, which is a family of polysaccharides,
followed by thermal oxidation in the presence of at-is well known as a low cost, renewable marine poly-
mospheric oxygen. The second step was to assembiger, and is produced at an estimated amount of one
water-insoluble Ce-complexed conformations by thebillion tons per year [3]. However, an undesirable prop-
interactions between the Ce ions liberated from CANerty of CS as the corrosion-mitigating coating films is
and fragments containing oxygen functional derivativeghat it absorbs a large amount of moisture in an atmo-
such as &0 and COO. Using the latter method, spheric environment, and then forms a hydrogel [4].
the grafting was accomplished by ether- and amideThus, the emphasis of current study centered on mod-
linkages formed through the condensation reactions befying the molecular structure of CS with corn-starch
tween the silanol end groups in polyorganosiloxane oderived dextrine [DEX, poly(D-glucose)] to fabricate
the amine pendent groups in the polyacrylamide, ané material with a low susceptibility to moisture. The
the OH groups of glycol in the polysaccharide. TheseDEX-modified and unmodified CS polymers then were
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investigated to gain information on their usefulness ashe enthalpy of the first endothermic phase transition
water-based corrosion-preventing primer coatings foof modified and unmodified CS polymers. DSC was
Al substrates. The factors to be investigated includedun using the non-isothermal method at a constant
changes in molecular configuration, thermal behaviorrate of 1°C/min over the temperature range of 25
susceptibility to moisture, morphological features, andto 300°C. The molecular configuration and confor-
surface chemistry of films with different proportions of mation of 150- and 200-treated polymers was in-
CSto DEX. The data obtained were integrated and corvestigated by Fourier-transformation infrared (FT-IR)
related directly with the ability of these coating films and X-ray photoelectron spectroscopy (XPS). The con-
to inhibit corrosion of Al. tact angle was measured by dropping water onto the
polymer film surfaces to determine the extent of sus-
ceptibility of their surfaces to moisture. The values of
2. Experimental contact angle were measured within the first 20 sec af-
2.1. Materials ter dropping it onto the surfaces. Information on the

Chitosan (CS) with a degree of deacetylation of 75 toSurface morphology, texture, and film-forming perfor-
85%, supplied by Sigma-Aldrich Fine Chemicals Co.,mance of _the coatings de_zposned onto the Alwas gained
was a coarse particle ground from crab or shrimp shell?y Scanning Electron Microscopy (SEM). AC electro-
Dextrin (DEX) fine powder derived from corn-starch chemical impedance spectroscopy (EIS) was used to
was made by INC Biomedical, Inc. Cerium(IV) nitrate evaluate the a.blllty of the coating films to protect fche
hexahydrate [CAN, Ce(N§s-6H,0], obtained from Al from corrosion. The specimens were mounFed ina
Alfa, was used as the oxidizing agent. Hydrochlorichomer’ and then inserted into an electrochemical cell.
acid (HCL, 37% in water) was employed to enhancecompUter programs were prepared to calculate t_heoret—
CS’s solubility in water. Two aqueous solutions, 1 wt % ¢l impedance spectra and to analyze the experimental
CS and 1 wt% DEX, were separately prepared beforéata. Specimens with a surface area of 13 evere
they were blended. The former solution was made byE*XP0osed to an aerated 0.5 M NaCl electrolyte at@5
agitating a mixture bl g CS, 1 g HCL, and 98 g deion- and single-sine technology with an input AC voltage
ized water for 3 hours at 9C. The latter one was pre- Of 10 mV (rmzs) was used over a frequency range of
pared in the following way: FirstL g DEX was added 10 kHz to 10 _Hz. To estimate th_e protective perfor-
to 99 g deionized water at 7€, and mixed by a mag- Mance of coatings, the pore resistanBg, (2 cn?),
netic stirrer for 2 hours. Then, it was allowed to standWas determined from the plateau in Bode-plot scans
for 24 hours at room temperature, before incorporatinghat occurred at low frequency regions. The salt-spray
CAN of 0.2% by weight of the total DEX solution into (€St of the coated Al panels (75 mnv5 mm, size)

it. The seven mix formulations for these DEX-modified Were performed in accordance with ASTM B 117, us-
CS solutions were designed in this study; there were th#'9 @ 5 Wt %NaCl solution at 35C.

CS/DEX ratios of 100/0, 90/10, 70/30, 50/50, 30/70,
10/90, and 0/100, by weight. The lightweight metal
substrate was a 6061-T6 aluminum (Al) sheet contain- . .
ing the following chemical constituents; 96.3 wt % Al, g 1ReDsE;?ni?)zi?ilzguézcz)rz)lymers
0.6 wt% Si, 0.7 wt% Fe, 0.3 wt% Cu, 0.2 wt% Mn, 5
1.0 wt% Mg, 0.2 wt% Cr, 0.3 wt% Zn, 0.2 wt% Ti,
and 0.2 wt % other elements.

' Before identifing the reaction products yielded by the

chemical interactions between DEX and CS at 200

we investigated the changes in chemical conformation

of the CS itself at 150 and 20C, by FT-IR. In this
. study, the samples were prepared in accordance with
2.2. Coating technology the following method: First, a 200 g CS solution de-
The coating film was deposited on the Al surfaces innoted as CS/DEX ratio of 100/0 was poured into glass
the following sequence: First, to remove surface contesttubes, and then left for 24 hours in an air oven at 150
at 8OOC il’l an alka“ne SO|utI0n COﬂSIStIng Of 04 Wt% polymers were ground to a part|c|e S|Z@O74 mm
NaOH, 2.8 wt % tetrasodium pyrophosphate, 2.8 Wt %for FT-IR exploration. Fig. 1 gives the FT-IR spectra
SOdIum b|Carb0nate, and 94.0 wt % water. The alka“‘for these Samples over the frequency range from 1800
cleaned Al surfaces were washed with deionized Watefo 1000 le. For Comparison, the Spectrum of “as-
at 25°C, and dried for 15 min at 10Q. Next, the sub-  recejved” CS powder, as the reference sample, is also
strates were dipped into a soaking bath of film-formingjjjystrated in this figure. The CS reference sample (a)
solution at room temperature, and withdrawn slowly.pad absorption bands at 1654, 1549, and 1314%cm
The wetted substrates were then heated in an oven f@gyealing the amide | (stretching vibration of carbonyl
120 min at 150 or 20€C, to yield thin solid films. group, G=0), amide I (bending vibration of secondary

amine group, NH), and amide Il (stretching vibration
of C-N bond) in the secondary amide groups, respec-

2.3. Measurements tively, at 1590 cmit which can be ascribed to the N-
The thickness of the DEX-modified and unmodified H bending mode in the primary amine, NHyroups,
CS films deposited on the Al surfaces was determine@t 1419 and 1372 cm, reflecting the C-H bending
using a surface profile measuring system. Differen-modes of the methy and methylene, and also at 1149,
tial scanning calorimetry (DSC) gave information on 1078, and 1026 cmt, corresponding to the stretching
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mary amine and the HCL as the hydrolysis-promoter
of CS [6]. A possible contributor of the new band at
1402 cm! is the -NH{ band from the ammonium
chloride salt, NHCI [7]. Assuming that these assign-
ments are valid, the result (3) gave us the following
important information; the acetyl groups, @bBIC-,
seem to be removed from the partially N-acetylated
CS by HCL-catalyzed hydrolysis, forming the acetic
acid, CHLCOOH, and the -NEi CI~ complex deriva-
tives. The latter derivative might be transformed into the
NH4Cl salt by further hydrolysis. As is seen in the spec-
trum (c), increasing the temperature to 2@Jed to the
elimination of -NH{ CI~-related band at 1508 cth, a
marked increase in intensity of the WEI absorption
band at 1402 cmt, and an appreciable enhancement of
C=0 band at 1701 cnmt, suggesting that the confor-
mational transformation of -N§=I Cl~ into the NH,ClI
is promoted at elevated temperatures. Since such an
HCL-induced deacetylation process introduces the for-
mation of acetic acid derivative into the polymers, we
assumed that the=60 band arose from the carboxylic
acid groups, COOH, within the acetic acid molecule.
This information was supported by inspecting the
XPS Gs and N5 core-level excitations for the 150-
and 200 C-heated film surfaces with CS/DEX ratio of
100/0. The films were deposited onto the Al substrate
surfaces using the coating technology described ear-
lier. In these core-level spectra, the scale of the binding
energy (BE) was calibrated with the,£of the prin-
cipal hydrocarbon-type carbon peak fixed at 285.0 eV
Wwavenumber, cm’! as an internal reference standard. A curve deconvolu-
. . . - tion technique, using a DuPont curve resolver, was em-
f?;!g_ﬁ;'ef Casb ?S{p;"n’g fg’éﬁ;"’;t‘;fd SZ'Qiie'Ved €S (@) powder ployed to substantiate the information on the carbon-
and nitrogen-related chemical states from the spectra
of the carbon and nitrogen atoms. In thes @egion
(Fig. 2), the 150C-heated bulk CS films had the four
resolvable Gaussian components at the BE positions of
5.0, 286.5, 288.0, and 289.5 eV. The major peak at
5.0 eV is assignable to the C in glgroups as the
principal component. According to the literature [8, 9],
the second intense peak at 286.5 eV reflects both the
Cin -CH,O- (e.g. hydroxide and ether) and in the C-N
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vibration of C-O-C linkages in the glucosamine rings.
From the representations of the secondary amide aég
methy groups, the “as-received” CS can be identifie 8
as partially N-acetylated chitosan,

¢H.OH N bond, and the contributor to the third intense peak at
oH o° 288.0 eV is due to the C in €0 groups, while the
weak signal, emerging at 289.5 eV, originates from C
NH in the carboxylic acid, -COOH. In contrast, the spectral
& feature of the 200C-treated film was characterized by

a conspicuous growth of the=D and COOH carbon

peaks. The N spectrum (Fig. 2) of the 15@ CS films
where R is -COCHand -H. included the major peak at 399.8 eV, revealing the N in

When the CS solution was heated at 16Qits spec- primary amine [10], and the two shoulder peaks at401.2

tral features (b) differed notably from that of the ref- and 402.5 eV, belonging to the N originated from the
erence sample; the differences were as follows, (1) thamide groups [11] and ammonium ion-based salts [12].
development of three new bands at 1701, 1508, an8y comparison, the curve structure of the 2@0films
1402 cn1?, (2) a shift of the NH-associated band at was different from that of the 15@ ones; in particu-
1590 cnT! to a higher frequency side at 1619th(3)  lar, there was (1) a striking decay of the amide N peak
the disappearance of all the amide and methy groupat 401.2 eV and (2) an increased intensity of the am-
related bands at 1654, 1549, 1419, 1372, and 131monium salt N signal at 402.5 eV. These data strongly
cm~L. Regarding the result (1), the assignment of thesupported the results from the FT-IR study; namely,
new bands at 1701 cmis likely to be the GO groups  the HCL-catalyzed hydrolysis, followed by heat treat-
[5], and that at 1508 cmt may be due to -NEI CI=,  ment at 150 and 20, introduces the acetic acid and
which is formed by the interaction between the pri-ammonium chloride derivatives into the films. These
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Figure 2 Cysand Nis core-level spectra for 150- and 200-treated CS film surfaces.

derivatives may be formed by the following hypotheti- late, which could be defined from the two absorp-

cal deacetylation pathways: tion bands at 1588 and 1407 c Also, this spec-
trum had a strong peak at 1701 thdue to the GO
CH,OH CH,0H group in the carboxylic acid, and the four weak ab-
- O % Ho Ho -~ o o~ sorption bands at 1478, 1149, 1078, and 1026tm
- *  The last three bands arose from the C-O-C linkage-
" NHS o associated groups, while the peak at 1478 tis as-

| cribed to the methylene. This information suggested

COCHs that Ce-linked carboxylate complexes, -COQe*
gron ~0O0C-, were generated in three-step reaction schemes
H,0 on . NHLCF [13]. First, oxidation of the glycosidic rings initiated
by the Ce ion generated aldehydic groups, =HT,
OH after the opening of rings caused by cleavage of the

C-C bonds in the glycol groups. Second, further oxida-
tion of DEX led to the breakage of the C-O-C linkages
If such conformational changes take place, the molecin the opening structures of two oxidized compounds,
ular structure of the deacetylated CS can be illustratethe 3, 4-dihydroxybutanoic acid [(H@J3HsCOOH]
as follows: and glycolic acid (HOCHCOOH), as the fragmental
products of glucose units. Once these oxidized frag-
CGHZ0H ments containing functional carboxylic acid groups
were produced, in a final reaction step, these func-
tional groups favorably reacted with Ce to form three
Ce-bridged fragment complexes, [(H@3HsCOO~
R Cé* ~O0CH;C3(0OH),]-20H-, (HOCH,COO™ Ce*+
~OOCH,COH)-20H", and [(HO}C3HsCOO~ Ce*+
~“OOCH,COH]-20H" [14]. The spectrum (b) repre-
where R is NH or OH. Based upon these infor- sents the bulk CS sample (100/0 ratio) in which the
mation, our emphasis next centered on investigatingontributors to these absorption bands were already
the changes in the molecular conformation of the CSlescribed in the previous pages. When a 10 wt % by
brought about by varying the CS/DEX ratio at 2@  weight of the total amount of CS was replaced by DEX,
Fig. 3 shows the FT-IR spectra of CS/DEX samplesthe spectrum (c) exhibited the incorporation of two ad-
with ratios of (a) 0/100, (b) 100/0, (c) 90/10, (d) 70/30, ditional bands at 1655 and 1554 chinto the bulk CS
(e) 50/50, (f) 30/70, and (g) 10/90. As described inspectrum, revealing the formation of amide | and amide
our previous papers [1], the Ce(VI) nitrate-oxidized Il, respectively. As seen in the spectrum (d) of the 70/30
bulk DEX (0/100 ratio), as the reference sample, in-ratio sample, further replacement of the CS by DEX
dicated the formation of a Ce-complexed carboxy-resulted in the growth of these bands; meanwhile, the

OH
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peak intensities of Nk and -NH; CI~ -related bands and 1407 cm?, belonging to the fragmental Ce-bridged
at 1620 and 1402 cnt had weakened. This interesting carboxylate complexes; concurrently, a declining inten-
spectrum was also showed that there were no peaks sity of the amine-, amide- and N@I-related peaks at
1588 and 1407 crt, originating from the formation of 1655, 1620, 1554, and 1402 cfrwas observed. Thus,
Ce-complexed carboxylate. A possible interpretation ofadding a proper amount of DEX to the CS seems to be
these findings was that the Nigroup in the CS has a necessary to avoid staying unreactive DEX fragments
strong chemical affinity for the Ce-bridge carboxylatein the film.
complexes in the DEX, so forming the amide bond, One concerninapplying natural polymer-based coat-
-NHCO-, as the reaction product that grafts directlying films as corrosion-preventing barriers to the metal
the fragmental products of DEX onto the CS. The hy-surfaces was the fact that they absorb a large amount
pothetical conformation of DEX fragment-grafted CS of atmospheric moisture. Such a hydrophilic property,
can be represented in three reaction schemes (Fig. Auhich allows water to infiltrate the film easily, is one
Returning to Fig. 3, the spectral feature (e) of the 50/5®f the undesirable factors for use as the coating ma-
ratio sample closely resembled that of the 70/30 ratiderials to mitigate corrosion of the metals. Hence, our
one. As expected, incorporating an excessive amourdttention was centered on the uptake of the moisture
of DEX into the CS left unreacted Ce-complexed car-by the DEX-modified CS polymers. In this study, the
boxylate fragments in the samples. In fact, the spectr@00°C-treated DEX-modified and unmodified CS pow-
(f) and (g) of the 30/70 and 10/90 ratio samples, re-ders were exposed for 10 hours in an environmental
spectively, included the two absorption bands at 158&hamber under a 70% relative humidity (R.H.) at25
and then they were examined by DSC to obtain the in-
formation on the extent of water uptake. As reported
by Lelievre [15] and Donovan [16], the degree of the
hydration for the polysaccharide could be determined
from the DSC endothermic phase transitions, such as
the enthalpy A H) of dehydration occurring in the sam-
ples at temperature ranging from 25 to 2@ Fig. 5
illustrates the DSC traces for the samples of (a) 100/0,
(b) 90/10, (c) 70/30, (d) 50/50, (e) 30/70, (f) 10/90,
and (g) 0/100 CS/DEX ratios after exposure in a 70%
R.H. at 25°C. The DSC curve of the unmodified bulk
CS sample (100/0 ratio) showed that the onset of en-
dothermic transition begins at around T8) and ends
near 250C; concurrently, the endothermal peak oc-
curs at 165.3C. From this information, we assumed
that the dehydration of moisture-absorbed bulk CS was
completed at temperature range of 130-250When
the CS was modified with DEX, a specific feature of
the DSC curves was characterized by generating an ad-
ditional endothermal peak at 13@. The heat flow of
this new exothermal peak seemed to increase with a de-
creasing ratio of CS to DEX, while heat flow at 1653
peak tends to decline. Furthermore, the curve (f) of the
10/90 ratio samples indicated an additional endother-
mal peak at 203.9C. From the comparison with that of
the bulk DEX (g), it is possible to rationalize that this
new transition peak at 203:€ was due to the thermal
decomposition of unreacted DEX. Also, the curve of
the bulk DEX had a dehydration-related peak at1@0
in the temperature range 60—190. If the postulated
contributors to these exothermic transitions are valid,
the peak at 134C is more likely to be associated with
the dehydration of DEX fragment-grafted CS reaction
products rather than that of the DEX fragment itself.
To estimate the extent of absorption of the moisture,
the enthalpyAH of dehydration occurring in the first
. endothermic phase transition was computed using the
1800 1400 100 following formula[17,18]:AH =T RAhm, whereT,
R, A, h, andmrefer to the temperature scat€(in.~1),
the range sensitivity (mcat$in.1), the peak area

. o . 1 .
Figure 3 FT-IR spectra for the samples made with 100/0 (a), 90/10 (b),(m' )’ the heatmg I’ate”C S )’ and the sample Welght

70/30 (c), 50/50 (d), 30/70 (e), 10/90 (f), and 0/100 (g) CS/DEX ratio at (MQ), respectively. The changes &H as a function
200°C. of the proportion of CS to DEX are given in Fig. 6. A
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CH,0H OH OH

A 2 OH +  (HO)}CaHsCOO--Le* —~00CCHs(OH),
NH»
CH,OH
O_
) on 0 +  Ce(OH)4
NH
¢=0
CaHs(OH)2
CH,OH ]
o. —0— ‘Ho, OH
B 2 OH + HOCH,COO =~ Cé*--- OOCH,COH
NH»
CH,OH
o o—
2 OH +  Ce(OH)4
NH
¢=o
CH,0OH
CH,OH OH OH
o o- N e -
c 2 OH +  (HO)CaHsCOO---Te*—00CH,COH
NH, \
CH,OH CH,OH .
o) o— ) -
N M
¢=0 ¢=0
C3Hs(OH)2 CH,OH

Figure 4 Hypothetical reaction schemes between D-glucosamine and Ce-bridged carboxylate complexes.

given result showed that theH value was markedly in the CS/DEX ratio caused an increaseAiil value.
reduced as the CS/DEX ratio declined from 100/0 toBecause theAH value reflects the total energy con-
70/30. TheA H value of 0.084 kJg' for the 70/30 ra- sumed for removing all the moisture adsorbed to the
tio sample was three times lower than that of the bulkCS samples, we judged that the samples with a low
CS sample (100/0 ratio); beyond this, a further decreasealue of AH are less susceptible to water uptake. From
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and the morphological feature and elemental composi-
tions of their surfaces. All the data obtained were corre-
lated directly with the results from the corrosion-related
tests, such as electrochemical impedance spectroscopy
(EIS) and salt-spray resistance.

One of the important factors indispensable for good
protective coating films is the hydrophobic character-
istic that the assembled film surfaces are not sensitive
to moisture. To gain information on this characteristic,
we measured the contact angle of a water droplet on
the 200°C-treated 100/0, 90/10, 70/30, 50/50, 30/70,
10/90, and 0/100 ratio film surfaces. If the contact an-
gel was low, we concluded that the film is sensitive to
moisture. A high degree of sensitiveness may allow the
water to permeate through the film easily, and, in the
worst case, it may promote the hydrolysis-induced de-
composition of the film. A plot of the average value of
the advancing contact angk(deg.), as a function of
CS/DEX ratios is shown in Fig. 7. The result@natatio
data exhibited that thevalue of bulk CS film (100/0 ra-
tio) considerably increases as it was modified with the
DEX, especially in the CS/DEX ratio range of 100/0
to 70/30. The 70/30 ratio coating film had the highest
0 value of 60, corresponding to a 2.9 times greater
than that of the bulk CS. A further incorporation of
EDX into the CS caused a declinifgvalue, strongly
suggesting that the film with a lower sensitivity to mois-

ture could be made by incorporating a proper amount of
I 0.05 w/g

Heat fFflow

DEX into the CS. Thus, this finding can be taken as ev-
idence that an increase in the degree of grafting serves
in providing a less sensitive film surface to moisture.
In the other words, the hydrophilic characteristics of
ar — 260 Tt the individual CS and DEX fragment coatings are con-
verted into hydrophobic ones by the grafting reaction
Temperature, °C between them, inferring that the DEX fragment-grafted
Figure 5 DSC endothermal curves for 100/0 (a), 90/10 (b), 70/30 (c), CS Coatm_g films _made _Of a suitable proportion OT .CS
50/50 (d), 30/70 (e), 10/90 (f), and 0/100 (g) ratio samples after exposurd0 DEX will contain a minimal amount of hydrophilic
to a 70% R.H. at 25C. unreacted fragments and D-glucosamine components.
The major factor governing this conversion is the for-
this aspect, both the bulk CS and DEX samples with anation of amide bonds yielded by the grafting reaction,
very highAH of > 0.16 kJg* appear to have a high conferring a less wettability of water over the film sur-
susceptibility to the absorption of moisture. By compar-faces. Also, this information substantially supported the
ison, the 70/30 and 50/50 ratio samples had\dh of  our earlier results on the uptake of the moisture by the
less than 0.1 kJd, inferring that a proper proportion DEX-modified CS polymers.
of CS to DEX plays an important role in reducing the  Attention was next paid to exploring the surface mor-
magnitude of sensitivity to moisture. In other words, phology and microtexture of coating films covering
almost all the hydrophilic NKH groups present in the Al surfaces, by SEM. In this experiment, three coat-
CS might react with all hydrophilic DEX fragments ing films made with 100/0, 70/30, and 10/90 ratios
to yield the hydrophobic amide bonds as the reactionwere deposited on Al at 20€. The data obtained
products, promoting the degree of fragment grafts orwould provide information on the film-forming per-
the CS. Therefore, there may be few, if any, remainingormance of grafted and non-grafted CS polymer coat-
unreacted Nk groups and fragments in the grafted CSings. The SEM image of the brown-colored 100/0 ratio
structure. film (Fig. 8A) revealed a discontinuous microtexture
containing numerous microcracks, allowing the corro-
sive solutions to permeate through the film layer easily.
3.2. Characteristics of coatings Such development of cracks in the film may be due
Based upon the information above, focus was now dito a high degree of shrinkage of the film encountered
rected toward assessing the characteristics of the DEXuring drying at 200C, and also to the conformational
fragment-grafted CS coating films deposited on the Alchanges in CS structure caused by the deacetylating
substrate surfaces. The characteristics to be assessediigaction that introduces the formation of gEODOH
cluded the magnitude of wettability of the coating film and NH,CI derivatives in it. In contrast, an excellent
surfaces by the water, the film-forming performance film-forming performance was observed from the 70/30
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Figure 6 Changes in enthalpy which represent the magnitude of dehydration as a function of CS/DEX ratio.
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Figure 7 Contact angle of a water droplet on 2@-treated coating film surfaces with various different CS/DEX ratios.
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Figure 8 SEM images of 200C-treated 100/0 (A), 70/30 (B), and 10/90 (C) CS/DEX ratio coating films.
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ratio-derived coatings, which were light brown in color value of the single CS coatings with the thickest film of
(Fig. 8B); SEM disclosed a continuous, uniform film ~3.2 um was~1.7 x 10* Q cn?. When a 10% of the
with a smooth surface morphology, seemingly suggesttotal amount of CS was replaced by DEX, this value
ing that grafting the DEX fragments onto the CS servesvas an order of magnitude greater than that of the un-
in reducing the development of shrinkage-related stressiodified CS. With further substitution, the valueRyf
cracks inthe CSitself. There is no doubt that lack of deincreased: the 70/30 ratio coatings had the higRgsf
fects and blemishes is one of the mostimportant factorg.0 x 10° Q cn?. However, coatings made by incorpo-
inensuring that the coatings adequately protect the metating an excessive amount of DEX into the CS showed
als against corrosion. Increasing the amount of DEX ina decreasin, value. In fact, theR, value of the 50/50
the blended systems led to the changes in color of filmsatio coating declined-55% to 18 x 10° Q cm?, com-
from brown to light yellow. With the 10/90 ratio, the pared with that of the 70/30 ratio. In the 10/90 ratio
SEMimage (Fig. 8C) shows a continuous film coveringcoating, theR, value fell further to 1x 10° cn?.
the Al surfaces. Furthermore, the disclosure of a rougins expected, the bulk DEX coating had a lowRs
underlying Al surface signifies that a thin transparentgjye of 35 x 10* 2 cn?, corresponding to an order of
film was formed. _ magnitude lower than that of the 70/30 ratio coating.
All the data were integrated and correlated directlygince theR, value reflects the magnitude of ionic con-
with the effectiveness of grafted CS films in protect- yyciivity generated by the electrolyte passing through
ing the Al substrates from corrosion. Using a surfacéthe coating layers, a higR, value means a low de-
profile measuring system, the thickness of the 100/0gree of permeation of electrolyte into the coating films.
90/10, 70/30, 50/50, 30/70, and 0/100 CS/EDX ratioThys, the DEX fragment-grafted CS polymer confor-
films was~3.2, ~2.8, ~2.4, ~1.9, ~1.6, and~0.9  mation offers improved performance in minimizing the
um, respectively. Although intuitively a thicker coat- rate of permeation of the electrolytes through the coat-
ing film may be expected to have a better corrosioning |ayers, compared with those of the individual CS
protective performance than a thin one, AC electro-and DEX coatings. Hence, we believed that a grafted
chemical impedance spectroscopy (EIS) was used tgqrycture would lead to a low uptake of electrolytes
evaluate their effectiveness as corrosion-preventingy the coatings. The data also represented that the
barriers. On the overall Bode-plot curves [the absoghanges in the magnitude of conductivity depend on the
lute value of impedanceZ| (Qcn¥) vs. Frequency CS/DEX ratio. Comparing, values, the effectiveness
(H2)], (not shown), our particular attention was paid of these ratios in ensuring a low degree of infiltration of
to the impedance value in terms of the pore resistancgjectrolyte was in the following order; 70/3050/50
Rp, which can be determined from the plateau in the.. 90/10~ 30/70> 10/90> 0/100> 100/0. The most
Bode plot occurring at a sufficiently low frequency of effective coating system in reducing the permeability of
5 x 102 Hz. Fig. 9 shows the plots dR, of 200°C-  glectrolytes was the 70/30 ratio with #4c 10° 2 cn?.
treated coating films versus the CS/DEX ratios. The Fig 10 representsthe change&inat 5x 10-2 Hz for
Rp value (not shown) of the uncoated Al substrate washe 200°C-treated coating specimens as a function of
~5.0 x 10° @ cn?. When the Al surfaces were coated exposure times of up to 20 days in a 0.5 N NaCl solution
withthe single CS and DEX coatings, or DEX-modified at room temperature. In the first five days of exposure,
CS coatings, thé, value increased by one or two or- three coating systems, 90/10, 70/30, and 50/50 ratios,
ders of magnitude over that of the substrate. H3e  showed no changes R, value, compared with that of
the unexposed ones. Afterwards, thBy values grad-
ually fell with an increasing exposure time. In contrast,
the rate of uptake for all the other coating systems was
much higher than that of these three coatings; in fact, a
marked decrease iR, can be seen after exposing them
for 5 days. When thd&r, value dropped to a less than
5 x 10°  cn?, no further exposure test was made be-
cause theR, at this level is mainly due to the anodic
etching of the underlying Al. In fact, the pitting cor-
rosion of Al caused by the failure of the coating was
visually observed in these specimens. The data also in-
dicated that the 70/30 and 50/50 ratio coatings after a
20-day exposure still maintained & > 10* Q cn?.
Implicating this finding with the data on FT-IR, XPS,
DSC, and contact angle, two factors played an essential
role in conferring resistance to metal corrosion: First
was the polymer conformation containing amide bonds
formed by the grafting reaction between Ce-complexed
carboxylate in DEX fragments and NHidroups in CS;
CS/DEX ratio and second was the lesser susceptibility of the coat-
Figure 9 Pore resistanceR,, value of Al panel samples coated with ing surfaces to moisture due to the enhanced degree of

100/0, 90/10, 70/30, 50/50, 30/70, 10/90, and 0/100 CS/DEX ratios adafting, together with a minimal amount of hydrophilic
200°C. unreacted fragments and CS.
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Figure 10 Change inR, for 100/0, 90/10, 70/30, 50/50, 30/70, 10/90, and 0/100 ratio-coated Al as a function of exposures up to 20 days.

This information on the EIS was supported by salt-to protect Al against corrosion is poor. By comparison
spray resistance tests for the coated panels treated with these single coatings, the DEX fragment-grafted
200°C (Table I). A trace of rust stain was generally CS coating systems displayed a far better performance
looked for in evaluating the results for salt-sprayedin reducing the rate of corrosion. With the 90/10 ratio,
panel specimens. The results were reported as the totdde resistance to salt spray extended seven times to 504
exposure time at the date of the generation of the rugtours. A further improvement in conferring resistance
stain from the Al surfaces. As is seen, the entire surwas observed from the coatings containing increased
faces for the single CS (100/0 ratio)- and DEX (0/100concentrations of DEX, signifying that an increase in
ratio)-coated Al panels were corroded after exposurehe grafting of DEX fragment onto the CS imparts im-
to the salt spray for 72 hours, corresponding to onlyproved resistance to corrosion. In fact, coatings, made
24 hours longer than that of the uncoated bare Al (nofrom 70/30 ratio served in providing a great protec-
shown), suggesting that the ability of these coatinggion of Al against corrosion for 720 hours, However,

a further incorporation of DEX into the CS caused a

declining resistance to salt spray.
TABLE | Salt-spray resistance tests for DEX fragment-grafted

CS coatings

CS/DEX ratio Salt-spray resistance, hours 4, Conclusion

100/0 72 In approaching ways of using partially N-acetylated
90/10 504 chitosgn (CS) ma}rine polymer ground from the crab
70/30 720 or shrimp shells in a water-based coating system to
50/50 590 protect aluminum (Al) substrates against corrosion, we
30;70 216 modified it with natural dextrine (DEX) polymers de-
o 0 rived from corn starch. Both are renewable resources

and environmentally benign. The DEX-modified CS
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