Relationship between Osmolality and Osmolarity
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Abstract O Since the compendia require the osmolarity of certain par-
enterals to be labeled and since experimentally only the osmolality can
be measured, it is necessary to obtain the relationship between these two
quantities. This relationship was determined by considering fundamental
physical-chemical definitions. The osmolality of a solution was found
to be simply related to the osmotic coefficient. The conversion to osmo-
larity requires the use of the partial molal volume(s) of the solute(s). A
single conversion factor is required for a particular solute system; i.e., the
conversion factor is independent of the solution concentration.

Keyphrases O Osmolality—converted to osmolarity using partial molal
volume of solute at infinite dilution O Osmolarity—converted from os-
molality using partial molal volume of solute at infinite dilution O
Physicochemical properties—solutions, osmolality converted to osmo-
larity using partial molal volume of solute at infinite dilution

According to USP XIX (1), labeling on sodium chloride
injection must include the osmolarity of the solution. This
requirement presents some difficulty since the quantity
measured experimentally is the osmolality. Therefore, it
is necessary to determine the relationship between os-
molality and osmolarity to make the conversion. Clear and
concise definitions showing the relationship between these
two quantities are not readily available. However, common
usage and consistency with the well-established definitions
for molality and molarity require that the definition for
osmolality be “that mass of solute which, when dissolved
in 1 kg of water, will exert an osmotic pressure equal to that
exerted by a gram-molecular weight of an ideal unionized
substance dissolved in 1 kg of water,” and that the defi-
nition for osmolarity be “that mass of solute which, when
dissolved in 1 liter of solution, will exert an osmotic pres-
sure equal to that exerted by a gram-molecular weight of
an ideal unionized substance dissolved in 1 liter of solu-
tion.”

Murty et al. (2) recently found that the conversion ne-
cessitated the measurement of the solution density. It will
be shown in this paper that, instead, the partial molal
volume of the solute at infinite dilution is needed.

DISCUSSION

Single-Solute System—The relationship between the osmotic
pressure and solvent activity can be found in many texts (3-5). It is as-
sumed in the derivation that the vapor pressure of the solvent behaves
as an ideal gas and that the solution is incompressible. This relationship
is:

0
Mo, =RTIn-= —RTIn 2L = ~RTnaq,
P1 pP1
where Il is the osmotic pressure; Uy is the partial molal volume of the
solvent; R Is the gas law constant; T is temperature in degrees Kelvin;
p1° and p; are the vapor pressure of the pure solvent and the solution,
respectively; and a; is the solvent activity.
Solving for 1 yields:

(Eq. 1)

H=—§_Zlnal (Eq. 2)
n
Since, by definition (5):
w
| =M Eq.3
na, 1000 ¢ (Eq. 3)
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where m is the molality of the solution, W, is the molecular weight of the
solvent, » is the number of ions into which the solute dissociates, and ¢
is the osmotic coefficient, the osmotic pressure is related to the osmotic
coefficient according to:

RT] Iulel
nI={— Eq. 4
71 ) 11000 (Eq.4)
According to the definition, osmolality can be expressed as:
11
b =— (Eq. 5)
€m

where £, is the osmolality and ¢, is the osmotic pressure exerted by a
gram-molecular weight of an ideal unionized substance dissolved in 1 kg
of water.

The value of ¢, can be calculated by substituting the following into
Eq. 4:
(Eq. 6)

m=v=9¢p=1

These substitutions can be made since the reference state is, by necessity,
ideal and the substance is unionized.

Therefore:
% lrooo]
= [T 2L Eq.7

m l 51 ) 11000 (Ea. 7

Inserting Eqgs. 7 and 4 into Eq. 5 results in:
Em =vmey (Eq 8)

Similar to osmolality, osmolarity can be expressed as:
n

e =— (Eq. 9)

€
where £, is the osmolarity and ¢ is the osmotic pressure exerted by a
gram-molecular weight of an ideal unionized substance dissolved in a total
solution volume of 1 liter.
To evaluate Eq. 9, the osmotic pressure as given according to Eq. 4 must
be expressed in terms of molarities:

LR -
5, ) 11000 *] |d = 0.001cW,
where c is the molarity of the solution, d is the density of the solution,
and Wy is the molecular weight of the solute.

The value for ¢, can then be determined by substituting the following
into Eq. 10:

(Eq. 10)

c=p=¢=1 (Eq. 11)

These substitutions can be made since the reference state is ideal and the
substance is unionized.

Therefore:
5 o) le=os
PR AL U8 .44 N ) . S
¢ 1o, I l1000) ld = 0.001cW,

The last term on the right in Eq. 12 can be simplified since the total
volume, Vr, is:

(Eq. 12)

Vr=n101 + novs (Eq. 13)

where n; and ng are the numbers of moles of the solvent and the solute,
respectively, and Dy is the partial molal volume of the solute. Then:

n1W1+n2W2__ n2W2

d - 0.001cW, = 1L LT R 22 (gq. 14)
nivy + nyvs ni0y + nols
w
d - 0.001cW, = 2L Bh_ g (Eq. 15)
Vo Vr

1 The osmolality should be expressed as ¢m = (vmy) (7,°/0,), where 5,%/0, is the
ratio of the partial molal volumes for the solvent at infinite dilution and in the so-
lution. This ratio usually has a value close to one for the concentration ranges
normally considered.



where wt; is the weight of the solvent in the reference solution and d; is
the density of the solvent in the reference solution.

The determination of the solvent density in the reference solution can
be made by utilizing the partial molal volumes at infinite dilution. Since
the reference solution is ideal, the total volume in Eq. 13 can be expressed
as (6):

Vr = ni01° + nqdqd (Eq. 16)
where 7;° is the partial molal volume at infinite dilution.

The densities of the solvent for the reference solution and at infinite
dilution are given by Eqgs. 17a and 174, respectively:

wt; mW,
di=——= Eq.17a
! Vr Vr (Eq )
wt 10 n.°W,
do=—Lt =L 71 Eq. 17b
1 Vr Vr (Eq )
With the same volume, V7, the ratio of the densities equals:
dy wty n
kA0 S S Eq. 18
d10 wt10 n1° (Eq a)
or:
di=d % (Eq. 18b)
n

It is possible to determine the value of n; in the reference state by
rearranging Eq. 16 and realizing that n, is equal to one:
Vr —05°

5 (Eq. 19)

n = p
U1

Furthermore, at infinite dilution, ns equals zero and, therefore:

n1° = ¥-’€ (Eq 20)
U1
Combining Egs. 19 and 20 with Eq. 185 results in:
Vr —~ 090 D0
d=d°l——]=d0(1———} Eq. 21
1=dx Ve 1 Vr (Eq. 21)

Finally, since the molar concentration scale is being used, the total volume

equals 1000 m! and Eq. 21 becomes:
d1 = dlo(l - 0.001(720) (Eq 22)

Therefore, the ideal reference state osmotic pressure is equal to:

RTV | W, ’ { 1
= Eq. 23
e ’v, ] (1000 d,%(1 - 0.0015,9) (Ba. 23)

Inserting Egs. 23 and 10 into Eq. 9 results in:
= v |~ d,0(1 — 0.0015° Eq. 24
b= vo | T goioy) 1400 — 00050 (Eq.20)

or.

& = vme {d1%(1 — 0.0015.0)} (Eq. 25)

Combining Eq. 8 with Eq. 25 results in the relationship between os-
molarity and osmolality:

£ = £m {d1°01 = 0.00152")} (Eq. 26)

The fact that the partial molal volume of the solute is included in Eq.
23 implies that the reference state is dependent on the compound. The
conversion from osmolality to osmolarity does not require knowing the
density of the solution but rather the density of the pure solvent and the
partial molal volume of the solute at infinite dilution.

Multisolute System—Equation 26 is only applicable to two-compo-
nent systems, i.e., a solvent and one solute. If there is more than one so-
lute, then the concentrations need to be replaced by summations over
all solute species. The osmotic pressure expressed according to Eq. 4 then

becomes:
o lioos] [ m
== 7 im;
1 151111000 Z um

The osmolality is still expressed as given in Eq. 5, and the evaluation
of ¢, remains the same since the conditions given in Eq. 6 are changed
to:

(Eq. 27)

rmi=vi=e=1 (Eq. 28)
13

Inserting Eqs. 7 and 27 into Eq. 5 results in3:

Em = 2 viMie (Eq. 29)
A similar approach to the osmolarity results in:
RT) (Wie vici

- 7] (e Eo 3

5] [T000) )% (Ea. 30)

T d—0001Y c, W,

In Eq. 30, the summation Z,c, W, is the sum of the weights of all solute
species per unit volume.

For multisolute systems, the reference state needs to be defined as
having 1 mole of particles dissolved in 1 liter of solution. Expressing the
reference state this way is identical to saying a gram-molecular weight
of solute for the two-component system. Evaluation of the osmotic
pressure for the reference state, ¢, utilizes the condition:

ZC,'=V,'=¢=1 (Eq. 31)
i
for which Eq. 12 becomes:
RT] [ W1 ) ¢
={—i = Eq. 32
« [ 7, 11000 (Eq. 32)

Z_____._____
Td— 00015 caWa
n

The last term on the right in Eq. 32 can be simplified since the total
volume is:

Vr=nio1 + Z n;v; (Eq. 33)
where the summation is over all solute species; then:
mW+ 3 W W
d—0.001 5 c,W, = : - (Eq. 34)
n nioy + z: n;v; niv, + Z n;v;
i t

w t
d—0001F c,W, =1 g (Eq. 35)

n Vr Vr

The determination of the solvent density in the reference solution can
be made by utilizing the partial molal volumes at infinite dilution. Since
the reference solution is ideal, the total volume in Eq. 33 can be expressed
as:

Vr=n@°+ 3% ni;°
i

(Eq. 36)

As before, the densities of the solvent in the reference solution and at
infinite dilution are related according to Eq. 18b. Evaluation of n; is
somewhat more complex, giving:

Vr - ¥ niw®
—_— (Eq. 37)

ny = —
U]O

The infinite dilution value is expressed according to Eq. 20, and Eq. 21

becomes:
Vp -2 nidi® > ng;°
di=d® {——— Y =d9{1--
1 1 VT 1

Eq. 38
Vr (Eq. 38)
and since Vr = 1000 ml:
di=di® (1-0001 5 ni5;0) (Eq. 39)
i
Therefore, the ideal reference state osmotic pressure is:
_ RT’ { W, ] 1

i { 7, | 11000 (Bq. 40)

d10 (1 - 0.001 Z n,-U,-O)

% As mentioned, the ratio 5;°/7; has not been included in Eq. 8. This same ratio
should be in Egs. 24 and 25. Equation 26 is correct as written.

3 The osmolality should be expressed as &, = X;v;m;¢(0;°/01), in accordance with
footnote 1.
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Table I—Relationship between Osmolality and Osmolarity of Sodium Chloride Solutions

Weight-Volume Percent Weight Percent Molarity Molality @ I, atm £m, mOsm/kg &, mOsm/liter
0.04 0.04 0.0064 0.0064 0.974 0.30 12.5 12.2
0.15 0.15 0.026 0.026 0.955 1.19 489 479
0.34 0.34 0.058 0.058 0.941 2.65 108 106
0.50 0.50 0.086 0.086 0.942 3.95 162 159
0.59 0.59 0.102 0.102 0.932 4.66 191 187
0.9 09 0.15 0.15 0.928 6.97 286 280
1.01 1.00 0.172 0.173 0.928 7.83 321 315
1.51 1.50 0.259 0.261 0.923 11.8 482 473
2.02 2.00 0.346 0.349 0.921 15.7 643 630
2.54 2.50 0.435 0.439 0.920 19.7 808 792
3.06 3.00 0.523 0.529 0.922 23.8 975 956
3.58 3.50 0.613 0.621 0.924 28.0 1150 1130
4.11 4,00 0.703 0.713 0.926 32.2 1320 1290
4.64 4.50 0.793 0.806 0.929 36.5 1500 1470
5.17 5.00 0.885 0.901 0.932 41.0 1680 1650
5.71 5.50 0.976 0.995 0.936 454 1860 1820

Substituting Egs. 40 and 30 into Eq. 9 results in:

;¢

d—mg [d1° (-1 — 0001 T n,-v,-O)] (Eq. 41)

£c=¥’32-

or.

E= X vimie ‘dlo <1 -0.001 % n,L');°>' (Eq. 42)
t ¢

Combining Eq. 29 with Eq. 42 results in the relationship between the

osmolarity and osmolality of solutions having any number of solutes*:

te = tm [d1° (1 - 0.001 % nig,.o)]

The fact that the partial molal volumes of the solutes are included in
Eq. 40 implies that the reference state using a molarity concentration
scale is dependent on the composition of the solution. Equation 43 re-
duces to Eq. 26 when there is one solute since n; then equals one. It should
be reemphasized that the values for n; used in Eq. 43 are the reference
state values and not those for the actual solution being measured.

It is possible to select any number of states that will satisfy the con-
ditions for the reference state in Eqs. 31 and 43 because the sum of the
molar concentrations equals one in the reference state and nothing is
specified concerning the individual concentrations. One possible reference
state would maintain the same mole fractions of all solutes and adjust
the weights so that the total concentration is one, as shown in Eq. 44:

[ wip

wt; = weight of solute in reference state
wt, = weight of solute in sample solution

(Eq. 43)

wt,

=

W,y = ekt (Eq. 44)
SPT

W,

where:

W,, W, = molecular weight of solute
b l:é" = total number of moles in sample solution
chl- = 1 = total concentration in reference state
%
- u‘:‘;”‘l = mole fraction of solute X in sample solution
W,

Table II-Conversion Factors for Several Compounds

Salt 099, ml/mole d%(1 — 0.00155%)¢
Potassium chloride® 26.74 0.97041
Potassium bromide? 33.97 0.96320
Potassium sulfate® 32.28 0.96488
Sodium chloride® 16.63 0.98049

ad,0=099707 g/ml at 25°. ¢ Reference 10. ¢ Reference 9.

The weights of each solute in the reference state can be calculated
according to Eq. 44 and these weights can be inserted into Eq. 45:

wt;

ni=-—

W,

(Eq. 45)

to find the number of moles that would then be inserted into Eq. 43,
Whether this is the best reference state needs to be investigated.

CALCULATIONS

4 Similar to the single-solute system, the ratio 7;°/7; has not been included in
Egs. 41 and 42. Equation 43 is correct as written.
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Table I gives the relationships between osmolality (milliosmoles per
kilogram) and osmolarity (milliosmoles per liter) for sodium chloride
solutions. This calculation utilized Eq. 26 for which the conversion factor
d1%(1 — 0.001799) is equal to 0.9805. The data were obtained from Refs.
7-9, and the partial molal volume, 759, is equal to the apparent molal
volume at infinite dilution. Table II lists the conversion factors for several
compounds at 25°.
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