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Chapter 11
Osmosis and Diffusion: They Don’t Just Happen

A famous Garfield-the-Cat cartoon shows the overweight cat with a stack of books piled high upon his head. Garfield claims, “I’m learning by osmosis.” Osmosis is the lazy learner’s vehicle for transfer of knowledge: information will seep from the richly endowed source to your empty brain.

Real osmosis is the prototype for this metaphor. Osmosis is the process that transfers water from a place where it is concentrated to a place where it is less concentrated. Osmosis played a central role in Einstein’s understanding of Brownian motion. I promised we would return to consider the nature of the osmotic mechanism, and will do so in this chapter.

Dealing with osmosis without dealing with diffusion seems restrictively narrow, for these phenomena mirror one other. Diffusion involves particle or molecule movement through a fluid, while osmosis involves fluid movement toward particles or molecules (usually through a membrane). Loosely speaking, these phenomena are opposites. Both of them reduce concentration gradients by moving substances to regions where they are less concentrated. They are nature’s principal vehicles for moving things around.

The question is how these processes work. Do they happen spontaneously as a consequence of some fundamental natural law? Or does some underlying energy drive both of them as wind drives a windmill?

Diffusion: Osmosis Inside Out
You throw a pinch of salt into the chicken soup (with or without matzoh balls). The salt spreads. In more technical terms it diffuses. The soup eventually becomes uniformly tasty.

Diffusion theory follows the prevailing theory of Brownian motion. By dint of “thermal” motions, each molecule will bounce around in a so-called random walk, ensuring that the molecules will eventually spread out. We could liken those molecules to the drunken sailors emerging from a saloon: confined within a fenced area (and barring distractions) their random walks will eventually lead to a statistically uniform distribution (Fig. 11.1). The salt will likewise have spread all over the soup.

While random walks certainly take place as described, those walks require driving energy: If diffusion is the collective result of Brownian motions, and Brownian motions require energy (Chapter 9), then diffusion must also require energy. It cannot be otherwise. The process may seem passive, but some kind of radiant energy must drive it.
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Standard diffusion theory does not include any external energy driver. It describes the diffusive spread in terms of the diffusion constant, D, (see box in Chapter 9), which depends on various physical factors but not at all on input energy. The diffusive flow is theorized to occur spontaneously.

As often as not, however, theorized and measured spreading fail to agree. A classic example is the diffusion of charged polymers. Diffusion occurs in both an ordinary mode and an extraordinary mode (Lin et al., 1978). The mode that prevails depends on salt concentration. A small reduction of salt can cause an abrupt shift from ordinary rapid diffusion to extraordinarily slow diffusion. The reasons for this abrupt qualitative shift have long remained elusive.

Expedients such as “sub-diffusion” or “super-diffusion” are often invoked for explaining discrepancies between observation and theory. Proteins for example are said to exhibit sub-diffusion (Weiss et al., 2004), whereas particles in meteor trails are said to exhibit super-diffusion (Halliday, 1963). These terms merely emphasize that standard diffusion theory does not always work as consistently as one might hope. Something is missing from the conventional formulation.

The seriousness of the deviation from convention is illustrated by the mixing of river water with ocean water. Rivers empty their water into the sea, and standard diffusion theory predicts that the two bodies of water should mix fairly readily. However, the theoretical prediction does not suffice: in some places salt water and fresh water can remain separated practically indefinitely (http://news.softpedia.com/news/Unmixed-Pool-of-Freshwater-Found-in-Arctic-Ocean-193373.shtml).

Curious about this well-recognized deviation, we followed up with experiments of our own. We poured a saturated salt solution into a beaker and then carefully filled the rest of the beaker with pure water. The pure water on top contained dyes or microspheres, allowing us to see how the top and bottom solutions mixed. No obvious mixing occurred for many hours, and sometimes days passed before the two became appreciably mixed. The same thing happened in the upside-down experiment, when the salt water was poured over the pure water: still no obvious mixing. This upside-down result implies that density differences are not responsible for the sustained segregation. Diffusion should have move the molecules and particles around, but things stayed put, much like river and ocean waters.
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We followed up by injecting a blob of dye into a corner of a chamber, to see how it spread. Some of the results shocked us (Fig. 11.2). Injected into a chamber of pure water (top), the dye diffused relatively slowly, more or less as the diffusion equation predicts. But when the same dye was injected into concentrated salt water, it diffused almost instantly over a thin surface layer, and so rapidly that you couldn’t follow it by eye (bottom). Once the dye covered the surface, it hardly diffused downward into the body of the solution, even after a week.  
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Stunned by these results, we went on to check whether the differences might have arisen from some quirk of the particular dye or the particular salt. Several other dyes gave similar results, as did the substitution of algal cells for the dye. Nor did it matter whether the salt was potassium chloride or a variety of other common salts. Still we saw a qualitative difference between diffusion in pure water and diffusion in salt water.

These experiments showed how grossly real diffusion could differ from theoretical expectations. The diffusion equation is simple and easy to apply. It predicts well under some circumstances; however, it is a far cry from a fundamental formulation that explains the spread of molecules in a general way — as the experiments above confirm.

What went wrong with standard theory?

As I pointed out earlier, the diffusion equation was derived from the concept of thermal motion: substances diffuse as a result of jittering about. However, if external energy drives the jitter (Chapter 9), then it must also drive diffusion. So the diffusion equation should not be expected to work unless an energetic term is included. Energy input is critical. Modifying the prevailing theory to include that energy might not be trivial; however, it could constitute a useful first step (Fig. 11.3).
A second step should deal with forces that “distract.” Just as an alluring woman will distract the drunken sailors, localized charge will distract the solutes. The solutes will move in predictable directions, either toward the localized charge or away from it (Fig. 11.3, bottom).
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Thus, diffusion is not simply a matter of temperature, particle size, and medium viscosity, as the diffusion equation theorizes. To predict properly, the formulation must take account of the absorbed incident energy, as well as the distracting charges that might happen to be present. Only then will the formulation begin to reflect what is really happening. 
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Although an exact formalism awaits development, we can envision how such development might start. The central feature is the external energy. That energy builds EZs around particles and molecules. The EZs separate charges, which are then subject to forces arising from the charged distractors. Positively charged distractors will draw negative EZs and free OH- groups, while negatively charged distractors will draw positive EZs and hydronium ions. The more energy entering the system, the more powerful will be those draws. The bottom line is that these energy-based phenomena are more than secondary: energy-driven, charge-based forces largely govern the diffusive movements.

Diffusion of solutes is then much like diffusion of drunken sailors: if you want to determine their location at any given moment, you need to take account of the energy they absorb and their distractions they suffer (Fig. 11.3).

---
BOX: WHY SALT WATER AND PURE WATER DON’T EASILY MIX.
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The failure of pure water to mix easily with salt water may stem from the like-likes-like mechanism. That is, concentrated salt water may form a colloid crystal, which then excludes water and prevents easy mixing (see Figure).

Salt molecules build EZs around them (Chai et al., 2008). As the charged EZs grow, they generate opposite charges beyond. The scenario is similar to that of particles suspended in water: each particle is surrounded by an EZ, which is in turn surrounded by opposite charges (see Chapter 8). With high enough concentration, the salt molecules will pack into colloid crystals in the same way as do particles. A long line of evidence confirms that dissolved salt molecules pack into massive water-containing clusters (Sedlak, 2006).

[image: image10.jpg]


When the salt concentration is high enough, EZ water should dominate the lattice. EZs exclude bulk water molecules (see Fig 11.6). Given such exclusion, any water juxtaposed next to the salt crystal should remain separated, even over the long term. Such persisting separation would explain the difficulty mixing.

--

Osmosis: An Uncertain Phenomenon
We now flip the coin and consider osmosis — the diffusive movement of water molecules toward solids. Water is a molecule. As such, it should behave like other molecules: its diffusive movements should conform to the same principles, including those derived from driving energy and charge-based distractions.

Conventional osmosis theory does not consider the energy, but it does at least consider the distractions. The distractions come from the suspended or dissolved solids. Those solids are said to “attract” the water molecules, which then diffuse toward the solutes. The attraction is not charge based, but it is an attraction nevertheless. Sometimes the attraction is framed in terms of water’s concentration: water molecules move from regions of highest concentration (such as pure water), to regions of lower concentration where the water is interspersed with solids. Either way, water draws toward the solutes.

Following this conventional formulation, scientists including Einstein have adopted what might be called a Garfieldian approach to osmosis: a passive flow of water, much like the passive flow of knowledge. However, osmosis cannot be passive. If diffusive movements underlie osmosis, and absorbed energy drives those diffusive movements, then absorbed energy must play some role in osmosis. The logic seems clear. Absorbed energy’s contribution cannot simply vanish for theoretical convenience.

So why does the water move?

Most of us were taught along the following general lines: osmosis occurs because all things tend towards equilibrium. The water “tries” to equalize its concentration. Thus, when an intervening membrane separates two compartments, molecules will move toward the compartment with more solutes (Fig. 11.4). This supposedly happens because water molecules bounce around in endless thermal motion; if they can pass through the membrane, then the concentrations in the respective compartments eventually even out. This is an energetic way of describing what we considered earlier: that the water is attracted to solutes, or that it moves down its own concentration gradient.
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However, this account is hardly the only one. Scientists have debated the mechanism of osmosis for over three centuries, offering an array of alternative proposals that still lie on the table. The proposals include what might be called a water concentration theory, a solute bombardment theory, a solute-attraction theory, and a water tension theory — as well as a variant of the latter to 
be advanced in a forthcoming book by an Australian colleague, John Watterson. Meritorious arguments support each proposal, but no proposal seems to explain everything; hence none is universally accepted. The bottom line: the mechanism of osmosis continues to remain uncertain.

Phenomenon or Epi-phenomenon?
One possible reason why the mechanism has remained vaguely elusive is that nobody could envision a central role of absorbed energy. Energy-based movement was a foreign concept. Furthermore, nobody could imagine that the separating membrane could be the critical feature that it turns out to be. The membrane had seemed nothing more than a passive barrier, blocking solutes but allowing the smaller water molecules to pass from one chamber to the other.

We now know that hydrophilic membranes should bear exclusion zones. If EZs form on either side, then the respective compartments will be filled with protonated water. And if the respective protonated water concentrations were to differ, then a proton gradient would straddle the membrane. Any such proton, or electrical, gradient would drive hydronium ions through the membrane, shifting water from one compartment to the other.

So the membrane could be a central protagonist in the osmotic drama. It could create a proton gradient that drives the osmotic flow. On the other hand, this hypothetical mechanism raises a thorny problem: any EZ lining would constitute a barrier through which water molecules would need to pass if they were to flow from one compartment to the other.

We sought to test the proton-gradient hypothesis, and hopefully resolve the thorny penetration problem in the process. To do so we used the standard apparatus consisting of two contiguous chambers separated by a membrane, as depicted in Figure 11.4. We mounted the standard membrane, whose pores are presumably large enough to pass water but not solutes. With this apparatus we could tell whether water genuinely moved toward the side with solutes. Using a microscope, we could also examine both sides of the membrane.

All of the expectations detailed above were confirmed (Zhao et al., 2009). First, we observed the exclusion zones straddling the membrane. We saw them not only next to the cellulose-acetate membrane that is used routinely for osmosis experiments, but also next to the Nafion membrane, which could produce similar osmotic flows. The hypothesized EZs were certainly present. 
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Also as expected, the respective EZs differed in size (Fig. 11.5). The left-hand chamber contained salt water, while the right-hand chamber contained pure water. Exposed to pure water, the membrane’s surface should bear a standard exclusion zone, which it did. The left surface, by contrast, faced a high salt solution. Salt greatly diminishes EZ size (Zheng and Pollack, 2003). Hence the EZ on the left side was much smaller.

What about the protons? Having little or no membrane EZ, the left chamber should contain few protonated water molecules. The right chamber, with large EZ, should contain numerous protonated water molecules and high positive charge. The charge asymmetry should be large. Voltage measurements confirmed that the right chamber was substantially more positive than the left. So, the anticipated electrical gradient is real.

Now, envision the fate of those right-side hydronium ions, and the answer emerges. As positively charged water molecules, hydronium ions repel one another and want to escape from the chamber. The obvious destination is the left side, which is practically devoid of positive charges and therefore at a lower electrical potential. The protonated water molecules should therefore penetrate leftward. Uncharged water molecules might be dragged along for the ride, but the main point is that electrical forces drive positively charged water molecules across the membrane and to the salt side. This flow should continue until the driving gradient vanishes.

That flow is osmosis.

If that conclusion is correct, then the energetic implications are profound. Absorbed radiant energy fuels the exclusion zones, which separates charges, which propel the flow. Hence, osmosis is energy driven. This conclusion contrasts sharply with the understanding implicit in all of the competing theories, that osmosis is a passive Garfieldian process requiring no energy at all. Osmosis does require energy. Getting something for nothing is an expedient that not even nature can accomplish.

Dams with Holes
A final consideration: how do those hydronium ions work their way through the seemingly impenetrable EZ barrier?

Penetrating through the EZ is unlikely. Figure 4.13 shows how narrow are the mesh openings. The unitary hexagon is barely large enough to pass a water molecule, but the actual mesh is more diminutive because contiguous EZ planes are shifted relative to one another, effectively narrowing the mesh by a factor of about three times. A water molecule should not pass through.

An accident confirmed this expectation. An undergraduate student carrying out an osmosis experiment using an apparatus similar to that of Figure 11.5 returned to the lab one morning to find that he had inadvertently left the apparatus in place overnight. He had forgotten to clean up. The salt water had leaked out of the chamber because of a poor seal; yet the chamber on the other side of the membrane remained full. The intervening membrane had not allowed the pure water to penetrate. This surprised us at first, because water evidently passes through the membrane with no problem during the actual osmosis experiment. 

Follow-up experiments showed the same result: With the salt side empty from the start, and the other side filled with pure water, still, no trans-membrane flow could be seen. Even when we tilted the apparatus 90° to get an assist from gravity, the water would fail to pass from top to bottom (Fig. 11.6).

The paradox remained: the EZ mesh is apparently too fine to allow water to pass; yet water does pass from one chamber to the other during osmosis. We were completely befuddled.

Visual observation finally resolved the paradox (Fig. 11.7). While EZs ordinarily cover the full area of the membrane in garden-variety experiments, in the osmosis experiment they do not: EZ breaches develop. Microscopic exploration uncovered surprisingly large breaches (Zhao et al., 2009). Those breaches amount to portals through which the water can easily pass, just as water passes through dikes with holes. Paradox resolved.

What force creates those breaches?

The responsible agent could well be the quick-building positive charge that comes with initial EZ buildup. Positive charge always moves toward negative; therefore, this positive charge penetrates as deeply into EZ crevices as possible. That phenomenon is nothing new. It happens during run-of-the-mill EZ experiments, where the penetrating charges leave small pinnacle-like projections (see Fig. 6.8).

In the osmosis configuration, however, penetration should run deeper: Because of its less positive electrical potential, the salt side welcomes the invading positive charge. Hence, the positively charged water flows deeply into the crevices, through the membrane, and into the salt chamber. That unrelenting flow can prevent any local EZ buildup; so the breached region will remain indefinitely breached. In fact, the breach may widen as the flow steadily erodes the edges of flanking EZs.

EZ breaches are not unique to osmosis. We saw them also in the EZs adjacent to certain metals (see Chapter 12); and we presume they exist around cells, where molecules need to pass through an otherwise enveloping EZ in order to leave or enter the cell. Indeed, charge gradients spanning from inside to outside the cell could facilitate flow in the same way as they do in osmosis. 

- - -

A question arises as to why these electrical charge gradients had never before been detected. With three centuries of osmosis study, you would think that someone might have observed them. In fact, someone did: In now-classical experiments carried out a century ago, Jacques Loeb (1921) established the presence of an electrical potential difference from one side of the osmotic membrane to the other.

Sadly, that pivotal finding seems somehow to have been forgotten amidst the rush of molecular-scale approaches. The electrical potential difference is clearly present; and as Loeb aptly recognized, its presence must surely be a factor in driving the osmotic flow. Like many of the conclusions drawn in this book, this one is not new; it has just been overlooked.

So osmosis occurs in much the same way as diffusion. Charge gradients drive both of those molecular flows, gradients built up by absorbed radiant energy. Ultimately it is the radiant energy that bears responsibility for driving both of those flows (Fig. 11.8).

Diapers and Gels
Osmosis operates in everyday life. Common examples that illustrate the principles above can be found in gels and diapers.

Gels hold enormous amounts of water. Gelatin desserts comprise 95% water, while some laboratory-based gels may hold up to 99.95% water (Osada and Gong, 1993). Diapers (nappies) have similar features: fortunately for us, they can absorb water many times their weight. The holding capacity is fathomable because massive amounts of water can cling to internal hydrophilic surfaces; those exclusion zones can be of substantial size. 

A question is how the water works its way into the gel (or diaper). When the gel’s dry hydrophilic meshwork is exposed to water, immediately the invasion begins. The water does more than just fill the open mesh spaces; it expands the meshwork. Within seconds or minutes the meshwork swells, in some cases to astonishing dimensions. Osmosis is evidently at play, for water movement is the major player. How does it happen?

When the dry gel is plunged into water, superficial meshwork layers immediately begin hydrating. EZs build. Hydronium ions begin accumulating in the water beyond. Since the superficial polymeric strands protrude irregularly, the initial EZ buildup pattern should resemble that of Figure 11.7. The irregularity permits hydronium ions to penetrate immediately toward the matrix.

If the matrix bears negative charge, then the hydronium drawing force will be strong. Negative charge is typical of hydrophilic matrices. One reason is that the polymers themselves commonly bear negative charge. A second reason is that even “dry” polymers contain some tightly held water. So tenaciously does this EZ water cling that removal is practically impossible. Thus, the presence of some EZ layers confers negative charge for initially drawing those hydronium ions into the matrix. As the hydronium ions flow, they will inevitably drag nearby water molecules along for the ride. Hence, the matrix will begin filling with water and hydronium ions.

You can envision the progression of events. The penetrating water provides the raw material for building more EZ layers; protons are released; the protonated water penetrates into deeper charged layers, dragging along more water, and so on. Soon the entire gel fills with water. By that point all mesh surfaces bear substantial EZs, leaving the pockets in between the EZs filled with protonated bulk water.

What finally stops the process? Certainly not matrix-charge neutralization: even well filled gels remain negatively charged — as evidenced by the negative potential recorded by microelectrodes stuck into those gels (e.g., Fig. 4.6). Thus, even filled matrices retain the capacity for drawing protonated water inward.

You’d think the gel could expand unendingly; however, mechanical constraints limit growth. The meshwork continually expands because of water entry. If the mesh is elastic, then a good deal of water can be accommodated before the elastic limit is reached. If the mesh is stiff, then mechanical resistance will curtail the accumulation; the gel will then contain less water. The end point of filling is reached when the mechanical resistive force balances the osmotic drawing force.

At that stage the gel contains a lot of EZ water. The pockets between those EZs contain protonated water. That protonated water sticks to the negative EZs and therefore remains within the gel unless pressured out. Your gelatin dessert should be of this ilk, and so should your child’s wet diaper.

Confirming the nature of the osmotic draw was an amusing incident. On a recent trip to Italy a colleague took me to a favored local restaurant. Once seated, we watched the waitress perform her act of flamboyance: she ceremoniously plunked onto our table two small white cylindrical blobs. The blobs lay on a plate, so I reflexively presumed they were some kind of local food, perhaps of exotic nature. Exotic it was: When the waitress dribbled some water onto those blobs, the blobs sprung to life as though the water was holy: the blobs magically grew to more than five times their initial height (Fig. 11.9).

The blobs were not food after all. They turned out to be ribbons of fibrous meshwork rolled into tight cylinders. When unraveled, I could see that the hydrated ribbon was nothing more than wet tissue, designed for wiping your dirty hands. The diaper-like material had been cleverly packaged into compact cylindrical form, poised for action.

The meshwork held particular interest because we had recently examined many such fibrous meshworks using an infrared camera. We would place a droplet of water on the tissue. Then, as the water spread, the infrared camera would always detect a “hot” zone at the leading edge of the advancing water; the leading edge generated abundant infrared energy (Fig. 11.10). Finally that observation made sense: it was the advancing protons — the moving charges at the leading edge of the invading water — that bore responsibility for the high infrared emission.

So, the drawing of water into hydrophilic polymer networks is proton driven, just like the drawing of water toward salts or other solutes. Both are osmotic features because they draw water; and both are fueled by external energy, which separates the charge responsible for the osmotic draw.

That’s why making gels often requires heat. That radiant energy builds EZs and separates charge. Once the heat is withdrawn, the juxtaposed negative and positive charges remain stable in the same way that the colloid crystal remains stable. The like-likes-like charges can even anneal small gels into one larger one. If you prefer double entendres you might say that the charge-based osmotic mechanism seems to hold water.

---

Box (PLACE AFTER GEL SECTION): Injury and Swelling 

Osmosis is at play in the cell. Because water fills the cell’s macromolecular network, the cytoplasm should experience osmotic forces similar to those experienced by gels, napkins, and diapers. Physiologists know that it does.

A peculiar feature of cellular gels is their modest water content. The water-to-solids ratio is approximately 2:1, compared to 20:1 for many common gels. The cell’s negatively charged macromolecules should generate a strong osmotic draw; yet, the water content remains low — presumably because the biopolymers and cross-links that make up the network are stiff; their structures are typically tubular or multi-stranded. The resultant stiffness prevents the network from expanding to its full osmotic potential.

If those macromolecules or cross-links were to disrupt, however, then the full power of osmotic draw would take effect; the tissue could then expand enormously. In experiments with muscle fibers we could see this expansion all too frequently. When the experimenter’s forceps inadvertently slipped, local damage created a blob that could rapidly expand up to some ten times the diameter of the rest of the fiber. The local banding structure was disrupted, and water evidently invaded from outside to swell the tissue. At that stage we knew that the experiment was over.

Comparable swelling occurs when body tissues are injured, especially with dislocations. The strain disrupts fibrous macromolecules and cross-links, eliminating the restraining forces that keep osmosis at bay; hence, osmotic expansion can proceed virtually unimpeded.

The reason why swelling can be so impressive is that disruption is often progressive. Breaking one cross-link results in higher stress on neighboring cross-links; so disruption progresses in zipper-like fashion. When that happens, the osmotic rush of water into the tissue can be practically without limit, resulting in the enormous immediate swelling that is often seen. The tissue will return to normal only when cross-links repair and the matrix returns to its normally restraining configuration.

---

Summary

Salt sucks! This crude utterance has become a familiar artifice for remembering what goes on during osmosis, where salt attracts the water. We found, however, that the salt doesn’t really attract, or suck. Salt’s apparent attraction is the byproduct of an electrical potential gradient; the gradient drives positively charged water molecules toward aqueous regions containing less positive charge, i.e., regions containing salt or other solutes, or even negatively charged polymeric matrices. Thus, charge gradients are central to osmosis; they drive the positively charged water molecules toward the salt. 

Like osmosis, diffusion is a process by which substances tend to mix. Diffusion deals with solute movement rather than solvent movement. The driver is once again external energy, which separates charge. That separation drives the excursions that cause the mixing.

Thus, the issues surrounding these two phenomena are similar. Osmosis and diffusion both require energy, and energy-dependent charge separation is a central feature underlying both types of movement. You might think of osmosis and diffusion as natural consequences of the sun’s energy.

---

If energy and charge strike you as appearing increasingly in these pages, then your perception is accurate. These features appear again and again. It doesn’t end here. The next chapter explores the central roles of absorbed energy and charge separation for driving a number of common processes. We will consider issues ranging from why cars are hard to start in cold weather, to why ice is perpetually slippery.
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Figure 11.5. Results of standard osmosis experiment. Exclusion zones and protons are distributed asymmetrically around the dividing membrane. 





Water cannot easily penetrate into a crystal of salt water. 





Figure 11.2.  Diffusion of methylene blue dye. Chamber length 7.5 cm. In salt water (4 M KCl), the dye diffuses extremely rapidly. 





Figure 11.1. Random walks will eventually lead to a uniform distribution, spread out over a defined space.





Figure 11.7. Exclusion-zone breaches observed microscopically (top). To create the breaches, positive charges invade the negatively charged EZ, eroding the EZ locally (bottom).





Figure 11.6. Water fails to penetrate through the EZ.








Figure 11.3.  Same as 11.1, except that two features are added: wind blowing sailors one way, and a half-naked woman drawing their attention.  The point is that these “forces” modify their expected positions. – two panels





Figure 11.8. Summary of diffusion and osmosis mechanisms, illustrating common features.





Figure 11.3.  Diffusion analogy. Diffusive movements are driven by external energy (top), and subject to distracting agents (bottom).





Figure 11.4. Experimental setup for observing osmosis. The membrane can pass water, but not solutes. The water moves from the low solute-concentration compartment to the high solute-concentration compartment.





Figure 11.10. Sequence of infrared images of a water droplet spreading on a napkin. During the spread, the outer rim contains a “hot” region. 





Example of post-injury swelling. 





Figure 11.9. Hydration-induced swelling. Hydrophilic meshwork is initially dry (top). Adding water expands the meshwork (next). The unrolled meshwork is now ready for hand wiping (lower panels).








