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RESUMO 

 
O objetivo deste estudo foi o desenvolvimento de um sistema de tape 
casting em meio aquoso para produzir membranas porosas de zircônia. 
Diferentes composições de pastas foram testadas. As propriedades 
reológicas das suspensões foram medidas. As suspensões mostraram um 
comportamento pseudoplástico, o que é desejável para um processo de 
tape casting. Dentre as formulações testadas, a pasta com adição de 
agente formador de poro mostrou-se promissora na produção de 
membranas com porosidade controlada. As pastas foram coladas por meio 
de um dispositivo próprio (doctor blade), sobre um substrato polimérico 
(politereftalato de etileno, Mylar). Foi investigada, em diferentes 
temperaturas, a influência do teor de (polimetil-metacrilato, PMMA) 
sobre porosidade aberta (27% a 51%) e tamanho médio de poros (0.2 a 
1.4 µm). Dentre as temperaturas de sinterização, as amostras submetidas 
a 1400 °C obtiveram o melhor fluxo de permeado, com valores entre 128 
e 257 (L/m2.h-1). A fim de aumentar as propriedades hidrofílicas das 
membranas, foi realizada uma funcionalização com(3-aminopropril 
triethoxy silano, APTES). As amostras funcionalizadas foram 
caracterizadas por SEM-EDX para identificar os grupos funcionais 
ligados à superfície. Testes do fluxo de permeado foram realizados e 
valores maiores que 642 (L/m2.h-1) foram encontrados. Pode-se constatar 
que a porosidade e o tamanho médio de poros têm um papel importante 
em testes de permeabilidade. Membranas com porosidade e tamanho de 
poros controlados são indicadas para aplicações em processos de 
separação, em especial para microfiltração. 
 
Palavras-chave: Zircônia. Colagem de fitas. Agentes formadores de 
poro. Funcionalização.   
 
 
 

 
 



 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



RESUMO EXPANDIDO 
 

 

 

Introdução 
 

 

 

Devido ao alto crescimento populacional, urbanização e industrialização, 

a contaminação da água aumenta exponencialmente, tornando sua 

escassez um problema de interesse global (DODDS; PERKIN; GERKEN, 

2013; MALWAL; GOPINATH, 2016). Atualmente, a busca por 

dispositivos de alto desempenho e baixo custo de produção aumentou a 

demanda por materiais avançados para diversas aplicações. Materiais 

porosos têm sido amplamente utilizados na vida cotidiana (STUDART et 

al., 2006b). Um crescente número de aplicações de cerâmicas porosas 

vem sendo observado nos últimos anos, em ambientes expostos a altas 

temperaturas e corrosão (KHARISOV; KHARISSOVA; DIAS, 2015). 

Além disso, devido às suas vantagens sobre membranas poliméricas, as 

mais utilizadas comercialmente, as membranas inorgânicas vêm se cada 

vez mais aplicações potenciais no tratamento de água e efluentes. Existem 

várias rotas sintéticas para fabricar membranas cerâmicas a partir de 

diferentes matérias-primas. Estes métodos incluem prensagem, 

eletrofiação, revestimento por imersão, freeze casting, slip casting e tape 

casting (HASSAN; ABDALLAH, 2016). Tape casting (colagem de fitas) 

é o processo padrão para produção de substratos cerâmicos finos e planos. 

O processo começa com a preparação de uma suspensão contendo pó 

cerâmico, solvente e aditivos apropriados, incluindo dispersante, 

plastificante e ligante (HOTZA; GREIL, 1995). A pasta é moldada sobre 

uma superfície estacionária ou móvel para formar as filmes, que são então 

secos até a completa evaporação do solvente. Na sequência, os as fitas ou 

filmes (tapes) são cortados em geometria apropriada, eventualmente 

laminados, e finalmente submetidas ao processo de debinding e 

sinterização (NISHIHORA et al., 2018b). Técnicas de modelagem em 

cerâmica, como a extrusão (WERNER et al., 2014), e tape casting 

(MORENO; AGUILAR; HOTZA, 2012) são abordagens simples 

utilizando sistemas com baixo impacto ambiental e baixa toxicidade que 

podem produzir cerâmicas com propriedades controladas A zircônia 

estabilizada com ítria é um dos sistemas mais interessantes para o uso 

como material de partida. Produtos à base de zircônia são utilizados como 

cerâmicas estruturais avançadas em coroas dentárias (CHEVALIER, 

2006), células a combustível de óxido sólido (SOFC) (MORENO; 

AGUILAR; HOTZA, 2012) e membranas porosas (BARTELS et al., 

2016; HOOG et al. 2018). A microfiltração é um processo físico em que 

um fluido passa por uma membrana com tamanho de poro controlado. A 



faixa de tamanho de poro usada nos processos de microfiltração é de cerca 

de 0,1 a 10 μm. Sendo assim, o presente estudo foca no desenvolvimento 

de membranas porosas de zircônia para aplicação em processos de 

microfiltração. 
 

 

 

Objetivos  
 
 

Os objetivos principais deste trabalho são: produzir, funcionalizar e 

caracterizar membranas porosas de zirconia produzidas pelo processo de 

tape casting aquoso. Os materiais obtidos são utilizados em processos de 

microfiltração, cujas propriedades são potencializadas por efeito da A 

funcionalização. 
 

 

Metodologia  
 

 
 

Para produzir as membranas, pó de zircônia estabilizado com 8 mol% de 

ítria (8YSZ, zircônia cúbica, - Innovnano com 99,9% de pureza, tamanho 

médio de partícula de 450 nm e superfície específica de 28,53 m2.g-1) foi 

utilizado. Uma solução comercial de poliacrilato de amônio (Darvan 821 

A, Vanderbilt) foi usado como dispersante e uma emulsão de látex 

estireno-acrílico foi usada como ligante (Mowilith LDM 6138, Clariant), 

poli(metil metacrilato) (PMMA) com um tamanho médio de partícula de 

5 µm foi utilizado como agente formador de poros (PF), dietanolamina 

como surfactante e uma emulsão aquosa de silicone (Emulsão Y-30, 

Sigma Aldrich) como agente anti-espumante. Foram preparadas 

supensões por desaglomeração de pós 8YSZ e PMMA em água 

desionizada com 1% em peso de dispersante em moinho de bolas. As 

composições das suspensões foram otimizadas a partir de alguns testes 

em diferentes quantidades de pó cerâmico (20 a 55% em peso) e 

estabelecidos com base em conhecimentos prévios do grupo (MORENO; 

AGUILAR; HOTZA, 2012). Os filmes ou tapes foram produzidos em um 

tape caster (CC-1200, Mistler) utilizando um suporte móvel de tereftalato 

de polietileno (PET, mylar) com um revestimento fino de silicone 

(G10JRM, Mistler). Os parâmetros de secagem das membranas foram 

definidos por um planejamento experimental. A temperatura e a umidade 

relativa que não causaram rachaduras, defeitos ou deformação nos tapes 

a verde foram respectivamente de 20 °C e 85% e, portanto,passaram a ser 

utilizadas nos demais ensaios. Para sinterização, as temperaturas 

estudadas foram 1300, 1400 e 1500 °C, respectivamente, com 2 h de 

patamar  nestas temperaturas máximas. A etapa de resfriamento foi fixada 

em 5 h. Foram realizadas análises de reometria, potencial zeta, 

porosimetria por intrusão de mercúrio, isotermas de adsorção de 

nitrogênio, microscopia eletrônica de varredura (MEV) com EDX 



(Energy-Dispersive X-ray spectroscopy) e adsorção de vapor. A fim de 

aumentar a hidrofilicidade, foi aplicada a funcionalização da superfície 

utilizando (3-Aminopropil)trietoxissilano (APTES). Com o objetivo de 

medir o fluxo de permeado transiente, testes de permeação de água em 

um dispositivo específico foram realizados antes e após a funcionalização 

, através de um fluxo vertical ao long da amostra. 
 
 

 

 

Resultados e discussão  
 

 

 

As suspensões ou barbotinas mostraram um comportamento 

pseudoplástico, uma diminuição na viscosidade com o aumento da taxa 

de cisalhamento, o que é desejável para o processo de tape casting. O 

ponto isoelétrico (IEP) foi encontrado em pH igual a 7,25. Normalmente, 

a adição de dispersante reduz o IEP e torna a suspensão estável a valores 

de pH mais baixos. Potenciais zeta maiores que 30 mV em módulo 

correspondem a suspensões estáveis (HOTZA; GREIL, 1995), as quais 

promovem a fabricação de fitas cerâmicas homogêneas com resistência a 

verde e ausência defeitos (REED, 1995). As microscopias revelaram 

valores de espessura entre 220 e 224 μm para as amostras de zircônia sem 

agente formador de poros (YSZ_NPF) e em torno de 200 μm para as 

membranas com PF (YSZ_PF). Um tamanho médio de poros variando 

entre 0,3 μm e 1,4 μm foi obtido. A adição do PF (PMMA) ajudou a evitar 

a alta densificação. A porosimetria de intrusão de Hg mediu a distribuição 

média do tamanho dos poros e a porosidade apresentada nas membranas. 

A porosidade aberta variou em um intervalo entre 27% e 51%, de acordo 

com o uso de PMMA e a temperatura de sinterização. Excluindo as baixas 

frações de poros grandes, todas as amostras mostraram uma distribuição 

simétrica de poros entre 0,1-1,5 μm. Em membranas simétricas, a 

espessura de toda a membrana determina o fluxo que passa por ela. 

Isotermas de adsorção de nitrogênio e área superficial específica (ASE) 

das membranas sinterizadas foram investigadas para determinar a 

influência do tempo de sinterização na microestrutura. A ASE obtida para 

as amostras sinterizadas em três temperaturas diferentes apresentaram 

valores de 0,24 a 1,74 m2/g. Todas as isotermas podem ser classificadas 

como tipo II, o que é típico para sólidos macroporosos (<50 nm) 

mostrando preenchimento de macroporos, mas sem adsorção 

multicamadas. Espectros de EDX mediram a composição antes e depois 
da funcionalização, evidenciando o sucesso na deposição de APTES na 

superfície da membrana. A adsorção de vapor de solvente polar (água) e 

não polar (n-heptano) foi realizada para determinar as propriedades da 

superfície da membrana. Todas as amostras apresentaram um 

https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy


comportamento hidrofílico que é comum para cerâmicas óxidas. A 

medição de permeação de água foi realizada em um dispositivo sem saída 

em três diferentes pressões de trabalho (0,5, 0,75 e 1 bar). Os testes 

revelaram que embora a porosidade desempenhe um papel na 

permeabilidade dasmembranas, o tamanho médio dos poros parece ter 

uma influência mais forte no fluxo de permeado. Após o procedimento de 

funcionalização, o desempenho das membranas foi avaliado. As 

membranas apresentaram fluxos 5 vezes maiores quando comparadas 

com as mesmas amostras antes da funcionalização. Quando a superfície 

é modificada com APTES, grupos amino (NH2) são fixados na superfície 

da membrana, os quais tendem a aumentar a interação com a água e 

facilitar a permeação da água pelos poros. 
 

 

 

Conclusões  
 

 

 

Neste trabalho, membranas porosas de zircônia estabilizada com ítria 

foram produzidas com sucesso pelo processo de tape casting. O pH no 

ponto isoelétrico foi de 7,25 para a suspensão de zircônia. A pasta 

cerâmica a pH 9 corresponde a um potencial zeta de -45 mV, confirmando 

que a barbotina é coloidalmente estável. O comportamento reológico da 

suspensão foi pseudoplástico, o que é desejável para um processo de tape 
casting. O valor da área superficial específica corresponde a resultados 

publicados na literatura. Membranas com porosidade aberta de 27% a 

51% e tamanhos de poros na faixa de 0,2 a 1,5 m foram obtidas. A 

adsorção de água e vapor de n-heptano mostrou que as membranas 

apresentam um comportamento hidrofílico. A etapa de funcionalização 

foi realizada com sucesso e confirmada por análise elementar de MEV-

EDX. As membranas funcionalizadas mostraram um aumento do fluxo 

de água em até 5 vezes. O tamanho médio dos poros e a porosidade 

desempenharam um papel significativo na permeação de água, tanto para 

amostras funcionalizadas como não funcionalizadas. No entanto, o 

tamanho médio dos poros parece ter uma influência mais forte do que a 

porosidade. A faixa de porosidade indicou uma potencial aplicação dessas 

membranas para processos de microfiltração. 
 

Palavras-chave: Zircônia. Membrana. Funcionalização. Microfiltração. 

 

 



 
 

 

ABSTRACT 
 
The objective of this study was the development of tape casting in aqueous 
medium to produce porous zirconia membranes. Different slurries 
compositions were tested. The rheological properties of the suspensions were 
measured. The suspensions showed a pseudoplastic behavior, which is 
desirable for tape casting. Among the formulations tested, the slurry with 
addition of pore forming agent showed to be promising in the production of 
membranes with controlled porosity. The slurries were cast with a tape caster 
(doctor blade) on a polyethylene terephthalate (Mylar) substrate. The 
influence of (poly(methyl-methacrylate) PMMA) content, at different 
temperatures (1300°C, 1400°C, 1500°C) on open porosity (27% to 51%) and 
mean pore size (0.2 to 1.4 µm) was investigated. Among the sintering 
temperatures, the samples submitted to 1400 ° C obtained a better permeate 
flux, with values between 128 and 257 (L/m2.h-1). In order to increase the 
hydrophilic properties of the membranes, (3-aminopropril triethoxysilane, 
APTES) functionalization was performed. The functionalized samples were 
characterized by SEM-EDX to qualify the functional groups attached to the 
surface. Permeate flow tests were performed and values higher than 642 
(L/m2.h-1) were found. It can be concluded that porosity and mean pore size 
play an important role in permeability tests. Membranes with controlled 
porosity and pore size are indicated for applications involving separation 
processes, in special for microfiltration systems. 
 
Keywords: Zirconia. Tape casting. Sacrificial pore former. 
Functionalization. 
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1 INTRODUCTION 

 

1.1 MOTIVATION 

Due to high population growth, urbanization and industrialization, 
water contamination increases exponentially, making its scarcity a 
problem of global interest (DODDS; PERKIN; GERKEN, 2013; 
MALWAL; GOPINATH, 2016). The water scarcity is one of the most 
serious risks facing the world at every level. Different efforts to provide 
treated water to a growing population have been done, which emphasize 
the need to manage and treat the natural resource in a sustainable way. 

Currently, the pursuit of high-performance devices with low cost 
of production has increased the demand for advanced materials for several 
applications. Macroporous materials have been widely used in everyday 
life, including polymeric foams, aluminum light-weight structures in 
buildings and airplanes as well as porous ceramics for water purification 
(STUDART et al., 2006b). 
 An increasing number of applications of porous ceramics can be 
observed to date, regarding applications in environments where high 
temperatures and corrosive media are involved. Molten metals filtration, 
hot corrosive gases, support for catalytic reactions and high temperature 
thermal insulation are included in such use (KHARISOV; 
KHARISSOVA; DIAS, 2015). Moreover, due to their advantages over 
commercially widespread polymeric membranes, inorganic membranes 
have been increasingly gaining potential applications in the water and 
wastewaters treatment.  

The main advantages of ceramic membranes are their high melting 
point, conferring them high thermal resistance; high chemical stability, 
which favors their application in corrosive media and in organic solvents; 
as well as high specific strength and wear resistance. In addition, they 
show low thermal conductivity, low dielectric constant and good water 
permeability (ASHARAF et al., 2014). There are various synthetic routes 
for fabricating ceramic membranes from different raw materials. These 
methods include pressing, extrusion, sol- gel, chemical vapor deposition, 
electro spinning, anodic oxidation, dip coating, freeze casting, slip casting 
and tape casting (HASSAN; ABDALLAH, 2016). 

Tape casting is the standard process to thin and flat ceramic 
substrates. The process begins with the preparation of a suspension 
containing the ceramic powder and solvent, with the appropriate 
additives, including dispersant, plasticizer and binder (HOTZA; GREIL, 
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1995). The dispersant keeps the ceramic particles apart, avoiding 
agglomeration while the plasticizer and the binder promote flexibility and 
resistance to the green ceramic body, respectively. The slurry is cast on a 
stationary or mobile surface to form the tapes, which are then dried until 
complete solvent evaporation. In the sequence, the pieces are cut into 
appropriate geometry, eventually laminated, and finally submitted to 
debinding and sintering (NISHIHORA et al., 2018b).The tape casting 
process was originally employed industrially based on organic solvents. 
Although, due to health, disposal, safety, cost and environmental issues, 
researchers are focusing on aqueous systems that have the water use 
benefits (GOULART; SOUZA, 2017). The main advantages of water are 
its non-toxicity, anti-flammability, high availability and low cost 
(BELON et al., 2019; MARIE et al., 2017). On the other hand, organic 
additives affect the suspension behavior and the properties of the tapes. 
Thus, the composition of the slips should be optimized to obtain crack-
free tapes with high green density and controlled porosity.  

 Ceramic shaping techniques, such as water-based extrusion 
(WERNER et al., 2014), and tape casting (MORENO; AGUILAR; 
HOTZA, 2012) are simple approaches using systems with low 
environmental impact and low toxicity that can produce ceramics with 
controlled properties. In the case of porous ceramics, pore sizes ranging 
from nano to micrometers might be obtained, with the use of different 
porogenic agents, resulting in ceramic materials with superior 
performance to other manufacturing techniques. 

Among the oxides, yttrium-stabilized zirconia is one of the most 
interesting systems for using as ceramic starting material. Zirconia-based 
products are used as advanced structural ceramics in tooth crowns 
(CHEVALIER, 2006), solid oxide fuel cells (SOFC’s) (MORENO; 
AGUILAR; HOTZA, 2012) and porous membranes (ALBANO et al., 
2008) due to their high toughness (BARTELS et al., 2016; HOOG et al., 
2018). 

Microfiltration is a physical process where a fluid pass through a 
special pore-sized membrane. It usually serves as a pre-treatment for 
other separation processes such as ultrafiltration. The particle size range 
used in microfiltration processes are from about 0.1 to 10 µm. 

Therefore, the present study focused on the development of 
zirconia membranes for application in microfiltration processes. 
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1.2 OBJECTIVES 

 

1.2.1 General objective 

 The general objective of this work is to produce and characterize 
zirconia microfiltration membranes obtained by aqueous tape casting and 
combine this well-established technique with functionalization a step to 
enhance the membrane water permeability. 
 

1.2.2 Specific objectives 

 

a) Produce zirconia membranes by aqueous tape casting with controlled 
porosity and thickness ranging inside the microfiltration range; 
 

b) Functionalize the porous membranes to increase hydrophilicity; 
 
c) Characterize the membrane morphology, hydrophilicity and water 
permeability; 
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2 THEORETICAL BACKGROUND AND LITERATURE 

REVIEW 

 

2.1 CERAMICS 

 

 Ceramic materials are composed of metallic and nonmetallic 
elements, often as oxides, carbides and nitrites. The wide variety of 
materials under this classification includes ceramics that are fabricated 
from clay minerals, cement, and glass. These materials are typically 
insulating to the passage of electricity and heat. They are more resistant 
to high temperatures and abrasive environments when compared to metals 
and polymers (CALLISTER JR., 2002). 

 

2.1.1 ZIRCONIA CERAMICS 
 

 Zirconia (ZrO2, zirconium dioxide) is the most important and 
stable oxide derived from zirconium. This metal oxide can be extracted 
from zirconite (ZrSiO4) or from baddeleyite (ZrO2) (OLIVEIRA; 
TOREM, 2001). In its pure form is a white powder and has a melting 
point of 2710 °C, and may be found in three crystalline forms 
(FLETCHER ANDREW, 1993): monoclinic, tetragonal or cubic. 
 Zirconia-based ceramics are characterized by a combination of 
some properties such as chemical resistance, mechanical strength, and 
toughness. This allows the use of this material in aggressive 
environments, and as cutting tools. Zirconia is also considered an 
attractive material for nuclear, chemical, aerospace, fuel cell and 
biomaterials applications (ASHARAF et al., 2014;  REED, 1995). 
 
2.1.1.1 Binary phase balance 

 

 Zirconia presents a few phase transformations. The total change 
from tetragonal to cubic occurs at 2370 °C. Another common change is 
from tetragonal to monoclinic phase, and when it happens, it results in 
large shear deformations because of the density shift. These deformations, 
even in small grains are sufficient to exceed both elastic and fracture 
limits. In this case, the use of pure zirconia oxide components at high 
temperatures is difficult as it is related to increased stress and spontaneous 
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failure. The volume change accompanying the tetragonal to monoclinic 
phase transformation may, however, be an alternative to improve the 
strength and toughness of zirconia (ALBANO et al., 2009). 
 These oxides may exhibit degradation in dry and humid 
atmospheres over a temperature ranging from 65 to 500 °C. This 
degradation is due to the destabilization of the tetragonal phase to 
monoclinic. Therefore, its application is intended for situations where 
mechanical resistance is the property of interest. 
 A common oxide for the stabilization of zirconia is the yttrium 
oxide (Y2O3), which confers better fracture toughness (SENTHIL 
KUMAR; RAJA DURAI; SORNAKUMAR, 2004). 
 The scientific and technological interest in stabilized zirconia 
ceramics is large mainly due to their mechanical behavior. Zirconia 
stabilization can be partial or total and it is controlled by the amount of 
phase stabilizing oxides that are added to the matrix. Stabilized zirconia 
is generally found as: i) Partially Stabilized Zirconia (PSZ), which 
contains stabilizing additives sufficient to allow the formation of 
tetragonal zirconia precipitates in a cubic matrix, consisting of amounts 
greater than 4 mol%  Y2O3 , or ii) Fully Stabilized Zirconia (FSZ) with 
about 100% of the tetragonal crystalline phase at room temperature, 
containing 8 mol% Y2O3, commonly(ASHARAF et al., 2014).  High 
toughness in zirconia is related to the martensitic transformation and the 
increase of the molar fraction of Y2O3 in the material favoring the 
stabilization of the cubic phase, as shown in Fig. 1. 
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Fig. 1 - Zirconia-Yttrium phase diagram for yttrium additions up to ~ 20 mol%  
Y2O3. (T) tetragonal phase, (C) cubic and (M) monoclinic. 

 
Source: (WITZ et al., 2007). 
 
2.1.1.2 Martensitic transformation 

 

 The transformation of the zirconia particles from the tetragonal to 
monoclinic phase is of the martensitic type and is accompanied by a 3 to 
5% volume increase. This volume is sufficient to exceed the elastic limit 
even in small grains of monoclinic zirconia, and this expansion of volume 
can only be accommodated by the formation of cracks, making it 
impossible to use the zirconia in its pure form. The additions of some 
oxides make it possible to obtain suitable mechanical properties 
(FLETCHER ANDREW, 1993). The transformation is 
thermodynamically reversible at a temperature of 1174 °C. This 
transformation begins in the cooling cycle at the martensitic 
transformation temperature, which for ZrO2 monocrystals or dense bodies 
of polycrystalline ZrO2 is between 950 °C and 850 °C. 
 The most important characteristic in the ZrO2-Y2O3 system is the 
decreasing of the tetragonal-monoclinic transformation temperature with 
the increasing in the amount of yttrium. Thus, larger particles of ZrO2 
stabilized with Y2O3 may be retained in their tetragonal form which is 

 12 

 

 

 Fig. 1. Phase diagram of YSZ
1
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metastable (FLETCHER ANDREW, 1993). Therefore, by adding yttria 
to zirconia, the martensitic transformation is inhibited (HEUER, 1987). 
 

2.1.2 NANOSTRUCTURED ZIRCONIA CERAMICS 
 

 The use of nanometric scale ceramic powders is becoming an 
attractive option due to the unique properties associated with its 
nanostructure. The advantage of these powders is their reactivity, the 
challenge is to obtain dense or porous ceramics, depending on the 
application (MINEIRO, 2008). 
 Among the ceramic materials used for high performance, zirconia-
based ceramics have the greatest potential for application. This potential 
is linked to the combination of its mechanical, optical, chemical, electrical 
and thermal properties, and thus make oxides an attractive choice in 
materials science because of their well-known phase transformations and 
the microstructure development (ASHARAF et al., 2014).  
 A study published by Studart et al., (2006b) demonstrated that 
zirconia nanoparticles have great potential as a starting material for 
applications in technological field. Among them refers to fabrication of 
ceramic membranes targeting microfiltration processes (BOUZERARA 
et al., 2012). 
 

2.1.3 ZIRCONIA CERAMICS FOR STRUCTURAL 
APPLICATIONS 

 

High-performance ceramics are potential substitutes for 
conventional materials. In order to obtain micro structured ceramics with 
properties compatible with their use, it is necessary for this microstructure 
to have suitable chemical and physical characteristics. The goal, 
therefore, is to obtain a sintered ceramic with the smallest defect size 
possible, so that the reliability and reproducibility of the properties in the 
performance of the final ceramic product are guaranteed. 
 Ceramic materials are characterized by strong atomic bonds of 
ionic and covalent character between their atoms. The nature of these 
bonds is responsible for some highly desirable properties of these 
materials, such as hardness and high melting point, abrasion resistance 
and chemical stability. However, these high energy bonds make these 
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materials to exhibit a brittle mechanical behavior (ASHARAF et al., 
2014). 
 In order to enhance the reproducibility and reliability of these 
materials, microstructures have been developed to increase fracture 
toughness and rupture strength, in order to tolerate a certain amount of 
natural defects (FLETCHER ANDREW, 1993). In structural 
applications, the main limitation of ceramics is not mechanical resistance 
or limited rigidity, but rather the fragility with which cracks start and 
propagate (CHEVALIER et al., 2009). 
 It is known that cracks start in defects that are introduced during 
the manufacturing process, and may be generated by inclusions, dense 
clumps or pores as well as during surface finishing such as grinding and 
polishing and also exposure to mechanical aggressive environments. 
However, cracks can be disrupted when their energy is consumed, such 
as when they meet grain boundaries or barriers, or when a phase 
transformation occurs at the crack tip (SENTHIL KUMAR; RAJA 
DURAI; SORNAKUMAR, 2004).  
 Zirconia undergoes an increase in its mechanical resistance when 
subjected to the action of an external force applied at room temperature 
that increases its resistance to mechanical shocks (FLETCHER 
ANDREW, 1993). This special property is allied to the transformation of 
the tetragonal to the monoclinic phase, which is accompanied by an 
increase in volume, causing a state of internal compression in the 
material. When a crack begins to propagate inside the ceramic, the energy 
associated with this state of compression in the region near the tip of the 
crack is absorbed by the ceramic object, minimizing or interrupting the 
propagation of the defect (CHEVALIER et al., 2009). 
 The retention of the metastable tetragonal phase and its consequent 
transformation to the monoclinic phase is considered a prerequisite for 
the increase of the fracture toughness of zirconia ceramics, making it a 
material with great potential for the application as microfiltration ceramic 
membranes (BOTHA, P. J.; CHIANG, J. C. H.; COMINS, J. D.; 
MJWARA, P. M.; NGOEPE, 1998; FLETCHER ANDREW, 1993). 
 

2.1.4 ZIRCONIA MEMBRANES MATERIALS AND DESIGNS 
 

Zirconia membranes have been employed in different applications 
such as solid oxide fuel cells (BAQUERO et al., 2013), virus retention 
(WERNER et al., 2014) and water microfiltration (BOUZERARA et al., 
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2012). Table 1 summarizes some of the most common techniques used in 
zirconia membrane manufacturing and their applications.  
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Table 1 shows that the use of zirconia as starting material has a 
broad application in different areas such as microfiltration and 
ultrafiltration membranes (ASHARAF et al., 2014). The use of zirconia 
membranes was successfully applied in solid oxide fuel cells (MORENO; 
AGUILAR; HOTZA, 2012; BAQUERO et al., 2013) using zirconia 
membranes manufactured by tape casting. Some studies applied extruded 
membranes for virus removal (BARTELS et al., 2016) with a membranes 
flux of 150 L/(m2.h) and bacteria filtration (KROLL et al., 2012) showing 
a bacterial retention of 99.9%. 

Zirconia membranes are also reported in wastewater treatment. 
Membranes manufactured by sol-gel technique and extrusion are applied 
in separation of heavy metals (CHOUGUI et al., 2014) and oil/water 
emulsions (BEROT et al., 2003) even though a large number of studies 
on water and wastewater treatment were recently published, a lack of 
research related to developing techniques such as tape casting can be 
noticed.  

Therefore, this work aims to explore the correlation between the 
well-established tape casting technique combined with surface 
functionalization to fill in the gap presented in this area. 
 

2.2 TAPE CASTING 

 

The tape casting process has been the standard technique for 
manufacturing of ceramic tapes in large scale, with tape thickness ranging 
from 2 micrometers up to the order of millimeters (MISTLER; 
TWINAME, 2000). This method allows processing different types of raw 
materials regardless their composition from ceramic, vitreous or metallic 
powders. It is considered a fundamental technique by the industries of fuel 
cell production, multilayer packages and water and wastewater 
technology (JABBARI et al., 2016). 
 The first study about tape casting was published by Glenn Howatt 
(1947), as a method of forming thin plates for piezoelectric application 
and capacitors. The first patent, though, was published in 1952. This 
discloses the use of aqueous and non-aqueous suspensions using a 
movable device provided with a blade in a discontinuous process 
(PLATES, 1952). In 1961, the company American Lava Corp. filed a 
patent describing the use of a mobile polymer matrix of a ceramic 
suspension containing polyvinyl butyral (PVB), which was cast with the 
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help of a system consisting of leveling blades, so-called doctor blades 
(MISTLER; TWINAME, 2000).  
 At the beginning of the twentieth century, the tape casting 
technology went through an optimization. Several researches have been 
carried out in the area of dispersants for the suspension, with the intention 
to use nanopowders (GESELLSCHAFT.; EMAILFACHLEUTE., 1920; 
STUDART; AMSTAD; GAUCKLER, 2007; MORENO; 
BERNARDINO; HOTZA, 2014).  
 The process consists in the preparation of a suspension with the 
raw material of interest in the aqueous or non-aqueous medium. Additives 
such as binders, plasticizers, antifoams, and surfactants are part of the 
suspension, each promoting its specific function (HOTZA, 1997).  
 The non-aqueous process where the medium is an organic solvent 
offers some advantages such as high and fast solvent volatility and these 
solvents avoid hydration and hydrolysis of the ceramic powder. However, 
these solvents are usually constituted by toxic substances, thus requiring 
a rigid control of the products of their decomposition that are emitted into 
the atmosphere. Considering this, a great number of studies have been 
developed aiming at the consolidation of some alternatives based on 
aqueous systems (ALBANO; GARRIDO, 2006; ALBANO et al., 2008; 
ALBANO et al., 2009; COSSIO et al., 2012; DONG et al., 2017). 
 Tape casting is a process similar to slip casting. In addition, many 
of the processing problems are common in both. However, in slip casting 
the solvent removal during product consolidation involves the capillary 
action of a porous mold, while in tape casting the solvent is simply 
evaporated. The size and shape of the products manufactured by both 
differ considerably (HOTZA; GREIL, 1995; JABBARI et al., 2016; 
NISHIHORA et al., 2018b). 
 Tape casting, Fig. 2, is performed through the relative movement 
between a doctor blade and a collecting surface. There are two possible 
approaches: either a blade moves on a surface (discontinuous process) or 
a surface moves under a fixed blade (continuous process). Large-scale 
production is based on continuous processes. For production on pilot 
scales or laboratory scales, the batch process can be used (MISTLER; 
TWINAME, 2000). Industrially, the standard equipment consists of a 
movable surface, hot air flow drying system, leveling blade device and a 
separating system between the green leaf and the substrate (HOTZA, 
1997). The substrates are often made from Teflon, cellulose acetate and 
polyethylene (MISTLER; TWINAME, 2000). 
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Fig. 2 - Tape caster for continuous processing of ceramic tapes. 

 
 

Source: Elaborated by the author (2019).  
 

 The tape thickness control can be adjusted by the doctor blade 
relative to the collector surface, varying in the micrometer range. Other 
parameters such as the viscosity of the suspension, pressure exerted by 
the suspension in the reservoir and the casting speed also influence the 
thickness of the film. The bonding speed in continuous equipment varies 
from 5 to 1000 mm/min. Such speed depends on the drying conditions 
and the required production (NISHIHORA et al., 2018b). 
 After evaporation of the solvent, the ceramic particles dispersed in 
the polymer matrix give rise to a flexible tape. This can be separated from 
the substrate manually. The tape must have adequate flexibility, density, 
and mechanical strength to allow better handling and storage without 
inducing defects (MISTLER; TWINAME, 2000). 
 After processing, the material is subjected to a heat treatment, 
which can be performed in one or two steps. The first step is debinding, 
which aims at the elimination of organic substances. The second is the 
sintering which promotes the densification of the material. 
The steps for preparing the ceramic tapes are described in Fig. 3.  
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Fig. 3 - Flowchart of the ceramic tapes manufacturing process. 

 
Source: Nishihora et al. (2018).  
 

 In the following topics, the intrinsic aspects of the processing of 
the ceramic tapes in the aqueous medium will be briefly discussed. 
Although the processing of ceramic powders in aqueous media is one of 
the oldest and studied routes within ceramic processes, there are still some 
difficulties to be overcome regarding the achievement of stabilized 
aqueous suspensions with high solids and homogeneously dispersed as 
well as a controlled drying of the tape so as to avoid cracks (JABBARI et 
al., 2016). 

  

2. Tape casting of porous materials

Tape casting is a standard shaping technique used to produce flat
ceramic sheets with a thickness range varying between 10 μm to 1 mm
[58]. The process was originally developed by Glenn Howatt during
1940s to manufacture capacitor dielectrics, which remains one of the
most important applications of tape casting [66]. The general fabrica-
tion process of ceramic thin materials by tape casting can be summar-
ized in the flowchart in Fig. 1.

This method consists of a wet-shaping process based on casting of a
tape from a suspension with pseudoplastic nature, also known as slurry
or slip. The slurry is composed of an inorganic powder dispersed in a
liquid (water or organic), which acts as a solvent for organic additives
(dispersants, plasticizers, and binders) and as a dispersion medium for
the ceramic particles [67]. Carter and Norton [56] provide a concise
description of the function of the principal slurry components:

• The liquid (also referred to as solvent in the literature) controls the
viscosity of the slurry allowing it to be spread on the carrier film
(usually a polymer), and provides a vehicle to homogenously dis-
tribute the additives and disperse the ceramic powder.

• Dispersants (also known as deflocculants) avoid settling of the
powder particles.

• Binders hold the ceramic particles together after shaping until the
tape is sintered and must be removed by heat treatment.

• Plasticizers increase the flexibility of the green tape.

A tape casting slurry must be adjusted in order to yield tapes that
satisfy some quality criteria, such as (i) no defects during drying; (ii)
cohesion to allow the manipulation of dried sheets; (iii) microstructural
homogeneity; (iv) good thermopressing (lamination) ability; (iv) easy
pyrolysis (debinding); and (v) high mechanical strength after sintering
[68]. This requires careful selection of the slurry additives together
with accurate control of many processing parameters, which makes the

preparation of the slurry a critical step.
As stated by Gutiérrez and Moreno [69], the preparation of a slurry

for tape casting strongly depends on solids concentration, order of ad-
dition of the additives, binder amount and characteristics, among other
process parameters. All these parameters may affect the final properties
of the ceramic tapes like density, thickness, porosity, surface quality,
and mechanical behavior. In order to produce a slurry with well-dis-
persed powder, the preparation process is usually performed in two
steps. In the first step, the powder is dispersed into the liquid using a
proper dispersant. Second, the additives – such as binder, plasticizer,
and defoamer – are added to the slurry. A pseudoplastic behavior of the
slurry is desired to ensure the production of homogeneous tapes [70]. In
this case, during casting, the viscosity is decreased due to shear forces
between the blade and the carrier. Right after casting, the viscosity
increases rapidly to suppress uncontrolled flow and to prevent sedi-
mentation of the ceramic particles [70].

The prepared slurry is poured into a container and after casting, the
tape is formed onto a moving polymer tape, where a leveling blade,
commonly named “doctor blade”, controls the thickness of the green
tape (Fig. 2). The green tape is dried and cut into parts, which can be
subsequently laminated to obtain thicker parts to ensure mechanical
stability. The laminates are then sintered to remove organics and pro-
mote the desired densification [55,71].

During the drying step, the slurry is converted into a semirigid,
flexible tape upon removal of the solvent. This can be accomplished by
drying at room temperature or using an auxiliary dryer and heat source
to provide a temperature below the boiling point of the solvent, which
increases the drying rate [72]. The drying process has to be carefully
controlled to avoid the generation of cracks in the green tape due to
stress development and heterogeneous shrinkage [73,74]. Depending
on the slurry composition, the thickness of the dried green tape can
decrease around 50% of the originally defined gap in the doctor blade.

As previously mentioned, the lamination is proceeded with the
dried tape to increase thickness and structural stability. A multilayer
green body is produced by applying pressure to the stacked tapes
(10–30 MPa) at a temperature above the softening temperature of the
binder and plasticizer system [75]. The thermopressing process induces
the interpenetration of the adjacent particles, hence increasing green
density [76]. The tapes can be thermopressed in many ways, for ex-
ample: multilayers by folding a single big tape (multi-folding lamina-
tion process) [77]; unidirectional or multidirectional laminating pro-
cess [78]; or simply by changing the tape side (face-to-face or back-to-
face). However, it is also possible to perform the lamination under room
temperature and low pressure (2.5–5.0 MPa) by using double-sided
adhesive tapes, overcoming some former problems of deformation
during thermopressing [79–81]. Alternatively to lamination, tape
overcasting (also known as sequential tape casting) can be adopted, in
which slurries are cast on the top of a slightly dried green tape [82,83].

The final step includes firing the shaped green body. In a first step,
the organic additives (dispersant, plasticizer, defoamer, binder) are
burned out by heating the tapes or laminates. This is carried out in the
air for oxide ceramic, and it is necessary to pay close attention to the
complex processes occurring, which include vaporization, decomposi-
tion, depolymerization, and oxidation [84]. Therefore, the organic

Fig. 1. General processing flowchart of tape cast products.

Fig. 2. Representation of a typical tape casting setup.

R.K. Nishihora et al.
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2.2.1 SLURRY RHEOLOGY 
 

 Rheology is defined as the study of the fluid behavior and the 
deformation of this material when it is subjected to a certain external 
mechanical stress (CHHABRA, 2010). There are different parameters 
that can influence the stability of a suspension of ceramic powders. 
Among them, the ionic strength, nature of the additives, temperature, 
solid loading and the presence or absence of oxides (TARÌ; OLHERO; 
FERREIRA, 2000).  
 There is a great variation in the formulations used in ceramic tapes. 
This suggests that the materials obtained in industrial processes present a 
varied behavior. To process these materials, the knowledge of the 
properties and operating conditions is required. Some simple variations 
such as rate of application of pressure and amount of organic additive 
employed may alter the rheological behavior of a ceramic suspension 
(CHHABRA, 2010).  
 In the processing of ceramic materials, some flow characteristics 
are desirable. For example, the pseudoplastic character of the organic 
additive may favor the pseudoplastic behavior of the whole suspension. 
In other words, the viscosity of the ceramic slurry is reduced as the applied 
shear rate increases, facilitating the deformation process (MISTLER; 
TWINAME, 2000).  
 Flow properties are as important for advanced ceramics as for 
traditional ones because it is not possible to predict this behavior by 
analyzing the characteristics of the precursors involved as a function of 
the complexity of the relationships between the components or a 
suspension. However, an analysis of similar material can be used, 
allowing a prediction of the behavior of the suspension (HOTZA; GREIL, 
1995) . It may be suggested that a modification in the flow profile promotes 
changes in the viscosity of the suspension.  
 The main factors that influence the viscosity of the suspension are 
temperature, solid loading and solvent characteristics (ÖZKAN et al., 1999). 
Each suspension has a limit concentration of solids. At this limit, the 
agglomeration takes place and the flow is ceased. When the increase in solids 
concentration occurs, deviations from Newtonian rheological behavior occur. 
In this case, the behavior of the suspension depends on additional factors, 
such as type of interaction between particles (repulsion or attraction), particle 
size, density, form and specific surface area.  
 Fig. 4 shows the influence of particle size on the suspension flow. In 
Fig. 4 (a) there are no particles dispersed in the fluid, making the flow 
continuous. In Fig. 4 (b) a particle exhibits a certain resistance to the passage 
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and flow of the fluid. In (c) this resistance is greater since the particle size 
also increases. Fig.4 (d) shows how a set of small particles behaves as a single 
large particle when agglomerated, which generates resistance to fluid flow 
(CHHABRA, 2010).   
 
Fig. 4 - Influence of the presence of bound particles on the flow lines. 

 
Source: Adapted from (RODRIGO; PARDO, 2005).  

 
 Some possible behaviors for fluids are discussed in Fig. 5. The 
rheological behavior of the fluids does not always present a linear 
relationship between shear stress and shear rate as Newtonian fluid. Thus, 
the apparent viscosity, defined by the ratio between stress and shear rate, 
depends not only on the shear rate but also on other factors, such as time 
(STUDART et al., 2006a). 

  

(a) (b)

(c) (d)
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Fig. 5 - Basic rheological fluid behaviors. 

 
Source: CHHABRA (2010). 

 

 For example, Bingham fluid is different from Newtonian fluid 
because it presents a yield stress, which is required for the initial 
deformation of the fluid. When the shear rate increases, the apparent 
viscosity decreases, and the fluid is referred to as pseudoplastic 
(JABBARI et al., 2016). The inverse behavior is called dilatant. This is 
defined by an apparent viscosity increasing with the addition of the shear 
rate (CHHABRA, 2010). In both cases, the variation of the apparent 
viscosity as a function of the shear rate provides parameters of great 
interest. The pseudoplastic behavior can be caused by several factors such 
as the physical and chemical characteristics of the particles, as well as the 
concentration, interaction, dispersant, shaping, molecular weight and the 
shape of the particles (JABBARI et al., 2016). 
 In advanced ceramics processes like tape casting, pseudoplastic 
behavior is desirable to produce homogeneous tapes (JABBARI et al., 
2016). When the suspensions contain particles with larger surface area, 
they become more susceptible to surface phenomena, which may lead to 
agglomeration (HOTZA; GREIL, 1995). The dilating behavior is related 

Non-Newtonian Fluids: An Introduction 7

Fig. 4 shows qualitatively the flow curves (also called rheograms) on linear coor-
dinates for the above- noted three categories of fluid behavior; the linear relation
typical of Newtonian fluids is also included in Fig. 4.

Fig. 4 Qualitative flow curves
for different types of non-
Newtonian fluids

3.1 Shear-Thinning Fluids

This is perhaps themost widely encountered type of time-independent non-Newtonian
fluid behavior in engineering practice. It is characterized by an apparent viscosity η
(defined as σyx/γ̇yx) which gradually decreases with increasing shear rate. In poly-
meric systems (melts and solutions), at low shear rates, the apparent viscosity ap-
proaches a Newtonian plateau where the viscosity is independent of shear rate (zero
shear viscosity, η0 ).

lim
γ̇yx→0

σyx
γ̇yx

= η0 (10)

Furthermore, only polymer solutions also exhibit a similar plateau at very high shear
rates (infinite shear viscosity, η∞ ), i.e.,

lim
γ̇yx→∞

σyx
γ̇yx

= η∞ (11)
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to highly concentrated suspensions, due to the proximity of the particles. 
When at low shear rates, the flow is not hindered, the rate increasing is 
accompanied by the increasing in the difficulty of flow. Thus, some 
factors such as particle size distribution, repulsion and roughness forces 
may favor this rheological behavior (STUDART et al., 2006a).  
 

2.2.1.1 Interaction between Particles 
 

 The strength of ceramic materials is limited by the presence of 
cracks and defects. These imperfections are usually caused by clusters 
resulting from the early stages of processing, leading to non-
homogeneous packaging and leaving void spaces after sintering. An 
effective strategy for minimizing the number of agglomerates and 
homogenizing the powder is to use a dispersant in order to keep the 
particles dispersed in the liquid as a suspension (MISTLER; TWINAME, 
2000).  
 Since the density of the solid particles is greater than that of the 
liquid, they tend to sediment. The forces acting on the particles help to 
understand how the stability of the suspension occurs. These can be either 
attractive or repulsive (MORENO; AGUILAR; HOTZA, 2012). When 
repulsive, the particles remain separated. However, when the forces are 
attractive, the formation of agglomerates occurs and the probability of 
sedimentation increases (RICHERSON, 2012).  
 The forces that act between particles determine their behavior and 
are called surface forces and body forces. These forces affect the stability 
and the rheology of the suspension (HOTZA, 1997).  
 

2.2.1.2 Surface Forces 
 

 Also known as interatomic forces, surface forces can be classified 
as Coulomb and Van der Waals forces (KINGERY, 1977). The Van der 
Waals force is inversely proportional to the distance between the atoms. 
If all the atoms in the ceramic body are added together, the range of force 
increases significantly. However, the atoms closest to the surface of the 
body are those that predominantly increases (REED, 1995). The Coulomb 
interactions increases between charges normally encountered on the 
surface of the material (HOTZA; GREIL, 1995).  
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For instance, body forces act throughout the body and it is related 
with gravity, magnetic and electric fields. It contrasts with contact forces 
when exerted to the surface of the material 

 
2.2.2 SLURRY COMPOSITION 

 

The additives cover a very broad class of materials, usually 
organics. These materials are used as auxiliaries in the processing of 
ceramic materials (HOTZA; GREIL, 1995). They are extremely 
important in this process because they improve the plasticity and increase 
the green resistance of the material (REED, 1995).  

The main additives used in the tape casting technique will be 
discussed below.  

 

2.2.2.1 Binder 
 

 Generally, binders are polymer molecules that are adsorbed 
between ceramic particles acting like a bridge providing interparticle 
flocculation. These additives may provide several different functions to 
the ceramic body. It may improve the wetting of the particles which 
significantly increase the apparent viscosity. At green ceramic bodies the 
binder improves the plasticity and the green strength (REED, 1995). 
When the slurry has a high concentration of powder, a high molecular 
weight binder is required due to appropriate strength, pseudoplasticity and 
apparent viscosity (KINGERY, 1977). A critical step related to binders is 
their combustion. When burned in air, for instance, sodium 
carboxymethylcellulose (NaCMC) and some natural gums leave 
contaminating inorganic residues containing K+, P+ and Na+ ions, among 
others (NAYAK et al., 2011). When in an inert or reducing atmosphere, 
most of the binders leave some carbonaceous remnants. On the other 
hand, acrylic resins have complete combustion (HOTZA; GREIL, 1995).  
 Usually, a workable system is produced by using only one binder. 
There are any types of binders frequently used in tape casting process 
such as waxes, resins, gels and hydraulic cements. Polymers such as PEG 
(ALBANO; GARRIDO, 2006), latex (ALBANO et al., 2008) and acrylic 
resins (MORENO; AGUILAR; HOTZA, 2012) are mostly used in 
aqueous systems.   
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2.2.2.2 Plasticizer and Lubricants 
 

 Plasticizers are organic substances that have low molecular weight. 
After the drying process both the binder and the plasticizer are mixed. The 
plasticizer breaks down the bonds of the binder molecules, increasing the 
flexibility and workability of the material (HOTZA, 1997). Lubricants are 
generally composed of waxes or oils soluble in water and are intended to 
favor sliding between the particles (MISTLER; TWINAME, 2000). 
 

2.2.2.3 Dispersant 
 

 Dispersant, also called deflocculant, wetting agent or surfactant 
basically coats the ceramics particles and keeps them apart, making the 
suspension stable due to steric and electrostatic repulsion (JABBARI et 
al., 2016).   
 In the processing of ceramic materials, the particles must be 
dispersed into a liquid allowing the homogenization and mixing of 
different particles. For accomplishing the dispersion of inorganic particle 
in the suspension, it is necessary to measure the isoelectric point of the 
solution to check when the suspension becomes unstable (JABBARI et 
al., 2016). Dispersions usually require a mechanical power to break 
through existing aggregates. 
 Due to the tendency of the particles to agglomerate, it is necessary 
to mix the powder with a liquid, using dispersing additives to stabilize the 
suspension and avoid agglomeration (PUJALA, 2014).  
 The dispersants are generally based on three different stabilizing 
mechanisms: steric, electrostatic and electrosteric. Particle agglomeration 
is associated with the Van de Waals force, with a potential attraction 
energy value (UA). 
 To achieve a good dispersion, it is necessary to compensate the 
forces of attraction with repulsive forces, modifying the original 
agglomeration rate. This can be accomplished by mechanisms of 
stabilization which involve adsorption of polymers with long chains, 
increasing steric hindrance and development of electric charges on the 
particle surface by adsorption of molecules with ionizable groups 
(HOTZA; GREIL, 1995; OLIVEIRA; TOREM, 2001; NISHIHORA et 
al., 2018). 
 The most frequently used dispersants for aqueous tape casting are 
polyelectrolytes such as sodium salts of cellulose derivatives (NaCMC) 
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and ammonium salts NH4PMA and NH4PA (GOULART; SOUZA, 
2017). 
 

2.2.2.4 Surfactant 
 

 The molecules present in a surfactant tend to adsorb on the surface 
for their polar and nonpolar characteristics. The surfactants have a polar 
head which is soluble in water and a nonpolar tail, which is not soluble in 
water (REED, 1995).  
 When in solution, the surfactant forms micelles, Fig. 6. However, 
when a particle is present in the medium, its hydrophilic part can adsorb 
on the particle surface when the surface is polar and with the hydrophobic 
part if the surface is nonpolar (MISTLER; TWINAME, 2000).  
 

Fig. 6 - Different behaviors of surfactant in solution in polar and nonpolar areas. 

 
Source: Adapted from (TERPSTRA, 1995). 
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 When enough surfactant is dissolved in water, it must adsorb the 
polar forming layers and exposing the non-polar ionic groups to the 
aqueous phase. This mechanism removes the hydrophobic interaction and 
promotes repulsion through an electric double layer, stabilizing the 
suspension. This same ionic surfactant may act inversely if a stable 
medium of hydrophilic particles of opposite polarity occurs. In this case, 
with its ionic group of the head adsorbed, it neutralizes the charge of the 
surface and makes the surface hydrophobic, agglomerating the particles 
(MISTLER; TWINAME, 2000). An adsorbed surfactant can affect 
various forces between surfaces, such as Van der Waals. Moreover, a 
limited thickness of adsorbed monolayers prevents the surface particles 
from approaching the region where the Van de Waals force is stronger. 
This effect is known as steric stabilization which keeps the particles 
moderately separated (REED, 1995).  
 Usually, there are three classes of surfactants, i) nonionic, ii) 
anionic and iii) cationic. The most frequently used surfactants for aqueous 
tape casting are ethoxylated nonyphenol, sodium stearate, 
dodecyltrimethylammonium chloride and diethanolamide (REED, 1995). 
 

2.2.2.5 Anti-Foaming agent  
 

 An anti-foaming agent should reduce the surface tension of the 
foaming solution, increase the film elasticity and removing bubbles. 
Aqueous foaming additive may contain a surfactant that makes the 
particles hydrophobic and reduces the surface tension. Tall oil, 
polypropylene glycol, sodium alkyl and silicone emulsions are effective 
as aqueous anti-foaming agents (LIU; CHEN, 2014).  
 

2.2.2.6 Sacrificial Pore Former 
 

 Pore former agents are incorporated in suspensions leaving empty 
spaces after burning, generating porosity. (STUDART et al., 2006b; 
HOOG et al., 2018). After the heat treatment, the ceramic powder is the 
only component remaining in the material (Fig. 7).  

Although all organic components of the tape can be treated as pore 
formers, it is necessary to optimize the suspension (NISHIHORA et al., 
2018b) since some components cannot exceed a limit value so that the 
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tape can be processed. Porous former agents are generally polymers with 
different particle sizes in the micrometer range (STUDART et al., 2006b).  

Among the polymers that can be used as pore formers, poly 
(methyl methacrylate) (PMMA) is one of the most used to produce highly 
controllable pores by the sacrificial method (BOARO et al., 2003; 
SANTA CRUZ; SPINO; GRATHWOHL, 2008). The size of the PMMA 
microspheres can range from a few nanometers to values around 100 µm 
(STUDART et al., 2006b). These values depend on the degree of 
polymerization which is linked to the average molecular weight of the 
polymer (JABBARI et al., 2016; NISHIHORA et al., 2018b; STUDART 
et al., 2006b).  
 
Fig. 7 - Scheme of sacrificial pore formers method. 

 
Source: Elaborated by the author (2019). 

 

2.3 SURFACE FUNCTIONALIZATION 

 

 The functionalization of the ceramic surface brings a wide range of 
possibilities to promote new functionalities to the ceramics materials, to 
increase its efficiency and applicability (ANWANDER et al., 2000; 
TRECCANI et al., 2013; ZHOU et al., 2007). The fundamental concepts, 
although much investigated today, date back several decades. The specific 
strategy is related to the intended application. These strategies are 
classically divided into three main categories: physical, chemical and 
biological (TRECCANI et al., 2013). Each corresponds to a different 
technique used in surface modification. The combination of more than 
one functionalization technique to the material can be used to confer 
several functionalities to the same material (KOZLOVA et al., 2012; 
NAMGUNG et al., 2011). 
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 Chemical functionalization consists mainly of changing the 
composition and charge on the surface of the material. The most popular 
methods for chemical modification are ionic bombardment (HOWLETT 
et al., 1994), slurry-based techniques (MIAO et al., 2007), acid or alkaline 
treatment (ZHAO; LIU; DING, 2005) and the fixation of organic 
functional groups to the surface of the material, both by physisorption and 
by covalent bonding (NEOUZE; SCHUBERT, 2008). 
 The functionalization of inorganic substrates via anchoring of 
organic molecules to the surface is an effective way to adjust the 
properties of the surface. For ceramic materials, surface modification is 
usually carried out by silanization, as shown in Fig. 8 (KOHLER; 
FRYXELL; ZHANG, 2004; CAUDA; SCHLOSSBAUER; BEIN, 2010; 
KROLL et al., 2010; KROLL et al., 2012; BARTELS et al., 2016). The 
method has become feasible because it can be carried out at moderate 
temperatures and no particular conditions or expensive equipment is 
necessary. Moreover, it is applicable to any type of material and support, 
such as colloidal particles (HADDADA et al., 2013), planar surfaces 
(SCHICKLE et al., 2012) and porous membranes (BARTELS et al., 2016; 
HOOG et al., 2018; JAVAID et al., 2006).  
 To employ the technique effectively, the silane molecules must be 
first activated by hydrolysis. Thereafter, the condensation reactions occur 
between the Si-OH groups of the silanol and the OH groups on the 
surface. This leads to the formation of a stable bond with the surface and 
the release of free alcohols as side products. 
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Fig. 8 - Silanization of ceramic surfaces. 

 
Source: Adapted from TRECCANI et al. (2013). 

 

 Silanization can be performed in both aqueous and organic 
solvents. Generally, silanization in aqueous media generates a more 
uniform coverage and a thinner silane layer in the substrate (TRECCANI 
et al., 2013). Due to the high variety of studies using surface modification, 
most of these have employed aminosilanes, in particular, (3-
aminopropyltriethoxysilane) so-called APTES (HOWARTER; 
YOUNGBLOOD, 2006; KROLL et al., 2010; BARTELS et al., 2016). 
 The popularity of APTES, Fig. 9, is related to its intrinsic chemical 
properties (TRECCANI et al., 2013). The NH2 groups present in these 
compounds promotes adhesion in glass-resin composites as well as 
promote and control biomolecular adhesion (MEDER et al., 2012), 
enzymatic stability (LI et al., 2010) and increase in hydrophilic properties 
(HOWARTER; YOUNGBLOOD, 2006).  
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Fig. 9 - Chemical structure of 3-aminopropyltriethoxysilane (APTES). 

 
Source: Elaborated by the author (2019).  

 

 Due to the intrinsic properties of APTES and the gap in the 
literature related to its use in microfiltration field, the aim of this study is 
to contribute in the developing of materials with new functionalities 
which currently is not well-known and deserve more attention. 

It could be noted that even though several works using zirconia 
membranes for virus, bacteria filtration and oil/water separation were 
published, only few studies (BARTELS et al., 2016; HOWARTER; 
YOUNGBLOOD, 2006; KROLL et al., 2010; MCCOOL; DESISTO, 
2005) present increased permeability by increasing hydrophilicity by 
anchoring functional groups on the surface of the ceramic material.  
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3 MATERIALS AND METHODS 

 

3.1 MATERIALS 

 

 To produce porous ceramic tapes, zirconia powder stabilized with 
8 mol% yttria (8YSZ, cubic zirconia, –– Innovnano with 99.9% purity, 
average particle size 450 nm and specific surface 28.53 m2/g was used. A 
commercial solution of ammonium polyacrylate (Darvan 821 A, 
Vanderbilt) was used as dispersant and a styrene-acrylic latex emulsion 
was used as the binder (Mowilith LDM 6138, Clariant). Poly(methyl 
methacrylate) (PMMA) with a mean particle size of 5 µm, Mw= 1.4 x106 

g/mol and 1.8553 m2/g specific surface area was used as a pore-forming 
agent, diethanolamine was used as surfactant and an aqueous-silicone 
emulsion (Y-30 Emulsion, Sigma Aldrich) was used as anti-foaming 
agent. 
 

3.2 SLURRY PREPARATION 

 

Aqueous slips were prepared by de-agglomeration of 8YSZ and 
PMMA powders in de-ionized water with 1 wt% dispersant by ball 
milling for 24 h. The binder, antifoam, and solvent were added and the 
slurry was mixed by ball milling for 30 min. The slurry was then left to 
rest for 2 h to remove air bubbles. The compositions are shown in Table 
2. The compositions for the slurries were optimized from a range of 
ceramic powder compositions (20 to 55 wt%) and established based on 
both additive supplier application data sheets, the previous experience of 
the group and processability (MORENO; AGUILAR; HOTZA, 2012). 
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Table 2 – Slurry compositions. 

Component YSZ_PF (wt%) YSZ_NPF (wt%) 
YSZ 24 30 

PMMA 6 - 

Deionized water 52 52 

Dispersant 1 1 

Binder 15 15 

Surfactant  1.5 1.5 

Anti-foam 0.5 0.5 

YSZ_PF: pore former, YSZ_NPF: no pore former. 
Source: Elaborated by the author (2019). 
 
3.3 TAPE CASTING 

 
The slips were cast with a tape caster machine (CC-1200, Mistler) 

onto a moving support film of polyethylene terephthalate (PET, mylar) 
with a fine coating of silicone layer (G10JRM, Mistler). The casting speed 
was constant and set at 1 mm/s and the gap between the blade and the 
carrier was adjusted manually. In order to obtain a final tape thickness of 
0.2 to 0.3 mm after drying a second cast above the green body was carried 
out manually.  

 

3.4 DRYING  
 
The drying parameters of the tapes were defined by an 

experimental design combining three different temperatures (20 °C, 35 °C 
and 50 °C) and relative humidity (55%, 70% and 85%) using a climate 
chamber (Model BD 56, Binder). The temperature and the relative 
humidity that did not cause cracks, defects or warping in the green tapes 
were 20 °C and 85% and therefore used in all further assays.  

 

3.5 SINTERING 
 
For firing and sintering steps, the tapes were cut in 2×2 cm samples 

and placed on alumina plate and covered with alumina slides to prevent 
warping. The elimination of the solvent and the burning out of polymer 
additives was obtained by slow heating (1 °C/min) up to the target 
temperatures, which were 1300, 1400 and 1500 °C, respectively, with 2 h 
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as dwell time at these target temperatures. The cooling step was fixed in 
5 h. 

 
3.6 CHARACTERIZATION TECHNIQUES 

 
3.6.1 Powder characterization  
 

Yttria-stabilized zirconia and PMMA powders were first 
characterized using a scanning electron microscope (SEM, Camscan, 
Series 2, Obducat CamScan) at 20 kV after sputtering the samples with 
gold to assess morphology and particle size.  Yttrium-stabilized zirconia 
(YSZ) particle size was determined by Dynamic light scattering (DLS, 
Malvern, ZetaSizer/Nanosizer). The PMMA polymer particle size was 
measured in an acoustic and electroacoustic spectrometer (Model DT-
1202). 
 

3.6.2 Rheometry 

 

The rheological behavior of the slurry was measured in a rotational 
rheometer (Kinexus Pro+, Essentials, Malvern) with a shear rate geometry 
at room temperature. The rheogram of the slurry was made at a shear rate 
of 0.01 to 500 s-1. 
3.6.3 Zeta potential  

 

Zeta potential of the dispersion of YSZ in deionized water was 
measured at various pH values. YSZ was dispersed in water at 1 wt% 
using dispersant (Darvan 821 A, R. T. Vanderbilt) at 1 wt% related to the 
powder. and sonicated for 10 min at 10 W. The measurements were 
carried out in a zeta potential and particle size meter based on acoustic 
and electroacoustic spectrometer (DT 1200, Dispersion Technology). For 
titration, KOH and HCl (1 mol. L-1) were used.   

 

3.6.4 Microstructure 

 

The membranes microstructure was observed in a scanning 
electron microscope (SEM, Camscan, Series 2, Obducat CamScan) at 20 
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kV after sputtering the samples with gold. A dedicated software (Image 
J, NIH)) was applied at the images to measure the average pore size. 
(SCHNEIDER; RASBAND; ELICEIRI, 2012). After functionalization, 
microstructural observations were carried out in a scanning electron 
microscopy (SEM) with electron dispersion X-ray (EDX) for chemical 
analysis using a ZEISS Supra 40 SEM (ZEISS, Oberkochen, Germany 
with acceleration voltage of 0.5 kV). 

 

3.6.5 Pore size distribution and porosity 

 

The pore size distribution (micro-meso-macro pore ranges from 
0.01 to 100 µm) and open porosity were determined using mercury 
intrusion porosimetry (Pascal 140/440, Porotec). 

 

3.6.6 Nitrogen adsorption isotherms and specific surface area 

 

The specific surface area (SSA) was determined by nitrogen 
adsorption and desorption isotherms measured at 77 K (Belsorp-Max, Bel 
Japan). 

 

3.6.7 Surface characteristics 

 

Hydrophilicity and hydrophobicity characteristics were studied by 
water and n-heptane vapor adsorption, which were carried out by 
exposing ~0.5 g of the sample as a powder to the water and heptane vapor 
in a closed vessel for 24 h at 25 °C. Vapor adsorption, expressed in 
mmol.m2 was determined by change in sample weight. The procedure was 
adopted following the method previously proposed by the group. 

 
3.7 FUNCTIONALIZATION 

 

With the objective to modify the surface characteristics of ZrO2 
membranes, the surface functionalization was carried out following a 
method proposed elsewhere (BARTELS et al., 2016): 
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Step 1– Acidic hydroxylation of the surface using Piranha solution (97% 
H2SO4: 35% H2O2, 3:1 v/v). The YSZ membrane samples were immersed 
in the solution at room temperature (RT) for 30 min. Afterwards the 
membranes were rinsed with water until the effluents achieved a neutral 
pH followed by drying at 70 °C for 16 h. 
Step 2– The samples (7 mm2) were immersed in a 0.2 mol. L-1 solution 
of (3-Aminopropyl) triethoxysilane (APTES) in a falcon tube (15 mL) 
and incubated in a rotary shaker at 150 rpm and 65 °C for 24 h.  
Step 3– After this procedure, the membranes were washed with deionized 
water at least 5 times for 2 minutes until the water reached neutral pH.  
Step 4– The membranes were kept inside the open falcon tubes and then 
dried at 70 °C for 24 h. The tubes were covered with lint-free paper to 
avoid contamination.  

 

3.8 PERMEABILITY TESTS 

 

The water permeation test measures were carried out in a dead-end 
permeation device depicted in Fig. 10. The equipment consists of a feed 
tank (200 mL), a membrane module and a valve that controls the pressure 
inside the tank monitored by a manometer. 

Measurement of permeability is usually performed on linear, 
mostly cylindrically shaped, so-called “core” samples. The experiment 
was arranged to have vertical flow through the sample.  
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Fig. 10 - Scheme of permeability device used in the water flux tests. 

 
Source: Elaborated by the author (2019). 
 

Considering the permeate flux as a classical filtration theory 
described by first Fick’s law from transport phenomena, the permeate flux 
was analyzed considering the equation (1).  

 

 

(1) 

 

where J is the transient permeate flux, dV is the differential volume, dt is 
the differential time and Am is the effective membrane surface area. 
 Pressure was varied from 0.5 to 1.0 bar and temperature was kept 
constant at 25 °C. Three membranes of each composition were tested.  
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m
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J

dt A
= × (1)

where J is the transient permeate flux, dV is the
differential volume, dt is the differential time and
Am is the effective membrane surface area.

2.2.2. Determination of the compressibility
factor of the cake

It is known that the most cakes are compress-
ible. The relation between the TMP and the spe-
cific resistance to cake can be represented as fol-
lows

0
nPα = α ⋅Δ (2)

where n and αo are compressibility coefficient and
constant respectively, which can be found from
the slope and intercept of line between ln α and
ln (∆P) respectively. The specific cake resistance

Fig. 2. Schematic diagram of dead-end filtration appara-
tus.

 Permeate 

Compressed air 

Stirrer bar 

Membrane 

End bolts 
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α is often used to characterize the hydrodynamic
resistance of the cake during the dead-end filtra-
tion of particulate suspensions. The specific cake
resistance can be calculated by using the follow-
ing equations [8]:

2
fm

RRt
V P P

μμ
= +
Δ Δ

(3)

and

f FR C V= α (4)

where V is the volume of the permeate flux, Rf is
the fouling resistance, Rm the primary membrane
resistance, μ the permeate viscosity (can be as-
sumed to be same as the viscosity of water). Hence
a plot of t/V vs. V should yield a straight line, the
modified fouling index (MFI) [3] can be calcu-
lated as follows:

MFI =
2

FC
P

μα
Δ

(5)

2.2.3. Calculation of β value

As shown by Hermia [8], the filtration laws
can be written into one characteristic form pre-
sented in Eq. (6). This equation represents the re-
sistance (inverse flux, dt/dV) related to the change
in resistance (d2t/dV2).

2

2

d t dt
k

dV dV

β
⎛ ⎞= ⋅ ⎜ ⎟
⎝ ⎠

(6)

where t is the operation time, k the fluid charac-
terization constant, and β is the constant that in-
dicates the fouling mechanism. When Eq. (6) is
drawn in a log-scale graph, the slope of the curve
is equal to the β value.

( )
2

2log log logd t dt
k

dV dV
⎛ ⎞ ⎛ ⎞= +β ⋅⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
(7)

In Table 1 the theoretically derived β values
are presented for four filtration laws [3].
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4 RESULTS AND DISCUSSION  

 

4.1 CHARACTERIZATION OF POWDER AND SUSPENSION  

 

4.1.1 Particle size  

 

Yttria-stabilized zirconia (YSZ) particle size determined by DLS 
was approximately 433 ± 3 nm, which is within the range reported by the 
manufacturer data (450 nm). 

The PMMA was previously prepared by a standard emulsion 
method (ARORA et al., 2010). An average PMMA particle size of 5 µm 
with an irregular particle size distribution was obtained.  

Fig. 11 shows SEM images of the YSZ (left) and PMMA (right) 
powders. The powders, due to the small particle size, form agglomerates 
during sample preparation. Thus, it was not possible to confirm the 
average size data obtained by other techniques.  

 

Fig. 11 - SEM micrographs of the starting powders, zirconia 8YSZ (left) and 
PMMA (right). 

 
Source: Elaborated by the author (2019). 
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4.1.2 Rheometry 

 

Fig. 12 presents the shear stress vs. shear rate curve of the different 
slurry compositions. The samples were labeled as YSZ_PF and 
YSZ_NPF for the sample with pore former and without pore former, 
respectively. Both curves showed a pseudoplastic behavior, which is 
desirable in the slips for tape casting process. Slurries with this behavior 
show a decrease in the viscosity with the increase of the shear rate, which 
means that the viscosity is maximal at rest or without any shear rate 
(MORENO; AGUILAR; HOTZA, 2012).  

In the tape casting process, it is important that the slurry viscosity 
decreases under shear forces generated when the slip is flowing through 
the blade, so that it offers low resistance to flow. After passing through 
the blade the shear rate returns to zero and the viscosity increases again 
(ALBANO; GARRIDO, 2006; MISTLER; TWINAME, 2000). This 
behavior is essential to maintain the tape shape constant, especially its 
thickness, during the drying step (REED, 1995). 

 
Fig. 12 - Shear rate vs. shear stress slurries with (YSZ_PF) and without 
(YSZ_NPF) pore former. 

 
Source: Elaborated by the author (2019). 
 

0 100 200 300 400 500

0
5

10
15

Shear Rate (s−1 )

Sh
ea

r s
tre

ss
 (P

a)

YSZ_NPF
YSZ_PF



59 
 

 

4.1.3 Zeta potential  

  

The zeta potential vs. pH of the YSZ with dispersant is shown in 
Fig. 13. The slurry presented a zeta potential in a range between 60 and -
50 mV. The isoelectric point (IEP) was found at pH 7.25. Usually, the 
addition of dispersant reduces the IEP and makes the slurry stable at lower 
pH values. It is widely known that the higher the zeta potential is, the 
better the slurry stability. Zeta potential module higher than 30 mV 
corresponds to a stable slip (HOTZA; GREIL, 1995). Stable slurries 
promote the manufacturing of homogeneous ceramic tapes with great 
green resistance and fewer defects (REED, 1995). The optimal pH for the 
stabilization of the slurry during the process is between 4 and 6 or between 
8 and 10 where the highest zeta potential value was found.  

 

Fig. 13 - Zeta potential vs. pH of 1 wt% YSZ powder in water with dispersant 
(Darvan 821) at 1 wt% related to the powder. 

 
Source: Elaborated by the author (2019). 
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4.2 MEMBRANE STRUCTURAL CHARACTERIZATION  

 

4.2.1 Membrane morphology 

 

 Fig. 14 shows the cross-section and top surface from the SEM of 
the sintered tapes with and without pore former (YSZ_PF and YSZ_NPF, 
respectively). The images were treated in ImageJ (SCHNEIDER; 
RASBAND; ELICEIRI, 2012) software to estimate the surface pore size 
on the structure.  

As it can be seen in Fig. 14 (a) - (d) the cross section of the tapes 
showed that the lamination was carried out successfully, i.e., no cracks or 
delamination was detected. The tapes presented thickness values between 
220 and 224 µm for the YSZ_NPF samples and around 200 µm for the 
YSZ_PF membranes. An anisotropic sintering shrinkage (~8%) parallel 
and perpendicular to the casting direction was observed. This behavior 
was also reported by Albano and Garrido (2006) and it is common during 
the sintering step.  

Figures 14 (e) - (h) show the top surface of the tapes. A small 
uniform pore size distribution with an average pore size diameter of 
0.3 µm was observed in Fig. 14 (e) (YSZ_NPF_1300). However, in Fig. 
14 (f) (YSZ_PF_1300), an increasing of average pore size to 0.5 µm was 
noticed when the pore former was added at the tape sintered at 1300 °C. 
This behavior is expected since the addition of pore former leave blank 
spaces after sintering. 

Fig. 14 (g) (YSZ_PF_1400) shows the SEM micrograph of the 
membrane sintered at 1400 °C, and larger average pore size was observed, 
with values around 1.4 µm. This behavior can be related to the higher 
interconnection between pores during the structure accommodation 
caused by the phase transition, resulting in bigger cavities or channels 
(NISHIHORA et al., 2018a). 

The pore coalescence during sintering might contribute to the 
enlargement of the pores in the matrix. This fact can be easily noticed at 
1400 °C. On the other hand, the tapes sintered at 1500 °C (Fig. 14 (h), 
(YSZ_PF_1500)) showed an average pore size of 0.7 µm. The reason for 
this pore size decreasing might be related to the structure accommodation 
during phase transition (FLETCHER ANDREW, 1993).  

Figures 14 (e) - (h) show irregular shaped pores, and this can be 
justified by the shape and size of the PMMA particles used as sacrificial 
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pore former. This perspective was previously observed by Albano et al. 
(2008). 

The addition of PMMA helped to avoid the high densification. The 
PMMA particles have an average particle size of 5 µm, but the pores 
generated for these particles suffer coalescence during sintering (BOARO 
et al., 2003). The pores could also coalesce during sintering, so that the 
pore size increased with addition of PMMA. The bigger the pore size and 
the surface area, the lower the driving force for sintering and shrinkage 
(ALBANO et al., 2009).  
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Fig. 14 - Cross section and top surface microstructures from different sintering 
temperatures (a) YSZ_NPF_1300, (b) YSZ_PF_1300, (c) YSZ_PF_1400 and (d) 
YSZ_PF_1500 and top surface (e) YSZ_NPF_1300, (f) YSZ_PF_1300, (g) 
YSZ_PF_1400 and (h) YSZ_PF_1500. 

 
Source: Elaborated by the author (2019). 
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4.2.2 Pore size distribution and porosity 

 

Fig. 15 shows the results obtained by mercury intrusion 
porosimetry for all the sintered tapes. The open porosity varies in a range 
between 27% and 51% according to the use of PMMA and the sintering 
temperature. The PMMA content had a positive effect in the open 
porosity.  

 
Fig. 15 - Pore size distribution and open porosity of the membranes samples in 
different temperatures. 

 
Source: Elaborated by the author (2019). 
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samples, YSZ_NPF_1300 and YSZ_PF_1300, bimodal distributions 
were obtained with average values of 0.2 and 0.6 µm, respectively. 
Excluding the low fractions of large pores, all the samples showed a pore 
distribution in a range between 0.1-1.5 µm, which suggests a symmetric 
pore shape. In symmetric membranes, which are suitable for 
microfiltration, the thickness of the entire membrane membrane 
determines the flux passing through it.  

 

4.2.3 Nitrogen adsorption isotherms  

 

Nitrogen adsorption isotherms and specific surface area (SSA) of 
the sintered membranes were investigated to determine the influence of 
the sintering time in the microstructure. Table 3 presents the specific 
surface area and isotherm type obtained from the nitrogen adsorption 
isotherms for the different samples. The membrane sintered at 1300 °C 
without PMMA achieved a specific surface area of 1.24 m2.g-1 
(YSZ_NPF_1300). This SSA is increased to around 1.74 m2.g-1 

(YSZ_PF_1300) with the addition of 6 wt% pore former. On the other 
hand, for the sample sintered at 1400 °C, the SSA showed considerable 
reduction to 0.85 m2. g-1 (YSZ_PF_1400). Further increase in sintering, at 
1500 °C, caused a decrease in SSA to 0.24 m2.g-1 (YSZ_PF_1500). 
Comparable SSA values were reported in the literature for monoclinic 
zirconia (EDER; EDER; KRAMER, 2014) and it’s expected for ZrO2 
materials. 

All the isotherms can be classified as type II (Appendix A), which 
is typical for macroporous solids showing macropores filling but no 
multilayer adsorption (KELLER; STAUDT, 2005).  
 
Table 3 - Specific BET surface areas and isotherm types of four samples. 

 
Sample SSA (m2.g-1) Isotherm type 

YSZ_NPF_1300 1.24  II 
YSZ_PF_1300 1.74  II 
YSZ_PF_1400 0.85 II 
YSZ_PF_1500 0.24  II 

Source: Elaborated by the author (2019). 
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4.2.4 Microstructure of the samples before and after 

functionalization  

 

Fig. 16 shows EDX compositions measured before and after 
silanization, following the method previously proposed by Bartels et al., 
(2016). 
 

Fig. 16 - SEM-EDX results of the control sample YSZ_PF_1300(a) and the three 
functionalized membranes YSZ_PF_1300_APTES(b), 
YSZ_PF_1400_APTES(c) and YSZ_PF_1500_APTES(d). 

 

 
Source: Elaborated by the author (2019). 
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 Carbon peaks were also present and may in turn, refer to the glue 
used to accommodate samples in the sample holder and carbon moiety of 
APTES. Oxygen peaks are attributed to the zirconium oxide membrane 
surface.  
Therefore, it can be concluded that the functionalization occurred 
satisfactorily, promoting the anchoring of functional groups on the 
surface of the material.   

 Table 4 shows that the silicon content was higher compared to 
the nitrogen content in the samples. This can be explained by the higher 
molecular weight of silicon compared to nitrogen. However, the 
compositions remain essentially the same, suggesting that the amount of 
APTES deposited on the membranes surface was constant. 
 

Table 4. EDX results of the (a) control sample, and the three 
functionalized membranes (b) YSZ_PF_1300_APTES, (c) 
YSZ_PF_1400_APTES and (d) YSZ_PF_1500_APTES. 

Composition (wt%) 
Sample Nitrogen (N) Silicon (Si) 

YSZ_PF_1300 - - 
YSZ_PF_1300_APTES 0.38 1.78 
YSZ_PF_1400_APTES 0.28 1.72 
YSZ_PF_1500_APTES 0.27 1.75 

 

4.2.5 Surface characteristic 

 

The vapor adsorption of polar (water) and non-polar (n-heptane) 
solvents were carried out to determine the membrane surface properties, 
as displayed in Fig. 17. All the samples presented a hydrophilic behavior 
which is common for oxidic ceramics (RUDAKOVA et al., 2016). 
YSZ_NPF_1300 membranes tend to be more hydrophilic with sorption 
values of 0.65 mmol/m2 and 0.28 mmol/m2 of water and n-heptane, 
respectively. Water adsorption had a ratio 2.3 higher than n-heptane 
uptake. These values are comparable to the ones in the literature referring 
to zirconia oxidic membranes (RUDAKOVA et al., 2016; ZHU et al., 
2014). 

Regarding YSZ_PF_1300 membranes, sintered at the same 
temperature, but with the use of pore former in the slurry formulation, a 
hydrophilic surface was also obtained. The ratio of water to heptane 
uptake (w/h) was equal to 2.3. Suggesting that neither the porosity nor the 
pore size plays a role in the surface properties.  
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The average amount of water and n-heptane adsorbed by 
YSZ_PF_1400 was equal to 0.62 mmol/m2 and 0.22 mmol/m2, 
respectively, resulting in a w/h ratio of 2.7 times. Nevertheless, for the 
YSZ_PF_1500 membranes, values of 1.5340 mmol/m2 and 0.5217 
mmol/m2 were obtained for water and n-heptane, respectively, 
representing an increment of 2.9 times in hydrophilicity.  

An increasing hydrophilicity and hydrophobicity as a function of 
temperature was discussed elsewhere (Botha, P. J. et al. 1998), and related 
to the greater lattice parameter of the cubic crystalline structure in higher 
temperatures, which increases the interaction between oxygen atoms and 
H2O and C7H16 molecules, enhancing the vapor uptake.   

 
Fig. 17 - Water and n-heptane vapor adsorption at 25 °C and ratio of maximum 
water/n-heptane adsorption for YSZ samples sintered at different temperatures. 

 
Source: Elaborated by the author (2019). 
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4.3 WATER PERMEABILITY  

 

4.3.1 Non-functionalized membranes  

 

The membrane performance was evaluated in a dead-end 
permeation device to measure the permeate flux before functionalization, 
Fig. 18, at three different working pressures (0.5, 0.75 and 1 bar).  

 
Fig. 18 - Permeate flux performance of non-functionalized membranes at three 
different working pressures (0.5, 0.75 and 1.0 bar). Values above each set of bars 
for the water permeability calculated by the slope of permeate flux vs. 
transmembrane pressure linear fit.  

 
Source: Elaborated by the author (2019). 
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reported by Bouzerara et al. (2012) for zirconia microfiltration 
membranes manufactured by slip casting. The transient permeate flux of 
the YSZ_PF_1500 sample which has an average pore size of 0.8 µm and 
a porosity of 27% was similar to the two first samples (YSZ_NPF_1300 
and YSZ_PF_1300).  

It can be noticed that even though the porosity plays a role in the 
water permeability, the average pore size seems to have a stronger 
influence on the permeate flux. This behavior is also reported by previous 
studies, for instance in the dead-end microfiltration of yeast using alumina 
membranes (MAHESH KUMAR; ROY, 2008). 
 

4.3.2 Functionalized membranes  

 

After the functionalization procedure, the performance of the 
membranes was evaluated for comparison with the control membranes. 
The same parameters were considered and the transient flux was 
calculated. Fig. 19 displays the functionalized membranes performance in 
three different working pressures (0.5 bar, 0.75 bar and 1 bar).  
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Fig. 19 - Permeate flux tests of the functionalized membranes (YSZ_PF_1300), 
(YSZ_PF_1400) and (YSZ_PF_1500) as a function of 3 different working 
pressures. Values above each set of bars stand for the water permeability 
calculated by the slope of permeate flux vs. transmembrane pressure linear fit.  

 
Source: Elaborated by the author (2019). 

The YSZ_NPF_1300 sample was not evaluated due to the average 
pore size, which was very small (0.2 µm) and could even decrease after 
functionalization, making the sample unable to be used in microfiltration 
process. The decreasing of pores size after surface functionalization was 
also observed by Mccool and Desisto, (2005) for silica membranes. 

The samples sintered at 1300 °C and 1500 °C with pore former 
(YSZ_PF_1300, YSZ_PF_1500) showed fluxes 5 times higher when 
compared with the same samples before functionalization. Nevertheless, 
the YSZ_PF_1400 sample showed the highest water permeate flux, 3 
times higher compared with the non-functionalized membrane. This 
behavior can be explained by the high average pore size as well as the 
higher porosity of YSZ_PF_1400 membrane when compared with the 
other two membranes (YSZ_PF_1300 and YSZ_PF_1500).  

When the surface is modified with APTES, amino groups (NH2) 
are attached on the membrane surface. These groups increase the 
interaction with water and facilitate water permeation through the pores. 
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This effect was also observed elsewhere (BOUZERARA et al., 2012; 
MCCOOL; DESISTO, 2005). 
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5 CONCLUSIONS 

 
In this work, yttria-stabilized zirconia porous membranes were 

successfully produced by tape casting. PMMA and other additives did not 
affect the dispersion properties of the YSZ powder, which were governed 
by the adsorbed dispersant providing an electrosteric stabilization.  

The pH at the isoelectric point was 7.25 for the zirconia 
suspension. The ceramic slurry at pH 9, yielded a zeta potential of -45 
mV, confirming that the slurry was colloidally stable. The rheology 
behavior of the slurry was pseudoplastic, which is desirable for a tape 
casting process. The specific surface area value was in accordance with 
the results published in the literature and by the supplier.  

The open porosity was controlled by using PMMA as a sacrificial 
pore former and by the sintering temperature. Membranes with open 
porosity from 27% to 51% and pore sizes in the range of 0.2 to 1.5 µm 
were obtained. These divergences in open porosity percentage and 
average pore size played a role on permeate transient flux values.  

Water and n-heptane vapor adsorption showed that the membranes 
present a characteristic hydrophilic behavior, similar to that of oxide 
ceramic membranes.  

Functionalization step was performed successfully and confirmed 
by SEM-EDX elementary analysis. The functionalized membranes 
showed an increase of water flux up to 5-fold. 

The average pore size and porosity play a significant role in water 
permeability, for both functionalized and non-functionalized samples. 
However, the average pore size seems to have a rather stronger influence 
than porosity. The range of pores of the tailored surface indicated a 
potential application of these membranes for microfiltration processes.  
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6  OUTLOOK 

 
− Permeability tests with oil/water and water/oil emulsions 
− Measure the surface characteristic of the membranes after 

functionalization 
− Explore different pore former loadings to increase the 

range of pore size 
− Use different functional groups to generate hydrophobic 

surfaces  
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APPENDIX A – Specific BET surface areas of sintered 

(1300/1400/1500 °C) membranes. Isotherms obtained for two 
slurry compositions sintered at 1300 °C, 1400 °C and 1500 °C.  
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