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1. Introducción 

Las mezclas formadas por polielectrolitos y tensioactivos presentan un 

creciente interés para la ciencia coloidal como consecuencia de sus múltiples 

aplicaciones en una gran variedad de campos con interés tecnológico, entre los que 

cabe destacar las industrias de pintura, cosmética, farmacéutica y alimentaria.1-2 En 

formulaciones con base acuosa como es el caso de los lodos de perforación y 

champús, los polielectrólitos presentan un particular interés dada su alta solubilidad, 

y que posibilitan la obtención de formulaciones con propiedades reológicas únicas, 

mientras que los surfactantes, los cuales suelen ser también solubles en agua, tiende 

a adsorberse en superficies disminuyendo la energía de la superficie.3 

Desde el punto de vista químico, los polielectrolitos son polímeros que 

contienen grupos iónicos disociados parcialmente en disolución acuosa, estando sus 

propiedades dominadas por la existencia de fuertes interacciones electrostáticas de 

largo alcance.1, 4 La interacción de estos poliiones con tensioactivos o proteínas de 

carga opuesta o neutra da lugar a la formación de complejos polímero-tensioactivo, 

los cuales desempeñan un papel clave en en multitud de procesos tanto biológicos 

como industriales. 

En los sistemas polielectrolito-tensioactivo, generalmente no hay asociación 

cuando las especies tienen carga de igual signo, pero se han observado asociaciones 

fuertes cuando las especies presentan carga opuesta.5 Las mezclas de poliiones y 

tensioactivos con carga opuesta tienden a asociarse para formar complejos. Dichos 

complejos son insolubles en agua para cantidades estequiométricas de tensioactivo 

y monómeros (basadas en la equivalencia de carga / carga, es decir el punto 

isoeléctrico), puede esperarse la precipitación de los agregados formados en medio 

acuoso. Cabe destacar que los complejos pueden precipitar / flocular incluso lejos 

del punto isoeléctrico. Por lo tanto, es esencial conocer la solubilidad de una 

determinada composición, cinética de adsorción y elasticidad para el diseño de 

formulaciones con aplicación industrial. 

En algunas aplicaciones prácticas, por ejemplo, humectación, evaporación y 

adhesión, el comportamiento de adsorción de los complejos en las interfases de 

fluido sólido o fluido-fluido juega un papel determinante.6 Los complejos 

polielectrolito-tensioactivo se adsorben en interfases sólidas y fluidas, modificando 

sus propiedades como resultado del cambio en la energía superficial de la interfase.7 

Los fenómenos de mojado y evaporación de mezclas de polielectrolito- tensioactivo 

sobre un sustrato sólido es un fenómeno complejo que comprende varios procesos 

fisicoquímicos tales como la evaporación del disolvente, la difusión de solutos y la 

adsorción en las diversas interfases.8-9 En general, el comportamiento de una gota  
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líquida sésil depende de sus interacciones con la fase de vapor circundante y el 

material del sustrato, siendo necesario para la descripción fenomenológica conocer 

diversos parámetros físicoquímicos como son la tensión superficial, energía 

superficial, coeficiente de difusión, temperatura, etc.10 En particular, la dinámica de 

dispersión de gotas sésiles de fluidos complejos está fuertemente controlada por los 

parámetros anteriormente citados, esto se debe a que la dispersión es un fenómeno 

interfacial y la presencia de los agentes activos de superficie en estas mezclas 

modifica las energías libres superficiales de las regiones interfaciales que rodean la 

gota sésil.11 Además, cuando los componentes de las mezclas son solubles y no 

volátiles, se ha demostrado que la dinámica de evaporación del fluido complejo no 

se ve modificada significativamente en relación a la encontrada para el agua       

pura.12-13 

A lo largo de los años, se han empleado diversas técnicas para el estudio de 

las propiedades interfaciales y de bulk de mezclas polielectrolito-tensioactivo: 

tensiometría de superficie, potenciometría, turbidimetría, conductividad, reología, 

dispersión de neutrones de ángulo pequeño (SANS) , fluorescencia resuelta en el 

tiempo, dispersión de luz dinámica (DLS), medidas de movilidad electroforética, 

microscopía electrónica de transmisión con crio-fractura (crio-TEM), resonancia 

magnética nuclear (RMN) y reflectividad de neutrones. 14-17 Para el desarrollo de 

un amplio conocimiento del comportamiento de mezclas polielectrolito-

tensioactivo, en esta tesis doctoral se han empleado varias técnicas para estudiar las 

interacciones entre polielectrolitos y tensioactivos de carga opuesta. 

2. Objetivos 

El objetivo general de esta Tesis Doctoral se centra en el estudio de mezclas 

polielectrolito-tensioactivo con interés en el campo de la cosmética capilar. Los 

champús y acondicionadores son mezclas complejas que están formadas por una 

gran variedad de componentes. La Tabla I ilustra la composición de una 

formulación de champú típica. 

Una característica común de la mayoría de las formulaciones cosméticas 

comerciales es la presencia de polielectrolito y tensioactivos de carga opuesta. Los 

policationes se emplean con frecuencia en estas formulaciones porque la superficie 

del cabello dañado está cargada negativamente, lo que facilita su adsorción. Sin 

embargo, la nueva legislación europea en lo que respecta al uso de compuestos 

químicos (REACH) 18obliga la sustitución de policationes y tensioactivos aniónicos 

por otros componentes de naturaleza zwitteriónica o neutra, siendo preferible que 

presenten un origen natural. 

En este trabajo, se estudiará el comportamiento de adsorción de mezclas acuo- 
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-sas de polímero + tensioactivo en la interfase líquido / vapor. Además, se explorará 

la estructura de los depósitos formados en la superficie sólida por la evaporación de 

gotas de dichas mezclas. Sobre esta base, la Tesis se ha organizado en tres partes 

diferentes de la siguiente manera: 

Parte I se presentará en el estado del arte del estudio de polielectrolito y 

tensioactivos, así como la metodología utilizada a lo largo del desarrollo del trabajo 

incluido en esta Tesis Doctoral. Esta discusión se divide en dos capítulos: en el 

Capítulo I.1, se presenta una descripción general del comportamiento de 

disoluciones y mezclas de polielectrolitos y tensioactivos en interfases fluidas. 

Además, se hace una breve descripción de algunos modelos teóricos disponibles 

para la descripción del comportamiento interfacial de estos sistemas. Mientras que 

en el Capítulo I.2, se describen la estructura y propiedades del polielectrolito y los 

tensioactivos seleccionados para este estudio. Además, también se discute el 

método empleado en la preparación de las mezclas, así como las técnicas de medida 

empleadas en este estudio. 

Tabla I: Composición correspondiente a un champú comercial de la empresa 

L’Oréal 

Agua PPG-5-CETETH-20 Arginina 

Lauril éter 

sulfato sódico 

Butilphenil 

Methilpropional 

Ácido Cítrico 

Betaina de coco Ácido Salicílico  Ácido Glutámico 

Dimeticona Poliquaternium 7 Hexil Cinamal 

Glicol 

Diestearato 

Limoneno Gliceril Linolato 

Cloruro Sódico Linalol Gliceril Oleato 

Benzoato 

Sódico 

2-Oleamido-1,3-

Octadecanodiol 

Gliceril 

Linolenato 

Carbomero Hydroxipropil 

trimonium 

Hidrolizado  

Fragancia 

Hidróxido 

Sódico  

Serina 

 

La Parte II discute el comportamiento de mezclas de cloruro de poli 

(dialildimetil amonio) (PDADMAC) y distintos tensioactivos en la interfase  agua/  
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vapor. En disolución, se espera que la mezcla del  polielectrolito y los tensioactivos 

formen complejos cuyas propiedades difieren de las del policatión o los 

tensioactivos aislados, pudiéndose estudiar dichas propiedades a través de una gran 

variedad de técnicas experimentales. Sin embargo, la dificultad de predecir el 

comportamiento interfacial de estas mezclas a partir de sus propiedades de volumen 

impulsa la investigación de su comportamiento en superficies fluidas y sólidas. Las 

propiedades en disolución y superficiales de estas mezclas se atribuyen 

principalmente a las interacciones entre los diferentes componentes presentes en la 

mezcla. Sin embargo, hasta qué punto estas interacciones determinan estos 

comportamientos no se han entendido aún. Más importante si cabe, es la 

comprensión del comportamiento interfacial dinámico de estas mezclas, dado que 

proporcionará información sobre el comportamiento de las formulaciones en uso 

real. Esta parte se divide en diferentes capítulos que reflejan diferentes escenarios 

posibles: en el Capítulo II.1, el foco está en el comportamiento de la mezcla del 

policatión y un tensioactivo aniónico. El estudio explora las propiedades de 

volumen e interfase de las mezclas PDADMAC-Lauril-metil-taurato de sodio 

(SLMT) poniendo especial énfasis en la caracterización de la capa formada en la 

interfase vapor / agua, y sus propiedades reológicas dilacionales. En el Capítulo 

II.2, se presenta el comportamiento de la mezcla de PDADMAC y Lauril éter 

sulfato sódio (SLES), el cual es un tensioactivo aniónico etoxilado. La etoxilación 

confiere una naturaleza más hidrofílica al tensioactivo en relación al SLMT, lo que 

dio como resultado un comportamiento interfacial dinámico diferente del observado 

con mezclas con SLMT. Concretamente, la diferencia estructural fue responsable 

de la formación de complejos que mostraron una tendencia a disociarse y extenderse 

en la interfase vapor / agua durante el proceso de adsorción. Además, el carácter de 

los complejos fue responsable de la formación de una mejor estructura de red en la 

interfaz aire / agua que conduce a un módulo de elasticidad superficial dilatacional 

mayor que el observado en el Capítulo 1. En el Capítulo II.3, el caso de mezclas 

con dos tensioactivos zwitteriónicos diferentes es discutido. Las propiedades 

globales de estas mezclas indicaron la ausencia de complejos poliméricos-

tensioactivos. Las propiedades en disolución y de superficie de las disoluciones 

puras de los tensioactivos son las mismas que las de sus mezclas con PDADMAC, 

lo que podría reflejar la ausencia de interacciones inter-especies como se espera 

para las mezclas de poliiones e iones tensioactivos con cargas opuestas. En el 

Capítulo II.4, la caracterización de la reología dilatacional en el régimen de alta 

frecuencia fue estudiada, utilizando para ello un dispositivo de onda 

electrocapilares diseñado y construido en el laboratorio. Los módulos elásticos de 

superficie de las mezclas medidas fueron bajos en comparación con los valores 

obtenidos a baja frecuencia. Esta discrepancia señala que esta técnica no es adecua- 
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-da para estudiar sistemas con altas fuerzas iónicas. Sin embargo, existe una mejor 

concordancia entre los valores de frecuencia baja y alta alrededor de la 

concentración de tensioactivo para un acoplamiento máximo entre las ondas 

transversales y longitudinales. 

En la Parte III, la atención se centra en el comportamiento de las gotas sésiles 

de las mezclas PDADMAC-SLMT y PDADMAC-SLES depositadas sobre un 

sustrato de silicio. El estudio se llevó a cabo midiendo las dimensiones de las gotas 

de las mezclas en la oblea de silicio como una función del tiempo en un dispositivo 

especialmente diseñado para este fin. Las dimensiones (altura y longitud de base) 

de las gotas sésiles se usaron para estimar el ángulo de contacto de las mezclas sobre 

la superficie del silicio. El ángulo de contacto se empleó luego como el parámetro 

que describe el comportamiento de las mezclas en el sustrato sólido. Además, la 

dependencia con el tiempo del volumen de la gota dio una idea del comportamiento 

durante la evaporación de las mezclas. Esta parte de la tesis la constituyen tres 

capítulos distribuidos de la siguiente manera: el Capítulo III.1 presenta una visión 

general de una serie de conceptos aplicados a la descripción teórica de los 

comportamientos de mojado y evaporación de diferentes líquidos sobre sustratos 

sólidos. También describe brevemente la configuración experimental empleada en 

el estudio del comportamiento de mojado y evaporación de las mezclas. En el 

Capítulo III.2, la atención se centra en el comportamiento de mojado y evaporación 

de las mezclas. De nuevo, la diferencia estructural entre los dos aniónicos 

tensioactivos da como resultado diferencias en su comportamiento de mojado. En 

el Capítulo III.3, se discuten los diferentes patrones formados en la superficie de 

la oblea de silicio durante la evaporación de las gotas de las mezclas. La formación 

de la estructura tipo “anillo de café” con un interior lleno de estructuras similares a 

dendritas de cristales de sal fueron observadas mediante un microscopio electrónico 

de barrido fue una característica común de estos patrones. 

3. Conclusiones 

A continuación se expone un resumen de las conclusiones más importantes 

obtenidas en la presente Tesis Doctoral: 

Capítulo II.1: Se han medido distintas propiedades de superficie y volumen 

de las mezclas de PDADMAC y SLMT las cuales se encontraban compuestas de 

una alta concentración de polielectrólito y cantidades variables de tensioactivo 

aniónico. Es bien sabido que el proceso de complejación en estos sistemas modifica 

las propiedades de las disoluciones, así como su afinidad por la interfase líquido / 

vapor. Se demostró la formación de complejos en las mezclas PDADMAC- SLMT 

mediante la medida de la turbidez de las disoluciones, y mediante la isoterma de  
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unión se encontró que el número de moléculas de tensioactivo libre es relativamente 

reducido. Los resultados pusieron de manifiesto que los complejos formados en 

disolución presentan una gran afinidad por la interfase líquido / vapor. Además, las 

capas formadas de PDADMAC-SLMT estaban compuestas por los complejos 

formados y los iones de SLMT libres como demostraron las medidas de 

reflectividad de neutrones. Se realizó una descripción del comportamiento de 

adsorción de las mezclas en base a un modelo empírico. Sin embargo, dicho modelo 

no permite describir con precisión la dependencia de los módulos elásticos de 

superficie con la concentración, confirmando la complejidad del proceso de 

adsorción de estas mezclas en la interfase. Sin embargo, combinando los datos 

experimentales y las curvas teóricas obtenidas, se propuso la existencia de un 

proceso de adsorción en dos etapas. La adsorción compleja en la interfase líquido / 

vapor ocurre con una etapa de difusión inicial en la que las macromoléculas se 

transportan desde el volumen hasta la interfase, seguido de la reorganización de los 

complejos adsorbidos. El análisis teórico de la capa de adsorción PDADMAC-

SLMT proporcionó más información sobre el comportamiento de los complejos. La 

difusión de los complejos desde la disolución a la interfase líquido / vapor ocurre 

con una frecuencia característica en el rango de 3 210 10 Hz  . 

Capítulo II.2: Se describe el comportamiento de las mezclas de PDADMAC 

y SLES en la en disolución y en la interfase líquido / vapor. Se emplearon mezclas 

de alta concentración de polielectrolito en este estudio para imitar las 

concentraciones empleadas en las formulaciones de champú. La formación de 

complejos de polímero / tensioactivo en estas mezclas presenta propiedades tanto 

en disolución como interfaciales diferentes de las del polímero puro o las 

disoluciones de tensioactivo. Se mostró la formación de agregados de gran tamaño 

en disolución por DLS y medidas de turbidez. Además, la eficacia de la unión de 

SLES al polielectrolito es muy alta con menos del 10%  de los iones tensioactivos 

presentes como iones libres en la mezcla. La presencia y actividades de los 

complejos en la interfase fluida se evidenciaron a partir de la diferencia entre las 

isotermas de adsorción de las mezclas y la de la disolución de tensioactivo. 

Evidencias adicionales de la actividad superficial de los complejos PDADMAC-

SLES fueron obtenidas a partir de las dependencias con la concentración de los 

módulos elásticos de superficie que indicaban módulos elásticos superiores para las 

mezclas que para las disoluciones de tensioactivo. Además, se encontró que la 

adsorción de los complejos en la interfase fluida avanzaba de acuerdo con un 

proceso en dos etapas similar al presentado en el capítulo II.1. Sin embargo, la 

segunda etapa de adsorción para las mezclas PDADMAC-SLES está asociada con 

la disociación y distribución de los complejos en la interfase líquido / vapor. Esta 

disociación y distribucion se produce en escalas de tiempo más cortas que la difus- 
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-ión de los complejos hacia la interfase como se evidencia a partir de las frecuencias 

características asociadas con ambos procesos. 

Capítulo II.3: Se recoge el comportamiento de mezclas de PDADMAC y dos 

tensioactivos zwitteriónicos tanto en disolución como en la interfase líquido / vapor. 

La formación de complejos en la disolución, que es una característica de los 

sistemas mixtos de polímeros y tensioactivos estaba claramente ausente en este 

caso. La falta de agregación en mezclas PDADMAC / zwitteriónico se confirmó 

mediante medidas de turbidez en disoluciones de PDADMAC con concentraciones 

variables betaina de coco (CB) que mostraban un cambio insignificante en la 

turbidez de la disolución, una indicación de la ausencia de interacciones 

polímero/tensioactivo en este mezclas. También se proporcionó confirmación 

adicional mediante medidas de DLS en mezclas PDADMAC / Cocoamidopropil-

betaina (CAPB). Además, las propiedades de las capas interfaciales no mostraban 

diferencias significativas en relación a las de los tensioactivos aislados, como 

evidenciaban tanto las isotermas de adsorción como las dependencias de los 

módulos elásticos dilatacionales con la concentración de tensioactivo, esto apunta 

a la ausencia del polielectrolito en la interfase líquido / vapor o a la ausencia de 

interacciones entre el polielectrolito y los tensioactivos zwitteriónicos en la 

interfase. Similar comportamiento fue encontrado para mezclas PDADMAC / CB 

y PDADMAC / CAPB. Sin embargo, en el último caso, las moléculas de CAPB 

tienden a reorientarse durante el proceso de adsorción. El análisis teórico del 

comportamiento de adsorción de estas mezclas en la interfase líquido / vapor se 

basó en un modelo interfacial de compresión. Este modelo proporcionó una buena 

descripción cualitativa de los comportamientos de adsorción de ambas mezclas. Los 

parámetros estimados a partir del modelo demostraron que en la interfase líquido / 

vapor, las moléculas de CAPB ocupan un área superficial mayor que las de CB lo 

que conduce a la aparición del fenómeno de reorientación en las moléculas de 

CAPB a valores superiores de la presión superficial. Además, también se demostró 

que el mecanismo de relajación de las capas superficiales corresponde a un proceso 

controlado por difusión, confirmando la formación de capas superficiales 

adsorbidas cuyas propiedades están controladas solo por los tensioactivos. 

Capítulo II.4: La técnica basada en la generación eléctrica de ondas capilares 

en la superfice de los líquidos se aplicó para el estudio la viscoelasticidad 

dilatacional a altas frecuencia de las disoluciones de tensioactivo y las mezclas de 

PDADMAC-tensioactivo. La aplicabilidad de esta técnica se verificó determinando 

los parámetros de propagación de las ondas capilares en la superficie del agua. Los 

parámetros instrumentales obtenidos mostraron seguir leyes de potencia que 

definen  la dependencia de estos parámetros con la frecuencia . 
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Las medidas se llevaron a cabo dentro de un intervado de frecuencias de 

50 1Hz kHz  para las capas adsorbidas de SLMT, SLES, y PDADMAC-SLES y 

PDADMAC-SLMT a diferentes concentraciones de tensioactivo. Se observó que 

los parámetros de propagación siguen dependencias con la frecuencia esferadas. Sin 

embargo, la presencia de una capa superficial adsorbida dio como resultado 

pequeños cambios en los exponentes. Además, el coeficiente de amortiguamiento 

espacial s mostró un aumentó al aumentar la concentración de tensioactivo para 

todos los sistemas estudiados, mientras que se observó una ligera disminución en la 

longitud de onda capilar  . Además, la dependencia de la concentración de 

tensioactivo de s  mostró un máximo a una concentración de tensioactivo dada y 

esto se describió como la concentración para la que hay un acoplamiento máximo 

entre las ondas longitudinales y transversales. 

La viscoelasticidad superficial dilacional se obtuvo a partir de la solución 

numérica de la ecuación de dispersión con los parámetros de propagación como 

parámetros de entrada. Los valores estimados de los módulos elásticos de superficie 

dilacionales de las mezclas PDADMAC-SLES fueron pequeños en comparación 

con los obtenidos mediante medidas de baja frecuencia ( 100 )mHz en el     Capítulo 

II.2. Esto se atribuyó a la escasa precisión asociada con las medidas de ondas 

electrocapilares en disoluciones de alta fuerza iónica, de acuerdo con las 

observaciones de Stenvot y Langevin19, quienes mencionaron que los errores de 

medición podrían ser mayores que 100% . Sin embargo, se puede obtener una mejor 

precisión en torno a la concentración de tensioactivo correspondiente al 

acoplamiento máximo entre las ondas transversales y longitudinales. Este fue el 

caso de las mezclas PDADMAC-SLES y se observó que los valores de frecuencia 

baja y alta eran compatibles para la concentración de SLES alrededor de 0.524   

(concentración de SLES en el que aparece un acoplamiento máximo entre las ondas 

transversales y longitudinales).  

Capítulo III.2: Se han presentado los comportamientos de mojado y 

evaporación de las mezclas PDADMAC-SLMT y PDADMAC-SLES sobre obleas 

de silicio. El mojado y dispersión de estas mezclas implica un complejo proceso 

interfacial que puede estudiarse midiendo el ángulo de contacto de avance estático 

de una gota sésil de la mezcla sobre un sustrato sólido. La medida depende de la 

concentración de tensioactivo de las mezclas y las dependencias observadas 

mostraron tendencias similares a la dependencia de la tensión superficial de la 

interfase líquido/vapor con la concentración de tensioactivo. Además, se demostró 

que era independiente de la humedad relativa de la atmosfera.  

Las mezclas de PDADMAC-SLES mostraron un mejor comportamiento de  
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mojado como confirmo la pendiente de la dependencia del ángulo de contacto de 

avance con la concentración de tensioactivo. Esto se comprobó adicionalmente de 

las gráficas cos a  vs lv  concluyéndose que la mayor adsorción a la interfase sólido   

/ líquido en el caso de las mezclas PDADMAC-SLES contribuye a la mayor eficacia 

del mojado que para el caso de las mezclas PDADMAC-SLMT. Además, dada la 

naturaleza hidrofílica de la molécula SLES, la idea de una mayor adsorción en la 

superficie de la oblea de silicio polar en el caso de las mezclas PDADMAC-SLES 

parecería ser razonable. También, la mejor eficacia del mojado de las mezclas 

PDADMAC-SLES también se atribuyó a la tendencia de disociación de los 

complejos PDADMAC-SLES durante su adsorción a la interfase líquido / vapor 

deducida a partir de las medidas de la cinética de adsorción y la elasticidad 

dilacional. Aunque el mecanismo de disociación de los complejos no se entiende 

completamente, se puede argumentar que el proceso de disociación podría generar 

un flujo de Marangoni que es responsable de la mayor eficacia en el mojado 

observado con las mezclas de PDADMAC-SLES. 

La evaporación de las mezclas transcurrió en una sola etapa, como se 

evidencia a partir de la dependencia del ángulo de contacto y la longitud de contacto 

de las gotas sésiles con el tiempo. Esto se atribuyó a la fijación de la línea TPC 

resultante de la deposición de los componentes de las mezclas en el perímetro de 

las gotas. También se observó que el comportamiento de evaporación de las mezclas 

era el mismo independientemente de la concentración de tensioactivo o la humedad 

relativa. Además, se demostró que las capas formadas no proporcionan ninguna 

barrera a la evaporación del agua, ya que la velocidad de evaporación de las mezclas 

era similar a la del agua pura. Esto está de acuerdo con un trabajo previo sobre 

monocapas de tensioactivos12 donde los autores describieron la existencia de una 

capa finita de moléculas de agua entre la superficie libre de la interfase               

líquido / vapor y la ubicación de la monocapa adsorbida. Finalmente, el análisis 

teórico de los datos experimentales mostró que el comportamiento de evaporación 

de las mezclas está en buen acuerdo con la predicción de la ley universal de 

evaporación. 

Capítulo III.3: El trabajo experimental presentado aquí consistió la 

elucidación de la estructura de los patrones formados por las gotas sésiles de las 

mezclas PDADMAC-SLES y PDADMAC-SLMT durante la evaporación. Se ha 

demostrado que la humedad relativa y la temperatura del entorno influyen en la 

estructura del patrón formado al evaporarse las gotas de fluidos complejos,20-21 por 

lo tanto, en este trabajo, las condiciones de temperatura y humedad se mantuvieron 

iguales en todos los casos. Las imágenes SEM revelaron que los patrones estaban 

compuestos de dos regiones distintas con la aparición de una tercera región cuando  
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la concentración de tensioactivo es la más alta entre las estudiadas. 

La primera región fue similar para ambas mezclas y para todas las 

concentraciones de tensioactivo siendo el perímetro del patrón compuesto por la 

estructura tipo “anillo de café” con algunas grietas. Este anillo se asoció con la 

deposición de complejos PDADMAC-tensioactivo en la periferia de la gota. Este 

anillo periférico fue seguido por una región secundaria compuesta por estructuras 

similares a cristales distribuidas uniformemente en el interior, y éstas se 

describieron como cristales de NaCl formados debido a la precipitación de los 

contraiones liberados durante la unión del tensioactivo-policatión en la mezcla. Se 

observó que el tamaño de los cristales aumentaba al aumentar la concentración de 

tensioactivo. La formación y crecimiento de los cristales de sal se asociaron con las 

inestabilidades de Mullins-Sekerka resultantes de la tensión superficial anisotrópica 

en la interfase mezcla-substrato dentro de la gota en evaporación, mientras que la 

distribución del cristal de sal en el interior se relacionó con los flujos competitivos 

generados dentro de la gota en evaporación. Además, se observó que la 

concentración en exceso de contraiones producidos en las mezclas precipitaba y se 

acumulaba alrededor del centro de la gota formando una tercera región de grandes 

estructuras dendríticas. 

Finalmente, se propuso que el mecanismo de formación de patrón era el 

mismo en todos los casos debido a la similitud en las estructuras observadas en las 

gotas secas de las mezclas. 
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Aims and Scope 

Despite affecting a small amount of material in most macroscopic 

systems, natural and synthetic systems contain vast interfaces such that the 

ratio of the interfacial to bulk material becomes large. Hence, interfaces 

control the properties of these systems whose lengthscales are in the nm or 

even m  range. Therefore, it will not be an exaggeration to state that 

biological systems, nanotechnology and supramolecular chemistry fall 

under this category. More classical systems like the colloidal ones, also 

have nm  or m length scales and are known to be crucial in a very broad 

range of technological applications.1 

Despite the economic and scientific importance of interface-rich 

systems, full understanding and comprehension of their physical and 

chemical behavior is still lacking, and therefore, in general it is difficult to 

establish quantitative structure-properties relationship that allows for the 

design of systems with optimal properties for technical applications.2 

An important area in which colloids play a very important role is the 

cosmetics industry which was valued at USD 532.43 billion in 2017,3 and 

involves an extensive use of complex fluids, gels, foams and creams.4  

The overall goal of this Ph.D thesis is focused on the study of systems 

related to hair cosmetics. Shampoos and conditioners are complex mixtures 

that are formed by a large number of constituents. Table I indicates the 

composition of a typical shampoo formulation. 

A common characteristic of most commercial cosmetic formulations 

is the presence of polyelectrolyte and surfactants of opposite charge. 

Polycations are frequently employed in these formulations because the 

surface of damaged hair is negatively charged, thus facilitating their 

adsorption. However, the new European legislation as pertain to chemical 

compounds (REACH)5 requires the replacement of polycations and anionic 

surfactants with the zwitterionic or neutral substitutes, preferably the ones 

of natural origin. 

In this work, the adsorption behavior of new aqueous 

polymer+surfactant mixtures at the liquid/air interface will be studied. In 

addition, the structure of the deposits formed on solid surface on 

evaporation of droplets of these mixtures will be explored.  On this basis, 

the thesis has been organized in three different parts as follows: 
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Part I focus on the focus on the current knowledge on polyelectrolyte 

and surfactant and some available measurement techniques.  This 

discussion is covered in two chapters: In Chapter 1, a general overview of 

the behavior of solutions and mixtures of polyelectrolytes and surfactants 

at the air/water interface is presented. Also, a brief description of some 

available theoretical models for the description of the interfacial behavior 

of these systems is presented. While in Chapter 2, the structure and 

properties of the polyelectrolyte and surfactants selected for this study are 

presented. Furthermore, the method employed in the preparation of the 

mixtures as well as the measurement techniques employed in this study are 

also discussed. 

Table I Composition of a L’Oreal shampoo formulation 

Water PPG-5-CETETH-20 Arginine 

Sodium 

Laureth 

Sulfate 

Butylphenyl 

Methylpropional 

Citric acid 

Coco-

Betaine 

Salicylic Acid Glutamic acid 

Dimethicone Polyquaternium 7 Hexyl 

Cinnamal 

Glycol 

Distearate 

Limonene Glyceryl 

Linoleate 

Sodium 

Chloride 

Linalool Glyceryl Oleate 

Sodium 

Benzoate 

2-Oleamido-1,3-

Octadecanediol 

Glyceryl 

Linolenate 

Carbomer Hydroxypropyl 

trimonium 

Hydrolyzed Wheat 

Protein Carbomer 

Fragance 

Sodium 

Hydroxide 

Serine 

 

Part II presents the adsorption behavior of mixtures of PDADMAC 

and surfactant at the air/water interface. In the bulk mixture, 

polyelectrolytes and surfactants are expected to form complexes whose  
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properties differ from those of the polycation or surfactant alone. These 

properties can be accessed through a variety of probing techniques. 

However, the difficulty in predicting the interfacial behavior of these 

mixtures from their bulk properties drives the need for in-depth 

investigations into their behavior at fluid and solid surfaces. Bulk and 

surface properties of these mixtures are mainly attributed to the interactions 

between the different species in the mixture. However, the extent to which 

these interactions determine these behaviors have not been fully 

understood. More importantly, understanding the dynamic interfacial 

behavior of these mixtures will provide information on the behavior of 

shampoo formulations in application. As such, this part is divided in 

different chapters that reflect different possible scenarios: In Chapter 1, 

the focus is on the behavior of mixture of the polycation and an anionic 

surfactant. The study explores the bulk and surface properties of 

PDADMAC-SLMT mixtures with much emphasis on the adsorbed surface 

layer at the air/water interface and its dilational rheological properties 

measured in the low frequency range. In Chapter 2, the behavior of 

mixture of PDADMAC and SLES- an ethoxylated anionic surfactant- is 

presented. Ethoxylation imparted the hydrophilic nature of the surfactant 

and resulted in a different dynamic interfacial behavior from that observed 

with mixtures with SLMT. Concretely, the structural difference was 

responsible for the formation of complexes that showed a tendency to 

dissociate and spread at the air/water interface on adsorption. Furthermore, 

the character of the complexes was responsible for the formation of a better 

network structure at the air/water interface leading to higher dilational 

surface elastic modulus than observed in Chapter 1. In Chapter 3, the case 

of mixtures with two different zwitterionic surfactants is discussed. The 

bulk properties of these mixtures indicated the absence of polymer-

surfactant complexes. Bulk and surface properties of the pure solutions of 

the surfactants are the same as those of their mixtures with PDADMAC 

which might reflect the absence of interspecie interactions as expected for 

mixtures of polyions and surfactant ions with opposite charges. In Chapter 

4, the high-frequency dilational surface rheological properties of the 

mixtures are explored using an electrocapillary wave device designed and 

built in-house. The surface elastic modulus '  of the mixtures measured in 

the high frequency range (50 1 )Hz kHz were low compared to the values 

obtained with the low-frequency device (0.01 0.1 )Hz . This discrepancy 

points out that this technique is not suitable for studying systems with high 

ionic strengths. However, there is a better agreement between the low and  
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high frequency ' values around the surfactant concentration at which there 

is maximum coupling between the tranverse and longitudinal waves. 

In Part III, the focus is on the behavior of sessile droplets of 

PDADMAC/SLMT and PDADMAC/SLES mixtures on a silicon wafer 

substrate. The study was carried out by measuring the dimensions of drops 

of the mixtures on silicon wafer as a function of time in a specially designed 

device. The dimensions (height and base length) of the sessile droplets were 

used to estimate the contact angle of the mixtures on silicon wafer. The 

contact angle was then employed as the parameter describing the behavior 

of the mixtures on the solid substrate. In addition, the time dependence of 

the droplet volume gave an idea of the evaporation behavior of the 

mixtures. This part of the thesis is covered in three chapters as follows: 

Chapter 1 presents a general insight into a number of concepts applied to 

the theoretical description of wetting and evaporation behaviors of different 

liquids on solid substrates. It also briefly describes the experimental setup 

employed in the study of the wetting and evaporation behavior of the 

mixtures.  In Chapter 2, the focus is on the wetting and evaporation 

behavior of the mixtures. Again, the structural difference between the two 

anionic surfactants resulted in differences in their surface wetting behavior. 

In Chapter 3, the different patterns observed on the surface of silicon wafer 

on evaporation of droplets of the mixtures were discussed. The formation 

of the coffee-ring structure, with an interior filled with dendrite-like 

structures of salt crystals as observed with a scanning electron microscope, 

was a common feature of these patterns.  
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Preface 
 

 

Complex fluids are a class of solutions and mixtures that possess characteristic 

structural length scales much larger than that of an atom, in general in the nm 

range. They are present in most industrial formulations like pharmaceuticals, 

cosmetics, beverages, and are also used as intermediaries in fibre processing, 

packaging and film industries.1 Most complex fluids are composed of more than 

one phase, and the boundaries between the phases is referred to as an interface.1 

In these systems the percentage of interfacial material is large, thus having a 

strong effect on the equilibrium and dynamic properties. Many of these systems 

are thermodynamically unstable but kinetically stable, and there are methods 

for slowing down the phase separation process. Despite the above-mentioned, 

in some cases, the role of the interface is very important even for bulk systems. 

Paradigmatic cases are the monolayers (quasi-2D systems), either at the 

liquid/vapor, liquid/liquid, solid/vapor, liquid/solid or solid/solid.2 

The presence of three phases in the system-for example, droplets of a complex 

fluid on solid substrate-results in three interfaces which might be connected at 

a junction to form a three-phase contact line. The contact line lies on the solid 

surface and makes an angle with the other interfaces. This angle known as the 

contact angle reflects the wetting properties of the complex fluid on the solids, 

and is essential in most industrial applications like paint, oil recovery etc. 

Interfacial phenomena strongly controls the properties of complex fluids as they 

influence the arrangement of the various phases present in the system. Also, the 

flow of complex fluids for example, in coating flows and spreading of drops on 

solids is connected to interfacial effects. One interesting aspect of interfacial 

phenomena is the Marangoni effect, which is the result of interfacial tension 

gradients within a fluid interfacial system due to temperature or concentration 

differences. This variation in interfacial tension produces motion of the 

different species within the system resulting in flow of the bulk fluid.  
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Chapter I.1 
 
 

A general overview 
A general description of the behavior and properties of polyelectrolytes, 

surfactants and their mixtures is presented. Much attention will be given to the 

adsorption behavior of surfactant solutions at the air/water interface as it will greatly 

affects the surface properties of the mixtures. Furthermore, different theoretical 

models for the description of the adsorption behavior and estimation of the adsorbed 

amount will be discussed. Finally, a brief introduction to surface dilational 

properties will be presented. 
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I.1.1 Introduction: Polyelectrolyte-Surfactant Mixtures 

Mixtures of polyelectrolyte and surfactants are increasingly attracting interest 

in colloidal science due to their applications in a broad range of technologies; paint, 

cosmetics, pharmaceutical and food industries etc.3 Polyelectrolytes are polymers 

containing dissociated ionic groups in solutions whose properties are dominated by 

strong long-range interactions.3-4 The interactions of this polyions with oppositely 

charged or neutral surfactants or proteins give rise the formation of polymer-

surfactant complexes which plays a key role in most biological and industrial 

processes. 

Most often, these processes involve the adsorption/desorption of the 

complexes at solid and fluid interfaces and the control of the surface layer 

composition.5 Therefore, an in-depth study of the bulk and surface properties of 

polyelectrolyte-surfactant mixtures will provide better understanding and facilitate 

the optimization of many important industrial applications, for example, in cosmetic 

products formulation. 

In polyelectrolyte-surfactant systems, usually there is no association when the 

species have the same charge but strong associations have been observed for 

oppositely charged species.6 Mixtures of polyions and oppositely charged surfactant 

systems will tend to associate to form complexes which are insoluble in the aqueous 

media, such that, for stoichiometric amounts (based on charge/charge equivalence, 

i.e, near the isoelectric point, of a polycation and surfactant anion mixture), 

precipitation of the polycation/surfactant complex can be expected. It is worth 

stressing that the complexes can precipitate/flocculate even far from the isoelectric 

point. Thus, a knowledge of the solubility behavior of such combination chosen for 

the formulation of an industrial product is essential. The phase diagrams for 

aqueous mixtures of oppositely charged polyelectrolyte and surfactant show three 

distinct regions.7-8 For a fixed polyelectrolyte concentration, a region consisting of 

a single phase is observed at low surfactant concentration below a critical 

aggregation concentration (CAC), at which the oppositely charged species starts to 

associate. Above this concentration, there is a reduction in the overall charge on the 

polyelectrolyte chains due to strong associations with oppositely charged surfactant 

molecules. This results in the formation of aggregated structures with a net charge. 

Above a given surfactant concentration, flocculation of the aggregated structure 

will result in phase-separation. A further increase in the surfactant concentration 

leads to more surfactant binding and a change in the net charge of the system, and 

a one-phase system is observed again. In addition, the phase transition so described 

can be approached by diluting a concentrated mixture of the polyelectrolyte and  
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surfactant. In a study of the solubility characteristics of mixtures of a cationic 

polymer-JR400 (a chloride salt of the N,N,N-trimethylammonium derivative of 

hydroxylethyl cellulose) and sodium dodecyl sulfate (SDS), series of insoluble 

complexes of varying stoichiometry was observed.7 

In addition, for a given amount of the polycation, clear mixtures can be 

formed at relatively low and relatively high SDS concentrations. The evolution of 

the phase transition is affected by a number of variables, such as the structures of 

the surfactant and polyelectrolyte, the molecular weight as well as the charge 

density of the polyelectrolyte.7 Other factors determining phase separation includes 

ionic strength, pH and temperature of the aqueous media.  

In some practical applications, e.g. colloidal stabilization, wetting and 

adhesion, the adsorption behavior of the complexes at the solid-fluid or fluid-fluid 

interfaces plays an important role.9 Polyelectrolyte-surfactant complexes adsorb at 

solid and fluid interfaces and modify the properties of the interface evidenced by a 

synergistic lowering of the surface energy.10 The polyelectrolyte, which is weakly 

surface active, is transformed into a more hydrophobic entity (complex) in the 

presence of the surfactant anion. In addition to decreasing the energy of the 

interface, the adsorbed entity adds mechanical stability to the interfacial film.10 

Over the years a number of techniques have been employed to study surface 

and bulk thermodynamics properties of polyelectrolyte-surfactant mixtures such as 

surface tensiometry, potentiometry, turbidimetry, conductivity, rheology, 

oscillating barrier rheometry, electrocapillary wave dispersion, small angle neutron 

scattering (SANS), time-resolved fluorescence, dynamic light scattering (DLS), 

electrophoretic mobility measurement, cryo-transmission electron microscopy 

(cryo-TEM), nuclear magnetic resonance (NMR) and neutron reflectivity.8, 11-13    

To develop a broad knowledge of the behavior of polyelectrolyte-surfactant 

mixtures, in this PhD thesis several techniques have been employed to study the 

interactions between polyelectrolytes and oppositely charged surfactants in the one-

phase region. 

I.1.2 Polyelectrolytes and Surfactants 

I.1.2.1 Polylectrolytes 

Polyelectrolytes are a class of polymers that contains ionic groups.3, 14-15    

They are classified as cationic, anionic, zwitterionic according to the sign of the 

charged group. Polyelectrolytes dissociate in polar solvent to release counterions 

and the electrostatic interactions between the charged groups imparts a unique 

behavior on polyelectrolyte solutions that makes them qualitatively different from  
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uncharged polymers.14, 16-18 Some uncommon behaviors of polyelectrolyte solutions 

are: (a) The transition from dilute to semidilute solution regime takes place at a 

lower polymer concentration in comparison to solutions of uncharged polymers. (b) 

There is a sharp peak in the scattering function of polyelectrolyte solutions that is 

not observed in neutral polymer solutions (c) The osmotic pressure observed with 

polyectrolyte solutions increases linearly with the polymer concentration and 

exceeds the value obtained with uncharged polymers (d) The viscosity of 

polyelectrolyte solutions varies as the square root of the polymer concentration 

unlike in the uncharged polymer solutions where the viscosity varies linearly as the 

concentration. This implies that at the same polymer concentration, polyelectrolyte 

solutions can reach higher bulk viscosities compared to the neutral ones.14 

Polyelectrolytes are frequently utilized in colloidal systems as stabilizers or 

flocculants, and the adsorption mechanism at fluid surfaces is an important 

phenomenon.3, 15 In a general sense, the amount of ionizable polymer adsorbed at 

solid or fluid interface depends on its charge density, ionic strength and chain 

length. 

I.1.2.1.1 Polyelectrolytes in solution 

The behavior of polyelectrolytes in aqueous solution is not well understood 

because the configuration of the polyions in solution is determined by an interplay 

of its chain elasticity, steric effects and long-ranged electrostatic repulsions.19 The 

common bulk solution properties of polyelectrolytes, like osmotic pressure and 

viscosity, are well known but there is little understanding of the microscopic origin 

of these properties.20 In general, the distribution of intermolecular structures of 

solute particles in solution can either be completely random or a well-defined order. 

However, in the case of polyion chains in solution, the distribution lies between 

these two extremes and is related to the strength of the electrostatic interactions 

between the chains.21 If considering only linear flexible polyion chains in solution, 

the electrostatic interaction can be related to the single chain property i.e. the 

electrostatic persistence length, which depends on the polyion and ionic strength of 

the solution.  

De Gennes et al.22 developed a complete model of various solution regimes 

of flexible polyelectrolyte chains at low salt concentration. This model describes 

the nature of polyelectrolyte solutions based on the strength of the electrostatic 

interaction between the polyion chains. When the concentration of the 

polyelectrolyte in the solution is low, the chains are far apart and do not overlap. In 

this scenario, the solution is to be in the dilute regime (disordered).  Slight increase 

in the polyelectrolyte concentration to the extent that the polyions chains still do not 

overlap but the electrostatic interactions between the chains become larger than the  
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thermal energy, the solution can be said to correspond to the dilute ordered regime 

due to the possibility of the polyions to form ordered structures in the solution. At 

higher polyion concentrations, where the chains start to overlap, the polyelectrolyte 

solution is said to be in the semi-dilute regime.21 In addition, the presence of strong 

electrostatic interactions between the chains in this concentration range will give 

rise to several segmental conformations as suggested by de Gennes,21 and within 

each segment structure electrostatic effects dominate while inter-segment 

interactions are completely screened. 

Screening of electrostatic interactions in polyelectrolyte solutions 

The electrostatic interactions between polyelectrolyte chains are screened in 

solutions containing finite amount of salt because the Debye screening length,        

Dr , decreases with increasing counterion concentration.14 However, when Dr  is 

much larger than the distance between polyion chains, a polyelectrolyte does not 

feel the presence of other chains. When Dr is small compared to the distance 

between polyion chains, especially at high salt concentrations, the interactions are 

completely screened and the polyion behave like a neutral polymer in a good 

solvent.14 

Furthermore, when the concentration of the polyion chains is increased 

beyond the semi dilute regime, the solution behavior now corresponds to the dense 

regime,23 where electrostatic interactions are completely screened even in low-salt 

or salt-free solutions, and the polyelectrolyte in solution behaves like a neutral 

polymer network. For branched polelectrolyte chains, Daoud23 proposed a scaling 

equation for determining the cross-over concentration 
**C for this transition. 

Chain overlapping transition for polyelectrolyte in solutions 

In semidilute solutions, polyelectrolyte chains start to interpenetrate one 

another when the interchain distance becomes of the order of the chain size.14 The 

polyion concentration at which the chains overlap in solution is known as the 

overlapping concentration,
*C , and it represents the transition from the dilute 

regime to the semidilute regime of the polyelectrolyte solution. This transition 

concentration depends on the ionic strength of the solution, the molecular weight as 

well as the polydispersity of the polyelectrolyte. Furthermore, within the scaling 

model of polyelectrolyte solutions above 
*C , it is assumed that two lengths are 

present, the Debye length and the correlation length, , related to the 

interpenetration of the polyion chains. Based on this, a number of scaling equations 

for 
*C have been derived.14, 23-25  
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I.1.2.2 Surfactants 

In general, surfactants are substances that adsorb at surfaces and interfaces 

of fluid and solid systems and changes the surface or interfacial energies of those 

systems.26 Surfactants contain a large hydrophobic chain combined with a 

hydrophilic head group that could be an ionic or a polar one. Despite the 

incompatibility of the hydrophilic-hydrophobic combination, these substances offer 

an array of applications in colloid chemistry. For example, when surfactants with 

ionic head groups are exposed to water, the powerful hydration force will try to pull 

the molecule into the liquid phase while exposing the hydrophobic group to the 

unfavored aqueous environment.27 This scenario has important consequences 

derived from the tendency of the hydrophilic group to minimize the contact with 

the hydrophobic end of the molecule and vice versa.28 In the bulk, the surfactants 

minimize the Gibbs energy of the system by forming different types of aggregates 

as shown in Fig. 1.1. It should be emphasized that all the structures depicted in     

Fig. 1.1 are equilibrium states.  

In aqueous surfactant solutions, the hydrophobic group distort the structure 

of the water molecules so that the free energy of the system increases. This 

distortion of the solvent structure can be reduced by either the surfactant molecules 

accumulating at the surface into clusters, or by aggregating into micelles in the bulk 

solutions with the hydrophobic tail directed inwards and the hydrophilic head 

pointed outwards of the cluster.29 One important feature of surfactants is the 

formation of equilibrium aggregates in the bulk solution and at the interface. 

Micelle formation or micellization occurs at a given surfactant 

concentration known as the critical micelle concentration CMC.29 The CMC of a 

surfactant solution depends on the structure of the surfactant and on properties such 

as temperature, pressure and pH or ionic strength. The CMC can be determined by 

measuring variety of physical properties such as surface tension, electrical 

conductivity, etc. The phenomenon of micelle formation leads to an array of 

structures and shapes.29 

Israelachvili et al.28 developed a theory of the micellar structure based upon 

the surfactant geometry i.e. the shape and the space occupied by the hydrophilic and 

hydrophobic groups of the surfactant molecules. Given that the hydrophobic group 

occupies a volume Hv , and the length of the hydrophilic chain is cl , then the cross 

sectional area oa occupied by the hydrophilic group at the micelle-solution interface 

can be used to calculate a packing parameter pP  given as /H o cv a l which is used to 

identify the shape of the micelle. Figure 1.2 shows the relationship between the pac- 
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-king parameter and the type of aggregate formed in solution. 

The dual nature of surfactants, hydrophobic and hydrophilic, produce 

significant effect at fluid and solid interfaces. At the liquid/vapor interface, the 

hydrophobic part of the molecule has an affinity for the vapor phase while the 

hydrophilic tends to be in contact with the liquid phase. This will result in the 

formation of either a Gibbs monolayer for soluble surfactant or a Langmuir 

monolayer in case of insoluble surfactants as shown schematically in Fig. 1.3. It 

must stressed that the equilibrium condition at constant temperature,T , and const- 

 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 
 
 
 

 

 

 

 

 

 
Figure 1.1 Some Aggregate Structures and Shapes Formed in Surfactant Solutions29 

(Reproduced from Reference 29) 
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ant pressure, P , implies that the chemical potential of the free surfactants in the bulk 

and at the interface are equal.2 The formation of aggregates as the surfactant 

concentration overcomes. the CMC, is a thermodymanic transition. Any further 

increase in surfactant concentration simply leads to an increase in the number of 

aggregates at almost constant free surfactant concentration. Hence, it is reasonable 

to expect that the surfactant concentration adsorbed at the surface will remain 

almost constant (an increase in the number of aggregates results in a small change 

in the chemical potential of the bulk phase).30 Hence, surface properties such as 

surface tension  (defined as surface Gibbs energy per unit area) remains almost 

constant above the aggregation concentration. 

  

  

 

 

 

 

 

  

 

 

 

 

 

 

 
Figure 1.2 Some Typical Micellar Structures28 (Reproduced from Reference 28) 

In addition, the adsorption of surfactants at the liquid-solid interface presents 

some interesting characteristics which are different from those observed at the 

liquid/vapor interface. The difference is due to a number factors which include the 

possibility for the solid surface to be hydrophilic or hydrophobic. Furthermore, the  
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interactions of the solid atoms/molecules with water and the groups on the 

surfactant molecules can be significantly different from those observed with the 

vapor phase. The effect of these interaction is the formation of several structures 

depending on the chemical nature and concentration of the surfactant as well as the 

properties of solid surface, temperature and pressure.31 The most frequently 

encountered adsorbed structures include monolayers, bilayers, hemimicelles and 

adsorbed vesicles etc. In the case of polymer solutions, the polymer chains can be 

adsorbed in a flat conformation having the tails and loops dangling in the solvent, 

or in the form of polymer brushes. More complex situations can be found for 

mixtures of polyelectrolytes and surfactants. 

 

 

  

 

  

 

 

 

 
Figure 1.3 Scheme of the Gibbs monolayer formed by adsorption of soluble 

surfactants and the Langmuir monolayer formed by insoluble surfactants  

Depending on the nature of the hydrophilic group, surfactants can be 

classified as anionic (negatively charged moiety), cationic (positively charged 

moiety), zwitterionic (both positively and negatively charged moieties) or nonionic 

(uncharged moiety). Variations in the nature of the hydrophobic group are less 

pronounced, however different hydrophobic structures can be identified as straight 

chain, branched chain, long-chain alkylbenzene residues, alkylnaphthalene 

residues, polysiloxane groups, etc.26 

I.1.2.2.1 Effect of the Hydrophilic Group 

The ionic or polar group present in a surfactant induces specific properties, 

thus determining its suitability for specific applications. As previously stated, 

surface adsorption of surfactant changes the surface free energy, but an additional 

effect is the change in the surface charge of the system. Since many natural surfaces 

e.g damaged hair, carry a negative charge, one sure way of hydrophobizing the 

surface by surfactant adsorption is with the use of a cationic surfactant.26, 32 This 

type of surfactant will adsorb onto the surface with its positively charged group 

pointed towards the surface due to electrostatic interaction while its hydrophobic 

group points away from the surface, thus making the surface hydrophobic as 

depicted in Fig 1.4A. Further adsorption of surfactants onto the surface can result  
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in the formation of monolayer structures as well as bilayer at higher surfactant 

concentration. 

The adsorption of nonionic surfactants depends on van der Waals interactions 

and the surface capability to form hydrogen bonds with the surfactant. If this 

capability is present then the hydrophilic group points towards the surface, while 

on the other hand, if it does not exist then the hydrophobic group will be oriented 

towards the surface.26 

 

 

 

 

 

 

Figure 1.4 Illustration of surfactant adsorption unto solid surfaces (a) with the positively 

charged head group in contact with a negatively charged surface (b) with the hydrophobic 

end pointing towards the surface. 

Finally, zwitterionics that carry both positive and negative charges can adsorb 

onto both negatively and positively charged surfaces without altering the surface 

charge significantly.26, 33 However, depending on the nature of the ionic groups and 

on the pH , the zwitterionic surfactants can become either cationic or anionic. 

The nature of the hydrophilic group drives the behavior of the surfactant at 

the surface due to electrostatic interaction and hydrogen bonding. These effects also 

drive its behavior in the presence of other species in the solution and at the surface. 

The absence of electrostatic attraction is a clear feature of mixtures of similar 

charged species and/or nonionics while the presence of electrostatic interaction and 

hydrogen bonding have been known to produce synergistic effects on the properties 

of these mixtures.29 Long-range repulsions are found in the case of species carrying 

the same sign of the charge. 

I.1.2.2.2 Effect of the Hyrophobic Group 

The length of hydrophobic group of surfactant imparts its solubility in 

aqueous solutions and its packing density at the surface. Surfactant solubility in 

aqueous media decreases with increasing chain length since the larger the 

hydrophobic group the more hydrophobic the molecule. A positive aspect for 

having larger hydrophobic group is the increase in the packing density at the inter- 
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-face, which drives the surfactant to form aggregates at the interface. Branching in 

the hydrophobic group of surfactant will enhance its solubility in water or organic 

solvents but decreases the packing of the surfactant molecules at the interface.26  

In general, the adsorption of surfactants at solid surfaces depends on the 

interaction of the surfactant with the surface as well as on the hydrophobicity of the 

surfactant. In most cases, the hydrophobicity has emerged as the dominant factor, 

specially for surfactant adsorption on hydrophobic surfaces.31 As illustrated in      

Fig. 1.4B, on a hydrophobic surface, surfactant adsorption proceeds with the 

hydrophobic moiety in contact with the solid surface. Adsorption at higher 

surfactant concentration can also lead to the formation of hemi-micelles on the solid 

surface due to hydrophobic interactions between the surfactant molecules. 

In the selection of the best surfactant or combinations of surfactants for a given 

application one requires a knowledge of (1) The interfacial phenomena involved in 

the application and the role of the surfactant, and (2) The relation of the surfactant 

structural type to its behavior in various interfacial phenomena.26, 34 

I.1.2.3 Ionic Surfactants in Aqueous Solutions  

In general, ionic surfactants will dissociate in an aqueous media into a charged 

moiety (positive or negative) and a corresponding counterion, however in the case 

of zwitterionics the situation is not straightforward. The dissociated state of most 

zwitterionics depends on the pH of the aqueous media.26 pH  sensitive 

zwitterionics such as    Alkylaminopropionic acids and N Alkylbetaines 

present either cationic, anionic or zwitterionic properties depending on the pH of 

the aqueous media. For instance, N Alkylbetaines and Amidobetaines with 

isoelectric point of .ca 5 are zwitterionic at 5pH   and cationic below this           

pH .26, 33, 35 Betaines are special class of zwitterionics that have found wide 

application in cosmetics due to their mildness to the skin and eyes.26, 35 In a 

carboxybetaine (Fig 1.5) the quaternary ammonium group carries a permanent 

positive charge, but the carboxyl group is a weak acid with a pKa of .ca 4.5 if in 

the simple carboxylic acid form. In the betaines, this carboxyl group is separated 

from the ammonium group by methyl groups. If a single methyl group separates the 

carboxyl and the ammonium groups, the pKa of the weak acid group is close to .ca      

 

 

 

Figure 1.5 Carboxybetaine with variable methyl n  
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2.4 and rises as the number of methyl group increases.33 Thus, for an aqueous media 

of 5pH  , the carboxyl group in the betaine with a single methyl spacer dissociates 

completely and the surfactant now carries an equal amount of positive and negative 

charges i.e. net zero charge (zwitterionic). Below pH 5 , the carboxyl group remain 

in the undissociated form and thus carries a net positive charge (cationic).33, 35 

Classification of Surfactants based on the Nature of the Hydrophilic Group 

Table 1.1 summarizes different types of surfactants based on the hydrophilic 

head group in the molecule. 

Table 1. 1 Classification of Surfactants based on Hydrophilic Group 

Ionic type                                   Example                      Structure 

Anionic                  Sulphate                             −𝑂𝑆𝑂2𝑂− 

                                         Sulphonate                         −𝑆𝑂2𝑂−       

                                  Ether sulphate                    −(𝑂𝐶𝐻2𝐶𝐻2)𝑛𝑂𝑆𝑂2𝑂− 

                                  Ether phosphate                 −(𝑂𝐶𝐻2𝐶𝐻2)𝑛𝑃(𝑂)𝑂− 

                                  Ether carboxylate              −(𝑂𝐶𝐻2𝐶𝐻2)𝑛𝐶𝑂2
− 

                                  Carboxylate                       −𝐶(𝑂)𝑂− 

  Cationic                  Primary ammonium           −𝑁+𝐻3 

                                 Secondary ammonium       −𝑁+(𝑅)𝐻2 

                                 Tertiary ammonium           −𝑁+(𝑅)
2
𝐻 

                                 Quaternary ammonium      −𝑁+(𝑅)
3
 

Zwitterionic             Amine oxide                      −𝑁+(𝑅)
3
𝑂−

 

                                 Betaine                              −𝑁+(𝑅)3(𝐶𝐻2)𝑛𝐶(𝑂)𝑂−
 

                                Aminocarboxylates            −𝑁+𝐻(𝑅)2(𝐶𝐻2)𝑛𝐶(𝑂)𝑂−
 

Nonionic                 Polyoxyethylene                −(𝑂𝐶𝐻2𝐶𝐻2)𝑛𝑂𝐻          

                                Monoethanolamine           −𝑁𝐻𝐶𝐻2𝐶𝐻2𝑂𝐻          

                                  Reproduced from Chemistry and Technology of Surfactants29                      

In aqueous solutions the presence of an inorganic electrolyte decreases the 

CMC of ionic surfactants.26 This effect is greater for cationic and anionic surfactants 

compared to zwitterionic and nonionic surfactants. The CMC depression in the 

presence of the salt is mainly attributed to a decrease in the thickness of the region 

around the ionic head group (double layer), where its ionic effect can be felt, and 

hence a reduced electrical repulsion between the hydrophilic groups in the micelle. 

This decrease of the head group repulsion is absent in the case of zwitterionic and 

nonionic surfactants.  

In the presence of inorganic electrolytes, the decrease in CMC for nonionic 

and zwitterionic surfactants in aqueous solutions is linked to a salting “out” or 

salting “in” effect.26 The formation of a water structure around the surfactant leads  
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to the salting out of the hydrophobic groups of the surfactant monomer and produces 

a decrease in the CMC of surfactant. On the other hand, some electrolytes contain 

ions that break the water structure around the surfactant, and thus salts in the 

hydrophobic groups of the surfactant monomer leading to an increase in the CMC.  

Other parameters that determine the CMC of surfactant solution are the 

temperature and pH of the aqueous media. In general, the effect of temperature on 

the CMC of surfactant solutions is intricate, with the CMC of ionic surfactants 

initially decreasing with increasing temperature until a minimum value is reached 

and then increasing with further increase in temperature.36 In the case of nonionic 

and zwitterionic surfactants the effect of temperature is unpredictable.36 On the 

other hand, the CMC of most strong cationic, anionic anionic surfactants show little 

or no significant pH sensitivity, but the sensitivity of zwitterionics and weak ionic 

surfactant to pH changes is related to the 'pK s of their substituent groups.36 

I.1.3  Adsorption and Surface Tension Behavior at 

Fluid Interfaces 

A key process of many colloidal systems is the adsorption of surface-active 

species at fluid interfaces.26, 37 The performance of materials like surfactant, 

polymers, polyelectrolytes, etc, in processes such as foaming, emulsification and 

detergency, is to a large extent determined by their presence at fluid interfaces. The 

study of adsorption at fluid interfaces is carried out to determine (a) how much of 

the interface has been covered by the material, (b) the orientation and packing of 

the adsorbed material, (c) the rate at which the adsorption occurs, which is of 

importance in high-speed wetting or spreading processes, and (d) the surface energy 

and entropy changes ,G H  and S  involved in the adsorption process, that sheds 

light on the type of interactions involved and their mechanism.26 

It has been most frequently reported that surfactants in solutions can be easily 

transported to and absorbed at the fluid interface. The effectiveness of a surfactant 

in fluid interfacial phenomena is a function of the surfactant concentration at the 

interface. This effectiveness is related to the interfacial area occupied by one 

surfactant molecule, such that the smaller the effective cross-sectional area of the 

surfactant at the interface, the greater the effectiveness of adsorption.29 

Nevertheless, it has to be pointed out that when the surface concentration is high, 

some barriers (either coulombic or steric or both) to surface adsorption can appear 

that slow down the adsorption process. 

I.1.3.1 Thermodynamics and Adsorption Equilibrium 

An accurate description of the thermodynamics of adsorption layers at fluid  
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interfaces is essential for a complete understanding of the equilibrium or non-

equilibrium processes occurring at this surfaces. Thermodynamic analysis of 

adsorbed fluid layers can provide information on the equation of state which gives 

the surface tension as a function of the surface concentration, and the adsorption 

isotherm, which determines the dependence of the adsorption of each specie on the 

bulk phase concentration. 

The thermodynamic analysis of the variation of surface tension with surface 

composition was first due to Gibbs. The basis of this analysis starts with the 

definition of the composition of the surface as a Surface Excess. In this treatment, 

the interface between two bulk phases at equilibrium is treated as an arbitrary 

location along the plane connecting the two phases, such that in computing the 

composition of the whole system we can attribute any excess or deficiency in the 

system to the interface region.2, 38  

Assuming the section shown in Fig. 1.6 composed of two phases (1&2) with 

arbitrary dividing lines, the value of the relative surface excess i  has been shown 

to be independent of the position of the dividing line.2 

The Gibbs adsorption equation is central to all adsorption processes where 

Gibbs monolayers are formed, and at constant temperature and pressure, the Gibbs 

equation is written as Eq. I.1 

 i i
d d      (I.1) 

where d  is the surface tension change of the solvent, i is the surface excess 

concentration of component i in the system and id  is the change in the chemical 

potential of component i .    

The Gibbs equation can be used to calculate the surface concentration of 

species adsorbed at fluid interfaces where the surface tension can be measured.39 

The difficulty in applying this equation is in the definition of i , as its absolute 

value depends on the position of the dividing surface (Fig. 1.6). One simplification 

is to define a relative surface excess concentration whose value is independent of 

the position of the dividing surface. 

The equilibrium between the bulk phase and interfacial concentration is 

established when lni id RTd a  , where ia is the surface activity of the material in 

the bulk phase, hence Eq. I.1 becomes 
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where ix and if are the mole fraction and bulk activity coefficient of component i

 For a single component system, if we choose the dividing surface (Fig.1.6) so 

that 1 0  then 2 2,1   such that Eq. I.2 becomes  

 2,1 2lnd RT d a      (I.3) 

where 2,1 is the relative surface excess of component 2 with respect to component 

1 and 2a is the surface activity of component 2. 

 

 

 

 

 

 

Fig. 1.6 Cross-section of two bulk phases at equilibrium.2 S and S’ are the arbitrary 

dividing surfaces (Reproduced from Reference 2)  

I.1.3.2 Determination of the surface excess concentration 

When surface-active materials adsorb at fluid interfaces, they occupy a 

given cross-sectional area and the study of the adsorption behavior of a given specie 

is carried to determine the amount of material present at the interface. The amount 

of adsorbed materials at a fluid interface is usually calculated indirectly from 

surface or interfacial tension measurements. The plot of surface tension as a 

function of the bulk liquid concentration is generally used to describe the adsorption 

at fluid interfaces. Applying the Gibbs adsorption equation, the relative surface 

excess concentration of surfactant, 2,1 per unit area can be readily calculated.26 

The Gibbs equation is employed in the calculation of the relative surface 

excess concentration of the absorbed specie by assuming that the surface excess 

concentration 2,1 is equal to the actual surface concentration. Hence assuming ideal 

solution behavior, Eqs. I.3 can be rewritten   
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where K is a constant ( 2.303K   for nonionic surfactants).The slope of a plot of      

versus log 2C  is an input in Eq. I.4 from which the surface concentration is obtained. 

At this point there is need to mention that the use of bulk phase concentration in 

place of activity is due to the difficult in the experimental determination of the 

activity of surface active species.26 Furthermore, in the case of non-ionic surfactants 

the high dilution below the CMC justifies considering the approximation to ideal 

solution. In case of ionic surfactants the Debye-Hückel limit theory could be used, 

although the concentration dependence of 2,1 would become more complex. 

One important parameter of surface active species is the area occupied by one 

molecule at the interface which indicates the packing degree and molecular 

orientation of the adsorbed species at the interface. From the surface excess 

concentration, the area per molecule at the the surface 𝐴1
𝑠  is given by 
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  (I.5) 

where AN is Avogadro’s number and 2,1 is in mol/cm2. The area per molecule 2

sA is 

in square angstroms. 

I.1.3.3 Equation of State and Adsorption Isotherm 

In practice the Gibbs adsorption isotherm offers little value in the description 

of the adsorption behavior of most practical systems because it contains the variable 

 ,38 which is rather difficult to measure. Several approaches have been proposed 

to describe the adsorption of surface active species at fluid interfaces. The equation 

of state of the adsorbed layer seems to be the best tool in describing the activities 

of surface active species at the interface.40 It provides the relationship between 

equilibrium surface pressure and surface concentration. When applied in the context 

of an appropriate theory for the distribution of surface active species between the 

surface and bulk phase, it yields all necessary interfacial information such as the 

equilibrium surface tension and the viscoelasticity.  

Lucassen-Reynders was the first to propose a 2-D gas approach. In his 

approach the adsorbed monolayer was treated as a two-dimensional gas of 

molecules. He derived the equation of state using the 2-D analogs of the kinetic 

theory of gases combined with the considerations of the underlying double layer.38  

 



Chapter I.1 A general overview  

25 
 

 

The behavior of the adsorbed molecules at the fluid interface is similar to the ideal 

gas behavior where the observed surface pressure in the absorbed layer takes the 

role of the hydrostatic pressure in a 3-D gas and the surface area per molecule is 

equivalent to the molar gas volume.40 

A second approach referred to as the 2-D solution approach, yields a 

phenomenological treatment avoiding a detailed molecular picture. This approach 

uses the uniform thermodynamic potentials of the components in the surface and 

bulk phase as a basis for the analysis first proposed by Butler.38, 41 In this case the 

interface is treated as a transition region between the two bulk phases, unlike in the 

molecular approach where the surface is viewed as an independent 2-D gas phase.40 

This approach has formally been extended to the dividing surface model by 

Lucassen-Reynders et al.42 

I.1.4  Interfacial Layer Model  

The phenomenological solution approach outlined above have been employed 

in the interpretation of both dynamic and equilibrium adsorption behaviors of 

single-component and mixed systems. The adsorption and surface tension isotherms 

can be derived from the Butler equation (Eq.I.6).41 
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where the superscripts s,b, o refer to the surface and bulk phase and standard state 

respectively, i , fi and xi refer to the chemical potential, activity coefficient and 

molar fraction respectively of the ith component and i  is the surface area occupied 

by one molecule of component i  at the interface.  

For different systems at equilibrium, expressions (Eq I.7) for equation of state 

and adsorption have been derived by equating the chemical potentials in the bulk 

phase to that at the surface.  
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where  
0b

i

s b

i i i x
K x x


  is the distribution coefficient for infinite dilution, o , i

are the areas occupied by the solvent molecule and ith component at the surface 

respectively.43 (NB: 1b

ox  for a pure solvent). 
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For ideal interfaces i.e. 1s s

i of f  , the generalized forms of the equation of 

state (Eq. I.8) and adsorption isotherm (Eq. I.9) are given below as follows; 
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It should be noted that all known forms of equation of state and the adsorption 

isotherm describing the adsorption behavior of different pure and mixed systems 

have been derived from Eqs.  I.8 & I.9.44 

I.1.4.1 Langmuir Isotherm 

The simplest form of the adsorption model has been obtained from the 

generalized equations for a pure surfactant solution (i=1) by assuming that molar 

surface area of the surfactant is the same as the molar surface area of the solvent i.e.

1 o L    Furthermore, it is imperative to replace the molar fraction 1

sx with the 

real Gibbs adsorption value which is related to the tension value at the surface. If 

i i i   is the dimensionless surface coverage of the surfactant at the surface, then 

the equation of state (I.10) and adsorption isotherm (I.11) of the Langmuir model 

become 
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where 1b  is the surface-bulk distribution coefficient related to the concentration c   

in the bulk rather than the molar fraction 1x . 

This adsorption model considers an ideal interface where molecules are 

simply adsorbed.45 In addition, the molecules transported to the surface occupy a 

fixed surface area and intermolecular interaction is absent46as depicted in Fig. 1.7. 

This assumptions are quite reasonable and have been successfully applied in the 

description of the adsorption behavior of a few surface active agents at the liquid-

vapor interface. 

In the study of the adsorption kinetics of bolaform surfactants (surfactants  
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with two hydrophilic head groups attached to both ends of a long hydrophobic 

chain) at the air/water interface, Bleys et al.47 showed that the adsorption behavior 

is controlled by surfactant transport to the interface and the equilibrium surface 

tension vs surfactant concentration behavior follows the Langmuir equations. The 

Langmuir model also described the adsorption isotherms of  -casein, bovine 

serum and lysozyme at the air-water interface at low protein concentration, where 

the protein molecules were assumed to adsorb irreversibly at the interface.45, 48 

More recent studies on the adsorption behavior of trimethylammonium 

bromide surfactants (C14-C16) by Nguyen and coworkers49, using dynamic 

tensiometry confirmed that  the equilibrium surface tension isotherm followed the 

Langmuir model.49 The accuracy of the Langmuir model in describing the 

equilibrium behavior of adsorbed layers was also extended to the study of 

zwitterionic surfactants. Delgado et al.50 studied the adsorption of carboxybetaines 

at the air-water interface and showed that the estimated Langmuir parameters were 

consistent with the assumptions of an adsorption process controlled exclusively by 

surfactant transport to the interface.50 

 

 

 

 

 

 

Figure 1.7 Illustrative Description of the Langmuir Adsorption Model 

Several deviations from the Langmuir model have also been reported and 

these has been linked to intermolecular interactions, solvent-adsorbate interactions 

and to differences in the molar area occupied by the adsorbed molecule.43, 46 Even 

for those systems, where an excellent agreement with the Langmuir model was 

reported as above, it is difficult to give a physical meaning to the estimated model 

parameters.  

Fainerman et al.51 provided a description of the adsorption behavior of             

1-heptanol and 1-octanol using the Langmuir model. The authors showed that the 

deviation of the experimental data from the model can be attributed to the presence 

of intermolecular interaction between the adsorbed molecules at the air/water 

interface. Additionally, Radke et al.52 showed that the Langmuir model poorly 

described the adsorption behavior of decanol at low surfactant concentrations. On  

 

time 
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the contrary, by taking into account the effect of lateral interactions between the 

adsorbed decanol molecules, the authors were able to describe the adsorption 

behavior in the entire surfactant concentration range studied.52 Thus, this drives the 

need for more complete adsorption models that accounts for the different physical 

and more realistic behavior of adsorbed layers at fluid interfaces. 

I.1.4.2 Frumkin Isotherm  

Deviations of experimental data from the Langmuir adsorption can be 

minimized when interactions between the adsorbed species are taken into 

account.44, 53-55 The consideration of intermolecular interaction in the adsorption 

model was first proposed by Frumkin.54 From Eq. I.7, if the adsorbed molecules 

interact as pairs in the adsorption layer, and the energy of each molecule is 

proportional to its surface molar fraction then an interaction term given as 

2 s s

i iaRTf x  can be introduced into the expression for s

i .56 The parameter a is an 

interaction parameter which is directly related to some characteristic energy of 

interaction between the adsorbed molecules.43 Taking similar assumptions as in the 

case of the Langmuir isotherm, expressions for the the equation of state (I.12) and 

adsorption isotherm (I.13) of the Frumkin model are given by 
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The adsorption behavior of some low molecular weight surfactant has been 

shown to follow Eqs. I.12 & I.13.46 However, the estimated intermolecular 

interaction parameters do not always correlate with the properties of the surfactant 

or solvent, and as such are mostly considered as fitting parameters.46 The Frumkin 

isotherm has been used to describe adsorption behavior of different homologues of 

N-alkyl betaines and their hydrobromides at the air/water interface.35 The reported 

values of the interaction parameter vary as the length of the alkyl chain. If one 

assumes that hydrophobic interactions between adsorbed betaine molecules is only 

additional contribution to the surface behavior, then the increase of the interaction 

parameter with the length of the alkyl chain is reasonable. 

Although a physical meaning for the interaction parameter in the Frumkin 

model has been deduced from the adsorption studies of the betaines,35 the 

interaction parameter calculated from the experimental data of most surfactants do 

not always correlate with the properties of those surfactants.44 There are recent evi- 
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-dences that indicate that the behavior of most adsorption layers is not only 

dependent on intermolecular interactions but an additional contribution due to a 

change in orientation of the absorbed molecules with increasing surface 

concentration might play a role as well.57-58 

I.1.4.3 Reorientation Model 

Developing a better understanding of the the behavior of absorbed molecules 

at the fluid interfaces should stem from new models for the adsorption isotherm and 

the corresponding equation of state for the adsorption layers. These models would 

account for such effects as the size of the adsorbed molecule, reorientation of the 

molecule within the surface layer, aggregation and cluster formation at the 

interface.46, 59 

The concept of dissimilarity in area occupancy of the adsorbed molecules at 

fluid interfaces has been attributed to the lack of symmetry in most molecules which 

makes the molecule to occupy different surface area corresponding to its adsorption 

state.60 As depicted in Fig. 1.8, at higher surface pressure, the molecules tend to 

reorient or aggregate into a new adsorption state corresponding to a new molar 

surface area.  

 

 

 

 

 

 

 

 

 

Figure 1.8 Illustrative Description of the Reorientation Model 

According to the Braun-Le-Chatelier principle thermodynamic systems tend 

to balance the effects of any imposed stress,61 hence the portion of the molecule in 

an adsorbed state will be characterized by a partial surface molar area that is a 

function of the surface pressure.60-61 This can be rationalized on the basis of 

preferential adsorption state where a larger molecular area is allowed at low surface  
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pressure and vice versa. This behavior is obviously relevant in mixed adsorption 

layers consisting of large and small molecules as well as in layers of pure single 

surface-active species that tend to reorient at the surface on adsorption. 

Accordingly, if one assumes that the number of allowed states in the 

adsorption layer is j, then following the definition of the molar surface area, the 

partial molar surface area for the different adsorption states is given as j . Applying 

the thermodynamic principle stated above, Joos and Serrien61 showed that for a 

molecule with two possible adsorption states at the fluid interface, the ratio of the 

surface molar fractions of these forms of the molecule within the surface is given 

by Eq. I.14; 

 1 2 1
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  (I.14) 

where RK is an adsorption constant and sx is the fraction of each adsorbed form in 

the surface layer. Given that 2 1  , it is obvious that the fraction of state 1 will 

increase at higher surface pressure. 

From Eq. I.8 & I.9, the equation of state and adsorption isotherm for a 

molecule with two possible adsorption states in the fluid layer is given as Eq.I.15 

&I.16 respectively; 
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And following the definition of j above; 
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Taking the summation of the surface molar fractions of the different 

components in the fluid surface i.e.  1 2 1s s s

ox x x   , an expression that relates the 

different partial surface molar area can be obtained as; 

 1 2
1 1 2 2exp exp exp 1b b oK x K x

RT RT RT

        
          
     

  (I.18) 
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Assuming that the relation for the degree of surface saturation holds for each 

adsorption state and that 2

1

R

K
K

K
 then the following systems of equations can be 

obtained from Eqs. I.14, I.15, I.17 & I.18 
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The correct application of the above sets of equations require a proper 

definition for o , 1 and 2  as well as a relationship between b1 and b2.
44 Simplified 

forms of these equations (not shown here) have been provided by Fainerman et  al.62 

who applied a series of assumptions and approximations of the above set of 

parameters. In addition, Aksenenko developed an adsorption software for 

modelling62 which will be employed in this work to discuss the adsorption behavior 

of polyelectrolyte-surfactant mixtures. 

The adsorption software developed by Aksenenko and coworkers includes 

adsorption models for a number of effects, such as aggregation, ionic strength and 

so on that influence adsorption behavior of pure solutions of surfactants and 

mixtures of surfactants, surfactant + polymers and surfactants+proteins etc. 

Over the years a number of models have been developed in an attempt to 

provide an insight into the complex behavior of absorbed interfacial                  

layers.44, 46, 57, 63 The description given above is a summary of the available literature 

on the subject matter. 

I.1.4.4 Behavior of Ternary Systems 

The Interfacial models presented thus far have focused mainly on the 

adsorption behavior of pure surfactant i.e. binary systems containing a solvent and 

a solute. These systems form monolayers at the air/water interface and their 

adsorption equilibra are reasonably understood. In contrast, mixtures of strongly 

interacting polyelectrolyte/surfactant systems with an inorganic electrolyte are dif- 
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-ficult to study at the air/water interface. On one side the number of components is 

higher: free polyion, free surfactant ion, polyelectrolyte-surfactant complex, inert 

salt and water. On the other side, there is a high uncertainty in determining whether 

the equilibrium has been reached and a further complication is the formation of 

complexes in the bulk and composite layers at the interface.64 In the bulk solution, 

these mixtures can be viewed as ternary or even quaternary systems containing free 

surfactants, polyelectrolyte/surfactant complexes, free polyelectrolyte and solvent. 

Neutron reflectivity studies on the adsorption behavior of 

dodecyltrimethylammonium bromide/sodium poly (styrene-sulfonate)/sodium 

bromide at the air/water interface revealed the formation of a composite interfacial 

structure composing of a surfactant monolayer next to the air and a surfactant 

bilayer within the subphase with a polyelectrolyte layer between them.65 On the 

other hand, the surfactant bilayer was not observed in the interfacial structure 

formed from a similar multicomponent system (sodium dodecyl 

sulfate/polydiallyldimethyl chloride/sodium chloride).64 Differences in interfacial 

structures have also been reported for other ternary systems but the underlying 

factor driving the formation of these complex structures is not fully understood.64 

Also, the pattern of the surface tension-surfactant concentration plots is not 

straightforward and different adsorption isotherms has been reported. All these 

factors add to the complexity in developing a theoretical interfacial model for these 

ternary/quaternary systems. 

Any theoretical description of the polyelectrolyte/surfactant mixtures will 

involve treatment of the experimental adsorption isotherm data with interfacial 

models developed for other multicomponent system. Miller et al.66 developed an 

adsorption model for a protein/surfactant mixture employing Eq. I.19-I.21 by 

assuming two different adsorption states for the protein and surfactant respectively 

at the interface. Furthermore, the authors introduced an additional term to account 

for surface tension change due to the presence of the protein molecules in a 

surfactant monolayer.43  

The protein/surfactant adsorption model will be employed in this work to 

provide a phenomenological description of the adsorption behavior of 

polyelectrolyte/surfactant mixtures at the air/water interface. It is obvious that the 

output of this analysis will be poor given the difference in the interfacial structure 

formed in both cases and the strong interactions present in 

polyelectrolyte/surfactant interfacial layer, that is likely absent in the 

protein/surfactant surface layer yet the knowledge acquired from this study can be 

applied in the development of an encompassing theoretical model for this complex 

systems in the future.  
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I.1.5   Dynamics of Adsorption 

The transport of surface active species to the interface where they are 

eventually absorbed is mostly controlled by diffusion in the bulk phase. The idea of 

a diffusion-controlled adsorption was first proposed by Milner67-68 and equations 

for description of this phenomenon have been proposed by Langmuir and 

Schaefer.69 In the diffusion process, bulk materials are transported to a layer 

adjacent to the interface where they are eventually adsorb. This layer is a few 

molecular diameters thick and it is immediately next to the surface (sub-surface). 

During the early stage of adsorption the diffusion of molecules to the sub-surface 

from the bulk is slower compared to their movement from the sub-surface to the 

interface.67 The amount of adsorbed materials at the interface increases till an 

equilibrium is established with the bulk phase. This absorbed amount at equilibrium 

eq  is a function of the bulk concentration c, and the variation of the absorbed 

amount with time ( )t  can be described using the equation proposed by Ward and 

Tordai.59, 67 
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where D is the diffusion coefficient, oc is the concentration of the bulk phase, t  is 

the time and w is a dummy integration variable. 

Although the change of interfacial tension by diffusion behavior of small 

molecules might take place within a few seconds, many observed cases of surface 

tension change are very slow to be explained by diffusion alone. The existence of 

some kind of activation barrier that hinders the formation of the absorbed layer is 

feasible. The accuracy in the use of Eq. I.23 to obtain the time dependency of the 

adsorbed amount ( )t  depends on the adsorption isotherm applied as the boundary 

condition.59 Higher initial adsorption rates have been observed with the Langmuir 

isotherm as compared to Frumkin isotherm. Slower adsorption kinetics have been 

linked to non-diffusional adsorption mechanisms such as an adsorption barrier to 

diffusion, and there is limited understanding on the nature of these        

mechanisms.70-71 This adsorption barrier was also thought to be linked to the 

reorientation of molecules at the surface.72 Conversely, faster adsorption kinetics 

have been predicted for the reorientation model. Fainerman et al.57 observed faster 

dynamic of surface tension change than predicted by Langmuir or Frumkin models 

for surfactants of the Triton family with various EO-groups. This discrepancy was 

attributed to molecular reorientation at the surface. Furthermore, applying the reo- 
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-rientation adsorption isotherm as the boundary condition in Eq. I.23, Fainerman 

and coworkers73 were able to correlate the dynamic surface tension data for higher 

homologues of dimethyl phosphine oxide with the theoretical diffusion model. 

I.1.5.1  Mechanisms of Adsorption 

In general, the kinetics of adsorption of surface active substances at the 

air/water interface can proceed by pure diffusion only or a combination of diffusion 

and barrier mechanism. 

The direct transport of molecules to the surface from the bulk phase has been 

known to determine the adsorption dynamics of most low molecular weight 

surfactants. At the start of adsorption, most molecules arrive an empty site at the 

surface from the subsurface and are most likely adsorbed immediately. However, 

as the surface becomes crowded, there is a possibility for molecules to arrive at an 

occupied site and might be transferred back into the bulk phase. The adsorption of 

the molecules is only controlled by the forward and back diffusion of molecules 

from the bulk phase. 

On the other hand, the transport of molecules to the subsurface might not 

result in immediate adsorption at the surface. For adsorption, the molecules might 

have to overcome an energy barrier at the surface. This energy barrier could be in 

the form of an increasing surface pressure at higher bulk phase concentration. In 

addition, for penetration into the surface layer, the molecules has to assume the 

correct orientation for adsorption. At the start of adsorption, the evolution of the 

surface tension with time is diffusion-controlled but a barrier-controlled mechanism 

determines the later stage of the adsorption process. 

I.1.6  Adsorption from Polymer Solution 

Polymers readily adsorb onto surfaces from their solution provided that the 

Gibbs energy of adsorption is negative.74 The adsorption of the polymer monomer 

either at the solid surface or the air/water interface is an equilibrium adsorption 

where the monomers concentration increases near the surface with respect to their 

bulk concentration. Understanding the air/water interfacial adsorption of most 

soluble polymers requires sophisticated techniques like neutron reflection since the 

traditional surface tension technique often gives misleading information. Surface 

tension isotherms for nonionic polymers and polyelectrolytes differ significantly 

with the decay in surface tension with concentration. The decay starts at low 

polymer concentration for the former, whereas for the latter, deviations from the 

surface tension of water is observed only at high polymer concentration. For insta- 
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-nce, sodium polystyrene sulfonate solutions of concentrations .ca 100 200 ppm  

showed no deviation from the surface tension of water, and it was claimed that the 

polymer is not surface active.64 This claim has been challenged by a number of 

investigators who showed that at higher bulk concentrations sodium polystyrene 

sulfonate solutions gave significant surface pressure values.75 Discrepancies in 

surface behavior is common with most ionic polymers and they have been generally 

reported to produce significant surface tension changes at polymer solution 

concentrations of about 0.1 %wt .76 The change in the surface tension of ionic 

polymer solutions depends on the ionic strength of the solution, and the deviation 

from the surface tension of water begins when the lateral repulsion of the charged 

groups is shielded to a great extent.76  

Okubo77 associated the low surface activity of ionic polymers solutions to 

inadequate conformational changes at the air/water interface and introduced a 

critical concentration above which lateral attraction between the macroion occurs 

and the surface tension of the solution starts to decrease. Even above this critical 

concentration, slow changes in the surface tension with time have been reported, 

and in some cases 24 h  was not enough to attain equilibrium.78 This obviously 

makes the determination of the value of the equilibrium surface tension and the 

critical concentration difficult. It has also been pointed out that the surface tension 

value cannot be correlated with the adsorbed amount,79 however, with neutron 

reflectivity measurements one would have the possibility to determine the surface 

adsorption value as well as the segment distribution perpendicular to the surface.75  

I.1.6.1 Adsorption from Polyelectrolyte-Surfactant 

Mixtures 

Mixtures of two or more surface-active materials show a synergistic behavior 

i.e the interfacial properties of the mixture are pronounced compared to those of the 

individual components. This is relevant in most industrial processes where mixtures 

of more than two components are employed.26 One interesting mixture is that 

composed of polyelectrolytes and surfactants of opposite charges that, as already 

mentioned, form hydrophobic complexes at lower surfactant concentrations, 

thereby lowering the critical micelle concentration of the surface due to the 

electrostatic interaction between the surfactant headgroup and the backbone of the 

polymer chain. In addition, an increase in the entropy due to the release of the 

corresponding counterions gives an additional contribution to the energy of the 

system.  

Monteux et al.37 studied the surface layer adsorbed from mixtures of 

polystyrene sulfonate PSS, an anionic polyelectrolyte, and dodecyltrimethylammo- 
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-nium bromide CTAB, a cationic surfactant, at the air-water interface. They found 

that the CMC of the mixture was .ca one-order of magnitude lower compared to the 

pure surfactant solution. This difference was due to the cooperative binding of the 

surfactant to the highly negatively charged polyelectrolyte at low concentrations. 

As a consequence, the surface inactive PSS is transported to the air-water interface 

and strongly interacts with the CTAB to produce a synergistic lowering of the 

surface tension of the system at low CTAB concentrations. In addition, they showed 

that complexation in the polyelectrolyte-surfactant mixture resulted in the 

formation of interfacial gels that strongly influenced foam-film drainage and 

stability. A recent study of the adsorption at fluid interfaces of mixtures of 

polydiallyldimethylammoniumchloride (PDADMAC), a cationic polyelectrolyte 

and sodium N-lauroyl N-methyltaurate (SLMI), an anionic surfactant carried out by 

Llamas et al.80 also showed a strong synergistic interaction between the oppositely 

charged species in the mixture.  

Most of the studies on the adsorption of polyelectrolyte-surfactant mixtures 

at the air/water interface focus on the surface tension isotherms which clearly 

distinguishes the behavior of the mixture from that of the pure surfactant. The 

classical shape of the surface tension isotherm with two break points shown in         

Fig. 1.9 (Inset) can be divided into three distinct regions. In the first one (a), the 

surface tension decreases at fixed polyelectrolyte concentration with increasing 

surfactant concentration until a critical aggregation concentration (CAC) is reached. 

The CAC indicates the formation of a significant amount of the polyelectrolyte-

surfactant complexes in the bulk mixture and the CAC value is always lower than 

the CMC of the surfactant solution.81 In the second region (b), there is a pseudo-

surface tension plateau where a constant surface tension value is observed with 

increasing surfactant concentration. In this region added surfactants exist as free 

monomers in the mixture and the surface tension remains constant until a surfactant 

concentration is reached. In the third region (c), the surface tension decreases 

further with increasing surfactant concentration until the critical micellar 

concentration (CMC) of the surfactant is reached. At this point, the surface tension 

isotherm of the mixed system merges with that of the pure surfactant system. In 

some cases, the surface tension isotherm of the mixture merges with that of the 

polyelectrolyte-free system at the end of the pseudo-plateau stage.81 In addition, the 

CMC observed in polyelectrolyte-surfactant systems can be the same, lower or even 

higher than that obtained for the polyelectrolyte-free system.82 In the study of the 

behaviors of polymer-surfactant complexes at the air/water interface, Stubenrauch 

et al.82 reported this three distinct regions of the surface tension isotherm for 

different mixtures of dodecyl trimethylammonium bromide (CTAB) with 

polyacrylamide sulfonate (PAMPS), polystyrene sulfonate (PSS) and Xanthan.  
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Deviations from this classical behavior have been reported for some mixed 

systems. One unsusual and unsatisfactorily understood surface tension isotherm is 

the appearance of minima and maxima at low and intermediate surfactant 

concentrations as shown in Fig. 1.9.32 The existence of these maxima and minima 

tension values has been associated with the competition between the adsorbed and 

bulk species. Taylor et al.6 reported similar dip (Fig. 1.9) in the surface tension 

isotherm at low surfactant concentrations for mixtures of 

polydiallyldimethylammonium chloride (PDADMAC)-sodium dodecyl sulfate 

(SDS). The authors attributed the sharp decrease in surface tension at low SDS 

concentration to the cooperative adsorption of surfactant and polyelectrolyte. This 

cooperative adsorption results in a higher surfactant surface coverage than for the 

polyelectrolyte-free system at the same surfactant concentration. Furthermore, the 

authors noted that the sudden increase in surface tension value with increasing 

surfactant concentration after the minimum has been attained results from the 

removal of adsorbed polyelectrolyte-surfactant complexes from the interface as 

bulk complexes are formed. The increase in surface tension continues till a 

maximum is reached at which point a surface tension decrease is observed with 

further increase in surfactant concentration. Finally, the authors pointed out that the  
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Figure 1.9 Unusual Surface Tension Isotherm Polyelectrolyte-Surfactant Mixtures 

Showing the Maximum and Minimum Tension Values32 (Inset: Typical Surface Tension 

Isotherm for Mixtures of Oppositely Charged Species6 Showing Two Break Points Indicated by 

the Arrows). Reproduced from Reference 6, 32 

last region of decreasing surface tension was as a result of the increase in the free 

surfactant concentration. In addition, with the aid of neutron reflectivity 

measurements, the authors were able to estimate the amount of the polyelectrolyte 

adsorbed at the interface. They noted that for the entire surfactant concentration  
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studied, there was a substantial amount of adsorbed polymer at the interface. Also, 

the amount of adsorbed polymer was fairly constant at low surfactant concentration, 

but it decreases at higher surfactant concentration. The neutron reflectivity 

measurements further justified the observations made by the authors. Furthermore, 

additional evidence of similar adsorption behavior has been provided by Taylor and 

coworkers64, in the study of the adsorption behavior of mixtures of alkyl 

trimethylammonium bromide and sodium poly(styrenesulfonate). In all these 

studies, the authors observed that the position of the maximum and minimum varied 

with the polymer type and the polymer concentration, which points to specific 

interactions between the species in the mixed systems. In an attempt to further 

explore the mixed systems discussed above, Campbell et al.83 studied the adsorption 

behavior of SDS/PDADMAC/NaCl system at an adsorption time of one second. 

One noteworthy fact was that the composition and surface coverage of the 

interfacial layer observed in this case was different from that given by Taylor,6 

which points to an additional effect of surface aging time on the adsorption behavior 

of these systems.  

The effect of the presence of an added electrolyte on the adsorption behavior 

of mixed sytems is not well understood and varies for each system. The effect of 

added salt on the CAC of mixed systems is different from that observed for the 

CMC of surfactants. The screening effects resulting from the presence of an 

inorganic electrolyte might produce a negative effect on the interaction between the 

species at the surface and in the bulk of mixed systems. In this case, the CAC of 

mixed systems is expected to increase with added salt concentration.84 However, 

there is little evidence of this behavior, as the adsorption the polymer/surfactant 

complexes occurs over a range of surfactant concentration with/without added salt.6 

The description provided above for interacting mixtures of polyelectrolytes 

and surfactants clearly indicates that the surface tension alone does not provide a 

clear picture of the adsorption at the air/water interface. Hence, additional neutron 

reflectivity measurements is an appropriate way to broaden the knowledge of the 

behavior of the interfacial layers adsorbed from these mixed systems.   

I.1.7  Surface Rheology at Fluid Interfaces 

In a general context, Rheology has been defined as the study of flow and 

deformation of a material under the influence of an applied stress.85-86 From the 

classical definition of the behavior of materials under the influence of an applied 

force, two extreme situations had emerged. A Hookean solid that shows an 

instantaneous deformation under an applied stress and a Newtonian liquid that 

flows continuously as long as stress is applied. However, many materials show int- 
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-ermediate behavior under an applied stress.85, 87 The term Viscoelastic has been 

applied to describe those materials that show elastic and viscous character 

depending on the duration of the deformation, and rheological measurements give 

an indication of the fluid-like or solid-like behavior of such materials. The concept 

of rheology is well developed and applied in the study of the bulk properties of 

materials.87 

The measurement of rheological properties at fluid surfaces has received great 

interest due to its importance in both academic and industry.88 Surface rheology 

deals with the response of fluid interfaces to an applied deformation.86 One of the 

limitations of interfacial rheology investigation is the difficulty in separating the 

bulk contribution to the measured surface property. In the description of surface 

rheology, Boussinesq89-90 postulated that the interface between two bulk phases can 

be viewed as a 2-D body and that the concepts and results from 3-D rheology can 

be assigned to the interface by simple analogy. Furthermore, he introduced the idea 

of surface dilational and shear viscosities and developed an expression for the 

relationship between applied stress and rate of deformation.91 These equations have 

been rewritten into a more useful form by Scriven92 who looked at the influence of 

surface viscosity on Marangoni instabilities. The expression now known as the 

Boussinesq-Scriven model (Eq. I.24) contains a linear relation between the rate of 

shear and the interfacial shear stress.91-92 

 ( ) ( ) ( ) ( )) . 2xy xy xy xy

d s s sT V P D             (I.24) 

Where ( )xyT is the surface stress tensor, d , s  are the surface dilational and shear 

viscosities respectively, ( )xy  is the surface divergence, ( )xyV is the surface velocity, 

sP is the surface projection tensor and ( )xyD is the surface deformation rate tensor. 

As previously stated, the coupling of the bulk and surface contributions in 

interfacial measurements is an inherent problem. A dimensionless parameter known 

as the Boussinesq number86 has been employed for proper characterization of the 

bulk and surface motions during interfacial rheological measurements. Boussinesq 

number Bo is a ratio of the drag of surface motion to that in the bulk phase, as given 

by Eq. I.25; 
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where b is the viscosity of bulk phase and cL is the characteristic dimension of the 

surface measurement technique. It follows that for large Boussinesq number, the  
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surface and bulk motions are not coupled and thus the bulk phase contributions can 

be neglected. For low oB one measures only the bulk phase properties. Finally, for 

intermediate oB values the bulk phase contribution has to be taken into account for 

proper interpretation of the surface viscosity.91 

The underlying problem of coupling of interfacial and bulk deformations in 

surface rheology has a useful implication. This is the existence of a type of 

deformation where a fresh surface can easily be made to appear in one interfacial 

region while an older surface disappears elsewhere.90 This type of deformation is 

unachievable in bulk material because the amount of materials in the bulk remains 

constant. 

From the above, it follows that two types of surface deformations can be 

considered in interfacial rheology: a form of deformation that involves a change in 

the shape of interface but the interfacial area remains constant and this falls under 

surface shear rheology. The other type which involves the appearance and 

disappearance of the surface by a variation of the surface area as in surface 

dilational rheology.90 

I.1.7.1  Basic Concepts in Surface Rheology 

Some terms in surface rheology were briefly introduced in the above 

discussions, now some definitions will be presented below. The two different forms 

of deformations encountered in surface rheology are dilation (surface expansion or 

compression) and shear, and the response of the interface is different in each case. 

Variation of the shape of the interfacial layer results in a change in the 

orientation of materials in the adsorbed layer at constant surface composition, and 

therefore the interactions of the adsorbed layer thus resulting in network formation 

at the interface.93 Conversely, for an interfacial layer in equilibrium, expansion or 

compression of the layer will result in transport of material into or out of the surface 

for soluble surfactants, and in a change in surface concentration in the case of 

insoluble ones, thus resulting in a surface tension and surface composition different 

from that at equilibrium.90 The re-equilibration of the system is determined by its 

characteristic relaxation time.93 

At equilibrium, fluid surfaces can be characterized by an interfacial tension 

which can be viewed as the 2-D analog of the thermodynamic pressure in the 3-D 

bulk phase.86 The magnitude of the interfacial tension varies with surface 

temperature and surface composition of the adsorbed material. Surface 

deformations induce non-uniformity of the surface concentration that results in a  
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surface tension gradient which induces a fluid flow, this phenomenon is known as 

the Marangoni effect. In addition to tension-gradients, a number of interfacial 

rheological stresses like interfacial dilational and shear elasticity and viscosity have 

been linked to interfacial response to surface pertubations.86 

The mode of deformation of the surface layer has been classified as either out-

of-plane or in-plane.94 The in-plane mode depicted in Fig. 1.10 consists of elastic 

and viscous contributions. For example, the elastic contribution in (a) gives the 

well-known dilational Gibbs elasticity dg that can be calculated from the A    

isotherm using Eq. I.26. 

 (dg TA        (I.26) 

where A  is the surface area of the adsorbed layer. 

 

 

 

 

 

 

Figure 1.10 Surface Deformation Modes (Reproduced from Reference 86) 

I.1.7.2  Dilational Interfacial Rheology 

Recent research interest in surface rheological properties is due to its 

relevance in many industrial and natural processes.95 The evaluation of the stability 

of foam films and emulsion has been based on surface dilational elasticity and 

viscosity.96-97 Dynamic surface properties also influenced biological processes like 

the compression and expansion of the pulmonary alveoli and the stability of tear 

film on the eye surface.95 Since the work of Boussinesq on the velocity of small 

liquid drop in an immiscible liquid,88 research in dilational interfacial rheology has 

evolved along several facets with a number of experimental techniques been 

developed. 

One interesting aspect of dilational interfacial rheology is the capability to 

perform experiments on fluid surface layer at low to very high frequencies. Low 

frequency aspect of dilational rheology is attributed to Lucassen et  al.,88, 98 but the  
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current framework for linear compression of the interface was developed by Fang 

and coworkers.88, 99 Most low to medium frequency dilation experiments are based 

on the application of weak perturbations to the equilibrium interface, while high 

frequency methods are non-invasive and are based on the measurements of some 

surface wave parameters. In addition, it must be pointed out that for Gibbs 

monolayers there exist a frequency range that resonates with the 

adsorption/desorption dynamics, thus resulting in zero dilational elasticity.  

I.1.7.3  Theory of Low Frequency Surface Dilational 

Viscoelasticity 

A sudden area perturbation applied to an interface at equilibrium causes a 

change in the surface tension. The response of the adsorbed layer to the surface 

deformation is dependent on both its surface area and its adsorption state.95 

For an infinitesimal strain, the response of the surface layer   (change in 

surface pressure) can be related to the applied strain A at any given time by   

Eq. I.27 
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where S is a surface relaxation function and d is an integration variable.95 

The Fourier transformation of Eq. I.27 gives a linear relation applied strain 

and surface response in the frequency as;95 
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where     is the frequency dependent dilational surface elasticity. 

In the case of insoluble monolayers, for small amplitude oscillations 

( )A dA   at low frequency   , Eq. I.28 becomes 
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where
1

A
  for insoluble monolayers, and o gives the Gibbs elasticity which 

depends on the thermodynamics of the adsorbed layer. However, in the case of 

soluble Gibbs monolayers, the equilibrium Gibbs elasticity corresponds to the

  limit. 
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In the absence of any relaxation process in the deformed surface, the surface 

displays an elastic behavior and the dynamic surface elasticity is same as the 

equilibrium one. 

For a viscoelastic adsorbed interfacial layer, the dynamic surface dilational 

elasticity becomes a function of both the oscillation amplitudes (  and the 

phase shift between the oscillations. The value of the surface dilational elasticity d  

is a complex quantity defined as100 

 (d d di       (I.30) 

where ,d d  are the real and imaginary components of the elasticity respectively,

d is the dilational viscosity related to the dissipation in the surface layer.  

The dynamic surface dilational viscoelasticity contains information about the 

relaxation kinetics as well as equilibrium characteristics of the interfacial layer. For 

example, in an adsorbed layer of surfactant molecules where the kinetics of 

adsorption is diffusion-controlled, surface dilational rheological studies gives 

information about the diffusion coefficient. 

For a diffusion-controlled adsorption process Lucassen and van den Tempel 

derived an expression for the dynamic surface dilational viscoelasticity as98, 100 
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 is the characteristic frequency of the diffusion 

process. 

Most adsorption layers contain other relaxation processes other than the 

adsorption/desorption of adsorbed molecules, hence there is a need to extend the 

Lucassen-van den Tempel equation to cover the characteristic frequencies of those 

kinetics processes.100 

Let’s assume that there exist in the surface layer a kinetic process pK with a 

characteristic frequency k , the dynamic surface dilational viscoelasticity as 

proposed by Ravera et al. is given as101 
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where k
k





  , o is the limiting elasticity related to the Gibbs elasticity while k  

is the limiting elasticity for the kinetic process.101 

It is obvious that Eq. I.32 becomes Eq. I.31 in the low frequency limit

( k  . The addition of an extra interfacial relaxation process (Eq. I.32) extends 

the dynamics of the surface relaxation to higher frequencies as depicted in Fig. 1.11. 

Hence, the existence of this extra relaxation mechanism other than diffusion will 

change the behavior of the dynamic surface dilational viscoelasticity.100 
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Figure 1.11 Real and Imaginary Components of Surface Dilational Viscoelasticity as a 

Function of Frequency (Reproduced from Reference 100) 
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Chapter I.2 
 
 

Materials and Methods 
The properties, structures and composition of the polyelectrolyte and 

surfactants used in this study will be presented. The protocol used to prepare the 

mixtures will be discussed. The different experimental techniques employed for the 

bulk and surface measurements will be discussed in details. In addition, the Physics, 

significance and application of the properties obtained from the techniques will be 

included in the discussion. Finally, the measurement steps and conditions will also 

be described. 
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I.2.1 Materials 

I.2.1.1  Polyelectrolytes 

Scheme 2.1 shows the repeating unit of the polyelectrolyte. The 

polyelectrolyte used in this study was Polydiallyldimethylammonium Chloride 

(PDADMAC), purchased from Sigma-Aldrich (Germany). PDADMAC is a 

cationic polyelectrolyte with molecular structure shown in Scheme 2.1 and has an 

average molecular weight of 100 200 kDa . It was used without further 

purification. 

Scheme 2.1 Chemical Structure of the repeating unit of PDADMAC   

 

 

 

 

 

 

I.2.1.2  Anionic Surfactants 

Scheme 2.2 gives the molecular structure of the surfactant used in this work. 

The anionic surfactants employed in this study were Sodium Laureth Sulfate 

(SLES) and Sodium N-Lauroyl N-Methyl Taurate (SLMT). SLES was purchased 

from Kao Chemical Europe S.L. (Spain) and was purified by recrystallization from 

ethanol.1  

SLMT was synthesized at the Departmento de Química-Orgánica, Facultad 

de Ciencias Químicas at Universidad Complutense de Madrid. The synthesis steps 

are outlined as follows; 

I.2.1.2.1 Synthesis of Lauroyl Chloride 

5g of hydrogeneous 98%  lauric acid solution ( 25 mmol ) (purchased from 

TCI Europe, Belgium) in 50 mL  of anhydrous CH2Cl2 was mixed with 50 L of 

Dimethylformamide under Argon atmosphere. To this mixture, a 2M  solution of 

oxayl chloride in 37.4 mL  CH2Cl2 (75 mmol ) was added. The resulting mixture 

was then stirred at room temperature for1 h , with continuous stirring for another     

3 h  at 40o C . This was then followed by the removal of the volatiles under reduced 

pressure leaving behind the crude lauroyl chloride which is a pale yellow oil. This 

oily residue was used without purification in the synthesis step below. 
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I.2.1.2.2 Synthesis of Sodium N-Lauroyl-N-Methyl Taurate 

The crude lauroyl chloride and sodium hydroxide (1g dissolved in 1.6 mL  of 

H2O) were added to a solution of 4g ( 25 mmol ) Sodium N-Methyl Taurate in 20

mL water and stirred at a temperature of 10 15o C for 4h  while maintaining a pH 

of 10  under Argon atmosphere. The reaction was left overnight under constant at 

room temperature. The pH of the solution was lowered to 9  by adding water and 

extraction of the solution was carried out with ethyl acetate. Additional extraction 

with ethyl acetate was carried out after treating the aqueous layer with 1M HCl to 

lower the pH to 5 . Further extraction was performed after treatment of the aqueous 

layer to pH 14 . The final extracted aqueous layer was deposited in an erlenmeyer 

flask and left overnight for crystallization. The resulting white solid was filtered 

and recrystallized from isopropanol to give Sodium N-lauroyl-N-Methyl Taurate. 

Scheme 2.2 Chemical Structure of the Surfactant Molecules 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar procedure was employed for the synthesis of deuterated Sodium        

N-lauroyl-N-Methyl Taurate but in this case deuterated lauric acid (98% purity )     

 

Sodium Laureth Sulfate (SLES), n=2 

Sodium N-Lauroyl N-Methyl Taurate (SLMT) 

Cocoyl Betaine (CB) 

Cocoamidopropyl Betaine (CAPB) 
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purchased from Cambridge Isotopes (United Kingdom) was used as the starting 

material in place of hydrogenated lauric acid.  

I.2.1.3  Zwitterionic Surfactants 

The zwitterionic surfactants employed in this work were Cocoyl Betaine (CB) 

and CocoAmidoPropyl Betaine (CAPB). These chemicals were supplied by 

L’Oréal and were used without further purification. 

I.2.1.4  Sample Preparation 

Ultrapure deionized water with a resitivity higher than 18M  .cm and a total 

organic content lower than 6 ppm  (Younglin 370 Series, South Korea) was used for 

cleaning the glasswares and for sample preparation. 

In the preparation of the polyelectrolyte/surfactant mixtures care was taken to 

maintain similar preparation protocol as it has been shown that the mixing protocol 

influenced to a large extent the composition of kinetically trapped aggregates in the 

bulk phase.2-3 The mixing was carried out as follows; 

i. Given amount of polyelectrolyte, surfactant solution and potassium 

chloride were carefully weighed out into the glassware in that order. 

ii. The mixture was then diluted with ultrapure water at pH 5.6  to a 

given volume. 

The mixtures prepared contained fixed concentrations of PDADMAC 

(5 / )g L with varied surfactant concentration in the range 610 10  mM  and a fixed 

ionic strength of 0.04M . All mixtures were prepared in the one-phase region. 

I.2.2  Experimental Techniques 

Over the years a number of technique have been employed to study surface 

and bulk thermodynamics properties of polyelectrolyte-surfactant mixtures such as 

surface tensiometry, potentiometry, turbidimetry, oscillating barrier surface 

rheometry, electrocapillary wave rheometry, neutron reflectivity,  dynamic light 

scattering (DLS), electrophoretic mobility measurement.4  

To develop a broad knowledge of the behavior of polyelectrolyte-surfactant 

mixtures, in this PhD thesis the techniques listed above have been employed to 

study the the bulk and surface properties of some surfactants and their mixtures with 

PDADMAC. 
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I.2.3  Surface Techniques 

I.2.3.1  Surface Tensiometry 

Surface tension is a force that operates on liquid surfaces and acts 

perpendicular and inward from the boundaries of the surface, tending to decrease 

the area of the surface.5 It reflects the unfavorable change in interaction energy that 

accompanies molecular movement from bulk to surface, and thus surface tension 

has been defined as the change in free energy per unit surface area or as the force 

per unit of a surface.6 

Surface tension  has found relevance in a number of phenomena like 

spreading of liquids, detergency, film formation etc. Most industrial liquids contain 

surface active species that adsorb at fluid and solid interfaces from the bulk liquid 

during processing and application. The adsorption behavior of surface active 

species at fluid and solid interfaces has long been studied by measuring the change 

in surface tension of the bare interface as surface active species are added to it. The 

surface pressure,   is given as ( o   , o  being the surface tension of the bare 

surface and   the value for a surface containing adsorbed species. 

Most of the techniques currently employed in surface tension measurement at 

fluid interfaces are based on the force, shape or pressure methods.4 

I.2.3.1.1 Force Method 

Surface tension is directly measured as a pull or push on a solid body such as 

a Wilhelmy plate or Du Noüy ring partially immersed in the interface. In the 

Wilhelmy plate method, the solid body is a rectangular plate made of platinum (base 

dimension pL  much longer than the length of the side pW ) with the base parallel to 

the surface of the liquid7 as shown in Fig. 2.1 

 

 
 

 

 

 

 

 

 
Figure 2.1 Wilhelmy plate partially immersed at the surface of a liquid 

(Reproduced from Reference 7) 
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When the plate lies in the plane of the horizontal surface of the liquid as shown 

above, then the force F acting the plate equals 

 cospF L     (I.33) 

where pL is the length of the wetted perimeter and   is the contact angle of wetting. 

The force so-measured at the interface in any moment corresponds to a 

meniscus of a definite shape in the same mechanical and thermal equilibrium as that 

established throughout the whole system.7 Hence, for an aging interface (where 

there is diffusion of surface active species from bulk to interface with time), the 

force measured on the same meniscus at different times will correspond to the 

equilibrium established in that moment. This technique has been successfully 

applied to study the adsorption behavior of surface active species. One of the 

shortfalls of this technique is the uncertainty in the estimation of the contact angle 

between the plate and the liquid interface. To overcome this limitation, a special 

porous paper (dimensions; pW : 2.4cm , pL : 1cm ) is employed. In this case the paper 

is completely wetted by the solution and the contact angle at the interface can be 

safely assumed to be zero.  

In addition, a ring or loop of platinum wire has been employed for the force 

measurement, this the Du Noüy method.5 The working principle of the ring is 

similar to that of the plate, but in the case of the former, the wetted perimeter is the 

sum of the inner and outer circumferences of the ring. 

I.2.3.1.2 Shape Method 

This involves the use of drop or bubble to indirectly measure the surface 

tension of a solution.4 The pendant drop or bubble, captive bubble and the spinning 

drop or bubble are used to estimate the surface tension through knowledge of the 

surface shape under gravity or in a centrifugal field. 

When gravity is the only external force acting on the pendant drop (Fig. 2.2), 

the Laplace-Young equation (Eq. I.34) is then used to relate the surface tension to 

the pressure difference across the curved interface and the interfacial shape as given 

below:8 
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where P is the pressure difference across the interface given as 
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is the density difference across the interface, g  is acceleration of gravity, ir  is the 

principal radii with i = (1, 2). 

Equation I.34 can be written in the dimensionless form as; 

 
sin
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 is a shape factor. 

Over the years numerical solutions to Eq. I.35 based on the axisymmetric drop 

shape analysis (ADSA) have been developed and applied to pendant and sessile 

drops deforming in a uniform gravitational field in a wide range of surface tensions 

and for any fluid-fluid system.9 

 

 

 

 

 

 

 

 

 
 

Figure 2.2 Pendant drop and a cross-section showing the difference in pressure across the 

surface 

Centrifugal force has also been employed to deform the drop or bubble in a 

liquid-liquid system. In this case a drop of a liquid or bubble is suspended in another 

liquid of higher density inside a cylinder. On rotating the cylinder, the spherical 

drop or bubble elongates to a prolate ellipsoid. The interfacial tension is estimated 

from the total energy on the deformed drop.5 

The maximum bubble pressure technique is another bubble shape method 

where bubbles of an inert gas are slowly formed in the liquid by means of a tube 

projecting below the surface.5 The bubble assumes a sequence of spherical sections 

during its growth, and its radius passes through a minimum when the bubble is just 

hemispherical. At which point the bubble radius is equal to the tube radius and the 

measured pressure drop P is maximum.5 The Laplace-Young equation (Eq. I.35) 

is directly used to estimate the surface tension.  
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I.2.3.1.3 Surface Tension as a Measure of Adsorption Behavior 

The adsorption behavior of surface active species at fluid and solid interfaces 

has long been studied by measuring the change in surface tension of the bare 

interface as surface active species are added to it. The surface tension of a newly 

created interface is similar to that of the solvent o . The change of surface tension 

with time is an indication of the presence of surface-active molecules at the surface. 

Over a period of time ranging from milliseconds to days,   will decrease to its 

equilibrium value eq .10 One important relevance of dynamic surface tension 

measurement is in surface wetting applications. For sake of example, in 

agrochemicals the spreadability of pesticides on leaves is determined by dynamic 

surface tension. 

Dynamic surface tension plots for most surfactants and hydrophobic polymer 

indicate a plateau followed by a monotonous decay of surface tension or a simply 

monotonous decay as depicted in Fig 2.3. The display of a period of surface 

inactivity depends on the nature and bulk concentration of the surface-active specie. 

The slow surface dynamics of PDADMAC solution in Fig.2.3 was linked to the 

presence of adsorption barrier.11 The creation of an electric double layer by the 

adsorbed macromolecule prevents further adsorption of other molecules. In 

addition, it is important to point out that at low concentrations ( 1 %)wt     

PDADMAC has been reported to be surface inactive.12 
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Figure 2.3 Typical adsorption behavior at the air/water interface as a function of 

time for 5 %wt  PDADMAC solution (open symbols)11 and 0.05M C13DMPO solution 

(closed symbols)13. (Reproduced from References 11, 13) 

Although, this macromolecule shows some surface activity at higher 

concentrations (~ 5 %)wt 11  and long times, for most practical applications it can 

be considered as a surface-inactive specie. This adsorption character is also true for 

most polyelectrolytes.14-15 
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Conversely, the surfactant C13DMPO showed faster adsorption kinetics. The 

adsorption kinetics of most surfactant display a monotonous decay in surface 

tension even at low concentrations. The fast adsorption dynamics of surfactants are 

traditionally linked to their low molecular weight, which makes for diffusive 

transport faster to the air/water interface. Even though slower kinetics have been 

reported at lower concentrations16-17, surfactants are always surface active. 

Generally, the monotonous decay of surface tension proceeds until an 

equilibrium surface tension value eq  is reached. Equilibrium adsorption isotherms 

display the variation of the equilibrium surface tension value with the bulk 

concentration. 

For the C12TAB solution shown in Fig. 2.4, eq  varied with concentration 

until the so-called critical micelle concentration (CMC) is reached at which point 

the eq  remained constant. Determination of this concentration is of great 

importance in most industrial application. Surface tension has been proven to be a 

useful tool for this purpose. Additional information on the adsorption behavior of 

surfactants can be obtained from the slope of the adsorption isotherm plots as 

steeper slopes are indications of better surface activity. The weakly surface-active 

polyelectrolyte-PAMPS showed a small decrease of surface tension only at rather 

high concentration. 
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Figure 2.4 Typical Adsorption Behavior at the air/water interface as a function of 

concentration for Pure PAMPS solution (open symbols)18 and Pure C12TAB solution 

(closed symbols).18(Reproduced from Reference 18) 

Furthermore, surface tension is useful for studying interactions in 

polymer/surfactant mixtures particularly in cases where the polymer is weakly 

surface active or surface inactive.19 For mixtures of polyelectrolyte and surfactants, 

the deviation of the equilibrium surface tension isotherm from that for a surfactant- 
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only system is an indication of binding of the surfactant to the polyelectrolyte. 

For the system shown in Fig. 2.5, the curves with- and without polyelectrolyte 

coincides at very low surfactant concentrations. The separation in the behavior of 

the curves as the surfactant concentration is increased is as a result of binding of 

oppositely charged species in the mixture. At very high surfactant concentration 

(close to the CMC of the pure surfactant), the two curves tend to coincide again.  
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Figure 2.5 Typical adsorption behavior at the air/water interface as a function of 

concentration for pure C12TAB solution (open symbols)20 and mixtures of 10 %wt   

PAMPS +C12TAB (closed symbols)20. (Reproduced from Reference 20) 

Hence, surface tension can be used as a simple informative technique to study 

the surface activity of polyelectrolyte and surfactant solutions as well as their 

mixtures.19 

I.2.3.1.4 Pendant Drop and Bubble for Surface Measurements 

In the drop profile tensiometer as shown in Fig. 2.6, the liquids were pumped 

from a pump system (1) (MICROLAB 500) consisting of two syringes connected 

via a series of tubing to a capillary tube.  

The capillary tube was placed inside a cuvette (4) that is sealed to reduce 

evaporation. Pendant drop of the solution (volume .ca 20 25 )L was formed at 

the tip of an inner capillary tube. The volume of the solution is then controlled with 

water pumped at a constant rate through an outer capillary tube. This arrangement 

makes it possible to perform experiments for long periods of time ( 20 )h . 

In the bubble apparatus, a quartz cell of 26 41 43  mm inside diameter was 

initially filled with the solution, and an inverted needle (16 guage stainless steel) 

was lowered into the cell. Bubble was formed inside the liquid through the needle 

connected to a gas-tight Hamilton syringe placed in a syringe pump. 
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Figure 2.6 Setup for the Drop tensiometer experiment: 1-Pump system, 2-Light source, 

3-CCD camera, 4-Cuvette, 5-Sample holder, 6-Water holder. Continuous dark lines 

represents the connecting tubes 

The profile of the pendant drop or bubble shown in Fig. 2.7 was created using 

a collimated beam (2) with constant intensity and the silhouette image was then 

captured and digitized using a CCD camera (3) (PIXEL LINK). The parameters of 

the interface were obtained from the analysis of the digitized image (Fig. 2.7) using 

the ADSA method.9 Temperature control was carried with a thermal bath (JULABO 

F30-HC) which ensured a temperature stability of 0.1o C . 

 

 

 

 

 

 

Figure 2.7 Profile of the pendant drop and the fitting steps using the ADSA 

I.2.3.2  Neutron Reflectivity 

Specular neutron reflection is one of the most effective techniques for probing 

polyelectrolyte/surfactant layers adsorbed at air-water interface.21-22 The reflection 

of neutron at interfaces is best described in terms of the scattering length density 

rather than refractive index. The scattering length density is defined as 

( )L s i ib n     where ( )s ib is the scattering length and in is the number density of an  

 

ADSA ADSA 

Experimental profile Initial fit of the profile Final fit of the profile 
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atomic specie i  .22-24 The usefulness of scattering length densities is that they are 

intrinsic properties of atomic nuclei, and as such different nuclei will scatter neutron 

differently.22 

Hydrogen and deuterium are two important species in neutron reflectometry 

with scattering lengths  3 . 7 4Hb f m   and  6.67Db fm   respectively.21 This 

significant difference in scattering lengths will result in large differences in the 

scattering lengths between protonated and deuterated materials. With this in mind, 

one would be able to adjust the scattering length density of H2O to zero by adding 

some deuterated water D2O. Water containing 8% mol mol  of D2O, known as Air 

Constrast Matched Water (ACMW), gives no reflection at the air/water interface 

and is commonly used in neutron reflectometry.21, 25 For a solution of deuterated 

species in ACMW, one would expect neutron reflection only if there is adsorption 

of the deuterated material at the air-water interface, hence information about the 

composition of such interface can be deduced from neutron reflectometry.24, 26 In 

addition, information about the interfacial composition of mixed systems can be 

obtained by varying the isotopic composition of the system.24, 26  

Neutron reflectivity on liquid is based on the fact that the variation in specular 

reflection ( )R Q with the wave vector transfer ( )Q normal to the surface of the liquid 

surface is related to the surface composition profile in a direction normal to the 

interface. (The wave vector is defined as (4 )sin gQ    where  is the neutron 

wavelength and g  the grazing angle of incidence).21, 26-27 

Following the Born approximation28, ( )R Q is related to the square of the 

Fourier transform of the scattering length density profile, )L z  , i.e. 

 
2 2

2

16
( ) ( ) iQz

LR Q z e dz
Q


     (I.36) 

The surface concentration of the adsorbed species is estimated from a fit of 

the measured reflectivity by comparing it with a profile calculated using the optical 

matrix method for a single structural model. In the determination of the surface 

concentration, one can assume that the adsorbed species are in a single layer of 

homogeneous composition, and the fit of the measured reflectivity gives the 

scattering length density ( L  and the thickness (d of the layer. The area per 

molecule ( )gA  in the adsorbed layer is thus calculated from Eq. I.37 below:21, 26-28 
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  (I.37) 
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where sb is the scattering length of the adsorbed specie and the absorbed amount or 

surface excess 1
( )s

A gN A
  . 

For the case of a mixture of two components absorbed at the surface, Eq. I.37 

can be rewritten as,21, 26-27 

 1 2

1 2

b b

A d A d
     (I.38) 

where 1 and 2 indicates parameter for components 1 and 2, respectively. 

I.2.3.2.1 Neutron Reflectivity Measurements 

Measurements of the concentration of surfactant and polyelectrolyte adsorbed 

at the surface layer were performed using the the time-of-flight horizontal FIGARO 

reflectometer at the Institut Laue-Langevin (ILL Grenoble, France); a sketch of the 

setup is shown in Fig.2.8.29  

 

Figure 2.8 Sketch of FIGARO at the ILL (A) Frame overlap mirror (B) Chopper 

assembly (C) Deflector mirrors (D) Collimation guide (E) Collimation slits (F) Beam 

attenuator (G) Sample position (H) Area detector. Copied from Reference 29 

Reflectivity measurements were recorded in the range    𝐴 ̇ to ensure 

good overlap between data measured at the two incident angles (0.622o and 3.78 ,o    

with 0.005 0.4Q   �̇�-1). Measurements were carried out at the two angles for 

different acquisition times in two different isotopic contrasts.  

The data analysis was carried out using the Motofit,30 which is based on the 

application of an optical matrix model based on Abeles formalism31 to the experi- 
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-mental data. Mixtures of the polyelectrolyte and deuterated surfactant were 

measured in pure D2O and in the ACMW. The analysis of the experimental data 

was carried out using two different approaches. 

Data Analysis Using the Low Q-values approach 

This is a direct approach for the determination of the surface excess 

concentration s  which involves fitting the scattering observed at low-Q values 

(0.01 0.03 Å–1) for data recorded in the ACMW. In this approach the background 

was not subtracted from the data and the contribution from polyelectrolyte was 

neglected as the scattering length of the single monomer ( 2.7 )pb fm is very small 

in comparison to that of the deuterated surfactant molecule ( 262 )sb fm . The layer 

thickness d was then fitted using an arbitrary scattering length density       
6   Å–2, a fixed surface roughness of 4 Å, and a background of 55.65 10    

obtained from the fits to the reflectivity data recorded with pure ACMW. The 

surface excess concentration s was then estimated from Eq. I.39 

 
s

s A

d

b N


    (I.39) 

Data Analysis Using the Entire Q-range Approach 

This is a structural analysis approach carried out by applying a consistent 

physical model to the reflectivity data recorded in both isotopic contrasts over the 

entire accessible Q-range. The two isotopic contrasts are chosen because the 

contrast in ACMW is more sensitive to the amount of surfactant while the other in 

D2O is more to the amount of polyelectrolyte. Background was subtracted from the 

data using the area detector.  

In a first step, data of the pure deuterated surfactant at its critical micellar 

concentration were fitted using a three-layer model corresponding to the molecular 

structure of the surfactant. Even though it is uncommon to apply the three-layer 

model in structural analysis studies, it is necessary in the case of the SLMT used in 

this study (see Scheme 2.2) because of the sharp variations in the scattering length 

densities (SLD) along the chain of the molecule. The structural division of SLMT 

gives the organic head group with a low SLD 6 2(0.28 10 )Å  , the deuterated chain 

with a high SLD
6 2(6.8 10 )Å   and the organic head group with an SLD 

6 2(3.0 10 )Å   intermediate between the two. Furthermore, the thickness of the 

layer was fitted with a volume fraction of unity, and to maintain the same number  

 



Properties of Polyelectrolyte-Surfactant Mixtures Part I  

68 
 

 

of parts of the surfactant molecules the volume fractions of the two head groups 

2,3  with each head group assigned a thickness of 3 Å, were constrained to Eq. I.40 

 
1 1 2,3

2,3

2,3 2,3 1

d b

d b





   (I.40) 

where the subscript ‘2,3’ refers to the average value of the parameter. Fixed values 

of surface roughness and residual background of 4  Å and 73 10 respectively, 

were used.  

In a second step, fit of the data for the polyelectrolyte-surfactant mixtures 

were performed by incorporating the polyelectrolyte into the lower head group layer 

of the surfactant in contact with the solvent. From the above-mentioned, fits for the 

chain thickness as well as the head group layers were carried out. The volume 

fraction of the upper head group layer was constrained according to Eq. I.40, while 

the volume fraction of the lower head group layer was constrained following          

Eq. I.41 below. 

 
 
 

1 1 3 heads,3 poly

3

3 3 1 fitted,3 poly

d b

d b

  
 

  
  (I.41) 

where the subscript ‘poly’ refers to the polyelectrolyte 

I.2.3.3  Surface Rheometry 

Surface-active agents adsorb at fluid interfaces and contribute an extra 

interfacial stress at the surface in addition to the stress due to the bare surface 

tension, .5 When such surface undergoes modification due to an imposed 

mechanical stress, like shear or dilational stress, this will give rise to interfacial 

processes like diffusion or reorganization within the adsorbed layer. In a broad 

sense, interfacial rheology deals with the response of interfaces to deformation.5, 32 

The deformation induces a change in the adsorption state of the adsorbed layer, thus 

resulting in a surface pressure   ( )t that changes in time until a new equilibrium 

state is attained. The surface deformation could be imposed at constant interfacial 

area as in shear rheology or at variable surface area as in dilational rheology.24  

The mechanical response of fluid interfaces has a huge relevance for many 

technological and natural processes involving multiphase systems subjected to 

dynamic conditions.32-34 In particular, the dilational aspect is very important when 

surfactant or, in general, mixed surface layers are involved. In such case a 

viscoelastic modulus can be attributed to the interface due to mass transfer across  
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the interface or the modification of the composition of the interface.20, 35-36 This is 

an indication that the relevant technique for dilational rheology must include 

surface tension monitoring due to the controlled variation in surface area.  

Accordingly, we employed three different techniques to measure the dilational 

viscoelastic modulus of the surfactants and their mixtures with PDADMAC. 

I.2.3.3.1 Oscillatory Barrier Tensiometry 

The setup for oscillatory rheological experiments is shown in Fig. 2.9. It 

consists of a Langmuir trough (NIMA Technology, England) where the area change 

of the liquid/air interface is imposed by means of controlled mobile barriers and the 

surface tension monitoring is performed by a Wilhelmy plate. The total surface area 

of the Teflon trough is 750 2cm . The Wilhelmy plate has an effective perimeter of 

.ca 20 mm  and is cut from porous paper (Whatman CHR1 chromatography paper) 

to ensure a zero contact angle. 

 

 

 

 

 

 

 

 

 

Figure 2.9 Sketch of the setup for oscillating barrier tensiometry (A) Pressure sensor (B) 

Langmuir trough (C) Wilhelmy plate (D) Oscillating barrier 

The surface tension of a fresh interface formed in the trough is monitored until 

a constant value is observed. A sinusoidal perturbation is then applied to the surface 

area by moving the mechanically coupled barriers. Temperature was controlled 

with a thermal bath (JULABO F30-HC, Germany) that ensured a temperature 

stability of 0.1o C . 

The area pertubation imposed on the surface can be assumed to follow a 

sinusoidal wave i.e.  

 ( ) [1 sin( )]o aA t A a t       (I.42) 
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where a  is the amplitude of the area change (strain), oA is the initial surface area 

and a is the phase shift in area due to viscous response. 

Given that the amplitude of the area perturbation a is small (typically less 

than 20% ), the surface tension response )t  is also expected to be sinusoidal, thus; 

 ) sin( )i tt t           (I.43) 

where t is the phase shift in surface tension due to viscous response. 

It is known that the equilibrium surface pressure  of a fluid interface is given 

as the difference in surface tensions of a bare water surface o and that of the 

interface  , i.e. o    . Hence, Eq. I.43 can also be written in terms of the 

interfacial stress response, )t  -given as the difference between the surface 

pressures at the equilibrium reference state 0 and the instantaneous surface 

pressure,  ( )t i.e. ) ( )ot t      as 

 ( ) sin( )tt t        (I.44) 

where  is the stress amplitude. 

When the applied perturbation is within the viscoelastic linear regime, the 

stress response of the interface is proportional to the strain ( )a “Elastic term” and 

the rate of strain  da
dt

“Viscous term”, and, thus, Eq. I.44 can be written in terms 

of the dilational elasticity, d  and the dilational viscosity, d  as 

 ( ) d d

da
t a

dt
      (I.45) 

It is well known that the dilational viscoelasticity (complex dilational 

modulus), d  is given as
lnd A




  . 

It follows from the definitions of stress and strain above that we can also 

express d  as
a




. Hence, for an oscillatory surface deformation

( )
( ) ai t

a t ae
 

  and the stress response is 
( )

( ) ti t
t e

   
  thus, Eq. I.45 becomes 

 ) ( ) ( )d dt i a t       (I.46) 
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Accordingly, the complex dilational modulus becomes d d i    or 

i

d E e   and it can be obtained as a function of the measured quantities, 

, ,t aa and    at different frequencies. 

 | | ,E
a





  t a     (I.47) 

I.2.3.4 Surface Wave Techniques 

Even under thermal agitation, fluid surfaces at thermal equilibrium shows 

some roughness that can be viewed as the surface restoring its flat shape 

characteristics of mechanical equilibrium.37 The propagation of small-amplitude 

surface waves excited either by thermal or electrical disturbance has been employed 

in the study of the surface rheological properties of adsorbed layers. The rheology 

of fluid interfaces can be described as a sum of two hydrodynamic modes 

(transversal and longitudinal modes).37 

For short wavelength and low amplitude waves, surface tension acts as the 

restoring force for transversal or capillary motions of the surface, while the effect 

of gravity is negligible.37 On the other hand, the dilational modulus governs 

interfacial longitudinal motion. This motion is driven by the surface tension 

gradient originated by surface dilation. The longitudinal restoring force is 

proportional to dilational modulus that contains both shear and dilational 

contributions.37 

Capillary waves are dispersive and thus a dispersion equation has been 

formulated for adsorbed layers at the air-water interface;37 

 ( . ( ( ,s d sD L T C q                 
 

  (I.48) 

where C  is a constant term that couples the transveral mode ( )sT and longitudinal 

mode ( )sL . 

For the air/liquid interface, the coupling constant is a non-zero term that is 

given as 2

1 1 2 2( , ) )]C q q m q m           , m  is the inverse of the penetration 

depth of the surface velocity and it depends on the bulk properties of the underlying 

liquid i.e. 
2 2

i i im q i     where i  and i are the density and viscosity of each 

phase. 

 2( ( ( )d dL i q i q i q m           
 

  (I.49) 

 
 



Properties of Polyelectrolyte-Surfactant Mixtures Part I  

72 
 

 

 
2

2( , )T q q i q m
q

 
            (I.50) 

Hence, transveral and longitudinal modes are coupled together at the fluid 

surface, such that the dilational parameters can be obtained from the analysis of the 

propagation characteristics of capillary waves probed by transversal waves devices 

as described below.                     

I.2.3.4.1 Electrocapillary Wave Technique 

Devices for generating transverse waves on free liquid surfaces with the aid 

of an applied electric field have been employed to study surface dilational 

viscoelasticity of adsorbed layers over a wide frequency range (50 1 )Hz kHz .  In a 

typical electrocapillary waves set-up one obtains the wave propagation 

characteristics (wavelength  and spatial damping s ) of a capillary wave generated 

by an applied electric AC field oscillating at a frequency 2 . 

  

Figure 2.10 Setup for Electrocapillary wave experiments where M1 and M2 are fixed 

mirrors while M3 and M4 are movable mirrors. (1) Blade (2) Frequency generator

50 1o Hz kHz   , 0 5oV   V (3) Signal input (4) Laser He-Ne (5) Photodiode        

(6) Lock-in Amplifier (7) Analog-digital converter (8) Langmuir trough. 

The setup employed in this work is depicted in Fig. 2.10. It was built in-house 

and a description of the device is provided elsewhere.37 The transversal waves are 

excited in a home-made Langmuir trough with a total surface area of 700 2cm   

(7cm x100 )cm by locally applying an external high voltage AC electric field 

(100 500 )V through a blade positioned .ca 1mm from and perpendicular to the 

liquid surface. With a second electrode dipped into the liquid, interface 

deformations are imposed along the direction of the electric field.  
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A laser reflectometry (15mW He-Ne laser source,    )nm is used to scan 

the spatial profile ( )zu of the generated electrocapillary wave and ( )zu x can be 

described by the damped cosine function given below; 

 
2

( ) coss x

zu x e
 




  
  

 
  (I.51) 

where ( )zu x is the surface deformation at a distance x from the blade. 

The parameters that correctly describes the properties of the observed wave 

are obtained from the fits of Eq. I.51.38 

I.2.3.4.2 Data Analysis 

The parameters of the excited electrocapillary waves ( and s ) at the 

liquid/vapor interface were obtained by fitting the observed wave pattern (Fig. 2.11) 

recorded at different excitation frequencies  to the damped sine function(Eq. I.51). 

The motion of electrocapillary waves generated at the air/liquid interface containing 

adsorbed molecules is usually accompanied by a loss of mechanical energy in the 

form of heat. The decay of the amplitude of the wave with distance is given by the 

spatial damping coefficient s and the property of this non-sinusoidal wave is 

defined by the complex number
2

s sq i





  . Limiting values of the properties of 

the electrocapillary wave generated on the bare water surface has been defined. One 

of such is given as the Kelvin’s law which accounts for the frequency dependence 

of the capillary wavelength . .i e x   (where 2
3

x  ). Another is the Stokes’ law 

which accounts for the frequency dependence of the coefficient of spatial damping 

of the wave . .i e y

s   (where 1y  ).37, 39  

Preliminary measurements were performed on a bare water surface as an 

initial calibration step to determine the instrumental parameters ( i , ( )s i  ) as both 

the bulk and surface properties of water are well known. 

The dilational viscoelasticity of the adsorbed layer is estimated from the 

numerical solution of the dispersion equation ( ,D q  -Eq. I.48 where 

2
s sq i





  is the wave vector. (The wave vector relates the propagation 

characteristics ( s      of the transversal wave to the constitutive parameters of 

the monolayer ( ',    . 
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Figure 2.11 Spatial profile of a capillary wave generated at Hz   on the bare water 

surface. 

I.2.4 Bulk Techniques 

I.2.4.1  Binding Isotherm 

The interaction of polyions and surfactant ions in aqueous solution can be 

studied by the determination of the surfactant binding isotherm. A binding isotherm 

(Fig.2.12) is a plot that represents the amount of surfactant ions bound to the 

polyion and the binding parameter  is defined as;40 
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s

p
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C
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b

C










  (I.52) 

where s s fC C C   is the bound surfactant ion concentration, sC and fC are the 

nominal and unbound surfactant ion concentrations respectively and pC is the 

polyion concentration. Equation I.52 indicates that the binding parameter or degree 

of binding can be given in terms of the bound (a) or the free (b) surfactant 

concentrations. (All concentrations are in g/mol. i.e. grams of surfactant ions or 

polyions in 1 mole of the solution) 

The typical shape of the binding isotherm semi-log plot for surfactant ion and 

polyion shown in Fig.2.12 reveals an exponential increase in the binding parameter 

with surfactant concentration. 
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The experimental method for determining the binding isotherm of aqueous 

polyion-surfactant ion systems should be capable of identifying the unbound 

surfactant ions in the mixture. Titration is an efficient and economical method to 

estimate the surfactant ion concentration in mixtures. The two phase titration and 

potentiometric titration methods has been widely used.41 

Two phase titration involves the determination of the surfactant concentration 

in a water/chloroform two-phase medium by monitoring the color change of a 

mixed indicator with a phototrode. It is a relatively simple process but the shortfall 

lies in the difficulty in identifying the end point of the titration. In addition, its time-

consuming nature and the health hazards associated with the use of the organic 

solvent (chloroform) are the inherent problems associated with the two phase 

method that can be overcome with the potentiometric titration method.41 
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Figure 2.12 Typical Shape of the Binding Isotherm of a Cationic Polyelectrolyte and an 

Anionic Surfactant40, 42-43(Adapted from Reference 40, 42-43) 

Potentiometric titration (potentiometry) involves the use of ionic-surfactant 

sensitive electrodes (ISE) as the end point indicator.19 Generally, ISE consists of a 

PVC membrane or a graphite rod whose composition (an ion carrier) has been 

specially optimized for the determination of ionic surfactants through potential 

difference measurement. The potential observed at the electrode is due to a specific 

interaction between the ion carrier and the analyte ions (surfactant ion) in the sample 

solution.40 This interaction results from an equilibrium reaction due to the migration 

of the analyte ions from the solution into the membrane, and thus leads to the 

formation of an electrical potential difference at the phase boundary between 

sample solution and membrane which can measured at a zero current against a 

reference electrode. 
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The amount of migrated analyte ions depends on the sample solution 

concentration and the Nernst equation below gives the relation between the analyte 

ions concentration and the observed electrode potential.40 

 .ln(log )o a surfE E S a    (I.53) 

where E is the electrode potential, oE  is the constant potential term, aS is the slope 

of the ISE electrode and surfa  is the activity of the surfactant ion. 

The observed electrode potential of anionic surfactants as a function of the 

ion concentration gives a sigmoidal curve as shown in Fig.2.13, and the slope of 

the linear part corresponds to the slope of the ISE electrode. 
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Figure 2.13 Typical Shape of Electrode Potential (EMF) of an Anionic Surfactant as a 

Function of its Ion Activity40(Adapted from Reference 40) 

Nernst theory predicts that the value of the slope is 59mV per concentration 

decade of monovalent analyte ion but in practice lower slope values are observed 

due to the following reasons41, 44; 

 Membrane composition 

 Activity of the surfactant at the solution/membrane boundary 

 Tendency of the surfactant to adsorb on the membrane surface44 

In a typical potentiometric surfactant titration, a surfactant of known concentration 

(titrant) is titrated against a fixed volume of a surfactant of unknown concentration 

(analyte) to obtain an S-shaped curve as shown in Fig.2.14. The equivalence point 

(inflexion point of the curve) of the titration is obtained from the maximum of the 

derivative curve (red curve).40 
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I.2.4.1.1 Binding Isotherm by EMF Measurement 

The PVC-plasticized liquid-membrane electrode (METROHM 6.0507.120) 

and the Ag. AgCl/3M KCl external reference electrode (METROHM 6.0750.100) 

were used for the EMF measurements. The solution was placed in a beaker and 

stirred continuously and the EMF value was read on a pH Meter                             

(SCHOTT, GERMANY). 
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Figure 2.14 Typical Sigmoidal potentiometric titration curve and its derivative curve in 

red40 (Reproduced from Reference 40) 

The setup shown in Fig. 2.15 was put together at the GSC laboratory and can 

only be used for solutions and mixtures with anionic surfactants.  

EMF measurements of the pure surfactant solutions and its mixtures with 

PDADMAC were carried out. The concentration of unbound surfactants in the 

mixture was estimated by extrapolation (Given that the observed EMF of the 

mixture corresponds to the EMF of the unbound surfactant in the mixture). 

Temperature control was carried with a thermal bath (JULABO F30-HC) which 

ensured a temperature stability of 0.1o C . 

I.2.4.2  Turbidimetry 

The formation of polyion-surfactant ion complexes in solution is 

accompanied by an increase in the scattering of visible light. In turbidimetry the 

loss of intensity of transmitted light passing through solutions of the complexes is 

measured to determine the onset of precipitation.19 Measurement of the turbidity of 

the solution is one of the easiest way to obtain qualitative information on the 

association of polyelectrolytes and surfactants. 

The general turbidity behavior observed in most polyelectrolyte-surfactant  
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systems is described as follows;19 

 For a fixed amount of polyelectrolyte, there is a slow increase in 

solution turbidity at low surfactant concentration 

 This is followed by a steep increase in turbidity with increasing 

surfactant concentration until maximum turbidity is reached, which 

indicates the formation of large aggregates 

 Further increase in the surfactant concentration leads to a steep 

decrease in the solution turbidity to values similar to those observed 

at low surfactant concentration due to precipitation of the complexes. 

 

 

 

 

Figure 2.15 Setup for Potentiometry measurements. A-pH meter, B-Reference electrode, 

C-Ionic surfactant electrode, D-Sample mixture or solution, E-Stirrer 

4.2.1 Turbidimetry Measurements 

Measurements were carried out on a UV-vis spectrophotometer                     

(HP-UV 8452) shown in Fig. 2.15 using a polystyrene cuvette with a 1mm path 

length to determine the transmittance of the polyelectrolyte/surfactant mixtures 

containing 0.3 %wt  KCl at a wavelength of 400 nm . Note that initial 

measurements were carried out with pure water and this was used as the reference 

for subsequent measurements with the mixtures. The turbidity of the mixtures were 

then evaluated using the formula (Eq.I.54);  

 (100 ) 100mTurbidity T    (I.54) 

where mT is the transmittance. 
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Figure 2.15 Setup for Turbidimetry measurements showing A-the HP-UV 8452 

spectrophotometer B-Data processing system 

I.2.4.3  Electrophoretic Mobility and Zeta Potential 

One of the ways of characterizing charged species in aqueous media is by 

measuring their mobility under the influence of an applied electric field. When an 

external voltage is applied to a solution of charged species, negatively and 

positively charged species move to the respective electrodes: if the aqueous media 

is stationary, the phenomenon is known as Electrophoresis.19 The electrophoretic 

mobility of the species eu (m2V-1s-1) is the magnitude of their velocity ev divided by 

the magnitude of the electric strength eE . 

 e
e

e

v
u

E
   (I.55) 

The mobility is counted positive if the particles move toward the cathode and 

negative if the movement is in the opposite direction. 

In general, the motion of viscous fluid close to a solid surface is assumed to 

be the same as that of the surface, but away from the surface the fluid velocity is 

not affected by the solid surface. Hence, if we induce motion of the charged species 

in the fluid, there will be relative motion between the species.6 The point in the 

electrical double layer where the liquid starts to flow defines the location of the zeta 

potential . 

Zeta potential is defined as the potential difference between the aqueous 

media containing the charged species and the stationary layer of fluid attached to 

the charged species slipping surface. The calculation of the zeta potential is based 

on the assumption that the motion of the species in the fluid medium follows the 

Stokes’ equation where the applied electrical field is the driving force for motion.19 

Thus, it follows from Eq. I.55 that for a single isolated specie with charge q ; 
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   (I.56) 

where pr and   are the radius of the charged specie and the viscosity of the fluid  
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media respectively. 

Considering a mixture of charged species, we can assume a representative 

specie rS with an effective charge eq and effective radius pR . For such a system if 

the Debye-Hückel theory holds, we can describe using the Henry equation so that 

 (4 )e
p

p

q
R

R
     (I.57) 
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e pu f R





 
  
 

  (I.58) 

where is the inverse of the Debye length. 

For low pR , ( )pf R  approaches 1  while for high pR , it approaches1.5 . 

These values correspond to the Hückel and Smoluchowski equations respectively. 

However, the Smoluchowski approximation is used for the calculation of zeta 

potential in most practical applications.5 

I.2.4.3.1 Physical Meaning of Zeta Potential 

The balance of the attractive and repulsive forces that colloidal particles 

experience as they approach each other determines the stability of colloidal systems. 

An indicator of the magnitude of the repulsive interaction between the particles is 

the zeta potential, and measurements of the zeta potential has been used to assess 

the stability of colloidal systems.45 An important parameter for the prediction of 

coagulation in colloidal systems is the surface charge of its constituent particles. 

Zeta potential gives a measure of the apparent surface charge such that a high 

negative zeta potential will indicate a high negative surface charge of the colloidal 

particles. Reduction in the magnitude of this negative zeta potential implies a 

decrease in the repulsive electrostatic forces and a critical zeta potential can be 

reached where the attractive van der Waals forces overcomes the electrostatic forces 

and thus coagulation occurs.  

I.2.4.3.2 Zeta Potential Measurement 

Zeta potential measurements were made using Malvern ZetaSizer NanoZS 

(USA) shown in Fig.2.16. The ZetaSizer measures the electrophoretic mobility 

based on the well-known Doppler Effect and estimates the zeta potential using the 

Smoluchowski approximation (Eq.I.58) with ( ) ~ 1.5pf R . All measurements were 

made in triplicate. 
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The Doppler Effect is defined as a frequency shift observed in a light or 

electromagnetic wave emitted by a source in a fast motion relative to the detector.46 

The magnitude of this shift v in electrophoresis is given by Eq.I.59; 

 (2 )sin(o s e ev n u E       (I.59) 

where , ,o sn   are the refractive index, incident wavelength in vacuum and 

scattering angle respectively. 

 

 

 

  

 

 

 

 

 

 

 

Figure 2.16 The Malvern ZetaSizer NanoZS and (a) the cuvette for particle 

measurements (DTS 0012) and (b) the cuvette for zeta potential measurements           

(DTS 1070) 

I.2.4.4 Dynamic Light Scattering 

Light scattering is a useful experimental tool for the characterization of the 

structure and dynamics of polyelectrolyte solutions and its mixtures with 

surfactants.6 In general, light scattering involves measuring the intensity of the light 

scattered by a particle as a function of the scattering angle s or the fluctuation of 

the intensity of scattered light as a function of time.47 When the particle size is much 

smaller than the wavelength of the light, pd  , this defines the so-called Rayleigh 

scattering. For, pd  , we enter the Rayleigh-Debye-Gans regime where the 

scattered intensity depends on the scattering direction i.e. for example, the scattered 

intensity at 45o
differs from that at 135o

and the particle size is determined from the 

ratio of the forward and back scattered intensities. 

 

b 
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This angular variation also provide information on the particle shape. On the 

other hand, when the particle size is comparable to the wavelength of the light, this 

defines the Mie scattering. 

Dynamic light scattering (DLS) involves the measurement of the temporal 

fluctuations of the intensity of scattered light. Particles in solvent media are in 

constant motion due to Brownian motion.47 An incident photon that interacts with 

the electron cloud of the particle is scattered in all directions. 

In a typical DLS setup (Fig. 2.17) the number of scattered photons that enters 

the DETECTOR are recorded as an intensity function and analyzed by a DIGITAL 

CORRELATOR to give the correlation function. The separation in time between 

photon countings is the correlation time. The autocorrelation function of the 

intensity of the scattered light at an angle s can be analyzed to give a distribution 

of relaxation times. The decay rate of the relaxation modes give the diffusion 

coefficient that is within the Stokes-Einstein approximation (Eq. I.60) used to 

estimate the particle size pR .6, 19  

 
6

p

p

kT
R

D
   (I.60) 

where pR is the radius of the particle, k is the Boltzmann constant,   is the viscosity 

of the solvent and pD  is the diffusion coefficient. 

 

 

 

 

 

 

 

 

 

 

Figure 2.17 Typical Experimental setup for DLS measurement 
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I.2.4.4.1 Particle Size Measurement 

Measurements Measurements were made on a Malvern Zetasizer NanoZS 

(USA) equipped with a He-Ne Laser operating at a wavelength of 632 nm . The 

detector is placed at an angle of 173o . To eliminate dust, the samples were prepared 

in the clean room and the Milli-Q water was filtered before use. The Zetasizer 

system determines the particle size by first measuring the Brownian motion of the 

particles in a sample using the DLS and then estimating the particle size 

(hydrodynamic radius) using Eq. I.60. 

I.2.4.4.2 Kohlrausch-Williams-Watts Stretched Exponential Function 

The usefulness and physical meaning of the hydrodynamic radius calculated 

from Eq.I.60 as a parameter for the description of the bulk property of 

polyelectrolyte-surfactant complexes is not fully understood. Hydrodynamic radius 

can be viewed as an effective size of a well-defined particle or specie in a solution 

which might not necessarily apply to polyelectrolyte solution that are polydisperse 

with not well-understood or well-defined configuration. In addition, when 

polyelectrolyte/surfactant complexes are formed in solutions, there is no clear 

picture on the position and distribution of the surfactant molecules along the polyion 

chain which makes it even more difficult to define the size or shape of these 

complexes. 

An alternative to the above is the analysis of the decays of the correlation 

functions. Given that the measured intensity autocorrelation function (2)g is related 

to the field autocorrelation function (1)g by the Siegert relation48-49 below; 

 (2) (1) 21 | |g B g    (I.61) 

 

 

where B  is an optical factor that depends on the light scattering setup, the decays of 

the correalation functions can be resolved with the aid of the Kolrausch-Williams-

Watts (KWW)-stretched exponential function. 

In this work all the recorded correlation function have been analyzed using 

the single-stretched exponential function (Eq. I.62), 

 (1) ( ) exp
c

c

t
g t A





  
   

   

  (I.62) 
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where cA is the amplitude of the relaxation mode, is the relaxation time and c  is 

the width of the distributions of relaxation times. 

The parameter c which varies as 0.5 1c   gives a measure of the 

polydispersity of the system, and for polymer-surfactant systems at a fixed polymer 

concentration a decrease in c with increasing surfactant concentration indicates the 

presence of a polydispersed polymer-surfactant complexes in the mixture. 
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Aim 

 

Driven by the growing application of polyelectrolyte/surfactant mixtures in 

most industrial formulations, this work is undertaken to highlight the bulk and 

surface properties of the mixed systems present in hair cosmetic formulations. 

Indeed, this knowledge is a valuable assest to the industrial formulator as well as 

the end-user of hair cosmetic products. Actually, mixed systems of polyelectrolyte 

and surfactant have been widely studied and a number of theoretical models have 

been developed and applied in the description of their behavior. However, most 

studies were focused on mixtures of low polyelectrolyte concentration, this is of 

little relevance in most important technological applications. As a drive to more 

industrial-relevant research, the bulk polyelectrolyte concentration employed in this 

work is similar to that present in most hair cosmetic formulations. In addition, a 

high salt concentration was used in the mixture preparation to provide similar ionic 

strength as that present in industrial mixtures. Furthermore, four different mixtures 

with different surfactants were studied in the concentration range obtainable after 

several rinsing steps in the shower during the daily use of hair shampoo. Therefore, 

this part of the thesis was covered in four chapters to provide an insight into the 

bulk and surface properties of different mixed systems of polydiallyldimethyl 

ammonium chloride (PDADMAC) and four different surfactants.  

In Chapter II.1, the focus is on the behavior of mixtures of the 

polyelectrolyte with sodium N-lauroyl N-methyl taurate in the bulk and at liquid-

vapor interface. In Chapter II.2, the study is extended to mixtures with sodium 

lauryl ether sulfate while in Chapter II.3, the behavior of mixtures with 

zwitterionic surfactants are discussed. In Chapter II.4, the high-frequency 

dilational surface rheological properties of the mixtures are explored using an 

electrocapillary wave device designed and built in-house.  

 

 

 

 



 

 

 

 
 
 
 
 
 
 

Chapter II.1 
 
 

Polydiallyldimethyl ammonium 

chloride/sodium N-lauroyl-N-methyl 

taurate mixtures  
 

Abstract 

The bulk and interfacial behavior of polydiallyldimethyl ammonium 

chloride (PDADMAC)/sodium N-lauroyl-N-methyltaurate (SLMI) 

mixtures at conditions relevant for cosmetic applications are presented here. 

This conditions correspond to concentrations attained after several rinsing 

processes of the hair in the shower. Turbidimetric measurements confirmed 

the existence of a single phase in the mixtures in the SLMI concentration 

range studied in contrast to the reported behaviors of similar dilute polymer-

surfactant mixtures. Also, the mixtures contained species with positive 

electrophoretic mobility values. This indicates that the complexes were 

present in these systems with excess of the cationic polyelectrolyte 

segments. Surface tension measurements as a function of bulk SLMI 

concentration were performed with five different techniques. Although, the 

resulting adsorption isotherms were different for some techniques yet 

synergistic lowering of surface tension was observed with all the 

measurement methods employed. The low bulk surfactant concentration 

behavior of the mixtures was attributed to the presence of low 

concentrations of free SLMI in the mixture, while the strong surface tension 

decrease at higher surfactant concentration is due to the cooperative 

adsorption of PDADMAC-SLMI complexes and free SLMI. This co-

adsorption was confirmed with neutron reflectivity studies which revealed 

the presence of PDADMAC in the interfacial layer. Analysis of the surface 

dilational elasticity data using the reorientation model reveals the possibility 

of a two-step adsorption process involving an initial adsorption of the 

complexes from the bulk mixture subsequently followed by a reorganization 

step within the interfacial layer. 
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II.1.1 Introduction 

The growing interest in the bulk properties and solid or fluid interfacial 

behavior of polymer-surfactant mixtures can be attributed to the fact that these 

mixtures are present in a variety of technological and industrial applications such 

as drug delivery systems, oil recovery and cosmetic formulations.1-6 In water-based 

formulations like drilling muds and shampoos, polyelectrolytes are of particular 

interest because they have high solubility in water and can impart unique 

rheological properties, while surfactants which are also water-soluble have the 

tendency to adsorb at surfaces lowering the surface energy.7 Nowadays shampoo 

formulations have progressed beyond its traditional hair cleaning purpose. Most 

formulations act as hair conditioning and smoothing agents8 and synthetic cationic 

polyelectrolytes are mostly employed to provide this features in shampoo. 

Conditioning polymers are designed to deposit on the hair surface and strongly 

adsorb to the proteinaceous elements of the hair, and the adsorption is greatly 

enhanced with cationic polymers due to electrostatic interaction.9-10 Among the 

cationic polyelectrolytes, polyquaterniums are widely used in shampoo 

formulations and they have been shown to impart better conditioning properties.11  

Polyquaterniums, like polydiallyldimethyl ammonium chloride 

(PDADMAC), are a class of polymer with periodic positive charges located at 

different positions along the chain. PDADMAC is a linear homopolymer 

synthesized from monomers composed of a quaternary ammonium and two 

unsaturated groups (-CH=CH2). In aqueous solutions, PDADMAC tends to form 

extended or confined structures depending on the solution ionic strength.12 In bulk 

solutions, PDADMAC structures have been deduced from solution properties like 

radius of gyration and intrinsic viscosity as well as from molecular dynamic 

simulations, also these bulk properties were reported to depend on parameters like 

the solution temperature, the molecular weight and charge density of the 

macromolecule and the concentration and type of added inorganic salt.12-14 

Furthermore, Klitzing et al.15 used small angle neutron scattering (SANS) to show 

that structure formation in the bulk of PDADMAC solutions stems from the 

interactions between the polyelectrolyte chains, and that these interactions were 

also influenced by parameters mentioned above. 

Generally, flexible polymer chains in a good solvent can be treated as hard 

spheres where the interactions between the chains can be viewed as purely 

repulsive, and the chains exist as single entities in the solution independent of each 

other.16 This approximation holds for a limited macromolecular concentration range 

known as the dilute concentration regime where the intermacromolecular 

interactions is slightly altered by increasing polymer concentration. However, upon  

 



Behavior of polyelectrolyte-surfactant mixtures Part II  

94 
 

 

increasing the polymer concentration beyond this regime, the intermolecular 

distance between the polymer chains decreases and the chains start to interpenetrate 

each other to form a network.17 This network of interpenetrating polymer chains 

still corresponds to sufficiently dilute polymer solution and is referred to as the 

semidilute concentration regime. The transition from dilute to semidilute regime 

takes place over a certain concentration known as the  overlapping concentration 
*C .16, 18 The concentration for molecular overlap in aqueous solution for the case 

of the PDADMAC employed in the current study was determined employing the 

empirical equation for solutions of linear flexible polymers as defined by Teraoka.19 

The radius of gyration of PDADMAC in solution given by Zhu and coworker20 was 

used to obtain the *C for the PDADMAC employed here as .ca 8 /g L . The 

concentration of the PDADMAC used in this study ( .ca  5 / )g L is equivalent to that 

employed in most shampoo formulations and is below its estimated solution overlap 

concentration. 

PDADMAC strongly interacts with anionic surfactants in aqueous mixtures 

leading to the formation complexes and release of the corresponding counterions. 

The PDADMAC-surfactant complexes, henceforth abbreviated as PSC, will be 

expected to be neutral at a given concentration ratio. However, in most shampoo 

formulations, an excess of the anionic surfactant is employed which means that the 

positive charge of the PDADMAC is overcompensated and shampoo mixtures 

contain negatively charged soluble PSC.8 On dilution of the shampoo mixture 

below the CMC of the surfactant, during hair washing and repeated rinsing, PSC 

and PDADMAC precipitates unto the the hair surface.11, 21 The formation of PSC 

and their intriguing properties in bulk solutions and at fluid and solid surfaces has 

been a subject of research in recent years. 

In the past the use of anionic sodium dodecyl sulfate (SDS) in shampoo 

formulations attracted a number of investigation into the behavior of the PSC 

formed in their mixtures with PDADMAC. Bulk aggregation studies of SDS with 

PDADMAC showed that the critical aggregation concentration of SDS remained 

unchanged with increasing PDADMAC concentration.22 Also, in the presence of a 

nonionic surfactant, Staples et al.23 reported the formation of cloudy solutions at 

low SDS concentrations with the appearance of visible aggregates in the mixtures 

at higher SDS concentrations. In a recent study, Mészáros et al.24 reported reduced 

bulk association between PDADMAC and SDS in the presence of a nonionic 

surfactant. The authors said that mixed nonionic-anionic micelles can be formed in 

the mixture and that SDS was solubilized in the micelles as the nonionic-anionic 

surfactant ratio increases. This solubilization has the potential to suppress SDS 

binding to PDADMAC.24 Interestingly, resolubilization of SDS was not observed  
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at high SDS-PDADMAC ratio when no salt was added to the mixture. Campbell 

and coworkers25 showed that the amount of PDADMAC adsorbed at the air-water 

interface varied as a function of SDS concentration in the bulk mixture during an 

adsorption time of 1s . The authors also pointed out that the fluid surface layer was 

free of the polyion at high SDS concentrations. Furthermore, Staples and 

coworkers26 have shown that the observed variation in the behavior of mixtures of 

PDADMAC-SDS at different SDS concentration can be attributed to the 

competition between the formation of PSC in the bulk and at the surface of the 

mixtures.  

In recent years, the use of SDS in most personal care products has been limited 

in accordance with the EU directive, due to their skin and eye damaging properties. 

The skin-irritating properties of SDS drives the need for milder surfactants for 

applications in skin and hair care formulations. Sodium N-lauroyl-N-methyltaurate 

(SLMT) provides an alternative as a sulfate-free surfactant, and unlike SDS it is less 

susceptible to degradation.27 To the best of our knowledge very few data have been 

reported on the bulk behavior and fluid interfacial properties of PDADMAC-SLMT 

mixtures. However, several studies on the behaviors of mixtures of cationic 

polyelectrolyte and anionic surfactant have been carried out with the aid of several 

bulk and surface techniques.  

Bulk characterization studies of polyelectrolyte-surfactant mixtures are 

mostly based on PSC charge and size measurements or the measurement of the bulk 

solution viscosity.28-29 Wagner et al.30 employed dynamic light scattering (DLS) in 

the study of the behavior of mixtures of SDS and a cationic polymer. They reported 

the formation different phases with increasing SDS concentration in the bulk 

mixture at fixed polymer concentration. The bulk aggregation of cationic 

polyethylene imine (PEI) in the presence of SDS was also studied by             

Campbell et al.31 who employed UV-vis spectroscopy to show the correlation 

between solution turbdity and aggregation in the bulk mixture. In addition, 

electrophoretic mobility measurements showed that the aggregates were neutral at 

a certain surfactant concentration.31 Mészáros and coworkers32 also reported the 

formation of PEI/SDS aggregates of varying sizes and charges as a function of the 

SDS concentration from DLS and electrophoretic mobility studies. Furthermore, 

the authors reported that the mixing protocol employed in mixture preparation 

influenced the precipitation regime observed.32 The use of the binding isotherm 

polymer-surfactant mixtures is another interesting way to study the binding of 

surfactants to oppositely polyelectrolyte. The binding mechanism of SDS to a 

cationic copolymer of dimethyldiallylammonium chloride and sulfur dioxide and to 

PDADMAC has been described with the aid of the binding isotherm by Shirahama 

et al.33 and Nizri and coworkers.34 The authors accessed the binding isotherm by  
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measuring the EMF of the mixtures at the start and end the binding time.  

A number of studies have shown that the bulk properties of 

polymer/surfactant mixtures do not necessarily correlate with their behavior at the 

fluid interfaces,26, 35 hence for a complete picture on the properties of these complex 

mixtures it is pertinent to perform additional surface characterization especially at 

the air-water interface. Traditionally, liquid/vapor interfacial characterization of 

these mixtures has been carried out in terms of surface tension measurement.36-37 

Asnacios et  al.38 used the Wilhelmy plate to measure the surface tension of mixtures 

of cationic surfactants and anionic polymers in a Teflon trough. The authors 

reported an adsorption isotherm that indicated the formation of aggregates at 

surfactant concentration lower than the cmc of the pure surfactant solutions.38 

Noskov et al.39 used the pendant drop and bubble methods to study the dynamic 

surface properties of PDADMAC/SDS mixtures. Their findings pointed to long 

equilibration times for the water surface of these mixtures. Also, the observed 

surface tension isotherms were different for each method.39 Differences in 

adsorption isotherms obtained with different method has been attributed to the 

depletion of the bulk phase concentration during the adsorption process.40 However, 

surface tension data alone scarcely describe liquid/vapor adsorption layers 

especially for the case of mixed polymer-surfactant systems, and as such 

complementary techniques like neutron reflectivity has been applied to provide a 

complete description of these interfacial layers.41-43 The liquid/vapor adsorption 

behavior of mixtures of alkyltrimethylammonium bromides (CnTAB) and 

polystyrene sulfonate (PSS) for different lengths of the surfactant alkyl chain have 

been described by combining the surface tension data with neutron reflectivity 

studies.44 The authors observed different shapes of the surface tension vs. CnTAB 

concentration plots and reported a decrease in the surfactant critical aggregation 

concentration with increasing alkyl chain lengths. The adsorption isotherm of some 

mixed polymer-surfactant systems for a fixed polymer concentration display a 

monotonous decrease in surface tension with increasing surfactant concentration, 

however, the appearance of surface tension peaks in the adsorption isotherm has 

been reported.26, 45 Taylor and coworkers44 explained that the variation in the 

surface tension plots is due to the possible competition between the formation of 

bulk and surface species based on their observations from neutron reflectivity 

measurements. In addition to surface tension data, Noskov and coworkers39 also 

presented dilational surface rheological properties as a tool for the description of 

the interfacial layers of these mixed systems. The authors employed the oscillating 

barriers and oscillating drops methods to show the connection between the 

formation of aggregates in the bulk solution of these mixtures and the dilational 

surface elasticity. They explained that the aggregates formed in the bulk and at the  
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interfacial layer around the surfactant charge neutralization concentration 

minimally contributed to the dilational surface properties.39    

In the present study, the knowledge and techniques described in previous 

studies of mixed polymer-surfactant systems was applied to develop a broad 

understanding of the behavior of PDADMAC/SLMT mixtures in the bulk and at 

the liquid/vapor interface. The bulk aggregation behavior of the mixtures were 

studied by measuring the electrophoretic mobility and turbidity. Electrophoretic 

mobility data indicated the presence of excess PDADMAC segments in the 

mixtures for all the SLMT concentration range studied while the increase in 

turbidity at higher SLMT concentration was used to signify the onset of phase 

separation. In addition the binding isotherm accessed by measuring the EMF of the 

mixtures as function of SLMT evidenced high binding degree of the surfactant to 

PDADMAC. This observation was confirmed from the studies of Varga et  al.46 

who reported increased SDS binding at higher PDADMAC concentration.   

The adsorption kinetics of the mixtures were studied by measuring the surface 

tension as a function of time using the pendant drops and bubble methods. It was 

shown that liquid/vapor interface of these mixed systems takes long time to 

equilibrate. The value of the surface tension at equilibrium e  was used to construct 

the adsorption isotherm as a function of the bulk SLMT concentration. Equilibrium 

surface tension was also measured in the Langmuir trough using the Wilhelmy plate 

made of platinum. Additional measurements in the trough were made with a 

Wilhelmy plate made from specially designed filter papers. A comparison was 

made with the behavior of the pure solutions and it was shown that the synergistic 

coadsorption of PDADMAC and SLMT at the interface differentiates the kinetics 

of adsorption in both cases. Different adsorption isotherms were observed with each 

technique which corroborates the idea of the depletion effects in the bulk mixture.40 

It was explained that for lower surface area/bulk volume ratio the depletion effect 

becomes insignificant. Furthermore, the appearance of surface tension peaks was 

reported for the isotherm obtained in the case of the Wilhelmy platinum plate.  Other 

authors have associated this unusual behavior to the precipitation of the complexes 

formed at the interface at low bulk surfactant concentration.47 However, in our case 

an alternative explanation was provided in terms of the non-zero contact angle at 

the liquid surface-platinum surface contact line due to adsorption of the aggregates 

at the surface of the platinum surface which was confirmed with measurements with 

the Wilhelmy ring and paper plate techniques. 

The surface excess concentrations of SLMT and PDADMAC were estimated 

from the neutron reflectivity measurements. SLMT surface excess concentration  
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was observed to increase with increasing bulk SLMT concentration until a 

saturation value was reached. Dilational surface rheological measurements were 

performed with the pendant drop profile tensiometer after equilibrium was reached. 

The surface elastic modulus was reported to increase with increasing SLMT 

concentrations to a maximum value and then drastically decreased at higher 

surfactant concentration. Negligible elastic modulus was observed at high SLMT 

concentration which corresponds to the saturation region of the liquid/vapor 

interface. It should be pointed out also that negligible values of viscous moduli were 

estimated in the entire SLMT concentration range studied. From the fits to the 

theoretical model proposed by Ravera et al.,48 characteristic frequencies describing 

the steps involved the equilibration of the adsorption layers of the mixtures were 

obtained. The adsorption behavior of PDADMAC-SLMT mixture was described as 

a two step process involving diffusion to the subsurface followed by a 

reorganization process at the interface which is in line with the adsorption scenario 

proposed by Noskov et al.39 

II.1.2 Results and Discussion 

II.1.2.1 Bulk Properties 

The mixtures of PDADMAC and SLMT for bulk characterization were 

prepared following the protocol described in Chapter I.2. The study of the bulk 

properties of the mixtures is the first step in understanding the interactions between 

the components present. In addition, the knowledge of the bulk properties is 

necessary to correlate the surface adsorption to the bulk behavior. The 

electrophoretic mobility and solution turbidity data are presented and discussed 

below. 

II.1.2.1.1 Electrophoretic Mobility and Turbidity 

The evolution of PSC formation in the bulk can be followed with 

electrophoretic mobility and turbidity measurements. The addition of the anionic 

SLMT to the cationic PDADMAC solution leads to the formation of aggregates and 

for a fixed concentration of the polyelectrolyte, the size and charge of these 

aggregates will depend on the surfactant concentration. 

The dependencies of the solution turbidity and electrophoretic mobility of the 

complexes on bulk SLMT concentration are presented in Fig. 2.1. The complexes 

show positive electrophoretic mobility values close to that of the PDADMAC 

solution (indicated by the thin straight line) for the entire SLMT concentration range 

studied. This probably indicates that the complexes are present in the mixture with 

excess polyelectrolyte segments. This observation is on line with the bulk PDAD- 
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-MAC/SDS concentration ratio for charge neutralization of the polyelectrolyte 

reported by Varga and coworkers.46 If the differences in surfactant structure and 

mixture ionic strength between the systems reported by Varga and that in this study 

are neglected. It is obvious that the SLMT concentration range in Fig 2.1 is far 

below the charge neutralization concentration for the PDADMAC concentration 

used in the current study. This points to the fact that the mixtures in this study should 

be in the equilibrium one-phase region where the freshly mixed samples are 

expected to be optically transparent.  
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Figure 2.1 Turbidity (open symbols) and Electrophoretic mobility (closed symbols) as a 

function SLMT for the mixtures. The solid line indicates the electrorphoretic mobility 

value of 0.5 %wt PDADMAC solution, equivalent to the zeta potential. Arrows indicate 

the vertical axis corresponding to the data set. 

However, kinetically-trapped aggregates might be produced during mixing at 

compositions around the phase boundary, resulting in turbid samples.47 As such, 

there is a need to measure the turbidity of the mixtures. It is obvious from the 

turbidity data that there is an onset of phase separation at high bulk SLMT 

concentrations which corresponds to the observed increase in solution turbidity. 

This behavior differentiates the mixtures in this study from the low polymer 

concentration mixtures reported in the literature, in which the dependence of surface 

tension on bulk surfactant concentration covers a transition regime from 

undercharged through neutral to the overcharged complexes.26, 42, 46, 49-50 The 

absence of charge neutralization in the PDADMAC/SLMT system as indicated by 

the electrophoretic mobility data indicates that the increase in solution turbidity 

might be due to the formation of kinetically-trapped aggregates while the 

components were mixed before dilution as described in the sample preparation step 

(Chapter I.2).  

 



Behavior of polyelectrolyte-surfactant mixtures Part II  

100 
 

 

II.1.2.1.2 Binding Isotherm 

In order to gain more insight into the binding efficiency of SLMT ions to the 

polycation in the bulk mixture, it is necessary to construct the binding isotherm.34  
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Figure 2.2 Binding Isotherm of SLMT to PDADMAC as a function of the overall bulk 

surfactant concentration. 

The degree of binding in the bulk mixtures was accessed by estimating the 

concentration of free SLMT ions before and after binding, and then calculating the 

binding degree in terms of the free surfactant concentration (Eq. I.49b). Figure 2.2 

shows the degree of binding  as a function of bulk SLMT concentration. The 

binding isotherm indicates a high degree of binding of the SLMI ions to the 

polycation in the bulk mixture. Again this is in line with observations of Varga et 

al.46, who reported a high binding efficiency for the PDADMAC/SDS mixtures. 

The low ratio of the free SLMT ions to the PDADMAC monomer ion (~ 0.03) even 

for the highest SLMT concentration used in this study indicates that much of the 

surfactant ions in the bulk are bound to the polyion.  

II.1.2.2 Surface Properties 

The understanding of the surface properties of PDADMAC-SLMT mixtures 

is essential for proper application in shampoo formulations. Surface properties 

result from both aggregation in the bulk and at the surface, however, the 

contributions are different in each case. While the formation of bulk aggregates 

might lead to the adsorption of surface inactive species, hence decreasing the 

surface concentration of the surface active monomers, aggregation in the surface 

simply leads to a decrease in the number of the kinetic units within the adsorption 

layer.51 These effects are reflected in the slope and shape of the surface tension        

 ( , )c t  plots. The adsorption kinetics and equilibrium adsorption isotherms of the  
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mixtures, the surface excess concentrations of SLMT and PDADMAC estimated 

from neutron reflectometry as well as the surface dilational elasticities are presented 

and discussed below. 

II.1.2.2.1 Adsorption Kinetics 

The adsorption mechanism of PDADMAC-SLMT mixtures at the 

liquid/vapor interface can be accessed by measuring the change in surface tension 

with time.  

The surface tension as a function of time for the adsorption of pure SLMT 

solution and PDADMAC-SLMT mixtures are presented in Fig. 2.3. One obvious 

observation from these measurements performed on the pendant drop tensiometer 

is the long equilibration times for the mixtures. Although long surface aging times 

are associated generally with mixtures of polymer/surfactant, the long adsorption 

time observed here is due to the large surface area to bulk volume ratio of the 

interfacial geometric characteristic of the pendant drop technique.52 This 

geometrical ratio results in depletion of the bulk concentration during the adsorption 

process and as such the bulk to surface transport in the pendant drop technique is 

slowed down compared to the bubble and Wilhelmy plate or ring technique. 

In general, one observes adsorption behaviors that are dependent on surfactant 

concentration but there is a clear distinction between the time dependence of surface 

tension of the PDADMAC-SLMT mixtures and those of the pure SLMT solutions. 

Relatively long adsorption times are observed for the mixtures compared to the 

single component solution which is likely due to an electrostatic or steric hindrance 

to the adsorption of the complexes.53-54 The equilibrium times for the SLMT 

solutions are within 410 s and surface tension quickly reaches equilibrium for SLMT 

concentration close to the cmc of the surfactants. On the other hand, the equilibrium 

for the mixtures were not reached after 
410 s  even for SLMT concentration close to 

the cmc of the surfactant. Similar equilibration times were also observed in the 

neutron reflectivity studies (estimation of surface excess concentration) as 

discussed in II.1.2.2.3 below.   

Furthermore, at a bulk SLMT concentration of 0.003mM no change in surface 

tension was observed for the mixture within the measurement time displayed in   

Fig 2.3(b), unlike the 5mN surface tension decrease recorded with the pure 

surfactant solution. This is explained from the binding isotherm that indicated very 

low concentrations of free SLMT anions in the bulk PDADMAC-SLMT mixture. 

In addition, bulk measurements indicated the formation of kinetically trapped 

aggregates in the PDADMAC-SLMT mixtures. The dynamic adsorption behavior  
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of the mixtures at the liquid/vapor interface is viewed as a reflection of the bulk in 

that the aggregates in the bulk are simply transported to the interface where they are 

adsorbed. The adsorption of the mixtures proceed faster as the concentration of the 

aggregates increases with increasing SLMT concentration. 
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Figure 2.3 (a) Dynamic surface tension of SLMT solutions and (b) Dynamic surface 

tension of PDADMAC-SLMT mixtures for different SLMT concentrations (the symbols 

represents the experimental data while lines are fits to Ward-Tordai Equations). Note: the 

applied sinusoidal oscillations to the pendant drop profile after a quasi-equilibrium time.  

To gain more insight into the observed dynamic adsorption behavior at 

liquid/vapor interface, the experimental data were analyzed using the equation 

proposed by Ward and Tordai (Eq. I.23).55-56 As pointed earlier, the correct 

application of the Ward-Tordai depends on the choice of the adsorption isotherm 

employed as boundary conditions.57 In this study, the Frumkin and reorientation 

adsorption models have been employed for the analysis of the equilibrium 

adsorption isotherms presented in II.1.2.2.2. The lines shown in Fig. 2.3 are the 

theoretical curves obtained with the Ward-Tordai equation using a coefficient of 

diffusion of 
10 210 /m s

and the parameters of the adsorption models shown in   

Table 2.1.  

Dynamics of adsorption of SLMT solutions  

The Frumkin adsorption model was employed as the boundary condition for 

the analysis of the adsorption kinetics of SLMT solutions. The time-dependence 

adsorption of SLMT at liquid/water interface is qualitatively described by the 

Ward-Tordai equation as observed in Fig. 2.3a. The theoretical curves agree well 

with the experimental data for surface adsorption times longer than 
210 s  with better  
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correlations observed at lower SLMT concentrations. The discrepancies observed 

at higher surfactant concentrations is in line with the idea of a fast initial adsorption 

stage for ionic surfactants at fluid interfaces in the presence of an added salt as 

reported by Diamant et. al.58 The short-time adsorption behavior of ionic surfactant 

in the presence of an inorganic electrolyte is similar to that of a nonionic surfactant 

i.e diffusion-controlled,58 and this explains the observed deviation at short times for 

SLMT which becomes obvious at higher SLMT concentrations. However, it is 

noteworthy to mention that the quality of the fits at longer times points to the 

presence of an electrostatic barrier to the adsorption at fluid interfaces, and this is 

in good agreement with the hypothesis of the Frumkin model. 

Table 2.1 Parameters of the theoretical adsorption isotherms for SLMT 

(Frumkin Model) and PDADMAC-SLMT (Reorientation Model) 

FRUMKIN REORIENTATION 

2 5( / ) 1.27 10m mol     

1.10a    

1( / ) 1.07 10b l mmol    

2 5

10 ( / ) 2.70 10m mol     

2 5

2 ( / ) 1.90*10m mol    

2( / ) 2.57 10b l mmol     

     

3/ ) 6.402 10m mN     

Dynamics of Adsorption of PDADMAC-SLMT 

The simplified form of the reorientation adsorption model                                  

[Eq. I.19-1] proposed by Fainerman et al.59 was applied for the analysis of the 

experimental data of the mixtures. It must be recalled that the PDADMAC-SLMT 

is not a ternary system, thus the equations will in fact be used as a semiempirical 

fit. Figure 2.3b shows similar trend as the behavior observed with the pure 

surfactant, however, better theoretical curves were obtained in Fig. 2.3a. The 

theoretical curves predict faster surface tension variations for the mixtures at the 

initial adsorption stage which might be due to the high value of the diffusion 

coefficient employed in contrast to the slower diffusion rate observed for the 

complexes. The turbidity and binding isotherm data indicated the presence of 

kinetically trapped aggregates in the mixtures, thus the adsorption behavior of the 

mixtures at short times would only involve the slow transport of these aggregates 

to the surface. The long-time adsorption behavior seems to agree well with the 

theoretical predictions, which is rationalized based on the fact that the reoganizat- 
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-ion of the adsorbed complexes at the fluid interface controls this stage of 

adsorption, and this follows the hypothesis given by the reorientation model.  

II.1.2.2.2 Equilibrium Adsorption Behavior  

Adsorption Isotherms of the Single-Component Solutions 

Insights into the equilibrium adsorption behavior of PDADMAC-SLMT 

mixtures requires prior knowledge of the behavior of the PDADMAC solution and 

the SLMT solution at the liquid/vapor interface.  
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Figure 2.4 Adsorption isotherms of PDADMAC solution ( ) and SLMT solutions 

measured with the pendant drop (▲) and Wilhelmy platinum plate (○). The horizontal 

line gives the  of water surface used in this study and solid line through the SLMT 

experimental data is the fit of the Frumkin Isotherm. The vertical arrows indicates the 

horizontal axis referring to respective plot. 

Figure 2.4 displays the surface tension isotherms for the single-component 

solutions using the pendant drop and the Wilhelmy platinum plate technique 

obtained after equilibration of the liquid/vapor interface. The negligible effect of 

the PDADMAC solution on the surface tension of water indicates that in the 

concentration range presented here, the polycation alone does not affect the 

properties of the interface. Similar observation was made by Noskov and 

coworkers60 who reported that at solution concentrations below 3 %wt , 

PDADMAC appears to be surface inactive. In contrast to the above, the surface 

tension  of SLMT decreases with increasing bulk surfactant concentration up to 

the cmc of the surfactant where a  -plateau is observed. The surface tension 

isotherm of the deuterated-SLMT used in neutron reflectivity studies (not shown)  
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is similar to that presented in Fig. 2.4 which indicates that the deuteration of SLMT 

did not affect the adsorption behavior at the liquid/vapor interface.  

The surface tension data obtained with the different techniques varied to a 

certain degree with slightly higher values recorded with the pendant drop. Again 

the effect of bulk depletion explained earlier is presented as the factor responsible 

for this difference. Despite the difference in the values observed with both 

techniques, the cmc seems to coincide in both cases with a value of .ca 0.58 mM . 

The line of best fit through both data using the Frumkin isotherm gives the 

parameters presented in Table 2.1. 

Adsorption Isotherm of the PDADMAC-SLMT mixture 

The equilibrium surface tension measurements of the PDADMAC-SLMT 

mixture provides insight into the synergistic coadsorption at the liquid/vapor 

interface of the components present in the mixture. The equilibrium  isotherms 

measured with five different surface tension techniques are presented in Fig. 2.5.  

Figure 2.5a shows the adsorption isotherm data of SLMT and the 

PDADMAC-SLMT mixtures measured with the pendant drop technique. The     

low-surfactant concentration adsorption behavior is similar in both cases. This is 

due to the low surface coverage of the adsorbed molecules at the liquid/vapor 

interface which is insufficient to reduce the surface free energy. However, this is 

followed by a monotonically decreasing surface tension behavior at intermediate 

bulk SLMT concentrations until a  -plateau at high SLMT concentrations is 

observed in both cases. Interestingly, the cmc seems to coincide in both cases, but 

the monotonic  decrease in the case of the mixtures occurs at SLMT bulk 

concentrations of about one-order of magnitude lower compared to the pure SLMT 

solution.This is attributed to the synergistic coadsorption of PDADMAC and the 

SLMT at liquid/vapor interface to effect interfacial behaviors that are different from 

those of individual components. In addition, the data for the mixture was fitted to 

the reorientation interfacial model (not shown) to obtain the parameters shown in 

Table 2.1. 

Figure 2.5b presents the equilibrium surface tension isotherms obtained with 

the different surface tension techniques. Deviation from the monotonic decrease is 

obvious with the  data recorded with the Wilhelmy plate tensiometer. Similar 

unusual adsorption isotherm has been reported by Noskov et al.39 and Staples et 

al.26, 45 who presented an explanation in terms of the competition between bulk and 

surface aggregation. Although, Noskov pointed out that the behavior might 

probably be associated with nonequilibrium adsorption conditions as the author  
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noted that the minimum in the isotherm for the PDADMAC-SDS mixture was not 

observed at longer adsorption times.  
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Figure 2.5 (a) Adsorption Isotherms of SLMT solution and PDADMAC-SLMT mixture 

measured with the pendant drop (b) Adsorption Isotherms of PDADMAC-SLMT 

mixtures measured with five different surface tension techniques. 

Here the unusual adsorption isotherm observed with the platinum plate 

tensiometer is attributed to the adsorption of the aggregates onto the platinum plate 

which gives a non-zero contact angle at the platinum-liquid-vapor contact line.    

(The use of the platinum plate for surface tension measurement is based on the 

assumption of a zero contact angle at the platinum-liquid-vapor contact line). The 

formation of aggregates in the bulk mixture was confirmed with turbidity 

measurements and the time dependence of surface tension points to adsorption of 

these aggregates at the surface. In addition, the presence of these aggregates at the 

liquid surface have been confirmed using Brewster angle microscopy61which 

showed that these aggregates have coalesced at the interface forming what looks 

like isolated islands of materials at the surface. An interesting aspect of aggregate 

coalescence at the liquid surface is their homogeneity and distribution at the surface 

which depends on the bulk SLMT concentration.  
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Brewster angle microscopy imaging showed that in the low bulk SLMT 

concentrations region between 6 53 10 3 10 mM    where the minimum in the    

isotherm was observed, the aggregates were large, isolated and heterogeneously 

distributed at the surface, while the images observed at higher concentrations 

revealed that the aggregates at the surface are smaller and more homogeneous in 

appearance as depicted in Fig. 2.6. It is noteworthy to point out that similar 

observations have been reported by Monteux et al.7 for polystyrene sulfonate and 

dodecyltrimethylammonium bromide mixtures.  

 

 

 

 

 

Figure 2.6 Schematic representation of the size and distribution of PDADMAC-SLMT 

aggregates at the liquid/vapor interface as observed from Brewster angle microscopy 

images at (a) Low bulk SLMT concentrations (b) Higher bulk SLMT concentrations 

Going by the above observation, the proposition that the complexes easily 

adsorb at the platinum surface during  measurements in the low bulk SLMT 

concentration region and not in the higher bulk SLMT seems reasonable because 

small homogeneous aggegates readily form a continuous network which minimises 

the tendency of the individual aggregate to adsorb on the platinum during the 

surface tension measurement. The monotonic isotherm observed with other 

similar techniques like the Wilhelmy paper plate and the Wilhelmy ring tensiometer 

also lends credence to the explanation presented above for this unusual  isotherm 

observed with the platinum plate technique. Finally, the slight differences in the 

values observed with the other four techniques is due to the depletion of the 

effective bulk concentration during the adsorption process which results in higher 

  values, but this effect is minimized when the surface area to bulk ratio is reduced 

as explained earlier.  

II.1.2.2.3 Surface Excess Concentration 

The estimation of the surface excess concentration of the SLMT and 

PDADMAC at the liquid/vapor interface provides deeper insight into the adsorption 

behavior of the mixture. Neutron reflectivity is a surface probing technique which 

gives direct information about the structure and composition of the liquid/vapor 

interface over a large lengthscale range.62 In neutron reflection experiment, the ref- 
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-lectivities from the interface recorded over a given Q-range and at two different 

isotopic contrasts are analysed by assuming an empirical model for the adsorbed 

molecule. The reflectivities recorded for the mixtures with a bulk SLMT 

concentration of 0.009 mM and analysed using a three-layer model are presented 

in   Fig. 2.7. The inset gives the scattering length density (SLD) with respect to the 

distance from the interface for the two different contrasts used. From this SLD plot, 

the area under the blue curve is related to the amount of SLMT at the interface while 

the area under the inflexion point of the green curve corresponds to the PDADMAC 

concentration. The above analysis has been used to estimate the PDADMAC and 

SLMT surface excess concentrations of the mixtures at different bulk SLMT 

concentration.  
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Figure 2.7 Neutron reflection recorded for PDADMAC-SLMT mixtures at 0.009 mM  

SLMT concentration. The isotopic contrasts are deuterated SLMT in ACMW (blue) and 

in D2O (green). Inset shows scattering length density as a function of distance from the 

interface in the two contrasts conditions. 

The variation of the surface excess concentration of SLMT with time is 

presented in Fig. 2.8. The timescales for equilibration of the liquid/vapor interface 

i.e. the time to obtain a constant value of the surface excess concentration is similar 

to those observed in the surface tension measurements.  

The equilibration of the surface composition is observed to proceed in two 

stages similar to the observation made from the dynamics of adsorption of 

PDADMAC-SLMT mixture as studied with surface tension measurement. The first 

adsorption stage is observed to proceed by diffusion to the subsurface and then 

subsequent adsorption at the interface. This is obvious from the slope of the curves 

at lower bulk SLMT concentrations, while at higher concentrations diffusion to the 

subsurface is almost absent and adsorption to the interface is very fast. Hence, the 

initial adsorption stage involves the diffusion of bulk materials to the interface with 
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about80% of the equilibrium surface composition achieved at this stage as 

estimated from Fig. 2.8. Subsequently, the curves are observed to level up slowly 

at lower SLMT concentrations or decrease with time at higher concentrations. The 

explanation here is that a second adsorption stage that proceeds by interfacial 

reorganization either allows further interfacial adsorption at lower surfactant 

concentration or expels materials from the interface at higher SLMT concentration. 

Interestingly, this increase in adsorption at lower surfactant concentration 

does not produce any surface tension change for the lowest surfactant 

concentrations used in this study. Hence, contrary to the discussions presented in 

some studies in the literature,39, 63 it is safe to say that surface tension measurements 

do not provide a reliable description of the thermodynamic equilibrium of the 

adsorption layer.  
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Figure 2.8 Dynamic surface SLMT excess concentration of PDADMAC-SLMT mixtures 

at the liquid/vapor interface at different bulk SLMT concentration as estimated from 

neutron reflectivity measurements 

In addition, the equilibrium surface excess concentrations of SLMT and 

PDADMAC as a function of the bulk SLMT concentration of the mixtures have 

been estimated and presented in Fig. 2.9. The low-Q approach as well as the 

structural analysis approach were used in the estimation of the surface excess 

concentration of SLMT. The two approaches clearly give similar result as observed 

in Fig. 2.9.  

The PDADMAC concentration absorbed at the liquid/vapor interface 

increases with increasing bulk SLMT concentration with an excess of the absorbed 

PDADMAC segments compared to the SLMT present at low bulk SLMT 

concentrations. However, at higher bulk SLMT concentrations, the surface 

PDADMAC excess concentration reaches saturation and equal amounts of PDAD- 
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-MAC and SLMT are absorbed at the liquid/vapor interface at a bulk SLMT 

concentration of .ca 0.03 mM . Beyond the bulk SLMT concencentration for equal 

surface adsorption, SLMT surface excess concentration exceeds that of the 

polyelectrolyte.  

Although the description of the observations from Fig. 2.8 requires some 

appropriate physical concepts, a simple explanation can be given by stating that the 

interfacial composition qualitatively reflects the changes in the bulk composition. 

The variation in surface composition with increasing bulk SLMT concentration 

points to the adsorption of complexes formed in the bulk in this semi-dilute regime 

studied here. In addition, the excess polyion segments present at the interface at 

lower bulk SLMT concentrations is due to the high concentration of PDADMAC 

used in this study (5 / )g L  which is in excess of the free surfactant ions.  
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Figure 2.9 Surface excess concentration of PDADMAC (□) and SLMT (■,▲) as a 

function of the bulk SLMT concentration in the mixture. The symbol▲indicates surface 

excess of SLMT obtained using the low Q-approach while ■ was obtained using the 

structural analysis approach. Lines are guide for the eye. C1 and C2 indicate the CMCs of 

the PDADMAC-SLMT mixture and SLMT solution respectively. 

Also, given that the complexes in the mixture are positively charged as 

observed from the electrophoteric mobility data, the stoichiometry adsorption ratio 

of unity observed at bulk SLMT concentration of 0.03 mM might result from co-

adsorption at the liquid/vapor interface of the complexes and the free SLMT ions 

in the bulk solution. Despite the fact that the binding isotherm showed that only    

.ca 3%  of the SLMT molecule exists as free ions in the bulk mixture, the 

contribution of this free surfactant ions to the interfacial behavior of PDADMAC-

SLMT mixtures cannot be overlooked. Finally, the observed transition from com- 
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-plex adsorption at low bulk SLMT concentrations to synergistic co-adsorption at 

higher bulk surfactant concentration presents an interesting phenomenon in the 

behavior of polymer/surfactant mixtures that requires further investigation. 

II.1.2.2.4 Dilational Surface Elasticity 

The discussions thus far focused mainly on the surface properties of 

PDADMAC-SLMT mixtures on adsorption at the liquid/ vapor interface and under 

equilibrium conditions. However, the response of the interfacial layer of these 

mixtures upon surface mechanical pertubations is relevant for non-equilibrium 

adsorption processes involving changing bulk concentrations and liquid/vapor 

interfacial area. A daily case is the foaming of shampoo during the process of 

washing and rinsing of the hair. Dilational surface viscoelasticity provides a 

measure of the liquid/vapor interfacial response to surface dilational pertubations.  

The dilational surface elastic moduli of the PDADMAC-SLMT mixtures 

probed with the oscillating barrier tensiometer at a frequency of 50 mHz  are 

presented Fig. 2.10. The measurements were performed at different surface aging 

times and as a function of the bulk SLMT concentrations. Negligible surface 

viscous modulus values were obtained for these mixtures and as such, this 

discussion focusses on the elastic modulus.  
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Figure 2.10 The dilational elastic moduli of PDADMAC-SLMT mixtures obtained at 

different surface aging times as function of the bulk SLMT concentration. The lines are 

guides for the eyes 

The tendency observed in the time dependence of the dilational surface 

modulus is in agreement with the two-stage adsorption process deduced from the 

dynamic surface tension and surface excess concentration measurements. Non-zero 

surface elastic modulus are observed at all concentrations studied which confirms  
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that there is significant adsorption at the surface layer even at the lowest bulk 

concentration studied here as seen with neutron reflectivity. It is obvious that the 

properties of the surface layer changes significantly during the first stage of 

adsorption. During this stage, there is a rapid increase in surface elastic modulus 

with time which agrees with the sharp decrease in surface tension seen in Fig. 2.3.  

The bulk surfactant concentration dependence of the surface elastic moduli 

measured for pure SLMT solutions and PDADMAC-SLMT mixtures at different 

frequencies are shown in Fig. 2.11. Elastic modulus initially increases with 

increasing SLMT till a maximum value is reached, and then further increase in 

surfactant concentration results in decreasing surface elastic modulus value. This 

behavior is typical of liquid/vapor interfacial layers containing adsorbed 

surfactants.52 In addition, the lines shown in Fig. 2.11 are theoretical surface elastic 

modulus curve obtained using the parameters shown in Table 2.1 above.  

The theoretical model predicts higher values of the maximum surface elastic 

modulus in both cases. Theoretical curve obtained with the Frumkin model agrees 

better with the experimental data for the pure SLMT solution, but the curve obtained 

with the reorganization model does not provide a good description of the 

concentration dependence of the surface elastic modulus behavior of the mixtures. 

This reorganization model has been developed for surfactants and surfactant 

mixtures, hence its accuracy for the theoretical analysis of absorbed layers cannot 

be based on the outcome of the current study. In addition, the failure of this model 

to provide a theoretical fit of the experimental data of the PDADMAC-SLMT 

mixtures underscores the inherent complexity in the behavior of these mixtures at 

the liquid/vapor interface. 
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Figure 2.11 Dilational surface elastic moduli as a function of bulk SLMT concentration 

for (a) pure SLMT solutions (b) PDADMAC-SLMT mixtures, measured with the 

oscillating pendant drop technique at different frequencies. 
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Additional information on the dynamics of the adsorption process at the 

liquid/vapor interface for polyelectrolyte-surfactant mixtures can be obtained 

through the analysis of the frequency dependency of the surface elastic modulus at 

different bulk surfactant concentrations. The Lucassen-van den Tempel model 

[Eq.I.31] for a diffusion-controlled adsorption process was applied in the analysis 

of the surface elastic moduli-frequency data for the pure SLMT solution and the 

PDADMAC-SLMT mixture at different bulk SLMT concentrations. In the case of 

the mixtures, this model based on a diffusion-controlled process was observed to be 

insufficient in providing a complete description of the relaxation processes taking 

place at the liquid/vapor interface. On the contrary, the model provided good 

description of the relaxation of the SLMT interfacial layers as shown in Fig. 2.12a. 

The inadequacy of the model based on a diffusion-controlled process in 

describing the relaxation process of the mixed layers points to the presence of an 

additional relaxation process at the interfacial layer as reported for the adsorption 

layers of some polymer solutions.64 Hence, the description of the surface elastic 

modulus of the mixtures requires an extra relaxation process in addition to diffusion 

one. The theoretical description of the PDADMAC-SLMT adsorption layer based 

on the model proposed by Ravera [Eq. I.32] is shown in Fig. 2.12b. This theoretical 

model correlates well with the experimental data, and it can be used to provide a 

description of the complex adsorption behavior of these mixed systems. 
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Figure 2.12 Frequency dependencies of surface elastic moduli for (a) pure SLMT 

solution (b) PDADMAC-SLMT mixtures, at two different bulk SLMT concentrations    

(Δ = 0.03 mM and ○ = 0.09 mM ). The lines are the fits of Lucassen-van den Tempel 

model (a) and Ravera model (b) 
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It was seen that in the case of the pure surfactant the equilibration of the 

interfacial layer proceeds by a diffusion-controlled adsorption process only. 

However, for the PDADMAC-SLMT mixtures the diffusion of the complexes to 

the interface is followed by a second interfacial relaxation process associated with 

the reorganization of the absorbed complexes at the liquid/vapor interface. This 

two-step interfacial relaxation mechanism is similar to that proposed by           

Noskov et al.39 for the adsorption of PDADMAC-SDS at the air/water interface.  

Finally, the parameters obtained from the theoretical analysis of the surface 

elastic modulus-frequency behavior of the mixtures at different bulk SLMT 

concentrations using the two-step relaxation model proposed by Ravera are 

presented in Fig. 2.13. The characteristic frequencies ( , )D k   associated with each 

relaxation process are shown in Fig. 2.13a, while Figure 2.13b gives the limiting 

elasticities for each process. 
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Figure 2.13 Concentration dependencies of (a) characteristic frequencies (b) limiting 

elasticities of the two relaxation processes for PDADMAC-SLMT mixtures. The lines are 

a guide for the eyes 

For the SLMT concentration range shown, the characteristic frequency D  

associated with the diffusion of the complexes in the first adsorption step is below 

the characteristic frequency k  describing the additional relaxation process that 

occurs in the interface. This behavior is clearly logical given that at a certain surface 

coverage, the diffusion step that precedes the extra relaxation process taking place 

in the interface is slowed down due to the appearance of an adsorption barrier (steric 

or electrostatic hinderance). Furthermore, with increasing bulk SLMT 

concentration k increases while D mostly remained constant with a slight decrease 

observed for the most concentrated mixture. The characteristic frequency associated 
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with the diffusion step in this study 3 2(10 10 )Hz   is similar to values that was 

reported for the diffusion of supramolecular species.63  Also, the limiting surface 

elasticities associated with both relaxation processes decrease with increasing bulk 

SLMT concentration and o gives the Gibbs elasticity.  
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II.1.3 Conclusions 

The experimental work presented here addressed the surface and bulk 

properties of mixtures of PDADMAC and SLMT composed of a high constant 

concentration of the polyelectrolyte with varying amounts of the anionic surfactant. 

It is well known that complexation in this mixed systems modify the properties of 

their bulk solutions as well as their affinity for the liquid/vapor interface. It was 

shown that complex aggregates are present in cationic PDADMAC-anionic SLMT 

mixtures as confirmed with turbidity measurement, and further elucidated with the 

binding isotherm which also indicated the presence of free SLMT ions in the 

mixtures. The complexes were shown to have a strong affinity for the liquid/vapor 

interface as evidenced by the distinction in the adsorption isotherms of the mixtures 

and the solutions of the pure component. In addition, the PDADMAC-SLMT 

adsorption layers were composed of the complexes and the free SLMT ions as seen 

from neutron reflection measurements. A description for the adsorption behavior of 

the mixtures was provided based on an empirical reorientation interfacial model. 

The inadequacy of the interfacial model in accurately describing the concentration 

dependence of the surface elastic modulus points to the complex adsorption 

behavior of these mixtures at the interface. However, combining the experimental 

data and the theoretical curves obtained, a two-stage adsorption process was 

presumed. Complex adsorption at the liquid/vapor interface proceeds with an initial 

diffusion stage where the macromolecules are transported from the bulk to the 

interface. This is followed by the reorganization of the complexes adsorbed within 

the surface layer. The theoretical analysis of the PDADMAC-SLMT adsorption 

layer provided more information on the behavior of the complexes. The diffusion 

of the complexes from the bulk mixture to the liquid/vapor interface proceeds with 

a characteristic frequency in the range of 
3 210 10 Hz  . 
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Chapter II.2 
 
 

Polydiallyldimethyl ammonium 

chloride/sodium lauryl ether sulfate 

mixtures  
 

Abstract 

The bulk and surface properties of polydiallyldimethyl ammonium 

chloride (PDADMAC)/sodium lauryl ether sulfate mixtures at conditions 

relevant for shampoo applications are presented here. This conditions are 

similar to those discussed in chapter 1. Dynamic light scattering confirmed 

the presence of large-sized aggregates at higher SLES concentrations and 

further evidence was observed with turbidimetric measurements. Also, the 

mixtures contained positive-charged aggregates similar to that observed in 

the PDADMAC-SLMT mixtures, however there was a slight increase in the 

electrophoretic mobility value at high SLES concentrations. Surface tension 

measured with different techniques also showed the long equilibration time 

associated with mixed systems. However, the appearance of an induction 

time differentiates the adsorption behavior of PDADMAC-SLES mixture 

from that reported in Chapter II.1. The induction time is described as the 

adsorption time necessary to reach a minimum surface excess concentration 

of the complexes during which no change in surface tension is observed. 

The adsorption of the PDADMAC-SLES complexes at the fluid interface 

also followed a similar two-step adsorption process presented in           

Chapter II.1, however the second adsorption stage proceeds by the 

dissociation and spreading of the adsorbed complexes. The characteristic 

frequency associated with the second-stage of adsorption is higher than the 

characteristic frequency of the diffusion of the complexes to the 

liquid/vapor interface.  
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II.2.1 Introduction 

Anionic surfactants are widely employed in personal care products like 

shampoo due to their superior cleansing and foaming performance1-2 but the skin-

irritating properties of traditional sulfate-based surfactant (sodium lauryl sulfate)3 

is driving the need for skin-friendlier substitutes for personal care formulations. The 

ethoxylation of sodium lauryl sulfate (SLS) provides an alternative for milder 

surface active ingredients in skin and hair care formulations.4-5 Sodium lauryl ether 

sulfate (SLES) is the ethoxylated form of SLS with a number of ethylene oxide 

(EO) groups next to the sulfate group. Ethoxylation increases the hydophilicity of 

the molecule which in turn modifies the bulk solution properties of SLES compared 

to its nonethoxylated analog. The critical micelle concentrations of some sodium 

lauryl ether sulfates with one to three ethylene oxide group were reported to be 

similar but quite lower than the cmc of the non-ethoxylated form.6 In addition, the 

increased hydrophilicity makes SLES more soluble in aqueous media and thus less 

susceptible to precipitation compared to SLS.6 Sodium lauryl ether sulfate has 

found extensive application in shampoo formulations alone or in combination with 

other anionic or nonionic surfactants.7-8 It is milder and less skin-irritative compared 

to SLS and is reported to be biodegradable.9  

The modern trend of 2-in-1 shampoos is the impetus for studying the 

interactions in mixed systems of polyelectrolytes and surfactants. These interactions 

control shampoo properties like foaming and conditioning, and its understanding is 

important for the optimization of shampoo formulations. In Chapter II.1, 

PDADMAC was presented as the polyelectrolyte of choice in most shampoo 

formulations, as such the current study focuses on the behavior of PDADMAC-

SLES mixtures. Sodium lauryl ether sulfate with two EO groups was employed in 

this study. 

There are few reported studies on the properties of PDADMAC-SLES 

mixtures. The influence of the degree of ethoxylation on the formation of 

PDADMAC-SLES complexes in bulk mixtures was studied by Vleugels et al.10 The 

authors reported complexation in all cases with no significant effect of the size of 

the EO group on the complex formation.10 The study presented in Chapter II.1 

indicated the formation of PDADMAC-SLMT complexes, hence combining the 

knowledge acquired from the previous study (PDADMAC-SLMT mixtures) with 

the observations of Vleugels and co-workers, the complex formation can be said to 

be a general feature of cationic polyelectrolyte-anionic surfactant mixtures.10 

Moving forward, the understanding of the bulk and surface behavior of 

PDADMAC-SLMT mixtures has been extended to the current study to provide 

insights into the behavior of PDADMAC-SLES.  
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The formation of complexes in the bulk PDADMAC-SLES mixtures was 

probed through turbidity and DLS measurements. The onset of the two-phase region 

typical of the presence of aggregates in mixed systems was justified with the 

increase in the mixture turbidity around an SLES concentration of 0.01 mM , while 

the increase in the apparent hydrodynamic radius around this concentration 

indicated the formation of PDADMAC-SLES aggregates comprising of several 

polymer chains. Furthermore, electrophoretic mobility data indicated the presence 

of undercompensated complexes in the mixture similar to those observed in 

PDADMAC-SLMT mixtures. The formation of complexes in PDADMAC-SLES 

mixtures was further confirmed with the binding isotherm which showed that over 

90%  of the SLES ions in the mixture bound to the polyelectrolyte to form 

complexes. These complexes were described as kinetically trapped aggregates as 

pointed out in Chapter II.1.  

Adsorption kinetics studies of PDADMAC-SLES mixtures at the liquid/vapor 

interface carried out with the pendant drop tensiometer also showed long 

equilibration times similar to that observed in Chapter II.1. However, an additional 

feature of the time-dependence of surface tension for PDADMAC-SLES mixtures 

was the appearance of an induction time which precedes the monotonous surface 

tension decrease observed with PDADMAC-SLMT mixtures. This induction time 

which decreased with increasing SLES concentration was observed to be absent at 

higher bulk concentrations. Similar behavior was observed with protein molecules 

absorbed at fluid interfaces as reported by Erickson et al.11 The induction time 

seems to be associated with the behavior of these complexes at the liquid/vapor 

interface as similar magnitude of induction times was observed with different 

techniques at the same bulk SLES concentration. The dependence of the induction 

time on the bulk SLES concentration points to the fact that the induction time at the 

liquid/vapor interface is related to the time necessary to attain a minimum surface 

excess concentration of the kinetically trapped aggregate. Furthermore, it was 

explained that the monotonic decrease in surface tension is associated to the 

dissociating and spreading of the absorbed aggregates in the surface layer. 

The adsorption isotherms of PDADMAC-SLES mixtures were constructed 

from equilibrium surface tension values obtained with two different techniques. The 

adsorption isotherms also showed the effect of the depletion of the bulk 

concentration discussed in Chapter II.1. The surface activity of PDADMAC-SLES 

complexes at the liquid/vapor interface was evidenced from the adsorption 

isotherms of the mixtures and the pure surfactant solution. In addition, the SLES 

concentration dependence of dilational surface elastic moduli of the mixtures 

obtained with the oscillating barrier technique at different frequencies showed max- 
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-imum values at lower bulk SLES concentrations compared to the pure SLES 

solution. The surface relaxation model proposed by Ravera12 was used in the 

analysis of the frequency dependency of the surface elastic moduli. Characteristic 

frequencies describing the adsorption steps deduced from the adsorption kinetics 

were obtained. The adsorption of PDADMAC-SLES mixtures was proposed to 

proceed by two-step process involving transport of the complexes to the 

liquid/vapor interface and then the dissociation of the adsorbed complexes within 

the surface layer.  

II.2.2 Results and Discussion 

II.2.2.1 Bulk Properties 

The mixture preparation steps are described in Chapter I.2. Bulk 

characterization of PDADMAC and SLES mixtures provides a background for 

rationalizing the contribution of each component in the mixture. In addition, 

understanding the behavior of these mixtures in the bulk is important for the 

interpretation of the outcome of the surface studies. The turbidity of the bulk 

mixture and the size of the complexes are presented and discussed below. Also, 

electrophoretic mobility data and the binding isotherm are presented as well. 

II.2.2.1.1 Turbidity and DLS  

The formation and precipitation of aggregates in mixtures of interacting 

species can be followed by observing the change of the turbidity of the bulk mixture 

with concentration. Also, an increase in the size of the aggregates usually follow 

this turbidity change. The bulk SLES concentration dependencies of the solution 

turbidity and apparent hydrodynamic radii of the complexes of PDADMAC-SLES 

mixtures are presented in Fig. 2.1.  
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Figure 2.1 Bulk SLES concentration dependencies of the turbidity of PDADMAC-SLES 

mixtures (□) and the apparent hydrodynamic radius of the complexes (■). Lines are a 

guide for the eyes 
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The negligible change in mixture turbidity for low bulk SLES concentrations 

is an indication of a one-phase mixture devoid of precipitating aggregates. The 

sudden turbidity increase around a bulk concentration of 0.2 mM is related to the 

onset of two-phase region where the aggregates tend to precipitate from the mixture. 

Turbidity increase has been associated with the aggregation of complexes due to 

the local concentration gradients created on mixing during sample preparation or 

the lack of colloidal stability due to low surface charge of the complexes.13 

However, for PDADMAC-SLES mixtures, the increase in turbidity is related to the 

increase in size of the aggregate size due to the formation of complexes comprising 

of several polymer chains.14 The formation of large-sized aggregates above             

0.2 mM is also evidenced in the evolution of the apparent hydrodynamic radius
app

HR with bulk SLES concentration. The apparent stabilization of app

HR , and its large 

error bar is due to the turbidity of the sample that makes its value unreliable. 

II.2.2.1.2 Electrophoretic Mobility and Binding Isotherm 

Electrophoretic mobility provides a measure of the charge on the complexes 

present in the mixture and colloidal stability often depends on surface charge 

density. Binding isotherm gives an indication of the efficiency of binding between 

the species in the mixture. Figure 2.2a shows the electrophoretic mobility of the 

PDADMAC-SLES mixtures with constant polyelectrolyte concentration.  
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Figure 2.2 (a) Electrophretic mobility of PDADMAC-SLES mixtures. Straight dark line 

gives e  of 0.5 %wt  PDADMAC solution.  (b) Electromotive force of PDADMAC-

SLES mixtures and Pure SLES solutions. (c) Binding isotherm of PDADMAC-SLES 

mixtures. Lines are a guide for the eyes 

Positve electrophoretic mobility e values were observed for the mixtures in  
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the entire bulk SLES concentration range studied. Also, the e  of PDADMAC 

solution (indicated by the dark straight line in Fig. 2.2a) at the concentration used 

in this study is similar to those of the mixtures for most of the SLES concentrations. 

The slight increase in e at higher concentrations can be attributed to the appearance 

of surfactant micelles in the mixtures. The micelles can tend to bridge several 

individual PDADMAC chains resulting in an increase in the number of charged 

polymer monomers on the complexes formed at this concentrations.  

Furthermore, the positive values of electrophoretic mobility recorded in the 

entire concentration range is an indication of the undercompensation of the charge 

on the complex due to the large amount of PDADMAC in the mixture in 

comparison to the SLES concentration used in this study (similar scenario in 

Chapter II.1).  

 The formation of complexes in PDADMAC-SLES mixtures can also be 

explained referring to the binding isotherm of the mixture which is estimated by 

extrapolation of the concentration dependencies of the EMF of the mixture and the 

pure solution.15 Figure 2.2b shows the variations of the EMF of the PDADMAC-

SLES mixtures and the pure SLES solutions in terms of the bulk SLES 

concentration while the bulk SLES concentration dependency of the binding 

parameter  is depicted in Fig. 2.2c. 

As depicted in Fig. 2.2b, the EMF plot of the pure SLES solution shows a 

region of decreasing EMF with increasing surfactant concentration. This behavior 

is explained with the Nernst equation16 which gives the relationship between the 

EMF of a surfactant solution measured with an ISE (ionic surfactant sensitive 

electrode) and the free surfactant ion concentration (activity of the surfactant ions 

in the solution). The slope of the region of decreasing EMF was estimated as    

56 2 mV , which is in agreement with the theoretical value in accordance with the 

Nernst equation.16 For the mixtures, the increase in EMF is attributed to the binding 

of SLES ions to the polycation which results in the decrease of free SLES ions in 

the mixture. Therefore, extrapolation of the EMF curve of the mixture to that of the 

pure SLES solution gives an estimate of the free SLES ions in the mixture.  

The binding parameter  presented in Fig.2.2c was estimated in terms of the 

bound surfactant ions in the mixture (Eq. I.52a). The binding isotherm shows a high 

binding efficiency of the SLES ions to the polycation for all the SLES 

concentrations studied here, which is similar to that observed with PDADMAC-

SLMT mixtures, with more 90%  of the SLES ions in the mixture bound to the 

polycation. Effective binding of SLES and SLMT ions to the polycation shows the  
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strong interactions between these species in the bulk mixtures. Also, the fact that 

charge neutralization was not observed even at the highest SLES concentration 

presented here, is an indication that more SLES ions binding to PDADMAC would 

be expected at even higher SLES concentrations. Again this is in line with the 

observations by Varga and coworkers17 on the binding of SDS to PDADMAC. 

The existence of large PDADMAC-SLES complexes with an excess positive 

charge in an equilibrium one-phase mixture, as observed from the bulk properties 

described above, points to the formation of kinetically-trapped aggregates during 

mixture preparation.18  

II.2.2.2 Surface Properties 

It is often difficult to predict the fluid surface behavior of polymer-surfactant 

mixtures from their bulk properties as such for quite a number of these mixed 

systems, surface characterization provides additional information on the behavior 

of these mixtures in application. Surface tension measurements are employed to 

give information on the dynamic and equilibrium behaviors of mixed system. The 

adsorption kinetics and adsorption isotherms of PDADMAC-SLES mixtures 

deduced from  measurements are presented and discussed below. Surface 

dilational elasticity plots are also shown and described. 

II.2.2.2.1 Kinetics of Adsorption  

Surface tension measurements give access to the adsorption behavior of 

PDADMAC-SLES mixtures at the liquid/vapor interface. The evolution of surface 

tension as a function of time is used to provide information on the kinetics of the 

adsorption process. Surface tension of PDADMAC-SLES mixtures and SLES 

solutions as a function of time measured with the pendant drop tensiometer are 

shown in Fig. 2.3.  

The results show a general trend of decreasing surface tension with time and 

tendencies to attain constant values at a given time, with equilibration times 

decreasing with increasing bulk SLES concentration. In addition, the SLES 

solutions are observed to reach constant surface tension values within the 

measurement time shown.  

The longer equilibration time observed here for the PDADMAC-SLES 

mixtures is a feature of these mixed systems18 and similar behavior was also 

reported in the previous chapter for PDADMAC-SLMT mixtures. Furthermore, a 

period of surface tension plateau at the early stage of adsorption is obvious in        

Fig. 2.3b. This period of surface inactivity known as the induction time was also 

observed in the adsorption kinetics of protein solutions at the liquid/air interface.11  
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The induction time of the PDADMAC-SLES mixtures at the liquid/vapor interface 

decreased with increasing bulk surfactant concentrations, and is absent at higher 

bulk surfactant concentration. In addition, similar values of induction times were 

observed at the same bulk SLES concentrations irrespective of the tensiometer used 

(pendant drop or bubble tensiometer), an indication that the induction time is 

possibly a feature of the adsorption behavior of this mixture. 
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Figure 2.3 Dynamic surface tension of (a) SLES solutions (b) PDADMAC-SLES 

mixtures at different bulk SLES concentrations measured with the pendant drop 

tensiometer. Lines are a guide for the eyes 

The time-dependence of surface tension of PDADMAC-SLES measured with 

the bubble tensiometer for different different bulk SLES concentrations is presented 

in Fig. 2.4. This technique gave the possibility to observe the induction times of 

mixtures of lower surfactant concentrations. In addition, the equilibrium of the 

mixtures with higher surfactant concentrations is reached within the measurement 

time shown unlike the case of measurements with the pendant drop tensiometer. 

Once again this observation is rationalized based on the depletion effect previously 

discussed.  

The induction time which is obviously associated with the adsorption 

behavior of some molecules at the liquid/vapor interface has been attributed to a  
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conformational transition of the large molecules once adsorbed at the interface.11 

On the contrary, Gao et al.19 associated the appearance of the surface tension 

saturation plateau to a slow disassembly process of the polymer/surfactant complex 

nanoparticles absorbed at the interface. Here an explanation is provided based on 

the slow surface adsorption of the kinetically-trapped PDADMAC-SLES 

aggregates from the bulk mixture. 
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Figure 2.4 Time-dependence of surface tension of PDADMAC-SLES mixtures at 

different bulk SLES concentrations measured with the bubble tensiometer. Lines are 

guides for the eyes 

The results indicate that a monotonic surface tension decrease begins after an 

adsorption time has passed which can be viewed as the time needed to reach a 

minimum surface concentration of the PDADMAC-SLES complexes that can 

produce a change in the surface tension. The time to achieve this minimum surface 

concentration obviously decreases with increasing bulk surfactant concentration, 

and completely disappears at SLES concentrations close to the cmc of the surfactant 

solution, typical of processes driven by concentration gradients. Similar 

observations were also reported for polyethylenimine/sodium dodecyl sulfate 

complexes.19 This is opposite to the behavior reported in Chapter II.1 where the 

diffusion of PDADMAC-SLMT complexes to the interface resulted in a monotonic 

decrease in surface tension. In the case of PDADMAC-SLES mixtures, it is 

explained that the monotonic decrease in surface tension is associated with the 

dissociation and spreading of the absorbed complexes at the interface. Finally, the 

use of the Ward-Tordai equation for the description of the dynamic adsorption 

behavior of PDADMAC-SLES mixture was unsatisfactory. This clearly 

differentiates the diffusion-controlled kinetics observed with the mixtures reported 

in Chapter II.1 from those in this current study. 
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II.2.2.2.2 Equilibrium Adsorption Isotherm 

The discussions presented in Chapter II.1 indicated that equilibrium surface 

tension values provides additional information on the adsorption behavior of these 

mixtures. It provides a possibility to obtain a rough estimate of the surface excess 

concentration. The measured equilibrium surface tensions e at different bulk 

concentrations are used to construct an equilibrium adsorption isotherm. 

The equilibrium adsorption isotherms of both the SLES solutions and 

PDADMAC mixtures measured with the pendant drop and Wilhelmy plate 

tensiometers are shown in Fig. 2.5. Though the effect of interfacial geometry is 

obvious, yet the cmc values obtained with both techniques are similar. The higher 

surface tension measured with the pendant drop tensiometer is due to the depletion 

of the bulk concentration during the adsorption process, which results in a reduced 

effective concentration in the bulk. 
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Figure 2.5 Equilibrium Adsorption Isotherms of (a) SLES solutions                                

(b) PDADMAC/SLES mixtures measured with the drop and Wilhelmy paper 

tensiometers. Lines are guides for the eyes. 

The adsorption isotherms of SLES solution and PDADMAC-SLES mixtures 

show similar behavior, a   plateau at low bulk SLES concentrations followed by 

a monotonic   decrease. However, the decrease begins at a bulk concentration 

one-order of magnitude lower for the mixture which is attributed to the cooperative 

contribution of PDADMAC and SLES at the liquid/vapor interface producing a 

synergistic lowering of the surface tension. It should be pointed out that the 

minimum in the adsorption isotherm observed with measurements on the Wilhelmy 

platinum plate for the PDADMAC-SLMT mixtures was absent in this case. The 

dissociation and spreading of PDADMAC-SLES complexes absorbed at the 

interface meant that the problem of adsorption of complexes onto the platinum plate  
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was not an issue in this case. 

The presence of the oxyethylene group in SLES makes it more hydrophilic as 

was pointed out earlier. The increased hydrophilicity of the SLES gives it a higher 

tendency to form hydrogen bonds with water molecules at the interface. This might 

be the contributing factor to the dissociation and spreading of the complexes 

adsorbed at the interface unlike in the case of the more hydrophobic SLMT.  

The analysis of the adsorption isotherms presented in Fig. 2.5 using different 

interfacial models provides additional information on the adsorption behavior of the 

mixture. The isotherms obtained with the Wilhelmy paper plate tensiometer were 

used in this analysis because there is negligible change in the effective 

concentration of the bulk during the adsorption process. Analysis of the adsorption 

isotherm of the SLES solution and the mixture was carried out using the Frumkin 

model. The estimated parameters of the models are presented in Table 2.1, and the 

estimated surface excess concentrations are depicted in Fig. 2.6.  

Despite the intricate adsorption behavior of the PDADMAC-SLES mixtures, the 

Frumkin model seems to provide accurate descriptions in both cases as depicted in 

Fig. 2.6. The accuracy of this description might indicate that the equilibrium 

behavior of the PDADMAC-SLES surface layer is largely controlled by the 

surfactant molecules. In addition, )c   and ( )c  of the mixture layer appears to be 

an extrapolation of those of the SLES layer obtained by spreading additional 

surfactant molecules to the SLES surface layer at equilibrium. If this was the case, 

then the effect of increasing the excess concentration of SLES surface layer at 

equilibrium will be an increase in the equilibrium adsorption constant b given by 

the Frumkin model with other parameters being constant as observed in Table 2.1. 

Although the description provided here is mainly empirical and it is difficult to 

correlate the adsorption behavior of this complex mixture with the parameters of 

the Frumkin model, however this analysis provides some understanding into the 

distinctions between the adsorption layer of PDADMAC-SLES mixtures and the 

mixed layer described in Chapter II.1.  

Table 2.1 Parameters of the theoretical adsorption isotherms of the Frumkin 

Model  

SLES PDADMAC-SLES Mixtures 

2 5( / ) 2.10 10m mol     

1.10a    

2( / ) 1.25 10b l mmol    

2 5( / ) 2.10 10m mol     

1.10a   

2( / ) 5.48 10b l mmol  
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Figure 2.6 (a) Fits of Frumkin model to the experimental adsorption isotherms of SLES 

solution (■) and PDADMAC-SLES mixture (○) mixture (b) Estimated surface excess 

concentrations of SLES layer (─) and PDADMAC-SLES layer (─).  

The use of neutron reflectivity to measure the surface composition of 

PDADMAC-SLES mixtures will provide a realistic description of the adsorption 

layer. However, approval for this study is being sought and this measurements have 

not been done at the time of writing this thesis, but beam time at the FIGARO 

instrument at ILL (Grenoble, France) has awarded for November 2018. 

II.2.2.2.3 Dilational Surface Rheology 

The perturbation of the equilibrium adsorption layer with an external 

mechanical stress provides supplementary understanding of the behavior of mixed 

adsorption layers. Dilational surface rheology which involves the application of 

dilational stress to the surface layer provides the response of the interface under the 

influence of a changing surface area, and this response is measured as the 

viscoelastic modulus. 

Dilational surface elastic modulus of PDADMAC-SLES mixtures and SLES 

solutions as a function of oscillating frequencies of the mechanical barrier for two 

different bulk SLES concentrations are shown in Fig. 2.7. Negliglible viscous 

moduli were observed in this study, hence they are not included in the discussion.  

The effect of the polyelectrolyte on the mechanical response of the mixed 

layer is evidence at 0.1 mM with high surface elastic moduli observed at this 

concentration. The dependencies shown in Fig. 2.7 are typical of fluid adsorption 

layers containing surface active materials,20-21 however theoretical analysis of the 

frequency dependencies above provides the distinction between the relaxation 

mechanisms of mixed layers and pure surface layers.  

The Lucassen van den Tempel model [Eq.I.31] which assumes a diffusion- 
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controlled adsorption process provides an accurate description of relaxation 

mechanism of SLES surface layers as depicted in Fig. 2.7(a), but was inadequate 

for the description of the relaxation dynamics of the mixed layer.  This makes it 

necessary to use the relaxation model proposed by Ravera et al. [Eq.I.32] for 

describing the relaxation mechanisms of mixed adsorption layers. The theoretical 

curve shown in Fig. 2.7(b) indicates that a kinetic process in addition to diffusion 

is involved in the relaxation mechanism of PDADMAC-SLES surface layer. This 

confirms the observations from the adsorption kinetics studies described in 

II.2.2.2.1, in which a second adsorption adsorption stage involving the dissociation 

and spreading of the adsorbed complexes was suggested for the PDADMAC-SLES 

adsorption layer following the diffusion of the complexes to the liquid/vapor 

interface. This two-step adsorption has also been reported for PDADMAC-SDS 

surface layers by Noskov and coworkers.22 
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Figure 2.7 Frequency dependency of dilational surface elastic moduli of (a) SLES 

solution and (b) PDADMAC-SLES mixtures at two different SLES concentrations        

(■─ 0.1 mM and ○─ 0.002 mM ). Lines are the fits of the Lucassen van den Tempel 

(a) and Ravera model (b) 

The theoretical analysis of fluid adsorption layers provide the frequencies and 

elasticities for describing the relaxation processes taking place in the surface layer. 

The parameters of the Ravera model as a function bulk SLES concentrations are 

shown in Fig. 2.8. The characteristic frequencies D  and k  are the frequencies for 

the diffusion and kinetic processes respectively while 0  and k  are limiting 

elasticities of the diffusion and kinetics processes respectively.  

The results indicate that the characteristic frequency D associated with the 

diffusion process is lower than characteristic frequency for the interfacial dissocia- 
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-tion process. This is explained considering that the transport process of the 

complexes to the surface precedes the additional relaxation process taking place at 

the interface at shorter timescales. In addition, both D and k  are observed to 

increase with increasing bulk SLES concentration. The increase of k  with 

increasing SLES concentration points to shorter timescales for the dissociation 

process due to increased surface excess concentration of the complexes, while the 

increase of D  with SLES concentration is an indication of shorter timescales for 

the transport of the complexes to the interface. Furthermore, the limiting elasticities 

are observed to show a maximum at intermediate bulk SLES concentration with 

near zero values at the highest and lowest bulk surfactant concentrations presented 

here. This is typical of most interfaces containing adsorbed surfactants.23  
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Figure 2.8 Concentration dependencies of (a) characteristic frequencies (b) limiting 

elasticities of PDADMAC-SLES mixtures (○─ parameters of the 1st relaxation 

mechanism due to diffusion-controlled process, □─ parameters of the 2nd relaxation 

mechanism due to an additional kinetic process). Lines are guides for the eyes. 

In comparison to the PDADMAC/SLMT mixtures, the PDADMAC/SLES 

systems showed higher limiting elasticities. This can be explained considering that 

the dissociation and spreading of the PDADMAC/SLES complexes at the 

liquid/vapor interface results in the formation of a more rigid network and hence a 

surface layer with higher elastic modulus. 

The dilational surface elastic moduli as a function of SLES concentration also 

showed similar trends as that observed with limiting elasticities. The concentration 

dependencies of the surface elastic moduli at different oscillation frequencies are 

presented in Fig. 2.9. The theoretical curves were estimated using the parameters 

of the Frumkin model (Table 2.1).  
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The concentration dependencies presented in Fig. 2.9 show that the maximum 

elastic moduli of the mixture occur at a lower surfactant concentration which is an 

indication of increased surface activity of the surfactants in the presence of the 

polyelectrolyte. In addition, the mixed layers showed higher surface elastic moduli 

values than the pure surfactant layer, also typical of mixtures containing polymers. 

The theoretical curves provide better qualitative description of the concentration 

dependence of surface elastic moduli of the mixed layer than the pure surfactant 

layer. The quality and accuracy of these fits is not an indication that the behavior of 

PDADMAC-SLES mixtures at the liquid/vapor interface can be described with the 

parameters of the Frumkin model. The model simply provides a qualitative basis 

for comparing the different adsorption behaviors observed with the mixtures and 

the pure surfactant solutions. Furthermore, the inadequacy of the reorientation 

model to provide a theoretical description of the experimental data of the 

PDADMAC-SLES similar to the case presented in Chapter II.1 shows the complex 

behavior associated with this mixed systems at the liquid/vapor interface. However, 

these theoretical interfacial models can be employed to distinguish the adsorption 

behaviors observed with these mixtures.  
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Figure 2.9 Concentration dependencies of dilational surface elastic moduli of (a) SLES 

solutions and (b) PDADMAC-SLES mixtures. Lines are theoretical curve obtained using 

the parameters of the Frumkin model (Table 2.1) 

 

 

 

 



Part II Behavior of Polyelectrolyte-surfactant Mixtures   

           139 
  

 

II.2.3 Conclusions 

The behavior of mixtures of PDADMAC and SLES in the bulk and at 

liquid/vapor interface has been described in this work. Mixtures of high 

polyelectrolyte concentration were employed in this study to mimic the 

concentrations employed in shampoo formulations. The formation of 

polymer/surfactant complexes in these mixtures imparts their bulk solution 

properties as well as presenting novel interfacial properties different from those of 

the pure polymer or surfactant solutions. It was shown that large-sized aggregates 

are formed in mixtures of PDADMAC and SLES at high surfactant concentrations 

as observed with DLS and confirmed with turbidity measurements. In addition, 

binding efficiency of SLES to the polyelectrolyte was high with less than 10% of 

the surfactant ions present as free ions in the mixture. The presence and activities 

of the complexes at the fluid interface were evidenced from the difference between 

the adsorption isotherms of the mixtures and that of the surfactant solution. In 

addition, the adsorption isotherm was well described by the Frumkin interfacial 

model. Additional evidence of the surface activity of PDADMAC-SLES complexes 

was observed from the concentration dependencies of the surface elastic moduli 

which indicated higher elastic moduli for the mixtures. Furthermore, the adsorption 

of the complexes at the fluid interface was shown to proceed according to a two-

stage process similar to that presented in chapter 1. However, the second adsorption 

stage for the PDADMAC-SLES mixtures is associated with the dissociation and 

spreading of the complexes at the liquid/vapor interface. This dissociation and 

spreading occurs at shorter timescales compared to the diffusion of the complexes 

to the interface as evidenced from the characteristic frequencies associated with 

both processes.  
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Chapter II.3 
 
 

Polydiallyldimethyl ammonium 

chloride/zwitterionic surfactant mixtures  
 

Abstract 

The bulk and interfacial behavior of mixtures of polydiallyldimethyl 

ammonium chloride (PDADMAC) and zwitterionic surfactants are 

presented here. Turbidimetric measurements confirmed the absence of 

complexation in these mixtures in the surfactant concentration range studied 

in contrast to the behavior observed with most polymer-surfactant mixtures. 

The uncomplexed state of these mixtures was also confirmed with DLS 

measurements. Surface tension measurements as a function of bulk 

surfactant concentration were performed with different techniques. The 

observed adsorption isotherms show that the polyion does not contribute to 

the properties of the surface layers absorbed from these mixtures. This was 

also confirmed from the concentration dependencies of the dilational 

surface elastic modulus. The adsorption of the CAPB molecules at the 

liquid/vapor interface was associated with a change in molecular orientation 

at higher surface pressure. Although, this tendency was not observed with 

the CB molecules, theoretical analysis of the surface properties in both cases 

show that their behavior at the liquid/vapor interface can be qualitatively 

described by a compression surface model. In addition, the relaxation of the 

surface layers adsorbed from these mixtures follows a diffusion-controlled 

mechanism, and the estimated characteristic frequency for this process is 

similar to that reported for the diffusion of low molecular weight surfactants 

at the air/water interface. 
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II.3.1 Introduction 

Zwitterionic surfactants offer an alternative for milder formulations. They 

improve foam and conditioning properties of hair care formulations as well as 

reduce irritation. However, they are mostly used as secondary surfactants in 

combination with anionic surfactants because of their poor cleaning properties. 

Mixtures of anionic surfactants with high proportions of zwitterionic surfactants 

have been proven to show significantly reduced skin irritancy.1  

The focus of this chapter will be to extend the previous study to mixtures of 

polylectrolyte and zwitterionic surfactants as it has been observed that this aspect 

of the behavior of mixed systems has received little attention. Merchán et al.2 

employed fluorescence and  -potential measurements to probe the interactions in 

mixture of zwitterionic surfactant 3-[(3-cholamidopropyl)-dimethyl-ammonium]-

1-propanesulphonate CHAPS, with poly (diallyl-dimethyl-ammonium chloride) 

PDADMAC and with poly (sodium styrene sulphonate) PSS. The results showed 

that both polyion formed polyelectrolyte-surfactant micelles with the zwitterion and 

that electrostatic interaction was the dominating factor.2 It is worthwhile to note that 

the work of Merchán focused on the behavior in the bulk which is quite difficult to 

relate to surface properties. Delgado et al.3 combined surface and bulk technique to 

investigate mixtures of PSS with two different carboxybetaines. The surface tension 

and dilational elasticity of the mixtures indicates the absence of polyelectrolyte-

surfactant aggregates at the air/vapor interface.3 The observations from these 

studies suggest that surface and bulk properties of polyelectrolyte/zwitterionic 

surfactants mixtures might differ from those described in Chapters II.1 & II. 2. In 

the light of these observations, it becomes imperative to develop an understanding 

of the driving factor for the formation polyelectrolyte/surfactant complexes in the 

bulk and at fluid interfaces.  

Zwitterionic surfactants containing a quaternary ammonium cation have 

achieved much commercial application due to their mildness to the skin and eyes, 

excellent water solubility and resistance to hard water.4-6 These properties have 

been attributed to the presence of both positively and negatively charged moieties 

in the surfactant chain that imparts a headgroup hydrophilicity intermediate 

between the ionic and nonionic class of surfactants.2, 7 This headgroup 

hydrophilicity makes these surfactants the excellent molecule for probing the effect 

of surfactant headgroup charge on the properties of mixed polyelectrolyte-

surfactant systems.  In the present study an attempt has been made to contribute to 

the knowledge on the behavior of mixed polyelectrolyte-zwitterionic surfactant 

systems.  
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The bulk and surface properties of mixtures of PDADMAC and 

carboxybetaines have been studied using the characterization techniques already 

discussed. Carboxybetaines are widely employed as foam stabilizers in commercial 

hair conditioners and shampoos, and their mildness to the skin and eyes makes them 

the preferred choice to ionic surfactants. Cocoyl betaine (CB) and cocoamidopropyl 

betaine (CAPB), with similar chain lengths C14 and C15, respectively, but differing 

in flexibility and hydrophobicity due to the presence of the polar group (O=C-NH) 

in CAPB were selected for this study. The turbidity measurements indicated the 

absence of complexes in the PDADMAC/CB mixtures, and also DLS 

measurements showed that the bulk properties of the PDADMAC solution 

remained the same independent of the CAPB concentration. These observations 

were similar to those presented by Delgado and coworkers.3 

The adsorption isotherms of PDADMAC/CB mixtures observed with the 

different techniques were the same while for the PDADMAC/CAPB mixtures lower 

equilibrium surface tension values were observed with the Wilhelmy paper plate 

and Du Noüy ring tensiometers. The equilibrium adsorption isotherms of both 

mixtures measured with different techniques showed that only the surfactants 

contributed to the properties of the fluid surface layers absorbed from the 

PDADMAC/zwitterionic surfactant mixtures. Furthermore, a change in orientation 

at the liquid/vapor interface was shown to be associated with the adsorption of the 

CAPB molecules. This has been linked to the asymmetry nature of the 

carboxybetaines which makes them to occupy different area on adsorption at the 

liquid/vapor interface at different surface pressures.8 The behavior observed with 

the CAPB is rationalized here based on the presence of the amide group along the 

alkyl chain which makes it more asymmetric than the CB molecule that does not 

exhibit this tendency.  

The dilational surface elastic modulus were measured with the oscillatory 

barrier technique at low frequencies and it again confirmed the presence of 

adsorption layers of the PDADMAC/zwitterionic surfactant mixtures at the 

liquid/vapor interface whose properties are influenced by the surfactants alone. 

Theoretical analysis of the frequency dependencies of the surface elastic modulus 

using the Lucassen-van den Tempel model for a diffusion-controlled process gave 

a characteristic frequency range similar to that reported for the diffusion of low-

molecular weight surfactants at air/vapor interface by Liggieri et  al.9  
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II.3.2 Results and Discussion  

II.3.2.1 Bulk Properties 

The discussions in previous chapters highlighted how the complexes formed 

in the bulk mixtures influenced the surface layer behavior, hence the 

characterization of the bulk aggregation state of mixed systems is necessary for 

interpreting the processes taking place at fluid interfaces. Turbidity and DLS 

measurements were carried out to provide insight into the association behavior of 

the species in the bulk mixtures. 
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Figure 2.1 (a) Effect of surfactant concentration on the turbidity behavior of 0.5 %wt     

PDADMAC solution (b) Time auto-correlation functions for PDADMAC ( 0.5 %wt ) / 

CAPB mixtures at various surfactant conncentrations. Lines are only a guide for the eyes 

Bulk aggregation in polymer-surfactant mixtures has been associated with 

interspecies interactions (hydrophobic or electrostatic) and is usually evidenced by 

increases in the mixture turbidity as well as the size of the particles in the mixture 

with increasing bulk concentration. Figure 2.1a gives the turbidity of 

PDADMAC/CB mixtures as function of the bulk concentration of CB. For 

comparison, the turbidity data presented in the previous chapters are included and 

it forms part of this discussion. The results show that the addition of increasing 

amounts of the surfactant produced no effect on the turbidity of 0.5 %wt   

PDADMAC solution for the CB concentration range presented here, unlike for the 

anionic surfactants where turbidity increase is observed above surfactant 

concentration of 0.2 mM . The increase in turbidity for the mixtures with the 

anionic surfactants was associated the formation of complexes in the bulk mixtures,  
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as such it follows that for the mixture with the zwitterionic surfactant the negligible 

turbidity change observed with increasing surfactant concentration indicates the 

absence of aggregates in the mixture. The aggregation behavior observed in the 

PDADMAC/CB mixtures suggests a weak interaction or a lack of interaction 

between the species in the mixture in the dilute surfactant concentration range 

studied here. To further support this claim dynamic light scattering measurements 

were performed to probe the size of the particles in the mixture.  

Figure 2.1b depicts the semi-logarithmic plots of the time-autocorrelation 

function of 0.5 %wt PDADMAC solution probed in the absence and presence of 

CAPB using DLS. It is evident that the added surfactant does not alter the decay of 

the correlation function of the polyelectrolyte solution. In general the formation of 

polymer/surfactant complexes in the bulk of mixed systems modifies the dynamics 

of these systems but this is not the case with the PDADMAC/CAPB mixture, which 

supports the claim deduced from the turbidity data.  

Cocoamidopropyl betaine is one of the pH-sensitive carboxybetaines that 

show no anionic properties but rather are zwitterionic (neutral form) at neutral and 

alkaline pH values and cationic at acidic pH values.4, 10-11 In carboxybetaines, the 

quaternary ammonium has a permanent charge while the carboxyl group is a weak 

acid group.12 For the carboxybetaines with a single methylene group between the 

quaternary ammonium and the carboxyl group (Scheme 2.2, Chapter I.2) the pKa

of the acid group is about 2.4 . In aqueous media of 5pH  , the carboxyl group is 

fully ionized thus conferring on the carboxybetaine a zero net charge.10, 12-13 It has 

been shown that the lack of an overall charge weakens the interaction of 

carboxybetaines with species such as proteins, which makes them mild for use in 

biological applications.13  

The pH of the aqueous media used to prepare the PDADMAC-CAPB and 

PDADMAC-CB mixtures was 7 , and hence it will be expected that the 

zwitterionics are present in the mixtures with no net charge. This leads to the 

conclusion that there is a weak interaction or a lack of electrostatic interaction 

between the species in the mixtures under the dilute surfactant conditions studied 

here.  

The analysis of the results presented in Fig 2.1b has been carried using the 

single-stretched exponential function [Eq. I.62]. The parameters of the function 

obtained for PDADMAC solution and PDADMAC/CAPB mixtures are given 

Table 2.1. In a previous discussion (I.2.4.4.2, Chapter I.2), it was pointed out that 

the parameter c of Eq. I.62 can be used as indication of complex formation in mixed  
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systems. In general polymer/surfactant systems composed of a fixed polymer 

concentration, a decrease in c with increasing surfactant concentration signifies 

aggregate formation in the mixture.  

Table 2.1 Parameters of the single-stretched exponential function 

PDADMAC/CAPB 
cA   c    5(10 )s   

No CAPB 0.71   0.78 0.01   2.1   

72.9 10 M   0.85   0.77 0.01   2.1   

51.0 10 M   0.84   0.80 0.01   2.1   

47.3 10 M   0.83   0.79 0.01   2.1   

32.9 10 M   0.93   0.79 0.01   1.9   

The results indicate that the c value of the PDADMAC/CAPB mixtures 

showed negligible deviation from that of the pure PDADMAC solution. In addition, 

the characteristic decay time was similar for both the PDADMAC solution and for 

the mixtures. These observations are in line with the claim of an absence of 

aggregation in PDADMAC/zwitterionic surfactant mixtures. 

II.3.2.2 Surface Properties 

The fact that aggregation was not observed in the bulk of PDADMAC/CAPB 

and PDADMAC/CB mixtures makes probing the behavior of these mixtures at the 

fluid interface a necessity. Although the bulk behaviors of mixed systems does not 

necessarily correlate with the surface properties,14-15 understanding the surface 

properties of PDADMAC/zwitterionic surfactant mixtures will provide a complete 

picture of the types of interactions present in polyelectrolyte/zwitterionic mixtures. 

The surface properties of PDADMAC/CAPB and PDADMAC/CB mixtures were 

probed by measuring the dynamic and equilibrium surface tension at the 

liquid/vapor interface. The results are presented as the adsorption kinetics, 

adsorption isotherms and surface dilational properties of the mixtures. 

II.3.1 Adsorption Behavior of PDADMAC-Zwitterionic Surfactants 

Equilibrium Adsorption Isotherms of PDADMAC/CB Mixtures 

The equilibrium surface tensions of PDADMAC/CB mixtures measured with 

the pendant drop and Wilhelmy paper plate techniques are presented in Fig. 2.2a as  
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the adsorption isotherms of the mixture. The isotherms obtained with both 

techniques overlap for the entire surfactant concentration range studied, which 

indicates the absence of the depletion effects observed with the mixtures with the 

anionic surfactants. In addition, the discussions on the mixtures with anionic 

surfactants showed that the adsorption behaviors of mixed systems at the 

liquid/vapor interface are strongly time-dependent, however that was not the case 

with the PDADMAC/CB mixtures. Furthermore, for the entire CB concentration 

range presented in Fig. 2.2a, the equilibrium surface tension values observed for 

the pure CB solutions (not shown here) were similar to those presented in Fig. 2.2a. 

This indicates that the adsorption behavior of the pure surfactant solutions and its 

mixture with PDADMAC are similar which means that the synergistic coadsorption 

at the liquid/vapor interface observed with the mixtures containing the anionic 

surfactants is absent in the case of CB.  
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Figure 2.2 (a) Equilibrium surface tension of PDADMAC/CB mixtures as a function of 

the bulk CB concentration measured with the Wilhelmy paper plate (□) and the pendant 

drop tensiometer (■) (b) Fit of the Langmuir interfacial model to the experimental 

adsorption isotherm 

Additional information on the composition of the surface layer absorbed from 

PDADMAC-CB mixtures can be obtained from the theoretical analysis of the 

observed experimental adsorption isotherm of the mixture using the Langmuir 

model. The Langmuir isotherm is often applied to interpret the adsorption behavior 

of nonionic surfactants at fluid interfaces since it considers that molecular 

adsorption is restricted to a particular interfacial site due to energy barriers.11 Delg- 
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-ado and coworkers11 also employed the Langmuir model to describe the adsorption 

behavior of solutions of different carboxybetaines with different number of 

methylene groups between the charged groups. Also, Wüstneck et al.10 also showed 

that the adsorption isotherms of solutions of different carboxybetaines of lower 

alkyl chain lengths (but with single methylene group between the charged groups) 

were accurately described by the Langmuir model.  

The equations describing the Langmuir theoretical isotherm given in     

Chapter I.1 (Eq.I.10&I.11) can be rewritten as  

  1o L

RT
K c 


     (I.63) 

where  is the area per molecule at the interface, LK is an equilibrium adsorption 

constant. The theoretical curve obtained with the Langmuir equation (Eq. II.1) 

accurately describes the experimental isotherm of the mixture as seen in Fig. 2.2b. 

The parameters of Eq. II.1 obtained from the analysis of the experimental isotherm 

of PDADMAC/CB mixture and the adsorption isotherms of the solutions of 

carboxybetaine ( 12 14C C ) measured by Wüstneck and coworker10 are presented in 

Table 2.2.  

The equilibrium adsorption constant LK  can be used to qualitatively compare 

and contrast the adsorption behavior observed in each case. The increase in the 

adsorption parameter LK with increasing alkyl chain length indicates better surface 

activity of the carboxybetaine. The surface activity of the PDADMAC/CB mixture 

is similar to those of 12C and 13C solutions which might indicate that the interfacial 

composition of the mixture is similar to those of these surfactant solutions. It is 

important to point out that this parameters and the discussions presented here are 

merely empirical and not related to the properties of the carboxybetaines. 

 
Table 2.2 Parameters of the Langmuir adsorption isotherm 

 

Langmuir 

Model 

 

 

 

PDADMAC

/CB 

Mixture 

 

C12 

Solution 

 

 

C13 

Solution 

 

 

C14 

Solution 

 

2 5/ ) 10( molm    
 

( / )LK l mmol  

 

2.25 0.05   

 

57.05 10   

 

2.67 0.03   

 

28.78 2   

 

 

2.85 0.05   
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2.42 0.10   
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Equilibrium Isotherms and Adsorption Kinetics of PDADMAC/CAPB Mixtures 

The equilibrium adsorption isotherms of PDADMAC/CAPB mixtures 

measured with three different techniques are presented in Fig.2.2a, while           

Figure 2.2b shows the concentration dependency of surface tension of 

PDADMAC/CAPB mixtures measured at 0t  s and 1800t  s . The similiarity in 

the equilibrium adsorption isotherms of the mixed system and the pure surfactant 

solution, as pointed out in the discussion above for PDADMAC/CB system, was 

also observed with the PDADMAC/CAPB system. However, the depletion effect 

already discussed in previous chapters is evident with the PDADMAC/CAPB 

mixture. In addition, the adsorption isotherms measured with the Du Noüy ring 

tensiometer as a function of time show that the adsorption behavior of 

PDADMAC/CAPB mixture at the liquid/vapor interface is strongly time-dependent 

unlike in the case of PDADMAC/CB mixture.   
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Figure 2.2 Concentration dependency of equilibrium surface tension of 

PDADMAC/CAPB mixtures (a) measured with three different techniques (b) measured 

with the Du Noüy ring tensiometer as a function of time. (Inset: two slopes describing the 

adsorption behavior at low and high surface coverage respectively.) Lines are guides for 

the eyes. 

Furthermore, the region of decreasing surface tension with increasing bulk 

CAPB concentration shows different tendencies at low and high surface coverage 

as depicted in the inset plot. This is explained considering the asymmetrical 

structure of the CAPB molecule (Scheme 2.2). Due to the presence of the amide 

group in the cocoamidopropyl betaine, the surfactant molecule might tend to form  
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hydrogen bond with water at the interface. Also, the propyl group between the 

amido group and the positively charged headgroup imparts some flexibility on the 

molecule. Therefore, CAPB might form hydrogen bonds with water at the interface 

and occupy a larger area at low surface coverage (low surface pressure). But with 

increasing surface coverage at higher bulk surfactant concentration, the absorbed 

CAPB molecule tends to align perpendicular to the liquid/vapor interface due to the 

flexibility of the CAPB chain, hence the area occupied by the absorbed CAPB 

molecule at the interface decreases at higher surface coverage (high surface 

pressure). The tendency of the CAPB molecule to reorient on adsorption at the 

liquid/vapor interface is one difference between the adsorption behaviors of the two 

zwitterionic surfactants employed in this study. 

II.3.2 Dilational Surface Rheological Properties 

The adsorption isotherms of these PDADMAC/Zwitterionic mixtures have 

shown that the polyelectrolyte does not contribute to the behavior of the absorbed 

surface layer.  Also, the tendency of the CAPB molecule to reorient on adsorption 

at the liquid/vapor interface appears to be one difference between the adsorption 

behaviors of the two zwitterionic surfactants employed in this study.  

Neutron reflectivity studies discussed in Chapter I.1 revealed the presence of 

PDADMAC segments at the liquid/vapor interface even at low bulk surfactant 

concentrations where the surface tension was the same as that of water. In addition, 

Liggieri et al.16 showed that silica nanoparticle particles adsorbed at the air/water 

interface from silica-CTAB dispersions gave negligible contribution to the quasi-

equilibrium surface tension of the interface but the study of the dynamics of the 

interfacial layer of the dispersions by surface dilational rheology reveals that the 

particle-CTAB interactions gave synergistic contribution to the properties of the 

interfacial layer. These drive the need to probe the response to mechanical 

pertubations of surface layers adsorbed from PDADMAC/zwitterionic surfactants 

mixtures so as to understand the relaxation mechanisms taking place in the 

interface, and to further explore the reorientation process taking place in the surface 

layer. 

The surfactant concentration dependency of the dilational surface elastic 

moduli of PDADMAC/CAPB mixtures measured with the oscillating barrier 

method are shown in Fig. 2.3. The dependency was the same for the mixtures and 

the pure CAPB solutions which means that the PDADMAC molecule has no 

influence on the surface properties of this mixture. The trend of the surface 

dilational elastic moduli seen in Fig. 2.3b is typical of surface layers of adsorbed 

surfactants.17 In the low concentration regime, the surface dilational elastic modulus 
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 ' increases with increasing bulk surfactant concentration at a given frequency due 

to the increase in the surface concentration of the surfactant. The elastic modulus 

reaches a maximum value at intermediate bulk surfactant concentration and then 

decreases to near zero values at high CAPB concentrations due to the saturation of 

the surface layer. The lines in both plots are theoretical curves of the reorientation 

model that accounts for the compressibility of the surface layer.  

It was previously stated that the equations of the reorientation interfacial 

model have been simplified and presented in useable forms by Fainerman et al.18 

One version of this equation takes into account the compressibility of the interfacial 

layer where the area c  occupied by the molecule at the interface varies with the 

surface pressure  as; 

 1 (1 )m

c o c C        (I.64) 

where 1o is the area occupied by an adsorbed molecule at low surface coverage , 

and c and m  are simply parameters governing the relationship.  

This compressibility relation assumes that the adsorbed molecules can be tilted in 

the surface layer to various degrees depending on the surface pressure and that at 

high surface surface pressure the molecules acquire a perpendicular orientation. The 

empirical compressibility model proposed by Fainerman et al18 was applied in the 

analysis of the adsorption isotherm and concentration dependency of surface elastic 

moduli of PDADMAC/CAPB mixtures. Figure 2.3 shows that this model provides 

an accurate description of the adsorption behavior which might indicate that the 

surface layer is only comprised of adsorbed CAPB molecules whose hydrophobic 

tails can be tilted or compressed depending on the surface pressure, and as such 

these molecules can exist in more than one adsorption state within the surface layer. 

This is in agreement with the work of Fainerman and coworker8 who showed that 

carboxybetaines with carbon atoms greater than or equal to 13 are able to exist in 

more than one adsorption state at the liquid/vapor interface. In addition, the change 

in the  -slope at higher bulk surfactant concentration also supports the idea of 

compressibility of the absorbed surface layer, where the adsorbed molecules occupy 

a smaller area at higher surface pressure allowing space for further adsorption.  

The compressibility surface model has also been employed to describe the 

behavior of the surface layer of adsorbed PDADMAC/CB mixtures. The adsorption 

isotherm of the mixture indicates that only the surfactant contributes to the 

interfacial properties of these mixtures. In the same vein, similar conclusions can 

be drawn from the concentration dependency of surface elastic moduli as similar  
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dependency was observed for the mixtures and the pure CB solutions. Figure 2.4b 

show similar tendencies as those observed with the PDADMAC/CAPB mixtures 

which is the same for surface layers of adsorbed surfactant molecules. However, 

lower dilational surface elastic moduli values were observed with the 

PDADMAC/CB mixtures.  

The parameters estimated from the compressibility surface model for both 

systems are presented in Table 2.2. The area 1o occupied by each absorbed 

molecule at low surface coverage is higher in the case of the PDADMAC/CAPB 

system. This can be attributed to the presence of the amide group which imparts 

some asymmetry on the CAPB molecule. Also, the amide group readily forms 

hydrogen bonds with water at the liquid/vapor interface, hence on adsorption the 

CAPB molecule can assume a tilted configuration and occupy more area at low 

surface coverage compared to the more symmetrical CB molecule. This explanation 
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Figure 2.3 (a) Line of best fit of the reorientation model (compressibility) to the 

adsorption isotherm of PDADMAC/CAPB mixtures (b) Concentration dependency of 

dilational surface elastic moduli of PDADMAC/CAPB mixtures measured with the 

oscillating barrier technique. Lines are best fit of the reorientation model 

(compressibility).  

follows the observations made by Fainerman et al.8 for a series of carboxybetaines 

with varying alkyl chain length. The authors showed that at low surface coverage 

the more asymmetric carboxybetaine molecules occupied larger area on adsorption 

at the liquid/vapor interface. The similar value of 2 is an indication that the 

hydrocarbon tails of both CAPB and CB molecules can be tilted to the same degree 

on compression. Furthermore, the parameter a (analogous to the Frumkin interact- 
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-ion parameter) and the adsorption equilibrium constant b are higher for the 

PDADMAC/CAPB system which indicates better surface activity of the CAPB 

molecules at the liquid/vapor interface as seen from the dilational elastic moduli 

values. The use of the parameters 1o and b in the description of the adsorption 

behavior of PDADMAC/CAPB and PDADMAC/CB systems clearly reflects the 

applicability of the reorientation model. However, it should be pointed out the value 

presented here are not an indication of the properties or structures of the surfactant 

molecules. 
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Figure 2.4 (a) Line of best fit of the reorientation model (compressibility) to the 

adsorption isotherm of PDADMAC/CB mixtures (b) Concentration dependency of 

dilational surface elastic moduli of PDADMAC/CB mixtures measured with the 

oscillating barrier technique. Lines are best fit of the reorientation model 

(compressibility) 
 

Table 2.2 Parameters of the Compressibility Interfacial Model  

 

Parameters 

 

 

 

PDADMAC/CAPB 

Mixture 

 

PDADMAC/CB 

Mixture 

2

1 ( / )o m mol   
2

2 ( / )m mol   

   
a    

( / )c m mN   

b ( / )l mmol       

 

51.2 10   
52.0 10   

7.0   

1.2   
33.7 10   
15.65 10   

42.5 10   
52.0 10   

5.0   

0.9   
52.0 10   
53.24 10   
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Additional information on the relaxation mechanisms at the liquid/vapor 

interface for the PDADMAC/zwitterionic mixtures can be obtained from the 

frequency dependency of the surface elastic moduli presented in Fig. 2.5. The 

Lucassen-van den Tempel equation [Eq.I.31] for a diffusion-controlled process is 

shown to accurately describe the behavior of these mixtures at the liquid/vapor 

interface as observed in the Fig. 2.5 which also points to the fact that the properties 

of the surface layer of these mixtures are only controlled by the adsorbed surfactant 

molecules. Hence, the relaxation of the adsorbed layer of the 

PDADMAC/zwitterionic systems presented here proceeds by the diffusion of the 

surfactant molecules.  
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Figure 2.5 Frequency dependencies of the surface elastic moduli for                                  

(a) PDADMAC/CAPB mixtures (b) PDADMAC/CB mixtures. Lines are best fit of the 

Lucassen-van den Tempel model  

Finally, the parameters of the Lucassen-van den Tempel model for both 

mixtures as a function of the surfactant concentration are presented in Fig. 2.6. The 

limiting surface elasticities o show similar trends for both mixtures with higher 

values observed with the PDADMAC/CAPB mixtures. The existence of a 

maximum elastic modulus seems to be a general feature of the surfactant 

concentration dependencies of the limiting elastic modulus and dilational surface 

modulus of the surface layers of adsorbed surfactant. The characteristic frequency 

D  associated with the relaxation process of the adsorbed surface layers of both 

mixtures is in the range of 
2 010 10 Hz  . This frequency is similar to that reported 

for the diffusion of low molecular weight surfactants at the air/liquid interface.9  
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Interestingly, the concentration dependency of the characteristic frequency D  is 

different for the PDADMAC/CAPB and PDADMAC/CB systems. For the 

PDADMAC/CB system, D appears to be independent of the surfactant 

concentration while for the PDADMAC/CAPB system the characteristic frequency 

increases at higher surfactant concentrations. This can be rationalized from the 

expression

2

D

dc

d


 
  

 
 and the shapes of the adsorption isotherms (Fig. 2.1 &2.2). 

The increase in D  observed at higher surfactant concentration for the 

PDADMAC/CAPB mixtures can thus be related to the change in the slope 
d

dc

 
 
 

  

in the adsorption isotherm at higher surfactant concentration unlike the constant 

slope observed in the adsorption isotherm of the PDADMAC/CB mixtures. 
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Figure 2.5 Concentration dependencies of (a) the limiting elasticities (b) characteristic 

frequencies for PDADMAC/CAPB mixtures (□) PDADMAC/CB mixtures (■). Lines are 

only guides for the eyes. 
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II.3.3 Conclusions 

The behaviors of mixtures of PDADMAC and zwitterionic surfactants in the 

bulk and at the liquid/vapor interface have been presented. Complex formation in 

the bulk mixture which is a feature of mixed polymer/surfactant systems as pointed 

out in the previous chapters was clearly absent in this case. The lack of aggregation 

in PDADMAC/zwitterionic mixtures was confirmed with turbidity measurements 

on PDADMAC solution with varying concentrations of CB which showed a 

negligible change in the solution turbidity, an indication of the absence of 

interspecies interactions in this mixtures. Further confirmation was also provided 

with DLS measurements on PDADMAC/CAPB mixtures. Furthermore, the 

properties of the fluid surface layers adsorbed from these mixtures were also shown 

to be a function of the surfactants alone as evidenced from the adsorption isotherms 

and the concentration dependencies of the dilational surface elastic moduli which 

points to the absence of the polyion at the liquid/vapor interface or the absence of 

interactions between the polyion and the zwitterions at the interface. This 

observation was similar for both PDADMAC/CB and PDADMAC/CAPB 

mixtures, however, in the latter case the CAPB molecules tend to reorient on 

adsorption. Theoretical analysis of the adsorption behavior of these mixtures at 

liquid/vapor interface was based on a compression interfacial model. This model 

provided a good qualitative description of the adsorption behaviors observed with 

both mixtures. The parameters estimated from the model showed that on adsorption 

at the liquid/vapor interface, at the low surface coverage the CAPB molecules 

occupied a larger surface area compared to the CB molecules which allows for the 

observed reorientation of the CAPB molecules at higher surface pressure. In 

addition, the relaxation mechanism of the fluid surface layers absorbed from both 

mixtures were also shown to correspond to a diffusion-controlled process which 

further provides evidence of adsorbed surface layers whose properties are 

controlled by the surfactants alone. 
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Chapter II.4 
 
 

High-frequency dilational surface 

rheology of polyelectrolyte-surfactant 

mixtures 

 

Abstract 

The study of the propagation properties of excited surface waves on 

liquid surfaces provides a means to probe the dilational surface viscoelastic 

behavior of polyelectrolyte-surfactant mixtures at high frequencies. This 

technique is non-invasive and it is based on the excitation of capillary waves 

by means of an electric field applied perpendicular to the surface of the 

liquid. Furthermore, the spatial profile of the capillary waves generated on 

the surface of the liquid is scanned with the aid of the reflection of a laser 

beam on the liquid surface which is directed to a position-sensitive 

photodiode. The analysis of the propagation behavior of the surface 

capillary waves gives its propagation characteristics (wavelength  and 

spatial damping s ) which are then inputed into the dispersion equation to 

estimate the dilational surface viscoelasticity of the mixture. The estimated 

high-frequency dilational surface viscoelastic modulus of the mixtures were 

not comparable to the elastic modulus values obtained at low frequencies. 

This anomaly was attributed to the errors associated with electrocapillary 

wave measurements. 
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II.4.1 Introduction 

The adsorption of mixtures of polyelectrolyte and surfactant at liquid-vapor 

interface alters the dynamic properties of the interface, as the liquid surfaces of 

these mixtures have been shown to possess some elasticity (Chapters II.1-II3). The 

knowledge of the high-frequency surface viscoelasticity of these mixtures are 

essential to improve the understanding of technological processes involving short 

timescales like washing of the hair with shampoo. 

Dilational surface properties play important role in the dynamic behavior of 

soluble layers absorbed at liquid surfaces due to the strong coupling between 

surface dilation and diffusion in the bulk solution.1 Essentially, the adsorption-

desorption kinetics of the soluble molecules in polyelectrolyte-surfactant mixtures 

affect the observed dilational viscoelastic moduli values. In addition, the 

adsorption-desorption process is basically time-dependent, an indication that the 

frequency dependence of the dilational viscoelastic behavior is particularly 

important for soluble surface layers.2 

The propagation of capillary waves on liquid surfaces containing adsorbed 

layers provides a non-invasive alternative to probe dilational surface viscoelastic 

behavior at high frequencies. The characteristics of the propagating capillary waves 

are altered because these waves become coupled to the longitudinal waves whose 

wavelength and and damping depends on the dilational viscoelastic properties of 

the adsorbed layer.2 In general, surface tension  acts to restore the properties of 

these propagating capillary waves in constrast to the scenario with long waves 

where gravity is the restoring force.3  

The electrocapillary wave device has been designed and developed in our 

laboratory for the study of the high frequency dilational viscoelastic properties of 

absorbed or spread surface layers at the liquid/vapor interface. The setup and 

operating parameters of the device were presented and described in Chapter I.2. 

The output from such electrocapillary wave device is the spatial profile of a damped 

wave whose propagative characteristics depends on the properties of the surface 

layer. The propagative parameters of the wave (wavelength  and spatial damping

s ) were obtained from the fits of a damped sine function. Preliminary 

measurements were performed on a bare water surface to determine the propagative 

parameters determining the characteristics of the device. These parameters were 

shown to follow the power laws describing the frequency dependencies.  

The propagative characteristics of capillary waves on adsorbed surface layers 

of SLMT solutions, SLES solutions, PDADMAC-SLES mixtures and PDADMAC- 
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SLMT mixtures were determined in the frequency range of 50 1Hz kHz . The 

propagative parameters of the waves showed similar trends as such only the data 

for SLES solution and PDADMAC-SLES mixtures were presented here. These 

propagative parameters also followed the power relations but slight changes in the 

exponents were observed which is consistent with the behavior of viscoelastic 

surface layers. The spatial damping coefficient s increased with surfactant 

concentration SLESC  and showed a maximum at certain surfactant concentration mcC  

while a small decrease in the capillary wavelength was observed. 

Dilational surface viscoelastic moduli were obtained from the analysis of the 

dispersion equation. The high-frequency elastic modulus values were small 

compared to the values obtained with the low-frequency device. This was attributed 

to the errors associated with the electrocapillary wave measurements as pointed out 

by Stenvot and Langevin.2 However, the high-frequency dilational surface elastic 

modulus of the PDADMAC-SLES mixture were found to be compatible with the 

low-frequency elastic moduli values at SLES mcC C . The mcC for the PDADMAC-

SLES mixtures was .ca 0.524 M . 
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II.4.2 Results and Discussion 

II.4.2.1 Calibration 

The instrumental parameters ( ( ),i s i  ) are calibrated by analyzing the 

recorded spatial profile of the capillary waves generated on the clean water surface 

at different excitation frequencies. The spatial profile of such wave on the bare 

water surface generated at a frequency of 300Hz is shown in Fig. 2.1. The fitting 

of the experimental data (shown in red) was carried out using Eq. I.51 to obtain the 

parameters describing the propagative properties of the capillary wave as a function 

of frequency. The observed fit clearly demonstrates the goodness of the fitting 

equation for the description of the propagative behavior of the excited waves.  
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Figure 2.1 Spatial profile of capillary wave generated at Hz   on the bare water 

surface. Experimental data (○) and damped sine function fit (─). 

The log-log plots presented in Fig. 2.2 gives the  dependence of the 

propagative parameters of the excited waves on the bare water surface. The power-

law behavior for the capillary wavelength   observed in Fig. 2.2a is in line with 

the Kelvin’s law (Chapter I.2) describing the expected behavior of the excited 

capillary wave on bare water surface. Also, the behavior of the spatial damping 

coefficient follows the Stokes’ law for a bare liquid surface with zero surface 

viscosity4 as highlighted in Fig. 2.2b. The progative parameters presented here not 

only serves as a calibration test for the electrocapillary wave device but also 

validates the theoretical approach of an ideal zero-viscoelastic interface for a bare 

water surface.4  
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Figure 2.2 Log-log plots of the frequency dependence of the propagative parameters of 

excited electrocapillary waves on the bare surface of water (a) Capillary wavelength   

and the fit of the Kelvin’s law (b) Spatial damping coefficient s and the fit of the Stokes’ 

law. 

II.4.2.2 ECW in Adsorbed Surface layers 

The excitation of capillary waves on the surface of liquids is used to study the 

high-frequency surface viscoelastic properties of surface layers adsorbed from 

polyelectrolyte/surfactant mixtures. The spatial profile of the capillary waves 

generated on liquid surfaces containing adsorbed layers is similar to that presented 

in Fig. 2.1. However, the observed capillary waves decayed at shorter distances an 

indication of the presence of a surface layer with a non-zero viscoelasticity.  
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Figure 2.3 Log-log plots of the frequency dependence of the propagative parameters of 

excited electrocapillary waves generated at the liquid/vapor interface of SLES solutions at 

different surfactant concentrations (a) Capillary wavelength   as a function of   (b) 

Spatial damping coefficient s as a function of . 



Chapter II.4 High Frequency Dilational Rheology  

                                                                                                                                   166 
 

 

Measurements were performed on the adsorbed surface layers of SLMT 

solutions, SLES solutions, PDADMAC-SLES solutions and PDADMAC-SLMT 

mixtures. The compositions of the solutions and mixtures have been presented and 

discussed in Chapter I.2. The observed surface behavior of the solutions and 

mixtures followed similar trends as such in order to avoid redundancy only the data 

on SLES solutions and PDADMAC-SLES mixtures are presented and discussed 

here. 

The dependence of the propagation parameters of the capillary mode of 

surface layers adsorbed from PDADMAC/SLES mixtures and pure SLES solutions 

are depicted in Fig. 2.3 & 2.4. Also, given that the ionic strength of the solutions 

and mixtures is about 0.04M , the propagation parameters of water of similar ionic 

strength was included in the plots for the sake of comparison. (Note that the 

propagation parameters on the water surface was not affected by the change in the 

ionic strength). Hence, one can assume that the propagative characteristics of the 

capillary waves on the surface of the solutions and mixtures will be unaffected by 

the ionic strength. 

In addition, the study on the adsorption behavior of the mixtures             

(Chapters II.1-II.3) showed that the PDADMAC solution alone does not influence 

the air/water interfacial properties. This is also the case here as the propagation 

parameters observed for the PDADMAC solution (Fig. 2.4) were the same as that 

for pure water. However, for both PDADMAC-SLES mixtures and SLES solutions, 

the capillary wavelength decreases slightly with increasing surfactant 

concentration SLESC  while the spatial damping coefficient increased considerably.  
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Figure 2.4 Log-log plots of the frequency dependence of the propagative parameters of 

excited electrocapillary waves generated at the liquid/vapor interface of PSLES mixtures 

at different SLES concentrations (a) Capillary wavelength  as a function of              

(b) Spatial damping coefficient s as a function of . 
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Furthermore, it was previously pointed out the propagative parameters of the 

excited capillary waves can be described by two simple power laws given as 
x   and ~ y

s  where 0.67x  and 1y  are the limiting values of the 

exponent indicative of a bare water surface while deviation from these limiting 

conditions signify the presence of a viscoelastic surface layer.5-6 It is obvious from 

Fig. 2.3 & 2.4 that PDADMAC-SLES mixtures and SLES solutions follow these 

power relations for all the SLES concentrations shown. In addition, it was observed 

that in both cases, x increased slightly while y decreased to a small degree as SLESC  

increased. This observation is in agreement with the work of Muñoz et al.6 who 

showed that for surface layers of adsorbed pluronic, these exponents slightly 

deviates from the ideal conditions as the concentration of the bulk pluronic solution 

was increased. It should be mentioned that the SLES concentrations at which the 

deviations from the ideal conditions are observed generally correspond to the region 

of decreasing surface tension previously displayed in the adsorption isotherm plots 

(Chapter II.2) which indicates that the departure from ideality is associated with 

adsorption at the air/water interface. Also, this observation demonstrates the 

influence of surface tension as the restoring force for the electrocapillary waves 

employed in this study.   

It has been shown that when polymers or surfactants are adsorbed at the 

air/water surface layer, the propagation parameters of the capillary waves are 

changed.7-8  

The variation of the spatial damping coefficient s  with SLES concentration 

observed at a frequency of 200Hz  for the PDADMAC-SLES mixtures is illustrated 

in Fig. 2.5a. A maximum in s  is observed around an SLES concentration of           

.ca 0.524 M defined here as mcC . In this concentration range, the frequency of the 

capillary waves is close to that of the longitudinal waves and there is a maximum 

in the coupling between the two waves. This leads to a maximum damping of the 

capillary waves as predicted by Lucassen.2, 7  

The surface dilational viscoelastic behavior of the mixtures is obtained from 

the numerical solution of the Dispersion equation [Eq. I.48] using the propagative 

parameters as inputs into a special MATLAB code written for this purpose. The 

SLES concentration dependence of the surface dilational elastic modulus ' of 

PDADMAC-SLES mixtures obtained at a frequency of 200Hz is displayed in     

Fig. 2.5b. The error bars were set at 10% but as Stenvot2 pointed out it is quite 

difficult to evaluate the uncertainties in these surface parameters. Although the 

SLES concentration at maximum ' observed in Fig. 2.5b is similar to that discussed 

in Chapter II.2, the '  values shown in Fig. 2.5b are quite small compared to those  
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measured with the low frequency device (up to100 mHz )-Chapter II.2. This can be 

attributed to the errors associated with this high frequency measurements. 
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Figure 2.5 SLES concentration dependence of the (a) Spatial damping coefficient (b) the 

surface dilational elastic moduli of PDADMAC-SLES mixtures measured at a frequency 

of 200Hz . Lines are guides for the eye.  

Stenvot2 stated that the accuracy of the surface dilational viscoelasticity 

evaluated from electrocapillary waves measurements varies because these modulus 

values are weak functions of s  and  . The most accurate surface dilational 

modulus ( .ca  2%) are obtained around the maximum damping concentration mcC      

while above this concentration where the viscoelastic parameters are either too 

small or large (several tens of 
1.mN m
), the error in the evaluation of '  and "    

might be greater than 100% .2  

From the limiting elasticities data for PDADMAC-SLES mixtures discussed 

in Chapter II.2 and following the statement of Stenvot, one should expect large 

errors in the high frequency measurements for SLES mcC C . This is the case here, as 

it was observed that the low-frequency and high frequency data were incompatible 

except for SLES concentrations below 0.524 M (SLES concentration at maximum 

damping). Additionally, it is important to point out that the SLES concentration at 

maximum damping is the same regardless of the measurement frequency as 

depicted in Fig. 2.6a.  
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Figure 2.6b depicts the  dependence of the surface dilational elastic 

modulus of PDADMAC-SLES at the surfactant concentration of 0.524 M . The 

'  values are compatible in the entire frequency range shown, and it seems that at 

this concentration the PDADMAC-SLES mixture reached the insoluble surface 

layer behavior at   mHz  for which ~ 10o k  1.mN m .  

Going by the above, it is correct to point out that the accuracy of the capillary 

wave propagation technique for probing dilational surface viscoelasticity at high 

frequency lies within a small bulk solution concentration which has been shown to 

depend on the coupling between the transverse and longitudinal waves.  A more 

direct and accurate measurement technique for high-frequency dilational 

viscoelasticity would be to study the longitudinal waves themselves.2 

Unfortunately, as pointed out by Bouchiat and Langevin9 thermally excited 

longitudinal waves scatter very little light which are difficult to measure.  
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Figure 2.6 (a) SLES concentration dependence of the spatial damping coefficient for 

PDADMAC-SLES mixtures measured at different frequencies. (Maximum damping 

coefficient observed at 0.524 M ). Lines are a guide for the eyes only. (b) Frequency 

dependence of surface dilational elastic moduli of PDADMAC-SLES obtained at the 

SLES concentration for maximum coupling between the longitudinal and capillary waves. 

Line is the best fit of the Ravera model 
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II.4.3 Conclusions 

The technique based on the generation of capillary waves on the surface of 

liquids has been applied to study the high-frequency dilational viscoelasticity of 

surfactant solutions and PDADMAC-surfactant mixtures. The applicability of this 

technique was checked by determining the propagation parameters of the capillary 

waves on the bare water surface. The instrumental parameters obtained were shown 

to follow some scaling laws which give the relations for the  dependence of 

these parameters.  

Measurements were carried within a frequency range of 50 1Hz kHz on 

different absorbed surface layers of SLMT solution, SLES solution, PDADMAC-

SLES and PDADMAC-SLMT mixtures at different surfactant concentrations. The 

propagation parameters were observed to follow the scaling relations describing the 

frequency dependencies. However, the presence of an adsorbed surface layer 

resulted in small changes in the exponents of these scaling laws. Furthermore, the 

coefficient of spatial damping s generally increased with increasing surfactant 

concentration for all the systems studied while a slight decrease in the capillary 

wavelength  was observed. In addition, the surfactant concentration dependence 

of s showed a maximum at a given surfactant concentration and this was described 

as the concentration for which there is a maximum coupling between the 

longitudinal and transverse waves. 

Dilational surface viscoelasticity ' was obtained from the numerical solution 

of the dispersion equation with the propagation parameters as the input parameters. 

The estimated values of dilational surface elastic moduli of the PDADMAC-SLES 

mixtures were small compared to those obtained from the low frequency device 

( 100 )mHz  Chapter II.2. This was attributed to the poor accuracy associated with 

electrocapillary wave measurements in agreement with the observation of Stenvot 

and Langevin2 who mentioned that measurement errors could be more than       

100% . However, better accuracy can be obtained around the surfactant 

concentration corresponding to maximum coupling between the tranverse and 

longitudinal waves. This was the case for the PDADMAC-SLES mixtures and it 

was observed that the low and high frequency ' values were compatible for SLES 

concentration around 0.524 M (SLES concentration at maximum coupling between 

the transverse and capillary waves).  
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Aim 

One relevant aspect of the application of hair cosmetic formulations is their 

wetting and evaporation behavior behavior on the hair fibre. The phenomenon of 

wetting and evaporation of solutions and mixtures on solid substrates is controlled 

by their bulk properties as well as their behaviors at the fluid and solid interfaces. 

Therefore, inspired by the knowledge of the behavior of the mixtures discussed in 

Part II, the focus now is to highlight a study on the wetting and evaporation behavior 

of mixtures of PDADMAC and the anionic surfactants on the surface of negatively 

silicon wafer, which is expected to mimic the surface of damaged hair fibres. This 

part of the thesis is covered in three chapters and it provides insight into the behavior 

of sessile droplets of the mixtures on silicon wafer.  

Chapter III.1 presents a general insight into some concepts of wetting and 

evaporation behaviors of different liquids on solid substrates. The experimental 

setup employed in the study is also briefly described. Chapter III.2 focusses on the 

wetting and evaporation behavior of the PDADMAC/SLES and 

PDADMAC/SLMT mixtures while In Chapter III.3, the focus is on the different 

patterns observed on the surface of the silicon wafer on evaporation of droplets of 

the mixtures.  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Chapter III.1 
 
 

A general overview of wetting, 

spreading and evaporation of liquids 

A general review of the wetting and spreading behavior of liquid on solid 

substrates is presented. The concept of surfactant enhanced spreading will also be 

discussed. In addition, a theoretical description of this concept will be presented 

briefly. Furthermore, the phenomenon of evaporation will be introduced and much 

attention will focus on the description of the various stages of evaporation. Finally, 

a brief description of the experimental techniques employed in this study will be 

presented. 
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III.1.1 Introduction: Spreading and Evaporation 

III.1.1.1 Wetting and Spreading 

The spreading of liquids on a solid surface is a phenomenon of industrial and 

biological importance,1-2 but despite its relevance the spreading process is still 

poorly understood. Effective spreading of liquids is a priority in applications like 

coatings, cosmetics, herbicides and effective adsorption of aerosol into the lungs 

etc.3 

Generally, a drop of a liquid in contact with a surface will either spread over 

the surface and completely wet the surface, or form a finite contact angle with the 

surface as depicted in Scheme 1.1.2 The tendency for a liquid to wet a surface is 

governed by the so-called spreading coefficient, sv sl lvS      , where is the 

surface free energies at the various interfaces.1 Wetting of a surface is inhibited for 

a negative spreading coefficient, and the liquid will exhibit a contact angle 

reflecting the interfacial tensions at the three phase contact line. Positive spreading 

coefficient indicates a decrease in surface free energy, and spreading of the liquid 

over the surface is favored.1  

 

 

 

 

Scheme 1.1 A liquid drop in contact with a solid surface at an angle     

The angle measured at the three-phase contact (TPC) line as shown in 

Scheme 1.1 is usually called the contact angle, and it gives an indication of the 

existing wetting regime for a liquid on a surface. When a liquid spontaneously 

spreads on a surface, the observed contact angle is ~ 0 , and this is referred to as 

complete wetting. However, if the observed contact angle is in the range 0         

the liquid is said to be partial wetting, whereas a non-wetting liquid will show 

contact angle greater 90o
on the surface.  

The different scenarios described above refers to situations where the TPC 

line is static, and the observed contact angle is the equilibrium or static contact 

angle. The simple thermodynamic treatment above does not fully describe the 

wetting phenomenon, as most important wetting processes involve moving contact 

lines and the spreading rates is not always related to the spreading coefficient.4-5 
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Despite its technological importance, wetting dynamics has not been fully 

understood however, it can often be successfully described by the advancing or 

receding contact angles, the dynamic contact angle )t as well as the spreading 

velocity.2 A complete wetting liquid on a substrate spreads out completely on the 

substrate surface and the dynamic contact angle )t decreases over time to 

approximately zero. A different situation will be observed in the case of partial 

wetting, where the liquid drop spreads on deposition until a so-called advancing 

contact angle a  is reached.6 At this point the macroscopic motion ceases but a slow 

microscopic spreading in front of the TPC line in the region of thin liquid films goes 

on. If the volume of the drop decreases as in the case of evaporation, the droplet 

will start receding only after a receding contact angle r is reached. This 

phenomenon is referred to as a contact angle hysteresis.6  

Furthermore, the contact of angle of a non-wetting or partial wetting liquid on 

a substrate can be reduced by the presence of surface active molecules that adsorb 

at the liquid-vapor and solid-vapor interfaces, thereby reducing the surface energies 

and improving its wettability. Surfactants have been widely used to improve surface 

wettability. Surfactants enhance wettability through diffusion and adsorption at the 

various interfaces. The adsorption rate of surfactant molecules at the solid-vapor 

and liquid-vapor interfaces depends on the surfactant type and its concentration, 

hence the interfacial tensions and the advancing contact angle become 

concentration dependent.2  

III.1.1.1.1 Mechanism of Surfactant-Enhanced Spreading 

The spreading of surfactant solutions on solid substrates involve a complex 

interplay between the diffusion of the surfactant molecules, the adsorption at the 

fluid and solid interfaces and the spreading phenomenon.7 A theoretical model 

describing this complex phenomena has been proposed by a number of authors.8-10 

The theory suggests that spreading is determined by the transfer of surfactant 

molecules from the aqueous solution droplets onto the bare substrate in front of the 

moving three phase contact line.10 This process results in a local increase of the 

interfacial tension of the solid surface; however, the total free energy of the droplet 

decreases. The adsorption of surfactant molecules in front of the moving contact 

line results in a partial hydrophilisation of the surface and hence spreading over the 

substrate. The rate of spreading depends on the rate at which surfactant molecules 

transfer onto the bare surface.8 

The theory suggests that the surfactant concentration 
ss on the solid substrate 

in front of the moving three phase contact line obeys the following law:8  
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ss

ss ss

eq

d

dt



     (III.1) 

In addition to Eq. III.1, (0) 0ss   and ( ) (1 exp( ))ss ss

eqt t     , where ss

eq is the 

equilibrium surface concentration, ( )t  is the surface concentration as a function 

of time t  and   is a fitting parameter. The spreading stops when ss

eq is reached and 

this corresponds to a contact angle . 

Assuming that the contact angle decreases from an initial value o to its final 

value , then according to the above model the time evolution of the contact angle 

)t is given by  

 cos ) cos (cos cos )(1 exp( ))o ot t            (III.2) 

where is the inverse of a characteristic timescale for the transfer of surfactant 

molecules onto the bare substrate in front of the moving TPC line. According to this 

definition, the characteristic time 1
c 
  gives the total duration of the spreading 

process of a drop of surfactant solution on a solid substrate. 

Furthermore, the fitting parameter  is determined experimentally employing 

the linear dependency defined below 

 ln y t    (III.3) 

where
cos cos ( )

cos cos o

t
y

 

 








   

III.1.1.2  Evaporation 

Evaporation is an important feature of many industrial processes which 

involves mass and heat transfer between various phases (solid, liquid and vapor).11 

Drop evaporation is an important field of interest due to its vital role in applications 

such as spray drying, fuel injection, medical care, controlling the deposition of 

particles on solid substrates etc.11-12 Evaporation of a liquid drop is a simultaneous 

heat and mass transfer operation whereby the transfer of heat is by conduction and 

convection. It involves conductive heat transfer into the substrate, the convective 

heat transfer induced by the surface tension gradients and the natural convection 

due to temperature gradients in the liquid drop. The evaporation of droplets placed 

on a solid substrate is complicated by the solid-liquid interactions and the wetting 

properties of the liquid on the solid, and as such its analysis will differ considerably 

from that of a freely suspended droplet.11, 13  
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A sessile drop is one which is deposited on a solid substrate where the wetted 

area is confined by a contact line.11 The evaporation of such drops are accompanied 

by variation of the contact length and contact angle and the process depends on the 

vapor pressure of the liquid and external conditions. Hence, an understanding of 

how evaporation influences the contact angle   and contact length L  of a sessile 

drop under controlled atmospheric conditions is very useful in the wetting process.11 

Furthermore, the presence of insoluble particles in the evaporating drop can 

result in the pinning of the drop as these particles can deposit on the substrate in a 

ring at the air/liquid/solid interface. The control of the morphology and size of the 

deposits after evaporation of the drop is still a subject of intensive research.6, 14  

Although spreading and evaporation are two different phenomena, in most 

practical situations they overlap in time, at least partially. Evaporation which results 

in decrease in volume will alter the dynamics of liquid droplet spreading as 

compared with non-evaporating droplets through the corresponding changes to the 

contact length and contact angle.15 A number of experimental investigations on the 

simultaneous spreading and evaporation of pure liquid droplets have been carried 

out.6, 15Lee and coworkers15 studied the spreading and evaporation of alkanes and 

concluded that the entire process proceeds in two stages; the first stage is 

determined mostly by the kinetics of spreading while evaporation kinetics drives 

the second stage of the process. Despite this distinction, it is still difficult to isolate 

one from the other. 

III.1.1.2.1 Stages of Evaporation 

Evaporation of liquid drops on a surface generally follow two distinct modes: 

constant contact angle and constant contact radius modes.16 Picknett and Bexon16 

investigated the evaporation of sessile drops in still air and presented a theory based 

on these two modes that satisfactorily predicted the evaporation rates and lifetimes 

of drops on solid substrates.11, 16 

If a liquid completely wets a surface, one observes that a drop of the liquid 

spreads fast over the surface and reaches a maximum contact length and a contact 

angle close to zero. During this fast spreading, the volume is assumed to be constant 

and evaporation is negligible. Evaporation now proceeds at a constant contact 

length and spreading can be assumed to be negligible.11 

In the case of partial wetting, the spreading/evaporation process of the liquid 

droplets is different compared to the case of complete wetting. In most cases, drops 

of a partial wetting liquid on a solid substrate will spread and attain a maximum 

contact length when the contact angle reaches the value of the advancing contact  

 



A general overview Chapter III.1 
 

           179 
 

 

angle. But for some liquids this stage is very fast that it can be neglected in the study 

of the spreading/evaporation process. The evaporation of the drops can now proceed 

according to the stages described below.11 

Evaporation of drops of partial wetting liquids generally follow three distinct 

stages as shown in Scheme 1.2. During the first stage the drop contact radius 

remains constant, whereas the contact angle decreases to the value of the receding 

contact angle.11 This first stage is a manifestation of a contact angle hysteresis. In 

the second stage the contact angle remains constant, but the contact length 

decreases. Finally, both the contact angle and contact length starts to decrease in 

the third stage until the drop vanishes.11  

  

 

 

Scheme 1.2 Graphical representation of the different stages of evaporation in terms of the 

contact angle and radius  

Semenov et al.6 presented a detailed theoretical treatment of the kinetics of 

evaporating droplet of pure fluids during the first and second stages of evaporation. 

The authors showed that the analytical expressions obtained for the droplet volume, 

contact radius and contact angle dependencies on time were in good agreement with 

available experimental data on the spreading of droplets of water and organic 

solvents on various substrates.6, 17 

Although there is adequate theoretical description of the behavior of the liquid 

during the first two stages of evaporation, the driving force and kinetics of the third 

stage are not well understood. In one study, Semenov et al. assumed that the kinetics 

of the third stage is determined by the surface forces acting in the region of the 

three-phase contact line.6 
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III.1.1.2.2 Theory of Evaporation 

Theoretical analysis of the first two stages of evaporation as given by 

Semenov et al.6 is based on the assumption that the droplet shape remains spherical 

during the evaporation process. This means that the volume of the droplet V , can 

be given as; 

 3 (V L f     (III.4) 

where
2

2

(1 cos (2 cos
( )

3 sin
f

  




   
  and L  is the contact length 

The evaporation rate of a sessile drop can be described by the equation below18-20 

     2 (v m
sat surf v sat

D MdV
C T H C T F L

dt
 


      (III.5) 

where V is the drop volume, t  is time, vD ,   and mM  are vapor diffusivity in the 

air, density of the liquid and the molar mass respectively; vH  and T are the 

humidity and temperature of the ambient air respectively; surfT  is the temperature 

of the droplet-air interface; ( )sat surfC T and ( )satC T  are the molar concetrations of 

the saturated vapor at the corresponding temperatures; (F   is a function of the 

contact angle.  

Semenov et al.6 have shown through computer simulations that Eq. III.5 can 

be rewritten as  

 (e

dV
F L

dt
      (III.6) 

where  ( )v m
e sat av

D M
C T C 


   is a parameter that depends on the average 

temperature avT  of the droplet surface and C is the molar concentration of the vapor 

in the ambient air far away from the droplet. Assuming that avT  is constant, then the 

parameter e can also be taken as constant, hence, the expressions for the first two 

stages of evaporation can be deduced as described below.6 

III.1.1.2.3 First stage of evaporation 

Given that the contact radius ( 2)L  is constant during this stage, Eq. III.6 

becomes  

 



A general overview Chapter III.1 
 

           181 
 

 

 3 '( ) (e aL f d dt F L         (III.7) 

or 

 2 '( (a e

d
L f F

dt


  
 
    
 

  (III.8) 

where aL  is the intial droplet contact length and a   at 0t   (in the absence of 

spreading)  

Introducing a dimensionless time cht t  ( cht  is a characteristic time of the process 

given as 2 )a eL   Eq. 1.8 now takes the form below. 

 '( (
d

f F
d


 



 
    
 

  (III.9) 

And the direct integration of Eq. III.9 with the boundary conditions above yields 

 ( )e a rA       (III.10) 

where  ( , ) '( (
a

e aA f F d





          

Equation III.10 indicates that the deduced correlation should be universal and not 

dependent on the liquid nature or the droplet volume,6 and the only parameter to be 

determined from the experiment is the static advancing contact angle. 

Finally the first stage of evaporation should proceed until the contact angle 

reaches the static receding contact angle r , and as such it can be concluded from 

Eq. III.10 that ( )e r a rA     will signify the end of the first stage of evaporation.6 

III.1.1.2.4 Second stage of evaporation 

The characteristic of the second stage of evaporation is that the contact angle

r  remains constant while the contact radius diminishes. Hence, Eq. III.6 

becomes 23 ( )( ) ( )r e rL f dL dt F L    . Applying the dimensionless time e and a  

dimensionless radius 
a

Ll
L

 , the preceding equation can be rewritten as6 
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The direct integration of Eq. III.11 with the initial condition ( el    gives 

 2 2 ( )
( 1 ( )

3 ( )

r
e e r

r

F
l

f


  


      (III.12) 

Equation III.12 also indicates a universal dependence for the second stage of 

evaporation.  

 

III.1.2  Experimentals 

The spreading and evaporation of the surfactant solutions and their mixtures 

with PDADMAC were studied by observing the changes in the dimensions of 

sessile droplets on a silica wafer. The experimental setup for this purpose described 

below is capable of estimating the volume of the droplet from its image captured as 

a function of time. Additionally, the morphologies and elemental compositions of 

the deposits on the silica wafer were analyzed with the scanning electron 

microscope also discussed below. 

III.1.2.1  Setup for Spreading and Evaporation Studies  

The experimental setup for the study of the spreading and evaporation of the 

sessile droplets is depicted in Fig. 2.1. It consists of a cylindrical steel chamber

(diameter 13cm , depth 10 )cm  fitted with borosilicate plate windows on the sides, 

lead glass window on the top cover and toughened glass at the bottom of the 

chamber.   

The side windows and glass bottom were positioned such that the evolution 

of the droplet shape can easily be followed as a function of time. Top and side view 

images of the drop shape were captured with the aid of a light source and a CCD 

camera (KODAK IT CCD KAI340). The camera captures images of frame size

640 480 pixels at a maximum rate of 60 frames per second.  

Droplets of the samples (2 4 )L were manually dispensed from a Hamilton 

microliter syringe (SN 701,10 )L . The droplets were carefully placed on the 

surface of the substrate (Silicon Wafer, diameter 2.54 )cm by bringing the droplet 

formed at the tip of the syringe in direct contact with substrate surface.  

Experiments were performed at relative humidity values of 30%,60% and

90% . Saturated aqueous solutions of potassium chloride and potassium sulfate 

were employed to maintain the relative humidity of the measuring chamber at 60%   
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and 90%  respectively. The temperature of the measuring chamber was kept at

25 2o C . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1Experimetal setup for the study of spreading and evaporation of sessile droplets. 

1-CCD camera, 2-Light source, 3-Measuring chamber, 4-Computer 

III.1.2.1.1 Image Analysis  

Numerous methods have been developed to determine contact angle from the 

shape of a sessile drop.21-22 Ideally the shape of a sessile droplet resting on a solid 

substrate can be taken as a spherical cap, and thus, we can view the sessile droplet 

as a segment of a sphere as depicted in Fig. 2.2. This allows the possible for contact 

angle determination by applying some principles of geometry.   

 

 

 

 

 

 

 

 

Fig. 2.2 Sessile droplet on a solid substrate (R is the radius of curvature) 

In the early years, the 2  method was widely used to analyze the profile of  
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the sessile droplet.22 The application of this technique is based on the assumption 

that the drop was part of a sphere, hence the contact angle was determined 

geometrically from the drop diameter 2L  and height h  of the apex (Fig. 2.3) using 

Eq.  III.13. 

 
Fig 2.3 Schematic representation of the method. Where h and L are the height and base 

radius of the droplet respectively  

 

 1tan
2

h

L

   
  

 
  (III.13) 

In recent times, the axisymmetric drop shape analysis (ADSA) method 

developed by Rotenberg et al22 and improved by various contributors has become 

one of the most accurate technique for high precision contact angle measurement. 

Generally speaking, the fundamental idea of the ADSA method is to apply the best 

theoretical profile that fits the drop profile obtained experimentally. 

In this study, the axisymmetric drop shape analysis profile (ADSA-P) was 

employed to analyze the side view image of the experimentally determined sessile 

drop profile to obtain the contact length 2L and height h  of the sessile droplet as 

demonstrated in Fig. 2.4, and in turn the contact angle and volume V of the droplet 

were calculated using Eq. III.13 & III.14, respectively. 
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   (III.14) 

 
Fig. 2.4 Snapshot of the image processing technique employed for the determination of 

the dimensions of the sessile droplet profile. 
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III.1.2.2  Scanning Electron Microscope 

The morphologies of the patterns formed on the silica wafer surface after 

evaporation of the mixtures were analyzed using the scanning electron microscope 

(SEM) available at the Centro Nacional de Microscopía Electrónica, Madrid Spain. 

The JSM 6400 with a beam voltage of 25kV , an image resolution of 10 nm and 

magnification of up to 5000  was used to study the morphologies and structures of 

the deposits. In addition, the JSM 6335F with a beam voltage of 15kV , an image 

resolution of 1.5 nm  also having a magnification of up to 5000 was used to analyze 

the structure of the patterns as well as perform elemental analysis of the composition 

of the deposits. 
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Chapter III. 2 
 
 

Wetting and evaporation behavior of 

polyelectrolyte/surfactant mixtures 
 

Abstract 

The wetting and evaporation behavior of mixtures of PDADMAC with 

different surfactants were studied by measuring the contact angle   and contact 

length L of sessile droplets of the mixture on silicon wafer. The measurements 

performed at a temperature of 25o C and relative humidities range of 30 90%  was 

carried out with the aid of an experimental setup designed for this purpose. The 

setup provided a means to measure the dimensions of the sessile droplet with time, 

and hence it was possible to follow the dynamics of the evaporation process of the 

mixture. The observed static advancing contact angle a  was dependent on the 

surfactant concentration of the mixture but independent of the relative humidity. In 

addition, the surfactant concentration dependence of a  showed that the mixture 

with SLES presented better wetting efficiency. Furthermore, a single evaporation 

stage was observed for the mixtures and this was attributed a pinning phenomenon 

which resulted in a constant contact line during the evaporation of the droplet. The 

dynamics of evaporation of the mixture was also independent of the relative 

humidity and the evaporation behavior of the mixtures was shown to be in 

agreement with theoretical prediction of the universal law of evaporation. 
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III.2.1 Introduction 

Wetting and evaporation of complex fluids such as solutions of polymers 

and surfactant as well as mixtures of polymers and surfactants on a solid substrate 

is a complex phenomenon which comprises of several physicochemical processes 

such as solvent evaporation, solute diffusion and adsorption at the various 

interfaces.1-2 In general, the behavior of a sessile liquid droplet depends on its 

interactions with the surrounding vapor phase and the substrates molecules, and 

typical interaction parameters include surface tension, surface energy, diffusion 

coefficient, temperature etc.3 In particular the spreading dynamics of sessile 

droplets of complex fluids are strongly influenced by these parameters, this is 

because spreading is an interfacial phenomenon and the presence of the surface 

active agents in most complex fluids will alter the surface free energies of the 

interfacial regions surrounding the sessile droplet.4 Also, when the constituents of 

the complex fluid are soluble and non-volatile, it has been shown that the dynamics 

of evaporation of the complex fluid is not altered considerably from that of pure 

water.5-6  

Spreading is an interfacial phenomenon and understanding the spreading of 

multicomponent systems like polyelectrolyte/surfactant mixtures is important for 

most industrial applications such as oil recovery, cosmetics etc. In such systems, 

the constitutents may be transported at different rates to the TPC line and the 

preferential adsorption of one component at any of the three phases can have strong 

effects on the surface free energies, and consequently on the observed contact angle. 

In most cases, the timescales associated with the spreading process corresponds to 

the diffusion times of the components in the mixture and some adsorption-

desorption barriers at the different interfaces. In addition, the solute diffusion might 

result in non-uniform concentrations of the surface-active constituents. These 

variations in concentration will ultimately lead to liquid-vapor surface tension 

gradients that must be balanced by shear stresses in the bulk fluid. This flow-

induced surface tension gradients is known as the Marangoni effect. The Marangoni 

effect is known to transport surface active ingredients along the liquid surface, 

hence producing a spontaneous motion of the surface that enhances spreading of 

the liquid.7-8 Furthermore, the presence of the surface-active components at the 

liquid surface can modify its surface rheological properties which might also impart 

the motion of the TPC line. On the other hand, some components of the mixture 

will strongly adhere onto the solid phase (e.g. polymer deposition and adhesion on 

solid substrates) leading to a strong pinning of the TPC line.1, 9-10 When this 

happens, the spreading of the liquid is minimized and the evaporation of the liquid 

proceeds with a constant contact length.10 
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Much of the previous works on complex fluids were limited to the spreading 

and evaporation of single component systems of surfactants or polymers on 

different substrates.11-12 Stoebe et al.13 and coworkers showed that the spreading of 

surfactant solutions over solid hydropbobic substrates depends on the transfer of 

the surfactant molecules unto the solid substrate which was also supported by the 

work of Starov et al.8  

In the current study, the wetting and evaporation behaviors of PDADMAC-

SLES and PDADMAC-SLMT mixtures were studied by measuring the dimensions 

of sessile droplets of the mixtures on silicon wafer as a function of time. 

Measurements were performed at 25o C and at relative humidities of 30%,60% ,    

and90%  in a special chamber designed for this purpose. The static advancing 

contact angle a of the mixture on silicon wafer were estimated from the dimensions 

of the sessile droplets and these were used to describe the wetting behavior. For 

both mixtures, a  was shown to be dependent on the surfactant concentration of the 

mixture but independent of the relative humidity. Comparison of the wetting 

behavior of the mixtures showed that the PDADMAC-SLES mixtures presented 

better wetting efficiency which was attributed to the higher adsorption of the 

surfactant at the solid/liquid interface.  

The evaporation process of the mixtures was described using the time 

dependence of the contact angle and contact length of the sessile droplet on the 

silicon wafer. The process of evaporation of the mixtures was shown to proceed in 

a single stage with a constant contact length of the sessile droplet, which was 

associated with the pinning of the contact line. In addition, the dynamics of 

evaporation was independent of the surfactant concentration of the mixture and the 

water content of the surrounding vapor. Furthermore, the evaporation rate of the 

mixtures was same as that of pure water, and this is in agreement with the work of 

Moroi and coworkers5 who showed that the evaporation of water molecules from 

surfactant solutions was unaffected by the presence of the adsorbed surfactant 

monolayers. In addition, the universal law on the evaporation of sessile droplets 

correctly predicts the evaporation behavior of the mixtures on silicon wafer.  
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III.2.2 Results and Discussions 

The measurement of the contact angle and contact length L of sessile 

droplets on silicon wafer has been employed to study the wetting and evaporation 

behavior of PDADMAC-SLES and PDADMAC-SLMT mixtures. The observed 

tendencies are presented and discussed below.  

III.2.2.1 Wetting Behavior of the Mixtures 

The wetting and spreading behavior of complex fluids is determined by the 

interfacial processes taking place at the three-phase region.4 The tendency of a 

solution or mixture to wet a solid substrate can be described in terms of the static 

contact angle following the work of Zisman et al.14 The variations of static 

advancing contact angles with surfactant concentration for sessile droplets of 

PDADMAC-SLES and PDADMAC-SLMT mixtures on silicon wafer are depicted 

in Fig. 2.1. The measurements carried out at low to high relative humidity 

conditions indicate that the surrounding water vapor content had a negligible 

influence on the wetting behavior of the mixtures on the solid substrate.  
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Fig. 2.1 Surfactant concentration dependence of the static advancing contact angle a of     

sessile droplets of (a) PDADMAC/SLES mixture (b) PDADMAC/SLMT mixtures on 

silicon wafer measured at three different relative humidities. Lines are only a guide.   

Preliminary measurements were carried out with pure water droplets on 

silicon wafer. The static advancing contact angle a  was observed to be within the 

range of 55 3o C for the relative humidity range of 30 90% . The measured a

value is in agreement with the results of Holysz and coworkers15 who obtained 

similar value at the same relative humidity range. Silicon wafers are polar and hyd- 
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-rophilic at room temperature, as such the observed a value is in agreement with 

the expected behavior.  

Furthermore, the presence of hydroxyl groups on the surface silicon wafers 

is an indication there is a strong tendency of the surface to adsorb water molecules 

from the surrounding vapor,15-16 but it appears that the presence of water molecules 

on the surface of the silicon wafer had a negligible effect on the surface free energy 

of the substrate. This is is completely logical considering that in the presence of the 

water molecules, the hydrophilic wafer surface remains hydrophilic.  

Rationally, the wetting behavior of the mixtures on silicon wafer was also 

observed to be independent of the humidity condition as displayed in Fig. 2.1. The 

estimated contact angle values at the different relative humidities were within the 

allowed 5%  margin of error for the measurement technique. The wetting behaviors 

of the low surfactant concentration mixtures are the same as that of pure water as 

evidenced by the a  values. This region corresponds to the surface tension plateau 

region from the equilibrium adsorption isotherms of the mixtures presented and 

discussed in Chapter II.1 & II.2 for which the surface tensions of the mixtures were 

similar to that of pure water. Beyond this region, a was observed to decrease with 

increasing surfactant concentration which again corresponds to the region of 

decreasing surface tension. However, the negative slope of this decreasing a  region 

is higher for the PDADMAC-SLES mixtures. It should be pointed out that the same 

tendency was observed with the surfactant concentration dependence of the 

liquid/vapor surface tensions of the mixtures. This essentially reflects the role of 

liquid/vapor interfacial tension lv  in the wetting behavior of these mixtures. 

Finally, a a -plateau region is observed at higher SLES concentration which 

corresponds to the critical micellar concentration of the mixture but this plateau 

region appears to be absent in the case of the PDADMAC-SLMT mixture. An 

understanding of the observed different wetting behaviors will require some 

theoretical analysis of the static advancing contact angle data as well as the 

liquid/vapor interfacial adsorption data. 

PDADMAC-SLES mixtures displayed better surface wetting efficiency as 

evidenced from the slope of the plots above. To gain better insights into the wetting 

behavior of surfactant solutions and mixtures, plots of the adhesion tension have 

been employed to provide phenomenological correlation between a  and surfactant 

adsorption at the three-phase region.4, 17-18 Combining the Young’s equation and the 

Gibbs adsorption isotherm, a relationship between a  and surface excess 

concentration can be obtained as; 
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  (III.15) 

where coslv a   is the adhesion tension and ij is the surface excess concentration 

of the surfactant at the various interfaces. For solutions or mixtures of nonvolatile 

components like surfactants and polymers, one can assume that there is negligible 

adsorption at the solid-vapor interface,4 hence, 0sv  . The slope of the plot 

coslv a   vs lv gives the ratio sl lv  which can be used as an indication of the 

adsorption at the solid-liquid interface relative to the liquid-vapor interface. For 

pure liquids, a slope of 1  is observed for all bulk concentrations of the liquid while 

for most surfactant solutions and mixtures, specific adsorption effects results in 

deviation from this slope value.4, 17 Gau and Zografi17 obtained a non-linear 

relationship between cos a  and lv  for aqueous solutions of pentaethylene glycol 

monododecyl ether 12 5( )C E and pentaethylene glycol monodecyl ether 10 5( )C E on 

polymethylmethacrylate (PMMA) and paraffin respectively.  
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Fig. 2.2 Cosine of static advancing contact angle a of PDADMAC/SLES and 

PDADMAC/SLMT mixtures on silicon wafer vs equilibrium liquid/vapor interfacial 

tension lv . Lines are only a guide for the eye.   

Figure 2.2 depicts the relationship between cos a  and lv for PDADMAC-

SLES and PDADMAC-SLMT mixtures on silicon wafer. The liquid/vapor 

interfacial tensions of the mixtures were obtained from the equilibrium adsorption 

isotherms measured with the pendant drop technique. In both cases, the relationship 

appears to be non-linear and two different wetting regimes can be deduced. The 

breaks in each plot occurred at different lv  which is in line with the observation  
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of Zisman14  who stated that for solutions of wetting agents, the observed 

discontinuity in the cos a vs lv  plots depends on the nature of the wetting agent 

and not the solid substrate.  

Also, notice that the low surface tension region was extrapolated to

cos 1.0a   to obtain a critical surface tension of wetting c of the solid substrate as 

proposed by Zisman14. The c of silicon wafer estimated from the plot above was

31 1 1.mN m which is in agreement with the value obtained by Extrand and 

Kumagai,19 who employed pure liquids in their study. Hence, one can argue that the 

use of the equilibrium liquid/vapor surface tension values of the mixtures in the 

plots above is justified.  

The PDADMAC-SLES mixture showed better wetting efficiency in 

comparison to the PDADMAC-SLMT mixture as evidenced from the value of the 

slope in Fig. 2.1a. Also, wetting efficiency of the mixtures can be explained in terms 

of the slope of the plots in Fig. 2.2. For surfactant solutions and mixtures, the slope 

of the cos a vs lv  which represents the ratio sl lv   is much less than 1 which 

means that any value of lv , sl is always less than lv . Hence, a higher slope 

signifies more tendency of transfer of surfactant molecules to the solid/liquid 

interface relative to liquid/vapor interface and in essence, better wetting efficiency. 

The estimated slopes in both wetting regimes displayed in Fig. 2.2 were higher for 

the PDADMAC-SLES mixture, and this clearly supports the observation from     

Fig. 2.1 that the PDADMAC-SLES mixtures are a more efficient wetting agent 

compared to PDADMAC-SLMT. This deduction seems reasonable if one considers 

the fact that the SLES molecules contains the ethylene oxide group which imparts 

more hydrophilicity to the molecule in comparism to the SLMT. Hence, from a 

thermodynamic point view there a higher likelihood for the specific adsorption of 

the more hydrophilic molecule unto the polar substrate (silicon wafer). In addition, 

there is a higher tendency for the SLES molecules to spread at the liquid/vapor 

interface on adsorption from the mixture as was deduced from both adsorption 

kinetics and dilational surface rheological studies. The motion of the SLES 

molecules most likely generates a Marangoni flow at the liquid/vapor interface 

which ultimately resulted in the better wetting efficiency observed with 

PDADMAC-SLES mixtures. 

III.2.2.2  Kinetics of Evaporation of the Mixtures 

Having discussed the influence of surface-active constituents of 

polyelectrolyte/surfactant mixtures on wetting behavior, attention will now be 

shifted to the dynamics of evaporation of these mixtures. In general, the rate of eva- 
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-poration of liquids is determined by the transition between the liquid and its 

surrounding vapor phase as well as by the diffusion of the vapor layer some distance 

away from the free surface of the liquid.20-22 This results in a non-uniform 

distribution of the evaporative flux in the case of an evaporating sessile liquid 

droplet, with the maximum flux occurring at the TPC of the droplet.23  

In polyelectrolyte/surfactant mixtures, the non-uniform evaporation leads to 

an inhomogeneous distribution of the mixture constituents within the droplet which 

can result in surface tension gradients. The resulting effect is a solutal Marangoni 

flow directed towards or away from the TPC line culminating into the pinning of 

the contact lines.24 The evaporation behavior of solutions and complex fluids has 

been studied by observing the evolution of the contact angle of a sessile droplet of 

the fluid with time.25-26  

 III.2.2.2.1 First stage of evaporation 

The evolution of the contact angle    and contact length L  of a sessile droplet 

of a PDADMAC-SLES mixture ( 2.62 )SLESC M  during evaporation on a silicon 

wafer at a relative humidity of 60%  is displayed in Fig. 2.3. There is an initial 

spreading of drop for a period of a fraction of a second, then followed by a single 

stage of evaporation. Longer spreading periods were observed at higher SLES 

concentrations. Due to the limitations of the camera employed in this study, it was 

difficult to analyze the initial spreading process of the droplet.  
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Fig. 2.3 Evolution of contact angle   and contact length L  of a sessile droplet of 

PDADMAC/SLES mixture ( 2.62 )SLESC M  during evaporation on a silicon wafer at 

relative humidity of 60% .   

During the evaporation process of the mixture on the silicon wafer, the contact 

length remained constant while   decreased continuously with time for the whole  
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duration of evaporation. The constant contact length might be due to the pinning of 

the droplet on the silicon wafer as a result of deposition of PDADMAC, SLES and 

PDADMAC-SLES complexes at the TPC line. The solutal Marangoni flow within 

the evaporating droplet drags PDADMAC and SLES ions towards its perimeter, 

thus leading to an increased concentration of these ions near the droplet edge and 

then its eventual deposition. The idea of solutal transfer leading to pinned contact 

lines has been presented by Deegan and coworkers27 who studied evaporating 

droplets of suspensions of polystyrene.  

Similar evaporation process was also observed at relative humidities of 30%    

and 90%  with the only difference been in the evaporation time of the droplet. In 

essence, the evaporation rate of the mixture on the silicon wafer varies with the 

water content of the surrounding vapour while the process of evaporation remained 

unchanged. Furthermore, the trends in the relative humidity dependence of the 

evaporation rate and the time evolutions of  and L was similar for the PDADMAC-

SLES mixtures and the PDADMAC-SLMT mixtures at all surfactant 

concentrations studied here. 

 III.2.2.2.2 Second stage of evaporation 

The second stage of evaporation of sessile droplets on a solid substrate is 

characterized by a decrease of contact length L and constant contact angle  with 

time. However, in the case of the mixtures on silicon wafer, the pinning of the 

contact line ensured that L remained constant until the drop completely disappears. 

Hence, the second stage of evaporation was not observed with the mixtures. Several 

studies on the evaporation of sessile droplets of most complex fluids have also 

revealed strong pinning of the contact line resulting in the absence of the second 

stage in the evaporation process.28-29 In the entire drying process of sessile droplets 

of mixtures of sodium polystyrene sulfonate and sodium chloride on a glass 

substrate, Kaya et al.30 aslo observed a linear decrease of the contact angle  . This 

similar to behavior observed with the PDADMAC-SLES and PDADMAC-SLMT 

mixtures, which signifies the absence of a second stage of evaporation.  

 III.2.2.2.3 Adsorbed Surface Layers and Evaporation Rate  

When the air/water interface is covered by a monolayer, the evaporation rate 

of water should be retarded. However, Moroi and coworkers5 have shown that 

absorbed monolayers of surfactants do not provide any additional barrier to the 

evaporation of water.  In the current study, a comparison between the evaporation 

rates of pure water and that of the mixture is made following the work of Doganci 

and coworkers.6 Assuming that the rate of volume change of the sessile droplet, in 

essence the evaporation rate, is diffusion-controlled, the authors derived the follow- 
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-ing equation; 
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where oV and V are the initial volume of the sessile droplet and its instantaneous 

volume at a given time t  respectively, and (f   is fairly a constant and have been 

shown to vary slightly for different substrates.26 Furthermore, given that
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, where D is the diffusion coefficient of vapor, ll  

is the density of the liquid, oc  and c  are the vapor concentration at the droplet 

surface and at an infinite distance from the droplet surface respectively, one would 

expect that wK is a constant and mainly depends on the properties of the vapor. 

Hence, the slope of the plot of 2/3 2/3

oV V vs t  should gave an indication of the 

evaporation rate of the liquid.   

A comparison of the time dependence of the relative volume of the 

evaporating sessile droplets of PDADMAC-SLES mixture, SLES solution, 

PDADMAC and pure water is depicted in Fig. 2.4. The estimated slopes of the plots 

above were the same within an experimental error of 5% . This means that the rate 

of water evaporation from the mixtures and solutions is the same as that from pure 

water.  
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Fig. 2.4 Plots of 
2/3 2/3

oV V  vs time for evaporating sessile droplets on a silicon wafer at a 

relative humidity of 30% .   

The reason for the similarity in the evaporation rates of water from the surface  
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containing an adsorbed layer and that of pure water is due to the location of the 

adsorption layer. Moroi and coworkers5 pointed out that there exist a finite layer of 

water molecules between the adsorbed monolayers of surfactants and the air/water 

interface and that water molecules move faster than the surfactant molecules. 

 III.2.2.2.4 Theoretical Analysis of Evaporation of the mixtures 

The universal laws describing the various stages of evaporation has been 

presented in Chapter III.1. It was shown that for the first stage of evaporation, the 

integral
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 , where  r  and a  are respectively the static 

receding and advancing contact angles obtained from the experimental data, gives 

a universal description of the behavior of sessile droplets. In addition, the 

evaporation of PDADMAC-SLES and PDADMAC-SLMT mixtures were observed 

to take place in a single stage, hence this equation is applied in the theoretical 

analysis of the experimental evaporation data. Since a single stage of evaporation 

was observed, r was taken as the last measurable contact angle of the evaporating 

sessile droplet.  

The solution to the integral has been developed into a mathematical code and 

programmed on EXCEL by Semenov et al.31 Comparison of the theoretical 

behavior and the experimental evaporation data of the mixtures is depicted in           

Fig. 2.5 and it shows that there is a very good agreement between the evaporation 

behavior of the mixtures and the theoretical prediction. It should be pointed out that 

this agreement is universal irrespective of the humidity condition.   
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Fig. 2.5 Dependence of contact angle   on dimensionless time  for the evaporation of 

the mixtures at a relative humidity of 30% . Solid line is the theoretical solution to the 

equation for the first of evaporation according to Semenov et al.31  
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II.3.3 Conclusions 

The wetting and evaporation behaviors of PDADMAC-SLMT and 

PDADMAC-SLES mixtures on silicon wafer have been presented. Wetting and 

spreading of these mixtures involves a complex interfacial process which can be 

studied by measuring the static advancing contact angle a  of a sessile droplet of 

the mixture on a solid substrate. The measured a  depends on the surfactant 

concentration of the mixtures and the observed dependencies showed similar 

tendencies as the surfactant concentration dependence of the liquid-vapor surface 

tension lv  of the mixtures. Also, a  was shown to be independent of the water 

content of the surrounding vapor as evidenced from measurements performed in the 

relative humidity range of 30 90% .  

PDADMAC-SLES mixtures showed better wetting behavior as confirmed 

from the slope of the surfactant concentration dependence of a  plots. This was 

further substantiated with the cos a  vs lv  plots from which it was concluded that 

higher relative solid/liquid interfacial adsorption in the case of the PDADMAC-

SLES mixtures contributed to its higher wetting efficiency in comparison to the 

PDADMAC-SLMT mixtures. Furthermore, given the hydrophilic nature of the 

SLES molecule, the idea of higher adsorption at the polar silicon wafer surface in 

the case of the PDADMAC-SLES mixtures should be plausible. Additionally, the 

better wetting efficiency of PDADMAC-SLES mixtures was also attributed to the 

dissociation tendency of the PDADMAC-SLES complexes on adsorption at the 

liquid/vapor interface as deduced from the kinetics of adsorption and the dilational 

surface elasticity of the mixtures. Although the mechanism of the dissociation of 

the complexes is not fully understand, one can argue that the dissociation process 

might generate a solutal marangoni flow that is responsible for the enhanced wetting 

efficiency observed with the PDADMAC-SLES mixtures.  

The evaporation of the mixtures proceeded by a single stage as evidenced 

from the time dependence of contact angle and contact length of sessile droplets of 

the mixture on silicon wafer. This was attributed to the pinning of the TPC line 

resulting from the deposition of the constituents of the mixtures at the perimeter of 

the droplets. It was also observed that the evaporation behavior of the mixtures was 

the same irrespective of the surfactant concentration or the relative humidity. 

Furthermore, it was shown that the adsorbed surface layers does not provide any 

barrier to evaporation of water, as the rate of evaporation of the mixtures was similar 

to that of pure water. This is in agreement with previous work on adsorbed 

surfactant monolayers5 where the authors described the existence of a finite layer 

of water molecules between the free liquid/vapor surface and the location of the ad- 
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-sorbed monolayer. Finally, the theoretical analysis of the the experimental data 

showed that the evaporation behavior of the mixtures are in good agreement with 

the prediction of the universal law of evaporation.  
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Chapter III.3 
 
 

Pattern formation in evaporating 

sessile droplets of the mixtures 
 

Abstract 

The structure of the patterns formed on silicon wafer during the 

evaporation of sessile droplets of PDADMAC-SLES mixtures and 

PDADMAC-SLMT mixtures containing no added salt have been described 

here. The observed patterns were similar for both mixtures and depend on 

the surfactant concentrations. The patterns were composed of a peripheral 

coffee ring made of PDADMAC and PDADMAC-surfactant complexes 

followed by a secondary region composed of dendrite structures of NaCl 

uniformly distributed in the interior of the pattern. At the highest surfactant 

concentration studied, an accumulation of large salt dendrite structure was 

observed around the center of the pattern.   
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III.3.1 Introduction 

The drying of sessile droplets of complex fluids typically leads to the 

formation of intricate patterns on the solid substrate. The pattern formation is the 

result of a combination of multi-scale transport and fluid flows and interactions 

between the substrate and the constituents of the complex fluid.1 These patterns 

formed from dried droplets of complex fluids have attracted numerous interests due 

to their relevance in important industrial applications such as ink-jet printing, 

biodeposition, micro-coating etc,2-4 and much research has been undertaken to 

obtain a better understanding of the physical mechanisms involved in the pattern 

formation during evaporation of a variety of complex fluids.5-6 

One commonly encountered pattern is the “coffee ring” structure which was 

first described by Deegan et al.7, who explained that evaporation induced a flow 

due to surface tension and thermal Marangoni stresses that led to the deposition of 

solute particles in a ring around the edge of the drop. Other droplet evaporation 

patterns like a uniform ring-like deposit8 and multiple zone patterns with complex 

crystalline features in the centre of the deposit have also been observed.9 However, 

useful application of the pattern formation from dried droplets requires the 

systematic control of the shape of the deposits, as it could be preferable to have a 

uniform homogeneous deposit rather than the hollow ring-like deposit. Poulard et 

al.4 proposed that the control of the deposit morphology can be achieved by 

manipulating the specific interactions between the solute and solvent. Recently, 

Anyfantakis et al.10 showed that the coffee-ring effect can be suppressed during the 

evaporation of droplets of colloidal suspensions of polystyrene particles by varying 

the surfactant concentration. 

Generally, the variation in the droplet shape during evaporation strongly 

influences the morphologies of deposits observed, and two possible mechanisms 

have been put forward.11 One possible scenario involves a situation where solvent 

evaporation at the contact line causes it to recede towards the center of the drop, 

and the contact line is unpinned during the evaporation process. In a contrasting 

situation, solvent evaporation at the contact line generates a capillary flow within 

the drop, and the solvent molecules within the drop are transferred to contact line 

to replace the evaporated solvent. In this case, the contact line is pinned and the 

constituents of the fluid are carried to and deposited at the contact line by a force 

generated by the capillary flow.11 In addition, convective flow, generated by 

Marangoni forces due to surface tension differences during droplet evaporation, 

possibly contributes to the pinning of the contact line.12 

Dessication of droplets of biological fluids containing proteins and electroly- 

 



Wetting and evaporation of polyelectrolyte/surfactant mixtures Part III 
 

                                                                                                                                   206 
 

 

-tes on glass substrate to produce interesting self-assembled patterns has been 

linked to a contact line-enhanced evaporation.9 The authors also reported the 

accumulation of salt at the center of the pattern. Gorr et al.1 also reported that the 

structures produced on evaporation of lysozyme solutions on silicon wafer varied 

according to the salt concentration. The authors observed a receding contact line 

during evaporation of the solution without salt while strong pinning of the drop 

edge for solutions with salt led to different hierarchical structure. They also reported 

a central region of the formed patterns composed of salt deposits.1 Yakhno13 also 

observed NaCl crystals within the gel matrix formed on drying droplets of two 

different protein-salt solutions on a glass substrate. Furthermore, dessicated 

droplets of sodium polystyrene sulfonate-sodium chloride solutions where observed 

to compose of concentric rings of the salt and a needle-like salt crystal in the middle. 

Kaya et al.11 suggested that the pinning of the contact line due to polymer deposition 

encouraged the growth of the salt crystals.  

In the current study, the different patterns formed on silicon wafer on 

evaporation of sessile droplets of PDADMAC-SLES and PDADMAC-SLMT 

mixtures with no added salt have been studied. Two different scanning electron 

microscopes (SEM)-previously described in III.1.2.2- were employed to visualize 

the patterns as well as analyze the elemental compositions of the different regions 

of the patterns. The SEM image revealed that the patterns were composed of a 

peripheral coffee ring structure and a uniform distribution of crystal-like structures 

in the interior. Also, a region of precipitated crystals was observed around the center 

of the pattern at the highest surfactant concentration studied.  

The peripheral structure whose width was constant irrespective of the 

surfactant concentration was described as deposit of PDADMAC and PDADMAC-

surfactant complexes. PDADMAC deposition at the periphery of the drop is favored 

due to the strong interaction between the polycation and the negatively charged 

silicon wafer surface, and this resulted in pinning of the sessile droplet during the 

evaporation process. The crystal-like structures were shown to be NaCl crystals 

formed during the drying process. The binding of the anionic surfactant to the 

polycation liberated the corresponding counterions in the mixture which 

precipitated to form the salt crystals. The size of salt crystals was observed to 

increase with surfactant concentration. This was associated with the increase in the 

counterions concentration beyond the solubility region which in turn promoted the 

growth of larger sized crytals.  

Based on the evaporation data and the structure of the deposits, it was 

proposed that the process of droplet evaporation and pattern formation was the same 

for sessile droplets of both mixtures irrespective of the surfactant concentration.  
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During droplet evaporation, the transport of the counterions to the periphery due to 

capillary and marangoni flow was opposed by the inward flow of the counterions 

due to concentration gradients. The high evaporation rate at the droplet periphery 

due to pinning of the contact line concentrates the salt ion around this region and 

Kaya et al.11 noted that rings of salt crystals should begin to form around the rim of 

the coffee ring. However, the Mullins-Sekerka instabilities caused by anisotropic 

surface tension at the liquid-solid interface disrupts the formation of the salt ring 

and rather promotes the growth of dendrite-like structure.  

In the case of the mixtures, it was explained that the deposition of PDADMAC 

on the silicon wafer created the anistropic surface tension at the liquid-substrate 

interface within the evaporating droplet, and this created the instabilities that 

promoted the growth of the salt dendrite structure. In addition, the inward flow of 

the counterions resulted in a uniform distribution of the salt crystals throughout the 

interior of the dried pattern. Finally, the accumulation of dendrite structures around 

the droplet center at the highest surfactant concentration studied was associated 

with the precipitation of the excess counterions present in the mixture.   
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III.3.2  Results and Discussions 

Droplets of the mixtures (3 4 )L were placed on the silicon wafer and 

allowed to dry in ambient conditions. The resulting patterns were covered with a 

layer of gold to make them conductive, then the scanning electron microscope was 

used to examine the small scale structure of the deposits as well as perform an 

elemental analysis of different regions of the pattern. The observed images and 

compositions of the deposits are presented and discussed below. 

Prior to the discussion, it is important to point out that the mixtures of 

PDADMAC and the anionic surfactant (SLES or SLMT) were composed of 

PDADMAC-SLES or PDADMAC-SLMT complexes, as observed from 

turbidimetric and DLS measurements. In addition, electrophoretic mobility 

measurements indicated that these complexes were present in the mixture with an 

excess positive charge (Chapters II.1 and II.2). Furthermore, the binding of the 

anionic surfactant to the polycation will result in the release of the corresponding 

counterions (Na+, Cl-) as free ions in these mixtures. 

III.3.2.1  Elemental analysis of the pattern 

Scanning electron microscope images of the dried droplets of the mixtures showed 

that similar structures were observed in all the cases studied here. Carbon is present 

in large quantities in both the polyelectrolyte and surfactants, and the height of its 

spectrum in the plot would obscure the other spectra present in smaller amounts, 

hence the spectra of carbon and that of gold have been eliminated from the plots.   

The elemental analysis of the droplet edge was carried out at three different 

portions namely (1) outside the rim of the droplet (2) inside the rim of the droplet 

(3) near the interior of the droplet as depicted in Fig. 2.1. Outside the edge of the 

droplet, silicon, Si, is the only element present as observed in 1, while the presence 

of other elements are obvious inside the rim and towards the interior of the droplet. 

The proportion of chlorine present in PDADMAC is higher in 2 compared to 3, 

while the reverse is the case for the Si. This is an indication that the edge of the 

dried droplet is composed of PDADMAC and the amount of the polyelectrolyte in 

the rim decreases towards the interior of the droplet. In addition, the increasing 

proportion of Si from 2 to 3 would indicate that the thickness of the deposit is 

reduced.  Furthermore, the presence of small amounts of other elements such as Na 

and S present in the surfactant in the edge possibly shows that PDADMAC is 

present as either the free polyelectrolyte or in the combined form as polyelectrolyte-

surfactant complexes.  

The interior of the dried droplets of the mixture is filled with crystal structures  
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and the analysis of the elements present in this structure is shown in Fig. 2.2. Again, 

it is important to point out that the increased proportion of Si further confirms the 

decreasing thickness of the deposit away from the rim of the droplet. The equal 

proportion of Na and Cl would indicate the formation of a structure composed of 

both elements in the ratio of 1:1. These structures are possibly NaCl salt crystals 

formed from the the counterions released during complexation of the PDADMAC 

and the anionic surfactants in the mixture. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2.1 Elemental analysis of different portions of the edge of the dried droplet of the 

mixture  

 

 

 

 

 

 

 

 

 

Fig. 2.2 Elemental analysis of the crystal structure distributed in the interior of the dried 

droplet of the mixture  
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III.3.2.1.1 Patterns of PDADMAC/SLES and PDADMAC/SLMT mixtures  

Scanning electron microscope images of dried droplets of PDADMAC-SLES 

mixtures with different SLES concentrations are presented in Fig. 2.3. The key 

observations from these images is the similarity in the patterns and the variation of 

the structure of the deposits with SLES concentration. The deposits covered the 

entire wetted area and its morphology is consistent with the well reported coffee-

ring structure.6, 14 The patterns are composed of a peripheral ring with a distinct 

dark color, followed by a uniform distribution of crystal-like structures that starts 

from the rim and covers the entire pattern. A separate crystalline structure begins to 

accumulate in the center of the deposit as the SLES concentration increases. 

Similarly, these distinct regions are also present in the dried deposits of 

PDADMAC-SLMT. However, one observes that the accumulated crystalline 

material is displaced from the center of the deposit as depicted in Fig. 2.4.  

 

 

 

 

 

 

 

Fig. 2.3 SEM images of dried droplets of PDADMAC-SLES mixtures with SLES 

concentrations of (a) 
510 /g g

 (b)
410 /g g

 (c) 
310 /g g

  

For ease of discussion, the pattern is partitioned into three regions referred to 

“Region 1”, “Region 2” and “Region 3” as illustrated in Fig. 2.5 and Fig. 2.6 for 

the dried droplets of PDADMAC-SLES mixture and PDADMAC-SLMT mixture 

respectively. 

 

 

 

 

 

 

Fig. 2.4 SEM images of dried droplets of PDADMAC-SLMT mixtures with SLMT 

concentrations of (a) 
610 /g g

 (b)
510 /g g

 (c) 
310 /g g
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Region 1 is the perimeter of the pattern i.e. the coffee ring which is obvious 

in all of the deposits. Similar peripheral ring has been reported for dried droplets of 

most complex mixtures.1, 6 The width of the ring seems to be independent of the 

surfactant concentration for both mixtures, which might suggest that the 

composition of the ring is essentially the same in all cases. This is consistent with 

the constant PDADMAC concentration (5 / )g L employed in all the mixtures and 

the elemental analysis which showed that the ring is composed of PDADMAC or 

PDADMAC-surfactant complexes. In addition, cracks are observed in the ring area 

which more obvious with the PDADMAC-SLMT deposits. This is associated with 

the release of internal stresses that accumulate during the drying process.1 This 

stress accumulation is related to the competition between the adhesion of deposits 

to the solid substrate and the shrinkage of the deposits due to drying, and this causes 

cracks to appear around the contact line.1, 15-16  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5 Dried droplets of PDADMAC-SLES mixtures of SLES concentration of 
310 /g g

illustrating the three distinct regions.  

Region 2 is the secondary area of the deposits which is made up of crystal-

like structures distributed uniformly within the pattern. These structures are NaCl 

crystals formed as a result of the release of counterions during the binding of the 

anionic surfactant to the polycation as pointed out in the elemental analysis.         

Kaya et al.11 noted that the growth of the salt crystals can be related to an anisotropy 

of surface tension between the substrate and the droplet mixture. The authors stated 

that this difference in surface tension will result in a concentration gradient that fav- 
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-ors the growth of the salt crystals and that crystals generally grow towards 

polymeric surrounding. Here, it was observed that in the dried droplets of both 

mixtures, the salt crystals start forming from the edge of the pattern and are 

distributed uniformly toward the center of the droplet. It is important to emphasize 

that these mixtures were prepared without added salt, and that the salt crystals 

observed resulted from the counterions present in the mixture. This is contrary to 

other reports on salt crystal formation where inorganic electrolytes were initially 

added to the complex mixtures.9, 11, 17  

Region 3 is a unique accumulation of the crystal structures only observed at 

the highest surfactant concentration studied here. The salts crystals are larger than 

those present in region 2. One possible explanation for this large-sized salt crystals 

might be related to the direction of crystal growth observed in region 2. As the salt 

crystals grows from the edge of the pattern toward the center during evaporation of 

the droplet, the large concentration of counterions present at the highest surfactant 

concentration will be accumulated around the center of the drop resulting in the 

formation of large salt crystals in the region. This is plausible given that the 

evaporation rate for all the mixtures is relatively the same and the formation of these 

patterns have been reported to depend on the rate of drying.9, 11 In addition, the fact 

that region 2 was observed in all dried droplets is an indication that the mechanism 

of pattern formation is the same irrespective of the surfactant concentration.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6 Dried droplets of PDADMAC-SLMT mixtures of SLMT concentration of 
310 /g g

illustrating the three distinct regions. 
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Furthermore, in an attempt to explain the opposite behavior of the 

polyelectrolyte-surfactant complexes and NaCl, one has to recall that the 

Marangoni stress which determines the the direction of flow in the droplet during 

evaporation depends on the liquid-vapor surface tension gradient ,( )T Pc



. In the 

systems studied here, the polyelectrolyte-surfactant complexes are surface active, 

i.e. ,( ) 0T Pc
 


, whereas NaCl is surface inactive, hence ,( ) 0T Pc
 


. In any 

case, for the NaCl concentrations of the mixtures studied here, the change in   with 

respect to that of water is initially very small, although it becomes significant as the 

droplet evaporates and the solution approaches the solubility limit.   

III.3.2.1.2 Variation of crystal size with surfactant concentration 

The salt crystals formed on evaporation of the mixture droplets were observed 

to be dendrite-like structures with a number of branches as observed in Fig. 2.7 and 

2.8.  

 

 

 

 

 

 
Fig. 2.7 SEM images of dried droplets of PDADMAC-SLES mixtures depicting the 

variation in NaCl crystal size with SLES concentration (a)
510 /g g

(b) 
410 /g g

        

(c) 
310 /g g  

The physical mechanism governing self-forming dendrites from solutions 

have been studied extensively by Langer.18 The author employed the Mullins-

Sekerka instability to explain the formation of dendrites with side-branching. 

Mullins and Sekerka explained that for a diffusion-controlled crystal growth, any 

instability in the system will affect the concentration gradients and favor the growth 

of the crystal.19 The stability of a diffusion-controlled crystallization process of a 

solution on a solid surface is related to the gradient of the solute concentrations 

between the solid surface and the bulk solution and a capillary effect due to the 

surface tension at the solid-solution interface.19 Mullins and Sekerka19 showed that 

the growth of the solute crystals on the solid surface is as a result of some 

perturbations within the system which is due to variations in the local solute 

concentration gradients. Furthermore, this concentration gradient is also related to  
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the solid-solution surface tension, so that local variation of this quantity at the solid-

liquid interface is expected to enhance the magnitude of these instablilities.  

In the case of the evaporating sessile droplets of the mixtures on silicon wafer, 

the temperature of the system can be assumed to be constant so that the drying 

process is diffusion-driven. Also, in the solid-liquid equilibrium, the salt 

concentration in the droplet is much greater than at the silicon wafer surface, thus 

NaCl molecules are constantly ejected to the solid surface in a similar way that 

latent heat is released from a melt during solidification,18 and the interfacial salt 

composition grows with time. On the other hand, the deposition of the positively  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.8 SEM images of dried droplets of PDADMAC-SLMT mixtures depicting the 

variation in NaCl crystal size with SLMT concentration (a)
610 /g g

(b) 
510 /g g

        

(c) 
410 /g g

(d) 
310 /g g  

charged complexes on the negatively silicon surface results in a charge inversion of 

the solid surface similar to the scenario reported by Guzmán et al.20 The elemental 

analysis of the pattern also revealed an increase in the height of the spectrum of 

silicon from the droplet rim to the central region which could mean that the 

thickness of the pattern formed on the silicon wafer decreases in the same direction 

as depicted in Fig. 2.9. Therefore, there is the possibility that a gradient of charge  
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distribution exists on the surface of the pattern from the more positively charged 

edge to the more negatively charged central region of the droplet as illustrated in 

Fig. 2.10. This will in essence create a gradient of surface energy on the silicon 

surface eventually leading to variations of the solid-liquid interfacial tension which 

is the likely source of the interfacial instabilities in the case of the evaporating 

droplets of the mixtures. 

 

 

 

 

 

 

 

Fig. 2.9 Depiction of the variation in thickness of the pattern formed by the evaporated 

droplet of the polyelectrolyte-surfactant mixture. The thickness of the deposit decreases 

from the edge (darker region) to the center (lighter region). 

Mullins and Sekerka19 stated that these instabilities would create a gradient in 

the interfacial salt concentration producing bulges and dimples on an initially 

growing spherical particle as shown in Fig. 2.11. The increase in the pertubations 

in the system promotes the growth of the salt crystals observed in the patterns. 

Interestingly, these interfacial instabilities are unaffected by the solute 

concentration in the bulk solution,19 and as such salt crystals were observed in the 

patterns formed for all the surfactant concentrations studied here. 

 

 

 

 

Fig. 2.10 Illustration of the charge inversion produced due to the deposition of the 

positively charged complexes on the negatively charged silicon wafer. 

Furthermore, the structures presented here consist of a main branch hundreds 

of microns long with shorter branches on the sides. Also, the side branches vary in 

size and appear to be equally spaced on the main branch. Furthermore, the size of 

these dendrites increased with increasing surfactant concentration which can be 

associated with increase in the concentration of the counterions present in the 

mixture.  Similar dendrite structure was also reported by Kaya and coworkers.11  
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The interesting aspect of the crystal formation in the current study is that they 

are self-growing and only appear in the presence of the polyelectrolyte. Hence, it 

can be presumed that the accumulation of PDADMAC at the contact line provided 

the suitable environment for crystallization of the salt as no crystal structure was 

observed with a salt solution of the same concentration as the counterions in the 

mixtures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11 Schematic illustration of (1) an initially spherical particle transformed to (2) the 

perturbed state under the influence of interfacial instabilities.19  

In addition to the presence of interfacial instabilities at the solid-liquid 

interface promoting the growth of crystal structures on the solid surface,            

Coriell et al.21 pointed out that the existence of anisotropy in the solid-liquid 

interfacial tension will cause these instabilities to be direction dependent. This is 

the underlying cause of directional dendritic growth which has been reported by       

Kaya et al.11 The crystals observed in the patterns formed on evaporation of droplets 

of PDADMAC-SLES and PDADMAC-SLMT mixtures were randomly distributed 

showing well-defined directional growth which will agree with the existence of an 

anisotropy in surface tension at the solid-liquid interface within the droplet of the 

mixture and the PDADMAC-modified substrate surface.  

III.3.2.2  Pattern formation during drying 

There was no possibility to visualize in situ the evaporation process of 

droplets of the mixtures, however, the structure of the final deposit pattern and the 

temporal evolution of the contact line should provide a postulate on how the patterns 

were formed during the drying of the droplets. Upon deposition of the droplet of 

the mixture on the silicon wafer, the contact line was pinned to the substrate due to 

the deposition of PDADMAC at the periphery of the drop. The deposition of 

PDADMAC on substrate is favored due to the strong electrostatic interaction betw- 

 

1 

Dimples 

Bulges 

2 



Pattern formation  Chapter III.3  

           217 
 

 

-een the negatively charged silicon wafer and the polycation, and the contact length 

remained constant throughout the evaporation process. Similar contact line pinning 

effect was reported for droplets of lysozyme solution on silicon wafer.1 As 

evaporation proceeds, more PDADMAC molecules and PDADMAC-anionic 

surfactant complexes are carried to and deposited at the periphery by capillary and 

solutal marangoni flow resulting in the formation of the outer ring structure depicted 

in Fig. 2.1 and 2.2. The relatively constant size of the ring is an indication that the 

coffee ring observed here is mainly due to the PDADMAC in the mixture and is 

independent of the size of the PDADMAC-anionic surfactant complex formed in 

the mixture. In addition, cracks are observed around the coffee ring which is 

associated with the release of internal stress that accumulate during evaporation. 

The pinning of the contact line creates a flow inside the drop towards the 

contact line, and as such the concentration of the constituents of the mixture is high 

near the periphery of the drop. However, the flow of the counterions towards the 

center due to concentration gradients creates a competing flow away from the 

contact line. High evaporation rate around the contact line continually concentrates 

the counterions around the contact line, driving the region around the contact line 

to attain the concentration necessary for salt crystallization. As such, salt crystals 

begin to appear around the rim of the coffee ring.  

Kaya and coworkers11 noted that the nucleation of the salt crystals will 

produce periodic concentric salt ring patterns inward towards the center of the drop 

until the Mullins-Sekerka instabilities set in and the dendritic growth is favored. In 

the case of the mixtures, it is obvious that the concentric ring of salt deposits is 

absent in the dried droplets of the mixtures. It is believed that following the 

deposition of PDADMAC on the substrate, the instabilities produced due to surface 

tension gradients at liquid-solid interface within the evaporating droplet rather 

promotes the formation of the dendrite-like structures throughout the interior of the 

droplet of the mixtures while an anisotropy in the surface tension drives the 

observed directional growth of the crystals. Furthermore, the motion of the 

counterions towards the center of the drop produced a uniform distribution of the 

salt crystals in the interior of the ring. 

The evaporation process and pattern formation is the same irrespective of the 

surfactant concentration. Hence, at the highest surfactant concentration studied 

here, it is believed that the high concentration of counterions remaining in the drop 

simply precipitates and accumulates around the center of the drop producing the 

unique accumulation of large size dendrites in this region. 
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III.3.3 Conclusions 

The experimental work presented here described the structure of the patterns 

formed by sessile droplets of PDADMAC-SLES and PDADMAC-SLMT mixtures 

on evaporation on silicon wafer. It has been shown that relative humidity and 

temperature of the surrounding influences the structure of the pattern formed by 

evaporating droplets of complex fluids,5, 11 hence, in this work, the conditions of 

temperature and humidity was kept the same in all cases. SEM images revealed that 

the patterns were composed of two distinct regions with the appearance of a third 

region at the highest surfactant concentration studied here.  

The first region was similar for both mixtures and at all surfactant 

concentrations. This was the perimeter of the pattern composed of the coffee ring 

structure with some cracks on it. This ring was associated with the deposition of 

PDADMAC and PDADMAC-surfactant complexes at the peripheral of the droplet. 

This peripheral ring was followed by a secondary region composed of crystal-like 

structures uniformly distributed in the interior, and these were described as NaCl 

crystals formed due to the precipitation of the counterions released during 

surfactant-polycation binding in the complex mixture. The size of the crystals were 

observed to increase with increasing surfactant concentration. The formation and 

growth of the salt crystals was associated with the Mullins-Sekerka instabilities 

resulting from anistropic surface tension at the mixture-substate interface within the 

evaporating drop while the distribution of the salt crystal within the interior was 

related to the competing flows generated within the evaporating drop. Furthermore, 

the excess concentration of counterions produced in the mixtures were observed to 

precipitate and accumulate around the center of the droplet forming a third region 

of large dendrite structures.  

Finally, it was proposed that the mechanism of pattern formation was the 

same in all cases due to the similarity in the observed structures of the dried droplets 

of the mixtures. 
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