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Chapter 13

Droplets and Bubbles: Siblings in the Water Family
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Most passengers were asleep. I was on a transatlantic flight, busy as usual with my laptop as flight attendants made their rounds, dutifully refilling everyone’s cups with water. The attendants seemed alert to the risks of dehydration. I nodded in appreciation each time, drank a few sips, and finally drifted blissfully into dreamland.
When I awakened a few hours later, I noticed that my half-filled plastic cup looked different. Bubbles clung to the inside walls (Fig. 13.1). I wondered — how did those bubbles get there?
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Surely during my snooze a good deal of air must have dissolved in the water; the dissolved air ought to have been sufficient for creating the bubbles. Right? That explanation seemed sufficient until I wondered further: the bubbles were the size of millimeters, while the gas molecules filling the bubbles are the size of nanometers — a volume ratio of roughly 1018. The obvious question: what directs the required gazillions of gas molecules toward those bubble sites as opposed to sites in between? Why only a few isolated bubbles instead of, say, one diffuse bubble?

Bewildered and still half asleep, I began to fantasize. I shrunk myself down to the size of a water molecule, and looked around. I had no trouble visualizing the dissolved gas molecules around me; but I did have trouble envisioning what might direct those molecules preferentially toward the growing bubble nearby. And if those gas molecules could somehow manage to get to the bubble, how could they penetrate the tensioned interface to get inside? Wouldn’t the hole break the bubble?

Continuing my exploration, I happened to glance upward, just above the water surface. There I could see additional bubbles clinging to the walls. I quickly reminded myself, however, that it was usually droplets and not bubbles that clung above the water surface. Bubbles and droplets can sometimes look awfully similar. How might I know which one I was seeing?

When I finally returned from my dreamland voyage I came to appreciate that nobody had easy answers to any of those questions. Probably even Einstein couldn’t figure them out. For the question of distinction at least, you’d think that underwater location might provide a clue: bubbles can exist underwater, but droplets should not — how could water droplets possibly exist within a body of water? Surely that clue should be of at least some help.

Paradoxically, it turns out that droplets can exist within water, and I’ll show evidence in a moment. Droplets residing in a bath of water may lend confusion; but the flip side is that their existence can provide a clue. We will see how that clue can help answer the question raised earlier: how can a growing bubble fill itself with gas?

To broaden our peripheral vision, please join me in shrinking down  to the nanoscale and looking around. Can we see something that might be helpful?

Bubble and Droplets: Siblings in the Vesicle Family
It all started at weekly laboratory meetings. One member of the lab kept stumbling: So frequently did he use the word droplet when he meant bubble, and bubble when he meant droplet, that his error became a common vehicle for teasing: how do you know your bubble is not a droplet?

The confusion first arose as we looked into the “bubbles” that often form underwater, near the Nafion-water interface. Several of those bubbles will often build as the experiment progresses. Because those entities form underwater, we reflexively assumed they must be bubbles, not droplets.
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We found, however that those putative bubbles behaved more like droplets. When a sharp probe penetrated the putative bubble, more often than not nothing happened. Tensioned balloons break from puncture, but here no breakage was seen. Further, extreme pulling or squeezing had surprisingly limited impact; the battered entities were cohesive enough that they would quickly return to their roughly spherical shape. These “bubbles” behaved differently from any bubble we’d seen.
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To check more carefully we set up a guillotine (Fig. 13.2). The submerged blob was gently positioned onto a concave Teflon surface, where it lodged securely. Once lodged, the “bubble” could then be sliced with a sharp knife. As the knife passed through — all the way through so that the body was dismembered — the putative bubble would return to its initial configuration: a single intact blob. The underwater blob seemed immune to decapitation.

In no way did this “bubble” behave like any ordinary bubble. Piercing, stretching and squeezing evoked only transient effects; and the ravages of the guillotine had no enduring impact. What seemed assuredly to be a bubble — for it was under water — behaved more like a sticky, gel-like blob or some kind of cohesive droplet.

This unexpected result taught us a lesson: without proper testing it is not always possible to distinguish bubbles from droplets. This ambiguity is certainly evident underwater, as we’ve seen. It is also evident above the water, where water droplets can persist on water surfaces for extended times without dissolution (see Fig. 1.5). If you’d not seen those persisting droplets before, you’d probably think they were bubbles — but they’re actually droplets. And check out Figure 13.3. Are those blobs droplets or bubbles?
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The potential for confusion seems clear. Bubbles resemble droplets, and droplets resemble bubbles. You might say they are look-alike members of the same family. Because of the evident similarity we began adopting a generic nomenclature — we refer to those entities as “vesicles.” Vesicles are spherical blobs whose insides may contain either liquid or gas. Later, we will see that the liquid may transition into gas. For the moment, the point is that droplets and bubbles bear striking resemblance to one another.

In What Ways Are Bubbles and Droplets Similar?
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Do bubbles and droplets share common structural features? A plausible feature of commonality is an enveloping membrane. In bubbles, membranes can be plainly visualized, for example during boiling. Droplet membranes, on the other hand, exist mainly by implication: A membrane tensioned by internal pressure might account for the droplet’s characteristic spherical shape, which is otherwise difficult to explain. In theory, then, bubble and droplet could both contain enveloping membranes.
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The membrane concept is important (Figure 13.4). In the absence of internal pressure pushing on an enveloping membrane, bubbles and droplets might be as shapeless as amoebas. Scientists recognize this problem, and accept the presence of some kind of membranous sheath. Blame, however, is commonly laid on the sheath’s tension: a stiff sheath is envisioned to build the pressure inside and therefore explain the roundness. However, that presumption can be illusory: even sheaths of steel offer no guarantee of pressure within. To create pressure, the sheath must push inward like the walls of a balloon.

At any rate, the droplet’s spherical shape does imply the presence of some kind of enveloping membrane. That explanation seems simple enough. What didn’t seem to fit at first was the guillotine result: If a tensioned membrane sheathed the droplet-like structure, then fracturing the membrane should be fatal. Why should the split droplet reform as readily as it did? A plausible answer came from images of those submersed vesicles. Those vesicles often appeared to consist of many smaller [image: image10.png]


vesicles (Fig. 13.5).
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The idea of compound droplets seemed plausible. Small droplets do coalesce into larger ones; just sprinkle droplets onto a pan and shake — the droplets fuse into a single larger one. Thus, droplets could grow by natural coalescence,. The end product might then behave much like egg white: applied forces could distort massively, but once the distorting force is withdrawn the ensemble of mini-droplets could return to its most stable configuration, even if previously sectioned by a guillotine.
Hence, droplets could vary in character, depending on conditions. Some droplets might contain only a single outer membrane. Others might comprise multiple mini-droplets, each with its own outer membrane. In the latter case the composite could grow step by step (Fig. 13.6). Constituent mini-droplets might be undetectable without proper visualization techniques. If  the mini-droplets were sufficiently small, you might not know they existed.
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Mini-droplets are in fact easily detectable under some conditions. High-speed video cameras easily resolve falling raindrops. As the raindrops descend, they routinely break up into myriad mini-droplets (Web ref 2). 

So the guillotine result could make sense. If the sectioned droplets were in fact clustered mini-droplets, then the result is not necessarily confounding. The knife might have separated mini-droplets, which then coalesced back into droplets by the same forces that formed the original droplet. No critical membrane was necessarily severed.

The reason for dwelling on this issue is not just to understand how droplets behave in guillotines. The reason is that we haven’t a real clue how droplets or bubbles form. Fresh options are needed. If bubbles and droplets contain membranes of the same material and nature, then the focus can shift to the insides. Conceivably, bubbles could arise from droplets whose insides have turned to vapor. Droplets might be the progenitors of bubbles.

To pursue this speculation, we examine the relevant evidence. We ask whether membranes really do surround these two vesicular structures; and if so, then what might be their composition? If the two membranes turn out to be identical, then we might conceivably be at an auspicious launch point.

Droplets Contain EZ Membranes
The first hint that membranes might envelop droplets came from the floating droplet experiment (see Fig. 1.5). Water droplets falling upon water should instantly coalesce; but those droplets could persist for many seconds (Klyuzhin et al., 2010). Something evidently prevents immediate coalescence.

The prevailing explanation for delayed coalescence had been the presence of an invisible film of air trapped between the falling droplet and the surface. However, we dispelled that notion by observing droplets that could roll beyond the putatively trapped air cushion and continue to persist. In fact, rolling actually prolonged their persistence (Klyuzhin et al., 2010). Something other than trapped air was evidently responsible for the persistence, and we concluded that the most likely candidate was a membranous sheath. The sheath would have to dissolve to permit coalescence, and dissolution could require time.

As for the nature of that sheath, the answer seemed deductively evident. The droplets comprised water alone. Therefore, any membranous sheath had to be built of some form of water. The two plausible options were bulk water and EZ water, and for explaining the observed persistence, EZ water seemed the more likely candidate.
An EZ membrane made sense in two other ways as well. First, a shell made of EZ material could contribute protons in the usual way. If the protons were to reside within the droplet, then proton-proton repulsion could generate pressure, and therefore explain roundness. Second, the EZ shell made sense theoretically. Extensive thermodynamic considerations imply that droplets cannot exist in the absence of negatively charged shells (Melehy, 2010). An EZ could do the trick.

Given these hints, we proceeded to check whether we could identify any such EZ shell. We checked several ways. In the first we began with a microsphere suspension, the usual cloudy suspension. We released water droplets gently onto the cloudy suspension. We reasoned that the shell might behave differently from the interior: while the water inside the droplet should pass into the cloudy suspension beneath, the droplet’s shell might not. We weren’t sure of this, but if a shell of EZ material peeled off as the interior coalesced, then some kind of clear zone might remain on the surface of the suspension. Figure 13.7 confirms that zone’s presence. An annular clear zone appears at the onset of droplet coalescence and expands outward as coalescence proceeds. The shape and clarity of the material seemed consistent with an EZ shell peeling free.

EZ membranes are implied also in droplets dried on glass slides. My colleague Georg Schrocker (umlaut) studies those droplets as a hobby. Single droplets of various kinds are released onto glass slides and allowed to dry. Droplets obtained from morning dew or fresh spring water consistently leave ring-like structures (Fig. 13.8). The central zone is empty — the water has fully evaporated. The annular zone constitutes the residue; it remains adherent to the hydrophilic glass surface, as might an EZ. Further, the annulus fluoresces blue — much the same as an EZ fluoresces under similar illumination (Chai et al., 2008). The residue also appears layered, albeit on larger than molecular scale. Hence, the annulus has much the same character of an EZ.

A third piece of evidence for EZ shell material comes from optical absorption studies. If droplets contain EZs, then that EZ material should be detectable from the characteristic EZ absorption at 270 nm. We therefore collected droplets — of rain. The rainwater was then poured into the cuvette of a UV-VIS spectrometer. Figure 13.9 confirms the presence of the characteristic 270-nm absorption peak.

This set of results shows that droplets do appear to contain some kind of EZ shell. The results do not prove the point absolutely, but they are certainly suggestive. If the associated protons were to lodge inside the shell, then the droplets’ spherical shape would be explained. While that would be an added bonus, the main point is that the bubble shell seems likely to be EZ based.

EZ Membranes Surround Bubbles

We next ask whether EZ shells also surround bubbles. We already know that bubbles contain some kind of membranous cap, which is visible as water boils. What remains unclear is whether those caps comprise EZ material.

To check for EZ membranes, we tested again for the 270-nm absorption peak. We heated pans of water to temperatures just shy of boiling. Small bubbles formed at the bottom, but most of those bubbles never made it to the air interface; they popped inside the water. We then tested the water spectroscopically to see whether those shell remnants contained EZ material. EZ presence was confirmed: all samples showed a 270 nm absorption peak (Fig. 13.10). No such peak could be found in samples brought to full boil. Nor could the peak be found in water that had not undergone heating at all. Thus, bubble shells appear to contain EZ material.

To pursue the EZ-shell question in another way, we looked at the interactions between bubbles. If bubbles contain EZ shells, then the bubbles should interact in the same way as particles containing EZ shells interact. That sociology was dealt with in Chapter 8: the like-likes-like attraction drew like-charged particles together into ordered arrays and sometimes into coalescence. We reasoned that EZ-shelled bubbles ought to do much the same. They should attract, order, and coalesce.

Attractions between bubbles are commonly visible in just-poured hot coffee or hot water. The bubbles tend to cluster, leaving bubble-free regions beyond. Often they coalesce. Bubble-bubble attractions can also be seen underwater. These attractions are studied in tall water columns, where bubbles released from the bottom can be tracked over long distances. The bubbles draw together as they rise, some coalescing into larger bubbles. This attraction phenomenon is well studied, although the reason for the attraction has eluded scientific understanding (Bunkin et al., 2009).

Like-likes-like attractions can bring order, given enough time. Order can be seen in bubble arrays (Fig. 13.11). The ordering in this figure is not precise, presumable because the surface bubbles are not all the same size. In some regions, however, similar-sized bubbles are spaced regularly.

In this conceptual framework, agents that inhibit the like-likes-like attraction should inhibit clustering. One of those agents is salt. The addition of salt ordinarily diminishes EZ size (Zheng and Pollack, 2003). The smaller EZ, the smaller the number of separated charges. Hence, salt should diminish the like-likes-like attraction. If enough salt is added, the bubbles shouldn’t fuse at all — and that’s what experiments have shown: small bubbles released at the bottom of the flask no longer coalesce into larger bubbles (Ninham and Lo Nostro, 2010).
Perhaps the most idiosyncratic feature of EZ behavior is attraction to light. EZ-enveloped particles move consistently toward light (Chapter 9). Bubbles behave similarly. Bubbles move toward light both at infrared wavelengths (Zuev and Kostarev, 2008) and visible wavelengths (Hu et al., 2011). The attraction is commonly ascribed to a “thermo-capillary” migration effect, although mechanistic understanding of this effect has remained somewhat elusive. The point here is that light similarly attracts bubbles and particles. If EZ charge separation bears responsibility in the case of particles (Chapter 9), then the same mechanism probably bears responsibility in the case of bubbles. The results imply that bubbles contain EZ shells.
The thickness of the bubble’s EZ shell is difficult to estimate. Many types of bubbles show membranous caps as they penetrate the liquid surface. Commonly, the caps are hundreds of nanometers thick, but it is not uncommon to find thicknesses on the order of 1,000 nanometers (Spiel, 1998). A 1,000-nanometer-thick EZ film would contain some 40,000 molecular layers. That’s substantial. Even fewer layers could be sufficient to constitute a fairly robust membrane.
Finally, it’s worth mentioning that in terms of shell material, the EZ seems natural. EZs consist of layered sheets. The sheets can shear past one another, allowing the shell to expand as the bubble grows. Even with the attendant membrane thinning, cohesive forces between sheets could remain strong enough to sustain shell integrity against the force of considerable distending pressure. On the other hand, excessive thinning may bring fracture, and that may be what happens as the bubble penetrates the surface during boiling. So, the EZ shell concept has several attractive explanatory features.

It looks as though bubbles, just like droplets, contain EZ shells. The characteristic 270-nm absorption is confirmed; the bubble-bubble sociology fits diverse expectations; and the EZ’s sheet-like structure seems helpful for explaining bubbles’ natural features. So we continue thinking that bubbles and droplets are structurally similar, although the droplet core may contain liquid and bubble core gas. The correspondence between these two structures will prove to be of some consequence for bubble formation.

Summary

Droplets and bubbles resemble one another. Both are characteristically spherical and transparent; and both can exist above or below water. We speculated that these common features might arise from common structural features, particularly the presence of enveloping sheaths. We found evidence for membranous shells in both entities, and found further that the shells were made of EZ material. Since EZ material generates protons, internal protons could create the pressure required for maintaining the structures’ spherical shape.

The finding of EZ shells around both structures may prove pivotal, for the shells allow for independent actions within. Such actions could arise from external energy: If external energy builds protons inside, then the increasing pressure could wreak all kinds of havoc — as we’ll see in the next chapter. Would you believe a droplet-to-bubble conversion?
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Figure 13.1. Bubbles eventually gather on the walls of plastic cups filled with water.

















Figure 13.2. Bubble guillotine. Attempts to slice submerged “bubbles” often proved futile; the bubble re-formed.











Figure 13.10 Absorption spectra of water previously heated to just below boiling and allowed to cool to 60 °C (blue). Red curve was obtained similarly, but water was first heated to boiling.





Figure 13.7. Microscopic view of droplet dissolution. A ten microliter droplet of water was released onto water containing 1-µm carboxylate microspheres. A persisting ring-like clear zone implies an EZ sheath surrounding the droplet.





Figure 13.8.  Edge of dried droplet of spring water. Viewed in dark-field illumination. From Georg Schrocker (umlaut). Note concentric layering of edge shell, as well as blue coloring.





Fig 13.9. UV-Vis spectra obtained from collected raindrops. A 270 nm peak is evident.





Figure 13.11. Surface bubbles tend to organize in ordered arrangements. Bubbles were created by bubbling air into a TWEEN 20/water solution.














Figure 13.3. Bubbles forming on a hot skillet.  From Web Ref 1 





Figure 13.6. Droplet growth by fusion. Multiple mini-droplets may coalesce to form larger droplets.





Figure 13.4. Droplet shape. Distending pressure force balances the inward force of membrane tension, promoting spherical shape.





Figure 13.5. Vesicle cluster, growing underwater, next to a metal surface.

















