
Macroporous Ceramics for Biomedical and Environmental Applications 
 

The work of this group on macroporous ceramics is funded by the National Science 

Foundation under grant 0404874.  It encompasses projects on all the three main 

categories for processing porous ceramics including: templating, replication and direct 

foaming.  Replication commonly involves coating a sacrificial copy of the required pore 

geometry with a dispersion of ceramic particles in water.  The sacrificial form is usually 

open cell polyurethane foam.  The foam is burnt out during heating to the sintering 

temperature to leave ceramic foam with hollow struts.  Templating is a technique in 

which a sacrificial phase such as saw dust or sugar crystals is incorporated in the green 

ceramic during forming and then removed during sintering and thereby templating a 

connected pore structure.  The final category is direct foaming in which gas bubbles are 

formed in a slip (dispersion of ceramic particles in a liquid).  The dried ceramic foam is 

then sintered.   

 

1. Particulate Filters by Templating Oriented Porous Ceramics Using Ice Crystals 

 

Freeze casting involves the directional solidification of ice through a dispersion of 

ceramic particles in water followed by freeze drying and sintering.  This process is 

capable of achieving high volume fractions of oriented pores (80 vol% to 50 vol%).  In 

the freezing process, hexagonal ice crystals are nucleated on a chill surface, usually an 

aluminum block partially immersed in a coolant liquid such as liquid nitrogen or a 

mixture of ethanol and dry ice.  The growth of the ice crystals through the slip is fastest 

on the prismatic planes most closely aligned with the direction opposite of the heat flow, 

leading to large oriented hexagonal plates of ice.  These plates are often arranged in 

colonies in which the growing ice crystals have a common orientation.  Once the freezing 

is complete the material is freeze dried so the ice crystals sublime and leaves behind the 

characteristic oriented pore structure.  While the effects of the cooling rate on the pore 

size is consistent with the expectations based on the solidification behavior of alloys, the 

effect of the particles and  soluble polymers on the ice crystal morphology is less 

understood.  One of the graduate students on this project is examining the effect of 

soluble polymers on the crystal growth of ice.  Some soluble polymers, such as polyvinyl 

alcohol (PVA), are known to preferentially adsorb on to the prismatic planes of 

hexagonal ice crystals while others such as polyethylene glycol (PEG) are thought not to 

adsorb.  The theme of this work is that soluble polymers will cause the breakdown of the 

solidification interface and the different absorption behavior will  control the morphology 

of the growing ice crystals and hence the pore morphology and the properties of the final 

ceramic.  Figure 1 shows the effect of PVA content on the oriented pore structures 

produced by directional freezing and freeze drying.  Increasing amounts of PVA causes 

the formation of pore terminations associated with overgrowth of more favorably 

oriented ice crystals and a reduction in the pore size.  The addition of 20% PVA results in 

the breakdown solidification front and a more dendritic morphology. 

 



 
 

Figure 1(a): The oriented pores (dark phase) are continuous along the length of the 

sample for 25vol% alumina slip with no PVA addition 

 

 
 

Figure 1(b): On the addition of 5% PVA the pores are narrower but more terminations 

can be seen, consistent with the coarsening of the structure. 

 

 
 

Figure 1(c): The addition of 20% PVA results in more pronounced breakdown of the 

solidification front and more dendritic structures. 

 



Undergraduate students have also worked on freezing casting of porous ceramics.  In the 

summer of 2007 a student was awarded a Mascarro Sustainability Initiative Fellowship 

that allowed him to work on the effect of PVA on the permeability of freeze cast 

ceramics that might be suitable for application as particulate traps in diesel engine 

exhausts.  The same student studied a related problem in his senior design project which 

used slow freeze casting to generate large pore sizes for high permeability applications 

such as catalyst carriers.  The student will be attending graduate school at Rutgers 

University in the fall of 2008 to study ceramics processing. 

 

  
(a)       (b) 

 

Figure 2: (a) shows the undergraduate student processing a ceramic filter by directional 

solidification, (b) shows a 3D image of the resulting oriented pore structure taken by x-

ray tomography in collaboration with Professor Zavaliangos of Drexel University. 

 

 

2. The Anatomical Niche for Ceramic Bioreactors Cores by Replication and Direct  

 

In collaboration with Professor Gerlachôs Bioreactor Research Group at the McGowan 

Institute of Regenerative Medicine, we are developing macroporous ceramics suitable for 

stem cell bioreactor cores.  We are particularly interested in understanding the extent to 

which the ñanatomical nicheò or microenvironment in which the stem cells grow in the 

human body must be simulated in bioreactors.  To facilitate an approach to this complex 

problem an analogy to the levels of structure in materials has been made and two specific 

cases are being investigated.  The first is bone marrow reactors that will be used to grow 

different blood cell lines.  The second is a liver tissue reactor in which hypatocytes will 

be induced to remodel into liver tissue. 

  

2.1 Bone Marrow Reactors for Blood Cells 

Hematopoietic stem cells are known to differentiate into a range of useful blood cell 

types within bone marrow.  Therefore prototype bone marrow reactors are being 

developed that have three levels of structure.  The first level is represented by replicated 

hydroxyapatite (HA) foam that simulates the protective environment of trabecular bone 

in which the bone marrow resides.  The second level of structure is supplied by stromal 

cells that create the biomatrix coating on the HA foam that will immobilize the stem 



cells.  Finally the third level of structure is the perfusion system which reduces the 

diffusion distance for oxygen to the stem cells.  This is provided by processing the HA 

foam into small tiles that can be stacked between layers of polymer fibers that provide the 

oxygen.  This level allows the bioreactor core to be scaled to any size. 

 

Four undergraduate students have worked on the replication of the HA foam tiles over the 

last few years including one who attended graduate school at the University of Pittsburgh 

and is now working for Westinghouse, a second who is attending graduate school at the 

University of Maryland, a third who is attending graduate school at the University of 

Pittsburgh and the final student who will  attend graduate school to study biomaterials at 

the University of Pittsburgh in the fall of 2008. 

 

 

 
Figure 3: shows human foreskin stem cells cultured on the open cell foams produced in 

this project 

 

 
 

Figure 4: shows how the ceramic foam tiles are assembled with the oxygenation fibers 

into the core of a prototype bioreactor. 

 

 

 



2.2 Liver Tissue Reactors with Vascular Systems 

This bioreactor core is designed to stimulate the reorganization of hypatocytes into liver 

tissue to create a bioreactor that can perform some liver functions for drug testing, liver 

tissue transplant and even bridging of patients with liver failure to transplant.  The chosen 

pore architecture is again open foam.  However, the foam must be formed around a copy 

of a natural vascular system.  The processing will involve castable ceramic foam that 

ideally would be resorbed during the remodeling of the liver tissue.  An undergraduate 

Senior Design Project involved creating a biphasic hydroxyapatite (HA) and tricalcium 

phosphate (TCP) foam by direct casting and developing the final phase distribution by 

heat treatment.  The student also collaborated with a graduate student on the project, to 

study the heat treatment and sintering behavior of the biphasic ceramic.  Initial results 

have suggested that biphasic foams could be made by simple heat treatment that cannot 

be applied to bulk ceramics without compromising mechanical integrity. 

 

 
 

Figure 5: An optical micrograph of a copy of the natural vascular system of a rat liver 

that will be incorporated onto the cast foam. 

 

3. Distribution of Nanoparticles in Porous Ceramics 

 

This project involves the distribution of antimicrobial metal nanoparticles into porous 

ceramics used for water filtration.  The World Health Organization estimates that 1.6 

million people die every year due to diarrheal diseases caused by poor drinking water and 

inadequate sanitation, most of the victims are children under five.  One way to prevent 

this is by improving household use and safe storage of drinking water.  Realizing that 

most cultures store water in locally made ceramic pots the non-governmental 

organization Potters for Peace (PFP) has developed a sustainable approach to the problem 

by training local potters to make ceramic water filter from their local clay and sawdust.  

After firing, the filters are impregnated with antimicrobial silver nanoparticles.  While 

these filters are generally successful at treating household water, there is still some 

question as to the effective lifetime of the filters and variability in the action of the 

nanoparticle impregnation.   

 

To address this point and the issue of higher capacity filters we are collaborating with 

Professor Wukich of Fine Arts Program at Slippery Rock University to process porous 

ceramic filter tiles that could be used to make larger tanks and study the best practices for 


