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STATEMENT OF WORK

Current and pending environmental, health, and occupational safety regulations
impose serious constraints on industries producing corrosion protective coating. One such
example is reduce volatile organic compound (VOC) in the coating. In addition,
hexavalent Cr and Pb compounds are environmentally hazardous, and there are pressures
to eliminate their use in corrosion barriers for metals. As a result, more effective and

environmentally benign corrosion protecting coating systems are needed for metals.

Under U.S. Army Research Office (AGO) sponsorship, on Contract Numbers,
MIPR7HDOEARO40, MIPRSFDOEARO34, and MIPROIGDOEARO43, Brookhaven
National Laboratory (BNL) performed research program aimed at gaining an
understanding of the fundamental reaction pathways that are the key to the successful
transformation of hydrophilic natural polysaccharide polymers into nonbiodegradable and
hydrophobic ones. The natural polymers used in this program were the corn-or potato-
starch and crab or shrimp shells-chitosan obtained from renewable agricultural and
marine resources. Also, considerable attention of research program was paid to the
formulation and characterization of transformed natural polymers for use as

environmentally benign water-based coatings that mitigate the corrosion of aluminum
(Al) alloys.

As for the resources of these natural polymers, world wide, a 1995 survey on the
consumption of starch as a natural polymer indicated total usage of ~ 1850 million ton
per year. By the year 2000, its products are estimated to reach about 2000 million tons.
Because the source of starch comes from the seeds and roots of plants, it is abundant,
comparatively inexpensive, and relatively stable in quality and price. In the United States,
the main source of starch is corn where demand is about ten times higher than all the
other sources from tapioca, sage, wheat, potato, and rice. US corn impacts the world
because this county produces more than one-third of the world’s corn and exports as
much as 30 % of its production. This corn represents 80 % of exports from all countries
of the world. On the other hand, chitosan, which is a family of polysaccharide, is well
known as a low-cost, marine polymer, and is produced from the crab or shrimp shells at
an estimated amount of one billion tons per year. Thus, using these natural polymers as
extender and replacements for synthetic polymers not only yield economic benefit, but




also reduce our dependence on petrochemical-derived products. However, there are
drawbacks in using natural polymers as protective coatings because they have the
following five undesirable features, (1) the settlement and growth of microorganisms in
its aqueous solution, (2) the high susceptibility of films to moisture, (3) the poor chemical
affinity of films for Al surfaces, (4) the weak adherence to polymeric topcoatings, and (5)
the biodegradation of films caused by fungal growth. Thus, chemical modification and
processing of natural polymers, such as grafting and cross-link conformations, are needed
to design and assemble the macromolecular structures that ensure adequate protection.

SUMMARY AND RESULTS

To design the nonbiodegradable and hydrophobic polysaccharide macromolecule
structure, three synthetic technologies were developed at BNL: The first technology
involved reconstituting an oxidation-derived fragmental polymer to include Ce ion; the
second one was by grafting synthetic water-soluble polymers onto polysaccharide
through a ring opening-condensation reaction pathway; and the third one was the
synthesis of new-type polymers through blending polybase- and polyacid-saccharide. A
general description of these synthetic technologies and the performance of the coatings
made from the synthesized polymers can be drawn below.

1. Oxidation-Reconstituting Reaction Route

In the oxidation of potato-starch (PS) polymers, the conversion of PS colloidal
solutions containing cerium (IV) ammonium nitrate (CAN) as an oxidizing agent onto
solid states by heating in the presence of atmospheric oxygen at 150°C introduced
functional C=0 derivatives formed by the cleavage of glycol C-C bonds in the glycosidic
rings in terms of ring openings. Progressive oxidation of CAN-modified PS by thermal
treatments at 200 and 300°C not only resulted in the incorporation of oxygen into the
C=0 derivatives, but also caused the breakage of C-O-C linkages in the open rings. Such
a highly oxidizing process led to the generation of intermediate carboxylate (COO")
derivatives which finally transformed into cerium-bridged carboxylate complexes formed
by reactions between the Ce** released from CAN and the COO". When such an oxidized
PS film was applied a the primer coating of aluminum substrates, the following
generalizations can be made about the specific characteristics of this primer, (1) the
ranking of oxidation-induced functional derivatives in feducing the ionic conductivity
generated by NaCl electrolyte passing through the film layers, was in the order of cerium-




complexed carboxylate > carboxylate > carbonyl > non-oxidized PS, suggesting that the
complexed carboxylate films displayed a far better protection of aluminum (Al) against
corrosion, then did non-oxidized PS films, and (2) in the adherence aspect of intermediate
primer layers to both polyurethane (PU) top-coat and Al substrate sites\, all the functional
derivatives contributed significantly to improving the adhesive bonding. This links PU
and Al tightly, and the result is the cohesive failure in which the loss of adhesion occurs
in the PU layers.

2. Grafting Reaction Route

To graft the synthetic polymers onto the polysaccharide, the monomeric N-[-3-
(triethoxysilyl) propyl]-4,5-dihydroimidazole (TSPI), polyacrylamide (PAM), and
polyitaconic acid (PIA) were used as the graft-forming polymeric reagents.

2.1  TSPI

Precursor hydrolysate solutions with a pH of 8.5-8.9 were prepared by
incorporating TSPI into a 1.0 wt% potato starch (PS) aqueous solution. The monomeric
TSPI solutions considered consisted of 9.5 wt% TSPI, 3.8 wt% CH3;0H, 1.0 wt% HCL,
and 85.7 wt% water. In this system, TSPI played an important role in preventing the
settlement and growth of micro-organisms in PS aqueous solution. One of the important
properties of this precursor solution was that the surface tension of PS hydrolysate can be
reduced by adding the TSPI hydrolysate, thereby assuring excellent wetting behavior on
Al surfaces. The high magnitude of this wettability was responsible for the fabrication of
a thin solid film over the Al surfaces. When the precursor solution-solid phase conversion
occurred at 200°C in air, grafting of TSPI-derived polyorgansiloxane (POS) polymer
onto the PS were produced by dehydrating condensation reactions between the silanol
groups in the hydrolysate of TSPI, and the OH groups of glycol and CH;OH in the
glucose units. Such reactions of glycol with one OH of the glycol groups also led to the
cleavage of glycol C-C bonds, causing the opening of glycosidic rings. Thus, an increase
in the number of POS grafts shifted the melting point of PS to a lower temperature,
thereby forming the molecular configuration of PS chains with few hydrogen bonds
between PS and water. The coating films with a high degree of grafting displayed a low
susceptibility to moisture, improved impedance ( in cm?) by two orders of magnitude
over that of the Al substrate, and conferred salt-spray resistance for 288 hours.

22. PAM




The PAM-modified corn starch-derived dextrine (DEX) paints as a film-forming
precursor solution were prepared by incorporating a proper amount of PAM into the
colloidal DEX aqueous solution. The liquid coating layers were deposited onto the Al
surfaces using a simple dipping-withdrawing coating technology and converted into the
solid layers by heating them at 150 or 200 C in air. At 150 C, the secondary amide bonds
yielded by the reaction between the primary amide group in PAM and one hydroxyl
group of glycol in DEX led to grafting of the PAM onto the DEX. Although increasing
the temperature to 200 C caused opening of the glycosidic rings due to bond breakage
between the alcohol carbon and the secondary amide carbon, the grafting conformation.
acted to inhibit the fragmentation of glucose units by oxidation-caused scission of the C-
O-C linkages in the DEX. An increase in the degree of grafting resulted in the formation
of coating films that were less susceptible to moisture. Furthermore, the Al metal in the
substrate favorably interacted with the amide oxygen in the PAM-grafted DEX coatings,
creating interfacial Al-O bonds formed by a charge transferring reaction in which
electrons were transferred from the Al atoms to the electron accepting oxygen in the
amide groups. Two important factors for highly grafted DEX coatings, a lesser
susceptibility to moisture and an interfacial bond at metal/coating joints, contributed
significantly to minimizing the permeability of electrolyte species through the coating
layers.

23. PIA :
Partially N-acetylated chitosan (CS) biopolymer consisting of ~ 80 % poly(D-
glucosamine ) and ~ 20 % poly(N-acetyl-D-glucosamine) is a derivative of the
polysaccharide chitin marine biopolymer, which originates from the structural
components of crustaceans, such as shrimp, lobster, and crab. In seeking ways of
applying the CS biopolymer as renewable resource to an environmentally green water-
based coating system for the aluminum (Al) substrates, emphasis was directed towards its
molecular modification with poly(itaconic acid) (PIA), which is among the synthetic
polyacid electrolytes. Adding a certain amount of HCL to the CS in Yaqueous medium not
only enhances its solubility, but also served to remove acetyl groups from the linear CS
polymer structure. The primary amine, NH,, groups in the deacetylated CS, is polybase
electrolyte having a highly positive charge density. The carboxylic acid, COOH, groups
in the PIA had a strong chemical affinity for the basic NH; groups in the CS and formed
secondary amide linkages that grafted the PIA polymer onto the linear CS chains and
crosslinked between the CS chains, when mixtures of these two aqueous solutions were
heated at 200 C in air. An increase in the degree of grafting and cross-link provided the




formation of the coating films that are less susceptible to moisture and to the infiltration
of corrosive electrolyte species in the coating layer, conferring good protection of Al
metal against corrosion. In addition, the surfaces of Al substrate preferentially reacted
with the PIA, rather than the CS. This interfacial interaction could be accounted for by
the formation of -COO-AI metal linkages by the acid-base reaction between the COOH
groups (proton donor) in the PIA and the OH groups (proton abceptor) on the hydroxylate
Al surfaces. Consequently, this coating film, deposited on the Al surfaces had a lesser
sensitivity to moisture, and imposed pore resistance (in ohm-cm? ) of an order of
magnitude higher than those of single CS and PIA coatings, and conferred salt-spray

resistance for 694 hours.

3. Acid-Base Condensation Reaction Route

In this study, the two different polysaccharide biopolymers, poly(D-glucosamine)
and poly(D-glucose) were used. The former biopolymer, called chitosan, is a structural
component of the shells of crustaceans, such as lobsters, crabs, and shrimps. When this
marine chitosan is dissolved in an aqueous medium at pH <6.5, it becomes a liner
polybase electrolyte with a highly positive charge density. The corn-starch-derived
dextrine, attributed to poly(D-glucose), is dissolved in an aqueous medium by adding
proper amounts of oxidizing agents. The oxidation of dextrine not only promotes the rate
of its solubilization in water, but also leads to the incorporation of oxygen functional
groups, such as carbonyl and carboxylic acid, into the biopolymer's structure. Thus, the
oxidized dextrine becomes a polyacid as a counter electrolyte of the chitosan polybase.
These two opposite electrolyte biopolymer were mixed together to initiate a acid-base
condensation reaction. This reaction generates the formation of amide linkages that serve
in forming new-type polysaccharide polymers. An increase in the rate of acid-base '
reaction plays an important role in forming uniform, defect-free coating films that are
unsusceptible to moisture, thereby conferring good protection for Al against corrosion.
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Abstract

Polyorganosiloxane (POS) grafted polysaccharide copolymers were synthesized through a heat-catalyzed dehydrating condensation reac-
tion between the hydrolysates of potato starch (PS) as source of polysaccharide and N-[3-(triethoxysily)propyl}-4,5,-dihydroimidazole
(TSPI) as the antimicrobial agent and source of the graft-forming POS at 200 °C in air. The grafting of POS onto PS followed by the opening
of glycosidic rings significantly improved the thermal and hydrophobic characteristics of PS. The degree of wettability of Al surfaces by PS
solution increased as the TSPI hydrolysate was incorporated into PS, thereby fabricating a thin uniform solid film over the Al substrate suitable
for the protection of Al against corrosion. Consequently, the POS-grafted PS coatings derived from the precursor solution with a [PS]/

[TSPI] ratio of 90/10 conferred an impedance of greater than 10° {2 cm? and salt-spray resistance of 288 h.

Keywords: Polyorganosiloxane; Potato starch; Coating; Aluminum

1. Introduction

In applying environmentally benign natural polymers as
water-based coating systems to protect Al alloys from cor-
rosion, we have previously studied the chemical modification
of polygalaturonic acid methyl ester (pectin, PE) which is a
family of natural polymers [1]. The major aim in modifying
PE was to resolve the following three undesirable problems:
(1) the settlement and growth of micro-organisms in PE
aqueous solutions, (2) the high susceptibility of PE films to
moisture, and (3) the poor chemical affinity of PE polymers
for Al surfaces. We succeeded in overcoming these draw-
backs by incorporating a sol solution derived from min-
eral acid-catalyzed hydrolysis of N-[3-(triethoxysily)-
propyl]-4,5,-dihydroimidazole (TSPI) in aqueous medium,
into the PE solution. Acting as an antimicrobial agent, the
hydrized TSPI not only prevented the growth of micro-organ-
isms in the PE solution, but also played an essential role in
ensuring that the TSPI-modified PE coatings adequately pro-
tected Al from corrosion. Such protection was due mainly to
the conformation of PE copolymer with polyorganosiloxane
(POS) grafts from the chemical reaction between the OH or
COOH groups in PE, and the silanol end groups in POS,
which were formed by a polycondensation reaction between
the hydrolysates of TSPI. In addition, the silanol end groups
in the POS graft reacted favorably with the Al,O, at the

0040-6090/96/$15.00 © 1996 Elsevier Science S.A. All rights reserved
PIIS0040-6090(96)08814-1

surface of Al substrates to create interfacial covalent oxane
bonds, thereby improving the adherence of the coating films
to the Al. .

Worldwide, a 1985 survey on the consumption of starch
as a natural polymer indicated total usage of approximately
1700 million tons per year [2]. By the year 2000, its products
are estimated to reach about 2000 million tons. Because the
source of starch is the seeds and roots of plants as renewable
agricultural resources, it is abundant, comparatively inexpen-
sive, and relatively stable in quality and price. Thus, using
starch as an extender and replacement for synthetic polymers
might reduce our dependence on petrochemically derived
products. Starch is a mixture of amylose and amylopectin.
The former is a linear homopolysaccharide which is made up
of several hundred glucose units linked by (1—4)-a-D-
glycosidic linkages, and the latter is a branched homopoly-
saccharide of glucose units with (1— 6)-a-D-glycosidic
linkages at the branching points and (1 —4)-a-D-glycosidic
linkages in the linear region [ 3]. The hydrated linear amylose
molecules tend inherently to align. Once the aligned config-
uration is formed, the intramolecular hydrogen bonds gen-
erated between the linear chains lead to the agglomeration
and crystallization of amylose chains, thereby resulting in a
low solubility in water. Similarly, the molecular arrangement
of linear portions in the branched amylopectin introduces
some degree of crystallinity into the hydrated starch [4].
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However, the solubility of amylopectin in water is much
higher than that of amylose. Typical starches have the pro-
portions of 20%—-30% amylose and 70%—-80% amylopectin.

Several investigators [5-9] reported that a better way to
modify starch with synthetic polymers or monomers at the
molecular level, compared with physical blending, is graft
copolymerization in an aqueous or non-aqueous medium.
Starch structures were modified through the reaction of their
hydroxy! groups with functional groups of the synthetic pol-
ymers, such as carboxylic acid, anhydride, epoxy, urethane,
or oxazoline, and by free-radical ring-opening polymeriza-
tion occurring between their glucose rings and the vinyl
monomers.

Based on this information, cur emphasis in the present
study was directed toward evaluating the ability of antimi-
crobial TSPI-modified starch films to protect Al alloys from
corrosion. The evaluations were carried out using A.C. elec-
trochemical impedance spectroscopy and salt-spray resis-
tance tests. These data were then correlated with several
physicochemical factors, such as the spreadability of the mod-
ified starch aqueous solution on the Al substrate surface, the
magnitude of the susceptibility of solid coating film surfaces
to moisture, the molecular conformation of the modified
starch, its thermal decomposition, and the surface morphol-
ogy of films. In addition, we investigated the effect of TSPI
as antimicrobial agent on preventing the settlement and
growth of micro-organisms in aqueous starch solution.

2. Experimental details
2.1. Materials

The starch used was potato starch (PS) from ICN Bio-
medical Inc. For modifying PS, monomeric N-[ 3-(triethox-
ysily)propyl]-4,5,-dihydroimidazole (TSPI) was supplied
by Huls America Inc. A 1.0 wt.% PS solution dissolved in
deionized water at 80 °C was modified by incorporating var-
ious amounts of the TSPI solution consisting of 9.5 wt.%
" TSPI, 3.8 wt.% CH,0H, 1.0 wt.% HCI, and 85.7 wt.% water.
We employed six ratios of PS to TSPI of 100/0, 99/1, 97/
3,95/5,90/10, and 85/15 by weight. The lightweight metal
substrate was a 6061-T6 aluminum (Al) sheet containing the
following chemical constituents: 96.3 wt.% Al, 0.6 wt.% Si,
0.7 wt.% Fe, 0.3 wt.% Cu, 0.2 wt.% Mn, 1.0 wt.% Mg, 0.2
wt.% Cr, 0.3 wt.% Zn, 0.2 wt.% Ti, and 0.2 wt.% other
elements.

2.2. Coating technology

The Al surfaces were coated by TSPI-modified and unmo-
dified PS films in the following sequence. As a first step to
remove surface contaminants, the Al substrates were
immersed for 20 min at 80 °C in an alkaline solution consist-
ing of 0.4 wt.% NaOH, 2.8 wt.% tetrasodium pyrophosphate,
2.8 wt.% sodium bicarbonate, and 94.0 wt.% water. The

alkali-cleaned Al surfaces were washed with deionized water
at 25 °C for S min, and dried for 15 min at 100 °C. Then the
substrates were dipped into a soaking bath of solution atroom
temperature, and withdrawn slowly. The wetted substrates
were then heated in an oven for 120 min at 200 °C to yield
thin solid films. The heating temperature of 200 °C was
selected on the basis of the results of our previous study on
the most effective curing temperature for pectin copolymers
with polyorganosiloxane grafts for improving their hydro-
phobic characteristics and protecting the metal against cor-
rosion {1].

2.3. Measurements

Because the PS solution is a suitable nutrient for fungal
and bacterial growth, the effect of adding TSP to prevent the
growth and colonization of micro-organisms was observed,
using scanning electron microscopy (SEM). The surface ten-
sion of the unmodified and TSPI-modified PS solutions was
measured with a Genco-DuNouy tensiometer model 70535.
Solutions with an extremely high or low pH are not suitable
for use as coatings of metal surfaces because of the corrosion
of metal by such solutions. Thus it is very important to meas-
ure the pH of coating solutions prior to depositing them onto
the metal surface. To understand the molecular structure of
TSPI-modified PS, the films deposited onto Al surfaces were
investigated by specular reflectance Fourier transform IR
(SRFT-IR) spectrophotometry, and X-ray photoelectron
spectroscopy (XPS). The combined techniques of scanning
calorimetry (DSC), thermogravimetric analysis (TGA ), and
differential thermal analysis (DTA) were used to assess the
changes in the melting point of PS as a function of TSPI
concentration, and also to determine the thermal decompo-
sition characteristics of modified and unmodified PS poly-
mers. The degree of crystallinity of the polymers was
estimated using X-ray powder diffraction (XRD). We
recorded the changes in the magnitude of wettability and
spreadability of Al surfaces by PS solutions modified with
various amounts of TSPI by measuring the contact angle
within the first 30 s after dropping the solution onto the Al
surface. The same technique was employed to obtain the
water-wettability of polymer film surfaces; this gave us infor-
mation on the degree of susceptibility of modified and
unmodified PS film surfaces to moisture. Information on the
surface morphology and chemical composition of films
deposited onto Al was obtained by SEM and energy-disper-
sive X-ray (EDX) analysis. .

A.C. electrochemical impedance spectroscopy (EIS) was
used to evaluate the ability of coating films to protect Al from
corrosion. The specimens were mounted in a holder, and then
inserted into an electrochemical cell. Computer programs
were prepared to calculate theoretical impedance spectra and
to analyze the experimental data. Specimens with a surface
area of 13 cm? were exposed to an aerated 0.5 N NaCl elec-
trolyte at 25 °C, and single-sine technology with an input
A.C. voltage of 10 mV (rms) was used over a frequency



range of 10 kHz to 1072 Hz. To estimate the protective
performance of coatings, the pore resistance R,,, was deter-
mined from the plateau in Bode-plot scans (impedance
Qcm? vs. frequency Hz) that occurred at low frequency
regions. Salt-spray tests of the unmodified and modified PS-
coated Al panels (75 mm X 75 mm in size) were performed
in accordance with ASTM B 177, using a 5% NaCl solution
at 35 °C.

3. Results and discussion
3.1. Properties of solutions and films

The PS polymers contain C, H, and O, among other ele-
ments, as suitable nutrients for fungal and bacterial growth.
When this polymer comes into contact with water, inevitably
the growth of micro-organisms already present in the water
is stimulated, and they flourish, forming colonies. A serious
problem in using such colonized polymer solutions as coating
materials is that the microbial bioparticles incorporated into
the layers of the dried coating film promote the rate of water
transportation, thereby resulting in its failure as corrosion-
protective coatings. Thus, the addition of an antimicrobial
agent to the PS solution is needed to prevent the growth of
micro-organisms.

In this study, monomeric TSPI was employed as the
antimicrobial agent. To assess its effectiveness in inhibiting
microbial growth, 20 g aqueous solutions with [PS]/[TSPI]
ratios of 100/0 and 97/3 were placed in culture flasks, and
then left for 2 months at 25 °C in atmospheric environments.
Subsequently, these solutions were deposited onto the Al
substrate surfaces by dip-withdrawal coating methods, and
then dried for 24 h in a vacuum oven at 40 °C to transform
them into solid films for SEM observations. The SEM image
(not shown) from the unmodified PS coating disclosed a
continuous coverage of extensive fungal clusters over the Al.
A strikingly different feature was found when the PS was
modified with a 3 wt.% TSPI solution; there was no fungal
growth in these 97/3 ratio films. This finding strongly sug-
gested that the incorporation of TSPI as an antimicrobial
agent prevents the growth of micro-organisms in the PS
solution.

Table 1 shows the changes in surface tension of solutions
as a function of [PS]/[TSPI] ratio at 25 °C, and also the pH
values. The addition of the TSPI solution to the PS solution
tends to decrease the surface tension, from 72.3 dyne cm ™!
for the unmodified PS solution, to 54.7 dyne cm ™! for 15
wt.% TSPI-modified PS. The pH of the unmodified PS solu-
tion was 6.4; however, when this solution was modified with
1 wt.% TSPI solution, its pH shifted to a weak base site. The
pH values of all TSPI-modified PS solutions ranged from 8.5
to 8.9.

To gain information on the interfacial reaction mechanisms
between PS and TSP], and the chemical conformation of the

T. Sugama, J.E. DuVall / Thin Solid Films 289 (1996) 39—48

Table 1
Changes in surface tension and pH of PS solutions modified with TSPI
solutions

{PS]/[TSPI] Surface tension (dyne cm™') pH
100/0 723 6.4
99/1 62.4 8.5
97/3 58.9 8.7
95/5 554 8.9
90/10 54.8 8.9
85/15 54.7 8.9

reaction products, we investigated the samples prepared in
accordance with the following method, by SRFT-IR. First,
the PS solution was deposited onto the Al surfaces by dip-
withdrawal coating methods, and then left for 1 h in an oven
at 100 °C to transform it into a solid film. Then, the PS-coated
Al substrates were dipped into a 2 or 5 wt.% TSPI solution,
and the TSPI-wetted PS coatings were treated for 2 h with
heating at 200 °C for SRFT-IR explorations.

Fig. 1 depicts the IR spectra for the 2 and 5 wt.% TSPI-
coated PS samples, over the three frequency ranges 4000
3000, 18001570, and 1220-970 cm ~!. For comparison, the
spectra of 200 °C heated bulk PS and TSPI coating films as
reference samples are also illustrated in this figure. A typical
spectrum of the bulk PS reference coating showed absorption
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Fig. 1. SRFT-IR spectra for bulk PS and TSPI coating films, and 2% and
5% TSPI-coated PS films.
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bands at 3380 cm ™!, revealing the OH groups in the glucose
units, at 1660 cm ™' which can be ascribed to the bending
vibration of H-O-H in the adsorbed H,O, and also at 1150,
1090, and 1020 cm ™!, reflecting the stretching mode of C-
O-C linkages in the glycosidic rings [ 10]. As described in
our previous study [11], the spectrum of bulk TSPI film
involved the OH stretching band in the adsorbed H,O at 3290
cm ™!, the <C=N- band in dihydroimidazole coexisting with
the H-O-H bending in H,0 at 1660 cm ~ !, the Si—-O~C bond
in the Si-joined alkoxy groups at 1140cm ™', and the Si-O-Si
linkages at 1050 cm™'. When PS was coated with 2 wt.%
TSPI, the features of the IR spectrum that differed from those
of the reference samples were as follows: (1) a decrease in
intensity of the absorption band at 3380 cm ™', (2) the devel-
opment of three new bands at 1710, 1120, and 1030 cm ™',
and (3) a striking reduction in intensity of the C—O-C link-
age-related bands in the frequency region 1200-1000 cm ™.
Increasing the concentration of TSPIto 5 wt.% led to a further
decrease in intensity of the OH and C—-O-C bands, while a
marked growth of these new bands can be seen in the spec-
trum. The contributor to the new band at 1710 cm ™ is likely
to be the C=0 groups [12]. In contrast, the Si-alkoxy com-
pounds and siloxanes have strong bands in the ranges 1170-
1110 cm ™" and 1110-1000 cm ™' respectively [13]. Thus it
is possible to assume that the new bands at 1120 and 1030
cm ™! reveal the formation of Si—O-C and Si~O-Si linkages
respectively. If this interpretation is correct, the Si—-O-C link-
age not only belongs to that in the TSP, but may also be due
to the reaction products formed by the interaction between
PS and TSPIL. The Si~O-Si linkage is the embodiment of the
formation of polysiloxane structures. In a study of the mech-
anism of graft copolymerization onto polysaccharide initiated
by the metal ion oxidation reaction, Doba et al. [14], dem-
onstrated that oxidation of glycol groups in the glycosidic
rings by ionic metal species cleaved the glycol C-C bond.
The opening of the rings caused by such a cleavage not only
generated a free radical which promoted the grafting of the
vinyl monomers onto the polysaccharides, but also provided
the formation of C=0O groups. Also, they reported that no
free radicals were found at the C position of -CH,OH groups
in the glucose units. Relating this finding to the fact that the
spectrum of the bulk PS film does not show a clear feature of
C=0 bands, the development of C=0 groups in the TSPI-
coated PS is thought to involve the formation of Si-O-C
linkages yielded by a dehydrating condensation reaction
between the one hydroxyl, OH, of glycol groups and the
silanol group, Si-OH, in the hydrolysate of TSPI, followed
by opening of the ring. However, there is no evidence as to
whether a free radical was generated. Moreover, such a con-
densation reaction may also occur between the OH of the
CH,O0H group in the glucose units and the OH of the silanol
group to form the Si—-O-C linkages. Because the polysiloxane
structure is present in the reaction products, the creation of
these linkages virtually demonstrates that the polyorganosi-
loxanes (POS) were grafted onto the PS.

(a) 3

BINDING ENERGY (eV)
Fig. 2. XPS C,, core-level spectra for bulk PS (a) and TSPI-modified PS
(b) coating surfaces at 200 °C; the peak positions for curves 1, 2, and 3
correspond to 285.0, 286.5, and 288.0 eV respectively.

To ascertain further that C=0 groups were generated, we
inspected the XPS C,, core-level excitations for the 200 °C
heated film surfaces with [PS]/[TSPI] ratios of 100/0 and
85/15. In this core-level spectrum, the scale of the binding
energy (BE) was calibrated with the C,, of the principal
hydrocarbon-type carbon peak fixed at 285.0 eV as an internal
reference standard. A curve deconvolution technique, using
a Du Pont curve resolver, was employed to substantiate the
information on the carbon-related chemical states from the
spectrum of the carbon atom. The C,, region of bulk PS
surfaces (Fig. 2) had the three resolvable Gaussian compo-
nents at the BE positions of 285.0, 286.5, and 288.0 eV
denoted as peak areas ‘1°, ‘2°, and ‘3’. The major peak at
285.0 eV is associated with the C in CH, and CH groups as
the principal component. According to the literature [15],
the second intense peak at 286.5 eV is attributable to the C
in—-CH,O- (e.g. alcohol and ether), while a very weak signal,
emerging at 288.0 eV, originates from C in the C=0 groups.
Although the thermal treatment of PS film at 200 °C in an air
may introduce C=0 into the PS surface as an oxidation prod-
uct, we assume from the curve features that the number of
groups is very low. In contrast, the curve structure of TSPI-
modified PS film is quite different from that of bulk PS film;
in particular, (1) there is a significant growth of the C=0
peak and (2) there is a marked decay of the C-O signal
intensity. Thus, these findings strongly support the results

from the IR study; namely, the grafting of POS onto PS
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Scheme 1. Hypothetical graft structure.

promotes the development of C=0 groups within the PS
structure, thereby causing opening of the ring.

From this information, we propose the hypothetical graft
structure shown in Scheme 1. However, it is not clear whether
the opening of the ring leads to the formation of a free radical
or a saturated group.

Next, our attention was centered on the thermal character-

"istics, such as the melting point, thermal degradation, and
stability of 200 °C heated samples with [PS]/[TSPI] ratios
of 100/0, 99/1, 95/5, 90/10, and 85/15. Fig. 3 illustrates
the DSC endothermic phase transitions occurring in these
samples at temperatures ranging from 25 to 170 °C. As
reported by Lelievre [16] and Donovan [17], the tempera-
ture of the endothermal peak for hydrated starches depended
primarily on the degree of hydration; namely, the starch with
a low degree of hydration had the endothermal peak at higher
temperature. They interpreted the shift in the endothermal

PS/TSP
«ve e+ 2 100/0
—— N1
— - - 95/5
-———e - 90/10
85/15

END. ¢—— AT —> EX0.

Temperature, °C
Fig. 3. Shift in the endothermal temperature of PS to low values when the
proportion of TSPI to PS was increased.

Table 2

Changes in enthalpy which represent the rate of PS hydration as a function
of [PS1/{TSPI] ratio

(PS]/[TSPI] Enthalpy AH(K) g™")
100/0 0.325
99/1 0.266
- 97/3 0.240
95/5 v 0.176
90/10 0.136
85/15 0.119

peak to a high temperature site as corresponding to anincrease
in the melting point of starch. From this information, the
endothermal peak at 120 °C for bulk PS (100/0 ratio) was
similar to that obtained from their samples containing a min-
imum amount of water. When the PS was modified with TSPI,
the endothermic temperature, expressed as the melting point
T,,, decreased with an increasing amount of TSP, suggesting
that T, shifts to lower temperatures as the number of POS
grafts per PS chain unit is increased. In the other words, the
cleavage of glycol C-C bonds by grafting POS on the gly-
cosidic rings might cause a decrease in T, reflecting a low
rate of PS hydration. The enthalpy A H of this phase transition
was computed using the following formula [18,19]: AH=
TRA/hm, where T, R, A, h, and m refer to the temperature
scale (°C inch™"), the range sensitivity (mcal s~'inch™!),
the peak area (inch?), the heating rate (°Cs™'), and the
sample weight (mg) respectively. The changes in AH as a
function of the proportion of PS to TSPI are given in Table 2.
A given result showed that the A H value decreases with an
increasing amount of TSPI incorporated into PS. Because the
A H value reflects the total energy consumed for breaking the
intermolecular hydrogen bonds generated between starchand
water [4,17], we assume that a high degree of POS grafts
might lead to the molecular configuration of PS chains with
fewer hydrogen bonds.

A thermal analysis, combining TGA and DTA, revealed
the decomposition characteristics during pyrolysis of 200 °C
heated samples (Fig. 4). The TGA curve (top) for the bulk
PS showed a certain rate of weight loss between 100 and 250
°C, followed by large reductions in the two temperature
ranges 300-450 °C and 450-600 °C, and then a small decrease
between 600 and 700 °C. The weight loss occurring at each
individual stage in the four-step decomposition process had -
the following values: approximately 10% at temperatures up
to 200 °C, 19% between 200 and 450 °C, 16% between 450
and 600 °C, and 3% between 600 and 700 °C. By comparison
with the TGA curve of bulk PS, changes in the features of
the curve can be seen in samples in which TSPI was incor-
porated. The addition of TSPI to PS greatly reduces the
weight loss at the first decomposition stage. Considering that
the weight loss at temperatures up to 200 °C was due mainly
to dehydration of the samples, we believe that the 200 °C
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Fig. 4. TGA and DTA curves for 200 °C heated bulk PS and TSPI-modified
PS polymers.

heated samples with a high proportion of TSPI to PS had a
lesser uptake of moisture. For all the TSPI-modified PS sam-
ples, the onset temperature of the second decomposition stage
was near 280 °C. Beyond this, of particular interest is the
result that the curves of the 99/1 and 95/5 ratio samples are
different from those of the 90/10 and 85/15 ratio samples.
The latter samples had two additional decomposition stages
at temperatures ranging from 310 to 600 °C; by contrast, the
99/1 and 95/5 ratio samples were characterized by a large
decrease between 280 and 340 °C, followed by a gradual loss
in weight after 340 °C. In these additional stages, one of the
decompositions occurs between 310 and 470 °C, and the other
was in the range 470-600 °C. As reported in our previous
study on the thermal decomposition of TSPI-derived POS
polymers [20], these additional decomposition stages belong
to the POS polymers. Thus, a high proportion of TSPI to PS
seems to provide individual POS formation segregated from
the POS-grafted PS polymer systems. If this interpretation is
correct, the decomposition occurring between 280 and 340
°C may correspond to the formation of POS-grafted PS pol-
ymers as the reaction products. In fact, no such decomposition
was found from the bulk PS samples. The DTA curves (bot-
tom) accompanying the TGA data strongly supported the
information described above. The curve of bulk PS indicated
the presence of four endothermic peaks at 120, 200, 420 and
540°C. Because a DTA endothermic peak represents the

phase transition temperature caused by the thermal decom-
position of chemical compounds, the peaks at 120 and 200°C
reveal the dehydration of PS, while the removal of carbona-
ceous groups from the PS structure may be associated with
the peaks at 420 and 540 °C. In contrast, the 99/1 and 95/5
ratio samples had only one endothermic peak at 310 °C. This
peak might reveal the decomposition of POS-grafted PS pol-
ymers. No peaks at 420 and 540 °C were recorded on the
DTA curves. Assuming that the peak at 310 °C is related to
the grafted PS polymers, the increase in its line intensity
resulting from the incorporation of a large amount of TSPI
into PS reveals that the extent of POS grafting is promoted
by an increased amount of TSPI. The peaks at 420 and 540
°C for the 90/10 and 85/15 ratio samples are assignable to
the phase transition temperatures of POS itself isolated from
the grafted PS. The intensity of these peaks increased with
an increase in the proportion of TSPI to PS, implying that the
extent of non-grafted bulk POS existing in the whole polymer
structure increased as an excessive amount of TSPI was added
to PS.

As described in Section 1, it is well documented that the
hydration of starch introduces crystallinity into the amylose
portion and linear branching of amylopectin. Thus, we inves-
tigated the degree of crystallinity of unmodified and TSPI-
modified PS samples after heating at 200 °C, by XRD. The
resulting XRD patterns, ranging from 0.256 to 0.590 nm (not
shown), gave us the information that all the samples are
essentially amorphous. Because the formation of an amor-
phous phase is due mainly to the low rate of hydration of
starch, we assumed that the two major factors, the treatment
at 200 °C and the opening of glycosidic rings by grafting of
POS onto the PS, may cause poor hydration of starch.

3.2. Characteristics of coatings

Based on the information described above, our emphasis
was now directed toward determining the characteristics of
the TSPI-modified PS coating films deposited onto the Al
substrate surfaces. The characteristics investigated were the
magnitude of wettability and spreadability of the Al surfaces
by the PS solutions modified with TSPI, the morphological
features and elemental compositions of the coating films, and
the susceptibility of the film surface to moisture. All of the
data obtained were correlated directly with the results from
the corrosion-related tests, such as electrochemical impe-
dance spectroscopy (EIS) and salt-spray resistance.

In forming uniform, continuous coating films, the magni-
tude of wettability and spreadability of the alkali-cleaned Al
surfaces by TSPI-modified PS solutions is among the most
important factors governing good protective-coating per-
formance. In our earlier study on the chemical composition
of Al surfaces treated with a hot alkali solution [21], we
reported that such a surface preparation method introduces
an oxide layer into the outermost surface sites of Al. Hence,
the magnitude of wettability of the unmodified and TSPI-
modified PS solutions over the Al oxide layers was estimated
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Fig. 5. Contact angles for 'various different [PS]/[TSPI] ratio solutions
dropped onto the Al substrate surface.

from the average value of the advancing contactangle 6 (deg)
on this surface. A plot of @ as a function of the [PS]/[ TSPI]
ratios is given in Fig. 5. Because a low contact angle implies
better wetting, the resultant 6-ratio data exhibited an inter-
esting feature, namely the wetting behavior was improved by
increasing the proportion of TSPI to PS. In fact, a very low
8 value of less than 18°, compared with that of the 100/0
ratio, was measured from the 95/5, 90/10, and 85/15 ratio
solutions, suggesting that the chemical affinity of the PS
solution for the Al oxide surface was significantly improved
by the incorporation of TSPI.

Surface imaging and elemental analyses of 200 °C treated
100/0, 95/5, 90/10, and 85/15 ratio films on Al substrates
were carried out by SEM and EDX. The SEM image of the
100/0 ratio film (Fig. 6, top) showed a rough thick coating
film. The EDX spectrum, concomitant with the SEM image,
for this film, showed four dominant lines corresponding to C,
O, Al, and Au. The Au corresponds to the sputtering material
over the film surfaces. Because EDX is useful for quantitative
analysis of elements which exist in the subsurface layer up to
about 1.5 pm in thickness, the Al element virtually belongs
to the underlying substrate, while the C and O elements are
assignable to the PS film. Hence, the thickness of this film is
less than 1.5 wm. In contrast, the SEM image of coatings
derived from the 95/5 ratio shows a continuous film covering
the Al (Fig. 6, bottom). The disclosure of arough underlying
Al surface expresses the formation of a thin transparent film.
As expected, the EDX spectrum of this film had a dominant
Al peak, and weak C, O, and Si signals which reveal the
formation of POS-grafted PS polymer films. Relating this

finding to the fact that the spreadability of PS solution over -

the Al was significantly improved by incorporating TSPI,

such a high magnitude of spreadability of TSPI-modified PS
solutions perhaps enabled the fabrication of a thin coating
film on Al. However, the thickness of the film was not deter-
mined in this study. In comparison with the 95/5 ratio film,
no distinctive features were seen in the SEM images (not
shown) of the 90/10 and 85/15 ratio films. The EDX spectra
of these films demonstrated that a very thin film was formed
from 90/10 and 85/15 ratio solutions because of the indica-
tion of a further intense Al signal.

One of the important factors indispensable for good pro-
tective coating systems is the hydrophobic characteristic that
the assembled coating film surfaces are not susceptible to
moisture. To obtain information on this characteristic, we
measured the contact angle of a water droplet on the 200 °C
treated 100/0, 95/5, 90/10, and 85/ 15 ratio film surfaces. If
the contact angle was low, we concluded that the film is
susceptible to moisture. A high degree of susceptibility may
allow hydrolytic decomposition of the film and the penetra-
tion of water through the coating layers. A plot of the contact
angle against the [PS]/[TSPI] ratio showed (Fig. 7) thata
decrease in this ratio enhanced the contact angle, correspond-
ing to a low degree of wettability of the film surface. The
highest value of contact angle in this test series was obtained
from the 90/ 10 and 85/15 ratio coatings, reflecting their low
susceptibility to moisture.

All these data were correlated directly with the results from
electrochemical impedance spectroscopy (EIS) for the 100/
0,95/5,90/10, and 85/15 ratio coated Al specimens at 200
°C. An uncoated Al substrate was also used as reference
sample. Fig. 8 compares the Bode-plot features ( the absolute
value of impedance Z () cm?® vs. frequency Hz) of these
specimens before exposure. Particular attention in the overall
impedance curve was given to the impedance value of the
element Z, which can be determined from the plateau in the
Bode plot occurring at sufficiently low frequencies [22]. The
impedance of the uncoated Al substrate was approximately
3.0X 10° Q cm? at a frequency of 0.0 Hz. Once the Al surface
was coated with the unmodified and TSPI-modified PS films,
the impedance in terms of the pore resistance R, of the
coatings increased by one or two orders of magnitude over
that of the substrate. The Ry, values reflect the magnitude of
ionic conductivity generated by the electrolyte passing
through the coating layers; a high value of R, corresponds '
to a low degree of penetration of electrolyte into the coating
film [23]. The data demonstrated that the changes in mag-
nitude of the conductivity depend on the [PS]/[TSPI] ratio.
The data also showed that the curve for the 90/10 ratio
derived coating closely resembled that of the 85/15 ratio
coating, suggesting that the ability of the 90/10 ratio coating
to prevent the penetration of electrolyte is almost the same as
that of the 85/15 ratio coating. From comparison of the R,
values at 5X 1072 Hz, we found the effectiveness of these
ratios in ensuring a low degree of penetration of electrolyte
to be in the following order: 85/15=90/10>95/5>100/0.
Thus, the 85/15 and 90/10 ratio-derived coating films dis-
played good protection of Al against corrosion.
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Fig. 6. SEM images coupled with EDX spectra for 200 °C treated film surfaces with 100/0 (top) and 95/15 (bottom) ratios.

To support the EIS data, we carried out salt-spray resis-
tance tests for all the coated specimens. Traces of rust stains
were generally looked for in evaluating the results from tested
specimens. Table 3 shows the results reported as the total
exposure time to the generation of rust stains on the Al sur-
face. The surfaces of the 100/0, 99/1 and 97/3 ratio coatings
were corroded after exposure to the salt fog for only 24 h. By
comparison with these coatings, better protective perform-
ance of 48 h was obtained from the 95/5 ratio-coated speci-
mens. In contrast, the deposition of the 90/10 and 85/15 ratio
coatings onto Al contributed remarkably to protecting it from
salt-induced corrosion for 288 h. This finding was similar to
the results of EIS; the most effective thin coating films for
protecting Al alloys against corrosion can be prepared using
solutions with the 90/10 and 85/15 ratios.

4. Conclusion

To apply polyorganosiloxane (POS) polymers grafted
onto polysaccharide as thin coating films which afford ade-
quate protection of aluminum (Al) alloys against corrosion,
precursor hydrolysate solutions with a pH of 8.5-8.9 were
prepared by incorporating monomeric N-[-3-(triethoxysi-
ly) propy!]-4,5.-dihydroimisazole (TSPI) as the source of
graft-forming POS into a 1.0 wt.% potato starch (PS)
aqueous solution (as the source of polysaccharide). The
monomeric TSPI solutions considered consisted of 9.5 wt.%
TSPI, 3.8 wt.% CH,0H, 1.0 wt.% HCI, and 85.7 wt.% water.
In this system, TSPI played an important role in preventing
the settlement and growth of micro-organisms in PS aqueous
solution. One of the important properties of this precursor
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Fig. 7. Contact angle of a water droplet on 200 °C treated coating films with
various different [PS]/[TSPI] ratios.

solution was that the surface tension of PS hydrolysate can
be reduced by adding the TSPI hydrolysate, thereby-assuring
excellent wetting behavior on Al surfaces. The high magni-
tude of this wettability was responsible for the fabrication of
a thin solid film over the Al surface. When the precursor
solution-solid phase conversion occurred at 200 °C in air,
grafting of TSPI-derived POS polymer onto the PS was pro-
duced by dehydrating condensation reactions between the
silanol groups in the hydrolysate of TSPI, and the OH groups
of glycol and CH,OH in the glucose units. Such reactions of

silanol with one OH of the glycol groups also led to the -

cleavage of glycol C-C bonds, causing the opening of gly-
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Table 3
Salt-spray resistance tests for TSPI-modified PS coatings

[PS]/[TSPI} Salt-spray resistance (h)
100/0 24
99/1 24
97/3 24
95/5 48
90/10 288
85/15 288

cosidic rings. Thus, an increase in the number of POS grafts
shifted the melting point of PS to a lower temperature, thereby
forming the molecular configuration of PS chains with few
hydrogen bonds between PS and water. Although the onset
of major thermal decomposition of POS-grafted PS polymers
occurred near 280 °C, the loss in weight of POS-PS copoly- -
mers occurring between 280 and 700 °C depended mainly on
the number of POS grafts; a high degree of grafting corre-
sponded to a low rate of weight reduction. However, the
addition of an excessive amount of TSPI to PS caused the
phase segregation of non-grafted POS polymers from the
copolymer phases. Nevertheless, the most effective amor-
phous coating films for preventing the corrosion of Al were
derived from precursor solutions with [PS]/[TSPI] ratios
0f 90/10 and 85/15. These coating films deposited onto the -
Al surface displayed a low susceptibility to moisture,
improved impedance (in ) cm?) by two orders of magnitude
over that of the substrate, and conferred salt-spray resistance
for 288 h.
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Oxidized potato-starch films as primer coatings of
aluminium

T. SUGAMA
Energy Efficiency and Conservation Division, Department of Applied Science,
Brookhaven National Laboratory, Upton, NY 11973, USA

Potato-starch (PS) films for use as primer coatings of aluminium substrates were prepared in
two steps, chemical-thermal-catalysed oxidation routes. The PS was modified with cerium
(IV) ammonium nitrate (CAN) as a chemical oxidizer, followed by thermal oxidation at 150 °C
in the presence of atmospheric oxygen; this led to the formation of a functional carbonyl
derivative caused by cleavage of the glycol C-C bonds in glycosidic rings, thereby resulting
in the ring openings. Increasing oxidation by raising the temperature to 200 and 250°C
promoted the conversion of carbonyl into carboxylate derivatives, while facilitating the
breakage of C-O-C linkages in the open rings. The latter phenomenon reflected the
formation of another carboxylate. The intermediate carboxylate derivatives favourably
reacted with Ce** ions released from CAN to form cerium-bridged carboxylate complexes.
Cerium-complexed carboxylate films used as primer coatings not only afforded some
protection of aluminium substrates against corrosion, but also displayed excellent adhesion
to both the polyurethane (PU) top-coating and aluminium sites. The latter demonstrated that
the loss of adhesion at PU/primer/aluminium joints occurs in the PU layers, representlng the

mode of cohesive failure.

1. Introduction

Current and pending environmental, health and occu-
pational safety regulations impose serious constraints
on industries producing corrosion-protective coat-
ings. One such example is the requirement that all
paints containing >250gl1~! volatile organic com-
pound (VOC) emissions are removed from the market.
In addition, chromium and lead compounds are envir-
onmentally hazardous, and there is growing pressure
to eliminate their use in corrosion barriers for metals
and as fillers and pigments in paints [1]. Particular
attention is being paid to the large amount of hexa-
valent chromium as hazardous waste generated from
chromium-conversion coating technologies which are
commonly used as corrosion protection of anodized
aluminium alloys. As a result, effective, environ-
mentally benign material systems are needed as cor-
rosion-protective coatings on metals.

In an attempt to mitigate such environmental im-
pacts, our emphasis has focused on the usefulness of
environmentally benign natural polymers, such as
pectin and starch, as water-based coating systems to
protect de-anodized aluminium from corrosion. Re-
garding the natural polymers, worldwide, a 1985 sur-
vey on the consumption of starch as a natural polymer
indicated a total usage of ~1700x10° tony~' [2].
By the year 2000, its products are estimated to reach
about 2000 x 10® tons. Because the source of starch
comes from the seeds and roots of plants as renewable
agricultural resources, it is abundant, comparatively
inexpensive, and relatively stable in quality and price.

0022-2461 © 1997 Chapman & Hall

Thus, using starch as an extender and replacement for
synthetic polymers might reduce our dependence on
petrochemical-derived products. However, the direct
use of natural polymers as protective coatings without
any molecular modifications has three undesirable
problems: (1) the settlement and: growth of micro-
organisms in its aqueous solutions, (2) the high suscep-
tibility of films to moisture, and (3) the poor chemical
affinity of natural polymers for aluminium surfaces.

We succeeded in overcoming these drawbacks by
grafting polyorganosiloxane (POS) polymers on to the
natural polymer chains [3]. Such graftings were at-
tained through heat-catalysed dehydrating polycon-
densation reactions between the OH or COOH
groups in natural polymers and the silanol end groups
in POS.

On the other hand, as already reported by several
investigators [4-6], the graft copolymerization of vi-
nyl monomers, such as acrylonitrile and methyl meth-
acrylate, on to starch. can be initiated by cerium (IV)
and manganese (III) salts as oxidizing agents. Specifi-
cally, these agents not only incorporated oxygen-
based functional derivatives, such as aldehydic, ke-
tonic, and carboxyl groups, into the starch, but also
contributed to converting these functional derivatives
in the oxidized starch into enolic groups. Finally, the
reaction between enols and Ce*™ or Mn3" led to the
generation of free radicals caused by the opening of
glycosidic rings in the starch, thereby propagating the
rate of radical polymerization in assembling the graft-
ing conformation of vinyl polymers on to the starch.

3995




From this information. our particular interest was to
investigate the role of the oxygen-based functional
derivatives formed in the oxidized starch polymers
without any grafted conformation. in applications as
primer coatings of aluminium substrates. The com-
bined techniques of chemical and thermal oxidations
were employved to promote the rate of oxidation of
starch polymers: namely. in the former process Ce (IV)
salt was used as the chemical oxidizing agent. while
the latter was accomplished by heating them in
the presence of atmospheric oxygen at elevated
temperatures.

Attention was paid to the characteristics of the
oxidized starch coatings in protecting aluminium from
corrosion and in adhering to the polyurethane top-
coatings. To obtain this information. our studies in-
cluded the changes in molecular conformation of
starch polymers as a function of oxidation. the rate of
electrolyte penetration passing through the coating
film for evaluating its ability to prevent corrosion of
aluminium. its salt-spray resistance. and the chemistry
at interfaces between the oxidized starch primer and
the polyurethane or aluminium to understand its ad-
herence behaviour.

2. Experimental procedure

2.1. Materials

The starch used was potato starch (PS) from ICN
Biomedical. Inc. Cerium (IV) ammonium nitrate
[(Ce(NH,),{NO;),] (CAN), supplied from Alfa. was
used as the oxidizing agent. Chemical oxidation of
a 1.0 wt % PS colloidal solution dissolved in deionized
water at 80 “C was achieved by adding CAN at 0.03%,
0.07%, 0.15% and 0.30% by weight of the total PS
solution. The lightweight metal substrate was a 6061-
T6 aluminium sheet containing the following chemical
constituents: 96.3 wt % Al 0.6 wt % Si. 0.7 wt % Fe.
0.3 wt % Cu, 0.2 wt % Mn, 1.0 wt % Mg, 0.2 wt % Cr,
0.3 wt % Zn, 0.2 wt % Ti, and 0.2 wt % other elements.
Commercial-grade polyurethane (PU) M313 resin.
supplied by the Lord Corporation, was applied as an
elastomeric top-coating. The PU was polymerized by
incorporating a 50% aromatic amine curing agent,
M201. The topcoat system was then cured in an oven
at 80°C.

2.2. Coating technology

The aluminium surfaces were coated by CAN-modi-
fied and unmodified PS films in the following
sequence. As a first step to remove surface con-
taminants, the aluminium substrates were immersed
for 20 min at 80°C in an alkaline solution consisting
of 0.4 wt % NaOH. 2.8 wt % tetrasodium pyrophos-
phate, 2.8 wt % sodium bicarbonate. and 94.0 wt %
water. The alkali-cleaned aluminium surfaces were
washed with deionized water at 25°C for 5 min. and
dried for 15 min at 100 “C. Then, the substrates were
dipped into a soaking bath of solution at room tem-
perature, and withdrawn slowly. The wetted substra-
tes were then heated in an oven for 120 min at 150, 200
and 250 °C. to yield thin solid films. Also, this heating
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process promoted the rate of thermal oxidation of the
films.

2.3. Measurements

To understand the changes in molecular structure of
CAN-modified and unmodified PS as a function of
temperature. discs for Fourier transform-infrared
(FT-IR) analysis were prepared by mixing 200 mg
KBr and 2-3 mg powdered PS sample that had been
granulated to a size of < 0.074 mm. An X-ray photo-
electron spectroscopy (XPS) study on the surfaces of
these PS films was carried out to support the FT-IR
data. XPS was also used to identify the locus of failure
at the PU/PS‘Al joints. The thickness of films depos-
ited to the aluminium was determined by a surface-
profile measuring system.

A.C. electrochemical impedance spectroscopy (EIS)
was used to evaluate the ability of the coating films to
protect aluminium from corrosion. The specimens
were mounted in a holder. and then inserted into an
electrochemical cell. Computer programs were pre-
pared to calculate theoretical impedance spectra and
to analyse the experimental data. Specimens with
a surface area of 13 cm? were exposed to an acrated
0.5 N NaCl electrolyte at 25 C. and single-sine tech-
nology with an input a.c. voltage of 10 mV (r.m.s.) was
used over a frequency range of 10 kHz to 1072 Hz. To
estimate the protective performance of coatings. the
pore resistance. R,,. was determined from the plateau
in Bode-plot scans (impedance (Qcm?) versus fre-
quency (Hz)) that occurred at low-frequency regions.
The salt-spray tests of unmodified and modified PS-
coated aluminium panels (75 mm x 75 mm, size) were
performed in accordance with ASTM B 117, using
a 5% NaCl solution at 35 °C.

3. Results and discussion

3.1. Oxidation of PS

Fig. 1 shows the FT-IR absorption spectra of the
unmodified and 0.07. 0.15, and 0.3 wt % CAN-modi-
fied PS samples at 150 “C. over the frequency range of
4000-1000 cm™~!. For unmodified PS polymers, de-
noted as 0%. a typical spectrum enclosed absorption
bands at 3420 cm™ !, revealing the O-H stretching
vibration of OH groups in the glucose units, at
2930 cm™!, and 1460 and 1370 cm ™! which can be
ascribed to the C-H stretching and bending modes of
the methylene. respectively, at 1640 cm ™!, originating
from the bending vibration of H-O-H in the absorbed
H,O. and also at 1150, 1090, and 1020 cm ™", reflect-
ing the stretching mode of C-O-C linkages in the
glucosidic rings. Similar spectral features were seen
with the 0.07 wt % CAN-oxidized PS samples. In-
creasing the concentration of CAN to 0.15 and 0.3
wt % resuited in the appearance of a new absorption
band at 1720cm™!, corresponding to the C=0
groups, while the C-H bending mode at 1370cm ™!
somewhat shifted in frequency to a low wave number
site at 1320cm™'. This information implied that
a high rate of oxidation of PS polymers, induced
by adding a certain amount of CAN, favourably
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Figure 1 FT-IR absorption spectra of 0. 0.07. 0.15. and 0.3 wt %
CAN-modified PS at 150 -C.

introduces the C=0 groups into its molecular struc-
ture. Doba er al. [S5] have reported that the C=0O
groups were formed by oxidation-caused cleavage of
glycol C-C bond in the glycosidic rings. The sub-
sequent opening of the rings caused by such cleavage
not only led to the formation of C=0 groups, but also
‘generated free-radicals which promoted the rate of
grafting of the vinyl monomer on to the PS. Fig.
2 depicts the FT-IR spectra of these samples treated at
200°C. As is seen, although the CAN was unmodified,
the spectrum of the bulk PS polymers was representa-
tive of the growth of C=0 band at 1720 cm™~". This
finding clearly demonstrated that the incorporation of
additional oxygens into the PS by thermal oxidation
at 200 °C also provides the formation of C=0O groups,
corresponding to the opening of the rings by cleavag-
ing the glycol C-C bond. As expected, PS modified
with 0.07 wt % CAN revealed a further growth of the
C=0 band.

Next, attention centred on the spectral features of
the 0.15 and 0.30 wt % CAN-modified PS samples
which were quite different from those of the 0 and
0.07 wt % CAN samples: in particular, there was (1)
a striking reduction in the intensity of the methylene-
related bands at 2930, 1420 and 1370 cm ™!, and also
of the C—O-C linkage-associated bands in the range
1120-1000 cm ~*, and (2) the emergence of strong new
bands near 1600 and 1400 cm ™! frequencies, while the
peak intensity of the C=0O band became weaker. Re-
garding result 2, these new bands might be attribu-
table to the formation of carboxylate groups in which
the absorptions at 1600 and 1400 cm ™! are due to the
asymmetric and symmetric stretching of COO™, re-
spectively [7]. If such assignments are correct, we
assumed that the incorporation of more oxygens into
the PS by the combination of chemical and thermal
oxidations not only transforms the C=O into car-
boxylate groups, but also causes oxidation-induced
breakage of C-O-C linkages, reflecting result 1,

200 °C 0%
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Figure 2 Comparison between IR spectral features of 0. 0.07. 0.15
and 0.3 wt % CAN-modified PS at 200 C.
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Figure 3 Changes in spectral features of 0, 0.07, 0.15 and 0.3 wt %
CAN-modified PS at 250 °C. .

thereby resulting in the decomposition of ring struc-
tures, and correspondingly, the removal of methylene
groups from the PS. This breakage may also create
C=0 and carboxylate derivatives. A further increase
in temperature to 250 °C enhanced the extent of the
conversion of C=0 into carboxylate. As shown in
Fig. 3, although there was no modification with CAN,
its spectrum had carboxylate bands at 1600 and
1390cm™!. With CAN-modified PS samples, the
comparison between the spectral features clearly veri-
fied that the extent of peak intensity of the C=0 band
at 1720cm™! tends to reduce with an enhanced
intensity of the carboxylate band in the range
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1600- 1550 cm ™', Hence. the extent of C=0 1o car-
boxylate conversion seems to depend on the rate of
oxidation of PS. Furthermore. a highly oxidized PS
led to the decomposition of the ring structure because
of the disappearance of the C-O-C linkage-associated
bands ranging from 1150 to 1020 cm ™!, and reducing
considerably the OH group-related band at
3420 em™'. As a result. it is possible to assume that the
breakage of C-O-C linkages caused by incorporating
an abundance of oxygen may serve in forming addi-
tional carboxylate derivatives,

This information was supported by identifving the
chemical states of unmodified and 0.3 wt % CAN-
modified PS film surfaces after exposing them for 2 h
in air at 150 and 250 C. by XPS. In XPS core-level
spectra. the scale of the binding energy (BE) was calib-
rated with the Cls of the principal hydrocarbon-type
carbon peak fixed at 285.0 eV as an internal reference
standard. A curve deconvolution technique. using
a Du Pont curve resolver. was employed to substanti-
ate the information on the carbon-refated chemical
states from the spectrum of the carbon atom. For the
unmodified PS samples (Fig. 4). the Cls spectrum at
150 C had two resolvable Gaussian components al

] 1 1

280 285 290
({b) Binding energy (eV)

Figure 4 Cls core-level spectra for (a) 150 and (b} 250 C oxidized
bulk PS samples. 1, 285eV; 2, 286.5eV; 3, 288.3 eV, 4, 289.6eV.
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the BE positions of 285.0 and 286.5 ¢V. denoted as
peak arcas 1 and 2. The major peak at 285.0¢V is
associated with the carbon in CH, and CH groups as
the principal component. The secondary intensive
pcak at 286.5¢V originates from the carbon in
—CH,O- (e.g. alcohol and ether). Noticeable changes
in the shape of the Cls region were observed in the
250 C treated samples. The spectrum was character-
ized by the excitation of two new signals at 288.3 and
289.6 eV. corresponding to peak arcas 3 and 4. respec-
tively. and also by a striking attenuation of the area
2 signal. The possible assignments of signals at 288.3
and 289.6¢eV are duc to the carbon in C=0 and
COO" groups. respectively [8]. Assuming that the
assignments of these peaks are correct. this informa-
tion strongly supported the data obtained from the
FT-IR studies: namely. the susceptibility of PS to
oxidation at 250 C led to the development of C=0
and COO ™ groups. while the elimination of the alco-
hol and ether groups from the rings was reflected in
a striking decay of the pcak arca at 286.5¢V. In
other words. both the alcohol and cther groups may
be converted into C=0 and carboxylate derivatives
by oxidation. In contrast. a quite different overall
curve structure was seen from modified PS film surfa-
ces at 150 and 250 C (Fig. 5). At 150 C. the curve

1.285.0 eV
2.286.5 eV
3.288.3 eV
4.289.6 eV
5.287.3 eV

(a)

1 | 1
280 285 290
(b) Binding energy {(eV)

Figure 5 Cls region for 0.3 wt % CAN-modified PS samples at
(a) 150 and (b) 250 °C. For key, see Fig. 4.



included the C=0 related peak (area 3) at 288.3 ¢V.
suggesting that even though the temperature of heat
treatment was relatively low. adding CAN progress-
ively promotes the rate of oxidation of PS to introduce
C=0 derivatives into the ring structure. A further
promotion in oxidation by heating the samples to
250°C resulted in an interesting spectral feature:
namely, two new signals at 289.6 and 287.3eV.
belonging to areas 4 and 5. The former signal is
assignable to the carbon in carboxylate groups.
According to the literature [9]. the contributor to
the latter signal, which is located in BE positions
between ~CH,0- and C=0 groups, may be due to
the carbon in the metal-complexed carboxylate com-
pounds. In this PS system, the only source of metal
species comes from the CAN; it is cerium. Thus, the
possible formulas of cerium complexed carboxylate
are as follows

O’\ /o>\ o_\ ’OH
4 rd -~ v N, //
AN - AN AN -
-C_ Ce’! /C— or —C_ el
\ ’ ‘\\ -/ \ ) ya ‘\\
(04 07 o~

One formula is that in which Ce** ions released from
CAN in an aqueous medium favourably complex
with the carboxylate anions (COO™) to form
Ce** salt-bridge structures which link two adjacent
carboxylates; the other formula represents a half-salt
conformation containing two OH groups. Accord-
ingly, such cerium-complexed carboxylates might
be produced through the following oxidation path-
ways: first, the C=O derivatives are developed
by preferential oxidation of glycol groups in the
glycosidic rings by Ce** ions in the presence of
atmospheric oxygen at low temperature; while the
cleavage of the glycol C-C bond occurs followed
by opening the ring. Second, enhancing the rate
of oxidation by increasing the temperature not
only leads to the conversion of C=0 into carboxylate
derivatives, but also causes the breakage of the
C-O-C linkages in the ring. The latter phenomenon
further promotes the formation of carboxylate be-
cause of the oxidation of alcohol and ether groups
present in ring, thereby resulting in the decomposition
of PS structure. Finally, the carboxylate anions
(COO") favourably react with Ce** to form Ce**
salt-bridge conformations which play an essential role
in binding the COO~ ions.

The XPS study was extended to inspect the Ce3d;,,
region of the 0.3 wt % CAN-modified PS film surfaces
at 150 and 300°C (Fig. 6). At 150°C, the spectrum
included two signals at 884.6 and 882.4 eV; the pos-
sible assignment of the latter signal is the cerium in the
CeO, [10]. Although no information was found in the
literature on surface sciences, the former signal may be
due to the cerium in the cerium-complexed car-
boxylate compounds. Increasing the oxidizing tem-
perature to 300 °C corresponded to a marked growth
of the overall curve, suggesting that a large amount of
the oxidized and complexed compounds was formed
on the film’s surfaces.

I
884.6 eV
I

|
882.4 eV
|

150 °C

| I | ]
890 886 882 878
Binding energy (eV)

Figure 6 Ce3ds ; region for 0.3 wt % CAN-modifted PS samples at
150 and 300°C.

3.2. Corrosion protection

The research subject focused on investigating the abil-
ity of the oxidized PS coating films deposited on the
aluminium substrate surfaces to protect them from
corrosion. As described in Section 2, the coating films
were prepared by dipping alkali-cleaned aluminium
substrates into unmodified, and 0.07, 0.15, and
0.3 wt % CAN-modified PS solutions, followed by
heating for 120 min in an air oven at 150, 200, and
250°C. The thickness of films deposited on the alumi-
nium ranged from = 1.0to =2.5 um. Two corrosion-
related tests, a.c. electrochemical impedance spectro-
scopy (EIS) and salt-spray resistance, were carried out
to evaluate the effectiveness of coating films in reduc-
ing the rate of corrosion of aluminium.

In EIS examination, our attention focused on the
impedance value of the element, | Z |, in the Bode-plot
features (the absolute value of impedance, | Z|, Q cm?,
versus frequency, Hz); this value can be determined
from the plateau in the Bode plot occurring at a fre-
quency of 107! Hz for modified PS coatings, and at
10° Hz for unmodified PS and uncoated aluminium
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Figure 7 Changes in impedance. [ Z|. values for CAN-modified and
unmodified PS coatings as a function of thermal-oxidation temper-
ature. (0J) Aluminium substrate. modified with (2) 0%, (@) 0.07%,.
() 0.15% and (O) 0.30% CAN.

specimens. Fig. 7 shows the changes in |Z]| value as
a function of thermal-oxidation temperature of the
film. The impedance of the uncoated aluminium sub-
strates treated at these temperatures ranged from

© x4.5%x10° to x54x10* Qem?. When the alumi-

nium surfaces were coated with unmodified and CAN-
modified PS films. the data demonstrated that the
value of | Z| depended mainly on two parameters, the
concentration of CAN and the temperature: i.e. the
increases in the concentration of CAN and treatment
temperature reflected an increasing |Z| value. Al-
though the |Z| value for the unmodified PS films
gradually rises with an increase in temperature, the
highest value at 250 °C was only 1.3 x 10* Qcm?. In

contrast, all the CAN-modified coatings displayed an

impedance of >10°%Qcm?, especially the 250°C
treated 0.15 and 0.3 wt % CAN coatings which have
an impedance near 1 x 10® Qcm?, corresponding to an
improvement of approximately two orders of magni-
tude over that of the unmodified PS. Because the | Z |
values reflect the extent of ionic conductivity gener-
ated by the electrolyte passing through the coating
layers, a high value of |{Z| appears to imply a low
degree of penetration of electrolyte into the coating
films. Hence, from a comparison of |Z]| values. the
most effective PS coatings for reducing the rate of
penetration of NaCl electrolyte can be prepared by
adding 0.15 and 0.3 wt % CAN oxidizing agents at
250°C, thereby resulting in some degree of protection
of aluminium against corrosion.

The information on the EIS was supported by salt-
spray resistance tests for all the coated aluminium
panels. A trace of rust stain was generally looked for in
evaluating the results for salt-sprayed specimens. As
shown in Table 1, the results were reported as the total
exposure time at the date of the generation of the rust
stain from the aluminium surfaces. All the unmodified

4000

TABLE 1 Salt-spray resistance of aluminium substrates coated

with CAN-madificd and unmoditied PS at 150, 200 and 250 ¢
CAN Treatment Salt-spray
wta) temperature resistanee
of iimt C) (h)

0 130 - < 24

0 200 <M

0 250 <24
0.07 150 <24
0.07 200 30
0.07 250 BN
0.15 150 20
0.15 200 48
0.15 250 168
0.30 150 30
0.30 200 48
0.30 250 168

PS coatings at 150. 200 and 250 C failed in an expo-
sure period of only 24 h. Although the surface of the
0.07 wt % CAN-modified PS coating at 150 C was
corroded after exposure to the salt fog within 24 h, the
increase in treatment temperature of this coating ex-
tended the protection to 30 and 48h at 200 and
250 C. respectively. By comparison with the
0.07wt% CAN coatings. an increased amount of
CAN at high temperaturc afforded good protection.
In fact. the coatings modified with 0.15 and 0.3 wt %
CANSs at 250 C had a salt-spray resistance for 168 h.

Relating this finding to the molecular structure of
coatings. It is very interesting to note that the extent of
corrosion protection afforded by the PS coating de-
pends primarily on the complexity of the Ce** salt-
bridge carboxylate conformations formed by the oxi-
dation of CAN-modified PS: coating films containing
a large number of cerium-complexed carboxylate dis-
played a better protection of aluminium from the
corrosion. than those of a poor complexity and an
uncomplexed carboxylate.

3.3. Adhesion

Assuming that these thin complex films in the range of
approximately 1.0-2.5 um are used as primer coatings
of aluminium, our attention then focused on their
adherence to polymeric top-coatings. In this study,
only polyurethane (PU) polymer was applied as elas-
tomeric top-coating material. To gain information on
the adherent behaviour of primers. the samples were
prepared in the following manner. The surfaces of the
alkali-cleaned aluminium substrates were treated with
0.3 wt % CAN-modified and unmodified PS primers,
and then heated for 2 h at 150, 200 and 250°C. PU,
x 2 mm thick. was coated over the primed aluminium
surfaces. and then cured in an oven at 80 'C. As
described in our previous paper [11]. the identifica-
tion of the failure locus occurring at the interfaces of
PU topcoat/PS primer/Al substrate joint systems pro-
vides information on evaluating the interfacial adhes-
ive performance; namely, the most ideal failure mode
is a cohesive one in which the loss of adhesion occurs
in the PU layers. thereby developing a great bond
strength at interfaces between the primer and PU or




TABLE I1 Atomic composition tat %) of interfacial aluminium
sites removed from PU coatings in PU top-coat PS Primer Al
substrate joint systems

CAN Temperature Al C N O
(wt%n) (G

0 150 7.64 4921 0.00 4313
0 200 0.00 7277 208 2515
0 250 0.00 7513 213 2273
0.3 150 0.00 7255 295 24.50
0.3 200 0.00 7377 349 2274
0.3 250 . 0.00 7370 3351 2279
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| I ]

289 285 281
Binding energy (eV)

Figure 8 Cls region for interfacial aluminium surfaces removed
from PU top-coatings in PU/150. 200, and 250 “C oxidized bulk PS
primer/Al joint systems.

aluminium. Thus. the PU coatings adhering to the
primer were physically separated from the primed
aluminium surfaces. After removing PU. the inter-
facial aluminium surface sites were examined to ident-
ify the locus of bond failure. These data were obtained
from a comparison between the XPS peak areas.
which were converted into the atomic concentrations
by means of the differential cross-sections for core-
level excitation of the respective elements. The inter-
nally generated Al2p. Cls. Nls and Ols peak areas
were used to obtain the atomic per cents. The Cls
region also was investigated to substantiate further
the mode of failure.

The changes in the XPS atomic composition and
the spectral features of the Cls region as function of
oxidizing temperature of primers are given in Table I1.
and in Figs 8 and 9. For the unmodified PS primers
denoted as 0 wt % CAN (Table I1). the atomic com-
position of the interfacial aluminium site witha 150 C
treated primer was characterized by having 7.64%
aluminium. a large amount of carbon and oxygen. and
0% nitrogen. The sources of aluminium and oxygen
elements come from the aluminium oxide layers exist-
ing at the outermost surface site of the underlving
aluminium substrates [11]. In connection with the
presence of carbon. the oxygen can also be associated
with the PS primer. The PU has two nitrogen-related
groups. isocyanate (-NCO) and urethane (-NHCO,).
Thus. the lack of a nitrogen signal seems to suggest
that the amount of PU remaining on the primed
aluminium after removing PU is very small. if any. In
other words. most PU layers were isolated from the
primed aluminium surfaces during the failure. Using
the 200 -C treated primers, the differences in elemental
distribution, compared with that of the 150 "C treated
one, were as follows: (1) the presence of a certain
amount of nitrogen, (2) a marked increase in the
amount of carbon, (3) no aluminium signal, and (4)
a pronounced reduction of the oxygen atom. From
finding (3), it is conceivable that failure occurs through
the coating layers away from the underlying alumi-
nium. This information verified that the primer
treated at 200 °C had some chemical affinity with the
aluminium surfaces. Such an affinity probably devel-
ops a good adhesive force at interfaces between the
primer and aluminium. This interfacial bond strength
might be greater than those of primer and PU layers.
However, there is no evidence whether the disband-
ment takes place in the primer, PU, or their mixed
layers.

Nevertheless, it is apparent that the oxidation of PS
in- the presence of atmospheric oxygen at 200°C
causes the formation of C=0 derivatives. Thus, a pos-

sible interpretation for the good bonding behaviour of

PS to the aluminium may be due to a high reactivity of
the C=0 derivative as a functional group with the
Al,O; as the top-surface layers of aluminium. At
250°C, the atomic composition closely resembled that
of the aluminium interface at 200 °C.

To support this information, we assessed the chem-
ical states at the BE positions of photoelectron signals
which emerged in the Cls region. As seen in Fig. 8, the
Cls curve of the 150°C primed aluminium interfaces
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Figure ¥ Cls spectra for interfacial aluminium surfaces separated
from PU top-coatings in PU/thermally oxidized 0.3 wt % CAN
primer/Al joint systems.

separated from the PU showed the excitations of two
distinctive peaks at 286.1 and 285.0eV. The latter
shoulder peak, as a minor component. is assignable to
the carbon in the -CH,- compounds. When the con-
tributors to the major carbon peak at 286.1 eV were
considered, it is possible that they encompassed the
four carbon-related groups, the alcohol and ether car-
bons in the primer, and the diphenylic carbons joined
to oxygen and nitrogen, such as = C-O- and
= C-N= in the PU. However, as mentioned in the
atomic composition study (Table II), there are no
nitrogen atoms originating from the PU. Thus, the
carbon peak at 286.1 eV is more likely to be associated
with that in the primer, rather than in the PU. Assum-
ing that this interpretation is reasonable, the loss of
adhesion is not only due to the cohesive failure
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through the primer layers adjacent to the underlying
aluminium. but also occurs at the interfaces between
primer to the aluminium. as adhesive failure. Such
a failure mode. which can be described as a mixed
mode of cohesive and adhesive ones. suggested that
the extent of the adherence of primer to the aluminium
1s poor. thereby creating a weak primer metal bound-
ary laver. In other words. the magnitude of the inter-
facial bonding between the primer and aluminium is
lower than that for the PU-to-primer interfacial bond.
By comparison with that at 150 C. the curve from the
aluminium interface at 200 C exhibited a doublet
feature in which the peak intensity at 286.1eV is
almost the same as that at 285.0 eV. while the area in
the overall curve had grown significantly. Relating this
finding to the fact that the interfacial aluminium surfa-
ces have some nitrogen atoms (Table 11, it was infer-
red that the failure may propagate through the
PU primer mixed layers. These data- substantially
supported the finding that the functional C=0 deriva-
tive formed by the oxidation of PS at 200 C enhances
its chemical affinity with the Al,O,. At 250 C. a speci-
fic feature of the Cls spectrum was that the peaks at
285.0 and 286.1 eV become the principal and shoulder
signals. respectively. Although the data are not
shown in any of the figures. the Cls region of PU
itself showed a spectral feature similar to that taken
from the aluminium interface at 250 C. Hence. the
cohesive failure through the PU layers can be pro-
posed as the disbandment mode in this coating sys-
tem. Such information engendered the interesting
concept that the 250 C treated primer promotes
the adherence to both the PU and aluminium sites.
Because a further oxidation of C=O derivative
at 250 C converts it into the COO~ derivative, it
is belicved that the intermediate primer layers, con-
sisting of a mixture of these functional derivatives.
perhaps act to link tightly between the PU and alumi-
nium substrate. Also, from this failure mode, the
interfacial bond strengths developed at interfaces be-
tween primer and aluminium or PU appear to be
much stronger than that of the PU itself. As a result,
primers containing a large number of oxidation-de-
rived C=0, and COO~ groups contribute signifi-
cantly to improving the interfacial bonding of both the
PU and aluminium sides. reflecting the formation of
the most effective intermediate layers as interfacial
tailoring.

Returning to Table II. when the 0.3 wt % CAN-
modified PS s were applied as primer coatings, the
surface chemical composition for all the aluminium
interfaces at 150. 200, and 250 “C had a similar elemen-
tal distribution; there was no aluminium, 72.55%-
73.70% C, 2.95%-3.51% N, and 24.50%-22.79% O.
As is evident from the absence of aluminium, disband-
ment is generated in the coating layers. In support of
this information, a comparison between the Cls spec-
tral features taken from these interfacial samples is
shown in Fig. 9. As expected, all the spectra showed
the PU-related curve feature, implying that the loss of
adhesion occurs in the PU layers as the mode of
cohesive failure. Relating this finding to the IR and
XPS data, the major chemical factor of the primer



contributing to a high adhesive performance was due
to the incorporation of functional C=0 and cerium-
complexed carboxylate derivatives into the PS by
CAN-catalysed oxidation. followed by thermal oxida-
tion in air at high temperature.

4. Conclusion

In the oxidation of potato-starch (PS) polymers. the
conversion of PS colloidal solutions containing
cerium (I'V) ammonium nitrate (CAN) as an oxidizing
agent into solid states by heating in the presence of
atmospheric oxygen at 150 C introduced functional
C=0 derivatives formed by the cleavage of glycol
C-C bonds in the glycosidic rings in terms of ring
openings. Progressive oxidation of CAN-modified PS
by thermal treatments at 200 and 300 C not only
resulted in the incorporation of oxygen into the C=0
derivatives. but also caused the breakage of C-O-C
linkages in the open rings. Such a highly oxidizing
process led to the generation of intermediate car-
boxylate (COO™) derivatives which finally trans-
formed into cerium-bridged carboxylate complexes
formed by reactions between the Ce*™ released from
CAN and the COO".

When such an oxidized PS film is applied as the
primer coating of aluminium substrates, the following
generalizations can be made about the specific charac-
teristics of this primer. (1) the ranking of oxidation-
induced functional derivatives in reducing the ionic
-conductivity generated by NaCl electrolyte passing
through the film layers, was in the order of
cerium-complexed  carboxylate  >carboxylate>
carbony!> unoxidized PS, suggesting that the com-
plexed cartoxylate films displayed a far better pro-
tection of aluminium against corrosion. than did
unoxidized PS films, and (2) in the adherence aspect of
intermediate primer layers to both polyurethane (PU)
top-coat and aluminium substrate sites, all the func-
tional derivatives contributed significantly to improv-
ing the adhesive bonding which links tightly between
the PU and aluminium, thereby resulting in the cohe-

sive failure in which the loss of adhesion occurs in the
PU layers.

Accordingly. the oxidation of environmentally be-
nign nature polymers is a very attractive process for
fabricating intermediate primer films which afford
some degree of protection of aluminium from cor-
rosion. and ensure the development of a strongly lin-
ked boundary layer.
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Polyacrylamide-Grafted Dextnne

Copolymer Coqtmgs

T. Sugama and T. Hanwood—Brookhaven National Laboratory*

INTRODUCTION

urrent and pending environmental, health, and

occupational safety regulations impose serious

constraints on industries producmg corrosion pro-
tective coatings. One such example is to reduce volatile
organic compound (VOC) in the coating.! In addition,
chromium and lead compounds are environmentally
hazardous, and there are pressures to eliminate their use
in corrosion barriers for metals. As a result, more effec-
tive and environmentally benign corrosion protecting
coating systems for steel and lightweight metals such as
aluminum, magnesium, and zinc are needed.

In studying the application of environmentally ac-
ceptable potato-starch (PS) as a water-based primer coat-
ing system to protect aluminum (Al) alloys from corro-
sion, we previously sought ways to modify it chemically
and investigated the characteristics of modified PS
films.>® The modifications were made by the following
two methods: (1) grafting polyorganosiloxane (POS) poly-
mers derived from synthetic water-soluble monomers
onto the PS; and (2) assembling a cerium (Ce)-complexed
PS structure synthesized by the two steps, chemical- and
thermal-catalyzed oxidation routes. Using the former
method, the graft was accomplished through heat-cata-
lyzed dehydrating condensation reactions between the
silanol end groups in the POS, and the OH groups of

glycol and CH,0H in the PS macromolecule known as.

polysaccharide, which are made up of several hundred
glucose units. A complex of Ce with the starch was
prepared by incorporating Ce ammonium nitrate (CAN),

as a chemical oxidizing agent, into the colloidal PS solu-

tion, followed by thermal oxidation in the presence of
atmospheric oxygen. This oxidation processing gener-
ated functional C=0 and COO" derivatives formed by
opening of glycosidic rings in the starch. The COO~
derivatives had a strong chemical affinity for the Ce*
released from CAN and formed a Ce-bridged carboxy-
late complex conformation in the oxidized starch. These
modifications successfully resolved the following five
undesirable problems that arose when starch was di-
rectly used as a protective primer without molecular

*Energy Efficiency and Conservation Division.. Dept. of Applied Science, Upton, NY

3.
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P olyacrylamzde (PAM)-gmﬂeddextnne(DE}O |
"~ copolymers were prepared by heating a film=form- =~
; .“mgprecursor solution conszstmg quAM com :

! ;_ dmte zmd 'water, at 150°

;or 200°C, these ,solu-:'}”
e tzons were applied as water-based przmer coatmg .
N systems to alumznum (Al) substmt&s | Gmftmga G

modification: (1) the settlement and growth of microor-
ganisms in its aqueous solution; (2) the high susceptibil-
ity of films to moisture; (3) the poor chemical affinity of
film for Al surfaces; (4) the weak adherence to polymeric
topcoatings; and (5) the biodegradation of films caused
by fungal growth. There was no doubt that such modifi-
cations significantly enhanced the potential of PS for use
in corrosion-protective primers.

However, one drawback in the film-forming perfor-
mance of PS-based materials was the difficulty in fabri-
cating uniform, continuous films on the Al surfaces in
the repeated coating processes. The major reason for this
was the low solubility of PS in water, which caused the
precipitation and segregation of insoluble colloidal PS
particles brought about by their coalescence and aggre-
gation.
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Tabie 1—Mix Formulation and pH Value of PAM-Modified and
UnModified DEX Solutions

Formuiation

DEX/PAM

Ratio DEX Solution PAM Granular pH
100/0 vvevivieiieirinin, 80g 0.00g 411
90/10 oo, 50g 005¢g 418
80/20 .o 80g 0.13g 4.28
70/30 i, 0g 021¢g 4.31
60/40 ....cocvvieraenn 80g 033g 4.50
(072 10,0 -_ 033¢g 551

As part of our ongoing research to aimed at develop-
ing a uniform, continuous hydrophobic natural polymer
film that provides an adequate protection of Al against
corrosion, we next investigated the dextrins [DEX,
(CH,jOs),] which are a water-soluble polysaccharide
derived from cornstarch by its dextrination processes
involving thermal acid hydrolysis, molecular rearrange-
ment, and repolymerization.? In the United States,’ the
main source of starch comes from corn for which its
demand is about 10 times higher than all the other sources
from topicoca, sago, wheat, potato, rice, et al. U.S. corn
impacts prices worldwide because the country produces
more than one-third of the world’s cormn and exports as
much as 30% of its production. This fact represents 80%
of exports from all countries of the world. Hence, it is
economically worthwhile to use the DEX as starch hy-
drolysates from corn because of its relatively low cost
and renewable agricultural resource.

The emphasis of our current study focused on assess-
ing the characteristics of a copolymer made from blend-
ing CAN-oxidized DEX with synthetic water-soluble
polyacrylamide for use as the primer coating film on Al
surfaces. The factors investigated included the changes
in thermal behavior, molecular configuration, suscepti-
bility to moisture, and chemistry at the interfaces be-
tween the copolymer and Al for the films made by vary-
ing the proportion of oxidized DEX to polyacrylamide
[(CH,CHCONH,),]. The data obtained were integrated
and correlated directly with the ability of these coating
films to inhibit corrosion of the Al.

EXPERIMENTAL METHODS

Materials

Dextrin (DEX) powder, supplied by INC Biomedical,
Inc., was a white-type DEX derived from the cornstarch.
Cerium (IV) nitrate hexahydrate [Ce(NO,);.6H,0], ob-
tained by Alfa, was used as the oxidizing agent. DEX
colloidal solution was prepared by agitating the mixture
of a1 g DEX and 99 g deionized water for 3 hr at 70°C,
and then allowing it to stand for 24 hr at room tempera-
ture. This was followed by the addition of CAN at 0.2%
by weight of the total DEX solution; the pH of this
solution was 4.11. As a synthetic water-soluble reactive
polymer, polyacrylamide (PAM) with M.W. 200,000 was
supplied by Scientific Polymer Products, Inc. A proper
amount of PAM granules was added to the DEX colloi-
dal solution, and then agitated by a magnetic stirrer

70 Journal 6f Coatings Technology

until they were completely dissolved in this solution at
room temperature. The mix formulations and the pH of
these PAM-modified and unmodified DEX solutions de-
signed in this study are given in Table 1. For purpose of
comparison, one reference solution consisting of 0.33 g
PAM and a 50 g deionized water was used as a DEX/
PAM ratio sample of 0/100; the pH was a 5.51. Although
adding a proper amount of CAN to PAM may improve
its ability to protect metal from corrosion, no CAN was
incorporated in a 0/100 ratio coating. The lightweight
metal substrate was a 6061-T6 aluminum (Al) sheet con-
taining the following chemical constituents: 96.3 wt%
Al 0.6 wt% Si; 0.7 wt% Fe; 0.3 wt% Cu; 0.2 wt% Mn; 1.0
wt% Mg; 0.2 wt% Cr; 0.3 wt% Zn; 0.2 wt% Ti; and 0.2
wt% other elements.

Coating Technology

The coating film deposition to the Al surfaces was
carried out in the following sequence: First, to remove
surface contaminants, the Al substrates were immersed
for 20 min at 80°C in an alkaline solution consisting of
0.4 wt% NaOH, 2.8 wt% tetrasodium pyrophosphate,
2.8 wt% sodium bicarbonate, and 94.0 wt% water. The
alkali-cleaned Al surfaces were washed with deionized
water at 25°C, and dried for 15 min at 100°C. Next, the
substrates were dipped into a soaking bath of DEX solu-
tion at room temperature, and withdrawn slowly. The
wetted substrates were then heated in an oven for 120
min at 150° or 200°C, to yield thin solid films.

Measurements

The thickness of the PAM-modified and unmodified
DEX films deposited on the Al surfaces was determined
using a surface profile measuring system. Differential
scanning calorimetry (DSC) gave information on the
endothermic and exothermic phase transitions of modi-
fied and unmodified DEX polymers. DSC was run using
the non-isothermal method at a constant rate of 10°C/
min over the temperature range of 25° to 370°C.
Thermogravimetric analysis (TGA) was used to assess
the thermal decomposition characteristics of these poly-
mers. The molecular configuration and conformation of
150°- and 200°C-treated polymers was investigated by
Fourier-transformation infrared (FTIR). The contact angle
was measured by dropping water onto the polymer film
surfaces to determine the extent of susceptibility of their .
surfaces to moisture. The values of contact angle were
measured within the first 20 sec after dropping it onto
the surfaces. X-ray photoelectron spectroscopy (XPS) was
employed to explore the chemistry at the interfaces be-
tween the polymer film and Al substrate. AC electro-
chemical impedance spectroscopy (EIS) was used to
evaluate the ability of the coating films to protect the Al
from corrosion. The specimens were mounted in a holder,
and then inserted into an electrochemical cell. Computer
programs were prepared to calculate theoretical imped-
ance spectra and to analyze the experimental data. Speci-
mens with a surface area of 13 cm? were exposed to an
aerated 0.5 M NaCl electrolyte at 25°C, and single-sine
technology with an input AC voltage of 10 mV (rms)
was used over a frequency range of 10 Khz to 102 Hz. To
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Figure 1—DSC curves for 150°C-freated poly-
mers with DEX/PAM ratio of (a) 100/0; (b) 90/
10; (c) 80/20; (d) 70/30; (e) 60/40; and (O 0/
100.

estimate the protective performance of coatings, the pore
resistance, Rp, (Q-cm?), was determined from the pla-
teau in Bode-plot scans that occurred at low frequency
regions. The salt-spray tests of the coated Al panels (75
mm X 75 mm, size) were performed in accordance with
ASTM B 117, using a 5 wt% NaCl solution at 35°C.

RESULTS AND DISCUSSION

PAM-Modified DEX Copolymers

The thermal analyses by DSC were carried out as the
first approach to gaining information on the structural
arrangement of the PAM-modified DEX polymers, with
DEX/PAM ratios of 100/0, 90/10, 80/20, 70/30, 60/40,
and 0/100. Figure 1 shows the DSC curves at tempera-
tures ranging from 25° to 370°C from the 150°C-heated
polymer samples. The DSC tracings for all the samples
involved two phase transitions: one was the endother-
mic transition occurring at the temperature between ~30°
and ~200°C and the other was related to the exothermic
one in the temperature range 230° to 320°C. As reported

Transmittance

o

Figure 2—FTIR spectra for (a) 100/0; (b) 0/100;
(c) 90/10; (d) 80/20; (e) 70/30; and (f) 60/40
ratio polymers at 150°C.

by Bluhm® and Donovan,” the endothermal energy, AH,
computed from the integrated peak area depended pri-
marily on the degree of the starch’s hydration. In other
words, the AH value reflected the total energy consumed
for breaking the intermolecular hydrogen bonds between
starch and water. The AH was obtained from the follow-
ing formula® AH=TxRx A/h xm, where T, R, A, h,
and m refer to the temperature scale (°C inch™), the
range sensitivity (mcal s™ inch™), the peak area (inch?),
the heating rate (°C s™'), and the sample’s weight (mg),
respectively. The changes in AH as a function of the
proportion of DEX to PAM are given in Table 2. A given
result showed that the AH value decreases with an in-
creasing amount of PAM incorporated into DEX. Thus,
the incorporation of larger amounts of PAM led to the
molecular configuration of DEX chains with a lower
degree of hydration. Particular interest in the exother-
mic transition centered on the feature of the doublet
curve apparent in the PAM-modified DEX polymers.
The bulk DEX had a single peak of temperature of ~270°C.
By comparison, all the modified DEX polymers had an
additional peak at a temperature near 250°C in the over-
all exothermal curve. The data also showed that the
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Transmittance

==l Figure 3—Comparison of FTIR spectral features =
for (a) 100/0: (b) 0/100: (c) 90/10; (d) 80/20: (e)
70/30; and (P 60/40 ratio polymers at 200°C.

intensity of this new peak become much stronger as the
proportion of DEX to PAM was reduced; meanwhile, its
intensity at ~ 270°C decreased. Because the exothermal
peak is attributable to the evolution of carbonaceous
species gasified by thermal decomposition of the poly-
mers, this new peak may be associated with the decom-
position of the copolymers yielded by the reaction be-
tween the PAM and the DEX. The decomposition of
these samples began around 230°C and ceased near
340°C. The TGA analyses strongly supported this infor-
mation; TGA curves (not shown) for all the 150°C-treated
DEX/PAM blends indicated the large reductions of
weight loss in the two temperature ranges 230-290°C
and 290-360°C. The total loss in weight occurring at the
first stage (230-290°C) in this two-step decomposition
process was substantially enhanced when the DEX-PAM
ratio was reduced; by contrast, loss at the second decom-
position stage (290-360°C) decreased with an increase in
portion of PAM in the blend polymers. Relating this
finding to the results from DCS, the decomposition oc-
curring between 230° and 290°C may reflect the forma-
tion of DEX/PAM copolymers as reaction products; no
such decomposition was found in single DEX and PAM
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polymers. Hence, we assumed that the decomposition in
the second phase involves the unreacted DEX polymers.
Nevertheless, the allowed temperature to fabricate the
modified DEX films appears to be no more than 230°C.

To identify possible reaction products between DEX
and PAM and visualize their structures, we conducted
FTIR analyses for the PAM-modified DEX polymers at
150° and 200°C, over the frequency range of 2,000 to
1,000 cm™. Figure 2 depicts their absorption spectra at
150°C. The spectral features of the unmodified DEX poly-
mer, denoted as “a,” reveals glucosidic rings in the .
polysaccharide; namely, the absorption bands at 1,650
cm?, belonging to the O-H bending vibration of H-O-H
in the absorbed H,0O, at 1,478 and 1,325 cm™ which can
be ascribed to the C-H bending mode of the methylene,
and at 1,161, 1,085, and 1,026 cm™, originating from the
stretching mode of C-O-C linkages.? The spectrum (b)
of the bulk PAM involved five major absorption peaks,
at 1,661, 1,630, 1,478, 1,409, and 1,325 cm™, in this fre-
quency range. According to the literature,’® the contri-
butions to the absorption bands at 1,661 and 1,630 cm™
were due to the stretching vibration of C=0 band and
the bending vibration of NH band in the primary amides,



_-CO-NH,, respectively. The remaining three bands can
be assigned to the bending mode of C-H band in the
backbone methylene and methyl chains. By comparison
with these bulk polymer reference samples, the spectral
feature of the samples (c) with a DEX/PAM ratio of 90/
10 was characterized by the appearance of a new band at
1,602 cm™. This new band is likely associated with the
formation of secondary amides, -CO-NH-."! If this as-
signment is valid, the results have demonstrated that the
primary amide NH, groups in PAM favorably reacted
with the functional OH groups in DEX to form second-
ary amide bonds. Conceivably, the formation of such an
amide bond in the blended polymers grafts the PAM
onto the DEX polymer. The degree of grafting seems to
be enhanced when the amount of PAM incorporated
into the DEX was increased. In fact, a marked growth of
this band at 1,602 ¢cm™ can be seen in the spectrum (f)
from the 60/40 ratio samples, while there is still evi-
dence of the presence of unreacted primary amide, me-
thylene and methyl groups, as well as the C-O-C link-
ages related to the PAM and DEX.

At 200°C, the FTIR spectra of these samples are de-
picted in Figure 3. The spectral feature of the bulk DEX
(a) was quite different from that of the 150°C-treated
one: in particular, there was (1) the emergence of three
new bands at 1,737, 1,588, and 1,407 cm™ frequencies,
and (2) a striking reduction in the intensity of the meth-
ylene-related bands at 1,478 and 1,325 cm™, and also of
the C-O-C linkage-associated bands at 1,161, 1,085, and
1,026 cm™. As was evident from our previous study on
the molecular alterations of Ce-containing starch caused
by oxidation,® the new absorption band at 1,737 ¢cm™
reflected the formation of C=O groups, and other two
new bands might be attributable to the asymmetric and
symmetric stretching of COO" in the Ce-complexed car-
boxylate groups, -COO~ Ce** -COOC-. If such interpre-
tation is correct, we can assume that the incorporation of
oxygen into the DEX by the combination of chemical
and thermal oxidations not only introduces C=0O and
complexed carboxylate groups into its molecular struc-
ture, but also causes oxidation-induced breakage of C~
O-C linkages, reflecting result (2). The C=0 groups were
formed by oxidation-caused cleavage of glycol C~Cbond
in the glycosidic rings. The subsequent opening of the
rings caused by such cleavage led to the formation of
C=0 groups.?? A further increase in the degree of oxida-
tion seems to transform the C=O into the carboxylate
groups. Considering that bond breakage of the C-O-C
linkages results in the disintegration of glucose units in
the chain conformation and in chain scission, we in-
ferred that this may also create C=O and carboxylate

Table 2—Comparison Between DSC Endothermal Energies of
100/0, 90/10, 70/30, 60/40, and 0/100 Ratio Polymers

Exothermal Energy

DEX/PAM Ratio AH, J/6
116/ OO, 193.6
90/10 covveesvrssssressssssssesesssss s o 489
BO/20 ..vvvrerrssssserssssessee s 352
70/30 cvvreermrsrssser s st o 25.1
B0/ oo esssrsssrsesssessses s s 211
07100 coovcvvsvvrssrsss s sserssose s srseessssissessss 12.4
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derivatives. As a result, the Ce-complexed carboxylate
may be formed by the hypothetical three-step reaction
schemes?31%:

CH,OH CH,0H
| |
H C—O_ H H C—oO0_ H
L7 N\ 1 [/ 1 "\
C O H ¢ —_— c. 0 H C
—i—’\\c lc/'—tH-. "*—’\é { 7 0],
| | ] !
H oH H o0
CH,0H
|
2. C-OH o
. /\H 1
H,C + HO-C-CH,0H + Ce + 40H"
C-OH
R
o
CH,OH
|
C-OH
3. /M HO. o

- 1
“HO-- -’ Ce"*——-0-C-CH,0H
0 . ‘HO~

[} OH"
or
CH,0H CH,0H
| |
C-OH HO-C [} (]
H B\ 1 I
HC CH,. HOCH,-C-0"—C¢*— "0-C-CH,0H
HO" “OH
C-0"—Ce*—"0-C
| I 1
0O HOOH O
Or
CH,0H
|
C-OH
/H
HC ]

\ |
C-0"— C¢*—— 0 -C-CH,0H
1 St
[¢] HO- "OH

First, oxidation of the glycosidic rings initiated by the
Ce ion generates aldehydic groups, ~-HC=0, after the
opening of rings caused by cleavage of the C-C bonds in
the glycol groups. Second, further oxidation of DEX
leads to the breakage of the C-O~C linkages in the open-
ing structures and in the chain, thereby resulting in the
formation of two oxidized compounds, the 3,4-
dihydroxybutanoic acid and glycolic acid, as the frag-
mental products of glucose units. Once these oxidized
fragments containing functional carboxylic acid groups
were present, in the final reaction step, these functional
groups favorably react with hydroxylated Ce to form
the Ce-complexed fragment compounds. These com-
plexes may consist of two molecular conformations: one

'is a half salt configuration that the Ce** linked to the

carboxylate oxygen has a coordination with three OH-
groups, and the other was a bridging structure that
joined together between the fragments by Ce.

When the bulk PAM polymers were treated at ele-
vated temperature of 200°C, the spectrum (b) showed
the emergence of two new bands at 1,378 and 1,213 ecm™,
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revealing the conformation of intermolecular hydrogen
bond, ~-NH- ~ - -O=C-, occurring between the neigh-
boring amide groups in the linear chains.!! As expected,
the spectrum from the PAM-modified DEX polymer with
the 90/10 ratio included almost all the bulk DEX and
PAM polymer-related absothi‘on bands, together with
the typical band at 1,602 cm™, referring to the secondary
amide as the reaction product between the DEX and
PAM. One distinctive feature of this spectrum, com-
pared with that of the bulk DEX samples, was the pres-
ence of a strong absorption of the C-O-C linkage-associ-
ated bands at 1,161, 1,085, and 1,026 cm™, seemingly
demonstrating that the oxidation-caused bond breakage
of C-O-C in the DEX is restrained by grafting PAM onto
the DEX. Of particular interest in the 80/20 ratio spec-
trum (d) was the fact that there were no peaks at 1,588
and 1,407 cm™, originating from the formation of Ce-
complexed carboxylate. The spectral features of the 70/
30 (e) and 60/40 (f) ratio samples closely resembled that
of the 80/20 ratio sample.

From this information, the hypothetical PAM-grafted
DEX conformation at 150°C or 200°C is represented in
the following reaction schemes:

G 7 72

L Binking Energy, o

— Figure 5—Al,, core-level spectra for (a) Al sub-
strate, and (b) 100/0., (¢) 70/30, and (d) 0/100
ratio-coated Al.
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CH,O0H
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At 150°C, one hydroxyl group of glycols has a strong
chemical affinity for the pendent amide group in the
PAM, forming a secondary amide as the reaction prod-
uct that directly grafts the PAM onto the DEX. Increas-
ing the temperature to 200°C resulted in the bond break-
age between the alcohol carbon and the secondary amide
carbon. Such breakages not only led to the incorporation
of the aldehydic groups into the PAM-grafted DEX con-
formation, but also promoted the opening of the rings.
However, grafting appears to play the major role in
inhibiting the formation of molecular fragments caused
by the scission of C-O-C linkages. Relating this finding
to the DSC results earlier, it is possible to assume that the

Table 3—Salt-Spray Resistance Tests for PAM-Grafted DEX
Coatings

Salt-Spray Resistance

DEX/PAM Ratio Hours
TOO/0 ottt r bbb enes 72
DO0/T0 ettt e e e 144
BO/20 1o irinrintirrenre et tseeeeerr e 216
70/30 it b s ene 432
O0/4D .ttt e 600
07700 .oiicerrrretinrenreeerrers oo sbe b e e e ene 72




additional exothermic peak near 250°C in the DSC curve
was due to the thermal decompositions of PAM-grafted
DEX conformation, but also promoted the opening of
the rings. However, grafting appears to play the major
role in inhibiting the formation of molecular fragments
caused by the scission of C-O-C linkages. Relating this
finding to the DSC results earlier, it is possible to assume
that the additional exothermic peak near 250°C in the
DSC curve was due to the thermal decompositions of
PAM-grafted DEX copolymers.

Characteristics of the Coatings

Our emphasis was next directed towards determin-
ing the characteristics of the PAM-grafted DEX coating
films deposited onto the Al substrate surfaces. Specific
characteristics to be investigated were the susceptibility
of the film surface to moisture, and the chemistry at
interfaces between the coating film and Al.

One of the indispensable factors in good protective
coating systems is the hydrophobic characteristic, so
. that the assembled coating film surfaces are not suscep-
tible to moisture. The extent of their susceptibility to
moisture can be estimated by assessing two physico-
chemical factors: one is the surface wetting properties,
and the other refers to the hydrophilicity of bulk poly-
mers. However, only the former factor was investigated
in this study. Accordingly, we measured the contact
angle of a water droplet on the 150°- and 200°C-treated
100/0, 90/10, 80/20, 70/30, 60/40, and 0/100 ratio film
surfaces. Although thermal degradation of films might
take place, we also examined the degree of wettability of
250°C-treated film surfaces by water. A high degree of
wettability (i.e., low contact angle) may allow the water
to permeate the coating layers. A plot of the contact
angle, 6, against the treatment temperature for these
film surfaces is depicted in Figure 4. At 150°C, all the
grafted DEX film surfaces had a higher contact angle,
compared with those of the individual DEX and PAM
component surfaces. Furthermore, the contact angle was
enhanced by decreasing the DEX/PAM ratio. In fact, the
highest € value of ~84° was determined from the 60/40
ratio, reflecting less spreadability and wettability of wa-
ter over the film surfaces. This value was ~75% higher
than that of the 90/10 ratio. Thus, this finding can be
taken as evidence that an increase in the degree of graft-
ing serves in providing a lower susceptibility of the film
surfaces to moisture. In other words, the hydrophilic
characteristics of the individual DEX and PAM coatings
can be converted into hydrophobic ones by the grafting
reaction between them. For the 200°C-treated film sur-
faces, there were no conspicuous changes in contact
angle for the 60/40, 70/30, and 80/20 ratios. By contrast,
the other film surfaces, especially for 100/0 ratio, re-
vealed an increase in contact angle. This is consistent
with our hypothesis at a higher level of oxidation in the
absence of PAM. As expected, all coating surfaces treated
at 250°C, except the 0/100 ratio, showed a noteworthy

reduction of the 8 value. Such a reduction perhapsis due -

to their thermal degradation, allowing the water to infil-
trate their layers easily.

Next, our attention centered on identifying the bond
structures and interaction products at the interfaces be-
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tween the grafted DEX and the Al substrates. If there
were no interfacial bonds, and also if the interaction
products had hydrophilic characteristics, it is possible to
assume that moisture would permeate through the coat- .
ing layers, causing the delamination and lifting of coat-
ing films from the substrates. To gain this information,
we inspected the XPS N, Al,,, and O, core-level excita-
tions for three thin coating films with 100/0, 70/30, and
0/100 ratios deposited onto the Al substrates. These
samples were prepared in the following manner: 10 g
original solutions with these ratios were added to 100 g
deionized water, and then were agitated for 10 min by
magnetic stirrer. In preparing thin films, these dilute
solutions were spun at 5,000 rpm for 45 sec, and then
placed in an oven at 150°C for 10 hr. All coating films
deposited on the Al were thin enough to allow direct
observation of the interfaces. In fact, XPS spectra for all
samples showed the Al,, signal arising from the under-
lying Al substrates. The Binding energy (BE) scale in the
XPS spectra was calibrated with the C, of the principal
hydrocarbon, “CH,,,” peak fixed at 285.0 eV as an inter-
nal reference standard.

Figure 5 compares the Al,, core-level spectral features
of the alkali-cleaned Al substrate and of these coating
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— Figure 7—N, region for (a) 70/30 and (b) 0/100 }—
ratio-coated Al.

samples. The Al region of the cleaned Al surfaces (a)
had two resolvable Gaussian components at the BE posi-
tion of 74.5 and 72.9 eV. The former peak as the principal
component is assignable to Al in the Al,O, located on the
outermost surface sides of the Al substrate, and the
latter as the minor one is due to the Al metal in the
substrate.’> When the Al surfaces were covered by the
100/0 ratio coating, the spectral feature (b), excepting
the decay of the overall Al,, excitation, was very similar
to that of the Al substrate. By comparison, noticeable
changes in the shape of the Al,, region were observed
from the surfaces of 70/30 ratio-coated samples (c). The
spectrum was characterized by the excitation of new
signal of 73.6 eV, and also by a striking attenuation of the
peak at 74.5 eV, corresponding to Al in the Al,O;, mean-
while, the Al metal-associated signal at 72.9 eV had
become an intense peak. A further growth in signal
intensity at 72.9 eV, together with the presence of the
major peak at 73.6 eV, can be seen in the spectrum of the
0/100 ratio-coated sample (d). This information strongly
manifested that the changes in the overall Al,, spectrum
of Al substrates caused by the coatings are more likely to
be associated with the PAM, rather than the DEX. An
XPS study on the formation of chemical bonds at the
interfaces between polymer and Al metal demonstrated
that Al has a strong affinity for the carbonyl oxygen in
the amide and imide groups.!6!” This affinity was ac-
counted for as the charge transfer from Al to carbonyl
oxygen, reflecting the formation of Al* — “O-C-. Such
an interaction scheme was represented from the results
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of a net positive charge on the Al metal atoms caused by
a shift of the Al peak to higher BE site, and, correspond-
ingly, a negative charge on the carbonyl oxygen causing
its shift to a lower BE site. Thus, we assumed that the
new peak emerging at about 0.7 eV higher BE site from
the Al metal peak may be attributed to a positively
charged Al. If this interpretation is valid, it is conceiv-
able that a charge transfer reaction takes place between
Al and PAM. To provide further insights into the coat-
ing/ Al interactions, we inspected the O, region of these
samples (Figure 6). The spectrum (a) of the sample from
uncoated Al indicated the excitation of a symmetrical
signal peak at 532.0 eV, belonging to Alin the Al,O,. The
O, region of the 100/0 ratio-coated Al samples (b) had
three Gaussian peaks at 532.5, 532.0, and 529.7 eV, origi-
nating from O in the ether and hydroxyl groups,!® in the
AL,O,Y and in the CeO,,? respectively. Of particular
interest was a distinctly different O, spectral feature of
the 70/30 ratio-coated samples (c) from that of the 100/0
sample; namely, an additional peak at 531.7 eV was
incorporated in this region. Since the peak emerged at
the BE position of 532.5 eV not only reveals the ether and
hydroxyl oxygen atoms in the DEX, but also is assign-
able to the amide oxygen atom in the PAM-grafted DEX
copolymers. The contributor to this additional peak is
considered as the reaction products formed at interfaces
between the PAM/DEX copolymer and Al. This new
peak occurs at the BE position shifted to a 0.8 eV lower
site from that of the amide oxygen atoms, representing
the negatively charged oxygen portion in the amide
groups. Furthermore, this peak position was very close
to those observed from metal-linked carbonyl
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groups.}”?22 A possible reason for the 0.8 eV decrease in
BE of the amide oxygen atoms, together with the 0.7 eV
enhanced energy of Al atoms, can be accounted for as a
charge transfer reaction occurring between the Al and
amide oxygen; the electrons were transferred from the
Al atoms to the electron accepting oxygen portion in the
amide groups, Al* — “O-C-NH,. The formation of this
Al-O bond was further supported from the spectrum of
the 0/100 ratio samples (d). By comparison with that of
the 70/30 ratio samples, the major characteristic of this
spectrum was a considerable loss in intensity of the
amide oxygen peak; meanwhile, the Al-O linkage at
531.7 eV become a dominant peak. From this fact, the Al
atoms preferentially react with amide oxygen atoms,
rather than any other atoms existing in the PAM-grafted
DEX copolymers. One important question still remains
concerning the role of amide nitrogen in forming the
interfacial bonds between Al and PAM. Figure 7 depicts
the N, core-level spectra of the 70/30 and 0/100 ra-
tio-coated Al samples. As seen, analysis of the N,
region revealed no differences between them. They
had only a single peak at 399.8 eV. Since BEs in the
narrow region 399-401 eV include -CN, -NH,, -
OCONH-, and ~CONH,,*® the amide nitrogen seems
not to be reactive with Al.

Corrosion

The integration of all the data was correlated directly
with the effectiveness of grafted DEX films in protecting
the Al substrates from corrosion. Using a surface profile
measuring system, the thickness of 100/0, 90/10, 80/20,
70/30, 60/40, and 0/100 ratio films was ~0.9, ~1.5, ~2.2,
~2.9,~3.6, and ~4.0 um, respectively. Although a thicker
coating film may have a better corrosion-protective per-

formance than that of a thin one, AC electrochemical .

impedance spectroscopy (EIS) was used to evaluate their
ability as the corrosion-preventing barriers. Upon the
overall Bode-plot curves [the absolute value of imped-
ance |Z (ohm-cm?) versus Frequency (Hz)], (not
shown), particular attention was paid to the impedance
value in terms of the pore resistance Rp, which can be
determined from the plateau in the Bode plote occurring
at sufficiently low frequency of 5 x 102 Hz. Figure 8
shows the plots of Rp versus the DEX/PAM ratios. For
the 150°C-treated coating films, the Rp value of the single
DEX coatings was ~1.5 x 10* ohm-cm? When a 10% of
the total amount of DEX was substituted by PAM, this
value was an order of magnitude greater than that of the
unmodified DEX. With further substitution, the value of
Rp increased; the 60/40 ratio coatings had the highest
Rp of 4.5 x 10° ohm-cm? in the 150°C-treated coating
series. In contrast, the Rp value of the single PAM coat-
ing with the highest film thickness of ~4 um was an
order of magnitude lower than that of the 60/40 ratio
sample. Since the Rp value reflects the magnitude of
ionic conductivity generated by the electrolyte passing
through the coating layers, a high value of Rp means a
low degree of penetration of electrolyte into the coating
films. Thus, although the Rp value depends on the thick-
ness of film, the grafted DEX copolymer conformation
offers improved performance on minimizing the rate of
permeation of the electrolytes through the coating lay-
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ers, compared with those of the individual DEX and
PAM coatings. A highly grafted structure led to a low
uptake of electrolytes by the coatings. Increasing the
treatment temperature to 200°C provided an increased
Rp value for all the coating specimens, while retaining
the overall curve feature similar to that of the specimens
at 150°C. This information suggested that treating the
films at 200°C offers a better protection of the Al against
corrosion than treatment at 150°C. The most effective
coating system in reducing the permeability of electro-
lytes was the 60/40 ratio with a 1.8 x 10° ohm-cm?

Figure 9 represents the changes in Rp at 5 x 102 Hz for
the 200°C-treated coating specimens as a function of
exposure times up to seven days ina 0.5 N NaCl solution
at room temperature. All the coating systems, except for
the 100/0 ratio one, showed a gradual reduction in the
Rp value with increased time. Prolonged exposure pe-
riod of time appears to promote the uptake of more
electrolytes by the coatings. In contrast, the rate of up-
take for the 100/0 ratio coatings was much higher than
that of any other coatings; in fact, a marked drop in Rp to
a 10° ohm-cm? level can be seen during exposures of up
to three days. Upon the exposure for seven days, the
effectiveness of these ratios in ensuring a low rate of
infiltration of electrolytes is in the following order: 60/
40>70/30>80/20>90/10>0/100> 100/0. Implicating
this finding in the FTIR contact angle and XPS data,
three important factors played an essential role in con-
ferring resistance to corrosion of the Al first was the
copolymer conformation formed by the grafting reac-
tion between DEX and PAM; second referred to the
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lesser susceptibility of the coating surfaces to moisture
by the enhanced degree of grafting; and third was the
interaction of grafted DEX copolymers with the Al sub-
strates.

This information on the EIS was supported by salt-
spray resistance tests for the coated panels. The results
from the panels treated at 200°C are shown in Table 3. A
trace of rust stain was generally looked for in evaluating
the results for salt-sprayed panel specimens. The results
were reported as the total exposure time at the date of
the generation of the rust stain from the Al surfaces. As
seen, the entire surfaces for the single DEX (100/0 ratio)-
and PAM (0/100 ratio)-coated Al panels were corroded
after exposure to the salt spray for 72 hr, corresponding
to only 24 hr longer than that of the uncoated bare Al
(not shown), suggesting that the ability of these coatings
to protect Al against corrosion is poor. By comparison
with these single coatings, the PAM-grafted DEX coat-
ing systems displayed a far better performance on re-
ducing the rate of corrosion. With the 90/10 ratio, the
resistance to salt spray extended two times to 144 hr. A
further improvement in conferring resistance was ob-
served from the coating containing increased concentra-
tions of PAM, signifying that an increase in the grafting
of PAM onto the DEX imparts improved resistance to
corrosion. In fact, coatings made from 60/40 ratio served
in providing a great protection of Al against corrosion
for 600 hr.

CONCLUSION

By using natural dextrine (DEX) polymers derived from
cornstarch as renewable agricultural resource in a wa-
ter-based primer coating system to protect aluminum
(Al) substrates against corrosion, the grafting of poly-
acrylamide (PAM) as a synthetic water-soluble reactive

polymer onto the DEX was attempted to improve the -

properties of the DEX films as a rust-preventing barrier
layer. The PAM-modified DEX paints as a film-forming
precursor solution were prepared by incorporating a
proper amount of PAM into the colloidal DEX aqueous
solution containing Ce nitrate as the oxidizing agent.
The liquid coating layers were deposited onto the Al
surfaces using a simple dipping-withdrawing coating
technology and converted into the solid layers by heat-
ing them at 150° or 200°C in air. At 150°C, the secondary
amide bonds yielded by the reaction between the pri-
mary amide group in PAM and one hydroxyl group of
glycol in DEX led to grafting of the PAM onto the DEX.
Although increasing the temperature to 200°C caused
opening of the glycosidic rings due to bond breakage
between the alcohol carbon and the secondary amide
carbon, the grafting conformation acted to inhibit the
fragmentation of glucose units by oxidation-caused scis-
sion of the C-O-C linkages in the DEX. An increase in
the degree of grafting resulted in the formation of coat-
ing films that were less susceptible to moisture. Further-
more, the Al metal in the substrate favorably interacted
with the amide oxygen in the PAM-grafted DEX coat-
ings, creating interfacial Al-O bonds formed by a charge
transferring reaction in which electrons were transferred
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from the Al atoms to the electron accepting oxygen in
the amide groups. Two important factors for highly
grafted DEX coatings, a lesser susceptibility to moisture
and an interfacial bond at metal/coating joints, contrib-
uted significantly to minimizing the permeability of elec-
trolyte species through the coating layers. Coating films
made with DEX/PAM ratio of 60/40 displayed resis-
tance to salt spray for 600 hr.
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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 aqueous 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.

© 1999 Kluwer Academic Publishers

1. Introduction

In attempting to replace coating systems containing
environmentally harmful ingredients, such as volatile
organic compound (VOC) and toxic chromium and
lead compounds, by environmentally acceptable water-
based ones, our previous work [1,2] focused on seek-
ing ways to modify and design non-toxic natural
polysaccharide polymers from the potato-starch and
corn-starch derived dextrine as renewable agricultural
resource. The modifications were made in the fol-
lowing two ways: One way involved reconstituting
an oxidation-derived fragmental polysaccharide struc-
ture by Ce; the other way was by grafting synthetic
water-soluble polymers, such as polyorganosiloxane
and polyacrylamide, onto the polysaccharide. The for-
mer method employed a two-step reaction. The first step
consisted of fragmentating the polysaccharide structure
by incorporating Ce nitrate (CAN), as a chemical oxi-
dizing agent, into the polysaccharide solution; this was
followed by thermal oxidation in the presence of at-
mospheric oxygen. The second step was to assemble
water-insoluble Ce-complexed conformations by the
interactions between the Ce ions liberated from CAN
and fragments containing oxygen functional derivatives
such as C=0 and COO~. Using the latter method,
the grafting was accomplished by ether- and amide-
linkages formed through the condensation reactions be-
tween the silanol end groups in polyorganosiloxane or
the amine pendent groups in the polyacrylamide, and
the OH groups of glycol in the polysaccharide. These

0022-2461 © 1999 Kluwer Academic Publishers

modifications successfully resolved the following five
undesirable problems that arose when the polysaccha-
ride was directly applied as a protective coating with-
out any molecular modifications to the metal substrates;
there were (1) the settlement and growth of microorgan-
isms in its aqueous solution, (2) the high susceptibility
of films to moisture, (3) the poor chemical affinity of
films for Al surfaces, (4) the weak adherence to poly-
meric topcoatings, and (5) the biodegradation of films
caused by fungal growth. There was no doubt that such
modifications significantly enhanced the potential of
polysaccharide for use in corrosion-protective coatings.

As part of our ongoing research aimed at developing
an uniform, continuous hydrophobic natural polymer
film that adequately protects aluminum (Al) substrates
against corrosion, we next focussed on assessing the
ability of chitosan [CS, poly(D-glucosamine)] ground
from the crab or shrimp shells, to mitigate corrosion
of Al. The CS, which is a family of polysaccharides,
is well known as a low cost, renewable marine poly-
mer, and is produced at an estimated amount of one
billion tons per year [3]. However, an undesirable prop-
erty of CS as the corrosion-mitigating coating films is
that it absorbs a large amount of moisture in an atmo-
spheric environment, and then forms a hydrogel [4].
Thus, the emphasis of current study centered on mod-
ifying the molecular structure of CS with corn-starch
derived dextrine [DEX, poly(D-glucose)] to fabricate
a material with a low susceptibility to moisture. The
DEX-modified and unmodified CS polymers then were
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investigated to gain information on their usefulness as
water-based corrosion-preventing primer coatings for
Al substrates. The factors to be investigated included
changes in molecular configuration, thermal behavior,
susceptibility to moisture, morphological features, and
surface chemistry of films with different proportions of
CS to DEX. The data obtained were integrated and cor-
related directly with the ability of these coating films
to inhibit corrosion of Al.

2. Experimental

2.1. Materials

Chitosan (CS) with a degree of deacetylation of 75 to
85%, supplied by Sigma-Aldrich Fine Chemicals Co.,
was a coarse particle ground from crab or shrimp shells.
Dextrin (DEX) fine powder derived from corn-starch
was made by INC Biomedical, Inc. Cerium(IV) nitrate
hexahydrate [CAN, Ce(NO3);-6H>0]. obtained from
Alfa, was used as the oxidizing agent. Hydrochloric
acid (HCL, 37% in water) was employed to enhance
CS’s solubility in water. Two aqueous solutions. | wt %
CS and 1 wt % DEX, were separately prepared before
they were blended. The former solution was made by
agitating a mixture of 1 g CS, 1 g HCL, and 98 g deion-
ized water for 3 hours at 90 °C. The latter one was pre-
pared in the following way: First, 1 g DEX was added
to 99 g deionized water at 70 °C, and mixed by a mag-
netic stirrer for 2 hours. Then, it was allowed to stand
for 24 hours at room temperature, before incorporating
" CAN of 0.2% by weight of the total DEX solution into
it. The seven mix formulations for these DEX-modified
CS solutions were designed in this study; there were the
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,
0.6 wt % Si, 0.7 wt % Fe, 0.3 wt % Cu, 0.2 wt % Mn,
1.0 wt% Mg, 0.2 wt% Cr, 0.3 wt % Zn, 0.2 wt % Ti,
and 0.2 wt % other elements.

2.2. Coating technology

The coating film was deposited on the Al surfaces in
the following sequence: First, to remove surface con-
taminants, the Al substrates were immersed for 20 min
at 80°C in an alkaline solution consisting of 0.4 wt %
NaOH, 2.8 wt % tetrasodium pyrophosphate, 2.8 wt %
sodium bicarbonate, and 94.0 wt % water. The alkali-
cleaned Al surfaces were washed with deionized water
at 25 °C, and dried for 15 min at 100 °C. Next, the sub-
strates were dipped into a soaking bath of film-forming
solution at room temperature, and withdrawn slowly.
The wetted substrates were then heated in an oven for
120 min at 150 or 200 °C, to yield thin solid films.

2.3. Measurements

The thickness of the DEX-modified and unmodified
CS films deposited on the Al surfaces was determined
using a surface profile measuring system. Differen-
tial scanning calorimetry (DSC) gave information on
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the enthalpy of the first endothermic phase transition
of modified and unmodified CS polymers. DSC was
run using the non-isothermal method at a constant
rate of 10°C/min over the temperature range of 25
to 300“C. The molecular configuration and confor-
mation of 150°- and 200" -treated polymers was in-
vestigated by Fourier-transformation infrared (FT-IR)
and X-ray photoelectron spectroscopy (XPS). The con-
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
contact angle were measured within the first 20 sec af-
ter dropping it onto the surfaces. Information on the
surface morphology, texture, and film-forming perfor-
mance of the coatings deposited onto the Al was gained
by Scanning Electron Microscopy (SEM). AC electro-
chemical impedance spectroscopy (EIS) was used to
evaluate the ability of the coating films to protect the
Al from corrosion. The specimens were mounted in a
holder. and then inserted into an electrochemical cell.
Computer programs were prepared to calculate theoret-
ical impedance spectra and to analyze the experimental
data. Specimens with a surface area of 13 cm® were
exposed to an aerated 0.5 M NaCl electrolyte at 25 °C,
and single-sine technology with an input AC voltage
of 10 mV (rms) was used over a frequency range of
10 kHz to 102 Hz. To estimate the protective perfor-
mance of coatings. the pore resistance. Ry, (2 cm?),
was determined from the plateau in Bode-plot scans
that occurred at low frequency regions. The salt-spray
tests of the coated Al panels (75 mm x 75 mm, size)
were performed in accordance with ASTM B 117, us-
ing a 5 wt % NaCl solution at 35°C.

3. Results and discussion

3.1. DEX-modified CS polymers

Before identifing the reaction products yielded by the
chemical interactions between DEX and CS at 200 °C,
we investigated the changes in chemical conformation
of the CS itself at 150 and 200°C, by FT-IR. In this
study, the samples were prepared in accordance with
the following method: First, a 200 g CS solution de-
noted as CS/DEX ratio of 100/0 was poured into glass
test tubes, and then left for 24 hours in an air oven at 150
and 200 °C to form the solid polymers; Second, these
polymers were ground to a particle size <0.074 mm
for FT-IR exploration. Fig. 1 gives the FT-IR spectra
for these samples over the frequency range from 1800
to 1000 cm™'. For comparison, the spectrum of “as-
received” CS powder, as the reference sample, is also
illustrated in this figure. The CS reference sample (a)
had absorption bands at 1654, 1549, and 1314 cm™!,
revealing the amide I (stretching vibration of carbonyl
group, C=0), amide Il (bending vibration of secondary
amine group, NH), and amide I (stretching vibration
of C-N bond) in the secondary amide groups, respec-
tively, at 1590 cm~" which can be ascribed to the N-
H bending mode in the primary amine. NH,, groups,
at 1419 and 1372 cm™', refiecting the C-H bending
modes of the methy and methylene, and also at 1149,
1078, and 1026 cm™', corresponding to the stretching
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Figure 1 FT-IR absorption spectra of “as-received” CS (a) powder,
150 °C-heated CS (b), and 200 °C-heated CS (c).

vibration of C-O-C linkages in the glucosamine rings.
From the representations of the secondary amide and
methy groups, the “as-received” CS can be identified
as partially N-acetylated chitosan,

CH,OH
0. 0+
OH

where R is -COCH3 and -H.

‘When the CS solution was heated at 150 °C, its spec-
tral features (b) differed notably from that of the ref-
erence sample; the differences were as follows, (1) the
development of three new bands at 1701, 1508, and
1402 cm™!, (2) a shift of the NH,-associated band at
1590 cm™! to a higher frequency side at 1619 cm™!, (3)
the disappearance of all the amide and methy group-
related bands at 1654, 1549, 1419, 1372, and 1314
cm~!. Regarding the result (1), the assignment of the
new bands at 1701 cm™! is likely to be the C=0 groups
[5], and that at 1508 cm™! may be due to -NHJ CI-,
which is formed by the interaction between the pri-

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, NH4Cl [7]. Assuming that these assign-
ments are valid, the result (3) gave us the following
important information; the acetyl groups, CH30C-,
seem to be removed from the partially N-acetylated
CS by HCL-catalyzed hydrolysis, forming the acetic
acid, CH;COOH, and the -NH; CI~ complex deriva-
tives. The latter derivative might be transformed into the
NH,Cl salt by further hydrolysis. As is seen in the spec-
trum (c), increasing the temperature to 200 °C led to the
elimination of -NH;’ Cl~-related band at 1508 cm~!, a
marked increase in intensity of the NH4Cl absorption
band at 1402 cm™!, and an appreciable enhancement of
C=0 band at 1701 cm™!, suggesting that the confor-
mational transformation of -NH'; CI1~ 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 C=0 band arose from the carboxylic
acid groups, COOH, within the acetic acid molecule.
This information was supported by inspecting the
XPS Cjs and Ny 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 C;; of the prin-
cipal hydrocarbon-type carbon peak fixed at 285.0 eV
as an internal reference standard. A curve deconvolu-
tion technique, using a DuPont curve resolver, was em-
ployed to substantiate the information on the carbon-
and nitrogen-related chemical states from the spectra
of the carbon and nitrogen atoms. In the C;5 region
(Fig. 2), the 150 °C-heated bulk CS films had the four
resolvable Gaussian components at the BE positions of
285.0, 286.5, 288.0, and 289.5 eV. The major peak at
285.0 eV is assignable to the C in CH,, groups 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
bond, and the contributor to the third intense peak at
288.0 eV is due to the C in C=0 groups, while the
weak signal, emerging at 289.5 eV, originates from C
in the carboxylic acid, -COOH. In contrast, the spectral
feature of the 200 °C-treated film was characterized by
a conspicuous growth of the C=0 and COOH carbon
peaks. The Ny spectrum (Fig. 2) of the 150 °C CS films
included the major peak at 399.8 eV, revealing the N in
primary amine [10], and the two shoulder peaks at 401.2
and 402.5 eV, belonging to the N originated from the
amide groups [11] and ammonium ion-based salts {12].
By comparison, the curve structure of the 200 °C films
was different from that of the 150 °C ones; in particu-
lar, there was (1) a striking decay of the amide N peak
at 401.2 eV and (2) an increased intensity of the am-
monijum salt N signal at 402.5 eV. Thes= data strongly
supported the results from the FI-IR study; namely,
the HCL-catalyzed hydrolysis, followed by heat treat-
ment at 150 and 200 °C, introduces the acetic acid and
ammonium chloride derivatives into the films. These
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Figure 2 Cy and Ny core-level spectra for 150- and 200 ~C-treated CS film surfaces.

derivatives may be formed by the following hypotheti-
cal deacetylation pathways:

CH,OH CH,0H
o 0 o ~0—
HCl. H,0
OH 2 R OH +
NH NH; Cr
COCH;
CH,0H
o ro—
H,0 OH +  NH;Cr
OH

If such conformational changes take place, the molec-
ular structure of the deacetylated CS can be illustrated
as follows:

CH,OH

OH

where R is NH; or OH. Based upon these infor-
mation, our emphasis next centered on investigating
the changes in the molecular conformation of the CS
brought about by varying the CS/DEX ratio at 200 °C.
Fig. 3 shows the FT-IR spectra of CS/DEX samples
with ratios of (a) 0/100, (b) 100/0, (c) 90/10, (d) 70/30,
(e) 50/50, (f) 30/70, and (g) 10/90. As described in
our previous papers [1], the Ce(VI) nitrate-oxidized
bulk DEX (0/100 ratio), as the reference sample, in-
dicated the formation of a Ce-complexed carboxy-
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late. which could be defined from the two absorp-
tion bands at 1588 and 1407 cm~'. Also. this spec-
trum had a strong peak at 1701 cm™' due to the C=0
group in the carboxylic acid. and the four weak ab-
sorption bands at 1478, 1149, 1078, and 1026 cm™',
The last three bands arose from the C-O-C linkage-
associated groups, while the peak at 1478 cm™! is as-
cribed to the methylene. This information suggested
that Ce-linked carboxylate complexes, -COO~ Ce**+
~0O0C-, were generated in three-step reaction schemes
[13]. First, oxidation of the glycosidic rings initiated
by the Ce ion generated aldehydic groups, -HC=O0,
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
in the opening structures of two oxidized compounds,
the 3, 4-dihydroxybutanoic acid [(HO),C3HsCOOH]
and glycolic acid (HOCH,COOH), as the fragmental
products of glucose units. Once these oxidized frag-
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, [(HO),C3H;COO~
Ce** “OOCH;C3(0OH),]-20H~, (HOCH,COO~ Ce**
~0OO0CH,COH)-20H™, and [(HO),C3HsCOO~ Ce**+
~“OOCH,;COH]-20H™ [14]. The spectrum (b) repre-
sents the bulk CS sample (100/0 ratio) in which the
contributors to these absorption bands were already
described in the previous pages. When a 10 wt % by
weight of the total amount of CS was replaced by DEX,
the spectrum (c) exhibited the incorporation of two ad-
ditional bands at 1655 and 1554 cm~! into the bulk CS
spectrum, revealing the formation of amide I and amide
IT, respectively. As seen in the spectrum (d) of the 70/30
ratio sample, further replacement of the CS by DEX
resulted in the growth of these bands; meanwhile, the




peak intensities of NH»- and -NH] CI™ -related bands
at 1620 and 1402 cm™' had weakened. This interesting
spectrum was also showed that there were no peaks at
1588 and 1407 cm~!, originating from the formation of
Ce-complexed carboxylate. A possible interpretation of
these findings was that the NH» group in the CS has a
strong chemical affinity for the Ce-bridge carboxylate
complexes in the DEX, so forming the amide bond,
-NHCO-, as the reaction product that grafts directly
the fragmental products of DEX onto the CS. The hy-
pothetical conformation of DEX fragment-grafted CS
can be represented in three reaction schemes (Fig. 4).
Returning to Fig. 3, the spectral feature (e) of the 50/50
ratio sample closely resembled that of the 70/30 ratio
one. As expected, incorporating an excessive amount
of DEX into the CS left unreacted Ce-complexed car-
boxylate fragments in the samples. In fact, the spectra
(f) and (g) of the 30/70 and 10/90 ratio samples, re-
spectively, included the two absorption bands at 1588
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Figure 3 FI-IR spectra for the samples made with 100/0 (a), 90/10 (b),
70/30 (c), 50/50 (d), 30/70 (e), 10/90 (f), and 0/100 (g) CS/DEX ratio at

200°C.

and 1407 cm~!, belonging to the fragmental Ce-bridged
carboxylate complexes; concurrently, a declining inten-
sity of the amine-, amide- and NH4Cl-related peaks at
1655, 1620, 1554, and 1402 cm™! was observed. Thus,
adding a proper amount of DEX to the CS seems to be
necessary to avoid staying unreactive DEX fragments
in the film.

One concern in applying natural polymer-based coat-
ing films as corrosion-preventing barriers to the metal
surfaces was the fact that they absorb a large amount
of atmospheric moisture. Such a hydrophilic property,
which allows water to infiltrate the film easily, is one
of the undesirable factors for use as the coating ma-
terials to mitigate corrosion of the metals. Hence, our
attention was centered on the uptake of the moisture
by the DEX-modified CS polymers. In this study, the
200 °C-treated DEX-modified and unmodified CS pow-
ders were exposed for 10 hours in an environmental
chamber under a 70% relative humidity (R.H.) at 25 °C,
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 200°C. 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 130 °C, and ends
near 250 °C; concurrently, the endothermal peak oc-
curs at 165.3°C. From this information, we assumed
that the dehydration of moisture-absorbed bulk CS was
completed at temperature range of 130-250°C. When
the CS was modified with DEX, a specific feature of
the DSC curves was characterized by generating an ad-
ditional endothermal peak at 134 °C. The heat flow of
this new exothermal peak seemed to increase with a de-
creasing ratio of CS to DEX, while heat flow at 165.3 °C
peak tends to decline. Furthermore, the curve (f) of the
10/90 ratio samples indicated an additional endother-
mal peak at 203.9 °C. From the comparison with that of
the bulk DEX (g), it is possible to rationalize that this
new transition peak at 203.9 °C was due to the thermal
decomposition of unreacted DEX. Also, the curve of
the bulk DEX had a dehydration-related peak at 110°C
in the temperature range 60-190 °C. If the postulated -
contributors to these exothermic transitions are valid,
the peak at 134 °C 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 enthalpy AH of dehydration occurring in the first
endothermic phase transition was computed using the
following formula [17,18]: AH =T RA/hm,where T,
R, A, h, and m refer to the temperature scale (°C in.™D,

"the range sensitivity (mcals™!in.”!), the peak area

(in.2), the heating rate (°Cs™!), and the sample weight
(mg), respectively. The changes in AH as a function
of the proportion of CS to DEX are given in Fig. 6. A
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Figure 4 Hypothetical reaction schemes between D-glucosamine and Ce-bridged carboxylate complexes.

given result showed that the AH value was markedly
reduced as the CS/DEX ratio declined from 100/0 to
70/30. The AH value of 0.084 kJ g~} for the 70/30 ra-
tio sample was three times lower than that of the bulk
CS sample (100/0 ratio); beyond this, a further decrease
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in the CS/DEX ratio caused an increase in AH value.
Because the AH value reflects the total energy con-
sumed for removing all the moisture adsorbed to the
CS samples, we judged that the samples with a low
value of A H are less susceptible to water uptake. From
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Figure 5 DSC endothermal curves for 100/0 (a), 90/10 (b), 70/30 (c),
50/50 (d), 30/70 (e), 10/90 (f), and 0/100 (g) ratio samples after exposure
to a 70% R.H. at 25°C.

this aspect, both the bulk CS and DEX samples with a
very high AH of > 0.16 kJ g~! appear to have a high
susceptibility to the absorption of moisture. By compar-
ison, the 70/30 and 50/50 ratio samples had an AH of
less than 0.1 kJ g~!, inferring that a proper proportion
of CS to DEX plays an important role in reducing the
magnitude of sensitivity to moisture. In other words,
almost all the hydrophilic NH; groups present in the
CS might react with all hydrophilic DEX fragments
to yield the hydrophobic amide bonds as the reaction
products, promoting the degree of fragment grafts on
the CS. Therefore, there may be few, if any, remaining
unreacted NH; groups and fragments in the grafted CS
structure.

3.2. Characteristics of coatings

Based upon the information above, focus was now di-
rected toward assessing the characteristics of the DEX
fragment-grafted CS coating films deposited on the Al
substrate surfaces. The characteristics to be assessed in-
cluded the magnitude of wettability of the coating film
surfaces by the water, the film-forming performance,

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 angle, 6 (deg.), as a function of
CS/DEX ratios is shown in Fig. 7. The resultant 8-ratio
data exhibited that the 8 value 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
6 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 declining 6 value, strongly
suggesting that the film with a lower sensitivity to mois-
ture could be made by incorporating a proper amount of
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
the individual CS and DEX fragment coatings are con-
verted into hydrophobic ones by the grafting reaction
between them, inferring that the DEX fragment-grafted
CS coating films made of a suitable proportion of CS
to DEX will contain a minimal amount of hydrophilic
unreacted fragments and D-glucosamine components.
The major factor governing this conversion is the for-
mation of amide bonds yielded by the grafting reaction,
conferring a less wettability of water over the film sur-
faces. Also, this information substantially supported the
our earlier results on the uptake of the moisture by the
DEX-modified CS polymers. 4

Attention was next paid to exploring the surface mor-
phology and microtexture of coating films covering
Al surfaces, by SEM. In this experiment, three coat-
ing films made with 100/0, 70/30, and 10/90 ratios
were deposited on Al at 200°C. The data obtained
would provide information on the film-forming per-
formance of grafted and non-grafted CS polymer coat-
ings. The SEM image of the brown-colored 100/0 ratio
film (Fig. 8A) revealed a discontinuous microtexture
containing numerous microcracks, allowing the corro-
sive solutions to permeate through the film layer easily.
Such development of cracks in the film may be due
to a high degree of shrinkage of the film encountered
during drying at 200 °C, and also to the conformational
changes in CS structure caused by the deacetylating
reaction that introduces the formation of CH;COOH
and NH4C1 derivatives in it. In contrast, an excellent
film-forming performance was observed from the 70/30
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ratio-derived coatings, which were light brown in color
(Fig. 8B); SEM disclosed a continuous, uniform film
with a smooth surface morphology, seemingly suggest-
ing that grafting the DEX fragments onto the CS serves
in reducing the development of shrinkage-related stress
cracks in the CS itself. There is no doubt that lack of de-
fects and blemishes is one of the most important factors
in ensuring that the coatings adequately protect the met-
als against corrosion. Increasing the amount of DEX in
the blended systems led to the changes in color of films
from brown to light yellow. With the 10/90 ratio, the
SEM image (Fig. 8C) shows a continuous film covering
the Al surfaces. Furthermore, the disclosure of a rough
underlying Al surface signifies that a thin transparent
film was formed.

All the data were integrated and correlated directly
with the effectiveness of grafted CS films in protect-
ing the Al substrates from corrosion. Using a surface-
profile measuring system, the thickness of the 100/0,
90/10, 70/30, 50/50, 30/70, and 0/100 CS/EDX ratio
films was ~3.2, ~2.8, ~24, ~1.9, ~1.6, and ~0.9
wum, respectively. Although intuitively a thicker coat-
ing film may be expected to have a better corrosion-
protective performance than a thin one, AC electro-
chemical impedance spectroscopy (EIS) was used to
evaluate their effectiveness as corrosion-preventing
barriers. On the overall Bode-plot curves [the abso-
lute value of impedance |Z| (2cm?) vs. Frequency
(Hz)], (not shown), our particular attention was paid
to the impedance value in terms of the pore resistance,
Ry, which can be determined from the plateau in the
Bode plot occurring at a sufficiently low frequency of
5 x 1072 Hz. Fig. 9 shows the plots of R, of 200°C-
treated coating films versus the CS/DEX ratios. The
R, value (not shown) of the uncoated Al substrate was
~5.0 x 10° Q2 cm?. When the Al surfaces were coated
with the single CS and DEX coatings, or DEX-modified
CS coatings, the R, value increased by one or two or-
ders of magnitude over that of the substrate. The R,
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200°C.
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value of the single CS coatings with the thickest film of
~3.2 um was ~1.7 x 10* Qcm?. When a 10% of the
total amount of CS was replaced by DEX, this value
was an order of magnitude greater than that of the un-
modified CS. With further substitution, the value of R,
increased: the 70/30 ratio coatings had the highest R, of
4.0 x 10° Q cm?. However, coatings made by incorpo-
rating an excessive amount of DEX into the CS showed
adecreasing R, value. In fact, the R, value of the 50/50
ratio coating declined ~55% to 1.8 x 10° Q cm®, com-
pared with that of the 70/30 ratio. In the 10/90 ratio
coating, the R, value fell further to | x 10° Q2cm?.
As expected, the bulk DEX coating had a lower R,
value of 3.5 x 10* © cm?, corresponding to an order of
magnitude lower than that of the 70/30 ratio coating.
Since the R;, value reflects the magnitude of ionic con-
ductivity generated by the electrolyte passing through
the coating layers, a high R, value means a low de-
gree of permeation of electrolyte into the coating films.
Thus, the DEX fragment-grafted CS polymer confor-
mation offers improved performance in minimizing the
rate of permeation of the electrolytes through the coat-
ing layers, compared with those of the individual CS
and DEX coatings. Hence, we believed that a grafted
structure would lead to a low uptake of electrolytes
by the coatings. The data also represented that the
changes in the magnitude of conductivity depend on the
CS/DEX ratio. Comparing R;, values, the effectiveness
of these ratios in ensuring a low degree of infiltration of
electrolyte was in the following order; 70/30 > 50/50
> 90/10 > 30/70 > 10/90 > 0/100 > 100/0. The most
effective coating system in reducing the permeability of
electrolytes was the 70/30 ratio with a 4.0 x 10°  cm?.

Fig. 10 represents the changes in R at 5 x 102 Hz for
the 200 °C-treated coating specimens as a function of
exposure times of up to 20 days in a 0.5 N NaCl solution
at room temperature. In the first five days of exposure,
three coating systems, 90/10, 70/30, and 50/50 ratios,
showed no changes in R, value, compared with that of
the unexposed ones. Afterwards, their R, 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 in R, can be seen after exposing them
for 5 days. When the R, value dropped to a less than
5 x 10° Q cm?, no further exposure test was made be-
cause the R, 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 an R, > 10* Qcm?.
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 NH, groups in CS;
and second was the lesser susceptibility of the coat-
ing surfaces to moisture due to the enhanced degree of
grafting, together with a minimal amount of hydrophilic
unreacted fragments and CS.
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This information on the EIS was supported by salt-
spray resistance tests for the coated panels treated at
200°C (Table I). A trace of rust stain was generally
looked for in evaluating the results for salt-sprayed
panel specimens. The results were reported as the total
exposure time at the date of the generation of the rust
stain from the Al surfaces. As is seen, the entire sur-
faces for the single CS (100/0 ratio)- and DEX (0/100
ratio)-coated Al panels were corroded after exposure
to the salt spray for 72 hours, corresponding to only
24 hours longer than that of the uncoated bare Al (not
shown), suggesting that the ability of these coatings

TABLE 1 Salt-spray resistance tests for DEX fragment-grafted
CS coatings

CS/DEX ratio Salt-spray resistance, hours
100/0 72

90/10 504

70/30 720

50/50 590

30/70 216

10/90 120

0/100 72

to protect Al against corrosion is poor. By comparison
with these single coatings, the DEX fragment-grafted
CS coating systems displayed a far better performance
in reducing the rate of corrosion. With the 90/10 ratio,
the resistance to salt spray extended seven times to 504
hours. A further improvement in conferring resistance
was observed from the coatings containing increased
concentrations of DEX, signifying that an increase in
the grafting of DEX fragment onto the CS imparts im-
proved resistance to corrosion. In fact, coatings, made
from 70/30 ratio served in providing a great protec-
tion of Al against corrosion for 720 hours, However,
a further incorporation of DEX into the CS caused a
declining resistance to salt spray.

4. Conclusion

In approaching ways of using partially N-acetylated
chitosan (CS) marine polymer ground from the crab
or shrimp shells in a water-based coating system to
protect aluminum (Al) substrates against corrosion, we
modified it with natural dextrine (DEX) polymers de-
rived from corn starch. Both are renewable resources
and environmentally benign. The DEX-modified CS
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paints as film-forming precursor solutions were pre-
pared by incorporating a DEX aqueous solution con-
taining Ce nitrate hexahydrate as the oxidizing agent
into CS aqueous solution containing HCL as the
hydrolyzing agent. The blended two polysaccharide
polymer solutions were deposited onto the Al surfaces
using a simple dip-withdrawing coating method and
converted into the thin solid films by heating them at
200 °Cin air. The oxidation of DEX led to the formation
of two oxidized compounds. 3,4-dihydroxybutanoic
acid and glycolic acid, as the fragmental products.
These fragments next favorably reacted with Ce from
the Ce nitrate to reconstitute Ce-complexed carboxy-
late fragment compounds. Adding HCL to the CS so-
lution not only enhances its solubility in water, but also
served to remove acety! groups from the CS. The pri-
mary amine, NH,, in the deacetylated CS, had a strong
chemical affinity for the Ce-bridged carboxylate frag-
ments to create secondary amide linkages that serve in
grafting the DEX fragments onto the CS. An increase
in the degree of grafting resulted in the formation of
an uniform, continuous, defect-free coating films that
offer a less susceptible to moisture and a low perme-
ation of electrolyte species through the coating layers,
conferring a good protection of metal against corrosion.
However, incorporating an excessive amount of DEX
into the CS generated undesirable coating films with a
high degree of wettability of surfaces and an enhanced
magnitude of ionic conductivity caused by electrolytes
passing through the coating layers. These negative fac-
tors could be accounted for by the persistence of a cer-
tain amount of unreacted hydrophilic fragments in the
coatings. Nevertheless, the most effective coating film
for mitigating the corrosion of Al was derived from
precursor sotution with CS/DEX ratio of 70/30. This
coating film deposited onto the Al surfaces offered a
lesser sensitivity to moisture, and improved pore resis-
tance (in £ cm?) by an order of magnitude higher than
those of the single CS and DEX coatings, and conferred
salt-spray resistance for 720 hours.
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Abstract

To make a water-insoluble chitosan (CS) biopolymer, the synthetic poly(itaconic acid)
(PIA) polymer was added to graft it onto the liner CS chains and to crosslink between the CS
chains. The grafting and crosslinking reactions were generated by a strong chemical affinity
between the NH, groups in the CS and the COOH groups in the PIA, leading to the formation of
amide bonds. When this polymer was applied as environmentally benign water-based coatings to
an aluminum (Al) substrate by a simple dip-withdrawing method, the following three factors
played an essential role in mitigating the rate of corrosion of the Al: First was the polymer’s
conformation containing hydrophobic amide bonds, together with a minimal amount of
hydrophilic unreacted COOH in PIA and NH, in CS; second was the lesser susceptibility of the
coating films to moisture due to the enhanced degree of grafting and crosslinking; and third was
the interactions at the interfaces between the grafted CS and the Al substrate, developing the
formation of the -COO-Al linkage. The PIA-grafted and -crosslinked CS polymer coating films
generated from the proper propoﬁions of PIA to CS included all these factors and displayed low

ionic conductivity, thereby imparting a salt-spray resistance of 694 hours for coated Al panels.




Introduction

Chitosan (CS), which is derived from the polysaccharide chitin, is well known as a low
cost, renewable marine polymer because the source of chitin comes from the structural
components of the shells of crustaceans, such as shrimps, lobsters, and crabs, [1]; it is the most
plentiful natural polymer next to cellulose. CS is produced at an estimated amount of one billion
tons per year [2]. The molecular structure of CS is represented by a beta 1~ 4 linked linear
biopolymer consisting of ~ 80 % poly(D-glucosamine) and ~ 20 % poly (N-acetyl-D-
glucosamine). When CS was dissolved in an aqueous medium at pH < 6.5, this biopolymer
becomes a liner polybase electrolyte having a highly positive (+) charge density because it
includes an amine group [3]. Such a cationic property together with its biocompatability was the
reason why CS is widely used in biomedical applications, for example, a bacteriostatic agent, a
flocculating agent, a drug delivery vehicle, an immobilization and encapsulation agent of toxic
heavy metals, and also cosmetics. In addition, a tough, flexible CS film can be fabricated by
depositing CS-dissolved aqueous solution on the substrate surfaces and then allowing it to dry.
This film had a high potential for use as contact lenses and wound dressings. Thus, it seemed
worthwhile to assess the usefulness of the non-toxic CS biopolymer as an environmentally green
water-based coating to protect metals against corrosion. However, the major critical issue in
using CS as a corrosion-preventing barrier is that it absorbs a large amount of moisture from the
atmosphere, and then forms a hydrogel [4]. This transformation not only leads to biodegradation -
of the film, but also allows moisture to infiltrate easily into the film, causing its failure as a

protective coating.

Based upon information described above, one approach to solving this problem is the
incorporation of negatively charged water-soluble synthetic polyacid electrolytes into the
cationic natural polybase CS electrolyte. Among the synthetic polyacid electrolytes,
poly(itaconic acid) (PIA) is very attractive because it has two negatively charged carboxylic acid

groups in a unit of the macromolecule. It was presumed that PIA would be a more effective
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reactant than other polyacid electrolytes, such as poly(acrylic acid), poly(maleic acid), poly(3-
methacryloyloxypropane-1-sulfonic acid), poly(4-vinylbenzoic acid), which contain a single
anionic acid group. Thus, the focus of the current program centered on modifying the molecular
structure of CS with PIA to assemble a polymeric material with a low susceptibility to moisture.
The PIA-modified CS polymers than were assessed to gain information on their usefulness as
water-based corrosion-preventing primer coatings for aluminum (Al) substrates. The factors to be
assessed included the changes in molecular configuration, thermal behavior, susceptibility to
moisture, surface chemistry of films with different proportions of CS to PIA, and chemistry at
the interfaces between modified CS and Al. The data obtained were integrated and correlated
directly with the ability of these coating films to inhibit corrosion of Al. Success would provide
uniform, continuous, hydrophobic CS coating films that are potential candidates for replacing
coating systems containing environmentally harmful ingredients, such as volatile organic

compounds (VOCs) and toxic chromium and lead compounds.

Experimental Methods
Materials

Chitosan (CS) with a degree of deacetylation of 75 to 80 %, supplied by Sigma-Aldrich
Fine Chemicals Co., was a coarse particle ground from crab or shrimp shells. Poly(itaconic acid)
(PIA) was a fine powder with an average molecular weight of 50,000, obtained from
Polysciences, Inc. Hydrochloric acid (HCI, 37 % in water) was employed to enhance CS’s
solubility in water. Two aqueous solutions, 1 wt% CS and 1 wt% PIA, were separately prepared
before they were blended. The former solution was made by agitating a mixture of 1 g CS, 1 g
HCI, and 98 g deionized water for 3 hours at 90°C. The latter one was prepared by mixing 1 g
PIA and 99 g deionized water at room temperature using magnetic stirrer for 2 hours. The seven
mix formulations for these PIA-modified CS solutions were designed in this study; there were
the CS/PIA ratios of 100/0, 90/10, 80/20, 70/30, 50/50, 30/70, and 0/100, by weight. The
lightweight metal substrate was a 6061-T6 aluminum (Al) sheet containing the following
chemical consitutents; 96.3 wt% Al, 0.6 wt% Si, 0.7 wt% Fe, 0.3 wt% Cu, 0.2 wt% Mn, 1.0 wt%
Mg, 0.2 wt% Cr, 0.3 wt% Zn, 0.2 wt% Ti, and 0.2 wt% other elements.
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Coating Technology

The coating film was deposited on the Al surfaces in the following sequence: First, to
remove surface contaminants, the Al substrates were immersed for 20 min at 80°C in an alkaline
solution consisting of 0.4 wt% NaOH, 2.8 wt% tetrasodium pyrophosphate, 2.8 wt% sodium
bicarbonate, and 94.0 wt% water. The alkali-cleaned Al surfaces were washed with deionized
water at 25°C, and dried for 15 min at 100°C. Next, the substrates were dipped into a soaking
bath of film-forming solution at room temperature, and withdrawn slowly. The wetted substrates

were then heated in an oven for 120 min at 200°C to yield thin solid films.

Measurements

The thickness of the PIA-modified and unmodified CS films deposited on the Al surfaces
was determined using a surface profile measuring system. Thermogravimetric analysis (TGA)
was used to investigate the amount of absorbed moisture in the modified and unmodified CS
polymers. TGA was run using the non-isothermal method at a constant rate of 10°C/min over the
temperature range of 25° to 450°C. The molecular configuration and conformation of 200°-
treated polymers was investigated by Fourier-transformation infrared (FT-IR) and X-ray
photoelectron spectroscopy (XPS) . The contact angle was measured by dropping water onto the
polymer film surfaces to determine the extent of susceptibility of their surfaces to moisture. The
values of contact angle were measured within the first 20 sec after dropping it onto the surfaces.
AC electrochemical impedance spectroscopy (EIS) was used to evaluate the ability of the coating
films to protect the Al from corrosion. The specimens were mounted in a holder, and then
inserted into an electrochemical cell. Computer programs were prepared to calculate theoretical
impedance spectra and to analyze the experimental data. Specimens with a surface area of 13 cm’
were exposed to an aerated 0.5 M NaCl electrolyte at 25°C, and single-sine technology with an
input AC voltage of 10 mV (rms) was used over a frequency range of 10 Khz to 102 Hz. To
estimate the protective performance of coatings, the pore resistance, R, (ohm-cm?), was
determined from the plateau in Bode-plot scans that occurred at low frequency regions. The salt-

spray tests of the coated Al panels (75 mm x 75 mm, size) with no scribe were carried out in




~ accordance with ASTM B 117, using a 5 wt% NaCl solution at 35°C.

Results and Discussion

PIA-modified CS Polymers
To obtain information on the changes in the molecular conformation of the CS polymer

brought about by varying the CS/PIA ratio at 200°C, we investigated the FT-IR spectra of
CS/PIA samples with ratios of (a) 100/0, (b) 0/100, © 30/70, (d) 50/50, () 70/30, and (f) 80/20.
Fig. 1 gives the FT-IR spectra for these samples over the frequency range from 2000 to 1000
cm’'. The unmodified CS samples (a) had the following absorption bands: at 1702 cm’', revealing
the stretching vibration of the carbonyl, C=0, group; at 1619 cm™, which can be ascribed to the
N-H bending mode in the primary amine, NH,, group; at 1402 cm’', reflecting the -NH,* band
from the ammonium chloride salt, NH, Cl’; and also at 1155, 1072, and 1020 cm™, corresponding
to the stretching vibration of C-O-C linkages in the glucosamine rings. This spectrum also

showed that there was no band related to the amide group in the partially N-acetylated CS,

CH,0H

OH

, where R is -COCH; and -H. Since the CS includes ~ 20 % N-acetyl-D-
glucosamine , this result seems to suggest that the acetyl groups, CH,OC-, were removed from
the N-acetyl-D-glucosamine by HCl-catalyzed hydrolysis, followed by heat treatment at 200°C,
thereby introducing the acetic acid and ammonium chloride derivatives into the CS polymers.

These derivatives may be formed by the following hypothetical diacetylation pathways [5]:




CH,OH CH,OH

O [97 o, H,o o °—
OH OH +  CH,COOH
L
N NH,*Cl
COCH,
CH,OH
o 06—
H,0 - OH +  NHCr
OH

If such chemical structural changes take place, the molecular structure of the deacetylated CS can
be illustrated as follows:

CH,OH
o_ o+,

Where R is NH; or OH

The spectral feature of bulk PIA polymer (b) revealed that some of the carboxylic acid, -COOH,
groups were transformed into acid anhydride groups by heating at 200°C. In fact, two absorption
bands at 1852 and 1780 cm™! reflected the stretching vibration of C=0 in the itaconic anhydride
group, while the band at 1191 cm! reflected the C-O-C linkage in this group. On the other hand,
the frequency at 1776 cm™ is associated with the C=0 stretching vibration in the -COOH group,
and the C-H bending modes of methylene and methyl groups in the PIA are identical to the bands
at 1450 and 1392 cm™, respectively. No specific spectral feature was observed from sample (c)

with CS/PIA ration of 30/70; namely, it included almost all the peaks associated with the 100/0




and 0/100 ratio samples. When 50 % by weight of the total amount of PIA was displaced by CS,
the resulting spectrum (d) indicated the appearance of two new bands at 1648 and 1512 cm™'. The
former band is likely to be associated with the amide I (stretching vibration of carbonyl group,
C=0) [6]. If this interpretation is valid, the latter band is due to the amide II ( bending vibration
of secondary amine group, NH). As seen in spectrum (e) of the 70/30 ratio sample. further
replacement of the PIA by CS resulted in the growth of these bands. As expected, these bands
became the prominent ones in the 80/20 ratio samples (f). A possible explanation for the
formation of secondary amide group, -CO-NHR-, was that the NH, group in the CS reacts with
the COOH group in the PIA, so forming the amide bond as the reaction product that links
directly the PIA to the CS. |

To support this information, additional experimental work was conducted by inspecting
the XPS N, core-level excitation for the 200°C-heated film surfaces with CS/PIA ratios of (a)
100/0, (b) 80/20, (c) 70/30, (d) 50/50, and (e) 30/70 (Fig. 2). The films were deposited onto the
Al substrate surfaces using the coating technology described in the experimental methods
section. In this core-level spectrum, the scale of the binding energy (BE) was calibrated with the
C,; of the principal hydrocarbon-type carbon peak fixed at 285.0 eV as an internal reference
standard. A curve deconvolution technique, using a DuPont curve resolver, was employed to
substantiate the information on the nitrogen-related chemical states from the spectra of the
nitrogen atoms. The N, spectrum (a) of the 100/0 ratio film surfaces was a symmetrical feature
with a peak at the BE position of 399.8 eV, belonging to the N in primary amine [7]. When 10
% by weight of the total amount of CS was substituted for PIA, the major characteristic of the
curve (b) was the emergence of new shoulder peak at 401.2 eV, revealing the N originated from
the amide group [8]. The changes in its feature caused by a further substitution are as follows; in
particular, there was (1) an increased intensity of the amide N signal at 401.2 eV and 2) a
striking attenuation of the amine N peak at 399.8 eV. These data strongly supported the results
from the FT-IR study; namely, the amine groups in CS had a strong chemical affinity for the
carboxylic acid groups in PIA and formed amide linkages as the reaction product that acts to

promote the branching of PIA onto the CS and to generate crosslinks between the two liner CS
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conformation of PIA-linked CS can be represented in three reaction schemes (Fig. 3). Schemes
No. 1 and 2 are characterized by representing a branching structure of PIA onto the liner CS
polymer, and the scheme No.3 represents a cross-linking structure by PIA, which connects the

two linear CS polymer chains.

One concern in applying natural polymer-based coating films as corrosion-
preventing barriers to the metal surfaces was the fact that they absorb a large amount of
atmospheric moisture. Such a hydrophilic property, which allows water to infiltrate the film
easily, is an undesirable factor in coating materials used to mitigate corrosion of the metals.
Hence, considerable attention was paid to the effectiveness of PIA in reducing the uptake of the
moisture by CS. In this study, the 200°C-treated PIA-modified and unmodified CS polymer
films were exposed for 24 hours in an environmental chamber under 70 % relative humidity
(R.H.) at 25°C, and then they were examined by TGA to gain the information on the extent of
moisture uptake. Fig. 4 depicts the TGA curves of CS/PIA 100/0 and 90/10 ratio films. The
curve (bottom) for the 100/0 ratio showed a certain amount of weight loss between 25 and
250°C, followed by large reduction in the temperature range of 250 to 450°C. It is believed that
the weight loss occurring at temperatures up to 250°C is due mainly to the removal of all the
moisture adsorbed to the film samples. Correspondingly, the thermal decomposition of CS seems
to take place at femperatures of >250°C. As aresult, the weight loss of CS films by dehydration
was a 5.5 %, implying that this film adsorbed this amount of moisture during exposure to 70 %
R.H.. By comparison, the uptake of moisture by a 10 wt% PIA-modified CS film (top) was only
1.6 wt%, corresponding to ~ 29 % lower than that of the unmodified CS. This fact strongly
verified that PIA greatly reduces the uptake of moisture by CS. Figure 5 shows the changes in its
uptake estimated from the TGA curve as a function of the proportion of CS to PIA. A given .
result showed that the uptake was markedly reduced as the CS/PIA ratio declined from 100/0 to
70/30. The total adsorbed moisture of 1.4 wt% for the 70/30 ratio film was ~ four times lower
than that of the bulk CS film (100/0 ratio); beyond this, a further decrease in the CS/PIA ratio
caused an increase in its moisture uptake. Thus, both the bulk CS and PIA films with a high

uptake of > 3.5 wt% appear to be highly susceptible to the absorption of moisture. In contrast,
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the 80/20 and 70/30 ratio films had uptakes of less than 1.5 wt%, inferring that épropef
proportion of CS to PIA plays an important role in mitigating the magnitude of sensitivity to
moisture. In other words, the hydrophilic NH, groups present in the CS may react with
hydrophilic carboxylic acid groups in the PIA to yield hydrophobic amide bonds as reaction
products, so promoting the degree of PIA grafts on the CS, and also the extent of crosslinking

between the two liner CS chains by PIA.

In trying to further support this information, the extent of wettability of these film
surfaces by water was estimated by determining the contact angle of a water droplet on their
surfaces. If the contact angle was low, it was concluded that the film surfaces are susceptible,
allowing moisture to infiltrate them easily; in the worst case, such seepage may cause hydrolysis-
induced decomposition of the films. In this study, the contact angle was measured on the surfaces
of the films made with the various différent CS/PIA ratios before and after immersing them for
up to 20 days in the water at 25°C. A plot of the average value of the advancing contact angel, 0,
(deg.), for the various CS/PIA ratio film surfaces as a function of immersion time is shown in
Fig. 6. For unimmersed films, the resultant 0-ratio data exhibited that the 0 value of the bulk CS
film (100/0 ratio) was considerably enhanced as it was modified with PIA, especially in the
CS/PIA ratio range of 100/0 to 70/30. The 80/20 ratio film had the highest 6 value of 75°,
corresponding to ~ 4 times greater than that of the bulk CS. Further incorporation of PIA into the
CS caused a declining 0 value, taking as evidence that films with a lower sensitivity to moisture
could be prepared by incorporating a proper amount of PIA into the CS. Thus, this finding
substantially supported the earlier TGA results on the uptake of moisture by the films; namely,
an increase in the degree of grafting and crosslinking provides film surfaces that are less sensitive
to moisture. In other words, the hydrophilic characteristics of the individual CS and PIA films
are converted into the hydrophobic ones by the grafting and crosslinking reactions between them,
inferring that the PIA-grafted and -crosslinked CS films with a suitable proportion of CS to PIA
will contain a minimal number of hydrophilic carboxylic acid and amine groups. The major
factor governing this conversion is the formation of amide bonds yielded by the grafting and

crosslinking reactions, conferring less wettability by water over the film’s surfaces. No
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significant change in the contact angle was observed from the 80/20 and 70/30 ratio film surfaces
in the first 10 days of exposure. When the immersion time was extended to 20 days, the 6 value
for these films slightly decreased. By comparison, the other films tend to show a declining 6
value with increasing exposure time; in particular, both the bulk CS and PIA films were

hydrolyzed during a 10-day exposure to water.

Empbhasis was next directed towards determining the characteristics of the PIA-grafted
and -crosslinked CS coating films deposited onto the Al substrate surfaces. The speciﬁc
characteristics to be investigated were the chemistry at the interfaces between the film and Al,
and also the effectiveness of the coating films in protecting the Al against corrosion. One of the
indispensable factors in a good protective performance of coatings is the bonding of the grafted
and crosslinked CS to the Al, so that it is very important to identify the bond structure at the
interfaces between CS and Al If there are no interfacial bonds, the moisture permeated through
the coating may cause the generation of blisters, promoting the rate of delamination of the
coating films from the Al substrates. To gain this information, we inspected the XPS C,. and O,
core-level excitations for three coating films with CS/PIA ratios of 100/0, 70/30, and 0/100
deposited onto the Al. These samples were prepared in the following manner: The Al substrates
were dipped into these solutions, and then, the solution-covered substrates were dried for 1 hour
in oven at 80°C to form a water-soluble xerogel film. Most of thé xerogel films were removed
from the Al surfaces by immersing them in deionized water; subsequently, the film-devoid Al
side was dried for 1 hour in N, gas at 200°C for XPS examination. Fig.7 compares the C, core-
level spectral features for these film-devoid Al surfaces. The C, region of the interfacial Al
surfaces (a) in the 100/0 ratio coating system had the two resolvable Gaussian components at the
BE positions of 285.0 and 288.0 eV. The principal peak at 285.0 eV is related to the C in the CH,
and CH groups as the major component present at the outermost surface site. The weak signal,
emerging at 288.0 eV, originates from C in the C=0 groups [9]. There is no peak around 286.5
eV that would correspond to the chemical components of CS, such as the C in -CH,O- (e.g.
hydroxide and ethers) and in the C-N bond [10]. This finding seems to suggest that these carbon

species detected on the interfacial Al surfaces are assignable to organic contaminants. Thus, the
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amount of CS film remaining on the Al is very little, if any, implying that a water-soluble CS
does not bond to the Al surface. The feature of the curve taken from the 70/30 ratio film-devoid
Al surfaces differed from that of the 100/0 ratio one; there was the incorporation of two new
signals at 289.5 and 288.6 eV into the curve. The former signal reveals the C in the carboxylic
acid, COOH, group of PIA [10], and the latter one which is situated between the C=0 and the
COOH peaks may belong to the C in the -COO-metal complexed conformation [11, 12]. Since
the source of metal arises from the Al substrate, a possible interpretation for this complex is that
the functional COOH groups in the PIA have a strong chemical affinity for the Al substrates to
yield the linkages between the PIA and the Al metal. It ié well known that when the Al,O; layer
existing at-the outermost surface site of thé Al metals comes in contact with water, it can be
hydrated and converted into the hydrous Al oxides such as AIOOH and AI(OH), [13-15]. Thus,
the interaction between the COOH and the hydroxdylated Al may occur through the Lewis acid-
base reaction pathways; there is , -COOH (proton donor) + HO-AI surface (proton acceptor) —~ -
. COO----"H,0-Al - -COO-Al linkage, in terms of interfacial covalent oxane-bond structure,
that might lead to the formation of water-insoluble PIA at the interfacial boundary regions. To
ascertain whether the -COO group covalently linked to the Al, the aluminum acrylate, Al
(H,C=CHCOQOO),, as the reference compound, was inspected by XPS. The resulting data revealed
that the excitation of the peaks at 288.5 eV in the C,, region and at 531.2 eV in the O, region,
corresponding to the C and O originating from the -COO-Al linkage with the O-Al covalent
bond. Thus, it is reasonable to assume that the interfacial reaction products containing the -COO-
Al linkage might have a hydrophobic characteristic. As expected, the C, spectrum of the 0/100
ratio film-devoid Al surfaces indicated a striking growth of the signal intensity at 288.6 eV,
reflecting an extensive -COO-Al linkage. This strongly demonstrated that a large amount of PIA
adhering to the Al remains at the outersurface site of the substrates. To support this information,
we inspected the O, core-level excitation of these samples (Fig. 8). The spectrum (a) of the
100/0 ratio-devoid Al sample showed the feature of a symmetrical single peak film at 532.0 €V,
belonging to Al in the AL,O, [17]. By comparison, the O, region of the 70/30 ratio film-devoid
Al (b) included two additional shoulder peaks at 532.7 and 531.4 eV, while the Al,Oj; signal at
532.0 eV retained as the major peak. Regarding the two new signals, the literature [18, 19]
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suggested that the signal at 532.7 eV is related to O in the carboxylate and hyrokyl groups, while
the other at 531.4 eV originates from the metal-bound O in the -COO-metal linkage. The intense
signals of these new peaks can be seen in the O, region of the 0/100 ratio film-devoid Al (c).
These findings strongly supported the results from the C,, core-level analysis; namely, the PIA in
the modified CS polymer favorably reacts with the Al substrate surfaces and diffuses over them

to form a water-insoluble PIA-linked Al structure.

The integration of all the data was correlated directly with the effectiveness of PIA-
grafted and -crosslinked CS films in mitigating corrosion of the Al substrates. Using a surface
profile measuring system, the thickness of the 100/0, 90/10, 80/20, 70/30, 50/50, 30/70, and
0/100 ratio films was ~ 1.6, ~ 0.8, ~ 0.5, ~ 0.42, ~ 0.36, ~ 0.2, and ~ 0.24 um, respectively. No
experimental work was made to determine the changes in viscosity of the solution as a function
of CS/PIA ratio. However, the viscosity of the solution seems to rise when this ratio was
increased, implying that the solution made with a higher CS/PIA ratio leads to the fabrication of
* athicker coating film. Although intuitively a thicker coating film may be expected to have a
better corrosion-protective performance than a thin one, AC electrochemical impedance
spectroscopy (EIS) was used to evaluate their effectiveness as corrosion-preventing barriers. On
the overall Bode-plot curves [the absolute value of impedance |Z| (ohm-cm?) vs. Frequency
(Hz)], (not shown), our particular attention was paid to the impedaﬁce value in terms of the pore
resistance, Rp, which can be determined from the plateau in the Bode plot occurring at a
sufficiently low frequency of 5 x 10 Hz. Fig. 9 illustrates the plots of Rp of films versus the
CS/PIA ratios. The Rp value (not shown) of the uncoated bare Al substrate was ~ 5.0 x 10° ohm-
cm?®. Once the Al surfaces were coated with the single CS and PIA polymers, or PIA-modified
CS polymers, the Rp value was increased by one or two orders of magnitude over that of the
substrate. The Rp value of the unmodified single CS coating denoted as 100/0 ratio was 1.5 x 10°
ohm-cm?. When a 10 % of the total amount of CS was replaced by PIA, this value rose ~ three
times to 4.3 x 10° ohm-cm? . With further substitution, the value of Rp increased: The 80/20 ratio
coatings with the film thickness of ~ 0.5 pm had the highest Rp of 1.2 x 10° ohm-cm? in this

coating series, corresponding to an order of magnitude greater than that of an unmodified CS
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coating with the highest film thickness of ~ 1.6 um. However, the coatings made by
incorporating an excessive amount of PIA into CS showed a declining Rp value . In fact, the Rp
value of the 70/30 ratio coating dropped ~ 27 % to 8.8 x 10° ohm-cm?. As expected, the bulk PIA
coating (0/100 ratio) had the lowest Rp value of 8.0 x 10* ohm-cm?. Since the Rp value reflects
the magnitude of ionic conductivity generated by the electrolyte passing through the coating
layers, a higher value signifies a low degree of penetration of electrolyte into the coating films.
Thus, the PIA-grafted and -crosslinked CS polymer conformation offers an improved
performance in minimizing the rate of permeation of electrolytes through the coating layers,
compared with those of the individual CS and PIA coatings. Hence, it was believed that a grafted
and crosslinked polymer structure would iead to a lower rate of the uptake of electrolytes by the
coatings. The data also revealed that the changes in the magnitude of conductivity depend on the
CS/PIA ratio. Comparing the Rp values, the effectiveness of these ratios in ensuring a low degree
of electrolyte infiltration wés in the following order; 80/20 > 70/30 >50/50 > 90/10 > 30/70 >
100/0 > 0/100. The most effective coating system was the 80/20 ratio.

Fig. 10 représents the changes in Rp at 5 x 102 Hz for the coating specimens as a function
of exposure times of up to 80 days in a water at room temperature. In the first ten days of
exposure, four coating systems, 90/10, 80/20, 70/30, and 50/50 ratios, showed no significant
changes in Rp value, compared with that of the unexposed ones. Afterwards, their Rp values,
except for the 80/20 ratio coating, fell with increasing exposure time. Despite a long exposure for
20 days, the Rp value of the 80/20 ratio specimens was almost the same as that at 10 days,
suggesting that the magnitude of susceptibility of this coating to the hydrolysis during its
immersion in water is less than that of all the other coatings. However, the Rp value-exposure
time relation revealed that when exposure was prolonged for > 20 days, the Rp value gradually
fell with increasing exposure time, inferring that extending the exposure period promotes the
uptake of more electrolytes by the coatings. After exposure for 80 days, only the 80/20 ratio
coating still maintained an Rp > 10° ohm-cm? . The second highest Rp value was found in the
70/30 ratio films. In contrast, the rate of its uptake for the three coating specimens, 30/70, 100/0,
and 0/100 ratios, was considerably higher than that of the 80/20 and 70/30 ratio coatings; in fact,
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their Rp values after 80 days exposure were in the order of 10° ohm-cm? . In particular, the Rp
value of the 0/100 ratio coating specimens sharply dropped to 4.0 x 10* ohm-cm? during
exposure for 20 days from the 8.0 x 10* ohm-cm? , no further exposure was made because the Rp
at this level is mainly due to the anodic etching of the underlying Al. In fact, pitting due to the
local corrosion of Al caused by the failure of the coating was visually observed in these

specimens.

This information on the EIS was supported by the findings from salt-spray resistance tests
for the coated panels (Table 1 ). A trace of corrosion products was generally looked for in
evaluating the results. These findings were reported as the total exposure time at the date of the
generation of the rust stain on the Al surfaces. As shown, the entire surfaces of the individual
CS(100/0)- and PIA(0/100)-coated Al panels were corroded after exposure to the salt spray for
72 hours, corresponding to only 24 hours longer than that of the uncoated bare Al ( not shown),

+ suggesting that these coatings poorly protect Al against corrosion. By comparison, the PIA-
grafted and -crosslinked CS coating systems were far better in reducing the rate of corrosion.
With the 90/10 ratio, the resistance to salt spray was extended ~ 7 times to 480 hours. A further
improvement was observed with coatings containing increased concentrations of PIA, signifying
that an increase in the degree of the grafting and crosslinking of PIA onto the CS improves the
resistance to corrosion. In fact, coatings made from the 80/20 ratio protected Al against corrosion
for 694 hours. However, adding an excessive amount of PIA to the CS resulted in a less
effectiveness in mitigating the corrosion of Al; the salt-spray resistance of the 30/70 ratio

coatings was only 192 hours.

Implicating this finding with the data on the FT-IR, TGA, XPS, and contact angle, three
factors played a key role in conferring resistance to metal corrosion: First was the polymer’s
conformation containing amide bonds formed by the grafting and crosslinking reactions between
the carboxylic acid groups in PIA and NH, groups in CS; sechd was the lesser susceptibility of
the coating films to moisture due to the enhanced degree of grafting and crosslinking, together

with a minimal amount of hydrophilic unreacted COOH in PIA and NH, in CS; and, third was
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the interaction of the COOH groups in the PIA-grafted CS polymers with the hydroxylated Al

metal surfaces to form an interfacial covalent oxane-bond structure, such as -COO-ALl linkages.

Conclusion

Partially N-acetylated chitosan (CS) biopolymer consisting of ~ 80 % poly(D-
glucosamine ) and ~ 20 % poly(N-acetyl-D-glucosamine) is a derivative of the polysaccharide
chitin marine biopolymer, which originates from the structural components of crustaceans, such
as shrimp, lobster, and crab, and is abundant, comparatively inexpensive, and relatively stable in
quality. In seeking ways of applying the CS biopolymer as renewable resource to an
environmentally green water-based coating system for the aluminum (Al) substrates. emphasis
was directed towards its molecular modification with poly(itaconic acid) (PIA), which is among
the synthetic polyacid electrolytes. Adding a certain amount of HCl to the CS in aqueous
medium not only enhances its solubility, but also served to remove écetyl groups from the linear
CS polymer structure. The primary amine, NH,, groups in the deacetylated CS, is polybase '
electrolyte having a highly positive charge density. The carboxylié acid, COOH, groups in the
PIA had a strong chemical affinity for the basic NH, groups in the CS and formed secondary
amide linkages that grafted the PIA polymer onto the linear CS chains and crosslinked between
the CS chains. when mixtures of these two aqueous solutions were heated at 200°C in air. An
increase in the degree of grafting and crossliking provided the formation of the coating films that
are less susceptible to moisture and to the infiltration of corrosive electrolyte species in the
coating layer. conferring good protection of Al metal against corrosion. However, incorporating
an excessive amount of PIA into the CS created undesirable features as the anti-corrosion
barriers, leading to a high degree of wettability and moisture absorption of coating surfaces, and
also an enhanced magnitude of ionic conductivity caused by electrolytes passing thrbugh the
coating layers. These negative factors were due primarily to the persistence of a certain amounf
of unreacted hydrophilic PIA and CS polymers in the coating films. In addition, the surfaces of
Al substrate preferentially reacted with the PIA, rather than the CS. This interfacial interaction
could be accounted for by the formation of -COO-Al metal linkages by the acid-base reaction

between the COOH groups (proton donor) in the PIA and the OH groups (proton acceptor) on the
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hydroxylate Al surfaces. The coating films made with the CS/PIA 80/20 ratio precursor solution
had all the properties needed for use as a corrosion-preventing barrier. In fact, this coating film,
deposited on the Al surfaces had a lesser sensitivity to moisture, and imposed pore resistance (in
ohm-cm? ) of an order of magnitude higher than those of single CS and PIA coatings, and

conferred salt-spray resistance for 694 hours.
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Table 1. Salt-spray Resistance Tests for PIA-modified CS Coatings

- CS/PIA ratio Salt-spray resistance, hours

100/0 72

90/10 480
80/20 694
70/30 624
50/50 264
30/70 192
0/100 72
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Fig. 1 FT-IR adsorption spectra for the polymer samples made with (a) 100/0, (b) 0/100, (c)
30/70, (d) 50/50, (e) 70/30, and (f) 80/20 CS/PIA ratios at 200°C.
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Fig. 2 N, core-level spectra for the 200°C-treated (a) 100/0, (b) 90/10, (c) 70/30, (d) 50/50, and
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(e) 30/70 ratio coating film surfaces.
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Fig. 5 Changes in the extent of moisture uptake by coating films as a function of CS/PIA ratios.
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FIGURE 2a
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FIGURE 2b
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ORGANOSILOXANE-GRAFTED NATURAL
POLYMER COATINGS

This invention was made with Government support
under Contract No. DE-ACO2-76CH00016, between the
U.S. Department of Energy and Associated Universities. Inc.
The invention also has received support from U.S. Army
Research Office Program MIPR-ARO-112-93. The Govern-
ment has certain rights in the invention.

BACKGROUND OF THE INVENTION

This invention relates to a new family of polysaccharide
graft polymers, methods of making and using the graft
polymers to provide corrosion resistant coatings having
antimicrobial properties. Mare specificaily. the new family
of polysaccharide graft polymers is provided by reacting a
polysaccharide source with an antimicrobial agent.

Water-soluble or dispersable natural polymers, such as
starches and cellulosics, are among the most abundant
natural resources on both molecular and weight basis, with
about 400 billion tons produced photosynthetically in the
United States each year. Worldwide. by the year 2000, it has
been estimated that natural polymer products will reach
about 2000 million tons. Because sources of natural poly-
mers come from seeds and roots of plants, both renewable
and abundant agricultural resources, which are also com-
paratively inexpensive and relatively stable in quality and
price. As aresult. using natural polymers as an extender and
replacement for synthetic polymers might reduce our depen-
dence on petrochemically-derived products.

The hydroxy structures of natural polymers display an
excellent affinity to polar substrates, such as cellulose. Thus,
although the major consumer of natural polymers are the
paper and food industries, these polymers are also widely
applied as coatings for paper. and as adhesives in cellulose-
based corrugation board, multiwall bags and foil lamination.
In using natural polymers as adhesives, susceptibility of the
solution adhesive solution to water is a major drawback
which must be overcome. Some improvement of water-
resistance can be obtained by incorporating water-soluble
polymers, such as polyvinyl alcohol and acetate, and ther-
mosetting resins such as ureaformaldehyde or resourcinol-
formaldehyde into natural polymers.

Research has beemn conducted in the past on
organosiloxane-containing polysaccharides and polysaccha-
ride graft polymers. For example. U.S. Pat. Nos. 4.973,680
and 5,004,791 to Billmers disclose organosiloxane-
containing polysaccharide derivatives and polysaccharide
graft polymers usefull in glass fiber forming size
compositions, and paper making, adhesives, paper, textile
additives as thickeners, sealants, coatings, binders and films.
Billmers discloses polysaccharide graft polymers having the
structure of

e
Sacch—O——R—?i—Rz,

R;

and a polysaccharide graft polymer having the structure
Sacch-0—(G),—(M),—wherein Sacch- is a polysaccha-
ride; m is 0 or 1; G is the residue of a polymerizable,
unsaturated monomer which is bonded to the polysaccharide
by an ether or ester linkage; n is greater than 1; and M is the
residue of one or more polymerizable. unsaturated.
monomer(s), at least one of which is a siloxane-containing
monomer, which have been grafted to polysaccharide by
free radical polymerization. The polysaccharides disclosed
in the *791 and ’680 references include starches. gums.
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cellulose and cellulose derivatives. The organosiloxane
compounds used to modify polysaccharides are all tri-
methoxy or triethoxy silane derivatives.

Several investigators reported that another way to modify
starch with synthetic polymers or monomers at molecular
level is graft copolymerization in an aqueous or non-
aqueous medjum. Starch structures were modified through
the reaction of the hydroxyl groups with functional groups
of synthetic polymers, such as carboxylic acid. anhydride.
epoxy. urethane, or oxazoline, and by free-radical ring-
opening polymerization occurring between the glucose rings
and vinyl monomers.

In the above attempts, it has been found, however, that
coatings made of natural polymers such as commercial
starch, have many undesirable features. The following char-
acteristics have been found:

(i) microorganisms readily settle and grow on coatings

made of natural polymers;

(ii) the coatings have hydrophilic characteristics which

form mechanically weak films; and

(iii) they also display poor wetting and adhesive proper-

ties to metals and other polymer substrates.

Accordingly. there is still a need in the art of coatings for
inexpensive, environmentally benign natural polymer coat-
ings which are both corrosion resistant and have antibacte-
rial properties.

It is therefore an object of the present invention to provide
chemically modified natural polymer coatings which are
inexpensive, environmentally safe and which at the same
time strongly adhere to metals such as aluminum, magne-
sium and zinc, provide anticorrosion protection and cannot
be easily attacked by bacteria.

SUMMARY OF THE INVENTION

The present invention, which addresses the needs of the
prior art, provides a new family of compounds which are
useful as antibacterial corrosion protective coatings for light
weight metals such as aluminum, magnesium. zinc, steel and
alloys thereof. The new family of compounds include a
polysaccharide graft polymer having the structure below
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wherein m and m are greater or equal to 500. The present
invention also provides methods of making the polysaccha-
ride graft polymers of the invention by reacting a polysac-
charide source with an antimicrobial agent under conditions
of hydrolysis-condensation. The polysaccharide source and
the antimicrobial agent are in colloidal aqueous solutions.
The hydrolysis-condensation reaction occurs from about 50°
C. to about 250° C. The polysaccharide source can be
selected from water dispersable commercial starches and
cellulosics. Starches include corn. wheat, rice, tapioca, pota-
toes and sago. Cellulosics include such esters or ethers as
cellulose xanthate, methylcellulose, hydroxyethyl cellulose
and carboxymethyl-cellulose. Useful antimicrobial agents
include N[3-(triethoxysilyl)-propyl]-4.5-dihydroimidazole,
B-trimethoxysilylethyl-2-pyridine, B-trimethoxysilylethyl-
4-pyridine. 2-[2-trichlorosilyl)ethyl]lpyridine. 4-[2-
(trichlorosilyl)ethyllpyridine, N-[3-(triethoxysilyl)propyl]-
4-5-dihydroimidazole, 3-bromopropyltrimethoxysilane;
3-iodopropyltrimethoxysilane; (3,3.3-trifluoropropyl)
trimethoxysilane; (3.3.3-trifluoropropyijtriethoxysilane;
tridecafiuoro-1,1,2,2-tetrahydrooctyl-1-triethoxysilane.

As a result of the present invention, a new family of
compounds is provided. The compounds are useful as anti-
bacterial corrosion protective coatings for light weight met-
als. TSPI-modified natural polymer films deposited on aiu-
minum substrates display a superior level of corrosion
protection for the substrate. For example, the coatings of the
present invention had an impedance of greater than 10°
ohm-cm? after a 20-day exposure to a 0.5N NaCl solution at
25° C., a 1000-hr salt-spray resistance, and a grate protection
at both anodic (inhibits pitting) and cathodic sites. The
extent of such resistance to corrosion was far better than that
of conventional anodic oxide and Cr-conversion coatings.
Hence. the modified natural polymer coatings of the present
inventior have high potential as substitutive material for
Cr-incorporating coatings which are also known to be envi-
ronmentally hazardous.

Other improvements which the present invention provides
over the prior art will be identified as a result of the
" following description which sets forth the preferred embodi-
ments of the present invention. The description is not in any
way intended to limit the scope of the present invention, but
rather only to provide a working example of the present
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preferred embodiments. The scope of the present invention
will be pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows SRFT-IR spectra for bulkk PS and TSPI
coating films. and 2% and 5% TSPI-coated PS films.

FIGS. 2(a) and 2() show XPS C,, core-level spectra at (a)
for bulk PS and at (b) for TSPI-modified PS coating surfaces
at 200° C.; the peak positions for each curves 1. 2, and 3
correspond to 285.0. 286.5. and 288.0 eV, respectively.

FIGS. 3 illustrates a shift in the endothermal temperature
of PS to low values when the proportion of TSPI to PS was
increased.

FIG. 4 shows TGA and DTA curves for 200° C.-heated
bulk PS and TSPI-modified PS polymers.

FIG. § illustrates contact angles of various different
PS/TSPI ratio solutions which were dropped on surfaces of
aluminum substrates.

FIG. 6 shows SEM micrographs coupled with EDX
spectra for 200° C.-treated film surfaces with 100/0 (top) and
95/15 (bottom) PS/TSPI ratios.

FIG. 7 illustrates contact angle of a water droplet on 200°
C.-treated coating films with different PS/TSPI ratios.

FIG. 8 shows Bode-plots for bare aluminum substrate,
and aluminum specimens coated with films having 100/0,
95/5, 90/10. and 85/15 PS/TSPI ratios.

FIGS. 9(a) and 9(b) show SEM-EDX examination of
coating surfaces derived from PE/TSPI solutions having
ratios of 100/0 (top) and 97/3 (bottom) after leaving them for
two months in culture flasks at 25° C.

FIG. 10 illustrates FI-IR spectra for 100° C.-treated
PE/TSPI ratio coatings as follows: 0/100 at (a). 100/0 at (b),
99/1 at (c), 97/3 at (d). and at 95/5 (). :

FIG. 11 iliustrates TGA for the TSPI-modified and
-unmodified PE polymers in air at a rate of 10° C./min.

FIG. 12 shows changes in the contact angle of film
surfaces made from films having various different PE/TSPI
ratios as a function of temperature.

FIG. 13 shows XPS Si,, core-level spectrum for the 97/3
ratio PE/TSPI coating at interference with aluminum sub-
strate.

FIG. 14 shows changes in pore resistance, R,,, as a
function of temperature for various PE/TSPI ratio coatings
deposited on aluminum substrates.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention provides a new family of polysac-
charide graft polymers, methods to make and use as
corrosion-protective coatings for lightweight metal sub-
strates. More specifically, the present invention provides
natural polymers such as starch and cellulosics which have
been modified with antimicrobial agents to form water
impermeable corrosion resistant coating films which have
antimicrobial properties.

All compounds utilized to prepare the new family of
polymers of the present invention can be synthesized or are
commercially available. For example. useful commercial
starches include corn, wheat, rice. tapioca, potatoes and
sago. Cellulosics include cellulose and its derivatives, typi-
cally esthers or ethers, cellulose xanthate, methylcellulose,
hydroxyethylcellulose and carboxymethyl-cellulose.

Starch is a mixture of amylose and amyiopectin. Amylose
is a linear homopolysaccharide which is made up of several
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hundred glucose units linked by (1--34)-alpha-D-glycosidic
linkages. Amylopectin is a branched homopolysaccharide of
glucose units with (1—6)-alpha-D-glycosidic linkages at the
branching points and (1-4)-alpha-D-glycosidic linkages in
the linear region. The hydrated linear amylose molecules
inherently tend to align. Once the aligned configuration is
formed. intramolecular hydrogen bonds generated between
the linear chains lead to an agglomeration and crystailization
of amylose chains, thereby resulting in a low solubility in
water. Similarly, the molecular arrangement of linear por-
tions in branched amylopectin introduces the same degree of
crystallinity into hydrated starch. However, the solubility of
amylopectin in water is much higher than that of amylose.
Typical starches have a proportion of 20% to 30% amylose
and 70% to 80% amylopectin.

COOCH;3
(o)
OH H
H
H OH

Pectin (PE) is a natural polymer also known as polyga-
lacturonic acid methyl esther. PE has the formula shown
above, wherein p is greater or equal to 500 and has a
molecular weight of 20,000 to 30,000. Pectin was obtained
from Scientific Polymer Products, Inc.

In order to modify the natmral polymers used in the
present invention. antimicrobial agents were used. For
example, monomeric N-[3-(triethoxysilyl) propyl]-4.5.-
dihydroimidazole (TSPI) was obtained from Huls America,
Inc. or Petrarch Systems Ltd. Other useful antimicrobial
agents include B-trimethoxysilyl ethyl-2-pyridine,
B-trimethoxysilyl ethyl-4-pyridine, 2-[2-trichlorosilyl
(ethyl]pyridine, 4-{2-(trichlorosilyl) ethyllpyridine. Other
useful antimicrobial agents include halogen-substituted
silanes, such as, for example:
3-bromopropyltrimethoxysilane;
3-iodopropyltrimethoxysilane; (3.3,3-triftuoropropyl) tri-
methoxysilane; (3,3,3-trifluoropropyl) triethoxysilane;
tridecafluoro-1,1.2.2-tetrahydrooctyl-1-triethoxysilane.

U.S. Pat. No. 4.540.777 to Amort, et al., discloses a
method for the modification of starch with organofunctional
alcoxysilanes and/or alkyl alcoxysilanes, in an aqueous
medium. The modification of starch is performed by bring-
ing the starch into intimate contact with hydrolyzates of the
silanes in the presence of alkyl aluminates or alkyl hydrox-
ides.

The organosilanes which could be used as modifying
agents in *777 reference to Amort, et al. have the following
general formula:

Y’-(CHZ)D—?D(H or
(CHJ)n

?iXs-
(CHB)-I
NH:

in which y represents substituted or unsubstituted amino
group, or a moiety from the group H. CH,, —Cl, CH=CH,,
—SH; X is an alcoxy moiety with a maximum of six carbon
atoms; M can be 0. 1 or 2, and n takes values of 1.2 or 3.
An example of organofinctional silane includes gamma-
chloropropyltrimethoxysilane. The starch disclosed in *777
reference to Amort, et al. can be used for hydrophobation
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and oleophobation of cellulosic material and is suitable as
binder for mineral fibers. textile adjuvants, sizes for various
paper products, and as fillers for plastics. The method
disclosed in the 777 reference requires the presence of
alkali aluminates and alkali hydroxides. Additionally, starch
modified by gamma-chloropropyl trimethoxysilane does not
provide the corrosion protection which is provided by
bromine. iodine and fluorine substituted silanes. Moreover.
the graft polymers of the present invention are prepared in
the absence of alkali aluminates and alkali hydroxides.

The water-based coating systems of the present invention
have been prepared by mixing solutions in two phases. One
phase consisted of natural polymers dissolved in water and
the other phase of a salt solution which contains an antimi-
crobial agent such as TSPI, water, methanol and hydrochlo-
ric acid. The resulting TSPI modified natural polymer coat-
ing films were capable of protecting lightweight metals
against corrosion. Metals which can be protected with the
coating films of the present invention include aluminum,
magnesium, zinc, steel and alloys thereof.

Simple dip. spray or spin-coating methods can be used to
deposit precursor solution layers onto the metal substrates.
Heating the coated metal at temperatures from about 50° C.
to about 250° C. for about 120 minutes allowed the forma-
tion of corrosion resistant coating films of the present
invention.

EXAMPLES

The examples below further illustrate the various features
of the invention, and are not intended in any way to limit the
scope of the invention which is defined in the appended
claims,

EXAMPLE 1

In this experiment, polyorganosiloxane (POS)-grafted
polysaccharide copolymers were synthesized through a
heat-catalyzed dehydrating condensation reaction between
hydrolysates of potato starch (PS) as source of polysaccha-
ride and N-[3-(triethoxysily)propyl]- 4,5. -dihydroimidazole
(TSPI) as the antimicrobial agent and a source of the
graft-forming POS at 200° C. in air. The grafting of POS
onto PS followed by the opening of glycosidic rings sig-
nificantly improved the thermal and hydrophobic character-
istics of PS.

The experiment was also directed to evaluating the ability
of antimicrobial TSPI-modified starch films to protect alu-
minum alloys from corrosion. The evaluations were carried
out by AC electrochemical impedance spectroscopy and
salt-spray resistance. The resulting data were then correlated.
with several other physico-chemical factors, such as the
spreadability of the modified starch aqueous solution on
surfaces of aluminum substrates. The magnitnde of suscep-
tibility of solid coating film surfaces to moisture, the
molecular conformation of the modified starch, its thermal
decomposition, and the surface morphology of films were
also studied. In addition, the effect of TSPI as antimicrobial
agent on preventing the settlement and growth of microor-
ganisms in starch aqueous solution was also investigated.
1. Materials

The starch used was potato starch (PS) from ICN

" Biomedical, Inc. For modifying PS. monomeric N-[3-

65

(triethoxysily)propyl]-4,5, -dihydroimidazole (TSPI) was
used as supplied by Huls America. Inc. A 1.0 wt % PS

-solution dissolved in deionized water at 80° C. was modified

by incorporating various amounts of the TSPI solution
consisting of 9.5 wt % TSPL 3.8 wt % CH,0H, 1.0 wt %
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HCIL. and 85.7 wt % water. Six ratios of PS/TSPI solutions
of 100/0. 99/1. 97/3. 95/5. 90/10, and 85/15 by weight were
utilized. The lightweight metal substrate was a 6061-T6
aluminum (Al) sheet containing the following chemical
constituents: 96.3 wt % Al, 0.6 wt % Si. 0.7 wt % Fe, 0.3 wt
% Cu, 0.2 wt % Mn, 1.0 wt % Mg, 0.2 wt % Cr, 0.3 wt %
Zn. 0.2 wt % Ti. and 0.2 wt % other clements.

2. Coating Technology

The aluminum surfaces were coated by TSPI-modified
and unmodified PS films in the following sequence. The
aluminum substrates were immersed for 20 minutes at 80°
C. in an alkaline solution consisting of 0.4 wt % NaOH. 2.8
wt % tetrasodium pyrophosphate, 2.8 wt % sodium
bicarbonate. and 94.0 wt % water in order to remove surface
contaminants. The alkali-cleaned aluminum surfaces were
washed with deionized water at 25° C. for 5 min, and dried
for 15 min at 100° C. Then. the substrates were dipped into
a soaking bath of solution at room temperature, and with-
drawn slowly. The wetted substrates were then heated in an
oven for 120 min at 200° to yield thin solid films.

3. Measurements

PS solutions are suitable nutrients for fungal and bacterial
growth. Adding TSPI has had the effect of preventing the
growth and colonization of microorganisms. This observa-
tion was verified by using scanning electron microscopy
(SEM). The surface tension of the unmodified and TSPI-
modified PS solutions was measured with a Cenco-DuNouy
Tensiometer Model 70535. Solutions with an extremely high
or low pH have been found improper for use as coatings of
metal surfaces because of the corrosion of metal by such
solutions. Thus, it was very important to measure the pH of
coating solutions, prior to depositing them on the surface of
a metal.

To understand the molecular structure of TSPI-modified
PS, the films deposited on aluminum surfaces were inves-
tigated by specular reflectance fourier transform infrared
(SRFT-IR) spectrophotometer, and x-ray photoelectron
spectroscopy (XPS). The combined techniques of differen-
tial scanning calorimetry (DSC), thermogravimetric analysis
(TGA), and differential thermal analysis (DTA) were used to
assess the changes in the melting point of PS as a function
of TSPI concentrations. and also to search the thermal
decomposition characteristics of modified and unmodified
PS polymers. The degree of crystallinity of the polymers
was estimated by using x-ray powder diffraction (XRD). The
changes in the magnitude of wettability and spreadability of
PS solutions modified with various amounts of TSPI on
alumipum surfaces were recorded by measuring the contact
angle within the first 30 seconds after dropping the solution
on their surfaces. The same technique was employed to
obtain the water-wettability of polymer film surfaces which
provided information on the degree of susceptibility to
moisture of modified and unmodified PS film surfaces.
Information on the surface morphology and chemical com-
position of films deposited to aluminum substrates was
obtained by SEM and energy-dispersive x-ray (EDX) analy-
sis.
AC electrochemical impedance spectroscopy (EIS) was
used to evaluate the ability of coating films to protect
aluminum from corrosion. The specimens were mounted in
a holder, and then inserted into an electrochemical cell.
Computer programs were prepared to calculate theoretical
impedance spectra and to analyze the experimental data.
Specimens with a surface area of 13 cm? were exposed to an
aerated 0.5N NaCl electrolyte at 25 ° C.. and single-sine
technology with an input AC voltage of 10 mV (rms) was
used over a frequency range of 10 KHz to 107> Hz. To
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estimate the protective performance of coatings. the pore
resistance, . was determined from the plateau in Bode-
plot scans (impedance. ohm-cm® vs. frequency. Hz) that
occurred at low frequency regions. The salt-spray tests of the
unmodified and modified PS-coated Al panels (75 mmx75
mm. size) were performed in accordance with ASTM B 117,
using a 5% NaCl solution at 35° C.

4. Properties of Coating Films

a. Growth of Microorganisms

PS polymers contain C. H. and O, among other elements
which are suitable nutrients for fungal and bacterial growth.
When PS comes into contact with water, inevitably the
growth of microorganisms already present in the water is
stimulated. As a result, bacterial colonies flourish. A serious
problem in using such colonized polymer solutions as coat-
ing materials is caused by microbial bioparticles incorpo-
rated into layers of dried coating film which promote the rate
of water transportation. The coating filns become wet and
fail as comrosion-protective coatings. Thus, adding an anti-
microbial agent to a PS solution is needed to prevent the
growth of microorganisms.

In the present invention, monomeric TSPI was employed
as an antimicrobial agent. To assess its effectiveness on
inhibiting microbial growth, 20 grams aqueous solutions
having PS/TSPI ratios of 100/0 and 97/3 were placed in
culture flasks, and then left for two months at 25° C. in
atmospheric environments. Subsequently, these solutions
were deposited on aluminum substrate surfaces by dip-
withdrawal coating methods, and then dried for 24 hours in
a vacuum oven at 40° C. to form solid films for SEM
observations. The SEM image obtained from the unmodified
PS coating disclosed a continuous coverage of extensive
fungal clusters over the aluminum substrate. A strikingly
different feature was observed when PS was modified with
a 3 wt % TSP1 solution. There was no fungal growth in the
films having a 97/3 PS/TSPI ratio. This finding indicated
that the incorporation of TSPI as an antimicrobial agent
prevented the growth of microorganisms in PS solutions.

b. Surface Tension as a Function of pH

TABLE 1
Changes in Surface Tension and pH of PS Solutions
Modified with TSPI Solutions

PS/TSPL Surface tension
ratio dynes/cm pH
100/0 723 64
99/1 62.4 85
97/3 589 8.7
95/5 554 89
90/10 54.8 89
85/15 54.7 89

Table 1 above shows the changes in surface tension of
solutions as a function of PS/TSPI ratio at 25° C.. and also
their pH value. The addition of TSPI solution to PS solution
decreased the surface tension, from 72.3 dynes/cm for an
unmodified PS solution. to 54.7 dynes/cm for a 15 wt %
TSPI-modifted PS. The pH of the unmodified PS solution
was 6.4; however, when this solution was modified with a 1
wt % TSPI solution, its pH shifted to a weak base value. The
PH values of all TSPI-modified PS solutions ranged from 8.5
to 8.9.

c. Molecular Conformation of Modified Starch

To gain information on the interfacial reaction mecha-
nisms between PS and TSPL and the chemical conformation
of reaction products. samples of TSPI treated PS were
investigated by SRFT-IR. First, a PS solution was deposited
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on aluminum strfaces by dip-withdrawal coating methods,
and then left for 1 hour in an oven at 100° C. to transform
into a solid film. Then. the PS-coated aluminum substrates
were dipped into a 2 or'5 wt % TSPI solution, and the
TSPI-wetted PS coatings were treated for 2 hours with
heating at 200° C. for SRFT-IR explorations.

FIG. 1 depicts the IR spectra for the 2 and 5 wt %
TSPI-coated PS samples. over three frequency ranges of
4000 to 3000, 1800 to 1570, and 1220 to 970 cm™. For
comparison, the spectra of 200° C.-heated bulk PS and TSPI
coating films as the reference samples were also illustrated
in this figure. A typical spectrum of the bulk PS reference
coating showed absorption bands at 3380 cm™. revealing
the OH groups in the glucose units. at 1650 cm™ which were
ascribed to the bending vibration of H—O—H in the
adsorbed H,0, and also at 1150, 1090, and 1020 cm™,
reflecting the stretching mode of C—O-—C linkages in the
glycosidic rings. The spectrum of bulk TSPI film showed an
OH stretching band of adsorbed H,O at 3290 cm™. a
—C=N— band of dihydroimidazole coexisting with the
H—O—H bending in H,0 at 1660 cm™, a Si—O—C bond
of the Si-joined alkoxy groups at 1140 cm™. and Si—O—Si
linkages at 1050 cm™.

When PS was coated with 2 wt % TSPL the particular
features of the IR spectrum differed from those of the
reference samples. There was a decrease in intensity of the
absorption band at 3380 cm™, (i) a development of three
new bands at 1710, 1120, and 1030 cm™, and (iii) a striking
reduction of intensity of the C—O—-C linkage-related bands
in the frequency regions of 1200 to 1000 cm™. Increasing
the concentration of TSPI to a S wt % led to a further
decrease in intensity of the OH and C—O—C bands, while
a marked growth of these new bands could be seen in the
spectrum. The contributor to the new band at 1710 cm™ is
likely to be the C=O groups. On the other hand, the
Si-alkoxy compounds and siloxanes have strong bands in the
ranges of 1170-1110 em™ and 1110-1000 cm™, respec-
tively. Thus, without being bound by theory, it has been
concluded that the new bands at 1120 and 1030 cm™

showed the formation of Si—QO—C and Si—O—Si.

linkages, respectively. If this interpretation is correct,
Si—O—<C not only belongs to that linkage in the TSPI, but
also may be due to the reaction products formed by the
interaction between PS and TSPL The Si—O—Si linkage is
the embodiment of forming the polysiloxane structures.

In the study of the mechanism of graft copolymerization
onto polysaccharide initiated by metal ion oxidation
reaction, Doba et al., in Macromolecules, 17, p. 2512, 1984
have shown that oxidation of glycol groups in the glycosidic
rings by ionic metal species cleaved the glycol C—C bond.
The opening of the rings caused by such a cleavage not only
generated a free radical which promoted the grafting of the
vinyl monomers onto the polysaccharides, but also provided
the formation of C=0 groups. Also. they reported that no
free radicals were found at the C position of —CH,OH
groups in the glucose units. Relating this finding to the fact
that the spectrum of the bulk PS film does not show a clear
feature of C==0 bands, the development of C==0 groups in
the TSPI-coated PS is thought to involve the formation of
Si—O—C linkages yielded by a dehydrating condensation
reaction between the one hydroxyl, OH of glycol groups and
the silanol group Si—OH in the hydrolysate of TSPL
followed by opening of ring. However, there was no evi-
dence as to whether a free radical had been generated.
Moreover, such a condensation reaction may also occur
between the OH of —CH,OH group in the glucose units and
the OH of silanol group to form the Si—O—C linkages.
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Because the polysiloxane structure is present in the reaction
products, the creation of these linkages virtually demon-
strated that the polyorganosiloxanes (POS) were grafted to
the PS.

To further ascertain that C=0 groups were generated, the
XPS C,, core-level excitations for the 200° C.-heated film
surfaces with PS/TSPI ratios of 100/0 and 85/15 were
inspected. In this core-level spectra, the scale of the binding
energy (BE) was calibrated with the C,, of the principal
hydrocarbon-type carbon peak fixed at 285.0 eV as an
internal reference standard. A curve deconvolution
technique. using a Du Du Pont curve resolver, was employed
to support the information on the carbon-related chemical
states from the spectrum of the carbon atom. As shown in
FIG. 2. the C,, region of bulk PS surfaces had three resolv-
able Gaussian components at the binding energy (BE) posi-
tions of 285.0, 286.5, and 288.0 eV denoted as peak areas
“1”, “2”, and *“3”. The major peak at 285.0 eV is associated
with the C in CH, and CH groups as the principal compo-
nent. According to established literature sources, the second
most intensive peak at 286.5 eV is attributable to the C in
—CH,0— (e.g. alcohol and ether), while a very weak
signal, emerginrg at 288.0 eV, originates from C in the C==0
groups. Although the thermal treatment of PS film at 200° C.
in air may introduce C=0 into the PS surfaces as the
oxidation product, it was assumed from the curve feature
that the number is very low. In contrast, the curve structure
of TSPI-modified PS film is quite different from that of bulk
PS film. In particular, there is a significant growth of the
C=0 peak and there is a marked decay of C—O signal
intensity. These findings strongly supported the results
obtained from the IR study, namely, the grafting of POS onto
PS promotes the development of C=0 groups within the PS
structure, thereby causing the opening of the glucose ring.

From this information, the graft structures set forth below
is proposed. It is not clear whether the opening of the ring
leads to the formation of a free radical or a saturated group.
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d. Thermal Characteristics

Thermal characteristics, such as melting point, thermal
degradation. and stability, of 200° C.-heated samples with
PS/TSPI ratios of 100/0, 99/1, 95/5, 90/10. and 85/15 have
been studied. FIG. 3 illustrates the DSC endothermic phase
transitions occurring in these samples at temperatures rang-
ing from 25° C. to 170° C. As reported by Lelievre in J.
Appl. Poly. Sci., 18, p. 293. 1973 and Donovan in
Biopolymers, 18, p. 263, 1979, the temperature of the
endothermal peak for hydrated starches depended primarily
on the degree of its hydration; namely, the starch with a low
degree of hydration had the endothermal peak at higher
temperature. They interpreted that a shift in the endothermal
peak to a high temperature site corresponds to an increase in
melting point of starch. From this information, the endot-
hermal peak at 120° C. for bulk PS (100/0 ratio) was similar
to that obtained from their samples containing a minimum
amount of water. :

When PS was modified with TSPL, the endothermic
temperature expressed as the melting point (T,,) decreases
with an increasing amount of TSPL suggesting that the T,

shifts to low temperature site as the number of POS grafts

per PS chain unit is increased. In other words, the cleavage
of glycol C—C bonds which occurred when POS was
grafted onto glycosidic rings might cause a lowering of T,,,
reflecting a low rate of PS hydration. The enthalpy, AH, of
this phase transition was computed using the formula
AH=T-R-A/h-m, where T, R. A, h. and m refer to temperature
scale (° C./in.). range sensitivity (mcal /sec.-in.), peak area
(in?), heating rate (° CJ/sec), and weight of the sample (mg).
respectively. The changes in AH as a function of the pro-
portion of PS to TSPI are given in Table 2 below.

TABLE 2
Changes in Enthalpy which Represent the Rate of PS Hydration

as a Punction of PS/TSPI Ratios

PS/TSP1 Enthalpy value, AH
ratio XJg
100/0 0325
99/1 0.266
9713 0.240
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TABLE 2-continued
Changes in Enthalpy which Represent the Rate of PS Hydration
as a Function of PS/TSPI Ratios
PS/TSP1 Enthalpy value, AH
ratio KVg
95/5 0.176
90/10 0.136
85/15 0.119

From Table 2 above. it is apparent that the value of AH
decreases with an increasing amount of TSPI incorporated
into PS. Because the AH value reflects the total energy
consumed for breaking the intermolecular hydrogen bonds
generated between starch and water, it was assumed that a
high degree of POS grafts might lead to a molecular con-
figuration of PS chains with fewer hydrogen bonds.

A thermal analysis, combining TGA and DTA, revealed
the decomposition characteristics during pyrolysis of 200°
C.-heated samples as shown in FIG. 4. The TGA curve (top)
for the bulk PS, showed a certain rate of loss in weight
between 30° C. and 150° C., followed by large reductions in
the two temperature ranges. 300° C.-400° C. and 450°
C.—600° C., and then a small decrease between 600° C. and
700° C. The loss in weight occurring at each individual stage
in the four-step decomposition process gave the following
values: about 10% at temperatures up to 200° C.. about 19%
between 200° C. and 450° C.. about 16% between 450° C.
and 600° C., and about 3% between 600° C. and 700° C. By
comparison with the TGA curve of bulk PS. the changes in
the feature of the curve were seen in samples in which TSPI
was incorporated. The addition of TSPI to PS greatly
reduced the weight loss in the first decomposition stage.
Considering that the weight loss at temperatures up to 200°
C. was due mainly to dehydration of the samples. it is
believed that the samples heated to 200° C. and which had
a high proportion of TSPI to PS had a lesser uptake of
moisture. For all the TSPI-modified PS samples, the onset
temperature of the second decomposition stage was near
280° C. Of particular interest were also the features of
curves obtained for samples 99/1 and 95/5 PS/TSPI ratio.
These curves were different from those obtained for samples
having 90/10 and 85/15 having PS/TSPI ratios; namely, the
latter samples had two additional decomposition stages at
temperatures ranging from 310° C. to 600° C.; by contrast,
the 99/1 and 95/5 ratio PS/TSPI samples were characterized
by a large decrease between 280° C. and 340° C.. followed
by a gradual loss in weight after 340° C. In these additional
stages. one of the decompositions occurred between 310° C.
and 470° C., and the other was in the ranges from 470° C.
to 600° C. These additional decomposition stages have been
assigned to POS polymers. Thus. a high proportion of TSP
to PS appeared to provide an individual POS formation
segregated from the POS-grafted PS polymer systems. If
this interpretation is correct, the decomposition occurring
between 280° C. and 340° C. could correspond to the
formation of POS-grafted PS polymers as the reaction
products. In fact, no such decomposition was found from
bulk PS samples.

Significantly, the DTA curves (bottom) accompanying the
TGA data strongly supported the information described
above. The curve of bulk PS indicated the presence of three
prominent endothermic peaks at 95° C., 410° C., and 500°
C. Because a DTA endothermic peak represents the phase
transition temperature caused by the thermal decomposition
of chemical compounds, the peak at 95° C. reveals the

-dehydration of PS. while the removal of carbonaceous

groups from the PS structure may be associated with the
peaks at 410° and 500° C. In contrast. the 99/1 and 95/5 ratio
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of PS/TSPI samples had only two endothermic peaks at 95°
C. and 310° C. The former peak appeared to be due to the
elimination of water from the TSPI-modified PS polymers.
and the latter could reveal the decomposition of POS-grafted
PS polymers. No peaks at 410° C. and 500° C. were
recorded on the DTA curves. As expected, the peak intensity
at 95° C. decreased with an increasing amount of TSPL
suggesting that a highly grafted POS onto PS lead to a low
rate of hydration of PS. Assuming that the peak at 310° C.
was related to the grafted PS polymers, the growth of its line
intensity resulting from the incorporation of a large amount
of TSPI into PS indicated that the extent of POS grafting was
promoted by an increased amount of TSPL The peaks at
400° C. and 540° C. for the 90/10 and 85/15 ratio samples
were assignable to the phase transition temperatures of POS
itself isolated from the grafted PS. The intensity of these
peaks increased with an increase in the proportion of TSPI
to PS, implying that the extent of non-grafted bulk POS
existing in the whole polymer structure increased as an
excessive amount of TSPI was added to PS.

It is well documented that the hydration of starch intro-
duces crystallinity into the amylose portion and linear
branching of amylopectin. Thus. the degree of crystallinity
of unmodified and TSPI-modified PS samples were inves-
tigated after heating at 200° C., by XRD. The resulting XRD
patterns, ranging from 0.256 to 0.590 nm. (not shown)
revealed that all the samples were essentially amorphous.
Because the formation of an amorphous phase was due
mainly to the low rate of hydration of starch, it was assumed
that the two major factors, the treatment at 200° C. and the
opening of glycosidic rings by grafting of POS onto the PS.
may cause a poor hydration of starch.

5. Characteristics of Coated Surfaces

Based upon the information described above, the charac-
teristics of the TSPI-modified PS coating films deposited
onto surfaces of aluminum substrate were analyzed next.
The characteristics to be investigated involved the magni-
tude of wettability and spreadability of PS solutions modi-
fied with TSPI onto aluminum surfaces, the morphological
features and elemental compositions of the coating films,
and the susceptibility of the film surfaces to moisture. All of
the data obtained were correlated directly with the results
from the cormrosion-related tests, such as electrochemical
impedance spectroscopy (EIS) and salt-spray resistance
tests.

a. Wettabilitv of Coated Surfaces

In forming uniform. continuous coating films, the mag-
nitude of wettability and spreadability of the alkali-cleaned
aluminum surfaces by TSPI-modified PS solutions was
among the most important factors governing good
protective-coating performance. In an earlier study on the
chemical composition of aluminum surfaces treated with a
hot alkali solution. I have reported that such surface prepa-
ration method introduces an oxide layer into the outermost
surface sites of aluminum. See Sugama. T., et al., in J. Coat.
Tech., 65, p. 27, 1993. Hence, the magnitude of the wetta-
bility of the unmodified and TSPI-modified PS solutions
over the aluminum oxide layers was estimated from average
values of the advancing contact angle. 6 (in degrees). on this
surface. A plot of 6 as a function of the PS/TSPY ratios is
shown in FIG. 5. Because a low contact angle implied better
wetting, the resultant O-ratio data exhibited an interesting
feature, namely, the wetting behavior was improved by
increasing the propartion of TSPI to PS. In fact. a consid-
erable low 0 value of <18°, compared with that of the 100/0
ratio, was measured from the 95/5, 90/10, and 85/15 ratio
PS/TSPI solutions, suggesting that the chemical affinity of
the PS solution for the aluminum oxide surfaces was sig-
nificantly improved by incorporating TSPI into it.

The surface image and eclemental analyses for 200°
C.-treated 100/0. 95/5, 90/10, and 85/15 ratio films over the
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aluminum substrates were carried out by SEM and EDX.
The SEM image of 100/0 ratio film shown in FIG. 6 at the
top) disclosed the morphological feature as a rough. thick
coating film. The EDX spectrum. concomitant with the SEM
micrographs. for this film, indicated the presence of four
dominant lines of C, O, Al and Au. The detected Au
comresponds to that used as the sputtering material over the
film surfaces. Because EDX is useful for quantitative analy-
sis of elements which exist in the subsurface layer of up to
about 1.5 pm in thickness. the aluminum element virtually
belongs to the underlying substrate, while the C and O
elements are assignable to the PS film. Hence, the thickness
of this film is less than 1.5 ym. In contrast, the SEM image
of coatings derived from the 95/5 ratio showed a continuous
film covering the aluminum substrate as illlustrated at the
bottom of FIG. 6. The disclosure of a rough underlying
aluminum surface expressed the formation of a thin, trans-
parent film. As expected. the EDX spectrum of this film had
a dominant peak for Al, and weak C, O, and Si signals which
revealed the formation of POS-grafted PS polymer films.
Relating this finding to the fact that the spreadability of PS
solution over the Al was significantly improved by incor-
porating TSPI. such a high magnitude of spreadability by
TSPI-modified PS solutions perhaps provided the fabrica-
tion of thin coating film on Al. However. no determination
of film thickness was made in this experiment. By compari-
son with that of the 95/5 ratio PS/TSPI film, no distinctive
features were seen in the SEM images (not shown) from the
90/10 and 85/15 ratio PS/TSPI films. The EDX spectra for
these films demonstrated that a very thin film was formed
from 90/10 and 85/15 ratio solutions because of the indica-
tion of a firther intense Al signal.

b. Susceptibility of Coated Surfaces to Moisture

One important factor which is indispensable for good
protective coating systems is good hydrophobic
characteristics. namely the film coated surfaces are not
susceptible to moisture. To obtain information on these
characteristics, we measured the contact angle of a water
droplet on the 200° C.-treated 100/0, 95/15. 90/10. and
85/15 ratio of PS/TSPI covered aluminum film surfaces. For
instance, if the contact angle was low, we concluded that the
film is susceptible to moisture. A high degree of suscepti-
bility could allow the hydrolytic decomposition of the film
and the penetration of water through the coating layers.

A plot of the contact angles against the changes in
PS/TSPI ratio is shown in FIG. 7. The data sct forth in FIG.
7 shows that a decrease in this ratio enhanced the contact
angle, comresponding to a low degree of wettability of the
film surface. The highest value of contact angle in this test
series was obtained from the 90/10 and 85/15 ratios of
PS/TSPI coatings, reflecting their low susceptibility to mois-
ture.

All these data were correlated directly with the results
from the electrochemical impedance spectroscopy (EIS) for
the 100/0, 95/5. 90/10, and 85/15 ratio of PS/TSPI coated
aluminum specimens at 200° C. An uncoated Al substrate
was also used as the reference sample.

FIG. 8 compares the Bode-plot features (the absolute
value of impedance, IZ|, chm-cm?® vs. frequency, Hz) of
these specimens before exposure. As regards the overall
impedance curve our tests focused on the impedance value
of element’TZ|, which can be determined from the plateau in
the Bode plot occurring at sufficiently low frequencies. The
impedance of the uncoated aluminum substrate was =3.0x
10> ohm-cm? at a frequency of 0.0 Hz. Once the aluminurn
surface was coated with unmodified and TSPI-modified PS
films, the impedance in the terms of pore resistance. R,,,,. of
the coatings increased by one or two orders of magnitude
values reflect the mag-
nitude of ionic conductivity generated by the electrolyte
passing through coating layers; namely, a high value of R,,,
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corresponds to alow degree of penetration of electrolyte into
the coating film. The data demonstrated that the changes in
the magnitude of conductivity depend on the PS/TSPI ratios.
The data also showed that the curve feature of 90/10
ratio-derived coating closely resembled that of the 85/15
ratio PS/TSPI coating, suggesting that the ability of 90/10
ratio coating to prevent the penectration of electrolyte is
almost the same as that of 85/15 ratio. From the comparison
of R, values at 51072 Hz, the effectiveness of these ratios
in ensuring a low degree of penetration of electrolyte was in
the following order; 85/15=90/10>95/5>100/0. Thus, the
85/15 and 90/10 ratio-derived PS/TSPI coating films dis-
played a good protective performance of aluminum against
corrosion.

c. Salt Spray Resistance Tests

To support the data obtained from EIS. salt-spray resis-
tance tests were carried out for all coated specimens. The
trace of rust stain was generally looked for in evaluating the
results from sait-sprayed specimens.

TABLE 3

Salt-Spray Resistance Tests for TSPI-Modified PS Coatings

PS/TSPL Salt-spray resistance
ratio Hr
100/0 24
971 24
9713 24
95/5 48
90/10 288
85/15 288

As shown in Table 3 above, the results were reported as the
total exposure time at the date of the generation of rust stain
from Al surfaces. The surfaces of the 100/0, 99/1, and 97/3
ratio coatings were corroded after exposure to sait fog for
only 24 hours. By comparison with these coatings, a better
protective performance for 48 hours was obtained from the
95/5 ratio-coated specimens. In contrast, the deposition of
the 90/10 and 85/15 PS/TSPI ratio coatings onto aluminum
contributed remarkably to protecting it from salt-induced

corrosion for 288 hrs. This finding was similar to the data .

obtained on EIS, namnely, the most effective thin coating
film for protecting aluminum alloys against corrosion can be
prepared by using the solutions having ratios of 90/10 and
85/15 PS/TSPI ratios.

In conclusion, in applying the polyorganosiloxane (POS)
polymers grafted onto polysaccharide as thin coating films,
adequate protection from corrosion to aluminum alloys was
provided. The precursor hydrolysate solutions with a pH of
8.5-8.9 were prepared by incorporating monomeric N-[-3-
(triethoxysilyl)propyl}-4.5. -dihydroimidazole (TSPI) as
source of graft-forming POS into a 1.0 wt % potato starch
(PS) aqueous solution as source of polysaccharide. The
monometic TSPI solutions consisted of 9.5 wt % TSPI. 3.8
wt % CH,OH, 1.0 wt % HCL and 85.7 wt % water. In this
system. TSPI played an important role in preventing the
settlement and growth of microorganisms in PS aqueous
solution. One of the important properties for TSPI precursor
solution was that the surface tension of PS hydrolysate could
be reduced by adding TSPI hydrolysate, thereby assuring its
excellent wetting behavior on aluminum surfaces.

The high magnitude of wettability was responsibie for
fabricating a thin solid film over aluminum surfaces. When
the precursor solution-solid phase conversion occurred at
200° C. in air, the grafting of TSPI-derived POS polymer
onto PS was produced by dehydrating condensation reac-
tions between silanol groups in the hydrolysate of TSPL. and
the OH groups of glycol and CH,OH in the glucose units.

Such reactions of silanol with one OH of glycol groups
also led to the cleavage of glycol C—C bonds. causing the
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opening of glycosidic rings. Thus. an increase in the number
of POS grafts shifted the melting point of PS to a low
temperature site, thereby forming the molecular configura-
tion of PS chains with few hydrogen bonds between PS and
water. Although the onset of major thermal decomposition
of POS-grafted PS polymers began near 280° C., the loss in
weight of POS-PS copolymers occurring between 280° C.
and 700° C. depended mainly on the number of POS grafts;
a high degree of grafting corresponded to a low rate of
weight reduction. However, the addition of an excessive
amount of TSPI to PS caused the phase segregation of
non-grafted POS polymers from its copolymer phases.

The most effective amorphous coating films for prevent-
ing the carrosion of aluminum surfaces were derived from
precursor sotutions with PS/TSPI ratios of 90/10 and 85/135.
These coating films deposited onto an aluminum surface
displayed a low susceptibility to moisture, improved
impedance, Q-cm? by two orders of magnitude over that of
an uncoated aluminum substrate, and conferred salt-spray
resistance for 288 hours.

EXAMPLE 2

In this example, environmentally benign natural polymers
in water-based coating material systems were provided to
protect aluminum (Al) substrates from corrosion. Polyga-
lacturonic acid methyl ester or pectin (PE) which belongs to
a family of natural polymers was modified with N-[3-
(triethoxysilyl)propyl]-4.5-dihydroimidazole (TSPI). The
water-based coating systems were prepared by mixing solu-
tions of two phases; one was PE dissolved in water, and the
other was a sol solution, consisting of TSPI, water, CH,OH,
and HCI. In this system, TSPI played an important role in
preventing the settlement and growth of microorganisms in
PE aqueous solution.

1. Materials

The materials used to make the polysaccharide graft
polymers and coatings including these polymers have been
synthesized as set forth below or are readily commercially
available. :

Polygalacturonic acid methyl ester,

COOCH; . COOH
(o}

OH H

H OH

(pectin, PE), with M.W. 20.000-30,000, obtained from
Scientific Polymer Products Inc.. was used as the npatural
polymer. For modifying this polymer, monomeric N-[3-
(triethoxysilyl)propyl]-4.5.-dihydroimidazole (TSFT).

| N—(CH2)3—Si(OC;Hs )

N =/

was supplied by Petrarch Systems Ltd. The estimated purity
level of these organic reagents was greater than 99.8%. A 0.7
wt % PE solution dissolved in deionized water was modified
by incorporating various amounts of TSP solution consist-
ing of 9.5 wt % TSPL 3.8 wt % CH,0H, 1.0 wt % HCl. and
85.7 wt % water. Six ratios of PE/TSPI solutions were used,
namely, 100/0, 99/1, 97/3, and 95/5 by weight. correspond-
ing to pH value of 3.40, 3.68, 6.37, and 7.55. respectively.
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The lightweight metal substrate was 6061-T6 aluminum
(Al) sheet, containing the following chemical constituents:
96.3 wt % Al 0.6 wt % Si. 0.7 wt % Fe. 0.3 wt % Cu. 0.2
wt % Mn, 1.0 wt % Mg. 0.2 wt % Cr. 0.3 wt % Zn. 0.2 wt
% Ti, and 0.2 wt % other.

2. Coating Method

Aluminum surfaces were coated by TSPI-modified and
unmodified PE films in the following sequence. As the first
step to remove surface contaminants, the aluminum sub-
strates were immersed for 20 min at 80° C. in an alkaline
solution consisting of 0.4 wt % NaOH. 2.8 wt % tetrasodium
pyrophosphate, 2.8 wt % sodium bicarbonate, and 94.0 wt %
water. The alkali-cleaned aluminum surfaces were washed
with deionized water at 25° C. for 5 minutes, and dried for
15 minutes at 100° C. Then, the substrates were dipped into
a soaking bath of solution at room temperature, and with-
drawn slowly. The wetted substrates were heated in an oven
for 120 min at either 50°, 80°, 100°, 150°, 200°, or 250° C.
to yield thin solid films. Because the PE solution is a suitable
nutrient for fungal and bacterial growth. the effect of adding
TSPI was to prevent the growth and colonization of micro-
organisms.

3. Measurements

The antibacterial properties of the coatings of the present
invention were measured by using scanning electron micros-
copy (SEM) and emergy-dispersion X-ray (EDX). The
changes in chemical conformation of PE modified with
different amounts of TSPI were investigated by fourier
transform infrared (FT-IR) spectrophotometer. To determine
the maximum allowable temperature needed for fabricating
the coating films, the onset of thermal decomposition in
modified and unmodified PE polymers was measured using
thermogravimetric analysis (TGA) in air. The changes in
magnitudes of water-wettability of PE film surfaces with
various amounts of TSPI were recorded by measuring the
contact angle within the first 30 seconds after dropping
water on their surfaces. The resulting data provided infor-
mation on the degree of susceptibility to moisture of modi-
fied and unmodified PE film surfaces. Information on the
bond structure assembled at interfaces between modified PE
film and Al was obtained using X-ray photoelectron spec-
troscopy (XPS). These data were comrelated directly with the
corrosion-related information.

AC electrochemical impedance spectroscopy (EIS) was
used to evaluate the ability of coating films to protect Al
from corrosion. The specimens were mounted in a holder,
and then inserted into an electrochemical cefl. Computer
programs were prepared to calculate theoretical impedance
spectra and to analyze experimental data. Specimens with a
surface area of 13 cm® were exposed to an acrated 0.5N
Na(l electrolyte at 25° C.. and single-sine technology with
an input AC voltage of 10 mV (rms) was used over a
frequency range of 10 KHz to 1 MHZ. The lower frequency
limit was chosen because of time limitations. To estimate the
protective performance of coatings, the pore resistance, R,
was determined from the plateau in Bode-plot scans
(impedance, ohm-cm? vs. frequency, Hz) that occurred at
low frequency regions.

4. Characteristics of Coating Films

a. Growth of Microorganisms

PS polymers contain C, H, and O, among other elements
as suitable nutrients for fungal and bacterial growth. When
the PS polymer comes into contact with water, inevitably the
growth of microorganisms already present in the water is
stimulated, and bacterial colonies are formed. A serious
problem in using such colonized polymer solutions as coat-
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ing materials is caused by microbial bioparticles incorpo-
rated into layers of dried coating film which particles
promote the rate of water transportation. The coating films
become wet and fail as corrosion-protective coatings. Thus,
adding an antimicrobial agent to the PE solution is needed
to prevent the growth of microorganisms and the accumu-
lation of water into the coating materials.

In the present invention, monomeric TSPI was employed
as an antimicrobial agent. To assess its effectiveness on
inhibiting microbial growth, 20 gram aqueous solutions
having PS/TSPI ratios of 100/0. 99/1, and 97/3 were placed
in culture flasks. and then left for two months at 25° C. in
atmospheric environments. Subsequently, these solutions
were deposited on aluminum substrate surfaces by dip-
withdrawal coating methods, and then dried for 24 hours in
a vacuum oven at 40° C. to transform them into solid films
for SEM observations.

FIG. 9 shows SEM micrographs, coupled with EDX
examinations of the surfaces of PE/TSPI coatings in a ratio
of 100/0 at the top and 93/3 at the bottom. The SEM image
from an unmodified PE coating disclosed a continuous
coverage of extensive fungal clusters over the aluminum
substrate. As expected. the EDX spectrum for the cluster
denoted as site A showed the presence of only two organic
elements, C and O, comesponding to microorganisms
formed in the TSPI unmodified coating. There was no signal
for the element alaminum which could have originated from
the underlying substrate. Becanse EDX is useful for quan-
titative elemental analysis within a subsurface layer up to
~1.5 pm thick, the microbial biofilms deposited on the
aluminum appear to have been more than 1.5 pm thick. The
clement Au which was detected by EDX came from the Au
coating film which had been deposited on the surface of the
SEM sample. The SEM image of the 99/1 ratio PE/TSPI film
is not shown in this figure; however. the morphology of its
surface was similar to that of the 100/0 ratio film, revealing
fungal clusters randomly distributed over the aluminum
substrate. .

A strikingly different feature was observed when PE was
modified with a 3 wt % TSPI solution; there was no fungal
growth in the films having a 97/3 ratio of PE/TSPL

The EDX spectrum at site B had a dominant line of
aluminum and moderate lines of C, O, Si, and Au. Because
the aluminum and silicon elements belong to the substrate
and TSPL, respectively, the thickness of this film is probably
less than =1.5 pm. Nevertheless, this finding strongly sug-
gested that the incorporation of a proper amount of TSPI as
an antimicrobial agent prevented the growth of microargan-
isms in the PE solution.

To understand why the TSPI-incorporated PE solution
causes microbial inertness, the chemical reaction products
occurring between PE and TSP in an aqueous medium were
studied. Three solutions with PE/TSPI ratios of 99/1. 97/3,
and 95/5. were poured into test tubes, and left for 24 hours
at room temperature to yield a suspension of colloidal
reaction products. The colloidal products were separated by
filtration, and subsequently converted into a solid state by
heating them for 20 hours in a N, saturated oven at 100° C.

Finally, disks for FI-IR analysis, over the frequency
ranges from 4000 to 800 cm ™, were prepared by mixing 200
mg of KBFand 3 mg to 5 mg of powdered solid reaction
product that had been crushed to a size of less than 0.074
mm. Also, IR spectra were taken of 100° C.-treated pure PE
and TSPI as the reference samples. The results from these
samples are shown in FIG. 10.

The hydrolysis of TSPI as catalyzed by HCl not only
converted ethoxysilyl groups, Si-—(OC,H,), into silanol

-groups. Si-OH, but also promoted the cleavage of the

N-CH,—linkage in TSP, thereby generating the isolated
imidazoline derivative,
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(e) as shown in FIG. 10 with a 95/5 PE/I‘SPI ratio showed
that the peaks at 1662 and 1736 cm ™' were converted into a
l NH predominant and a shoulder one. respectively. Thus, the rate

of formation of hydrogen bonds between silanol and C=0
5 appeared to be enhanced when highly concentrated TSPI
was incorporated into PE. Conversely. a decrease in propor-

and the propyisilanol hydrolysate containing Cl-substituted tion of PE to TSPI markedly reduced the intensity of PE’

end groups. The dehydrochlorinating and dehydrating con- OH band in the frequency range of 3442 to 3304 cm™. Of
densation reactions between the hydrolysate finally induced _ Particular interest was the appearance of an absorption band
the formation of polyorganosiloxane (POS) network struc- 10 at1126 cm ! on the spectrum (¢) of sample with a 95/5 ratio.
ture. A typical spectrum 10(a) of 100°C.-treated bulk TSPI ~ Because this band revealed the presence of a $i—O—C
specimens reveals the formation of POS and imidazoline linkage. one possible interpretation for the attenuation of the
derivatives. The representative absorption bands can be OH band implicated in the development of new frequency at

interpreted as follows: O—H in the silanol groups at 3620 1126 cm™, was that the silanol groups not only had a
1 N—H in the imidazoline rings at 3287 cm C—H in 15 chemical affinity with the C==0 in PE to form the hydrogen

the methylcne chains and 1m1dazolmc at 2930 cm™'; C=N bonds, but also favorably reacted with OH in PE to yield
in the imidazoline at 1669 cm 1. §i—O—C in the Sl -joined Si—O—~C linkages. The latter pathway is explicable as a
alkoxy groups at 1127 cm and. Si—O—Si in the poly-  dehydrating condensation reaction between OH in silanol

meric siloxane at 1026 cm™. The spectrum of 100° C.-dried  21d OH in PE. The growth of a peak at 1027 cm™ in the
PE. 10(b). had six prominent peaks at band positions of 20 Spectrum of the 95/5 PE/TSPI sample. was assigned as
3442, 2930, 1736. 1620, 1095, and 1017 cm™. ong:iautzg f-tfm Ptgg siloxane :;23. Si—O0—Si; this sug-
. the PE polymer
The first four bands in the PE structure correspond to the gest at the 5 e & onto ~ porym
OH. CH,, C=0. and hydrogen-bonded C=0, respectively chain. The number of POS branches per PE chain ax.xd the
as is more specifically described in Bellamy, L. J.. “The _ length of POS grafts were related to the concentration of
Infrared Spectra of Complex Molecules, vol., 3rd edition by 25 TSFI incorporated into the PE solution.
Chapman & Hall, London, 1975, The bands at 1095 and Assuming that all of functional OH and C=0 groups in
1017 cm™ are assignable to the C—O—C stretching vibra- PE react with TSPL a hypothetical structure of the PE
tion within the PE structure. When PE was modified with a copolymer with its POS grafts is illustrated below.

i /
(s} (0]
L/ |/
Si St
% <
HO . HO
P o,f
C—O—'CHJ -0 éi—-O—Sl
...s,— —Sl—
! / ! | /

Si o] Si o
[ | P |
—Si— —Si—

SRS 0

1 wt % TSPI solution (99/1 ratio PE/TSPY), the e{)ea.lhar Without bemg bound by theory, it is believed that the reason
ment

feature of its spectrum, shown in 10(c), was the dev. for why TSPI-modified PE inhibits microbial growth is due
of a new frequency at band position of 1662 cm™, while the £ £ One £ the chemical
hydrogen—bondcd C=0 band at 1620 cm™'became a shoul- g '© @ combination of two factors. Ope factor is the chemi
der peak. This new band. conespondmg to a shift in the high bonding between functional groups in PE and silanol groups
frequency site by 42 cm™ above that of hydrogen-bonded  jn POS. The other factor is the alteration in molecular
C=0, presumably reflected the formation of newly devel-  configuration of PE by grafting POS. The former factor not

i i ilanol. i . . 1s
TSPt marolysate. and O o the PE. This nterprera. _ ©1LY Serves in eliminating bydrophilic groups. such as OH
tion was supported by the fact that the signal intensity of the 65 and COOH in PE..but also contributes to an increase in the
C=O0 band at 1736 cm™ decayed considerably with an pH of the PE solution because of the decrease in numbers of

increase in the concentration of TSPL For instance, sample =~ COOH acid groups.
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b. Thermal Characteristics

Before surveying the ability of the PE copolymers with
POS grafts to protect aluminum (Al) substrates from the
NaCl-related corrosion. their thermal behavior using TGA
was investigated. FIG. 11 illustrates TGA curves showing
the thermal-decomposition characteristics of modified and
unmodified PE polymers which had been pre-heated at 100°
C. for 10 hours. All these samples displayed a slight weight
loss in the initial temperature range from 25° C. to 150° C..
which may reflect the liberation of moisture chemisorbed
onto the copolymers. The curves indicate that the amount of
liberated moisture depended on the PE/TSPI ratios; namely.
the uptake of moisture decreased with decreasing ratio.
suggesting that PE polymers modified with a large amount
of TSPI were less susceptible to attack by moisture. The
onset temperatures of decomposition were obtained by find-
ing the intersection point of the two linear extrapolations.
Thus, thermal decomposition of the unmodified PE poly-
mers (100/0 ratio) began near 270° C. Similar onset tem-
perature was recorded on the TGA curves of the TSPI-
modified PE polymers with ratios of 97/3 and 95/15.
However, the total weight loss at 400° C. was markedly
reduced as the amount of TSPI was increased; weight loss in
the 95/5 ratio polymer was only 25%. corresponding to a
lowering more than twice that of the bulk PE polymer. Thus,
the thermal stability of PE polymer was improved by
incorporating a certain amount of TSPL In other words, the
increased number of POS branches and the extended length
of POS grafts in the PE chain significantly improved the
thermal stability of PE polymers.

c. Wettability of Coated Surfaces

In making water-impermeable coating films, the magni-
tude of the wettability of the film surfaces by water is among
the most important factors governing a good protective
performance. The degree of water-wettability of the TSPI-
modified and unmodified PE film surfaces was estimated
from the average value of the advancing contact angle on
these surfaces. The films deposited on the aluminum sur-
faces were prepared by heating them in an oven for 2 hours
at 50°-250° C.

FIG. 12 depicts the changes in contact angle, 0, as a
function of the film-treating temperatures, for the 100/10,
99/1, 97/3. and 95/15 ratio PE/TSPI polymers. The resultant
O-temperature curves demonstrated that the contact angle
depends primarily on the PE/TSPI ratio and treatrnent tem-
perature of the films; a high contact angle was observed in
films with a low ratio of PE/TSPI treated at elevated
temperatures. Because a high contact angle correlates with
a lowering of wetting, the 200° C.-treated film surfaces with
a 95/15 ratio had the least susceptibility to moisture. This
finding strongly supported the characteristics previously
discussed. namely, that modification of PE with TSPI
removed hydrophilic OH and COOH groups in the PE. Thus,
incorporating a large amount of TSPI into PE promoted the
rate of dehydrating condensation reactions between the OH
in PE and the silanol OH in TSPL thercby increasing the
number of POS branches per PE chain. In contrast, a further
increase in temperature to 250° C. caused a drop in 6 for all
film surfaces. This enhancement in water-wetting behavior
may be due to thermal decomposition of the film because the
onset temperature for thermal decomposition for all these
polymers is about 270° C.

d. The Interfacial Bond Structures and Reaction Products
Formed at Interfaces Between Coatings and Metals

The chemistry at interfaces between a coating and the
substrate it coats is one of the important factors governing
the ability of polymers to protect metals against corrosion.
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Several other investigators have reported that imidazole type
compounds are effective in affording some corrosion pro-
tection to metals, such as copper. iron, and aluminum. The
corrosion-inhibiting activity of this compound was due
mainly to the formation of a water-insoluble imidazole
complex with metals derived from the adsorption of imida-
zole rings onto metal oxide surfaces. See, for example
Dugdale, L, et al.. in Corrosion Science, 3. p. 69. 1963;
Mayanna, S. M., et al., in Corrosion Science, 15, p. 627,
1975; Yoshida, S.. et al.. in Journal of Material Science, 78,
p. 6960. 1983.

The complete coverage of the oxide surfaces by complex
layers retarded the rate of cathodic reactions, known as
oxygen-reduction reactions, thereby inhibiting corrosion of
the metals. As described previousity. the HCl-catalyzed
hydrolysis of TSPI led to the isolation of the imidazoline
derivative from TSPL Thus, if the concept of other research-
ers is correct, the metal surfaces might have preferentially
reacted with the imidazoline derivative to form water-
insoluble complexes with metal, rather than with POS. XPS
was employed to obtain this information.

Samples according to the present invention were prepared
in the sequence described below. The aluminum substrate
was dipped into a 97/3 ratio PE/TSPI solution, and then, the
solution-covered aluminum was dried for 1 hour in an oven
at 80° C. to form a water-soluble xerogel film. Most of the
xerogel film was removed from the aluminum surface by
immersing it in deionized water. Subsequently, the film-
devoid aluminum side was dried for 1 hour in N, gas at 100°
C. for XPS examination. An XPS survey scan of the Al side
indicated the presence of four different atoms. Al, Si. C. and
O. comesponding to Al,,, Siy,, C,. and O, core-level
excitation peaks. The alkali-cleaned Al surfaces not only
have Al and O atoms attributed mainly to the formation of
Al,O,, but also include elemental Si. Thus, Al, and some Si
and O atoms originated from the substrates. Assuming that
the Si, C, and O atoms are attributable to residual POS-
grafted PE copolymer film adhering to the substrate, this
film was thin enough to see the photoemission signal from
the underlying Al substrate. XPS is commonly used to
identify the chemical compositions and states for superficial
layers at the penetrating depth of photoelectron, from 50 to
500 nm, suggesting that the thickness of such residual film
may be no more than 500 nm. However, the peak for N
element originating from N in the imidazoline derivatives
was too weak to be detected in the N,, core-level region.
Thus, although imidazoline may be adsorbed on metal
surfaces, imidazoline complexes with metal were suscep-
tible to dissolution in water. In contrast, POS grafts
adsorpted to metals formed water-insoluble structures, indi-
cating that the POS grafts could have had a strong affinity for
the Al,O, layers that were present at the outermost surface
site of alumipum.

XPS was used in order to understand the characteristics of
the POS grafts and the role they played in promoting atomic
linkages with Al,0,. The XPS Si,, region exciting at the
film-Al,O, interfaces is shown in FIG. 13. The deconvo-
luted curve=for this sample revealed four Gaussian com-
pounds at the BE position of 99.7, 101.3, 102.2, and 103.0
eV. According to Loreny, W. J., et al., in Corrosion Science,
21, p.647, 1981, the peak at 102.2 €V as the major line was
assignable to the Si in the siloxane groups, Si—O—Si, and
the secondary intense line at 99.7 eV originated from the
clemental Si in the underlying aluminum substrate. The

.weakest peak at 101.3 eV as the minor component was due

to the Si in the silanol groups, Si—OH. Of particular interest
was the excitation of 103.0 eV line, belonging to the silicate
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groups. Considering that the silicate compounds were impli-
cated in forming water-insoluble complexes consisting of Si.
O, and metals, this interesting peak was assignable to the Si
in the Si—O—metal linkages. Because the metal comes
from the aluminum substrate. it was assumed that such a
linkage. in terms of interfacial covalent oxane-bond
structure, might be formed by interactions at inmterfaces
between POS and Al,0,.

All the information described above was correlated
directly with the results from the electrochemical impedance
spectroscopy (EIS) for 100/0, 99/1, 97/3. and 95/5 ratio-PE/
TSPI coated aluminum specimens as a function of film-
treating temperatures up to 250° C. EIS curves for these
specimens in a 0.5N NaCl solution at 25° C. were repre-
sentative of the Bode-plot features (the absolute value of
impedance. 1Z|. ohm-cm? vs. frequency. Hz). Particular
attention in the overall EIS curve was given to the imped-
ance value as the element [Z], which can be determined from
the plateau in the Bode plot occurring at sufficiently low
frequencies. The impedance of the uncoated bare aluminum
substrate was =5.0x10> ohm-cm? at a frequency of 0.5 Hz.

Once the aluminum surfaces were coated with bulk PE
and grafted PE copolymers, the impedance at the same
frequency. in terms of the pore resistance. R,,. of the
coatings. increased by some degree of magnitude over that
of the substrate as shown in FIG. 14. For instance, the R,
value of the 50° C.-treated bulk PE coating was somewhat
higher than that of the bare aluminum. When PE was grafted
with POS, the for the coating treated at the same
temperature increased with the increased proportion of TSPI
to PE. The values reflect the magnitude of ionic con-
ductivity generated by the electrolyte passing through the
coating layers; namely, a high value of R, corresponds to
a low degree of penetration of electrolyte into the coating
film. Comparing R,,, values, the effectiveness of PE/TSPI
ratios in ensuring a low degree of penetration of electrolyte
was in the following order: 95/5>97/3>99/1>100/0. In
addition, an increase in treatment temperature, especially for
the 95/5 and 97/3 PE/TSPI ratio coatings, contributed sig-
nificantly to increasing the R,,, value. Thus, treatment at
200° C. increased R,,, by one or two orders of magnitude
over that of the 50° C.-treated coatings. Temperature had
little effect on the R, for the 100/0 and 99/1 ratio coatings.
As expected, a temperature at 250° C. was too high to be
employed for assembling the coating films because of the
thermal degradation of PE polymers, thereby resulting in a
decrease in R,,,..

In conclusion, the major reason for the antimicrobial
activity of TSPI was due to two factors: 1) chemical bonding
between the functional groups. such as OH and C=0, in PE,
and the silanol hydrolysate derived from hydrolysis of TSPL
and 2) grafting of polyorganosiloxane (POS), formed by
dehydrating condensation reactions between neighboring
silanols, into the PE polymer chain. Such a grafted copoly-
mer structure was formed by the condensation reaction
between silanol end groups in POS and OH groups in PE,
and also by hydrogen bonding between silanol hydrogen and
C=0 oxygen. The formation of POS-grafted PE copoly-
mers not only conferred thermal stability on the copolymer
conformation, but also, they were less susceptible to mois-
ture because hydrophilic groups. such as OH and COOH,
had been removed from PE. Furthermore. the silanol end
groups in the POS grafts favorably reacted with the Al,O; at
the metal’s outermost surface side to form interfacial cova-
lent oxane bonds in terms of a water-insoluble bonding
structure.
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EXAMPLE 3

To ascertain whether TSPI acted properly as an antimi-
crobial agent for other natural polymers, such as potato
starch, amylopectin, and hydroxyethyl cellulose, the ability
of TSPI-modified starch, amylopectin, and cellulose coat-
ings to protect aluminum (Al) alloys against corrosion was
examined.

In TSPI-starch systems, the coating films were deposited
onto aluminum substrate surfaces in accordance with the
following sequence: the alkali-cleaned aluminum substrates
were dipped for a few seconds into mixed aqueous solutions
consisting of 98 to 60 wt % TSPI solution (9.5 wt % starch
dissolved in water at =90° C.) and 2 to 40 wt % TSPI
solution (9.5 wt % TSPL 3.8 wt % CH,OH. 1.0 wt % HC1
and 85.7 wt % water) at temperatures, ranging from 90° C.
to 25° C. After dipping. the substrates were withdrawn and
then dried for 10 to 300 minutes at temperatures of up to
200° C.

In TSPI-amylopectin systems, the alkali-cleaned alumi-
num substrates were dipped for a few seconds into mixed
aqueous solutions of 0.2 to 2.5 wt % amylopectin dissolved
in water at 80° C. and 2 to 40 wt % TSPI solution (9.5 wt
% TSPL 3.8 wt % CH,OH, 1.0 wt % HCl and 85.7 wt %
water) at temperatures, ranging from 80° C. to 25° C. After
dipping, the substrates were withdrawn and then dried for 10
to 300 minutes at temperatures of up to 200° C.

In TSPI-cellulose systems, the alkali-cleaned aluminum
substrates were dipped for a few seconds into mixed aque-
ous solutions of 0.2 to 2.5 wt % cellulose dissolved in water
at 80° C. and 2 to 40 wt % TSPI solution (9.5 wt % TSP,
3.8 wt % CH,OH. 1.0 wt % HCI and 85.7 wt % water) at
temperatures, ranging from 80° C. to 25° C. After dipping,
the substrates were withdrawn and then dried for 10 to 300
minutes at temperatures of up to 200° C.

Regarding the corrosion protection of the aluminum ailoy,
the coating systems developed above were compared to
conventional coating systems as shown in Table 4.

TABLE 4

FILM IMPEDANCE, SALT-SPRAY
COATING THICKNESS OHM-CM2? * RESISTANCE, HR
Blank Al — 10? 24
Anodic Oxide =10 um 10°-10* =300
Cr-Conversim  Unknown 10* =500
(Alodine 600)
Polybutadiene =8 pym 10°-10° >2000
Natural Polymers 0.5-1.0 pm 10°-10° >1000

of Invention "™

As illustrated in Table 4 above, the extent of such resistance
to corrosion was far better than that of conventional anodic
oxide and Cr-conversion coatings. Thus, TSPI-modified

-natural polymer coatings have great potential as substitutive

materials for the Cr-incorporated coatings which are known
to be environmentally hazardous.
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‘We claim:
1. A polysaccharide graft polymer comprising a structure
of Formula I or Formula II

Ha | |_
H—C=0 c-—o-{-?n—-o—?;}; or

| | .
j—?—o—?+o—c—n o

oy

1
H; I |
a—co C—O-{-?I—O—?ﬂ:
I | H,
:f—?i—o—-?i-]'o—c (o]
M
[o]
I"

wherein the polysaccharide is selected from the group
consisting of water dispersable starches, cellulose, cel-
lulose esters or cellulose ethers, the segment is pro-
vided by an antimicrobial agent selected from the group
consisting of halogen substituted silanes, N[3-
(triethoxysilyl)-propyl]-4,5-dihydroimidazole,
B-trimethoxysilylethyl-2-pyridine,
B-trimethoxyxilyethyl-4-pyridine, 2-{2-trichlorosilyl)
ethyl]pyridine. and 4-[2-((trichlorosilyl)ethyl]
pyridine], and m and n are 2500.
2. A method of making a polysaccharide polymer having
a structure of Formula I or Formunla 1T

H |

|
H—C=0 C—O-{-?x—o-—?d: or

i | .
-;{—-?i-—o-?i-q-o—c—u o
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-continued

H | |
c—o+?i—o—?i};

H—C=0

| | H;
:f—?i—o—?i-}-o—c [o]

which comprises reacting a polysaccharide selected from a
group consisting of water dispersable starches. cellulose,
cellulose esters and cellulose ethers with an antimicrobial
agent selected from the group consisting of halogen substi-
tuted silanes, N[3-(triethoxysilyl)-propyl}-4,5-
dihydroimidazole, B-trimethoxysilylethyl-2-pyridine,
B-trimethoxyxilylethyl-4-pyridine, 2-[2-trichlorosilyl)ethyl]
pyridine, and 4-{2-(trichlorosilyl)ethyl]pyridine, under con-
ditions of heat catalyzed dehydrating condensation.

3. The method of claim 2 wherein said polysaccharide
source and said antimicrobial agent are colloidal aqueous
solutions. '

4. The method of claim 2, wherein said reaction occurs
from about 50° C. to about 250° C. .

5. The method of claim 2, wherein said polysaccharide
source is selected from the group consisting of water dis-
persible starches and cellulosics.

6. The method of claim 2 wherein said polysaccharide
source is from about 60 wt % to about 98 wt % and said
antibacterial agent is from about 2 wt % to about 40 wt %.

7. The polymer of claim 1, wherein said halogen substi-
tuted silane is selected from the group consisting of:
3-bromopropyltrimethoxysilane;
3-iodopropyltrimethoxysilane; (3.3.3-trifluoropropyl)
trimethoxysilane; (3,3,3-trifluoropropyl)tricthoxysilane;
tridecafluoro-1,1.2,2-tetrahydrooctyl- 1-tricthoxysilane.

8. The method of claim 2, wherein said halogen substi-
tuted silane is selected from the group consisting of:
3-bromopropyltrimethoxysilane;
3-iodopropyltrimethoxysilane; (3.3,3-trifluoropropyl)
trimethoxysilane; (3.3.3-trifluoropropyl)triecthoxysilane;
tridecafluaro-1,1,2 2-tetrahydrooctyl-1-triethoxysilane.

9. A corrosion resistant coating having antimicrobial
properties which comprises a polysaccharide graft polymer
having a structure of Formula I or Formula I

Ha | |
C—O-{-?i—-o—-?i}; or

H—C=0

o .
:{—?i—o—?i-a-o—-c—n o

i

65 -
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~continued

H; | |
C—O-{-?i—o—?ii;

wherein the polysaccharide is selected from the group
consisting of water dispersable starches. cellulose, cel-
lulose esters or cellulose ethers. the segment is pro-
vided by an antimicrobial agent selected from the group
consisting of halogen substituted silanes, N[3-
(triethoxysilyl)-propyl]-4.5-dihydroimidazole.
B-trimethoxysilylethyl-2-pyridine,
B-trimethoxyxilylethyl-4-pyridine, 2-[2-trichiorosilyl)
ethyl]pyridine, and 4-[2-(trichlorosilyl)ethyl]pyridine],
and m and n are =500.

10. The coating of claim 9, wherein said halogen substi-
tuted silane is selected from the group conmsisting of:
3-bromopropyltrimethoxysilane;
3-iodopropyltrimethoxysilane; (3,3.3-trifluoropropy!)
trimethoxysilane; (3.3,3-trifluoropropyltriethoxysilane;
. tridecafiuoro-1,1.2.2-terahydrooctyl-1-1-triethoxysilane.

11. A method of rendering a metallic surface of a substrate
resistant to corrosion which comprises:

coating a metallic surface of a substrate with a coating
including a polysaccharide graft polymer having the
structure of Formuia I or Formula 1T
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wherein the polysaccharide is selected from the group
consisting of water dispersable starches, cellulose, cel-
lulose esters or cellulose ethers, the segment is pro-
vided by an antimicrobial agent selected from the group
consisting of halogen substituted silanes, N[3-
(triethoxysilyl)-propyl]-4.5-dihydroimidazole,
B-trimethoxysilylethyl-2-pyridine,
B-trimethoxysilylethyl-4-pyridine, 2-{2-trichlorosilyl)
ethyl]pyridine, and 4-[2-(trichlorosilyl)ethyl Jpyridine],
and m and n are 2500.
12. The method of claim 11, wherein said halogen sub-
stituted silane is selected from the group consisting of:

43 _pbromopropyltrimethoxysilane;

3-iodopropyltrimethoxysilane; (3,3,3-trifluoropropyl)
trimethoxysilane; (3.3.3-trifluoropropyl)triethoxysilane;
tridecafluoro-1,1.2,2-tetrahydrooctyl-1-triethoxysilane.
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