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realizzato. Le misure di pressione osmotica sono state confrontate con i
modelli teorici disponibili.

Data la scarsa correlazione delle stime teoriche con i dati
sperimentali viene proposto un nuovo modello che tiene conto delle
caratteristiche del soluto e del solvente.

Parole chiave: nanofluidica, osmosi, pressione osmotica, osmometro,
PEG, saccarosio, van’t Hoff.

1. Introduction

In 2002, a new program of basic biomechanical research was initiated at the
Politecnico di Torino. Centering on micro- and nanotechnologies, with
particular attention to the phenomena involving osmosis in biomedicine, this
research is of interest because diffusion and osmosis regulate the
administration of therapeutic agents across nanoporous membranes.

Headed by P.M. Calderale, the new research program drew on the
seminal investigations of drug delivery by Mauro Ferrari, with whom the
Torino group collaborated. From 2002 to 2005, the students Bruno Balocco,
Andrea Carbonaro, Medea Nocentini, Manuele Merlo and Alessandro
Grattoni worked with Calderale in this program, and were followed after
2005 by the students Antonio Botrugno and Marco Cerrato. Participants in
this area of research also included Prof. Paolo Decuzzi, Prof. Massimo
Rossetto and, after 2005, Dr. Marco Pizzi.

During a period of work at Ohio State University between 2002 and
2003, Bruno Balocco developed an osmometer [1] which can measure
pressures up to 2 bar. This instrument was used to study the phenomena
experimentally and assess membrane quality.

The same instrument was then used at the Politecnico di Torino
Department of Mechanics'. Other methods were also implemented for
membrane quality evaluation [2]. Though the osmometer developed by
Balocco covered a pressure range suitable for membrane quality control, it
was clear that a deeper analysis of the osmotic phenomena at higher pressure
was needed. Consequently, Manuele Merlo and Alessandro Grattoni
developed an osmometer for direct osmotic pressure measurements between
2004 and 2005 [3] as part of Grattoni’s graduate thesis which made it
possible to validate the theory propounded by Granik et al. [4].

This new instrument can be used to investigate solutions with a high
concentration of sucrose, as elevated pressures can be reached. These
preliminary studies found discrepancies between classical theoretical
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predictions and experimental data, and indicated that the osmotic pressure
patterns expected from the Morse and van’t Hoff theories start to diverge
from low concentrations. The novel theory introduced by Granik et al.
demonstrated a much better agreement with the experimental data [4].

The present paper presents new experimental evidence that demonstrates
that not only the historical predictive models (van’t Hoff and Morse [5-6])
diverge significantly for certain substances, but also that the Granik et al.
theory should be modified and completed to take particle size and the solute-
solvent interaction into account as demonstrated below. It is also probable
that the diffusion law in nanochannels should be considered.

A different approach is here proposed whose result will be formally
similar to those provided by the virial theorem [6]. This approach, however,
will employ a single coefficient determined semi-empirically for the
substance involved. Attention will focus on the importance of the size of the
particles concerned, and of the mutual interactions that affect actual
molecule dimensions.

2. State of the art

2.1 Theories
Osmosis is a physical process involving molecular flows across a membrane
generated by solution concentration gradients. When a semipermeable
membrane separates two solutions with different concentrations, solvent
molecules will flow from the more dilute to the less dilute side until
equilibrium is reached.

The solute flow is counterbalanced by a hydrostatic pressure, the osmotic
pressure usually denoted by .

The first qualitative empirical model was proposed by vant’Hoff in 1885

7=RTC, (1
A similar equation was proposed by Morse
n=RTm", 2)

were T is the osmotic pressure, R is the gas constant, T is the absolute
temperature, C, and m’, are the solute molar and volume molal
concentrations respectively.

An explanation of the formula based on a kinetic model was proposed
two years later [S] by the same author, Nobel laureate in 1901. This
approach was then discarded in favor of more formal treatments based on
statistical mechanics [8]. Though the thermodynamic theoretical background
behind the van’t Hoff model is valid at any concentration and pressure,
certain approximations are needed to derive the explicit mathematical



50 Marco Pizzi, Antonio Botrugno e Pasquale Mario Calderale

expression. This limits the model’s predictive power to low pressures and
low solution concentrations. The thermodynamic approach is valid for
describing the equilibrium state, and its use here will be limited to such
situations. Some authors have proposed so-called mechanistic theories based
on diffusion [10] and [4] and on continuum hydrodynamics [11].

In fact, osmotic theories based on diffusion implement Fick’s law [12],
which is statistical and should be carefully evaluated when applied to
nanofluidics. Nevertheless, it should be noted that they have an advantage
over other predictive theories (van’t Hoff and Morse) in that there is no
theoretical limitation to low pressures and concentrations. Unfortunately,
these models are far from describing the experimental results of several
kinds of solutions, including those of PEG and other substances. All
available models claim to work regardless of the chosen solvent and solute,
but in fact do not. Only empirical models are capable of describing
experimental data correctly, but they are obviously not predictive.

2.2 Osmometer
There are several types of osmometers which operate using the colligative
properties of solutions:

— Cryoscopic or freezing point osmometers

— Vapor pressure osmometers

— Membrane osmometers

2.2.1 Freezing Point Osmometers
Freezing point depression is the lowering observed in the melting (or
freezing) point of a solution compared to the pure solvent. The freezing point
method employs Raoult’s law: solutions of the same molality of different
solutes in the same solvent show the same variations in boiling and melting
points. The molal freezing point depression constant Kf'is given by:
AT

Ke=M c 3)
where M is the molecular weight of the solute, C is the concentration (in g/l)
of the solute, and AT is the variation in melting point. The melting point is
measured using cryoscopes. It follows from equation (3) that the freezing
point depression of an ideal solution is proportional to the molality:

K, =K;m “4)

where K, is the freezing point depression, Ky is the solvent’s freezing point
depression constant, and m is molality.
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In addition to being used for measuring a substance’s molecular weight,
freezing point osmometers are employed to determine electrolyte activity
coefficients and the behavior of solutions or liquid mixtures in freezing
processes. For example, a common application is determining the freezing
point of milk to discover whether water has been added.

The major clinical applications for freezing point osmometers include:
Determining the accuracy of calculated osmolality systems
Glycine ingestion
Estimating absorption of irrigation fluid
Toxin ingestion
Identifying osmolality effects from toxin ingestion
Hydration

2.2.2 Vapor pressure osmometers

Vapor pressure osmometers measure differential vapor pressure. Vapor
pressure osmometry (VPO) is perhaps the most commonly used method of
determining relatively low molecular weights, e.g., below 10000 u. With this
method, a sample consisting of dilute compound in solution and solvent are
placed in a chamber containing saturated solvent vapor. The saturated vapor
condenses on the droplet of solution at a rate that depends on the molar
fraction of solute in the solution. The increase in chamber temperature that
results from condensation is measured by means of two thermistors.

Before measurement is performed, two syringes are used to place a drop
of pure solvent on the thermistors: in this way, there will be no variations in
either temperature or resistance. The chamber is provided with two channels
for delivering solvent and solution: during analysis, one channel delivers the
sample dissolved in the same solvent delivered by the other channel. This
creates a difference in temperature between the two thermistors which is
proportional to the difference in resistance measured by means of a high-
sensitivity meter.

The molecular weight of the substance is then determined from the
resistance/concentration plot. The procedure takes only a few minutes, and is
around ten times more accurate than ebullioscopic and cryoscopic methods.
The sample may be liquid or solid, as it is sufficient that it be soluble in
certain solvents.

The most commonly used solvents are toluene, chloroform,
dichlorethane, benzene, water and isopropyl alcohol. The method assesses
the number of molecules present and is thus not capable of distinguishing the
chemical species. Consequently, if the molecules of a compound are to be
determined, the compound must be relatively pure. The principle can also be
effectively applied for solutions at low concentrations. It is in any case an
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absolute method that does not make use of comparisons with the properties
of other polymers. By measuring osmotic pressure, vapor pressure
osmometers provide a rapid method for determining the molecular weight of
polymers and other macromolecules in highly viscous aqueous and non-
aqueous solutions. They can also be used to determine total osmolality in
biological liquids.

2.2.3 Membrane osmometers

There are two types of membrane osmometer:
— Membrane osmometer with capillary tubes
— Direct measurement membrane osmometer.

The former generally consist of two chambers separated by a
semipermeable membrane. A capillary tube is positioned vertically on each
chamber. One of the chambers contains the solution of the sample to be
measured, while the other contains the pure solvent. The solute molecules
are free to move with or against gravity; like gas molecules, they can thus
exert a pressure analogous to gas pressure. This pressure builds up at the
semipermeable membrane, which allows the solvent particles to pass, but not
the solute particles.

Membranes of this kind are very common in nature, and can be
synthesized. The fact that the solute particles cannot cross the
semipermeable membrane but the solvent particles can do so freely disrupts
the equilibrium in the osmometer.

The system restores this equilibrium by allowing solute particles to pass
through the membrane, diluting the solution and tending to bring its
concentration to zero. This results in a net difference in the levels of solution
in the two capillary tubes. When osmotic equilibrium is reached, the
difference in level between the two tubes is measured. This difference is the
osmotic pressure 7. Fig. 1 illustrates the operation of an osmometer of this
type, divided into three stages: in the first stage the two capillaries are in
equilibrium, while in the second equilibrium is disrupted and solute begins
to pass through the membrane. In the third and final stage osmotic
equilibrium is reached.

The direct measurement membrane osmometer, or direct membrane
osmometer, differs from the other types in that the generated pressure is
measured by means of a transducer which reads osmotic pressure directly.

There is an extensive literature on osmotic pressure estimates from
freezing point depression measurements, while commercially available
instruments also implement this principle. Freezing point depression
measurements and vapor pressure based osmometers can be considered
reliable only for low concentrations, and discrepancies in the measured
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values have been found in some cases [13]. For this reason, this paper will
whenever possible consider direct osmotic pressure measurements only.

As described in the section on materials and methods, dedicated
instruments were constructed for this purpose.

LJ

diseguilibrivem

Figure 1: Operation of a membrane osmometer

3. Solute-solvent interaction in a thermodynamic contest. The Osmotic
Pressure Interaction Thermodynamic Model (zITM)

The main limitation of all available predictive theories of osmosis is that
they miss a key point of the phenomenon: the different effects such as the
increase in solute molecular volume to which the solute-solvent interaction
can lead, as will be explained below.
The presence of a solute modifies the chemical potential of the solvent
[12].
w(P,T)=p,(P,T)-cT (5)

where p is the chemical potential of the solution and p, is the chemical
potential of the pure solvent. P and T are the pressure and the absolute
temperature, and c is the solution concentration. In the case of two solutions
separated by a porous membrane, equilibrium is reached when

wo(B.T)=p,(P.T) (6)

We suppose for simplicity that one of the two parts separated by the
membrane consists of the pure solvent. With this assumption, the
equilibrium of chemical potentials leads to

to(P.T)=p(P,.T)=cT. (7
The differential of the chemical potential can be expressed as
du =—sdT +v'dP (8)

where s is the entropy per molecule and v' is the molecular volume. To allow
for the tendency of the solute to form aggregates with the solvent through
hydrogen bonds or other weaker noncovalent bonds, we express v' as an
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effective volume defined as the difference between the volume of the solvent
molecule and a volume depending on the concentration and on the solute-
solvent interaction

v =v-kpy | C )

here, k; is a constant depending on the solvent, while yy takes the molecular
interactions in general into account and expresses the tendency of the solvent
to form bonds with the solute. As a first approximation, it can be considered
to be the number of hydrogen bonds a solute molecule can form with the
solvent. § is a constant which assumes the same value for any solute and
solvent (empirically determined, this value is 1.171), and c is the solute
concentration.

For small pressure differences, the chemical potential of the solvent can
be developed at the first order as

Ho(P2, 1)~ (P1,T) = Z—; dP=v' dP (10)
Equation 7 can now be rewritten as
AP=K _r (11
v-k,y 1‘; C

K is a constant which depends on the units used. Its value is

K=—R (12)
5556 Ny
where R is the gas constant expressed in liter bar °K-1mol-1 , N 4 is
Avogadro’s number, and 55.56 is the number of moles of water in one liter.
The k;, for water is 0.135.
Developing equation 11 at the third order in c yields a pressure difference
between the two regions separated by the porous membrane

KT
AP =—¢

k 9 k ) 2
ek (ko 13
v v v

For convenience, this model will be referred to below as tITM (Osmotic
Pressure Interaction Thermodynamic Model).
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4. Materials and methods

Osmotic pressure measurements were performed for aqueous solutions of
polyethylene glycol (PEG) (Sigma-Aldrich) of different molecular weights (600,
1500, 3350 Dalton). PEG’s high solubility in water makes it possible to carry
out measurements in a wide range of concentrations. The solutions were
prepared using double distilled water (Farmalabor) as a solvent. The other
material selected for the tests was sucrose, with a molecular weight of 342.3.

Composite polyamide reverse osmosis membranes were used (Koch
Membrane). Reverse osmosis membranes can retain molecules whose
molecular weight exceeds 100 Dalton, have salt rejection rates of 99.7% or
higher, and work in a pH range from 4 to 11 at a maximum temperature of
50°C. During testing, the membranes were used in accordance with the
manufacturer’s specifications.

No commercial membrane osmometers are capable of reaching high
pressures. Two types of osmometer were used for testing. The first was
designed, constructed and used by Alessandro Grattoni [3] and later used by
Antonio Botrugno [14] for the experimental work carried out for his
undergraduate thesis, continuing the osmosis research which has been
conducted for a number of years at the Politecnico di Torino following the
thesis by Bruno Balocco [1]. This osmometer will be designated below as P.
The second osmometer was developed at Techfab srl (www.techfabmnt.it),
and will be designated below as T.

The two osmometers are shown in Fig. 2 and 3 respectively. Both
osmometers are constructed of 316L stainless steel and feature two
chambers, one for the solute and one for the solution. A system for
increasing pressure is located on top of the solution chamber. The membrane
is positioned between the two chambers, where it is supported by a porous
steel disk which permits the solvent to pass and provides mechanical
strength at high pressures.

The two osmometers differ in the following respects: osmometer P can
reach 20 MPa, has a solute chamber capacity of approximately 15 ml, and
uses 5 cm diameter membrane disks, while osmometer T can reach 35MPa,
has an approximately 5 ml solute chamber and uses 10 mm diameter
membrane disks. It is important to have a small solute chamber, as this also
makes it possible to test high-cost molecules and provides a membrane
surface-to-volume ratio which reduces process times.

The advantages of miniaturized instruments are clear in this application.
As the measurements performed with the two osmometers are within the
respective limits of experimental error, data were then analyzed without
introducing specific corrections for systematic errors caused by the
instrument. In addition, the fact that measurements made with instruments
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employing different geometries and technical approaches but based on the
same physical principle yield comparable results confirms the validity of the
experimental method. Before each test, the osmometer was thoroughly
cleaned with isopropyl alcohol and rinsed with double distilled water.

To prepare the solutions, the solute was weighed to the nearest 0.0001 g
with an electronic balance and dissolved with the aid of a sonicator (Hielsher
UP 50H).

Osmometer P Osmometer T

Figure 2

During tests, the solvent chamber was in free surface conditions and
pressure was monitored using a piezoelectric pressure transducer (Ds
Europe) connected to a data acquisition system. An effort was made to
maintain constant temperature throughout testing. Temperature was thus not
allowed to vary by more than two degrees from 20°C at any time, assuming
a linear dependence on temperature as envisaged by all theories.

The system is considered to be in equilibrium when no pressure
variations occur over a 30 minute period. Error for each measurement was
calculated by summing the series of instrumental errors, which in this case
was estimated at = 0.1 bar.

5. Comparison with experimental values

The nITM model presented above was tested on materials whose behavior is
not correctly described by available theories. In particular, we used sucrose
and three kinds of polyethylene glycol with different molecular weights.

The key point of the TITM theory is that it introduces a single parameter
(yn) which depends on the solute molecules. In the case of PEG
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M(PEG)— M(ter)
M onegroup )

YH=5n=>5x (14)
where n is the number of repeated groups, M(PEG) is the total molecular
weight, M(ter) is the molecular weight of the terminal parts of the molecule
and is not repeated, and M(one group) is the molecular weight of each
repeated subunit of the molecule.

These preliminary results would appear to be promising, though further
deeper studies of molecular dynamics are needed to improve the proposed
theory, particularly as regards the theoretical determination of yy, taking
molecular size, shape and interactions into account.

In the following diagrams (Figg. 3-5), experimental osmotic pressure
values for PEG 600, PEG 1500 and PEG 3350 are compared with the tITM
model, the van’t Hoff theory, the Morse theory and the Granik et al. theory
[4, 6]. It should be noted that equation (13) explicitly expresses the
molecular volume of the solvent. This point, which in our understand-
ing is fundamental, is not taken into account by any of the available
theories. The theory can be considered predictive for the same kind of
molecules, as it uses only one empirical parameter that, once its value is
known for one type of PEG, can be calculated with a simple proportion of
the number of monomers. Very good agreement was also shown with
completely different molecules such as sucrose, assigning the value 10.5
as the empirical parameter. The results are plotted in the following figure
(Fig. 7). Though multiplying the theoretical values of the Granik et al. theory
by a factor of 0.929 as proposed in [ref. 3 page 71] or 0.927 as proposed in
[15] improves the standard deviation for sucrose, the discrepancy from
experimental values is still significant for other substances and cannot be
corrected with simple multiplying factors.

If multiplied by 0.927, the Chi square of Granik et al. theory becomes
0.999 (the value without correction in table 1).

In table [1], the agreement of the theories with the experimental data is
evaluated with the Chi square test. We also expect to find good agreement
between the theory and experimental results for molecules of the same kind
(saccharides) such as glucose, applying the same type of proportionality used
for PEG solutions.

Van't Hoff Morse Granik at al. ©lTM
PEG 600 | 8,55725E™%° 5,86333E™! 0,029419573 0,999999637
PEG 1500 | 4,92832E™ 2,6568E™ 5,11024E% 0,96413631
PEG 3350 | 2,4867E"' 5,236E" 2,72275E"! 0,984674404
SUCROSE | 1,52827E% 5,97782E% 0,885590505 0,99999984

Table 1: CHI-SQUARE TEST, Comparison of the Theories
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Material Yu Comment

PEG 600 7.07 Used in the present paper
PEG 1500 18.61 Used in the present paper
PEG 3350 42.32 Used in the present paper
SUCROSE 10.5 Used in the present paper
GLUCOSE, GALACTOSE, MANNOSE 6-6.5 To be verified
FRUCTOSE, RIBOSE 4.4-47 To be verified
MALTOSE, LACTOSE 12.5-13 To be verified

Table 2: yy values for different solutes

In this case, the correct value for glucose should be [6-6.5], while for
maltose we expect [12.5-13], though we do not yet have comparable
experimental data. The following table shows values for the parameter yy to
be used with different solutions suggested on the basis of similarity with the
molecules we tested.

The yy values of maltose and lactose were been calculated by taking the
different contribution of their components into account. Specifically, a
contribution of [6-6.3] for glucose and galactose and of [4.4-4.7] for fructose
was assumed.

6. Conclusions

The investigations of osmotic pressure described herein sprang from the
need to develop a quality control instrument for nanoporous membranes,
which are particularly important in such medical applications as drug
delivery. This topic was discussed in a previous paper presented at the
November 26, 2003 meeting of the Academy of Sciences of Torino.

The second stage of the investigation was motivated by the need to
clarify the phenomenon by working at higher pressures and concentrations.
To this end, several osmometer models were developed which are capable of
relatively fast direct pressure measurements and, in the case of the last model
used in the work described here, can operate at pressures up to slightly over
35MPa.

After verifying that classic thermodynamic theories as well as the more
recent theoretical developments which take the diffusion of particles in the
membrane into account all diverge significantly and with a high degree of
repeatability from the experimental data, this paper proposes a new model
which considers particle sizes and interactions.

The new model correctly describes the experimental characterization of
the tested materials over a wide variety of molecular weights, ranging from
342.3 Dalton for sucrose up to 3350 Dalton for PEG 3350. In this range, the
available theories — including recent models which describe the phenomenon
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correctly (Granik et al.) for molecular weights comparable to those of
sucrose — show a significant mismatch with the experimental data in the rest
of the range.

Our work indicates that further investigation of solutions prepared with
high molecular weight solutes is advisable, and must take both the
dimensions of the molecules (of both solute and solvent) and their
interaction into account.

Currently, the proposed model has two limitations:

The first limitation is associated with the use of a semi-empirical
parameter which allows for actual size of the solvent particles, given by both
the dimensions of the free particle and the interactions with the solvent, as
well as by the interactions between particles.

Nevertheless, the need to introduce a single semi-empirical parameter is
an improvement over other models which require several empirical
parameters.

In addition, the model — like the others examined in this paper — does not
allow for the fact that transport phenomena can differ according to the
characteristics of the membrane, i.e., of the nanochannels in which transport
takes place. In all of the models, membrane specificity can be introduced by
adding a further empirical multiplication coefficient.

It is also necessary to determine how measurements made with different
osmometers, and which differ both as regards fluid dynamics and the type of
membrane concerned, can be affected by systematic measurement errors, as
was noted in the 2003 paper. It should be born in mind, however, that the
osmometers used in this investigation, though employing slightly different
technical approaches, yielded measurements that were within the respective
limits of experimental error.

The proposed model is capable of describing osmotic pressure behavior
with a good degree of approximation, even for high concentrations and
solutes with highly dissimilar physical and chemical properties, doing so by
introducing only one semi-empirical parameter. This parameter, yy, is semi-
empirical rather than fully empirical inasmuch as it can be calculated for
similar types of molecule. In such cases, the model can thus be considered
predictive. For polyethylene glycol in particular, a value of 5 was assigned to
each group. This number was selected on the basis of PEG’s ability to form
hydrogen bonds with water, as estimated by several authors (for a detailed
review see ref. [17]), but it cannot be considered, strictly speaking, as the
number of hydrogen bonds, even if it is probably proportional. This
coefficient is also probably temperature-dependent in a nontrivial manner.

Further experimental analysis will be performed to wvalidate the
predictability of the model for simple and complex saccharides. Theoretical
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work on modeling the phenomenon is also required in order to arrive at a
fully predictive theory.
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