Teacher: DR. SUBHANKAR SARDAR
Class : Semester-4

Paper: C8T
Topic : Physical Chemistry-II1

(a) Application of Thermodynamics - Il

Colligative properties: (iv) Osmotic pressure] and amount of solute.
Applications in calculating molar masses of normal, dissociated and associated
solutes in solution; Abnormal colligative properties

Comments: The highlighted and the quoted portions are must read.

Reference:
Physical Chemistry by P.C. Rakshit



Vﬁﬂ.& Osmosis

In 1748, Abbe Nollet made the first striking observation that when a pig's
bladder filled with alcohol and tied at the neck was kept immersed in water, it
swelled enormously and ultimately burst. This is because the wall of the bladder
is semipermeable, it allows water to get in but the alcohol cannot pass out. '

In fact, there are membranes which are impervious to solute molecules but
they allow solvent molecules to pass through them. These are called semipermeable
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Other illustrations of osmosis may be cited. When
a dry prune is placed in water, it swells as water enters
through the semipermeable skin of the fruit. The hard
outer shell of an egg may be removed by carefully dis.
solving it in dil. HCL. If the egg is then placed in water,
it swells. On the other hand, if the egg is placed in very
conc. solution of a salt, the egg shrinks. The thin mem-
brane beneath the hard shel] is semipermeable.

Red blood cells when placed in a strong solution
: are found to shrivel when observed under microscope.
Fig. XVII.9 But they swell and burst when kept in a very dilute

solution, which is the cause for haemolysis.
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XVILY. Osmotic Pressure
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ressure manifest, it is not the cause of the osm

Il)s a result of difference in the thermodynami
solution.

otic pressure. The osmotic pressure
C potentials of the solvent and the
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\«Xﬁ.ll. Laws of Osmotic Pressure
ummulated from the experiments of Pfeffer,

The wealth of data which acc _

of Morse and Frazer, of Berkeley and Hartley and their co-workers led to certain
It was realised quite early that the osmotic pressure

d the concentration of the

very interesting conclusions.
of solutions depends upon both the tem erature an T
ere formulated into the following Taws:

solutions. Quantitatively these w
LAW 1. Temperature remaining constant, the osmotic pressure (m) of a solu-

tion is directly proportional to its concentration (C).
=" C, (k, is a constant)

Since C = 1/v, where v litres contain 1 gm-mole of solute,
mT = kllv or mv — kl
LAw 2. Concentration remainin '
|4 ' g constant, the osmotic pressu 1
is directly proportional to absolute temperature (T) g re (m) of a S,
m = kT, (k, is a constant)

It is evident that these two laws are analogous to the Boyle’s and Charle’s

laws for gas-pressures. Bel
blish the validity of these l(;\;sz.lre appended some experimental data which esta-

TABLE:
LE: OSMOTIC PRESSURE OF SUCROSE SOLUTIONS (15°C)

Conc. in gms :
/ per 100 gms 4 (osxz’zfpgssure) 7|C

B o 10 g
' 20 535 535
40 1016 508
2082 521

60
3075 513
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n. OSMOTIC PRESSURE OE SUCROSE SOLUTIONS (0.1 molal)

Temp. (T°K) n (osmotic pressure) =T (% 10%)
273 7.085 2.594
283 : 7.334 2.591
293 7.605 2.595
298 7.729 2.594

two laws enunciated above may be combined, so as to give the relation

- The

he poth temperature and concentration would vary. K is a constant, If the
solution contains n gm-moles of solute in V litres of solution, we have

w = 2KT or =V = nKT. .. (XVIL12)

vV
1t may then be stated: “ Equimolecular quantities of different solutes dissolved.

inthe same volume of a solvent exert equal osmotic pressure at jlzq,s,qmejgm&ra{ur_e.
" Ttis presumed that }hp solutes are supposed not to suffer dissociation or association
~in the solution. This is sometimes mentioned as the third law for osmotic pressures.
As equimolecular quantities contain the same number of molecules, the
above statement may be expressed alternatively: “Fqual volumes of different
solutions which are at the same temperature and exert same osmotic pressure
contain an equal number of solute molecules.” This is indeed Avogadro’s law
applied to solutions. The osmotic pressure is thus dependent on the number of

molecules and independent of their nature. So it is a colligative property.

The remarkable identity of equation (XVIL.12) with the ideal gas equation was

pointed out by van’t Hoff.
Ideal gas equation: PV = nRT
Osmotic pressure equation: nV = nKT

When the experimental vaiues of = were substituted in equation XVII.12, the
numerical value of K was found to be 0.082 litre-atmosphere/degree, the same as
that of “R”’ of the gas equation. Equation XVII.12 for solutions now becomes,

(C is the molar concentration of the solute in the solution),

nV = nRT
- S C&Z} .. . (XVILI3)

Van’t Hoff therefore rightly stated: “The osmotic pressure of a substance in
solution is the same as it would exert if it existed as a gas in the same volume as that
occupied by the solution at the same temperature.’ The solution is dilute and the
volume occupied by the solute in solution is negligible compared to the volume of
the solution.

This is_ generally called van’t Hoff’s law of osmotic pressure, which is really
a combination of the separate laws stated earlier.

V{VII.IZ. Osmotic Pressure from Thermodynamic Considerations

- Suppose a solution A is kept separated from the pure solvent B b the semi-
- Permeable membrane X as in Fig. X\pﬁl.li : *
2 mnll?‘ concentration of the solvent is x, mol-fraction and that of the solute
3 I?e -fraction. The. temp. is kept constant throughout.

% ; ottEe pressure initially over both the solvent and the solution be P,.
E :?va':ld = Chelmca! potentlal.of the solvent in the pure state under pressure
R, re‘}‘} = Chemical potential of the solvent in the solution under the same

¥ |
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Let u(s) be the chemica " the solye
in the soﬁlltison under pressure P. At-equilibrium, t}?;
chemical potentials of the solvent in  the solutioe
and in pure state must be the same, i.e.,

pa = 1’ | i)

Now, under the pressure Py, the chemica] poten.

tial (1,°) of the pure solvent is changed to ,, due to
the presence of solute (Sec. VIL.33).

Hence p = w°+ RTIn x, e,

Again, in the-given solution, the chemical potep.

. tial of the solvent is p, under pressure P, and j

Fig. XVIL13 changes to py(s) under pressure P, hence (See. eqp
Osmotic Pressure VII36)

P P —
) G
H(s) =#1+j (ﬁ) dpP =#1+j ('B_PI) dp
Po T Pq T

. G, 3 e
Since (3_P1 Pr V1, where ¥, is the molar volume of the solvent which is supposed
to remain the same in dilute solutions,
P
We have, bas) = pmp + VidP
Po
or Py = itV (P—Py) = jy+ Vim e ()

Substituting (iii) in (iv),
bis) = '+ RT In x,+V
But from (ii), py(s) = p,", hence, #V,;+RT In X =0

or 11']71 = —RT In X1 = —RTIn(l—x

As in dilute solution, x, is small, In (1—x,) /¢ —x .
2
o= '
» 7V, = RTx, . v (XVIL14)
Rewriting, ™ =£ cally ~ RT -, 1y
A Vi ny+n, I71 ' ny o T

where v = total volume of the solvent and »-

Thecefore, i o terms are the respective gm-moles.
2

as already found in eqn. XVIL.13, £ I S (XVILIS)

(@) From eqn. XVIL14, =P, = X RT

or —
f = "VyRT ~ ™™, /pRT

M VII.16)
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nlxﬂ:.\' = Kp . M], X
1000 =M,  kpx 1000_” |

! My .PRT ST el A

i

pRT .

5 1000 ATy % (XVIL18)

\\pRT

L k7 1000

e properties of dilute solutions are extensively employed for determination of

cially the depression of freezing-point and elevation of boiling-point. If v, gms of

ent in ©; gms of a solvent (mol. wt. M,), the different colligative properties are,
ol. wt. of the solute),

20

ATy NEl. (RVIN19)

- pressure lowering e 8 oy oylMy
. " p° mtn, oMyt oM,

= » o)gXIOOO
ng-pt. elevation, e ="K, -
1g-pt. elevati ATy oM
- %1000
ee: ing-pt. depression, ATf = kj. ‘::,x .
pressure, n = CRT = RT.-‘-%i—M?

", the lowering of vapour pressure, osmotic pressure, elevation of b, pt. and depression
t. can be measured with reasonable accuracy, M, can be evaluated from the equations noted
‘When the solute is volatile, molecular weight determination by vapour-pressure lowering

soint elevation would not be suitable.

; ,\: . A solution contains 0.6 gm urea and 1.8 gm glucose in 100 c.c. of water at 27°C,
¢ the osmotic pressure of the solution. -
7 = 0.2x.082x300 = 4.92 atm.

At 100°C the vapour pressure of a solution of 6.5 gm of a solute in 100 gm water is
at is the boiling pt. of the solution? (Kp = 0.52). Assume the laws of dilute solution.

’, for pure water P, = 760 mm
AP = Py—P = 760—732 = 28 mm
ny AP 28

ny F;='76T) :

Q.XIW "..lm 5 Wy
,—_— = 3 , (Since ng = —; w1 = mM,
ey kb iy ( ny AR M,)

”l.ﬁmg % £ :
5 e T

lowed -5 owae f o LR il 194

, RS T - P3RS Ja
T = e i g 2o B =iy PO VY VLT " gla A

Scanned with CamScanner



PO

of cane sugar which has an osmotje
Presgy,
¢

[m ; tho[ J point ofaWIuﬁOn
c.lcull e I eezm‘ 5
y W. 3
d,m.plmm”"c' ‘ RTATY | x82x323 X ATy
e, Y
From equation (vaI' i 1
5Xl-86 _ 0352, (using R in c.c. atm, as p is gm/cc,)

or ATy = 5082%323

The freezing Pt: Of olution is —0352°C:

11.14. Abnormal Behaviour of Sqlutions : .

. for the colligative properties of solutions are of
from the relations mentioned above T}f‘n
. Thig

i - ental results
The cxpepm:lllle ¥faes calculated

at variance With e
i two reasons. k
b due(g) The solutions are often lllot 1d]c:al, espe

non-ideality leads to abnormal rest s. ' '
The (if) The as);ociation or dissociation of solute molecules in solution also Jeaq
to departure from theoretical expectations: : . ‘ .

The laws for dilute solutions are basically deriveq

law is valid for ideal solutions ome

Non-ideality in solutigns : ,
— xip,%. Raoult’s

from the Raoult’s law, pi 7 A el =
Butw/mmxﬁw%}lqg_g,,ﬁ h dilutions. At biger concent
tions, the solutions exhibit considerable departure. —

he element of non-ideality enters into the picture when the molecules of th
solute and the solvent affect each others’ intermolecular forces or if there be ;
Cﬁl.ttxon or cpmplex-formation between the solute and the solvent. These befglsa?é

i i i 2 ' -1

gbngrcr:rcl);?swuous at higher concentrations and the experimental results become

Association _in Solution. Som i
: . e solutes when dissolved 1
solv olvéd In non-hy "
assoi?;?egkeTl})xigzene’bC}'cl‘?hexﬁ‘ne, carbon-tetrachloride, nitrobenzene e}t12 droms
B e o) lic acids like acetic acid, benzoic acid etc rerall nal
fines g e re:glgtlg?.pgrtliﬁence of f;ihc_: existence of assoéiationfl%
would render the numb on coefficient experiments o
\ rende: er of solute : nts. - The association
if the solute were pr ' particles less than what it w
: ite W esent as singl atit"would have b
bein 4 gle molecules. T . Cibes
ng colligative in nature, depend on the numbgf pfr operties of dilute solutions,
of solute particles and not on

their chemical co
freezing point d mposition. In_consequence, th
e l' R — - J e Va .

Sheoretically anticpated Trom the sharp L Iues_of osmotic presii
rom the relations derjved forull be l{:‘;slh@

 p— 1em. The molecular

weight calculated from
weigh the observed freezing point lowering boil
or boiling point

cially at higher concentratiops

elevation etc. in
the mol. wt. of v oby
- Wt. of acetic acid : lously be high
the table here, which show(s)bttlilailtlee:1 irom freeZir}BgOeigt Egg QbS_eEV5d ot
X = , ression “are given in

cept in very dilufe .
mical formu}ia (ln;l;i \?v(ilust(l)gms’ the molecular

weight is nearly double that of its che

hat 3, y concenfration,
part S :
tent. from association, the solutio!
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DILUTE SOLUTIONS: COLLIGATIVE PROPERTIES 481

. of association can also be evaluated. Suppose « is the degree of association i.e.,
on of total sojute present as dimers of mol. wt. 2M,. Then (1 —a) fraction would remain
" olecules of mol. wt. M,. If M is the mean (observed) mol. wt., then

M (1 —a+§) = 2M, (‘-;) + My (1—0)

g e M) .. (XVIL20)
or M
L lecules are associated, instead of 2, the degree of association would similarly be given by,
e = AU S 0ds) (XVIL21)
~ M(n-1) o ;

The finding of a higher value for mol.-wt. from a colligative property does not necessarily
mean association of the solute molecules in solution. This may be illustrated in the case of nitro-

penzene-

TABLE: OBSERVED MOL. WT. OF NITROBENZENE IN BENZENE SOLUTION
(Mtheormcal = 123)

Molar Mobs Molar Mops
Ty(° M = 0 caove s
Conc. ATs(°C) obs Mines Cone. ATi(°C)  Mobs Monds
0.286 1.632 129.7 1.06 0.735 3.950 143.7 1.15
0.496 2.720 137.0 1.11 1.180 6.230 152.7 1.35

The observed mol. wt. increases with higher and higher concentrations and does not tend to
reach a constant value. There is also no other evidence or indication pointing towards association
of nitrobenzene molecules in solution. It is very likely that the deviations from the normal value
are due to the non-ideality of the solution arising out of the difference of intermolecular forces

in each of solute and solvent.

Dissociation in Solution. In 1885, van’t Hoff found that dilute aqueous solu-
tions of electrolytes such as NaCl, MgSO, etc. show a considerable departure from
“the ideal. The observed osmotic pressure of solutions of salts of known concen-
tration (C) was found to be much higher than that predicted from the relation,
7= CRT. Asa result the mol. wt. calculated from the observed osmotic pressure
is much less than that from the chemical formula of the solute. Van’t Hoff did
not offer any explanation for the abnormal results, but introduced a factor, /,
to contain the deviations from ideal equation in case of solutions of electrolytes,

expressing

>

. 7 igeat = CRT,  movservea = ICRT ... (XVIL22)
Therefore, i = ;’;:8 .. . (XVIL23)
o

E Thervan’t Hoff’s factor ““i”’ is thus the ratio of the observed osmotic pressure
tIhe ideal osmotic pressure.

inant Wai?_ further found that for a given solution of an electrolyte the deviation
Y colligative property would be the same as that in osmotic pressure, ie.,

\/
 —— Tobs et AT,((oba) = ATb(obs) e AP obs (XVII 2|4)
Ttheo ATfeneo) ATvtheo) APgheoy .

,‘; ‘ In hi h d-l . coy . 5 :

" {NaC gh dilutions, i’ tends to the numerical value ‘two’ for electrolytes like

‘ 3 ;?ﬂche:"msg‘f’ HNO,, etc. For electrolytes like H,SO,, CoCl, etc. the value appro-
5 i e, or K 3Fe(CN),, the value tends to ‘four’ and so on.
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AN'T HOFF FA OEL FCTROLYTES
Molality B
/ \
1'00 0.1 0.01 Olml
1.81 1.87 : 1.97
NaCl 212 1.89 1.94 1.98
HCl 0.93 1.12 ;‘912 -
; gulfg‘ 1.92 1.89 u 1.97<58
3 N T
i
— 217 212 2.46 2.82
~ H,S04 o 2.62 2.75 2.90
Pb(NO3): : L2
| i3 2.85 3.36 3.82
K.FQ(CN)S

ion of the abnormal colligative properties of solutions of electro-
lyte?g:nfg I?S:éibl from the Arrhenius dissociation th.eQr)j. According to the
dissociation Theory, the electrolyte mplecules 1n_solujt10p. break up into positive
and negative ions. In very high dilutions, the d1_5_§pplat12n is complete. Thus in
dilute solutions, p molecules of NaCl will give rise to 2p 101S; p molecules of
H,SO, will give 3p ions and so on. Since the colligative properties depend on the
units of solute present in solution irrespective of their chemical nature and because,
due to ionisation the number increases, the values of the colligative properties
observed are much higher. In fact, these results from the dilute solutions gave the
strongest and most dramatic support to the Arrhenius theory of dissociation.
~ Generally speaking, suppose a molecule breaks up into 7 ions in a given solu-
tion of concentration c. If a is the degree of dissociation, then

conc. of undissociated molecules = (1—a)c

and conc. of (dissociated) ions
Hence total conc. of solute particles

= h.a.c
= c[l+4+n—1q]

~ The osmotic pressure of such a solution, 7,p; — c[1+(n—1)a]RT. Bul fron!
eqn. (XVIL.24) van't Hofi’s corrected equation is, 7, — i.cRT

Hence i = 1+ (n—1)a



