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ABSTRACT 

 
My research has focused on the precipitation of iron minerals, mostly oxides and 

hydroxides, in aqueous systems across steep pH and Eh gradients. Unlike most work in 

this area, which involves loose precipitates filtered out of solutions, I have focused on 

precipitated aggregates and, more specifically, on those that are self-organized into dis-

crete structures or patterns. This topic is actually quite narrow because such types of natu-

ral material organization are rare within the geochemical realm compared with the mor-

phological richness of crystals, not to mention the phantasmagoria of life. 

My investigation of iron-based examples has included three types of physical sys-

tems: 1) growth of tubular structures around bubbles coming off a charged cathode in a 

free solution where convection dominates; 2) development of Liesegang patterns within 

gelled solutions due to reactions dominated by diffusion; and 3) formation of a cement-

ing matrix within the aqueous interface between particles of silica. The third case in-

volves physical characteristics of the first two in that it is primarily a tightly packed, dif-

fusion-limited process, but at least initially the generation of gases can create mechani-

cally driven flows through the interstitial spaces. 

All three systems and studies are inextricably related for both tubular (‘vermi-

form’) structures and Liesegang patterns are commonly found in natural iron-cemented 

sediments such as massive laterite, ironstone deposits, and banded iron formations. They 

are also found on a much smaller scale within discrete ‘concretions’ and represent the 

two poles of the gradient between convection-based and diffusion-based systems. As 

Seilacher (2001) states concerning concretions, “the distribution and precipitation of dis-



 10 

solved constituents, such iron and manganese, proceeds in two radically different mor-

phospaces, which are typified by dendrites [and I would include tubes and other linear 

growth] on the one hand and Liesegang rings on the other.”  Both have been observed in 

my lab creations with surprising frequency and tenacity even in systems thought to be in-

hibitory. For example, electrokinetically driven Fe(II) will typically precipitate in Liese-

gang-like bands in the highly reduced zone around a charged cathode that is buried in 

electrolyte-saturated sand.  The characteristic precipitate-free gaps commonly appear de-

spite the unnaturally powerful and constant attraction of an 18 volt potential. Without the 

sand, the iron hydroxide precipitates on itself, forming a variety of plant-like and coral-

like morphologies or, under certain conditions, sponge-like tubes templated by bubbles. 

Small freestanding tubes have even emerged into the open air out of wet iron-silica 

pastes, creating a bristly appearance on the formerly smooth, slick surface. Apparently 

the bubbles of hydrogen drive the supersaturated solution up out of a pore where it adds a 

ring of precipitated material to the rim of the growing wall with every exhalation. 

Thus, in hindsight, it can be seen that the evolution of my laboratory explorations 

progressed in a natural, even inevitable way through the fundamental aspects of iron min-

eral aggregation.  
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CHAPTER 1: INTRODUCTION 

 

1. EXPLANATION OF PROBLEM 

 The scientific concept of self-organization in aggregating matter has only re-

cently developed into a familiar experimental research topic after several decades of 

mostly theoretical work.  But this has been a very different process than say, the effort to 

physically substantiate the pioneering theories of relativity or quantum mechanics. In 

fact, it has proceeded in something like the opposite direction for an abstract understand-

ing of self-organization has, if anything, been hindered by our over-familiarity with its 

most extravagant manifestation: life. Gravity and atoms are invisible, but not only do we 

see life everywhere, we are life! It seems that we have been too close to it to objectively 

analyze its qualities until relatively late in the scientific enterprise. This, combined with 

the historical religious and cultural ideas regarding life as special if not divine, especially 

human life, has made it difficult to even properly frame scientific questions about its ori-

gins, mechanisms of species evolution, and processes of development in individual or-

ganisms. Pre-scientific notions continue to obstruct progress even today. As a result, the 

concept of self-organization has had to arise first in peripheral areas of study and in more 

rarified formulations.  

 Certainly one of the first to break through the socio-philosophical barriers to a 

more sophisticated approach to self-organization was Illya Prigogine.  He did this— per-

haps in the only way it could be done—by building mathematically upon the most solid 

foundation in all of science, thermodynamics. His mostly theoretical work on “dissipative 
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structures” that generate order in systems far from equilibrium earned him the Nobel 

Prize in Chemistry in 1977.  However, he recognized the truly universal aspects of the 

principles he elucidated and freely applied them at all levels of scale and complexity in-

cluding human societies and their various networks of infrastructure such as traffic flow 

and economies (Nicolis and Prigogine, 1977).  Beyond that, he saw that this perspective 

requires a profound shift in our way of thinking about the world and even in our way of 

doing science (Prigogine and Stengers, 1984). Indeed, the concept of self-organization 

has brought about a new paradigm that further erodes the old mechanistic view based on 

stable, reversible, and cyclical processes. In its place is blossoming an ever fuller and 

more realistic understanding of the fundamental and irreducibly dynamic systems of na-

ture that are often non-linear, irreversible, and unstable. In other words, they are insepa-

rable from the one-way flow of time. Yet, out of these complex and interrelated physical 

processes, driven by entropy toward the dissipation of heat, emerges surprising creations 

of order, including life. 

 This new paradigm continues to be developed by academic researchers as well as 

specialized centers for advanced study such as the Santa Fe Institute. There, driven by the 

vision of energetic proponents like Stuart Kauffman, other auxiliary concepts have been 

cultivated including complexity and chaos theory (Kauffman, 1993 and Kauffman, 1995).  

These general and abstract systems of relationships have readily been modeled mathe-

matically and simulated with computer programs, which has led to some rather dubious 

extrapolations such as ‘artificial life’ (Wolfram, 2002).  That is, new life forms that exist 

only within the electronic habitat maintained by running programs. Nevertheless, this sort 
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of work has raised the important question, what are the limits of self-organization within 

the real physical confines of nature? Besides life, crystals, and a few other lesser exam-

ples, what other kinds of self-generated, self-sustaining systems of order may be possi-

ble? We do not know. It may well be that great and powerful manifestations could emerge 

if we only knew how to evoke them. 

 But the research work needed to answer such grand questions needs to be under-

taken in small steps. Scientists are making progress in this effort. Certainly the ground-

work for understanding macroscopic, self-organized structures and patterns entails estab-

lishing an ever wider expertise in building individual molecules, joining them in su-

pramolecular assemblies, and maintaining precise control as the aggregation continues. 

This is exactly what advocates of nanotechnology hope to achieve though some of the 

proposed initial approaches that use analogies with machinery, as if assembly line engi-

neering needs only to think small (Drexler, 1992), have run into daunting challenges for 

which it is difficult to imagine even theoretical solutions. For example, the ‘sticky fingers 

problem’ refers to the conundrum of how to release a molecule on cue from the grasp of 

another chelator–type transporter (Smalley, 2001). Setting up conditions for bonding is 

easier than selectively shutting it off, a much trickier feat than simply breaking them all 

via random substitution or some other traditional bulk method. Self-organization offers a 

potential alternative, though it remains to be seen whether we can cultivate a repertoire of 

spontaneous aggregative processes and orchestrate them masterfully enough to reach our 

goals both in materials synthesis at the factory and material removal in the contaminated 

environment.  
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2. EXPLANATION OF DISSERTATION FORMAT 

This dissertation is composed of two chapters and five appendices. Chapter One 

provides a brief conceptual background to the research, introduces the research topics, 

and presents a review of the relevant literature. Chapter Two tells the story of how I re-

turned to science and transformed my general interest in chemical morphogenesis into a 

scientific study of iron precipitation. This develops into a general overview of the ex-

perimental designs of the present studies, their scientific goals, how they are related, and 

summarizes their results and conclusions.   

Appendices A, B, and C are the scientific papers through which I am reporting my 

work to the scientific community. Appendices A and B have been published, C has been 

submitted for publication.  Appendix D is a preliminary research report.  Appendix E in-

cludes example pages from a patent that has been filed on my ‘iron carbonate cement.’ 

Appendix A is the following published paper: 

 Stone, D.A. and Goldstein, R.E. (2004) Tubular precipitation and redox gradients on 

a bubbling template. Proceedings of the National Academy of Sciences 101 (32), 11537-

11541. 

This is a mostly qualitative description (with lots of neat pictures!) of the variety 

of results I obtained over eight years of growing the tubular structures electrochemically. 

It includes my understanding of the basic chemical processes that apparently are involved 

and the same for the physics from Ray Goldstein.  Despite these limitations the paper is a 

worthwhile contribution, I believe, because this method of growing such tubular struc-

tures had not been reported before. It was an accidental discovery I made while trying to 
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grow iron dendrites in 1996. More importantly, it corrects the details of the standard de-

scription in the corrosion literature of similar structures sometimes observed growing on 

steel under certain extremely alkaline conditions (see Fontana, M. Corrosion Engineer-

ing). The article also uses some of my Liesegang data to help illustrate by physical anal-

ogy what is happening laterally within the tube wall.  

Appendix B is the following published paper: 

Stone, D.A., Lewellyn, B., Baygents, J.C., and Goldstein, R.E. (2005) Precipitative 

growth templated by a fluid jet.  Langmuir 21, 10916-10919 

This is mostly the physics that Ray Goldstein used to finally get something semi-

quantitative about the tube growth. I had failed to find a way to quantify the rate of 

growth as a function of current density, bubble production, or solution concentration. The 

system is too chaotic. However, I realized that the real cause of the precipitative growth 

at the tube’s rim is due to the ammonia within the bubbles rising off the cathode. So I 

simplified the system and eliminated the electrochemistry by directly injecting an ammo-

nia solution into Fe(II) sulfate. I observed that it was not the rate of growth but the final 

height that was the most striking difference between variations in flow velocity and con-

centration. The result is a general scaling law that predicts the maximum height of the 

tube at equilibrium. That is, at a certain concentration and flow velocity, the injected 

stream can maintain only so much tube height against the corrosive power of the sur-

rounding acidic Fe(II) sulfate solution. If the stream is stopped the tube redissolves. 

Appendix C is the manuscript of a paper to be submitted to the Journal of Physi-

cal Chemistry B or a similar journal.  The author list and working title will be the follow-
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ing: 

Stone, D.A., Curry, J.E., Goldstein, R.E.  Unusual and complex Liesegang patterns in 

the Fe(II)/Fe(III)—SO4
=
—NH3—agar system.  In preparation. 

Despite over one hundred years of scientific consideration, no theory has emerged 

that successfully explains the details of the pattern-forming process that Raphael Liese-

gang first observed in 1896. All agree that it involves the dynamic interaction of diffu-

sion-limited reactions and can generally be modeled with coupled PDEs. But it is not 

known whether the macro-organization into bands and gaps results from primary nuclea-

tion and precipitation or secondary processes of competitive particle growth such as Ost-

wald ripening or inter-particle aggregation processes like sol-gel coagulation. There are 

also rather exotic theories invoking analogies with spinodal decomposition, combustion 

dynamics, and even quantum effects!  After three years (using up a $500,000 NSF ITR 

grant) we failed to develop our own theory or even to determine which of the competing 

varieties of theories is most applicable. This was due in part to the rich complexity of the 

iron-based system I discovered (also by accident). Remarkably, this system has never 

been reported before, no doubt because of the rather unusual combination required for the 

patterns. No pattern forms in silica gel, the most commonly used gel medium. No pattern 

forms when the base used is NaOH, the most common diffusant. The range of patterns 

observed and their strange, dynamic behavior is, I argue, theory defying. If theorists 

thought they had trouble modeling the relatively simple systems, our iron system will 

seem utterly unmanageable! For example, we see a ‘contrast reversal,’ that is, the first 

bands that form soon fade out while a second precipitation then fills in what were initially 



 17 

the gaps. We also see a large, steep drop in Eh out ahead of the diffusion front, before any 

precipitation, complexation, or even a pH spike. Apparently it is the result of the dissocia-

tion and oxidation of ammonia ligands around the Fe(II) ions with concomitant release of 

electrons from nitrogen, a process known to occur. In the mixed Fe(II)/Fe(III) system, we 

see the appearance of white ferrous hydroxide bands over a jet black background of mag-

netite, though no other species is expected to be able to form when magnetite dominates. 

These wild phenomena are unprecedented even in the now quite extensive Liesegang lit-

erature—and too complicated for any existing theory. 

Appendix D is a working manuscript for a report on an iron-based composite ma-

terial that also contains relatively high amounts of silica. The author list and tentative title 

will be the following: 

Stone, D.A., Curry, J.E., Artiola, J.  Synthesis of siderite (FeCO3) cement at the car-

bonated aqueous interface between particles of metallic iron and amorphous silica.  

Still gathering data. 

In yet another accidental discovery in 2002, I found that though silica normally 

protects iron from oxidation, it can also cause an intense reaction when it has previously 

adsorbed CO2. (I used some very old silica fume.)  Surprisingly, CO2 is highly corrosive 

to iron even in the absence of any oxygen and causes serious problems for drilling opera-

tions where it is commonly encountered.  However, when the reaction between powdered 

iron, various forms of silica, water, and CO2 is carefully controlled, an interesting and po-

tentially useful product results: a very hard cement. My best formulation so far had a 

compressive strength of over 70 MPa (10,000 psi)—stronger than ordinary Portland ce-
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ment. There may be commercial applications for such a product, especially since it locks 

up this notorious greenhouse gas in its crystalline matrix. The manufacture of Portland 

cement, in contrast, produces approximately 1 ton of CO2 per ton of cement.  This work 

is also relevant to the ever growing use of iron powder as a ‘permeable reactive barrier’ 

(PRB) for groundwater remediation. Now, after 10 years since the deployment of the first 

PRBs, researchers are looking at the processes that reduce the long-term reactivity of the 

iron particles, which include siderite cementation. For those PRBs that have adsorbed all 

that they ever will from the passing plume, purposefully causing complete siderite ce-

mentation may be an effective way of permanently sequestering the incorporated con-

taminants. 

Appendix E includes my proposed patent title, abstract, and basic claims for my 

invention of an ‘iron carbonate cement’ as well as the actual  title page, abstract, and gen-

eral description from the patent for this material, which was written in the first months of 

2007 and filed in May of the same year. 
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3. LITERATURE REVIEW 

3.1. INTRODUCTION 

 Macroscopic, unusually shaped aggregations of minerals and other natural materi-

als have always been inherently fascinating, whether they are biogenic or formed by 

some mysterious conspiracy of “blind forces.” Common examples include shells, bones, 

coral, burls, sculpturally eroded rocks large and small, concretions, and ‘speleothems’ or 

cave formations. Indeed, part of the intrigue has to do with the interplay of design and 

contingency. In some cases, it is hard to tell whether a structure was grown for some 

function serving life, however indirect, or only seems to be so. Such questions have 

sometimes gone unresolved for decades even at the highest levels within the scientific 

community.  

3.2. BIOGENIC: IS IT OR ISN’T IT? 

One long ongoing debate has to do with stromatolites, stony mounds that cer-

tainly can be made by permanently or cyclically submerged bacterial mats that lay down 

minerals, as well as their own cells and cell products, creating perhaps the earth’s first 

and most primitive organo-mineral hybrid composite material (Paerl et al., 2001). Mound 

building goes on today in only a couple of special locations such as Shark Bay on the 

coast of Western Australia (Golubic, 1986) and in the Bahamas (Reid et al., 2000). But it 

appears to have been a globally common byproduct of the activity of the early prokary-

otic ecologies dating back to over 2 billion years ago. Though calcium carbonate is the 

primary mineral laid down in stromatolites across the globe and throughout time, such 

structures also have been found embedded within banded iron formations (Goodwin, 
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1956). Minerals such as magnetite were apparently more readily precipitated during the 

period when ferrous iron was oxidizing in seawater as oxygen began to be massively 

generated as a waste product by blue green algae. As these successful organisms bloomed 

across the vast surface of the early earth’s ocean surrounding the super-continent Pan-

gaea, the soluble ferrous iron in seawater oxidized, precipitated, and slowly sunk as cur-

rents swept it into the vast iron oxide deposits mined today as ore. Thus, iron was the first 

major ‘sink’ for oxygen but when it finally was exhausted, after hundreds of millions of 

years, the atmosphere’s concentration finally began to build. Thus, during that extended 

period seafloor organisms had a continuous supply of these iron minerals raining down 

upon them. However, such a primitive structure as a stromatolite also may be within the 

capacity of solely physical depositional and cementation processes (Grotzinger and 

Rothman, 1996).  The combination of currents, water turbulence, heterogeneous deposi-

tion, and sloughing can do surprisingly complicated things with piles of sediment! 

Another case has to do with ancient worm or vermiform structures, either sim-

ple tunnels of uniform diameter found in broken rock or, somewhat more elaborate, fos-

silized remnants of thin sheaths of mineral grains perhaps once held together by mucus. 

These have also been found in banded iron formations dating back over 2 billion years to 

the period when the atmosphere first began accumulating excess oxygen (Barghoorn and 

Tyler, 1965). Paleontologists are certainly aware of the phenomenon of escaping gas and 

the tunnels consequently formed but many of the tubes in question are of a similar, lim-

ited height indicating some other causative agent. Again, such structures have been ob-

served in modern times, sometimes harboring worms and sometimes not. Certainly the 
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most dramatic example has been the tall (up to 2m) tubeworms recently discovered grow-

ing around hydrothermal vents (Corliss et al., 1979). On the other hand, a field of small 

(0.5 to 1 cm) “apparently biogenic rust tubes” growing over the iron rich sediments drain-

ing from an acidic, abandoned mine were found to be wormless and even without unusu-

ally rich bacterial populations (Bigham, 2001). They may well have formed only through 

chemo-physical processes related to those I have studied in the lab. 

Probably the most famous and definitely the most intense argument over biogenic 

vs. physical etiology was initiated by a single rock found buried in the Antarctic ice. 

‘ALH84001’ was determined to be from Mars, having been blasted off the planet by a 

meteorite strike and into space where it drifted for several million years until the gravita-

tional field of earth pulled it down 11,000 years ago. It contains nanoscopic strings of 

magnetite crystals and tube-like segments of carbonates, which are evidence of ancient 

Martian life according to the NASA scientists who first analyzed it (McKay et al., 1996). 

Magnetotactic bacteria on earth are known to generate the growth of such magnetite 

strings within their cells for use as a simple physical compass that aligns the cell’s axis 

with the earth’s geomagnetic field, which is useful for swimming non-randomly and thus 

more efficiently up (to oxygen) and down (to food) (Konhauser, 1998). Also, bacteria are 

known to accumulate minerals around their cell walls including carbonates that can grow 

into tiny hollow whiskers (Carlile and Dudeney, 2000) or much wider macroscopic tubes 

when produced collectively by colonies (Provencio and Polyak, 2001). Nevertheless, 

many other scientists disagreed and systematically pointed out all the alternative physical 

processes that could be responsible for these tiny aggregations (see Posfai et al., 1998 and 
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Buseck et al., 2001). Indeed, this debate has generated a critical reassessment of many 

previous reports of purported biogenicity as in, “morphology: an ambiguous indicator of 

biogenicity” (Ruiz et al., 2002) 

 

3.3. TEMPLATING: MATTER FORMS OTHER MATTER 

The questions raised by these examples have to do with templating. Did the 

forms of the precipitated minerals emerge solely from internal chemo-physical processes 

as in ideal crystal growth or were they templated by an external force? If templated, was 

it biogenic or abiogenic?  Templating is the means by which the internal structure and/or 

outer form of newly forming material is influenced by pre-existing material in contact 

with it. It can be either a biogenic or physical process and either precisely or loosely con-

trolled by a substrate or surrounding surfaces. When biogenic but where an organism 

does not precisely control the subsequent morphological growth of minerals actively pre-

cipitating them it is called biologically induced biomineralization (Lowenstam and 

Weiner, 1989).  In this case, an organism promotes and influences chemo-physical proc-

esses to cause mineral precipitation, which may even result in the construction of a struc-

ture, but it does not precisely direct the morphology. Stromatolites would be a low form 

of this type of bio-mediated mineralization while coral would be a higher form. Both bac-

terial mats and colonies of coral polyps lay down material but only indirectly influence its 

structure. The variation among species in both the bodily shape of coral polyps and in the 

patterned array of their colonies are largely responsible for the wide diversity of coral 

skeletons, though within a species there is consistency and thus is identifiable. In bound-
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ary organized biomineralization an organism precisely controls both the initial precipi-

tation and subsequent growth of minerals (Lowenstam and Weiner, 1989). A thin layer 

can be templated on a surface but thicker, three-dimensional forms require being fully 

surrounded within a living cell or multi-cellular tissue. This form of more advanced 

biomineralization involves the ability to precisely sculpt the structure from the molecular 

scale on up so as to optimally serve some function. The shells of mollusks would be ex-

amples of lower forms of controlled biomineralization (though there is quite a range 

within this class) while bones and teeth would be examples of the highest forms. One ob-

vious distinction between these two classes of biomineralization has to do with the geo-

metrical relationship between the organism and its mineral product. Generally, in highly 

controlled biomineralization the body of the organism surrounds the inorganic material or 

at least that part actively being formed. Consider the mantle of mollusks, a pouch-like or-

gan that includes a thin layer of tissue that extends over the growing edge of the shell. 

Contrast this to coral in which the living polyp is surrounded by the calcium carbonate it 

precipitates out of seawater. Of course, these two concepts are quite general and some-

what loose human constructions that function as aids to understanding rather than reflect-

ing absolute distinctions in nature. Nevertheless, these and other similar terms will be 

adopted here to help explicate the solely physical processes of structural deposition, pat-

tern formation, and cementation that are the subject of this discussion. At this early stage, 

the aggregative precipitation processes being discussed here are analogous to induced or 

mediated biomineralization but there is hope that methods of more highly controlled, 

boundary organized mineral growth can be developed. 
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3.4. SELF-ORGANIZATION: MATTER FORMS ITSELF 

Other terms will be garnered from a very different and unnatural source, seem-

ingly unrelated or even antithetical to the biological realm just discussed. But within 

some areas of materials science there are surprising parallels to the conceptualization that 

has developed out of the effort to understand biogenesis. Though still groping even to de-

fine clearly what is meant, scientific investigators and technology inventors are converg-

ing on cross-disciplinary topics such as complex adaptive matter, intelligent materials, 

and self-organization. These terms refer to a wide variety of things but some common 

aspects have to do with novel ways of creating sensors, information storage devices, and 

self-repair mechanisms, all of which have more than a superficial resemblance to biologi-

cal perception, memory, and healing. Indeed, the engineering approach known as biomi-

metics very deliberately purports to contrive new materials and means of modifying them 

based on natural “prototypes” that have been designed, tested, and perfected by evolution 

(Smith et al., 2000). Here the differences between the old methods of only mediating the 

formation of matter and the holy grail of precisely controlling the growth of crystals, 

polymers, composites, and other extensive supramolecular assemblies become constant 

concerns.  

The materials and processes that are the subject of my research might not seem 

connected to smart matter and the other exotic types, but there are indications of such po-

tential, I would argue. For example, some Liesegang patterns have been noted for their 

extreme sensitivity to certain chemical or physical influences and I have seen this in those 
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I have studied.  In one study, it was discovered that just “brief and light contact with bare 

fingers, such as occurs when a slide is handled by the edges for a few seconds needed to 

move it from one place to another, contaminates it with enough chloride ions to form 

such bands with silver nitrate…” (Crowle et al., 1963).  The effects of the perturbations 

become ‘recorded’ as disruptions in the patterns and thus they could be said to function as 

a kind of primitive sensor and information storage device. It could be imagined that if 

they can be much more greatly developed such systems might have practical applications 

in the same way that photosensitive chemicals led to photographic film. Also, there are 

hints of a self-healing capability evident in the iron carbonate cementing process. It is 

fundamentally a corrosive reaction in which the iron particles act as tiny sacrificial an-

odes and the same electrochemical reaction can be amplified with external current that 

actively attracts ions and deposits iron carbonate much more quickly. Any internal rein-

forcement of conductive steel could be charged and thus augment the initial cementation 

or subsequently infill cracks and porous areas or repair other defects. A few basic demon-

stration tests have been promising. In any case, some of the concepts used in these re-

search areas and especially within the broad topic of self-organization seem natural and 

helpful here such as chemical morphosynthesis or chemosynthesis, the growth of three-

dimensional form through chemical processes. This might be described as the chemists’ 

version of ‘applied complexity’ (Whitesides, 1999). A few pioneering chemists have spe-

cialized in this kind of work and some have begun to develop more elaborate sub-

categories for the topic such as Stephen Mann and Geoffrey Ozin, who make distinctions 

between transcriptive synthesis, synergistic synthesis, metamorphic reconstruction, mi-
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crophase separation, and systems synthesis (Mann and Ozin, 1996; Mann et al., 1997; 

Mann et al., 2000). All of these novel and rather arcane concepts use biological processes 

of morphogenesis as their analogues and most often cite the deposition of intricately pat-

terned silica frustules (basically microscopic shells) within the single cells of algal dia-

toms—an example of boundary controlled biomineralization. Templating, transcription, 

coassembly, replication and other biomimetic functions are also heavily invoked.   

On another trajectory quite different from biomimetics, are highly technological 

approaches that use external energetic fields to help induce precipitation and, more am-

bitiously, to direct the morphosynthesis of the growing aggregate. The full potential of us-

ing electromagnetic or other more sophisticated energy fields (that is, other than the tradi-

tional heat-and-pressure combination) to stimulate and direct self-organized mineral pre-

cipitation and thereby more effectively aggregate wastes or even build useful structures is 

not yet known. But just the possibility to affect the bonding and orientation of individual 

ions using such methods is very intriguing and attractive for nothing of the sort is possi-

ble with the ancient techniques of controlling the gross shape of bulk materials by using 

molds and mandrels. The first crude efforts are already being made toward utilizing syn-

ergistic combinations of external energy fields such as sono-electrocoagulation of water 

treatment filtrates (Kovatcheva and Parlapanski, 1999), radiation-induced, iron-driven 

CO2 reduction (Fujita et al., 1996), and magneto-electrochemical deposition of metal-

mineral composites (Coey and Hinds, 2001).  

 

3.5. IRON CHEMISTRY AND NEW FORMS OF ENVIRONMENTAL TECHNOLOGY 
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It is important to emphasize that many of the new aggregating and forming tech-

nologies can operate at room temperature and pressure. This is in dramatic contrast to the 

vast majority of traditional manufacturing methods, which involve great heat and pres-

sure and therefore great expenditures of energy from burning fossil fuels with the con-

comitant pollution. Almost all of metallurgy depends on the foundry and casting molten 

alloys while ceramics relies on high temperature kilns for vitrification. Cement produc-

tion also uses kilns heated with furnaces using cheap fuels like discarded tires, spent sol-

vents, petroleum sludge, and other burnable organic waste. With every ton of cement 

produced approximately one ton of CO2 is released into the atmosphere. About half of 

this greenhouse gas comes from the calcination of calcium carbonate to make lime 

(CaO), the critical main ingredient, while the other half comes from the combustion of 

the dubious fuels. Of course, other incompletely oxidized exhaust products are generated 

as well, many of which are much more toxic than CO2. Finally, though many organic 

polymers like epoxy can be catalyzed and set at low temperature, their production typi-

cally requires high temperatures and pressures at various stages in the chemical plant, 

which also of course spawns noxious byproducts. So there are environmental motivations 

to pursue alternative, cleaner strategies for the manufacture of industrial and household 

products that are also less energy intensive. The “nanotechnology initiative” and other 

approaches coming out of the physical sciences are attempting to meet the challenge. 

Perhaps new technologies can emerge out of the basic reactions and beginning methods 

discussed here. 

However, it should be admitted at this point that one cannot just start anywhere in 
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nature and easily find fecund materials with latent self-organizing potential that can be 

evoked by simply electrifying them or exposing them to a magnetic field! There probably 

is no substitute for what might be called ‘molecular sophistication.’ The evolution of the 

most primitive life forms, for example, depended on large, complex molecules like RNA 

with multiple reactive sites capable of unusual and more sophisticated interactions such 

as catalysis, chelation, and selective adsorption. My research interests were drawn ini-

tially to pure metallic iron for its interesting dendritic morphologies when electrodepos-

ited. Then came the minor discoveries of tube growth and Liesegang patterns based on 

precipitation of iron hydroxides and it appeared that even simple iron compounds might 

have special powers of morphogenesis and pattern formation, if not strength and durabil-

ity. Those qualities though were soon embodied by the apparently novel ‘iron cement’ 

and so it seemed reasonable to ask, How far can iron-based chemistry be pushed toward 

truly innovative material and environmental technologies? As stated above, other ele-

ments including carbon will need to be incorporated along the way for greater molecular 

versatility and that is already happening and opening up even greater vistas for multiply 

hybrid, organic-metallic-mineral composites with as yet unknown but no doubt rich and 

useful characteristics. 

 

3.6. THE ELEMENTS OF CORROSION AND CREATION 

The first elements to consider in reaction with iron in aqueous solutions are of 

course oxygen and hydrogen, the components of water. Oxygen will probably always re-

main important not only for its ubiquity but for its unmatched ability to form bridging 
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bonds not only between iron atoms but between iron and other elements like carbon and 

silicon. The combination of iron, oxygen, and water alone, of course, constitutes the basis 

of the vast and critically important field of corrosion science, which centers on the fol-

lowing classic, often cited, and seemingly straightforward reaction: 

2Fe
0
 + H2O + O2  ����  Fe2O3 + H2 

Beyond even the scope of modern industrial civilization, this process of iron oxidation 

and hydrolysis plays a gigantic role on a planetary scale—and even on other planets: 

All planets [in our solar system] have similar atomic abundances of iron, 

magnesium, and silicon, but the amount of oxygen varies.  There is suffi-

cient oxygen to completely oxidize magnesium and silicon on all planets, 

but the oxidation state of iron varies from almost totally oxidized ferric 

iron in the case of Mars to completely reduced ferrous iron as in Mercury. 

The state of iron oxidation in the Earth’s crust is intermediate, and this 

poising of iron and oxygen is a crucial starting condition for the evolution 

of life where the balancing of iron and oxygen plays a key role. Turner et 

al., (2001) 

It is one of the greatest geological mysteries of Mars why all the iron across its 

surface has been oxidized. This on a cold, dry planet thought never to have had oxygen in 

its atmosphere. Though only very recently has evidence of past free surface water been 

discovered. Perhaps as more data is gathered its ancient geological history will be further 

revised in a way that makes its present landscape of conflicting characteristics under-

standable, if not Earth-like.  
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Even on a smaller scale the oxidation of iron as a research topic is equally fasci-

nating and challenging. Surprisingly, though the basic reactions are understood, the com-

plicated details of the intermediate mechanisms and meta-stable products are still being 

worked out (Jolivet et al., 2004). Because corrosion always involves both anodic sites of 

metal dissolution and cathodic sites of oxide deposition, the potential for growth of ag-

gregated structures is inherent in the process from the beginning and at the smallest scale. 

The deposition, commonly called rust, typically takes the form of a powdery dust or 

loose, scaly flakes, as everyone knows. But under some conditions, primitive forms of 

self-organization are manifest. Probably the simplest of these are tubercles, which hardly 

deserve being described as organized. However, they very clearly reveal a feature that is 

one of the most fundamental aspects of iron corrosion generally as well as the critical ba-

sis for all other more elaborate forms of iron-based self-organization. This is the ability of 

iron precipitates to form discrete layers of different minerals in response to chemical 

gradients, specifically gradients of concentration, pH, and Eh. Tubercles are blister-like 

and often multi-chambered, fluid-filled nodules that form over corroded pits in steel 

bathed in a corrosive solution such as seawater. Typically, their porous walls have tri-

partite layers made up of orange oxidized ferric minerals on the outside (at the solid-

water interface) like lepidocrocite (γ-FeOOH) and, on the inside, green rust 

(Fe(II)4Fe(III)2(OH)12A1-2•nH2O where A = Cl¯ , CO3
=, or SO4

=), which forms on the inte-

rior because it is a reducing zone (Eh = -400 to -600 mV) and basic (pH ≥ 8). In between 

is black magnetite (Fe3O4), which is known to form slowly (tens of minutes or hours) 

from green rust while lepidocrocite forms when oxidation occurs more quickly (Bigham 



 31 

and Touvinen, 1985; Smith and McEnaney, 1979). Though not quite unique to iron chem-

istry, this characteristic short-range layering phenomenon is primarily responsible for 

some very important effects, both good and bad. For example, it underlies the surface de-

lamination of oxidizing steel that is the bane of all Iron Age civilizations, but it also plays 

an important role in the biogeochemistry of the Earth’s surface environment that is neces-

sary for life, as pointed out earlier in the quotation from Turner et al., (2001). 

By extension, literally, tubercles give rise to tubes, which have also been referred 

to as “hollow whiskers” and “chimneys” (Butler and Ison, 1950; Riggs et al., 1960; Smith 

and McEnaney, 1979). When conditions inside the tubercle or under a porous layer of 

rust are reducing enough that water is reduced, approximately -0.45 mV at pH 9, hydrox-

ide ions and hydrogen gas are generated. The gas bubbles break out and escape, pumping 

small amounts of the basic inner solution as they emerge. In natural corrosion, a low con-

centration of dissolved iron is present and this is precipitated when in contact with the ca-

tholytic solution. The rate of growth is quite variable, taking weeks or more to grow one 

millimeter under typical conditions of corrosion (Butler and Ison, 1950) yet under opti-

mum conditions (artificially high pH) can be much faster, on the order of a centimeter in 

one day (Riggs et al., 1960). The extent of the high pH and low Eh zone apparently de-

termines both the rate and the limit of growth. Within the growing tubes, as within the tu-

bercles, as stated above, these cathodic conditions are created as a result of the anodic 

corrosion of the iron or steel. Besides bubbles of hydrogen, the intense reduction poten-

tial generates hydroxide ions that are concentrated locally (physically contained by tuber-

cles and tubes or only as a thin film in the boundary layer at the surface) and the pH can 
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be >10 (Smith and McEnaney, 1979). When the surrounding solution is artificially main-

tained at this concentration, the cathodic products of hydroxides like green rust and the 

more stable product of their transformation, magnetite, can form more readily as well as 

grow faster and more extensively (Riggs et al., 1960).  Of course, all combinations of pH, 

Eh, and component concentrations can be found even in nature, albeit rarely for the ex-

tremes especially those of very high pH and low, highly reducing Eh.  Most conducive of 

all for growth of aggregated, precipitated structures are those environments where two 

sets of extreme conditions meet and interact in a dynamic way.. Where this kind of dy-

namic interaction does take place, for example at the hydrothermal vents, there is the 

greatest potential for aggregated precipitation and self-organization of patterns and struc-

tures, though this is not in itself sufficient. Even for the seemingly simple tubular forma-

tion,  several rates have to be in exactly the right relationship for this to occur including 

bubble formation, precipitation, mass transfer due to convection, the green rust to mag-

netite oxidation, and the magnetite to lepidocrocite oxidation, which helps to solidify the 

fragile tubes. 

The wall of a tube, like the tubercle or the layer from which it grows, also extends 

the tri-partite layering of minerals that reflects the Eh-pH gradient. In other words, the ca-

thodic products, OH¯ , NH3, and H2, are carried away from their source on the surface and 

become reactants at a distance with the surrounding acidic ferrous sulfate solution. The 

inside of a tube is basic (pH >10) and reducing (Eh < -400mV) while the surrounding so-

lution is acidic (pH ~2.2) and oxidizing (Eh ~ +550 mV). This is where dynamic chemo-

synthesis happens or, more accurately, because of this dynamic chemical gradient, reac-
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tions occur that lead to chemosynthesis. The intense ‘proton-motive’ and ‘electron-

motive’ forces drive extensive changes in the components including hydration and dehy-

dration, reduction and oxidation. As a result of these fundamental reactions secondary 

processes occur including dissolution and precipitation, crystallization and structural 

transformation. 

Can too much be made of the fact that there is some minimal macroscopic struc-

ture resulting from all this? Is the analogy with biological morphogenesis only superficial 

or even misleading? From some perspectives, perhaps. It may be that self-organizing 

chemosynthesis of highly ordered solids with useful qualities is a dead end and doomed 

to fail. However, the potential is so great that this is a path that must be exhaustively ex-

plored (Whitesides, 1995; Rogers, 1995). But the case can be made stronger than that. It 

is precisely this kind of solid but porous, interfacial layer that has been postulated as the 

natural incubator for the beginning of life where precursor biomolecules are adsorbed, 

concentrated, and built up in both complexity and variety (Russell et al., 1993). In fact, 

such inorganic ‘membranes’ have been seen as more than just analogies for the first cell 

walls and other proto-biostructures. Sophisticated, intricate, and experimentally based 

hypotheses propose that they are direct templates for the patterns of organic molecules 

that were much later genetically encoded for (Cairns-Smith, 2006; Russell and Hall, 

1997). 

 

3.7. LIESEGANG BANDS: THE BEAUTIFUL INSTABILITY OF IRON 

The iron corrosion products in the walls of tubes and tubercles can form another 
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much more complicated kind of pattern besides layers of different minerals. When the 

precipitation occurs within a gel, where the crystalline particles have a semi-solid sub-

strate to nucleate and grow within, some of the species can form so-called Liesegang 

bands (Liesegang, 1896). Since that first report, when Liesegang described the intriguing 

and attractive type of pattern of banded precipitation that now bears his name, many more 

examples have been observed, both in the lab and in nature. They have been often found 

in geological formations, especially sedimentary deposits, which can act as media for the 

creation and fossilization of such patterns, perhaps most notably on a small scale in ag-

ates (Heaney and Davis, 1995). They have also commonly formed on a larger scale as a 

result of the aqueous diffusion of dissolved iron and its subsequent precipitation as iron 

oxides in porous rock such as skarn (Ciobanu and Cook, 2004),  ‘ruin’ marble (Marko, 

1993) and sandstone (Shahabpour, 1997; Chan, et al., 2000).   Bands of iron and manga-

nese oxides have also been studied in situ as they formed in the mud of a recently closed 

mine (Dietrich and Jacob, 1995). Banded precipitation of iron sulfides forming around 

animal carcasses buried in sediments has been simulated in the lab (Allen, 2002). The 

bold patterns of ‘zebra rock’ found in Bakal, Russia is explained as Liesegang banding of 

two types of the iron carbonate, siderite, alternatively pure (white) and contaminated 

(dark) (Krug, et al., 1996). Interestingly, concentric Liesegang rings are now even being 

reported in human tissue through medical procedures that include the characterization of 

the internal structure of cysts and similar abnormal growths (Misselevich, et al., 2004; 

Yusuf, 2006). 

Mathematicians, as well as theorists in the fields of chemistry, physics, geology, and 
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materials science, have attempted to develop a rigorous model that adequately accounts 

for the processes involved and their products. This has turned out to be surprisingly diffi-

cult.  However, a basic conceptual framework has been proposed in the simplest super-

saturation models: a soluble reactant commonly called A diffuses through a gel contain-

ing a second soluble reactant B, which react together forming an intermediate product C 

that then precipitates as a solid D.  (Sometimes C is eliminated in the simpler models.)  

This is no different than ordinary precipitation in a solution contained in a beaker and 

there would be no scientific intrigue if the precipitation was continuous and without pat-

tern. But when reactant B is contained within a gel or other matrix that prohibits convec-

tion and mixing, the process of precipitation in some cases abruptly stops and then later 

restarts periodically, forming gaps and therefore patterns.  This is primarily due, it is pro-

posed, to the upward (toward the interface) diffusion of B and the creation of a concentra-

tion gradient of this reactant immediately below a band while precipitation is taking place 

within it and the downward progression of A is temporarily interrupted. Subsequent con-

tinued diffusion of reactant A through this depleted zone does not result in precipitation 

because supersaturation concentrations are not exceeded (B is the limiting reactant and 

usually very much so). Precipitation of a new band begins when sufficient local concen-

trations are again attained. Thus, the relationship between the two diffusion rates of A and 

B is the critical factor. Mathematically, then, the simplest foundation for a model starts 

with the following three reaction-diffusion partial differential equations (and Figure 1): 
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Fig. 1. A sequence of schematic diagrams depicting the development of Liesegang 
bands. Diffusing OH– and local Fe+2 precipitate as Fe(OH)2 (a), which causes a gra-
dient of Fe+2 to form beneath the band (b) such that supersaturation is not exceeded 
within this depleted zone (c). But when the OH– front reaches sufficient concentra-
tion levels of Fe+2 further down in the gel, precipitation begins again (d) and forms 
another band with a gap separating them (e). In (f) the equations and their general 
plots show that the concentration changes of all components are coupled. 
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All three equations become temporally coupled, that is, their individual solutions at 

any set of initial conditions not only create new values for the next moment but also af-

fect each other. Note that the precipitation reaction is subtracted from the concentration 

gradient in the first two equations (in terms of activity, solids effectively remove the reac-

tants). Thus, each iteration builds directly on the last and because of this and the dynamic 

rise (moving gradients of the diffusing fronts) and periodic fall (precipitation) of the reac-

tants, the combined numerical solution of the basic set of equations needed to simulate 

the pattern using a computer program becomes quite complex.  

Over the decades key principles of modeling Liesegang patterns have been fixed into 

“laws.” For example, the Jablczynski spacing law predicts that band and gap width will 

have a linear relationship with distance (Jablczynski, 1923). That is, they will increase at 

a certain fixed rate with increasing distance away from the initial interface. Another one, 

the Matalon-Packter law, relates the spacing coefficient to the ratio between the initial 

concentrations of the inner gel solution and the outer diffusant (Packter, 1955; Matalon 

and Packter, 1955). Generally, the greater the concentration of the diffusing solution rela-

tive to the gel solution, the narrower is the band spacing.  However, unusual phenomena 

such as revert spacing (becoming narrower and closer together with distance) and the rich 

diversity of patterns such as those described here have prevented any of these laws from 

becoming accepted as truly universal characteristics of Liesegang patterns. On the con-

trary, the ever-growing range of morphologies has far outpaced the predictive power of 

theory. As one long-time research team concludes, “we see that the phenomenon is of 

such a wide diversity that no universal law could yet be obtained as a generalization” 
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(Sultan and Sadek, 1996). 

Even more challenging to the creation of a model, though, is that there is still no 

consensus on the details of the mechanisms involved or the intermediate products even in 

the simplest systems. The smaller particles cannot be observed in situ as they organize 

themselves and form bands and so it is not known whether ions, complexes, larger mole-

cules, embryonic nuclei, colloids, or growing crystals play the critical role in forming the 

patterns. Each of these types of particles is associated with quite different growth proc-

esses. Because of this most of the many theories that have been offered can be classified 

within three general groups based on the type of particle thought to be the real pattern 

maker: supersaturation/nucleation (ions precipitating on nuclei), competitive particle 

growth (Ostwald ripening of crystals), and sol-gel coagulation (aggregation of colloidal 

particles).  The latter two types deny that primary nucleation and precipitation alone can 

generate patterns and that secondary processes must organize the solid particles into 

bands after initial formation of a homogeneous “turbidity zone” (Krug and Brandtstadter, 

1999). Proponents of the first type, however, argue that particle aggregation processes 

could not produce bands and patterns of such regularity and sharp delineation whereas 

the advancing concentration front embodies the only planar geometry that suggests such 

capability (Chopard et al., 1999). Other models have also been put forward that involve 

more exotic mechanisms or analogues such as spinodal decomposition (Antal et al., 

1999), combustion dynamics (Lebedeva et al., 2000), and even quantum effects (Mares, 

et al., 2004).  Finally, there have been creative approaches to the modeling itself.  For ex-

ample, instead of doing many iterations that build from the initial state, every moment 
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can be considered a discrete resetting of certain key initial conditions. In other words, the 

interface or boundary between the reactants is always ‘moving’ (George and Varhese, 

2002).   

 The research within the Liesegang community that is most directly relevant to that 

reported in this dissertation (Appendix C) is without question that of Rabih Sultan and his 

colleagues. Over a number of years they have worked primarily with a system in which 

CoCl2 is the dissolved salt in gelatin and aqua ammonia is the diffusant. Cobalt hydrox-

ide, Co(OH)2, is the precipitate and it forms classic Liesegang patterns with clear gaps 

between bands. However, even in this relatively straightforward example of periodic pre-

cipitation there is an unusual twist because at higher concentrations of ammonia the co-

balt hydroxide re-dissolves. With continuous band formation down below and their dis-

appearance up above, this creates the appearance that the entire set of bands migrates 

down the tube of gel (Al-Ghoul and Sultan, 2001). It also introduces a new parameter for 

the mathematical description of Liesegang patterns and thus led them to adopt a more 

complex model (Müller and Polezhaev, 1994). In a break from the usual either-or dichot-

omy, the Müller-Polezhaev model incorporates both supersaturation-nucleation as well as 

subsequent competitive growth of the nuclei into larger particles (Ostwald ripening). The 

competition between particles of different sizes means that those smaller than some criti-

cal minimum re-dissolve and so the modeling of this part of the process can be adapted 

more effectively for the cobalt hydroxide-ammonia interaction. Though this dissolution is 

not due to Ostwald ripening but to ammine complexation of cobalt because ammonia 

ligands at high concentration overcome the bonds with the hydroxides.   
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 Then Sultan introduced a very interesting—and revealing—complication with the 

inclusion of nickel in the system (Sultan, 2002). The solubility product of nickel hydrox-

ide is similar to that of cobalt hydroxide but its formation constants for ammine com-

plexes are orders of magnitude higher (Ni(NH3)6
+2 = 2.00 x 108, Co(NH3)6

+2 = 5.00 x 

104).  Therefore, it competes with cobalt primarily for ammonia, not hydroxides. Yet, the 

inclusion of nickel significantly changed the pattern. Differences in concentration of aqua 

ammonia were correlated with differences in distances and spacing of precipitated bands. 

In subsequent work his team reported that as the concentration of nickel increases both 

the dissolution of cobalt hydroxide at the top of the gel and its precipitation at the bottom 

are more strongly inhibited (Shreif et al., 2002). These effects and others demonstrate, 

they conclude, that ammine complex formation “plays a key role in steering the dynamics 

of the system.”  Later he introduced yet a third cation into the system, magnesium, and 

observed more strange and novel behavior (Msharrafieh and Sultan, 2005). The bands 

appeared in groups with greater distance between the groups than between the bands 

within a group. These groups or “multiplets” as they referred to them also increased in 

number of bands with increasing distance down the tubes of gel, that is, first there were 

single bands, then there were doublets, then triplets, then quadruplets, and so on. This 

“increasing succession of multiplets” with “ascending rhythmicity” has not been reported 

before and shows that the complexity and variety of the Liesegang phenomenon has not 

yet been fully explored. Again, the dynamic interplay between competitive ammine com-

plexation and unstable hydroxide precipitation apparently generated this complex pattern, 

which is the same dynamic underlying our novel, complex iron-based system discussed 
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later (Appendix C). 

3.8. IRON CONCRETIONS: SYNTHETIC, NATURAL, AND HYBRID 

Liesegang bands can even form around charged electrodes buried in sand perme-

ated with an electrolyte such as seawater containing dissolved iron, a process that greatly 

accelerates yet still strikingly simulates the natural formation of such diffusion-based pat-

terns in saturated sediments and porous rock (Jacob, K-H., et al., 1994). Despite the un-

naturally fast and powerful electrokinetic attraction and deposition of ions, the reaction-

diffusion process is apparently robust enough to still dominate and organize the heavily 

precipitating material into band-and-gap patterns. In other words, even when aggregated 

precipitation is not transport limited, other forces can be in effect that produce structure 

where only massive, homogenous deposition might be expected.  

The iron can be introduced into the electrolyte from the start as a soluble salt such 

as ferrous sulfate, a process called ‘spiking’ that enables earlier precipitation. Otherwise, 

the soluble iron will gradually but continually be released from the dissolving anode.  

The positively charged anode withdraws electrons from molecules around its surface as 

well as from the metal of its own composition.  For example, at its surface water is oxi-

dized to H+ and oxygen gas, O2. In seawater, chloride ions, Cl– , which are in high con-

centration (typically ~19 ppt), are also oxidized to chlorine gas, Cl2. If the anode is made 

of iron, Fe(0) is oxidized to Fe(II) and these soluble ions are released into the solution. 

This continues until the substance of the anode’s body has been eaten away and no part in 

conductive connection with the cathode remains.  Hence the term “sacrificial anode” 

(Koryta, 1982).  
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This dissolved iron moves with the protons away from the anode and toward the 

cathode until it reaches a dynamic zone where this acidic front and the basic front from 

the cathode meet, causing neutralization of the pH with consequent precipitation of the 

Fe(II) initially as green rust. The smaller proton diffuses about 1.75 times faster than the 

hydroxide ion so the neutralization zone initially forms closer to the cathode (Narasimhan 

and Ranjan, 2000). However, the Fe(II) ions are slower and so the actual precipitation 

typically occurs about midway between the anodes and cathodes (Cundy and Hopkinson, 

2005; Faulkner et al., 2005). Here again the precipitated iron typically differentiates into 

distinct layers reflecting the artificially imposed redox gradient. Though unlike the tuber-

cles forming over corroding steel, these layers include hematite (Fe2O3), which forms on 

the cathode side, while goethite forms on the anode side, and magnetite forms in be-

tween. (Jacob, et al., 1994; Cundy and Hopkinson, 2005).   

The formation of the oxyhydroxide goethite within the acidic electrolyte of the 

anodic domain is not surprising, though hematite might not be expected on the side fac-

ing the cathode, which generates a reduced, high pH environment. But in electrolytes that 

are near neutral or are slightly basic like seawater this precipitation occurs out away from 

the cathode where the bulk solution readily causes oxidation, especially near the surface 

where air is also diffusing into the solution. (In electrolytes that are acidic enough 

throughout (≤ ~6 ) the Fe(II) ions can remain in solution and are then electrokinetically 

attracted all the way to the cathode’s surface where they are precipitated as hydroxides or, 

if the current is high enough, electrodeposited as metallic iron as in industrial electroplat-

ing.) This oxidation and the continual arrival of hydroxide ions coming from the cathode 
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apparently effectively deprotonate surface hydroxides and cause their transformation to 

hematite. At high pH, the stability fields of oxides like hematite border those of hydrox-

ides and relatively less oxidation than at lower pH is needed to move up into the hematite 

field from the more reduced domains of species like white rust (Fe(OH)2), green rust 

(Fe6(OH)12A
– •nH2O), and ferrihydrite (~Fe(OH)3) (Genin et al., 1996). Protected from 

this hydroxide attack on the cathodic side, from the acidic attack on the anodic side, and 

oxidation on both sides, the magnetite forming from green rust remains protected and 

stable within this ‘sandwich’ of two ferric species. Besides the coarse tripartite layering 

of these species, there can be Liesegang bands as well as other secondary patterns includ-

ing ‘boudinage’ (pinched off, sausage shaped layers), ‘breccia’ (broken or displaced hori-

zons), rosettes, dendritic structures, and others (Jacob, K-H., et al., 1994). 

The tiny crystallites of green rust fill in around the much larger sand grains and 

porosity drops, effectively creating two separated electrolytes, sometimes called the 

anolyte and catholyte, though ionic conductivity between the electrodes is maintained. 

The transformation of green rust to denser ferric species and further precipitation creates 

an iron oxide cement in the interstitial pore space. This also simulates the genesis of a 

natural kind of diagenetic (chemically transformed) deposit called ferricrete, which is 

created when iron minerals are reductively dissolved, transported, and later precipitated 

within concentrated layers or pockets of the host sediment or porous rock. Eons later the 

columns, slabs, and other ferricrete structures emerge as the less weather-resistant encas-

ing material erodes away (Chan et al., 2000).   

When the iron cement is very dense, hard, and discrete, and especially when the 
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aggregated mass is spherical, the formation is called a concretion (Chan et al., 2000). Of-

ten these concretions have only a cemented outer layer or ‘rind’ while the inner core is 

identical to the surrounding matrix or even is partially hollow (due to dewatering of a 

clay rich core), creating a ‘rattle stone’ (van Loeff, 2000). The exact mechanisms of their 

formation have not been determined. For example, it is not known whether the process is 

initiated by a nucleus around which a deposit builds or whether some other more compli-

cated, multi-stage process is responsible. The common existence of an uncemented inner 

core suggests the latter. Even more intriguing, within the porous sandstone matrix concre-

tion-rich layers exist with gaps separating them suggesting a Liesegang pattern on a giant 

scale.  It is as if the familiar patterns studied in test tubes that form across millimeters are 

magnified up to a scale measured in meters, with concretions roughly the size of marbles 

to golf balls taking the place of the usual microscopic crystallites (Chan et al., 2000). 

Even on this mesoscopic scale, Liesegang patterns apparently indicate that the periodicity 

is not limited to short range processes like Ostwald ripening. 

The synthetic ‘electro-concretions’ described here, however, are not well ce-

mented compared to the natural formations. Immediately around the anode the pH has 

been measured to be as low as 2 and immediately around the cathode as high as 13 (Jacob 

et al., 1884; Cundy and Hopkinson, 2005).  In between is a gradient with neutral pH lo-

cated in the precipitation zone. Precipitation in such unnaturally high and steep redox 

gradients is fast with extended deposits of green rust, which forms porous, honeycomb-

like structures (Genin et al., 1996).  Later, when it oxidizes and transforms to species 

such as magnetite and goethite the porosity does not fill in and therefore the interparticle 
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density is less than that produced by the slow accretion that occurs in nature. This differ-

ence can be seen by comparing SEM images of aggregates from within electro-

concretions with those from natural ferricretes and iron concretions (Chan et al., 2000; 

Jacob et al., 1994; Cundy and Hopkinson, 2005). It is likely that the low concentrations 

typically found in natural surface environments mean that the cementation process be-

tween grains is transport limited. It is slow but supersaturation is not exceeded en masse 

so ions diffusing through the interstitial pore spaces can find optimal (lowest energy) 

placement on the surface of the growing cementing matrix. These conditions and proc-

esses favor the growth of relatively small numbers of large, dense, tightly packed crys-

tals. In the rich concentrations generated by the electrodes supersaturation is continually 

being exceeded and precipitation occurs quickly and extensively so that the formation of 

crystal structure is not transport limited but surface reaction limited.  That is, the growth 

of dense, large crystals cannot keep up and instead great numbers of nuclei form through-

out the pores with subsequent production of many, small, platy crystals with lots of space 

between them. 

Furthermore, much of the cementing matrix in the electro-concretions is made up 

of magnetite, which is not found in the natural ferricretes and iron concretions where 

hematite dominates.  In nature, again because of the slow accretion process, Fe(II) ions 

recently adsorbed to the growing surface of the cementing matrix have enough time to 

undergo full oxidation to hematite. Aqueous precipitated magnetite is not a good binder 

for sand and other aggregate because it does not tightly bind to the surfaces of silica-

based particles. More specifically, the most common crystalline morphology of magnet-
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ite, an octahedron in the form of two pyramids attached at their base, is compact, dense 

and is charge balanced (Regazzoni et al.,1981; ). These tiny nuggets do not readily bond 

together either physically or chemically. Contrast this with the hexagonal plates of their 

original substrate, green rust, which forms in large flat crystals that grow through each 

other at all angles and often form extensive honeycombed structures and ‘rosettes,’ which 

are spherical, flowery clusters of intersecting plates with edges facing outward like petals. 

The fast-growing edges also require charge balancing cations from the surrounding solu-

tion like many clays (Genin et al., 2003). The surface of magnetite, on the other hand, is 

known to be less reactive than even goethite or hematite (Cornell and Schwertmann, 

2004). It has a less negative value, for example, for single-site enthalpies of surface pro-

tonation (Sverjensky and Sahai, 1998). Thus, a magnetite-based cement has very limited 

potential to form durable ferricretes or concretions. The ‘electro-concretions’ described 

above are weakly held together mostly from the volumetric infilling of the interstitial 

pore space with magnetite between the sand grains. But physical forces such as van der 

Waals are all that can be expected amongst the magnetite particles, which are really only 

an additional form of aggregate though much finer and more tightly packed than the sand 

grains. Even hydrogen bonding at the interface between chemisorbed water on the sand 

grains and the surfaces of magnetite particles would be minimal due to the unreactive na-

ture of the latter. Inter-particle chemical bonding, the real source of strong aggregate 

cementation, would not be predicted with a matrix of precipitated magnetite and this is 

born out empirically by the low cohesion of the electro-concretions, which are less than 

brittle and so friable that they can crumble with hand pressure. 
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Nevertheless, any infilling within the interstitial pore space of sediments can in-

crease their engineering capabilities significantly. Even small improvements in consolida-

tion, load carrying capacity, pull out resistance, and surface friction with buried metal pil-

ings can make the difference between failure and continued effective operation of off-

shore structures such as oil drilling platforms. Therefore, large scale electrochemical 

cementation is being increasingly developed and employed for in situ stabilization of 

loose marine sediments around such structures (Rittirong et al., 2007; Shang et al., 2004). 

In seawater this process relies primarily on the electromigration of Ca(II) ions and the 

electrophoresis of colloidal calcium carbonate toward the buried sections of the pilings, 

which are of course made negatively charged (cathodic) so there is no dissolution of these 

critical structural elements! However, the anodes are placed near enough so that the bene-

ficial cementing effects of attracting and concentrating ions or particles of either charge 

to all of the electrodes of the array contributes to the overall stabilization around the 

structure. The iron dissolving off the sacrificial anodes, typically steel rods, can also pre-

cipitate as a carbonate, siderite (Fe(CO3)), as well as the iron oxides described above.  

Natural concretions found in sediments are cemented with iron minerals other 

than magnetite. Hematite is most commonly found in the spherical concretions embedded 

in sandstone (Chan et al., 2005). They are, however, ancient and as a result it is difficult 

to determine what the precursors were to the final formation of hematite, the most stable 

iron oxide. Hematite does not precipitate directly under natural conditions but results 

from a series of transformations such as the common oxidation and dehydration se-

quence, green rust (hydroxide) � goethite (oxyhydroxide) � hematite (oxide). Magnet-
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ite would form after green rust only if oxygen was limited or the pH was higher than 8 

(Cornell and Schwertmann, 2003). Magnetite usually oxidizes to maghemite (Fe2O3), 

which in turn ultimately transforms to its allomorph hematite (Fe2O3), with which it 

shares a molecular formula though in crystallinity it is more closely related to the ‘spinel’ 

structure of its immediate precursor, magnetite (Fe3O4). This structure includes the incor-

poration of Fe(III) tetrahedra (iron is typically octahedrally coordinated). Maghemite, like 

magnetite, is ferrimagnetic while hematite is not. Thus, maghemite is yet another transi-

tion iron oxide between the transformation of magnetite, itself a redox transition species, 

and hematite. Lepidocrocite (γ-FeOOH), a polymorph oxyhydroxide of goethite (α-

FeOOH), would form if oxidation was too fast for the alpha form.  

The important, general point here is that transformations are the rule in environ-

mental aqueous iron chemistry and therefore it is often impossible to determine what 

pathway was taken to the existing species (Cornell and Schwertmann, 2003). Reducing 

conditions can also drive transformation sequences in reverse. This can occur in nature 

when exposed surfaces or sediments in the vadose zone are submerged by bodies of water 

including invading seas as has often occurred in many places on the planet. More specifi-

cally in the context of this discussion, though magnetite itself does not form a strong in-

ter-particle cement, it can transform to hematite, which can. The surface of hematite more 

readily hydrates than magnetite and it forms a wider variety of crystal morphologies that 

can bond with each other as well as with other surfaces including silica-based particles. 

Therefore, under slow, limited oxidation the oxygens at the surface of hematite can be 

shared and form cross-bridging links resulting in a cementing matrix that is both physi-
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cally encapsulating and chemically bonded. Hematite (O/Fe = 1.5) requires more oxygen 

than magnetite (O/Fe = 1.33) and so must either acquire additional oxygens or share 

them. 

Another common cementing iron mineral is siderite (FeCO3). It forms in sedi-

ments below the oxidation zone but not in the presence of sulfides, which are also known 

to combine with iron to form concretions of pyrite and other related minerals having the 

basic formula FexSy (Allen, 2002; Postma, 1982).  Generally, then, present environmental 

conditions favoring diffuse siderite precipitation would require sulfate-poor but highly 

reducing conditions where anaerobic bacteria break down organic matter and generate 

carbon dioxide as another waste byproduct besides hydrogen (by fermenters) and meth-

ane (by methanogens) (Curtis et al., 1974; Moore et al., 1992; Mozley and Wersin, 1992). 

Common examples would include freshwater swamps, marshes, lakes, and ponds. The 

reaction for siderite precipitation from dissolved carbonate is very straightforward and 

highly favored (Krauskopf and Bird, 2003): 

Fe
+2

 + CO3
2–

  ����  FeCO3           ∆Gf = –60 kJ/mole     Ksp= 10
–10.7 

 

Siderite precipitation from metallic iron is a type of corrosion and somewhat more in-

volved because it is a redox reaction but, importantly, does not require oxygen: 

                          Fe
0
 + 2CO2 + 2H2O  ����    Fe

+2
 + 2HCO3¯  +  ↑H2 

                 Fe
+2

 + 2HCO3¯   ����   ↓FeCO3 (s) + ↑CO2 + H2O 

The net reaction is then  

                 Fe
0 

+ CO2 + H2O  ����  ↓FeCO3 (s) +  ↑H2 

Even when steel is left buried in saturated marine sediments without being 
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charged, the highly corrosive seawater very effectively dissolves the iron, which in turn 

creates equally intense cathodic reactions and consequently heavy precipitation. In most 

marine environments such as estuaries the high sulfate concentrations favor iron sulfides 

though siderite can still form under some circumstances from the carbon dioxide pro-

duced by sulfate reducing bacteria. For example, where there is excess iron, the sulfide 

(primarily HS¯ ) is stripped out of solution, allowing the carbonate to form (Postma, 

1982). Less common though more favorable are those sulfide-free, iron-rich saturated 

environments like ferruginous peat bogs where excess organic matter is partially broken 

down to carbon dioxide and the rest maintains highly reducing conditions (Postma, 1977; 

Postma, 1982). Under these conditions even iron oxides are reduced and transformed into 

siderite as in the following equation: 

4FeOOH + CH2O + 3CO2 + 3H2O  ����  4FeCO3 + 6H2O 

Carbon-13 measurements show that a considerable fraction of the carbon in such siderites 

is of organic origin (Mozley and Wersin, 1992). It is not so noteworthy that organic car-

bon can reduce ferric iron. But here we get our first indication from nature that organic 

carbon can be at least indirectly incorporated into inorganic iron minerals that precipi-

tate abiotically. A crucial question is, what mechanisms separate organic carbon and the 

formation of iron carbonate? For example, can carboxyl groups bond into an iron carbon-

ate structure? This will have significant consequences later. Finally, though almost all 

modern siderite is extremely fine-grained and intimately mixed with organic matter and 

clay (Curtis et al., 1974; Moore et al., 1992), there are also several massive, relatively 

pure iron carbonate deposits on or near the earth’s surface. They formed more than 1.8 



 51 

billion years ago and are not the result of such limited, localized processes but indicators 

that the entire atmosphere then was low in oxygen and very high in carbon dioxide (> 

100x present) (Ohmoto et al. 2004).   

 The only known extensive siderite precipitation presently forming large concre-

tions occurs under ‘semi-natural’ conditions where anthropogenic metallic iron is corrod-

ing in saturated sediments (Pye et al., 1990; Al-Agha et al., 1995). These references re-

port work done on munitions and other military equipment that dropped onto the inter-

tidal sandflats of the eastern coastline of Norfolk and Lincolnshire in England. The area 

had been used for shooting practice, military training and staging operations from just 

prior to the beginning of the nineteenth century through WWII. This material then gradu-

ally subsided under the surface into the saline, anaerobic water where the iron is unstable 

and underwent “cathodic corrosion” (Al-Agha et al., 1995). That is, the surface of the 

metal oxidized and dissolved into the surrounding solution while releasing electrons that 

reduced sulfate to sulfide. (In other environments without sulfate another species would 

be reduced or water itself generating hydrogen.)  These hybrid concretions resulting 

from the combination of the high energy anthropogenic steel and the strongly corrosive 

conditions in the intertidal sand flats are more akin to the electro-concretions growing 

around a cathode than natural concretions, as the authors emphasize. The iron concentra-

tion gradient is lower in this case and falls sharply away from the steel core rather than 

being continually replenished from surrounding electrically charged sacrificial iron an-

odes. However, the anions are supplied by the seawater and so besides hydroxide there is 

chloride, sulfate, and carbonate. 
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Nevertheless, the soluble Fe(II) iron apparently combines first with hydroxides as 

it tends to do (Cornell and Schwertmann, 2004), and a thin film of a crystalline but unsta-

ble mineral similar to ferrous hydroxide (Fe(OH2) is found on the surface of the iron core 

of concretions dug up out of the sediments decades or even a century later.  It does not 

match akagenite (δ-FeOOH), another oxyhydroxide polymorph of goethite with signifi-

cant amounts of chloride substituting for hydroxide. They refer to the innermost layer as 

“ferrous hydroxide-chloride” and suggest that it is a precursor since XRD shows that it 

transforms to akagenite upon exposure to air. The next layer out from the surface of the 

iron core does contain sulfides like mackinawite (FeS) as very small crystals and pyrite 

(FeS2) as larger ‘framboids.”  The formation of the sulfides generally follows the overall, 

general reaction: 

  4Fe
0
 + SO4

-2
 + 4H2O ����  3Fe(OH)2 + FeS + 2OH¯  

Note that the authors of this hypothetical equation make ferrous hydroxide the dominant 

product even amidst the sulfide. This is apparently their response to the observation that 

right next to the steel core they find “ferrous hydroxide-chloride.” This is an example of 

how such a thermodynamically unstable but kinetically fast species is able to slip in an 

appearance. 

Then the more extensive siderite matrix comes in and they report it “forms a 

common, often pervasive cement.” Because the metallic iron core generates Fe(II) in ex-

cess of HS¯ , all local sulfides are stripped out by FeS precipitation, a process that can oc-

cur even under fully natural conditions where there is enough iron as noted above. This 

leaves the formation pathway to the carbonates open since seawater diffusing in carries 
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large concentrations of bicarbonate. (Chloride is much higher, of course, but both Fe(II) 

and Fe(III) chloride are extremely soluble whereas iron carbonate is extremely insoluble.)  

The siderite was found in two distinct morphologies, as relatively coarse, zoned rhombic 

crystals that completely infill the narrower pore spaces and larger (20-30 µm), radial clus-

ters of generally spheroidal shape that line larger pore cavities. They conclude that the 

rhombic siderite cement is an early precipitate that nucleates directly on detrital sand 

grains. The spheroidal siderite, based on “textural relationships,” grows after the sulfide 

cements. Thus, the rhombic siderite is the true cementing agent that apparently both 

chemically bonds to the surfaces of the sand grains and physically locks them together. 

Here we are introduced to another important aspect of siderite precipitation, that there 

are multiple types having a wide range of characteristics. Indeed, as an earlier researcher 

remarks after reviewing the situation, “perhaps the only safe conclusion to draw would be 

that sedimentary siderites do show a very wide range of composition and that this has not 

been properly documented. Such a variable system, however, holds out much promise as 

an indicator of ancient interstitial solution environments.” (Curtis et al., 1974) This chal-

lenge later was answered by the efforts to track the isotope compositions for siderites 

from various depositional environments (Mozley and Wersin,1992). This work has now 

developed into a thorough geochemical research program that has established some rough 

trends. However, it is well-established that the bicarbonate utilized in the precipitation of 

modern siderite is generated by bacterial decomposition of organic matter in sub-oxic 

sediments, primarily methanogenesis.  

 Beyond siderite in the layering around the iron core of the concretions found in 
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the English sandflats are other commonly associated carbonates, ankerite ((Fe,Ca)CO3), 

and calcite (CaCO3). As expected, the intermediate ankerite occurs in the transition zone 

between the iron-rich supply from the core that forms siderite and the outer ferroan (con-

taining some iron) to iron-poor, white calcite coatings that are ubiquitous throughout the 

marine environment. Minor amounts of gypsum (CaSO4•2H2O), another common marine 

precipitate, also are found on the outer periphery of the concretions. Thus, as the re-

searchers conclude, this mineral sequence reveals that a redox gradient had been estab-

lished between the reducing iron core and the outer oxidized ‘bulk solution’ of the open 

ocean. Not only iron ions but electrons continually diffused outward from the metal and 

this embodied chemical energy drove the precipitation and transformation reactions for 

decades though at ever decreasing rates, of course. Here we see yet another iron-based 

example of a kind of mineralized or ‘fossilized’ redox gradient. However, because all of 

the inner layers were more reducing than the ambient environment the iron is in the un-

stable ferrous state. It was seen that after weeks of exposure to oxygen these iron miner-

als systematically transformed to iron oxides including akagenite, goethite, and hematite. 

The most unstable, innermost species such as ferrous hydroxide went first but eventually 

even siderite and the ferroan calcites oxidized, reversing the reduction reaction presented 

earlier and looking much like standard iron corrosion: 

2FeCO3 + H2O + ½O2  ����  2FeOOH + 2CO2  

 

3.9. THE STRANGE CASE OF SIDERITE OXIDATION 

 The oxidation of siderite in air has had serious practical implications in the past. 
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Most dramatically, in Lorraine in eastern France, mine tunnels dug to access iron ore 

have collapsed when the extensive siderite cement transformed into goethite, which is ac-

companied by a loss in volume, strength, and cohesion, eventually becoming just loose 

powder (Dagallier et al., 2002). This was especially destructive because the mines were 

dug using an old ‘room and pillar’ technique in which columns of the ore itself were left 

as the only supports for the ceilings. The siderite of the critical pillars was of course the 

most susceptible to oxidation since it was exposed on all sides. For 180 million years be-

fore mining began the rock massif remained in a reduced and anaerobic state. The oxida-

tive environment created by human activity in the last century (special efforts were made 

to ventilate the inner recesses for respiration) set about a chain of chemical processes that 

included the fundamental reaction above but was also greatly exacerbated by bacterial ac-

tion and their by-products such as organic acids.  

 Yet, not all siderite oxidizes at the same rate and some even appears quite unreac-

tive. This is one of the ways in which siderite varies. The others include color, degree of 

crystallinity, and structure (as evidenced by slight differences in XRD patterns), though 

all these traits may well be related. Most natural crystalline siderite that has been exposed 

to air is dark brown or even black while microcrystalline material from within massive 

deposits is often green. When freshly precipitated, however, as readily occurs when solu-

tions of ferrous chloride and sodium bicarbonate are mixed, it is creamy white in color. 

This wet, very fine, powdery precipitate is extremely sensitive to oxidation and will turn 

green, then orange, then brown within minutes upon exposure to air. The products of this 

reaction are very poorly crystalline ferric oxides like ferrihydrite (roughly Fe(OH)3). In-
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terestingly, in this way siderite behaves exactly like white rust, which will go through the 

same color change and transform to the same product. These similar oxidative reactions 

may be the result of a deeper connection between the two iron species. In an investigation 

of reactions of pipeline steels in carbon dioxide solutions using a potentiostat, it was 

found that apparently a film of some kind initially forms on the surface of the sample, 

which is indicated as a plateau in the anodic current density during the sweep (Linter and 

Burstein, 1999). This plateau and the apparent film formation it reflects occurred regard-

less of the presence of CO2. Therefore, the investigators propose that the formation of 

iron carbonate is a product of the reaction of CO2 with that film and not with the iron in 

the steel surface itself. The most likely precipitate forming a film on the surface under 

these conditions would be none other than ferrous hydroxide or white rust. Thus they fur-

ther propose that iron carbonate is a product of the reaction of white rust with CO2 that 

occurs on the surface of the steel:  

Fe(OH)2 + CO2  ����  FeCO3 + H2O 

If this is true and it is a common mechanism even apart from metallic iron surfaces, then 

it suggests a likely explanation for the extreme susceptibility of freshly precipitated iron 

carbonate to oxidation.  For the conversion of ferrous hydroxide to ferrous carbonate is 

no doubt a step-wise substitution reaction that initially passes through mixed modes 

where the molecular formula is Fe[(OH)2-x,(CO3)x].  Such a poorly crystalline, mixed 

solid would be expected to be more susceptible to oxidation. By extension, even in a self-

acidifying solution (like ferrous chloride) the ionic iron species will include Fe(OH)+. 

Then, when mixed with the bicarbonate solution, the reaction would be 
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Fe(OH)
+ 

+ HCO3¯   ����  FeCO3 + H2O   (or Fe[(OH)2-x,(CO3)x]) 

Again, the product could include a more unstable, mixed-hydroxide/carbonate precipitate 

that would behave like white rust because it would be partially white rust. 

 Though the relationship between white rust, Fe(OH)2, and siderite, FeCO3, has 

not been fully worked out, especially in terms of their transitional mechanisms, the rela-

tionship between green rust and siderite is better understood. It is well known that freshly 

precipitated, white siderite oxidizes into green rust carbonate (abbreviated as GR(CO3
2–)) 

according to the following reaction (Refass et al., 2006): 

    6FeCO3 + 14H2O  ����   Fe
(II)

4 Fe
(III)

2 (OH)12CO3 •2H2O  +  5CO3
2 –

 + 12H
+
 + 2e- 

Green rust carbonate, unlike white rust or siderite, is known to be able to fully oxidize to 

an all-ferric form without losing its crystallinity (Legrand et al., 2004; Genin et al., 2006). 

In fact, it has a remarkable ‘redox flexibility’ and can transform stepwise in either direc-

tion, which allows it to function as an electron shuttle in redox reactions in soil environ-

ments such as the abiotic reduction of nitrate (Ruby et al., 2006). This newly discovered, 

interesting and important reaction can be precisely controlled in the lab with stoichiomet-

ric additions of hydrogen peroxide and is written as follows: 

Fe
II

4 Fe
III

2 (OH)12CO3  + H2O2  ����  Fe
III

6 H8O12CO3   +  4H20 

As this oxidative transformation occurs, the hydroxides at the apexes of the octahedrons 

surrounding iron cations are deprotonated and this minimal change does not disrupt the 

basic structure of the platy, hexagonal crystals of GR(CO3
2–) (Legrand et al., 2004). Thus, 

the general way to write the formula for green rust carbonate is:  

Fe
II

6(1-x) Fe
III

6xO12 H2(7-3x)CO3 +  2(3x-1)H20 
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Can there be something analogous occurring in the transition from white rust to 

siderite? More specifically, can a hydroxide-substituted siderite, Fe[(OH)2-x,(CO3)x], also 

sustain some oxidation of Fe(II) to Fe(III) through deprotonation while maintaining its 

crystalline structure?  On the geological time scales of nature, rather than the relatively 

inconsequential time allotted to lab experiments, it is not unreasonable to postulate that a 

very slowly forming, slowly growing ‘hydroxy-siderite’ of maximum crystallinity might, 

like green rust carbonate, sustain some limited amount of oxidation of Fe(II) to Fe(III) by 

deprotonating these hydroxides. In this way, it too could stabilize its structure. Though 

also like ferric green rust, which is no longer green, a ferric siderite would not be green, 

or white, but brown like many old, crystalline, unreactive siderites are. 

 

3.10. THE INCORPORATION OF IRON, ORGANIC CARBON AND AMORPHOUS SILICA  

In nature, ancient siderite concretions are commonly associated with coal deposits 

where there is both the high dissolved carbonate concentration needed for precipitation 

and the reducing conditions needed for stability (Larsen and Mann, 2005). In such or-

ganically rich environments many other compounds besides carbonate are present. Car-

bonate concretion bodies from New Zealand, including both calcite and siderite, were 

found to contain lipids having significant concentrations of fatty acids (Pearson and Nel-

son, 2005).  More specifically, the lipids extracted from these septarian (containing filled 

or semi-filled radiating fractures) concretions are comprised mainly of alkanoic and di-

carboxylic acids (Pearson et al., 2004). The same research team later suggests that the 

source for this organic matter may be extracellular polymeric substances of bacteria that 
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are known to facilitate carbonate precipitation (Hendry et al., 2006). These carboxylated 

polyscaccharides readily bind Ca+2 and other cations and beyond that may have the abil-

ity to act as a template for the molecular organization during nucleation and initial crystal 

growth . This suggests another approach to the redox stabilization of iron in aerobic envi-

ronments, especially if it has the potential to bond with carbon groups other than just car-

bonate. That is, rather than just organic ‘inclusions’ or surface sorption, there appears to 

be a much more intimate and interconnected relationship between iron minerals and iron 

organometallic compounds. Iron carbonates and iron carboxylates may well intermix, 

though of course no long range crystalline structure could form within such a hybrid. 

However, in one study it was found that the extracellular polymeric substances 

(EPS) exuded by bacteria in deep sea sediments apparently served as a template for the 

formation of the crystalline, layered iron-rich silicate, nontronite (Ueshima and Tazaki, 

2001). Outside the EPS only the usual amorphous Fe hydroxides were found. The re-

searchers replicated this process in the lab using groundwater solutions containing solu-

ble iron and silica to which they added either dextrin, a neutral polysaccharide, or pectin, 

an acidic polysaccharide. TEM images of the precipitates clearly revealed nontronite-like 

crystal lattice structures embedded within strands of the polysaccharides and only within 

the strands. SEM-EDX confirmed that they were composed primarily of the elements 

iron and silicon. As in the sediments from the bottom of the Okinawa Trough, outside of 

these aggregates of organo-mineral composites, they identified only silica-bearing iron 

hydroxides, which were profoundly different in structure from the nontronite. Thus, 

rather than just passively accumulating iron silicates and other clay minerals, EPS and 
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even simpler polysaccharides appear to be able to actively template their crystalline or-

ganization.   

Outside of the natural realm, modern material synthesis is exploring more exotic 

combinations of metals, minerals, and organics to create hybrid composites in which all 

three are interlinked. Beyond just random bridging between surfaces, more fully inte-

grated matrices afford complementary sets of characteristics or even the development of 

unique qualities not predicted by a simple sum of the parts. This has led to an explicit 

search for ‘synergy,’ where the organic and inorganic species not only reinforce each 

other but fuse into a new type of material (Gomez-Romero, 2001; MacLachlan et al., 

2000). For example, organometallic polymers are opening up new applications in elec-

tronics and photonics that were thought unattainable by traditional all-organic products 

(Manners, 2002). One of the most interesting and significant lines of research in this area 

has to do with ferrocene, which as a monomer consists of Fe(II) bonded between two 

cyclopentane groups. It readily polymerizes (polyferrocenylene) and can incorporate sili-

con (polyferrocenylsilane) (Haufler et al., 2005; Manners, 2002).  Metallic compounds 

can react directly with organics and even catalyze reactions including polymerization. 

This kind of reaction is seen most commonly in the metal catalysis of polymerization in 

so-called ‘drying oils’ such as tung and linseed oil as in oil paints pigmented with oxides 

of iron and other metals (Oyman et al., 2005). All this suggests that the formation of in-

soluble ferrous carbonate can take alternative paths besides the growth of crystalline side-

rite. A much wider and diverse range of products may well be possible including high 

molecular weight organometallic polymers incorporating silica in non-mineral phases. 
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 Siderite itself also has a more intimate relationship with silica than the iron ox-

ides. Generally, the presence of silica, like that of organics, will inhibit iron oxide crystal 

growth and only amorphous ferrihydrite will form (Cornell and Schwertmann, 2003). 

Though some magnetite has been found to have up to 4.5% silica incorporated while 

maintaining its spinel structure (Shimazaki, 1998). Siderite, however, will react with kao-

linite and quartz, forming the iron alumino-silicate, berthierine (Iijima and Matsumoto, 

1982; Fritz and Toth, 1997). Most dramatically, siderite will readily form around iron par-

ticles with adsorbed amorphous silica, which quite effectively protects the surface from 

oxidation. Apparently, carbonic acid provides both the means of dissolution from under 

the adsorbed silica layer and an anion, bicarbonate, with which to precipitate the soluble 

Fe(II).   

 

3.11. CONCLUSIONS 

 Based on this overview of the background literature for my research, the follow-

ing general conclusions can be drawn: 

1.) The precipitative aggregation of iron corrosion products can involve some intrigu-

ing and even potentially useful processes of self-organization (tubular growth) 

and pattern formation (Liesegang bands).  

2.) Iron oxidation typically produces layers of reduced ferrous, oxidized ferric, and 

mixed ferro-ferric precipitates that reflect the redox gradient generated over a 

corroding surface. 
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3.) Because of their sensitivity to redox gradients and ability to transform from one 

species to another in either direction, iron precipitation systems are inherently 

dynamic and unstable. 

4.) Concretions incorporate the processes of both convection-driven tube formation 

and diffusion-driven Liesegang banding across redox gradients as well as demon-

strate the effective cementation of siderite. 

5.) Because of its ability to bond with and incorporate both silica and carbon com-

pounds, iron has the potential to form mineral-organic composites of greater 

stability than simple minerals such as siderite.  
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CHAPTER 2: PRESENT STUDY 

 

General introductory statement 

This dissertation reports on three of my research projects that span the entire pe-

riod of my 8-year graduate study. In fact, the first project on tubular growth of iron oxides 

began before I even entered the graduate program and actually was the impetus for pursu-

ing a degree.  Thus, contrary to almost all students whose graduate study leads to partici-

pation in their professors’ research, my own amateur research led me to seek out scien-

tists and then to acquire for myself the training necessary to study what interested me in a 

more professional way. In fact, except for one multi-faceted disaster, all of my research 

projects were initiated solely by myself through accidental discoveries of some form of 

iron-based aggregation. After confirming that the phenomenon was novel or at least 

poorly known, I converted the raw revelation into a legitimate scientific topic that could 

be related to the field of environmental science. Or tried to—not all were successful.  By 

“successful,” I mean acquire the funding necessary to continue the research and eventu-

ally produce a report published in a scientific journal. Later, my research goals changed 

and I directed my efforts toward practical applications.  Consequently, patenting became 

even more important than publishing and I needed to attract profit-oriented companies to 

my results as well as government funding agencies. In other words, I have moved deeply 

into the field of environmental technology where development of commercial products 

inevitably emerges out of research into natural processes.  To paraphrase the industrial 

phrase, my work can now be characterized as “R then D.” 
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Tubular formations 

In 1996, while working as a sculptor at a local museum, I enrolled as a non-

matriculated student in a class at the UA out of personal interest called “The Art of Scien-

tific Discovery,” taught by the eminent Dr. Arthur Winfree in the Department of Ecology 

and Evolutionary Biology.  The late Art Winfree was one of the UA’s most distinguished 

professors, a Macarthur fellow, a Regents’ professor, a member of the National Academy 

of Sciences, and known world-wide for his pioneering work on dynamic complex sys-

tems that function in the unstable realm between order and chaos. He published, often as 

the sole author, in the top journals in the fields of applied math, physics, chemistry, and 

biology as well as general forums such as Nature and Science. His books, such as “The 

Geometry of Biological Time,” continue through multiple printings and can be consid-

ered classics. He studied self-perpetuating events in ‘excitable media,’ especially the 

chemical waves generated by the Belousov-Zhabotinsky reaction and used this seemingly 

simple system as a physical analogue for wave propagation through cardiac tissue. The 

‘Winfree vortex model’ of how this normally regular, rhythmic system breaks down into 

the chaos of ventricular fibrillation won him international awards and consideration for 

the Nobel Prize in Physiology and Medicine. He certainly would have won it if he could 

have figured out some elegant and effective way of bringing a dying heart back from the 

terminal chaos of VF and re-establish its stable, ordered wave pattern.  (Dr. Winfree con-

sidered the current electro-shock treatment for VF to be on the same par as ‘tempening,’ 

the medieval practice of drilling holes into some poor patient’s head to let out evil spir-

its.) But once initiated, this form of physiological chaos, as Dr. Winfree clearly demon-
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strated, unfortunately tends to be even more ‘stable’ than the orderly pattern of wave 

propagation necessary for life. 

As part of my participation in his class, which required “exploring some physical 

system,” I set up an electrochemical cell under the carport at the house I rented out in the 

desert. Following an old electroplating recipe, I dissolved ammonium ferrous sulfate in 

water, used decorative iron objects as electrodes, and a cheap, under-sized DC rectifier as 

the power supply until it burned out. The vague goal was to influence the growth of iron 

dendrites with magnets embedded in the cathode. Not knowing what I was doing, I failed 

to maintain the solution in an acidic and reduced state, which I now know allowed the 

concentration of Fe(III) ions to increase to the point where the deposit on the cathode in-

cluded ferrous and even ferric minerals as well as metallic iron.  When it came time to 

bring something into class I pulled out the cathode, saw that it was covered in a rusty 

mess, and nearly threw it out.  But just to show that I did something I decided to bring it 

in anyway. When I examined it more carefully, I saw that there were tiny tubular forma-

tions amidst the rough, flaky orange rust. These structures provided a point of interest and 

we discussed how they might have formed. One perceptive student remarked that she 

thought they might have grown up around streams of bubbles, which I later confirmed. 

After the class was over I kept up a dialogue with Dr. Winfree. Eventually, with 

his encouragement, I began to prepare for a new career as a scientist by re-taking basic 

science and math classes. He even hired me as his part-time research assistant while I was 

still only a non-matriculated student at the UA. The irony of being in the same lab with 

such a prestigious scientist while studying freshman chemistry and algebra was not lost 
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on me. At times the fully surreal aspect of the situation could have overwhelmed me had 

it not been for Dr. Winfree’s complete adherence to the philosophy that the core of sci-

ence is making discoveries and that this process requires unique insight and free thinking 

more than canonical knowledge and specialized skills. It seemed to me that in this way 

science is similar to art and I dared to imagine that both activities are fundamentally de-

pendent on the same creative source. This revelation excited me and provided the open-

ing I needed to start on the new path toward becoming a scientist myself. It would not 

have been possible for me to consider at that time that Dr. Winfree may have overstated 

this view and that his own great success was actually more a result of his undeniably deep 

knowledge and masterful skills or perhaps even was dependent on his extremely rare and 

protean form of genius.  The serious implications of this insight gradually began to haunt 

my commitment, for I fully realized that I was not a genius like him nor could I ever be-

come nearly as skilled. A new and darker perspective now vied with the first, that trying 

to do discovery-based science without his prodigious talents is a delusional folly doomed 

to fail. More modest approaches might be better suited for those of us less gifted. Or 

other more modest careers. But I have nevertheless carried on continually inspired by him 

and often approach scientific and other challenges with the thought, “how would Dr. 

Winfree see into this?”  Tragically, Art Winfree was stricken with brain cancer and in 

2002 he died at the age of 60. 

While still under his mentorship, I also followed up on the tube “experiment” and 

perused the literature on electrodeposition, soon finding Jack Dini’s authoritative text on 

the subject. In the chapter dealing with the growth of dendrites and other odd structures, I 
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found nothing on tubes and so sent photos of them to Dr. Dini at the Lawrence Livermore 

National Laboratory. He quickly wrote back and expressed his intrigue: “I’ve been in the 

[electrodeposition] business for over forty years and have never seen anything like this.”  

He encouraged me to pursue this phenomenon. So I began going around to other profes-

sors at the UA, showing them the photos and explaining that the coral-like growths were 

apparently not well known. It was a case of “have tubes, will travel.” Eventually, in 1998, 

I found my way to the office of Dr. Ray Goldstein in physics, who, according to his web-

site, was interested in something called “pattern formation.”  Within minutes he was of-

fering me bench space in his lab to pursue this investigation as Jack Dini had suggested.  

Though I wisely refused his standing offer to enter the physics department and instead 

eventually became a graduate student in SWES, Ray tried repeatedly over the next couple 

of years to find funding for this research so it could be done in a sophisticated way.  He 

was able to get a small stipend from Research Corporation Technologies here in Tucson, 

which was matched by the UA. Finally, in 2002, we received a nearly $500,000 grant 

from the NSF, which supported me through the middle 3-year period of my graduate 

study.  For this grant proposal Ray had put together a small group of his colleagues from 

other departments as co-PIs including James Baygents in Chemical and Environmental 

Engineering. Two years later Ray and I finally published a paper on our initial work on 

the tubular formations in PNAS (Appendix A).  With Baygents and another student we 

published a second one on their growth dynamics a year later in Langmuir (Appendix B).  
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Liesegang bands 

It was during the starting year of this period of well-funded and accelerated re-

search work that I discovered that iron hydroxide precipitation in agar gel can generate an 

unusual pattern of bands separated by gaps.  In Joan Curry’s lab, I was trying to isolate 

various iron precipitates and turned to gelled solutions in the hope that the usual compli-

cated mix of iron precipitates would stratify along the pH gradient created by the diffu-

sion of a base such as ammonia. This did indeed occur. For example, in a mixed system 

of both Fe(II) and Fe(III), green rust and black magnetite would form in two regions with 

a diffuse gradient between. This is not surprising as green rust precipitates at a pH of ap-

proximately 7 while magnetite comes in at about pH 8. But in the all-Fe(II) system I also 

saw unexpectedly sharp, discrete separations between layers of green, white, and bluish 

precipitates. Not only that, but the white material precipitated periodically in distinct 

bands with gaps between. I thought the pattern was very intriguing but did not know what 

it was or its significance at the time. But Ray knew immediately what it was and again 

was delighted by this new form of pattern formation, especially when it became evident 

that this particular variety had not been reported before. I had stumbled upon a novel ex-

ample of pattern formation called ‘Liesegang bands’ (or ‘rings’ if the diffusant spreads 

horizontally, creating patterns of concentric circles).  

Over the next three years, Ray’s group, Joan Curry, and I attempted to contribute 

something to the body of literature (now at over 300 papers) that has been growing for 

over a century since Raphael Liesegang first reported in 1896 on his accidental discovery 

that now bears his name. I set up an experimental system to record images of the variety 
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of patterns as they formed as well as record both the pH and the Eh using microelectrodes 

so that I could ‘track’ the system across a Pourbaix diagram of the stability fields for the 

relevant mineral species. This way I could indirectly identify the species by correlating 

their initial appearance (precipitation) with the concomitant pH and Eh values and thus 

know which stability field the system was entering. Ray and another graduate student 

dealt primarily with the ongoing mathematical effort to more completely and accurately 

model the processes of diffusion and precipitation that underlie this pattern formation. 

With the advent of computers, this effort has been reinvigorated within the scientific 

community in recent decades by the ability to numerically solve and graphically plot the 

coupled set of partial differential equations describing the dynamic and interrelated proc-

esses, thereby simulating and thus explaining how the patterns come to be. However, the 

limited success and conflicting conclusions of this effort has revealed that there appar-

ently are some problems with the theory and currently the community of Liesegang re-

searchers remains divided into two opposed main schools of thought as well as several 

smaller outlying camps.  

Ironically, the pattern created by iron hydroxides is so complex and dynamic that 

it is even more difficult to model than the traditional systems that form relatively simple 

and stable patterns such as lead chromate. Our group ultimately contributed nothing theo-

retical about the iron-based system specifically or any other even in a general way. 

Though some basic information about the discrete layers of the iron precipitates and their 

Liesegang bands was included in the PNAS article about the tubes as a means of further 

clarifying the typical tripartite structure of the tube wall (Appendix A). Then Ray Gold-
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stein’s research focus suddenly shifted to the much more tractable problem of the growth 

of stalactites and other speleothems or cave formations. Seemingly unrelated to the tubes, 

there is in fact a connection since stalactites typically start as ‘soda straws,’ which are 

hollow tubes of calcite forming around pendant drops saturated with calcium and bicar-

bonate. This is basically the “reverse phase” of the iron oxide tubes in that the gaseous 

atmosphere of a cave surrounds the drop of liquid solution rather than a bubble of ammo-

nia gas being surrounded by a solution of dissolved iron. Precipitation in both cases is 

‘templated’ by the spherical geometry of the fluid, either drop or bubble. But the research 

on the Liesegang system was shelved for the next two years. 

In the beginning of 2007 I resurrected the topic with Joan Curry, this time concen-

trating solely on the chemistry of the system rather than the theory. Indeed, we have 

switched the emphasis from explaining Liesegang band formation by using the iron-

based systems to something like the opposite, that is, using the pattern formation to help 

reveal some aspects of the complicated interrelationships between the metastable initial 

corrosion products such as white rust and green rust. There are varieties of both species 

arising from differences in the Fe(II)/Fe(III) ratio as well as from inclusion of extra ani-

ons. For instance, white rust or ferrous hydroxide, Fe(II)(OH)2, can reportedly incorpo-

rate up to 20% of Fe(III) without losing its brucite-like crystalline structure. It can also 

intercalate other anions such as sulfate between its octahedral sheets, making it “Type II” 

or sulfated ferrous hydroxide.  Green rust is even more variable. There are also other very 

unstable and transitory intergrades between both species that can be distinguished only 

with difficulty. Adding to the complexity in our systems are likely ammine complexes of 
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Fe(II) and even a possible solid precipitate of ferrous hexaammine sulfate. This chemistry 

and mineralogy is complicated enough without trying to theoretically model how it gen-

erates Liesegang patterns! We plan at least two reports on this work, one on the Fe(II)—

agar—NH3 system and another on the Fe(II)/Fe(III)—agar—NH3 system (Appendix C). 

 

Iron carbonate cement 

In 2003, the second year of the NSF-funded research, I made another discovery in 

Joan Curry’s lab that the corrosion reaction between CO2 and metallic iron powder can 

produce a cemented matrix around particles of silica. This was also a direct outgrowth of 

the tube research through my effort to look for ways of stabilizing the delicate structures 

as they grow. The tiny crystallites of iron oxides, hydroxides, and oxyhydroxides that 

make up the tubes are only weakly bonded together and easily disintegrate with the 

slightest perturbation. Often the structures would spontaneously break off and sometimes 

while measurements of their growth rate were being attempted.  “Building with rust” is, 

after all, practically a contradiction in terms. Indeed, rust formations are probably some 

of nature’s most fragile creations. Divers entering old, sunken ships made of steel can 

create dangerously blinding conditions when the turbulence caused by their flippers turns 

the thick layers of rust and the columnar ‘rusticles’ growing everywhere over the surfaces 

into swirling orange clouds. However, I found that silica incorporated into the tube walls 

does improve the tubes’ strength and durability.  Iron precipitates in the zone of high pH 

created around the cathode and tubes grow around the bubbles of ammonia gas rising off 

of it. These same conditions cause the rapid gelling of silicic acid and the co-precipitation 
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apparently forms a stronger composite with perhaps some sharing of oxygens between 

the silicate and the oxide particulates. Certainly there should be greater hydrogen bonding 

between the hydrated silica and the oxides, especially magnetite. The tubes forming in the 

presence of silica are typically only black, not orange like those without silica. Also, no 

green film is seen forming around the bubbles but instead a clear, glassy tube forms 

around the bubbles first and then, further down its length, it fills in with black magnetite.  

These observations led to more direct tests of mixing various forms of silica with 

powders of iron oxides and eventually metallic iron powder.  One mix included very old 

silica fume that was light yellow whereas normally it is white. When mixed with iron 

powder and then with water to make a paste, the amalgam immediately reacted, becom-

ing hot, generating bubbles of gas, and turning from gray to green to brown within min-

utes. This was not what I expected or wanted! In fact, it was quite the opposite since sil-

ica was known to stabilize and protect metallic iron from oxidation. I set the strange con-

coction aside but noticed a couple of days later that it had become glassy hard. This in-

trigued me, especially after failing to find anything in the scientific literature that de-

scribed this new phenomenon.  I spent several months attempting to explain this hardened 

state as a result of silicate polymerization but this could never be corroborated by any 

other evidence. The process could not even be replicated with other samples of silica 

fume. Eventually I came across a simple statement in an industry fact sheet that silica 

fume absorbs water and CO2 from the air.  I made another paste and placed it into a plas-

tic bag purged and filled with pure CO2. The reaction was finally replicated, though it 

was much slower and proceeded in a more stable way, that is, the small disk-shaped sam-
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ple did not violently bubble and steam like the first one did.  Apparently, the old, yel-

lowed silica fume had become saturated with CO2 and this had caused the intense oxida-

tion reaction. 

A more thorough review of the literature revealed nothing even similar involving 

iron powder used in this way. So I began a systematic series of experiments with the ad-

mittedly biased goal to optimize the process so that the best possible product could be ob-

tained, that is, the hardest, strongest aggregate. This involved a rather open exploration, 

informed by both reports of related chemical reactions and my own scientific intuition, to 

find those additives that worked together synergistically during the curing process to, one 

might say, “capture lightning in a bottle.” That is, I wanted maximum intensity of reac-

tions yet with perfect dimensional stability. The ingredients needed to quickly and thor-

oughly proceed through a series of reactions that caused interparticle cementation and in-

creasing density while remaining the same size. It was very easy to fail. Some mixes 

never hardened, while others reacted too intensely and self-destructed, swelling, blister-

ing, cracking, and finally splitting apart into fragments from uneven internal gas pres-

sures. It was especially disturbing to see that a very strong, seemingly stable initial ce-

mentation could occur in some cases only to later run in reverse and turn back into dust 

that did not even form a decent pile, but spread out as if the particles had become electro-

statically repulsed by each other. But eventually I found a collection of promoters, cata-

lysts, and stabilizers that did work together in synergy to create an optimally cemented 

aggregate. This ‘recipe’ and the method of curing were presented to the UA’s Office of 

Technology Transfer in July, 2005 and in August, 2006, they retained a law firm in D.C to 
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do a prior art search, write a patent (Appendix E), and file it with the U.S. Patent Office, 

which occurred in May, 2007. 

In other words, I pushed the technology as fast and as far as possible in order to 

make it useful for the most general kinds of applications, namely, to simply be able to 

make something durable out of this stuff. Then, after leaping ahead to this technological 

success, I planned to go back in a more systematic, scientific way to investigate all the 

reactions and the processes responsible for most effectively cementing the aggregate into 

a stony composite. That is happening now (Appendix D). But I wanted to focus my study 

on those ingredients or methods that successfully work. Success is determined primarily 

by compressive strength, which I take as a general indicator of overall cohesiveness. The 

initial goal was to go beyond the compressive strength of Portland cement, which was 

achieved early on. The next goal was to go beyond 10,000 psi, the unofficial threshold for 

a “super strong cement.” This was eventually also achieved. The current record among 

hundreds of my samples is nearly 12,000 psi. The goal now has become to continue in-

creasing strength indefinitely. New additions and curing techniques that cause increases 

in compressive strength are kept until something even more successful is found. Every-

thing that I try that does not work is relegated to a less important category where the only 

potential significance is perhaps helping explain by negative comparison something about 

those changes that are successful. Beyond compressive strength are other, more difficult 

qualities to achieve such as good tensile strength and flexibility. Much further out is the 

potential for developing a dynamic, multi-functional smart building material with the ca-

pabilities of  ‘self-healing’ and energy generation. 
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Mine tailings aggregations 

Some of my “discoveries,” though interesting or even exciting to me, were not 

novel and were therefore not discoveries at all. Others, though seemingly novel enough to 

warrant pursuit and to suggest that a publishable paper might eventually result, were not 

followed up, at least not yet. One example of such a discovery was what I termed ‘elec-

tro-concretions.’ These structures were formed through electro-deposition like the tubes, 

though in this case the electrolyte saturates a sand bed in which the electrodes are em-

bedded and the product is a large, globular mass of aggregated sand or sand-like particles. 

There is only one scientific paper on a similar process using iron that I know of and a few 

on large scale versions involving available calcium carbonate for stabilizing loose, satu-

rated sediments around the supporting piers of heavy structures built offshore, in deltas, 

or other marine environments. This was one of the methods I explored in Janick Artiola’s 

lab to aggregate mine tailings as part of an effort to change their physical and chemical 

qualities so that bacteria and then plants could more readily infiltrate. More specifically, 

we wanted to 1) aggregate the tailings particles into soil-like clods; 2) create micro-pores 

for greater retention of water; 3) bind toxic metals in secondary minerals and render them 

biologically unavailable; and 4) provide iron, organic carbon, and other nutrients neces-

sary for microbial growth.  Another, more direct and somewhat less energetic approach 

involved pressing a damp mix of the tailings particles into spherical pellets and then coat-

ing them with an iron-rich paste. When exposed to CO2 the paste would harden and cre-

ate a dust-free but water-permeable outer shell that initially could provide a habitable sur-

face for bacteria and later a viable substrate for rootlets. These and several other methods 
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still seem promising to us though they were not studied scientifically nor developed fur-

ther for lack of funding. But we still would like to pursue this work should we find the 

opportunity to do so.   
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Abstract 

Tubular structures created by precipitation abound in nature, from chimneys at hydro-

thermal vents to soda straws in caves. Their formation is controlled by chemical gradients 

within which precipitation occurs, defining a surface that templates the growing structure. 

We report a self-organized periodic templating mechanism producing tubular structures 

electrochemically in iron-ammonium-sulfate solutions; iron oxides precipitate on the sur-

face of bubbles that linger at the tube rim and then detach, leaving behind a ring of mate-

rial. The acid–base and redox gradients spontaneously generated by diffusion of ammonia 

from the bubble into solution organize radial compositional layering within the tube wall, 

a mechanism studied on a larger scale by complex Liesegang patterns of iron oxides 

formed as ammonia diffuses through a gel containing FeSO4. When magnetite forms 

within the wall, a tube may grow curved in an external magnetic field. Connections with 

free-boundary problems in speleothem formation are emphasized.  

 

Introduction 

Templating processes that produce tubular structures span an enormous range of scales 

and mechanisms. At one extreme are iron-sulfide chimneys 30 m high over hydrothermal 

vents (1), formed by precipitation at the interface between upwelling, acidic, hot, mineral-

rich fluid and colder, alkaline surrounding seawater. There is fossil evidence of millime-

ter-scale hollow "botryoidal" (grape-like) clusters and chimneys of iron sulfide at seafloor 

hydrothermal seepages (2). Tubular fossilized "algal structures," possibly biogenic, are 
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found in sedimentary layers of banded iron formations (3). Biogenic examples include 

mollusk shells, which form, in part, because of chemical gradients maintained by pump-

ing mechanisms in the mantle (4), and certain bacteria, the anionic polysaccharide sheath 

of which attracts and bonds metal cations, which can produce tubular structures templated 

by the organism's cell body (5). Recent work has also determined that polysaccharide 

strands extruded from microorganisms can act as templates for iron oxyhydroxide pre-

cipitation (6), and filaments of bacterial cells can even be used as templates for synthetic 

mineralization (7). Speleothem formation in limestone caves provides another pertinent 

example. As water flows down a structure and lingers as a pendant drop, dissolved carbon 

dioxide outgasses, raising the pH, and supersaturated calcium carbonate precipitates on 

the drop. Detachment of the drop leaves a thin ring of material attached to the growing 

tube; repetition of this process produces straight "soda straws" or curved "helictites" (8). 

Precipitative film formation on bubbles has also been demonstrated in electrodeposition 

(9). Finally, tree-like "silicate gardens" (10–12) grow in sodium silicate solutions seeded 

with metal ion salts, possibly from osmotic stresses across a silicate gel membrane, and 

now can be studied in a very controlled manner (13).  

We describe here a self-organized process by which tubular structures grow from the 

templating action of gas bubbles (Fig. 1). Produced at the cathode of an electrochemical 

cell, these bubbles support a precipitative film formed at the gas–solution interface; de-

tachment of the bubble leaves a ring of material that extends the tube, and the process 

continues. Mechanistically, this is a phase-reversed version of soda-straw growth in 

caves. With bubbles detaching at intervals of one to several seconds, these "ferrotubes" 
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grow to millimeters in tens or hundreds of minutes, orders of magnitude faster than their 

geological counterparts, and thus may serve as a model system for the study of tubular 

growth. Our studies highlight a class of important yet previously little-studied free-

boundary problems in precipitative pattern formation. The chemical building blocks of 

these structures are simple, and if present in a well mixed system, the resulting mass pre-

cipitation has little geometric structure. Only through the templating action of bubbles 

and the redox gradient does the regular tubular geometry emerge. In addition, we find a 

second level of structure: the iron oxides/hydroxides in the tube wall are arranged in an 

oxidation sequence. Although a quantitative theory of tube growth does not exist yet, our 

observations establish key processes that must be considered.  

 

Templating Chemistry 

Structures similar to ferrotubes have been reported anecdotally in studies of the aqueous 

corrosion of iron as whiskers (14), "corrosion tubes" (15), or "chimneys" (16). Observa-

tions of bubbles emerging from the tube openings led to the suggestion that this gas was 

hydrogen and its venting acts to keep tubes open (16). As is typical, in our experiment re-

ductive hydrolysis of water [2H2O + 2e– H2(g) + 2OH–] takes place at the cathode, so 

the bubbles are primarily hydrogen gas. The electrochemical protocol is simple; the elec-

trolyte is an aqueous mixture of Fe(II)(NH4)2(SO4)2·7H2O and Fe(III)(NH4)(SO4)2·12H2
 

in the ratio of 6:1 to 12:1, with a total iron molarity ranging from 0.6 to 0.9 M. The cath-

ode and anode are typically mild steel and spaced 8 cm apart. Tubes are grown at con-

stant current, with average current densities of 80–120 mA/cm2 based on the bare surface 
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area of the cathode and dc voltages ranging from 2 to 4 V. Across the surface of the cath-

ode the current density is naturally inhomogeneous, giving rise to isolated streams of 

bubbles, gradients of different iron-oxide species (including metallic iron), and tube 

growth at particular sites. Microelectrodes and pH indicators show that the starting solu-

tion is highly acidic (pH 2.5) far from the cathode but basic (pH 10) within a thin 

boundary layer around it. Although the bulk solution continually oxidizes because of the 

effects of the anode, the precipitation of oxidized iron actually occurs at the cathode, 

where hydroxide ions are produced. Nominally pure ferrous ammonium-sulfate solutions 

only produce tubes after current has flowed for many hours, during which the solution 

slowly oxidizes, raising the ferric/ferrous ratio, r = [Fe(III)]/[Fe(II)]. We found that tubes 

would begin growing within 20 min if the initial value of r was 0.08–0.16.  

The precipitate film forms over the bubble surface within seconds of its emergence from 

the tube. As the bubble grows, the film fractures into polygonal sections that are advected 

around the surface by the fluid flow; most sections are lost when the bubble detaches. Ma-

terial at the contact line (at which tube, bubble, and solution meet) remains to form an ir-

regular ring around the rim, adding to the growth of a freestanding tube. Addition of acid 

to the solution slowly dissolves the tubes, rendering them transparent just before they 

break apart. We observed that bubbles rise up from deep inside the tube, near its base, and 

are not simply formed at its open end.  

Attempts to produce tubes without current were conducted by introducing a stream of hy-

drogen gas bubbles into the solution. Only in the additional presence of gaseous NH3 
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would precipitation occur. Also, if aqua ammonia is injected into the acidic electrolyte, 

columnar precipitates immediately form (Fig. 2A), although they lack cohesiveness. 

These columns are very similar to silicate gardens (10, 11). The well established reaction 

pathways by which ammonia can precipitate white rust [Fe(II)(OH)2] or green rust (GR2) 

[Fe(II)4Fe(III)2(OH)12SO4·nH2O] (17) and the striking blue-green color of the tubes sug-

gest that they, as well as the film precipitating on the templating bubbles, are indeed GR2. 

Both GR2 and white rust are unstable, and can readily oxidize partially to magnetite 

[Fe(II)Fe(III)2O4] or fully to lepidocrocite [ -Fe(III)OOH] (18, 19). This oxidation is 

driven by the progressive oxidation of the solution from the anodic reaction 2H2O 4H+ 

+ O2 + 4e–.  

Materials Analysis 

How is the oxidation sequence described arranged within the tube wall? As is known in 

corrosion science and geochemistry, typical environmental conditions found on exposed 

steel or in wet soils straddle the major ferrous–ferric division among the iron ox-

ides/hydroxides/oxyhydroxides. For example, hollow corrosion "tubercles" or "blisters" 

forming on ferrous metals typically exhibit a tripartite stratification with oxidized species 

such as lepidocrocite on the outside, reduced species such as GR2 on the inside, and 

magnetite sandwiched between (16, 20, 21). Materials analysis confirms precisely this 

spatial organization in the tubes. Mössbauer spectroscopy indicated a complex mix of fer-

rous and ferric species along with some completely reduced metallic iron (Fe0); transmis-

sion electron microscopy/energy-dispersive x-ray analysis and x-ray diffraction positively 

identified lepidocrocite and magnetite. Scanning electron microscopy images clearly re-
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veal three distinct layers (Fig. 3A). The hexagonal plates on the inside of the tube shown 

in Fig. 3B are characteristic of GR2 (22, 23) or an oxidized allomorph of it such as goe-

thite ( -FeOOH). The interconversion of GR2 to magnetite is seen in Fig. 3C as magnet-

ite nodules forming on the plates. Finally, Fig. 3D shows the characteristic lath-like lepi-

docrocite crystals along with octahedral magnetite crystals.  

  

Templating Physics 

Under typical experimental conditions, the hang time of a bubble of radius R 1 mm on 

the end of a tube is 1 s, giving a mean volumetric flow rate Q = 4 R
3/3  4 x 10–3 

cm3/s. Using the bare air–water surface tension , we find a negligible capillary number 

Ca = Q/a2  4 x 10–5, and thus the bubble growth rate can be considered quasistatic. Be-

cause the diffusion constant of ammonia in the gas phase is Dg 10–2 cm2/s, is compara-

ble to the time g R
2/Dg 1 s for ammonia to diffuse across the bubble, which is thus 

equilibrated with respect to ammonia. However, the very much smaller diffusivity of dis-

solved ammonia in solution, Ds 10–5 cm2/s, implies that only a region on the order of 

µm within the fluid participates in the precipitation, providing an estimate of the 

film thickness. Indeed, the classic Smoluchowski flux 
QS = 4 RC D associated with the 

equilibrium concentration profile 
C(r) = C (1 – R/r), where C  is the asymptotic con-

centration, would be inapplicable here, because the time to attain the equilibrium profile 

would be S R
2/Ds 100 s >> . Often, a forest of tubes grows off an extended cathode 

that produces bubbles across its entirety, and a detailed model of the growth of the thin 

precipitative film then requires consideration of the large fluid flow entrained by the great 
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number of rising bubbles. We estimate a typical fluid velocity U 1cm/s. With = 0.01 

cm2/s the kinematic viscosity of water, the Reynolds number 
Re = UR/  10, implying 

laminar flow, but the Peclet number Pe
 = UR/Ds 104, and thus advection dominates dif-

fusion. This can modify significantly the rate of transport to an absorbing surface (24) and 

modify the hang time (25). Similar considerations apply to surfactant adsorption onto the 

surface of growing bubbles (26). The tube radius decreases with decreasing current (Fig. 

2B), so at very low currents, when the hang time grows to hundreds of seconds, tubes seal 

off because the precipitative film is so thick it can withstand the pressure of the bubble. 

Botryoidal morphologies then can form (Fig. 2C) akin to those in iron-sulfide systems.  

A most striking phenomenon is the effect of magnetic fields on growing tubes (Fig. 2D). 

When small magnets with a surface field on the order of 0.3 T are embedded in the cath-

ode, the tubes sometimes grow with curved shapes. The curving of the tube axis may re-

flect alignment by the field of the microscopic domains shown in Fig. 3. Although the 

field axis at the surface of the magnets is parallel to the electrical current, the strongly 

curved fringing fields of the small magnets bend toward the horizontal some distance 

above them and will produce a Lorentz force on the ionic current and fluid circulation 

with a vertical vorticity vector. The helical paths taken by bubbles rising above a magnet 

on the cathode show this clearly. This flow can create (27, 28) a hydrodynamic boundary 

layer and mixing in the depletion layer, thereby increasing the limiting current that can 

flow. Such effects are likely to be important in understanding the morphology shown in 

Fig. 2D, because these mixing effects vary around the perimeter of the tube.  
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The spectrum of observations discussed above leads to the model for the growth of ferro-

tubes shown in Fig. 4. The initial establishment of a growth site involves processes that 

are complex, even chaotic, and are not discussed here. Five fundamental subsequent 

stages are proposed, starting at the base of the tube and moving up. (i) Water and H+ are 

reduced at the surface of the cathode, producing hydroxide ions and hydrogen gas, and 

ammonium ions are deprotonated to produce ammonia gas. (ii) The mixed gases move up 

through the tube as individual bubbles and act as mechanical pumps, pushing the very ba-

sic solution up and out of the open top. (iii) When bubbles linger at the tube opening, the 

basic solution and ammonia react with the bulk, acidic, ferrous solution. GR2 precipitates 

around the rim and over the surface of the bubble as a thin film. (iv) The bubble detaches, 

leaving a ring of deposited material around the rim. (v) The GR2 quickly transforms to 

magnetite within the tube and oxidizes to lepidocrocite on the outside.  

  

Gel Systems 

Confronted with the complex diffusion, advection, and precipitation found in the tube-

growth environment, it is natural to seek a simplified system that preserves the essential 

physics: the acid–base and redox gradients. As in controlled studies of Turing patterns in 

reaction-diffusion systems (29), we found that carrying out the precipitation in a gel af-

fords the necessary simplification. A traveling oxidation–reduction and acid–base gradient 

is readily established within a ferrous sulfate solution (typically 0.5 M) in 1% agar gel by 

diffusion of concentrated (17 M) aqua ammonia from a reservoir at one end. Various iron 

hydr(oxides) stratify along this gradient, and their appearance can be effectively depicted 
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on a Pourbaix diagram, commonly used in geochemistry to define stability relations 

among components of a system at thermodynamic equilibrium in terms of the proton-

motive force (quantified through the pH) and the redox potential [Eh = (RT/F)lnae, where 

ae is the electron activity, R is the gas constant, T is the absolute temperature, and F is the 

Faraday constant]. The numerous, complex interrelationships between all the components 

of the system, with their various effects on redox potentials (causing Eh changes) and par-

ticipation in (de)protonation reactions (causing pH changes), are summarized on this dia-

gram, in which every line represents an equilibrium between two species. By expanding 

the Eh/pH gradient over macroscopic scales and following the sequential precipitation in 

time, we not only create an expanded version of the tube wall (and of the other stratified 

systems described above) but also a spatiotemporal realization of the Pourbaix diagram 

by instrumenting the gel with appropriate electrodes (Microelectrodes, Bedford, NH). In 

our case, these electrodes give a spatial resolution set by the width of the probes (1 mm) 

and a temporal resolution of 30 s.  

This experimental setup is used to study Liesegang ring formation (33), and as shown in 

Fig. 5A, the diffusing ammonia front may leave behind bands and gaps that show the 

classical linear increase in width and spacing with band number. Strangely, and unlike 

any other known Liesegang system (34), within millimeters the pattern disappears into a 

dark, obscuring layer only to reemerge after a few more millimeters, although with the 

contrast reversed: the white bands are now dark and the gaps are now filled in with a 

light-gray precipitate. The temporal behavior of the Eh and pH measured 3.0 cm below 

the aqua ammonia reservoir is shown in Fig. 5B. For the purposes of representation on the 
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same scale as pH, it is often convenient to define pE = –logae;
 thus, if Eh is measured in 

volts, then pE = 16.9 Eh. The pH begins at 3, reflecting the acidifying character of the 

ferrous sulfate solution and eventually rises to 11, far behind the front, but its temporal 

derivative decreases above pH 7 as hydroxyl ions incorporate into iron hydroxides. The 

Eh, by contrast, displays a much earlier, steep drop (up to 500 mV in minutes, whereas 

the pH hardly changes) followed by a slow decline. When superimposed on the Pourbaix 

diagram (30–32) in Fig. 5C, we see that the system moves from the region of ferrous ion 

stability through the GR2 zone into the white-rust domain and then back into the GR2 

zone, tracking the appearance of a white-rust band and then the obscuring zone and fi-

nally the gray precipitate. The trajectory also approaches the stability boundary of water 

at pH 3 and touches it at pH 9, which is consistent with the observation of occasional 

spontaneous production of gas bubbles (hydrogen) in the gel both before and after pre-

cipitation bands form.  

Although the mechanisms of diffusion, precipitation, and depletion that underlie Liese-

gang ring formation are well understood, controversy remains regarding the growth dy-

namics (e.g., nucleation vs. Ostwald ripening). In our system, we observe by light mi-

croscopy under high magnification that the initial white bands are composed of spindle-

shaped crystallites, which soon dissolve as a second spheroidal phase emerges to produce 

the contrast-reversed bands. This remarkably complex banding also depends very sensi-

tively on the ferrous/ferric ratio. No theoretical model yet explains these observations. 

The proposal that stratified oxidation states of iron in the gel system represent an expan-

sion of the tube wall is made complete by allowing oxygen to diffuse into a Liesegang 
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system after the ammonia, just as the bulk solution oxidizes the external surface of grow-

ing tubes. This process leads to a tripartite structure of the gel precipitates (Fig. 5D, with 

orange lepidocrocite, black magnetite, and GR2), just as in the tube wall.  

Reversed-Phase Experiments 

The template has the dual roles of a support for a precipitative film and the locus of a re-

dox gradient. This template could have almost any geometry: convex, concave, planar, or 

columnar. The growth mechanism of soda-straw speleothems mentioned above suggests 

the obvious possibility of a phase-reversed version of the ferrotube system. We achieved 

this by pumping a 0.5 M solution of ferrous sulfate through a small tube into a chamber 

filled with gaseous ammonia or hydrogen sulfide, expecting that diffusion into the solu-

tion would cause a precipitative film to form on the pendant drop, followed by the usual 

processes of detachment and reprecipitation. Fig. 6 confirms that this arrangement indeed 

produces a hanging tube growing downward as successive drops detach and leave a ring 

of material. Using ammonia, the tubes are composed of magnetite, and using H2S, the 

tubes are composed of ferrous sulfide. The growth rate can be quite fast: 3 cm/hour with a 

diameter of 4 mm.  

Conclusions 

Tube generation by bubble templating suggests possible applications in the formation of 

microtubes with interesting chemical, magnetic, and mechanical properties. One avenue 

of interest involves the formation of suitable polymeric composites to decrease the inher-

ent brittleness of ferrotubes. The clear correspondence to geophysical phenomena involv-
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ing precipitative pattern formation, particularly hydrothermal vents, leads naturally to 

more speculative avenues for future study. Two clear directions include anoxic sulfidic 

chemistry and calcareous speleothem growth. Russell and coworkers (35–37) hypothe-

sized about the possible role structures such as those in Figs. 1 and 2 may have played in 

the attraction, synthesis, and concentration of polyanionic organic molecules as a first step 

toward the emergence of life. The strong redox gradients and the encapsulation possible 

as ferrotubes form suggest their possible role in the study of prebiotic synthesis of the 

molecules of life.  
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Fig. 1. Ferrotubes growing in solution. (Scale bar, 5 mm.) 

 

Fig. 2. Tube morphologies. (A) Columnar pre-
cipitation around injected jets of aqua ammo-
nia. (B) Tube diameter varying as current is 
transiently decreased (narrow region) then in-
creased and held at a higher level (wider upper 
half of tube). (C) Encapsulated (botryoidal) 
morphology. (D) Bent tubes grown over small 
magnets. (Scale bars, 5 mm.) 
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Fig. 3. Ferrotube microstructure. Scanning electron microscope images of tube, showing 
tripartite layering (A) (scale bar, 100 µm), GR2 crystals on the inside wall of tube (B) 
(scale bar, 10 µm), and GR2 crystals and magnetite nodules (C) (scale bar, 5 µm) and 
transmission electron microscope image of lepidocrocite laths and magnetite crystals (D) 
(scale bar, 10 nm). 
 

 

 

 

Fig. 4. Mechanisms involved in tubular precipitation templated by bubbles. 
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Fig. 5. Liesegang band formation. (A) 
Bands formed as ammonia diffused from 
right to left. (Scale bar, 5 mm.) Transition 
points i–iv correspond to pH and pE [–
log(electron activity)] traces shown in B, 
plotted together in C on a Pourbaix dia-
gram, following Génin et al. (30–32). 
The dashed line in C indicates the stabil-
ity limit of water. (D) Liesegang band 
pattern formed by diffusion of ammonia 
and subsequent oxidation, leaving a pat-
tern characterized by a gradient in oxida-
tion from left to right. (Scale bar, 1 cm.) 

Fig. 6. Reversed-phase growth of an 
iron-sulfide tube. (Scale bar, 2 mm.) 
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Abstract 

Tubular growth by chemical precipitation at the interface between two fluids, a jet and its 

surroundings, underlies the development of such important structures as chimneys at 

hydrothermal vents. This growth is associated with strong thermal and/or solute gradients 

localized at those interfaces, and these gradients, in turn, often produce radial composi-

tional stratification of the resulting tube wall. A fundamental question underlying these 

processes is how the interplay between diffusion, advection, and precipitation determines 

the elongation rate of the tubes. Here we report experimental and theoretical results that 

reveal a regime in which there exists a new scaling law for tube growth. The model sys-

tem studied consists of a jet of aqueous ammonia injected into a ferrous sulfate solution, 

precipitating iron hydroxides with varying oxidation states at the jet boundary. Despite 

the complex chemistry and dynamics underlying the precipitation, the tube growth exhib-

its a strikingly simple scaling form, with characteristic lengths and times increasing line-

arly with the mean velocity of the jet. These observations follow from a kinetic model of 

advection-dominated flows.  

Natural and artificial1 mechanisms by which tubular structures form often rely upon pre-

existing, static templates that direct precipitation or mineralization. Less commonly 

known are growth processes occurring on dynamic templates, which define an area of 

emerging importance within the fields of fluid dynamics and pattern formation: free-

boundary problems in precipitative growth. Examples include chemical gardens2-4 grown 

in silicate solutions, tubular growth templated by bubbles5,6 or evaporation-driven 

growth,7 and speleothem growth dynamics in limestone caves8,9 with connections to the 
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growth dynamics of icicles.10,11 Here we address the question, How does a tubular struc-

ture grow when precipitation occurs at the boundary between an injected jet of fluid and 

its surrounding fluid? At hydrothermal vents,12 the injected fluid and its surroundings dif-

fer by two diffusible quantities: thermal energy and solute concentration.13,14 The injected 

fluid flow is often highly turbulent,15 but slow, laminar flows are also known. In light of 

the difficulty in studying such processes in situ, we propose here that a quantitative un-

derstanding of this class of phenomena will best be achieved through the development of 

highly controlled model systems. A few such examples have been introduced,16 but they 

have not been explored systematically. An important exception is the study of so-called 

"ice stalactites",17,18 which form around descending saline plumes under sea ice. Labora-

tory investigations have shown that a simple diffusive growth law emerges from the 

combination of double diffusion (heat and salinity) and solidification.  

Our system (Figure 1a) consists of a jet of aqueous ammonia that is injected via a syringe 

pump (New Era Pump Systems N1000) through a 21-gauge needle (radius a = 0.025 cm) 

affixed at the base of a glass chamber (5 × 5 × 30 cm) in which resides a 0.08 M FeSO4 

solution adjusted with H2SO4 to pH 2.3. The volumetric flux Q of ammonia solution in 

our experiments is typically in the range of several milliliters/hour. Once the fluid exits 

the nozzle, its velocity profile is nearly constant over its cross section, which is in con-

trast to ordinary pipe flow with rigid sidewalls. This follows from the fact that the porous 

tube walls cannot support appreciable shear stress. It is useful to speak of the average 

fluid velocity, u = Q/ a
2, which here corresponds to velocities in the range of several mil-

limeters/second. On the scale of the jet radius, the Reynolds number, Re = ua/  (in which 
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= 0.01 cm2/s is the kinematic viscosity of water), is variable from somewhat less than 

unity to somewhat greater but is well within the laminar range for the studies reported 

here. Images of growing tubes were captured with a 12 bit ccd camera (Hamamatsu 

C848405-G, 1280 × 1024 pixels) and a digital SLR (Nikon D100) with macro lenses, un-

der fiber-optic illumination, and with Schlieren imaging.19  

The growth of the tube results from a complex combination of diffusion, convection, pre-

cipitation, and oxidation. It begins when the outward diffusion of OH- and NH3 from the 

columnar jet raises the pH in the surrounding acidic ferrous sulfate solution. No tubes 

form if the pH of the jet is below ~10.5, which is surprising, because dissolved Fe(II) 

typically precipitates at a pH of ~6. Equally noteworthy is the fact that we do not see tu-

bular growth using NaOH at similar and even higher pH. These observations suggest that 

the NH3/NH4
+ ratio is critical. It is a function of pH and rises logarithmically above 1 in 

our system at ~ pH 9.3. At a similar value, blue ferrous hexaammine complexes are 

known to form,20 implying that a minimum concentration of NH3 as a ligand for com-

plexation is also necessary for tube formation.  

As shown in Figure 1, the jet and its enveloping precipitate display three distinct regions. 

As the jet first rises through the chamber, it is immediately encased by a diaphanous po-

rous white film that can confidently be identified as ferrous hydroxide or "white rust" 

[Fe(II)(OH)2].
21,22 Much of the film is advected away by the flowing jet, but a flame-

shaped plume composed of a cohesive flocculant grows slowly (over tens of minutes) be-

neath it, which is typically white at first but then gradually turns bluish. The jet flows 
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nearly unimpeded upward through this highly porous precipitate, and even viscously en-

trains fluid outside the tube, so that its streamlines closely follow the outline of the tube,23 

producing a shear flow.24 This shear is sufficiently strong that the advancing front of 

dendritic precipitate may occasionally break off from the jet, only to form again later 

(Figure 2). Further behind, the flocculant oxidizes in a sequence that is common at other 

sites where redox gradients are found. First, 'green rust' [Fe(II)4Fe(III)2(OH)12SO4 nH2O] 

quickly appears, then orange lepidocrocite [ -Fe(III)OOH] slowly takes over. Black 

blotches and streaks indicate magnetite [Fe(II)Fe(III)2O4], a species of intermediate oxi-

dation. The oxidation causes the tube wall to become denser and more rigid, contributing 

to its structural stability. Over time, the precipitated wall thickens as ammonia diffuses 

outward and the acidic bulk solution diffuses inward. Eventually, lateral growth ceases. 

The common feature between this process and the growth of silicate gardens is transport 

through the tube wall. In the latter case, however, an inward flux of water and hydroxide 

ions is driven by an osmotic stress across the semipermeable wall.  

Growth of the tube slows down dramatically at late times, eventually ceasing at a maxi-

mum height and after an induction time, which both increase with the jet velocity (Figure 

3a). We found that the data can be collapsed to a common curve (Figure 3b) by seeking a 

maximum height h* and a time (chosen here as the time when h = 0.6 h*) to rescale the 

data as H = h/h* versus s = t/ . Both h* and exhibit simple linear variations with the jet 

velocity u (Figure 3c). The fundamental mechanism behind the asymptotic saturation of 

the tube height is the gradual diffusive reduction in the pH of the jet as it rises, coupled 

with the existence of a critical pH below which precipitation ceases. Ammonia diffuses 
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outward from the flowing jet into the surrounding fluid (Figure 1) through the advancing 

porous tube wall. The outer ferrous sulfate solution acts as an infinite acidic reservoir, 

providing a constant source of reactants for the neutralization of the influent stream of 

ammonia and precipitation. If we follow a parcel of fluid in the rising jet, we will see its 

pH progressively decrease through this lateral diffusion. A simple model of these proc-

esses focuses solely on the hydroxyl concentration C in the ascending fluid jet, taking the 

rate of precipitative addition to the tube length as being proportional to the concentration 

C in excess of the critical value C*. If we assume that C is the same order of magnitude 

as C*, then the concentration of hydroxyl ions in the fluid parcel will diminish to C* on 

the diffusive time scale a2/D. Because precipitation ceases once C falls below C*, h* 

should be ~ua
2/D, which is the distance the fluid parcel rises during the interval a2/D. 

This proportionality between h* and u is seen in the data (Figure 3c).  

The time scale , during which h approaches h*, depends on lateral diffusion processes 

and on the precipitation and attachment kinetics. Subsuming all details of the latter into a 

rate constant k, we write 

 

 

This simple supersaturation dynamics is common to precipitation kinetics in geophysics 

and chemistry.25 We take the centerline value of the concentration within the jet as the 

measure of the reacting concentration relevant to precipitation. The jets and tubes have 

large aspect ratios, so the fluid flow is nearly parallel. This also reflects the very large Pe-
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clet number Pe = ua/D 103, in which D = 10-5 cm2/s is typical of a solute diffusion con-

stant. We thus approximate the diffusion as having cylindrical symmetry. In elapsed time 

t, the centerline concentration corresponding to an initial condition in which C had the 

uniform value C0 within a disk of radius a is 

 

 

In writing eq 2, we neglect the loss of hydroxyls due to precipitation and assume that the 

porous walls offer negligible resistance to lateral diffusion. As the jet rises from the noz-

zle at a steady, uniform velocity u, the time t during which the outward diffusion has oc-

curred is simply t = h/u. Thus, 

 

 

where = C0/C* > 1 describes the initial excess concentration in the nozzle. Setting dh/dt 

= 0, we find the asymptotic height 

 

 

As in the experiments (and previous scaling arguments), h* is linear in the injected fluid 

velocity. Defining the rescaled length H = h/h* as in Figure 3b, the characteristic time 
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and the dimensionless time s = t/ , the rescaled equation of motion for the height H(s) can 

be written in the remarkably compact form 

 

 

Having been rescaled by a single characteristic time and the maximum height, this 

growth equation depends on no other dynamical variables and indeed depends only on 

the constant fixed by the initial fluid concentrations. In this sense, this scaled equation 

of motion is formally consistent with the experimentally observed data collapse. In detail, 

one verifies for H 1 the growth H (  - 1)s, or h k(C0 - C*)t + ···, the linear elongation 

expected from the initial jet concentration. Conversely, the approach to the asymptotic 

height is exponential. The only parameter remaining to distinguish one experiment from 

another is . Direct numerical integration was used to obtain the fit shown in Figure 3b, 

with = 1.7. A fit to the data in Figure 3c for the maximum height as a function of mean 

fluid velocity yields a slope of 13.2 s. Using the jet radius and the fitted value of we de-

duce the effective diffusion constant D = 1.3 × 10-5 cm2/s, which is quite consistent with 

the typical value for a small molecule in aqueous solution and provides a confirmation 

that the porous walls offer little resistance to diffusion. From the ratio of the two fitted 

slopes in Figure 3c we obtain the intrinsic growth rate kC* = 4.6 mm/s. One discrepancy 

between the model and the data is the existence of a finite intercept of the relaxation time 

as the jet velocity vanishes. This is the limit in which the assumptions of the model break 

down, as the Peclet number is no longer large. A more elaborate theory is required in that 

regime, particularly in light of the complex attachment kinetics shown in Figure 2.  
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The good agreement between these experiments and the theory suggests a number of 

avenues for further experimental and theoretical investigation. The diffusive broadening 

of the tube wall to equilibrium over time and a microscopic explanation for the observed 

kinetic parameters are both important open problems that require consideration of the de-

tailed concentration profiles near and within the tube walls. The mechanism discussed 

here by which a precipitate forms a self-organized porous boundary between flowing flu-

ids may find applications in a variety of contexts, possibly even at the microfluidic 

scales.26  
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Figure 1.  Precipitation templated by a fluid jet. (a) Schematic representation of the 
stages of growth around a jet of aqueous ammonia injected into an iron sulfate solution, 
and the subsequent oxidation of the precipitate. (b) 1 min after start, (c) 5 min, (d) 45 
min, and (e) 125 min. Scale bar is 5 mm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2  Close-up of a growing tube. The sequence of images spans 5 min, with panels 
d-g taken 15 s apart. Tube growth begins in (a) as crystallites attach to nozzle, followed 
by transient elongation (b-d), detachment of a section (e,f), and finally, regrowth (g,h). 
Scale bar is 2 mm.  
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Figure 3 Growth dynamics of tubes. (a) Height vs time at various flow rates: 1 mL/hr 
(blue) to 5 mL/hr (orange). Each of the growth curves represents the average of three in-
dividual runs. (b) Rescaled height H as a function of rescaled time s. Function shown in 
black is from model described in text. (c) Characteristic time (circles) and maximum 
height (squares) as functions of average fluid velocity of the jet. Linear fits also shown.  
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Abstract 

‘Liesegang rings’ are periodic precipitation patterns in which gaps form between discrete 

bands of particulate crystal growth as a reactant diffuses through a gel or, in nature, 

through a permeable medium such as clay. They have been studied as intriguing exam-

ples of dynamic reaction-diffusion systems for over a century.  However, no theoretical 

model has yet emerged that satisfactorily explains or can simulate all aspects of observed 

patterns. Here we describe iron-based pattern-forming chemical systems that are unusu-

ally complex and dynamic and clearly reveal that multiple processes can be operative 

even within one system.  For example, among the remarkable features we observe are 

contrast reversal (band-gap switching), superimposed precipitation, mixed precipitation 

modes, and a steep drop in Eh before visible precipitation or a significant change in pH.  

These and other remarkable aspects of the iron-based systems, which have not been stud-

ied by other researchers, suggest that the potential diversity and complexity of Liesegang 

patterns are still incompletely known. Also, in a break from the standard approach that 

ignores the chemistry, we measure the changes in pH and Eh as ammonia diffuses 

through the iron sulfate-gel matrix. We use this data to track the chemical potential of the 

system across a Pourbaix diagram of the stability fields for the relevant precipitates, 

which allows us to identify them. The tracking also reveals the quick oxidation and self-

inhibiting nature of white rust, Fe(OH)2, which creates a new redox parameter that con-

tributes to Liesegang pattern formation.  

 

1. Introduction 

Since 1896, when Liesegang first described an intriguing and attractive type of pat-
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tern of banded precipitation that now bears his name, many more examples have been ob-

served, both in the lab and in nature. They have been often found in geological forma-

tions, especially sedimentary deposits, which can act as media for the creation and fos-

silization of such patterns, perhaps most notably on a small scale in agates (Heaney and 

Davis, 1995). They have also commonly formed on a larger scale as a result of the aque-

ous diffusion of dissolved iron and its subsequent precipitation as iron oxides in porous 

rock such as skarn (Ciobanu and Cook, 2004), ‘ruin’ marble (Marko, 1993) and sandstone 

(Shahabpour, 1997; Chan, et al., 2000).  Bands of iron and manganese oxides have also 

been studied in situ as they formed in the mud of a recently closed mine (Dietrich and 

Jacob, 1995). Banded precipitation of iron sulfides forming around animal carcasses bur-

ied in sediments has been simulated in the lab (Allen, 2002). The bold pattern of ‘zebra 

rock’ found in Bakal, Russia is explained as Liesegang banding of two types of the iron 

carbonate, siderite, alternatively pure (white) and contaminated (dark) (Krug, et al., 

1996).  

These intriguing patterns are easy to create in the laboratory when two co-

precipitating ions interdiffuse in a gel medium. Though rare, such self-organizing pattern 

formation graphically reveals how dynamic and complex even seemingly simple chemi-

cal systems really are. Indeed, as Williams (1961) put it, “It may well be that the 

achievement of a separation of activated reagents in space plus restricted diffusion pro-

vides the fundamental distinction between biological chemistry and test-tube chemistry.” 

Another type of simple, inorganic pattern-forming chemical system, the Belousov-

Zhabotinsky reaction, has provided the basis for modeling wave front instabilities in car-
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diac muscle (Winfree, 1998). So these patterns are more than just chemical curiosities 

and provide a bridge between the inorganic and biological realms. 

  Liesegang bands are produced in systems containing Co2+, Mg2+, with the diffusing 

electrolyte being a base such as NaOH or NH4OH.  In most systems the bands are static 

in that once formed the bands remain in place.  In some cases (Cr(OH)3 redissolves in ex-

cess OH to give [Cr(OH)4]
-, HgI2 which forms [HgI4]

2- by redissolution in excess I-, and 

Co(OH)2 which redissolves in excess NH4OH to give [Co(NH3)6]
2+ (Shreif et al 2002) as 

the concentration of the diffusing electrolyte increases the bands dissolve giving the illu-

sion that the entire band pattern is migrating through the gel.  In this work we present a 

Liesegang banding study based on the iron/ammonia system.  The presence of iron oxides 

and other iron minerals in many naturally occurring banding patterns, as cited earlier, 

suggests that iron-based pattern-forming systems would be intensively studied. So it is 

surprising then, that to our knowledge no study of such a system based on iron corrosion 

products Fe(II) and Fe(III) oxides, hydroxides, and oxyhydroxides has been reported in 

the literature on Liesegang patterns.  The chemistry of this system is quite complex.  In 

the simplest case of an all Fe(II) electrolyte we see formation of Fe(OH)2 bands which 

dissolve in excess NH3 as described above followed by further precipitation of another 

iron solid we conclude is a more oxidized species such as green rust in the original gaps.  

We believe this is the first report of contrast reversal in Liesegang banding systems. 

Mathematicians, as well as theorists in the fields of chemistry, physics, geology, and 

materials science, have attempted to develop a model that adequately accounts for the 

processes involved in creating the patterns. This has turned out to be surprisingly diffi-
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cult.  Relatively straightforward models based on coupled reaction-diffusion equations 

have been developed and they can simulate band-and-gap patterns computationally (Kel-

ler and Rubinow, 1981). Each iteration builds directly on the last and because of this and 

the dynamic rise (moving gradients of the diffusing fronts) and periodic fall (precipita-

tion) of the reactants, the combined numerical solution of even a basic set of equations 

needed to simulate the pattern using a computer program becomes quite complex. Even 

more challenging to the creation of a model, though, is that there is still no consensus on 

the details of the actual chemical mechanisms involved or the intermediate products even 

in the simplest systems. The smaller particles cannot be observed in situ as they organize 

themselves and form bands and so it is not known whether ions, complexes, larger mole-

cules, embryonic nuclei, colloids, or growing crystals play the critical role in forming the 

patterns. Each of these types of particles is associated with quite different growth proc-

esses.  

Over the decades, certain regularities and typical features have been observed and 

some of these have even been codified into “laws” such as the Jablczynski and Matalon-

Packter spacing laws. However, unusual phenomena such as revert spacing (becoming 

narrower and closer together with distance) and the rich diversity of patterns such as 

those described here have prevented any of these laws from becoming accepted as truly 

universal characteristics of Liesegang patterns. On the contrary, the ever-growing range 

of morphologies has far outpaced the predictive power of theory. As one long-time re-

search team concludes, “we see that the phenomenon is of such a wide diversity that no 

universal law could yet be obtained as a generalization” (Sultan and Sadek, 1996). 
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In an earlier paper we presented some aspects of the all-Fe(II) system to help eluci-

date the layered precipitation of iron oxides in tubular structures forming around sharp 

pH/Eh gradients generated by electrochemical reactions (Stone and Goldstein, 2004). 

Here we make a more thorough report on the range of Fe(OH)2 patterns in that system as 

well as in a mixed Fe(II)/Fe(III) system. In keeping with the richness of iron chemistry 

just noted, we find that the unusual, complex patterns generated are both especially re-

vealing and yet theoretically intractable, that is, when considering existing theories.  

 

2. Experimental  

2.1  Gel preparation and setup 

 The gelled solutions for these experiments are prepared by dissolving 0.4g agar 

(Difco) in 40ml of boiling 18 MΩ purified water, to make a 1% gel. The agar powder is 

slowly stirred in with a glass rod and the solution is magnetically stirred until the gel has 

completely dissolved. The beakers are kept covered to reduce evaporation and extra water 

is added to maintain volume. When the solution has cooled to ~60°C, reagent grade fer-

rous sulfate heptahydrate (FeSO4 •7H2O,) and ferric sulfate (Fe2(SO4)3 •xH2O, where x = 

~10) (both from Sigma Aldrich) are added to give a total iron concentration of 0.5 M.  

The Fe(II)/Fe(III) ratio is varied from 3 to ∞. The iron/agar solution is stirred vigorously 

though with care not to create bubbles until the iron salts are completely dissolved and 

mixed. When the solution has cooled to ~50C it is transferred into either 2.54cm diameter 

Pyrex test tubes (no. 9826) or one of two types of flat experimental chambers and al-

lowed to gel.  When transferring the solution into a test tube the solution is poured down 
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the length of a heated glass rod that extends to the bottom of the tube to prevent the for-

mation of bubbles. The tube is then loosely capped and allowed to gel.  After at least 3 

hours 30% reagent aqua ammonia from Sigma Aldrich (used as received) is added to each 

tube to a level 30 mm above the gel.  The aqua ammonia is added carefully to avoid its 

infiltration between the gel and glass wall of the tube. A successful method is to first put 

several drops on the surface of the gel, which will immediately cause the precipitation of 

iron hydroxides across the top and thus in effect help ‘seal’ the exposed surface. Then ap-

proximately 30 ml of the aqua ammonia solution is slowly poured in.  Some air space 

should be left on top of the solution so the volatile ammonia does not cause leakage from 

the gas pressure. The screw cap is tightly closed and sealed with tape to keep ammonia 

fumes from escaping. 

 As shown in Figure 1a,  the first type of flat experimental chamber is composed 

of two pieces of non-glare glass 15cm x 13cm that are clamped onto a three-sided acrylic 

frame (2cm wide by 0.5cm thick)  that is covered with Dow Corning high vacuum sili-

cone grease to seal against leakage. The acrylic frame has openings on each side to ac-

commodate an Eh (bulb type “E,” model MI-402), pH (bulb type “E,” model MI-407) 

and reference (model MI-800) microelectrode from Microelectrodes, Inc. The thickness 

of the electrodes is ~1mm.  It is important, of course, to make sure that the Eh and pH 

electrodes are at exactly the same height relative to the direction of the ammonia front. 

The solution is poured up to a point 30mm above the horizontal electrodes (this requires 

pouring in a slight extra amount of ~1mm to account for shrinkage). Too much can be 

removed with a thin pipette before gelling.  The overall depth of the gel within the cham-
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ber is ~60mm.  The microelectrode data are gathered using a custom-designed program 

created with the National Instruments LabVIEW program. The data were plotted on 

Eh/pH Pourbaix diagrams of stability fields created using thermodynamic values and re-

action equations given by Genin et al., 1996 and Genin et al., 1998 (Appendix 1).  The 

ammonia solution is added slowly and carefully to a level ~30 mm above the 

gel/ammonia solution interface following the same procedure as described above for the 

test tube experiments to prevent preferential flow between the gel and the glass.  The 

chamber is oriented vertically relative to the benchtop during the experiment.  The pro-

gression of the precipitation front and the development of the pattern is recorded using a 

Fujifilm FinePix S1 Pro digital camera run automatically by computer using Fujifilm’s 

Camera Shooting Software. The typical time sequence interval is 10 minutes. It takes ap-

proximately 24 hours for the precipitation front to travel 30 mm and reach the electrodes.  

It takes an additional 24 hours for the front to reach the bottom of the chamber.  

 A second type of flat experimental chamber was constructed which was designed 

to make it possible to observe the experiment under light microscopy, as shown in Figure 

1b.  These chambers were constructed using cover slips over microscope slides.  The gap 

between the slides and the cover slips is created using strips of double-sided transparent 

tape, which creates a gap of ~0.13 mm. The edges are sealed using nail polish or a quick 

drying glue.  The experiment was observed using a Nikon DIAPHOT 300 microscope 

with Nikon PlanApo lenses including 40/0.70 and 100/1.40 Oil DM lenses with a 10X 

adaptor and the same Fujifilm camera as above. The solutions are introduced with a 

heated pipette onto the heated slides in order to prevent the solution from gelling prema-
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turely and are allowed to be drawn in by capillary force. It is helpful to offset the two mi-

croscope slides so that the top edge of the gel layer stops neatly along the shorter side. 

Then another piece of slide glass needs to be glued in to create a reservoir for the ammo-

nia solution.  The chamber rests horizontally on the microscope stage for viewing during 

the experiment.   

2.2  Construction of Eh-pH plots 

 The equations and thermodynamic constants used to construct the lines of the sta-

bility fields in the Pourbaix diagrams were taken from Genin et al., 1996, Genin et al., 

1998, and Refait, et al., 2003. (A list of the equations and a table of the constants are in-

cluded here in the Appendix [a sub-appendix within and at the end of this manuscript, 

which is Appendix C].) As discussed below, these diagrams served as the basis for inter-

preting the Eh-pH microelectrode data.  This method of data interpretation also provided 

a way to identify the chemical species that form the bands in situ.  It is very difficult to 

analyze these readily oxidizable materials and ex situ attempts to do so were inconclusive 

regarding the identity of the materials. 

 

3. Results and Discussion 

3.1  The Fe(II) System 

 A number of preliminary studies of banded patterns were done within test tubes. 

Some examples of these patterns, the conditions giving rise to them, and general observa-

tions are included in Figure 2. Later, the systems were studied more quantitatively using 

the larger flat experimental system fitted with the Eh and pH microelectrodes as de-
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scribed above. Photographs of the precipitation were taken simultaneously so that the re-

corded values could be matched closely with the visual changes.  A sequence of images 

showing the development of the pattern that forms in the all-Fe(II) system is presented in 

Figure 3.  In frame 3a, it is possible to see the position of the two pH and one Eh micro-

electrodes in the ferrous sulfate-agar gel.  In the next frame the precipitation of iron min-

erals has begun as the aqua ammonia solution diffuses from left to right. In frame 3c, the 

differentiation of the iron precipitates begins to be seen with a transparent green zone ap-

pearing at the leading edge on the right, followed by a white layer to the immediate left, 

and finally a bluish gray area on the far left. The white layer is likely ferrous hydroxide as 

discussed below.  The leading transparent green zone is likely colored due to formation of 

iron containing complexes.  This dark green ‘haze’ layer grows increasingly thicker as the 

diffusion of ammonia proceeds down through the gel. However, even under 1000x mag-

nification using light microscopy, no particles can be seen nor are there any diffraction 

patterns, which would indicate the presence of particles too small to be seen directly. In 

frame 3e the white layer becomes more distinct and it also becomes apparent that it is 

immediately followed by a dark zone in which the bands seem to be obscured. In 3g the 

white band differentiates into approximately three sub-bands separated by gaps. By 3i the 

differentiation of the bluish gray area into bands becomes noticeable. It might be thought 

that this banding pattern is the same pattern that is ‘laid down’ by the white bands and is 

now seen again after emerging from the dark, obscuring zone that shadows the white 

bands. However, careful observation reveals that the pattern in the bluish gray zone is ac-

tually reversed, that is, as in a photographic negative the contrast is opposite to that 
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formed by the thin, bright white bands.  This can barely be seen in this sequence by pick-

ing out a distinguishable point in the pattern of white bands and comparing it with the 

banding pattern re-emerging after the dark zone has passed. For example, notice the small 

section of a white band in 3l (arrow). This same section is seen again in 3n (arrow), but it 

is now dark with lighter bands on each side.  

This ‘contrast reversal’ becomes obvious at higher magnification using light micros-

copy in an experiment performed within the small chamber created over a microscope 

slide. In Figure 4, the same sequential change in the band-and-gap pattern as was shown 

for the experiment described in Figure 3 is shown at 40x magnification. The ammonia so-

lution is again diffusing in from the left and moving to the right, though here precipitation 

of the white bands has already started. In 4a, two white bands have formed but being 

backlit they appear dark. The green haze which comprises the background in these im-

ages appears yellow in transmitted light.  In 4b, a new band is forming on the right while 

a second, more coarsely granular material is beginning to precipitate in the gap on the far 

left. In 4c, the new band is heavier as is the granular precipitation appearing on the left. 

Notice, however, that the band on the left is dissolving. In 4d it is almost completely gone 

and the granular precipitation is replacing it as well as beginning to form in the next gap 

to the right. In 4e the band is gone and the next band to the right is now also beginning to 

dissolve. By 4f it is almost gone too and where the band on the right had been there is 

now a lighter area in between the heavy granular precipitation. In 4g, the band on the left 

that came in above is now disappearing. By 4h the granular precipitate has almost com-

pletely replaced the finer material of the bands throughout the frame and has formed a 
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pattern of light and heavy precipitation that reverses the contrast of the bands seen above. 

In Figure 5, we see this replacement of the bands by the coarser precipitate at higher 

magnification (400x). In 5a, the image is of a section of the ferrous sulfate solution in 

agar gel before the precipitation of the finer material that forms the white bands. In 5b, 

the precipitation begins and in 5c it is heavy.  In 5d the precipitation is complete and we 

are seeing the truncated end of a white band, that is, where there is a band discontinuity 

and offset between bands as in the section pointed out in Fig. 3l.  In 5e, the band is dis-

solving and the precipitation of the second, more coarsely granular material has begun. 

This is the dark, ‘obscuring zone’ that occurs during the transition from white bands to 

the pattern of light and heavy precipitation of the second, more granular material which 

in effect reverses the contrast. In 5f, the larger, globular clusters are growing and the band 

material is almost completely dissolved. In 5g, the transition is complete and the band is 

gone.  This phenomenon we call ‘contrast reversal’ is one of the more striking features of 

the patterns generated in these iron systems. 

Now, let us follow the pattern formation not by tracking the proton concentration and 

reduction potential of the system using pH and Eh microelectrodes which are fixed at one 

position in the gel as can be seen in the images of Figure 3.  The Eh and pH are recorded 

separately once per second as the ammonia front moves through the gel.  In Figure 6, the 

plot shows Eh as a function of pH as well as separate Eh and pH data as a function of 

time in the inset. This track was recorded for the precipitation pattern shown in Figure 3 

and key points on the track are identified with a letter corresponding to the Figure 3 im-

age label.  At the beginning of the experiment the measured Eh (0.46V) and pH (2.6) cor-
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respond to the ferrous sulfate solution prior to contact with the ammonia solution.  As-

suming the redox potential is controlled by the Fe2+/Fe3+ equilibrium a calculation based 

on the Nernst equation gives an initial Fe2+/Fe3+ ratio of  ~442 indicating some iron oxi-

dation has occurred in the process of setting up the experiment.  As the ammonia solution 

diffuses through the gel, overall the Eh decreases and the pH increases.  It is difficult to 

assign an exact time for contact of the ammonia front with the microelectrodes but at ap-

proximately 640 minutes (label g) the pH increases slightly and the Eh begins to drop.  

Since at this point no precipitation products are detectable (see Figure 3g) it is reasonable 

to assume that changes in Eh are due to changes in iron speciation.  The Fe3+ concentra-

tion is low as noted above and any reduction in free Fe3+ will lead to a significant drop in 

Eh.  The Fe3+ concentration can be reduced by the formation of Fe3+ hydrolysis com-

plexes such as FeOH2+ (Stumm and Morgan, pp. 453) or by the reduction of Fe3+ to Fe2+.  

The initial slight decrease in Eh from 0.46V to 0.44V with increasing pH is likely due to 

the formation of FeOH2+ complexes as can be predicted by a straightforward equilibrium 

calculation.  When the pH reaches ~2.8 there is a steep drop in Eh which far exceeds any 

prediction based on Fe3+ hydrolysis.  This is most likely due to a reduction of Fe3+ to 

Fe2+.  At this low pH the primary diffusing nitrogen species is ammonium.  It is possible 

that NH4
+ is oxidized while Fe3+ is reduced.  The amount of Fe3+ in the system is very 

small so this would require only a small amount of NH4
+ oxidation. Additionally, it is 

likely that as the Fe3+ concentration decreases to trace amounts that the Eh microelec-

trode reaches the limit of detection of the Fe3+/Fe2+ couple.  As the Eh decreases the water 

stability line is approached. Water acts as a redox buffer and prevents further redox po-
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tential decrease by consuming electrons and producing hydrogen gas.  The slope of the 

Eh-pH track follows the slope of the water stability line and bubbles are observed in the 

gel before any obvious color change is observed.  The reduction of water necessarily 

must be accompanied by an oxidation reaction, i.e. the oxidation of Fe2+ to Fe3+.  As the 

pH increases from about 4 to 7 there is only a slight decrease in redox potential suggest-

ing little change in the relative amounts of Fe2+ and Fe3+ species.  At pH 7.3 (label i) the 

green haze front is in contact with the microelectrodes (see Figure 3i).  The green haze is 

likely due to the pH dependent formation of Fe2+/Fe3+ hydroxide complexes which are 

possible green rust precursors.   

The formation of ferrous ammine complexes ([Fe(II)(NH3)x]
+2, which are also 

known to be green (Watt and Jenkins, 1953), cannot be ruled out. However, it seems less 

likely that the green haze is due to ferrous ammines because they are not expected at this 

pH (~7) and Eh (~ -0.2 V) (Osseo-Assare, 1981), whereas green rust is expected (Fig. 6) 

(Genin, et al., 1996; Refait, et al., 2003). As the pH increases from 7.3 to ~9 the redox po-

tential drops as green rust complexes are formed and available Fe3+ is consumed.  At a 

pH of approximately 9.1 and Eh of -0.54V the white bands contact the microelectrodes.  

This is also exactly at the point where the system enters the stability field of ferrous hy-

droxide (Fe(OH)2), the so-called ‘white rust.  This is again near the water stability line 

and hydrogen gas should be produced.  Bubbles in the system were observed.  The ac-

companying oxidation of Fe2+ to Fe3+ serves to slow the redox potential decrease and ul-

timately increase the redox potential and drive the formation of the second banded pre-

cipitation product which appears where there were gaps in the initial pattern as described 
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above.  The contrast reversal begins at a pH of ~ 10.0 on the white rust/green rust stabil-

ity border and is completed at pH ~10.6 and Eh ~ -0.51V.   

The second precipitation product is likely green rust or a related species but this has 

not been directly confirmed.  Another possibility is that it is ferrous hexaammine sulfate, 

Fe(NH3)6SO4, since ammine complexes of Fe(II) are reported to dominate around pH 9.3 

and below an Eh of 0.0V (Osseo-Asare, 1981). Unfortunately, we cannot find any ther-

modynamic data on the solid precipitates of ferrous hexaammine species, though work 

has been done on the process of Werner transition metal ammine complexation (Mironov 

et al., 1994; Stupko et al., 1998).  As far as we can determine, only ferrous hexaammine 

bromide, Fe(NH3)6Br, has been described in the literature and it is a green complex that 

precipitates as a bluish gray crystalline solid (Watt and Jenkins, 1953; Hawker and 

Twigg, 1998).  Some characterization of metal hexaammine with halogen anions has been 

done (Sacconi et al., 1964). White rust is a common initial product of the corrosion of fer-

rous metals, but it is highly unstable and very easily oxidized, so under environmental 

conditions it is quickly replaced by metastable transition species like green rust (Fe(II)4 

Fe(III)2(OH)12A¯ •nH2O, where A is the anion sulfate, carbonate, or chloride) and subse-

quently by more stable oxides like black magnetite (Fe3O4) or oxyhydroxides like orange 

lepidocrocite (FeOOH), depending on conditions (Genin et al., 1996).  In fact, because of 

its extreme sensitivity to oxidation and pyrophoric behavior, white rust is very difficult to 

study (Lutz et al., 1994; Parise et al., 2000).   

Using light microscopy we observe that the smaller, finer particles of ferrous hydrox-

ide dissolve away while the larger, globular particles of the new species grow (Figures 4 
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and 5). At higher magnification (1000X with oil), we see that the precipitated particles of 

ferrous hydroxide appears to be spindle-shaped while the new species is apparently 

spherical (Figure 7a). Using SEM in ‘environmental mode’ (with water vapor and no 

vacuum), we observe that the crystalline clusters of the second species embedded in the 

surface of the gel are indeed in the form of rounded masses of flat plates (Figure 7b, I). 

This is similar to the ‘honeycomb’ clusters frequently seen for fast precipitations of green 

rust in loosely aggregated flocculated masses (Figure 7b, II). Due to the bright white 

color of the first bands (especially at the higher concentrations used) and their appearance 

exactly at the point which the microelectrodes record Eh and pH values for the boundary 

of the stability field for ferrous hydroxide, we are confident in concluding that this first, 

banded precipitate is in fact ferrous hydroxide. But the identification of the second, more 

oxidized precipitate(s)—we see a range of colors including off-white, gray, green, and 

bluish depending on conditions—is problematic. Though this variability reflects what has 

been commonly reported about the oxidation products of Fe(OH)2. For example, Olowe 

and Genin (1991) describe several “intermediate compounds” besides green rust resulting 

from the oxidation of ferrous hydroxide including ‘ferrous hydroxide sulfate’ 

(4Fe(OH)2,FeSO4,nH2O) and two ferrous oxyhydroxide species, FeOm(OH)3–2m and 

Fe(OH)2FeO(OH)3–2m. Whatever they are exactly, these crystalline clusters then grow 

while the ferrous hydroxide crystals dissolve due to the greater stability of  the second 

species within this pH and Eh range (>9.3 and < -0.5V). The released Fe(II) feeds the 

new species though it is unknown if all of the iron dissolving out of the white rust is 

taken up by the new species.  
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It is important to note that the new species does not grow on the dissolving particles 

of ferrous hydroxide. Rather than a dissolution-reprecipitation process between closely 

related species, where the second species grows on the first, this is apparently a kind of 

Ostwald ripening, which more typically occurs among crystals of different sizes but 

where all are of one species. The low nucleation energy on the surfaces of the larger par-

ticles favors continued growth while the smaller particles are unstable within the increas-

ingly undersaturated solution (as precipitation continues on the larger particles and ionic 

concentrations drop). In other words, the system is on ‘both sides’ of the solubility prod-

uct for the solids, with the larger particles favored and the smaller particles not favored. 

In this case, though the crystals of the second, replacing species are larger, it is likely that 

the overall greater stability of this species in high concentrations of ammonia is the pri-

mary reason its crystals grow at the expense of the ferrous hydroxide. 

3.2 The Fe(II)/Fe(III) System 

In Figure 8, a set of patterns are shown that formed at different Fe(II)/Fe(III) ratios. 

As can be seen, at 4 ≤ Fe(II)/Fe(III) ≤ 7,Liesegang patterns of white bands form against a 

background of another, black precipitate. From a ratio of 4 to 9, it can be seen that there 

is a trend from discrete, widely separated bands to continuous precipitation, which ap-

pears as a gray haze over the black background from the apparent mixing of white and 

black precipitates. When Fe(II)/Fe(III) = ~ 3, there is only a limited layer of grayish haze 

and at ratios less than that no visible secondary species is evident and there is only con-

tinuous black precipitation. When Fe(II)/Fe(III) ≥ ~10, the gray haze of the white precipi-

tation over the black is continuous throughout the length of a standard test tube. At 
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Fe(II)/Fe(III) = 7, the break from continuous precipitation to bands is clearly evident and 

note that the bands are almost equally spaced. This is a somewhat ‘exaggerated’ Liese-

gang pattern in that there is a pronounced continuous phase and then an abrupt and dra-

matic change to widely separated bands. This kind of patterning has been called a “mixed 

growth mode” and has been theoretically modeled by Lebedeva, Vlachos, and Tsapatsis 

(2004a and 2004b) using bifurcation analysis that has been developed from combustion 

dynamics. 

Magnetite, which is jet black, was expected in this system because of its well-known 

propensity to form in mixed solutions of Fe(II) and Fe(III), especially when Fe(II)/Fe(III) 

= ~2 (Cornell and Schwertmann, 2003). But again, we also see bright white bands, appar-

ently white rust, which was not expected because magnetite (Fe(II)Fe(III)2O4), a mixed-

valence species that is favored at high pH and low Eh, should be the exclusively stable 

precipitate in a mixed solution of Fe(II) and Fe(III) sulfate infused with ammonia. In-

deed, Refait, et al. (2003) state that “as due to the great stability of magnetite, the domain 

of existence [on the pH-Eh diagram] of Fe(OH)2 vanishes.” According to their thermody-

namic calculations, ferrous hydroxide or white rust retains only the thinnest possibility of 

a metastable existence in a highly reduced zone beneath the lower borderline of magnet-

ite with metallic iron.  

A sequence of images recording the pattern that forms in the mixed system, with 

Fe(II)/Fe(III) = 4, is shown in Figure 9.  In 9a, the precipitation of black magnetite has 

begun and the pH and Eh electrodes can be seen while the reference electrode is out of 

the frame to the right. Again, the aqua ammonia solution is diffusing from left to right. In 
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9c the first band of white rust appears, in 9d the second, and in 9e the third, though this 

last one is deformed. It dips (9f), branches (9g), and then another truncated band grows 

right over the Eh electrode (9h-i). In the remaining frames two more thicker but broken 

bands form. At Fe(II)/Fe(III) = 4, it is typical to see breaks and other aberrations in the 

bands (as in Fig. 8), but there is no initial zone of continuous precipitation. The first band 

forms suddenly amidst the magnetite and the next bands are widely spaced, thicker, and 

more densely white. But they are apparently unstable and the pattern breaks up after only 

a few bands. At higher ratios of Fe(II)/Fe(III), where there is an initial zone of continuous 

precipitation, the subsequent bands are more closely spaced and the pattern is more stable 

further down into the gel though it does eventually become blurry and distorted. How-

ever, it is noteworthy that white rust appears so distinctly in discrete bands after what was 

just noted about the tendency of magnetite to exclude it. Yet, despite this white rust can 

precipitate as a relatively short run of sharp bands in a Liesegang pattern and remain for 

weeks. After months they darken to a greenish gray and become less distinct. 

In Figure 10, the pH-Eh track of the mixed system pictured in Figure 9 is plotted on 

a Pourbaix diagram that includes the large magnetite stability field described by Refait et 

al. (2003) as well as the meta-stable border between magnetite and white rust that exists 

only as a line beneath the border between magnetite and metallic iron.  This would seem 

to be merely a theoretical existence, but the pH-Eh track is shown finding its way down 

to this line and it is at this point that the white rust band precipitates around the elec-

trodes. The black front of magnetite precipitation also crosses the electrodes as they re-

cord a pH and Eh right on the edge of its stability field. Therefore, despite the extreme 
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redox instability of white rust this technique of tracking the Eh and pH of the chemical 

system provides a quite accurate method of identifying the ephemeral species involved as 

they precipitate around the electrodes. No other ex situ method would likely be as effec-

tive.  

 

3.3 General Discussion 

 In the all-Fe(II) system discussed previously, white rust, a very unstable species, 

dissolves within minutes when conditions favor the precipitation of the second more oxi-

dized species, which is apparently stable only under conditions of high pH and low Eh. 

Despite its very narrow range of metastability in the mixed Fe(II)/Fe(III) system, reduced 

to a mere line between Fe0 and magnetite, it precipitates in sharp, clear bands. But it is 

the formation of the ferrous hydroxide precipitation into another type of Liesegang pat-

tern that is more relevant here than its appearance alone. That is, what is the difference 

between the all-Fe(II) system and the mixed Fe(II)/Fe(III) system that causes white rust 

to precipitate in such dissimilar patterns in each? What is the difference between the pre-

cipitation of magnetite and the precipitation of white rust in the mixed system that ex-

plains why the former remains continuous and the latter can begin continuously and then 

becomes periodic? These striking differences between the pattern formation in such two 

closely related chemical systems and between such closely related species of precipitates 

within one system bring the fundamental questions of the controversial topic of self-

organized Liesegang patterns into the sharpest possible focus. In recent decades, much of 

the literature has focused almost exclusively on generalized mathematical models with 
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minimal investigation of the chemical mechanisms. Again, we suggest that it is close, 

analytical observation of the more unusual systems, including the iron systems reported 

here, that may open a new perspective on this recalcitrant problem. In this we are in total 

agreement with Sultan and Msharrafieh (2005) who encourage “a deep analysis of the 

experimental observations,” especially regarding “special features” that challenge theory, 

as a means of attaining greater understanding of such self-organizing systems.  

In the Fe(II)/Fe(III) system, both magnetite and white rust must rely on the diffusing 

hydroxide supply for their anions. The white rust uses them directly while the magnetite 

must deprotonate (shed hydrogens) as it forms its more complex reverse spinel crystalline 

structure. Whatever the difference(s) in precipitation mechanisms, it is the difference in 

precipitation rates that is critical. It seems reasonable to consider that if magnetite pre-

cipitation is slower, less hydroxide is tied up as supersaturation is reached and nucleation 

begins. Also, for the same reason less Fe(II)/Fe(III) diffuses upward into the precipitation 

zone and the concentration gradient of Fe(II)/Fe(III) below the precipitation zone is not 

steep enough to create a depleted zone. Put in a general way, when precipitation is more 

gradual (lower initial nucleation rates and/or longer overall precipitation times as local 

ions are more slowly used up) than that required for pattern formation, the diffusant’s 

front never stops moving and the concentration of the solute never drops below the super-

saturation level for that concentration of diffusant continually emerging from the precipi-

tation zone. Specifically for this system, enough hydroxide is continually diffusing into 

enough Fe(II) and Fe(III) with the result that supersaturation is continuously being 

reached downward through the gel and consequently magnetite precipitation is continu-
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ous. We have considered that there are significant differences between the diffusion of 

Fe(II) and Fe(III) but this has not been born out by experiment and if there was, we 

would expect to see another species precipitating below the magnetite front, either green 

rust or goethite depending on which ion predominated. 

However, it is more difficult to explain why the white rust precipitation is not con-

tinuous, especially when it begins continuously and then breaks into widely separated 

(~1cm) bands. It is surprising that there could be such a great and sudden change when 

the concentration gradient of the diffusant, ammonium hydroxide, presumably is chang-

ing smoothly and gradually with time. At the depth of the microelectrodes (30 mm), the 

banding pattern has begun though of course the important local concentration gradient of 

Fe(II) in the vicinity of the precipitation front is not being measured. Nevertheless, we 

observe something interesting and suggestive in the data. In both systems, all-Fe(II) and 

mixed Fe(II)/Fe(III), the Eh/pH track dips into the stability field for white rust, Fe(OH)2, 

and then quickly comes back up and out of it. In the Fe(II)/Fe(III) system, the track enters 

into the field for magnetite then gradually sinks down through it before returning and re-

maining. In the all-Fe(II) system, the track plunges through the field of green rust (though 

is limited by very low Fe(III)), dips into the white rust region, then re-enters and stops 

within the apparent domain of the second, more oxidized species. This point is within the 

known green rust domain and is either some variety of green rust or some intermediate 

species between white and green rust. Could this brief ‘dipping’ of the Eh/pH track into 

the stability field of Fe(OH)2 help explain why it forms Liesegang patterns? That is, is 

there something self-inhibiting about its formation that drives the local Eh up out of its 
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own stability field? This may well be a result of its tendency to quickly oxidize even in 

water that was mentioned earlier. It is not clear what else could possibly be reversing the 

Eh trend. If the precipitated particles do oxidize, becoming less of a reducing electron 

source for the local environment so that the Eh is driven up across the border of its own 

field, then we have another parameter besides changing concentration gradients and front 

velocities to add to any attempt to model these iron systems. For even if the hydroxide 

and Fe(II) concentrations are high enough to reach supersaturation immediately next to 

the band, precipitation of Fe(OH)2 would not occur within this higher Eh zone. Instead, 

either magnetite or a green rust-type species again would be favored. This apparently is 

an example of a self-limiting redox-based precipitation system, which has not been re-

ported before.   

 

3.4 Summary and Concluding Remarks 

We see in these iron systems that multiple, competing chemical reactions are taking 

place simultaneously. In the all-Fe(II) system we observe green rust-type complexation 

that apparently does not lead directly to precipitation before white rust reaches supersatu-

ration and densely precipitates into sharp bands only to dissolve away while a second, 

more oxidized species crystallizes starting in the gaps according to a kind of cross-

species Ostwald ripening. It would seem appropriate here to attempt a mathematical de-

scription of this system using an approach that includes both nucleation of small particles 

and their subsequent growth into larger particles as Al-Ghoul and Sultan (2001) do by 

building on the model of Müller and Polezhaev (1994).  Arguments based on a strict ad-
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herence to either pattern formation via supersaturation—nucleation or to secondary, com-

petitive particle growth appear inappropriately limited in the face of such complexity. In 

the mixed Fe(II)/Fe(III) system we observe distinct bands of white rust amidst magnetite 

as well as the formation of an unusually widely spaced pattern abruptly following con-

tinuous precipitation. In both systems, the sudden increase in Eh just as the white rust 

bands first form indicates that it is oxidizing, as it is reported to do, and therefore is 

changing the local conditions in such a way that inhibits its own further precipitation. 

This dynamic redox process would need to be incorporated into a model of these systems, 

yet another unexpected parameter that adds to the continuing chemical and visual rich-

ness of Liesegang patterns. 
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Appendix 

List of Thermodynamic Equations and Constants Used to Calculate Pourbaix Dia-

grams 

(from Genin et al., 1996, Genin, et al., 1998 and Refait, et al., 2003) 

 
H2 ↔ 2H+ + 2e-  
Eh = 0.000-0.0591pH 
 
Fe2+ + H2O ↔ FeOH+ + H+  
8.98 = log [Fe2+] - log [FeOH+] + pH  
 
Fe + 2H2O ↔ Fe(OH)2 + 2H+ + 2e-  
Eh = 0.79-0.0591 log [FeOH+] + 0.0591 log [Fe(OH)2

+] - 0.0591pH  
 
6Fe(OH)2 + SO4

2- ↔ Fe6(OH)12SO4 + 2e-  
Eh = -0.57-0.0296 log [SO4

2-]  
 
6Fe + SO4

2- + 12H2O ↔ Fe6(OH)12SO4 + 12H+ + 14e-  
Eh = -0.15-0.0042 log [SO4

2-] - 0.0507pH  
 
Fe(OH)2 ↔ FeOOH + H+ + e- 
Eh = E0 - 0.0591pH, with E0 = 0.097 and 0.197 V for - and -FeOOH, respectively  
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Fe2+ + 2H2O ↔ Fe(OH)2 + 2H+  
Eh = -0.474 + 0.0296 log [Fe2+]  
 
Fe ↔ Fe2+ + 2e-  
Eh = 0.59 + 0.0148 log [SO4

2-] - 0.0887pH  
 
Fe6(OH)12SO4 ↔ 6 -FeOOH + SO4

2- + 6H+ + 4e-  
Eh = 0.59 + 0.0148 log [SO4

2-] - 0.0887pH 
 
6Fe2+ + SO4

2- + 12H2O ↔ Fe6(OH)12SO4 + 12H++ 2e-  
Eh = 1.78-0.1773 log [Fe2+] - 0.0296 log [SO4

2-] - 0.3546pH  
 
Fe + H2O ↔ FeOH+ + H+ + 2e-  
Eh = -0.21 + 0.0296 log [FeOH+] - 0.0296pH  
 
Fe2+ + 2H2O ↔ FeOOH + 3H+ + e-  
Eh = E0 - 0.0591 log [Fe2+] - 0.1773pH, with E0 = 0.89 and 0.99 V for - and -FeOOH 
 
The following equations apply to the mixed Fe(II)/Fe(III) system; see Refait, et al., 2003, 
pp. 672-675 for a discussion of the special conditions related to precipitation in this sys-
tem. 
 
3Fe(OH)2 ↔ Fe3O4 + 2H2O +2H+ + 2e− 
Eh = −0.1 −  0.0591 pH 
 
3Fe + 4H2O ↔ Fe3O4 + 8H+ + 8e− 
Eh = −0.086−0.0591 pH 
 
3Fe2+ + 4H2O ↔ Fe3O4 + 8H+ + 2e− 
Eh = 1.077 − 0.0887 log[Fe2+] − 0.2364 pH  
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Thermodynamic Constants Used for Calculations 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

Species Fe  valency ∆Gf (kJ mol-1) 

-Fe 0 0 

Fe(OH)2 +2 -490 

FeII4Fe
III
2(OH)12SO4 +2.33 -3790 

-FeOOH +3 -470.7 

-FeOOH +3 -486.2 

Fe3O4 +2.66 -1015.4 

H2O  -237.13 
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Fig. 1a  Schematic diagram of the experimental chamber for measuring pH 
and Eh. The glass panes are sealed to the acrylic frame with silicone grease. 
With the electrodes already in place, the hot FeSO4 gel solution is carefully 
and slowly poured in down a thin glass rod to prevent bubbles or splashing to 
a level 30mm above the electrodes. It is allowed to cool and congeal for at 
least an hour. Then the aqua ammonia solution is introduced over it in the 
same way. The open top is sealed using a strip of soft putty. Data collection 
begins with addition of aqua ammonia and continues until all precipitation 
fronts have passed the measuring electrodes.   
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Fig. 1b  Schematic diagram of the ‘micro-chamber’ for light microscopy of pat-
terns and formation/dissolution of precipitates. Double-sided tape strips act as 
spacers between the microscope slide base and the cover slips on top.  The thin 
~0.13 mm gaps thus created are filled with the FeSO4 gel solution below and, 
later, the aqua ammonia solution above. The small cover slip is placed after the 
lower section is filled with gel and it overlaps the larger cover slip. The edges of 
this laminated sandwich are sealed with a fast-drying sealant such as nail polish.  
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Figure 2a.  Liesegang ring patterns in test tubes prepared with ferrous sulfate 
concentrations. Left to right: 0.5M, 0.4M, 0.3M, 0.2M, 0.1M, and 0.05M.  This 
image was taken 11 days after the beginning of the experiment and the ammo-
nia front has moved completely through the gels.   
 
 
 

 

                                                                           
    

Figure 2b.  Close-up views of Liesegang bands in test tubes. These were pro-
duced with ferrous sulfate solutions in agar gel of 0.15M (leftmost tube in each 
image) and 0.16M (rightmost tube in each image).  Pattern formation is shown 2 
days (left image) and 5 days (right image) after the beginning of the experiment. 
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Figure 3.  A sequence of images of the pattern forming in the all Fe(II) sys-
tem. The Eh and the two pH electrodes are as indicated. The Eh and second 
pH electrode are at 30mm depth in the gel with the reference electrode further 
below out of sight. Images were taken automatically every 10 minutes and 
these 14 were chosen from the total of 265 images recorded over the 44 hour 
and 10 minute run to illustrate the general development of the pattern and to 
indicate the points at which the three species crossed the lower two elec-
trodes. The aqua ammonia solution is diffusing from left to right. The times at 
which these images were recorded are as follows (in minutes): a) immediately 
upon introducing the ammonia solution; b) 40; c) 80; d) 160; e) 280; f) 440; 
g) 640; h) 920; i) 1,220; j) 1,520; k) 1,600; l) 1,840; m) 2,100; n) 2,560. The 
yellow line indicates the position of the Eh and second pH electrodes after the 
opaque precipitate has obscured them from view. See text for detailed expla-
nation of this sequence. See Fig. 2 for the plot of the Eh and pH (from lower 
pH electrode) values recorded during this run. 
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Figure 4.  A sequence of images of the 
pattern forming in the all-Fe(II) system 
using light microscopy at 40x magnifi-
cation. The gelled ferrous sulfate solu-
tion fills the gap between two micro-
scope slides of ~0.13mm thickness 
(See Fig. 1b). The 17M aqua ammonia 
solution is diffusing from left to right. 
The first bands that precipitate subse-
quently redissolve and are replaced by 
coarser particulates. This second spe-
cies precipitates and grows most 
densely in the gaps between the origi-
nal bands and thus reverses the con-
trast. Lighting is from below so the 
particulates and the bands they form 
are dark, though the first bands are 
white in reflected light and the second 
species is bluish gray. Images a—f 
were taken 32 minutes apart. There was 
a 48 minute gap between f and g. See 
text for a detailed discussion of the 
process. 
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Figure 5. A sequence of images of the 
same pattern formation depicted in Fig. 4, 
only at 400x magnification.  Here the pre-
cipitation of the first species, its dissolu-
tion, and its replacement by the second 
species is seen at the truncated end of one 
band. That is, the discontinuous end of a 
band of the type seen in Fig. 2a is roughly 
in the center of the image and is seen most 
clearly in 3d.  Again, the aqua ammonia 
solution is diffusing from left to right. The 
differences in the size and shape of the 
two species of precipitates is clearly seen.  
The time in minutes when these images 
were recorded, with (a) at 0, is: b) 47; c) 
107; d) 287; e) 407; f) 452; g) 527.  These 
images were selected for most clearly 
demonstrating the progression in the least 
amount of space. See text for a more de-
tailed description of this process. 

10µm 



 151 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

2 3 4 5 6 7 8 9 10 11

pH

E
h
 (

V
)

-2

0

2

4

6

8

10

12

0 1000 2000

time (min)

p
H

 o
r 

E
h
*1

0
+

5

l 

h 

k 
j 

i 

g 

GR2 

Fe+2 

Fe(OH)2 

H2 / H2O 

α- FeOOH 

Fe0 

Fig. 6.  The Eh-pH track of the Fe(II) system across a Pourbaix dia-
gram of the stability fields for the relevant species. The inset  shows    
the Eh and pH changes separately as a function of time. The labeled 
points on the line correspond to the labeled images in Fig. 3. For exam-
ple, at point ‘k’ the Eh-pH line is just inside the stability field for 
Fe(OH)2 and at image ‘k’ in Fig. 3 we see that the white, banded pre-
cipitate has just reached the electrodes. At point ‘l’ the dark ‘obscuring 
zone’ has reached the electrodes and Eh-pH line is leaving the Fe(OH)2 
field. This transition from the first to the second precipitate is more 
clearly shown in Figs. 4 and 5. At point ‘m’ the transition is complete 
and the light-and-dark contrast between bands and gaps has now been 
reversed. This is because the new precipitate has filled-in the gaps more 
heavily than within the bands of the Fe(OH)2.  Compare image ‘h’ with 
image ‘c’ in Fig. 4. 
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Figure 7a. Light microscopy at 
1000X of the two precipitates: (I), the 
first precipitate, ferrous hydroxide; 
(II), the transition stage to the forma-
tion of the second precipitate; and 
(III), the second precipitate after the 
ferrous hydroxide has completely 
dissolved. Note the spindle shape of 
the ferrous hydroxide and the spheri-
cal shape of the second precipitate. 
The field of view does not change 
through the three frames. The images 
are not clear due to the extremely 
shallow depth of field and the refrac-
tion around the particles, but the ba-
sic differences in morphology are 
evident.    

                                                    I                                                   II 

 
Figure 7b. SEM images: I) at 8,000X of the second precipitate exposed on 
the surface of the gel; II) at 8,000X of a green rust sulfate floc.  

1 µm 1 µm 
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Figure 8. An array of test tubes demonstrating the range of patterns generated in 
the Fe(II)/Fe(III) sulfate system in agar gel. Numbers on tubes = Fe(II)/Fe(III). 
The diffusant in each tube was 17M aqua ammonia and all were started within 
several seconds of each other.  
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Figure 9.  A sequence of images of the pattern forming in the Fe(II)/Fe(III) sys-
tem. The Eh and the pH electrodes are as indicated and are located at 30mm depth 
in the gel with the reference electrode further to the right out of sight. Images were 
taken automatically every 10 minutes for the majority of the run, then every 30 
minutes, and finally every hour. These 14 were chosen from the total of 260 im-
ages recorded over the 58 hour run to illustrate the general development of the pat-
tern and to indicate the points at which the two species of precipitates crossed the 
electrodes. The aqua ammonia solution is diffusing from left to right. The times at 
which these images were recorded are as follows (in minutes): a) 30; b) 480; c) 
680; d) 990; e) 1,460; f) 1,570; g) 1,630; h) 1,740; i) 1,940; j) 2,190; k) 2,310; l) 
2,610; m) 2,850; n) 3,480. The yellow line in ‘i’ indicates the position of the elec-
trodes. See text for detailed explanation of this sequence. See Fig. 10 for the plot 
of the Eh and pH values recorded during this run. 
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Fe(II)/Fe(III) sulfate-Ammonia-Agar System
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Fig. 10  An Eh-pH track of the mixed Fe(II)/Fe(III) system shown in Fig. 9.  The point 
labeled ‘e’ corresponds to the image labeled the same in Fig. 9 and likewise with  
point ‘i’.  The white band that envelopes the Eh electrode at ‘i’ occurs at the lowest Eh 
value recorded and on the stability line for Fe(OH)2 that exists narrowly between the 
stability fields of Fe0 and magnetite. Fe(II)/Fe(III) = 4 as in tube ‘4’ in Fig. 8.  
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Summary 

The oxidation of iron is commonly associated with the breakdown of cohesive structure 

at the surface of both ferrous metals (corrosion) and natural Fe(II) minerals such as oli-

vine (weathering). However, under certain conditions this process can strongly cement 

particles together. For example, large ‘concretions’ can form within decades around bur-

ied steel objects corroding in saturated sediments. Iron ‘cements,’ long used for industrial 

repair, are mixtures of iron or steel powder, corrosive salts and water that harden within 

hours through the sharing of oxygens between the surfaces of particles. Here I report on a 

novel type of iron-based cementation process in which oxide formation is blocked by ad-

sorbed silica but acidic dissolution and carbonate precipitation still readily occur upon 

exposure to CO2. Optimal cementation is promoted by oxalic acid, catalyzed by calcium 

carbonate, and stabilized by polymerizing oils. The product is a hybrid metal-mineral-

organic composite in which all three phases are strongly interbonded. This process may 

be of use for CO2 entrapment, heavy metal sequestration, and industrial waste aggrega-

tion. The hard, durable composite might find use as a structural building material or cor-

rosion resistant coating. 

 

Keywords: iron carbonate cement; iron powder; amorphous silica; siderite; hybrid com-

posite; CO2 entrapment; recycling industrial wastes 

 

Background information 

As a result of growing environmental problems, traditional industrial processes 
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are being improved so that they consume less material, generate less waste, and use less 

energy. Alternative methods are also being developed that go beyond greater efficiency 

and utilize wastes in new products that either break down toxic components or safely se-

quester them. This new approach, which is part of the vision known as “industrial ecol-

ogy,” seeks to complement established processes with secondary systems that transform 

waste streams into feed stocks. Ideally, “pollution” would be eliminated as recycling be-

comes completely integrated at all stages of a product’s ‘life cycle,’ from acquisition of 

raw materials to reuse of its parts or materials when it no longer functions (Manahan, 

1999). This ambitious goal has driven our work with solid wastes from open pit copper 

mines, coal-fired power plants, steel foundries, cement plants, and shot blasting facilities. 

We have attempted to bring together as many waste products as possible from these in-

dustries and others and chemically unite them in a hard aggregate that could be used in 

important applications.  

 This approach has been guided by natural diagenetic processes in which various 

iron minerals act as cementing agents for surrounding particles such as clay, silt, sand, 

and gravel. The cemented masses occur in a variety of forms including massive ‘laterite’ 

deposits (Aleva, 1994), layers of ‘ironstone’ (Mucke, 2006), formations of ‘ferricrete’ 

(Chan et al., 2000) and small, discrete ‘concretions,’ a term applied to both ancient—

including Martian—spheroids (Chan et al., 2004) as well as modern castes around steel 

corroding in saturated, tidal mudflats (Al-Agha et al. 1995). The most common cement-

ing agents in these formations are reported to be iron oxides such as goethite and hema-

tite, but can also include iron sulfides like pyrite (Allen, 2002), and the iron carbonate, 
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siderite (Seilacher, 2001). It is important to note that in all these cases some substantial 

amount of silica is always present, which may be of critical importance as we shall see 

later. The oxides occur in more highly oxidizing zones where there has been exposure to 

air while the sulfides typically form in continually saturated zones inhabited by sulfate-

reducing bacteria that produce H2S. Siderite (FeCO3) forms where both oxygen and hy-

drogen sulfide are not present or only in very low concentrations and where there is a 

high concentration of soluble carbon, which occurs within rich deposits of organic matter 

as found in swamps, peat bogs, and estuaries (Curtis et al., 1974). The stability field of 

siderite on a Pourbaix plot of Eh and pH sits roughly within a pH range of 5 to 10 and an 

Eh range of 0 to -500 mV (Krauskopf and Bird, 2003). This pH range covers the most 

common values in natural environments but the Eh range goes rather low and indeed is 

bordered on the low end by the stability field of metallic iron. This border is slightly be-

low the stability field of water where it is reduced to hydrogen gas and hydroxide ions, 

which therefore sets the usual lower limit of reduction potentials found naturally.  Such 

highly reducing conditions are generated by the presence of organic matter, specifically 

highly hydrogenated carbon like methane that can readily transfer electrons and is itself 

oxidized ultimately to CO2, again by bacteria. Metallic iron is thus not stable in natural 

environments. 

In industrial environments like oil and gas production facilities, carbon dioxide 

corrosion is a common and serious problem (Kermani and Morshed, 2003). It is impor-

tant to realize that no oxygen is necessary for this form of iron oxidation, which is ther-

modynamically favored at the conditions and concentrations typically present as well as 
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kinetically fast. Besides siderite, the cathodic products of the reaction can include the iron 

carbide cementite, FeC3, and the combination can form strongly adhering, abrasion resis-

tant protective films within pipes (Crolet, et al., 1998). Iron carbide alone is not protec-

tive of the steel surface against further oxidation because it is metallic, conductive, and 

not adherent. Iron carbonate, however, was found to be both strongly adherent and non-

conductive and is therefore protective. Here we see the first and perhaps the most impor-

tant evidence of the cementing power of iron carbonate or siderite as a layer on the sur-

face of metallic iron or steel. The formation of such layering has been studied using elec-

trochemical and other analytical techniques, which have revealed that it is promoted by 

low temperature (< 50C), high bicarbonate concentration (> 0.4 M), and a pH around 8.5 

– 9 (Legrand et al., 2000). Outside of these ranges other more oxidized species are fa-

vored, especially carbonate green rust (Fe(II)4Fe(III)2(OH)12CO3•nH2O) and goethite (α-

FeOOH). Further work using external current and a gold substrate was able to electro-

chemically deposit a thin layer of pure siderite in a solution of 0.1 M NaHCO3 and 0.01 

M FeCl2 at a pH of 8 and temperature of 25°C (Peulon et al., 2004).  The applied poten-

tial was fixed at -0.95 V with a measured potential of -0.50 V that produced a current 

density of 10 µA cm–2, too low for Fe(II) to be reduced to metallic iron. Using different 

solutions and conditions but the same basic electrochemical technique, pure layers of 

goethite, magnetite (Fe(II)Fe(III)2O4), and green rust were also able to be deposited.  

Most relevant here are the conditions for the deposition of carbonate green rust, which 

included a solution with the same concentration of FeCl2 as that for the deposition of 

siderite, the same temperature, and a similar current density of 12.7 µA cm–2. The appar-
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ent critical differences included a much higher concentration of NaHCO3 (0.4 M, yet this 

is also known to favor siderite), a somewhat higher measured potential of -0.62 V (the 

imposed potential was -0.57 V), and a higher pH of 8.9 (also within siderite’s range), 

which was buffered with 0.1 M 1-methyl-imidazole.  From this it can be concluded that 

in order for siderite alone to form there is a rather narrow window of parameters that the 

system must remain within. Once the more oxidized pathway through carbonate green 

rust has started it would be difficult to return to siderite since green rusts are metastable 

and readily transform to even more oxidized species like lepidocrocite (γ-FeOOH), and 

goethite (Legrand et al., 2004; Cornell and Schwertmann, 2003).   

In our experiments using iron powder, only siderite has proven to be a strong ce-

menting agent. The precipitation of any oxide during the curing process, its inclusion in 

the initial mix as a dry powder, or even the addition of any soluble Fe(II) or Fe(III) salt 

weakens the overall cementation and destabilizes the long-term curing process. This ce-

mentation process relies upon CO2 corrosion of metallic iron, not simply precipitation of 

ferrous carbonate. Oxidation can be effectively prevented by grinding the iron powder 

together with an amorphous silica such as glass or fly ash. Silica tetrahedra are known to 

strongly bind to the surface of Fe(III) oxides and evidently form Fe-O-Si bonds, prevent-

ing some other reactions (Pokrovski et al., 2003). However, the interactions between me-

tallic iron and aqueous silica are complex, not well understood, and even in controlled 

experiments can produce seemingly contradictory effects such as increasing the release of 

particulate iron into water yet decreasing long-term corrosion rates (Rushing et al., 2003). 

In nature, pure Fe(II) silicates such as greenalite (Fe(II)3Si2O5(OH)4) that form diageneti-
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cally at relatively low temperatures and pressures in water are rare since they are unstable 

in oxidizing surface environments. Even in pure laboratory syntheses of co-precipitated 

iron and silica at low temperatures, they tend to be poorly crystalline, metastable, variable 

in oxidation state, and complex in structure, thus are difficult to characterize (Mizutani et 

al., 1991). Hisingerite (Fe(III)2Si2O5(OH)4•2H2O), also seemingly rare though perhaps 

often missed (Farmer, 1992), is the only stable, pure Fe(III) phyllosilicate known and it is 

almost completely amorphous due to the curving structural deformations that must occur 

to balance the charges between the mismatched iron octahedral and silica tetrahedral 

sheets (Eggleton and Tilley, 1998). Incorporation of iron into the nearly ubiquitous alu-

mino-silicates, however, is common and in the case of kaolinite can even drive out 

enough aluminum and silica that it is transformed into another clay mineral species, 

berthierine (Bhattacharya, 1983; Fritz and Toth, 1997). In our own work we have seen the 

formation of crystalline but clay-like (non-cementing) silicate development starting with 

only amorphous glass and pure iron powder. After many wet/dry cycles and over several 

years at room temperature, the iron is completely transformed (loss of its original XRD 

peaks and no detectable ferromagnetism) yet no oxides have formed. The relation be-

tween iron and silica, both in nature and in the lab, is very complex and needs much fur-

ther work as many authorities have indicated (Rushing et al., 2003, Schwertmann, 1985). 

Here we simply acknowledge that though it inhibits oxide formation the hydrated iron-

silica interface of our siderite cementation process is itself irreducibly dynamic and inter-

reactive. 

Sample preparation 
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 Because the chemistry of the cementation process involves reactions on the sur-

faces of particles, interfacial gradients between them, and diffusion within the interstitial 

pore space, it is more complex than bulk solutions in which all reactants are initially fully 

soluble and completely mixed. It is also non-stoichiometric as is the chemistry of some 

components in Portland cement paste (Pellenq and Van Damme, 2004). That is, the same 

set of reactions will occur over a range of concentration ratios though to different levels 

of completion and with critical differences in overall cementation. For example, Fe0/SiO2 

by mass has been varied from 10 to 0.5 and siderite will form throughout. At the higher 

end, however, there is not enough silica to entirely prevent the formation of goethite, 

which as has been pointed out is not an effective cementing agent. At the lower end, there 

is so much silica between the iron particles that the siderite precipitation cannot fully 

form an extensive interstitial cementing matrix. Our primary method of determining the 

optimal concentration of all components has been compressive strength using an Instron 

3396 Materials Tester. Because we have as our goal the practical use of this material for 

making products we see overall cohesive aggregation as the most fundamental starting 

point in its development. 

 The critical main ingredient is powdered iron or steel, which is available in a wide 

variety of types classified by size, shape, hardness, surface texture, surface adsorbents, 

content (such as carbon, other metals, and contaminants), porosity or density, and means 

of production, which includes hydrogen-reduced ore, CO-reduced ore, electrodeposited 

powder, molten sprays atomized with steam or air, mechanically comminuted (reduced in 

size) scrap or virgin metal, and chemically precipitated (usually from iron carbonyl). Un-
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fortunately, this wide variety in material translates into significant differences in results, 

though none have failed to cause substantial cementation (>3,000 psi). We have explored 

many of these types including highly contaminated wastes such as machine shop cuttings, 

grinding dust, and spent steel abrasive, which has the subcategories of very fine “bag-

house dust” and coarser “separator discharge.” Spent steel abrasive is an interesting 

source because it is a widely available in industrial areas and has no current use, typically 

being too contaminated for recycling as scrap metal.  However, such waste from steel 

foundries is usually mixed only with carbon from the burnt-out organic binders of sand 

molds and fine silica from the sand itself, which are actually useful components for this 

cementation process. Though certainly the largest and most widespread source of cheap 

iron is scrap steel, but this must be comminuted in some way requiring further energy in-

put.  We have explored electrochemical dissolution of steel used as the anode in acidic 

ammonium sulfate/chloride baths (pH 2.2, 0.8 M Fe(II), 0.6 M SO4
=, 0.4 M Cl¯ , 30°C) 

with concomitant deposition of pure iron on the cathode (~6A/dm) in the hope that such a 

process might be made both economically feasible and environmentally benign when us-

ing solar cells as the DC power source. Hydrogen gas is generated as a by-product. The 

brittle deposit is broken off the steel cathode, crushed into granules, and ground in a 

small, rubber-lined ball mill using 2 cm diameter steel balls with 10% fly ash to protect it 

from oxidation. The powder is occasionally removed and passed through a #70 mesh 

sieve with the remainder returned to the mill.  The iron prepared in this way has out-

performed even very pure (99.99%), ultra-fine (≤10 µm) powders when used as supplied. 

As sources of silica we have experimented with powders of various types of 
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silicic acid, silica fume, silica gel, ground glass, ground quartz, and fly ash as well as so-

lutions of sodium silicate. For its overall good results, wide availability, and small, con-

sistent particle size we have focused on fly ash and specifically “Micron 3” as supplied 

by the BORAL Company, which is a low-calcium, Class F product of coal-burning elec-

trical power plants in the western U.S. 

Other minor dry ingredients include kaolinite clay as supplied by U.S. Silica Co., 

used for its beneficial effects of water retention yet reducing slump, oxalic acid (Aldrich) 

as a promoter, and calcium carbonate powder (Spectrum Chemicals) as a nucleating cata-

lyst.  The most successful composition found to date and that used for the samples char-

acterized here includes the iron powder/fly ash mix (21.0g), oxalic acid (0.5g), calcium 

carbonate (3.0g), kaolinite (2.5g), and fly ash (7.0g).  To the iron/fly ash mix each ingre-

dient is sequentially added, mixed and ground together in that order for approximately 

one minute in a hand mortar and pestle. To this dry mix, 6 ml of distilled water is added 

and stirred in, creating a paste with the consistency of firm modeling clay and allowed to 

slake for approximately 10 minutes. The paste is then packed into a mold made of a sec-

tion cut from an acrylic tube 1” in height and 1” inner diameter, as prescribed in standard 

ASTM method C 579-01 for mortars and similar materials. Approximately 5 g is added at 

a time and packed down with the flat end of an acrylic rod of 1 cm diameter until the 

mold is full. The object of the packing is to create a dense, uniform paste without air 

pockets or seams, but without so much jostling that water is brought to the surface. The 

exposed surfaces of the paste are smoothed down with a small trowel. The acrylic mold is 

taped edge to edge onto another piece of acrylic tube that acts as a guiding sleeve when it 
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is slid down over a vertical, nearly 1” diameter rod until the paste comes into contact with 

the flat end of the rod, which is covered with a 1.25” circle of plastic film. By pushing 

down on the acrylic assembly with a collar device that makes contact with the top outer 

edge of the mold, the rod acts like a piston and neatly pushes the cast paste up out of the 

smooth-sided mold.  The extruded paste cylinder now rests on top of the rod and can be 

slid off onto a flat surface by pulling the edge of the plastic layer under its base with 

tweezers. The cylinder of paste is then weighed and set on a flat C-shaped rubber washer 

(2 cm dia.) to keep the lower face slightly elevated in a shallow plastic dish. 

Before being removed from their molds, some samples have been exposed to a 

strong magnetic field. For this treatment, the exposed ends of the paste are covered with 

plastic film and sealed with electrical tape. A mold containing the paste is placed in line 

between the 10 cm diameter steel poles of an electromagnet and the adjustable gap closed 

until the mold is held firmly between the pole faces. In other words, the sealed flat ends 

of the cylindrical mold are abutting the pole faces. Our heavy duty, custom-made elec-

tromagnet is cooled internally with water from a 15C bath and 32 amps are run through 

the coils using a DC power supply to generate a uniform field of ~1 Tesla as measured 

with a F.W. Bell Gaussmeter, Model 6010.  The field is maintained for 5 minutes after 

which the paste retains a weak magnetic field of its own throughout the cure as evidenced 

by the movement of a compass needle when brought close.  

Once removed from their molds, samples are immediately placed in the curing 

chamber that is purged with pure CO2 gas and kept under constant positive pressure. The 

curing temperature is kept at 25°C for one day, increased to 35°C for another day, and 
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then increased to 45C for three days. During the final higher temperature cure the cham-

ber is opened daily and the samples are rewetted by soaking in distilled water until satu-

rated and the shallow dish in which they sit is filled with ~1 cm of water. This small res-

ervoir wicks up into the samples and keeps them wet, though they gradually lose water as 

it evaporates at this temperature even when the chamber is kept moist with open contain-

ers of water. The interstitial pore space of the paste must be saturated for the dissolution 

and precipitation reactions to occur. 

Once cured in this way, the somewhat porous samples are permeated with tung oil 

(Aldrich), a self-polymerizing, conjugated oil that is known to incorporate metal cations 

as cross-linking bridges between chains (Oyman, et al., 2005). Other oils have been 

tested including linseed oil (Aldrich), a non-conjugated self-polymerizing natural oil, and 

light mineral oil (Aldrich), a petroleum distillation by-product having between 20 to 34 

carbons per molecule.  All are beneficial though tung oil causes the greatest increase in 

compressive strength. The samples are soaked in oil for approximately 12 hours at room 

temperature, then dried in flowing air for one day, and finally heated in an oven at 70C 

for three days. Some forms of natural siderite, especially those green in color rather than 

brown or black, can oxidize under some conditions and the oils prevent this by sealing 

the pores against air and water as well as providing reduced carbon. The resulting secon-

dary organo-metallic polymer matrix also increases compressive strength. Certain used 

oils, spent solvents, and other liquid organic wastes might also work to the same effect.  

 

Sample characterization 
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The dried, oil-permeated samples are crushed in the Instron machine, which pro-

duces a stress-strain plot. Part of the fragments are then ground back into powder and 

analyzed in a Scintag XDS 2000 powdered diffraction XRD unit. Other selected frag-

ments are set in epoxy and their exposed surfaces are ground smooth on diamond plates 

and polished using sequentially finer disks down to 1600 grit. These samples are then 

analyzed with a Hitachi S-2460N SEM with Thermo-Noran EDS point, line, and map ca-

pacity.  

Here we report a set of data primarily from one sample selected from among hun-

dreds both for representing a successful culmination of our optimization efforts as well as 

for most clearly demonstrating the typical aspects of this composite material after curing. 

That is, it was very strongly cemented and also—or perhaps because of this optimal syn-

ergy—best revealed some features that we consider as evidence for the nature of the basic 

process. This sample will be compared with others to further clarify what ‘works’ and 

what does not to most effectively cement the aggregate together.  

Sample “T-7a” failed under a pressure of over 10,800 psi, above the unofficial in-

dustrial standard of 10,000 psi for a “super strong” cement. This is also significantly 

above ordinary Portland cement pastes with additions of various fine silica powders, 

which can increase the compressive strength, and those with only water. T-7a shows the 

classic stress-strain plot of a hard but brittle material with a linear rise in strain as a func-

tion of stress until it reaches catastrophic failure (Fig. 1). Fe0/SiO2 here was ~3 (22.5/7.5) 

by mass but since iron is almost exactly three times as dense as silica the proportion by 

volume is closer to 1, though of course this does not take into account the very important 
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parameters of particle size, shape, surface area and texture, which can affect packing. Fly 

ash particles are mostly spherical due to the great heat of their formation in coal-burning 

furnaces but also have some low crystallinity with XRD analysis identifying a pure silica 

peak of moderate intensity as well as minor amounts of mullite, an alumino-silicate clay. 

This composition may partly explain why, despite their spherical shape, compositions 

with fly ash are stronger than those with particles of ground glass, which are very angular 

but made up of totally amorphous silica with no aluminum species. As with the formation 

of berthierine from kaolinite, the soluble Fe(II) ions may be able to incorporate into the 

mullite structure on the surface of the fly ash particles. Fully formed siderite is also re-

ported to react with kaolinite to form berthierine (Iijima and Matsumoto, 1982). We have 

not detected berthierine in our samples, which is expected since it does not form in the 

presence of silica or very high pCO2 as we have in our system (Fritz and Toth, 1997). But 

even without the formation of detectable berthierine, however, such a reaction still sug-

gests the potential for chemisorption of iron carbonate onto the surface of fly ash, thereby 

creating strong bonds between the fly ash particles and the siderite matrix. 

The XRD of T-7a shows that it is not highly crystalline (Fig.2). The main peak for 

metallic iron is much reduced from its prominence in the uncured powder mix. Calcium 

carbonate and the silica within fly ash remain apparently unchanged, though it is difficult 

to detect small changes by this analytical method alone. The minor peaks from kaolinite 

and the mullite within fly ash are even more unsuitable for interpretation. The formation 

of crystalline siderite, however, is very clear and can even be correlated with a particular 

type of siderite among others in the library of patterns. We analyzed samples of micro-
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crystalline green siderite from the huge deposit exposed by the Helen Mine near Wawa, 

Ontario, Canada, macrocrystalline dark brown to black siderite that formed on stalactites 

exposed by the Copper Queen Mine near Bisbee, Arizona, and brown siderite with very 

large (>1cm) crystals from the massive iron deposits in New Jersey. Surprisingly, it was 

the latter type that the siderite in our cured composites most closely resembles. Pure side-

rite freshly formed in the lab by precipitation from mixed solutions of FeCl 2 and Na-

HCO3 is an off-white cream color and oxidizes within minutes upon exposure to air, turn-

ing first green, then orange-brown with XRD showing a transformation to mixed and 

somewhat amorphous oxides. The green siderite from Canada appears to be turning yel-

lowish on older surfaces but the two other samples show no signs of oxidation after years 

of exposure, though the Bisbee material is a very light greenish color approximately 

0.5cm beneath the outer dark layer. Some forms are demonstrably unreactive even when 

ground, wetted, and exposed to air. This intriguing variation in siderite and the range of 

reactivity among the distinct types has been noted before but to our knowledge it has not 

been systematically explored since such efforts were first called for (Curtis, 1974).  

The only other significant new peak that appears is one apparently associated with 

a reaction between tung oil and some form of iron within the CO2-cured material. This 

peak at 16.4° matches the main one for “1-poly ferrocenylene,” (Fig. 2) but further analy-

sis is necessary to confirm this species or to determine the true molecular basis for this 

crystalline and perhaps organo-metallic compound. Much work is being done on ferro-

cenes and their potential for participation in the development of novel composite materi-

als including as Si-containing poly(ferrocenylenesilene)s (Häußler et al., 2005), but to our 
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knowledge there is nothing relevant to interfacial reactions between solid particles of iron 

and silica. Tung oil is composed primarily of α-eleostearic acid (~80%) with minor 

amounts of oleic, linoleic, and saturated fatty acids (Oyman et al, 2005). It is completely 

amorphous on its own when oxidized into a polymer and shows no reaction when mixed 

only with metallic iron powder other than coating the particles’ surface and preventing 

oxidation. Also noteworthy is the apparent absence of iron oxalate peaks suggesting that 

its precipitation is prevented under the conditions present in this system while siderite 

formation dominates. In simple aqueous solutions of oxalic acid metallic iron slowly dis-

solves and insoluble yellow Fe(II) oxalate precipitates, which has numerous characteristic 

peaks. The oxalate anion (C2O4
=) is known to be reduced to glyoxalate (C2O3

=) in the 

presence of electron transfers (Jalbout and Zhang, 2002), which may account for the no-

ticeable decrease in H2 generation during the curing process when oxalic acid is used de-

spite its promotion of iron dissolution with its associated reduction reactions, commonly 

of water. 

SEM images of the cured material typically show iron particles with rough edges, 

deep pits, and other morphological characteristics quite different from their initial condi-

tion and suggestive of dissolution effects (Fig.3a). EDS mapping reveals that iron is dis-

persed throughout the surrounding aggregate (Fig. 3b) and EDS transects produce quanti-

tative gradients of iron concentration that decrease with distance away from an iron parti-

cle as expected, but often with a surprisingly gradual slope beyond its hard edge 

(Fig.3c,d). This is evidence that dissolution of iron from the particles has effectively per-

meated the surrounding mostly silica aggregate and that its subsequent precipitation and 
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growth as siderite crystals has formed an extensive, interstitial cementing matrix (Fig. 4). 

Some iron particles show much more extensive corrosion than others including striking 

erosion patterns even throughout its internal mass. 

 

Discussion 

Several noteworthy aspects of this composite material and its curing process 

should be briefly mentioned though they demand further work and will be the subject of 

continuing investigations.  First, samples exposed to a one Tesla magnetic field for five 

minutes reproducibly have a greater compressive strength (Fig. 5b). The long axis of the 

iron particles are aligned with the field as expected, though being parallel with the line of 

force applied by the platens of the Instron machine would not seem to suggest an advan-

tageous packing geometry. However, when abraded in the same way the magnetized 

samples typically appear smoother apparently as a result of being more densely cemented 

around the iron particles (Fig. 5a). The magnetized particles generally appear thinner as 

well suggesting that they underwent more extensive dissolution, which should result in 

greater precipitation of siderite and thus stronger cementation. There is experimental evi-

dence that magnetic fields do promote anodic dissolution of iron in both acidic and bicar-

bonate solutions in part by enhancing mass transport processes though unevenly, which 

can lead to localized increased rates resulting in ‘scalloping’ of the surface (Lu et al., 

2003; Lu et al., 2006).  

Another interesting and potentially useful phenomenon involves the reduction of 

excess CO2 in the curing chamber. Gas from the curing chamber after being exposed to 
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the wet samples is flammable, has pungent smell, and is irritating. Hydrogen, methane, 

and formaldehyde, which is an acrid, irritating gas, are all known to form from CO2 over 

zero-valent iron (Hardy and Gilham, 1996; Xiaoding and Moulihn, 1996). Similar reac-

tions are well known as Fischer-Tropsch syntheses where iron is the catalyst for the com-

bination of H2 and CO (Riedel et al., 2003). In batch and column experiments, the reduc-

tion of CO2 and the formation of low C hydrocarbons over Fe(0) was found to follow 

Anderson-Schulz-Flory product distributions, which included various mixtures of meth-

ane, ethane, ethene, propene, propane, and butenes (Hardy and Gillham, 1996).  There 

were also indications that formaldehyde was forming and perhaps in high concentrations, 

though it was apparently quickly being oxidized to formate. These CO2 reducing reac-

tions create the potential to utilize the curing process both to incorporate the gas as well 

as transform some of the excess back into burnable hydrocarbons.  Long curing chambers 

with slowly moving conveyors or carts holding Fe(0)-containing products should be able 

to help remove this greenhouse gas as well as regenerate some usable fuels, while at the 

same time producing a valuable product made mostly from industrial waste materials.  

Another major concern is the specific role(s) played by silica in this system. We 

do strongly suspect that Fe-O-Si bonds are present and may indeed be responsible for a 

significant amount of the cementation. It is even possible that an extensive interstitial ma-

trix of strong but amorphous iron (alumino-) silicates are forming over the surfaces of the 

fly ash particles and are the true cementing agents in this aggregate. The siderite crystals 

may be only infilling the pore spaces and increasing overall density between the layers of 

silicates forming on the fly ash particles. Chemically expressed, we know that siderite is 
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forming according to the following equations: 

                 Fe0 + 2CO2 + 2H2O  �    Fe+2 + 2HCO3 +  ↑H2  

                 Fe+2 + 2HCO3  �   ↓FeCO3 (s) + ↑CO2 + H2O 

The net reaction is then  

                 Fe0 + CO2 + H2O  �  ↓FeCO3 (s) +  ↑H2 

We also know that hydrogen is generated during the curing process but we do not know 

its source(s). What we hypothesize may also be occurring is the reductive formation of 

iron silicates on the hydrated surfaces of silica in a reaction related to the following sim-

plified equation: 

                 Fe0 + H4SiO4  �  FeSiO3 + H2O  + ↑H2 

Cathodic reduction of aqueous H+ and surface-sorbed hydrogens to hydrogen gas is 

known to occur as well as the reduction of water.  We get indirect evidence of the likely 

presence of amorphous iron silicates in the cured product by the ready formation of crys-

talline iron silicate fayalite, Fe2SiO4, when the samples are heated to 1100ºC (done at ce-

ment plant). The crystallization of amorphous phases with heat has been shown to be a 

common process (Deer, et al., 1992). Iron oxides also form and are probably the result of 

the thermal decomposition of siderite at 900C, as the XRD shows the loss of its peaks. 

The evolution of bubbles of flammable gas including hydrogen off the curing samples is 

noticeably decreased with the addition of oxalic acid despite the fact that it is well known 

to efficiently dissolve iron, as stated earlier.  The reduction reaction of oxalate (HC2O4¯ ) 

to glyoxalate (HC2O3¯ ) would also need to be included in the set of equations above if it 

is substituting for the reduction of water.  The reactions and fate of oxalic acid in the 
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composite are not known though iron oxalate is known to decompose into organic com-

pounds in dry heat and to CO2 in the presence of water. Therefore, it can transform to 

siderite as well (McCollom and Simonett, 1999).  

Finally, we need to address more directly the important issues of CO2 entrapment, 

contaminant sequestration, and industrial waste aggregation. As pointed out at the begin-

ning of this report, the industrial community is currently undergoing a paradigm shift to-

ward a “cradle to cradle” vision of material flows. One report (Petersen et al., 2005) ex-

amines the “potential to value CO2 economically and technically as a resource in the con-

text of carbon management as an alternative to relying on governmental valorization to 

dictate its fate and use” [emphasis added].  However, they admit that “the major chal-

lenge to using CO2 as a feedstock is that it lies at the bottom of a thermodynamic well.” 

Here we have combined it and another low energy waste, fly ash, with yet another waste, 

iron powder, that embodies much potential chemical energy to drive reactions that can 

lead to useful products. Others are also looking at such new and unusual material—

energy combinations. Rau (2004), for example, considers the same basic reaction of Fe0 

and CO2 but in a different electrochemical system where it would power ‘fuel cells’ that 

are set up to generate electricity and hydrogen gas. The iron source would be in the form 

of scrap steel, which is produced at a rate of 107 tonnes/year in the US alone, and would 

be oxidized in CO2 streams, producing iron carbonate as a waste byproduct. Of course, 

considering the cementing power of this mineral we would promote its production as an-

other valuable resource. 
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Theory 

 The most helpful conceptual framework to use for understanding and explaining 

the reactions within the curing iron cement paste appears to be the ‘core-shell’ model. 

The basic premise of this model is that a particle (core) within a surrounding solution-

saturated aggregate dissolves starting at its outer surface and that the products of this dis-

solution react with other components in the solution, forming a precipitate in a layer 

(shell) around the particle. Thus, as the process continues the core shrinks and the shell 

grows. The core-shell model has been applied to many situations in materials synthesis, 

both natural and anthropogenic, including Portland cement chemistry (Diamond and 

Bonen, 1993), marine carbonate concretions (Coleman, 1993), oxide formation on iron 

nano-particles (Signorini et al., 2003), oxide inhibition on silica-coated iron nano-

particles (Cheng et al., 2006), and magnetic organometallic particles (Schneider, 2001). 

Interestingly, the basic mathematical description of the core-shell model is analogous to 

that used to simulate Liesegang pattern formation. This is not surprising since the geome-

try of the double-diffusion process in both systems is fundamentally similar.  Using the 

iron cement paste as an example, the diffusion of CO2 (and its products resulting from re-

action with water) can be compared with the diffusion of ammonia into the gel. The more 

localized, secondary diffusion of dissolved iron off of the surfaces of the particles is not 

very different from the movement of Fe+2 ions into the precipitation zone within a form-

ing band.  There is even a connection between the core-shell processes of the curing iron 

cement paste and the tubular formations. The release of hydrogen gas bubbles and even 

the growth of tubes around the bubbles occur in both systems. Small tubes have been ob-
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served growing on the surfaces of the iron cement samples within the curing chamber 

filled with CO2. In the electrochemical cell, hydrogen is generated by the reduction of 

water at the charged cathode’s surface. In the cement paste, it is produced as a result of 

the oxidation of the iron particles as they are dissolved by the carbonic acid. Hydrogen 

gas bubbles are also seen in the Liesegang gels due to the oxidation of Fe(II).  The pro-

duction of hydrogen is a major and ongoing problem for the commercial use of the iron 

cement as a building material for the trapped gas can cause blistering, swelling, cracking, 

and even the splitting of the samples into fragments. The cement paste is too dense and 

unyielding to allow the formation of tubular passageways through which the gas can es-

cape to the outside. Some similar structural solution needs to be found and incorporated 

into the paste to allow stable curing. These processes are graphically depicted in the 

schematic diagrams of Figure 6. 

 

Conclusion 

Thus, there are two lines of development within this research project. One is di-

rected toward the purely scientific goal of thoroughly explicating the chemo-physical 

processes causing optimal cementation using whatever components and methods are most 

effective. The other has as its motivation the very practical concerns of aggregating avail-

able industrial wastes or even hazardous materials in a way that renders them not only 

safe, but useful. The two approaches do converge around the need to establish the core 

reactions, their rate-limiting mechanisms, optimum conditions, potential catalysts, and 

perhaps most importantly, how they interact. That is, are the reactions mentioned above 
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coupled? We have emphasized that the strong tendency to form non-cementing oxides is 

blocked by adsorbed silica yet it allows the acidic dissolution of Fe(0) and its precipita-

tion as iron carbonate as a cementing matrix, but much more complex processes are 

probably occurring. Once this chemistry is more thoroughly understood we may find that 

this apparently sensitive and dynamic system can be quite robust and capable of with-

standing surprising perturbations—of certain kinds, just as the Portland cement system 

has demonstrated. 
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          Figure 1.  Stress-strain plot of compressive strength of a cured sample. 
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    Figure 2.  XRD plot of a typical cured sample. (40kEV, 2.0 deg/min, 40 Ma) 
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                                        Figure 3a.  SEM image of cemented matrix around an iron 
                                                             Particle (20 KV). 
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Figure 3b.  SEM-EDS map of iron concentration in the same 
area shown in 3a. Darker red indicates high concentration of 
iron particle. Light areas are fly ash particles. Iron has dis-
solved from the surface of the iron particle, diffused through-
out the paste, and precipitated as iron carbonate. 
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Figure 3c. SEM-EDS transect across the area shown in 3a. Yellow 
arrow indicates the transect taken White line in arrow above corre-
sponds to the black line in figure below.  

Figure 3d. SEM-EDS of concentration trends for four of the major elements 
across the transect indicated in 3c. High Si is a fly ash particle, high Fe is the iron 
particle. Note that the iron concentration drops off only gradually beyond the edge 
of the iron particle. 
  

Al 

Fe 

Si 

Ca 

EDGE OF 
IRON PARTICLE 

EDGE OF FeCO3- 

RICH LAYER  

 



 186 
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(HIGHLY CEMENTED MATRIX) 

FLY ASH PARTICLE 

UNDISSOLVED IRON 

Figure 4a.  SEM image of a partially dissolved iron particle within 
the carbonated mineral matrix of a cured sample. 
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BASICALLY  
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POINT 2: 
IRON + SILICA 
(carbon not 
tested here) 

Figure 4b.  SEM-EDS plots and tables of elemental concentrations at points 
on and near and near the iron particle shown in Fig. 4a. 
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Point 1: basically all iron 
Mon Mar 12 13:48:30 2007     

Filter Fit    Chi-squared value:  2.618    

Correction Method:  Proza (Phi-Rho-Z)    

Acc.Voltage: 25.0 kV  Take Off Angle: 30.0 deg   

       

Element   Net Element    Wt.% Compnd Compnd  

 Line Counts    Wt.%  Error Formula    Wt.%  

Fe K 116906 98.42 +/-0.54      Fe 98.42  

Fe L 12487      ---      ---       ---  

W L 604 1.58 +/-0.31       W 1.58  

W M 1619      ---      ---       ---  

  ----------   ----------  

Total  100   100  

 

 

Point 2: iron + silica  
Mon Mar 12 13:49:09 2007    

Filter Fit    Chi-squared value:  7.536   

Correction Method:  Proza (Phi-Rho-Z)   

Acc.Voltage: 25.0 kV  Take Off Angle: 30.0 deg  

      

Element   Net Element    Wt.% Compnd Compnd 

 Line Counts    Wt.%  Error Formula    Wt.% 

O K 10090 46.11 +/-0.68       O 46.11 

Al K 252 0.26 +/-0.06      Al 0.26 

Si K 22769 16.49 +/-0.15      Si 16.49 

Ca K 824 0.49 +/-0.04      Ca 0.49 

Ca L 0      ---      ---       --- 

Fe L 1970      ---      ---       --- 

Fe K 38287 36.65 +/-0.34      Fe 36.65 

  ----------   ---------- 

Total  100   100  
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Figure 5a.  Visual comparison of magnetized and non-magnetized sam-
ples. On the left is a sample that was not magnetized. On the right is one 
made from the same mix but subjected to a 1 Tesla magnetic field for 10 
minutes while a wet paste still in the mold. Note the general orientation of 
the particles in the magnetized sample and the greater density of the ma-
trix around the particles.  
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Figure 5b  Magnetized samples typically exhibit greater compressive strength. 
The comparison here is between the two samples as shown  in Fig.5a. 
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Figure 6a. A schematic diagram of the ‘curing’ process including the components, the 
double-diffusion, and the basic reactions around an iron particle. The iron particle is 
shown layered with fine powders of organic acid, calcium carbonate, kaolinite, silica 
dust, and fly ash aggregate. CO2 diffuses into the water held in the aggregate and re-
acts with it, producing HCO3

– and H+. The acid dissolves the iron as Fe+2, which dif-
fuses out into the interfacial pores, then combines with the bicarbonate and precipi-
tates as FeCO3. Oxalic acid promotes the dissolution of iron and precipitation of  
FeCO3. Other more limited reactions on the surfaces of particles likely include substi-
tution into alumino-silicates such as kaolinite and the formation of amorphous iron 
silicates. After the cure, a penetrating, organic sealant such as a ‘drying’ oil can pro-
tect the aggregate from oxidation, which can cause weakening from the formation of 
iron oxides.  It was found that the oxides do not contribute to cohesion of the aggre-
gate. 
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Figure 6b. The curing process can be described using the basic concepts of the ‘core-
shell’ model. The central idea is that a solid particle or core dissolves into the sur-
rounding solution where products of its dissolution react with other components and 
precipitate, which forms a shell around the particle. As the core dissolves and shrinks, 
the shell grows and becomes less permeable, which gradually decreases the diffusion 
both into and out from the core. The process thus is self-limiting and the rate is domi-
nated by a logarithmic decay, eventually proceeding asymptotically toward zero. A 
specific problem arises from one of the byproducts, hydrogen, which can form pock-
ets of trapped gas that cause swelling, blistering, cracking, and even splitting of the 
sample. Both problems, build-up of gas pressure and self-limiting impermeability, are 
related and could be solved by a network of passages to the outer surface of the ag-
gregate. This is one of the challenges to be explored in future work. 
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Figure 6c. The cementation of the bulk aggregate occurs when the iron carbonate 
shells grow together and form an interconnected matrix. Thus, it can be seen that 
overall cohesive strength of the aggregate depends upon the density  of the iron 
carbonate matrix, which is inherently limited by the core-shell process. Though 
very good strength has been reached (>10,000 psi), if some way could be found to 
circumvent the self-inhibiting aspect of this type of dissolution/precipitation then 
even much greater strength should be possible. It would also open up the potential 
of continual, dynamic interchanges between particle surfaces including the ‘heal-
ing’ of cracks and other damage from within the aggregate. 



 193 

APPENDIX E 

 

 

U. S. PATENT FOR IRON CARBONATE CEMENT 

 

 

Submitted proposal for patent title, abstract, and basic claims 

 

United States Patent 

Iron carbonate cement and composite material 

 

Abstract 

A novel cementitious material is disclosed that is suitable for general building applica-

tions and fabrication of solid objects and structures. When iron or steel and silica powders 

are ground together and then mixed with water, the paste is resistant to normal oxidation 

(rusting) but is susceptible to carbonation, a two-part process that dissolves iron with car-

bonic acid and then precipitates it as iron carbonate, FeCO3, the mineral siderite. The iron 

carbonate forms a strong binding matrix or cement around and in between the iron and 

silica particles. The curing (hardening) process is initiated and sustained by exposure to 

carbon dioxide gas, which is absorbed into the wet paste and becomes permanently 

trapped in the form of carbonate within the mineral matrix. The amorphous silica can also 

react with the soluble iron, though to a lesser extent and more slowly than the CO2, in-

corporating some of it into siloxane chains or forming iron silicates, which help to further 

bind the aggregate together. Organo-metallic compounds and polymers can be created 
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within the mineral matrix by permeating the cured product with certain oils or other hy-

drocarbons. This secondary binding matrix increases the strength and stability of the ag-

gregate, which now can be described as a 'hybrid composite' of interbonded metal, min-

eral, and organic components. Industrial wastes can be utilized for the two main ingredi-

ents, metallic iron (or steel) and amorphous silica, both in the form of powder or fine par-

ticles.  Some waste oils, solvents, and petroleum products can be used to form organic 

compounds and polymers. The water can be a salty or contaminated effluent since iron 

can form a wide variety of minerals that can be effectively incorporated into the matrix. 

Both the curing process and the resulting hard product can be less than optimal under 

some conditions unless certain promoters, catalysts, and stabilizers are included by fur-

ther methods at the right time and in the proper order. These are also disclosed here, as 

are variations in the contents and procedures for different applications. 

 

Keywords: iron powder, cement, iron carbonate, siderite, CO2, carbonate, silica, waste 

steel powder, spent steel abrasives, fly ash, organo-metallic polymer, hybrid composite 

 

We claim: 

1. A hard and durable cementitious material composed mostly of powders or fine parti-

cles of metallic iron or steel and amorphous silica and cured by mixing into a paste by 

addition of water and exposing it to CO2, which diffuses into the paste and is permanently 

captured within the resulting iron carbonate precipitate. 
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2. A composition as claimed in claim 1, wherein the iron or steel is in the form of pow-

der or fine particles and utilizing suitable industrial wastes containing primarily iron or 

steel in such form and can include sources such as spent steel abrasives, machine shop 

cuttings, grinding dust, comminuted (crushed and ground) scrap iron or steel, or other 

fine iron or steel scrap or such material reduced to suitable size (< .5 mm). 

 

3. A composition as claimed in claim 1, wherein the iron or steel is in the form of pow-

der or fine particles produced for use as such in the powder metallurgy and other indus-

tries and including but not limited to reduced iron ore powder, either by heating in the 

presence of hydrogen or carbon monoxide, comminuted iron or steel, electrodeposited 

iron, atomization of molten metal, chemical precipitation of iron carbonyl or other solu-

ble species, and any other methods resulting in a powdery or finely particulate iron-rich 

product. 

 

4. A composition as claimed in claim 1, wherein the amorphous silica is in the form of 

powder or fine particles less than approximately 0.250 mm and utilizing suitable indus-

trial wastes or natural sources containing primarily amorphous silica in such form or able 

to be reduced to such form and including but not limited to fly ash from coal burning 

power plants and other producers, crushed and ground recycled or scrap glass, diatoma-

ceous earth, and natural crystalline or non-crystalline silica minerals such as quartz, chert, 

chalcedony, and opal. Other chemically produced amorphous silica sources can be fine 

silica gel or other forms of silicic acid of various levels of hydration.  



 196 

 

5.  A composition as claimed in claim 1, wherein the processes of iron dissolution and 

precipitation and the formation of iron carbonate are promoted by the addition of oxalic 

acid to the dry mix of ingredients and most efficaciously by first grinding the dry oxalic 

acid together with the iron powder itself before the addition of the amorphous silica and 

other ingredients. The dry oxalic acid should be added in the amount of up to approxi-

mately 5% of the mass of the iron or steel powder. 

 

6.  A composition as claimed in claim 1, wherein the process of the formation of iron car-

bonate is catalyzed by the addition of a natural or synthetic carbonate crystalline min-

eral in powder form to serve as favorable nucleating sites for the precipitation of iron 

carbonate within the cement paste. Such natural or synthetic minerals include iron car-

bonate (siderite), calcium carbonate (calcite or aragonite, commonly found as limestone, 

marble, coral, and chalk), calcium-iron carbonate (ankerite), and calcium-magnesium 

carbonate (dolomite). 

 

7.  A composition as claimed in claim 1, wherein the process of iron incorporation into 

silicates is promoted by the addition of kaolinite clay, which also improves the physical 

workability of the wet paste. Other clays in the mica group can also be included though 

kaolinite clay is most suitable. The kaolinite clay can be added in a wide range of 

amounts relative to the amorphous silica though it will reduce the overall hardness and 

compressive strength if added in excessive amounts. It was found to be most efficacious 
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in the ratio of approximately 25% by mass of the amorphous silica. Lesser amounts re-

duce the workability of the paste as well as the stability of the paste during curing. 

 

8.  A supplementary curing method to that claimed in claim 1, wherein the process of the 

formation of iron silicates is enhanced by a secondary cure utilizing an ammonia solu-

tion. Once the cure in CO2 is complete, the products can be saturated with a strong am-

monia solution (up to 30%), then either kept in a tightly sealed chamber or wrapped with 

plastic or other impermeable covering. The length of time can be varied and the extent of 

silicate formation will vary accordingly, but a one-day secondary cure under these condi-

tions has shown significant increases in compressive strength. Heating the products dur-

ing this secondary cure will speed up the dissolution and reaction of the amorphous silica 

particles, which occurs at the high pH of the basic ammonia solution. 

 

9. A supplementary method to that claimed in claim 1, wherein the iron carbonate cement 

will be more fully protected from oxidative deterioration and a greater compressive 

strength will be achieved by saturating the dried product with a polymer or polymeriz-

ing oil or other oil. So-called “drying” oils such as tung oil and boiled linseed oil are es-

pecially effective since the process of polymerization is promoted by the presence of 

metals such as iron, which form bridging bonds with the polymer chain. However, the in-

corporation of other oils will also have a lesser though still beneficial effect as will any 

penetrating liquid polymer such as water emulsified acrylics or solvent-carried polyure-

thane.  Other organics may be added to form various organo-metallic compounds. 
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10. A composition as claimed in claim 1, wherein the water is salty water from either 

natural or industrial sources. These could include but are not limited to marine waters, 

cooling tower ‘blow down’ water, discharge from mining operations, and runoff from sur-

faces contaminated with soluble minerals and salts. This iron carbonate cement can effec-

tively incorporate the ions of such water and especially chloride ions, which have the 

highest concentration in seawater. [Saltwater cannot be used with Portland cement as it 

inhibits proper curing. ] 

 

11. A supplementary method to that claimed in claim 1, wherein the dissolution of the 

iron particles is increased due to exposure to a strong magnetic field, thus subsequently 

causing a denser and stronger cemented matrix of precipitated iron carbonate. This can be 

applied at various stages but is most effective just after the dry ingredients have been 

mixed with water into a wet paste, that is, the green product either within a mold or with-

out is held or passed as closely as possible between the poles of a magnet, either electric 

or permanent. The dry powder can also be exposed before mixing with water in order to 

permanently magnetize the individual iron particles.  The degree to which the dissolution 

and cementation is enhanced depends proportionately on the strength and proximity of 

the applied field . 

 

12. A composition as claimed in claim 1, wherein the iron carbonate cement is mixed 

with aggregate(s) including but not limited to sand, gravel, glass grit, steel shot, metallic 
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or polymer fibers, and steel or other metal reinforcement such as wire, mesh, rod, or bars. 

 

 

The actual patent as filed  (first four pages only) 

 

TITLE OF THE INVENTION 

CURABLE COMPOSITION, PASTE, AND  

OXIDATIVELY CARBONATED COMPOSITION 

 

CROSS REFERENCES TO RELATED APPLICATIONS 

 This application claims priority to U.S provisional application no. 60/836,274, 

filed on August 8, 2006, and to U.S. provisional application no. 60/849,249, filed on Oc-

tober 4, 2006, both of which are incorporated herein by reference in their entireties.    

 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH 

 This research was supported by Grant 2 P42 ES04940-11 from the National Insti-

tute of Environmental Health Sciences Superfund Basic Research Program, NIH. 

 

BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

 The present invention relates to an oxidatively carbonatable composition, a  oxi-

datively carbonatable paste, a method of using an oxidatively carbonatable composition, 
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an oxidatively carbonated  composition, a method of making an oxidatively carbonated  

composition, and an article formed from the oxidatively carbonated composition.  

 

DISCUSSION OF THE BACKGROUND 

 Mixing fine iron powder particles with water and chloride salts forms a  

paste that corrodes when exposed to air.   On the surface of the paste, the oxidative proc-

ess oxidizes the iron to form an orange and brown coating commonly known as rust.    

 Deeper within the paste, away from the surface, oxygen is more limited.  Because 

of the limited oxygen deep within the paste, metallic iron atoms lose both three and two 

electrons to form ferric and ferrous ions, respectively.  This combination of different iron 

ions with different charges, known as a mixed valence, forms, with oxygen,  Fe2+
1Fe3+

2O4  

or Fe3O4, found in nature as the mineral magnetite.   

 In magnetite, the oxygen atoms are shared between the ferric and ferrous ions by 

bridging.   The magnetite forms a hard, continuous, inter-bonded matrix and the iron par-

ticles become effectively cemented together, thus forming one kind of iron cement.    

 The process of making the above-described iron cement has been known for over 

a century, and the magnetite iron cement resulting from the process is very strong.     

 Attesting to the strength of the cement, in 1885, the trade journal The Manufac-

turer and Builder reported that a mixture of iron filings, chloride salts, and water pro-

duced a cemented joint between two pipe flanges so strong that when bent and broken 

apart the next day, one of the cast iron flanges failed before the newly formed cement 

joint split. 
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 However, the above described form of iron cement has drawbacks.   Using such a 

large amount of iron to form a cement is expensive. Additionally, the mixing of such a 

paste on a large scale can be difficult. 

 Thus, while iron cements are useful, a need exists for an improved composition 

that employs less iron than the iron cement that forms magnetite, is more workable in the 

paste form on large scale, is less expensive to make, and can form a strong inter-bonded 

matrix. This composition is also important for its ability to permanently trap CO2, utilize 

industrial waste products, and sequester toxic contaminants such as arsenic and heavy 

metals like lead. 

 

SUMMARY OF THE INVENTION 

 It is one object of the present invention to provide an oxidatively carbonatable 

composition. 

 It is a further object of the invention to provide a method for making a oxidatively 

carbonatable composition.  

 It is a further object of the invention to provide a method of using a oxidatively 

carbonatable composition. 

 It is another object of the invention to provide an oxidatively carbonatable paste. 

 It is a further object of the invention to provide an oxidatively carbonated compo-

sition. 

 Yet another object of the invention is to provide an oxidatively carbonated com-

position with hardened, cement-like properties. 



 202 

 A further object of the invention is to provide articles made from an oxidatively 

carbonated composition. 

 It is another object of the invention to provide methods of making an oxidatively 

carbonated composition. 

 Another object of the invention is to provide a method for sequestering carbon di-

oxide, taken from the atmosphere, into an oxidatively carbonated composition. 

 A further object of the invention is to provide a method for sequestering a metal 

and/or a heavy metal into an oxidatively carbonated composition. 

 Yet a further object of the invention is to provide a method of sequestering and re-

cycling  spent steel abrasive powder into an  oxidatively carbonated composition. 

 These and other objects, which will become apparent during the following de-

tailed description, have been achieved by the inventors’ discovery that when iron powder 

is coated with silica to form a composition, water is added to the   

composition to form a paste, and an oxygenated carbon is allowed to alter the paste  

to become an oxidatively carbonated composition,  the iron in the paste does  

not form magnetite based iron cement (i.e, it does not predominantly combine with oxy-

gen), but rather, the iron in the paste is carbonated, resulting in formation of a siderite 

(FeCO3) based oxidatively carbonated composition.    

  

 


