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Intermolecular bonds are better formed at lower molecule hydration, therefore congealing process is stimulated by all the factors, which reduce HMC molecule hydration:

3) pH of solution. Molecule hydration is the smallest at pH=IEP, therefore formation of intermolecular bonds and the rate of congealing are the greatest at IEP. Dependence of congealing time of a HMC solution on pH is shown at fig.18.10.

As one can see, at pH=IEP the congealing time is the shortest.

4) presence of electrolytes.

If an electrolyte is present in solution, the anion of which belongs to the structure making ions (i.e. this anion is situated to the left from chloride ion in Hoffmeister's line), this structure making anion reduces the number of free water molecules (see chap.V). This results in a decrease of HMC hydration and, consequently, such an electrolyte stimulates congealing (reduces congealing time). For instance, at presence of sulfate ion in the solution, the congealing process of a protein solution becomes faster.

In the presence of a structure breaking ion (which is situated to the right from chloride ion in Hoffmeister's rank) the number of free water molecules increases (see chapter B), therefore the protein becomes more hydrated and congealing time of the solution becomes longer.

5) form of  HMC macromolecules - the longer and the more branched they are, the easier solution is congealing.

IX.2. KINDS OF GELS AND THEIR PROPERTIES 
Two kinds of gels are known:

1) elastic gels  (or reversible  gels), which are formed at congealing of HMC solution, 

2) fragile gels  (or irreversible  gels), which are formed at congealing of lyophobic soles.

IX.2.1. PROPERTIES OF FRAGILE GELS

In fragile gels the internal structure is formed of colloidal particles (inorganic materials), therefore this structure is hard and non-elastic. At evaporation of dispersion medium from a fragile gel, the volume of gel is not changed and a hard skeleton is obtained, which doesn't form back gel or colloidal solution at pouring dispersion medium upon it.

IX.2.2. PROPERTIES OF ELASTIC GELS

Elastic gels are formed in congealing of HMC solutions.

The internal structure of elastic gels is therefore formed of flexible HMC molecules, which are flexible (in contrary to particles of lyophobous soles) therefore this structure is flexible, too, and it is elastic as a whole.

At evaporation of dispersion medium from an elastic gel, the gel contracts (its volume is reduced). If a portion of solvent is poured upon such a contracted gel again, the gel sucks up solvent and swells back to its initial size.

There are some more interesting properties of elastic gels.

1) tixotropy

Tixotropy is the ability of elastic gels to be reversibly converted into liquid HMC solutions and back into a gel at a constant temperature.

If an elastic gel is subjected to intensive mechanical treatment (as mixing, shaking, ultrasound, etc.), the intermolecular bonds that exist between individual HMC molecules are broken, the internal structure of gel is thus destroyed and the gel is converted into a solution. When mechanical treatment is stopped, the intermolecular bonds, and, consequently, the internal structure starts forming again and a gel is formed back from solution.

In fact, HMC solutions are not the only systems, that have tixotropous properties. Tixotropous properties of some materials are used in practice: for instance, oil-based paints have tixotropous properties. An intensive mixing of a thick paint makes paint more fluid (because the internal structure is broken) and it is therefore easy to use it immediately after mixing.

As soon as the mechanical treatment is stopped, the structure of paint starts forming again and the paint becomes thicker. This is important at painting of vertical surfaces - the paint becomes thicker immediately after it is smeared onto the surface and doesn't therefore flow down. It is a mistake to add solvent to a thick paint - it must be made more fluid by mixing. For this very reason cement mortar has to be mixed intensively (and not water added to it) before its application to vertical surfaces.

2) syneresis

Syneresis is a phenomenon, that is observed at aging of gels. It is a spontaneous contracting of the gel into a smaller volume. Part of the solvent is pushed out at this contraction, see fig.18.11.


[image: image1.wmf]gel before 

ageing

contracted 

gel

water with some 

molecules of 

HMC


Fig.18.11. A gel before and after syneresis

The reason of such a behavior of gels is, that not all the possible number of intermolecular bonds is formed at once during the congealing process - the formation process of intermolecular bonds still continues after HMC solution is already converted to a gel.

As more intermolecular bonds are formed, the internal structure of the gel becomes more and more tight, until the forces of intermolecular attraction contract all the structure into a spatially smaller one, pushing out the extra solvent.

Typical cases of syneresis are the behavior of sour milk, when it is left in a warm place - after some time the white mass has contracted into a smaller volume. Another case of syneresis is observed at preparing of cheese from curds - here also extra water is pushed out and a more tight structure of gel is obtained.

X. VISCOSITY OF HMC SOLUTIONS

X.1. GENERAL UNDERSTANDINGS ABOUT VISCOSITY

Viscosity is the internal friction of solutions. It is the mechanic resistance, which arises at displacement of different liquid layers against each other.

If a liquid moves through a tube, different layers of liquid move at different speeds v, see fig.18.12. and the resistance force, that acts between different layers of liquid, is described by Newton's equation:
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where:

F is the resistance force, caused by the internal friction of liquid,

 is viscosity (or viscosity coefficient)  of the solution,

S is the contact area between the two liquid layers.
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Fig.18.12. Motion of a liquid through a tube

From Newton's equation viscosity of solution can be defined as follows:

viscosity of solution is the force, that has to be applied to a liquid layer, having a surface area 1 m2 to cause it's motion at a speed 1 m/s against another liquid layer, which is situated at a distance 1m from the first one.

Measuring unit of viscosity in SI system is

[] = Nm-2s = Pas (Pascal second).
The amount of liquid, that passes through a tube is proportional to the applied pressure and it can be found by Pouaseil's equation
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where:

V is the volume of liquid,

l is the length of tube,

r is the radius of tube,

 is time and

p is the applied pressure.

X. DEVIATIONS OF HMC SOLUTIONS FROM NEWTON'S AND POUASEIL'S EQUATIONS

Newton's and Pouaseil's  equations are valid for solutions of low molecular compounds, where viscosity of solution is constant.

In solutions of HMC viscosity itself depends on the applied pressure. This phenomenon has two reasons:

1) at high enough concentrations of HMC the intermolecular bonds
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Fig.18.12.Flow of a HMC solution through a tube at different applied pressures:
a - internal structure still exists,
b- no internal structure, but molecules are oriented chaotically,
c- HMC molecules oriented along flow direction.
exist between individual HMC molecules, thus forming greater structural elements. The later ones form the internal structure of solution, which is somewhat alike a net inside the solution and water molecules become captured in this net, partly loosing their ability to move. This gives an additional viscosity increase to the solution, called structural viscosity.

Increase of the applied pressure destroys the internal structure of solution, thus decreasing viscosity.

2) even if the concentration of HMC is so low, that there is no intermolecular linking between individual HMC molecules (or if the structure is already destroyed by an application of a high enough pressure), the molecules of HMC are oriented chaotically. At high pressures all the HMC molecules become oriented along the direction of liquid flow, thus less disturbing the motion of liquid, that also causes decrease of viscosity.

The flow of HMC solution through a tube at different pressures is shown at fig.18.12.

X.3. DEPENDENCE OF VISCOSITY ON HMC CONCENTRATION

The dependence of viscosity on concentration in solutions of low molecular compounds is very simple - at zero concentration viscosity is equal to the one of pure solvent (o) and further grows proportionally to the concentration of solute, see fig.18.13.
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Fig 18.13. the dependence of solution viscosity 
on the concentration of solute for 
low molecular compounds (curve 1) and HMC (curve 2).

If the solute is a HMC, viscosity curve is similar to the one of a low molecular compound at small concentrations, but at greater concentrations, when formation of intermolecular bonds begins, viscosity of HMC solution becomes greater, than the one of solutions of low molecular compounds. That part of viscosity of HMC solutions, which exceeds the viscosity of solutions of low molecular compounds, is called structural viscosity.

Viscosity of low molecular compound solutions follows Einstein's equation:

 = o(1 + ),

where:

 is viscosity of solution,

o is viscosity of solvent,

 is a coefficient, which depends on the form of solute particles,

is the volume fraction of disperse phase:
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Einstein's equation is valid if:

1) flow of solution is laminar,

2) particles of solute have no interaction,

3) particles of solute cannot be deformed.

For spheric particles the coefficient a in Einstein's equation is equal to 2.5, for other particle forms  > 2.5.

As one can see from Einstein's equation, the dependence of viscosity on concentration (volume fraction of disperse phase is one of the ways to express concentration) is linear.

Due to structural viscosity, Einstein's equation cannot be applied to solutions of HMC. In HMC solutions viscosity grows faster than linearly at the increase of HMC concentration. The part of viscosity of HMC solutions, caused by structural viscosity, is shown in the marked area of fig.18.13.

X.4. DIFFERENT WAYS OF VISCOSITY EXPRESSION

X.4.1. RELATIVE VISCOSITY

It is inconvenient to measure absolute viscosity in Pas, but it is easy to measure relative viscosity of solution, which shows, how many times the viscosity of solution is greater than the viscosity of solvent. Relative viscosity is related to absolute one as :
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where

    is the absolute viscosity of solution,

o  is the absolute viscosity of solvent
To determine the relative viscosity of solution it is only necessary to measure the time intervals, in which a fixed volume of solution and an equal volume of solvent flow through an opening.

These times are proportional to viscosities, therefore:
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If one divides both sides of Einstein's equation by the viscosity of solvent o one gets:
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which means, that the dependence of relative viscosity on concentration is also linear, but its graph starts from rel = 1 at zero concentration of solute.

X.4.2. SPECIFIC VISCOSITY

It is difficult to characterize the influence of solute on the viscosity of solution, if relative viscosity is used, as relative viscosity includes both the viscosity, caused by solute and the viscosity, caused by solvent.

For this reason it is better to use another possible expression of viscosity - the specific viscosity. The viscosity of solvent is already extracted at calculation of specific viscosity.
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but, as 

, specific viscosity becomes:
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The dependence of specific viscosity on the concentration of solute looks as shown in fig.18.14. The relative viscosity at zero concentration of solute is equal to 1, beacuse at zero concentration of solute the solution becomes a pure solvent.

Thus, the specific viscosity at zero concentration is zero and it further grows proportionally to the concentration in solutions of low molecular compounds and more than proportionally in HMC solutions.
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Fig.18.14.Dependence of specific viscosity on the concentration of solute for: 1- a solution of low molecular compound, 2 - HMC solution.

In such a way, in solutions of low molecular compounds the specific viscosity is just proportional to the concentration of solute, as it is also seen from Einstein's equation. If we re-write this equation for specific viscosity, it looks like:

specif = rel -1 = 
X.4.3. DEPENDENCE OF VISCOSITY ON THE MOLAR MASS OF HMC. VISCOSCIMETRIC DETERMINATION OF MOLAR MASS

It was found out experimentally, that in solutions of HMC the specific viscosity is proportional to both the concentration of solution and the molar mass of HMC. This can be seen from Staudinger's equation

specif = kMC,

where:

M is the mean molar mass of HMC,

k is a constant of the equation and

C is the concentration of HMC, expressed in moles of monomer per liter. (So, for instance, for polyethylene (‑CH2‑CH2‑)n C = 1 mol/l, if it contains 28 g of substance per liter).
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Fig.18.15 Dependence of reduced viscosity on HMC concentration
 and graphic determination of characteristic viscosity.

If one divides both sides of Staudinger's equation by C, a following the following form of equation is obtained:
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where

the value 

 is called the reduced viscosity of the solution.

According to the previous equation the reduced viscosity should be independent on concentration and, if this is true, one can determine the molar mass of polymer, using Staudinger's equation. In practice, due to the strong interaction of HMC molecules in the solution, Staudinger's equation is valid only for very diluted solutions and in practice the dependence of reduced viscosity on HMC concentration is a straight line.

At zero concentration of HMC reduced viscosity reaches a value, called the characteristic viscosity [], which is related to the molar mass of HMC by empirical Mark - Huvinck -Koon's equation:

[] = k M,


where
 
is a constant, which characterizes the form of HMC macromolecule in the solution. 

Note, that Mark - Huvinck - Koon's equation becomes analogous to Staudinger's equation, if  = 1 or to Einstein's equation, if  = 0.

XI. POLYDISPERSITY OF HIGH MOLECULAR COMPOUNDS

At polymerization or polycondensation reactions the number of monomers, that join to form a HMC molecule can be different for each HMC molecule, therefore not all the molecules have equal molar masses.

The curves, which show the distribution of HMC molar masses are called polydispersity curves, see fig.18.16.  n  in the figure 18.16. is the number of HMC molecules, which have a chosen molar mass M. As one can see, most of the HMC molecules are grouped around a mean molar mass 

. The more molar mass differs from 

, the smaller becomes the number of molecules, which have such a molar mass.
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Fig.18.16.Polydispersity curves of two different HMC 
having the same mean molar mass 

:
1 - particular molar masses  are grouped tightly around the mean
 molar mass 

 (polydispersity is small),
2 - particular molar masses are widely spread around the mean 
molar mass 

 (polydispersity is great).

The mean molar mass of HMC can be expressed in two different ways:

1) mean number molar mass 

 which is found as:
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where
Mi is the molar mass of a given fraction,
ni is the number of molecules in a fraction, having equal molar mass. (sum of these numbers makes the total number of molecules).

2) mean weight molar mass 

, which is calculated as:
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where

wi is the weight of a HMC fraction, having equal molar mass Mi.
If a system is monodisperse - all the molecules have equal masses, then there is no difference, how the molar mass is calculated and 

 = 

.

As soon as the masses of molecules are different (the system polydisperse), 

 is not any more equal to [image: image8.wmf]M 

w

. The more different are the masses of individual molecules, the more 

 differs from [image: image9.wmf]M 

w

.

The quantitative parameter, which is used to characterize the distribution of molar masses is called polydispersity  and it is calculated as a ratio:

g = [image: image10.wmf]M 
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 / 


For a monodisperse system g = 1, for polydisperse one g > 1, as the mean weight molar mass [image: image11.wmf]M 

w

 is always greater, than the mean number molar [image: image12.wmf]M

n

.

As a numerical example let us imagine a "polydisperse system", consisting of 10 molecules, having a molar mass 8000 and 10 molecules, having a molar mass 14000. In such a case
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When the mean molar mass of HMC is determined experimentally, the result depends on the applied method:

a) if the mean molar mass is determined by measuring a property, which depends on the number of molecules only, 

 is obtained.

Thus, 

 is obtained, if the molar mass is calculated from the data of cryoscopy, ebulioscopy or osmotic pressure.

b) if the mean molar mass is determined by measuring of a property, which depends more on the size of particles, than on their number, [image: image13.wmf]M

w

 is obtained.

Practically 

 is obtained from data of light scattering measurements and sedimentation at ultracentrifugation.

XII. OSMOTIC PRESSURE OF HMC SOLUTIONS

XII.1. REASONS FOR DEVIATIONS OF HMC SOLUTIONS FROM VANT HOFF'S EQUATION

Osmotic pressure of low molecular non-electrolyte compounds is expressed by Vant Hoff's  equation

 = cM R T,
where
 is the osmotic pressure,

c is the molarity of solution ,

R is the universal gas constant and

T is temperature in Kelvins.

There are two main differences between the osmotic pressure in HMC solutions and the one in solutions of low molecular mpounds:

1) Osmotic pressure of HMC solutions is very small, when compared to the solutions of low molecular compounds. The reason for this is as follows.

As one can easily imagine, the molar concentration of HMC solutions is always a very small value, because the molar mass of HMC is very huge.

For example, if a solution of a HMC, that has a molar mass 100'000 g/mole, contains 500 g/l of solute (at  = 1 the mass fraction would be 50%), the molarity is as small as

cm = m/M = 500 /100'000 = 0.005 mol/l

and the osmotic pressure is very small, too (note, that 50% by mass is already a very great concentration for a HMC solution, usually their concentrations reach just some percents).
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Fig.18.17. Concentration dependence of osmotic pressure for 
solution of a low molecular compound and solution of a HMC.

As it is seen from Vant Hoff's equation, in solutions of low molecular compounds osmotic pressure is directly proportional to molar concentration, see also curve 1 at fig.18.16.

2) In HMC solutions the growth of osmotic pressure at increase of concentration is greater, than predicted by Vant Hoff's equation, see curve 2 at fig.18.16.

The reason of this phenomenon is the great size of HMC molecules. As we remember, each particle of solute gives its increment into creating of osmotic pressure of solution. The particles, that act in the solutions of low molecular compounds are molecules or ions of solute. The particles, that act in the solutions of HMC, are the macromolecules of the high molecular compound, but, as the size of HMC macromolecules is very great and the geometric form of HMC macromolecules is complicated, one macromolecule in some cases can behave as several individual particles.

This can happen both

1) if the HMC macromolecules are branched - each branch can behave as an independent segment of a molecule, giving an increment of an individual particle into the formation of the osmotic pressure,

2) even if the HMC macromolecule is not branched, it has a complicated geometric configuration and each elbow of this configuration can act as an independent segment (as an individual particle), see fig 18.18.
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Fig.18. 18. Illustration to the idea about the presence of 
several independent segments in one HMC macromolecule:


a - if HMC macromolecule is branched,


b - if the spatial configuration of HMC macromolecule includes several elbows.

The number of independent segments in one macromolecule cannot be precisely defined, but one can imagine, that this number must grow with an increase of HMC molar mass.

XI.2. HALLER'S EQUATION. DETERMINATION OF HMC MOLAR MASS FROM The MEASUREMENTS OF OSMOTIC PRESSURE.

Thus, presence of several independent segments in HMC molecules causes the phenomenon, that osmotic pressure of HMC solution grows much faster than the concentration of HMC.
Osmotic pressure of HMC solutions is expressed by Haller's  equation:
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where
m is the mass of HMC in 1 liter of solution,
M is the molar mass of HMC,

b is a constant, the value of which is determined by the geometric form, length and diameter of HMC macromolecule.
As the ratio m/M (mass of solute in 1 liter of solution over the molar mass of solute) is the molar concentration (cm) of HMC, one can see, that Haller's equation is obtained by adding an additional value bm2 to Vant Hoff's  equation.

Practically Haller's equation describes the fact, that the greater is the concentration of HMC, the more osmotic pressure exceeds the value, predicted by Vant Hoff's equation (because bm becomes noticeable at great enough concentrations).

Measurements of osmotic pressure are used to determine the molar mass of HMC. To do this, the mathematical form of the equation is first modified in order to obtain one, the graph of which is a straight line. For these purposes both sides of equation are divided by m:
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and the following equation is obtained:
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       y =   a   + bx
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Fig.18.19 Graphic determination of HMC molar mass and 
the constant b of Haller's equation.

One can notice, that the final modified equation is an equation of a straight line, where m plays the role of x, the ratio RT/M plays the role of a and ratio p/m plays the role of y.

In order to determine the molar mass of HMC graphically, osmotic pressure of HMC solution  is measured at different m (i.e. in different solutions, each of them containing a different mass of HMC in 1 litre) and the results are expressed graphically in the coordinates /m versus m, see fig.18.19.

The ratio RT/M is then found graphically as the value of /m at m = 0.

As the value of R is known and the temperature of solution can be measured, the molar mass of HMC is easily calculated. The constant b of Haller's equation can be determined from the same graph as a tangent of the angle, which is formed by the graph of function and the horizontal axis.

XII.3 OSMOTIC PRESSURE OF BLOOD.
BIOLOGICAL ROLE OF PROTEIN - CAUSED OSMOTIC PRESSURE

Osmotic pressure of human blood all-in-all is 7.7-7.8 atmospheres (around 780 kPa). Mass fraction of proteins in blood is about 7-10 %, but, due to the great molar masses of proteins, the protein-caused part of the osmotic pressure of blood is very small - just around 0.03 atm, that makes about 0.5% of the total osmotic pressure of blood. The greatest part of the osmotic pressure of blood is caused by electrolytes, mainly NaCl.

The part of blood osmotic pressure, which is caused by proteins, is called oncotic pressure.

Oncotic pressure is a very small part of the total blood osmotic pressure, but, nevertheless, it plays an important biological role in the regulation of water balance between the tissues and blood vessels.

Water balance between the tissues and blood vessels is regulated by the ratio of two pressures, acting in opposite directions:

1) oncotic pressure,

2) hydrostatic liquid pressure, caused by heart muscles and known as blood pressure.

ACTION OF ONCOTIC PRESSURE

To understand the physiological action of oncotic pressure, one has to note, that the walls of blood vessels are semi-permeable membranes, which allow penetration of water and electrolytes but don't allow penetration of proteins. This means, that the concentration of electrolytes, and, consequently, the electrolyte-caused part of osmotic pressure, is equal at both sides of membrane - i.e. inside the blood vessels and in the surrounding tissues. The osmotic pressure difference between blood and tissues is caused by blood proteins only.

Thus, due to presence of proteins in blood, the osmotic pressure of blood is about 0.03 atmospheres higher, than the one of tissues or, in other words, blood is hypertonic against tissues for 0.03 atm.

This difference in osmotic pressures causes penetration of water from tissues into the blood vessels.

ACTION OF THE HYDROSTATIC BLOOD PRESSURE

Being a pressure of mechanic origin, the blood pressure just pushes water through the walls of blood vessels in the direction from blood vessels towards tissues.

Blood pressure are different at different parts of blood vessels - it is the greatest at the arterial ends of blood vessels (i.e. immediately after coming out from the heart) and it decreases in when passing towards the venous ends of blood vessels. Numerical values of blood hydrostatic pressure are about 0.04 atm at arterial end, around 0.03 atm at the central part of blood vessels and about 0.02 atm at venous ends of blood vessels.

BLOOD PRESSURE/ONCOTIC PRESSURE RATIO
 AS THE REGULATOR OF WATER BALANCE

As one can see from the discussion above (see also fig.18.20), blood pressure and oncotic pressure move water into opposite directions: blood pressure pushes it from blood vessels to tissues, but oncotic pressure - from tissues into blood vessels.

At the arterial end of a blood vessel blood pressure is greater, than oncotic pressure, therefore water penetrates into tissues, at the same time supplying them with oxygen and necessary compounds.

At the venous end of a blood vessel blood pressure is smaller, than oncotic pressure, therefore water penetrates from tissues into blood vessels, carrying CO2 and other metabolism products.

If both blood pressure and the content of proteins in blood are normal, the same amount of water is given from blood to tissues and returned back in each cycle of blood circulation.
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Fig.18.20. Scheme of water balance between the tissues and blood vessels

Problems arise, if one of the pressures is shifted from its normal value:

1) for humans with increased blood pressure more water is pushed into tissues, than returned back and a dropsy is observed.

2) the same effect is observed at a prolonged starving - if the protein content in blood is decreased, oncotic pressure is decreased, too, and, as well as in the previous case, more water penetrates into tissues, than returns back into blood vessels. This is the reason of the strange phenomenon of starving dropsy - at a certain stage of starving people visually look fat.

XII.4. DONNAN'S MEMBRANE EQUILIBRIUM

In biological systems the cell walls appear to be semi-permeable membranes, which allow penetration of water and low molecular compounds, but are closed for proteins.

The cell membranes separate the protein-containing internal solution of the cells from the outer solution, which doesn't contain proteins. In such a situation the distribution of low molecular electrolytes between the two sides of membrane becomes specific.

Although the cell membranes are completely permeable for low molecular electrolytes, the electrolytes are not evenly distributed between the two sides of membrane. If the electrolyte concentration in the outer solution is changed, the amount of electrolyte, that enters the cells, is determined both by the concentration of electrolyte in the outer solution and by the concentration of protein in the inner one.

The next chapter is devoted to understanding of the rules of electrolyte distribution between the two sides of membrane in presence of protein.

The most common electrolyte, that is present in living systems, is NaCl, which exists in solution in a form of two ions:

NaCl => Na+ + Cl-
Most of the proteins, that are present in living systems, have their isoelectric points at a weakly acidic environment, therefore pH = 7.36 (pH value of blood), for these proteins has to be considered as a basic  environment, in the which protein exists in a form of its sodium salt:
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and its dissociation can be schematically expressed as :
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The amino groups of protein molecule have no importance in our further discussion, as they are not ionized in a basic environment, therefore let us assign a shorter symbol R- to the protein anion. One has to remember, that, in fact, there are many ionized carboxyl groups at one protein molecule, and R- actually symbolizes a protein poly-ion, see fig.18.21.

In a system, in which a protein solution (the intracellular liquid) is separated from a low molecular electrolyte solution (the extracellular liquid) by means of a semi-permeable membrane, which allows penetration of low molecular electrolyte, but is closed for protein, a diffusion of low molecular electrolyte
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Fig.18.21. A protein poly-ion with the associated Na+ ions.

 towards inside of the cell begins. In our case NaCl penetrates into the cell. This diffusion of electrolyte cannot proceed indefinitely - an equilibrium is reached at certain concentrations of electrolyte.

Using thermodynamic considerations, Donnan  obtained the following conditions for this membrane equilibrium :

1) solutions at both sides of membrane must be electrically neutral (i.e. the numbers of positive and negative charges at each side must be equal)

2) the product of the concentrations of diffundating ions must be equal at both sides of the membrane.

In the situation, that we are discussing, the diffundating ions are Na+ and Cl- ions, therefore, according to Donnans' considerations the products of Na+ and Cl- concentrations inside and outside the cell membrane must become equal when equilibrium is reached.

The initial situation at both sides of membrane looks as follows (see fig.18.22).

The internal side contains only protein having a concentration Ci ( index i  from internal) and, thus, the concentrations of Na+ and R- ions inside the cell before any diffusion are equal to the initial protein concentration Ce.

The outer solution contains only NaCl, its concentration being Ce ( index e from external), thus, the concentrations of Na+ and Cl- in the outer solution before any diffusion are equal to Ce .
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Fig.18.22. Ion concentrations at both sides of membrane 
before the diffusion of electrolyte.

The reason for diffusion of NaCl into the cell is the lack of Cl- ions inside the cell. For this reason Cl- ions start entering the cell, but, as the solutions at both sides of membrane must be electrically neutral, each Cl- ion is followed by a Na+ ion, or in other words, the whole NaCl instead of just chloride ion penetrates into the cell. Let us imagine, that x moles/liter of NaCl enter the cell before an equilibrium is reached.

Our task is to express this diffusion-caused concentration change x through the initial concentrations of protein (Ce) and NaCl (Ce).
After the diffusion of x moles/l of NaCl into the cell, the concentrations of ions have become as shown in fig.18. 23.
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Fig.18.23. Ion concentrations at both sides of membrane when equilibrium is reached.

The concentration of Cl- ions inside the cell is now x moles/l, as x moles/l of these ions have entered the cell (and there were no chloride ions inside the cell before the diffusion). The same number of moles of Na ions have followed Cl- ions, therefore their concentration (the initial concentration of sodium ions inside the cell was Ci) has increased by x moles/l and now makes (Ci + x) moles/l.

Outside the cell both the concentration of Cl- and the concentration of Na+ have decreased by x moles/l and now makes (Ce - x) moles/l.

As the product of the concentrations of diffundating ions at both sides of the membrane has to be equal, the following equation is obtained:

[Na+]int[Cl-]int = [Na+]ext[Cl-]ext        or
(Ci + x)  x= (Ce - x)(Ce - x)

Let us solve this equation against x.

 EMBED "Equation" "Word Object21" \* mergeformat  


As x2 appears at both sides of equation, it is canceled, therefore


 EMBED "Equation" "Word Object22" \* mergeformat  

 and


 EMBED "Equation" "Word Object23" \* mergeformat  


Thus, we have obtained an equation, that relates the diffusion-caused concentration change x to the initial concentrations of the protein inside the cell (Ci) and of the electrolyte (Ce) outside the cell.

Let us see, what becomes with the last equation and to the value of x at different ratios between Ce and Ci.
1) if Ce  >> Ci,
one can neglect Ci in the nominator of equation and the equation becomes:


 EMBED "Equation" "Word Object24" \* mergeformat  


This means, that if the concentration of electrolyte outside the cells is much greater, than the concentration of protein inside the cell, the electrolyte is evenly shared between both sides of membrane, or in other words, diffusion of electrolyte occurs, as if the protein was not present at all.

2) if Ce = Ci, 
then Ci in expression of x can be replaced by Ce (as they are equal) and the equation becomes:


 EMBED "Equation" "Word Object25" \* mergeformat  


This is the most interesting conclusion from all the analysis - the result means, that 

even if the concentration of electrolyte outside the cell is equal to the concentration of the protein inside cell, one third of the electrolyte concentration penetrates into the cell.

This explains, why the organisms, that live in water, don't loose electrolytes although being in contact with a medium, in which electrolyte concentration is equal or smaller, than the concentration of proteins inside these organisms.

3) if Ce << Ci,  i.e. the concentration of electrolyte in the outer solution is much smaller than the concentration of protein inside the cell, one can easily notice, that x => 0, because if Ce  is very small, taking it into second power gives a neglibly small number, i.e. 

 => 0. This is not surprising - if there is a very little electrolyte concentration in the outer solution, no diffusion of electrolyte into the cells takes place. 
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