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DOCTORA: 

EDNA MARCELA RAMÍREZ OROZCO  

DIRECTORA NUEVAS CREACIONES  

SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO  

E. S. D.  

 

REF. EXPEDIENTE No.: NC2018/0010549. 

SOLICITUD PATENTE: 
COMPOSICIÓN ADMINISTRABLE 
ORALMENTE 

SOLICITANTE: CTT PHARMA INC. 
 

RESPUESTA A REQUERIMIENTO OFICIAL OFICIO NO. 3504 NOTIFICADO EL 16 

DE MARZO DE 2021.  

 

CLAUDIA LUCIA CARO RAMIREZ, mayor de edad, domiciliada en Bogotá D.C., 

identificada con cedula No 40.017.374, en mi condición de apoderada de la 

sociedad CTT PHARMA INC, por el presente escrito y estando dentro del término 

legal para hacerlo, doy respuesta al oficio arriba referenciado, de acuerdo con lo 

siguiente: 

 

En respuesta al oficio No. 3504, a continuación, encuentran:  

i. Respuesta a los puntos del requerimiento 

- Respuesta punto por punto a los requerimientos del examinador. 

ii. Adjunto a este memorial se presentan los siguientes documentos 

- Nuevo capítulo reivindicatorio. 

- Comprobante de pago por las modificaciones al capítulo 

reivindicatorio. 

- Extracto de los documentos citados en esta respuesta a 

requeirmiento de fondo  

o Smith et al. (Langmuir, 2009, 25 (19) 11239) 

o Liu et al. (Langmuir 2011, 27, 7926-7933) 

o Shrestha et al. (Advances in Colloid and Interface Science 

279 (2020) 102162). 
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1. Título 

 

El examinador objeta el titulo de la solicitud porque este no refleja el objeto 

y campo industrial de la solicitud de patente, el examinador recomienda 

modificar el titulo de la presente solicitud por: 

 

UNA COMPOSICIÓN ADMINISTRABLE ORALMENTE QUE 

COMPRENDE UN AGENTE FORMADOR DE PELÍCULA 

FISIOLÓGICAMENTE ACEPTABLE COMBINADO CON UNA 

COMPOSICIÓN MICELAR QUE COMPRENDE UN CANNABINOIDE, EN 

NANO MICELAS ENCAPSULADAS, UN SOLVENTE ACUOSO 

FARMACÉUTICAMENTE ACEPTABLE Y UN EDETATO 

FARMACÉUTICAMENTE ACEPTABLE 

 

El solicitante siguiendo las recomendaciones del examinador acepta la 

modificación propuesta y solicita que el título de la invención se modifique 

por el titulo propuesto por el examinador. 

 

2. De la solicitud de patente. 

 

Reivindicaciones 

 

- El examinador objeta la reivindicación 5 porque esta hace referencia a las 

marcas comerciales “Phospholipon-HTM y “Phospholipon-GTM”, las cuales 

podrían cambiar sus composiciones en el tiempo y por tanto variar el objeto de 

la invención. El examinador sugiere definir los excipientes por los nombres 

genéricos o comunes 

 

El solicitante ha realizado las correcciones respectivas en la nueva 

reivindicación 4 (antigua reivindicación 5).  
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3. Determinación de Estado de la técnica: 

 

Como resultado del examen de patentabilidad el examinador encontró los 

siguientes documentos relevantes:  

 

Ítem Documento Título 
Fecha de 

publicación 

D1 WO2015068052 
“Terpene and 
cannabinoid 
formulations” 

14 de Mayo de 
2015. 

D3 WO2010002418 

“Quick-Dissolving oral 
thin film for targeted 

delivery of therapeutic 
agents” 

07 de Enero de 
2010. 

 

4. Examen de patentabilidad 

 

Nivel inventivo 

 

Inicia el examinador comparando las características técnicas de la reivindicación 4 

de la solicitud colombiana NC2018/0010549 con la materia técnica revelada por 

D1 y D3, al finalizar dicha comparación, el examinador manifiesta que “La 

diferencia entre la invención definida en la reivindicación 1 y lo revelado en el 

documento D1, consiste en el agente formador de película del 30 al 80 % en peso.” 

(tomado del oficio 3504). 

 

Asegura el examinador que: 

“No se observa un efecto asociado a esta diferencia ya que a partir de la 

información de la descripción no es posible determinarlo. Luego de revisar 

el capítulo descriptivo y particularmente el ejemplo 1 (el único que se 

menciona en la descripción), no se observa ningún efecto técnico asociado 

a la formulación propuesta por el solicitante. Es más, no se observa que se 

solucione ningún problema técnico y que pueda comprobarse a partir de la 

información suministrada en el capítulo descriptivo, por tanto, el ejemplo 1 
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simplemente corresponde a un procedimiento para la preparación de 

“obleas nanonizadas”, pero esto no es suficiente para sustentar algún efecto 

técnico sorprendente o inesperado.” (tomado del oficio 3504).  

 

Por lo tanto, el examinador afirma que el problema técnico que se pretende 

resolver por la presente invención seria “¿cómo modificar formulaciones micelares 

que comprenden un cannabinoide y un agente formador de película, reveladas en 

el documento D1, para proveer composiciones alternativas a las conocidas en el 

estado del arte?” (tomado del oficio 3504). 

 

Manifiesta el examinador que “el documento D3 ya realizaba plenas sugerencias 

en el agente formador de película, para junto con las enseñanzas del documento 

D1, llegar a la presente invención. En el documento D3, se enseñan composiciones 

orales que contienen tiras de película fina de rápida disolución que comprenden 

agentes formadores de películas como el alginato en cantidades del 40 al 50%, la 

posibilidad de comprender un agente activo del tipo tetrahidrocanabinol y 

diferentes solventes”. (ejemplos I a IV; pág. 1, líneas 15 a 22; pág. 12, líneas 15 a 34; 

pág. 19, línea 1. D3) 

 

De acuerdo con el anterior análisis el examinador concluye que una persona 

versada en la materia al observar los agentes formadores de películas en las 

cantidades señaladas del documento D3, habría podido adicionarlos en las 

formulaciones del documento D1, y así llegar al objeto de la reivindicación 1 de la 

solicitud. Por lo cual se considera obvia.  

 

Continua el examinador manifestando que las reivindicaciones 2 a 12 tampoco 

cumplen con el requisito de nivel inventivo.  

 

El solicitante quisiera manifestar su desacuerdo con el análisis del examinador.  

 

El solicitante ha modificado la reivindicación 1 indicando que el agente formador 

de película comprende pululano y los compuestos formadores de micelas 
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comprenden un alquil sulfatos de metales alcalinos, un fosfolípido y glicerina. El 

soporte para esta modificación se encuentra descrito a lo largo del capítulo 

descriptivo, así como en el Ejemplo 1 que se encuentra en capitulo descriptivo y 

que abarca las páginas 17 a 20 del capítulo descriptivo tal y como se presentó el 1 

de octubre de 2018. Se modifico el capítulo reivindicatorio de acuerdo con esta 

modificación y se eliminaron las antiguas reivindicaciones 2 y 7. 

 

Para el solicitante es claro que los documentos citados tanto en el oficio 200538 

como en el oficio 3504 (D1 a D3) no describen o sugieren de forma alguna la 

presente invención tal y como se reivindica en este nuevo pliego reivindicatorio, a 

continuación, amplio. 

 

El documento WO2015/068052 (identificado acá como D1) enseña formulaciones 

de liposomas o micelas que comprenden uno o más terpenos y un cannabinoide 

en un solvente orgánico miscible en agua (por ejemplo, etanol) y opcionalmente, 

dichas formulaciones comprenden de forma adicional, un agente estabilizador 

como goma guar, alginato, gelatina, polivinilpirrolidona, celulosa, ácido hialurónico 

etc. Los ejemplos 1 y 2 (de D1) ejemplifican estas micelas. Es importante aclarar 

que las micelas que se obtienen en D1 son muy diferentes de las micelas 

reivindicadas en la presente invención (NC2018/0010549) las cuales se forman 

gracias a la inclusión de los tensioactivos particulares que aquí se reivindican; es 

decir, un alquil sulfatos de metales alcalinos, un fosfolípido y glicerina. 

 

Por otro lado, el documento WO2010/002418 (identificado acá como D3) describe 

una composición de película fina de disolución rápida que comprende uno o más 

polímeros solubles en agua en los que se dispersa una o más micropartículas 

sensibles al pH que encapsulan un agente bioactivo. Las micropartículas 

comprenden un copolímero que es susceptible de degradación cuando se llega a 

un pH especifico, uno de los copolímeros descritos, corresponden a polímeros 

acrílicos o metacrílicos que se degradan en presencia de un pH básico. D3 también 

describe métodos para preparar la composición de película que comprende las 

micropartículas descritas anteriormente, dicho método se encuentra en las páginas 
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24 a 27. Como se muestra en D3, las micropartículas comprenden principalmente 

un agente bioactivo combinado con un polímero sensible al pH (Eudragit) en un 

solvente, que incluye opcionalmente una pequeña cantidad de Tween-20. Dichas 

micropartículas son muy diferentes de las micelas reivindicadas en la presente 

invención y que comprenden los agentes formadores de micelas específicos (un 

alquil sulfatos de metales alcalinos, un fosfolípido y glicerina). 

 

Para el solicitante es claro entonces que los documentos citados (D1 y D3) No 

sugieren o enseñan una película que comprenda micelas formadas por un alquil 

sulfatos de metales alcalinos, un fosfolípido y glicerina que comprendan un 

cannabinoide. Por lo tanto, es claro que dichas micelas no habrían sido obvias a la 

luz de los documentos citados, ni por la combinación de los mismos. Esto último 

debido a que ni D1, ni D3 mencionan la mezcla de compuestos reivindicada para 

preparar micelas. De hecho, los documentos citados no se basan, revelan o 

incluyen el uso de tensioactivos para preparar sus micelas. 

 

El solicitante también observa que la integración de nanopartículas tales como 

micelas en películas bucales mucoadhesivas es un desafío significativo ya que 

durante proceso de formación de películas generalmente da como resultado 

agregación de las nanopartículas lo que genera la incapacidad de retener el 

tamaño de partícula nanométrico deseado de las micelas. El solicitante 

proporciona, a continuación, varias referencias para confirmar que una persona 

versada en la materia tendría que haber sabido que la agregación de 

nanopartículas (que abarcan micelas) era un desafío significativo cuando se 

combinan nanopartículas en una película polimérica tal como pululano (como se 

reivindica en la presente solicitud). 

 

- Smith et al. (Langmuir, 2009, 25 (19): 11239) este documento enseña que 

realizar una dispersión de nanopartículas en una matriz de polímero es 

intrínsecamente desafiante debido a las interacciones entrópicas desfavorables 

entre la matriz y las nanopartículas. 
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- Liu et al. (Langmuir 2011, 27, 7926-7933) enseña sobre la ocurrencia de 

agregación de nanopartículas en nanocompuestos poliméricos (ver abstract) lo 

que es un impedimento para el desarrollo de tales nanocompuestos (ver 

Introducción, primer párrafo). Liu et al. confirma que el termino nanopartículas 

se refiere tanto a nanopartículas orgánicas como inorgánicas. 

 

- Shrestha et al. (Advances in Colloid and Interface Science 279 (2020) 102162) 

establece que: 

 
In all applications, the uncontrolled aggregation of NPs can have negative 

effects and needs to be avoided. 

 

“En todas las aplicaciones, la agregación descontrolada de NPs 

(nanopartículas) puede tener efectos negativos y se debe evitarse (ver 

Resumen, traducción libre). 

 

Mientras que este documento si revela estrategias para minimizar la 

agregación, la estrategia que funcionaría en cada caso es muy particular, es 

decir, con las micelas y la matriz polimérica que se reivindica en la presente 

invención, no habría sido obvio para una persona versada en la materia, como 

se establece en la conclusión de este documento: 

 

It is also apparent that the synthesis of NPs and keeping them in a 

nonagglomerated state or carrying out controlled aggregation for specific 

applications requires considerable chemical and physical insight; 

 

(…) 

 

There are numerous examples of real-world applications of NPs, and in each 

of these technologies, a thoughtful approach to avoid and/or control 

aggregation is important. 
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También es evidente que la síntesis de nanopartículas y mantenerlas en un 

estado no aglomerado o llevar a cabo una agregación controlada para 

aplicaciones específicas requiere un conocimiento químico y físico 

considerable; (traducción libre, subrayado fuera del texto original). 

 

(…) 

 

Existen numerosos ejemplos de aplicaciones de nanopartículas en el mundo 

real, y en cada una de estas tecnologías, es importante un enfoque 

específico para evitar y/o controlar la agregación. (traducción libre, 

subrayado fuera del texto original) 

 

De acuerdo con lo anterior y en vista de los documentos citados anteriormente, 

una persona versada en la materia apreciaría claramente que la combinación de 

un polímero formador de película como el pululano con micelas sería un desafío, 

la persona versada en la materia entendería que la agregación de nanopartículas 

como las micelas es un impedimento para combinar dichos componentes, y se 

requiere un conocimiento considerable para evitar la agregación de las 

nanopartículas. Por lo tanto, para el solicitante es claro que la composición 

reivindicada no habría sido obvia para una persona versada en la materia, y que se 

requeriría una considerable experimentación para desarrollar una película que 

comprenda micelas que no se agreguen. 

 

Así, se solicita al examinador que, en base a estos argumentos, reconsidere las 

objeciones relativas al nivel inventivo de la presente invención. 

 

Por todo lo dicho, solicitamos que la Superintendencia de Industria y Comercio 

admita las modificaciones que se han facilitado, las cuales no amplían materia y 

subsanan las objeciones realizadas por el examinador. Asimismo, solicitamos que 

continúe el trámite con normalidad y se proceda con la concesión del Derecho 

sobre la Patente de la referencia. 
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Para efectos de notificaciones, recibiré estas vía internet al correo electrónico 

claudia.caro@ponsip.com, en la secretaría de esa Dirección y/o en la de la 

Delegatura de Propiedad Intelectual o en mi oficina de abogados de la Calle 94 A 

No 11A-32 Oficina 306 de la ciudad de Bogotá.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Agradezco su atención. 
 

 
CLAUDIA LUCIA CARO RAMIREZ 
CC No 40.017.374 de Tunja 
T.P. No 36.448 del C.S de la J. 
Adjunto lo anunciado. 
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Nuevo Capítulo reivindicatorio. 
 

 
1. Una composición administrable oralmente que comprende al menos un 

agente formador de película fisiológicamente aceptable en una cantidad que varía 

del 30 al 80 % en peso combinado con una composición micelar, donde la 

composición micelar comprende un cannabinoide en una cantidad que varía del 

0.1 al 30 % en peso de la composición encapsulada en nano micelas formadas 

mediante compuestos formadores de micelas cada uno en una cantidad que varía 

desde 1 a 10% en relación peso a peso de la composición total en un solvente 

acuoso farmacéuticamente aceptable, donde el agente formador de películas  

comprende pululano, y los compuestos formadores de micelas comprenden un 

alquil sulfatos de metales alcalinos, un fosfolípido y glicerina. 

 

2. La composición de la reivindicación 1, en donde los compuestos formadores 

de micelas adicionalmente comprenden uno o más de los siguientes:  alcoholes, 

ésteres o éteres de polioxietileno; ácidos biliares; lecitina, ácido hialurónico, sales 

farmacéuticamente aceptables de ácido hialurónico, octilfenoxipolietoxietanol, 

ácido glicólico, ácido láctico, ácido oleico, ácido linoleico, ácido linolénico, 

monooleína, monooleatos, monolauratos, aceite de borraja, aceite de onagro, 

extracto de manzanilla, extracto de pepino, mentol, trihidroxi oxo colanilglicina, 

lisina, polilisina, trioleína, polidocanol alquil éteres, polioxietilen 9-lauril éter, ácido 

cólico o una sal de este, ácido glicocólico o una sal de este, ácido 

quenodesoxicólico o una sal de este, ácido taurocólico o una sal de este, ácido 

glicodesoxicólico o una sal de este, ácido taurodesoxicólico o una sal de este, 

desoxicolato, esfingomielina y mezclas de estos.  

 

3. La composición de la reivindicación 1, en donde los compuestos formadores 

de micelas comprenden un polioxietileno éter, un ácido biliar, una lecitina y 

mezclas de estos. 

 

4. La composición de la reivindicación 1, en donde el alquil sulfatos de metales 

alcalinos es lauril sulfato de sodio y el fosfolípido se selecciona de lecitina 
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hidrogenada, fosfolípido saturado, lecitina enriquecida con fosfatidilcolina 

fosfolípido insaturado, fosfatidilcolina, fosfatidilserina, fosfatidiletanolamina, 

cefalina, lecitina, lisolecitina y mezclas de estos. 

 

5. La composición de la reivindicación 1, en donde los compuestos formadores 

de micelas comprenden hialuronato sódico y lecitina hidrogenada, o lecitina 

enriquecida con fosfatidilcolina y ácido glicólico, o hialuronato sódico y lecitina. 

 

6. La composición de la reivindicación 1, en donde el cannabinoide se 

selecciona del grupo que consiste en cannabidiol (CBD), ácido cannabidiol 

(CBDA), cannabinol (CBN), cannabigerol (CBG), ácido cannabigerol (CBGA), 

cannabidivarina (CBDV), ácido de cannabidivarina (CBDVA), cannabinovarina 

(CBNV), cannabigerovarina (CBGV) y cannabicromeno (CBC), delta-9 

tetrahidrocannabinol (THC), delta-8 tetrahidrocannabinol (D8-THC), ácido 

tetrahidrocannabinol (THCA), tetrahidrocannabivarina (THCV), ácido 

tetrahidrocannabivarínico (THCVA) y mezclas de estos.  

 

7. La composición de la reivindicación 1, en donde el agente formador de 

película adicionalmente comprende uno o más de metil celulosa, etil celulosa, 

carboximetil celulosa sódica, hidroxipropilmetil celulosa, hidroxietil celulosa, 

hidroxipropil celulosa, carboximetil celulosa, polivinil pirrolidona, polímeros de 

ácido metacrílico, copolímeros de ácido metacrílico, polímeros de ácido acrílico, 

copolímeros de ácido acrílico, poliacrilamidas, óxidos de polialquileno, 

carragenano, polivinil alcohol, alginato de sodio, polietilenglicol, ácido poliacrílico, 

glicolida, polilactida, copolímero de metilmetacrilato, carboxivinilo polímero, 

amilosa, almidón con alto contenido de amilosa, almidón con alto contenido en 

amilosa hidroxipropilado, ácido algínico, almidón de guisante, dextrina, pectina, 

quitina, quitosano, levan, elsinan y mezclas de estos. 

 

8. La composición de la reivindicación 1, que comprende un agente formador 

de película secundario seleccionado del grupo que consiste en goma xantana, 

goma de tragacanto, goma de guar, goma de algarrobo, goma de acacia, goma 
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arábiga, colágeno, gelatina, zeína, gluten, aislado de proteínas de soja, aislado de 

proteínas de suero de leche, caseína y mezclas de estos.  

 

9. La composición de la reivindicación 1, en donde el agente formador de 

película comprende una mezcla de pululano con uno o más agentes formadores 

de película seleccionados de alcohol polivinílico, carragenano, goma guar, goma 

xantana y goma de algarrobo.  

 

10. La composición de la reivindicación 1, que comprende adicionalmente uno 

o más de: un agente plastificante, un agente saborizante, un agente precipitante 

de azufre, un agente estimulante de la saliva, un agente refrescante, un surfactante, 

un agente estabilizante, un agente emulsionante, un agente espesante, un agente 

aglutinante, un agente colorante, un edulcorante, y una fragancia. 
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Nanoparticles (NPs) are commonly defined as particleswith size b100 nmand are currently of considerable tech-
nological and academic interest, since they are often the starting materials for nanotechnology. Novel properties
develop as a bulk material is reduced to nanodimensions and is reflected in new chemistry, physics and biology.
With reduction in size, a greater function of the atoms is at the surface, and promote different interactionwith its
environment, as compared to the bulkmaterial. In addition, the reduction in size alters the electronic structure of
the material, resulting in novel quantum effects. Size also influences mobility, primarily controlled by Brownian
motion for NPs, and relevant in biological and environmental processes. However, the small size also leads to high
surface energy, and NPs tend to aggregate, thereby lowering the surface energy. In all applications, the uncon-
trolled aggregation of NPs can have negative effects and needs to be avoided. There are however examples of con-
trolled aggregation of NPs which give rise to novel effects. This review article is focused on the NP features that
influences aggregation. Common strategies for synthesis of NPs from the gas and liquid phases are discussed
with emphasis on aggregation during and after synthesis. The theory involving Van der Waals attractive force
and electrical repulsive force as the controlling features of the stability of NPs is discussed, followed by examples
of how repulsive and attractive forces can bemanipulated experimentally to control NP aggregation. In some ap-
plications, NPs prepared by liquidmethods need to be isolated for further applications. The process of solvent re-
moval introduces new forces such as capillary forces that promote aggregation, in many cases, irreversibly.
Strategies for controlling aggregation upon drying are discussed. There are also many methods for redispersing
aggregated NPs, which involve mechanical forces, as well as manipulating capillary forces and surface character-
istics. We conclude this review with a discussion of aggregation relevant real-world applications of NPs. This re-
view should be relevant for scientists and technologists interested in NPs, since emphasis has been on the
practical aspects of NP-based technology, and especially, strategies relevant to controlling NP aggregation.

© 2020 Elsevier B.V. All rights reserved.
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1. Nanoparticles: practical relevance of aggregation

1.1. Definition of nanoparticles

Materials formedwith nanometer dimensions have properties quite
distinct from their bulk counterparts or the discrete ions that make up
thematerial. These properties aremanifested in novel reactivity, electri-
cal, mechanical andmagnetic properties. Extensive interest in this topic
is evident from the large number of publications and patents, and
these cited references are a sampling from the numerous books
and manuscripts [1–8].

Nanoparticles (NPs) are defined as a material with at least one of its
dimensions in the size range of 1–100 nm, and can appear as nanopar-
ticles, nanotubes, nanofilms and bulk nanomaterials such as dendritic
structures. Another proposed definition is that nanomaterials exhibit a
specific surface area to volume ratio greater or equal to 60 m2/cm3 [9].
In this review, we primarily deal with nanoparticles. In the nanosize
range, a large fraction of the atomsmaking up the NP are at the surface.
For example, palladium NPs of radii 1, 2, 10 and 50 nmwill have 62, 38,
8 and 2% of the total atoms on the surface of the particle.

1.2. Aggregation

NPs as synthesized, tend to be very reactive since their surfaces pos-
sess a high density of dangling bonds, and defects. Due to the small grain
sizes, the surface energy is high, and processes to reduce the surface en-
ergy through assembling of NPs can become dominant [10]. Agglomer-
ates are defined asweakly bound collection of NPs, whereas, aggregates
are tightly bound collection of NP, the latter being difficult to break up
into primary particles by mechanical forces.

Uncontrolled aggregation adversely influences the functionality of
NPs. In a media, the surface energy can decrease by dissolution into
smaller species, or aggregation [1]. In order to use and benefit from
the attractive features of NPs, both these processes need to be arrested.
Dissolution and particle growth of the remnant particles can proceed in
the reaction medium and is referred to as Ostwald ripening. Aggrega-
tion can be thwarted by coating the NP via surface engineering with
charged groups or by steric means. In that case, a NP is to be understood
as a single entity comprising both thematerial and surface groups. Strat-
egies that exploit the application of NPs require that the NPs be dis-
persed within the medium of interest without aggregation. The size of
the NPs as well as its loading will determine the strategies to minimize
aggregation.

Change of property on aggregation is manifested in many ways, in-
cluding reactivity, photoreactivity, surface area, bioavailability and tox-
icity. Reactivity is altered since less surface is exposed and is relevant for
catalysis. In environmental applications, such as pollutant remediation
by zero-valent iron particles, aggregation influences mobility, thereby
sacrificing the ability to get to the pollutant, aswell as decreasing the re-
activity. Reactivity is also influenced by particle size, e.g., with decreas-
ing size of ZnO and TiO2 aggregates, hydroxyl radical formation

increased [11]. Another example of reactivity is dechlorination of carbon
tetrachloride, where the rate decreased as 9 nmmagnetite particles ag-
gregated [12]. Attempts at stabilizing the surface reactive sites, e.g., by
means of ligand attachment can provide non-aggregated nanoparticle
dispersions [13].

Interestingly, controlled aggregation of NP is beneficial for certain
applications, e.g., aggregation into three-dimensional structures is rele-
vant for photonic, surface-enhanced Raman and magnetic applications.
Controlled aggregation is possible by a two-step process, the first in-
volving formation of well dispersed NPs, and then triggering a con-
trolled assembly via some external perturbation. This external force
can be controlled drying, electrical, optical, magnetic or chemical per-
turbation via ligand or solvent modification [3].

2. Influence of synthesis on aggregation

The synthesis method for a particular NP can have a profound influ-
ence on the aggregation characteristics. NPs are typically synthesized in
either the gas phase or liquid phase.

2.1. Gas phase

Fig. 1 shows the relevant processes for particle formation in the gas
phase. Briefly, precursors have to be generated in the gas phase, which

Fig. 1. Depiction of the various steps occurring in gas-phase synthesis of particles.
(taken from Reference [14]).
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decompose to form supersaturated states, leading to nucleation. The
next steps involve surface growth to form the primary NPs, along with
unwanted effects of coagulation and coalescence. Coagulation results
from joining of particles via collisions, and coalescence is the fusion on
particles. NPs prepared by gas-phase methods are prone to agglomera-
tion promoted by collision of particles, as well as particle growth by in-
terparticle sintering at elevated temperatures. Nevertheless, there is
considerable commercial driving force for gas phase synthesis, because
these processes tend to be rapid, and scalable to large quantities (1000
g/h) [14,15].

The eventual state of aggregation in gas phase synthesis methods is
dependent on the time-temperature profile during and after particle
growth [16]. It has been shown for silica particles that the cooling rate
determines whether the primary particles are loosely agglomerated or
sintered [17]. For flames andmicrowave plasmas, high cooling rate sup-
press sintering, whereas in hot-wall reactors, because of the lower
heating and cooling rates, large sintered aggregates are formed. Plasma
synthesis results in non-aggregated spherical particles, where size can
be adjusted by pressure and precursor concentration. Lower operating
pressures and lower concentration can minimize aggregation, but at
the expense of yield. Repulsive Coulomb interactions keeps charged
particles separated.

Flame spray pyrolysis involves evaporation of metal chlorides into
flames to produce oxides, examples being zirconia and silica. Hot wall
reactors and laser pyrolysis are other gas phase methods that are typi-
cally practiced on a laboratory scale to make nanoparticles, except for
Al-doped TiO2, which is done on a large scale in a hot wall reactor [18].

Flame spray synthesis canmake a wide range ofmaterials, including
TiO2, CeO2, Bi2O3, metal oxides with precious metal catalysts, Pt/TiO2,
Pd/CeO2, ternary mixed metal oxides, CexZryOz, indium tin oxide, spi-
nels, perovskites, fluorapatites and calcium phosphates. [16,19–21].

Plasma and chemical vapor deposition are methods to generate
nanoparticles onto surfaces of substrates. Particle nucleation and
growth proceeds from a highly supersaturated state formed via thermal
decomposition of precursors. Precursors are typically metal organics or
metal salts.

Mechanical grinding of aggregated particles is often practiced to
make nanoparticles, but the particle size is typically broad and impuri-
ties can get incorporated from wearing of the milling agent [22].

Chemically-bonded agglomerates are attractive for certain applica-
tions, e.g., catalysis, fiber optics and electroceramics (e.g. battery). By
controlling the high temperature particle residence time in flames,
fractal-like nanoaggregate structures can be formed [23].

2.2. Liquid phase

To make well-dispersed NPs in the liquid phase, one can exploit the
chemistry, viscosity of the liquid, as well as addition of surface-active
compounds [14]. Liquid-based methods can avoid agglomeration via
surface functionalization and manipulation of surface charge. The strat-
egy is to exploit the balance between attractive Van der Waals, electro-
static repulsion, hydrogen bonding, steric effects, and hydrophobic
interactions to promote NP dispersion.

The formation of NPs in the liquid phase typically proceeds from sol-
uble precursors, which go on to form a sparingly soluble species in a su-
persaturated state resulting in nucleation. The growth of the nuclei into
NP requires that the free energy of the growth process can compensate
for the formation of the new interface. In this classical model, the trans-
formation of nuclei to NP is rapid, thus concentration of nuclei in the so-
lution is not significant. Recent work is showing that this process can be
more complicated, with the existence of liquid-like prenucleation clus-
ters, which can aggregate to form amorphous clusters and evolve into
crystals, as observed for CaCO3 and CaSO4 [24].

Aggregation limited only by the diffusion of the NP to the growing
cluster, leads to highly disordered clusters [3,25]. Another strategy to
make isolated NPs is to use confinement, for example, using the water

pocket of reverse micelles or cages of zeolites for NP growth [26,27]. It
is difficult to make large quantities of NPs by these confinement
methods, and isolation of the particles is difficult.

Precipitation to purify NP and resuspension can lead to aggregation
of NP. Centrifugation is a common method to isolate NP, but the disad-
vantage is that it is a batch process and can be limited in capacity. Filtra-
tion is another route to separate NP for purification, but requires filters
with nanofiber networks, and is prone to fouling and clogging of the
nanopores.

Device fabrication can promote an inherent heterogeneity in the
particle distribution. Integration into devices will require proper spatial
control of NPs. Inkjet printing is a technology for fabrication of devices
from NPs. Electric fields and electrospinning find use for fabrication
with NPs. Simpler process for NP synthesis/fabrication appears to be
more robust. NPs stabilized by steric exclusion are more robust to
changes in ionic strength, as compared to electrostatic stabilization.

3. Stabilization of NP towards aggregation

3.1. Theory

There are different forces that can act on NP in a liquid medium, and
determine its stability, as shown in Table 1 [3,28]. When two particles
collide, either they attach or they repel. The primary attractive force is
Van der Waals (VDW). It is proportional to particle size, has a power
law dependence on interparticle distance and extends to longer dis-
tances. VDW is inversely proportional to square of particle separation
and can have extremely deep minima as particles come closer. The
basis of this attractive force is fluctuating electromagnetic fields (fluctu-
ating dipoles) generated via polarization effects. This is dependent on
the refractive index and optical properties (mainly UV relaxation) of
the intervening medium, and captured by the Hamaker constant (AH,
typical values of 0.3–10 × 10−20 J). However, if the particles get too
close to each other and result in orbital overlap, it will lead to repulsion
(Born repulsion). The entire effect can be represented by a Lennard-
Jones potential.

The repulsive forces arise from the electrical double layer (EDL)
around the particles. The EDL arises from the charged surface and coun-
terions around it. The charge can also develop due to the surface OH
groups (on deprotonation the charge is negative, on protonation, the
charge is positive). As the particles approach, and the EDL begins to
overlap, and there is repulsion. A measure of the electrical potential
and its charge can be estimated from zeta potential (ZP). ZP is the
charge at the shear plane (Stern plane), and not the charge on the par-
ticle surface. EDL scales as square of ZP and decreases exponentially
with distance from the particle surface. The fall off is given by the
Debye-Huckel parameter and its inverse is a measure of the thickness
of the diffuse layer that moves with the particle. The diffuse layer

Table 1
Forces influencing the stability of NPs in liquid medium.
(adapted from Reference [10]).

Force Influence

Van der Waals Short range electromagnetic force between NPs,
attractive in nature

Electrical double layer Electrical interaction between NP due to the overlap of
electric double layer, typically repulsive

Hydration force Interaction between water molecules on hydrophilic
NPs, repulsive in nature

Hydrophobic force Attractive interaction between hydrophobic NPs in
water

Steric, electronic and
electrostatic forces

Surface coatings; Inorganic, Surfactants, polymers and
polyelectrolyte on NP surfaces. Polymers can form
bridges leading to osmotic forces for interpenetrates
chains. Surface coatings can have attractive or
repulsive effects.
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thickness decreaseswith increasing ionic strength and decreases the re-
pulsive force. At point of zero charge (PZC), the surface is neutral. Iso-
electric point (IEP) is where ZP is zero, and PZC can be different from
IEP. PZC is influenced by particle size, since the number and coordina-
tion of surface atoms vary with size, e.g. 12, 32 and 65 nm hematite
particles had PZCs of 7.8, 8.2 and 8.8 pH units, respectively, suggest-
ing that at neutral pH, the smaller particles are less charged and will
aggregate more [29]. Crystal structure can also influence ZP, e.g. for
anatase TiO2, the ZP is −20 mV, whereas for rutile polymorph of
TiO2 it is −35 mV [30].

DLVO theory combines VDWattractive force and EDL repulsive force
to predict the overall force between particles. Van der Waals forces fall
off as the inverse of the square of the interparticle distance, whereas
electrical repulsive forces fall of exponentially. Thus, as particles ap-
proach, the repulsive force poses a barrier. The heights of the energy
barrier determine if collision energy can exceed it andpromote aggrega-
tion. Typically, a barrier is kinetically stable if the barrier energy exceeds
10kT [31].

An attachment efficiency can be defined (αa) as the probability that
a collision results in two particles bonding. Stability ratioω is defined as
1/αa. Critical coagulation concentration (CCC) is the concentration of
ions that makeω=0, indicating no energy barrier. CCC is inversely de-
pendent on charge (z−6) of the added ions and is smaller as charge of
ions increases. Higher ionic strength and increased valence of counter-
ions decreases the interparticle repulsive force [32]. Thus, CCC of C60

NP is 4.8 mM for Ca2+ and 120 mM for Na+, demonstrating that diva-
lent ions will promote NP aggregation [33].

Larger values of AH promote aggregation, whereas increased surface
potential leads to repulsion As an example, the AH for Fe2O3 is 8.2 ×
10−18 J, and for E. coli 7.0 × 10−19 J, leading to a 12 times stronger
VDW attraction for the Fe2O3 particles [34]. Another example is gold
and polystyrene with Hamaker constants of 45.3 × 10−20 and 9.8 ×
10−20 J, respectively, leading to a fivefold stronger attraction for
gold [35].

Aggregation rate of particles is described by.

dn=dt ¼ kan2 ð1Þ

ka ¼ αa β ð2Þ

ka ¼ 4kbT=3λ for αa ¼ 1ð Þ ð3Þ

where n is the number concentration of particles, ka is the second-order
rate constant, β is the mass transport coefficient and αa is the attach-
ment efficiency (αa = 1 if there is no energy barrier and determines
the maximum aggregation rate otherwise αa b 1), kb is the Boltzmann
constant, T the temperature, and λ the dynamic viscosity. Stability
ratio ω is.

ω ¼ 1=αa ¼ 2 k ap exp: −Vmax=kbTð Þ ð4Þ

where Vmax is the barrier height, k is the inverse Debye length, and ap is
the particle radius [36,37].

DLVO theory predicts that the height of the energy barrier and the
depth of secondary minimumwill increase with particle size [32]. Elec-
trostatic stabilization of NPwill be different dependingon thepolarity of
the solvent, the theoretical underpinnings are better developed for
aqueous systems [31]. NPs with ZP ranging from −30 to −40 mV (or
comparable positive values) are considered stable, and with further
negative ZP, the NPs are more stabilized [38,39].

An example shown in Fig. 2 will assist in understanding the implica-
tions of DLVO theory [10]. For a 20 nm particle with surface charge of
64.9 mV in a solution with counter-ion concentration of 0.6mM (corre-
sponding to a thickness of ~12.4 nm for the electrical double layer), the
peak value of the potential curve is 3kT. Under similar conditions, for a
300 nm particle, the peak value of the potential curve is 35 kT. If the

peak value of the potential curve is b10–20 kT, then the particle will
aggregate, implying that the ~20 nm suspension will aggregate,
whereas the ~300 nm suspension will not. For the ~20 nm suspension
to be stable (~35 kT peak of potential), the surface potential will have
to be ~177mVwith counter ion concentration of 1mM. Such a high sur-
face charge is difficult to obtain by adsorption of ions [10]. NP aggrega-
tion tends to follow a fractal pattern [34]. With low attachment
frequency, aggregates are more compact, whereas with higher attach-
ment frequency, dendritic aggregates are formed [40,41].

3.1.1. Non-DLVO forces
There can be non-DLVO forces that influence aggregation [42]. These

include hydration forces, where H2O layers interact; and hydrophobic
forces controlled by entropic factors related to water ordering. Osmotic
forces also arise due to entropic changes, as in NPs with polymer coat-
ings interacting with each other via interpenetrating chains. NP surface
coatingswith surfactants, polymers and polyelectrolytesmanifest inter-
particle repulsion via steric, electronic and electrostatic effects [31,43].
Increase in temperature of a suspension of NP results in increased
Brownian motion and decrease in water shear, promoting aggregation
[34]. However, for forming a suspension with particles compatible
with the solvent, temperature increase can promote motion and
thereby the dispersion.

Hydration forces are manifested when particle separations are ~1
nm, and are repulsive, due to energy required to remove the water
layer hydrating the charge surfaces [32]. Particleswithhydrophobic sur-
face will feel an attractive force as structured water is released to bulk-
likewater. Hydrophobic forces between surfaces are attractive and exist
over both short (1–2 nm) and longer (100 nm) distances [32]. Hydro-
phobic particleswill aggregate inwater, therebyminimizing theparticle
interface [32].

Steric interactions, typically arising from polymeric coatings on the
surface are repulsive, since the polymers “pack” between particles and
reduce entropy. However, if the polymer chains can form bridges be-
tweenparticles, thatwould result in an attractive force [32]. Hydrophilic
polymers will favor repulsion since energy is required to remove hy-
drated water. Weak polymer held aggregates can be broken by shear.
A form of “reactive” aggregation has been noted for AgNP in the pres-
ence of sulfide ions. The AgS formed on the surface of AgNP acts as a
bridge between the NP [44].

3.2. Liquid phase stabilization

Many strategies have been developed to make stable NP suspen-
sions, and we discuss these in the present section. Physical/mechanical
forces are not very effective for NP dispersion. Particle dispersibility is

Fig. 2. Calculated potential curves based onDLVO theory, showing dependence on particle
diameter and surface charge.
(taken from Reference [10]).
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more effective if insitu surface modifications are carried out during
synthesis, rather than by post-synthesis modifications [10].

3.2.1. NP concentration
The concentration of particles determines interparticle distance, and

is an important parameter to determine stability. As seen in Fig. 2, the
maximum repulsive potential appears at distances of several nanome-
ters between the surfaces (e.g. for 300 nm particles, it is ~8–10 nm). It
is possible to calculate themean surface distance hsusp between the par-
ticles as a function of NP solid loading using Woodcock's equation [10]:

hsusp ¼ Dp 1= 3πFð Þ þ 5=6f g0:5
h i

ð5Þ

where F is the solid fraction and Dp is the particle diameter.
Fig. 3 shows the surface distance as a function of solid loading for the

300 and 20 nmparticles [10]. If the concentration of the 300 nmdisper-
sion were to exceed 40 vol%, the mean surface distance between NP is
~10 nm, then surface repulsive forces (electrical double layer) alone
will not be sufficient to keep particles from aggregating. However, at
10 vol%, the interparticle distance significantly exceeds 10 nm, and sta-
ble dispersion using DLVO type interaction is possible. To make up dis-
persionswith the higher loadings (N40 vol%), additional steric repulsive
forces, such as those possible with surface modification is required. For
the 20 nm particles, loadings will need to be lowered further (b5 vol%)
to stabilize the suspension using the DLVO forces.

A practical upper limit for stable metal dispersion is also mentioned
in the literature. For example, with 10 nmcitrate-covered AuNP, a stable
dispersion concentration is 1016 NP/ml corresponding to 10 μM, with
average interparticle distance of 100 nm, and mass concentration of a
few mg/ml [1].

3.2.2. Surface charge
Surface modifications influence NP aggregation via non-DLVO inter-

actions, including steric, hydrophobic, magnetic and hydration effects.
Manipulation of surface potential influences aggregation, values lower
than 20 mV can cause aggregation [10]. Altering pH and ionic strength
can influence aggregation in aqueous systems. The effect of pH is closely
linked to PZC. For example, iron oxide with a PZC at pH 9.1 shows a
slight increase in size from pH 2 to 6, followed by a rapid increase at
pH N 6, maximizing around pH 8.5, indicating increased aggregation at
pH close to PZC [45]. The optimum pH for aqueous dispersion of alu-
mina, copper (with surfactant SDBS) and graphite are 8, 9.5 and 2,

respectively [46,47]. Another example is fullerol aggregates growing in
size as pH shifts towards PZC [48].

Increase in ionic strength decreases the electrical double layer,
allowing for closer approach of particles, and enhancing aggregation.
Ions can also adsorb on the NP surface, altering the sign and magnitude
of zeta potential. For example, 50–60 nm TiO2 increased to micron size
with increase of ionic strength, from 4.5 to 16.5mMNaCl solution. Diva-
lent ions have a stronger effect on aggregation, as compared tomonova-
lent ions as evidenced with citrate and π-mercaptoundecanoic acid
covered AuNP, with aggregation following Ca2+ = Mg2+ N N Na+ be-
cause of increased suppression of the electrical double layer [49]. The
coarsening of ZnO NPs (b10 nm) synthesized from the acetate, bromide
and perchlorate salts followed the order Br− b COOCH3

– b ClO4
−, indicat-

ing that the rate of aggregation is dependent on adsorption of anions on
the NP surface [50].

3.2.3. Surface coatings
Surface coatings on NP can include covalent methods such as silica

coating, aswell as polymer, surfactant coatings that function via electro-
static interactions [2]. An example shown in Fig. 4, where a silica coating
on hydrophilic Fe2O3 NP introduced by hydrolysis of TEOS with ammo-
nia led to particles that can be dispersed in water or ethanol [2,51,52].

With titania, coatings of silica, alumina and aluminosilicate lead to
stable suspensions. In one such example, titaniawas coatedwith an alu-
minosilicate layer by adding silicic acid and aluminate solution. The alu-
minosilicate shell has a high negative charge and stabilizes the titania
suspension between pH 3 to 7. Aluminum doping decreases the aggre-
gation of TiO2 crystals upon calcination, and proposed to result from
lower surface energy [53]. Alumina coatings on TiO2 prepared bymixing
alumina powder with metatitanic acid, followed by calcination resulted
in better dispersion, and it was proposed that alumina with its lower
Hamaker constant decreased the VDW attractive force [54].

Polymer coatings are also used widely. In case of nonionic polymer
coatings, steric effects can keep particles apart (Fig. 5a), but the molec-
ular weight of the polymer is relevant, since tangling of polymer chains
in different particles can cause aggregation (Fig. 5b). Ionic polymer coat-
ings manifest their effect via electrostatic forces, and with anionic poly-
mers, a method to manipulate the interparticle force is through choice
of cations (e.g. K+ vs Ba2+). Examples of polymer dispersants include
nonionic polymer dispersants such as poly(vinylpyrrolidone), anionic
polymers such as polycarboxylic acid, and cationic polymers such as
polyethyleneimine [55–57].Water dispersion for hydrophobic particles
can be achieved with polymers with both hydrophilic and hydrophobic
groups, e.g. BaTiO3 aqueous dispersions can bemadewith polymers that
have poly(acrylic) acid and poly (ethylene oxide) units [58].

More complicated chemistry is also possible with polymer coatings.
By adsorbing anionic poly(styrene sulfonate) (PSS) on positively
charged layered double hydroxides (Mg, Al), the composite gradually
reaches IEP, is precipitated out, and with further PSS, the composite be-
comes negatively charged and can be dispersed. Further adsorption of

Fig. 3. Dependence of the mean surface distance between particles for sizes of 20 and 300
nmwith varying solid fraction (vol%) of the particles.
(adapted from Reference [10]).

Fig. 4. TEM image of Fe2O3 NPs coated with silica.
(taken from Reference [2]).
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cationic poly(diallyldimethyl ammonium chloride) (PDADMAC) on the
PSS-LDH can render the composite charge positive again, with the hy-
drodynamic ratio increasing from 167 to 216 and finally 352 nm for
LDH, PSS-LDH and PDADMAC-PSS-LDH, respectively. From a practical
point of view, the propensity for salt induced aggregation reduced
with the PSS-LDH (1000 mM NaCl) as compared to LDH (50 mM
NaCl) due to repulsive steric interactions between the polymer chains
on the PSS-LDH sample [59]. Similar strategies also worked with
halloysite nanotubes using protamine sulfate polyelctrolytes [60] and
titania nanosheets using PSS, and provided protection against salt in-
duced aggregation [61].

ZnO NPs for sunscreens (50 nm) were obtained in a dispersed state
by including poly(aspartic acid) during reaction of zinc acetate and so-
dium hydroxide [62]. Humic acid-derivatized TiO2 and fullerene NP
are stable due to repulsive steric interactions, whereas larger natural or-
ganic matter (NOM) promoted aggregation by bridging [33,63,64].
Organosilanes are often used for covalent derivatization of surface hy-
droxyl groups to make NP stable in organic solvents, e.g. hydrolyzed
decyltrimethoxysilane on titania makes hydrophobic particles stable
in toluene [65].

The coating of NPwith the specific types of ligand determine their sta-
bility in solvents, e.g. coatingwith citric acid and cetytrimethylammonium
bromide lead to stability in water, whereas, thiol-based ligands confer sta-
bility in organicmedia [66–68]. Proper tuning of the ratio of surface hydro-
phobic (using decyltrimethoxysilane) and hydrophilic (using 3-
aminopropyltrimethoxysilane) groups provide redispersion of TiO2 in dif-
ferent solvents [69–71].

3.2.4. Non-aqueous systems
Over the past two decades, there has been considerable research in

the use of nonaqueous solvents as the medium for NP synthesis
[72,73]. Mostly metal oxides, but metal sulfides and metal nitrides
have been synthesized [74]. Typical sources of the metal are from
metal halides, metal alkoxides, metal acetates and metal acetonates.
Solvents include alcohols, amines, hydrocarbons, ketones and typical
temperatures of synthesis range from 50 to 250 °C. The organic solvents
play an active role in the synthesis, often acting as the oxygen source
(parallel to the role of water). M-OH and M-OR are intermediate spe-
cies, prior to the formation of M-O-M bonds. Several strategies are re-
ported for making stable dispersions of NPs in organic solvents, using
the surface coordination concept, with surfactants, coordinating solvent
or surface groups (e.g. chloride, other than hydroxides).

Using titania as an example, the diversity of synthetic routes to prod-
uct is illustrated. Reaction of TiX4 and Ti(OR)4 with trioctylphosphine as
surfactant at 300 °C formed 10 nm (size dependent on the halide,
X) particles [75]. These particles do not have surface hydroxyl groups.
The reaction between TiCl4 and benzylalcohol produced highly

crystalline anatase particles at temperatures of 40 °C [76]. The size of
these particles varied from 4 to 8 nm depending on the temperature
[76]. TiCl4 in benzylalcohol-ethanol formed TiO2 NP at temperatures of
80 °C [77]. Within an hour, the particle size was 2.3 nm, and increased
to 8 nm after 8 h, with crystallinity being high around 6 h. These parti-
cles aggregated in a hydrophobic solvent, but dispersed well in water
due to the surface being positively charged (low pH) [77]. To make
NPs made in organic solvents water-dispersible, polar stabilizers (such
asmalic acid and glycine) need to be added to the organic reactionmix-
ture, e.g. with glycine, highly crystalline anatase recovered from the or-
ganic solvent could be redispersed inwater with 45wt% loading [78]. C-
undocecylcalix[4]-resorcinarene capped anatase titania nanoparticles
have been synthesized, could be isolated and redispersed in other sol-
vents[79].

Heating dilute solutions of TiCl4 and diisopropyl ether in CH2Cl2 at
temperatures of 80-150 °C led to phase pure unaggregated anatase,
with chloride and isopropoxide surface groups, which help stabilization
of these NPs and redispersion in other organic solvents [80]. Similar
strategy was successful in synthesis of silica-titania, and tin oxide
NPs [81,82].

Nonclassical routes are most likely for NP formation in organic sol-
vents. Reaction of titaniumbutoxide and oleic acid at 250 °C led to an in-
termediate state of titania nanorods, formed by attachment of truncated
Wulff bipyramids, which subsequently fractured to TiO2 NPs [83].

Solvents such as t-butanol help in dispersibility by binding to the
surface of the NP, as exemplified for NiO particles of sizes 2.5 to 5 nm,
which are dispersible in ethanol, even after drying [84]. Surfactants
such as oleic acid are necessary to stop NP aggregation.

Zirconia NPs functionalizedwith surface polymerizable vinyl groups
(3-methacryloxypropyltrimethoxysilane) facilitated incorporation as
individual NPs into PMMA and polyurethanes [85,86]. Oleylamine
bonded to surface carboxylates on zirconia andhafnia assisted in disper-
sion of the NPs in nonpolar solvents [87]. High concentration of
antimony-doped tin oxide decorated with oleylamine could be dis-
persed in THF and CHCl3, but similar dispersions could not be made
with oleic acid [88].

With hafnia and zirconia, protonation of the carboxylate group on
the surface followed by binding of a positively charged amino acid sta-
bilizes the dispersion electrostatically and makes possible the transfer
from apolar (CHCl3, toluene) to polar solvents (alcohols, acetone,
DMSA, acetonitrile) [89].

Magnetite NPs prepared in hexane using oleic acid as surfactant
upon treatment with polyethylene glycol methyl ether-poly
(Є-caprolactone) amphiphilic block copolymer, and upon subsequent
ring-opening polymerization of Є-caprolactone could be transferred to
water phase, with increasing PEG block lengths promoting better
transfer [90].

Fig. 5. (a) Two particles avoiding contact due to surface bound polymer chains (b) Bridging of polymer chains leading to aggregation.
(adapted from Reference [42]).
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Polyols (e.g. ethylene glycol, diethylene glycol, triethylene glycol,
tetraethylene glycol) can reduce metal salts to metal particles, act as
high boiling solvents to facilitate the reduction, and also provide a surface
coating to avoid aggregation. Magnetite NPs synthesized in liquid polyols
are readily dispersed in water due to the polyol surface coating [91].

4. Aggregation upon drying

In many applications, it may be necessary to isolate the particles for
further development. It is generally true that once particles are isolated
from the solvent, then it is difficult to redisperse the particles. Drying
leads to aggregation due amultitude of factors [54]. Colloidal processing
is extensively practiced for ceramic fabrication, and involves drying of
films containing NP [92]. Both physical and chemical effects are in-
volved in the drying process.

4.1. Physics of drying: capillary forces

The physics behind drying is quite complex, since drying leads to
many stresses. Liquids transported from internal to external parts of po-
rous particles can cause compression of a 2D-solid network as drying
occurs [92]. Compressive stress due to liquid evaporation in the capil-
lary pores is related to the capillary pressure given by P = 2 γ cos(θ)/
r, where γ is the surface tension, r is related to the meniscus size, and
θ is the contact angle between solvent and the solid surface [93]. The
capillary forces can overcome the repulsive forces and bringparticles to-
gether. Capillary induced tensile stress upon drying leads to cracking of
films of α-Al2O3. Capillary induced tensile stresses are irreversibly de-
pendent on particle size. The capillary tensions can also be sufficient
to break up strongly aggregated clusters [94,95].

Drying of a suspension of nanocrystalline yttria-stabilized zirconia
(primary particles 7–8 nm, but aggregated into 10–50nm) has provided
information about the evolution of the agglomerate structure [96].

Agglomeration begins as soon as liquid evaporates due to increasing
concentration of the particles. The increase in concentration of dissolved
ions upon liquid evaporation can minimize the electrostatic repulsive
force, promoting agglomeration, even before capillary forces set in.
Under conditions close to IEP, agglomerates tend to be sheet-like (diffu-
sion-limited), whereas far from IEP, rounded structures form from
chainlike structures (attachment-limited). Closer to IEP, primary parti-
cles are sticky, whereas away from IEP, the charge on the particles can
keep the particles apart. At the final stages of drying compressive forces
(can be as high as ~400MPa for pore radii of 5 nmand surface tension of
1 J/cm2) pull together the particles, whereas tensile forces can lead to
cracks in the powder. The capillary forces promoting aggregation upon
drying of NPs are due to the presence of liquid between the particles.
These capillary forces are minimized if the particle surfaces are hydro-
phobic. With complete drying, agglomeration sets in and difficult to
stop or reverse.

Heat treatment of NPs promote sintering due to stress between the
NPs that promotes mass transport [10]. Presence of salts can alter elec-
trostatic interaction between particles during drying. Drying of SiO2 NPs
from a salt solution led to residual stresses from salt bridging that influ-
enced the packing of the dried particles [92]. The electrostatic interac-
tions between the NPs can be minimized by short chain steric
additives, instead of salts, as well as working near the IEP pH range [92].

4.2. Types of drying

The specific conditions during the drying process can lead to differ-
ent sizes of aggregates. With silica colloids, oven drying led to strongly
interpenetrated, robust aggregates of ~100 μm. Spray drying leads to
more fragile clusters with less interpenetration and smaller particle
size of ~20 μm. The rate of drying also influences final morphology,
with slow drying (oven drying) leading to compact structures, whereas,
fast drying (spray drying) leading to more open fractal structures [97].

Fig. 6. SEM images of silica NPs with a nominal size of 85 nm upon low-pressure spray drying (40 Torr) at (a) 200 °C, (b) 400 °C, (c) 800 °C (d) 1000 °C.
(taken from Reference [98]).
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Spray drying involves the atomization of the NP suspension into a
hot dryingmedium, and the morphology of the dried particles depends
on the size of the NP, the droplet size, viscosity, temperature, pressure
and gas-flow rate [98,99]. Low pressure spray-drying of Na+-
stabilized silica colloids in various size ranges 20–30 nm, 40–60 nm
and 70–100 nm has been reported [98]. Fig. 6 shows the particle sizes
as a function of drying temperature. For particle size in the range of
70–100 nm, mostly isolated dispersed NP, with a few aggregates were
observed upon drying at 200 °C (pressure of 40 Torr), whereas with in-
crease in drying temperature, the number and size of the aggregates in-
creased. For the 20–40 nm particles, aggregates are formed, and
correlated with the higher surface potential of the smaller particles.
Lower pressures of 20 Torr, 200 °C, 0.4 wt% and gas flow rates of 2 l/
min produced isolated 85 nm particles for the 70–100 nm particles,
whereas at atmospheric pressure, only aggregates were observed [98].
It was proposed that at the low pressures, the osmotic pressure is larger
than the Laplace pressure, leading to fragmentation into smaller drop-
lets. It was noted that for these SiO2 NP, higher pH favored dispersion,
with the optimal results at pH 8.52, reflecting the increase in ZP, and
higher electrical repulsive forces. At pH of 11.27, even though the ZP in-
creased, agglomerates were observed, since particles dissolve at the
high pH, and the oligomeric silicate can act as bridging ligands between
particles.

The structure of aggregates formed by spray drying of SiO2 NP (pri-
mary particle size of 200 nm)was independent of the terminal function-
ality of the surface groups (epoxy, CH3, NH2 or OH), though the
mechanical properties of the dried sample differed with the surface-
bound ligand [100]. The aggregate size as well as its internal structure
determines the micromechanical properties. For example, with epoxy
end groups, bridges between particles are formed as compared to direct
bonding between the particles with the other functionalities, leading to
aggregates with more plastic deformation behavior.

Freeze-drying (lyophilization) is also another method for drying
particles, and common in the biotech industry for DNA, proteins and
peptides. Freeze-drying cycle typically has three steps: freezing (~ -40
°C), primary drying by sublimation of the ice under vacuum, and sec-
ondary drying to remove unfrozen water (25-50 °C). During the freez-
ing step, aggregation can occur due to increased concentration of the
NPs, as well as the increase in ionic strength in the cryo-liquid can
alter the zeta potential and promote aggregation. The labile NPs also
need to be protected against the mechanical stresses developed during
the freezing and desiccation steps. Cryoprotectants, usually sugars are
often used, these form a glassy state with 15–30% water and extensive
H-bonding upon freezing. NPs are dispersed in these amorphous pools
and are protected. The solids isolated from freeze drying can be stored
for long periods, without aggregation and ready redispersion in water.
The primary application of freeze drying is for biologics, and has been
well documented [101–103]. We discuss here a few examples of inor-
ganic NP systems that have been studiedwith freeze-drying. Freezedry-
ing of 18 nmPEG-Fe3O4 (magnetite core – 9 nm, polymer sheath- 9 nm)
particles produced redispersible NP suspensions stable for 20 months
[104], with the poly(ethylene glycol) gallol providing protection against
irreversible aggregation during the drying step. Silica particles were
modified by reaction of surface silanol groups with N-(2-aminoethyl)-
3-aminopropyltrimethoxysilane, thereby generating cationic amino
groups tethered to the surface [105]. Upon freeze-drying, significant
aggregation took place, and could be completely avoided if a cryopro-
tectant such as trehalose or glycerol was included during the
freeze-drying step. The sugars, by H-bonding with surface silanol
groups, inhibited permanent particle aggregation.

4.3. Surface modification effects on drying

A novel approach to obtain controlled heteroaggregates upon drying
is by adjusting the surface charge of two different NP to opposite
charges that promote attraction [6]. Using formic acid to adjust the

surface charge of TiO2 and SnO2 to positive and negative charge at the
same pH, TiO2-SnO2 heterojunction particle networks could be formed
upon vacuumannealing, with enhanced photo driven charge separation
[106].

In case of NPs with surface hydroxyl groups, such as silica, reactive
condensation of surface – OH groups between neighboring particles
can lead to covalently bound aggregates. Resulting particles are
disoriented at the surface, and it is difficult to establish electrical double
layers around the NPs. Application of external energy such as ball mill-
ing and sonication can break apart such aggregates, but is often tempo-
rary and re-aggregation occurs. Even gentle drying techniques such as
freeze drying, supercritical fluid drying and azeotropic distribution
does not typically make redispersible particles with NPs with surface
hydroxyl groups [54].

5. Redispersing strategies

NIST provides 26 protocols for preparation of nanoparticle disper-
sion, size measurement, nanotoxicology testing, sample preparation
for electron microscopy and elemental analysis focusing on TiO2, CNT,
silver and gold NPs [107].Table 2 provides examples of different strate-
gies taken to disperse NP, all exemplified with titania NPs [54].

5.1. Dispersing medium

Different solvents influence aggregation of NPs in profound ways.
The important properties of the solvent in influencing NP aggregation
are its coordinating ability (surface complexation), viscosity (lower vis-
cosity promotes increased diffusion) and dielectric constant (lower
values will decrease the repulsive interactions). Influence of solvent
on NP stability was studied for three NPs: anatase (26.9 ± 4.9 nm
length, 16.9 ± 3.5 nmwidth), goethite (α-FeOOH, 100± 39 nm length,
11.5 ± 4.1 nm width) and ferrihydrite (Fe5HO8 4H2O, 6.4 ± 1.3 nm

Table 2
Strategies reported for redispersibility of NPs, exemplified by titania NP.
(adapted from Reference [54]).

Stabilization
Method

Stabilization mechanism Reference

External energy Two mechanical dispersion methods,
ultrasonication and milling showed that
sonication could generate the primary particles,
even for concentrated dispersions.

[111]

Peptization Synthesis of TiO2 NP by controlling the pH during
hydrolysis of titanium isopropoxide to pH ~ 2. Low
pH leads to surface protonation and particle
repulsion

[164]

Doping Al3+ doping of TiO2 (both bulk and surface)
retards coalescence of TiO2 during calcination by
reducing energy.

[53]

Polymer
dispersants

Polyethyleneimine adsorbed on TiO2 NP imparts a
positive charge leading to well-dispersed
suspensions.

[57]

Surface
modification
(aqueous)

TiO2 NP coated with 2, 3-dimercaptosuccinic acid
made possible dispersion in water at pH 6–10,
arising from repulsion of the negatively charged
NP

[165]

Surface
modification
(organic)

4-tert-butylalcohol adsorbed on TiO2 NP during
synthesis made possible dispersions in
dimethylformamide

[126]

Pickering
emulsions

TiO2 NP (6 μm) helped stabilize water in oil
emulsions (pH 3) with cyclohexane and n-hexane
in the presence of salts or hydrophobic coupling
molecules, e.g. alkyl phosphates

[166]

Foam stabilization TiO2 NP adsorbed at the air-water interface
stabilized foams with sodium dodecyl sulfate and
cetyltrimethyl ammonium bromide. These
surfactants generate the TiO2 hydrophobic by
surface adsorption

[167]
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length, 4.9 ± 1.0 nmwidth) in four neat solvents, water, isopropyl alco-
hol, acetic acid and THF [108]. The particles were all synthesized in
water, and transferred to the other solvents by dialysis. Characterization
techniques included cryo-TEM and dynamic light scattering to measure
aggregation. Suspensions in water formed the smallest and least com-
pact aggregates, whereas THF formed the largest and most compact ag-
gregates. Uniqueness ofwater in stabilizing the smallest NPs stems from
its high dielectric constant, coordinative and H-bonding abilities.

Success of resuspension of commercial NPs depends on the type of
NP, e.g., metal versus metal oxide, and in the solvent medium that the
dispersion is occurring [1]. For example, with Au, Co, Fe2O3, TiO2 and
CeO2 NPs, the metals were unstable in all media, whereas the oxides
were more stable in tetramethylammonium hydroxide (TMAOH) as
compared to water or PBS buffer. This is exemplified in Fig. 7 ab,
which shows the stability and particle size of Fe2O3 in aqueous media
with buffers (PBS) and TMAOH, whereas Fig. 7 c shows the stability of
three different oxides (TiO2, Fe2O3 and CeO2) in TMAOH [1].

5.2. Mechanical forces

Physical forces such as ultrasound and ball-milling will reduce ag-
glomeration [109,110]. Ultrasonic radiation generates collapsing
cavitants, which promote interparticle collisions, with the
ultrasonication amplitude being an important experimental parameter
for determining the stability of the suspension [111,112], and has
been demonstrated with TiO2 in water [110]. Surfactants are often
added to stop the reaggregation once the energetic perturbation is re-
moved [54].

Analysis of the drying protocol of precipitated silica showed adverse
effects on their redispersion using ultrasonication. Precipitated SiO2

with primary size of 12.6 nm formed 300 nm clusters, which packed
into 7 μm hard aggregates and 116 μm soft aggregates, prior to drying.
If the samples were not dried, sonication can break the silica down to
the hard aggregates of ~3.5 μm. If samples are dried at 150 °C, then the
soft aggregates do not break down completely upon sonication, leading
to ~11 μm aggregates, indicating hardening of the soft aggregates [113].

Commercial dry samples of NP are often aggregates (3 μm)and com-
mercial TiO2 particles (500 nm aggregates) could not be broken up into
the primary particles (btypically 100 nm) by sonication, dispersants,
organic solvents or pHmanipulation [114]. This is not surprising consid-
ering the discussion above related to NP aggregation with drying. Fresh

wet-flocculated hematite particles were redispersed into the primary
size by sonication [114]. Even long-term storage of suspension of NP
leads to aggregation e.g. lab-synthesized 85 nm hematite stored for
one month followed by dispersion in water led to 110 nm particles
and 130–160 nm irreversible aggregates. It was predicted that metal
oxide NP with size range of 1 nm −10 μm will aggregate even when
stored as dry powders [114].

SiO2/TiO2 composite NPs prepared were bead-milled to nearly their
primary particle size by breaking up the necked structure in N-
methylpyrrolidonewith surfacemodifying ligand phenyltrimethoxysilane
[115]. This group also reported that mixtures of polyethyleneimine and
fatty acids can stabilize TiO2 NP into toluene [115].

5.3. Manipulating capillary forces

Manipulation of the capillary forces during drying led to organized
NP on surfaces. As liquid between particles evaporate, particles are
pulled together by capillary forces, and especially strong for large (500
nm) hydrophilic particles [116–118]. Inter-particle attraction via capil-
lary forces increases if the contact angle between the particle and sur-
rounding liquid decreases [119]. Since the magnitude of capillary
forces is directly dependent on surface tension, changing solvent from
water to ethanol results in a three-fold reduction in capillary forces
[120,121]. Also, by replacing water with isopropanol, a liquid with a
lower surface tension decreases the capillary forces [119]. Fig. 8 shows
that large areas of well-ordered unaggregated 500 nm silica particles
was obtained upon drying on glass coated with a polycation. This pro-
cess could be further improved by inclusion of small particles (30
nm), which positioned between the larger ones and provided steric re-
pulsion, and/or deposition of a layer of macromolecules (polycations)
on top of the silica deposit, with good dispersion evident even upon dry-
ing at 450 °C for 3 h [116]. Protonated polyallylamine chloride, a
polycation adsorbed on the surface of the silica particles increased
the contact angle and decreased capillary forces, leading to non-
aggregated particles [116]. Similar effects have also been noted in sus-
pensions, 6 nm ZrO2 NP stabilized 600 nm silica particles [122] and 8
nmmagnetite particles stabilized 1.45 μm magnetite particles [123].

Coating the silica nanoparticles with cationic polyelectrolytes also
promoted strong repulsive forces, that negated the effects of the capillary
forces during drying [124]. The surface charge on rough and smooth SiO2

NP (137 nm) can be changed from negative to positive by derivatization

Fig. 7. Stability of resuspended Fe2O3 NPs in different aqueous media. (a) Loss of absorbance due to particle settling out, most pronounced in water (b) Zeta potential graphs again
demonstrating instability in water (c) TiO2, Fe2O3, and CeO2 NPs all exhibit similar settling patterns in TMAOH.
(taken from Reference [1].)

9S. Shrestha et al. / Advances in Colloid and Interface Science 279 (2020) 102162



of –OH groups with (6-aminohexyl)aminopropyltrimethoxysilane, and
these particles pack in an ordered, non-closed-packed arrangement on
a functionalized gold surface. Aggregation from capillary forces can be
decreased for particles with rough surfaces via friction, as well as cova-
lent bonding with the substrate. Rough particles are bound more
strongly to the surface due to additional friction forces, which decreases
lateral mobility [13].

5.4. Manipulating surface characteristics

Ball milling of calcium carbonate in the presence of sodium salt of
poly(acrylic acid) led to stable aqueous dispersions of 10–100 nmparti-
cles,with the negative charge of the surface adsorbed acrylate providing
repulsion between particles [125].

With SiO2 particles, silanol group condensation between particles
lead to aggregation [105]. Derivatization of these silanol groups with
amino groups (reaction with aminoalkylsilanes) giving them a positive
charge makes them more amenable to dispersion.

Surface modifications of the NPs during synthesis (prior to particle
isolation) can also lead to dispersed particles [54]. TiO2, coatedwith do-
pamine or catechol is stable in water and organic solvents, respectively
[126]. TiO2, coated with butoxy groups during synthesis can be dried
and upon dispersion in water leads to a stable suspension since the
butoxy linkages are hydrolyzed. Covalent surface modification with
organosilanes is a common practice with particles with surface OH
groups.

Well dispersed TiO2 NP distributed in polymer matrices without ag-
gregation was accomplished using different surface modifications after
synthesis, and are shown schematically in Fig. 9 [127]. The TiO2 NP (2–6

nm) prepared by hydrolysis of TiOCl2 with water/ethanol were isolated
as awet cake by centrifugation. All derivatization procedureswere carried
out on the wet material. Particles washed with ethyl acetate and
propionic acid were dispersible in water up to 5 wt%. Treatment with
propionic acid and C3, C6 and C10 amines led to particles that were dis-
persible in water and 2-propanol (C3 amine), CHCl3 and toluene (C6, C10
amine). These amine modified TiO2 samples could be incorporated in
polymer films with polar groups (poly(bisphenol-A and epichlorohydrin
and a copolymer of styrene and maleic anhydride) to make clear films,
but nonpolar polymers (polystyrene) did not form clear films [127].

There are other strategies to make redispersible particles upon dry-
ing. Strong acids protonate oxide surfaces, resulting in electrostatic

Fig. 8. Top bars in each figure is a schematic representation and the figures are SEM images of 500 nm silica deposits on glass substrates previously covered by PAH. The 500 nm colloid
deposition stepwas followed by the adhesion of 30 nmcolloids in conditions d, e and f. In some cases, adherent colloidswere covered by an additional layer of PAH (b and e) or albumin (c
and f) before drying. The scale bar is 1 μm.
(taken from Reference [116]).

Fig. 9. Different types of surface groups on bare TiO2 and acid and amine-modified TiO2.

(taken from Reference [127].)
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repulsion between particles, as well as resulting in breaking of
oxonation bonds [128]. For example, TiO2 (prepared from TiCl4, parti-
cles sizes of 5, 8 and 4 nm) treatedwith 2MHClO4, HNO3 were dispers-
ible after drying at 150 °C, with the remaining acid in the dry sols
preventing aggregation of the particles upon redispersion. Still some ag-
gregation took place, with particle sizes of 36, 32 and 79 nm,withHClO4

being the better peptizing agent. If the acid is neutralized, then the par-
ticles aggregate into much larger sizes during drying [129].

Another strategy for making redispersible SiO2 NPs (25 nm) was to
coat it with D-mannitol in water/ethanol, followed by spray drying
[130]. Upon drying, large micron-sized hollow spheres were obtained.
The mannitol because of its hydroxyl groups form H-bonds with the
surface of the silica particles, keeping them apart. Upon redispersion
of the micron-sized particles in water, the mannitol dissolves and the
primary particles were recovered. It is reported that 40 wt% SiO2 NP
(not dried, but in a wet precipitate form) if mixed with polybutylene
terephthalate in CF3COOH can be dried under vacuum, and remain
re-dispersible even after being in a dry state for 5 months [131].

6. Aggregation relevant applications

There is a long history of human use of NPs, though the nanoscale
propertieswere not recognized. Duringmore recent times, examples in-
clude the use of SiO2 NPs for rubber enforcement, AgNP for antibacterial
technology, various NPs in automotive industry for tires, fillers in the
car body and metallic and nonmetallic paint finishes, TiO2 NPs in

dye-sensitization to make solar cells, and TiO2 and ZnO in cosmetics
[132,133]. In practical application, such as in paints, advantage is
taken of increasing viscosity to minimize NP aggregation byminimizing
particle movement [36].

Antibiotic, antistatic, light tolerant textiles can be fabricatedwith the
aid of NPs, which can be soaked into the garment e.g. ZnO, or directly
synthesized within the textile such as with silver [134–136]. NP aggre-
gation is minimized by cross-linking the particles into a polymer web
[4]. Silica NP incorporated into polypropylene filaments improve
flame retardancy since it raises the limiting oxygen index (the mini-
mum amount of oxygen necessary to sustain combustion) from 18 to
22% (note oxygen in air is 21%) [137]. Cotton fabrics impregnated with
silica, alumina, titania and zirconia sol gels followed by thermal
treatment provided thermal and fire stability to the textiles [133,138].
Co-electrospinning of polyurethane and ZnO NPs (24–71 nm)
resulted in fibers with isolated ZnO NPs with reduced transmission for
both UVA and UVB light, however air and moisture vapor transport de-
creased [139].

For heterogeneous catalysts, the size of theNP is important, but since
these experiments are doneunder high temperature, theNP tend to sin-
ter, minimizing activity [6]. To alleviate this problem, NP can bemade in
a core-shell configuration, with the shell protecting NP aggregation. Ex-
amples are Pt and Ag NP inmesoporous silica, the latter could be heated
to 500 °C without coarsening [140,141]. For environmental remedia-
tion, zerovalent iron particles are used since these NPs can decompose
chlorinated compounds, as well as immobilize heavy metals. However,

Fig. 10. (a) Use of surface adsorbed nanosilica to reduce van derWaals attractive forces, (b,c) SEM images of NaCl crystalswithout (b) andwith silica (d) Demonstration of using silica as a
flow aid, picture on right with silica.
(taken from Reference [133].)
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these NPs can aggregate in groundwater and deposit, thereby neutraliz-
ing their activity. The aggregation is alleviated by encapsulating the par-
ticles in a silica matrix or by surface modification with polyelectrolytes,
though there are still technical issues with polydispersity in the
zerovalent iron NPs, especially at high concentrations [142]. NPs are
often stabilized on supports, but the synthesis of such composites is
not always straightforward. For example, already synthesized AuNP (2
and 10 nm size) aggregated upon introduction to the medium (basic so-
lution of tetramethyl orthosilicate) for preparing silica aerogels. It was
found that in the presence of polymers such as poly(vinylpyrrolidone)
and poly(vinylalcohol), the AuNPs could be incorporated into multi-
centimeter sized silica aerogel monoliths without any aggregation [143].

Tire performance with highly dispersible silica was better as com-
pared to precipitated silica as manifested in wear resistance, rolling re-
sistance and wet grip [144]. However, the binding of hydrophobic
rubber and hydrophilic silica requires the use of silane coupling agents,
and appropriate mixing at high temperatures. Nanoscale TiO2, ZrO2

SnO2, P2O5 are added as nucleation agents for manufacturing glass
[133]. With 20 nm P2O5 added as a nucleation agent to lithium silicate
glass, it was noted that the glass showed superiormechanical properties
with flexural strength of 290 MPa and microhardness of 620 HV [145].

Oxide dispersed strengthened (ODS) metal alloys are prepared by
high energy milling of ferritic matrix powder and Y2O3 (staring size 1
μm along with agglomerates of 10 μm) resulting in homogeneous dis-
persion of sub 10 nm oxides within and around grains [146]. Milling
at kilogram levels can be done in vacuum and inert atmosphere. The
strength of ODS alloys (FeCrAl) increased by 40 MPa at 20 °C and 70
MPa at 1000 °C, factors of 5–10% and 4000% respectively [133].

Calcium silicate hydrate (CSH) nanoplates added as seeds can im-
prove the properties of cement [24,133]. Use of hydrophilic phosphate
comb polymers orients the platelets of CSH aggregate in an edge-to-
edge fashion by a combination of adsorption through carboxylate func-
tionalities as well as steric repulsion through hydrophilic segments
[147]. The resulting concrete hardens at lower temperatures, making
possible structures with lower energy costs.

Fig. 10 shows how silica canwork as a flow aid. Nanoscale silica (b50
nm) at loading levels of 1 wt% can coat surfaces of host powders
[133,148], reducing the VDW attraction between particles, enabling
free flow and anticaking. Similar strategy has been practiced for en-
abling ready flow of toners for laser printers using fumed silica and tita-
nia. Silica NPs has also been shown to keep soft powders such as fats,
waxes and emulsifiers from caking, but used at a higher loading level

of 5 wt%. Use of porous silica for flow of wet powders has also been re-
alizedwith the silica adsorbing the liquid between the host powder par-
ticles and reducing the capillary forces between the particles, facilitating
the flow. Fire extinguishing powders of size 45 μm that flow readily are
made bymillingwith 0.5–1wt% of silica and prevents the particles from
agglomerating. The milling step is critical, since it is during this process
that the NPs attach to the larger particle, and the milling also serves to
break up the aggregates of NPs. There is an optimum amount of NP
that is needed, toomuch of it will increase the tensile strength between
the large particles and impede flow [148].

Magnetic NPs, in particular, magnetite (Fe3O4) and maghemite (γ-
Fe2O3) are useful for clinical applications, and many studies exist on
making stable suspensions in aqueous and organicmedia and is the sub-
ject matter of recent review articles [149,150]. Magnetic fluids are col-
loidal (~10 nm) single domain magnetic NPs, coated with surfactants,
e.g. oleic acid (bidentate ligand to iron), and dispersible in water and
nonpolar (mineral oil) media [151,152]. Fe3O4 NPs stabilized with
oleic acid are stable in organic solvents, including toluene, hexane,
CHCl3. These NPs can be made water compatible by ligand exchange
of oleic acid with dopamine and dihydroxy-1,3-benzenedisulfonic acid
salts (Tiron) [153]. Two to three nm Au particles could be electrostati-
cally attached to the amine group of the dopamine chelated iron oxide
NPs to generate water dispersible Au-Fe3O4 hybrid NPs [154]. Twenty
to forty nm Fe3O4 NPs stabilized with citrate dispersed in water, and
were stable to aggregation because of electrostatic repulsions [155].

Nanoclays are incorporated inpolymers to improve gas barrier prop-
erties as well as increase mechanical strength, stiffness and heat resis-
tance. The starting material for these approaches uses naturally
occurring clays, which are micron-sized particles made up of
nanometer-sized sheets. In order to get the beneficial properties of the
clay-polymer composite, the clay has to be delaminated into the nano-
sheets (dimensions of nm in the thickness of the sheet), and well dis-
persed within the polymer. Typically, the approach is to intercalate
long-chain organic molecules within the sheets to make the material
hydrophobic, and use this as a starting material. There are three
methods for incorporation into the polymer: in situ polymerization, in
which themonomer gets incorporated into the sheets and cause exfoli-
ation during the polymerization, a polymer/solvent solution-induced
intercalation, which causes swelling of the clay and dispersion, and a
melt processing that promotes exfoliation during the melt process
[156–158]. Fig. 11 shows a truck cargo bed made with nanoclay-
polymer composite.

Fig. 11. Use of nanoclay-polymer composite materials on a truck bed.
(taken from Reference [156].)
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Nanoscale ceria coated on diesel particulate filters are extensively
used for reducing particulate emissions. The CeO2 NPs of size 10–20
nm are stabilized by electrostatic charge as a colloidal suspension, and
available commercially. Coatings on the filter at weight percentages of
17 wt% CeO2 are reported [159]. Nanoscale ceria also finds use as a
fuel additive for reducing diesel emissions. The challenge in this tech-
nology is to insure that the ceria remain dispersed in the fuel for ex-
tended periods. The stability is dependent on the concentration of
ceria as well as the use of appropriate dispersants. It is reported that
with oleic acid as dispersant, 10 ppm CeO2 of 40–50 nm size was stable
in the diesel for at least eight weeks [160].

Nanofluids, which are dispersions of NP, are being examined for en-
hanced cooling by heat dissipation in heat exchangers. Properties such
as thermal conductivity, viscosity, density are increased and specific
heat is decreased. It has been proposed that thermal conductivity ex-
hibits a bell-shaped curve with aggregation, with the isolated NPs or
large aggregates having lower conductivity than an optimum sized ag-
gregate of the NP [161]. Metals, oxides, nitrides, metal carbides, CNT
have all been studied in solvents such as water, ethylene glycol and
oils [161]. The NP dispersion can be prepared from a dry powder using
high shear and ultrasound, the latter being very effectivewith a horn ul-
trasonic vibrator [162]. A novel method of dispersing TiO2 NPs in water
was accomplished using a high pressure homogenizer [163]. An alterna-
tivemethod is to generate the NPwithin the liquid by using surfactants,
common ones being sodium dodecylsulfate, sodium dodecylbenzene
sulfonate, oleic acid, cetyltrimethylammonium bromide, dodecyl
trimethylammonium bromide, sodium octanoate, hexadecyltrimethyl
ammonium bromide, polyvinylpyrrolidone and Gum Arabic [161].

7. Conclusions

In summary, this review demonstrates the burgeoning applications
of NPs in a wide variety of applications, including consumer products,
energy, chemical/petrochemical products and in medicine. It is also ap-
parent that the synthesis of NPs and keeping them in a non-
agglomerated state or carrying out controlled aggregation for specific
applications requires considerable chemical and physical insight.
Much research has been carried out in this area with metal oxides, in-
cluding silica, titania, zinc oxide, ceria, iron oxide, and metals, particu-
larly silver and gold. Gas phase synthesis has the potential for scale up
to kg/h levels, but often resulting in aggregated particles. Manipulating
the temperature and pressures within the reactor for gas phase synthe-
sis is necessary to get optimal size distribution. Though, mechanical
grinding methods are often necessary for obtaining NPs. Liquid phase
synthesis provides better control of size and morphology. Exploiting
the surface characteristics of the NP, including surface charge and func-
tionality are often used for particle size control. Surface coating by poly-
mers, surfactants, polyelectrolytes provide ways to thwart NP
aggregation. Control of hydrophobic versus hydrophilic surface groups
can make NPs stable in polar and nonpolar solvents. Many applications
require that NPs prepared by liquid methods be isolated as a dry pow-
der. Without any precautions, any drying process will lead to aggre-
gates, primarily driven by the large capillary forces as liquids between
the NPs evaporate. Several studies have investigated the fundamentals
of the aggregation phenomena upon drying. If the agglomerates have
strong NP-NP association, which is often the case, mechanical forces
such as ball milling provide the only route to break up the agglomerates,
but not necessarily to the primary particle size. Surface derivatization
during the synthesis process can in some cases make redispersible
NPs, and examples are provided. Redispersion becomes easier if all of
the solvent is not removedduringdrying. There are numerous examples
of real-world applications of NPs, and in each of these technologies, a
thoughtful approach to avoid and/or control aggregation is important,
and many such examples are presented in the final section. Many of
these technologies also understand the limitations or advantages (in

some cases) of aggregation. Proper dispersion of NP in matrices, e.g.
polymers are relevant for the final desired physical properties.

There are outstanding issues associated with NP-based technology
that merit further attention, including.

- Scale up of liquid-based manufacturing that provides control over
particle size distribution and repeatability, with built-in cost effi-
ciency.

- Issues of safety, both occupational safety during manufacture and
during use by the consumer.

- Environmental impact of NPs, including effects on wildlife, fisheries,
plant kingdom and agriculture.

- Impact of NPs on the water table, rivers and oceans.
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