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COMENTARIOS DE LA DIRECCION DEL CIDEPINT

Como es habitual, se incluyen en este volumen trabajos de investigacion
terminados en 1992, algunos de los cuales han sido publicados también en varias
revistas  cientificas de difusién internacional. [Estos trabajos corresponden a
proyectos elevados oportunamente a la Comisién de Investigaciones Cientificas (CIC)
y al Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET). En este
ultimo caso constituyen el Proyecto 1121, Pinturas Protectoras de Alta Resistencia
(periodo 1992-1994).

Los trabajos en desarrollo estan encuadrados en los siguientes temas:

- Proteccion anticorrosiva

- Incrustaciones biolégicas y proteccion antiincrustante

- Corrosion microbiolégica y biofouling en sistemas industriales; técnicas de
monitoreo; corrosion y proteccion

- Pinturas emulsionadas para uso interior y exterior

- Pinturas retardantes del fuego

- Pinturas en polvo

- Preparacion de superficies para pintar

- Analisis electroquimico de pinturas y recubrimientos

- Desarrollo de métodos de analisis cromatografico a través de determinacion
de propiedades de mezclas liquidas y absorbentes

- Desarrollo de métodos espectrométricos (IR, Visible, UV, absorcion atomica)
para analisis de materiales poliméricos, pigmentos y disolventes.

Algunos trabajos corresponden a tareas conjuntas con otros Institutos del
sistema cientifico: DEICOR, Departamento de Investigaciones c¢n Corrosion (CITEFA-
CONICET), e INIFTA, Instituto de Investigaciones Fisicoquimicas Teoricas v
Aplicadas (UNLP).

El CIDEPINT continia con interacciones c¢n ¢l orden internacional: "Mapa
Iberoamericano de Corrosion y Proteccion”, en ¢l que intervienen grupos de
investigacion de Iberoamérica; y "Efecto del biofouling marino sobre estructuras
metalicas; proteccion con pinturas anticorrosivas y antiincrustantes; prevencion de
la corrosion biologica. Impacto ambiental”, con el INIFTA y el Istituto per la
Corrosione Marina dei Metalli (CNR, Italia).

Ademas de los incluidos en este volumen sc han publicado 25 trabajos en el
exterior (Journal of Solution Chemistry, EE.UU.; Chromatographia (Alemania);
Corrosion (NACE, EE.UU.), Electrochimica Acta (Gran Bretana); European Coatings
Journal (Alemania) y Revista Iberoamericana de Corrosion y Proteccion (Espana).
Otros trabajos aparecen en los Proceedings of the 2nd International Symposium on
EIS (EE.UU.), en los Anales del IV Congreso Iberoamericano de Corrosion vy
Proteccion (Argentina) y Ist Panamerican Corrosion and Protection  Congress
(Argentina). Se encuentran en tramite de publicacion otros 26 trabajos, en revistas
de difusion internacional. Se remitieron trabajos a diversos Congresos realizados
en el pais (Primer Encuentro de Intercambio Técnico, X Congreso Iberoamericano de
Electroquimica, 43rd Meeting of the International Society ol Electrochemistry vy
Workshop argentino-norteamericano sobre Biocorrosion y Biofouling) y en el exterior
(VIII  Simposio Brasileiro de Eletroquimica ¢ Eletroanalitica, 2nd International
Symposium on Electrochemical Impedance Spectroscopy y Symposium on Oxide Films on
Metals and Alloys).

Se participé activamente, en forma conjunta con la Asociacion Argentina de



Corrosion (AAC), la Asociacion Iberoamericana de Corrosiéon y Proteccion (AICOP) y
la National Association of Corrosion Engineers (NACE) en la organizacion del IV
Congreso Iberoamericano y ler Panamericano de Corrosién y Proteccion. Ambos eventos
tuvieron lugar en Mar del Plata entre el 25 y el 30 de octubre de 1992. Estos
Congresos fueron patrocinados por el Gobierno de la Provincia de Buenos Aires, el
Programa Iberoamericano de Ciencia y Tecnologia para el Desarrollo (CYTED-D), la
Secretaria de Ciencia y Tecnologia (SECYT), el Consejo Nacional de Investigaciones
Cientificas y Técnicas (CONICET), la Comisién de Investigaciones Cientificas de la
Provincia de Buenos Aires (CIC), la Universidad Nacional de La Plata (UNLP) y la
Municipalidad de General Pueyrredon (EMTUR).

El CIDEPINT tuvo a su cargo la edicién de los cuatro volimenes de los Anales y
Proceedings de ambos Congresos, con un total de 150 trabajos de la especialidad.
Los Congresos resultaron exitosos, pues concurrieron no soélo investigadores de
Iberoamérica, sino también de Canada, Estados Unidos, Gran Bretana e Italia. Se
trataron temas relacionados con aspectos basicos de la  corrosion;  corrosion
atmosférica; corrosion en la industria de procesos; corrosion a altas temperaturas;
corrosion de estructuras de hormigon; corrosion microbiolégica; cubiertas protec-
toras, pinturas, preparacion de superficies, inhibidores y tratamiento de aguas.

Ademas, el Centro intervino en el "Workshop" sobre "Biocorrosion and
Biofouling; Metal-microbe Interactions", en el marco del Convenio NSF-CONICET (2-4
de noviembre de 1992, Mar del Plata), presentindose el trabajo titulado "High
efficiency anti-fouling paints in off-shore structures”. Esta reunion tuvo por
objeto evaluar los programas actuales de investigacibon en biofouling 'y
biocorrosién,. a fin de recomendar futuras orientaciones en los proyectos de esta
especialidad.

Como es habitual se han efectuado ademas acciones de asesoramiento y Servicios
técnicos para empresas privadas, organismos de la Provincia de Buenos Aires
organismos nacionales, universidades y empresas del Estado, como se detalla en la
memoria 1992 del Centro.
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Dr. Vicente J. D. Rascio
Director del CIDEPINT
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INFLUENCIA DE LA VELOCIDAD DE DISOLUCION DEL LIGANTE SOBRE
EL COMPORTAMIENTO DE PINTURAS ANTIINCRUSTANTES
TIPO MATRIZ SOLUBLE

INFLUENCE OF BINDER DISSOLUTION RATE ON THE BEHAVIOUR
OF SOLUBLE MATRIX ANTIFOULING PAINTS

C. A. Giidice* y D. B. del Amo™*

SUMMARY

Soluble antifouling paints based on binders with three calcium resinate/co-
binder ratios and with two contents of binder were manufactured on laboratory
scale; compositions studied led o films of different seawater dissolution
rate. Red cuprous oxide was used as toxicant in only one level.

Experimental samples were tested in seawater during several periods for
evaluating the antifouling behaviour. Besides, photomicrographies were taken
lo determine the leached matrix depth and dry film thickness decreasing.

It was concluded that it is possible to choose the dissolution rate of a paint
film to assure antifouling protection during a predetermined time. One of the
antifouling paints studied showed similar behaviour that a self-polishing
paint for a 36 months immersion; film surface became smooth during immersion
and exhausted matrix did not remain adhered.

Palabras clave (key words): pintura antiincrustante; matriz  soluble; matriz
lixiviada;, resinato de calcio; resina vinilica;, Oxido  cuproso; balsa
experimental;, bioactividad (antifouling paint; soluble matrix; leached matrix;
calcium resinate; vinyl resin; cuprous oxide; experimental raft; bioactivity).

INTRODUCCION

En las pinturas antiincrustantes tipo matriz soluble objeto de este estudio
resultan factores de fundamental importancia en relacion con su comportamiento en
servicio aquéllos vinculados con las caracteristicas fisicas 'y quimicas del
material formador de pelicula y del plastificante (coligante) seleccionado. Este
ejerce influencia sobre la velocidad de desgaste por erosion y solubilizacion del
ligante [1, 2] y en consecuencia sobre la posibilidad de lixiviacion de los
biocidas.

En una pintura antiincrustante tipo ligante soluble se disuelven tanto el
toxico como la matriz. La velocidad de disolucidon del toxico, que define la
eficacia de una pintura antiincrustanle puede en consecuencia ser controlada por su

* Miembro Carrera del lnvestigador del CONICET y Subdirector del CIDEPINT
** Miembro Carrera del lovesugador del CONICET



contenidko en la pelicula y por la velocidad de disoluciébn de la matriz. El
contenido de t6xico puede variar entre limites muy amplios si se ajusta
correctamente la composicion del ligante, de manera de alcanzar siempre en la
superficie de la pelicula la concentracion adecuada de téxico a fin de impedir la
fijacion de "fouling" [3, 4].

Pinturas  antifouling eficientes fueron desarroladas previamente empleando
resina colofonia (rosin WW) o resinato de calcio como material soluble [5, 6). En
el caso de las muestras con resina colofonia, los resultados de laboratorio
indicaron que la dispersion del 6xido cuproso empleado como biocida en presencia
del citado material soluble conduce a importantes reacciones pigmento-ligante que
modifican la composicién de la pintura y reducen significativamente la bioactividad
de la pelicula. El uso de resinato de calcio en reemplazo de la resina colofonia
practicamente evila las reacciones mencionadas durante la dispersién, alcanzandose
la bioactividad prevista por el formulador {7, 8].

Ademas, las pinturas basadas en resinato de calcio alcanzan mdas rapidamente el
estado estacionario de disolucion evitando asi la acelerada pérdida inicial de
toxico y la significativa reducciéon de espesor de pelicula que experimentan en esta
ctapa las pinturas formuladas con resina colofonia.

La velocidad de lixiviacién del toxico desde una pelicula antiincrustante
depende ademas de las caracteristicas del medio: pH, temperatura, concentracion de
ion cloruro y de ion cobre, velocidad relativa de flujo sobre la superficie
pintada, etc. La accibn de este ultimo factor es tan importante que la liberacion
del biocida alcanza su maximo valor cuando la estructura estd en movimiento (por
ejemplo carena de embarcaciones) o la velocidad de flujo del agua es alta (sistemas
de refrigeracion de centrales ecléctricas) y el minimo cuando la superficie pintada
esta en condiciones estiticas o sometida a reducida velocidad de flujo (barcos
fondeados o desplazdndose lentamente, estructucturas "offshore”, etc.). Esta ultima
condiciébn es en consecuencia la mas propicia para la fijacion de organismos del
"fouling" marino, ya que ademas de presentar la pelicula de pintura €l menor
"leaching rate" de toOxico, los citados organismos no pueden adherirse a estructuras
en movimiento o expuestas a altas velocidades de flujo.

Los estudios realizados hasta el presente permitieron llegar a la conclusion
que pinturas eficaces y mas confiables incluyen ligantes con alta velocidad de
disolucién en agua de mar. Sin embargo el espesor de pelicula seca, especialmente
para periodos prolongados de inmersion, desempena un rol fundamental. La necesidad
de resolver este problema impulsé el desarrollo de pinturas tixotropicas ("high-
build") que proporcionan alto espesor por capa y una adecuada nivelacion de la
pelicula.

El objetivo de este trabajo fue establecer la bioactividad en balsa
experimental de diferentes formulaciones antiincrustantes preparadas con ligantes a
base de resinato de calcio/coligante polimérico y con Oxido cuproso como tOxico
fundamental, y ademas correlacionar dicha eficiencia biocida con la velocidad de
disolucién de la pelicula (espesor total de pelicula remanente en funcion del
tiempo de exposicion) y grado de agotamiento de la misma (espesor exhausto, es
decir sin toxico).

COMPOSICION DE LAS PINTURAS

1. Relacién resinato de calcio/coligante polimérico. Se seleccionaron tres
relaciones resinato de calcio/coligante polimérico (1/2, 1/1 y 2/1 en peso) con ¢l
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objeto de considerar ligantes de distinta composicion y por lo tanto de diferente
velocidad de disolucion en agua de mar; se denominaron respectivamente ligantes R1,
R2 y R3. En todos los casos se empled un plastificante adecuado a fin de mejorar
las propiedades mecénicas de la pelicula.

2. Contenido de ligante. Con el objeto de establecer la influencia del nivel
de ligante, lo cual incide directamente sobre el porcentaje de material soluble en
la pelicula, se seleccionaron dos niveles: 32,0 y 42,0 % en peso, sobre solidos. El
menor nivel de ligante (L1) corresponde a 61,8 % en volumen sobre pelicula seca; el
mayor nivel (L2) representa el 72,9 % en volumen también sobre pelicula seca.

3. Contenido de toxico. Como toxico fundamental se empled el o6xido cuproso
rojo, debido a su accion letal sobre los organismos incrustantes: 10,2 % en volumen
sobre pelicula seca (aproximadamente 32 % en peso sobre solidos).

PREPARACION DE LAS MUESTRAS

En una primera etapa se prepar0 el vehiculo solubilizando los diferentes
componentes del ligante en la mezcla solvente en condiciones de agitacion
constante.

En el mencionado vehiculo y empleando un molino de bolas de porcelana de 3,3
litros de capacidad total, se procedio a dispersar durante 21 horas el extendedor y
el inerte seleccionado. Luego se adiciono el o6xido cuproso continuando el proceso
durante otras 3 horas.

Finalmente se incorporo el aditivo reologico (gel de "castor oil", al 15 %) en

la proporcién de 2 % en peso sobre pintura, realizando un importante estuerzo de
corte a 40-45 -C.

ENSAYOS REALIZADOS

Velocidad de disolucién de las peliculas de pintura

Para estudiar la evolucion de la velocidad de disolucion de las muestras,
éstas fueron aplicadas sobre placas de acrilico de 90 x 50 x 4 mm, arenadas y luego
desengrasadas. Se pintaron diversas capas de las pinturas en estudio con un
intervalo de 24 horas entre ellas; este tiempo de secado fue también el que se dejo
transcurrir antes de la inmersion en agua de mar.

Las placas fueron sujetadas por medio de tornillos a otras chapas de mayor
tamano que sirvieron de soporte para poder ser colocadas en los bastidores de la
balsa experimental fondeada en la Base Naval Puerto Belgrano (38 54" S; 62 06’
W), zona de la que se conocen las condiciones hidrologicas y bioldgicas por
trabajos previos [9-12].

La velocidad de disolucion se¢ evalué en las condiciones estaticas que imperan
en balsa experimental, ensayo que resulta mas exigente desde el punto de vista de
fijaciébn de organismos incrustantes.

Las probetas colocadas en la balsa experimental se extrajeron a los 18 y 36

meses de inmersién; en el laboratorio se lavaron con agua destilada y se dejaron
secar a 20 *C durante 72 horas. Mediante un procedimiento especial de corte,

3



encapsulado de la pelicula y pulido se prepararon probetas para observacién
microscopica del corte transversal de las capas de la pintura original y luego de
lixiviada. La observacién se realizd con un microscopio Dialux 20EB, objetivo NPL
Fluotar y ocular Periplan. Se empled lampara halégena incandescente de 12 V/100 W,
angulo de reflexiéon de 45, para una temperatura de color de 3250 °K; el haz de luz
se polarizd linealmente con material dicroico. Para las fotografias se utilizo
pelicula reversible color para luz artificial sensibilizada y una temperatura de
color de 3200 ‘K [13]. La medicion del espesor de las capas lixiviadas permitio
evaluar la wvelocidad de disolucion de la pelicula. El ensayo se realizd por
duplicado, realizando alrededor de 20 determinaciones en cada panel.

Poder biocida

Para llevar a cabo esta experiencia se emplearon chapas de acero SAE 1010 de
20 x 30 x 0,3 cm arenadas a ASa 2 1/2 (especificacion SIS 05 59 00/67), con una
rugosidad méaxima (Rm) de 35 micrometros. Sobre estos paneles se aplico un "wash
primer" vinilico y luego wuna pintura anticorrosiva vinilica pigmentada con
tetroxicromato de cinc (180 micrometros de pelicula seca) [14]. Luego de 24 horas
de secado se pintaron las muestras antincrustantes; el tliempo transcurrido previo a
la inmersidon, fue de 48 horas. También este ensayo se¢ realizd6 por duplicado en la
balsa experimental. Los paneles se inspeccionaron periddicamente durante 36 meses.

DISCUSION DE RESULTADOS

Velocidad de disolucion de las peliculas de pintura

Los wvalores del espesor de pelicula remanente total como asi tambi€n los
correspondientes a la pelicula activa (con el contenido original de toxico) v a la
total o parcialmente agotada (baja o nula concentracion de biocida), en funcion del
tiempo de inmersion en balsa experimental, se¢ indican ¢n la Tabla 1. Los resultados
incluidos en la citada tabla son sdlo los valores medios de las determinaciones
realizadas.

En la Figura 1 se observa una fotografia de wuna pelicula de pintura
antiincrustante tipo matriz soluble, de alta velocidad de disolucion en  agua dc
mar, luego de la inmersion. Las capas extremas corresponden al  filme  toxico
mientras que la zona central pertenece al adhesivo epoxidico empleado para la
preparacion de la probeta para permitir la observacion microscopica.

Las peliculas de las pinturas estudiadas presentaron durante ¢l ensayo
diferente velocidad de disolucién. En ¢l caso de la pintura con relacion RI1
(resinato de calcio/coligante 1/2 en peso) y contenido de ligante L1 (32 % en peso
sobre soblidos), la wvelocidad de disolucion fue la menor de todo el conjunto
estudiado: so6lo 9 um y 12 pm para 18 y 36 meses, respectivamente; se  registro
ademas en esta muestra ¢l mayor espesor de pelicula total o parcialmente agotada:
60 y 95 um para 18 y 36 meses, respectivamente. La pintura con la relacion R1 vy
formulada con el nivel de ligante L2 (42 % cn peso sobre solidos) incremento la
velocidad de disolucion y disminuy6 ligeramente ¢l espesor de pelicula exhausta
(Figura 2).
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Fig. 1. Corte microscopico (40x) de una pelicula de pintura antiincrustante de
matriz soluble con aita velocidad de disolucion.
La pelicula es toxicamente activa en todo su espesor.

Fig. 2. Pelicula correspondiente a la pintura elaborada
con la relacion R1 (resinato de calcio/coligante 1/2 en peso)
y en el nivel L2 (42 % en peso sobre solidos), luego de 36 meses
de inmersion (200 x).






TABLA 1

Ensayo en balsa experimental: espesores de pelicula seca

Espesor de Tiempo de R1 R2 R3
pelicula, um  inmersion,
meses L1 L2 L1 L2 L1 L2

0 162 185 278 304 368 456
Remanente 18 153 156 221 199 208 230
total 36 150 139 174 135 119 95
0 162 185 278 304 368 456
Activa 18 93 102 183 178 191 226
36 55 46 123 101 89 90
Total o 0 0 O 0 O 0 0
parcialmente 18 60 54 38 21 17 4
agotada 36 95 93 51 34 30 5

Esta ultima tendencia se acentué en las pinturas formuladas con las relaciones
R2 y R3 (resinato de calcio/coligante 1/1 y 2/1 en peso, respectivamente) y ambos
niveles de ligante. La Figura 3 corresponde a la pintura con relacion R2 y
contenido L2, luego de 36 meses de inmersion.

En lo referente a la muestra que incluye la relacion R3 (resinato de
calcio/coligante 2/1 en peso) y el nivel L2, la velocidad de desgastc fue la mas
alta de todas las pinturas ensayadas: 226 y 361 um para 18 y 36 meses; por su parte
el espesor de pelicula agotado o exhausto fue minimo: solo 4 6 5 um segun el tiempo
de inmersion, es decir que el "film" es toxicamente activo en todo el espesor
remanente y actia practicamente como una pintura autopulimentable (Figura 4).

La diferente velocidad de disolucion de las peliculas en balsa experimental,
que de acuerdo a los datos experimentales es funcion de la relacion R y del
contenido de ligante L, pone en evidencia la necesidad de seleccionar ademas ¢l
espesor de pelicula en funcion de la vida util deseada del esquema protector. Se
concluye ademas que en estructuras en movimiento o superficies expuestas a flujos
de agua, la composicion de la pintura debe también ser considerada (tipo vy
contenido de ligante para un nivel de toxico dado).

Determinacion del poder biocida en ensayo en balsa

La evaluacion de la fijacion de las incrustaciones biologicas, que permite
juzgar el grado de bioactividdad o eficiencia antiincrustante de cada pintura se
efectu6 empleando la misma escala que en estudios previos (Tabla II).

Otros sistemas de calificacion, aplicados usualmente en estudios biologicos,
no fueron empleados por su complejidad. En la escala adoptada, el wvalor 0
corresponde al panel sin fijaciobn y S a aquél totalmente incrustado. Se tomé como
limite maximo aceptable el valor 1 (poco),lo que corresponde a un 80 % de
eficiencia de la pintura antiincrustante.



TABLA 11
Escala de fijjacion

Fijacion Eficiencia (%) Nuamero de organismos*

0, sin fijacion 100 o**

0-1, muy poco 90 1-5%**
1, poco 80 6-10***
1-2, muy escaso 70 11-15
2, escaso 60 16-20
2-3, regular 50 21-25
3, comun 40 26-35
3-4, muy comun 30 36-50
4, abundante 20 51-75
4-5, muy abundante 10 76-100
5, completamente incrustado 0 100

Valor expresado para un area de 504 cm?; -corresponde al
promedio numérico de organismos fijados en ambas caras de un
panel de 20 x 30 cm. Se descartan en todos los casos los
bordes del panel (1 cm).

Solo bacterias y diatomeas con muy poco desarrollo.

*** Se incluyen Balanus sp. y serpulidos.

4k

Los resultados obtenidos, luego de las diferentes inspecciones realizadas, se
presentan en la Tabla III.

TABLA 111
Bioactividad
Tiempo de R1 R2 R3
inmersion,
meses L1 L2 L1 L2 L1 L2
5 1-21-2 0-1 O 0 O
13 3 2.3 0-1 0-1 0 O
18 4-5 3-4 1 0-1 0 0
26 S 4 2 1 0 0
29 5 5 2-3 1-2 0O 0
36 5 5 3 1.2 0-1 O

Los valores se trataron estadisticamente segun un diseno factorial del tipo 3
x 2 (ires relaciones resinato de calcio/coligante y dos niveles de ligante, es
decir 6 pinturas); cada combinacion incluy6é réplicas. Para el mayor tiempo de
inmersion, es decir 36 meses y con los valores de la Tabla III expresados en
términos de eficiencia, se calculd la "varianza estimada" y luego se realizo la
prueba F [15]: las variables R y L e¢n los niveles considerados mostraron una
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Fig. 3. Pelicula correspondiente a la pintura elaborada
con resinato de calcio/coligante 1/1 luego de 36 meses
de inmersion (200 x).

Fig. 4. Pelicula correspondiente a la pintura elaborada
con resinato de calcio/coligante 2/1 luego de 36 meses
de inmersién (200 x).






significativa influencia sobre la bioactividad de las muestras. Los valores indican
que para alcanzar el mejor comportamiento en balsa durante 36 meses de inmersion,
en el area elegida para este estudio, se deben seleccionar la relacion R3 y el
;nvel Lliz Considerando el efecto R, en orden de importancia a R3, le siguieron R2 y
uego R1.

En consecuencia, se concluye que la mayor bioactividad correspondié a la
muestra con la relaciéon resinato de calcio/coligante 2/1 en peso y con 42 % de
ligante en peso sobre sélidos (100 % de eficiencia), seguida con similar
comportamiento por la pintura que incluye la misma relacién resinato de
calcio/coligante pero con 32 % de ligante en su composicion (90 % de eficiencia).
Estas dos pinturas cumplieron con la exigencia del ensayo (eficiencia superior al
80 %) mientras que las restantes fueron consideradas no aceptables por esta misma
causa.

TABLA IV

Velocidad de lixiviacion de toxico (valores medios

calculados), pg Cu20.cm'2.dia'1

Tiempo de R1 R2 R3
inmersion,
meses L1 L2 Lt L2 L1 L2

0-18 8,7 93 12,0 14,1 22,3 25.7
0-36 6,6 76 9,6 11,2 17,3 20,1
18-36 48 63 76 86 12,8 15,2
36* 30 47 55 6,0 83 11,0

* Estimado por extrapolacion grafica

Finalmente, resulta importante mencionar que los valores de lixiviacion de
toxico desde las diferentes peliculas ensayadas fueron calculados, considerando la
disminucién de espesor y la profundidad de pelicula exhausta. Estos valores medios
para los periodos 0-18, 0-36 y 18-36 meses y el extrapolado graficamente para 36
meses se indican en la Tabla IV. Estos resultados justifican el comportamiento
biocida de las muestras estudiadas, considerando que el "leaching rate" critico del

6xido cuproso es aproximadamente 10 pg.cm-2dia’! segun la  bibliografia
especializada.
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PINTURAS ANTIINCRUSTANTES AUTOPULIMENTABLES
(SELF- POLISHING) TIPO ALTO ESPESOR

HIGH-BUILD SELF-POLISHING ANTIFOULING PAINTS

J.C. Benitez* y C.A. Giadice**

SUMMARY

Characteristics and properties of high-build self-polishing antifouling paints
were studied in this paper.

Variables considered were: tributylin methacrylate/methyl methacrylate ratio,
acrylic copolymer content and thixotropic agent level. Twelve antifouling
samples were manufactured and tested at laboratory determining their
rheological characteristics and also their biocidal power by immersing the
painted panels in seawater (experimental raft).

Good antifouling protection was obtained with some of the high-build self-
polishing samples for a three years immersion period.

Palabras clave (Key words): antiincrustante; autopulimentable; alto espesor;
agente  tixotropico;,  ensayo en  balsa; bioactividad (antifouling;,  self-
polishing; high-build; thixotropic agent; raft trial; bioactivity).

INTRODUCCION

Los productos tipo alto espesor ("high build") ocupan la atencion de los
especialistas en tecnologia de pinturas por su espectacular desarrollo en  los
ultimos anos. Esto se fundamenta en los altos espesores por capa que proporcionan
(100-120 pm), sin que se produzca escurrimiento ("sagging") y con adecuado nivelado
de la pelicula ("leveling").

Su empleo, en el caso del carenado de embarcaciones, permite una reduccion del
costo de mano de obra de aplicacion debido al menor numero de capas del sistema
necesario para alcanzar similar espesor de pelicula, y economia en los gastos de
alquiler de dique seco por el menor tiempo empleado en la aplicacion del sistema
protector.

La necesidad de resolver ¢l problema de las incrustaciones marinas de la forma
mas efectiva posible impulsa investigaciones a fin de obtener productos de larga
vida util, compatible con los aspectos economicos antes mencionados.

En las pinturas antiincrustantes autopulimentables se emplea como ligante un
copolimero organoestannico de reconocida toxicidad. Formulaciones pigmentadas

* Miembro Camera del Investigador de la CIC
** Miembro Camrera del Investigador del CONICET y Subdirector del CIDEPINT
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ademas con mediano contenido de 6xido cuproso demostraron en ensayos previos un
alto poder biocida durante dos afos en balsa experimental [1, 2]. Su mecanismo de
funcionamiento, hidrolisis 'y posterior liberacion de los toxicos orginicos e
inorganicos, permite que su accién antiincrustante resulte efectiva sobre un amplio
espectro de organismos marinos [3]. Simultineamente se produce la remocién del
"film" expuesto, erosionado por el flujo constante del agua de mar, produciendo ¢l
alisamiento por erosion-disolucion de la capa exterior y la reduccidn, por
consiguiente, del espesor de pelicula. Para ampliar los periodos entre carenados es
indispensable la aplicacion de altos espesores.

En el presente trabajo se estudio la influencia de la composicion y contenido
de copolimero organoestannico sobre las caracteristicas biocidas de las pinturas
antiincrustantes autopulimentables tipo alto espesor formuladas.

VARIABLES CONSIDERADAS EN LA COMPOSICION

La sintesis y caracterizacion de los copolimeros como asi también de las
materias primas involucradas en su elaboracion se informaron en un trabajo previo
[1]. Se empled el método de Montermoso para la obtencion del metacrilato de
tributil estano (TBTM) [4] y posterior copolimerizacion de este monomero frente a
cantidades variables de metacrilato de metilo (MMA).

Las variables de formulacion fueron las siguientes:

1. Composicion del copolimero: relaciones molares de TBTM/MMA 1/1 y 1/2,
copolimeros A y B, respectivamente.

2. Contenido de copolimero plastificado: en todos los casos los copolimeros
elaborados se plastificaron con parafina clorada 42 por ciento, seleccionando tres
niveles: 24,3; 28,8 y 36,4 por ciento en peso sobre pelicula seca.

3. Contenido de agente gelante: las pinturas basadas en los copolimeros mencionados
se formularon con dos porcentajes de aceite de ricino hidrogenado estabilizado
("castor oil"), 0,9 y 2,0 por ciento en peso sobre pintura.

La composicion base y la identificacion de las pinturas experimentales sc
indican en las Tablas 1 y II; el contenido de estafio real se menciona en la Tabla
HI.

PARTE EXPERIMENTAL

Preparacion de las muestras

En primer lugar se elaboraron los vehiculos, solubilizando el copolimero
acrilico en una mezcla de disolventes de mediana polaridad e incorporando luego el
plastificante, ¢l agente estabilizante y los aditivos que favorecen la  humectacion
de los pigmentos.

La etapa de dispersion se¢ realizd en un molino de bolas con jarras de
porcelana de 3,3 litros de capacidad total, cuyas caracteristicas operativas fueron
descriptas en un trabajo previo (5] El oxido de cinc y la tiza se dispersaron
durante 24 horas mientras que ¢l oxido cuproso, incorporado al final del proceso,
sOlo durante tres horas [6].
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TABLA 1

COMPOSICION BASE DE LAS PINTURAS (% EN PESO
SOBRE PELICULA SECA)*

1 2 3
Oxido cuproso rojo 23,6 24,6 26,8
Oxido de cinc 2,4 2,5 2,7
Carbonato de calcio natural 41,9 35,8 25,0
Copolimero acrilico** 146 17,3 21,8
Parafina clorada 42 % 9,7 11,5 14,6
Aditivos 3,5 3,3 2,8
Agente estabilizante 4,3 5,0 6,3

* Los solidos en volumen oscilaron entre 50 y 55%

** Cada pintura se elaboro con los copolimeros A
(relacion molar TBTM/MMA 1/1) y B (relacion molar
TBTM/MMA) con dos contenidos de agente tixotropico

0,9 y 2,0 % en peso, sobre la pintura

TABLA II

IDENTIFICACION DE LAS PINTURAS ANTHNCRUSTANTES
EXPERIMENTALES DE LA TABLA I

Denominacion  Composicion ~ Composicion del copolimero, Contenido de agente

base relacion molar TBTM/MMA tixotropico, %
1A1 1 1/1 0,9
1A2 1 1/1 2,0
1B1 1 1/2 0,9
1B2 1 1/2 2,0
2A1 2 1/1 0,9
2A2 2 1/1 2,0
2B1 2 1/2 0,9
2B2 2 1/2 2,0
3Al1 3 1/1 0,9
3A2 3 1/1 2,0
3B1 3 172 0,9
3B2 3 1/2 2,0
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Finalmente, el "castor oil" seleccionado como aditivo reologico fue adicionado
en forma de gel empleando un equipo de alta velocidad de rotacién, realizando la
operacion a 40-45 -C [7]. La temperatura citada debe ser cuidadosamente controlada
ya que por debajo de dicho rango no se alcanza la completa activacion del producto
y por encima del mismo se modifican sustancialmente las propiedades del polimero
organoestannico.

Ensayos reologicos

Las pinturas fueron estudiadas empleando un viscosimetro Haake RV2 provisto de
un cabezal dual MK 50/500 y un programador PG 142, con diferentes sistemas de
medida y operando a una temperatura de 20 = 0,1 C.

Las diferentes muestras fueron sometidas a velocidades de corte (y)
comprendidas entre 0,1 s! (valor que caracteriza satisfactoriamente el fendmeno de

escurrimiento) [8, 9] y 498 s!, evaluando el esfuerzo de corte (t) en condiciones
de equilibrio.

Se realizaron ademas ensayos de laboratorio para determinar el espesor critico
(maximo espesor de pelicula humeda sin que se produzca ‘"sagging"). Estas
determinaciones se llevaron a cabo aplicando las pinturas experimentales mediante
pulverizado sin presidon ("airless spray") sobre una chapa de acero doble decapado
SAE 1020 protegida con el esquema anticorrosivo empleado en los paneles de la
balsa experimental, colocada en posicion vertical, y evaluando mediante observacion
directa del operador el espesor de pelicula en el que resulta perceptible el
escurrimiento.

Ensayo en balsa experimental

La capacidad biocida de las muestras fue evaluada en el medio natural (agua de
mar) empleando para tal fin la balsa experimental fondeada en la Base Naval Puerto
Belgrano (38 54’ S y 62+ 06° W), zona de condiciones hidrologicas y biologicas
conocidas [10, 11].

Se utilizaron chapas de acero SAE 1010, arenadas al grado ASa 2 1/2 (SIS 05 59
00 67). Los paneles se protegieron con una pintura anticorrosiva (120-150 pum de
pelicula seca) y un sellador (40-50 pm), ambos de eficacia comprobada en ensayos
anteriores [6].

Luego de 24 horas de secado se aplicaron mediante "airless spray” las pinturas
antiincrustantes formuladas, en un numero de capas suficiente como para alcanzar
450 pm de espesor de pelicula seca; en el caso de los productos convencionales (0,9
% de agente reoldgico) el espesor por capa oscilo entre 40 y 50 um mientras que
para las pinturas tipo alto espesor (2,0 % de "castor oil") el valor obtenido fue
de 100-120 pm. En todos los casos se dejo transcurrir 24 horas entre cada
aplicacion y los bordes de los paneles se retocaron con pincel; el tiempo de
secado, previo a la inmersion, fue de 48 horas.

RESULTADOS Y DISCUSION

Ensayos reologicos

El agregado de un agente reolégico como el "castor oil" adecuadamente
dispersado y activado, imparte a una pintura propiedades tixotropicas.
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TABLA 111

CONTENIDO DE Sn REAL EN LAS PINTURAS
ANTIINCRUSTANTES (g/100 g)

1A1 2A1  3Al 1B1 2B1 3B1
Pinturas
1A2 2A2 3A2 1B2 2B2 3B2

Sn, % 2,28 2,70 3,39 1,88 2,23 2,8l

TABLA 1V

ESFUERZO DE CORTE Y VISCOSIDAD EN CONDICIONES
DE EQUILIBRIO

. . * .k . * %
Pinturas T, dinas.cm~ M. poise t, dinas.cm-?

1A1 5,63 2,76 6,88
1A2 23,96 2.68 29,67
1B1 7,71 2,75 10,02
1B2 36,98 2,64 43,40
2A1 7,32 2,75 9,05
2A2 26,32 2,67 33,80
2B1 10,73 2,73 14,24
2B2 43,15 2,63 49,65
3A1 8,59 2,74 11,32
3A2 33,08 2,65 39,39
3B1 13,23 2,71 17,15
3B2 52,80 2,601 59,23

* Valores calculados a partir de la ecuacion de Casson

** Resultados de ensayos reologicos



A bajas velocidades de corte la masa presenta una elevada consistencia
estructural, la que desaparece cuando se aplican altas velocidades de corte. Cuando
cesa la perturbacion el sistema recupera las caracteristicas originales.

. La wvelocidad a la que la estructura coloidal se reconstruye luego de su
interrupcion  es  critica en la  seleccion del agente tixotrépico: una rapidez
excesiva en la recuperacion previene el flujo pero impide el nivelado; una muy baja
recuperacion permite el escurrimiento 'y un excelente nivelado. Las pinturas
antiincrustantes autopulimentables tipo alto espesor deben ser aplicadas mediante

"airless spray", para lo cual se requiere una baja viscosidad a las altas
velocidades que se ejercen durante el pintado [12, 13].

Los resultados de los ensayos reologicos obtenidos en condiciones de
equilibrio, para las muestras con diferente contenido de agente tixotropico, sc¢
graficaron en un sisttma de coordenadas esfuerzo t vs. velocidad de corte y, Fig.
1. Aplicando la ecuacion de Casson modificada por Asbeck [14]:

nl/Z = nolo/Z + 15(1)/2 Y-l/’Z

donde m es la viscosidad de la muestra correspondiente a una velocidad de corte vy.
Se evalud graficamente la viscosidad a infinita velocidad de corte no (a partir de

la ordenada al origen de la recta n!2 vs y12) y el esfuerzo de corte para que la
muestra comience a fluir T, (a partir de la pendiente de dicha recta), Tabla IV.

En dicha tabla se observa que la resistencia al escurrimiento Tt medida a una

velocidad de corte y = 0,1 s! aumenta con el contenido de metacrilato de metilo
(MMA) en la composicion del copolimero. En forma similar T aumenta con el nivel de
copolimero plastificado en su formulacion y paralelamente resulta sensiblemente
mayor en los casos en las muestras que contienen 2,0 por ciento en peso de "castor
oil" respecto de aquéllas que contienen 0,9 por ciento.

Es interesante mencionar que para ambos contenidos de agente reoldgico T

presenta valores comparables. Se observa que para altas velocidades de
cizallamiento éstas pinturas muestran comportamiento newtoniano. Es decir a altas
velocidades de corte la viscosidad es la intrinseca. Esto ultimo fundamenta que los
valores de mo resultaran practicamente independientes del contenido de agente

reologico empleado.

Ademas en el ensayo de laboratorio para evaluar ¢l espesor de pelicula critico
se determindé como aceptable un espesor de pelicula seca de 45 pm para las muestras
con 0,9 por ciento de agente tixotropico y 120 pum para las muestras con 2,0 %,
adoptindose por este motivo estos espesores para ¢l pintado de los paneles a
ensayar en Servicio.

Finalmente debe senalarse que las pinturas lormuladas admiten la posibilidad
de alcanzar espesores de pelicula por capa significativamente mayores, pero en este

caso solo son recomendables cuando las exigencias de terminacion del acabado no son
importantes.

Ensayos de inmersion

El juzgamiento de la fijacion de “fouling”, que sirve para determinar la
bioactividad de las pinturas, se efectué empleando la escala de la Tabla V [15-17].
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TABLA V
ESCALA DE FIJACION

Fijacion Eficiencia (%) Numero de organismos*
0, sin fijacion 100 0**
0-1, muy poco 90 ]-5*%**
1,poco 80 6-10***
1-2, muy escaso 70 11-15
2, €scaso 60 16-20
2-3, regular 50 21-25
3, comun 40 26-35
3-4, muy comun 30 36-50
4, abundante 20 51-75
4-5, muy abundante 10 76-100
5, completamente incrustado 0 100

* Valor expresado para un drea de 504 cm?; corresponde al promedio
numérico de organismos fijados en ambas caras de un panel de
20 x 30 cm. Se descartan en todos los casos los bordes del panel
(1 cm).

** So6lo bacterias y diatomeas con muy poco desarrollo.

*** Se incluyen Balanus sp. y serpulidos.

TABLA VI
FLJACION DE "FOULING" EN EL ENSAYO EN BALSA

Pinturas 17 meses de 25 meses de 36 meses de

inmersion inmersion inmersion
1A1 0 0-1 ]
1A2 0 0-1 1
1B1 0-1 ] 1-2
1B2 0-1 1 2
2A1 0 0-1 1
2A2 0 0-1 1
2B1 0 0-1 1
2B2 0 | 1
3A1 0 0 ]
3A2 0 0 ]
3B1 0 0 0
3B2 0 0 0-1




En ella el valor 0 corresponde al panel sin fijacion y 5 al totalmente incrustado.
Se fij6 como limite maximo aceptable el valor 1 (poco) lo que corresponde a 80 % de
eficiencia. Los resultados obtenidos se indican en la Tabla VI.

Luego de 25 meses de inmersiéon (lapso que incluyé dos periodos de intensa
actividad biolégica), todas las muestras elaboradas presentaron fijacién inferior o
igual a 1. Lo expuesto precedentemente significa que dichas pinturas cumplieron con
las exigencias del ensayo, para un periodo de inmersion superior a los dos anos.

Luego de 36 meses de inmersion (3 periodos de "fouling" intenso) todas las
muestras elaboradas con el copolimero A continuaron funcionando adecuadamente
(fijacion 1 6 menor). Con contenidos en peso de Sn en las pinturas que varian entre
2,28 y 3,39 % y con sblo 17,0 % en peso de Oxido cuproso se alcanzd un adecuado
"leaching rate". Es importante mencionar que en el caso de las pinturas 3Al1 y 3A2,
no obstante los altos espesores de pelicula seca aplicados (450 pm aproximadamente)
se observaron algunos signos de agotamiento fundamentalmente en los bordes de los
paneles (zonas de maxima exigencia hidrodinamica). Esto corrobora lo observado en
un trabajo anterior [2] donde la pelicula de las pinturas con similares contenidos
de copolimero A, resultd ser mas blanda que la de las restantes, observandose por
lo tanto inferiores propiedades mecanicas.

En cambio, las pinturas elaboradas con el copolimero B, relacion TBTM/MMA 1/2
M, tuvieron desigual comportamiento. Mientras las pinturas 1B1 y 1B2 con sélo 1,88
% en peso de Sn en su composicion y 17,0 % en peso de Oxido cuproso tuvieron
fijacién 1-2 y 2, respectivamente, las restantes cumplian los objetivos del ensayo.

Debe destacarse la muesta 3B1, con contenido en peso de Sn 2,81 % y 17,0 % en
peso de Oxido cuproso, resulta la de mejores propiedades antiincrustantes (fijacion
nula al cabo de tres anos de inmersion). Ello es consecuencia de un ajustado
balance entre caracteristicas fisicomecanicas de la pelicula y concentracion de
toxico tanto organico como inorganico en la interfase pelicula de pintura/agua de
mar.

Por lo tanto, puede concluirse que al formular una pintura antiincrustante
autopulimentable con un compuesto organoestannico copolimerizado y con oxido
cuproso dispersado se debera tener en cuenta el tipo de embarcacion a pintar. Si
navega la mayor parte de su tiempo o desarrolla altas velocidades, se deberan
emplear pinturas con alto contenido de copolimero organoestannico, pero optando por
ligantes con menor velocidad de disoluciéon (en nuestro caso 36,4 por ciento en peso
de pelicula seca de copolimero B plastificado).

En navios de guerra, que frecuentemente permanccen fondeados en zonas
protegidas, en medios de alta agresividad de organismos incrustantes, en boyas vy
otras instalaciones costeras, podrian aplicarse altos espesores de pelicula de
pintura antiincrustante formuladas con ligantes de menor contenido de copolimero
pero con alta velocidad de disolucidon (en nuestro caso 24,3 por ciento en peso de
pelicula seca de copolimero A).

Respecto a la variable tipo y contenido de agente gelante, se observaron
valores comparables de eficiencia antiincrustante para ambos niveles de agente
tixotropico empleado.
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EFECTO DE LA PROTECCION CATODICA SOBRE EL
"FOULING" BIOLOGICO

EFFECT OF CATHODIC PROTECTION ON BIOFOULING

M. Pérez, C. Gervasi*, R. Armas, M. Stupak y A. Di Sarli*

SUMMARY

The objective of the present work is to study the influence of the cathodic
protection  technique (CP) on  biofouling  survival and settlement in
metal/anticorrosive paint/sea water  systems. In  the  experiments,  typical
species present in the fouling community at Mar del Plata harbour (Balanus
amphitrite and Polydora ligni) were used. Two types of anticorrosive paints
were employed having different composition and porosity. The applied
polarization levels were compatible with the tested coatings in artificial sea
water. Results indicate that the settlement degree of Balanus amphitrite
markedly decreases when the sample potential is set more negatively. In the
case of Polydora ligni larvae no effect of CP was observed neither on sand-
tubes building nor on reproduction and larvae release.

Palabras clave (Key words): proteccion catodica, biofouling,  pintura
anticorrosiva, acero naval, nivel de polarizacion (cathodic  protection,
biofouling, anticorrosive paint, naval steel, polarization level).

INTRODUCCION

Las altas velocidades de corrosion y la presencia de ensuciamiento  biologico
en estructuras metalicas usadas en instalaciones fijas o moviles sumergidas cn cl
mar (construcciones portuarias, estructuras offshore, instrumentos e
instalaciones oceanograficas, barcos, boyas, etc.) [1,2], asi como también las que
utilizan el agua de mar como refrigerante (canerias de refrigeracion en centrales
termoeléctricas, embarcaciones, plantas de desalinizacion, etc.) requicren  la
proteccion mediante un adecuado esquema de pintado. Usualmente, este ultimo incluyc
pinturas  anticorrosivas y  formulaciones  antiincrustantes.  Sin embargo, la
proteccion por pinturas anticorrosivas nunca puede considerarse completa debido a
las inevitables fallas en el recubrimiento tanto por detectos de aplicacion como
danos en servicio. Entre otros efectos nocivos, ¢l ensuciamiento bioldgico tambi€n
es responsable, en muchas oportunidades, del deterioro del esquema de pintado y del
aumento del proceso de corrosion. En tal sentido, la aplicacion simultinea de
proteccion catodica ofrece un efecto complementario ideal concentrado en aquellas
zonas donde el recubrimiento presenta discontinuidades [3].

* Miembros de la Carrera del Investigador de la CIC
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_Por otra parte, la influencia de la proteccion catédica sobre la supervivencia
y fijacion de los organismos, tanto del micro como del "macrofouling”, ha sido
motivo de diferentes estudios desde principios del siglo XIX. Como es conocido, la
proteccién  catédica estd asociada con una alcalinizacion de la  interfase
metal/cubierta orgdnica que favorece la formacion de depdsitos calcareos. La
exfoliacion de estos depoésitos, factible cuando son formados a altas densidades de
corriente de proteccidon, ha sido considerada como factor de reduccion del "fouling”

[4, 51.

Como existen controversias respecto al tipo y magnitud de la influencia de la
proteccion catodica, se busca evaluar su efecto sobre la fijacion y supervivencia
de organismos incrustantes en sistemas metal/pintura anticorrosiva/agua de mar. Se
puso especial atenciéon en variables operativas lales como porosidad y presencia de
discontinuidades en la pintura, asi como también c¢n los valores del potencial
aplicado.

MATERIALES Y METODOS

Se utilizaron chapas de acero naval SAE 1020, arenadas al grado Sa 2l2 - 3
(Norma sueca SIS 05 59 00/67), desengrasadas con tolueno vy, [finalmente, sc
aplicaron sobre é€stas los siguientes recubrimientos:

a) Una pintura epoxibituminosa con 150 pm de espesor de pelicula seca. En
algunas de estas muestras se practicaron fallas artificiales, con ¢l objeto de
exponer una pequefia fraccion de la probeta a condiciones mas favorables para el
desarrollo de las reacciones electroquimicas.

b) Una pintura formulada en base a una mezcla de resinas alquidica y vinilica
con alto contenido de o6xido férrico como pigmento principal, talco y tiza en menor
proporcion, y 75 um de espesor de pelicula seca. Se trala de una pintura con mayor
porosidad, menor capacidad anticorrosiva y menor efecto barrera. Por ello la
corriente de proteccion se distribuye homogéneamente en toda el area expuesta al
medio  electrolitico en vez de concentrarse en las  discontinuidades  del
recubrimiento.

Las muestras fueron sometidas a niveles de polarizacion incluildos en un rango
que, si bien asegura la proteccion catédica del sustrato metalico, no acelera el
deterioro del recubrimiento organico. Dichos wvalores fueron determinados en
experiencias previas [6].

Sobre cada chapa pintada se¢ fij0 un tubo cilindrico de acrilico transparente
(4,5 cm de didgmetro interno y 10 cm de longitud); para la lijacion se empleo un
adhesivo epoxidico. El area geométrica expuesta de cada probeta fue 15,9 cm=.

Se utilizd6 como electrodo auxiliar una barra de gralito y como referencia un
electrodo de calomel saturado (ECS). Como clectrolito s¢ empled agua de mar
artificial preparada segun la norma ASTM D-1141/75, pH 8,2 (similar al del agua de
mar no poluida).

Los compartimentos anddico y catédico se concctaron a través de un puente
salino para evitar que el cloro, descargado como parte dec la reaccion anddica,
acceda ficilmente a la probeta con organismos vivos cjerciendo su poder biocida.

Las medidas del potencial de electrodo se llevaron a cabo con un multimetro
digital Keithley Mod. 177 Microvolt.
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TABLA 1

FIJACION DE Balanus amphitrite Y Polydora ligni SOBRE

SUSTRATOS PINTADOS CON RECUBRIMIENTO TIPO (a), EN FUNCION

DEL POTENCIAL DE PROTECCION CATODICA

Pintura (a)

Organismos
Epoxibituminosa

Potencial aplicado
(V/ECS)

Fijacion

30 cipris de
Balanus
amphitrite

Sin falla

-1,10

4 %

-0,82

8 %

30 cipris de
Balanus
amphitrite
Con falla

-1,10

-0,82

30 larvas de
Polydora
ligni

-1,20

formacion de tubos

-0,82

formacion de tubos

30 cipris de
Balanus
amphitrite
Testigo

10 %

30 larvas de
Polydora
ligni

lormacion de tubos

TABLA 11

FLJACION DE Balanus amphitrite Y Polydora ligni SOBRE

SUSTRATOS PINTADOS CON RECUBRIMIENTO TIPO (b), EN FUNCION

DEL POTENCIAL DE PROTECCION CATODICA

Pintura (b) Organismos

Potencial aplicado
(V/ECS)

Fijacion

cipris de Balanus

Probeta con amphitrite -1,10 ---
proteccion
catodica larvas de Polydora -1,10 Formacion de tubos
ligni
cipris de Balanus
amphitrite --- 1S %
Testigo

larvas de Polydora
ligni

Formacion de tubos
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Los organismos utilizados en las experiencias fueron extraidos en la zona
portuaria de Mar del Plata con redes de plancton de 25 y 60 um de tamafo de poro.

En el laboratorio se seleccionaron bajo estereomicroscopio los estadios
larvales proximos a la etapa de fijacion de dos especies representantes del
"fouling" de la zona: cipris de Balanus amphitrite (Cirripedia, Balanidae) y larvas
de 15-16 setigeros de Polydora ligni (Polychaeta, Spionidae). Se utilizaron
cultivos de Skeletonema costatum (Bacyllariophyceae) como alimento de las larvas.
Para la construccion de los habitiaculos de P. ligni s¢ agregd arena de 88 y 149 pm
de tamano de grano.

A fin de controlar y registrar el comportamiento de los organismos v del
sistema metal/pintura se realizaron dos observaciones diarias. El electrolito fue
renovado periddicamente a fin de mantener constantes el pH y la fuerza ionica en el
seno de la solucion.

RESULTADOS Y DISCUSION

Dentro de la comunidad del "fouling" del puerto de Mar del Plata, los
cirripedios son organismos agresivos debido a su abundancia y efectos deteriorantes
sobre estructuras sumergidas por el hombre. Durante su crecimiento  sobre
superficies pintadas dafan la capa de recubrimiento y, como consecuencia, aceleran
los procesos de corrosion. Ha sido ampliamente demostrado que de las especies
existentes en la zona, Balanus amphitrite es la que predomina sobre los cascos de
las embarcaciones, razon por la cual se la selecciond para realizar las
experiencias del presente trabajo. Asimismo, se realizaron ensayos con larvas de
Polydora ligni abundantes practicamente a lo largo de todo el afo.

En las experiencias preliminares se evaluo el tiempo de supervivencia larval,
el grado de fijacion y la respuesta de los organismos adultos.

Los resultados obtenidos con probetas del tipo (a) (Tabla I) demuestran que en
el caso de recubrimientos sin fallas hubo fijacién de cipris de Balanus amphitrite.
la que fue mayor en los ensayos con menor voltaje aplicado aunque igualmente menor
que en el testigo. En el caso de los recubrimientos discontinuos no hubo fijacion.
Cabe destacar que las cipris aparentemente seleccionan la falla en ¢l recubrimicnto
para su asentamiento; la velocidad de formacion de depodsitos calcareos en esta zona
resulta mayor que la velocidad de metamorfosis a juvenil de las cipris, por lo que
éstas quedan "atrapadas" en los mismos sin completar su desarrollo (Fig. 1).

Para ¢l mismo sistema metal/pintura se observo (Fig. 2 y 3) que Polydora ligni
no se ve afectada por el nivel de polarizacion ni por las discontinuidades de la
pelicula de pintura. Por el contrario, formaron sus habitaculos rapidamente ¢
inclusive se reprodujeron; tal situacidon no ocurrio en la muestra testigo.

En una expernencxa paralela con organismos no sésiles pero integrantes de la
comunidad del "fouling", tales como Sphaeroma sp y Corophium sp s¢ observo la
oclusion de sus apéndices locomotores en el deposito calcareo. Este efecto no
ocurre en el caso de Artemia salina, citado como organismo "test" de pinturas
antiincrustantes [7].

Para las pinturas tipo (b), bajo la accion de la corriente de proteccion
(Tabla II) se registro la deposicion calcarea en forma lenta 'y homogénea, no
encontrandose afectada por e¢llo la formacion de tubos de Polydora ligni (Fig. 4).
En cuanto a las cipris no se detectaron asentamientos ni metamorfosis.

26



TABLA III

EFECTO DEL CAMPO ELECTRICO SOBRE LA SUPERVIVENCIA Y
FIJACION DE Balanus amphitrite

Organismos Corriente Resultado
(mA)
nauplii 1,50 metamorfosis a cipris 30 %
CIpris 1,50 metamortosis y fijacion 2,5 %
cirripedios adultos 0,60 - 1,50 actividad normal
TABLA IV

EFECTO DEL CAMPO ELECTRICO SOBRE LA SUPERVIVENCIA Y
METAMORFOSIS DE NAUPLII DE Balanus amphitrite

Dia  Campo e¢léctrico aplicado Testigo
N C CM F N C CM F
1 40 - - - 40 - -
2 33 - - - 37 - -
3 28 - - - 30 - - -
4 22 1 - - 30 - - -
7 17 - - - 28 - - -
8 16 2 - - 24 3 - -
9 11 3 - - 15 3 - -
10 5 4 - - 9 4 - -
11 2 2 1 - 6 2 2 -
14 - - 1 1 - - 2 !
15 - - 5 - - - 2 -
16 - - 4 - - - 5 -
N: Nauplii
C: cipris

CM: cipris muertas
F: cipris fijadas

En la literatura no esta perfectamente determinado  si ¢l posible  cfecto
antifouling de un campo eléctrico esta asociado especificamente a este ultimo o a
los cambios quimicos Interfaciales debidos a las reacciones clectroquimicas. Para
separar ambos efectos se disend una cexperiencia en la cual los organismos en
estudio se ubicaron en un recipiente, separados del anolito y catolito por sendos
puentes salinos. De este modo, los individuos quedan sometidos solamente al efecto
del gradiente de potencial eléctrico en la solucion en estudio y sin  variaciones
quimicas interfaciales tales como pH, equilibrio acido-base, ctc. Las corrientes de
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operacion usadas en este tipo de experimentos abarcaron un intervalo entre 0,6 mA vy
1,5 mA, mucho mas amplio que el correspondiente a las corrientes de proteccion
catddica. La actividad de los adultos fue normal, observandose inclusive
reproduccién; nauplii y cipris no presentaron variaciones respecto del testigo
(Tabla III). También se comprobd que el pasaje de corriente eléctrica no afecta el
desarrollo de las nauplii ni su metamorfosis a cipris y posterior fijacion (Tabla
IV). Cabe mencionar que el 30 % de las nauplii se metamorfosearon a cipris, de las
cuales un 2,5 % lograron completar su asentamiento y fijacion.

De lo anteriormente expuesto se concluye que el grado de fijacion de cipris de
Balanus amphitrite decrece con el aumento del potencial de proteccion, haciéndose
nulo para polarizaciones compatibles con el recubrimiento en cuestion. Este efecto
del potencial aplicado, probablemente se relaciona con los cambios del pH
interfacial producto de las reacciones electroquimicas.

En cuanto al comportamiento de Polydora ligni, no sc¢ vieron afectadas ni la
formacion de habitaculos ni la reproduccion y liberacion larval.

Cabe senalar que la extension de estos resultados al comportamiento ¢n
estructuras pintadas en servicio no es directa. Para verificar este aspecto se
encuentra en ejecucion un plan de trabajo utilizando una balsa experimental.
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Fig. 1. Probcta tipo (a). Sc obscrva ¢n las lallas dcl recubrimicento la
formacion de depositos calcarcos y cipris dc Balanus amphitrite
atrapadas cn los mismos.

Fig. 2. Probcta tipo (a). Sc muestra la tormacion de habitaculos de
Polydora ligni c¢n zonas dcl recubrimicnto con y sin falla.
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Fig. 3. Probeta tipo (a), a tiempos de cnsayo mayores. Se ven burbujas de
hidrogeno sobre la falla del recubrimiento.

Fig. 4. Probeta tipo (b). Se exhiben habiticulos de Polydora ligni, depositos
calcareos y productos gaseosos distribuidos en forma homogénea.
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PINTURAS ANTIINCRUSTANTES TIPO MATRIZ SOLUBLE BASADAS
EN RESINA COLOFONIA DESPROPORCIONADA

SOLUBLE MATRIX ANTIFOULING PAINTS BASED ON
DISPROPORTIONATED WW ROSIN RESIN

C. A. Giddice* y J. C. Benitez™*

SUMMARY

Because of its physical and chemical properties rosin is up today one of the
natural resins for paint manufacture widely used. Chemically consists in
nearly 85 per cent of resinic acids (abietic acid and its isomers) and the
rest are complex esters of those acids with unsaponifiable material).

Due to its acid nature, rosin is fundamental as it regulates the leaching rate
of the toxic pigments when soluble matrix antifouling paints are submerged in
seawater. Its oxidation on air exposure gives binders with variable
dissolution rate and uncertain antifouling protection. This problem was solved
by the use of disproportionated rosin which was obtained and characterized in
laboratory.

Binder dissolution rate was determined in accelerated t1ests showing higher
values for original rosin than disproportionated one when samples were exposed
to air during different periods.

Painted panels with several antifouling paints based on binders of different
disproportionated rosin/co-binder ratios exposed to air during 30 days and
submerged in seawater, showed good bioactivity for three years immersion.
Similar compositions employing original WW rosin as fundamental resin
successfully lasted only twenty months immersion.

Palabras clave (key words): pintura antiincrustante, matriz soluble, resina
colofonia desproporcionada, coligante, velocidad de disolucion, bioactividad
(antifouling paint, soluble matrix, disproportionated WW rosin resin, co-
binder, dissolution rate, bioactivity).

INTRODUCCION

Una de las materias primas naturales de amplia aplicacion en la elaboracion de
pinturas por sus caracteristicas fisicas y quimicas es la resina colofonia.

Esta resina resulta fundamental en el caso de las pinturas antiincrustantes
tipo matriz soluble empleadas para la proteccion de carena de embarcaciones y de
estructuras en contacto con agua de mar, ya que constituye el componente que regula

* Miembro Camera del Investigador CONICET y Subdirector del CIDEPINT
** Miembro Carrera del Investigador de la CIC
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la velocidad de lixiviacion de los pigmentos toxicos en ese medio.

Precisamente, empleando el tipo WW han sido fabricadas anteriormente en escala
de planta piloto en el CIDEPINT pinturas antiincrustantes tipo matriz soluble, con
vehiculos de tipo oleorresinoso, vinilico o a base de caucho clorado, de buen
comportamiento en servicio luego de tres anos de inmersion [1-3].

Su empleo se ha extendido con el transcurso del tiempo debido a su elevado
punto de ablandamiento, alto numero 4&cido, solubilidad en la mayoria de los
solventes industriales, versatilidad, economia y a la posibilidad de obtener
pinturas con buenas propiedades sobre diferentes sustratos.

No obstante, su incorporacion en pinturas antiincrustantes muestra algunos
inconvenientes; asi por ejemplo, la oxidacion que presenta tanto en la exposicion
al atre como durante la inmersion en agua conduce a ligantes de solubilidad
variable y por lo tanto de incierta bioactividad en servicio.

En consecuencia, resulta indispensable la obtencién de nuevos productos de
caracteristicas fisicas y quimicas estables durante largos periodos de exposicion
al aire y en inmersion y con adecuada velocidad de disolucion en agua de mar. En el
presente trabajo se elabor6 una resina colofonia desproporcionada, ensayando en el
laboratorio y en el medio natural diferentes pinturas antiincrustantes formuladas
con dicha resina con el fin de establecer sus caracteristicas y su capacidad
biocida.

ELABORACION DE LA RESINA COLOFONIA
DESPROPORCIONADA. ENSAYOS

La resina colofonia es obtenida en Argentina a partir de la resinacion de los
pinos vivos, variedad Elliotii [4], forestados artificialmente y es comercializada
en un solo bloque de 25 kg o en tambores de aluminio de aproximadamente 230 kg. La
obtencion de la resina o miera se realiza produciendo un corte en V a través de la
corteza del pino (esto no perturba su crecimiento posterior) y colocando una
canaleta de aluminio o acero inoxidable para que la exudacion fluya hacia la base
del arbol.

La miera contiene 68 % de resina colofonia, 20 % de trementina y 12 % de agua,
dependiendo del origen, la época del ano y el método empleado para su obtencion. La
trementina posec aproximadamente 90 % de pinenos totales, fundamentalmente {3 pineno
y alta reactividad que permite la obtencion de numerosos derivados [5].

La resina colofonia estd compuesta fundamentalmente por dacidos resinicos
(acido abiético y sus isdmeros en aproximadamente un 85 %); el resto son esteres
complejos de estos 4cidos junto con algunos materiales insaponificables. Los acidos
resinicos contienen un grupo fenantreno con dobles ligaduras y distintos grupos en
diferentes posiciones; isomerizan de una forma a otra por lo tanto resulta dificil
determinar la exacta proporcion de cada uno de ellos. La formula empirica es
C,oH3,O,, con un peso molecular de 302.

1. Elaboracién de la resina colofonia desproporcionada
Se molié finamente una muestra de resina colofonia tipo WW; luego se cargod en
un balén de tres bocas y se fundid a 180 *C. A dicha temperatura y agitando para

evitar detonaciones, se inyectd en el seno de la masa fundida una disolucion de
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yodo en una mezcla de hidrocarburos nafténicos; luego se calenté a 260 ‘C y a esa
temperatura, se continué agitando lentamente durante aproximadamente una hora [6].
Posteriormente se enfri6 a 70 *C, se agregd furfural diluido con la mezcla de
hidrocarburos mencionada y se llevo a temperatura ambiente.

La resina colofonia desproporcionada se obtuvo por evaporacion de los
hidrocarburos  nafténicos, recuperando el furfural por wuna destilacion posterior

17}

Finalmente, se extrajeron muestras de ambas resinas  (original vy
desproporcionada) para su caracterizacion.

2. Determinacion del nimero dcido

Se molieron trozos medianos de resina colofonia natural y desproporcionada no
expuestas previamente al aire, para facilitar su disolucion. La muestra se prepard
el mismo dia de realizada dicha operacion, a fin de evitar la oxidacién pronunciada
que ofrecen las grandes superficies expuestas al aire.

Para la determinacion del numero &4cido se aplico la técnica del indicador
interno (ASTM D 465-59) ya que la resina colofonia empleada es de color claro. Se
empled solucion alcohdlica de fenolftaleina/azul de timol como indicador, valorando
con solucion alcalina patron 0,5 N de NaOH.

Para la determinacion del numero acido de los diferentes ligantes que
posteriormente se detallan se empled la misma técnica.

3. Determinacion del punto de fusion

El punto de fusion de las resinas se determind por el método del capilar,
empleando para ello un equipo Biichi modelo SMP 20. Dicho aparato dispone de un bano
termostatizado, precision 0,1 ‘C, con elevacion regulable de la temperatura. Se
alcanza el punto final del ensayo cuando se observa el escurrimiento de la resina
en el interior del capilar.

4. Determinacion del punto de ablandamiento

En este tipo de resinas, el ablandamiento por incremento de la temperatura
generalmente no se produce en un punto bien definido: se genera un cambio en forma
gradual e imperceptible, de quebradizos o densos a materiales blandos o menos
viscosos. Por esta razon, la determinacion del punto de ablandamiento se debe
realizar por un mismo método, arbitrario, pero claramente definido en su forma
operativa con el fin de que los resultados obtenidos sean comparables.

En este caso, se seleccion6 el método del anillo y la bola (Norma ASTM E 28-
67), el cual consiste esencialmente en preparar previamente por fusion, a la menor
temperatura posible, un disco de la resina a ensayar; posteriormente luego de
introducido en €l equipo el disco se lo suspende sobre un anillo horizontal y se
ubica una bola de acero en el centro del mismo, mientras el conjunto se calienta a
una velocidad prefijada en un bano de glicerina. Se elige como punto final de la
determinacion, la temperatura a la cual la bola toca la base existente a una
pulgada de profundidad.
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5. Cromatografia gaseosa y espectrometria de masa

Se seleccion6 la técnica de derivatizacion de la muestra ya que desde el punto
de vista cromatogrifico los ésteres metilicos de los 4cidos constituyentes de la
resina tienen superior resolucion. Por lo tanto, se prepar6 una solucién de
trifluoruro de boro en metanol al 14 por ciento, la que luego fue inyectada al
cromatografo, obteniéndose los espectros de masa de los picos cromatograficos mas
representativos de la muestra.

6. Resonancia magnética nuclear

Se empled un espectrometro Varian modelo EM 390. Para realizar los espectros,
se prepararon soluciones de las muestras en benceno deuterado de igual
concentracion (15 % peso en volumen) comparando los espectros de las muestras de
resina colofonia original y desproporcionada.

7. Velocidad de disolucion de las resinas y de los ligantes formulados.

En primer término se evalu6 la velocidad de disolucién, tanto de la resina
colofonia natural como de la desproporcionada. Posteriormente se determiné la
correspondiente a los ligantes, en todos los casos inmediatamente después de
elaborados y también luego de intervalos predeterminados de exposicion al aire.

Las muestras finamente molidas de cada resina se disolvieron en tolueno,
agitando con una varilla de vidrio a temperatura ambiente. La solucion resultante
se extendi6 sobre un panel de acrilico de 100 x 125 mm, de manera de obtener
peliculas de espesor uniforme (aproximadamente 300 pm).

En lo referente a los ligantes (Tabla ), se consideraron cuatro composiciones
con contenido decreciente de coligante (relacion resina colofonia/coligante 1/2,
1/1, 2/1 y 3/1 en volumen). Se elaboraron dos series, la primera de ellas, con la
resina colofonia original y la otra con la resina desproporcionada preparada en
laboratorio.

El coligante empleado es un polimero a base de mondémeros acrilicos y estireno,
soluble en mezclas de hidrocarburos alifiticos y aromaticos y de bajo peso
molecular (Mw = 77400).

En todos los casos, se empled una tunica relacion de plastificante en volumen:
ligante/plastificante 5,7/1.

Los ocho ligantes formulados (2 resinas x 4 relaciones resina colofonia/
coligante) se elaboraron en un equipo de alta velocidad de agitacion. Los paneles
para determinar la velocidad de disolucion se prepararon en forma similar a la
mencionada para las resinas colofonia original y desproporcionada.

Una seriec de paneles fue expuesta al aire para su envejecimiento durante
periodos de diferente extension.

En ensayos por triplicado, se realizO la determinacion de la velocidad de
disolucion de las resinas y de los ligantes disenados mediante la inmersion del
respectivo panel durante una hora en posicion vertical en una solucion "butfer”
standard 0,01 M de boérax (tetraborato disodico), de pH 9,18 y a 25 -C.
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TABLA 1

COMPOSICION DE LOS LIGANTES ESTUDIADOS,
% EN VOLUMEN

Relacion en volumen

resina/coligante 1/2 1/1 2/1 3/1
Resina colofonia original
o desproporcionada 27,2 40,8 54,4 61,2
Coligante 54,4 40,8 27,2 20,4
Plastificante 142 14,2 14,2 142
Aditivos 4,2 4,2 4,2 4,2
TABLA I

CARACTERISTICAS DE LAS RESINA ORIGINAL Y

DESPROPORCIONADA
Ensayo Resina colofonia Resina colofonia
original desproporcionada
Numero acido, ASTM D 465/59 160 139

Punto de ablandamiento (anillo
y bola (ASTM E 28/67), -C 57 50

Punto de fusidn (capilar), *C 75 68
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La resina disuelta se determind directamente por gravimetria, recuperdndola de
la solucién por acidificacion y extraccion con cloroformo [8].

Las determinaciones experimentales se realizaron en condiciones estiticas por
ser éste un requerimiento critico para el funcionamiento de wuna pintura
antuncrustante  (en estructuras en movimiento se incrementa sensiblemente la
velocidad de disolucion y en consecuencia la liberacion de téxico en la interfase
pelicula de pintura/agua de mar, lo cual genera una mejor accién biocida) [9].

PREPARACION DE LAS PINTURAS. BIOACTIVIDAD

Como toxico fundamental se empled Oxido cuproso rojo [10] y como tdéxico de
refuerzo oxido de cinc, en la proporcion de 10 por ciento en peso con respecto al
6xido cuproso. La diagramacion experimental contemplé un unico nivel de
pigmentacion y una relacion toxico/ligante 0,58 en volumen. Como extendedor se
incorpor0 carbonato de calcio natural (tiza), ya que proporciond resultados
satisfactorios en ensayos previos [11].

La elaboracion de las pinturas se realiz6 en un molino de bolas con jarras de
porcelana de 3,3 litros de capacidad total; las condiciones operativas del molino
han sido definidas con anterioridad [12]. Primeramente se efectu6é la dispersion del
o6xido de cinc y de la tiza durante 21 horas, incorporando posteriormente el oxido
cuproso hasta completar un lapso de 24 horas.

La capacidad biocida de las pinturas se determind por inmersion en el medio
natural, empleando una balsa experimental. Si bien se trata de un ensayo estatico,
numerosas experiencias demuestran que reproduce satisfactoriamente las condiciones
de la carena de una embarcacion anclada en puerto [13], donde la accion del
"biofouling” es mas intensa. En este caso particular la balsa estuvo fondeada en
aguas de la Base Naval Puerto Belgrano (latitud 38 54’ S, longitud 62+ 06’ W) zona
de clima templado en la que el ritmo de crecimiento de las diferentes especies
animales y vegetales se acentia en primavera y verano, con una extension de
aproximadamente cinco meses de duracion [14,15].

Para la experiencia se utilizaron placas de acero doble decapado nuevas, de 20
x 30 cm, las que fueron arenadas, desengrasadas y protegidas mediante la aplicacion
de un "wash primer" vinilico y tres capas de una pintura anticorrosiva de alta
resistencia; el espesor total del esquema anticorrosivo fue de aproximadamente 120
um. Sobre dicho fondo se aplicaron dos capas de las diferentes pinturas
antiincrustantes  experimentales lograndose espesores de 40 um de pelicula seca por
capa. La aplicacion se realizd con pincel, dejando transcurrir 24 horas entre
capas.

Posteriormente los paneles fueron expuestos al aire para su envejecimiento
durante 30 dias; luego fueron dispuestos en los bastidores de la balsa experimental
y sumergidos en el mar.

RESULTADOS Y DISCUSION
Caracterizacién de las resinas

En la Tabla II se puede observar que las propiedades de la resina colofonia

desproporcionada estudiada (obtenida experimentalmente) presentan, con respecto  a

las de la resina original, algunas modificaciones importantes. Asi por e¢jemplo, se
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redujo el nimero 4cido de 160 a 139, el punto de fusion de 57 a 50 ‘C y el punto de
ablandamiento de 75 a 68 *C (valores medios de las determinaciones realizadas).

Por medio de cromatografia gaseosa,
magnética nuclear se determiné que la resina colofonia original
fundamentalmente por 4cido abiético y sus isGmeros,
isodextropimarico:
ch COOH HSC
CHqy
i clu "
I
CHg
Acido abiético
H C COOH
3
H_ C
3 CHg

-4

Acido isodextropimérico

En la resina expuesta al aire, se observo la presencia
acido dihidroxiabiético y posteriormente y, a medida que se
oxidacion, del acido tetrahidroxiabiético.

coom N C
’

on
on

CH — cMy

cHy

Acido dihidroxiabiético

Estos resultados indican que el acido abiético de la
mas susceptible de oxidarse.

espectrometria de masa y

resonancia
esta constituida

acido levopimarico e

COOH

CHy

c !
CH

CHy

Acido levopimarico

en primer término del
prolongd el tiempo de

COOM

oN

oM
oM

oM

CH = CM,

cuy

Acido tetrahidroxiabiético

resina colofonia es el

También, por los mismos métodos, pudo determinarse que el producto modificado
esta compuesto por restos del producto original y principalmente por una mezcla de
acido dehidroabiético, acido dihidroabiético y acido tetrahidroabi€tico.
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En las Fig. 1 y 2 se pueden observar los espectros de resonancia magnética
nuclear de la resina colofonia original y desproporcionada, respectivamente.

La estructura de algunos 4cidos resinicos presentes en la  resina
desproporcionada se muestra a continuacion:

H C COOH H C COOH
3 3
H
Hy© CaH, H, C H
C Y H,
Acido dehidroabiético Acido dihidroabiético
H C COOH

Acido tetrahidroabiético

El 4cido dehidroabiético posee tres dobles ligaduras, el &cido dihidroabiético
sOlo una y finalmente el Aacido tetrahidroabiético ninguna; los 4cidos dihidro y
tetrahidroabiético estan mas hidrogenados que el 4acido abi€tico, particularmente ¢l
segundo de ellos, ya que posee anillos totalmente saturados.

Velocidad de disolucion

La velocidad de solubilizacion de la resina colofonia varia con el pH del
medio. Representando el logaritmo de la solubilidad de la resina colofonia en
funcion del pH se observa una linea recta con pendiente igual a 1, lo que indica
que la solubilidad de la resina colofonia es proporcional a la concentracion del

ion hidroxilo, y que a medida que aumenta el pH mas rdpida es su solubilizacion
[16].

Por otra parte la presencia de iones Ca?+ y Mg?* presentes en el agua de mar,
por reaccion con el acido abiético de la resina colofonia generan la formacion de
los correspondientes resinatos insolubles sobre la superficie exterior del panel,
reduciendo efectivamente por este motivo su velocidad de disolucion.

Estos cambios se observan en el laboratorio con mayor claridad y rapidez
empleando una solucion fuertemente alcalina "buffer" pH 9,18 (tetraborato
disédico). En la Fig. 3 se representa la evolucion de la velocidad de disolucion de
la resina colofonia original, cuando paneles revestidos con esta resina son
sumergidos en la solucion alcalina mencionada, en funcion del tiempo de exposicion
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al aire. Al cabo de 30 dias de exposicion la velocidad de disolucion registrada
triplica el valor determinado inicialmente, es decir la de un panel no expuesto.
Posteriormente  los  valores de la velocidad de disoluciobn  continuaron
incrementandose luego de 60 y 90 dias de exposicion.

Esto ultimo sugiere que no solamente se produce la oxidacion de la capa
superficial de la pelicula sino que dicha oxidacion podria extenderse en
profundidad.

En cambio, en el ensayo correspondiente a la resina  colofonia
desproporcionada, la velocidad de disolucién inicial resulté algo menor respecto de
su similar llevado a cabo con la resina colofonia original, manteniéndose los
valores obtenidos proximos al inicial luego de 30, 60 y 90 dias de exposicion al
aire (Fig. 3).

Teniendo en cuenta que la preparacion de los ligantes involucrdé la disolucion
de resinas, aditivos y plastificante resulta razonable esperar valores de indice de
acidez superiores para los ligantes con la resina colofonia original con respecto a
aquéllos con resina colofonia desproporcionada y mayores aun a medida que aumenta
su presencia en el ligante. Los valores experimentales indicados en la Tabla III
confirman lo anteriormente mencionado.

Sin embargo, analizando los valores de la Fig. 4 y de la Tabla III se observa
que no existe una relacion directa entre el indice de acidez y la velocidad de
disolucion de los ligantes sin envejecer, ya que el indice de acidez para el
ligante con relacion resina/coligante 1/2 (basado en la resina colofonia original)
es inferior al indice del ligante con relacion 1/1, basado en colofonia
desproporcionada (61 y 76, respectivamente) pero la velocidad de disolucion del

primero (85 pg.cm? .h'1) resulta superior a la velocidad de disolucion del segundo

(81 pg.cm=2 .hl). Esto indica la importancia que tiene el indice de acidez de cada
uno de los componentes del ligante, las fuerzas intermoleculares actuantes y
fundamentalmente la composicion de los diferentes tipos de resina colofonia.

De la comparacion de las Fig. 3 y 4 puede observarse que los valores de
velocidad de  disolucién  para los  distintos  ligantes  elaborados  resultan
sensiblemente inferiores con respecto a las velocidades observadas para la resina
sola. Esto es explicable ya que tanto el coligante como el plastificante empleados
(indice de acidez 10 y 8, respectivamente) tienen velocidades de disolucion muy
pequenas comparadas con la resina colofonia original; los aditivos, por haber sido
incorporados en reducidas cantidades, tampoco cjercen una influencia significativa.

Luego de 30, 60 y 90 dias de exposicion, para los ligantes con relacion 2/1 vy
3/1, las velocidades de disolucién presentan valores muy altos con respecto a los
observados para los ligantes con relacion 1/2 y 1/1 de la misma resina. Esta
diferencia resulta aun mas notoria cuando se la compara con cualquiera de las
velocidades de los ligantes basados en resina colofonia desproporcionada ya que los
valores registrados se mantuvieron practicamente constantes a lo largo del tiempo
durante la exposicion al aire.

Ensayo de inmersion
El ensayo en balsa experimental fue diagramado de modo de poder realizar

observaciones periodicas de los pancles pintados y registrar asi la fijacion de
incrustaciones bioldgicas luego de 16, 20, 24, 30 y 35 meses de inmersion. Como
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Fig. 3. Velocidad de disolucion de la resina colofonia original y
desproporcionada en solucion "buffer”, pH 9,18 (tetraborato disodico),
aplicada sobre paneles y envejecida al aire durante diferentes
periodos de exposicion.
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Fig. 4. Velocidad de disolucion de los ligantes estudiados en solucion
"buffer”, pH 9,18 (tetraborato disodico) aplicados sobre paneles y
envejecidos al aire durante diferentes periodos de exposicion.
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referencia se emplearon paneles de acrilico sumergidos a la misma profundidad que
los pintados.

TABLA 11
INDICE DE ACIDEZ DE LOS LIGANTES FORMULADOS

Relacion en volumen

resina/coligante 1/2 1/t 271 3/1
Ligante con resina
colofonia original 61 8 110 122

Ligante con resina
colofonia desproporcionada 54 76 9% 107

TABLA 1V

ENSAYO EN BALSA EXPERIMENTAL DE PINTURAS ANTIINCRUSTANTES
EXPUESTAS AL AIRE DURANTE 30 DIAS PREVIO
A SU INMERSION

Relacion en volumen

resina/coligante 1/2 1/1 2/1 3/1 172 1/1 2/1 3/1
Tipo de resina Resina colofonia  Resina colofonia
original desproporcionada

16 meses de inmersion 0 0 0 01 O 0 0 O
20 meses de inmersion 0 0 0-1 | 0 0 0 O
24 meses de inmersion 1 2 23 3 0 0 0 O
30 meses de inmersion 3 4 4-5 5 1 | 0 0-1

35 meses de inmersion S 5 5 5 2 12 0-1 1

La evaluacion de la fijacion de las incrustaciones biologicas, que permite
juzgar el grado de bioactividad o eficiencia de cada pintura, se efectud empleando
la escala mencionada en trabajos previos [17-19]. En ella el valor 0 corresponde al
panel sin fijacion y 5 a aquél totalmente incrustado. Se fij0 como limite maximo
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aceptable el valor 1 (poco), que corresponde a un 80 % de eficiencia de la pintura
antincrustante.

En lo referente a las formulaciones con ligante a base de resina colofonia
original pudo observarse (Tabla IV) una adecuada bioactividad hasta los 20 meses de
inmersién; posteriormente resultd evidente el agotamiento, particularmente en las
pinturas con mayor contenido de resina colofonia.

Luego de 24 meses de inmersion, solo la muestra elaborada con relacion resina
colofonia original/coligante 1/2 alcanz6 el wvalor 1 de fijacién; las restantes
pinturas excedieron el valor maximo admisible.

En las observaciones posteriores, luego de 30 y 35 meses de inmersion, se
registrO una reducida capacidad biocida de las muestras experimentales basadas en
la resina colofonia original. Esto tiene su justificaciéon en la escasa cantidad de
toxico remanente en la pelicula de pintura, dado la liberacion en exceso en las
primeras ctapas del ensayo como consecuencia de la oxidacion de la resina colofonia
original del ligante por exposicion al aire, con el consiguiente incremento de la
velocidad de disolucion y reduccion del espesor de pelicula.

En cambio, contrastando con el comportamiento citado, todas las pinturas
elaboradas a base de resina colofonia desproporcionada cumplieron con el objetivo
del ensayo (fijacibn 1 & menor), luego de 30 meses de inmersion. Es importante
también analizar el comportamiento de las rmuestras con resina colofonia
desproporcionada luego de 35 meses de inmersion. Mientras las muestras con relacion
resina/coligante 2/1 y 3/1 tuvieron respectivamente fijacion 0-1 y 1, las muestras
con relacién resina/coligante 1/2 y 1/1, superaron el valor limite 1, lo que puede
adjudicarse a la disolucion de los componentes solubles de la resina colofonia
desproporcionada y a wun incremento porcentual de las sustancias insolubles
remanentes (descenso de la velocidad de disolucion a medida que se prolongd el
tiempo de inmersion).
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PINTURAS ANTIINCRUSTANTES BASADAS EN RESINAS
COLOFONIA Y COLOFONIA MODIFICADA, ESTERIFICADAS CON
OXIDO DE TRIBUTIL ESTANO

SOLUBLE MATRIX ANTIFOULING PAINTS CONTAINING ROSIN AND
MODIFIED ROSIN, ESTERIFIED WITH TRIBUTYLTIN OXIDE

J. J. Caprari* y O. Slutzky

SUMMARY

Esterification of rosin and rosin modified with maleic anhidride was carried
out with tributiltin oxide, in order to obtain suitable esters to be used in
soluble binders of antifouling paints.

Esterification process was verifyed by the water eliminated and collected in a
Dean-Stark trap. The obtained esters were identified by infrared spectroscopy.

To permit the employ of the obtained esters in antifouling paint formulations,
the variables type and quantity of plasticizer were studied; the more
convenient ones were the dioctil phialate and the tricresil phosphate. Good
solubility of the binders in natural filtered seawater was obtained in static
and dynamic laboratory tests.

Palabras clave (key words): Esterificacion,  colofonia WW,  colofomia
modificada, oxido de tributil estafio (Esterification, rosin WW, modified
rosin, tributil-tin-oxide).

INTRODUCCION

Las incrustaciones marinas fijadas sobre cascos de  barcos aumentan  la
friccion, pudiendo llegar a disminuir la velocidad por incremento de la rugosidad;
esto ultimo genera una importante pérdida de cficiencia, que se relaciona con una
mayor necesidad cnergética; ¢l mayor consumo de combustible s¢ calcula entre un 8 y
10 % anual, desde la botadura del barco hasta su primera entrada a dique seco
{1 - 3]. Si la pintura ha actuado eficientemente, solo s¢ climina ¢l maternial que
no esta fuertemente adherido ("slime film") [4]. Si existe rugosidad permanente
(incrustaciones  calcareas) por falla de la  proteccion  anuincrustante  se¢ hace
necesaria la limpieza y el repintado total de la carena.

El mayor consumo de combustible, ¢l recambio de los materiales deteriorados
por corrosion, ¢l lucro cesante, ¢l incremento de la mano de obra para la
reparacion, el clevado costo del alquiler de dique seco, etc. ha promovido ¢l
desarrollo de nuevos productos con ¢l fin de prolongar la vida uul de la pintura y
controlar la formacion de incrustaciones durante lapsos mayores.

* Miembro de la Carrera del Investigador del CONICET
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El velo bacteriano ("slime film") que aparece sobre la pelicula de pintura en
condiciones estaticas (estadia en puerto) favorece la fijacion de incrustaciones.
Se ha determinado que existc una gran interrelacion entre la  fijacion de
Incrustaciones calcareas (en especial cirripedios y serpilidos) y la formacion de
ese velo, al punto tal que dichas especies tienden a fijarse cn un 90 % sobre
superficies con un cierto grado de cnsuciamiento bioldgico |S].

Las bacterias, protozoos y diatomeas pueden contribuir a la degradacion de la
colofonia y de Ilas sustancias organicas dc naturaleza acida que constituyen ¢l
ligante, con la consiguiente disminucion de solubilidad y poder protector a largo
plazo. Es necesario por lo tanto proteger ¢l ligante de la accion bacteriana, lo
que s¢ ha demostrado puede lograrse con la incorporacion dec 6Oxido de tributil
cstano a la pintura [6].

La solubilidad de dicho toxico ¢n agua de¢ mar sc regula incorporandolo a
resinas acidas [7] por una reaccion de csterificacion, con ¢l fin de producir un
compuesto que, empleado en pinturas a base de 6xido cuproso, cumpla con la funcion
de controlar la formacién del "slime film" y cvitar en consccuencia la degradacion
del ligante.

El objetivo de este trabajo fue formular y claborar ligantes solubles aptos
para ser empleados en pinturas antiincrustantes que, al hidrolizarse, produzcan por
saponificacion en el medio ligeramente alcalino del agua de mar (pH 8,1-8,2) la sal
sodica de uno de los compuestos usados c¢n la esterificacion (en nuestro caso resina
colofonia y resina colofonia modificada con anhidrido maleico) y libere el
compuesto unido por esterificacion (0xido de tributil estano).

Aspectos de la esterificacion

La resina a esterificar debe poseer un indice de acidez tedrico minimo tal que
posibilitc su reaccion con el Oxido de tributil estano. El indice de acidez teorico
minimo mencionado precedentemente puede calcularse en  funcion del contenido de
estano que se desea incorporar a la resina  esterificada. Para una concentracion
de 13-15 %, se hacen reaccionar los componentes cn la relacion que se indica en la
parte experimental, calculindose ¢l contenido de estano en el éster segun la
siguiente ecuacion:

g Sn/g mol TBTO x g TBTO x 100

= % Sn
(PM TBTO-H,0 (formada) (g resina + g TBTO-g H,O formada)

En la relacion estequiométrica y para las condiciones de reaccion
establecidas, el contenido de estano es 13,1 % , lo que significa un contenido
total de TBTO de 30-35 % en la resina esterificada.

Dado que el indice de acidez estd dado por la cantidad de mg de KOH por gramo
de resina, al miliequivalente le corresponde medio miliequivalente de TBTO, ya que
puede generar dos moléculas de sal.

El indice de acidez minimo para que 19,66 % de TBTO esterifique 42,37 % de

50



resina en la solucion de éster es el siguiente:

meq KOH x mg TBTO

la mfnimo =

meq TBTO x g resina

la mfinimo: 86,88

EXPERIMENTAL

Elaboracion de los ésteres

Para la elaboracion de los ¢&steres se emplearon cuatro resinas diferentes:
resina colofonia WW (indice de acidez 122,4) y tres resinas colofonia modificadas
con anhidrido maleico (indices de acidez 20,0, 136,6 y 197.5).

La esterificacion se realizo en solucion de tolueno y la marcha de la reaccion
se controld por la cantidad de agua que destilo en forma azeotropica (trampa de
Dean-Stark). El equipo en que se llevd a cabo la reaccion consta de un balon de
tres bocas, un refrigerante con trampa de agua, un agitador y un termometro.

Se colocdé en el balon 42,3 % de la resina a esterificar, 38 % de tolueno vy
0,04 % de agente antiespuma. Se calentd con agitacion hasta total disolucion
eliminacion completa del agua. Se dejo enfriar a 40-45 ‘C, se agregd 19,66 % de
oxido tributil estano (TBTO) y se calentd hasta alcanzar 120-124 C. La reaccion se
dio por finalizada cuando ces6 la destilacion de agua. Los ésteres obtenidos se
identificaron con el nimero 1 al de resina colofonia WW y con los numeros 2, 3 v 4
a los de las resinas maleinizadas de indices de acidez 20,0 ; 136,6 y 1975,
respectivamente. Con el fin de caracterizar las soluciones de esteres obtenidas, se
determind el contenido de solidos, indice de acidez, densidad de la resina y del
éster y se obtuvieron diagramas de identificacion por espectrofotometria IR

(Fig. 1).

Seleccién del plastificante

Se realizd sobre los €steres un ensayo de flexibilidad (segun Norma IRAM 1109,
Método B-5), utilizando como plastificantes ftalato de dibutilo, fosfato de
tricresilo, ftalato de diisododecilo, parafinas cloradas 42 % y 52 %, standoil de
aceite de lino (Z3-Z4 escala Gardner), estearato de dibutilo y ftalato de dioctilo,
en una concentracion de 12 % en peso sobre el contenido de resina.

Se pudo asi seleccionar los plastificantes que imparten mejores propiedades a
la pelicula y que son ademas compatibles en todas las proporciones con los ésteres.
Se comprobd experimentalmente que el éster de resina colofonia WW (namero 1), tiene
excelente comportamiento plastificado con 4,0 % de fostato de tricresilo, mientras
que en los ésteres provenientes de las resinas maleinizadas se debe emplear ftalato
de dioctilo en proporciones variables (4,0-4,5 %).

Preparacion del ligante

Se seleccionaron dos resinas vinilicas como coligante (en todos los casos
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relacion éster/coligante 1,46 en peso). Se obtuvieron 8 ligantes de diferentes
caracteriticas (Tabla I).

TABLA 1

FORMULACIONES DE LIGANTES A BASE DE RESINAS
ESTERIFICADAS, g/100 g

LIGANTE

1 2 3 4 5 6 7 8

Resina vinilica A* 60 - 60 - 60 - 60 -
Resina vinilica B** - 60 - 60 - 60 - 60

Ester N° 1 88 88 - - - - - -
Ester N° 2 - - 88 88 - - - -

Ester N- 3 -~ - - - 88 88 - -
Ester N 4 . - - - . . 88 88

Fosfato de tricresilo 0,6 0,6 - - - - - -
Ftalato de dioctilo - - 04 04 04 04 09 09

Disolventes y diluyentes 84,6 84,6 84,8 84,8 84,8 84,8 84,3 84,3

* Cloruro de polivinilo 86 %; acetato de vinilo 14 %

** Cloruro de polivinilo 86 %; acetato de vinilo 13 %;
acido maleico interpolimerizado 1 %

Ensayos de disolucion estiticos y dinamicos

Se efectuaron ensayos estaticos y dindmicos de disolucion en laboratorio,
empleando agua de mar natural filtrada. Las soluciones de ésteres plastificados se
aplicaron con pincel sobre probetas de PVC cilindricas hasta alcanzar un espesor
promedio de 50 pm.

Se dejo secar al aire durante 120 horas a 25 = 2 ‘C y 65 =+ 5 % de HR hasta
peso constante; luego tres probetas de cada tipo fueron sometidas durante 240 horas
a ensayos de lixiviacion estiticos y dindmicos e¢n laboratorio. En el ensayo
estatico se afectud una ligera agitacion, mientras que el dindmico se realizd en
un dispositivo especialmente disefiado, con agua circulante a una velocidad de 6-7

km.h-!. En ambos casos los cilindros se colocaron sobre un portaprobetas estatico
fijo.

Las probetas fueron pesadas antes y después del ensayo; en este ultimo caso se
las sometid a un secado al vacio hasta obtener peso constante. Los resultados
obtenidos se expresaron como promedio de tres determinaciones.
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RESULTADOS Y DISCUSION

Formacién de ésteres

La esterificacion, que se realiza sin ningin tipo de iniciador o catalizador,
se¢ caracteriza por las crepitaciones y formaciéon de espuma hasta que se completa la
reaccion con la resina; esto ultimo ocurre al finalizar la eliminacion de agua de
reaccion, que se ha ido acumulando en la trampa de Dean-Stark. En todos los casos
la cantidad de agua ecliminada tiene valores muy cercanos al agua tedrica lo que
indica un alto rendimiento de la reaccion (Tabla II).

TABLA 11
AGUA ELIMINADA Y RENDIMIENTO DE LA ESTERIFICACION

Resina N-  Agua tedrica a eliminar  Agua real eliminada  Rendimiento

ml/100 g solucion ml/100 g sal %
1 0,595 0,560 94
2 0,409 0,390 95
3 0,595 0,650 94
4 0,595 0,560 94

Con el objeto de establecer si han reaccionado todos los carboxilos libres de
la resina, o si se ha utilizado el anillo maleico, se determiné el indice de acidez
de cada producto de esterificacion de la resina empleada y la acidez remanente
necesaria para completar la reaccion que provendria de la rotura del anillo
maleico. Queda una pequena cantidad de Oxido de tributil estano en solucion, ya que
la reaccion se realiza en medio solvente (tolueno). Este es el significado de los
valores que se indican en la Tabla III.

En los tres casos mencionados donde la variacion del indice de acidez (Ala) es
positiva, la esterificacion se lleva a cabo con los carboxilos libres de la resina.
Tomando como ejemplo la resina colofonia, que es una mezcla de acidos con un
carboxilo libre (abiético, neoabiético y en menor cantidad pimarico, ISOpImarico y
levopimarico) y que resinas de alta pureza pueden llegar a un contenido de 66 % dc
acidos [8], la reaccion con el acido preponderante (abi€tico) es:

=0 20
H3C _-C—0OH HiCsC—0 s,R4
2 % + R3=5Sn—0-5n—R3 = 2 +H20
CH
CH3 o CHy Nk
SCHy | CHj

H
R =Radical butilo
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De todos los 4cidos presentes, el levopimirico, es el menos estable, pasando a
cualquiera de las otras formas o reaccionando con el anhidrido maleico en la
colofonia maleinizada, para dar un compuesto cuya férmula es:

=
HiC C —oH

CH—C

CH3 l CH—{CH])Z
CH—C

/N\_/ \

Acido maleolevopimirico

En la reaccion con la muestra namero 2, el oxido de tributil estano, tras
reaccionar con gran parte de los carboxilos libres, rompe la union anhidrido, lo
cual se manifiesta en una disminucion de la acidez libre al final de la reaccion,
produciendo el siguiente compuesto:

40
c
HiC (N0 snR;
20
CH—C__
0 SnR3;
CH3 CH=(CH3), 0 soRs
CH-C
X0

que se ha detectado por espectrometria IR.

En todos ellos se verifica que a una longitud de onda en la zona de 1700 cm!
el pico de absorcion correspondiente a la funcion carbonilo acido es mayor para las
resinas que para los ésteres, Esto demuestra que se ha producido la reaccion de

esterificacion. En la longitud de onda de 1790 cm!, las resinas maleinizadas
tienen un pico de absorcidon caracteristico del grupo anhidrido de acido, que
subsiste en los ésteres provenientes de resinas con suficiente acidez libre para
esterificar todo el Oxido de tributil estano (resinas numero 3 y 4). No ocurre lo
mismo en el éster proveniente de la resina numero 2, ya que la misma tiene un
la = 20, que es varias veces inferior al valor minimo necesario para producir la
reaccion estequiomeétrica (Tabla III).

Interpretando €l espectro realizado sobre una porcion del éster numero 2, se
observa la desaparicion del pico de absorcion del anhidrido de acido; esto puede
interpretarse como una evidencia de la rotura del anillo, dando lugar a la reaccion
de esterificacion con el Oxido de tributil estano. Los espectros IR obtenidos para
las resinas maleinizadas son similares a los informados por Smith y Wise [8].

Analizando lo ocurrido con el 6xido de tributil estano de acuerdo con Hoffman
[9], los espectros muestran la desaparicion del pico de absorcion caracteristico de

la union Sn-O-Sn en la longitud de onda 770 cm'! y la aparicion de otro pico en

1640 cm! caracteristico del grupo tributil carboxilato. Todo lo expuesto confirma
que se ha producido la reaccion de esterificacion prevista con todas las resinas en
estudio (Fig.1).
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Fig. 1. Diagramas IR correspondientes a la resina colofonia WW
y al ester colofonia WW-TBTO.

Velocidad de disolucién en condicion estdtica y dinamica

En ensayos de inmersion previos, se pudo observar que las peliculas sumergidas
tomaban un color blanquecino, lo que evidenciaba absorcion de agua y distension del
recubrimiento. En esas condiciones, los ésteres se hidrolizaban, saponificandose v
dejando en libertad el toxico, de acuerdo al mecanismo de las reacciones de este
tipo [10]; esto ultimo para el éster mas sencillo de la colofonia, esta
representado por la siguiente ecuacion:

0
0 =
%
HyC.__C—0SnR3 . HiCS CONo
N HO - + HOSnR3

CH CH3 CH

Los valores de velocidad de disolucion estatica (Ve) y velocidad de disolucion
dinamica (Vd), obtenidos como diferencia de peso en las condiciones indicadas en la

parte experimental, se expresaron en pg.cmZhl. Se calculd ademas la relacion de
disolucion Vd/Ve, denominandose a la misma coeficiente de velocidad absoluta de
disolucién (Va).

Un andlisis de los valores obtenidos (Tabla 1V) permite clasificar a los
€steres en tres grupos: un grupo A, constituido por resina colofonia WW que muestra
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altos valores de disolucion en ambos ensayos y un bajo coeficiente de wvelocidad
absoluta de disoluciéon; un grupo B, constituido por resina colofonia maleinizada de
bajo e intermedio indice de acidez, con un coeficiente de velocidad absoluta de
disolucion de valor medio y un grupo C, constituido por una resina maleinizada de
alto indice de acidez y que muestra un indice de velocidad absoluta de disolucion
elevado. En términos generales puede decirse que, entre cada grupo, las variaciones
son marcadas y corresponden aproximadamente a una diferencia del orden del 100 %.

Analizando los valores de la Tabla IV, se puede observar que aquellos
ligantes formulados con resina B (cloruro de polivinilo 86 %; acetato de vinilo
13 % y acido maleico interpolimerizando 1 %), presentan mayores velocidades de
disolucion tanto estatica como dinamica y un menor coeficiente de velocidad
absoluta de disolucion.

No hay evidencia que indique influencia del tipo y contenido de plastificante
sobre dichos parametros, mientras que los valores de velocidad de disolucion
estitica y dinamica disminuyen a medida que aumenta el indice de acidez de la
resina esterificada, aumentando paralelamente el coeficiente de velocidaad absoluta
de disolucion.

El significado del comportamiento observado, se podra interpretar cuando se
comparen estos resultados con los obtenidos en balsa experimental. Sin embargo, el
cilculo de estos tres pardmetros puede resultar una ayuda importante para los
formuladores de pinturas antiincrustantes, ya que muestran una clara diferenciacion
entre ligantes, tanto mdas importante cuando es este componente de la formulacion el
que determina casi de modo excluyente, la velocidad de lixiviacion del toxico en
agua de mar y por lo tanto el eficiente comportamiento de la pelicula aplicada a
través del tiempo.

CONCLUSIONES

1. Se prepararon diferentes matrices solubles aptas para ser utilizadas, en la
formulacion de pinturas antiincrustantes, esterificando la resina colofonia WW o
sus derivados maleinizados con Oxido de tributil estano, mediante reacciones de
facil ejecucion y control.

2. Para que se produzca dicha esterificacion en las resinas maleinizadas es
necesario que la resina posea un indice de acidez minimo (no inferior a 100 mg
KOH/g de muestra) de tal forma que la reaccién ocurra con los carboxilos libres del
grupo acido de la molécula de resina, sin ruptura de los anillos maleicos. En este
dltimo caso podria tener lugar una alteracion en las propiedades de las resinas que
pueden afectar su solubilidad en agua de mar.

3. Las resinas maleinizadas mejoran su flexibilidad por esterificacion, debido
probablemente a un efecto de plastificacion o a un aumento del volumen molecular
producido por la esterificacion con Oxido de tributil estafo. Dado que los esteres
resultantes se emplean como aditivos y van acompanados por otra resina formadora
del "film", es necesario el empleo de un plastificante externo en proporciones va-
riables para obtener una pelicula final de caracteristicas adecuadas.

4. Los ensayos de disolucion realizados en laboratorio con peliculas de
diferentes  ligantes que contienen ésteres de las resinas empleadas, indican
cualitativamente la disolucion de estano en agua de mar natural filtrada.
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PINTURAS ANTICORROSIVAS CON FOSFITO BASICO DE CINC COMO
PIGMENTO INHIBIDOR

ANTICORROSIVE PAINTS CONTAINING ZINC HYDROXY PHOSPHITE AS
INHIBITIVE PIGMENT

C. A. Giadice* y B. del Amo™*

SUMMARY

The good behaviour of organic coatings depends on the fact that corrosion
inhibitors permit to the metal 1o avoid the deterioration caused by waler,
oxygen and ions penetrating through the coating.

There are not doubt that the use in coatings of some anticorrosive pigments s
really a substantial factor of pollution. The inhibitive pigments more
employed are compounds derivated of chrome or lead, of high toxic action. For
this reason, the use of zinc hydroxy phosphite as anticorrosive pigment was
studied in this paper since its non loxic characteristics makes very
interesting to employ it in anticorrosive formulations.

Salt fog and ohmic resistance lests were made on the experimental paints
applied on steel panels. Results of these tests permite (o conclude that 1 s
possible 1o achieve good anticorrosive protection using paints pigmented with
zinc hydroxy phosphite without produce environmental pollution.

Palabras clave (key words): pintura anticorrosiva;  resina  epoxidica,
concentracion de pigmento en volumen; concentracion critica de pigmenio en
volumen;  fosfito  bdsico de cinc; pigmento  anticorrosivo  no  10Xico
(anticorrosive  paint; epoxy resin; pigment volume concentration;  critical
pigment volume concentration; zinc hydroxy phosphite; non-toxic anticorrosive

pigment).

INTRODUCCION

La corrosion puede ser definida como la destruccion de un metal (hierro,
acero, cinc, etc.) por medio de reacciones quimicas o celectroquimicas. La mayoria
de los metales son quimicamente activos y tienden a convertirse en productos mas
estables [1].

Desatortunadamente, la capa natural de oxidos posce defectos
(heterogeneidades) que son responsables de la generacion de celdas de corrosion
localizadas que conducen al deterioro de la superficic metalica. Esta tendencia a
la corrosion de los metales puede controlarse mediante el empleo de pinturas: la
aplicacion de una eficiente cubierta protectora es ¢l método mds conveniente tanto

* Miembro Carrera del Investigador del CONICET y Subdirector del CIDEPINT
** Miembro Carrera del Investigador del CONICET
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desde un punto de vista técnico como economico.

El comportamiento satisfactorio depende, entre otras variables, de que el
pigmento inhibidor empleado permita que el metal no se deteriore cuando esta
expuesto en un medio agresivo constituido por agua, oxigeno, iones, etc. que
permean a través de la pelicula. En general, el mecanismo de accion de estas
pinturas es formar, por accion de los pigmentos inhibidores solubles, productos
complejos y estables que pasivan el metal [2] o bien, proteger galvanicamente cl
sustrato mediante el empleo de pigmentos metalicos menos nobles. El ligante, por su
parte, debe satisfacer ciertos requisitos muy importantes para que la pintura
resulte eficiente; asi por ejemplo, debe ser resistente al medio y ademas permitir
el proceso difusional para que el pigmento inhibidor actue. Esta condicidon se
cumple con mayor facilidad cuando la concentracion de pigmento en volumen de la
pintura anticorrosiva (PVC) se encuentra cerca de la concentracion critica de
pigmento en volumen (CPVC) [3].

Los pigmentos inhibidores de la corrosion mas comunmente usados, lales como
compuestos derivados del plomo o cromo, son causantes de importantes problemas de
toxicidad para el operario y de contaminacion ambiental que se extienden desde la
manufactura hasta la aplicacion de la pintura. Por esta razon, el objetivo de esle
trabajo fue formular y elaborar pinturas anticorrosivas epoxidicas empleando un
pigmento como el fosfito basico de cinc que no presenta riesgos para el ser humano.
Se estudié la influencia de la concentracion de pigmento en volumen y de la
relacién pigmento anticorrosivo/pigmento inerte sobre la capacidad inhibidora de
las pinturas.

COMPOSICION DE LAS PINTURAS

1. Pigmentacién anticorrosiva. Las muestras se claboraron con fosfito basico dc

cinc como pigmento anticorrosivo; las caracteristicas de este pigmento se indican
en la Tabla L

El tetroxicromato de cinc se tomé como pigmento de referencia dado ¢l
eficiente  comportamiento  manifestado en trabajos anteriores [4, 5]. La tendencia
actual es proceder a su reemplazo debido a la supuesta accion cancerigena que
presentaria.

El fosfito basico de cinc muestra una toxicidad oral aguda para ratas LD 50
mayor que 5000 mg.kg!; como referencia se puede citar a la aspirina con LD 50 de
1750 mg.kg"' y a la cafeina con LD 50 de 200 mg.kg' [6].

2. Material formador de pelicula. La capacidad inhibidora de la corrosion de una
pintura esta relacionada con la adecuada seleccion  del pigmento activo como asl
también con las propiedades del ligante empleado.

En este trabajo se estudio ¢l comportamicnto de pinturas pigmentadas  con
fosfito basico de cinc basadas en un ligante epoxidico |7, 8]. Este ligante estuvo
formado por una base con un equivalente cpoxidico 450 y un endurecedor constituido
por una poliamida (valor amina 210-220). La mezcla solvente empleada estuvo
compuesta por xileno (42,7 %), butanol (14,6 %) y un hidrocarburo oxigenado
(42,7 %).

3. Concentraciéon de pigmento en volumen. La concentracion de pigmento en volumen
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TABLA 1

CARACTERISTICAS DEL FOSFITO BASICO DE CINC

Color

Absorcion de aceite (g.100 g)

Tamano medio de particula (um)
Densidad (g.cm3)

Solubilidad en agua (mg.100 ml-!)
Resistencia especifica (ohm.cm-!)
Toxicidad oral aguda (ratas) LD 50

Toxicidad oral aguda por inhalacion (ratas)
Irritacion primaria de la piel (conejos)

Irritacion primaria de los ojos (conejos)

Blanco

19

3

3,98

0,004

9.700

mayor que 5000 mg.kg-!

mayor que 5,1 mg.l-!
no irritante

no irritante

TABLA 11

CAMARA DE NIEBLA SALINA (ASTM B-117/79, 1000 horas)

PVC, Relacion en volumen pigmento inhibidor/pigmento inerte
% 20/80 30/70 40/60 50/50
30,0 6 8 9 9
35,0 4 9 9 9
40,0 2 5 7 9
45,0 ] 3 4 6
50,0 1 2 2 4

Nota: Solo se observé un ligero ampollamiento en la pintura
formulada con PVC 30,0 % y relacion 50/50.
La pintura de referencia  (tetroxicromato  de  cinc)
presento el valor 9 como grado de oxidacion.



(PVC) influye significativamente sobre las propiedades de la pelicula ya que a
medida que aumenta dicha concentracion decrece la tendencia al ampollamiento,
disminuye simultaneamente el brillo y mejora la adhesion entre capas; ademas, hasta
un determinado valor, no afecta marcadamente la permeabilidad de la pelicula.

En general, las pinturas anticorrosivas estan formuladas con una concentracion
de pigmento en volumen ligeramente por debajo de la concentracion critica de
pigmento en volumen (CPVC). Cuando se alcanza la citada concentracion el ligante
ocupa todos los huecos existentes entre las particulas de pigmento [9].

Se elaboraron muestras con PVC de 30, 35, 40, 45 y 50 % .

4. Relaciéon pigmento anticorrosivo/pigmento inerte. Se¢ emplearon dos pigmentos
inertes en forma conjunta: Oxido férrico y talco micronizado (relacion 1/1 en
volumen).

El 6xido férrico es un pigmento que se caracteriza por su estabilidad [rente a
la luz solar, humedad, acidos débiles, solventes, aceites y resinas. Muestra
excelente poder cubriente y sausfactoria dispersabilidad [10); el indice de

absorcion de aceite del oxido férrico empleado es 22-24 g.100 g1. La contribucion
del o6xido férrico es de naturaleza fisica [11], ya que disminuye la permeabilidad
del "film" y protege de la accion de los rayos ultravioleta cuando se emplea en
pinturas de terminacion.

El talco posec una alta absorcion de aceite (30-50 g.100 g'!), aspecto que
limita la cantidad que puede ser incorporada a la pintura. Su presencia contribuye
a  impartitr  propiedades  antisedimentantes, buena  pintabilidad,  satisfactorio
nivelado como asi también resistencia al agua y a la humedad.

Uno de los objetivos del trabajo fue intentar establecer la relacion Optima
entre pigmento inhibidor/pigmento inerte para alcanzar una eficiente proteccion
anticorrosiva con una minima cantidad de pigmento inhibidor (reduccion de costos).
Las relaciones pigmento inhibidor/ pigmento inerte consideradas fueron:  20/80.
30/70, 40/60 y 50/50 en volumen.

PREPARACION DE LAS PINTURAS

Se realizd en escala de laboratorio emplcando un molino de bolas de porcelana
de 3,3 litros de capacidad. Las condiciones operativas del molino fueron
especialmente  consideradas a fin de obtener una eficiente dispersion  de  los
pigmentos [12].

Para la preparacion de las pinturas se coloco cn ¢l molino de bolas la basc
constituida por la resina cpoxidica disuelta ¢n la mezcla de solventes, dispersando
los pigmentos durante 24 horas.

El aditivo reolégico seleccionado (arcilla modificada con amina) fue agregado
en forma de gel después de la dispersion de los pigmentos cmpleando un equipo de
alta velocidad. El contenido de aditivo reologico fue, en todas las muestras, 1,5 %
en peso sobre pintura.

El acelerador se¢ mezclo con la base de la pintura inmediatamente antes de la
aplicacion en la relacion propuesta por ¢l fabricante.
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ENSAYOS REALIZADOS

Se seleccionaron chapas de acero SAE 1010 de 150 x 80 x 2 mm. La superficie
fue arenada al grado ASa 2 1/2 (Norma SIS 05 59 00/67) con una rugosidad maxima
(Rm) de 40 micrometros. Las chapas se desengrasaron previamente y sobre ellas se
aplicaron las pinturas experimentales con un espesor promedio de pelicula seca de
80 = 5 micrometros, dejando secar 24 horas entre capas. Después de 7 dias de secado
a 20 = 2 -C, se procedid a realizar los ensayos.

Resistencia a la niebla salina

Las muestras fueron colocadas en una camara de niebla salina cuyas
caracteristicas de funcionamiento se ajustan a lo establecido en la norma ASTM B-
117/79, sometiéndolas a pulverizacion con solucion de cloruro de sodio al 5 %; el
pH de la soluciéon fue de 6,5-7,2 y la temperatura de 35 + 1 -C [13]. Los paneles
fueron observados a las 1000 horas de ensayo. El grado de oxidacién fue calificado
empleando la escala de la Norma ASTM D 610-68 (revisada 1974), pero a diferencia de
lo indicado en esa especificacion, se removio la pelicula y la observacion se
realizo sobre la chapa desnuda. Los ensayos se llevaron a cabo por triplicado,
determinandose el valor medio de los resultados obtenidos.

Resistencia 6hmica

Sobre las chapas pintadas se adhirid, utilizando un producto epoxidico, un
tubo de acrilico de 50 mm de didmetro y 100 mm de altura. Los tubos fueron llenados
con solucidon de cloruro de sodio al 3,6 % . El contraelectrodo estuvo formado por
un disco de acero inoxidable ubicado en el interior del tubo.

Las medidas de resistencia se realizaron con un puente de conductividad a una
frecuencia de 1000 Hz [14]. Los e¢nsayos sc realizaron por triplicado, calculandose
el valor promedio.

Concentracion critica de pigmento en volumen

Se determiné la permeabilidad de peliculas libres empleando ¢l método dc
Gardner [15]; los ensayos se realizaron por triplicado, promediando los resultados
obtenidos. Posteriormente se graficaron los valores experimentales en funcion de
los diferentes PVC considerados para cada relacion pigmento inhibidor/pigmento
inerte. El punto de inflexion de esas curvas permitio estimar la concentracion
critica de pigmento en volumen (CPVC).

RESULTADOS Y DISCUSION

El grado de oxidacion de los paneles pintados y la resistencia Oohmica de las
peliculas estudiadas se presentan en las Tablas Il y III, respectivamente. Por su

parte, los valores de la concentracion critica de pigmento en volumen se muestran
en la Tabla IV.
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TABLA 111
RESISTENCIA OHMICA DE LAS PELICULAS DE PINTURA, OHM

PVC, Rclacién cn volumen pigmento inhibidor/pigmento incrte
% 20/80 30/70 40/60 50/50

30,0 6.5 x 18 I8 x 107 8.7 x 10° 8.8 x 10°
35.0 83 x (¥ 1.2 x 107 S ox 100 79 x 1(0F
40,0 S5 x I(¥ 4.8 x 10° 33 x 10 S 1
45,0 39 x 100 6.3 x I(¥ S1ox 1o 4.3 x 10°
50,0 3.3 x (¢ 3.8 x 10¥ 3.5 x 1 39 x 1(¢

Nota: La pintura de  referencia  (tetroxicromato de ¢ing)
presento un valor de 7.8 x 107 ohm.

TABLA 1V

CONCENTRACION CRITICA DE PIGMENTO EN VOLUMEN"

Relacion pigmento CPVC,
inhibidor/pigmento inerte %

20/80 s 30

30/70 34-36

40/60 36-38

50/50 40-42

* Determinado por ¢l método dc Gardner
[5] para un espesor de¢ pelicula de
80 £ 5 pm

Un primer analisis de los resultados incluidos cn las tablas citadas indica:

1. Pinturas con relacion pigmento inhibidor/pigmento inerte 20/80. El valor dc
CPVC es el mas bajo dc todas las relaciones consideradas; se obscrva ademas un
mayor grado de oxidacion y una menor resistencia ohmica para los PVC que superan el
30 % . Esto es particularmente significativo ya que estas muestras incluyen un
mayor contenido de pigmento inhibidor.
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La pintura formulada con un PVC de 30,0 % (6 % de pigmento inhibidor) presento
el mejor comportamiento de la serie.

2. Pinturas con relacién pigmento inhibidor/pigmento inerte 30/70. El valor de
CPVC aument6 con respecto al presentado por las muestras con relacion 20/80; el
resultado obtenido estd comprendido entre 34-36 % .

Las pinturas de esta serie mostraron una satisfactoria performance hasta el
PVC 35 % (bajo grado de oxidacién y adecuada resistencia 6hmica); para un PVC igual
o superior al 40 % (estas muestras incluyen un contenido mas alto de pigmento
inhibidor), la eficiencia de la protecciéon disminuyé (mayor grado de oxidacion vy
menor resistencia dhmica).

La pintura formulada con un PVC de 35 % (10,5 % de pigmento inhibidor) mostro
una cxcelente capacidad protectora.

3. Pinturas con relacion pigmento inhibidor/pigmento inerte 40/60. EI CPVC
continu6 incrementandose, resultando ligeramente inferior a 38 % ; para un PVC de
40 % o mas, el grado de oxidacion aumento (menor resistencia ohmica).

La mejor eficiencia de las pinturas elaboradas con la relacion 40/60 se
registr0 con las muestras de PVC 30 % (12,0 % de pigmento inhibidor) y de 35 %
(14,0 % de pigmento inhibidor).

4. Pinturas con relacion pigmento inhibidor/pigmento inerte 50/50. El CPVC
oscilo aproximadamente en 40-42 % ; las muestras formuladas con un PVC de hasta 40
% presentaron adecuada capacidad protectora (poca oxidacion y alta resistencia
ohmica) mientras que con PVC mayores la performance disminuyo sensiblemente.

La mejor eficiencia de la serie la presentaron las muestras {formuladas con
valores de PVC 30, 35 y 40 % (15,0, 17,5 y 20,0 % de pigmento inhibidor.
respectivamente).

CONCLUSIONES

1. EI PVC y la relacion pigmento inhibidor/pigmento inerte  ejercen  una
significativa  influencia  sobre la  cficiencia  anticorrosiva  de las  muestras
formuladas y elaboradas en escala de laboratorio.

2. Un incremento de la relacion pigmento inhibidor/pigmento inerte condujo 4
un aumento del CPVC; esto ultimo e¢s atribuible al mayor indice de absorcion de
aceite que presenta el pigmento inerte (Oxido férrico/talco micronizado, relacion
1/1 en volumen) con respecto al pigmento inhibidor.

3. Para cada relacién pigmento inhibidor/pigmento inerte, un aumento del PVC
(para valores inferiores al CPVC) no influy0 marcadamente sobre la capacidad
protectora de las muestras estudiadas; superado el valor critico la eficiencia
disminuy0 sensiblemente.

4. Para cada PVC considerado, un aumento de la relacion pigmento
inhibidor/pigmento inerte permitié6 alcanzar una mayor cficicncia anticorrosiva; sin
embargo, superado un valor de relacion determinado que es funcion del PVC, la
eficiencia se mantuvo practicamente constante (similar grado de oxidacion).

5. Las pinturas de mayor eficiencia (grado de oxidacion 9) estuvieron
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formuladas con PVC 30,0 % (relaciones pigmento inhibidor/pigmento inerte 40/60 vy
50/50), 35 % (relaciones 30/70, 40/60 y 50/50) y 40 % (relacion 50/50). Sin
embargo, contemplando el aspecto econdémico y a fin de seleccionar la pintura de
menor costo, se deberia optar por aquélla formulada con un PVC de 35 % y relacion
pigmento inhibidor/pigmento inerte 30/70 (incluye sélo 10,5 % en volumen de fosfito
basico de cinc). Esta pintura presentd un similar comportamiento que le muestra de
referencia basada en tetroxicromato de cinc.
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CAPACIDAD ANTICORROSIVA Y RESISTENCIA AL AMPOLLAMIENTO DE
PELICULAS DE PINTURAS PIGMENTADAS CON
OXIDO DE HIERRO MICACEO

RUSTING AND BLISTERING RESISTANCE OF LAMELLAR
MICACEOUS IRON OXIDE PAINTS

C.A. Giadice*

SUMMARY

Lamellar micaceous iron oxide paints are successfully employed to provide
longlife  corrosion protection for metallic structures when exposed (o highly
aggressive environments. The aim of this work was to formulate and manufacture
lamellar micaceous iron oxide/vinyl paints, able to be used on the protection
of steel structures submerged in water. Variables studied were level
pigmentation (pigment volume concentration) and average  particle size of
lamellar micaceous iron oxide (dispersion time). The  influence of variables
considered was  established by measuring the electrode  potential
(electrochemical test), blistering and rusting degree (water immersion and
salt spray testing).

Palabras clave (key words): oxido de hierro micdceo, concentracion de pigmento
en volumen, tiempo de dispersion, tamanio de particula, ampollamiento,
oxidacion, potencial de electrodo (micaceous iron oxide, pigment volume
concentration, dispersion time, average particle size, blistering, rusting,
electrode potential).

INTRODUCCION

En los ultimos anos, las estructuras metalicas expuestas en medios altamente
agresivos, como por e¢jemplo el marino o el industrial, estan en muchos casos
protegidas con pinturas que incluyen oOxido de hierro miciceo como pigmento en su
formulacion.

El oxido de hierro micdceo es un mineral que, adecuadamente procesado,
presenta  particulas de forma laminar [1]; su composicion quimica  consiste
fundamentalmente en o6xido férrico. Cuando una pintura basada en este pigmento se
aplica sobre un sustrato, las particulas, de forma similar a la mica, se disponen
paralelamente a la superficie, ligeramente superpuestas entre si [2]; este sistema
multicapa actia como una efectiva barrera para controlar el acceso del vapor de
agua, oxigeno, iones, etc. a la superficie metdlica. Ademas protege el ligante de
la radiacion ultravioleta [5-7].

* Miembro Camrera del Investigador del CONICET y Subdirector del CIDEPINT
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Es importante mencionar que hay disponibles en el mercado otros pigmentos
basados en oOxido de hierro y que obviamente no presentan esta caracteristica
morfologica [3-4]; las pinturas basadas en estos pigmentos no muestran el mismo
comportamiento que las elaboradas con 6xido de hierro micaceo.

Las pinturas protectoras, fundamentalmente las intermedias o ‘"sealers", son
frecuentemente formuladas para actuar como barrera con el fin de ‘"aislar" el
sustrato metalico del medio agresivo. Sin embargo, todas las cubiertas organicas
son en alguna medida permeables al agua, oxigeno, elc. y en consecuencia no son
barreras  perfectas. Ademas, muchas peliculas presentan fallas cuando estan
expuestas a atmoOsferas muy humedas o en inmersion; la formacion de ampollas [5-8]
es un problema frecuente debido a que las pinturas generalmente no se disenan para
permitir que el liquido que permea se disipe a través de la pelicula y por ello
esta ultima no puede resistir la formacion de proyecciones resultantes de una
pérdida de adhesion.

Las pinturas alcanzan la maxima vida util cuando estan correctamente
formuladas y elaboradas. El oxido de hierro micaceo debe incorporarse en la
concentracion optima [11], en un vehiculo seleccionado considerando las condiciones
de servicio.

El objetivo de este trabajo fue disenar y preparar, en escala de laboratorio,
pinturas vinilicas pigmentadas con Oxido de hierro micaceo aptas para ser empleadas
en la proteccion de superficies metalicas en contacto permanente con agua.

FORMULACION DE LAS PINTURAS

La composicion de las pinturas desenadas para las experiencias se indica en la
Tabla 1. La pigmentacion estuvo constituida por oOxido de hierro micaceo
(aproximadamente 82 % en peso), provisto por Kirtner Montanindustric GmbH y por
barita micronizada y talco micronizado (silicato de magnesio). Como material
formador de pelicula s¢ emple6 la resina vinilica VYHD (un copolimero de 86 % de
cloruro de wvinilo y 14 % de acetato de vinilo), adecuadamente plastificada con
parafina clorada al 42 % ; como aditivos se incorporaron un estabilizador
expoxidico liquido, un agente dispersante y finalmente un espesante reologico.

La mezcla solvente consistio en 14,8 % de metil isobutil cetona, 17,6 % de
acetato de cellosolve, 17,6 % de acetato de n-butilo y 50,0 % de xileno. Las
muestras experimentales incluyeron aproximadamente un 50 % de solidos en peso.

La variable de formulacion estudiada fue la concentracion de pigmento en
volumen, PVC [12]; se contemplaron siete valores de PVC: desde 25 % hasta 50 %, con
incrementos del 5 % .

PREPARACION DE LAS PINTURAS

La elaboracion del vehiculo se llevé a cabo disolviendo con agitacion intensa
la resina vinilica en la mayor parte del solvente, reservando una fraccion de
xileno para el ajuste final de viscosidad; posteriormente, y siempre con agitacion,
se incorporaron el plastificante y, finalmente, los aditivos.

La dispersion del pigmento en el vehiculo se llevo a cabo en un molino de 3,3
littos de capacidad total, en condiciones operativas optimizadas en un trabajo
previo [13].
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TABLA 1

COMPOSICION DE LAS PINTURAS, % EN PESO

Muestra 1 2 3 4 5 6 7
Oxido de hierro
micaceo MIOX AS 429 479 522 559 592 622 648
Barita micronizada 6,3 7,0 7,6 8,2 8,7 91 9,5
Talco micronizado 31 3,5 3.8 41 4.3 46 4,8
Resina vinilica VYHD 36,6 31,7 27,5 23,8 206 17,7 15,1
Parafina clorada 42 % 9,1 7,9 6,9 6,0 5,2 4,4 3.8
Estabilizante epoxidico 0,7 0,7 0,7 0,7 0,7 0,7 0,7
Aditivos dispersantes
y tixotropicos 1,3 1,3 1,3 1,3 1,3 1,3 1,3
PVC, % 25,0 30,0 35,0 40,0 450 50,0 55,0
TABLA 11

Concentracion de pigmento en volumen, %

Tiempo de
dispersion, h 25,0 30,0 350 40,0 450 50,0 550
2 37 40 42 48 62 58 51
4 30 32 31 33 35 48 41
6 27 28 27 29 34 32 30
8 23 23 26 23 25 29 26

TAMANO MEDIO DE PARTICULA DEL OXIDO DE HIERRO MICACEO, um
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~ El tiempo de dispersion de la barita y del talco micronizados fue de 24 horas,
mientras que para el oOxido de hierro micaceo fue de 2, 4, 6 u 8 horas a fin de
alcanzar diferente tamafo de particula (variable de preparacion).

. Para el presente estudio se formularon 28 muestras (7 composiciones x 4
tiempos de dispersion), las cuales se elaboraron y ensayaron por duplicado (56
pinturas en total).

ENSAYOS REALIZADOS

Se calculd el diametro medio de particula del oxido de hierro micaceo a partir
de la expresion D = X NiDi/Z Ni donde Ni es el nimero de particulas de diametro Di
presentes en el sistema.

Permeabilidad de la pelicula

El ensayo se realiz6 sobre peliculas libres empleando el método de Gardner
[15]. La cantidad de agua que permed a través de la pelicula de 100-120 um de
espesor en condiciones estacionarias a 25 -C, se determind gravimeétricamente y se
expreso por unidad de drea y de tiempo.

Posteriormente se graficaron los valores experimentales en funcion de los
diferentes PVC considerados, para cada tiempo de dispersion. El punto de inflexion
de estas figuras permitid calcular la concentracion critica de pigmento en volumen,
CPVC.

Inmersion en solucién 0,5 M de cloruro de sodio

Se emplearon para este ensayo paneles de acero SAE 1020, previamente arenados
al grado ASa 2 1/2 (Norma SIS 05 59 00/67) con 40 um de rugosidad maxima v
desengrasados con tolueno. Las pinturas en cstudio se aplicaron con  pincel
alcanzandose en todos los casos un espesor de pelicula de 105 = 5 pm.

Luego de 48 horas de secado en ambiente de laboratorio, los paneles pintados
s¢ sumergieron en soluciéon 0,5 M de cloruro de sodio (pH 8,0; 20 = 0,5 *C) durante
100 dias. Se determiné el potencial de clectrodo, ¢l grado de oxidacion (ASTM D
610-68, revisada 1974) y el grado de ampollamiento (ASTM D 714-56, revisada 1974),
a diferentes tiempos de exposicion.

Camara de niebla salina

Para este ensayo se seleccionaron paneles de acero de  caracteristicas
similares a los anteriormente citados, pero con las siguientes dimensiones: 70 x
180 x 20 mm. Los paneles pintados fueron expuestos en una camara de niebla salina
ajustada a la Norma ASTM B-117-73 (35 -C con pulverizacion continua de solucion de
cloruro de sodio al 5 %). Todas las muestras fueron ensayadas durante 1500 horas
evaluandose en este caso los grados de oxidacion y ampollamiento en forma similar a
la realizada en la experiencia anterior.
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TABLA 111

PERMEABILIDAD DE LA PELICULA, 104 g.cm-.h'!

Concentracion de pigmento ¢n volumen, %

Tiempo de
dispersion, h 25,0 30,0 350 40,0 450 50,0 55,0
2 4,5 4,8 6,0 7,6 10,2 58,2 66,7
4 1,2 1,8 2,5 3,1 3,7 12,0 423
6 2,8 3,0 3,3 3,5 3,7 13,7 52,5
8 3,2 4,5 4,9 6,2 7,5 18,5 572

TABLA 1V

CONCENTRACION CRITICA DE PIGMENTO EN VOLUMEN"

Tiempo de CPVC,

dispersion, h %
2 47-48
4 -54-55
6 52-53
8 50-51

* Permeabilidad de la pelicula, método Gardner [15]



RESULTADOS Y DISCUSION

Diametro medio de particula del 6xido de hierro micdceo

El andlisis fotomicroscopico llevado a cabo permitid la determinacion de la
distribucion de tamafno de las particulas del pigmento laminar e¢mpleado en la
claboracion de las muestras en estudio; posteriormente se calculd el valor del
diametro medio correspondiente a cada pintura. Los resultados obtenidos, para cada
PVC y tiempo de dispersion considerados, se incluyen en la Tabla II.

Se observdo una significativa disminucion del didmetro medio durante las
primeras horas de la dispersion y que ademas, para obtener un determinado tamano dc
particula, es necesario incrementar el tiempo de dispersion a medida que aumenta la
concentracion de pigmento en volumen. Una excepcion la presentan las pinturas
formuladas con un PVC de 50,0 % para 12 horas de dispersion y con un PVC de 55,0 %
para todos los tiempos considerados. Este ultimo hecho se debe probablemente a que
las pinturas citadas exhibieron un PVC mas elevado que el valor critico [16] y por
consiguiente tuvieron una menor viscosidad aparente durante la elaboracion,
alcanzandose una mayor eficiencia de la dispersion.

Permeabilidad de la pelicula

Los wvalores experimentales de permeabilidad de la pelicula en tuncion del
tiempo de dispersion del Oxido de hierro micaceo, para cada concentracion de
pigmento en volumen considerado, se indican en la Tabla III

Las pinturas basadas en oOxido de hierro micaceo y formuladas con un bajo nivel
de pigmentacion presentaron una reducida permeabilidad de pelicula. Para
concentraciones de pigmento mayores que la critica (Tabla V), la permeabilidad
aumentd considerablemente con el incremento del PVC.

El tamano medio de particula del oxido de hierro micaceo, que es funcion del
tiempo de dispersion, influyéd tanto sobre la permeabilidad de la pelicula como
sobre el valor del CPVC.

Potencial de electrodo: ensayo de inmersion

El potencial de las pinturas formuladas con PVC menores que el CPVC (baja
permeabilidad de pelicula) permanecio practicamente constante  hasta el final del
ensayo (100 dias), variando entre 0,0 y -0,1 V/SCE. Sin embargo, es importante
mencionar que algunas muestras, por ¢jemplo las pinturas 5 con 2 horas de
dispersion 'y 6 con 4, 6 'y 8 horas mostraron potenciales mas activos
(aproximdadmente -0,10 V/SCE) ¢n ¢l periodo comprendido entre los 80 y 100 dias de
€nsayo.

En lo referente al potencial de clectrodo de las muestras formuladas con PVC
mayores que el CPVC (pinturas 6 con 2 horas de dispersion y 7 con 2, 4, 6 v &
horas), éstas mostraron un rapido desplazamiento hacia valores mas anddicos
(aproximadamente -0,65 V/SCE) desde practicamente el inicio de la inmersion, lo
cual indica una reducida capacidad protectora.

Grado de oxidacion: ensayo de inmersion
y camara de niebla salina

Los resultados correspondientes a los paneles pintados (valores medios de los
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TABLA V
GRADO DE OXIDACION (ASTM D 610-68, REVISADA 1974)

1. Inmersién en solucién acuosa, 0,5 M de cloruro de sodio, pH 8,0; 20 =+ 5§ -C, 100
dias

Concentracion de pigmento en volumen, %

Tiempo de
dispersion, h 25,0 30,0 350 40,0 450 50,0 550
2 10 10 10 9 7 2 1
4 10 10 10 10 10 7 3
6 10 10 10 10 10 6 3
8 10 10 10 10 9 5 1

2. Camara de niebla salina (ASTM B 117-73), 1500 horas

Concentracion de pigmento en volumen, %

Tiempo de
dispersion, h 25,0 30,0 350 40,0 450 50,0 55,0
2 9 10 10 9 8 3 1
4 10 10 10 10 10 8 2
6 10 10 10 10 9 7 2
8 10 10 10 9 9 5 1

3. Camara de niebla salina (ASTM B117-73), paneles sumergidos en solucion 0,1 M de
cloruro de sodio antes del pintado (la oxidacion considerada no fue por
ampollamiento), 500 horas

Concentracion de pigmento en volumen, %

Tiempo de
dispersion, h 25,0 30,0 350 40,0 450 500 550
2 7 7 6 6 5 * *
4 10 10 10 10 10 5 *
6 10 9 9 9 9 5 *
8 9 7 6 7 6 3 *

* Pinturas no ensayadas
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ensayos realizados por duplicado) se incluyeron en la Tabla V. El juzgamiento del
grado de oxidacion se llevd a cabo empleando la Norma ASTM D 610, cuya escala varia
desde O (aproximadamente 100 % de la superficic oxidada) hasta 10 (sin ataque o con
menos de 0,01 % de la superficie corroida).

Los valores del grado de oxidacion estan en concordancia con los del potencial
de electrodo obtenidos en el ensayo dc inmersion. Asi por ejemplo, las muestras
disenadas con valores de PVC menores que el critico generalmente mostraron una
satisfactoria resistencia a la corrosion, excepto aquéllas formuladas con un PVC
cercano al CPVC cuyo comportamiento fue calificado como oxidacion baja o moderada.

Con respecto a las pinturas con PVC mayores que ¢l CPVC, el grado de oxidacion
alcanzado fue muy significativo.

Grado de ampollamiento: ensayo de inmersién
y camara de niebla salina

El ensayo mostro la excelente resistencia al ampollamiento de las pinturas
estudiadas, tanto en el ensayo de inmersion (100 dias) como en la camara de niebla
salina (1500 horas). La totalidad de los paneles pintados no mostré ampollamiento
(calificacion 10, Tabla VI), lo que indica que no se han producido proyecciones de
liquido o gas (no se considerd el hinchamiento proveniente del ataque corrosivo).

Camara de niebla salina: paneles sumergidos en solucion
0,1 M de cloruro de sodio antes del pintado

La extraordinaria resistencia a la oxidacion y a la formacion de ampollas de
las pinturas basadas en oOxido de hierro micaceo estudiadas sugirio la realizacion
de un ensayo en condiciones mas exigentes a fin de establecer la influencia de las
diferentes variables consideradas. Los paneles arenados y desengrasados con tolueno
fueron sumergidos en una solucion 0,1 M de cloruro de sodio durante 2 minutos y
luego se secaron en estufa a 70 = 5 °C durante 30 minutos. Esto se fundamenta
porque e¢n la practica, con un concepto erronco de su alcance, se limpian las
superficies con chorro de agua de mar a presion en lugar de agua de red o bien
permanecen expuestas mucho tiempo en atmosferas marinas antes del pintado.
Finalmente, se aplico la pintura y el espesor de pelicula seca alcanzado [fue de
105 = S pm, mientras que ¢l tiempo de secado antes de iniciar el ensayo fue de 48
horas.

Luego de 500 horas en la camara de nicbla salina, se c¢valuo el grado dc
oxidacion (Tabla V) y el grado de ampollamiento (Tabla VI). En las tablas citadas
solo se incluyen los valores medios de los ensayos realizados por duplicado.

El grado de ampollamiento fue e¢valuado empleando la Norma ASTM D 714. El
tamano se califica con una escala arbitraria que varia de 10 a 0, en la cual 10
representa ausencia de ampollas. La frecuencia se define cualitativamente con D
(denso), MD (medio denso), M (medio) y P (poco).

El fenémeno osmoético (difusion de agua hacia la interfase superficic meltalica
pelicula de pintura) producido por las sales depositadas previo al  pintado
favorecieron la oxidacion y la formacion de ampollas. Sin embargo, aun bajo uslas
severas condiciones agresivas, algunas pinturas formuladas con oOxido de hierro
micdceo resisticron la corrosion y no presentaron ampollas: las pinturas 4 y 5 (PVC
de 40,0 y 45,0 %, respectivamente), eclaboradas con 4 horas de dispersion del
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TABLA VI
GRADO DE AMPOLLAMIENTO (ASTM D714-56, REVISADA 1974)

1. Inmersién en solucién acuosa (100 dias) y cimara de niebla salina (1500 horas)

Concentracion de pigmento en volumen, %

Tiempo de

dispersion, h 25,0 30,0 350 40,0 450 50,0 55,0
2 10 10 10 10 10 10 10
4 10 10 10 10 10 10 10
6 10 10 10 10 10 10 10
8 10 10 10 10 10 10 10

Valor 10: sin ampollas

2. Camara de niebla salina (ASTM B 117-73, 500 horas), paneles sumergidos en
solucién 0,1 M de cloruro de sodio antes del pintado

Concentracion de pigmento en volumen, %

Tiempo de
dispersion, h 25,0 30,0 350 400 450 50,0 55,0
2 10 10 10 10 10 * *
4 6-M  8-F 9-F 10 10 10 *
6 9-F 10 10 10 10 10 *
8 10 10 10 10 10 10 *

Tamano: 10, sin ampollas; 8, muy pequena; 6, pequena; 4, moderada y 2, grande.
Frecuencia: A, ausencia; P, poco; M, medio; MD, medio denso; D, denso
* Pinturas no ensayadas
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pigmento laminar, mostraron el mcjor comportamiento (calificacion 10 e¢n ambos
€nsayos).

CONCLUSIONES

1. Para cada concentracion de pigmento en volumen considerada, ¢l tiecmpo de
dispersion del 6xido de hicrro micaceo influyé sobre ¢l tamano medio de particula v
en consecuencia sobre la permeabilidad de la pelicula. Un aumento del tiempo de
dispersion (menor tamano de particula) disminuyo la permeabilidad de la  pelicula
hasta alcanzar un minimo y lucgo sc incremento ligeramente.

2. Con el cspesor de pelicula seca cempleado en las  experiencias  llevadas  a
cabo en este trabajo, cl valor de la concentracion critica de pigmento en volumen
CPVC dependio del uempo de dispersion del oxido de hierro micaceo (tamano medio de
particula). El mas alto valor de¢ CPVC (54-55 9%) sc¢ alcanzo con 4 horas de
dispersion.

3. La cexcelente resistencia a la corrosion y a la formacion de ampollas de  las
pinturas formuladas con oOxido de¢ hierro micacco (105 = 5 um de espesor de pelicula
seca) fuc corroborado a traveés de los cnsayos de inmersion (100 dias, solucion 0.5
M de cloruro de sodio) y camara de nicbla salina (1500 horas de  exposicion)
realizados. Aun bajo severas condiciones osmoticas  (los  pancles  fueron  sumergidos
cn solucion 0,1 M de cloruro de sodio antes del pintado) muchas de las  pinturas
cstudiadas (105 = S pm de espesor de  pelicula scca) presentaron una  satisfactoria
resistencia a la oxidacion y al ampollamicnto ¢n camara dc nicbla salina lucgo de
500 horas de ensayo.

4. Las pinturas cstudiadas fucron formuladas y claboradas c¢n escala de
laboratorio, teniendo c¢n cuenta ¢l objetivo fundamental de evitar la formacion de
ampollas, sin  disminuir la resistencia a  la  corrosion.  La  permeabilidad  de  la
pelicula, que depende de la composicion y también de la tecnologia de elaboracion,
parece ser una variable fundamental a considerar.

5. Los resultados de laboratorio indican que ¢l oxido de hierro micaceo provee
una accion protectora eficaz por efecto barrera, ya que con pinturas correctamente
formuladas y elaboradas la  permeabilidad de la  pelicula  compatibiliza
satisfactoriamente la resistencia a la oxidacion y ¢l grado de ampollamicnto. El
oxido de hierro micacco ademds no es toxico ni  inflamable, cumplicndo c¢n
consecuencia con las regulaciones vigentes e¢n muchos paises sobre contaminacion 'y
seguridad.
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MECANISMO DE LA ACCION ANTICORROSIVA DE PINTURAS
DE CINC-SILICATO DE ETILO

THE MECHANISM OF THE ANTICORROSIVE ACTION
OF ZINC ETHYL SILICATE PAINTS

R. Romagnoli* y V. F. Vetere.

SUMMARY

Zinc ethyl siicate paints protect cathodically steel during a short period.
Several mechanisms were proposed to explain the protective action of the paint
after the cathodic protection has ceased: a barrier effect by sealing the
pores of the paint film, inhibitive action of the corrosion products, etc. In
this paper it was determined that the cathodic protection period is short
compared with the protective time provided by the paint. It was also
determined the nature of the compounds formed as a consequence of the galvanic
action. These compounds neither provide a barrier effect nor inhibited the
corrosion by their acid-base properties. However, the corrosion products
inhibited oxygen discharge on the iron cathode.

Palabras clave (key words): pinturas, cinc-silicato de etilo, mecanismo de la
accion anticorrosiva, inhibicion de la descarga de oxigeno (paints, zinc ethyl
silicate, anticorrosive action mechanism, oxygen discharge inhibition).

INTRODUCCION

No hay una teoria universalmente aceptada para explicar la accion
anticorrosiva de las pinturas a base de polvo de cinc. Mayne y Evans [1,2]
sugirieron que la proteccion catédica ocurre durante la primera etapa de la vida
util de la pintura y dicho mecanismo cesa en un tiempo relativamente corto. La
proteccion catdodica surge de una capa de poco espesor de pintura en contacto con la
superficie de acero [3]. Para la segunda ctapa se han propuesto dos teorias: a)
bloqueo de los poros por accién de los productos de corrosion y b) accion
inhibidora de los compuestos basicos de cinc.

Los diagramas de impedancia [4,5] revelan que los productos de corrosion
bloquean los poros y que la pelicula de pintura s¢ comporta como un electrodo
pOroso.

Las medidas de resistencia con corriente alterna en soluciones de NaCl 0,1 M
muestran que la resistencia aumenta con el tiempo de inmersion en un lapso entre 10
30 dias y luego puede mantenerse constante o aumentar, segun el tipo de
formulacién [6]. Lindqvist et al [6] demostraron que no hay ninguna razon para
suponer que el aumento de resistencia con el tiempo se deba a la acumulacion de

* Miembro de la Camera del Investigador del CONICET
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productos de corrosién en los poros de la pelicula de pintura.

Las medidas de capacidad [4] revelaron que en pinturas con 90 % de cinc sobre
pelicula seca la proteccion continuaba lucgo de 150 dias de inmersion debido a un
efecto barrera, aunque la proteccion catodica habia cesado (Ecom = -750 mV vs
ECS). Este comportamiento no se obscrvé con un contenido de cinc de 50 % .

La evoluciéon del valor del potencial de corrosibn con ¢l ticmpo depende del
contenido de cinc en la pelicula dc pintura. Las formulaciones con alto contenido
de cinc exhiben valores proximos a -900 mV vs ECS por periodos mas largos; en
cambio cuando el contenido de cinc c¢n la pelicula de pintura desciende a SO % la
proteccion catodica cesa en menos de una scmana (Ecor = -650 mV vs ECS) [4]. Este
problema no aparecc cuando el contenido de¢ polvo de cinc en la pelicula seca supera
el 60 % |[7]. Cuando hay superficies d¢ acero desnudas ¢l corrimiento del potencial
hacia valores mas noblcs depende dcl contenido de cinc, del area de acero expucesta
y de la granulometria del polvo dc cinc. La dependencia es mas notable a  medida
que el contenido de cinc decrece |7).

La composicion de los productos de corrosién formados como consecuencia de la
accion galvanica difiere significativamente de un autor a otro. Para Newton [8] se
forman compuestos del tipo:

Zn(OH)ZZnCO3, 4 Zn(OH)zlnCl2 y 6 Zn(OH)zanlz,
mientras que Kalewicz [9] encontré que se forma

ZnS(OH) 6(CO y ZnCO3.

3)s

Lindqvist [6] no encontré6 compuestos que contengan cloruro y sostiene que los
productos de corrosion responden a la {ormula

Zn,CO4(OH) y Zn(CO4),(OH),.

Newton [8] senald el hecho de que los productos de corrosion difieren de una zona a
otra del panel expuesto. Sin cembargo, un cstudio recicnte indica que sc¢ formaria
hidréxido de cinc [10].

El propdsito de este trabajo es, en primer lugar, investigar las reacciones
que ocurren entre el ligante y las particulas de cinc y cntre el ligante y el
sustrato de acero, tratando de¢ establecer su vinculacion con el proceso de
corrosion. Por otro lado, se¢ estudian los compuestos que se  forman como
consecuencia de la accion galvdnica en las pinturas del tipo cinc-silicato de etilo
(en condiciones de inmersion total) y sus caracteristicas acido-basc para poder
precisar el posible efecto inhibidor de la corrosién que estos compuestos puedan
tener. Para c¢llo se¢ generaron las mencionadas sustancias en una pila c¢n
cortocircuito de manera de simular la pintura en  servicio. Por otro lado, se
precipitaron las sustancias en cuestion a partir de una solucion de sales de cinc
en presencia del ligante utilizado en las pinturas. En forma paralela, y con fines
comparativos,  se realizdO un andlisis cuantitativo de los productos de corrosion
que se forman en una placa de acero pintada y sumergida en soluciones de
electrolitos agresivos. Finalmente, se estudid la descarga de oxigeno sobre un
cidtodo cubierto por productos de corrosion generados "in situ” mediante una pila de
corrosion similar a la mencionada.
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PARTE EXPERIMENTAL

Compuestos que se forman durante el curado

Se aplico una pelicula de silicato de etilo sobre una placa de cinc que se
dej6 expuesta en ambiente de laboratorio durante 1 afio. Luego se desprendieron los
productos adheridos sobre la placa y se obtuvo el espectro infrarrojo de los
mismos. Una experiencia similar se realizé utilizando una placa de acero SAE 1010.

Compuestos que se forman debido a la accién galvanica

Para determinar la naturaleza de los compuestos que se forman como
consecuencia de la accion galvanica se armaron pilas de corrosion colocando como
dnodos dos barras cilindricas de cinc de las siguientes dimensiones: largo 12,0 cm,
diametro 1,5 cm. Como catodo se utilizd una placa de acero SAE 1010 de 12,0 x 10,0
cm, que fue arenada, desengrasada con hidroxido de calcio y lavada con agua
destilada. El esquema de esta pila se presenta en la Fig. 1.

E Jzn / Jzn

Fig. 1. Celdas de corrosién: Fe, catodo de acero;
Zn, anodos de cinc; E, clectrolito; o, orificio.

Se emplearon dos electrolitos diferentes:

0,005 M
0,005 M - KCi 0,05 M,

a) ZnCl
b) ZnCl

0,005 M - SiO2
0,005 M - SiO2

2
2
de manera de simular el medio en el cual ocurren las reacciones en la pelicula de
pintura luego que la misma ha sido aplicada sobre un sustrato de acero

posteriormente sometida a un medio de elevada humedad. Luego de 90 dias las celdas
se desarmaron y se recogieron los productos de corrosion formados en el catodo
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procediéndose a la determinacion de silice, Zn2* y Cll-. También se determind el
contenido de silice en la superficie del anodo.

Sobre el citodo se observd la formacion de dos capas de productos de
corrosion: una de ellas result6 muy poco adherente y fue separada raspando
suavemente con una varilla provista de una punta de goma; otra pelicula mas delgada
y adherente, se formé en contacto directo con el metal, y se desprendié sometiendo

la placa de acero a una corriente catdédica de 2 A.dm=2 en una celda con anodos de
grafito y electrolito HCl o H,SO, 30 % p/p.

Los productos de corrosion del anodo se separaron por inmersidbn en una
solucion silmilar a la anterior hasta abundante desprendimiento de hidrogeno.

Las determinaciones analiticas se hicieron aplicando t€cnicas gravimétricas vy

volumétricas convencionales [11] y los resultados obtenidos se presentan en la
Tabla I.

Tabla 1

Andlisis cuantitativo de los productos de corrosion adherentes y no adherentes
formados como consecuencia de la accion galvdnica sobre el catodo de acero
en una celda que simula el comportamiento de una pintura en servicio

Composicion de la  Composicion de la  Composicion de la
solucion pelicula adherente pelicula no adherente

Si0, Zn* CI Si0, Zn* ClI-

ZnCl, 0,005 M
Si0, 0,005 M 34 40 50 37 38 <001

ZnCl, 0,005 M
Si0, 0,005 M
KCl 0,05 M 10 13 10 72 43 0,20

El solvente utilizado en todos los casos [ue unma mezcla de agua-etanol
2080 %. los resultados se expresan en milimoles % con respeclo  al

nimero total de milimoles de cada especie colocados en la ceida.

Para determinar la naturaleza acido-base de los compuestos formados como
consecuencia de la accién galvanica se obtuvieron las curvas de precipitacion de
dichos compuestos partiecndo de una solucién que contenia 0,45 m moles de cloruro de
cinc en un medio agua-etanol 20-80 % vy titulando con solucion de hidroxido de sodio
0,097 M en forma convencional (Fig. 2) y por pasos de titulacion (esperando 48
horas para que transcurra la reacciéon). El precipitado obtenido fue analizado [11]

para determinar silice, Zn?* y ctanol. De la meseta de las curvas se obtuvo el pH
de precipitacion del compuesto que se forma.
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Fig.2. a) Curva de valoracion de 0,45 milimoles de cloruro de cinc con solucidn
de hidroxido de sodio 0,097 M en ausencia de silicato de etilo.
b) Curva de valoracion, pero en presencia de silicato de etilo.
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Fig. 3. Variacion del potencial de corrosion con el tiempo con respecto al
electrodo Ag/AgCl para diferentes pinturas a base de polvo de cinc y
ligante silicato de etilo, electrolito perclorato de sodio 1 M.



Paralelamente placas de acero SAE 1010 pintadas con pintura del tipo cinc-
silicato de etilo, con los bordes debidamente protegidos con una pintura epoxidica,
se sumergieron en soluciones de cloruro de sodio 0,25 M vy sulfato de sodio 0,25 M
por un lapso de 1 ano. Los productos de corrosion se separaron por raspado y se
analizaron [11].

Medidas electroquimicas sobre paneles pintados

Sec pintaron paneles de acero SAE 1010 con tres pinturas comerciales tipo cinc-
silicato de etilo. Sobre las superficies pintadas se delimitaron dreas de

aproximadamente 2 cm?, enmascarando el resto de la superficie con una pintura a
base de caucho clorado resistente al agua. Sobre los paneles se colocaron cilindros
de acrilico o de PVC de manera de construir celdas para medir el potencial del
sistema pelicula de pintura-sustrato de acero con respecto al electrodo de Ag/AgCl
(Fig. 3) y la resistencia al pasaje de la corriente eléctrica de 1000 c.p.s. entre
el sustrato de acero y un electrodo de platino (Fig 4). Las medidas de potencial se
hicieron con un voltimetro ORION Modelo 701 A y las de resistencia con un puente
PHILLIPS. El electrolito empleado fue perclorato de sodio 1 M.

Para establecer la duracién de la proteccion catddica se obtuvo la curva de
decaimiento del contenido de "cinc efectivo" en funcién del tiempo, en una solucién
de NaCl 3 %, para la pintura que mostro el mejor comportamiento en t€rminos de la
variacion de  potencial (Fig. 5). Para ello se utilizd una técnica disedada con
anterioridad en el CIDEPINT [12].

Descarga de oxigeno sobre el ciatodo de acero

Finalmente se estudid la descarga de oxigeno sobre un catodo de acero sobre el
cual se habian generado los productos de corrosidon colocando el electrodo de acero
en cortocircuito con un electrodo de cinc en un electrolito que contenia silicato
de etilo 5.103 M, cloruro de cinc 5.10°> M y acetato de sodio 0,1 M en agua-
alcohol 20-80%. El area del electrodo de acero era de 1 cm? y la del anodo de cinc
por lo menos tres veces mayor. Las curvas dc polarizacion se obtuvieron con un

Electroscan 30 de Beckman empleando una velocidad de barrido de 1 mv.s! en un
rango de -500 mV, comenzando el barrido en las proximidades del potencial de
corrosion (Fig. 6).

DISCUSION DE LOS RESULTADOS

Compuestos que se forman durante el curado

El estudio por espectrofotometria infrarroja de los productos formados al
reaccionar cinc y silicato de etilo (en ambiente de laboratorio, durante 1 ano)
reveld que é€stos estaban constituidos principalmente por silice amorfa (cuyos picos

importantes aparecen en 477, 620, 795, 1095 y 1620 cm' [13]) y por restos
organicos que corresponden a las bandas de estiramiento de los grupos metilo,
metileno y alcohol (frecuencias de 2860, 2930 y 3420-3500 cm! [13]). No aparecen
en el espectro las frecuencias caracteristicas del ortosilicato de cinc: 460, 575,

613, 852, 868, 902, 931, 980 y 1080 cm' |14]. Esto se debe a que la formacion de
compuestos estables entre la silice y el oOxido de cinc ocurre solo a altas
temperaturas. Resultados similares se obtuvieron con la placa de acero.
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Fig. 4. Varnacion de la resistencia c.a. con €l tiempo para
diferentes pinturas a base de polvo de cinc y ligante silicato de etilo.
Electrolito perclorato de sodio 0,1 M.
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Fig. 5. Curva de decaimiento del contenido de "cinc efectivo"
con ¢l tiempo, para la pintura que mostré el mejor comportamiento.
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Fig. 6. Curvas de polarizacion catddica para un electrodo de acero
cubierto con productos de corrosidon para diferentes tiempos de inmersion.

Electrolito: silice 5.10-* M, cloruro de cinc 5.103 M y acetato de sodio 0,1 M.
Velocidad de barrido 1 mV.s-L

En ambos casos se observé que la pelicula de silice formada sobre el sustrato
metalico protegié6 al metal base de la corrosion atmosférica, en ambiente de
laboratorio, durante 1 ano.

Las peliculas de silice tienen propiedades protectoras. Bennet et al [15]
encontraron que el vapor de silicato de etilo descompuesto sobre una superficie de
acero, a alta temperatura, formaba una cubierta uniforme cuyo espesor, en
diferentes placas, oscilaba entre 0,5-27 pm, con morfologia esférica para las
particulas de silice. La capa de silice sobre el acero provee una barrera a la
difusion de iones y es menos permeable que cualquier capa de oOxido. Atkinson vy
Gardner [16], estudiaron las propiedades protectoras de las peliculas de silice vy
senalaron que el transporte i6nico a traves de peliculas de silice es
extremadamente lento. Para estos autores son suficientes 2 pm espesor para frenar
la oxidacion del acero por transporte cationico y el mismo espesor es una barrera
efectiva para el transporte de oxigeno.

Fujica et al [17] encontraron que la presencia de silice en solucion inhibe la
corrosion del acero por medio de una pelicula protectora delgada formada por
reaccion de la silice con la superficie de acero. Para estos autores una

concentracion superficial de 3,9 x 109 mol Sicm? sobre una placa de acero son
suficientes para inhibir ain la descarga de hidrogeno.

La concentracién superficial de silice encontrada sobre ¢l catodo de acero fue
0,5 mg.cm? (Tabla I). Sobre los dnodos de cinc se encontré una cantidad menor de
silice por unidad de area (0,2 mg.cm?2). Esto indujo a pensar que la reaccion
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catodica de descarga de oxigeno estaba inhibida y la reaccion anddica entorpecida
por la presencia de estas peliculas de naturaleza silicea.

Compuestos que se forman debido a la accién galvdnica

Sobre el citodo de acero de la pila en cortocircuito de la Fig.1 se forman dos
peliculas de productos de corrosion de composicion similar en el caso que el
contenido de cloruro sea bajo. La pelicula que estd en contacto con el sustrato de
acero es muy adherente y compacta; en cambio la otra, como ya se dijo, es no
adherente y poco compacta. La composiciéon quimica de dichas peliculas se indica en

la Tabla I. La relaciébn Zn?*/Silice estd en el rango 1,2-1,3/1,0 para la pelicula
que estd en contacto con el metal; para la otra es menor y disminuye dristicamente
en presencia de cloruro. Cuando el contenido de cloruro es elevado el espesor de la
pelicula adherente disminuye. El anién cloruro se localiza principalmente en la
zona de la pelicula que estd fuertemente adherida al metal. La composicion de las
peliculas se aproxima a la formula del metasilicato de cinc, que tiene una relacion

Zn?+/Silice 1,0:1,0.

Cuando se estudi0 la precipitacion del cation cinc en presencia de silice

disuelta se detectd que se formaba un compuesto entre el cation Zn?* y la silice,
evidenciado por el desplazamiento de las curvas de titulacion (Fig.2). Se pudo
notar que su composicion varia segun las condiciones de precipitacion 'y que se

obtenia una relaciobn Zn?*/silice 2,0/1,0 cuando se reemplazaba el silicato de etilo
por silicato de sodio. En caso contrario la relacion era aproximadamente 1,6:1,0.
Al realizar la curva de titulacion por pasos, esperando 48 horas para permitir que
transcurriera la reaccion, se comprob6 que cualquiera fuera la relacion original

Zn?+/silice siempre precipitaba toda la silice presente en la solucion y que se
liberaban, en forma lenta, moléculas de alcohol. Los compuestos que se forman entre

el cation Zn?* y los compuestos solubles de la silice precipitan a un pH cercano a
6,3 (Fig. 2) y no pueden originar una proteccion alcalina tal como sostienen
algunos autores [6]. Segun la evidencia experimental, estos compuestos soOlo pueden
existir en las dispersiones que se originan al titular ¢l catidn cinc en las
condiciones mencionadas. En general,la tendencia de estos sistemas es dar lugar a
una coprecipitacion de silice y de hidréxido de cinc.

De lo expuesto se deduce que la formacion de un compuesto entre en cation Zn>*
y la silice depende del tipo de ligante cmpleado, de la velocidad de reaccion y de
la presencia de solventes y de agua en ¢l medio de reaccion. Cuanto mayor es la
velocidad de reaccion y cuanto menor e¢s la proporcion de solventes y de agua en el
medio de reaccion, mas se favorece la precipitacion de silice.

El analisis de los productos de corrosion de una placa pintada sumergida en
soluciones de electrolitos agresivos (sulfato de sodio y cloruro de sodio) durante
1 ano mostré que €stos estaban compuestos basicamente por hidroxido de cinc con muy
poca silice Incorporada y no se detectd la presencia de aniones agresivos tales
como sulfato y cloruro, respectivamente.

Se determind la siguiente composicién porcentual:

Silice (SiO,), méximo 9%
Oxido de cinc (Zn0O), minimo 66%
Anhidrido carbonico, maximo 25%
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Esto permite establecer que los productos de corrosion estdn formados
basicamente por hidréxido de cinc con algo de silice incorporada. Estos resultados
coinciden con los obtenidos por Morcillo et al [10] y se diferencian
sustancialmente de los de otros autores mencionados en este trabajo [6, 8, 9]. El
anhidrido carbénico provienc de la accion atmosférica sobre los productos de
corrosion.

También se ha obscrvado que una pelicula de pintura a base de polvo de cinc y
ligante silicato de etilo depositada sobre un sustrato de vidrio sufre un proceso
de autocorrosion. Por esta razon cstc mecanismo debe ser tenido en cuenta en la
proteccion del sustrato de acero. El cinc metdlico ¢s aproximadamente S5 veces mas
corroible quc cl accro [18]. Este fenomeno c¢s mas notable cuando un alto contenido
de sales perjudica la formacion de la pelicula protectora adherente.

Medidas electroquimicas sobre paneles pintados

Las medidas de potencial indican que la proteccion del sustrato de acero por
la accion de una pintura como la que sc cestudia se puede extender por espacio de 6
meses 0 mas, dependiendo cste lapso de la formulacion (Fig. 3).

Los valores de resistividad (Fig. 4) no permiten cestablecer un efecto barrera
importante. Sin embargo, la proteccion del sustrato de acero dura mucho mas tiempo
que lo que dura la accion galvanica del cinc en polvo (del orden de 45-50 dias)
para ¢l caso de la pintura cnsayada (Fig. 5). Estc valor coincide con los valores
cncontrados por Barajas ct al |4, 10] que le asignan al periodo de proteccion
catodica una duracion aproximada de 45 dias.

Curva de descarga de oxigeno sobre el catodo de acero

Las curvas de la Fig. 6 indican que la descarga de oxigeno esta inhibida
debido a que la corriente limite para la misma disminuye con el tiempo.
Simultancamente, ¢l potencial de descarga de oxigeno sc corre primero a valores mas
negativos y luego vuelve a tomar valores mas positivos a medida que transcurren
los dias [19]. Este comportamiento se repite en forma ciclica.

CONCLUSIONES

1. Durante el curado de las pinturas del tipo cinc-silicato de etilo, se forma
sobre la superficie del acero y de las particulas de cinc una pelicula de
naturaleza silicea que protege al sistema de la corrosion atmosférica.

2. Cuando se sumergen los paneles de acero pintados con este lipo de pinturas
en soluciones de electrolitos se observa que existe un periodo inmicial de
proteccion catodica del acero por la accion del cinc. Durante este lapso los
agentles agresivos penetran la pelicula formada durante la etapa del curado a través
de los defectos de la misma. Los productos de corrosion sellan las vias de acceso y
producen el aislamiento cléctrico de¢ las particulas de cinc. Este proceso ocurre
durante los primeros 50 dias de inmersion.

3. Sin embargo, la proteccion del sustrato de acero abarca un periodo mayor. A
pesar de no existir contacto eléctrico entre las partes metdlicas, el resto del
cinc metalico, actia absorbiendo oxigeno, pues los productos de corrosion son
porosos y no lo aislan del aire. De esta manera, el oxigeno antes de llegar al
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sustrato de acero es consumido por el cinc presente y lo que! /pueda ponc;sc en
contacto con el sustrato de acero no puede reducirse pues su descarga estd -inhibida
por la presencia de los productos de corrosion mencionados. Los productos de
corrosion estan constituidos basicamente por hidroxido de cinc.

4. La precipitacion de los productos de corrosion ocurre a un valor de pH
inferior a 7, lo cual indica que no hay posibilidades de lograr una proteccidn
alcalina del sustrato de acero.

5. La presencia de cloruro destruye la pelicula protectora que se forma sobre
el metal base.
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SOME VARIABLES WHICH AFFECT FILM ADHESION OF LAMELLAR
MICACEOUS IRON OXIDE/VINYL PAINTS

INFLUENCIA DE ALGUNAS VARIABLES SOBRE LA ADHESION DE LA
PELICULA DE PINTURAS VINILICAS PIGMENTADAS CON
OXIDO DE HIERRO MICACEO

C. A. Gindice*

SUMMARY

One of the most important film properties of paints s the adhesion in
presence of water (wet adhesion) which involves a chemical and mechanical
complex interplay in the interfacial region.

Fim failure such as blistering is a frequent paint performance problem
through adhesion loss as a consequence of water penetration.

In this paper, film adhesion of vinyl paints on galvanized steel as a function
of exposure time to salt fog was studied. Several variables related to paints
formulation and manufacture were considered.

Results indicate that lamellar micaceous tron oxide adequately dispersed
improves cohesion within the paint film and also promotes adhesion (o the
surface. Other pigments (barytes and talc) show comparatively less fracture
values.

Keywords: micaceous iron oxide, barvtes, talc, viny! resin, salt fog testing,
adhesion, cohesion.

INTRODUCTION

Although up to day many techniques to reduce the corrosion action have been
developed, organic and inorganic coatings are stll the most etficient, economic
and widely used systems to improve metals life.

Corrosion of coated metals is actually considered as a problem in which the
involved relationships in this process are affected by adhesion forces of paint
film to the substrate. However, excellent adhesion does not necessarily mean good
performance.

On service, paint film adhesion s characterized by a great number of
variables that act together, like water, water vapor, oxygen and ions penetration,
U.V. action (chalk, loss of gloss and color), pigments kind, paint film detachment

* Miembro Carrera del Investigador del CONICET y Subdirector del CIDEPINT
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due to substrate corrosion, etc.

Probably the most accepted theory, and in which most of recent researchers are

based, is that underfilm corrosion is generated only after adhesion loss has been
produced [1-3].

It 1s difficult to establish a quantitative characterization of chemical or
morphological nature of metal/polymer interface, due to the fact that metals have
several superficial characteristics and that polymers have different polar groups,
link lengths, elemental composition, etc. According to physical and chemical paint
film properties and the adherent surface, a paint film can have heterogeneities as
bubbles,  pinholes, contaminants, entrapped  solvent, interfacial coats  of
pigment/resin, not adhered zones, etc.

Adhesion is defined as the state 1n which two surfaces are held together by
interfacial forces which may consist of valence forces or interlocking action or
both [4, 5, 6], or even simply can be defined as the force that can resist
separation of two surfaces in contact.

Wet adhesion is the adhesion of a paint film to a substrate under water
exposition or high humidity environment. For many researchers, wet adhesion is one
of the most important criterions to establish corrosion resistance.

One of the main contributions of water to paint detachment by corrosion is to
diminish the integrity of bonds between metallic surface and coating film as a
consequence of water penetration at the interfacial region, allowing a significant
reduction of adhesion; this process is intensified at pH values far from the
isoelectric point of film/metallic oxide due to an attractive force greater for
water than for the paint film.

In practice, adhesion problems are often due to an inadequate surface
roughness, the presence of dust, oil, salt, etc. on surface previous painting, an
unsuitable paint composition or application, etc. The inappropriate adhesion 1s
also associated at a short or long time of corrosion processes on the metallic
substrate.

The aim of the present paper was to determine the influence of pigment type
(lamellar micaceous 1ron oxide and barytes/talc), pigmentation level (pigment
volume concentration from 25.0 to 55.0 %) and time of exposure (salt fog testing)
on adhesion of vinyl paints applied on galvanized steel.

PAINT COMPOSITION AND MANUFACTURE

In the first stage of paint formulation, the most appropriate binder must be
chosen, according to the type of substrate and the particular environment in which
the painted material will be exposed and also the most suitable pigment, related to
the type of formulated paint. Then, the best relationship between pigment and
binder must be established [7, 8] due to the significant influence that this
variable has on paint properties and finally the best technology for paint
manufacture must be determined.

Paints composition included in this experiment is shown in Table 1 while key
of paints is indicated in Table 2.

Pigmentation was constituted by lamellar micaceous iron oxide MIOX SG supplied
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TABLE 1

BASE COMPOSITION OF PAINT SOLIDS, BY WEIGHT®

A B
MIOX SG 74.0 ----
Mica 15.0 15.0
Titanium dioxide (rutile) 11.0 16.0
Barytes ---- 35.0
Talc -—-- 34.0
Vinyl resin VYHD 80.0 80.0
42 % chlorinated paraffin 20.0 20.0

* Pigment volume concentration ranged from 25.0 to 55.0 %
A stabilizer, a dispersing agent and a thixotropic were
added

TABLE 2
KEY OF THE PAINTS

MIOX SG BARYTES/TALC PVC %
A-1 B-1 25.0
A-2 B-2 30.0
A-3 B-3 35.0
A-4 B-4 40.0
A-5 B-5 45.0
A-6 B-6 50.0

A-7 B-7 55.0




by Kaitner Montanindustric  GmbH, mica and titanium dioxide (formulation A) or
barytes, talc, titanium dioxide and mica (formulation B).

Vinyl resin VYHD (a copolymer of 86 % vinyl chloride and 14 % vinyl acetate)
supplied by Union Carbide, plasticized with 42 % chlorinated paraffin, was
selected as film forming material.

Pigment volume concentration values ranged from 25.0 to 55.0 %

. A liquid epoxy stabilizer, a wetting agent and a rheological additive were
incorporated so as to improve paints properties.

Solvent mixture was based on 14.8 % methyl isobutyl ketone, 17.6 % cellosolve
acetate, 17.6 % n-butyl acetate and 50 % xylene. Samples were formulated at about
50 % solids by weight.

Paints manufacture was carried out in a laboratory ball mill described in a
previous work [9]. First stage was vehicle preparation (one part of solvent mixture
was reserved for final viscosity adjustment); jars were filled with vehicle and
with mica/titanium dioxide in all cases, dispersing them for 24 hours.

After the end of that process, in formulation A lamellar micaceous iron oxide
[10-14]) was added and then dispersed for 2, 4, 6 or 8 hours in order to determine
the optimum dispersion time; samples with composition starting from formulation B,
extenders (barytes and talc) were dispersed for 4, 8, 12, 16 and 24 hours with the
same above mentioned purpose.

ADHESION MEASUREMENT

The protective action of a paint depends on scveral film properties such as
adhesion,  tensile  strength, flexibility,  hardness,  permeability, etc.,,  being
adhesion one of the most important of them [15].

A higher adhesion of a paint film to a sustratc lies, among other variables,
on the adequate surface preparation prior to paint application.

An initial high adhesion value does not assurc that protective performance
will continue for a long time: film ageing could modifty its properties {2, 16, 17].

A great number of tests are often used in an attempt to measure film adhesion.
Different methods would give very dissimilar values: they would depend on
substrate/film interface size and shape, force application rate, test temperature,
etc.

In spite of the mentioned difficulties it is possible to select a method to
determine  adhesion performance, and to obtain relatively precise data by
controlling those factors which influence the results: a known variation would lead
to establish differences in performance.

According to what was quoted, the Elcometer Tester Model 106 for adhesion
measurement was used. The instrument is direct reading and does not include the
frictional forces of the nut and bearing assembly. It has a base support ring to
avoid bending thin substrates and a cutter to remove excess adhesive (twin-pack
epoxy resin) from around the base of the dolly.
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TABLE 3

PRACTICAL ADHESION, 1000 HOURS SALT FOG TESTING
(RELATIVE TO AGED BINDER)

Paint
Dispersion
time, h Al A2 A3 A4 AS A6 A7
2 1.09 1.13 1.14 1.20 .22 1.13  1.05
4 .39 149 1.56 1.63 1.74 1.79 1.87
6 1.32 140 1.44 153 1.58 1.63 1.49
8 .15 1..19 124 1.27 132 134 1.21
Paint
Dispersion
time, h B1 B2 B3 B4 B5 B6 B7
4 .05 107 1.09 112 1.15 1.08 1.02
8 1.06 1.11 1.14 1.21 124 125 1.19
12 1.13  1.20 1.23 1.28 1.31 1.34 1.28
16 .21 1.27 1.32 1.38 1.44 147 1.49
24 .20 1.30 1.33 1.38 1.45 148 1.52

NOTE: Practical adhesion original binder/aged binder ratio = 1.63

TABLE 4
CRITICAL PIGMENT VOLUME CONCENTRATION

Dispersion time, h CPVC, %
2 46-48
Paint A 4 54-56
6 50-52
8 48-50
4 46-48
8 48-50
Paint B 12 52-54
16 56-58

24 56-58




The dolly is bonded to the coating under test; when adhesive has cured,
adhesion Tester is placed over the dolly and the claw engaged. The dragging
indicator is set to zero. Bonded dolly is subjected to progressively increasing
stress al a constant rate until it fractures: dragging indicator retains the
maximum pull of force reached.

Test specimens were prepared by applying paints to galvanized steel plates
(100 x 200 x 3 mm) previously lightly sandblasted (maximum roughness Rm 20 um) and
degreased with toluene; residual solvent was removed in a vacuum desiccator and
paints were brush applied immediately afterwards. Paint films dried for 48 hours at
22-25 C and 65-70 % relative humidity before starting the ageing of painted plate.

Dry film thickness ranged between S0-60 pm; it was measured by means of an
electromagnetic gauge, using plastic sheets of controlled thickness as reference.

The ageing of painted plates was carried out in a salt-spray chamber for 1000
hours (temperature 35 -C, continuous spraying with a 5 % NaCl solution) adjusted to
ASTM B 117/73. The fracture values of the studied paints were expressed with
respect to aged binder for 1000 hours in salt fog chamber (50-60 um dry film
thickness). Near to 20 determinations at room temperature (20 = 2 *C) were made for
each paint manufactured in duplicate, in order to minimize the scattering of the
results.

RESULTS AND DISCUSSION

The fracture values were registered by using the quoted Adhesion Tester and
expressed related to aged binder (adimensional unit), Table 3.

Critical pigment volume concentration of the studied paints was cxperimentaly
determined by permeability measurements. Results are shown in Table 4.

The points immediately appcaring from these data and the observations made
during the tests are:

a) For all paints formulated with low pigmentation levels, an  increase  of
practical adhesion was observed when pigment volume concentration value increased,
indicating that the incorporation of pigment led to a better adhesion performance.
For a pigment volume concentration value higher than the critical  one, practical
adhesion significantly decreased as the pigment volume concentration increased.

b) In the carried out experiments, practical adhesion showed that in spite of
the high scatter of values observed, films with low pigment volume concentration
failed cohesively (break in the body of the paint film) and the extent of this
failure decreased as pigment volume concentration increased; at critical  pigment
volume concentration failure was completely adhesive (break between the paint film
and the substrate). At pigment volume concentration higher than the critical value,
the failure again became cohesive [15].

c) Pigment dispersion time influenced practical adhesion as well as pigment
volume concentration 18, 19|.

For lamellar micaceous 1ron oxide paints, a higher dispersion time (lower
particle size) led to an increase in the practical adhesion and in the critical
pigment volume concentration up 10 an optimum value after which the adhesion
performance and the critical pigment volume concentration slightly decreased.
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Results indicate that about 4 hours dispersion time of lamellar micaceous iron
oxide is the best one: the highest practical adhesion and critical pigment volume
concentration are attained.

For talc/barytes paints as dispersion time increased, both the practical
adhesion and the critical pigment volume concentration increased. A more exhaustive
analysis indicates that dispersion times of 16 and 24 hours led both to similar
adhesion performance and critical pigment volume concentration: at a higher
dispersion time than 16 hours in the operating conditions of ball mill used,
efficiency of pigment dispersion did not improve.

d) The best conclusion of this study was the very high adhesion and cohesion
performance of the paints containing lamellar micaceous iron oxide in their
composition. Talc/barytes paints showed poorer practical adhesion. It is possible
to speculate that pigment particle geometry had an important influence on paint

adhesion: the thin platelets of lamellar micaccous iron oxide would be the
responsible of this excellent behaviour.
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ANALYSIS OF ISOMERIC CRESOLS BY GAS CHROMATOGRAPHY

ANALISIS DE CRESOLES ISOMERICOS POR CROMATOGRAFIA GASEOSA

A.M. Nardillo* , R.C. Castells* and C.B. Castells**

SUMMARY

The analysis of isomeric cresols s difficult because of their similar
volatilities and high polarities. The situation is specially complicated in
the case of industrial synthesis-plant samples because of the presence of
phenol and of the very high concentration (about 90%) of p-cresol. A gas
chromatographic method is described, employing columns packed with Bentone-34
plus Castorwax on diatomaceous supports; the best results are obtained using
Chromosorb P AW DMCS. The symmetry of the peaks obtained is excellent for the
type of solute.

Key Words: Gas chromatography, cresol isomers.

INTRODUCTION

The industrial synthesis of cresol, carried out by low temperature sulfonation
of toluene followed by fusion of the toluenesulfonic acid with sodium hydroxide,
produces a mixture which contains p-cresol (about 90 %), o- and m-cresol and a
small quantity of phenol, with the p-isomer as the most important component owing
to its utilization as an intermediate in several syntheses. Gas chromatography on
appropiate columns can provide fast methods for the analysis of such a mixture of
close boiling i1somers.

Since its introduction by White in 1957 |[1| Bentone-34 (dimethyldiocta-
decylammonium bentonite) has been widely employed as stationary phase 1n  the
separation of isomeric substituted benzenes. Even  hydrocarbon  solutes  produce
asymmetrical peaks on packings prepared by depositing Bentone-34 on siliceous solid
supports. Fortunately, both peak shape and column efficiency are improved when the
organo-clay i1s modified by a liquid stationary phase, and the effects of using
different liquid phases have been investigated [2-8]. Berezkin and Gavrichev [9]
studied the retention mechanisms of hydrocarbon solutes on these combined sorbents,
attempting to elucidate the roles played in the separation process by the bulk and
the various surface phases; their conclusions can be summarized as follows: a)
adsorption on the organo-clay surface decreases sharply upon addition of a liquid
phase; b) selectivity for the separation of isomeric substituted benzenes decreases
upon addition of the liquid phase, the loss in selectivity being higher the higher
the polarity of the liquid phase; c¢) the desirable sclectivity for the separation
of a given mixture may in principle be regulated by impregnation of the organo-clay
either with a large amount of a low polarity liquid phase or with a small amount of
a high polarity liquid.

* Miembros de la Carrera del Investigador del CONICET
** Becaria de Perfeccionamiento de la CIC
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The analysis of isomeric cresols is a difficult problem on account of their
close vapour pressures (21.5, 14.3, and 14.2 kPa at 140 ‘C for the o-, m- and
p-cresol, respectively [10]) and high polarities. Mortimer and Gent [2] used a
Bentone-34/tolyl phosphate/Celite  (1/1/10) packing; relative retentions at 150 -C
for the pairs p/o and m/p were 1.27 and 1.13, respectively, the peaks being
asymmetrical. Better separations were obtained by Grant [11, 12}, using glass beads
as solid support; very severe tailing was observed on the organo-clay impregnated
with OV-17, and asymmetrical but measurable peaks when Trimer acid (TA) was used as
modifier. Unexpectedly, the best results (amp = 1.19 and excellent symmetry) were
obtained with a 1:1 mixture of TA and OV-17. Unfortunately, glass beads are not the
best choice as solid support for routine analysis because of their extremely low
sample capacity. McAtee and collaborators [13, 14| attempted the separation of
several polar mixtures with montmorillonites exchanged with various quaternary
ammonium salts; asymmetrical peaks were obtained with many solutes, and the column
employed to separate the isomeric cresols displayed a strange, unstable behaviour.

The aim of the present work was to develop a rapid and reliable method for the
routine analysis of cresol mixtures; Bentone-34 coated on a siliceous solid support
and adequately deactivated by means of a liquid stationary phase was chosen as the
most promising packing. We were particularly interested in samples with a very high
p-cresol concentration; under these conditions and since high relative retentions
for these mixtures are reached only at the price of very long retention times, peak
asymmetry can produce very deleterious effects on the quantitative results. Special
attention was therefore paid to the choice of liquid stationary phase, in order to
obtain a good balance between peak symmetry, relative retention and analysis time.

EXPERIMENTAL

A Hewlett-Packard 5880A level four gas cromatograph, equipped with a flame
ionization detector, was used in this study. The columns were 1/8" o.d. stainless
steel tubing, their lengths ranging between 90 and 120 cm. Analytical grade
nitrogen, previously passed through humidity (Analabs HGC-145) and oxigen (Analabs

HGC-224) traps, was used as carrier gas at 20 ml min!. The FID was operated at
200 ‘C and the injector port at 180 C. Samples of 0.5 uL of 1 % w/v solutions were
injected by means of 1 uL syringes (Hamilton 7001).

The isomeric cresols and phenol were Aldrich 99 % +; analytical grade purity
acetone was used to prepare the sample solutions. Bentone-34 and the solid supports
(Chromosorb 750 80/100, Chromosorb W AW DMCS 80/100 and Chromosorb P AW DMCS 80/
100) were from Analabs Inc. The stationary liquid phases were obtained from various
suppliers.

Column packings were prepared by coating first the solid support with the
requisite amount of Bentone-34, using a benzene-methanol (9:1) mixture as
dispersion agent. Once dry, this solid was mixed with a solution containing the
requisite quantity of the stationary liquid phase in an adequate solvent, and this
last was slowly evaporated with only occasional stirring.

The columns performance has been compared by means of the following
parameters:

a. The maximum relative retention, MRR, defined as the quotient of the
retention times at the peak maxima for two adjacent peaks.

b. The asymmetry of the p-cresol peak, Ap, defined as the ratio of the back
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width and the front width of the peak, measured from a vertical line traced through
the peak maximum, at one tenth of the peak maximum.

Cresols tail severely in the majority of the columns studied in the present
work, and both MRR and Ap are sample size dependent. In order to keep a reasonable
coherence, both parameters were measured at constant sample size; a sample
containing p-cresol as the only solute was injected to measure Ap, the peak being
recorded at high chart speed.

RESULTS AND DISCUSSION

On account of the influence assigned by Grant [11-12] to the solid support
surface on the shapes of the polar solute peaks, the performances of Chromosorb 750
and Chromosorb W AW DMCS were compared in the first stage of this work. Since no
difference was detected when both supports were coated with 4 % Bentone-34 + 3 %
OV-17, the latter was employed in the following tests.

The results obtained with pure Trimer acid and with pure OV-17, on one side,
and with their mixture, on the other, indicated that the effect of a given liquid
phase was unpredictable. Therefore, it was decided to study a series of liquid
phases, using their McReynolds constants (whatever their meaning might be in the
present context) as a guide. All these tests were carried out with packings
containing about 4 % Bentone, and their results can be summarized as follows:

1. With low polarity stationary phases (OV-101, OV-105, Dexsil 300 and OV-17),
in a 1:1 ratio with the clay, the selectivity is high (MRR = 1.30-1.35 for the m/p
pair) but the peaks are highly asymmetrical (Ap > 5); retention times are almost
independent of the stationary phase.

2. High polarity stationary phases (OV-275 and 1,2,3-tris(2-cyanoethoxy)
propane, TCEP), coated at 2:1 and higher Bentone-34: liquid phase ratios, decrease
both peak asymmetry and selectivity; when Ap = 2 is reached, MRR for the m/p pair
drops below 1.2. These effects grow with the liquid phase concentration, and are
more important for TCEP than for OV-275.

3. Results obtained with a group of stationary phases of medium polarity
(Polyphenylether 6 rings, OV-225 and Triton X-305) were intermediate between those
described in 1. and 2.above with Ap > 3.

4. Several columns containing TA + OV-17 mixtures were then studied. The MRR
for the m/p pair was 1.20 with a Bentone-34 (3.6 %) + TA (3.4 %) + OV-17(3.7 %)
packing at 140 °C; the peak symmetry, however, as measured by Ap = 2, could by no
means be rated as excellent. It was furthermore observed that the base line, after
the elution of cresols from columns containing TA, takes a long time 1o return to
its pre-injection value.

Large drops in selectivity without important improvements in peak shape were
observed when another acid, Di(2-ethylhexyl)phosphoric acid, both alone and mixed
with OV-17, was used as modifier.

The best separations were obtained when Bentone-34 was impregnated with
Castorwax (CTWX), a liquid phase with McReynolds constants very close to those of
TA; the results are summarized in Table I. The mixtures of CTWX with OV-17 behave
better than those of TA; compare, for instance, the results mentioned in paragraph
4 with those obtained for column A.4. in Table 1. Unlike TA, mixing CTWX with OV-17
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Fig. 1. Gas chromatogram obtained on a 1.0 m x 1/8" o.d. column or 4.7 %
Bentone-34 + 7.5 % Castorwax on Chromosorb P AW DMCS 80/100 at 160-C. Sample: 0.5
uL 1 % solution in acetone. a: o-cresol; b: phenol; ¢: p-cresol- d: m-cresol.
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cresol. Ap/Am: quotient between peak areas. Cp/Cm: quotient between solute
concentrations. TSM (0): peak areas measured by tangent skimming.
PDM (A): peak areas measured by perpendicular drop.
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does not lead to important improvements in symmetry, but there are no difficulties
with the base line.

TABLE 1
SELECTIVITY AND PEAK SYMMETRY ON BENTONE-34

Column Do W[w MRR
Designation Ap

phenol  p-cresol m-cresol
BE-34 CTWX OVv-17

o-cresol  phenol  p-cresol

Al 3.6 2.3 - 1.27 1.16 1.28 2.80
2. 3.6 3.6 - 1.19 1.23 1.23 2.10
3. 3.6 3.6 1.8 1.17 1.22 1.25 2.30
4. 3.6 3.6 3.2 1.15 1.23 1.24 1.90

B.1. 5.2 1.7 - 1.38 1.10 1.31 3.10
2. 5.2 3.1 - 1.34 1.12 1.28 2.60
3. 5.2 4.4 - 1.26 . 1.25 2.30
4. 5.2 4.3 2.1 1.17 1.26 1.75
5. 5.2 5.4 2.1 21 1.24 1.50

C.1. 3.4 2.0 - - - 1.36 2.40
2. 3.4 3.3 - 1.36 1.07 1.33 2.15
3. 3.4 4.5 - 1.27 1.12 1.30 1.85
4. 3.4 5.3 - 1.23 1.14 1.27 1.75
5. 3.4 6.2 - 1.20 1.17 1.24 1.65

D.1 4.7 5.5 - 1.28 1.12 1.26 1.50
2 4.7 6.2 - 1.26 1.12 1.26 1.40
3 4.7 7.5 - 1.21 1.16 1.24 1.35

Chromosorb W AW DMCS 8u/100;, 14 °C
Chromosorb W AW DMCS 80/100. 145 °C
Chromosorb P AW DMCS 80/100: 150 °C
Chromosorb P AW DMCS 80/100; 160 °C

o0 F2

CTWX behaves as any other modifier of the organo-clay activity: both Ap and
MRR decrease with increasing CTWX concentration; however a better balance s
maintained, enabling good peak shape with smaller sclectivity losses to  be
obtained. Furthermore, at similar Bentone-34 and CTWX concentrations, similar or
better results are obtained when Chromosorb P AW DMCS is used as solid support; the
best performances were obtained using the pink support. Figure 1 shows a typical
chromatogram, obtained for a mixture of the three cresols plus phenol in a 1 m
column packed with 4.7 % of Bentone-34 and 7.5 % of CTWX on Chromosorb P AW DMCS,
at 160 C.

A certain superposition is unavoidable when dealing with low relative
retentions and asymmetric peaks. In order to assess the systematic errors thus
arising, a series of solutions containing m- and p-cresols at known concentrations
were chromatographed in column D.3. at 160 -C. Peak areas were measured by the
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perpendicular drop method in a group of experiments and by the tangent skimming
method in  another. The results, Figure 2, indicate that calibration s
indispensable since errors of up to 50 % can arise at high p/m ratios, about those
encountered in industrial plant samples. In spite of the small number of data, it
could probably be stated that there are no large differences between the systematic
errors  associated with both integration methods (although they are of opposite
sign), and that data spread is larger when integrations are performed by the
tangent skimming method.
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THERMODYNAMICS OF TRI-N-OCTYLTIN CHLORIDE + HYDROCARBON
MIXTURES BY GAS-LIQUID CHROMATOGRAPHY

ESTUDIO TERMODINAMICO DE MEZCLAS DE CLORURO DE
TRI-N-OCTILESTANO CON DIFERENTES HIDROCARBUROS
POR CROMATOGRAFIA GASEOSA

R.C. Castells* and C.B. Castells**

SUMMARY

Gas liquid chromatography was employed to measure the activity coefficients of
a group of hydrocarbons at infinite dilution in tri-n-octyltin chloride at 40,
45, 50, 55 and 60 -C. The parnal molar excess thermodynamic quantities are
interpreted by means of the Flory-Patterson theory, and compared with the
results obtained for the same group of solutes in tetra-n-octyltin as the
solvent. The alkanes activity coefficients and excess enthalpies in  both
phases are linearly related. Enthalpy-entropy compensation in both solvents s
discussed.

KEY WORDS: Tri-n-octyltin  chloride,  hydrocarbon  solutions,  activity
coefficients, gas chromatography, Flory-Patterson theory, orientational order,
enthalpy-entropy compensation

INTRODUCTION

The activity coefficients of fifteen hydrocarbons at infinite dilution in
tetra-n-octyltin  (TOT) were recently determined using gas liquid chromatography
[1]. Flory [2] and Sanchez-Lacombe [3] theories were cmployed in the analysis of
the data; both treatments resulted in temperature dependent binary mixture
parameters (X,, and AP™, respectively). This behavior 1s in conflict with the basic
assumptions of both theories in their original formulations, since binary
parameters were ascribed exclusively to differences between the force fields
surrounding the molecular segments and, as such, should be temperature independent.
Patterson and collaborators [4] have explained that the origin of the divergence
lies in the occurrence of short range order destruction (and eventually creation)
during the mixing process.

In this paper we analyze the retention behavior of the same group of
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hydrocarbons in columns containing tri-n-octyltin chloride (TOTC) as the stationary
phase. The replacement of an alkyl chain by a chlorine atom gives rise to molecules
with a high dipole moment, and important changes in the hydrocarbons activity
coefficients as compared to their values in TOT can be predicted. It was of
interest to compare the hydrocarbons binary mixture parameters in these two
solvents and, particularly, to study their dependence on temperature because of its

relationship to order-disorder phenomena.

EXPERIMENTAL

TOTC was synthesized by the reaction of stoichiometric quantities of TOT and
tin (IV) chloride. The reactants were heated 1 h at 100 C plus 2 h at 200 ‘C; the
mixture was then fraction distilled under reduced pressure and TOTC was collected
at 203 -C/0.3 Torr. The refractive index (ng° = 1.4818) is not registered in the
bibliography. The IR spectrum shows a strong band at 330 cm-, coincident with
those of tri-n-propylitin chloride (320 cm!) and tri-n-butyltin chloride (330 cm)
(Sadtler Research Laboratories, 1970; Spectra N 168 K and N 164 K, respectively).
Tin content, as determined by decomposition with concentrated nitric and sulphuric
acids, reduction with nickel and titration against potassium iodate, was 23.96 % by
weight (24.03 % calculated). Densities (g.cm-3) measured at twenty one temperatures

between 20 and 60 C, were least squares fitted to the equation

dy = 107568 - 7.659 x 1074 t - 1.847 x 10° 2 + 1288 x 108 P 1)
s = 353 x 107

where t is the centigrade temperature and s is the square root of the sume of

squares of deviations.

The stationary phase was coated on Chromosorb W AW DMCS 60/80 at a 8.61 % w/w
ratio; the packings were prepared in a rotatory evaporator using benzene as the
volatile solvent. The columns were 0.22 cm i.d. stainless-steel tubes, 0.9 - 2.0 m
in length. Measurements were carried out in a Hewlett-Packard 5880A gas
chromatograph, equipped with a flame ionization detector, using nitrogen as the
carrier gas. Solutes were injected in the vapour form by means of 10 puL Hamilton
syringes; sample sizes were the smallest compatible with the instrument noise, and
the excellent symmetry of the peaks guaranteed that Henry’s law region had been
attained. Adjusted retention times were measured between the methane and  the
solutes peak maxima, at least in quadruplicate, at 40, 45, 50, 55 and 60 C.

Specific retention volumes were calculated from operating conditions and retention
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times in the usual form [6].

RESULTS

The hydrocarbons infinite dilution and zero pressure activity coefficients in
TOTC, y? (0), were calculated from the specific retention volumes in the form
detailed in the previous paper [1]. Mean values at each temperature have been
gathered 1n Table I, their precision, as measured by the relative standard
deviations, is better than 0.5 %. For this precision level, and for the narrow
interval of temperatures studied, the plots of In y? (0) vs 1/T can be considered
as straight lines; accordingly, partial molar excess enthalpies at infinite

dilution were computed by means of the equation

E’w 0 ‘
H, =R[31nY1 oy 8 am ] @)

The results have been included in Table I, together with their uncertainties as
obtained from the regression analysis, performed using the data obtained in all the
runs. A small fit improvement 1s obtained if the excess enthalpy dependence on
temperature is taken into account [7]; the values of HE®, however, experiment only
minor changes in relation to those obtained by using eq. (2), and the excess heat

capacities thus calculated are of poor statistical significance.

DISCUSSION

Fig. 1 is a plot of the hydrocarbons infinite dilution activity coetficients
in TOTC at 50 ‘C against the corresponding values in TOT. Two different solute
behaviors are noticeable:

a) of aromatics display very close activity coefficients in both phases, with
the difference increasing as the size of the alkyl substituents on the aromatic
ring gets larger;

b) the behavior of the remaining solutes, whose points fall on a straight line
with slope 1.7.

The incidence of molecular unsaturation can be assessed by considering some
pairs of solutes; thus cyclohexane activity coefficient 1s larger than that of
benzene in TOTC and smaller in TOT; almost equal values were obtained for n-octane
and 1l-octene in TOT, while the olefin activity coefficient is considerably smaller
in TOTC. As expected, the increase in solvent polarity results 1n a lower

solubility ~ of the saturated hydrocarbons;  molecular  unsaturation  partially

109



TABLE I

Infinite dilution activity coefficients at several temperatures and
partial molar excess enthalpies of hydrocarbons in TOTC.

SOLUTE ACTIVITY COEFFICIENTS AT T/C  HE® =+ sab
40 45 50 55 60
1  n-Pentane 0.836 0.825 0.823 0.817 0.817 925 + 134
2 n-Hexane 0.881 0.870 0.865 0.859 0.857 1197 = 125
3 2,2-Dimethylbutane 0.903 0.891 0.882 0.873 0.869 1669 = 125
4  n-Heptane 0.949 0.938 0.929 0.920 0.914 1623 + 118
5  3-Methylhexane 0.924 0913 0.901 0.893 0.888 1766 + &7
6  2,3-Dimethylpentane 0.883 0.870 0.862 0.854 0.847 1753 = 104
7  n-Octane 1.008 0.993 0.980 0.968 0.956 2268 = 96
8  2,2,4-Trimethylpentane 1.002 0.991 0.981 0.973 0.967 1544 = 130
9  2,3,4-Trimethylpentane 0.941 0.930 0.918 0.909 0.900 1925 = 128
10 n-Nonane 1.081 1.060 1.045 1.028 1.013 2782 = 107
11 1-Octene 0.917 0.906 0.896 0.886 0.876 1975 = 96
12 Cyclohexane 0.665 0.655 0.649 0.644 0.640 1577 = 125
13 Benzene 0.586 0.581 0.575 0.570 0.565 1636 = 127
14 Toluene 0.616 0.611 0.606 0.602 0.600 1192 = 105
15  Ethylbenzene 0.694 0.685 0.676 0.669 0.660 2163 + 118
11 1-Octenec 0.645 0.644 0.642 0.641 0.640 351 = 108
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compensates this effect, most probably through dipole induction.

The same trends are detected in Fig. 2, where excess enthalpies in  both
solvents have been plotted: mixing at infinite dilution with the chlorinated
solvent is more endothermic for all the solutes except for benzene and toluene.
Furthermore, straight lines with reasonably scatter arec obtained when the n-alkanes
excess enthalpies are plotted against the carbon number; the slopes (477 J.mol!
for TOTC and 238 J.mol! for TOT) indicate that thc cnergy demand to dissolve a
methylene group in TOTC is double that in TOT.
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The Flory-Patterson theory [2,4] recognizes several contributions to excess
' thermodynamic quantities:
a) combinatorial (COMB);
b) free-volume (FV);
¢) interactional (INT);
d) effects associated with the perturbation of short-range order during mixing
(ORD).

The results of substracting combinatorial and free-volume contributions  from
cexperimental data shall be designated residual contribution (RES) in the present
paper (differing slightly from the original definition of Flory, where free volume
effects were included 1n the residual contribution). Within this context. the
equations for the solute partial molar frec energy at infinite dilution and zero

pressure are:

GE% - AGCOMB) + AGEFV) + AG(RES) - RT 0 YT ) (3a)

AG(COMB) = RT [lo (V{/Vy) + | - (V]'Vy) = RT In Y7 (COMB) (3t
AGEFV) = pVv] {3 %1 In [(;]”3 : 1)/(;2”3 S o+

. u,:l) : (1/\-@} = RT In YTV, (3¢

AGRES) = V] X 2v, = RT In YT(RES) (3d,

1

where pj, V' and T arc the pressure, molar volume and temperature reduction
parameters, v, and T, the reduced volume and temperature, and X, 1s the only
parameter characteristic of the binary mixture. The hydrocarbons and TOT reduction
parameters were computed by means of Flory expressions, and have been listed in the
previous paper [1]. l-octene has been added 10 the solutes list: 1ts  reduction
parameters, calculated by using the data compiled by Allen et al [8], are: V| =
123.4 cm3.mol!, T] = 4844 K, and p] = 4282 atm. For TOTC, V; = 389.1 cm>.mol"! and
TS = 5998 K, as compute {4] from eq. (1).

Equations (3a-d) were employed to calculate the components of the hydrocarbons
activity coefficients at infinite dilution in TOT and in TOTC; the results can be
thus summarized:

a) The combinatorial component for a given solute 1s approximately 20% larger
in TOTC than in TOT.

b) The reduced volumes of both solvents ditfer in less than 0.1% within the

temperature interval studied; the free volume component for a given hydrocarbon 1s
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therefore equal in both stationary phases.

¢) Since the experimental activity coefficients of the non-aromatic
hydrocarbons in TOTC are 40-50 % larger than those in TOT, the residual components
are 20-30 % larger in the chlorinated solvent.

d) An analogous reasoning indicales that the residual components of the
aromatic solutes activity coefficients in TOTC are approximately 20% smaller than
those in TOT. There is an agreement between these trends and classical, qualitative

concepts about solubility.

The following expressions can be deduced from equations (3a-d):

HEX - R (8 w YT ©vd am = AHFV) + AHRES) (4a)
AHFV) = R [@ W YT (FVW8 (/T -

= V) (O, T(Ey - TonvaTy + () - (Ivg) (4b)
AHRES) = R [0 1n YT (RESY3 (/D] = (1 + Uy VIXv, (4o

where a, 1s the solvent thermal expansion coefficient and a temperature independent
X,, parameter has been assumed. However, X, values calculated by means of
equations (3) and experimental activity coefficients decrease with temperature and
give raise to excess heats markedly lower than the experimental ones when used in
conjunction with equations (4). It is a well known fact that different values for
the X,, parameter are determined by fitting to experimental enthalpy or free energy
data [4f]. If the origin of the X,, parameter is identified by means of the
exponents H and G, then ditferentiating ¢q. (3d) (for a temperature dependent
binary parameter) and combining the results with eq (4¢), the following expression

1s obtained:

xih = x§, -+ agm) 8xyyar (5)

Flory [2d,e] was the first to detect this weakness in his own model, and
introduced modifications in the cxpression for the chemical potential that, in  the

notation used in the present paper, can be summarized with the cquation

G T .
X2 = XT2 Q2 ' v2 (©)

where XE and Q,, are two temperature independent parameters, associated with
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TABLE 1I

Results of regression against temperature of the mixture
parameter X,

SOLUTE xt2 o, x 1030 e

n-Pentane 15.98 13.55 0.833
n-Hexane 15.38 17.48 0.951
2,2-Dimethylbutane 20.05 28.61 0.987
n-Heptane 16.29 20.75 0.995
3-Methylhexane 17.20 23.21 0.985
2,3-Dimethylpentane 17.36 26.70 0.990
n-Octane 18.97 29.45 0.999
2,2,4-Trimethylpentane 13.48 16.50 0.988
2,3,4-Trimethylpentane 16.33 24.19 0.998
n-Nonane 20.29 33.35 0.998
1-Octene 17.05 27.42 0.999
Cyclohexane 20.79 34.49 0.981
Benzene 25.97 39.78 0.998
Toluene 15.12 21.50 0.983
Ethylbenzene 22.19 40.71 0.999
1-Octened 5.23 8.23 0.996

a Units; J.cm-3. ° Units: J.K-l.cm=3 ¢ r: correlation coctlicient
d 1-Octene + TOT



enthalpy and entropy, respectively. By combining with equations (6) and (7), the
result X*l*2 = XZ!ZZ 1S obtained.

It was demonstrated in our previous paper that the X§, parameters calculated
from the infinite dilution activity coefficients at several temperatures in TOT are
satisfactorily fitted to eq. (6); as expected, the excess heats obtained by using
the Xjf'z values in eq. (4c) differ in less than 5 % from the experimental ones. The
experimental results obtained in the solvent TOTC have been subjected to the same
data treatment, and the results have been gathered in Table II; with the exception
of n-pentane, and to a lesser degree of n-hexane (the two solutes with the smallest
retention times and, therefore, with the largest experimental errors) high
correlation coefficients are obtained. In spite of its success in interpreting
experimental data, eq. (6) is of an empirical nature; the molecular origins of the

temperature dependence of the X12 parameter remain unexplained.

Patterson and collaborators [4] have propounded that the only ornigin of the
residual contribution to excess thermodynamic quantities of alkane mixtures 1s the
correlation of molecular orientations, interactional contributions being
negligible. Short range order in the pure components rapidly decreases as the
temperature increases, this being the cause of the temperature dependence of the
residual contributions. On empirical grounds, an exponential decrease of the order
contribution to the thermodynamic functions 1s suggested by Patterson; 1t 1s
probably pertinent to mention that for a narrow temperature interval (AT << =t
where t 1s the characteristic temperature) the equation for GE (order) can be
expanded in a power series that, when combined with eq. (3d), results in a linear

drop of X?z with T, 1n coincidence with Flory’s suggestion.

Patterson and Barbe [4e¢] have explained that, independently of the
mathematical nature of the law that characterizes it, a rapid fall off with T to
zero of the order-dependent excess quantities results in the phenomenon known as
enthalpy-entropy compensation: when AH(res) is plotted against AS(res) for a group
of mixtures involving moderate changes in the structure of their components the
points fall approximately on a straight line through the origin. The slope of the
line is called compensation temperature; this behavior has been verified for a

considerable number of alkane mixtures [4f-i].

Mixtures of two tetraalkyltin compounds and tetraalkyltin compound plus
hydrocarbon have been studied by Delmas and collaborators [S]. Their results
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suggest the existence of short range orientational order in TOT; if this is the
case, compensation effects should become apparent in its mixtures with hydrocarbons
and very probably also in those of TOTC. The values of AH(res) and AS(REs),
computed from the temperature dependence of y9(res), have been plotted in Fig. 3
and 4. The points corresponding to aromatic hydrocarbons, excluded in the drawing
of the lines, fall well above and a little below of the straight lines for TOT and
for TOTC, respectively; the scatter of the remaining solute points is the usual for
this type of plots. The compensation temperatures are 262 K in TOT and 340 K in
TOTC; the intercepts, however, are relatively large (260 J.mol! and 655 J.mol-!,
for TOT and TOTC, respectively) with a negligible probability for these values to
differ from zero purely by chance (less than 0.1 %, as measured by the t-test).

Linear relationships between solution, reaction and activation enthalpies have
been studied por years [10-12]. Lumry and Rajender [13] have discussed in depth the
effect in aqueous media, and many of their conclusions can be extended to other
solvents. They properly remind that from the thermodynamic point of view any
process can be considered as a sum of part processes; a compensation line through
the origin can therefore be attributed either to a single process or to several
simultaneous  processes with very close compensation temperatures, and a
significantly different from zero intercept can be ascribed to the coexistence of
two processes. The "two-state" explanation suggested by the authors assumes that,
as a consequence of the introduction of one solute molecule, n solvent molecules

are converted from a state Z, into an state Z,:
A+nZl———)B+nZ2 7

where A and B represent the pure solute and the solute in the dissolved slate,

respectively. Then

A’

AH; 5 + o Aﬂilﬂq 8)

As

As, 5 + o ASi,—)Z/Z ©)

Zand Z, represent, for the present purposes, solvent molecules in ordered and
disordered states respectively; n shall be dependent on the solute species and on
the temperature. From equations (8) and (9),

AH° = AHZ,y - T, ASisg + 1. As (10)
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where the definition

T, = AHj 7 /AS; 2,
has been introduced. Equation (10) represents adequately the relation between our
residual enthalpy and entropy data provided that: a) Neither AH; 5, nor AS; ;.

depend on solute species or on temperature. b) AH,,; and AS; ., are only weakly
dependent on the solute identity; note that the intercept becomes zero if these

values manifest compensation with a compensation temperature close to T..

Since excess thermodynamic quantities were measured at infinite dilution and
pure solute 1is the solute standard statc, the process A—B involves the transfer
of solute molecules from a probably ordered state, where they interact only with
other solute molecules, to an state in wich they are totally isolated and
interacting with solvent molecules only. In other words, both AH; ,; and AS;_ ; may
have an interactional component and, at least for some of the n-alkane solutes, a
second component originated in the solute disordering upon mixing; a compensation
between these two contributions is probably the cause of the weak dependence of
AH,,; and of AS;,; on solute identity, thus resulting in a common pattern for

normal and branched alkanes.
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THE ROLE OF CALCIUM ACID PHOSPHATE AS A CORROSION
INHIBITIVE PIGMENT

EL FOSFATO ACIDO DE CALCIO COMO PIGMENTO INHIBIDOR
DE LA CORROSION

V.F. Vetere, R. Romagnolj*

SUMMARY

Chromate base anticorrosive pigments are being replaced gradually due to their
loxicity and carcinogenic properties. Zinc phosphate is employed instead of
chromates but contradictory results were obtained. The main difficulty
concerning zinc phosphate is s low solubility. Calcium acid phosphate could
replace zinc phosphate advantageously because of its higher solubility.

Electrochemical  studies  (corrosion  potential  measurements,  polarization
curves), corrosion rate measurements and rusting degree lests on painted
specimens showed that calcium acid phosphate is better than zinc phosphate and
comparable to zinc tetroxychromate as anticorrosive pigment.

It has also advantages from an ecological point of view because calcium ion is
less contaminant than zinc ion.

Key words: calcium acid phosphate, electrochemical tests, cathodic and anodic
inhibition,  corrosion rate, rusting degree on painted panels, surface
stabilization.

INTRODUCTION

Chromate based anticorrosive pigments arc being replaced gradually due 10
their toxicity and carcinogenic properties. Kukla and Tyrka [1] suggested that zinc
chromate could be partially replaced by other anticorrosive pigments such as  zinc
phosphate and phosphonic acids derivates to get a primer with reduced toxicity.

Zinc phosphate is cmployed as an alternative pigment with increasing
acceptance [2]. Contradictory experimental results were obtained. An  excellent
anticorrosive performance for zinc phosphate pigmented primers and a linseed oil
binder was observed [3]. Other binders such as phenolic-tung, nitrocellulose,
chlorinated rubber, vynil polymers and ecpoxies were cmployed [2-8]. The zinc
phosphate success in alkyd resins paints cxposed to industrial atmospheres and the
poor behaviour in rural areas was pointed out by Fragata ct al [4]. The same
occurred with epoxy binders.

The anticorrosive behaviour of zinc phosphate would depend on the binder [5]

* Miembro de la Camera del Investigador del CONICET
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and could be improved by the employment of suitable additives [5, 9]. Other
inorganic phosphates have been proposed [7] and modified zinc phosphate based
pigments were introduced [9]. Another disadvantadge of zinc phosphate is its
relatively high cost of production.

Zinc phosphate is more resistant to sulfate and chloride ions than chromate,
and improves the top coats adhesion [5]. However, it is more susceptible to attack
and blistering by fungi [10].

Electrochemical tests showed that zinc chromate was more effective than
phosphate [11].

It was thought that calcium acid phosphate could be employed instead of zinc
phosphate with similar anticorrosive properties and at a cheaper cost (calcium
salts are cheaper than zinc salts). Solubility product constant values (Ksp) for

zinc phosphate and calcium acid phosphate are 9.1x103% and 5.6x107, respectively
[12]. This fact would indicate that the replacement could be possible and
advantageous because calcium acid phosphate i1s 5000 times more soluble than zinc
phosphate.

In the revised bibliography calcium acid phosphate was not used as sole
inhibitive pigment in anticorrosive paints. However, a core anticorrosive pigment
based on zinc phosphate and manganese phosphate with calcium acid phosphate was
prepared [13]. Reichert et al [14] employed calcium acid phosphate neutralized with
zinc, calcium oxides and calcium carbonate in a solventless formulation. Chromy et
al [7] registered the usage of barium acid phosphate but it must be taken into
account that barium salts are toxic.

The aim of this paper is to study the anticorrosive properties of calcium acid
phosphate. The results of such study will be confronted with the zinc
tetroxychromate and zinc phosphate ones. Three stages were planned.

The first stage involved a series of electrochemical tests to establish their
anticorrosive  properties. Tests were done according to the current procedures
described in the literature employing a suspension of the corresponding pigment
[15-17].

They implied the measurement of the corrosion-potential variations as a
function of time in sulfate containing media as well as the study of the iron
voltammetric characteristics in the same media. The corrosion-potential values
showed if the substrate was protected by the pigment but they did not give any
information about the nature of the substrate passivity. This information was
obtained from polarization curves of the system under test. The protective layer
composition was also determined.

Once the electrochemical behaviour was determined, it was necessary to know
the extent in which the corrosion rate of iron could be reduced by the pigment.
This information allowed comparing the actual efficiency of the pigment with the
zinc tetroxychromate and the zinc phosphate ones. It was obtained by measuring the
corrosion rate of iron in pigment suspensions and contronting the results with a
blank.

Although calcium acid phosphate succeeded in  both cases, electrochemical
essays and corrosion rate determinations, a paint was made to have a definite
profile  of the pigment anticorrosive  bchaviour  testing 1t anucorrosive
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characteristics from a practical point of view. Paints employing zinc
tetroxychromate and zinc phosphate were also prepared and submitted to the salt
spray test.

EXPERIMENTAL

The object of the experiences was to establish the anticorrosive properties of
calcium acid phosphate comparatively with zinc tetroxychromate and zinc phosphate.

The corrosion potential variation of iron as a function of the immersion time
in a 0.5 M sodium sulfate solution (blank) and suspensions of anticorrosive
pigment (calcium acid phosphate, zinc phosphate and zinc tetroxychromate) in the
same electrolyte solution was measured. A 1.5 cm diameter spectroscopical pure iron
electrode was employed. A silver-silver chloride electrode was used as reference.
The calcium acid phosphate slurry pH was also measured. Measurements were carried
out employing a 701 A model ORION voltmeter. The results are plotted in Fig. 1.

Polarization curves for iron in both 0,5 M sodium sulfate solutions and
suspensions of zinc tetroxychromate and calcium acid phosphate were obtained. The
electrode was a disc of spectroscopical pure iron, 0.5 cm diameter. A silver-silver
chloride electrode was used as reference and a 0.5 cm diameter platinum disc as
counterelectrode. The electrolytic cell is shown in Fig. 2. The polarization curves
were obtained employing a Beckman Electroscan 30 and are shown in Figs. 3, 4, 5 and
6.

To determine the relative corrosion rate of irom 1n the presence of the
different pigments mentioned in this paper, 2.5 x 5.5 cm iron plates were
employed.The plates were stirred in the pigment suspensions for 24 hours. The
corrosion products were dissolved in a stirred 30 % hydrochloric acid solution,
protecting cathodically the base metal in a cell with graphite anodes. Current

density was 0.6 mA.cm= In every case the amount of dissolved iron was determined
by current analytical techniques [12] and atomic absorption. The amount of
dissolved iron was also determined, employing a 0,1 M sodium sulfate solution
solution without any pigment as a blank. The results are displayed in Table I.

TABLE 1

Determination of the iron corrosion rate in the presence of
different anticorrosive pigments

Pigment Corrosion rate in terms of Corrosion reduction
dissolved iron factor
(mg x dm- x day'!)
Blank, Na,SO, 0.1 M 146 1.00
Zinc tetroxychromate 26 5.61
Zinc phosphate 40 3.65
Calcium acid phosphate 33 4.42

Note: The corrosion reducuon factor is the relationship
between the iron corrosion rate for the blank and the iron

corrosion rate in the presence of am anucorrosive pigment.
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To determine the composition of the protective layer 2.0 x 3.0 cm iron plates
were stirred in a calcium acid phosphate suspension with and without polarizing at
the peak potentials observed in the anodic voltammogram (Fig.3). Corrosion products
were analyzed to determine calcium and iron by atomic absoption (taking into
account the possible influence of the phosphate anion) and phosphate by a
colorimetric procedure [18]. The results are shown in Table II.

TABLE 11

Composition of the anodic film formed on an iron substrate in the
presence of a calcium acid phosphate solution with and without

applied polarization. The results are expressed in mg x dm-

Applied potential Exposure time Iron Calcium Phosphate
(mV vs Ag/AgCl)

0 24 hours 672 27.0 27.1
-475 1000 s 190 32.0 29.0
-300 1000 s 153 21.3 20.3
+130 1000 s 187 21.3 29.0

The iron electrodes and the iron plates were mechanically polished with a 120
emery paper and degreased with alkaline substances such as calcium hydroxide before
starting each experience. In all cases the solutions and the suspensions were
stirred to avoid pigment settlement. The calcium acid phosphate was prepared in the
laboratory according to current procedures described in the literature [19].

Finally, three anticorrosive paints were prepared employing: calcium acid
phosphate, zinc phosphate and zinc tetroxychromate. Tetroxychromate based
formulation showed good performance with chlorinated rubber-phenolic varnish as
binder [20]. The paints had similar composition, except the anticorrosive pigment,
and the same PVC value (Table III). The particle size dispersion corresponded to 3
in the Hegman scale. Paints were applied on sandblasted steel panels by brushing
(80 pm thickness film). The panels were subjected to the salt spray test for 1000
hours. After this period, the film was removed by means of an appropriate solvent
blend and the steel panel visually examined and classified according to ASTM B-601
standard to determine the corrosion degree.

RESULTS AND DISCUSSION

When calcium acid phosphate dissolved itsclf the following reactions took
place:

CaHPO, <® Ca’* + HPO %

2 L- .
HPO,Z + H,0 <> HPO," + OH

The slurry pH was found to be next to 7. This showed that the steel surtace is
in contact with an equimolar solution of HPO,> and H,PO,!- [12] and, of course,
calcium ions.
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TABLE III

Composition of the tested paints

Pigments, additives and solvents

(% by volume)

Percentage of each component

Calcium acid phosphate 0.0
Zinc tetroxychromate 0.0
Zinc phosphate 6.00
Iron oxide (Fe,0;) 5.17
Barium sulfate 5.08
Phenolic varnish 14.4
Chlorinated rubber 9.90
Tricresyl phosphate 5.32
Aluminum stearate 1.53
Solvent blend 52.6
PVC % 34.0

0.0
6.00
0.0
5.47
5.76
15.7
10.8
5.59

1.48
49.2
34.0

6.00
0.0
0.0

5.21

5.06

14.6

10.1

5.15
1.48

52.4

34.0

0,70

0,281

0,14
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Fig. 3. Anodic polanzation curve ftor the iron electrode in the

presence of a calcium acid phosphate suspension.

Scan rale: 4 mV.s'l.

Ist sweep, - -- 2nd sweep,

3rd sweep, - - - 6th sweep.

126



i, mMA

mA

3.5r

2,8

2,1+

1,4

0.7+

(a)

1 1 1 1 1 1 1
-700 -500 -300 -100 +100 +300 +500
E, mV vs Ag/AgCl

3501

280

2101~

140

70

1 1 1 1 1 1 1
-700 -500 -300 -100 +100 +300 +500
E, mV vs Ag/AgCl

Fig. 4. Anodic polarization curve for the iron elecirode in 0.5

M sodium sulphate solution. Scan rate 4 mVst a) lst sweep,
b)

2nd sweep, - -- O6th sweep.

127



From data plotted in Fig. 1 it may be seen that calcium acid phosphate
produced a marked corrosion potential shift towards more possitive values with
respect to sodium sulfate, zinc phosphate and, in certain cases, with regard to
zinc tetroxychromate. Calcium acid phosphate always stabilized the iron surface
forming a blueish film. The zinc tetroxychromate behaviour highly depended on the
state of the surface and oxide spots could appear on the electrode surface.

Anodic polarization curve

The anodic polarization curve for the iron electrode in a calcium acid
phosphate suspension (Fig. 3) exhibited a peak in the potential range -480+10 mv
with a shoulder (-300 mV) and a second peak. The first peak corresponded to the
spontaneous corrosion process and was associated with the growth and adhesion to
the substrate of a first layer composed mainly by ferrous compounds. Its
displacement to -300 mV was related to the base metal oxidation through pores of
the first layer. This is attributed to the fact that the peak did not appear in the
voltammogram when the electrode was kept in contact with the suspension for a time
before polarizing the electrode (such a behaviour was not observed with sodium
sulphate solutions). In the successive sweeps the first peak current decreased
continuously .

The iron electrode in 0.5 M sodium sulfate solution had a similar voltammogram
with two major peaks (Fig 4). The first peak in the -500+20 mV range showed a
current peak which increased continuously in the successive sweeps. This peak 1s
thought to describe what happened during the spontaneous corrosion process. In
presence of calcium acid phosphate the opposite behaviour was just observed, the
current variation decreases continuously with each potential sweep and the peak
appeared at more possitive values. The smaller peak area obtained in the presence
of calcium acid phosphate was attributed to the formation of a less porous film
[21]. These experiments led to the conclusion that calcium acid phosphate
originated a film on the electrode having certain protective and stabilizer
propertiecs of the iron surface. The corrosion potential variation with time
sustains this statement.

Each voltammogram (Figs. 3, 4 a-b and 5 a-b) exhibited a second peak which
would correspond to the oxidation of ferrous to ferric compounds.

The shifting of the first potential peak from -500 mV to -300 mV in presence
of calcium acid phosphate evidenced the passivation of the iron substrate. The
continuous decrease of the 1 vs E curve showed that the film formed on the iron
substrate is less porous than that formed when the sulfate solution was employed
alone. However, relatively high currents were observed due to the iron substrate
oxidation through pores of the film. This would indicate that the pigment 1is
suitable to be employed in paints when the low film permeability limits the water
and oxygen uptake.

The anodic polarization curve for the iron electrode in a zinc tetroxychromate
suspension showed a voltammogram with two peaks and higher currents.

Cathodic polarization curve

The analysis of the cathodic polarization curves for an iron electrode in the
calcium acid phosphate suspension showed that the corrosion products as well as the
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solids, formed as a consecuence of the cathodic reaction, caused the oxygen
reduction current to decrease in a factor of about 5 (Fig. 6). Sometimes, it could
be seen the complete inhibition of the oxygen reduction reaction and a shift in the
decomposition overpotential of about -200 mV. On employing zinc tetroxychromate as
anticorrosive pigment a similar effect in the oxygen reduction wave was observed.
The anodic film formed in sulfate solutions did not affect the oxygen current.
These results are quite similar to those of Szklarska-Smialowska et al [22], who
studied the oxygen reduction on iron in solutions containing small amounts of
calcium and phosphate ions. They have not studied the formation and properties of
the anodic film.

28
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-600 -700 -800 -9300 -1000 -1100
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Fig. 6. Cathodic polanzation curve for the iron clectrode
before (

) and after (- --) the anodic film has been formed.

The analysis of polarization curves showed that calcium acid phosphate acted
both as a cathodic and an anodic inhibitive pigment.

Calcium acid phosphate protective action

The results in Table 1 show that the calcium acid phosphate reduced the
corrosion rate of iron by a factor 4.4. This last has the same order that the
factor by which the the oxygen limiting current was decreased. It may be also seen
that the calcium acid phosphate exhibited a better behaviour than the zinc
phosphate. On the other hand, zinc tetroxychromate decreases the iron corrosion
rate in a factor of about 5.61, but after 24 hours e¢xposure the iron plate showed
signs of localized corrosion.

The passivating film formed on the iron substrate is mainly composed by iron

oxides; calcium and phosphate ions arc present in a lesser extent (Table II). These
results agree with the values presented by other researchers [2]. The relationship
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mmoles Ca2+:mmoles PO,3 is almost constant in most cases and next to 2.5 (Table

. 1I). This fact and the presence of a blueish film on the surface led to the
conclusion that a protective compound is formed on the plate. However, its
composition must be further investigated. The relatively high amounts of iron
detected in the analysis are in accordance with results obtained from polarization
data and they would indicate that the base metal could not be protected by this
film in presence of large amounts of water and oxygen; but this is not the case of
a coated metal.

The rusting degree of painted steel surfaces was evaluated according to the
ASTM D-610 standard. The panel painted with the zinc phosphate pigmented coating
was graded as 4-5. It was observed that areas with small pits were distributed on
the surface grouped in plates. The pits diameter was generally less than 0.5 mm.
The undercutting rusting was equal or less than 3 mm. For the calcium acid
phosphate coating a 8 grade and a similar undercutting rusting was detected. The
panel coated with the tetroxychromate based anticorrosive paint was graded 7. The
undercutting rusting reached 6 mm and big oxide spots were localized on the iron
surface.

CONCLUSIONS

The polarization curves showed that the presence of calcium acid phosphate
decreased markedly the cathodic current for the oxygen reduction reaction and,
sometimes inhibited it completely. The anodic current for the iron oxidation was
also diminished without producing localized corrosion as the zinc tetroxychromate
did. These facts explain the observed corrosion potential variations as a function
of time.

The salt spray test made on steel painted panels demonstrated that calcium
acid phosphate is better than zinc phosphate and comparable to zinc tetroxychromate
as anticorrosive pigment. In the last case was also observed that the panel showed
signs of localized attack. This was not observed when calcium acid phosphate was
employed.

From the foregoing discussion it may be seen that the calcium acid phosphate
has a similar performance than zinc tetroxychromate but it is not toxic neither
carcinogenic. Besides, it is able to stabilize the iron surfaces impeding localized
corrosion.

It may be produced at a cheaper cost than zinc phosphate. It also has

advantages from an ecological point of view because calcium ion is less contaminant
than zinc 10n.
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HEAVY DUTY OFFSHORE PROTECTION

PROTECCION DE ESTRUCTURAS COSTA AFUERA

C.A. Giddice*

SUMMARY

The main purpose of heavy duty coatings is the protection of iron, steel and
also concrete from aggressive environment. Offshore structures must be
protected because of their high costs and mainly to keep them in operating
conditions.

The adequate and controlled surface preparation and application of the initial
protective system reduce the maintenance work on service 0 a minimum, which
contributes to diminish the operative costs, increases the structure useful
life and also prevents loss of profits.

This paper studies that problem both for those structures which have adequate
facilities to be transported to a drydock (ships, buoys, pontoons) as well as
for those ones operating offshore (maintenance in suu); since many sections
are enclosed in offshore structures, characteristics of some coatings as well
as protective systems for specific areas of different drilling rigs or oil
production platforms are only included.

Key words: offshore structure, atmospheric zone, waterline area, underwater
part, corrosion, biofouling, coating, protective system.

INTRODUCTION

The offshore industry has expanded significantly in the last years and as a
consequence, the particular demands connected with the techniques for cleaning
steel  surfaces, painting methods and anticorrosive-antifouling  protection  have
attained great technological development.

There 1s no doubt that the valuable experience gained from historical

involvement in marine paints was essential in order to reach a good success in this
hard challenge [1, 2].

However, the equipment and operations on offshore structures are unique and
special requirements must be considered. Thus, many offshore structures are
projected to operate in hostile environments for long-term. Besides, high costs
involved require a minimum time for maintenance. Consequently, painting system must
give long time protection with little and easy maintenance (3, 5.

Some areas, particularly those submerged as well as ballast tanks, the

* Miembro Camera del lavestigador del CONICET y Subdirector del CIDEPINT
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underside of main desks, deck platforms and those inaccessible sections when the
structure  is  operating, demand efficient coatings to control  materials
deterioration.

Development of new products must take into account the regulations of several
countries as regards the wuse of toxic substances and also the increasing
restrictions imposed on the use of certain solvents which are considered harmful to
humans, both at the manufacturing and application stages.

Firstly, some fixed offshore platforms operate as drilling rig and after that
as oil production and processing plants; then, several types of equipment
(separators, pumps, etc.) are disposed on a base or jacket structure. Besides, up
to one hundred people are usually working on them.

~ The before mentioned jacket structures are built in steel or concrete but the
first is the major material employed; they are placed on the sea-bed and then the
different equipments in modular pieces or premanufactured sections are installed

[6, 7].

The experience shows that only during the building of structure it is possible
to ensure a suitable both surface preparation and paint application and thus to
provide the best anticorrosive protection for a long time.

Another 1mportant conclusion is that the design of structure shows a great
influence on the maintenance, both from frequency and ease points of view. As a
consequence, it would be very appropriate the participation of specialists on
materials protection in this stage.

OFFSHORE STRUCTURES. OPERATIVE CONDITIONS
OF DIFFERENT SECTIONS

At the beginning of exploration, there are three main types of drilling rig:
semi-submergible, jack-up and vessel. Movile offshore structures can be considered
as static during drilling operations.

Platforms can be divided into three main sections which are exposed to
different environmental conditions according to the relative position with regard
to seawater level.

In the atmospheric zone, the employed top coat must have properties of high
resistance to the alternative process of wetting-drying, abrasion, sunlight UV
radiation. The latest constitutes the fraction of solar light that produces the
highest deterioration on the organic film; it affects pigment color (this means
decoloration) and also acts on the binder (this is on polimeric components or
oleoresinous ones that are part of the organic film) leading to its alteration if
it was not properly selected.

Occasional spillage of hydraulic oils, diesel fuel, drilling muds and
chemicals occurs also in this zone.

In the waterline zone, finishing paint film must be sufficiently resistant to
the permanent contact with water as well as air, abrasion and, 1if it is possible,
to organisms of marine environment.

Finally, top coating in the permancnt submerged part must also be resistant 1o
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settlement of benthic organisms [8-10], since these ones furthermore facilitate the

" corrosion of the metallic surface. The relationship between fouling and corrosion

in deep water has received little attention but the experience from ships can be

transferred to offshore situations (particularly to semi-submersible rigs and
vessels).

HEAVY DUTY PROTECTIVE COATINGS

Heavy duty protective coatings are all paints formulated and manufactured to
protect pipelines, tanks, etc. from deterioration caused by the action of water,
chemicals, wheather, etc. They are often known as industrial maintenance coatings.

The main purpose of these paints is the protection of iron and steel, but
concrete and other materials also demand it to avoid or at least to control the
attack from aggressive environment [11, 12].

Marine corrosion is a continuous process. All metallic structures situated in
zones near the sea or in touch with the sea are rusted. Consequently, they must be
protected against corrosion, not only because of the high repairing cost but to
keep them 1n operating conditions.

The offshore platform is the typical structure submitted to the action of
marine corrosion as it is always immersed or exposed to saline atmosphere.

Electrolyte action (seawater) or air (saturated with water), in both cases 1n
presence of high oxygen concentration, constitute an aggressive condition that only
can be overcome employing the best protective coatings.

During the offshore construction, steel i1s used as it gathers the resistance
requirements needed for final structure and a low cost compared with other metals
and alloys. Nevertheless it is a material easily rusted, as it is also 1n a very
aggressive environment containing chlorides, sulphates, carbonates, etc., as well
as several substances or products according to the pollution degree of seawater.

Paint, as film of low thickness (generally 350 to 400 micrometers as maximum)
must act by isolating this material from the environment [13, 15]. So as to perform
this function with efficiency it must have uniformity and continuity, without
checking or cracking because of structure movements or deformations and show
minimum rusting due to the action of chemicals.

In anticorrosive paints for marine use the pigment, the binder, the volumetric
relationship between them as well as the elaboration technology must be carefully
selected [16-18].

Inhibitive pigments employed can be alkaline, soluble or metallic; each of
them have a particular action [19-22].

The wvehicle itself must have the highest possible inertia, and due 1o this
fact it is advisable to employ vinyl or epoxy resins, silicates, etc.

But the most important fact in a marine anticorrosive paint, as it was above
mentioned, is to reach the pigment volume concentration which gives a film with the
best properties. For these kind of paints exist a determined value PVC (the
critical pigment volume concentration, CPVC) at which paint simultaneously have
high resistance to blistering, low gloss (which facilitates adhesion of other
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coats), low permeability and good corrosion resistance.

The best protection of an offshore structure is reached with films of high
chemical resistance and also of very low permeability to water, air, oxygen and
ions. As these conditions are not obtained with a single paint film, the
cffectiveness of the protection system is based on the fact that different coats
form a complement among them. In this way, the liquid that eventually can pass
through the coat modifies its properties, reducing thus its aggressive action on
the metallic substrate.

These modifications occur when in the formulation of the anticorrosive paint,
inhibitive pigments are used, which are slightly dissclved. Considering chromates,
the solution forms a thin monomolecular layer creating a condition of metal
passivity.

Zinc dust acts as sacrifying metal, as it 1s anodic with respect to steel.
Lamellar aluminium and micaceous iron oxide, on the other hand, only exert physical
action improving the water resistance of the film as particles overlap in a
parallel way with the surface that they cover.

An important aspect that must also have to be taken into account i1s the drying
mechanism of vehicle components. From this point of view it must be distinguished
between substances that dry and polymerize by air oxidation (drying is in this case
a type of physico-chemical transformation), from those in which the passage from
liquid to solid state is done by the only evaporation of solvents, without
modifications of chemical order. A third case is given by products that dry under
the action of a catalyzer or curing agent. This substance is the one that chains
molecules of low magnitude.

Drying time 1is higher in products of the first group and so 1t is not
convenient to employ them in marine environment conditions.

When drying takes place by the only evaporation of solvents, it fastly occurs,
but paint can dissolve again into the solvents employed during the manufacture.

In epoxy paints, where the transformation is done with the action of a curing
agent, the final film is not attacked by their solvents.

Now the importance to incorporate some additives to compositions is mentioned.
Three kinds of additives have a particular meaning in some properties of
anticorrosive paints. During manufacture processes dispersant agents are commonly
used, as their function is to cover pigment particles, replace the air and wet the
surface, reduce the interfacial tension and allow the intimate contact of pigment
and vehicle.

The use of antiscttling agents inhibits the formation of settling in the
bottom of the can, phecnomenon that takes place if storage time is excessively
prolonged, specially when pigments of high specific weight are employed.

During the formulation of marine paints, where the interest is to attain the
maximum thickness by coat, thixotropic agents are also added. The product obtained
has a high apparent viscosity, which is reduced by shearing stress and is recovered
by resting. Inorganic substances (clays treated with amines) and organic ones
(castor oil) perform this function. Paints of these characteristics can be apphed
in thick coats (high build systems) without film sagging and with good leveling.
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Fig. 1. Semi-submersible rig coating example. Numbers correspond to paint systems listed in Table I.
(Courtesy of Bethlehem Steel Corporation, USA)
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PAINT SYSTEM

The protection of structures in marine environment requires multicoat systems,
which have together a passivating action and a barrier effect.

The first aspect, that is steel passivation is often reached by applying only
one coat of a product called wash-primer, which is formulated with inhibitive
pigments. These products have in their composition phosphoric acid and zinc
chromate and as a consequence chemically react with metal, generating a complex
coat of phosphates and chromates (about 5-10 micrometers). As addition effect, this
coat favors the adhesion of the other coats of the system. The binder of these wash
primers is constituted by a vinyl resin highly polar, so as to allow a better
adhesion to the substrate. Its use requires an adequate surface preparation (sand
blasting or grit blasting).

Following, the necessary coats of an efficient anticorrosive paint must be
applied. This paint also has inhibitive pigments and its binder is a substance
whose chemical inertia must be high specially when exposition condition becomes
rigorous. A greater resistance (o seawater is needed in an anticorrosive paint for
structure bottom than for superestructure. This paint acts on the metallic surface
completing the passivant pretreatment performance.

The barrier effect of the protective system is completed by using intermediate
paints (sealers) or by employing adequate finishing paints. In this barrier effect,
total film thickness has main importance and according to the increase of exigences
(for example permanent immersion in seawater) its value must be increased by
applying a great number of coats or by using high build paints which can attain
higher thicknesses per coat.

The protective system suitable for every area must be selected at the stage of
the offshore construction. Economical and technical factors having effect upon the
paint efficiency have to be considered; other important aspect is the ease of
maintenance.

Painting must be made at the shore, where i1t Is easier to ensure a proper
microclimate; thus, the coats usually dlSplay a longer usetul time than maintenance
ones. Besides safety and hygiene conditions are convenient as well.

On service conditions, repair operations should only consist of the retouching
of the existing coatings or their repainting according to the surface condition,
besides, they must be carried out in the shortest time and with the minimum cost.

Since many sections are enclosed in offshore structures, this paper only
includes characteristics of some coatings applied successfully on underwater and
atmospheric zones. Besides, Table 1 also shows ecfficient paint systems for specific
areas of different drilling rigs or oil production platforms.

Protection in the atmospheric zone
Modern systems used for superstructure are based on film forming materials
which show the adequatec behaviour under the environmental conditions prevailing in
this zone. Vinyl, vinyl-acryl and chlorinated rubber paints belong to these
systems.

Vinyl and vinyl-acryl paints show good adhesion and abrasion resistance,
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Fig. 2. Drill-ship coating example. Numbers correspond to paint systems listed in Table I.
(Courtesy of Bethlehem Steel Corporation, USA)
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suitable flexibility and besides dry at low temperatures with a short drying time;
they retain initial gloss and colour for a long time.

Chlorinated rubber paints dry at low temperature and display in general very
good film properties as well. Both chlorinated rubber and vinyl paints are easily
overcoated.

However, chlorinated rubber paints are less sensitive to  aggressive
environmental conditions existing during application than vinyl ones. Thus, the
adhesion of the former is not noticeably influenced by a high relative humidity or
a too low temperature.

Alkyd and modified alkyd paints are also applied due to their remarkably high
resistance to sunlight and other atmospheric conditions. Alkyd systems are very
economical.

In the atmospheric area, deck is one of the most difficult sectors for
protection by paints. Initial paint system wusually is completely destroyed on
service; then the repainting does not often carry out under proper conditions: the
surface i1s very dirty and oily (considerable washing and cleaning is needed) and a
short working time is  Dbasically required, environmental characteristics for
painting and film drying are not adequate, the organization of work is not easy
with a great number of crew, etc.

For the aforementioned reasons, chlorinated rubber and vinyl systems are
commonly used on decks; however, when a high resistance to mechanical deterioration
is required, epoxy paints must be selected.

Zinc silicates give excellent anticorrosive protection to these areas; these
coatings have very good adhesion and high abrasion resistance, and also prevent
metal corrosion when films are damaged, as zinc is anodic with respect to steel.
For overcoating zinc silicate primers, epoxy, chlorinated rubber or vinyl paints
may all be successful.

Protection in the underwater area

Both chlorinated rubber and vinyl systems are often used due to their relevant
film propertiecs and moreover because these paints are compatible with cathodic
protection. Both systems give nearly the same standard protection.

Coal-tar paints show the highest efficiency; they have the best adhesion to
the metallic substrates with adequate surface roughness. Coal-tar epoxy films are
very resistant to mechanical damage and very compatible with cathodic protection
as well.

However, from the application point of view, these paints are difficult since
their two components must be previously mixed in stoichiometric ratios, the mixture
has a relative short pot life (about eight hours at 20 *C), the pump power of
airless spraying equipment is higher according as the time passes (chemical
reactions take place after mixing), usually the temperature for paint application
must be upper than 10 ‘C and besides a proper drying period between coals is very
important.

The best interlayers adhesion can be reached for 24-48 hours drying: if the
paint film is fully hardened (five to seven days at about 20 -C), an adequate
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Fig. 3. Jack-up rig coating example. Numbers correspond to paint systems listed in Table I
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roughness must be obtained by mechanical methods between coats.

. In the underwater area, the surface of fixed or movable structures submerged
In seawater is strongly colonized by vegetable and animal species (biological
fouling) and this may result in damage caused by corrosion.

In the case of movable offshore structures (i.e. vessels) the method for
avoiding such growths is fundamentally based on antifouling paints [26, 27]. These
products release toxicant at a given rate and form a laminar layer over the painted
surface, killing animal and vegetable species in their larval stages. Regardless of
the conditions arising on service, these paints must maintain adequate biocidal
characteristics during long periods.

On the other hand, those fixed offshore structures (i.e. jack-up rigs) are
protected with paint systems which not include antifouling coatings.

No application of antifouling protection leads to settlement of marine
organisms on anticorrosive film, which produces its deterioration and moreover
interferes on the performance of the cathodic protection. Then, localized corrosion
is generated by the biological action of the mentioned organisms and as a
consequence, mechanical risks arise; it i1s very convenient to have present that in
situ reparations are difficult.

From a mechanical point of view, an intense settlement promotes a significant
increase of weight, which reduces the Ilimits of security calculated for the
structure. Moreover, surface characteristics are modified and as a consequence the
resistance to tidal wave and underwater currents increase [7].

Operations for inspection and workings of maintenance in partial or fully
immersed areas belonging to offshore structures are very expensive.

Biofouling fixed on the surface make difficult the inspection to evaluate
degree of rusting and the degree of deterioration of both the paint system and
metallic structure. Then, biofouling layer must be removed from the surface
employing mechanical methods, mainly rotating or revolving brushes [28-32].

One of the most sophisticated method consists of three rotating brushes
mounted on a frame of approximately 2 m wide, remotely controlled; for large

surfaces, cleaning rate is about 2000 m2.h-l.

CONCLUSIONS

1. Design of an offshore structure, from anticorrosive point of view, should
include the adequate selection of materials and the proper protection methods.

Moreover, the easy access to painted surfaces to enable the retouching and
repainting on service must be considered.

Other requirements such as high safety, suitable fire resistant, nothing or
negligible environmental pollution, minimum or reduced risks for human health, cic.
are also very important.

2. Regarding corrosion prevention of offshore structures, the paint  system

must give good initial protection since subsequent repair work is very ditficult.
As a consequence heavy duty protective paints must be selected and applied at shore
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| on new constructions; moreover, original paint system must show an easy maintenance
" also under adverse conditions.

In general, underwater areas corrosion prevention can be carried out by means
of efficient inhibitive pigments forming part of a paint which generates a dry film
with adequate barrier effect. This protection can be further enhanced, when it is
possible, by the use of an antifouling paint.

For areas above the waterline, the criteria to select a paint system of high
durability are proper resistant to mechanical damage (specially on some zones such
as decks and helidecks) and spray attack; besides some decorative aspects are
usually taken into account as well.

3. Requirements for coating application show a constant increase; 1.e., the
paints must be formulated with a low solvent content (high solids type) of reduced
toxicity and also show a short drying time; besides, the best possible moment for
painting must be selected in order to not disturb the habitual operations and the
isolation of areas to paint from aggressive environment to ensure a suitable
microclimate must be attained.
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HIGH EFFICIENCY ANTIFOULING PAINTS
IN OFFSHORE STRUCTURES

PINTURAS ANTIFOULING ALTAMENTE EFICIENTES
EN ESTRUCTURAS "OFFSHORE"

C. A. Giudice*

SUMMARY

The surface of fixed or movable structures submerged in seawater is strongly
colonized by vegetable and animal species (biological fouling) and this may
result in damage caused by corrosion.

In the case of movable offshore structures (i.e. vessels), the method for
avoiding such growths is fundamentally based upon the use of antifouling
paints. These products release toxicants at a given rate and form a laminar
layer over the painted surface, killing animal and vegetable species in their
larval stages. Regardless of the conditions arising on service, these paints
must maintain adequate biocidal characteristics during long periods.

Taking into account the experience obtained at CIDEPINT along 20 years period,
results of high efficiency antifouling paints are included in this paper.
Different composition, manufacture and test variables were considered.

Keywords: seawater, offshore structure, corrosion, biofouling, protection,
antifouling paint, toxicant, binder, dissolution rate.

INTRODUCTION

Structures 1mmersed in seawater are colonized by benthonic species; after
corrosion, biofouling is the most important problem: growth of vegetable or animal
organisms produces damage to coatings and accelerates the corrosion process due to
differential aeration. Up to now, antifouling paint application is the most
suitable method to control the settlement of marine organisms on ships’ hulls as
well as on static structures.

Antifouling paint films release one or more toxicants during their useful
life; for this reason, it has not possible to obtain products whose effectiveness
endures for longer periods. As a consequence, antifouling protection time is
shorter than that of modern anticorrosive painting systems for underwater zones and
the maintaining of immersed structures free from corrosion and fouling problems are
the current targets of technological research on this subject [1-10].

As for previous experiments, the evaluation of paint behaviour was undertaken
by means of a settlement scale (Table I), similar to that used for biological

* Miembro Carrera del Investigador del CONICET y Subdirector del CIDEPINT

147



studies [11,12]. An efficiency scale is also included in this table.

TABLE 1

Settlement and efficiency scales

Settlement Efficiency (%) Number of organisms?
0, none 100 op
0-1, very little 90 1-5¢
1, little 80 6-10¢
1-2, very limited 70 11-15
2, limited 60 16-20
2-3, regular 50 21-25
3, common 40 26-35
3-4, very common 30 36-50
4, abundant 20 51-75
4-5, very abundant 10 76-100
5, complete 0 > 100

a Expressed for an area of 504 cm? and
corresponding to average number of organisms
settled on both faces of a 20 x 30 cm panel
(1 cm edge discounted in each case).

b Only bacterial slime and diatoms with very
little development.

¢ Balanus sp. and serpulids excluded.

Value 1 (little) was established as the acceptable limit for a paint from the
viewpoint of its antifouling action. The criterion applied is that 1if a little
settlement occurs (species attached develop in a rapid way) it is indicating that
the toxic mechanism has failed. Values higher than 1 correspond to paints which
must be rejected.

An in-situ study of the painted panels was undertaken with black and white and
color paints. This procedure enabled a comparison of individual panel
classification and thus allowed the evaluation criteria to be standardized.

Other more complex evaluating methods, such as the COIPM scale based on the

relative sensitivity of organisms towards toxicants, were not taken into account
because of their greater complexity in practice.

HIGH BUILD ANTIFOULING PAINTS BASED ON WW
ROSIN/CHLORINATED RUBBER

In a soluble matrix product, toxicant leaching rate which defines the biocidal
power can be controlled by the content of the toxic substance in the film as well
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as by the binder dissolution rate. The toxicant content can be varied between broad
limits and the paint will maintain its effectiveness if the binder dissolution
rate is suitable adjusted. This allows the required toxicant concentration to be
retained on the film surface thereby eliminating fouling attachment.

Previous studies carried out at CIDEPINT have led to the conclusion that
efficient and reliable antifouling paints should included binders with a high
dissolution rate in seawater [13-16]. This means that if long periods of immersion
are involved the film can partially exhaust itself so that the process of fouling
settlement will commence. An increase in the useful life of these products can be
obtained by applying a higher dry film thickness (i.e. 100-120 wm) instead of that
generally used (60-70 pum). This can be achieved by employing several coats of a
conventional paint or one coat only of a high-build product. Indeed, the
incorporation of a suitable proportion of a rheological additive improves the
application properties of the paint, allowing the attainment of a high film
thickness per coat with adequate levelling without sagging, as well as good
workability and satisfactory adhesion.

Samples composition and manufacture

All the paints studied were of the soluble matrix type (Table II). High-build
samples were formulated using WW rosin as the soluble resin and grade 10
chlorinated rubber as the cobinder to control the binder dissolution rate. Grade 20
chlorinated rubber was used instead of grade 10 in the conventional formulations.
Rosin/chlorinated rubber ratio of 2/1 by weight was used. The plasticizer employed
was 42 % chlorinated paraffin which allowed the obtention of a coating with
adequate physicomechanical properties (rosin/plasticizer ratio, 70/30 by weight).

TABLE 11

Antifouling paint composition (wt. %)

Component Paint 1 Paint 2 Paint 3 Paint 4
Red cuprous oxide 25.3 25.3 20.2 20.2
Zinc oxide 2.5 2.5 2.0 2.0
Calcium carbonate 24.1 16.1 29.7 21.6
WW rosin 13.9 18.1 13.9 18.1
Chlorinated rubber 6.9 9.1 6.9 9.1
42 % chlorinated paraffin 3.5 4.6 3.5 4.6
Additives 0.3 0.4 0.3 0.3
Solvent mixture 23.5 23.9 23.5 24.1

To study the influence of the total binder content, two levels were selected,
i.e. 24.3 and 31.8 % by weight on paint. Red cuprous oxide was used as the main
toxicant because of its broad spectrum of activity towards fouling organisms with
levels of 20.2 and 25.3 % by weight on paint being employed. Zinc oxide was used as
a complementary or reinforcing toxic substance (10 % relative to the main
toxicant). The rheological additive was hydrogenated castor oil, high-build paints
being formulated with 2.0 % by weight and conventional paints containing only 1.0
% by weight.
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Samples were manufactured on a laboratory scale by the use of a ball mill with

28 dm3 jars using operating conditions adjusted to reach efficient pigment
dispersion [17, 18] and to reduce any chemical reactions capable of diminishing the
bioactivity of the paints to a minimum.

The rheological additive was incorporated to the samples as a gel (15 % by
weight) using high-speed impeller equipment at 40-45 -C. This gel was previously
prepared by adding the castor oil to a solvent mixture at 40-45 ‘C with vigorous
stirring until a stable colloidal structure was obtained.

Bioactivity of the antifouling paints

The bioactivity was determined in the natural environment (seawater) using an
experimental raft for this purpose. Paints were also tested on the bottom of an
Argentine Navy ship.

The experimental raft was anchored at Puerto Belgrano (38 54’ S; 62 06’ W),
a temperate water port with a very aggressive fouling species [19-21]. During test,
the ship either sailed in the South Atlantic Ocean or was anchored at a site close
to the experimental raft.

After 36 months immersion on the raft it was found that the conventional
paints with only 60-70 um thickness displayed a high fouling settlement, Table III.
However, the same paints when applied at 100-120 pm thickness showed satisfactory
biocidal characteristics in some cases; for example, paints 1 and 2 (25.3 % cuprous
oxide) showed attachment values of 0-1 and 0, respectively.

TABLE III

Fouling settlement on raft after 14, 26 and 36
months immersion

Sample 1 2 3 4
High-build paints:

14 months (100-120 pm) 0 0 0-1 0
26 months (100-120 pum) 0 0 0-1 0-1
36 months (100-120 um) 0 0 1-2 1
Conventional paints:

14 months (60-70 pum) 0 0-1 1 1-2
14 months (100-120 pm) 0 0 0-1 0-1
26 months (60-70 um) 2-3 3-4 3-4 3-4
26 months (100-120 pm) 0 0 1 1
36 months (60-70 pum) 4-5 S S 5
36 months (100-120 pm) 0-1 0 2 1-2

The biocidal characteristics of high-build and conventional paints applied at
100-120 pm thickness were comparable over this test period on the raft. Film
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thickness was an important variable in the raft tests for long immersion times.

The influence of cuprous oxide content on the bioactivity of some paints was
very significant. Thus samples formulated with 25.3 % cuprous oxide (paints 1 and
2) showed improved behaviour relative to those with 20.2 % cuprous oxide (paints 3
and 4). On the other hand, paints based on higher binder content had better
antifouling properties.

As far as tests undertaken on the ship’s bottom (30 months immersion) were
concerned, high-build paints as well as conventional ones when applied at 110-120
um thickness allowed reaching similar results that those attained on the raft,
Table IV. Experiment on ship was interrupted due to the drydocking programme of the
Argentine Navy. Visual examination after 30 months suggested that satisfactory
performance of some of these paints may be sustained over an even longer period of
time.

TABLE IV

Fouling settlement on ship’s bottom after
30 months immersion

Sample* 1 2 3 4
High-build paints:

port side 0 0 1 0-1
starboard side 0 0 0-1 0-1

Conventional paints:

port side 0 0 1 0-1
starboard side 0 0 1-2 1

* Dry film thickness ranged from 110 to 120 pm

HIGH BUILD ANTIFOULING PAINTS BASED ON
CALCIUM RESINATE/VINYL RESIN

Efficient antifouling paints were developed previously for long immersion time
using WW rosin or calcium resinate like soluble material [5].

In the case of samples with WW rosin in their composition, the laboratory
results indicated that resinous material leads to a very important reduction in
acid value of binder extracted from paint; a still more significant decrease was
registered when cuprous oxide was dispersed for a longer time. The pigment-binder
reaction modified the composition of the paint and reduced the film bioactivity.

On the other hand, the same formulation based on WW rosin but dispersing
cuprous oxide in the absence of resinous material, no appreciable decrease in acid
value of the binders extracted from the paints was found after several dispersion
periods of cuprous oxide. Paints bioactivity was practically unmodified.
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The use of calcium resinate instead of WW rosin leads to paints of similar
efficiency than those based on WW rosin, dispersing cuprous oxide in absence of
quoted acid resin. In this case, both the toxicant dispersion in the absence or in
the presence of soluble resinous material and the time selected for pigment
processing did not show a significant influence on the paint bioactivity. However
it simplified markedly the paint manufacture (no exhaustive control of cuprous
oxide dispersion is necessary).

Samples composition and manufacture

The composition of experimental paints is shown in Table V. The formulation
variables considered were the type of resinous material (calcium resinate of WW
rosin), the resinous material/VYHD vinyl resin ratio (1/1 and 2/1 by weight) and
the binder content (27.4 and 36.6 % by weight, expressed on the total amount of
paint solids).

Samples were prepared in a ball mill of 3.3 liters capacity, whose operating
conditions have been previously studied [17]. A solution of VYHD vinyl resin and
plasticizer in the solvent mixture was prepared, with stirring. The ball mill was
loaded with the mentioned solution and zinc oxide and calcium carbonate were added;
these components were milled for 21 hours. The cuprous oxide was subsequently
incorporated and the dispersion continued to complete 24 hours milling. At the end
of the process, the resinous material (calcium resinate or WW rosin) firstly
dissolved in a portion of solvent mixture, was added. Finally, viscosity was

adjusted.

Laboratory tests

Binder dissolution rate shows, for both considered resinous material/ VYHD
vinyl resin ratios, a higher initial value in the binders based on WW rosin than in
those with calcium resinate.

Besides, the two binders formulated with WW rosin attained the dissolution
steady state in a period of about 2 months immersion. Paints based on calcium
resinate attained a steady state quickly after immersion avoiding thus the rapid
initial toxicant loss and thickness decreased of the antifouling paint film having
WW rosin as soluble resinous material.

Above-mentioned steady state was reached with values around 18 and 22

ug.cm2.day! for the binder with 1/1 and 2/1 soluble resinous material/vinyl resin
ratios, respectively. The duration of the steady state period was higher for the
2/1 ratio binders.

For 24 months immersion, the 2/1 ratio binders showed a high value for the
dissolution rate (20 pg.cm=2day!) as comparing with that corresponding to 1/1
ratio binders (13 pg.cm2.day!).

Dissolution rate values of binders extracted from paints are in agreement with
film thickness diminution registered during seawater immersion. Type of resinous
material, resinous  material/vinyl resin ratio and binder content  explain
satisfactorily film behaviour.

Remaining copper content in paint film during seawater immersion and copper
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TABLE V

Samples composition (wt. %)*

Component Paint 1** Paint 2** Paint 3** Paint 4**
Red cuprous oxide 34.0 34.0 29.6 29.6
Zinc oxide 3.4 3.4 3.0 3.0
Calcium carbonate 33.0 33.0 28.6 28.6
Additives 2.2 2.2 2.2 2.2
Calcium resinate 11.3 16.0 15.1 21.4
VYHD vinyl resin 11.3 8.0 15.1 10.7
42 % chlorinated paraffin 4.8 3.4 6.4 4.5
*  Solvent mixture: cellosolve acetate/methyl isobutyl
ketone/xylene, 60/10/30 ratio by weight. Initial viscosity, 8

poise; final adjusted viscosity, 2.5 poise.

** Series A, included in this Table, was formulated with calcium
resinate (paints 1A to 4A); in series B, the calcium resinate
was replaced by WW rosin (paints 1B to 4B).

TABLE VI

Fouling settlement

Time Paint 1A Paint 2A Paint 3A Paint 4A
13 months 0 0 0 0

0 0 0 0
19 months 0-1 0 0 0

1 0-1 0-1 0
24 months 2 0-1 1-2 0

1-2 0-1 0
Time Paint 1B Paint 2B Paint 3B  Paint 4B
13 months 0 0 0 0

0 0 0 0
19 months 0-1 0 1 1

1 0 1-2 0-1
24 months 2-3 1-2 3 4-5

3 1-2 2-3
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rate value for each sample tested showed a comparative value with copper included
in the film formulation.

Bioactivity of the antifouling paints

The antifouling settlement values recorded on the panels placed on the
experimental raft (80-90 pum dry film thickness) are shown in Table VI.

Some of the paints studied had a high antifouling effect in raft trials for
24 months immersion (fouling  settlement less than 1, 80 % effectiveness).
Experimental results of laboratory tests explain the biocidal behaviour; some
paints showed good bioactivity with a copper leaching rate less than 10

ug.cm-2.day-! corroborating conclusions reached for another authors.

The settlement values corresponding to a period of 24 months were
statistically treated with a factorial design of the type 2x2x2 (8 samples); each
sample included a duplicate (22, 23). There was founded to be a significant
influence (positive Fisher test) of studied variables (type  of resinous material,
resinous material/vinyl resin ratio and binder content).

According to the analysis of the mean values resulting from statistical
treatment, the antifouling paints with great bioactivity for 24 months immersion
were those formulated with calcium resinate, with 2/1 resinous material/vinyl resin
ratio and with 27.4 % binder.

However, owing to that the results of statistical treatment indicate a better
behaviour of samples with 27.4 % binder (initial composition) and that it could be
attributed to that sample 4B (WW rosin, 2/1 ratio, 36.6 % binder) was exhausted for
the period considered, a separate statistical analysis for samples with calcium
resinate was made.

The wvalues obtained show that in paints including calcium resinate in their
composition (paints 1A to 4A) the best bioactivity was reached with the samples
elaborated with 2/1 ratio and 36.6 % binder, that is the paint that was formulated
with highest calcium resinate content (settlement 0, 100 % efficiency).

SELF-POLISHING ANTIFOULING PAINTS BASED ON
ORGANOTIN ACRYLIC COPOLYMERS

To obtain antifouling products showing long protection periods, several
soluble binders and organic or inorganic pigments were studied by different authors
[1-10].

With the same purpose, self-polishing antifouling paints based on toxic
macromolecular binder are also considered [24, 25]. An adequate combination of
these toxic binders and a pigmentation based on a medium content of cuprouss oxide
allows to obtain antifouling products with an efficient behaviour on experimental
raft. Due to the particular mechanism of action of these self-polishing paints
(combining the hydrolysis of the biocide chemically bonded to the polymer and its
later replacement by hydroxyl and carboxyl groups which improves the film erosion
by seawater flow), it is very important to considere the influence that binder
composition exerts on bioactivity.
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TABLE VII

Antifouling paints composition (wt. %)

Component 1 2 3 4 s 6

Cuprous oxide 25.0 25.0 25.0 25.0 250 250

Zinc oxide 2.5 2.5 2.5 2.5 2.5 2.5

Calcium carbonate 28.7 287 21.8 21.8 143 143

Acrylic copolymer 10.2 119 12.0 140 150 175

42 % chlorinated paraffin 6.8 5.1 8.0 6.0 10.0 7.5

Stabilizer agent 1.4 1.0 1.6 1.2 2.0 1.5

Rheological additive 0.9 0.9 0.9 0.9 0.9 0.9

Solvents 245 249 282 286 303 308

Initial PVC 45.2 452 36.8° 37.0 267 26.8

TABLE VII
Real tin content in the paints (wt. %)
Paint 1 2 3 4 S 6

Copolymer A (1/1 molar TBTM/MMA ratio) 2.31 2.70 272 3.18 3.40 3.97
Copolymer B (1/2 molar TBTM/MMA ratio) 1.93 2.25 227 2.65 2.83 3.31
Copolymer C (1/3 molar TBTM/MMA ratio) 1.63 190 192 224 240 2.80
Copolymer D (1/4 molar TBTM/MMA ratio) 1.49 1.73 1.75 2.04 2.19 2.55
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Copolymers synthesis

At present derivatives of the methacrylic acid (MMA) are chosen as raw
material since these compounds bring good adhesion and hardness to the paint film.
Other selected monomer is the methyl methacrylate (MMA) which gives both water
resistance and good performance. So tributyltin methacrylate (TBTM) is synthesized
from tributyl oxide and MMA according to Montermoso method [26]; then, this monomer
is copolymerized in solution with the MMA.

This copolimerization is made under oxygen absence, which is previously
dragged with pure nitrogen and retained in washing bottles with sodium sulfate. A
special glass set is used for working at constant stirring and continuous flow of
nitrogen, assuring the tightness of the bonds due to the high toxicity of reactives
employed. Solution copolymerization is made in toluene at 80 “C obtaining small
samples of the mixture through a septum at predetermined intervals of time for
their characterization.

For copolymer separation from the monomer-copolymer solution, 85 % methanol-
water mixture is added and then centrifuged. Supernatant liquid 1s discarded,
washing up to completely purification with 90 % methanol-water mixture. Finally,
copolymer is placed in vacuum desiccator at room temperature and then stored in a
dark glass bottle to protect it from UV light.

Samples composition and manufacture

Experimental paints composition and the real tin content are shown in Tables
VII and VIII, respectively.

Different copolymers with decreasing content of TBTM were elaborated; TBTM/MMA
selected molar ratios were: 1/1, 1/2, 1/3 and 1/4, copolymers A, B, C and D,
respectively.

The above-mentioned copolymers were plasticized adding in all cases 42 %
chlorinated paraffin. Two acrylic copolymers/plasticizer ratios were tested: 60/40
by weight in paints 1, 3 and 5 and 70/30 by weight in samples 2, 4 and 6.

Three different contents of acrylic copolymer/plasticizer were selected: 17.0
(paints 1 and 2), 20.0 (paints 3 and 4) and 25.0 % by weight (paints 5 and 6).

The vehicles were elaborated by solubilizing in the solvent mixture the
acrylic copolymer, the plasticizer, and then the stabilizing agent (epoxidated soya
oil). Pigment dispersion was made in a ball mill, with porcelain jars of 3.3 litres
of total capacity, under operating conditions previously optimized [17]. Zinc oxide
and natural calcium carbonate were dispersed during 20 hours while red cuprous
oxide was dispersed only during 3 hours: the last one was added at the end of the
dispersion process.

The hydrogenated castor oil, selected as rheological additive, was
incorporated to the paints as a gel (15 % by weight).
Bioactivity of the antifouling paints

Immersion test of self-polishing antifouling paints was carried out on the
experimental raft anchored at Puerto Belgrano. Dry film thickness ranged from 250
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to 270 um.

After 35 months immersion period (Table IX) important settlement on the
reference acrylic non toxic panels was observed, with epibiosis processes. Paints 1
to 4 elaborated with the copolymer A showed an adequate bioactivity (settlement 0
or 0-1). On the hand, samples 5 and 6 showed exhausted films due to high film
dissolution rate.

Antifouling behaviour of paints 1 to 4 based on copolymer B (1/2 M TBTM/MMA
ratio) must be outlined since they showed settlement 0, 0-1 or 1 , while samples 5
and 6 including the same copolymer showed also clear signs of exhaustion.

Furthermore paints 1 to 4 formulated with copolymer C (1/3 M TBTM/MMA ratio)
showed very limited bioactivity in this period (scttlement 2-3, 3-4, 3 and 1-2,
respectively) while samples 5 and 6 fulfil the test requirement (attachment 1 and
0-1, respectively). The unsuitable bchaviour of samples 1 t0 4 could be due to the
low content and the slow seawater solubilization of acrylic copolymer C, which
could not allow to attain the minimum toxicant concentration in the film-seawater
interface so as to control the fouling fixation.

The above-mentionted behaviour was more remarkable in samples based on
copolymer D (1/4 M TBTM/MMA ratio) since only paint 6 that includes the highest
both copolymer and real tin content in the film had settlement 1, while the others
exceeded that value.

It can be deduced that for a 35 months immersion period, paints with higher
content of rich TBTM copolymer showed better bioactivity; on the other hand,
samples with higher content of copolymer in the paint (lesser initial PVC) had also
better behaviour on raft.
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CHEMICAL AND BIOCIDAL PROPERTIES OF THE CUPROUS
THIOCYANATE USED AS ANTIFOULING PIGMENT

PROPIEDADES QUIMICAS Y BIOCIDAS DEL TIOCIANATO CUPROSO
EMPLEADO COMO PIGMENTO ANTIINCRUSTANTE

V.F. Vetere, M.C. Pérez, R. Romagnoli* , M.E. Stupak

SUMMARY

Cuprous oxide antifouling pigment is one of the most commonly employed.
However, its red colour limits further pigmentation of the paint. The purpose
of this paper is to study the chemical and biocidal properties of cuprous
thiocyanate antifouling pigment in comparison with those of cuprous oxide.
Cuprous thiocyanate is a white pigment and it could allow film pigmentation in
other colours.

Solubility, oxidability, particle sze distribution and o1l absorption were
determined. Two ways of preparing the pigment are suggested. A solubilization
mechanism for cuprous thiocyanate is also outlined.

Biological tests were carried out in the laboratory in order to evaluate
cuprous thiocyanate biocidal properties.

Results obtained in raft trials indicate that cuprous thiocyanate can be
successfully employed as an antifouling pigment.

Key words: cuprous thiocyanate, cuprous oxide, physicochemical properties,
biological tests.

INTRODUCTION

After considering corrosion, fouling is the most important problem to take
into account in ship hulls protection.

The bentonic organisms are adapted to live in natural hard sea-beds. Due to
the lack of such beds, they soon colonize not only the rocks but also any
artificial surface submerged in the sea. In this way, complex communities are
formed whose action brings about the alteration and even the destruction of
materials. Due to its economical implications, this fact worries equally all the
countries that seek to have an integral technological development. Furthermore,
those organisms which have a calcareous shell contribute to the corrosion process
as they affect the continuity of the protective organic film. For this reason, it
is necessary the periodical entrance to dry dock for cleaning and painting, being
necessary, In many cases, to replace some steel sheets.

* Miembro de la Camera del Investigador del CONICET 161



Antifouling paints give protection against such attack. Toxicants are leached
from the paint and avoid fouling settlement, generating a layer of high bioactivity
by toxicant solubilization in the painted surface-sea water interface. Some degree
of pollution as a consequence of these processes might be expected, specially in
estuaries and harbours. These problems are avoided employing lethal substances for
marine organisms but not harmful for humans. The effectiveness of these paints
highly depends on the kind of toxicant present in the film and many other variables
which were summarized in a previous research [1].

Cuprous oxide proved to be a very effective antifouling pigment [1-3]. It is
one of the most commonly employed and it has bioactive properties over a wide
spectrum of fouling organisms. However, its red colour limits further pigmentation
of the paint. This represents a problem when the water line of pleasure vessels
must be painted with a different colour other than red. To solve this question
other antifouling pigments such as organotin compounds (TBTO, TBTF, TPTF) were
employed, but they are being questioned progressively because of their high
toxicity [4-6]. Organolead and mercurous compounds are not used due to the
restrictive legislation [4]. Other white cuprous compounds such as cuprous bromide,
cuprous iodide or cuprous cyanide could be employed too. However, cuprous bromide
is very soluble and cuprous iodide is expensive. Cuprous cyanide is very insoluble
and the cyanide anion is toxic [7].

The purpose of this paper is to study the chemical and biocidal properties of
white cuprous thiocyanate antifouling pigment in comparison with those of cuprous
oxide.

Two ways for preparing this pigment were suggested. Pigments physico-chemical
propertics such as solubility, oxidability, particle size distribution and oil
absorption were studied. A mechanism for the solubilization of the toxic was
outlined.

Biological tests were carried out in order to evaluate its biocidal
propertics. Barnacles were chosen to perform these tests because they constitute
one of the most abundant species in the fouling community of the testing area and
one of the most aggressive towards submerged painted steel structures. Moreover,
they do resist the toxic action more than other species [8].

Cuprous thiocyanate and cuprous oxide toxicity on Balanus amphitrite larvae
have been tested in these experiences using: III and IV nauplii stages and cyprds.
Nauplii and cyprids were used in order to compare different sensitivities between
free swimming stages and the stage close to scttlement.

The toxicity of the thiocyanate anion was also considered.

EXPERIMENTAL
Elaboration and stabilization of cuprous thiocyanate

Two laboratory procedures are available to claborate cuprous thiocyanate. Both
were employed in the present paper.

First procedure. A cupric sulfate solution was reduced employing a sodium
thiocyanate solution. The adequate temperature was  70-80 “C. The redox  reactions
that took place could be described by the following equations:
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2 Cu?* + 2 SONI- @ 2 cul* + (SON),
(thiocyanogen)
Cul* 4+ sCN!- <> CusCN
(cuprous thiocyanate)

Thiocyanogen, (SCN)2 could be eliminated by boiling.

Second procedure. Cupric sulfate may be reduced with sodium sulfite at room
temperature. Then, sodium thiocyanate was added. The following equations describe
the processes that led to cuprous thyocyanate precipitation.

SO3%° + 2 Cu?* + H,0 € $0,% + 2 cul* + 2 HY

cul* + scN!" & cuscN

In both cases, cuprous thyocyanate precipitated was washed with distilled
water, filtered, and dried at room temperature or at 60-70 C. The superficial
oxidation of cuprous thiocyanate particles could take place if temperature exceeded
this value.

The final product was stable towards atmospheric oxidation. It was not
necessary to employ preservative substances as it 1s necessary in the case of
cuprous oxide [9].

The cuprous thiocyanate content was determined by means of a iodometric
procedure, previously oxidizing the sample with nitric acid. Samples purity was
higher than 99 % in all cases.

Solubility

The solubilities of cuprous thiocyanate and cuprous oxide were determined. Two
different electrolytes were employed: artificial sea water (ASTM D-1141/75) and
0.5 M sodium chloride solution. The initial sea water pH value was 8.48 while a
value of 7.00 was measured for the sodium chloride solution.

A 10 g sample of the corresponding pigment were placed in a 1 liter volumetric
flask. The pigments were previously washed with distilled water. The flasks were
filled with the electrolyte solutions, degased, sealed with parafin and maintained
at 20 = 1 ‘C during 10 days, shaking them periodically. After this period aliquots
of the liquid were extracted, filtering them if necessary. Copper and thiocyanate
content and pH were determined in each case. The copper content and thyocyanate
content were determined by means of a colorimetric procedure [10]. The results are
displayed in Table I.

Oxidability

0.5 M sodium chloride solution and sea water, were added to a 10 g pigmcm
samples (cuprous thiocyanate or cuprous oxide). The liquid height on the pigment
was 2 cm. It was measured the time for oxidation to begin. The appearance of a
ligth blue film on the pigment surface due to the formation of cupric oxychloride
evidenced the starting of pigments oxidation.
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TABLE 1
Solubility of the tested pigments

Medium Pigment [CuClpl-]  [SCNI-) [OH!-] final pH
Sea water Cup0 5.0 x 100 3.2 x 106 8.50
pH = 848 CuSCN 5.0 x 105 80 x 100 3.2 x 10-6 8.50

(initial)

NaCl 0.5 M  CupO 1.3 x 100 1.3 x 10-° 9.11
pH = 700 CuSCN 6.3 x 1055 63 x 1005 1.00 x 107 7.00
(initial)
TABLE 11

Nauplii and cyprids Ltgg ("fifty lethal” time) in a
saturated pigment toxic solution at 20 -C

Toxicant

Organisms CuSCN Cu0

Nauplii 40-45 minutes 110-120 minutes

Cyprids 50 minutes > 6 hours

TABLE 1

Nauplii and cyprids Ltjgg ("one hundred lethal” time) in a
saturated pigment toxic solution at 20 -C

Toxicant
Organisms CuSCN Cur0O
Nauplil 100 minutes 300 minutes
Cyprids 6 hours > 20 hours
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Particle size distribution

- The particle size distribution could be observed in Fig.1. The media of the
distribution was found for a 6.4 um diameter for cuprous thiocyanate and 2.4 um for
cuprous oxide. The analysis of the particle size distribution was made by means of
a Sedigraph-5000 D MICROMETRICS analyzer. It was measured the settling rate and
related with the particle size through Stokes’s law.

Oil absorption

Oil absorption is defined as the quantity of oil which is absorbed by a
determined amount of pigment under standard conditions. High oil absorption
generates products giving a film very soluble and with high porosity.

It was determined according to a procedure described in ASTM D 1483-60
standard specification.

Biological tests

Balanus amphitrite nauplii and cyprids were obtained from Mar del Plata’s
harbour with a 60 um mesh zooplankton net.These larvac were isolated with the aid
of a stereomicroscope and conditioned in artificial sea water (ASTM Designation D-
1141/75, pH 8.2, without adding heavy metals), natural light and 20 = 1 -C.

The organisms were exposed to the pigment saturated toxicant solution checking
the survival percentage and the phototactic response. In the case of cyprids limbs
movility was also observed. The observations were made at 5 minutes intervals, by
duplicate and employing a control. The naupliar survival curves were plotted for
each case (Fig. 2). Lty, fifty lethal time or the time required to kill 50 % of

the larval population for a given toxicant concentration, was specified for both
pigments in Table II. The time required for a larval population to extinguish,
Lt,o, (one hundred lethal time) is specified in Table III.

Nauplii and cyprids larvae were submerged into a 8.105 M potassium
thiocyanate solution to check the influence of the anion. This concentration was
the same obtained when cuprous thiocyanate dissolved in sea water (Table I).

Results and discussion

Elaboration and stabilization of cuprous thiocyanate
The two elaboration processes yielded a stable and high punity product. It is
not necessary to employ preservative substances because cuprous thiocyanate is
stable under atmospheric oxidation conditions.

The second procedure is recommendable from an ecological point of view because
it did not produce toxic thiocyanogen gas.

Solubility
The solubilities of cuprous oxide and cuprous thiocyanate In sea water are
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equal (Table I). This fact means that it can be expected a similar behaviour of
both toxic substances with respect to their biocidal properties.

' The dissolution of these compounds in chloride containing media was
interpreted as follows:

CuSCN + 2 cll- @ cucl)!™ + scNb-

CurO + 4 Cl* ¥ HO < 2 cuCl,!" + 2 oH!-
2 2 2

Cuprous compounds dissolves principally as CuCl,!- [11]. The equilibrium constants
may be expressed as:

[CuCl,1-][scnt)
Ky o -~
[c1iy?
[CuCl, )2 {oH 1?2
Ky -
(cii)?
{CuCl, 1")foH 1)
K = Kl7? - 2

2
[cily?

From data in Table I K, and K, were calculated and found to be equal to:

K, = 16 x 108

Ky, = 66 x 1010

According to these constants cuprous thiocyanate 1s 24 times more soluble
than cuprous oxide and the chemical equations predict that an increase in the pH
value could be expected when cuprous oxide dissolved. This was confirmed
from experimental data (Table I) for the sodium chloride solution but not for the
sea water.

The solubilities of both pigments in sea water were found to be similar. The
explanation of this fact may be encountered in the buffering capacity of sea water.
Hydroxil ion as well as chloride ion compete by cuprous ion in such a way that the
following equilibrium may occur when cuprous compounds dissolved in sea water:

CuCly!” + OH!" <> CuOH + 2 cil-

There is a certain pH value for which it may be obtained the same soluble
CuCL!- concentration, starting either f{rom cuprous oxide or from cuprous
thiocyanate. This value may be calculated from the expressions for K, and K:

(CuCl] = (seNby o ka2
K5[c)?
OHV] = ————
[CuCly !
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Combining these expressions:
[OH!"} = K',K, 2l

Introducing the expression for the water ionic product constant K

K, = [OHI)H!*) = 1 x 10714 (25 “O)
the hydrogen ion concentration may be obtained:
[Hl+] = KWK'Z_IKIIQ[CII-]

From this expression and employing the calculated values for K,; and K; the pH

value for which the solubilities of both pigments are equal was obtained: 8.43,
which practically is the same that the measured sea water pH (Table I). As the
experimental and theoretical value practically coincided 1t may be concluded that
the solubilities of both pigments in sea water are similar.

Oxidability

From this tests i1t could be seen that cuprous thiocyanate is less susceptible
to oxidation than cuprous oxide. This is more noticeable in unbuffered solutions in
which, after ten days exposure, cuprous thiocyanate did not show any sign of
oxidation while cuprous oxide did, covering itself with a ligth blue film in less
than a day.

Cuprous thiocyanate in non buffered aqueous media 1s less oxidable than
cuprous oxide due to the lower pH value of its solutions (7.00). The pH of the
system sodium chloride-cuprous oxide raised till 9.10 after the exposure period.

Cuprous oxide oxidized after one day exposure and cuprous thiocyanate after
two days exposure in sea water solutions, giving a ligth blue film. The final pH of
both solutions was 8.50.

Oxygen is able to oxidize cuprous compounds to cupric ones in chloride
containing media to form basic cupric salts according to the following equations:

12 05 + 2 CuCll” + HO & c?* + 4 al- + 2 onl-

Cu?* + x OHY + 2x) Q" & CuOH)Cl,
The solubility product constant for this compounds (Ksp) 1s expressed by:
Kyp = (Cu?Hon! et ?x < 65 x 10717 (11

From this expression, and taking into account the sea water pH and chlornde
content, it may be calculated the soluble cupric ion concentration,

[Cu?*] = 16 x 108

When cuprous compounds oxidizes the total copper concentration in sea water Is
lowered from 5 x 10° to 1.6 x 10¥M . It diminished 3125 times.
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- The foregoing discussion would indicate that cuprous thiocyanate is able to
maintain the cuprous concentration level in sea water for a longer time. When
cuprous compounds are oxidized not only the oxidation state of copper changes but

also the total copper concentration diminishes, so [Cu?*] is 1.6 x 108 M. In this
case, Balanus amphitrite cyprids settlement increases to 87 % [12].

Particle size distribution

The particle size distribution curve for cuprous thiocyanate is displaced with
respect to cuprous oxide curve (Fig. 1). Cuprous thiocyanate particles are coarser.
Dissolution rate decreases as average particle diameter increases. Particle size
and shape also showed influence on bioactivity of paints based on binders of high
dissolution rate. However, the differences arc not so great and could be eliminated
by an adequate grinding.

Oil absorption

The oil absorption percentage determined in the laboratory was 26 % for
cuprous thiocyanate and 24 % for cuprous oxide. The value determined for cuprous
oxide does not coincide with the value provided by the literature [13]. In this
sense, no differences with cuprous oxide could be expected during paint
preparation.

Biological Tests

a) Cuprous thiocyanate trials. Nauplii III and IV were always found to have a
higher sensitivity than cyprids. It may be expected that the sensitivity to copper
ions will be lower towards the time that cyprids larvae start settling. When
cyprids larvae were dipped into the toxic solution, they quickly inmovilized their
limbs. Their higher resistance to the toxic solution could be explained by the
hermetic seal of the two-valves chitinous shell to avoid the internal contact with
cuprous 10ns.

Although Lty, is similar for nauplii and cyprids (Table II), the Lty value
showed that cyprids are more resistant to the toxic solution (Table III).

b) Cuprous oxide trials. Experiences performed in the laboratory revealed that
cyprids showed a higher tolerance to cuprous oxide than to cuprous thiocyanate.
(Lts, and Lt ,, values are shown in Tables II and III, respectively).

A 10 % fixation was found in these trials but with a high mortality in the
metamorphosed young barnacles. Pyefinch and Mot [14] carried out experiments 1n
which specimens in this stage were collected from natural substrates and subjected
to copper solutions of different concentrations in the laboratory. It was tfound
that even in extremely low copper concentration no shell was formed.

Experiments have also been carried out in which the thiocyanate anion etfect
has been tested. Nauplii and cyprids survived in potassium thiocyanate solutions.
The results of this study has provided further information on the mode of action of
this solution, proving that the lethal action is due to cuprous ion.
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_Thiocyanate anion is not harmful to human beings. It is a product formed when
cyanide intoxications are treated with thiosulfate and is eliminated by urine
[15]). Kevan and Dixon [16] reported that thiocyanate is agressive to rainbow trout

eggs, lput ‘they employed concentrations 200 times higher than those derived from the
solubilization of cuprous thiocyanate.

CONCLUSIONS

White cuprous thiocyanate has, in many ways, similar properties to those of
cuprous oxide. It has the same solubility in sea water, although it is slightly
less oxidable. This could represent an advantage with respect to cuprous oxide and
explain the apparent higher toxic action.

Biological test has showed that cuprous thiocyanate has a more lethal action
than cuprous oxide. In both cases cyprids larvac were more resistant than nauplii
ones. Moreover, the toxic effect to the metamorphosed young barnacle is lower than
the free-swimming cyprids larvae.

~ The toxic action was due to the copper ion and not to the thiocyanate anion
which is not harmful even for human beings.

~ Cuprous  thiocyanate particles are slightly coarser than cuprous oxide
particles. The oil absorption of cuprous thiocyanate is also higher than that of
cuprous oxide. However, the differences are not significant.

Cuprous thiocyanate does not need to be preserved from the atmospheric oxygen
as cuprous oxide does.

Raft trials led to similar results for both, cuprous thiocyanate and cuprous
oxide. Paints employing a rosin WW plasticized with oleic acid binder and cuprous
thicyanate as antifouling pigment showed a similar behaviour to paints containing
cuprous oxide when subjected to raft trials during 24 months [17].

The present results indicate that cuprous thiocyanate can be successfully
employed as an antifouling pigment. This pigment not only shows biocidal effect but
it also allows film pigmentation in different colours. However, further research
must be carried out in two major fields: a) its lethal action on other marine
fouling organisms than barnacles and b) the formulation variables must be
thouroghly investigated as it was done with cuprous oxide in the past.
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INFLUENCE OF COATING THICKNESS ON THE BARRIER EFFECT
OF MARINE PAINTS’ BINDERS. AN ASSESSMENT USING
IMPEDANCE MEASUREMENTS

INFLUENCIA DEL ESPESOR DE LA PELICULA EN EL EFECTO
BARRERA DE LIGANTES DE PINTURAS MARINAS
USANDO MEDIDAS DE IMPEDANCIA

A.R. Di Sarli* and C.I Elsner**

SUMMARY

The influence of coating thickness on the barrier effect afforded for several
paint binders, as a part of naval steellorganic coating/ariificial sea water
systems, by using electrochemical impedance spectroscopy and corrosion
potential measurements was studied.

As a function of the immersion time, ionic resistance (Rm) and dielectric
capacitance (Cm) for the membrane were determined employing non-linear fit
routines on the experimental impedance spectra. Simulitaneously corrosion
potential values for the substrate were measured. These results showed that
the most of the samples exhibited very good dielectric and barrier properties
whilst they remained in contact with the electrolyte and that the corrosion
potential changes were in agreement with the impedance spectra ones. The
importance of reaching coatings with both a uniform chemical composition and
thickness to avoid localized corrosion was emphasized.

Key words: paint  binders  characterization,  film  resistance, corrosion
protection,  barrier  effect, coating  thickness, electrochemical  impedance
spectroscopy, binders in sea water.

INTRODUCTION

As a general rule it is accepted that the ionic resistance (Rm) of an organic
coating serves as a measure of the film corrosion protection properties. Bacon,
Smith and Ragg [1] proved that conductive pathways in the film led to a faster
substrate deterioration. It has also been accepted the fact that corrosion bencath

the organic coatings might be significant when Rm < 10° Qcm? but negligible when
Ru 2 107 Qcm?.

A well known fact is that thin films are susceptible to show defects or pores
in their structure, which facilitate the arrival of the electrolyte to the
metal/coating  interface |2). Low impedance  values  associated  with  these

* Miembro de la Carera del Investigador de la CIC
**  Miembro de la Camera del lnvestigador del CONICET
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discontinuities  originate corrosion phenomena located in small areas of the
metallic substrate, which are subject to preferential attack and have a large
cathodic/anodic areas ratio.

Corrosion reactions may take place when the necessary reagents are available.
The metal/organic coating system provides one of the best examples of separation
between the anodic and cathodic partial reactions of corrosion process. When an
unpigmented binder is applied as a coating, the small dark sites appearing on the
metal are due to the anodic reactions (metal dissolution) and the slightly coloured
areas around those sites indicate where the complementary cathodic reactions
(generally the oxygen reduction reaction) take place, with the development of a
strongly alkaline medium. This marked division between anodic and cathodic areas
serves to confirm that corrosion control is possible by inhibiting one of the
partial reactions.

From this viewpoint, Mills and Mayne [3] demonstrated that an increase in the
organic coating thickness causes a reduced possibility of finding low resistance
areas. Following this method it is generally considered that, after immersion, the
time employed by water and oxygen in reaching the substrate/membrane interface
depends on the organic coating thickness [4].

Taking into consideration the important role played by the membrane thickness
in the protective performance of organic films, the aim of this paper 1s 10
contribute to increase the knowledge about the thickness (d) influence upon the
coating’s ionic resistance (Rm) and dielectric capacitance (Cm) evolution for naval
steel sheets coated with different binders (used in  anticorrosive  paint
formulations), immersed in artificial sea water for 210 days as maximum.

The evaluation of these parameters, together with the corrosion potential
values for the substrates, is of interest because it provides a thorough knowledge
of binder properties which allows for a better selection for service conditions
similar to those experimented at the current paper.

EXPERIMENTAL DETAILS

SAE 1020 steel plates of 20x8x<0.2cm were used as metallic substrate. The
surface was sanded to a Sa 212-3 degree (SIS Standard 05 59 00/67).

The roughness profile of the surface was determined and graphically registered
with a Hommel Tester P2-MZ. A value of 24+4um was obtained.

The sanded plates were degreased with toluene and then, coated with the
formulations and thicknesses shown in Table I. A Bird applicator was used in order
to obtain the organic coatings.

Desired film thicknesses were attained through successive applications, with
drying periods of 7 days between each coat. In order to avoid contamination with
atmospheric dust, the test plates were kept within dessicators at room lemperature.

Film thicknesses were measured with an electromagnetic gauge, using a bare
sanded plate and standards of known thickness as relerence.

On ecach plate three cylindrical tubes of transparent acrylic were fixed by
using an epoxy adhesive in order to get good adhesion to the coated substrate. The
geometrical area for impedance measurements at the corrosion potential ot each cell
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TABLE 1

COATING CHARACTERISTICS

Chemical composition Thickness
(g/1009§ (pm) Sample
Chlorinated rubber 20 cP..... 52 100 1
Chlorinated paraffin 42%..... 22 180 2
Toluene.....cceecveeecccccans 26 190 3
Chlorinated rubber 20 cP..... 52 70 4 ,
Chlorinated paraffin 42%..... 22 90 5
Toluene....iccceeecccnccancns 26 140 6
250 7 j
Chlorinated rubber 20 cP..... 52 75 8
Chlorinated paraffin 42%.....22 80 3
TOlUCNE .. et cvescesssnaccasncns 26 90 10
95 11
Phenolic resin - tung oil 55 12
varnish (2/1 ratio) ......... 79.9 110 13 1
TolUueNe..cccevevcecececascocs 20.1 140 14 |
150 15 |
Phenolic varnish (80% of E
801id8) ..evrrnieernniannnnnnn 63.8 70 16
Chlorinated rubber 20 cP ....17.0 110 17 i
Chlorinated paraffin 42% .... 7.2 150 18 E
Toluene.....cceeeeecceccncnns 12.0 270 19 i
]
Phenolic varnish (80% of }
SOLidB) e ueenenennrnoencnnnns 54.6 70 20
Chlorinated rubber 20 cP..... 21.9 85 21
Chlorinated paraffin 42% .... 9.4 105 22 !
TOlUCNE..occeocosocscscssvnsose 14.1 240 23
Phenolic varnish (80% of
BOlidB)..ieeeeecccccococconnns 38.6 70 24
Chlorinated rubber 20 cP..... 30.9 95 25
Chlorinated paraffin 42% ....13.3 120 26
Toluene.......ccceeecvevesosns 17.2 180 27
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was 20cm?2.

A graphite cylinder, axially placed, was used as counter-electrode while a
saturated calomel electrode (SCE) was employed as reference. The electrolyte was
artificial sea water prepared in accordance to the ASTM Standard D-1141/90; pH 8.2.

The corrosion potential was measured in each cell at different immersion times
using a Keithley 177 microvoltmeter. Electrochemical impedance spectroscopy (EIS)

measurements in the frequency range 102 < f < 5x10* Hz were performed in the
potentiostatic mode at the corrosion potential, as a function of the exposure time
in the electrolyte using a frequency response analyzer and an electrochemical
interface (Solartron, FRA 1250 and EI 1186, respectively). Data processing of the
clectrochemical measurements was carried out with an Olivetti PC and a set of
programs developed in the CIDEPINT |[5].

RESULTS
Corrosion potential and visual assessment

Results of corrosion potential measurements for each cell are shown iIn
Table II. Some of them have been represented in Fig. 1 where the points on the
abscissa correspond to unstable values. Considering the lack of stability of this
thermodynamics parameter, the time at which the measurements could be performed
varied significantly for each sample. There werc cases, especially those samples
with thick films (sample 7, Fig. 1 and samples 15, 18, 19, 23 and 27, Table II), in
which such measurements were impossible all along the test (210 days) since the
impedance of these samples was higher than that of the measuring instrument. Other
samples (6, Fig. 1 and 1, 3, 8, 10, 11, 12, 13, 14, 16, 17, 20, 21, 22, 24, 25 and
26, Table II) allowed for alternate corrosion potential (Ecor) measurements
averaging, as a general rule, results above -0.3V/SCE.

-Ecorr/VI(SCE)

OO 30 60 90 120 150 180 210

t /davs
Fig. 1.- Corrosion potential (Econ) vs Immersion ume (1)
for samples 4, 5, 6 and 7; electrolyte: artifictal sea
water; coating: chlorinated rubber-tricresyl phosphate;
thicknesses: increasing from sample 4 to sample 7.
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Except for sample 4, nonc of the plates above mentioned showed corrosion

ucts after visual assessment. This did also apply to sample 2 (Table II), whose

n ranged between -0.355V/SCE and -0.203V and the sample 9 (Table II), in

which the potential was unstablc until 11 days after immersion; then it moved,

although with oscillations, towards thc negative side reaching -0.59V/SCE after 210
days immersion.

Only the most active samples (4, S and 6 from (Fig. 1), and sample 1 from
(Table 1)), whose corrosion potcnuials werc more ncgative than the former, showed
corrosion traces. For samplecs 4 and § thc corroded arcas were much larger than on
the other two ones in which only localized spots were obscrved.

After finishing the clectrochemical mcasurcments, a visual assessment in - cvery
cell indicated points or cxtended arcas in which the coaung showed whitish traces.
These were found 1n the presence as well as in the abscence of corrosion products.

Besides, somc films could be casily removed and then, a layer of  aqueous
solution, accumulated 1n the mectal/coating nterface, could be observed.

Impedance results

After the impedance mcasurements were performed in all the samples, so as to
obtain the ooating paramcter  values (Rm, Ca), thc data were fNited using
mathematical algornthm based on the Marquardt onc [5]. The relative cerror in cach
casc was lesser than 8%. Data were plotied as Bode and Nyquist diagrams both for
cvery sample and immersion time.

The ionic resistance (Rm) and  diclecine  capacitance (Cwm) cvolution as  a
function of immersion ume was graphically represented  for only two  chemical
compositions  with  different  coaung  thicknesses,  which  were  considered  as
representative  of  opposed  behaviours,  specially  in cases  with  thinner films
(samples 4, S, 6 and 7, Fig. 2 (a) and (b)) and (samples 20, 21, 22 and 23, Fig. 3
(8) and (b)).

The results obtained for the remaining samples are shown in Table I Such
selection was necessary  considering  the high number of expenmental values 1o be
taken 1nto account.

Regarding formulations with different  chemical composition  that  cover  the
naval steel plates with a vaned range of thicknesses, symbolized by the numbers 2,
3, 8 10, 12, 13, 14, 15, 16, 17, 18, 19, 24, 25, 26, 27 (Table Ill), 6 and 7
(Fig. 2 (@) and (b)) and numbers 20, 21, 22, 23 (Fig. 3 (a) and (b)), 4 markedly
capacitive bchaviour was obtained along the 210 days immersion; such a behaviour
approached that of an equivalent clectrical circuit constituted by a capacitor in
parallel with a resistor of very high but finite resistance. During the first days
of exposure 10 the aqueous solution, some of the samples above mentioned (numbers
2, 3, 12, 15, 19) exhibited Rm values greater than 10! Qcm? and Ca which for these

conditions did not exceed 21 pFcm2 As the immersion ume increased, the greater
degree of film wetling was associated with a rather significant decrease 1n Ro
(four or more orders of magnitude in samples 2 and 15, two or three orders in the

remainder), although its value was never lower than 107 Qcm2. This evolution of Ra
was followed by a more stable performance of the dielectric capacitance. Thus, with

the exception of sample 20 (Cm,,, = 87.8 pFcm?) and sample 24 (Cug,, =
106.1 pFcm2?) at 186 days immersion and sample 22 (Cog,,, = 9 pFcm2) just after
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Fig. 2.- (a) Logarithm of Ra vs Immersion time (t) and (b) Logarithm
of Cw vs Immersion time (1) for the same samples
described in Fig. |.

179



immersion, the Cm values for the rest of the above mentioned samples remained
still, although fluctuating, generally under 70 pFcm-2 with minima of 12.2 pFcm-2

(sample 7) and 59.3 pFcm? (sample 24), measured mainly within the first hours
after immersion.

The same type of capacitive response was found in samples 1, 9, 11 (Table III)
and samples 4 and S (Fig. 2 (a) and (b)) during the first week of immersion. As the
time increased, these samples showed a resistive-capacitive behaviour similar to
that of an electrical equivalent circuit formed by a capacitive component shunted
by a resistive one of relatively low wvalue; the resistive-capacitive behaviour was
strengthened as the exposure time increased. So, the pairs of Rm maximum and Cam
minimum values for samples 1, 4, 5 and 11 were reached between a few hours and 1
day of immersion, except in the case of sample 4 whose corresponding Cm value was
measured at 17 days.

Accordingly with the above paragraph, considering the time effect, the Rm
minimum and Cm maximum values for these coatings were obtained at 143 days for
sample 4, 162 days for sample 1 and over 200 days for samples 5, 9 and 11. The set
of Rm and Cm values between the mentioned extremes showed important displacements
along the different immersion times. This instance was checked mainly in sample 4
(Fig. 2 (a) and (b)) after 60 days, with a marked and continuous decrease in R

(more than three orders of magnitude) and an increase of Cu up to 1070 pFcm-2. The
experiment was finished at 143 days because of organic coating damage and massive
corrosion development over most of the coated metal. Sample § (Fig. 2 (a) and (b))
also underwent a continuous decay from 60 days on, and it changed similarly to
sample 4.

The remaining three samples (1, 9 and 11, Table IlI), maintained their
protective capacity during a longer period and their decay, shown through the R
and Cm values, was somewhat less significant.

DISCUSSION

An optimum coating is on¢ where there are no conductive pathways which may
allow a contact between the electrolyte and the metallic substrate. The protective
characteristic afforded by these unpigmented coatings is mainly due to their
barrier propertics. Therefore, the most important factor to be assessed is the
resistance imposed for the organic film to the electrolyte penetration. One of the
ways to perform this evaluation is through electrochemical tests, such as the
measurements of the corrosion potential and corrosion rates of coated metals as
well as the electrical properties of the coatings by means of impedance
Spectroscopy.

It may be supposed that as the number of coats increases and thus the coating
thickness, the possibility of pores or failures in the coating decreases.
Therefore, the diffusion processes of aqueous media through the organic film will
be affected by the coating diclectric and barrier characteristics, delaying the
water, oxygen and ions migration to the metallic surface and, as a consequence,
preventing the development of corrosion processes.

In practice, an effective protection by means of such a mechanism is usually

characterized by relatively high ionic resistance values (Rm = 107 to0 10¢ Qem?),
which are a measure of the insulating degrec supported by the coating. The
following equation (that is a rather arbitrary extension of the Ohm’s law) simply
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gives evidence that when the pore area is smaller and the film thicker, the higher
Ro values are obtained:

Jd
(1)

Ap

-

where:
Rax ionic resistance (R2)

K conductivity of testing solution (Scm-!)
d coating thickness (cm).
Ap area of direct contact between metal and clectrolyte at the base of pores and

failures (cm?)

An increase in the paint {ilm wetting degree with the clectrolytic solution 1
shown by decreasing Ra values, which may mean the beginning of the corrosion
processes and the loss of protection [6,7].

On the other hand, Ca values represent intrinsic  diclectric  properties  of
organic coatings at the start of the test and, in subscquent stages, its degree of
penetration by the aqueous solution, since the reduction in the ctfective thickness
of the non wetted fraction of coating modifies that valuc [8-10]. Onc of the ways
to express the ratio between Cwm and the degree of the clectrolyte penctration s
given by [11]:

7.1685 S d (Co Cm)
dl = (2)
(Cm Co d - 7.1685 Cm §)

where:

d: thickness of wetted {ilm (cm)

S apparent film area (cm?)

d total film thickness (cm)

Co film capacitance at immersion time t = 0 (F)
Cu film capacitance at immersion time 1 (F)

Then, by means of a simple subtraction, the dry film thickness (d2) s
calculated for ume t as:

d2 = d - dl (3)

A common feature of this coating type is the direct relationship between the
protection against corrosion and the effective metal 1nsulation. Therefore, both
the loss of dielectric properties and the development of conductive pathways are
usually coincident with the starting of corrosion processes on the metallic
surface.

As soon as failures appear at the coating, its protective action shall be
exerted by a partial blocking mechanism, with a decreasing  electrochemical
corrosion process on the metallic surface zome insulated of the clectrolytic
solution.

It is supposed that, at the base of pores and failures crossing through the
coating up to the metal, as well as on the surrounding arcas, the partial anodic
and cathodic reactions occur according to the same kinetics and mechanisms as on
the bare metal [12].
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. Systems based on polymeric materials applied as relatively thick coatings are
mainly those for which the above describe interpretation may be suitable.

It is important to point out that some organic coatings based on petroleum-
derived hydrocarbons behave similarly when applied as temporary protection (shop
primers) because of their hydrophobic nature and dielectric properties [13].

The shape of the current Ecom/time plots are in agrecment with those obtained
by other authors for samples (1, 2, 4, 5, 9, 11, 13, 14) in which the potential
reached enough stability as to be measured many times; the same may be assumed for
samples where few data were acquired (3, 8, 12, 24, 26, etc., Table II).

Thus while Kendig et al [8] found a displacement towards more positive values
during the first days immersion until a maximum was reached followed by a decrease
up to stabilization at about -0.6 V/SCE, Wormwell and Brasher [14] first found a
peak in the negative displacement after three days immersion; later on, the
corrosion potential moved towards positive values to finally reach stabilization
again in approximately -0.6 V/SCE.

In the current case, the corrosion potential for the samples mentioned above
evolved showing, alternatively, both types of displacement without becoming fixed
at any time during immersion. These displacements of the Econr values either in one
sense or another are indicative of the typical partial blocking effect of the
metallic surface by the corrosion products gathered at the less protected (anodic)
zones and the development of other attacked areas [15,16].

The influence of coating thickness on the corrosion potential values 1s mainly
shown 1In samples whose coating formulation had already been experimented with
negative results [17]. Such is the case of binders formulated with chlorinated
rubber plasticized with trycresil phosphatc which, in different tests tfailed after
60 days immersion in samples 4 (70 um) and § (90 wm) while maintaining its
protective properties (by barrier effect uniquely) in samples 6 (140 um) and 7
(250 pm).

Except for sample 1 (100 pm of chlorinated rubber plasticized with chlorinated
paraffin), which showed an incipient corrosion point after 130 days, the remaining
panels with different coating thicknesses but the same chemical composition
performed similarly to those used when the effect of other variables was studied
[17].

The oscillatory movement of the corrosion potential was 1n total agreement
with the impedance fluctuations of the same system lor a given immersion time. When
the high impedance of the coated samples (higher than the input impedance of the
digital multimeter) prevented the potential measurement, the impedance spectra
showed a markedly capacitive behaviour, which may be assumed as equivalent to that
of a capacitive component with losses by Debye or Maxwell-Wagner-Sillars  ctfect
produced by dipole relaxation and interspatial polarization, both characteristics
in real polymers [18-20]. These losses, that are not ohmic, are translated in the
lack of parallelism between the impedance response and the imaginary axis on
Nyquist diagrams.

For longer immersion times, even for those samples in which the corrosion
potential could not be measured, it was observed a linear to semicircumference arc
transition in the impedance spectra as the excitation frequency decreased and the
immersion time increased. This indicates thai the electrolyte diffusion 1nto the
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organic coating as well as its interaction with the polymer chains relaxing the
intermolecular cohesive forces are taking place.

Such trend is revealed by both a decrease in the ionic resistance (Rm) and a
small increase in the dielectric capacitance (Cm) (Table III, Fig. 2 (a) and (b)
and Fig. 3 (@) and (b)), with Kkinetics controlled by the dielectric and barrier
property characteristics of each formulation well as by the coating thickness.
However, it should be mentioned that during a random sequence of immersion,
impedance data obtained for several samples (3, 8, 10, 12, 13, 14, 15, 16, 17, 18,
19, 26, 27) showed a reversion towards the linear response associated with a non
ideal capacitor (with leaks) shunted by a resistive component of very high but
finite value.

9

log (Cm /Fem™2) log(Rm/ﬂcmz)

o m X A
12k (p) 20 21 22 23 .
1 1 | 1 | 1
0 30 60 90 120 150 180 210
t /days

Fig. 3.- (a) Logarithm of Rm vs Immersion time (1) and (b) Logarithm
of Cm vs Immersion time (1) for samples 20, 21, 22 and 23;
electrolyte: artificial sea water; coating: phenolic varnishjchlorinated
rubber plasticized with chlorinated pardffin (ratio 2.3/1 wiw);
thicknesses increasing from sample 20 to sample 23.

On the other hand, differences between the relative magnitude of Rm and Ca for
samples with similar average thicknesses (for cxample, samples §, 10, 21, and 25)
could be explained assuming that on such samples the same  processes, although
occupying differcnt  areas, take place. It must be  taken into  account  that
capacitive and resistive  contributions  vary, respectively,  direct  and - inversely
with the involved area. This type of behaviour is commonly lound and has been
mentioned by other authors [16,21,22].

Considering the overall results obtained during the cxperiments performed on a
greal number of samples using both clectrochemical  measurements  and - visual
assessment, it has been concluded that a polymeric coaling acts as 4 barricr for a
given time which depends on  the  film  diclectric  properties,  continuity — and
thickness, but when some of these features are lost duce 10 the appearance ol pores,
fissures, dissolution by leaching and/or chemical reaction, cic., the membrane is
rapidly penetrated by the aqueous solutions.  This is  equivalent  to  the
disappearance of the protective cffect, as  often  happens in coatings  free  of
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corrosion inhibitors [23].

Finally, after having dismounted the «cells and rinsing the samples with
distilled water, a whitening of the films in contact with the electrolyte was
detected. This fact was attributed to local differences in plasticizer density
caused by a non-homogeneous distribution in the formulation, owing to diffusion

during the drying process or more probably while it was exposed to the aqueous
medium.

CONCLUSIONS

- From the results obtained, it is concluded that the organic coating acts,
for a certain time, as a barrier. The delay in developing the contact between the
metallic substrate and its medium is a function of the membrane dielectric
properties, lack of failures and thickness. The used techniques provide valuable
information on the subject.

- The corrosion potential of some samples could not be measured along the test
due to the high impedance of the coating. In such cases, the low capacitance values
associated with the highest ionic resistance make possible to assume that some
coatings maintained their dielectric and barrier properties. When the measurements
were carried out on the other samples, the corrosion potential oscillations were
generally accompanied by compatible changes in the impedance spectra.

- A non linear relationship between ionic  resistance and  dielectric
capacitance values with the coating thickness has been found; from this it 1s
inferred that the membrane behaviour does not strictly follow the laws governing
the passive elements response. However, in general, an increasing 1onic resistance
and decreasing dielectric capacitance are obtained as the coating thickness
Increascs.

- It should be emphasized the importance ol obtaining an organic coating with
homogeneous chemical composition and uniform thickness in order to avoid point
sites where localized corrosion may occur.

- The coatings formulated with chlorinated rubber plasticized with chlorinated
paraffin 42 % or chlorinated byphenyl and mixtures of these with phenolic resin-
tung oil binders in different ratios showed, in general, a barrier cifect greater
than those based on chlorinated rubber plasticized with tricresyl phosphate. Such
difference in the protective performance was more noticeable as the coatings were
of low thickness.

ACKNOWLEDGEMENTS

The authors acknowledge the sponsorship of the Comision de Investigaciones
Cientificas de la Provincia de Bucnos Aires (CIC) and of the Consejo Nacional de
Investigaciones Cientificas y Técnicas (CONICET).

BIBLIOGRAPHY
[1] Bacon, Ch., Smith, J. & Ragg, F.M.- Eng. Chem., 40(1) (1948), 161-167.
[2] Callow, L.M. & Scantlebury, J.D.- J. Oil Col. Chem. Assoc., 66 (1983), 93-96.

187



(3] Mills, D.J. & Mayne, J.LE.O.- Proc. Conf. on Corrosion Control by Organic
Coatings, H. Leidheiser, Jr. Ed., NACE, Lehigh University, Bethlehem,
Pennsylvania, (1980).

[4] Leidheiser, H. (Jr).- Prog. Org. Coatings, 7 (1979), 79-104.

[S] Ambrosi, V. & Di Sarli, A.R.- CIDEPINT-Anales/92, 81 (1992).

[6] Leidheiser, H. (Jr.) & Kendig, M.W.- Corrosion, 32(2) (1976), 69-76.

[7] Menges, G.& Schneider, W.- Kuntsofftechnik, 12 (1973), 267; 12 (1973), 316; 12
(1973), 343.

[8] Kendig, M.W. & Leidheiser, H. (Jr.).- J. Electrochem. Soc., 123 (1980), 982-
989.

[9] Touhsaent, R.E. & Leidheiser, H. (Jr.).- Corrosion, 32 (1972), 435-439.

[10] Tomashov, N.D., Mikhajlovskii, Y.N. & Leonov, V.V.- Corrosion, 20(11) (1964),
119-123.

[11] O’Brien, H.C.- Ind. & Eng. Chem., 58(6) (1966), 45.

[12] Beaunier, L., Epelboin, 1., Lestrade, J.C. & Takenouti, H.- Surf. Technol.,
4(3) (1976), 237-254.

[13] Carrol, B.- Physical Methods in Macromolecular Chemistry, Marcel Dekker Inc.,
New York, (1969) vol.1.

[14] Wormwell, F. & Brasher, D.M.- ]J. Iron & Steel Inst., 164 (1950), 141-148.

[15] Callow, L.M. & Scantlebury, J.D.- J. Oil Col. Chem. Assoc., 64 (1981), 119-
123.

[16] Wolstenholme, J.- Corros. Sci., 13 (1973), 521-530.

[17] Di Sarli, A.R., Schwiderke, E.E. & Podesta, J.J.- J. Oil Col. Chem. Assoc.,
73(1) (1990), 18-23.

[18] van Beek, L.H.K.- Progr. Dielectr., 7 (1967), 69.
[19] Beguin, U. & Gauman, T.- Helv. Chem. Acta, 41 (1958), 1951.
[20] Curtis, A.J.- Progress in Dielectrics, Heywood, London, (1960).

[21] Callow, L.M. & Scantlebury, J.D.- J. Oil Col. Chem. Assoc., 64 (1981), 140-
143.

[22] Piens, M. & Verbist, M.- Proc. 15th FATIPEC Congress, Netherlands’ Association
of Coatings Technologists (NVVT) ed., Amsterdan, vol. IlI, 273-286 (1980).

[23] Szauer, T.- Prog. Org. Coatings, 10 (1982), 171-183.

188



INHIBIDORES DE CORROSION EN FASE ACUOSA PARA
UTILIZAR EN OPERACIONES DE HIDROARENADO

CORROSION INHIBITORS IN AQUEOUS PHASE TO BE USED
IN WET SANDBLASTING OPERATIONS

J.J. Caprari* , O. Slutzky, M. Chiesa y R. Ingeniero

SUMMARY

In this paper is presented the study of the performance of 43 different
compositions used 1o prevent the flash rusting” in wet sandblasting
operations. As a first selection, galvanostatic trials were made. The selected
compositions were used in wet sandblasting of steel plates.

The inhibiting performance was studied by the exposition of the plates in
laboratory atmosphere (65 + 2 RH % and 20 + 2 -C) in a 100 % RH chamber and in
an accelerated corrosion apparatus in sulfur dioxide atmosphere.

Anticorrosive  compounds used in the test include inorganic chemicals
(chromates, phosphates, etc) and organic substances (quebracho and mimosa
tannins, catechol and pirocatechol, eic).

Five of the used inhibiting compositions demostrated an excelent behaviour for
its use as preventive for the "flash rust” in wet sandblasting operations.

Palabras clave (Keywords): Inhibidores de corrosion, hidroarenado, Corrosion
instantdnea,  compuestos  anticorrosivos, Indice de inhibicibn  (Corrosion
inhibitors, wet  sandblasting,  flash  rusting,  anticorrosive  compounds,
inhibition index).

INTRODUCCION

Una de las principales limitaciones que tiene €l arenado seco es la gran
dispersion  de polvo en el medio ambiente lo que impide su utilizacion en las
cercanias de talleres donde funcionen maquinarias de precision, lugares de intensa
circulacion vehicular o de personas, etc., y su gran incidencia en el deterioro de
la salud de los operarios [1].

Una alternativa es el arenado himedo [2]. La eliminacién del polvo por efecto
de la presencia de agua, permite emplear este tipo de abrasivo, pero se produce
corrosi(?n instantanea ("flash rust") sobre la superficie de base [3], la que se
evita o retarda incorporando sustancias inhibidoras en solucion [4,5].

La seleccion de dichas sustancias se realiza teniendo en cuenta que la fina
capa de agua con abrasivo que se deposita sobre el hierro tiene pH ligeramente

* Miembro de la Carmrera del Investigador del CONICET
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acido o neutro y la busqueda debe orientarse a encontrar aquéllas que produzcan
pasivacion por incremento del pH (llevandolo bhacia la zona alcalina) o para
alcanzar valores adecuados del potencial de corrosién estacionario. Generalmente
suclen combinarse estos dos principios fundamentales (que también actian
individualmente) usando productos que actuan por oxidacion o por hidrélisis para
dar  soluciones levemente  alcalinas  (nitratos, cromatos, carbonatos, etc),
sustancias que se absorben al contacto con el metal formando compuestos resistentes
(fosfatos, benzoatos, etc.) [6], o dosificando pequenas cantidades de cromatos,
polifosfatos, o silicatos que actuan reduciendo la accion galvanica por pasivacion
del metal o por la formacién de una capa aislante sobre el anodo, el catodo o sobre
ambos [2]. Su accidén se complementa agregando sustancias que provean al sustrato de
condiciones de adhesividad similares a las que se obtienen en el arenado seco,
previo a la aplicaciéon de una capa de pintura [5].

En el presente trabajo se desarrollaron y evaluaron formulaciones inhibidoras
para emplear en el arenado himedo, que proporcionan proteccion efectiva y por un
lapso minimo de 24 horas. Se emplearon tanto sustancias inorganicas Como COmpuestos
complejantes organicos de accion probada en otros campos de la proteccion.

EXPERIMENTAL

Para realizar este estudio se utilizaron 43 formulaciones diferentes, cuya
composicion cualitativa puede observarse en la Tabla 1 [7 a 13].

Se realizO0 una preseleccion de las soluciones mediante un ensayo
galvanostatico, midiendo el pasaje de corriente a través de la solucion de
inhibidor entre un electrodo de trabajo (acero al carbono doble decapado, arenado
de grado Sa 2 1/2 de la norma sueca SIS 05 59 00/67) y un electrodo de referencia
(ECS) [14, 15]). La celda estaba constituida por una probeta de PVC de 40 mm de
didmetro perfectamente adherida por sus bordes inferiores a la chapa de acero,
evitando pérdida de solucion (Fig. 1).

electrodo de referencia

celda de PYC

acero, (electrodo de trabajo)

Fig. 1. Esquema de la celda para medicion galvanostauca.
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TABLA 1

Composicién cualitativa de las soluciones utilizadas®

Solucién N-

Componentes

Solucién N-

Componentes

Solucién N-

Componentes

2

3

10

11

12

13

14

15

Carbonato dc sodio
Cromato de sodio

Carbonato de sodio
Cromato de sodio

Silicato de sodio neutro

Carbonato de sodio
Cromato de potasio

Nitrato de zinc
Acido fosforico 85 %
Acido Tetrafluobérico

Carbonato de sodio
Dicromato de sodio

Acido crémico

Acido fosforico 85 %
Acido fosforico 85 %
Acido crémico
Fluoruro de potasio
Acido crémico
Fluoruro de potasio

Acido crémico
Fluoruro de sodio
Dicromato de sodio

Fosfato monobasico de
amonio

Difluoruro de amonio
Dicromato de potasio
Almidoén

Fosfato monobasico de
amoanio

Fluoruro de potasio
Nitrato de manganeso
Fluosilicato de sodio

Acido crémico
Difluoruro de amonio
Tetracloruro dc cstafo

Oxido de zinc

Acido fosforico 85 %
Acido créomico
Tensioactivo

Acido fosforico 85 %
Acido cromico
Difluoruro de amonio
Fosfato dibasico de
amonio

16

17

18

19

20

21

22

23

24

25

Fosfato disddico
Borato de sodio
Acetato de sodio
Benzoato de sodio

Acido fosférico 85 %
Fosfato ferroso
Sulfato dc niquel
Tensioactivo

Acido fosforico 85 %
Oxido de zinc
Alcohol isopropilico
Tensioactivo

Acido fosforico 85 %
Sulfuro de hierro
molido

Carbonato de sodio
Acido fosforico 85 %
Oxido de zinc

Nitrito de sodio
Acido fosférico 85 %
Nitrato de bario
Fosfato de amonio
monobasico

Sulfato de manganeso
Sulfato de cobre

Acido fosforico 85 %
Oxido de zinc
Clorato de potasio
Sulfato de manganeso
Tensioactivo

Acido fosforico 85 %
Carbonato de zinc
Fluoruro de sodio
Tensioactivo
Nitroguanidina

Acido fosforico
Oxido de zinc
Fosfato monobasico dc
amonio

Nitrato dc sodio
Clorato de potasio

Acido fosfoérico 85 %
Oxido de zinc

Acido nitrico puro
Clorato de potasio

26

27-28
29-30
31-32
33-34
35

36

37
38

39

40

41

42

43

Fosfato monobasico de
amonio

Acido fosforico 85 %
Oxido de¢ zinc

Acido nitrico puro
Nitrato de sodio

Cromato de polasio
Dicromato de potasio
Acido cromico
Dicloruro de estano

Benzoato de sodio
Acido citrico

Nitrito dc sodio
Acido citrico

Pirocatecol

Dicromato dc sodio
Acido citrico

Dicromato de sodio
Acido fosférico 85 %
Acido citrico

Acido fosforico 85 %
Oxido dc zinc
Sulfato de¢ cobre
Acido citrico

Clorato dc potasio

Tanino de¢ mimosa
Acido fosférico B85 %
Tensioactivo

Tanino de quebracho
colorado

Acido fosférico 85 %
Tensioactivo

Mczcla agua/acetona

1: viv

Tanino dc quebracho
colorado

Acido fosforico 85 %
(a pH 2)
Tensioactivo

* NOTA: En todas las soluciones el diluyentc utilizado es agua dc

unico componente de la Muestra testigo N° 1

red,
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La medicién se realizé con un ionizador digital ORION RESEARCH 701 A. Las
soluciones se prepararon con agua de consumo, cuya diferencia de potencial es de
-719,4 mV (promedio de 6 determinaciones).

Por tal motivo se asumié como criterio de scleccion, que todas aquellas
soluciones que produjeran una diferencia de potencial mayor de 200 mV, brindarian
poder protecior, el que se incrementaria cuanto mayor fuera dicha diferencia de
potencial.

Con las soluciones seleccionadas en esta ctapa, s¢ procedid a realizar una
operacion de arenado humedo sobre un sustrato similar al mencionado
precedentemente. Para esta operacion se adapté un equipo de arenado seco tipo
succion existente, con un sistema de trabajo como el indicado en la Fig. 2.

El arenado se realiz6 con arena nacional seca y tamizada, cuya composicion
granulométrica s¢ indica en la Tabla Il

TABLA 11

Composicién granulométrica de la arena empleada

Tamiz n° Retenido % Tamiz n- Retenido %
18 0,69 70 14,84
20 0,41 80 4,86
35 12,07 120 0,66
40 27,96 fondo 14,00
60 24,51

Las condiciones de arenado son las siguientes: boquilla de arenado, 12,8 mm de

didmetro interno; caudal de solucion inhibidora, 0,5 l.min!, distancia boquilla-
sustrato, 80-100 mm; angulo de incidencia sobre el sustrato (sistema chorro de
arena-inhibidor), 90-.

Con cada una de las soluciones seleccionadas se realizd6 la limpieza de la
superficiec de 8 paneles de 20 x 150 x 1,5 mm. hasta alcanzar el grado Sa 2 1/2 de
la norma sueca, SIS 05 59 00/1967.

Al finalizar cada operacion, se secaron dos probetas inmediatamente con
corriente de aire y al cabo de 30 minutos se observo el porcentaje de superficie
atacada. Otras cuatro probetas se dispusieron en pares; dos probetas se colocaron
de inmediato en diferentes ambientes, obteniéndose asi los resultados de 30 dias en
condiciones de humedad y temperatura constante (65 % HR y 20 + 2'C) y de 15 dias en
ambiente de 100 % de humedad relativa. Los dos paneles restantes se colocaron
durante 20 horas en la cimara de corrosion por SOz, desarrollada por Geld y D’Oria
[16] y que se indica en la Fig. 3.

En el equipo, una corriente de aire regulado (150 mimin') burbujea en
solucion generante de didoxido de azufre. Esta solucion esta constituida por
metabisulfito de sodio (100 g) y fosfato disédico (220 g) en un litro de agua
destilada, ajustando el pH a 6,45 con una u otra sal. El pH se mantiene con una
solucion "buffer", formada por 50 ml de solucion 0,1 M de fostato diacido de
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potasio y 12,8 ml de solucién 0,1 molar de hidréxido de sodio.

Se colocan en el Erlenmeyer 1, 350 ml de solucién generante de diéxido de
azufre y 35 ml de solucién "buffer" con el tubo de burbujeo de aire sumergido. En
el Erlenmeyer 2, 50 ml de soluciéon generante de diéxido de azufre y 5 ml de
solucion "buffer”, con el tubo de entrada de gas S mm por encima de la solucién. En
el recipiente 3, 90 ml de la solucion generante de diéxido de azufre y 9 ml de
so.lucién "buffer", con el tubo de entrada de gases 5 mm por encima de la solucién,
mientras que en los Erlenmeyer 4 y 5, 300 ml de solucién de hidroxido sodio al 20%
con el tubo de burbujeo pescando en la solucion. Los Erlenmeyer son de 500 ml y el
recipiente 3 de unos cinco litros de capacidad.

Por ultimo las dos probetas restantes se mantuvieron durante 24 horas en
condiciones normales de temperatura y humedad (65 % HR y 20 = 2:C), evaluando el
grado de corrosion alcanzado.

RESULTADOS Y DISCUSION

La primera seleccion se realiz6 mediante el ensayo galvanostitico de las 43
soluciones inhibidoras preparadas, midiendo la diferencia de potencial entre el
electrodo de trabajo (acero) y el de referencia [14-15]. Como la diferencia de
potencial del agua corriente utilizada para preparar las soluciones, es de -719,4
mV (promedio de 6 determinaciones), todas las soluciones que produzcan una
diferencia de potencial mayor de 200 mV, proporcionaran tedricamente un grado
mayor de proteccion cuanto mayor sea esta diferencia de potencial. En nuestro caso
y ensayando una clasificacion por esa diferencia de potencial se obtuvieron los
resultados que se presentan en la Tabla III.

TABLA III

Clasificacion de la inhibicion por diferencia de potencial
hierro-electrodo de referencia y observacion directa de las probetas

mV Tipos de Soluciones dentro Probetas no corroidas

proteccion del rango de mV (Observacién directa)

-700 a -500 No inhibidos  5-8-9-10-11-13-14-15 18-35-37

17-18-19-22-23-35-37
40-44
-500 a -400 Inhibicion 15-21-25-26-33-34-38 25-26-42-43
dudosa 41-42-43

-400 a -300 Baja inhibicion 31 ---

-300 a -200 Inhibicion 24 24

-200 a -100 Buena inhibicion 3-16-39 ---

-100 a +100  Muy buena  2-4-6-20-27-28-29-36 20-27-28-29-36
inhibicion

+300 a +900 Excelente 7-30-32 7-32

inhibicion
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194

sofucion
inhibldora

solucidn inhlbidora

areng y aire

Fig. 2. Esquema del equipo para hidroarenado con detalle de boquilla.

{
1 2 3 4 5
bomba de aire \l \ ’/‘ ) flotametro
con requlacion ) solucion de hidroxido
de salida solucion generante de S0, de sodio al 20 ¢,

Fig. 3. Esquema del equipo para corrosion acelerada.



Esta clasificacion tedrica es orientativa, ya que luego de 216 horas (9 dias)
de contacto, se pueden observar que probetas que han presentado una gran diferencia
de potencial positivo respecto del agua, presentan grados diversos de corrosion,
que van desde pequefias picaduras a grandes manchas, por lo que fueron descartadas

(Fig. 4).

Un segundo criterio de seleccién fue de tipo sanitario, ya que muchas de estas
soluciones estan elaboradas con sales (cromatos, dicromatos, 4cido crémico) o
solventes volatiles que pueden afectar la salud de los operarios, por lo que
también fueron descartadas, alin cuando presentaron grados de proteccién entre buena
y excelente; solo han sido ensayadas a efectos comparativos.

Luego de esta clasificaciéon se ensayaron las soluciones n° 18, 20, 24, 25, 26,
36, 37 y 43 con la nimero 1 como referencia, cuyos resultados demostraron ser
satisfactorios para evitar la corrosién del sustrato.

El arenado se realiz6 en las condiciones descriptas en la parte experimental,
limpiando 450 cm? de superficie de acero en 5 minutos con un consumo total de 1,5
litros de arena por formulacion (2,25 kg; densidad aparente 1,55 g.cm?3) por

formulacion, lo que establece un gasto de 50 kg.m2 de arena y 55 l.m-2 de solucién
inhibidora.

Los paneles arenados con agua sin inhibidor (solucidon testigo n* 1) y con las
soluciones 24, 25 y 26 cuya caracteristica comun es la de poseer sustancias
oxidantes (4cido nitrico, nitrato de sodio y clorato de sodio) utilizadas como
activantes o acelerantes de la inhibicion, fueron las que produjeron corrosion
instantanea ("flash rust") con un ataque de superficiec minimo del 55 % para las
probetas ensayadas con las soluciones y 85 % para la muestra testigo, es decir que
no proporcionaron inhibicion alguna en las condiciones fijadas para el ensayo.

En los ensayos de mayor duracion, aumenta el grado de corrosion de dichas
probetas y se notan signos incipientes de ataque (10 % o menores) en el resto de
los paneles (Tabla IV).

El ensayo de corrosion acelerada segin Geld y D’Oria simula el ataque que
sufre el hierro desnudo por parte del dioxido de azufre  aimosférico, ¢l que
deberia ser atenuado o eliminado por la fina capa protectora del inhibidor de
corrosion. Las reacciones quimicas secuenciales que ocurren son [16]:

2 Fe + 2 HySO3 » FeS + FeSO4 + 2 Hy0 (1)

FeS + SO, + 12 Oy > FeS;03 (2)

FeS + 2 Oy, > FeSO, (3)

FeS,05 + 12 Oy > FeSO4 + S (4)

2 FeSO, + H SO, + 122 Oy 5 FexSO43 + HyO (3)
Fe (SO), + 6 HO <> 2 Fe(OH)3 + 3 1,80, (6)

Fe(OH), &> O FeyO3H,0 (7)

Se interpreta que las ecuaciones (1) a (5) representan la reaccion de
formacion de productos primarios, mientras que la (6) explica la aceleracion de la
corrosion con baja cantidad de diéxido de azufre como resultado de la formacion de
H,SO0,.
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TABLA IV

Resultado de los ensayos de evaluacién del grado
de corrosién alcanzado

Solucién Porcentaje estimado de superficie atacada*
n
secado inmediato 30 dias** 15 dias***
Testigo (1) 85 100 100
18 0 0 10
20 0 1 1
24 55 75 100
25 55 75 100
26 55 70 70
35 0 3 S
36 0 0 5
37 0 0 10
43 0 0 5

* Escala 0-100 %

** Humedad relativa y temperatura consiantes

_okok 100 % de humedad relativa

Con las 20 horas de ataque por el dioxido de azufre , las muestras adquieren
una capa o zonas de una pelicula fina y adherente de productos de corrosion, que
puede ser pesada y que estd en relaciéon directa con la tendencia a la corrosion de
la probeta, es decir en relacion inversa al poder inhibidor de la solucion con la
que fué hidroarenada (Fig. 5).

Esta propiedad ha sido planteada adaptando la ecuacion de Geld y D’Oria [9],
desarrollada originalmente para inhibidores de corrosion empleados en la proteccion
de hierro almacenado en areas marinas previo a su empleo en construccion naval.

Se introduce asi el concepto de indice de inhibicién, que esta dado por la
expresion:
E

i=1-7
donde:
Ij, indice de inhibicion
E, peso promedio de productos de corrosion en la probeta de ensayo
C, peso promedio de productos de corrosiéon en la probeta control

Se tomd como probeta patrén la hidroarenada sin inhibidor.

Los promedios del aumento de¢ peso determinado sobre dos pancles tratados con
cada tipo de solucién inhibidora y el correspondiente porcentaje  de inhibicion
respecto del patron se presentan en la Tabla V.

En ella el término E/C establece la relacién de aumento de peso entre la
probeta en ensayo y la probeta control (testigo n° 1), hidroarenada con agua de red
sin inhibidor. 'La eccuacién establece asi cuatro tipos de valores: indice de
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Fig. 4. Corrosion observada luego del ensayo galvanostdtico
de 20 soluciones.

Fig. 5. Probetas expuestas a corriente de SOy en cdmara
de corrosion acelerada
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inhibicion cero, para aquellas cuyo comportamiento sea similar a la muestra
testigo; indloe_ de inhibicién positivo y alto (muestras 18, 20 y 43); indice de
inhibicion positivo y medio (muestras 35, 36 y 37) e indice de inhibicién negativo
(muestras 24, 25 y 26) (Tabla V).

TABLA V

Aumento de peso por corrosién e indice de inhibicién
calculado para distintas soluciones empleadas en hidroarenado

Solucién Aumento de peso promedio Indice de inhibicién

n mg Ii

1 (Testigo) 10,80 0,00
18 0,00 1,00
20 3,35 0,69
24> 13,10 -0,21
25* 23,25 -1,15
26* 18,40 -0,70
35 4,50 0,57
36 4,40 0,59
37 4,70 0,56
43 0,40 0,97

* Probetas con corrosién mayor

que la que presenta la muestra testigo

Este ensayo completa los de comportamiento, pudiendo establecerse un orden de
mérito en funcién de los resultados obtenidos (Tabla VI).

TABLA VI

Orden de mérito de los inhibidores utilizados en
funcion de cada ensayo

Ensayo galvanostatico Ensayo de Corrosion
Ubicacion
Por lectura Por observacién Corrosion Ensayo  Ensayo
directa directa acelerada 30 dias 1S dias
1 20 18 18 18 20
2 36 20 43 43 35
3 24 43 20 37 36
4 26 25 36 36 43
5 43 26 37 35 18
6 25 24 37 20 37
7 18 37 1 26 26
8 35 35 24 25 25
9 37 36 26 24 24
10 1 1 25 1 1
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Se pueden observar diferencias en las experiencias realizadas. El estudio
conductimétrico no permite predecir el efecto inhibidor de las soluciones
empleadas, probablemente debido a que sea necesario emplear otra técnica 0 a que se
hallen ausentes en el mismo dos factores importantes como son la gran cantidad de
energia que aporta el choque de las particulas abrasivas contra la superficie y el
no menos importante aporte de oxigeno proveniente de la corriente de aire que
impulsa dicho abrasivo.

Una mejor conclusiéon se puede obtener por observacion directa de la superficie
corroida, que se corresponde con los resultados de corrosion acelerada y 30 dias.

Analizando el posible mecanismo de accion-inhibidora, se puede comentar que
las soluciones 18 y 20, basan su accion en la presencia de acido fosforico y oOxido
de zinc en su composicion. La primera reaccion que se produce en forma muy rapida
al preparar la solucién es la formacién de fosfato diacido de zinc, acompanada con
una pequena cantidad de 4acido libre, mientras que las reaccciones principales que
se producen con el acero [7] en el momento de la operacion son las siguientes:

Fe + 2 H3PO, <> (PO4HynFe + Hy (8)

Siendo el fosfato formado soluble en la solucion y actuando posteriormente de la
siguiente manera, conjuntamente con el fosfato biacido de zinc que trae ya la
soluccion para, facilitar designaremos al Fe y al Zn como Me.

(PO4H ), Me <> PO HMe + HyPO, )
3 PO4HMe <> (POg)pMey + H3PO, (10)
3 (PO4H Me <> (POgnMey + 4 H3PO, (11)

La neutralizacién del acido fosférico de la ecuaciéon (8) hace que se inicien
las reacciones (9), (10) y (11), liberando el 4acido, que vuelve a comenzar c¢l
ciclo. Al consumirse el acido fosférico el equilibrio de estas reacciones se
desplaza hacia la derecha, cristalizando sobre la superficie del metal una pelicula
de fosfatos de poco espesor, debido a que se¢ sobrepasa cl producto de solubilidad
de aquéllos, en la interfase liquido-metal.

La solucién 43 tiene como principio activo extracto de tanino de quebracho
colorado, el que fue elegido para los ensayos finales debido a que es un producto
nacional de amplia difusién en nuestro pais en la industria del cuero.

Los estudios realizados hasta el presente indican que se produce una reaccion
rapida entre los iones de hierro hidratado presentes en la herrumbre 'y los
componentes de los taninos naturales, con formacion de quelatos complejos que
interfieren en la cinética de las reacciones de corrosion [13].

Quimicamente los extractos se clasifican ¢n  dos  calegorias:  taninos
hidrolizables y taninos condensados, los que estin relacionados sOlo por contener
ambos fenoles polihidricos en su estructura. Los primeros son rapidamente
hidrolizados en azicares o alcoholes polihidricos y acidos carboxilicos. Los
taninos condensados (entre los que s¢ encuentra el de quebracho colorado) no
hidrolizan y contienen solo una pequefa cantidad de carbohidratos.

Si bien no es todavia conocido en detalle el proceso de condensacion y las
estructuras de los variados productos que s¢ forman, se ha podido determinar que el
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tipo fi.nal de l’a‘ estructura compleja obtenida es muy reactivo; hay gran cantidad de
hidroxilos fendlicos alrededor de todas las moléculas lo que permite establecer
fuertes enlaces de hidrogeno, los que son responsables de la reactividad con los

compuestos que conforman la herrumbre hidratada y de una buena adhesién al
sustrato.

La presencia de hidroxilos en determinadas zonas de la estructura, tienden a
formar con gran facilidad complejos con cationes di y trivalentes entre los que se
encuentra el hierro, a la vez que en estas condiciones, compuestos como el catecol

%, el pirogalol absorben facilmente oxigeno, formandose 4cidos policarboxilicos y/o
actonas.

Esta accién complejante ocurre sobre la superficic de acero herrumbrada con
oxido fuertemente adherido, sobre la que sec depositan capas de tanatos metalicos
que poseen cierta actividad anticorrosiva. Sobre la  superficie limpia  por
hidroarenado, se puede observar que las soluciones de tanino acidificadas con acido
fosforico forma lentamente una capa de tanato férrico azul-negro, por efecto de la
corrosion catddica y las irregularidades de la superficie. El quelato formado es de
férmula general:

H,0

0 -

(OH) Hzo (0OH)

Se ha comprobado en el presente trabajo que dicho complejo es capaz de proveer
de proteccion temporaria al acero durante un minimo de veinticuatro horas y hasta
30 dias, en un ambiente de humedad relativa y temperatura constantes (65 % HR vy
20 = 2 -C).

En las formulaciones 35 y 36, el acido citrico reacciona instantaneamente con
el hierro hidroarenado que comienza a oxidarse, actuando conjuntamente con los
otros componentes de la formula para formar un quelato estable. De manera similar
actua el pirocatecol (formulacion 37) a través de sus dos grupos hidroxilo.

Por ultimo las formulaciones 24, 25 y 26, e¢n las que sc ha tratado de acelerar
la accion del fosfato de cinc que se forma superficialmente durante la operacion de
hidroarenado empleando agentes oxidantes [7], los mismos han provocado el efecto
inverso, oxidando rapidamente el sustrato, debido presumiblemente a que la reaccion
tiene lugar por el contacto liquido-metal durante un tiempo prolongado, mientras
que se verifica un rdpido secado dc la superficic luego de la operacion de
hidroarenado.

CONCLUSIONES
1. Las experiencias realizadas permiten asegurar que el hidroarenado realizado con

las soluciones inhibidoras de la corrosion que contienen dcido fosférico y odxido
de zinc con los aditivos indicados en las formulas 18 y 20, y la que contiene
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tanino acidificado con dcido fosférico (formulacion 43), producen la inhibicién
temporaria del acero durante un minimo de 24 horas y un maximo de 30 dias en
diferentes condiciones ambientales. El lapso durante el cual proveen de
proteccion al sustrato depende del contenido de humedad del ambiente al que se
exponga la probeta: 15 dias en condiciones de 100 % de HR y 20 + 2 -C y 30 dias
en ambiente de laboratorio (65 % HR y 20 = 2 -C).

2. Las soluciones inhibidoras basadas c¢n la accién del 4cido citrico o el
pirocatecol como complejantes del hierro, actuando conjuntamente con los
aditivos indicados en las formulaciones 35, 36 y 37, también tienen buena accion
inhibidora, pero algo inferior al de las mencionadas precedentemente.

3. La utilizaciébn de nitratos, é4cido nitrico o cloratos, no han producido en
solucion con acido fosforico y oxido de zinc la accion acelerante esperada, sino
que por el contrario han producido la corrosiéon rapida de la superficie de base.
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THE USE OF ELECTROCHEMICAL IMPEDANCE MEASUREMENTS TO
ASSESS THE PERFORMANCE OF ORGANIC COATING
SYSTEMS ON NAVAL STEEL

MEDIDAS DE IMPEDANCIA ELECTROQUIMICA PARA EVALUAR
EL COMPORTAMIENTO DE RECUBRIMIENTOS ORGANICOS
SOBRE ACERO NAVAL

*
E. Cavalcanti* , O. Ferraz and A.R. Di Sarli**

SUMMARY

Electrochemical impedance and corrosion potential measurements were carried

out on naval steel coated with various organic paints systems whilst immersed
in 3 % NaCl solution.

These techniques have been used 1o determine the mechanisms involved in the
corrosion process as well as to assess the protective power of paint sysiems
commonly used in marine environments.

The paint systems swudied consisted of a zinc rich ethyl-silicate primer (ZRP)
with a chlorinated rubber or epoxy-polyamide top coat, combined n differen:
thicknesses.

Prior to immersion the painted specimens were subjecied o thickness and
adhesion measurements. After immersion, impedance measuremenis were carried
out periodically as well as the standard tests according to ASTM -D 610/68 and
ASTM -D 714/87. The latter were undertaken in order 1o assess the degree of
rusting and blistering of the painted steel surfaces, respectively, n an
attempt to correlate the visual observations with the electrochemical data.

Complex plane plots of the resistive and reactive components of impedance,
obtained over the frequency range from 65 KHz to 1 mHz were analyzed in
accordance  with  resistive-capacitive  equivalent  electrical  circuit  models
assumed to describe the painted metal/solution interfaces.

The experimental results suggest that both the type and the thickness of the
topcoat paints could be of paramount importance in conirolling the rate of
action of the zinc rich primer and hence allowing an extension of s useful
life. At the same time, the cathodic protection increases the tendency of
cathodic reactions ocurring on the coated steel and consequently increases the
likelyhood of delamination and blistering of the coating near a defect.

Keywords: electrochemical impedance, standard tests, anticorrosive protection,
zinc rich paint primer, organic topcoats, marine enviroment.

Investigador del Instituto Nacional de Tecnologia (INT)
Av. Venezuela 82/610, Centro - CEP 20081 Rfo de Janeiro, Brasil

** Miembro de la Carrera del Invesugador de la CIC
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TABLE 1

Composition of the paints (g/100 g)
COMPONENT PRIMER TOP PAINT

Ethyl-silicate 31.5 ---
Zinc 68.5 —--
Total solids 81.7 ---
Zn content (%) in the dry

paint film 83.8 ---
Epoxy-polyamide --- 60
Aluminium --- 40
Chlorinated rubber - 60
Aluminium --- 40

TABLE 11

Coating thicknesses (um)

SAMPLE THICKNESS
Zinc-Ethyl Silicate Al Epoxy-Polyamide  Al-Chlorinated rubber

1A 50 --

2A 70 10 --
3A 80 20 --
4A 90 40

S5A 90 70 --
6A 70 90 --
TA 13 30 -
1B 80 -- -
2B 50 -- 25
3B 40 -- 35
4B 45 -- 45
5B 200 -- --
6B 200 -- S0
7B 200 -- 100
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INTRODUCTION

The ability of a coating to protect a given metal against corrosion generally
depends on: a) the quality of the coating; b) the characteristics of the metal; and
c) the properties of the metal/coating interface.

~ No coating is totally impermeable and therefore ions, oxygen and water will
diffuse towards the metal surface with a rate and to an extent determined by the
coating and the environment.

. For iron type metallic substrates cxposed to industrial or saline atmospheres.
zinc metal is one of the materials more used 1n corrosion protection coatings
[1,2]. Two methods which can effectively prevent, or at least retard the corrosion
of a steel substrate are the use of electrodeposited coatings of zinc alloyed with
elements such as nickel or cobalt [3,4], and the application of paints containing a
high percentage of zinc particles dispersed in organic or inorganic binders.

In the zinc based paints a high pigmentation level 1s required for electrical
contact between adjacent zinc particles and between these particles and the steel
substrate. Consequently, when the clectrolyte solution reaches the steel/coating
interface the dissolution reaction of the active fraction of the zinc provides
cathodic protection to the steel during a certain time. Initially, the coating
porosity is high and the aforementioned processes are rapid [5-9]. Accordingly. the
substrate remains cathodically protected even where discontinuities in the coating
are present, causing the partial exposure of bare steel.

The accumulation of zinc corrosion products., which have poor electrical
conductivity, promotes the loss of electrical contact and diminishes the active
surface area of the zinc pigment. Subsequently, the galvanic action becomes less
effective. As the exposure time increases, the deposition of corrosion inhibiting
zinc compounds at the base of the pores in the coating, followed by the sealing of
the porous structure by the zinc corrosion products, must undoubtedly contribute to
assurering long-term protection [7,10]. ZRP can be used as a single coat shop-
primer for temporary protection or as a primer in a multilayer coating system for
long-term protection.

The protective mechanism of single coat zinc rich primers has been previously
studied for zinc rich epoxy-polyamide and zinc rich cthyl-silicate paints [11].

The objective of the present paper 1s to study the protective capacity of
coatings using a zinc rich ethyl-silicate paint as primer and aluminium pigmented
chlorinated rubber or epoxy-polyamide as top coat paint, combined 1n different
thicknesses on steel. Time dependent changes 1n 1mpedance and 1n open circuil
potential measurements were dctermined at  various exposure times on samples
immersed 1n saline 3 % NaCl solution. The standardized test procedures ASTM D-
610/68 and ASTM D-714/87 were also performed in order to assess visually both the
rusting and the degree of blistering suffered by the coated steel surtaces.

EXPERIMENTAL

SAE 1020 steel plates (20 x 8 x 0.2 cm) were used as metallic substrate. The
surface was sandblasted to Swedish Standard SIS 05 59 00/67 Sa 2 12 - 3. A
roughness profile of 24 + 4 pm was obtained. The specimens were degreased with
toluene and coated with the primer and top coats whose compositions and thicknesses
are shown in Table I and Table II, respectively. A Bird applicator was used 0
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spread  the organic coatings; ‘the desired film thicknesses were achieved by
successive appllcatl.ons‘, wnh.drymg periods of 7 days between each coat. In order
to avoid contamination with atmospheric dust, the test plates were kept in

dessicators at room temperature (20 + 2 °C). Dry film thickness was measured with

an electromagnetic gauge, using a bare sanded plate and standards of known
thickness as reference.

On each plate two cylindrical tubes of transparent acrylic were fixed by using
an epoxy adhesive in order to get good adhesion to the coated substrate. The

geometrical area of each cell exposed for impedance measurements was 17 cm2. Within
each cell the coating was scribed 1o the substrate in the form of a cross.

A large cylinder of graphite axially placed, was used as the counter-electrode

and a saturated calomel electrode (SCE) as reference. The electrolyte was 3 % NaCl
solution, pH 8.2.

All impedance spectra in the frequency range 103 s f s 6.5x10¢ Hz were
performed in the potentiostatic mode at the corrosion potential (Ecom), as a
function of the exposure time in the electrolyte solution, using the 1255 Solartron
Frequency Analyzer and the 1186 Solartron Electrochemical Interface. Data

processing was carried out with an Olivetti PC and a set of programs developed by
Boukamp [12].

After immersion, the coatings were assessed weekly with the ASTM Standards D-
610/68 and D-714/87 in order to evaluatc the degree of rusting and blistering
respectively, of the painted steel surfaces, in an attempt to correlate visual
observations with electrochemical data.

RESULTS AND DISCUSSION

Before exposure the zinc rich ethyl-silicate paint was examined using SEM and
it was found that it comprise spherical particles with distributed radius values in
the 0.5-5 um range.

One hour after immersion, the corrosion potential (Ecor) for all the
steel/coating/3 % NaCl solution systems was about -1.04/-0.90 V/SCE, confirming
that there was electrical contact between the steel substrate and zinc particles 1n
the primer, Table III. These Ecor values remain practically unchanged with
immersion time for samples type A (except samples 1A with primer alone and 7A with
the thinnest coat of primer) while for samples type B (except samples 1B and 5B
with primer alone) the corrosion potentials move gradually in a positive direction,
approaching a value between those corresponding to Ecor for zinc and steel when
exposed to environments with similar aggressiveness. In spite of this, the Econ
values reached by the samples 3B(-0.825 V/SCE), 4B(-0.763 V/SCE) and 6B(-0.823
V/SCE) indicate that the Zn particles in the primer were still in contact with the
steel substrate and the electrolyte after more than 1200 hours immersion, and hence
still cathodically protecting.

On the other hand, when the Ecor of samples 1A and 7A fluctuated randomly
around -0.60 = 0.06 V/SCE after 50 days exposure, it suggests that there was no
residual  significant zinc  galvanic  action, probably due to the partal
stabilization of the voluminous white corrosion products on the pigment surface,
and that the systems have not yet reached a steady state . Under these
circumstances attack of the substrate (reddish rust) was seen spots localized at

209



the cross scribes (Fig. 1).

Fig. 1.- Photographic image of sample A surface
after 56 days immersion.

From these corrosion  potential results, it may be inferred that: a) Thicker
ZRP primers provide longer galvanic protection and b) For thin ZRP such protection
is better as thicker coats ol topcoat paints are applied; this is more clearly
shown by the chlorinated rubber top coat than by the cpoxy polyamide and this
uncqual  bchaviour is  attributed to the different  oxygen  permeability, and
consequently the different  polarization of the cathodic reaction, shown by the
formulations [13].

The impedance spectra  contain  valuable information on the characteristic
coating parameters as  well as on  the charge transfer kinetics of corrosion
processes going on extensively within pores and cracks in the coatings. In the
systems stcel/ZRP/aqueous  solution, the latter processes were found to be mainly
associated with pigment dissolution reaction as can clearly be seen by the
dependence of the corrosion potential on the immersion time [11].

In order to improve the barrier propertics of these porous ZRP coatings, onc
or morc coats of a topcoat paint arc applied on the primer creating a second
barricr between the steel and the cnvironment which can  limit the access of
corrosive species to the primer and substrate. Such an increase in the isolating
propertics of the coating system can cxtend the useful life of coated metals
cxposed to aggressive media.

Typical impedance spectra obtained at increasing  immersion  times  for  the
systems naval stecl/zinc rich cthyl-silicatc primer/pigmented  e¢poxy or chlorinated
rubber top paint/3 % NaCl solution, arc shown in Figs. 2-4.

Due to the dynamic character of rust formation the impedance spectra of coated
naval steel/3 % NaCl solution systems change throughout the immersion time. A
fairly good description of the cxperimental impedance diagrams can be obtained in
terms of a transfer function analysis using non-linear (it routines as developed by
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Fig. 4.- Complex plane plot (experimental and simulation)
for sample 2B after the 42nd immersion day
in 3 % NaCl solution.
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Fig. 5.- Generalized equivalent circuit.
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Boukamp [12].

Because of the complex nature of the processes taking place at a coated steel

interface it is necessary to derive models that account for the impedance measured
at such interfaces.

_ Three types of equivalent circuit models have been used to explain the
impedance data. In principle, a general circuit model would consist of the
electrplyte resistance, Rs, the coating capacitance, Ci, the ionic resistance, Ram,
resulting from the fact that penetration of electrolyte into the coating produces
ionically conducting paths, and a general impedance eclement, Zx, characterizing
processes related to reactions at the metal/coating interface, Fig. 5. The
contribution of Zx, (representing a combination of passive clectrical elements in
the equivalent circuit), to the total impedance depends on both the system and the
exposure time considered.

In some instances, for example after one hour’s immersion, Fig. 2, the main
feature of the Nyquist diagram involves at high frequencies a resistive-capacitive
semicircle which contains information on the coating propertics (Ram, Ci values),
followed by a straight line in the low frequencies part with a  slope of
approximately -1/2. The slight distortion in the resistive-capacitive contribution
indicates a deviation from 1deal RC behaviour in terms of a distribution of
relaxation time constants, due to tangential penetration of the electrolyte at the
metal/coating  interface,  surface  inhomogeneities,  roughness  effects  and/or
diffusion processes in the pores, which must be considered in a dispersion formula
for the corresponding transfer function [14,15]. Some or all these mechanisms are
plausible 1n the coating systems treated in this paper; it is therefore difficult
to provide an accurate physical description of the processes involved.

A first interpretation of the complex planc plot obtained at high Irequencies
establishes that it may be described by a transfer function corresponding to an
equivalent circuit built up from a series combination of Rs with a parallel Ro-CPE
clement, where the constant  phasc  element (CPE) 1s  defined  as:
CPE = Ci1 = [C (jw)*]'; in turn, this circuit would be connected with a general
Warburg-type clement Zw (where Zw = [K (jw)?] which is obtained at low frequencies
and it is related to the relaxation of a mass transport process linked with the
oxygen reduction reaction [11]. In using the overall equivalent circuit, an optimum
fit of the experimental results is obtained, Fig. 2. After a certain tme of
exposure has elapsed, eg. 14 days, Fig. 3, some impedance spectra show a second
time constant which 1s associated with the corrosion process at the metal/coating
interface. Its impedance, Zx, is represented by a charge transfer resistance, R,
(related as 1/Rt with the corrosion rate), in serics with a general Warburg-type
clement Zw and both in parallel with a constant phase element CPE = C: assumed to
be representative of the double layer capacitance. So, the high frequency time
constant would be the result of the coating capacitance (Ci) and 1onic resistance
(Rm) interaction while the low frequency relaxation time would be given by the
charge transfer resistance (R:)) and the double layer capacitance (Cz). The
equivalent circuit that models this impedance data s shown together with the
fitted results in Fig. 3.

It must also be recognized that for thick coatings, immediately after
immersion in an aqueous clectrolyte, or after a longer period of exposure (eg. 42
days), when the coating defects arc tghtly scaled with corrosion products, an
impedance spectra similar to that shown in Fig. 4 can be obtained. In the current
study, the experimental data are better fitted by using an equivalent circuit in

215



{ | Il

1 1
0 14 28 42 56
Immersion time /days

Fig. 8.- Dependence of C: on exposure time for samples type A.

-2
5!
N
o
<
a
|
[~

T

m

CPE1=Cl/Fc
=
&

10-]0 ! I I | J L I
14 28 42 56
Immersion time / days

Fig. 9.- Dependence of Ci on exposure time for samples type B.

216



which thq coat@ng 'and faradaic impedances are connected as a series combination,
however if their time constants have a ratio s 50 they overlap and little or no
information can be deduced. In order to select the most appropriate model of

equivalent circuit, the value of the standard deviation obtained from the fitting
process was used as the final criterion.

Table IV and Figs. 6-13 summarize the results of our experiments.

Adhesion tests performed according to ASTM Standard D-4545/81 showed a poor

adhesion (5-8 Kgcm'2) between the primer and the steel substrate due to the high
pigment content in the ZRP. However, the visual assessment of corrosion and
blistering within the same cells used for impedance measurements showed very good
anticorrosive properties since corrosion rating (ASTM Standard D-610/68) did not
drop below a value of 8 (0.1 % coverage by steel corrosion products) after 56 days
immersion, Table IV. It must be observed that when there was steel corrosion, cg.

in samples 7A and 1B, the small amount of rust was localized only at the cross
scribe.

Reproducible information derived from impedance data obtained of the two cells
on each coated stecl panel, suggests that almost independently of the coating
thickness uscd in both the A and B type systems, the value of generalized ionic
resistance  Rm, which describes paths of lower resistance short circuiting the
polymeric film, can fluctuate by about 4-5 orders of magnitude during the test,
Figs. 6-7. This dynamic behaviour is attributed to the fact that as the zinc
particles dissolve, their voluminous corrosion products seal the initial intrinsic
and extrinsic coating discontinuities enhancing its barrier properties [16], as is
shown by the increase of Rm values. However, the constant exposurc 1o aqueous
electrolyte gives rise to the appearance of other localized weak points in the
coating matrix which causes that Rm, and consequently the barrier properties,
decreases again.

The above mentioned effect of the corrosion products, added to the
plasticizing action of water penetrating through the paint matrix towards the
metallic substrate would explain the large fluctuations (5 or more orders of
magnitude) exhibited by the coating capacitance (Ci) during the immersion time,
Figs. 8-9.

Figs. 10-13 show the dependence of R: and Cz on both the type and the
thickness of the coatings used.

Initially, the R: values for samples of type A are markedly intluenced by the
top paint thickness, Fig. 10. It must be assumed that in the early stages, the
organic topcoat paint has a high resistance therefore the electric pathways near

the cross scribe are very short; zinc at the cross scribe dissolves as Zn*? and the
oxygen reduction reaction take place on the steel under the paint, forming hydroxyl
ions. However, once electrolyte permeates into the coating, its resistance
gradually decreases, and hence the Ri valucs. This corresponds to an increasing Zn
reactivity due to a gain in electrical conductivity between the zinc particles
themselves and between them and the substrate. As the conducting pathways formed
through the film increase, alkaline solution accumulates under the coating and the
Zn dissolves in it [17-21]. Two consequences arise from these last processes: a) as
a result of alkali attack a slow but continuous loss of adhesion occurs at the
steel/coating interface, starting from the scribe, and is followed by a blistering
due to water accumulating osmotically, Table IV; and b) as the blistering
increases, new areas of zinc are exposed to the electrolyte increasing the
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conductivity (lower R: values). In addition, the accumulation of corrosion products

forms a barrier layer which is responsible for transitorily slower corrosion rates
(higher R: values).

All samples of type B (with or without topcoat paint) show similar values of
Rt one hour after immersion, Fig. 11; later, during the first 10 days immersion,
the sample respons depends on the top paint thickness. Whereas, in samples 1B and
5B (primer alone), the pigment reactivity increases i.c. Ri decreases when 32-45 um
of chlorinated rubber paint is added as top coat, the increasing R. values suggest
that the pigment reactivity is reduced probably due to the better barrier effect
afforded by the overall coating. At intermediate times, the electrochemical
response for samples of both type B and type A was similar, therefore, it is
believed that both systems behave in the same way. At the end of the test, the R
values for samples without chlorinated rubber topcoat or with only thin topcoats
(poor barrier effect) were quite similar (except for sample 6B) and sufficient to
ensure continued protection of the steel substrate.

It has been shown elsewhere [11] that as thinner the zinc rich ethyl-silicate
anticorrosive primer is the electrochemically active surface area decrease faster
with increasing exposure time. Such a decrease is related to the loss in clectrical
contact between the zinc particles, due to accumulation of corrosion products as
confirmed by SEM. By comparing the Rt values published in ref. 11 with the ones
obtained in the present work, it can be secn that the useful life of a ZRP may be
extended by both, using a thicker anticorrosive primer or topcoat paint whose
optimum thickness and formulation will depend on the aggressiveness of the
environment.

The double layer capacitance (Cz) for samples of both type A and type B
exhibit the same fluctuating characteristics as the other parameters, Figs. 12-13.
Its instability may therefore also be attributed to the continuous changes
occurring at the coating/substrate interface and the discontinuous galvanic action
at the surface of the zinc particles.

Parameters derived from EIS data correlate well with the corrosion potential
values over the period of the test. It must however be recognized that the
equivalent circuit parameters were derived with reference to the geometric area of
the samples which may be different at any one time 1o the effective
electrochemically active area because of film porosity. A work 1s 1n progress 10
eliminate this uncertainty.

CONCLUSIONS

Results of the electrochemical techniques wused to  assess the protective
performance of a paint system compraising a zinc rich cthyl-silicate primer with a
pigmented chlorinated rubber or epoxy-polyamide topcoat, in a 3 % NaCl solution,
correlate  well with one another and with standardized visual observations. For
example, when Econ for samples 1A and 7A approaches the typical value for bare
steel in such a solution, reddish corrosion products can be observed at localized
zones at the damage site (cross scribe) on the coating. In all the samples
voluminous white corrosion products were found on the coating surfaces.

Throughout the immersion time the impedance data can be interpreted in terms
of transfer function models describing equivalent circuits for the coated steel and
involving the contribution of one or two parallel R-CPE clements for the coating
electrical properties  (highest frequencies), the faradaic processes (intermediate
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frequencies) and a Warburg-type behaviour at the lowest frequencies. The relative
influence of diffusion processes occurring through the overall paint film depends
on the exposure time of the system in the aggressive medium.

Electrochemical impedance spectroscopy provides a predictive tool capable of
detecting and evaluating the deterioration of the coating with time. However, it
should be recognized that the value of such evaluation is specific to the coated
metal/aqueous solution considered. The present study of the changes occurring with
time, in the system steel substrate/ZRP/topcoat paint, immersed in NaCl electrolyte
takes into consideration: coating defects, penetration of electrolyte through the
coating, loss of adhesion, blistering and the corrosion of pigment and substrate.
EIS data can be used to evaluate the degradation of such systems.

~ Results  suggest that adequated selection of the type and thickness of the
painting scheme (primer alone or with a topcoat paint) could be of paramount
importance for controlling the rate of anticorrosive zinc rich paints action, and
hence extend their useful life reducing, consequently, the maintenance costs. In
order to improve the knowledge about this subject, further work is in progress to
introduce models based on a transmission line equivalent circuits for other type of
painting schemes.

The blistering of coated steel is attributed to the penetration of water
through the coating by osmotic pressure, whose magnitude increases with the
concentration of the salt solution beneath the coating. Cathodic protection of
coated steel enhances the cathodic reactions ocurring at the steel interface and,

consequently, delamination and blistering of the coating near a defect 1s a likely
mode of failure.
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COATINGS IN ARGENTINA: PRESENT AND FUTURE

LA INDUSTRIA DE LA PINTURA EN LA ARGENTINA:
PRESENTE Y FUTURO

C.A. Giadice*

SUMMARY

Nowadays the Argentinian coatings industry displays a low level of production
and it is only about 55-60 per cent of installed capacity. However, the
infraestructure available and technology used are very modernized, that is in
agreement with the recent worldwide innovations. Besides, there are some
technologic-scientific  institutions  of recognized international level which
are working in paint field.

The high inflation, the recession and the traditional protectionism which did
not permit to compete internationally seem 1o be behind. An unusual economic
aperture and so the competition based on quality and price are now in
Argentine.

The newest Mercosur (South American Common Market) in formation will cause
surely a big effect. Mercosur would create a mighty trading bloc of some 300
million consumers. Export and import businesss will be a positive challenge.

Keywords: Argentinian coatings industry, production and installed capaciry,
scientific ~ and  technological  instiutions, qualified and not  qualified
services, coatings exterior (rading, standardization, new technologies, South
American Common Market.

INTRODUCTION

This article includes the information that the author has achieved on
Argentinian paint industry. It is obvious that this article does not intend to be a
complete report on the subject; the researcher viewpoint on the present  situation
of paint industry and its prospects for the next future i1s mentioned.

ARGENTINIAN PAINTS INDUSTRY:
STRUCTURE AND PRODUCTION

From 1980 up to date, as regards the total production and also the demand of
customers a low average level 1s obscrved. The same historical scries shows 1979 as
the best, since in the cited year paint production attained about 16 per cent more
than annual average of 1980/1991 period.

* Miembro Carrera del Investigador del CONICET y Subdirector dei CIDEPINT
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Es}irnatcd values per annum, distributed in accordance with the end uses, are
shown in figure 1.

Two major companies manufacture about 55-60 per cent of total production; they
employ 2000 people. Other four firms, of middle capacity, monopolize around 20-25
per cent of all paint trading with work-force of 800 people. Besides, there are
approximately one hundred little firms making paints, many of which have re-
structured themselves in the last years; this sector is statistically mysterious
for quantifying its production and the type of paints it manufactures and as a
consequence data available are incomplete.

In spite of the above mentioned concentration of paints production in a ftew
companies, some little and middle firms work independently with easiness of
movements and besides successfully in their own special field: highly developed
paints.

Sometimes, paint companies make their own technological developments and in
others they work with licences.

Actual production of paints in Argentine is about 55-60 per cent of installed
capacity, which would be sufficient to give, from this viewpoint, full satisfaction
to 33 million Argentinian consumers. The available infrastructure as for devices
and equipments can be clearly defined as up dated and at moment oversized facing
the demand. However, exports and imports in the next future would modity the cited
situation.

Argentina, after all, has an interesting paint production when this 1
compared with those corresponding to some more industrially developed countries.
However, consumption per person is low.

The main types of paints manufactured in Argentina are the following ones:
water-borne, solvent-based and powder coatings. Figure 2 shows the estimated paints
production in line with the cited types and end uses, for 1980/1991 period (annual
average). The probable changes for the next three years according to the observed
trends, are displayed in figure 3.

ARGENTINIAN INSTITUTIONS CONNECTED WITH
PAINT INDUSTRY

Some recognized scientific and technologic institutions  carry  out  studies 1n
the field of metallic corrosion and protection by paints. Losses due 1o metallic
corrosion have a significant economical influence on Gross National Product (about
4 %) and for this reason are included in this article.

Institutions  studying topics concerning metallic  corrosion  are  the following
ones:

- National Commission of Atomic Energy (Materials Department), Buenos Aires

- Institute  for  Theoretical and  Applied  Physical-Chemistry  Researchs
(Corrosion and Microbiological Corrosion Sections), La Plata

- Northwest University (Corrosion Laboratory), Misiones
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- Direction of Technical Advise, Rosario

- Instutute for Materials Technology, Mar del Plata

Blanca

is possible to mention the following ones:

industry and users can be classified

- Research and Development Center for Paint Technology, La Plaia

Tecnoldgico Migueletes

Department), Villa Martelli

main qualified services are the following ones:

226

Study and advise for resolving corrosion of materials in contact
aggressive media.

- South National University (Laboratory of Electrochemical Engineering), Bahia

Regarding institutions, which are working on paints and metallic corrosion, it

- National Institute of Industrial Technology, Buenos Aires and Parque

- Institure for Scientific and Technologic Research of Armed Forces (Corrosion

Activity of scientific and technologic institutions connected with the paint
in qualified and not qualified services. The

with

Study and advise for protection of several materials by applying organic and

tnorganic coatings.
Determination of aggressive media characteristics.
Advise on structures design and materials selection.

Design of protecting schemes according to different service condutions.

Formulation of paints for surfaces and structures protection (metals, woods,

concretes, plastics, elc.).

Supply of information on technology for metallic and not metallic surfaces

preparation.

Swdy of processes and operations involved in painis manufacture.

Study of electrochemical and microbiological corrosion processes.
Manufaciure of special paints at pilot plant scale by users requirement.
Standardization of several paints according to service conditions.
Formation and improvement of qualified scientific and professional staff.

Knowledges transference to industries, universities, elc. by courses
conferences.

The main not qualitied services are:

and
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- Quality control of raw materials (pigments, resins, additives, solvents,
eic.) for paint industry.

- Quality control of paints, varnishes, etc. for manufactures or users
requirement.

Control  of surfaces preparation and paints application in  buildings,
bridges, docks, industrial plants, eic.

Corrosion resistance and weathering tests.

Materials analysis.

- Bibliography supply.

PAINT INDUSTRY/SCIENTIFIC-TECHNOLOGIC INSTITUTIONS
INTERACTION

Degree of interaction between these two sectors can be considered as
satisfactory. Little and middle companies often request qualified and not qualified
services to research and development centers; sometimes projects are  jointly
carried out.

Now in Argentina it s understanding that the subject paints include
manufacturers, appliers and users and that joining efforts it is possible to attain
the desired objective: a better final quality to less cost feasible.

In agreement with the above mentioned, Paint Show 1991 was carried out
successtully 1n Buenos Aires from 23rd to 29th September 1991. It was the most
important exhibition for the Argentinian coatings industry at the present.

About 120 stands displayed several aspects concerning to recent technologic
and scientific developments in the coatings industry, not only referring 1o the
paints manufacturing industry but also to applying sector.

Figures 4 and 5 show CIDEPINT stand in the Paint Show 1991.

These Paints Shows must unquestionably continue and besides manufactures,

appliers, users and scientific-technologic sector will have to work more closely
among them in the next future.

EXTERIOR TRADING: Import and export
Paints exterior trading in Argentina, both import and export movements, are
not significant. Nevertheless, it is possible to consider three options according
to different operation forms.

Direct exports

Concerning finished paints, they are exported to some neighbour countries
whose technological level is under the Argentinian onc. In  general, exports are
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Figures 4 and 5 - General (top) and partial (bottom) views of
CIDEPINT’s stand in PAINT SHOW 91
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highly developed products which are not manufactured in cited countries.

Interchange exports

Factories belonging to multinational firms installed in different countries
import those products that the receptor country does not manufacture or if their
relative prices are higher than in the original country. Usually, the import
implies the export of other products or raw materials (interchange).

Export through patents

It i1s a system of international trading: the owners of the license assure 1o
their customers that paints will be the same in all the world over; for instance,
if a ship is in Brazil for maintenance and the Latin-American representative is in
Argentina, paints corresponding to the original painting scheme are exported to
that country.

STANDARDIZATION
Standardization institutes

This  subject 1s responsability of IRAM  (Argentinian Institute  for
Rationalization of Materials). Technical Commissions are formed by manufacturers,
appliers, users and representatives of Government institutions, which write in
agreement the final document.

A critical aspect is that through these mechanisms to much time is required to
attain the standards.

Other forms of standardization

Recent technological progress have promoted the launching of new products with
the corresponding out of term of some actual specifications. In these conditions
and in the cases not studied by IRAM, institutions like CIDEPINT collaborate in
this field when great users need any requirement, producing standards for these
special cases.

DEVELOPMENT, IMPORT AND ADAPTATION OF TECHNOLOGY

Some economical resources are assigned to import equipments, devices,
instrumental for laboratory and bibliography (books and magazines of international
diffusion) that allow development and improvement of local technologies.

Other quote of cited resources arc wused 1o buy and adapt exterior
technologies, particularly when special information and international experience
are required to introduce them to the potential users.

This methodology is generally applied to polymers, primers and industrial
finishes of high technology where the necessities are qualitatively very exigent
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~ Contracts of technology transference related to above mentioned aspects are
discussed between firms and then approved and registered at INTI (National

Institute of Industrial Technology), according to the Law n° 22426 prevailing on
the matter.

INMEDIATE AND MEDIATE PERSPECTIVES

Research and development in the industry were always motivated by an eventual
economical profit. A firm decide to start a program to develop a new product when
studies of the market show that future benefits will be enough interesting 1o
justify this economical effort and the conscquent risk. The favourite modern
instrument of nowadays commercial competence is the new product. Paint industry was
not certainly out of this type of evolution and thus companies develop new coatings
to maintain and if it is possible increase the favour of their clients.

Nevertheless, latest a new driven forces on resecarch and development have
adquired a prevailing importance. They are Government regulations which have as
fundamental objective to reach an adequate protection for media, industry workers,
users an in general people. A restrictive standard 1o use some substances is often
the necessary force for the development and adoption of substitutes which are
potential pollutants.

In Argentina, Government legislations have not yet the necessary regulatory
intensity. However, firms often voluntary adopt those recent international
standards  thinking that later they will be official rules. Therefore, it s
possible to suppose for the next years a strong presence of high solids products,
water-borne paints, powder coatings and radiation curing paints (UV light and
clectron beam), figure 3. These coating types will demand new application methods
(multicomponents spray, hot spray, vapour curing, etc.).

Nowadays, Argentinian industry (and of course paint companies) are now facing
a problem: to compete based on quality. Buenos Aires Province is the biggest one,
and has the highest industrial concentration and also some Technologic Research
Centers which are in conditions to give their infraestructure and human resources
to resolve favourably this challenge. Naturally, firms are doing a great economical
effort, developing, adapting or/and buying new technologies; as a consequence,
number of manufacturers have decreased.

The stage of high inflation and closed economy secm to be behind. An unusual
economical aperture and so a f{ree competition based on quality and price are
present in Argentina.

Those changes will be also tavoured by the newest MERCOSUR (South American
Common Market): paint manufacturers and appliers will be soon more competitive.
MERCOSUR would create a mighty trading bloc of some 300 million consumers
(Argentina has now only 33 million inhabitants). Export and import business will be
a positive challenge.

NOTA: Este articulo fue preparado a solicitud del editor de "European Coatings
Journal” y publicado en el numero 6, 377-384, 1992
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THE INFLUENCE OF ZINC-ETHYL SILICATE PAINTS COMPOSITION
ON ITS ELECTROCHEMICAL PROPERTIES.

INFLUENCIA DE LA COMPOSICION DE PINTURAS DE CINC-SILICATO
DE ETILO SOBRE SUS PROPIEDADES ELECTROQUIMICAS

R. Romagnoli* , V. F. Vetere, R. A. Armas

SUMMARY

The protection of steel by zinc-ethyl silicate primers is based on the general
principle of cathodic protection by metallic zinc in contact with a ferrous
substrate. The influence of the zinc content on the paint behaviour was
studied largely, but little or none attention was put on the effect caused by
the incorporation of additives, such as extender pigments, to the formulation.

The object of this paper is to study the influence of the whole composition of
zinc ethyl silicate paints on their electrochemical properties. The second
purpose of this paper is to establish the nature of the anticorrosive action
of zinc-ethyl silicate paints, interpreting the mesasurements performed during
this investigation.

Four commercial zinc-ethyl silicate paints were chosen to carry out this
study. It was found that the incorporation of extender pigments modified the
behaviour of the paints. The anticorrosive action is due to a short period of
cathodic protection and, then, to the kinetic hindrance of the electrochemical
reactions by corrosion products.

Keywords (Palabras clave). zinc-ethyl silicate paint, formulation, extenders,
electrochemical properties, anticorrosive action (pintura de cinc-silicato de
etilo, formulacion, extendedores,  propiedades electroquimicas, accion
anticorrosiva).

INTRODUCTION

The protection of steel by zinc-ethyl silicate primers 1s based on the general
principle of cathodic protection by metallic zinc in contact with a ferrous
substrate. It is necessary that the zinc particles in the dry film be packed
closely enough to maintain contact with one another and with the steel substrate.
This allows the conduction of the electric current gencrated by the zinc-steel
galvanic couple [1,2].

When formulating a zinc rich paint it is necessary to find the adequate zinc
content to ensure maximum particle packing in the dry film. Several studies were
carried out in order to elucidate the influence of the zinc content on the

* Miembro de la Camera del Investigador del CONICET
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electrochemical properties of these paints. Zinc content higher than 60 % is
recommended to achieve good protection [2-4].

Additives were incorporated to paint formulations. Not much work has been done
to this respect in order to clarify the influence of these additives on the
electrochemical properties of the paint film and its anticorrosive action.

Barite and agamaltollite were employed as extender pigments [S]. It was found
that the presence of these pigments did not impair the anticorrsosive performance
of the paints. When the zinc content was low the extender pigment could improve the
behaviour of the paint.

The object of this paper is to study the influence ot the whole composition of
zinc ethyl silicate paints on their electrochemical properties. Four commercial
zinc ethyl silicate paints with very different composition were selected. They were
analyzed previously to specify the main components. Their electrochemical
properties, corrosion potencial, a.c. resistivity, polarization resistance,
electrolytic zinc content and ‘"effective zinc" content, were studied, taking into
account, when necessary, the film thickness.

The second purpose of this paper was to establish the nature of the
anticorrosive action of zinc-ethyl silicate paints, interpreting the mesasurements
carried out during this research.

EXPERIMENTAL
Paints and panel preparation

The selected paints were two package products, one package containing the zinc
powder and the other the vehicle and, in some cases, extender pigments. They were
identified P 1, P 2, P 3 and P 4.

The analysis of the binder was done according to the following steps:

a) Separation of the solid fraction by centrifugation 1o determine its
percentage,

b) Analysis of the solid fraction to determine its composition, solubility in
organic solvents and the silica extractable by means of a hot (70 %) 5 %
sodium hydroxide solution. The nature of the solids was determined by
current analytical techniques [6] and by IR spectroscopy,

¢) Determination of silica content in the liquid [raction by a gravimetric
technique [6],

d) Evaluation of zinc content in the dry film by a complexometric procedure
[6, 11]. Results are displayed in Table I.

Paints were prepared mixing zinc powder and binder, according to the
manufactures’ instructions.

Test plates were prepared employing SAE 1010 steel,sandblasted to a 2 172
degree (SIS 05 59 00 specification) and cleaned with toluene. Paints were applied
by means of an adjustable film applicator. Final film thickness was measured by a
magnetic gage. A 70 = 5 um dry film thickness was determined
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Corrosion potential measurements

The cells to measure the corrosion potential across the paint film-steel
substrate  interface respect to the silver-silver chloride electrode, were

constructed delimiting 2 cm? circular zones on the painted surface and masking the
remainding surface with a chlorinated rubber water resistant paint. Then, an
acrylic open tube with one flat end, 7 ¢cm long and 4 cm diameter, was applied on
the system to be evaluated. The measurements were carried out with a 701 A Model
Orion voltmeter. The results are plotted in Fig. 1.

-1100
o
o
<
~
[=,)
<<
£-1000
>
£
"
-900
x P1 formulation
a8 P2 formulation
o P3 formulation
-800F © P4 formulation
1 1 1 1 gt
25 50 75 100 140 180
t, days

Fig. 1.- The corrosion potential variation as a function of
time vs Ag/AgCl for the different formulations.

The electrolytes employed to carry out the measurements were 1 M sodium

perchlorate solution and 3 % sodium chloride solution. Perchlorate 1on is less
aggressive than chloride ion.

a.c. resistance and polarization resistance measurements

It was also measured the a.c. resistance at a 1000 cps frequency between the
steel substrate and a platinum electrode employing a Phillips  bridge. The cells
were similar 10 those employed for corrosion potential measurements. In Fig. 2 1t

was plotted the resistivity as a function of time. The same clectrolytes  were
employed.

The polarization resistance for the four formulations was determined by a
galvanostatic method according 1o the current procedures  described in the

236



literature [7-10]. The working electrode was a 1 cm? area painted specimen. The
reference  electrode  was  the  silver-silver chloride one and a platinum
counterelectrode was chosen. Each painted specimen was polarized + S0 mv starting
from the corrosion potential. The Rp value was determined from the slope of the i
vs E curve. The results are shown in Table II.

x Pl formulation
a8 P2 formulation
o P3 formulation
o P4 formulation
0 1 1 1 1
25 50 75 100

t, days

TABLA 11

Polarization resistance of SAE 1010 painted specimens for
the different formulations and the zinc electrode
as a function of the immersion time
in 1 M NaClO, solution

Paint formulation Cathodic Rp (S2) Anodic Rp (€2)
1 day 10 days 1 day 10 days
P1 214 179 128 143
P2 86 446 71 321
P3 256 1286 92 1071
P4 75 554 68 536
Zn 427 750 183 607
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Fig. 3.- The electrolytic zinc content by unit area as a function
of the film thickness for the different formulations
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Fig. 4.- "Zinc effective” content percentage as a function
of the film thickness for the different formulations.
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The "effective zinc'" content

The “"effective zinc" content curve as a function of film thickness was
obtained according to a previously outlined procedure [11]. A coulombimetric
technique with a potentiometric end point detection was used to determine the
electrolytic zinc content (Fig 3). The total amount of zinc in the paint film was
determined by a complexometric procedure [6, 11]. From these experimental data the
"effective zinc" percentage was determined (Fig. 4).

The "effective zinc" content decay curve as a function of the immersion time
was obtained too (Fig. 5). The panels were submerged into a 3 % sodium chloride
solution and the ‘effective zinc" content determined for different immersion
periods according to the above mentioned procedure [11]. The 3 % sodium chloride
solution was chosen because it is more aggressive than the sodium perchiorate
solution.

x Pl formulation
A P2 formulation
o P3 formulation
o P4 formulation

percentage
wn
o
1

N
(5]

“Zinc effective"

0 I 1
10 20 30 40 50

t,days

Fig. 5.- "Zinc effective” content variation as a function
of the immersion time, for a given thickness, and
for the different formulations.

RESULTS AND DISCUSSION
Paints composition

Paints P 1 and P 2 had vehicles with similar percentages of solids and liquid.
However, the percentage of soluble silica in the liquid phase is higher for paint P
1. The composition of the solid fraction is quite different; P 1 incorporated
ferric oxide and metal silicates (potassium aluminium silicate and talc) and P 2 a

clay (china clay) as extender pigments.
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The percentages of the solid and the liquid fraction in the vehicles P 3 and P
4 were similar. They did not incorporate extender pigments as P 1 and P 2. Silica
content dissolved in the liquid fraction is quite similar too. The solubility of
the solid fraction in toluene indicated the degree of hydrolysis of the binder. The
higher the solubility the less the hydrolysis degree was. The P 3 vehicle is less
hydrolyzed than P 4.

The zinc powder/vehicle relationship suggested for P 1, P 2 and P 3 was quite
similar, 70/30 by weight, and 81/19 for P 4. This fact indicated a higher
percentage of zinc powder in the dry film for P 4.

The tested paints may be divided into two groups. One of them incorporated
extender pigments (P 1 and P 2) and the other did not (P 3 and P 4). The zinc

content in the dry film was 85 % as an average, except for paint P 4 which was
95 %.

Painted specimens with formulation P 1, microscopically observed, showed a
preferential settling of extenders with respect to zinc particles.

Painted specimens with formulation P 2 showed excellent leveling properties
and good finishing.

Corrosion potential measurements

The experimental results (Fig.1) show that zinc-ethyl silicate paints do not
fit the Wormwell and Brasher model. This is so because the initial compromise of
the system steel substrate-zinc rich paint is governed by the pigment. According to
this model, the corrosion potential vs time curve exhibits, due to the presence of
an anticorrosive pigment, a rise towards more ‘positive values during approximately
20 days [12-14]. This was not observed for these paints.

The behaviour of zinc-ethyl silicate paints with respect to the corrosion
potential variations must be interpreted as a continuous transition from the zinc
corrosion potential (E= -940 mV vs Ag/AgCl in I M NaClO, solution) to the tiron

corrosion potential (E= -650 mV vs Ag/AgCl in 1 M NaClO, solution). It was observed

the appearance of red iron oxide spots on the painted surface at potential values
near to -900 mV. It may be distinguished three zomes in the corrosion potential vs
tume curve (Fig 1):

a) an initial decay towards more positive values during the first days;

b) a second zone where E remained almost constant with time during several
months; and,

c) a final declination of the corrosion potential which tends to match the
iron corrosion potential in a relatively short time.

The behaviour of these systems was independent of the film thickness and it
depended on the composition of the paints ( zinc content, extender pigments, etc.)
and on the presence of paint film defects [3].

Paints that showed the best performance had a more or less extended second
zone and a relatively high (in terms of the absolute value) corrosion potential 1n
this zone. This second zone is indicative of the paint quality. The more negative
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the potential values and the more extended the period comprised by this zone, the
best its anticorrosive properties would be. It would be pointed out that the
cathodic protection mechanism could not explain the protection afforded by the
paint during this period, as it was suggested by some authors [15].

The paints formulated with a high zinc content in the film and that with the
clay as extender pigment showed the best behaviour. The incorporation of ferric
oxide and metallic silicates to the paint proved to be detrimental. The behaviour
in a 3 % NaCl solution was quite similar except that the second zone was 20 %
shorter than in 1 M NaClO, solution.

The presence of extender pigments in the paint film influenced the behaviour
of the paint with respect to the corrosion potential variations.

It must be noted that the electrode potential is more negative for the painted
specimens than for metallic zinc. This means that metallic zinc in the paint was
activated with respect to the zinc electrode alone.

a.c. resistance and polarization resistance measurements

The examination of the a.c. resistance vs time plots revealed that the a.c.
resistance showed a final value which is generally slightly higher than the intial
one. It was not observed substantial ditferences among the different formulations
except for formulation P 2. The incorporation of a clay to the paint produced
better results, increasing the resitance value twice with respect 1o other
formulations.

The low resistance values observed for these formulations led to the
conclusion that the insulating and barrier protective model by means of the

corrosion products [1-3] must be discarded [16]. Values of about 10%Q2 must be
reached for a barrier protective model.

According to the following equation, the highest the contact area between
metal and electrolyte (Sp), the lowest the resistance value (RE).

where:
k = specific conductivity
d = the coating thickness

The resistance values are low, but they are higher than the specitic
conductivity of the 1 M sodium perchlorate solution (15 €2.cm). This fact suggested
that a poor partial blocking of the metal surface could be expected [16].

Polarization resistance measurements.
Taking into account that Rp values regularly exceed those of Re it must be

stated that the kinetic hindering mechanism is responsible for the protection
afforded by this paints when corrosion products appear on the painted surface [16].
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' The cxperimental values found for Rp (Table II) showed that after 1 day
immersion the values are relatively low and the value encountered for zinc metal is
higher than thosec found for the paints. After a 10 days period, when corrosion
products appeared on the painted specimens, the Rp values for paints increased and
In some cases highly exceeded the value corresponding to metallic zinc. This fact
shows that the corrosion products are responsible for the kinetic hindrance
observed in these paints [16]). Although the cathodic protection has ceased, the
electrochemical reactions are hindered by corrosion products formed on the metallic
surfaces; the cathodic reaction being slightly more polarized than the anodic one.
The corrosion products were mainly zinc hydroxide with silica [17].

There 1s not a definite rule followed for most formulations; but it must be
pointed out that the incorporation of ferric oxide and metalic  silicates to  the
paint produced a dctrimental cffect lowering the polarization resistance. The  paint
prepared cmploying the vcehicle P 3, which contained cthyl silicate with the lower
hydrolysis degree showed the higher polarization resistance.

[t was also noticed that the paints showed a higher clectrochemical  activity
than metallic zinc, after 1 day immersion, as it was stated before. This was  also
observed through impedance measurements [S).

The "effective zinc'" content.

Although the total amount of zinc in the paint film must increase linearly
with  film thickness, Fig.3 shows that the clectrolytic  zinc  content does not
increase 1n the same way. The formulation which contained clay showed the best
performance and that with ferric oxide and metal silicates as extender pigment the
worst.  This caused the ‘effective zinc" content not to increasc as the film
thickness increased (Fig. 4). In this investigation, the paint with a high zinc
content in the paint film did not show the highest "zinc cffective” content.

The Teffective zinc” content drastically decreased with the immersion time.
From data plotted in Fig. 5 1t may be scen that most formulations failed in keeping
the electrical contact in  the film except that containing china clay. This
indicated that the cathodic protection ceased in a very short time when the painted
specimen was dipped into an electrolyte solution. However, as the corrosion
potential showed that the protection of the substrate lasted at lcast 4 months
(Fig. 1), and considering that the c¢lectrochemical reactions are not completely
inhibited (Table 1II), it must be thought that zinc powder acted absorbing oxygen
and avoiding its reduction on the substrate. This was stated in a previous paper
[17].

CONCLUSIONS

1. The composition does affect the anticorrosive behaviour of the paints. Not
only the zinc powder content influences the celectrochemical properties of the paint
but also the presence of extender pigments and the nature of the binder.

2. The increasing in the zinc content did not imply a considerable advantage.

The same results could be obtained by other ways sucha as incorporauon of
extenders or controlling the hydrolysis degree of the binder.
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3. The major differences among the different formulations arose when the
painted specimens were dipped into an electrolyte solution. When exposed to the
laboratory atmosphere they did not show any significant differences with respect to

the corrosion behaviour because the silica film deposited on the metal surfaces
protected them.

4. The corrosion potential vs time curve gives information about the paint
film quality and the duration of the protective action. The electrolytic zinc
content (and the related value called the "effective zinc" content) proved to be
useful a tool to evaluate the differences among the formulations. Resistance
measurements are not very effective by themselves to characterize the quality of
the different formulations. However, the polarization resistance measurements are
useful to elucidate the anticorrosive mechanism.

5. The protection mechanism rests mainly on the fact that the cathodic (oxygen
discharge) and the anodic (zinc oxidation) reactions are obstructed due to the
products deposited on the metallic surfaces. The cathodic reaction is slightly more
polarized than the anodic one. This finding explains the fact that the protection
afforded by these paints lasts several months even when the cathodic protection has
ceased, generallly after a short period. The low resistance values clearly show
that there is not a barrier effect but a very poor partial blocking of the surface
must be expected.
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CHARACTERIZATION OF ZINC RICH PRIMERS ON NAVAL STEEL
BY ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY

CARACTERIZACION DE "PRIMERS" DE ZINC APLICADOS
SOBRE ACERO NAVAL POR ESPECTROSCOPIA
DE IMPEDANCIA ELECTROQUIMICA

A.C. Elias , S.G Real**, J.R. Vilche**
R.A. Armas, C.A. Gervasi*** and A.R. Di Sarli***

SUMMARY

Electrochemical impedance spectroscopy (EIS) was applied over a wide frequency
range to characterize the corrosion protection behaviour of zinc rich epoxy-
polyamide and zinc rich ethyl-silicate paints on naval steel. Information
concerning the properties of zinc rich paint (ZRP) coatings has been evaluated
from the changes of open circuit potential and impedance spectrum with
exposure time in ASTM artificial seawater.

Characteristic coating parameters obtained from non-linear fit routines of
impedance spectra at different exposure times correlate well with the gradual
coating deterioration as the barrier-like properties of the ZRP coatings are
changed progressively. Results can be interpreted in terms of corrosion
processes going on extensively through pores and cracks in the ZRP coatings.

Keywords (Palabras clave): Electrochemical impedance spectroscopy, corrosion
protection, zinc rich paints, open circuit potential, coating deterioration,
barrier-like  properties (Espectroscopia  de  impedancia electroquimica,
proteccion contra la corrosion, pinturas ricas en zinc, potencial a circuito
abierto, deterioro del recubrimiento, propiedades de barrera).

INTRODUCTION

Zinc represents the most common corrosion protection coating material for iron
type metallic substrates [1,2]. In the zinc base paints a high pigmentation Ievel
is required for electrical contact between adjacent zinc particles and between
these particles and the steel substrate. Consequently, when the electrolyte
solution reaches the steel/coating interface the dissolution reaction of the active
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Universidad Nacional de Tucumén.
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fraction of zinc provides cathodic protection to the steel during a certain time.
Initally, the porous coating permeability is high and the aforementioned processes
are rapid [3-7). Accordingly, the substrate remains cathodically protected even
where gaps in the coating are present causing the partial exposure of bare steel.

The accumulation of zinc corrosion products which have poor electrical
conductivity, promotes the loss of electrical contact and diminishes the active
surface area of the pigment. Subsequently, the galvanic action becomes less
effective. As the exposure time increases, the deposition of inhibiting  zinc
compounds at the base of the coating pores followed by the sealing of the porous
structure by the zinc corrosion products must undoubtedly occur to assure long-term
protection [5,8]. Zinc rich paints (ZRP) can be used as a single coat shop primer
for temporary protection and as primer in a multilayer coating system for long-term
protection.

The use of electrochemical impedance spectroscopy (EIS) in the evaluation of
protective coatings on metals and their interaction with corrosive environments,
has provided valuable information which can be correlated with data obtained using
conventional dc techniques. Impedance measurements have been found very useful for
the characterization of paint-coated metals as a function of coating properties and
exposure time.

In the present work the protective mechanisms of single coat ZRP layers are
examined. Coatings performance of two types of ZRP (zinc rich epoxy- polyamide and
solvent-based inorganic zinc rich, the latter being of self-cure type with
partially hydrolyzed ethyl-silicate as vehicle and zinc dust as pigment) on naval
steel were studied from polarization curves data, impedance measurements, and open
circuit potential changes with the exposure time when immersed in artificial
seawater. Pigment volume concentration (PVC) and coating thickness were
systematically varied in the painted specimens to determine the adequate values in
order to improve the protective behaviour.

EXPERIMENTAL

SAE 1020 steel plates 20x8x0.2 cm were used as metallic substraie. The metal
surface was sandblasted to SA 2 1/2 (SIS Standard 05 59 00/1967). The specimens
were vapour degreased with toluene and coated with the ZRP whose compositions are
shown in Table I. The coated plates were placed in a desiccator at controlled
temperature (20 =+ 2 °C) for 7 days to complete drying. Dry film thickness was
measured with an electromagnetic gauge, using an uncoated plate as reference. The
average thickness was 75 + 5 um for all zinc rich epoxy-polyamide samples while tor
the zinc rich ethyl-silicate, samples of type 4 and 5, the thickness was 150 = 10
um and 75 = 5 um, respectively.

On each panel a cylindrical polyvinyl chloride tube was placed by using an
epoxy adhesive to obtain good adhesion to the coated plate. A conventional three
compartment cell was kept at 20 °C. All potentials are referred to the saturated
calomel electrode (SCE) which served as the reference electrode, contacting the
solution through a Luggin capillary tip. The electrolyte was artificial seawater
according to ASTM Standard D/1141-65, without incorporating heavy metals, pH 8.2.

Electrochemical impedance spectroscopy (EIS) measurements in the ftrequency
range 1 mHz s f < 50 kHz were performed at the corrosion potential as a function of
exposure time in the electrolyte solution using Solartron 1250 FRA and 1186 EL
Details on hardware arrangement and data processing for the electrochemical
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measurements have been given elsewhere [9]. The geometrical area of the coated
naval steel plates exposed for impedance measurements was 17 cm2 For quasi-steady-
state  polarization curves obtained potentiodynamically at a low scan rate v =

0.2 mV/s, masked electrodes of 1 cm? geometrical area were employed. All painted
samples exhibited for the cathodic process the characteristic concentration
polarization of the oxygen reduction reaction whereas the profile of the anodic
curve indicated that the zinc dissolution reaction occurs even at relatively low
overpotentials on the zinc paints [10].

TABLE 1

Composition of the paints (g/100 g)

Type of ZRP samples

Component

1 2 3 4-5
Epoxy-Polyamide 60.0 40.0 30.0 ---
Ethyl-Silicate --- --- --- 31.5
Zinc 40.0 60.0 70.0 68.5
Total solids 67.1 77.5 81.9 81.7

RESULTS AND DISCUSSION
Zinc rich epoxi-polyamide paints

After immersion of the steel plates properly coated with zinc rich epoxi-
polyamide paints 1n the electrolyte, the corrosion potential  (Ecor) changes
gradually (Fig. 1 ) from an initial potential value of about -1.07/-0.90 V (vs.
SCE) to more positive values reaching a common level which lies intermediate
between zinc and steel corrosion potentials in seawater. The stationary values of
Ecor = -0.60 £ 0.06 V attained after ca. 40-50 days of immersion correspond to a
situation where the zinc galvanic action is probably suppressed due to the partal
stabilization of corrosion products on the pigment surface.  Under these
circumstances attack of the substrate (red rust) can be  visually observed at
several localized spots on the epoxy-polyamide samples.

Typical impedance spectra carried out at different immersion times for zinc
rich epoxy-polyamide coated steel are depicted in Fig. 2 . The maimn features of
these Nyquist diagrams involve a capacitive semicircle in the high-frequency region
followed in the low frequency part by an approximately linear behaviour with a
slope close to unity corresponding to a phase angle of 45° to the real axis. At
short exposure times, the high-frequency locus is dominated by an apparent
resistive-capacitive system which contains information on the coating properties
and the charge transfer kinetics. The latier process can be mainly associated with
the pigment dissolution reaction as suggested by the observed corrosion potential
values being similar to that of metallic zinc eclectrodes in the same clectrolyte
[11]. The capacitive contribution merges as a slight distorted loop as a
consequence of the porous nature of the clectrode [12,13]. Deviation from the ideal
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RC behaviour in terms of a distribution of time constants due to surface
inhomogeneities, roughness effects, and variations in properties and composition of

surface coatings can be considered in a dispersion formula for the corresponding
transfer function [14].

It is worth noting that the impedance spectra recorded at increasing immersion
times (Fig. 2) exhibit the same general characteristic features but the magnitude
of the overall impedance gradually decreases. These results suggest that the
electrolyte penetration of the coating is in progress. The shape of the impedance
diagrams at low frequencies is clearly related to the relaxation of a mass
transport process which can be attributed to the oxygen reduction reaction. It is
interesting to note that as data obtained from comparable experiments carried out
with coated rotating disc electrodes were practically unaffected by hydrodynamic
conditions, the mass transfer controlled step takes place predominantly inside the
pores of the film.

The impedance diagrams obtained at relatively high frequencies can be
described, in principle, by a transfer function corresponding to an equivalent
circuit consisting of a series combination of the uncompensated electrolyte
resistance R and a parallel Ri-CPE e¢lement, with the constant phase element

defined as CPE = (C s%)! where s = jw is the complex variable for a sinusoidal
system perturbation with w = 2nf. Optimum fit results are shown in Fig. 3.

For the zinc rich epoxy-polyamide coatings, the dependences of Rt and C on
both the type of binder and the pigment (Fig. 4) reveal that samples of types 2 and
3, which were more heavily zinc loaded (60 % and 70 %, respectively) exhibit lower
and more stable values of Ri: (Fig. 4a) than lecss pigmented samples of type 1 (40%
Zn). The relatively small changes of Ri and C values with the exposure time in the
clectrolyte for samples of types 2 and 3 can be ascribed to the fact that the
binder retained its good barrier properties leading to a limited increase in the
corrosion rate of the pigment. On the other hand, the best dielectric performance
observed for samples 1, 1e. low C values (Fig. 4b), indicates that the coating
with a higher content of binder (60 % w/w), while exhibiting higher R: values,
behaves according to a lower water uptake. Thus, the coating composition delays
water penetration which in turn 1s indeed necessary to complete the electrical
circuit for the cathodic protection action and its associated faradaic process. At
longer exposure times the drop in the values of Ri is more pronounced for samples
of type 1. This indicates an accelerated degradation of the barrier coating
properties.

Zinc rich ethyl-silicate paints

The initial corrosion potential of naval-steel plates coated with zinc rich
ethyl-silicate paints lies also close to that corresponding to metallic zinc in
seawater. For samples of type 4, Ecor remains practically unchanged at a value of
about -1.0 V/SCE even after 100 days immersion time, while for samples of type 5
Econ moves gradually more positively, approaching a value between those
corresponding to the =zinc and steel corrosion potential (Fig. 5). These results
point out the remarkable influence of the ZRP thickness on the corrosion protection
performance during the exposure time.

Typical impedance spectra measured at different immersion times with zinc rich
ethyl-silicate coated steel are depicted in Fig. 6 for samples of type 4 and in
Fig. 7 for samples of type 5. These Nyquist diagrams, after ohmic drop correction,
exhibit in the high-frequency region a constant phase angle of about 45°. This
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behaviour is typical for porous systems and it can be explained using the
cylindrical-pore  model [15,16]. At intermediate frequencies the shape of the
impedance diagrams involves a depressed capacitive semicircle for samples of both
types 4 and 5. In the low frequency range, the impedance spectra obtained with thin
samples of type 5 clearly show the relaxation of a mass transport process which can

be related to the oxygen reduction, however with samples of type 4 the spectrum was
very noisy.

With increasing immersion time the impedance espectra exhibit the same general
characteristic features but the magnitude of the overall impedance gradually
increases for samples of type 4 (Fig. 6) being practically independent for samples
of type 5 (Fig. 7). The results shown in Fig. 6 suggest that the coating
deterioration is 1in progress. The charge transfer kinetics information contained in
the impedance spectra can be mainly associated with the pigment dissolution
reaction. Under these conditions voluminous corrosion products (white rust) were
found on thin ethyl-silicate coatings.

The most accurate description of the cxperimental impedance spectra was
obtained in terms of a transfer function based on a transmission line model [17-19]
by assuming n cylindrical pores linked in parallel in the coating structure.
Accordingly, let us consider a cylindrical pore characterized by a radius rp,
length ¢ and number of units N. Each Rk, Ck, and Ruk clement of the transmission
line associated with a pore is given by:

R, = R, /N
_ -1
Ck =2mn rp £ Cd N
and
- 9 =
Rt,k = N Rt 2n rp t)
where Ry = ¢ (m K r1p?)! corresponds to the clectrolyte resistance (§2) of a pore

between its aperture and the bottom, K is the clectrolyte conductivity inside the
pore, and Cs and R: are the specific interfacial capacitance (F/cm?2) and the charge

ransfer resistance (2 cm?), respectively. The impedance contribution related 1o
each pore for the (k-1)th element of the transmission line can be expressed as:

1

Zyp = Reyg t

joCy+ (R ) L+ (Z )

The good agreement between the calculated and experimental admittance data are
shown in Fig. 8. Consequently, the transmission line model allows the simulation of
admittance plots that exhibit frequency dispersions which are very similar to those
experimentally observed . The pore parameters as well as interfacial parameters
derived from the fitting procedure are included in caption of Fig. 8. The
electrochemically active area of these porous coatings can be calculated as
follows:

A=n2nr_ ¢
p
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The parameters derived from the fitting procedure of EIS data reveal clearly
that the electrochemically active area of the thick zinc rich ethyl-silicate paints
decreases with increasing immersion time. This time dependence of the zinc active
area corresponds to the decrease of the pore radius with immersion time. This fact
can be related to a loss of electrical contact between the zinc particles
themselves due to the accumulation of corrosion products.

CONCLUSIONS

The results of the electrochemical techniques used to assess the protective
behaviour of two ZRP correlate well with one another and with visual observations.
Accordingly, as Econ approaches the typical value for naval steel in sea water,
corrosion products can be observed at several localized points on the ZRP samples.
Red rust spots on epoxy-polyamide samples and voluminous white rust corrosion
products on thin ethyl-silicate coating were found. The good correlation between
EIS data and ZRP coating performance during immersion in seawater demonstrates
clearly the predictive capabilities which could be derived from monitoring of
impedance spectrum parameters.

Impedance data for the epoxy-polyamide paints can be discussed in terms of a
transfer function model corresponding (o the cquivalent circuit for the steel/ZRP
coating system involving the contributions of a parallel Ri-CPE element at high
frequencies for the paint film electrical properties and a Warburg-like behaviour
at low frequencies. The relative influence of diffusion processes through the paint
film depends on exposure time of the ZRP in the aggressive media.

In the simple model considered for organic ZRP in the present work, flaws are
mainly related to the porosity of the ZRP. Corrosion of ZRP coated steel involves
defect formation, penetration of aggressive media, loss of adhesion, and attack of
the substrate. EIS data can be used to detect and evaluate the early degradation of
ZRP coatings on steel.

For ethyl-silicate paints the most accurate description of the experimental
impedance spectra was obtained in terms of a transfer function based on a
transmission line model assuming cylindrical pores in the coating structure.

The present results indicate that the type of binder used is of paramount
importance in the relative duration of each period of protective action, te. an
initial stage of cathodic protection and a final stage of barrier layer type
protection. Results are encouraging for life prediction by proper impedance data
evaluation.
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CHARACTERIZATION OF THE ATMOSPHERIC CORROSION PRODUCTS
FORMED ON LOW CARBON STEEL, ALUMINUM, COPPER,
AND ZINC SPECIMENS

CARACTERIZACION DE PRODUCTOS DE CORROSION ATMOSFERICA
FORMADOS EN PROBETAS DE ACERO DE BAJO CONTENIDO
EN CARBONO, ALUMINIO, COBRE Y CINC

S.L. Granese®, E.S. Ayllén*, B.M. Rosales* , F.E. Varela** ,
C.A. Gervasi*** and J.R. Vilche**

SUMMARY

In the frame of the cooperative CYTED-D program, different techniques were
used in the project "lberoamerican Map of Atmospheric Corrosion (MICAT)" to
characterize the corrosion products formed on low carbon steel, Al, Cu, Zn,
and galvanized steel. Results obtained using electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization curves at low scan rate in
0.1 M NajxSO4 at 20 °C revealed the uneven passivating properties of the

corrosion layers produced on the various metals tested after the first year of
exposure in  different enviromental conditions at the outdoor stations.
Electrochemical data were complemented with SEM observations and energy
dispersive X-ray analysis of the specimens surfaces.

Keywords (Palabras clave): Atmmospheric corrosion, corrosion products,
electrochemical impedance spectroscopy, potentiodynamic polarization curves,
passivation  properties  (Corrosion  atmosférica,  productos de  corrosion,
espectroscopia  de  impedancia  electroquimica, curvas de  polarizacion
potenciodindmica, propiedades pasivantes).

INTRODUCTION

Atmospheric corrosion is a process of great practical and economic importance
since the knowledge of corrosivity of the atmosphere can be used for the selection
of materials and protective systems to reduce corrosion damage. The electrochemical
nature of the atmospheric corrosion process [1] suggests the usefulness of its
analysis throughout different dc and ac techniques. The protectiveness of the
corrosion products formed on the exposed metals [2] depends on their chemical
composition, conductivity, adherence, compactness, solubility, hygroscopicity and

* CITEFA-CONICET, Centto de Investigaciones ¢n Corrosion (CEICOR),
Zufriategui 4380, (1603) Villa Martelli.
** Instituto de Investigaciones Fisicoquimicas Tebncas y Aplicadas (INIFTA),
Facultad de Ciencias Exactas, UNLP, Suc. 4, C.C. 16, (1900) La Plata.
*** Miembro de la Camrera del Investigador de la CIC
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morphology. These properties are mainly determined by the composition and
metallurgical history of the metal or alloy[2-4] as well as ambient variables, like
atmospheric conditions, type and level of pollutants and wet-dry cycles[S]. They
can be revealed using SEM, surface analysis, and both dc and ac electrochemical
techniques[6-9].

For the development of the project denoted Iberoamerican Map of Atmospheric
Corrosion (MICAT), the ISO methodology[l0] was adopted to characterize corrosivity
of atmospheres. In similar form to the ISOCORRAG project, the purpose is to employ
a corrosion normalization procedure which could be undertaken by the R&D
laboratories involved to compare the aggressiveness of atmospheres in the
participating countries, estimated through weight-loss tests as well as the effect
of ambient and common atmospheric variables for various metals.

Low carbon steel and pure zinc, copper, and aluminum were selected as testing
materials. Outdoor exposure stations with  well defined meteorological and
environmental conditions in different countries allowed to obtain the necessary
information to correlate both type of data. Taking into account those abundant
results available, two main objectives will be fulfilled: (i) the evaluation of the
initially proposed methodology in order to introduce, eventually, necessary
modifications to improve the different norms; and (ii) having an appropriate
relationship between weight-loss of metals and ambient parameters, it should be
explore the possibility to enlarge the number of sites with well known atmosphere
corrosiveness using the ordinary meteorological and pollution information of these
sites to test metals during various years, avoiding the tedious weight-loss
determinations.

For the MICAT Project, instead of using triplicate samples of each material as
it is usually done, four replicated were exposed for each period in all the outdoor
stations to better exploit the cooperative work. This 4th sample is being used to
analyze different aspects which could contribute to elucidate the mechanisms of
atmospheric corrosion for the metals under testing in the distinct environmental
conditions of each region.

The aim of this paper is to discuss data obtained from the characterization of
the corrosion products formed on various metals after the first year of exposure in
different Test Stations of the Iberoamerican Network, by using complementary
electrochemical and optical techniques. The methodology used to analyze the
protective  properties of corrosion products formed through different corrosion
mechanisms of metals and alloys, was applied to samples weathered one year in
randomly choosen sites. This fact will allow to select the most usefull way to get
mechanistic information of the atmospheric corrosion of the studied metals.

EXPERIMENTAL

Samples of low carbon steel, aluminum, copper, and zinc (Table I) were exposed
for a period of one year at several locations in Iberoamerica covering rural,
urban, marine, and industrial atmospheric conditions. The environmental factors
prevailing in the outdoor test stations (Table II) were well monitored i1n order to
study their influence on the atmospheric corrosion processes. The corrosion
products thus formed were characterized by using electrochemical dc and ac
measurements, SEM observations, and surface chemical analysis (EDAX).

The electrochemical experiments were performed in 0.1 M Na2SO4 at 20 °C. The
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TABLE 1

Chemical composition of the exposed metals (% w/w)

Steel C 0.076 S 0.010 Cu 0.03

Mn 0.39 Cr 0.03 Sn 0.003

Si 0.065 Ni 0.04 Al 0.057

P 0.015 Mo0.001 Ti 0.003
Copper Pb 0.005 Ni 0.01 P 0.0067 (Sn vestiges)
Zinc Pb 0.0063 Cu 0.0004 Sn < 0.0005

Cd 0.0009 Fe 0.0007 Al < 0.0008
Aluminum Si 0.06 Mn0.002 Cr 0.002

Fe 0.12 Mg0.001 Zn 0.003

Cu 0.003 Ti 0.007 B 0.001

Pb 0.001

TABLE 11

Outdoor test stations

Country Station Environment Pollutant (mg m-day!)
[C1] [SO.]
Argentina lguazu Rural
Brasil A. do Cabo Marinc 2000 ---
Colombia Isla Naval Marine 70 48
Mexico Potosi Urban 30
Peru Pucallpa Rural ---
San Borja Urban 20 29
Portugal Leixoes Marine-Industrial 162 45
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electrolyte solution was prepared from analytical grade (p.a. Merck) reagents and
triply distilled water purified in a Milhi-Q reagent grade system. A three-
compartment ce¢lectrolysis Pyrex cell was employed. Potentials were measured and
referred 1o in the text, against a SCE refcrence electrode properly shielded. A
large-area Pt plate was used as counter electrode.

The polarization curve measurements on picces of 1 cm? apparent area of the
different metals, were run at a low scan ratc of | mV/min both in the presence and
in the absence of air in the electrolyte, starting from the corresponding open
circuit potential, using Tacussel potentiostats and Servovit 13 potential scanners.
In the presence of air magnetic stirring was applied, whereas deoxygenation was
performed by 99.99% N, bubbling.

For impedance measurements an activated platinum probe was coupled 10 the
reference electrode through a 10 pF capacitor to reduce phase shift errors at high
frequencies. A detailed description of both hardware arrangement and data
processing have been given clsewhere[l1-14]. Impedance spectra were obtained at the
corrosion potential in the frequency range 103 Hz s { s 50 kHz using a frequency
response analyser (Solartron FRA 1250) and an clectrochemical interphase (Solartron
El 1186), which were integrated with both an Apple llc computer and a PC compatible
system. Geometrical area of the working clectrodes was 1.13 c¢cm?,

The SEM observations were made using a Philips 515 microscope, which was
coupled to a 9100 EDAX for the surface analysis. The test samples were metallized
with Al previous to the SEM observation. After the SEM-EDAX analysis the corrosion
products were clhiminated to determine the morphology of the respective metal
attack. Accordingly, data obtained from SEM and EDAX were used to characterize the
morphology and chemical heterogeneites of the corrosion products and underlying
attacks.

RESULTS AND DISCUSSION

Comparing the polarization curves in the absence and in the presence of oxygen
it can be concluded that the main cathodic reaction is the reduction of the
corrosion products. Then it was not necessary to perform them under the conditions
of both mentioned media. The results on plain C steel samples informed in Fig. |
have been obtained in oxygen-containing solution. The corresponding cyclic
polarization curves are shown in Fig. 2, including also data obtained for non-
exposed steel as blank. For the sake of comparison Fig. 3 exhibits the polarization
curves of Zn samples in 4 outdoor sites. These results reveal that the different
behaviours are related to the distinct ambient  conditions prevailing  in the
corresponding exposure stations. SEM and EDAX analysis performed on the tested
metals evidenced very uneven behaviour and corrosion products distribution for the
different metals and environments (Figs. 4-10).

The cyclic polarizations gave more information than the single anodic and
cathodic ones, about the protectiveness of the rusts formed on steel n  the
distinct sites. The film formed on the bare steel (last curve of Figs. 1 and 2)
after the first anodic cycle provokes a passivity current of the same order of
magnitude than those observed for steel exposed in the distinct sites during the
first anodic polarization. The main differcnce observed among the rusts formed at
various outdoor sites arises from their open circuit potentials. On the other hand,
Zn specimens exhibit considerable differences in the polarization curves and in the
behaviour of the corrosion films, which are strongly affected by the ambient
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conditions prevailing in the outdoor test stations (Fig. 3).

In respect to the morphology and EDAX analysis, the main result to be
considered is the uneven distribution of the attack, specially in the case of Al
specimens due to its locallized character, and also for steel where the thickness
of the rust varies remarkably even in a same sample. Those differences could
influence the results of analysis performed depending on the selected area. In
fact, EDAX analysis revealed great differences in composition for corrosion

products of similar aspect on the same sample of 1 cm=.

Furthermore, the EDAX determinations revealed uneven pollutants distribution,
depending on the magnification considered and area selected. For Zn typical aspect
and compositions are shown in Fig. 4, where the presence of S, low Cl and other
solid pollutants coming from the ground, appeared on the sample exposed at the San
Borja test station. Increasing amounts of Cl and SO2 produced corrosion product
films which are less compact and inhomogeneous in thickness, as it can be seen in
Figs. 5 and 6 for samples exposed at Isla Naval and A. do Cabo marine stations.

Analogous results can be observed on Cu samples by comparing data depicted in
Figs. 7, 8 and 9 for San Borja, Isla Naval, and Leixoes stations, respectively.
EDAX on these samples revealed high peaks corresponding to ClI and S with
contaminants like Si, Al, Ca, Mg, Fe, and K coming from the soil.

Al samples showed big areas free of attack, as well as surface regions which
exhibits pitting of different deepness, corrosion products and dust in various
proportions, depending on the exposure site. A typical micrograph of a sample from
Leixoes is shown in Fig. 10. The EDAX spectrum was obtained on the pit while on the
unattacked areas around it the only element detected was Al.

Impedance spectra for the different tested electrode materials are depicted 1n
Fig. 11 to 14. Data analysis through non-linear complex fit routines were performed
in order to obtain the polarization resistance (Rp) values defined by:

R = hms—>o Z(s)

P
where Z(s) is the electrode impedance corrected for the ohmic resistance
contribution and s the complex variable (s = jw) for a sinusoidal small signal
perturbation.

Impedance measurements in the low-frequency region required  special
precautions to obtain reliable data since even at frequencies in the vicinity of

103 Hz, some experimental spectra displayed a reactive impedance. In those cases
where considerable extrapolation is required to estimate the value of Rp, the
corresponding data are no informed in this paper. However, computer analysis of
impedance spectra with multiple time-constants can be performed to derive Rp even
if less than a full semicircle in the low frequency range is determined and/or the
semicircle is depressed with its center below the real axis.

It is interesting to note that this simple analysis of the corrosion
behaviour, based on Rp values represents an initial approach to determine whether
impedance techniques can prove usefull to compare the relative corrosiveness of
different atmospheric conditions. Further work 1is required for deriving mechanistic
and kinetic information for processes occuring at the corroding interface.

The corrosion rates of metals determined from weight-loss measurements are
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TABLE I

Weight losses of plain C steel, Zn, Cu and Al in the outdoor test sites
after the first year of exposition

Test station Steel Zn Cu Al max. pit deepness (u)
(g/dm? year)
Iguazu 0.45 0.17  0.09 0.0008 ---
A. do Cabo 9.81 0.69  0.29 0.68 5
Isla Naval 1.24 0.39 0.38 0.10 12
Potosi 2.93 0.11 0.05 0.07 ---
Pucallpa 1.23 0.07  0.05 0.0004 10
San Borja 2.16 0.11  0.09 0.02 180
Leixoes 6.22 0.20 0.37 0.03 100
TABLE IV

Corrosion rates (in pnA/cm?) estimated from polarization curves

Test station Steel Zn
[guaza 90 —-
A. do Cabo --- 40
Isla Naval 60 ---
Potosi 25 -
Pucallpa 90 2
San Borja --- 17
Leixoes 15 5
(Blank) 315
TABLE V

Polarization resistance data calculated from impedance
spectra (R /M)

Test station Al Cu Zn
A. do Cabo 0.89 0.12 0.01
Isla Naval 0.44 0.08 0.01
Potosi K.20 .- ---
Pucallpa 1.30 0.71 0.02
San Borja 4.80 0.62 0.004
Leixoes 0.13 0.06
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presented in Table III, whereas data obtained from dc and ac electrochemical
techniques are summarized in Tables IV and V. Comparing the corrosion rates shown
in Table III, in terms of weight-loss of metals, the best correlation with
electrochemical results was achieved for Cu using EIS measurements. According to
the Rp wvalues, the corrosiveness of the different environments for the tested
aluminium alloys, can be sequentially ordered as follows: urban < rural < marine <
marine-industrial. Taking into account the two urban atmospheres, the one with
higher pollutant levels, higher average temperature, and higher HR and TDH induces
the lower Rp. It is worth noting that a change of about two orders of magnitude
results in the Rp values from the most aggressive condition to the mildest one,

L.e. 8x106 ©Q = Rp = 0.1x100 Q. Likewise, copper presents clearly an onefold drop in
Rp from the largest value (7x10° Q) to the smallest value (0.6x10° Q).

Taking into consideration the whole set of wvalues, the smallest Rp (in the

order of 104 Q) corresponds, as expected, to the zinc samples. However, in this
case there is little variation in the corrosion rates for the different
atmospheric-exposure sites. As 1t is evident from the above presented results, EIS
measurements  result  fairly  sensitive  to  detect  significant  environmental
differences between the exposure outdoor sites and hence it has proved suitable 1o
monitor atmospheric corrosion rates, at least in a qualitative fashion.

Further works to introduce system models based on theoretical transfer
function to simulate impedance spectra as well as the use of IR, X-ray, and
Mossbauer  spectroscopies to determine the chemical composition of corrosion
products are in progress.
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FIG. 4.- Corrosion products formed during 1 year on Zn at San Borja.
a) SEM aspect b) EDAX

266



FIG. 5.- Corrosion products formed during 1 year
on Zn at Isla Naval.
(SEM aspect)
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FIG. 0.- Corrosion products formed during 1 year on Zn at A. do Cabo.
a) SEM aspect b) EDAX
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FIG. 7.- Corrosion products formed during 1 year on Cu at San Borja.
a) SEM aspect b) EDAX
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FIG. 8.- Corrosion products formed during 1 year on Cu at Isla Naval.
a) SEM aspect b) EDAX
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FIG. 9.- Corrosion products formed during 1 year on Cu at Leixoes.

a) SEM aspect b) EDAX
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FIG. 10.- Corrosion products formed during 1 year on Al at Leixoes.
a) SEM aspect b) EDAX
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REVISION ACTUALIZADA DE LOS EFECTOS DEL OZONO EN SISTEMAS
INDUSTRIALES DE ENFRIAMIENTO. ENSAYOS PRELIMINARES
DE LABORATORIO

UPDATED REVIEW ON THE EFFECTS OF OZONE IN INDUSTRIAL
COOLING WATER SYSTEMS.
PRELIMINARY LABORATORY EXPERIMENTS

Marisa Viera®, Patricia S. Guiamet®, Moénica F.L. de Mele* y Héctor A. Videla*

SUMMARY

A review on some of the fundamental aspects of biocidal efficacy of ozone
treatments for biofouling and corrosion control in cooling systems s
presented. The article is focused on the effect of different ozone
concentrations on the corrosion behavior of steels. The efficacy of ozone 1o
kill sessile bacteria in biofilms formed on these steels, and its ability to
detach biological deposits is studied in preliminary laboratory studies. A
bench scale reactor, where ozone is generated through corona discharge has
been used to assess ozone effects on corrosion and biofouling.

Key words (Palabras clave): ozone, biofouling control, microbiologically
influenced corrosion, sessile bacteria, stainless steel, carbon steel, cooling
water  systems (ozono, control de biofouling, corrosion microbiologica,
bacterias sesiles, aceros inoxidables, acero al carbono, sistemas de
enfriamiento).

INTRODUCCION

El ozono (O,), forma alotropica del oxigeno, es producido a partir de este
ultimo mediante la adicion de energia:

3 O, + energia = 2 O,

Esta cnergia generalmente e¢s provista por la radiacion ultravioleta (UV) o por
descarga eléctrica. Su uso, desde hace anos, para la desinfeccion del agua potable
y en ambientes hospitalarios, ha sido extendido mas recientemente a los sistemas de
enfriamiento industriales, como una muy promisoria solucion para los problemas
debidos a los depositos inorganicos, ¢l biofouling y la corrosion. Estos usos, son
derivados de la alta capacidad oxidante del ozono, que solo es superada por ¢l
fluor, como puede verse en la Tabla 1. Esta caracteristica hace del ozono: a) uno
de los mas poderosos biocidas, viricidas, algicidas y fungicidas; b) un eficiente
destructor de cualquier wvestigio de olor, sabor y color; ¢) un excelente
microfloculante [1].

* Seccién Bioelectroquimica, INIFTA, Universidad Nacional de la Plawa
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TABLA 1

Poder oxidante relativo de diversas especies oxidantes

Especies Potencial de oxidaci6n Poder oxidante
(Volts) relativo”®
Fluor 3,08 2,24
Radical hidroxilo 2,80 2,05
Oxigeno atomico 2,42 1,78
Ozono 2,07 1,52
Perox.hidrogeno 1,77 1,30
Radical perhidroxi 1,70 1,25
Ac. clorhidrico 1,49 1,10
Cloro 1,36 1,00
' Basado en el cloro como referencia = 1,00

Su utihizacion en el agua de intercambiadores de calor industriales, exige un
mejor  conocimiento  de  sus  caracteristicas  fisicoquimicas  (efectos de la
temperatura, pH y niveles de compuestos organicos presentes en el agua), demanda
propia de cada sistema, evaluacion de costos y economias de su utilizacion, etc.

En el presente trabajo se hara una breve revision de los  aspectos
fundamentales del uso del ozono en sistemas de c¢nfriamiento industriales, cubriendo
los  siguientes aspectos: caracteristicas  fisicoquimicas, sistemas de  produccion,
beneficios 'y desventajas de su aplicacion, de acuerdo al estado actual del
conocimiento. Finalmente, se mencionaran los resultados de ensayos preliminares de
laboratorio,  desarrollados  para evaluar su cfecto sobre ¢l comportamiento
clectroquimico del acero inoxidable.

CARACTERISTICAS FISICOQUIMICAS DEL OZONO

El ozono es solo ligeramente soluble en agua [2], y su concentracion efectiva
depende principalmente de: a) la concentracion de ozono en el gas proveniente del
generador; b) la temperatura del agua; c) la demanda de ozono en el agua y d) la
eficiencia del contactador usado en el sistema. El primer factor esta vinculado
directamente con la ley de Henry, que establece que cn condiciones de equilibrio,
la concentracion de un gas en agua esta relacionada dircctamente con su presion de
vapor de la forma: y = H . x, donde y es la concentracion del gas en el agua, H la
constante de Henry, y x la fraccion molar de¢ ozono en c¢l gas. El segundo lactor
atecta notoriamente la concentracion de ozono efectiva cen el caso de sistemas de
enfriamiento, dado que la solubilidad en agua es inversamente proporcional a la
temperatura (Tabla II). Considerando que la concentracion de ozono mas alta que
puede ser generada en la practica es de 2 % en aire seco, el limite practico de
solubilidad para las temperaturas de sistemas de cenfriamiento seria menor a 1 ppm
(0,5 % promedio). El tercer factor esta relacionado con las sustancias que  estan
presentes en el agua y pueden ser oxidadas por ¢l ozono. A mayor concentracion de
estas sustancias que consumen 0zono, menor sera la concentracion cfectiva del gas
en el sistema. Dentro de los materiales presentes en sistemas de enfriamiento que
consumen ozono, estan los biofilms microbianos, hierro 'y manganeso solubles,
bromuros, nitritos, clanuros y material organico |[2]. Por el contrario, diversos
materiales organicos tales como policarbonatos, compucstos organicos halogenados,
diversos acidos hamicos y pesticidas no son facilmente oxidados por ¢l ozono. El
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dato mas importante desde el punto de v,is’é practico, esta relacionado con la
concentracion de ozono en el gas que sale del generador mas que a la velocidad de
produccion del gas ozonizado en si. La concentracion de ozono en el gas se
relaciona a su vez con el porcentaje de ozono disuelto, que se aproximari tanto mas
a los valores de equilibrio de la Tabla II cuanto mejor sea el disefio del
contactador (factor d, eficiencia del contactador) y menor la demanda de ozono por
parte de la solucion. El tipo de contactador utilizado dependera de la dimensién
del sistema de aplicacion del ozono (plantas de tratamiento de agua municipal o de
efluentes o sistemas de enfriamiento industrial).

TABLA 11

Solubilidad de ozono en agua (em mg/l) cuando es generado por
radiacion UV y por descarga corona (DC)

O;engas 0001 % 0,1 % 1 % 1,5 % 2 % 3 %
(% peso) UV |0A
Temp 254 nm 186 nm DC DC DC DC
°C
5 0,007 0,74 7,39 11,09 14,79 22,18
25 0,004 0,35 3,53 5,29 7,05 10,58
30 0,003 0,27 2,70 4,04 5,39 8,09

Bajos niveles de ozono, del orden de 0,2 ppm o0 menos, pueden ser elicaces en
la limpieza de intercambiadores de calor aunque insuficientes en torres de
enfriamiento, que muestran acumulacion de biomasa [3]. Esto puede ser debido a: 1)
la corta vida media del ozono en el agua (20 minutos O menos), que provoca su
agotamiento antes de entrar a la torre; 1) a su baja solubilidad en agua y su
facil remocidon de la fase liquida durante su pasaje por la torre; 1) a una
clevada demanda del sistema debida a la reaccion del ozono con material organico u
oxidable (madera o plasticos), lo cual causa el agotamiento del ozono residual.

Otro de los usos atribuidos al ozono c¢n sistemas de enfriamiento, es prevenir
la formacion de depositos de carbonato de calcio y remover depositos pre-existentes
llegando incluso a eliminar ¢l uso de tratamientos antiincrustantes en el sistema.
En este aspecto no existe una base cientifica sOlida para justificar esta accion
[4]- Se ha establecido [3] que concentraciones por encima de 0,3 ppm serian capaces
de transformar ¢l bicarbonato de calcio c¢n carbonato de calcio a traves de la
reaccion con ¢l diéxido de carbono proveniente de la  oxidacion de materal
organico. Sin embargo, al destruir compuestos organicos como los taninos y la
lignina (que inhiben al menos parcialmente las incrustaciones), ¢l o0zono estaria
facilitando la precipitaciébn de carbonato de calcio en algunos sistemas. Se ha
reportado que el ozono modifica la forma bajo la cual precipita ¢l carbonato de
calcio [4]. Por el contrario, resultados recientes [5] obtenidos en un  completo
estudio comparativo efectuado e¢n escala de laboratorio, de planta piloto y en
campo, indican que el ozono no tiene un cfecto directo sobre la formacion de
depositos inorganicos, ni tampoco atecta la morfologia cristalina de los mismos.

El ozono puede utilizarse también como microfloculante, pues modifica las
cargas superficiales de particulas en suspension facilitando su  aglomeracion v mas
facil remocion por los sistemas filtrantes [1].

277



PRODUCCION DEL OZONO

Los dos métodos de produccion dec ozono mas gencralmente utilizados son: a)
radiacion UV y b) descarga cléctrica por efecto corona. Ambos producen 0zono
molecular pero existen marcadas diferencias c¢n la purcza y la concentracion del
ozono obtenido en cada caso [6].

a) Pequenas cantidades de ozono dc¢ baja concentracion pueden ser producidas
por efecto de la radiacion UV (las lamparas comcerciales operan  generaimente a
254 nm o 186 nm) sobre ¢l aire ambiente.

b) Este e¢s ¢l método mas comunmente utilizado para los sistemas industriales.
Consiste en someter una corrientc de oxigeno o aire scco a una descarga cléctrica
de alto voltaje y alta corriente, entrc dos clectrodos scparados por un material
dieléctrico apropiado (Fig. 1). Los clementos mas importantes de un  gencrador de
ozono de este tipo son: 1) una fuente de electricidad; 1) una trampa de descarga
conteniendo el gas de alimentacion; 111) un material dieléctrico  que  previence
cortocircuitos; 1v) un sistema de cnfriamiento para disipar ¢l calor producido c¢n
¢l generador.

ELECTRODO
DIELECTRICO

AIRE u \\,

ZZZZ 2227 2222222822072 722022
OXIGENO

03 + Aire

ELECTRODO
TRAMPA DE DESCARGA

TRANSFORMADOR

1/

I'T

CORRIENTE DE LINEA~Y

GENERADOR DE OZONO T1IPQO PLACA

Fig. 1
El ozono es producido segun la reaccion:
3 O, + cnergia (descarga clcctrica) = 2 O, + calor
donde puede verse la importancia que tiene la remocion del calor producido en la
reaccion, para evitar la reaccion inversa de descomposicion del ozono en oxigeno.

Por este método s¢ pueden producir concentraciones de ozono de hasta 3,5 % en
peso, que pueden incluso alcanzar valores de hasta 6 a 12 % en caso de usarse
oxigeno como gas de alimentacion, siendo estas concentraciones dos oOrdenes de
magnitud mayores que las obtenidas mediante el uso de radiacion UV (254 nm).

Recientemente, s¢ ha sefalado [1] que las dicz variables que controlan la
produccion de ozono son: 1) concentracion de oxigeno del pgas de  alimentacion
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velocidad de flujo por el generador; 2) caracteristicas del dieléctrico empleado

(el wvidrio PyrexMR es efectivo a pesar de su baja constante dieléctrica); 3)
espesor del dieléctrico (cuanto mas delgado, mas eficiente); 4) dimensiones de la
trampa de aire (a mayor tamano, mayor produccion, pero menor concentracion); 5)
voltaje de la descarga (a mayor voltaje, mayor produccion y concentracion para un
flujo de gas constante); 6) el valor de la frecuencia de la corriente (a mavor
ciclaje, mayor produccion); 7) bajo contenido de humedad en el gas de alimentacion
(ademas de catalizar la descomposicion del ozono, la humedad en el gas de
alimentacion puede favorecer la formacion de oxidos de nitrogeno y acido nitrico de
marcada accion corrosiva); 8) baja temperatura de los electrodos; 9) buena
disipacion de la temperatura en la celda decl generador; 10) buen mantenimiento del
sistema.

Un sistema ozonizador industrial gencralmente  consta  de  los  siguientes
elementos:

a) Sistcma de alimentacion de aire (generalmente un compresor), con un sistcma
de secado, filtros y regulador de presion; b) ¢l generador de ozono con la tuente
de energia, clectrodos y sistema de control; c¢) sistcma inyector de ozono que puede
ser de distintos tipos (mezclador estatico, difusor ceramico, bomba mezcladora,
etc.). El uso de oxigeno como gas dc alimentacion, pucde evitar la necesidad del
sistema de preparacion del aire o ¢l compresor. Un microprocesador con un modem
completa el sistema en lo que respecta a dispositivos de control. En la Fig. 2 sc
muestra un esquema de un sistema de ozonizacion tlipico aplicado a una torre de
enfriamiento industrial.

———1

LINE A TELEFONICA e
\
TORRE DE
‘ SISTEMA ENFRIAMIENTO
COMPUTADORA [b]3
CON MODEM MONITOREO
GENERADOR
DE OZONON T
! :
S.INYECTOR B INTERCAMBIADOR
SISTEMA DE DE CALOR
ALIMENTACION
DE AIRE

TORRE DE ENFRIAMTENTO OZONIZADA

Fig. 2

BENEFICIOS Y DESVENTAJAS DE LA APLICACION DEL OZONO
EN SISTEMAS DE ENFRIAMIENTO INDUSTRIALES

Para evaluar adecuadamente las ventajas v desventajas del uso del ozono en
sistemas de enfriamiento industriales, dcbemos  considerar  distintos  aspectos  de  su
utilizacion:

a) Efectividad como biocida en reemplazo del cloro

Comparando con los derivados del cloro y bromo, ¢l ozono provoca una muerte
mas rapida y eficaz de las células bacterianas con completa destruccion de la
materia orgdnica (ver capacidad oxidante en Tabla [). Por ello, las torres de
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enfriamiento ozonizadas presentan por lo general agua mas limpia en la pileta y, si
se asegura una concentracion de ozono residual cn el agua de retorno, ausencia de
biofouling en la estructura de la torre.

A pesar de su menor capacidad oxidante, ¢l bromo ticne una capacidad mayor dc
prenetracion que el ozono y el cloro en los biofilms, mientras que éstos ejercen
una mayor accion oxidante sobre los estratos superficiales del biofouling. El
riesgo de esta accidon biocida superficial es la reincidencia del crecimiento
bacteriano a posteriori. En sintesis, ¢l ozono es efectivo como biocida en aquellos
sistemas donde hay poca o casi nula contaminacién organica proveniente del aire,
del agua de reposicion o debida a pérdidas del proceso, como es frecuente en
refinerias o plantas quimicas.

En base a wuna revision de la literatura reciente sobre el control del
biofouling mediante ozono, surge que la presencta de concentraciones estables entre
0,01 a 0,05 mg/!l de ozono en ¢l agua de enfriamiento es capaz de asegurar la
ausencia de biofilms. Para tuberias contaminadas con biofouling, concentraciones de
ozono disuelto entre 0,2 a 1,0 mg/l permiten lograr un rdapido desprendimiento de
los biofilms. Agregados intermitentes de ozono (0,4-0,6 mg/l durante 2 hs. por dia)
permiten controlar la formacion de biofouling [2].

b) Efecto sobre el comportamiento electroquimico de los componentes metalicos del
sistema

En el agua ozonizada de una torre de enfriamiento ¢l pH permanece por lo
general entre 8,5 y 9,0. En este intervalo de valores la influencia del pH sobre la
corrosion del  hierro, cobre y aleaciones ¢s minima [1]. En lo que respecta al
efecto del ozono sobre la corrosion metalica, se considera que niveles superiores a
0,2 ppm pucden causar ataque por picado del acero al carbono y latdn almirantazgo.
Niveles entre 0,05 y 0,10 ppm son de cscasa corrosividad v en presencia de mezclas
de nitratos y nitritos (generalmente presentes cuando se usa aire como gas de
alimentaciéon e¢n el generador) se logra inhibir la corrosion. Conviene lener
presente que concentraciones de ozono disuclto en el agua, superiores a 0,2 ppm

deben ser usados con mucho cuidado [3].

¢) Efectividad como reemplazo de sistemas convencionales de tratamiento de agua

La electividad del ozono como reemplazanie de tratamicntos de  agua  de
enfriamiento  convencionales, estd limitada por ciertas  restricciones  operacionales
derivadas de la alta capacidad oxidante dc cste gas. El ozono puede atacar la
madera, que aun utilizan algunas torres de  cniriamicnto, asi como paries  no
metalicas (juntas, sellos en sistemas de  bombeo, cic) y la mayoria de los
reactivos usados como inhibidores de corrosion o antiincrustantes en los programas
de tratamiento de aguas. No cexisten actualmentc componentes de c¢sos  tratamientos
que no reaccionen con el ozono disuclto y e¢n cllo radica una de las limitaciones
mds grandes a resolver para ¢l uso genceralizado del ozono en  sistemas de
enfriamiento  industriales [4]). Un estudio  reciente  [7] establece la  conducta 4
adoptar para ¢l tratamiento quimico del agua de recirculacion de  sistemas  de
enfriamiento en presencia de ozono. En general se  aconscja  usar  compuestos
inhibidores  inorganicos (polifosfatos c¢n  particular) para ¢l acero al carbono,
toliltriazol para ¢l cobre y aleaciones, mientras que se desaconseja ¢l uso de
fosfatos complejos (ésteres, ctc.) o fosfonatos (en especial en ausencia de  zinc).
Como regla general los autores cstablecen que "los tratamientos (uimicos apllcados
en presencia de cloro pucden también usarse cn presencia de ozono en ¢l sistema’
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La accion que desarrolla el grupo de tareas T-7A-17, dc la National Association of
Corrosion Engineers (NACE), dedicado al estudio de los usos del ozono en sistemas
de aguas de enfriamiento, estd en gran parte abocada a dar respuestas a estos
problemas.

d) Costo y economias de su utilizaciéon

La decision econdomica del uso de ozono en un sistema industrial se tomara en
funcion del resultado del balance entre a) la inversion que demandara |la
adquisicion e instalacion del equipo y el costo de funcionamiento y b) las
economias que deriven de su uso. Dentro de a) debemos considerar ¢l costo de compra
o alquiler del equipo productor, costos de la energia cléctrica que demandard su
funcionamiento, costos de reparacion 'y mantemimiento y el costo de reposicion de
materiales. Dentro de b) se considerara la reduccion o eliminacion de gastos
debidos a tratamientos quimicos, ahorro de agua de reposicion por la operacidon a
mayor numero de ciclos y eliminacidon de venteos, costos menores de bombeo al operar
con sistemas limpios, funcionamiento mas eficiente del sistema y menores gastos de
mantenimiento. En la Tabla III se¢ comparan los costos anuales de operacion vy
mantenimiento  de un tratamiento  quimico convencional 'y la  ozonizacién
correspondientes al Kennedy Space Center en Estados Unidos, segun informacion de la
literatura reciente [1].

TABLA 111

Costos de operacién y mantenimiento/ano del tratamiento
quimico vs. tratamiento con 0zono

Item Tratamiento quimico Tratamiento con 0zono
Tratamiento quimico U$ 2.860 U$ 0
Consumo de agua Us$ 1.260 Us 0
Costos clectricidad U$ 0 U$ 265
Mantenimiento U$ 1.680 Us 675
Monitoreo campo Us 2.860 U$ 1.575
Monitoreo laboratorio U$ 525 U$ 1.575
Aditivos quimicos Us 2.860 Us 0
Total anual U$ 12.045 U$ 3.656

Costos del sistema de ozono instalado: US 10057

Como comentario final respecto al item d), debe enfatizarse que en la
actualidad, el criterio que mas intfluye en la utilizacion del ozono para
tratamientos de agua industrial, es la preservacion del medio ambiente de los
productos residuales de la cloracion y otros tratamientos quimicos convencionales.

ALGUNOS RESULTADOS PRELIMINARES DE LA ACCION DEL OZONO
SOBRE ELL. COMPORTAMIENTO ELECTROQUIMICO
DEL ACERO INOXIDABLE

El equipo cxperimental usado e¢n los ensayos preliminares de laboratorio
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consistid en un generador de ozono basado en una lampara de radiacion UV que se
alimentaba con un flujo continuo de oxigeno de alta pureza. Con este dispositivo se
obtuvieron concentraciones maximas de 1 ppm de ozono en solucion. El electrolito

utilizado para los ensayos electroquimicos fue una solucidon de cloruro de sodio
0,5 M de pH 7.0.

Los resultados experimentales revelaron un ligero desplazamiento anddico del
potencial de corrosion vs. tiempo para cl acero inoxidable de tipo AISI 304 en
solucion saturada con mezcla de ozono/oxigeno respecto a los valores de potencial
obtenidos con solucion saturada en oxigeno solamente. Los valores del potencial de
ruptura de la pasividad obtemdos a traves dc  ensayos de  polarizacion
potenciodinamicos fueron en ambas soluciones similares, observandose no obstante,
potenciales de repasivacion mas catddicos para las muestras expucstas a la solucién
saturada con mezcla ozono/oxigeno. La alta dispersion de datos que afecta a la
determinacién  experimental de los potenciales de ruptura para los  aceros
inoxidables, dificulta la interpretacion inicial de los resultados cxperimentales.
No obstante, los datos obtenidos hasta ¢l momento sugeririan que existe una mayor
susceptibilidad a la corrosion por ‘“crevice” del acero ensayado, ¢n coincidencia
con resultados publicados recientemente en la literatura [8] para soluciones de
menor valor de pH. La investigacion actualmente en desarrollo se cxtiende al
estudio del comportamiento electroquimico del acero al carbono y a evaluar la
efectividad biocida del ozono sobre biofilms bacterianos mixtos  conteniendo
bacterias sulfato-reductoras, obtenidos a través de cultivos de laboratorio.
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BIOCORROSION EN IBEROAMERICA: PASADO, PRESENTE Y FUTURO

BICORROSION IN IBERO AMERICA.: PAST, PRESENT AND FUTURE

D.A. Moreno Géomez* y H.A. Videla®*

SUMMARY

Biocorrosion has been focusing increasing auention in the last itwo decades,
as an answer o the demand of a wide variety of industrial activities.
Considerable effort has been made through a complementary research between
specialists  from different disciplines like microbiology, electrochemistry and
metallurgy, to reach a considerable improvement in the understanding of
biocorrosion. The research developed in different Latin American countries,
Spain and Portugal is summarized in this article including an extensive list
of more than 100 updated references in the field.

Key words (Palabras clave): biocorrosion,  biofilms,  biofouling,  microbially
induced  corrosion  (biocorrosion,  biofilms,  biofouling,  corrosion inducida
microbiologicamente).

INTRODUCCION

La presencia de una activa y diversificada flora microbiana en los ambientes
acuaticos naturales ¢ industriales hace que la biocorrosion sea una de las formas
mas frecuentes ¢ importantes de biodeterioro de los metales y aleaciones utilizados
en numerosas actividades productivas. Durante muchos anos, la biocorrosion ha
recibido escaso interés de parte de los investigadores, reuniones especializadas y
publicaciones dedicadas a la corrosion, posiblemente como consecuencia de una falta
de concientizacion sobre la gravedad y vastedad de los problemas que ocasiona, vy
que generalmente eran identificados como casos de corrosion inorganica.

La participacion de los microorganismos cn ¢l biodeterioro de los metales fue
ya mencionada en 1891 por Garret [1], quien publicO una comunicacion referida a la
accion corrosiva del agua sobre el plomo en presencia de amoniaco, nitratos y
nitritos  producidos por ¢l metabolismo bacteriano. A pesar de cllo, salvo algunas
comunicaciones aisladas que se registran en la  bibliografia especializada, recién
en 1934 se publica la que seria una de las contribuciones mas significativas en la
materia: la teoria de despolarizacion catodica del hierro por bacterias  sulfato-
reductoras [2], que constituye ¢l primer intento de interpretacion de la accion
microbiana en la corrosion metalica, segun un criterio electroquimico [3]. Con
excepcion de los trabajos pioneros de Starkey € Iverson en los Estados Unidos,
durante las décadas del 40 y 60 respectivamente, y las relevantes publicaciones de
Booth y Tiller durante la década del 60 en el Reino Unido, reci€én se comienza a
brindar a la biocorrosion y el biofouling la atencion que realmente merecen, a
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partir de las dltimas dos décadas. Ahora, en el inicio de la década del 90, puede
afirmarse sin ninguna duda, que la biocorrosion es el campo especializado que mas
atencion merece y mas esfuerzos de investigacién concentra en el éarea de la
cprrosién. En forma similar a lo ocurrido en los paises antes mencionados, la
biocorrosién y los problemas relacionados a la misma, han sido sélo esporidicamente
reportados en los paises de Iberoamérica hasta el inicio de la década del 80, en
que se registra un activo desarrollo de estudios sobre biocorrosion, tanto en el
campo académico como industrial.

El objetivo de este articulo, que ha sido parcialmente extractado de una
publicacién reciente en el Biodeterioration Abstracts [4], es brindar un suscinto
pero completo panorama de los esfuerzos realizados y en progreso en el campo de la
biocorrosion, en los paises latinoamericanos y en la peninsula Ibérica. Para ello
se incluye una extensa lista de publicaciones, congresos, cursos ecspecializados vy
programas de investigacion en desarrollo. Dado la extension de la informacién
disponible, parte de la misma no ha podido ser mencionada en este articulo por
limitaciones de indole editorial, pero podra ser requerida por los interesados a
cualquiera de los autores.

BIOCORROSION EN LATINOAMERICA

Se hard a continuacidon una breve reseda del desarrollo alcanzado en el campo
de la Dbiocorrosion por los paises latinoamericanos que realizan investigaciones
académicas o aplicadas en el darea, siguiéndose para ello un estricto ordenamiento
alfabético por pais, pasandose luego a realizar una descripcion similar para Espana
y Portugal, respectivamente.

Argentina

La primera comunicacion presentada en el area de la biocorrosion fue efectuada
en la 4ta Reunién Argentina de Electroquimica, organizada por INIFTA, La Plata, en
1975 |[5]. Dos afnos mas tarde, se presentaron tres comunicaciones: en el VII
Congreso Latinoamericano de Microbiologia, Buenos Aires, abril de 1977, en la
Reunion sobre Ciencia y Tecnologia del Mar, Mar del Plala, noviembre de 1977, y en
la Reunion sobre Ciencia y Tecnologia del Aluminio, Avellaneda, diciembre de 1977,
ambas organizadas por la Comisiéon de Investigaciones Cientificas de la Provincia de
Buenos Aires. La primera referencia bibliografica sobre biocorrosion [6], publicada
en Anales de la Asociacion Quimica Argentina, data de 1978, habiéndose presentado
en el mismo afio dos comunicaciones {7, 8] al 7o Congreso Internacional de Corrosion
organizado por la Asociacion Brasilena de Corrosion en Rio de Janeiro, Brasil, en
octubre de 1978. Las primeras publicaciones internacionales son realizadas un afio
después en el International Biodeterioration Bulietin [9, 10]. En este mismo ano,
se realiza una mesa redonda sobre Biocorrosion en la 2da. Reunion Argentina sobre
Microbiologia en Buenos Aires y el Dr. Harold Rossmoore, de la Wayne Siate
University, presenta una conferencia plenaria sobre biocorrosion por contaminantes
microbianos del petréleo en las lras. Jornadas Nacionales de Corrosidon organizadas
por la Asociacion Argentina de Corrosion en Rosario, provincia de Santa Fe,
noviembre de 1978. A partir de 1980 comienzan a publicarse periodicamente diversos
trabajos de biocorrosiébn en revislas internacionales v en los anales de congresos
especializados sobre aspectos tales como la biocorrosion del aluminio y aleaciones
en sistemas agua-combustible por hongos y bacterias contaminantes  de
turbocombustibles, sobre corrosiéon anaerébica del hierro y aleaciones en medio
marino, etc. La investigacion es desarrollada principalmente en tres centros: 1) en
la Seccion Bioelectroquimica del Instituto de Investigaciones  Fisicoquimicas,
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Teoricas y Aplicadas (INIFTA) de la Universidad Nacional de La Plata, dirigida por
el Dr. Hector A. Videla; ii)) en el Centro de Investigacion y Desarrollo en
Tecnologia de Pinturas (CIDEPINT), dirigido por el Dr. Vicente J. D. Rascio y iii)
en el Centro de Investigaciones en Corrosion (CEICOR) de CITEFA-CONICET en Villa
Martelli, dirigido por la Dra. Blanca Rosales.

Diversos cursos de postgrado relacionados a problemas de biocorrosion
biofouling en la industria son organizados por el Instituto Argentino del Petrdleo
(1980-83) en Buenos Aires, en la Asociacion Quimica Argentina, como uno de los
topicos de sus cursos sobre Corrosion y Proteccion Metalicas, a partir de 1978, por
la Comisiéon de Investigaciones de la Provincia de Buenos Aires a partir de 1981 vy
por la Asociacion Argentina de Corrosion a partir de 1984.

Se han presentado diversas comunicaciones sobre biocorrosion en las Jornadas
Nacionales de Corrosion, organizadas periddicamente por la Asociacion Argentina de
Corrosion, en las Reuniones Latinoamericanas de Electroquimica y Corrosion y en las
Reuniones de la Sociedad Argentina de Fisicoquimica. En el orden internacional se
han enviado comunicaciones a los congresos organizados por la National Association
of Corrosion Engineers de Estados Unidos, la Asociacion Brasilena de Corrosion
(ABRACO) y a los diversos Congresos Iberomericanos de Corrosion y Proteccion
(AICOP), asi como en congresos y reuniones de trabajo (workshops) celebradas por la
International Biodeterioration Society y otras entidades internacionales.

Un libro sobre biocorrosion [11], "Introduccion a la Corrosion Microbiolégica”
por H. Videla y R. Salvarezza, conteniendo los principales aspectos microbiolégicos
y electroquimicos introductorios al tema, ha sido publicado en 1984 por Editonal
Agropecuaria, en Buenos Aires. Los Anales de la Reunion de Trabajo Argentino-
Estadounidense sobre Biodeterioro de Materiales (CONICET-NSF) organizada en INIFTA,
La Plata, abril de 1985, han sido publicados [12] por Aquatec Quimica S.A. de San
Pablo, Brasil en idiomas inglés y castellano. Las contribuciones de 7 relevantes
especialistas de los Estados Unidos y 8 especialistas argentinos estan contenidas
en esta publicacion que cubre un amplio temario de aspectos del biodeterioro de
materiales con especial énfasis en biocorrosion. Una reunidon de caracteristicas
similares (CONICET-NSF Workshop on Biocorrosion and Biofouling: Metal-Microbe
Interactions), se realiz6 a continuacion del 1st Pan American Congress on Corrosion
and Protection (AAC-NACE) y del IV Congreso Iberoamericano de Corrosion y
Proteccion (AAC-NACE) en Mar del Plata, del 2 al 4 de noviembre de 1992.

Dentro del campo aplicado, el estudio de los problemas de biocorrosion vy
biofouling en medio marino y aquéllos relacionados con la recuperacion secundaria
del petrdleo ocupan un lugar preponderante. Respecto al primero, varias de las
comunicaciones presentadas en la lra. Reunion de Trabajo Argentino-Italiana
(CONICET-CNR) realizada en el Instituto de Investigacion y Desarrollo Pesquero
(INIDEP) en Mar del Plata en julio de 1991 han sido publicadas en Anales del
CIDEPINT [13] mientras que los aspectos relacionados a la actividad extractiva del
petroleo  han  sido motivo de una conferencia plenaria, varias comunicaciones
técnicas y una mesa redonda en el ler. Congreso Argentino de Corrosion y Proteccion
en Yacimientos de Gas y Petrdleo organizado por el Instituto Argentino del
Petrdleo, en Mendoza, noviembre de 1990 y posteriormente publicado en los Anales de
dicha reunion [14].

Una lista parcial de las publicaciones y comunicaciones argentinas a
congresos, en el campo de la biocorrosion dentro del periodo 1978-1992, se cita al
final de este articulo [4-50].

Dentro de otras actividades relacionadas, la  Asociacion Argentina de
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Corrosion, ha editado un modulo sobre Biocorrosion (durancion 180 minutos, VHS,
sistemas PAL N y NTSC) como parte de su Curso de Corrosion en Video. La
Biocorrosién ha sido también incluida como uno de los tdpicos de estudio del
Programa de Lucha Contra la Corrosion auspiciado por la Organizacion de los Estados
Americanos (OEA). En los aspectos aplicados de la biocorrosion y de transferencia
al sector productivo, se desarrollan actividades de asesoramiento a las industrias
afectadas en diversos centros del pais como el Instituto Nacional de Tecnologia
Industrial (INTI), la Seccion Bioelectroquimica de INIFTA, el CIDEPINT, ¢l CEICOR,
etc. La catedra de Microbiologia de la Universidad Nacional de la Patagonia, a
cargo del Dr. Oscar H. Pucci desarrolla una activa tarea de investigacion vy
asesoramiento sobre bacterias sulfato-reductoras y problemas relacionados a la
industria extractiva del petréleo local.

Dentro de las tesis de doctorado realizadas e¢n Argentina sobre biocorrosion
pueden mencionarse: "Corrosion microbiolégica del aluminio y aleaciones por
Cladosporium resinae, en sistemas agua-combustible”, R.C. Salvarezza, Universidad
de Buenos Aires, 1980, "Corrosion microbiologica de metales y aleaciones en medio
marino”, S. Gomez de Saravia, "Biodeterioro de metales y aleaciones por
contaminantes microbianos de combustibles derivados del petroleo”, P.S. Guiamet,
Universidad Nacional de La Plata, 1991 y 1992, respectivamente, asi como otros
trabajos en realizacion en diversas universidades del pais.

Dentro de los aspectos de la biocorrosion actualmente en desarrollo en la
Seccion Bioelectroquimica de INIFTA, pueden mencionarse dentro de los mas
relevantes: 1) biocorrosion de acero al carbono en ambientes industriales por
bacterias  sulfato-reductoras y consorcios mixtos bacterianos; ii) problemas de
biocorrosién y biofouling en sistemas de refrigeracion industrial alimentados con
agua de mar; i) problemas de biocorrosion en sistemas de aguas de inyeccion en la
recuperacion secundaria del petrdleo; 1v) Dbiocorrosion debida a contaminantes
microbianos de turbocombustibles y otros derivados del petroleo; v) relacion entre
biofouling y productos de corrosion sobre diversos metales y aleaciones; vi)
efectos de biocidas especificos sobre biofilms bacterianos; vii) proteccion contra
la biocorrosién por medio de cubiertas protectoras (en conjunto con el CIDEPINT),
ctc.

Brasil

La primera publicacion [S51] sobre problemas relacionados a biocorrosion estuvo
referida a la contaminacion microbiana de turbocombustibles y fue presentada en el
ler Congreso de Fermentaciones organizado por la Asociacion Quimica Brasilena en
Sao Paulo, 1964. Cuatro anos mas tarde [ueron presentadas dos comunicaciones [52,
53] al 5to. Seminario de Corrosion auspiciado por el Instituto Brasileno del
Petréleo en Rio de Janeiro (1968). Una de estas comunicaciones ecstaba relacionada a
problemas de biocorrosiéon en tanques integrales de aviones a retropropulsion y otra
a problemas microbiolégicos en aguas de inyeccion.

La primera conferencia plenaria dedicada a este tema tue pronunciada por
el Dr. Héctor Videla en ¢l V Encuentro de Corrosion y Electroquimica organizado por
la Asociacion Brasilena de Corrosion e¢n Porto Alegre, 1976. A partir de esc
entonces varias comunicaciones de éste y otros autores han sido presentadas
periddicamente [54-58] en los Seminarios Nacionales de Corrosion (SENACOR)
auspiciados por ABRACO, en el periodo de 1984 a 1990. Un libro sobre Corrosion
Microbiolégica, fue publicado en el ano 1981 por Edgard Blucher Editora, de Sao
Paulo, como parte de su serie de libros sobre Biotecnologia.
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La investigacion sobre biocorrosién, biofouling y problemas relacionados ha
sido desarrollada principalmente en el ambito industrial por dos empresas:
Petrobras en su Centro de Investigacion y Desarrollo (CENPES) y por Aquatec Quimica
S.A. La primera ha participado en varios trabajos de desarrollo sobre problemas
referentes a la contaminacion microbiana de turbocombustibles y a aguas de
inyecciOn en sistemas de recuperacion secundaria en tierra y off-shore. Ambas
empresas han organizado diversos cursos de especializacion y seminarios dedicados a
la biocorrosion [12,59,60]. Aquatec Quimica S.A. ha presentado numerosas
comunicaciones [61-65] en congresos nacionales ¢ internacionales sobre problemas de
biocorrosion en diversas industrias (petrolco, papel y celulosa, petroquimica,
torres de  enfriamiento, etc.) y ha auspiciado y publicado los Anales
correspondientes a dos reuniones sobre biocorrosion y biofouling realizadas en 1987
y 1988 en Salvador y Sao Paulo, respectivamente.

Merecen destacarse las conferencias plenarias y comunicaciones [66-70]
presentadas en la sesion sobre biocorrosion en la industria del petroleo
correspondiente al 1ler. Encuentro Bi-Nacional Argentino-Brasileno de Corrosion vy
Proteccién, organizado por ABRACO y la Asociacion Argentina de Corrosion en Foz de
Iguazu, octubre de 1988.

La primera tesis doctoral sobre biocorrosion ("Corrosion microbiologica de
aluminio y aleaciones por contaminantes fungicos de combustibles del tipo
kerosene") fue presentada por Soelly M. Dovalle a la Facultad de Ingenicria de la
Universidad de Rio Grande do Sul, en abril de 1991.

Diversas instituciones y empresas han organizado o auspiciado cursos de
especializacién en biocorrosion, biofouling y biocidas. Merecen destacarse en orden
cronologico: Universidad de Sao Paulo, Departamento de Quimica (1983); Petrobras
(1986, 1988); Aquatec Quimica S.A. (1988, 1989); ABRACO (1989); Fundacao Tropical
de Pesquisas e Tecnologia "Andre Tosello” (1991); Laboratorio de Solos, Universidad
Federal de Rio Grande do Sul (1991).

La investigacion y desarrollo en biocorrosion esta concentrada principalmente
en los siguientes centros: Laboratorio de Solos, UFRGS (Dra. Christine C. Gaylarde,
profesor visitante) y Laboratorio de Corrosion del Departamento de Metalurgia (Dra.
Gelsa Englert), ambos de la Universidad Federal de Rio Grande do Sul, en la Escuela
de Quimica de la Universidad Federal de Rio de Janeiro (Prof. M.C. Finamore) e
industrias: Aquatec Quimica S.A. (Centro de Pesquisas Aquatec) y Petrobras
(CENPES).

Como una muestra del interés despertado cn  Brasil por la biocorrosion v
problemas de biodcterioro relacionados, se organizo cn agosto de 1992, el Ist LABS
(Latin American Biodeterioration Symposium) con el auspicio de la International
Biodeterioration Society, en Campos do Jordao, estado de Sao Paulo, cubriendo un
amplio espectro de aspectos del biodeterioro de materiales con especial é€nfasis en
biocorrosion y biofouling.

Las referencias bibliograficas mas relevantes de las contribuciones en
biocorrosion realizadas en Brasil han sido resumidas al final de este articulo
[51-75].

Colombia, Chile, México y Venezuela

Salvo publicaciones aisladas, la investigacion sobre biocorrosion se¢ encuentra
en una etapa incipiente en estos paises, donde en diversos centros de investigacion
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e industrias se ha iniciado el desarrollo de proyectos.

En Colombia las contribuciones han estado principalmente relacionadas a
problemas de biocorrosion por contaminacion microbiana de aguas de inyeccion
(monitoreo y control) en la industria extractiva del petroleo. Un cjemplo de este
upo de desarrollo es el trabajo de Camargo [76] presentado al 111 Congreso
Iberoamericano de Corrosion y Proteccion en Rio de Janeiro, Brasil, junio de 1989.

En Chile existe un gran interés por procesos microbianos relacionados a la
biorecuperacion de minerales (biolixiviacion) debido a la importancia que los
minerales revisten para la economia de ese pais. Alguna de las comunicaciones
aisladas efectuadas en la materia han sido realizadas en el Instituto de Quimica de
la Universidad Catodlica de Valparaiso |77].

La investigacion en el area dc biocorrosion e¢n  México se  ha iniciado
recientemente en dos centros: Departamento de Corrosion Microbiana del Instituto
Mexicano del Petrdleo (IMP) sobre problemas de biocorrosion en sedimentos y su
relacion con proteccion catodica (Dr.  Rafael Garcia Esquivel) y  Universidad
Autonoma de Guadalajara juntamente con el Instituto de Investigaciones Eléctricas
(IIE) en Mexicali, Baja California, sobre problemas de biocorrosion que afectan a
centrales geotérmicas (Dr. Benjamin Valdez). Si bien han sido desarrollados en ¢l
exterior, los trabajos del Dr. Guillermo Hernandez [78-80] y su tesis de doctorado
sobre biocorrosion realizada en la Universidad de Compiegne, Francia (1989) son
ejemplos del potencial desarrollo en el drea de este importante  pais
latinoamericano.

Como sucede en Colombia, ¢l desarrollo de los eswudios de biocorrosion en
Venezuela estdn en gran parte relacionados a problemas que afectan a la industria
extractiva del petroleo, de gran incidencia en la economia de este pais. Estas
contribuciones pueden e¢jemplificarse con comunicaciones enviadas a cste  CONgreso
(81] y a estudios efectuados por empresas privadas como Aquatec Venezuela S.A.,
Lagoven, INTEVEP, eic.

Un curso de especializacion cobre "Aspectos de biocorrosion y biofouling en la
industria del petroleo”, fue organizado recientemente por PEDEVESA en Maracaibo,
agosto de 1991.

Consideraciones generales

Aunque las condiciones c¢conomicas derivadas de la deuda externa, que afecta a
la totalidad de los paises latinoamericanos, ha limitado en parte las inversiones
necesarias para proyectos de investigacion de  envergadura, el desarrollo realizado
en la década del 80 e¢n los paises antes mencionados, ilustra sobre la
concientizacién creciente de la importancia que reviste la  biocorrosion para ¢l
sector productivo. Es posible entonces, que la investigacion en la presente década
esté focalizada al estudio de los aspectos mas relevantes que derivan de las
caracteristicas economicas de cada pais y de las necesidades emergentes de  sus
principales actividades industriales. Por consiguiente, la investigacion en  areas
relacionadas a la industria del petrdleo, petroquimica, papel y celulosa, vy
energética han de recibir  preferente  atencion.  Hasta el  presente, las
contribuciones mas numerosas y trascendentes e¢n la materia han provenido de dos de
los paises con mayor desarrollo industrial de la regiéon (Argentna y Brasil), lo
cual corrobora las consideraciones generales antes mencionadas.
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PENINSULA IBERICA
Espana

Los estudios en el drea de biocorrosion vy biotouling, salvo escasas
excepciones, como los realizados por el Laboratorio Central de Iberdrola S.A. en
Madrid [82-84], a cargo de los Ingenieros J.L. Pintado y F. Montero y los trabajos
de Ferramon Torrabadela y Pou Serra [85] en el Centro de Estudios, Investigacion vy

Aplicaciones del Agua en Barcelona, recién comienzan a desarrollarse hacia fines de
la década del 80.

Merece destacarse en primer lugar la Catedra de Metalurgia de la Escuela
Superior de Ingenieros Industriales, perteneciente a la Universidad Politécnica de
Madrid. Este grupo de investigacion, dirigido por el catedratico Carlos Ranninger,
tiene como principal responsable del darea de biocorrosion al Dr. Diego A. Moreno
Gomez, quien ha sido el primer cspecialista doctorado con un tema de biocorrosion
en Espana, con la tesis doctoral "Andlisis de la susceptibilidad a la corrosion
microbiana de los aceros inoxidables en diversos estados microestructurales”
dirigida por el profesor Fernando Laborda (Universidad de Alcala de Henares, 1990).
Las actividades de este grupo cubren tareas docentes de post-grado a través de la
organizacion de cursos y seminarios especializados como los realizados en los anos
1988 (profesor invitado: W.G. Characklis) y 1989 (profesor invitado: H.A. Videla);
conferencias y coloquios; participacion en la organizacion de sesiones y cOngresos
(Sesion sobre Biodeterioro, XII Congreso Nacional de Microbiologia, Pamplona, 1989;
ler. Simposio Internacional sobre Biodeterioro, Madrid, 1991); proyectos de
investigacion conjuntos con la industria (Iberdrola S.A., CAMPSA, OCIDE) y con
centros de investigacion nacionales (Centro de Recursos Naturales y Agrobiologia de
Sevilla (IRNAS); o del exterior (Seccion Bioelectroquimica de INIFTA, UNLP,
Argentina). El grupo de investigacion cuenta aproximadamente con 30 publicaciones
internacionales, y 20 comunicaciones a congresos de la especialidad que son
volcados en forma parcial en la lista de referencias al final de este articulo [86-
106]. Las lineas de investigacion mas relevantes de la Catedra de Metalurgia en
biocorrosion son: 1) aspectos relacionados a la biocorrosion de aceros 1noxidables
y la influencia de diferentes estados microestructurales; i1) biocorrosion de
aceros Inoxidables austeniticos por bacterias sulfato-reductoras; 1) elaboracion
de banco de datos en biocorrosion; iv) estudios sobre cfectividad de biocidas sobre
biofilms microbianos mixtos; v) estudios de biocorrosion en suelos y su incidencia
en oleoductos; vi) analisis de biofilms microbianos por microscopia electronica de
barrido; vii) biocorrosion de obras de arte.

Dentro de los proyectos de investigacion e¢n biocorrosion desarrollados por la
industria en Espana, pueden mencionarse por su relevancia los de Iberdrola S.A.:
"Corrosion bacteriana en aceros inoxidables" (1988-91); "Corrosion biologica vy
quimica en cables subterrdncos de media tension” (1991-94) y "Comportamiento de
materiales para tubos de condensadores" (1992-93) y los de CAMPSA a cargo de
Joaquin Plaza: Contaminacién microbiana de productos petroliferos” (1986); "Calidad
de combustibles" (1987); "Viruses in oil products” (1988); "Corrosion microbiana de
productos  petroliferos" (1989); "Influencia del nivel de inclusiones en la
velocidad de corrosion de los materiales de los oleoductos” (1990) y "Estudio de la
agresividad de los suelos frente al material de los oleoductos” (1990).

Dos grupos de investigacion han desarrollado estudios relacionados a la
biocorrosion en San Sebastian, Pais Vasco: 1) Laboratorio de Electroquimica de la
Facultad de Quimica (Dr. T.F. Otero); i) INASMET (Centro de Investigacion y
Asesoramiento Metalurgico, Dra. E. Erauzkin). En el primero se han realizado dos
proyectos de investigacion, varias comunicacioncs a congresos y  publicaciones,
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entre otras las referidas en la bibliografia [107-110] y en el segundo se ha
desarrollado um proyecto durante los afios 1985-87 con el auspicio de la Diputacion
Foral de Guipuzcoa que permitido realizar varias publicaciones y comunicaciones a
congresos [111-114], asi como un activo intercambio nacional e internacional.

Otros dos grupos que han iniciado recientemente estudios en el area de
biocorrosion pertenecen a la Universidad de La Laguna, en las Islas Canarias
(Departamento de Quimica y Fisica) y algunas de sus publicaciones y comunicaciones
son reteridas posteriormente [115, 116].

Se ha realizado un curso de post-grado en el centro de Investigaciones
Metalurgicas (CENIM) de Madrid a cargo del Dr. Héctor Videla (1986) y se ha
publicado un capitulo sobre Corrosion Microbiologica (Dr. H. Videla) en el libro
sobre "Corrosion y Proteccion Metalicas", de la coleccion Nuevas Tendencias, (CSIC,
Madrid), editado por S. Feliu y M.C. Andrade.

La Revista Iberoamericana de Corrosion y Proteccion, editada por el Instituto
Espafiol de Corrosion y Proteccion (Director, Dr. Miguel A. Guillen Rodrigo) ha
editado un volumen especial (vol. XVII, No. 5, 1986) dedicado a Corrosion
Microbiologica, que contiene tres notas editoriales y 6 articulos especializados.

Portugal

El grupo de investigacion del Laboratorio de Electroquimica dirigido por el
Dr. C.A. Sequeira, del Instituto Superior Técnico (Universidad Técnica de Lisboa),
ha organizado dos trascendentes reuniones internacionales sobre biocorrosion con el
auspicio de la Federacion Europea de Corrosion en colaboracion con A.K. Tiller
(National Corrosion Service, Teddington, Reino Unido) en Sintra (1988) y Sesimbra
(1991). Los anales de esas reuniones han sido publicados por Elsevier Applied
Science en 1988 y 1991 [117, 118]. Algunas de las contribuciones de Sequeira al
campo de la biocorrosion pueden encontrarse en esas publicaciones [119, 120].

Consideraciones Finales

Al notable desarrollo de los estudios sobre biocorrosion que registra  la
literatura especializada a partir de la década del 80 no ha quedado ajeno el
esfuerzo desarrollado e¢n los paises latinoamericanos y de la Peninsula Ibérica. A
este respecto ¢l apoyo directo o indirecto de las entidades coordinadoras de la
actividad cientifica de cada uno de los paises incluidos en esta revision, las
universidades y las principales cmpresas industriales interesadas, han permitido en
el transcurso de esta dltima década, la publicacion de varios centenares de
articulos  especializados ¢ igual numero de comunicaciones a4  CONgresos
internacionales. Merece destacarse que dentro de Europa y con la sola excepcion de
Gran Bretana (pais pionero en los estudios de biocorrosion), los paises de la
Peninsula Ibérica ocupan un lugar de vanguardia en la investigacion y desarrollo
efectuados en biocorrosion. El presente articulo procura brindar asi un panorama
actualizado de estos estudios en Iberoamérica y ofrece a los potenciales
interesados una amplia lista de referencias especializadas.
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USO DE TECNICAS MICROSCOPICAS PARA EL ESTUDIO DE ADHERENCIA
MICROBIANA SOBRE DIVERSAS SUPERFICIES METALICAS

USE OF MICROSCOPIC TECHNIQUES TO STUDY METAL SURFACES
EXPOSED TO MICROBIAL ADHERENCE

S.G. Gémez de Saravia*, P.S. Guiamet® y HA. Videla*

SUMMARY

The goal of this paper will be 10 present a comparative overview on different
microscopic techniques used for the observation of metal surfaces e¢xposed 1o
microbial adherence. Several previous treatments made to the samples for their
subsequent  observation through scanning electron microscopy (SEM) are
commented jointly with new microscopic technologies such as environmental
scanning electron microscopy (ESM); scanning tunneling microscopy (STM) and
atomic force microscopy (AFM). Several pictures of microbial adherence on
different metal surfaces obtained through the use of the previously mentioned
technologies are presented.

Key words (Palabras clave): microbial adherence, biofilms, scanning electron
microscopy, environmental scanning electron microscopy, scanning tunneling
microscopy, atomic  force  microscopy (adherencia  microbiana,  biofilms,
microscopia electronica de barrido, microscopia de barrido ambiental,
microscopia electronica de efecto winel, microscopia de fuerza atomica).

INTRODUCCION

La [ormacion de biopeliculas sobre metales estd estrechamente relacionada con
la corrosion inducida por microorganismos. Por estc motivo, la observacion
microscopica de la adherencia microbiana constituye una herramienta muy importante
en su estudio.

Las técnicas utilizadas para la observacion de  microorganismos  han
evolucionado notablemente con el transcurso del tiempo. Las primeras observacionces
fueron realizadas con un simple microscopio en 1677, por Antony Van Leeuwenhoek,
quien utilizaba pequenas lentes de gran aumento (probablemente superiores a 300 X)

[1].

El microscopio optico, recién comenzo a scr utilizado a principios del siglo
XIX vy desde entonces se han desarrollado distintos tipos de microscopia, entre
ellas:  microscopia de fondo oscuro, microscopia de contraste de fase,
ultramicroscopia, microscopia de luz ultravioleta, microscopia de fluorescencia,
microscopia electronica de transmision (MET), microscopia de barrido de electrones
(MEB) y muy recientemente, se¢ usan los microscopios de barrido ambiental (MEBA), de
efecto tunel (MBT) y de fuerza atémica (MFA).

El objetivo de ceste trabajo c¢s cstudiar comparativamente diferentes  tecnicas
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miCTO utilizadas co la obscrvacion de la adbercncia microbiana a susiralos
metflicos. Sec cvalian especialmenic obscrvaciones realizadas con  microscopia  Sptica
y de barrido de clectrones y sc comeatan los ulumos avances de la lecnologfa.

USOS Y LIMITACIONES DE LAS DISTINTAS
TECNICAS DE OBSERVACION

. La utihzacion dc la lupa cstcrooscopica v ¢l microscopio dptico ¢s dc  gran
importancia para una pnmcra obscrvacion dc las mucstras, permiticndo  oblener una
descripcion general de las mismas, y c¢n muchos casos  detcrminar  los  organismos
presentes.

La obscrvacion dc la adhcrencia fungica pucde tambicn realizarse 1n vivo cn la
lupa csicreoscopica o cn cl microscopio dpticod a muy bajos aumentos.

El matcnial biologico adhcrido  a  una  superficic metalica pucde  tambicn
obscrvarsc a través dcl microscopio dc cpifluorescencis. Los organismos  pucden  ser
detectado v cnumerados directamente [2] lucgo de la uncion de la mucstrs con un
colorantc fluorescente  [3] que refleja la luz proveniente de una  tucntc de  cpi-
iluminacion mediantc ¢l uso dc  filtros  apropiados.  Dentro de la vancedad  dc
colorantes ullizados, ¢l naranja dc acndina (cn solucion  de  concentracion  5-10
mg/l) pcrmitc visualizar los microorganismos lucgo de solo 2-5 minutos de  uincién
[4]). Esta e una técmca simple, rapida v de bajo costo. Su mayor limitacion es que
no cs  posible idenuficar  cclulas  viables de  celulas muertas, por  lo cual un
refinamicnto de esta lecnica o la wnlizscion de colorantes como ¢l diacctato  de
luoresccina que permite ¢l conteo selectivo de cclulas viables [§).

La MEB. ¢s desarrollada comercialmente ¢n ¢l ano 1965 y desde entonces ha sido
dc gran utihdad cn los cstudios biologicos. Estos microscopios presentan una  seric
de caracteristicas sumamente impontantes [6):

a) Pueden scr operados ¢n una cscala ampha de aumentos. Esta cscala se
exticnde asi, desde ¢l aumento de una lups manual (10 X), hasta 10.000 X o
20.000 X de acuerdo al modelo.

b) Tienc una gran profundidad de foco, por cjemplo, ¢n un aumento 0 ampliacién
de 1.000 X la profundidad de foco pucde llegar a 10 pm.

¢) Las operaciones son relaivamente simples.

E!l inconvenienie que presenta cste Upo de vbscrvacion c¢s que ia muesira debe
en general someterse al vacio en una camara especial  sicndo  necesano  que ¢l
material est¢ libre de agua o cualquier sustancia volatil. El tratamiento cfeciuado
sobrc una muestra consistc basicamente c¢n:  a) fijacion; b) deshidratacion; )
secado y d) metalizado.

Para la ctapa a) sucle usarse una solucion neutra de glutaraldehido al 2-4 %
tamponada de fosfalos o cacodilato. El glutaraldehido puedc ser reemplazado por el
tetroxido de osmio en solucion. La ciapa b) se¢ realiza por lo general a través de
una serie de soluciones de concentracion crecienie de ctanol o acetona hasta llegar
al 100 % de cada uno de estos solventes. La ctapa c) puede llevarse a cabo mediante
la técnica de punto critico, por congelacion con nitrégeno liquido o mediante
soluciones fluorocarbonadas comerciales del upo Peltri. La dltima etapa se efectua
en un meuwalizador al vacio de upo “sputtering” cmpleindose oro, oro/paladio o
carbono (adecuado para el anilisis por encrgia de dispersion de rayos X, EDAX)
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segun el tipo de estudio posterior a efectuar con la muestra.

Las criticas mas frecuentes efectuadas a la MEB para la observacion de la
adherencia microbiana y su relacion con la corrosion son: i) deformacion de
morfologias celulares por una imperfecta aplicacion de la metodologia de secado
(Fig. 1); i) efectos artificiales ("artefactos") causados por la deshidratacion de
la muestra. Esto es especialmente notable en los biofilms bacterianos constituidos
principalmente  por material polimérico extracelular con un alto grado de
hidratacion (80-90 %), como puede apreciarsc en la Fig. 1. No obstante, un manejo
experimental adecuado permite en muchos casos obtener excelentes imagenes, aun en
muestras  biologicas que no han sido sometidas a técnicas de deshidratacion
especificas (Fig. 2); iii) el uso de cubiertas de metalizacion puede distorsionar
resultados de analisis elemental por la técnica de EDAX; iv) células bacterianas o
parte del material polimérico constituyente del biofilm puede perderse durante la
deshidratacion o ser alterada su distribucion espacial sobre el sustrato.

La utilizacion de Dbarridos horizontales para remarcar los relieves o
depresiones de una muestra, permite en la microscopia MEB la obtencion de imagenes
topograficas, que son particularmente utiles para apreciar el grado de ataque al
sustrato metalico bajo biofilms bacterianos (Fig. 3 y 4).

Otro método ampliamente utilizado es la MET. Esta microscopia ticne una amplia
resolucion y permite realizar estudios de la composicion celular, asi como de la
estructura de la pelicula biologica adherida a una superficie a través de cortes
finos. De este modo se ha podido demostrar la presencia de consorcios microbianos
[7] en los biofilms o determinar la distribucion celular en forma estratificada y
entremezclada con los productos de corrosion en ¢l caso de aleaciones de cobre-
niquel [8].

Algunas limitaciones del MET estan referidas a: a) el examen de objetos
tridimensionales requiere la reconstruccion de 1magenes de 2 dimensiones; b) se
requiere que la muestra sea colocada en una camara en la que se realiza vacio;
c) en el caso de muestras biologicas, relativamente transparentes a los haces de
electrones, se necesitan altas dosis de electrones que pueden danar las muestras.
Para evitar estos efectos se usan agentes quimicos que previenen la deshidratacion
por vacio, dando un mayor contraste durante la observacion.

NUEVAS TECNOLOGIAS PARA LA OBSERVACION MICROSCOPICA
DE LA ADHERENCIA MICROBIANA Y LA CORROSION

El MEBA ha sido enfatizado recientemente como una herramienta de gran utilidad
para el estudio de la adherencia microbiana a superficies metalicas en la corrosion
microbiologica [9]. En esta referencia se presentan  dos  casos  practicos
relacionados a: 1) la disolucibn metalica de aleaciones de cobre-niquel en
presencia de cultivos mixtos conteniendo bacterias sulfato-reductoras y ii) efecto
del dealeado de la aleacion de cobre-niquel 70/30 por biotfilms marinos.

La ventaja mas notable de este tipo de microscopia es ¢l manejo de muestras
hiumedas sin necesidad de aplicar metodologias de fijacion o deshidratacion que
induzcan efectos artificiales. Los analisis por EDAX son tambi€én efectuados sin
mayores interferencias.

El MBT desarrollado recientemente, evita varios de los inconvenientes del MEB
desarrollando  imagenes tridimensionales con una resolucion del orden de 10
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Fig. 1.- Microfotografia MEB (5.000 X) de la superficie de aleacion
cobre-niquel 90/10 expuesta durante 48 hs. a un cultivo de
V. alginolyticus en medio de Postgate C modificado.

Fig. 2.- Microfotografia MEB (1.000 X) de conidioforos de Mucor sp.
emergiendo de la pelicula de bitumen correspondiente a la
aislacion de un cable de alia tension. Esta muestra no
fue sometida a tratamienio de secado por punto critico.

(por cortesia de J.L. Pintado y F. Montero, Iberdrola S.A., Madrid, Espana)
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Fig. 3.- Microfotografia MEB (1.000 X) de la superficie de acero N-80
expuesto durante 5 dias al agua de inyeccion de un sistema de
recuperacion de petroleo. Los depdsitos biologicos e
inorgdnicos fueron removidos previamente de la superficie.

Fig. 4.- Imagen topogrdfica (1.000 X) de la microfotografia de Fig. 3.
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micrones (Fig. 5). Ademas, ha demostrado ser un poderoso complemento del MEB en el
campo de la biologia molecular, tratamientos superficiales, y en especial de la
corrosion [10-12] pudiendo operar a presién atmosférica.

Las aplicaciones del MBT a sistemas biologicos y aspectos tecnolégicos ha sido
enfatizada recientemente [13] y aplicada a la observacion y caracterizacién de

virus y bacteriofagos, al estudio topogrifico superficial de implantes metdlicos de
uso odontolégico y al analisis de superficies de catalizadores.

Fig. 5.- Imagen de MBT de un bacteriofago o029 conteniendo DNA.
Los barridos han sido realizados en el sentido del eje
longitudinal de la particula cuya altura es de 200

(de referencia 13).

Se ha informado recientemente [14], la gran utilidad de la MBT en la
determinacion del mecanismo del ataque localizado sobre superficies de titanio
cubiertas por Oxidos, tema de indudable interés en relacion al ya reportado [15]
efecto de los biofilms bacterianos sobre estas superficies (Fig. 6).

El uso de la microscopia de fuerza atomica (MFA) ha sido, a pesar de su
reciente  desarrollo, aplicado en diversas publicaciones relacionadas con la
corrosion [16] y los biofilms microbianos [17,18). En una de estas publicaciones
[18] se han publicado las iméagenes de MFA de un biofilm formado sobre una
superficie de cobre (Fig. 7) en condiciones naturales de hidratacion. La punta de
registro del MFA permite recorrer las coordenadas x, y, z de una muestra en ¢l
orden de fracciones de nanometro. A través de esas imagenes se ha podido observar
un biofilm distribuido heterogéneamente sobre la superficie metalica tanto en lo
referente al nimero de bacterias como a su espesor. Se ha podido constatar asi la
asociacion de bacterias con las areas de picado.

CONCLUSIONES

1. Las técnicas de microscopia oOptica resultan de gran utilidad en la
observacion preliminar de las muestras de campo o en la identificacion inicial de
laboratorio. El uso de la microscopia de epifluorescencia permite una rapida
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Fig. 6.- Imagen de MBT de un pit de 5 nm de radio producido sobre
una superficie de platino/TiO, (de referencia 14).

Fig. 7.- Imagen de MFA de un biofilm sobre la superficie de una
muestra de cobre sin pulir. Pueden observarse los pits
(circulos negros) sobre la superficie del metal. La
muestra es observada en condiciones de hidratacion
normal (de referencia 17).
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enumeracion de bacterias y su caracterizacion morfoldgica preliminar.

. 2. La MEB ha sido una de las armas fundamentales para establecer la
importancia de la asociacion entre la adherencia microbiana a las superficies
metalicas y el ataque al sustrato. Sus limitacioncs han sido en parte mitigadas por
la diversidad de sus aplicaciones. EI MEBA surge actualmente como una herramienta

instrumental de similares caracteristicas pero sin las desventajas atribuidas al
MEB.

3. Los desarrollos recientes de nuevas tecnologias dc observacion microscopica
ya han sido aplicados al estudio de la corrosion y formacion de peliculas pasivas
de o6xidos con gran ¢éxito (MBT) asi como a la caracterizacion topografica de
biofilms microbianos sobre sustratos metalicos y su relacidon con la  corrosion

(MFA).

4. La revision de las técnicas de obscrvacion microscopica realizada en el
presente trabajo permite concluir que, con las limitaciones de cada caso, cada una
de estas técnicas puede ser aplicada con ¢xito en la caractenizacion de la
adherencia microbiana y su relacion con la corrosion del metal base.
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4 CONGRESO IBEROAMERICANO DE CORROSION Y PROTECCION
4> CONGRESSO IBERO-AMERICANO DE CORROSAO E PROTECAQ
1st PAN AMERICAN CONGRESS ON CORROSION AND PROTECTION

CORROSION Y PROTECCION: Encuentro de dos Mundos

V. Rascio™

Summary.-

The IV Ibero-American Congress on Corrosion and Protection and the Ist Pan
American Congress on the same subject (Mar del Plata, Argentina, 25-30 October
1992) were organized by the Argentinian Corrosion Association, the
Iberoamerican  Corrosion and  Protection Association and the National
Association of Corrosion Engineers and sponsored by different Scientific and

Technical Institution of Argentina and by the CYTED-D Corrosion and Protection
Program.

131 scientific and technical papers were presented in regular and special
sessions covering the most relevant aspects of corrosion and protection:
corrosion basics, atmospheric corrosion, high temperature corrosion, corrosion
in reinforced prestressed concrete structures, corrosion in the oil and gas
industry,  microbiological influenced corrosion, coatings, paints, surface
treatments, anodic and cathodic protection and inhibitors. 200 researchers and
industries of North, Central and South America, I[berican Penninsula and some
European countries take part in this event.

Four volumes of Proceedings were edited and Expocorr’92, an industrial
exhibition, presented advanced products and instrumentation to be employed in
different fields of corrosion and protection technology.

Entre el 25 y el 30 de octubre de 1992 se realizaron en Mar del Plata los
Congresos citados en el titulo de este articulo. La organizacion estuvo a cargo de
la Asociacion Argentina de Corrosion (AAC) y de la Asociacion Iberoamericana de
Corrosion 'y Proteccion (AICOP), con ¢l apoyo de la National Association of
Corrosion Engineers (NACE).

Los objetivos de estos congresos incluian la divulgacion de los conocimientos
mas recientes relacionados con los problemas de corrosion 'y la  forma de
combatirlos, asi como fomentar ¢l intercambio de ideas, practicas y experiencias
entre los investigadores, profesionales y técnicos que actian en los diferentes
paises participantes.

* Director del CIDEPINT
Investigador Invitado de la CIC
Ex Investigador Superior CONICET y CIC
Presidente Honorario de la Asociacién Argentina de Corrosion 309



La Comision Organizadora Ejecutiva fue presidida por el autor de este articulo
y estuvo constituida por:

a) IV Congreso Iberoamericano: Presidente Honorario, Dr. Migucl Angel Guillén
Rodrigo (AICOP, Espana); Coordinador General, Ing. Gerardo Lopez (AAC, Argentina);
Representante Ejecutivo para Latinoamérica, Dr. Lconardo Uller (ABRACO, Brasil) y
Representante Ejecutivo para la Peninsula Ibérica, Dr. Manuel Morcillo Linares
(CENIM, Espana).

b) ler Congreso Panamericano: Coordinador General, Dr. Héctor A. Videla
(INIFTA, Argentina); Representante dc NACE c¢n la Argentina, Sr. Walter Muller;
Representante  de  NACE, Ing. John Trim: Representante Latinoamericana  de
Asociaciones Afiliadas a NACE, Dr. Oladis T. d¢ Rincon (Universidad del Zulia,
Venezuela) y Enlace NACE-AAC, Ing. Jim Williams.

El CIDEPINT colabord intensamente en la organizacion de  estos Congresos,
aportando su infraestructura, y luvo a su cargo la cdicion de los Anales del IV
Iberoamericano (2 tomos, 77 trabajos, 833 paginas) y de los Proceedings del Ist Pan
American (2 tomos, 54 trabajos, 726 paginas).

El temario incluyd los siguientes aspeclos:

a) Corrosion, temas generales.

b) Corrosion atmosférica.

¢) Corrosion cn la industria de procesos.

d) Corrosion a alta temperatura.

¢) Corrosion de estructuras de hormigon.

) Corrosion microbiologica.

g) Cubierias protectoras, pinturas, preparacion de superficies.
h) Proteccion anodica y catodica.

1) Inhibidores.

J) Tratamiento de aguas.

Los Congresos fueron patrocinados por ¢l Gobierno de la Provincia de Buenos
Arics; CYTED-D, Programa Iberoamericano de Ciencia y Tecnologia para cl Desarrollo;
SECYT, Secretaria de Ciencia y Técnica; CONICET, Consejo Nacional de
Investigaciones  Cientificas y  Técnicas: CIC, Comision de  Investigaciones
Cientificas de la Provincia de Buenos Aries; Universidad Nacional de La Plata;
EMTUR, Ente Municipal de Turismo de Mar del Plata; y CIDEPINT, Centro de
Investigacion y Desarrollo en Tecnologia de Pinturas (CIC-CONICET).

El aportc de Empresas del Sector Productivo, ¢n forma de avisos, permitio
financiar los Anales del IV Iberoamcricano, y ¢l del CONICET los Proceedings del
Panamericano.

En el acto inaugural el Ing. Gerardo Lopez, presidente de la  Asociacion
Argentina de Corrosion, se refirio a los objetivos especificos de estas reuniones
cientificas, destacando que se incluycron exposiciones en castellano, portugues ¢
inglés c¢n ¢l entendimicnto de que cllo permitiria integrar a la totalidad de  los
participantes del evento. La convocatoria incluyo, ademas de Latinoamericanos, a
investigadores de Estados Unidos de América, Canadd, Gran Bretafa, Italia, Espana y
Portugal.

El Dr. Miguel Angel Guillén Rodrigo sc refirio a la insercion de  estos
Congresos en el marco de los actos conmemorativos del 5  Centenario  del
Descubrimiento de América, lo que les da trascendencia no solo cientifica sino
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también histdrica. Enumerd diferentes aspectos del desarrollo de los conocimientos
en esta especialidad y cit6 a algunos de los investigadores que se destacaron en
este proceso. También se refirio a los tres Congresos anteriores, celebrados en
Madrid (Espafia), Maracaibo (Venezuela) y Rio de Janeiro (Brasil), y al hecho de
que, en el caso del de Mar del Plata, se contdo con el auspicio del Programa de
Ciencia y Tecnologia para el Desarrollo del V Centenario (CYTED-D).

El Dr. Vicente J. D. Rascio se refirio en particular a la relacién entre
corrosion, proteccion y economia, poniendo ¢nfasis en el hecho de que el monto
anual de los danos causados por la corrosion en los paises industrializados es del
orden del 4 % del producto bruto interno, lo que incluye no soOlo las pérdidas
directas ¢ indirectas sino también las relacionadas con el empleo de medios y
procedimientos para su control. Una idea de la magnitud del problema en cuanto a lo
econdmico permite disefiar un espectro que va desde un costo de 40.000 millones de
dolares en el caso de EE.UU. hasta 10.000 millones de dolares en paises de menor
grado de industrializacion. Puso énfasis ademas cn el hecho de que esta tematica
debe encararse con criterio interdisciplinario, apuntando a que el proyectista o
constructor de una determinada obra encuentre respuestas correctas a las siguientes
preguntas: a) ;existe peligro de corrosion?; ;como puede evitarse dicho proceso?; y
(cuanto costarda una proteccion adecuada? Debera tener en cuenta que en diferentes
materiales metalicos los procesos de corrosion difieren significativamente.

Teniendo en cuenta la complejidad del problema es imprescindible la
integracion  entre el  sector  cientifico-tecnologico  (generando,  adaptando y
divulgando conocimientos), la industria y los usuarios, a fin de lograr una real
economia controlando los procesos de corrosion. Actualmente el conocimiento vale
mas que las materias primas, por lo que el apoyo al desenvolvimiento de la ciencia
debe ser el centro de las preocupaciones a nivel gubernamental. La industria
nacional debera asumir que si bien hasta ahora ha hecho falta el conocimiento para
producir, en el futuro no se podrd producir sin un conocimiento profundo de la
problematica involucrada.

Dentro del marco de los Congresos se realizaron sesiones especiales de la
NACE, del CYTED-D y de la AICOP y Expocorr’92, una exposicion industrial donde se
presentaron productos de avanzada ¢ instrumental cubriendo los diferentes campos de
la tecnologia de la corrosion y la proteccion.

Distintos eventos sociales contribuyeron a forjar nuevas relaciones entre los
participantes o a ratificar las ya existentes.
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ESTE EJEMPLAR SE TERMINO
DE IMPRIMIR EL DIA 30
DE ABRIL DE 1993



SERVICIOS CALIFICADOS
QUE PRESTA EL CENTRO

Estudios y asesoramiento sobre proble-
mas de corrosién de materiales en contac-
0 con medios agresivos.

Estudios y asesoramiento sobre protec-
a6n de los mencionados materiales por
medio de cubiertas organicas (pinturas),
inorgénicas (silicatos) o metdlicas (gaiva-
nizado, cromado, niquelado).

Eswdios sobre proteccién de metales,
maderas, hormigones, plasticos, etc.,
empleados en estructuras de edificios,
puentes, diques, instalaciones industria-
les, instalaciones navales, etc.

Estudio de medios agresivos.
Asesoramiento sobre disefio de estructu-
ras y seleccién de los materiales a utilizar.
Disefo de esquemas de proteccién de
acuerdo a las diferentes condiciones de
Formulacién de recubrimientos. para pro-
teccién de superficies y estructuras.
Suministro de informacién sobre tecnolo-
gla de preparacion de superficies metali-
casyno metdlicas.

Estudio de operaciones y procesos invo-
lucrados en la preparacién de pinturas y
revestimientos protectores.

Preparacién, a requerimiento de usuarios,
de pinturas en escala de laboratorio o de
planta piloto.

Normalizacién, en casos especidies "o
cubierios por IRAM.

Formacion y perfeccionamiento de pesso
nal cientlfico calificado.

Transferencia de conocimientos a la in-
dustria, organismos estatales, universida-
des, etc., a través del dictado de conferen-
cias, cursos, efc.

SERVICIOS NO CALIFICADOS

Control de calidad para la industria de
pinturas (pigmentos, aceites, resinas,
aditivos, etc.).

Control de calidad de pinturas, bamices y
materiales para revestimiento, a requen-
miento de fabricantes o usuarios.
Ensayos de resistencia.a agentes corrosi-
vos 0 de envejecimiento acelerado.
Convol de calidad de materiales para
sefializacidn vial.

Suministro de documentacién a través del
servicio de repropgrafia del Centro.
Andlisis de metales, cementos, cales y
materiales para edificios, materiales re-
fractarios y arcillas, minerales, etc.



Centro de Investigacion y Investigaciény Desarrollo de pinturas
Desarrollo en Tecnologia tes y productos especiales para protec

. . i T H
de Pinturas (CIC-CONICET)  Bo0aIoe Y B e matorile

[} l'. ,

52 entre 121y 122 Control de calidad 'af 1iNC
1900 La Plata (Argentina) asesoramientos, peritajes, etc.
Teléfonos (021) 3-1141/44 of Joy. .
(021) 21-6214

Télex: CESLA 31216 AR

FAX: 54-21-250471




