Physical Properties of Liquids

2.1 INTRODUCTION

Characteristics of In general, liquids can be obtained from gases

iaui ; by cooling the latter holrus shei
L[ql.lld State l'L‘.‘SpEl._‘ll\'c Cl'i[iL"i—l] l,C[TlpE_" }r g 1hi", ll”.-,,F e Loy fl"||r_[]'

effect of cooling is to d:;r:i'l(;;ILT]::]\E;T]‘:YE::i E'm'nmcm . high b, 'Thﬂ

: g gies of molecules and the effect
of high pressure is to decrease the volume of the system so as to aHr-‘; the
molecules 0 come closer, thereby increasing the forces of a!tract_-ic;m ari-wr.-r--.l--a:
lhe.m. Alternatively, liquids can be obtained by heating solids up to o —,e,,-rrr'
their melting points. In solids, molecules do not pnssesg any translational :_-:r:"
but possess only vibrational energy. The forces of attractions amongst thers
are very strong. The effect of heating solids is to impart sufficient ehncrg;.

molecules so that they can overcome these strong forces of attractions. Thus, we
see that the properties of liquids lie in between those of solids and gases. For
example, liquids are less compressible than gases but a little more compressible
than solids. They are less dense than solids but more dense than gases. The two
important properties of liquids, namely, fixed volume but no fixed shape, arise
mainly because of the following two facts:

(1) The energies binding the molecules are larger than their average thermal

energy.
(ii) These binding energies are not strong enough to stop the motion of the
molecules altogether, as is the case in solids, with the result that melecules can
move from one place to another but cannot escape from the liquid unless they

are present at the surface.

In this chapter, we will discuss only three properties of qugiq.q. niil‘[lel}'.
(i) vapour pressure, (ii) viscosity, and (iii) surffuce tension. The c‘mngnn of Lhe;e
properties in liquids is basically due to the existence uf.stmng ln[t‘:r'fnllal:';':u .h'
attractions. The structural aspect of liquids is discussed in the next chapter as

it requires some knowledge about the arrangement of the molecules in solids.

2.2 VAPOUR PRESSURE i

ini iquid 1 i -nated vessel (Fig.2.2.1).

: 2 heaker containing a liquid is placed in an evacuate * :
niredicion e ] to & man ' ressure that is develope

Let the latter be connected to a manometer so that any p s

ace could be measured, After some time,

e =
nstant pressure. This pressure 1s known as the vapo

in the free sp
manometer records a co

pressure of the liquid.
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Fig. 2.2.1 Vapour
pressure of a liguid

Origin of Vapour
Pressure

Fig. 2.2.2 Distribution
of speeds of molecules
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Before making an atiempt to understand how the vapour pressure arises, we wilj
have to consider the following two facts:

(i) The molecules of a liquid, like those of a gas, have different kinetic
energies. The distribution of speeds amongst molecules follows the Maxwell.
Boltzmann distribution.

Figure 2.2.2 shows such a distribution at two different temperatures. The

most important point to be noted in these distribution curves is that the fraction

of molecules having higher speeds increases with the increase in lemperature

(shown by the area marked by tilted lines).
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(ii) If we consider a molecule in the bulk of a liquid, it will be surrounded
by other molecules in a symmetrical manner. Thus, the forces of attraction on
this molecule by the molecules present on one side are completely balanced by
the molecules present on the opposite side. Hence, the net force of attraction
experienced by this molecule will, on the whole, be zero. It will move as if
there exists no force of attraction on it. However, the situation is altogether
different at the surface of the liquid (Fig, 2.2.3). There are larger number of

.ahmfe it, with the result that this molecule experiences a net force of attracti tion
in the downward direction. i

nature and are larger than lhcavﬂmgethﬂnnal energy :Ofﬂle molcenles. H@_wgvﬂf;__ _
because of the Maxwell-Boltzmann distribution, some of the molecules @ |
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Fig- 2.2.3  Arrangement
of molecules within and
at the surface of a liguid

Definition of Vapour
Pressure

Effect of
Temperature on
Vapour Pressure
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i Immediately leave the surface and ege

Space above the surface is ap open one

eScape resulting in the phenomenon of e

thermal energies i

the average therm
the temper
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EIES equal 1o than the characteristic ¢

nergy which is
attraction. If such

4 molecule happen:
ard forces of attraction and
ape to the empty space above, If the
» then the molecules will continue 1o
vaporation. Since molecules of higher
of the liquid, it follows, therefore. that
n the liquid will decrease. Consequently,
and hence cooling is observed.

al energy of molecules §
ature of the liquid is reduced

If the space ‘above the liquid is a closed one, then the molecules escaping from

the surface of the liquid (referred to as vapour molecules) will go on collecting

in the empty space. After some time it is observed that a constant pressure is
registered. This pressure

is due to vapour molecules of the quuid_and hence it
is known as the Vvapour pressure of the liquid. Since this pressure is constant, it
follows that there must be a constant number of molecules in the space above
the liquid. This can be true only if the molecules in the space are also retuming
to the liquid; otherwise, the pressure in the space would continue to increase.
In fact, when a vapour molecule with a comparatively smaller zhcnn:: mergy
/ iquid, it stick : 218 a
collides with the surface of the liquid, it sticks to the latter. Thus, : ;:— -,::q
i iqui 3 aneousl
two-way process; the molecules are leaving Ll}e hqu.i]c.lbafjd ‘&.1: t:;:‘}n:lhe e
i i et a state of dynamic equilibrium . _
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Fig. 2.2.4 Variation of
Vapour pressure with
lemperature

Clapeyron Equation

Clausius-Clapeyron
Equation

| Critical lemperati

—

rEssurs

fapour |

b 8 .
Iriple point

Temperature ——=

{i,"]

The quantitative variation of vapour pressure with temperature |
Clapeyron equation, according to which

m

L i 223

T TW,, -V )
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where dp/dT is the rate of change of vapour pressure with temperature. A oH.

is the molar enthalpy of vaporization of the liquid, and V,_, and V. are the
molar volumes of vapour and liquid, respectively. Equation (2.2.1) Tepresent
the slope of the plot of vapour pressure against the absolute temperature, This
equation can be used 1o determine the molar enthalpy of vaporization of 2
liquid if the rate of change of its vapour pressure with temperature is known
Alternatively, if the value of Ay, of the liquid is known, the rate of change
of its vapour pressure with lemperature can be calculated.

Equation (2.2.1) can be simplified under the following approximations as i
suggested by R. Clausius,

(1) The molar volume V., of a liquid may be considered 1o be negligible Con
In comparison to the molar volume of its vapour. This will be true provided the Pre:
(emperature is not near the critical temperature. Ten
(it) The liquid’s vapour may be assumed to obey the ideal gas laws so that

_RT
v — 'I—’
With these two approximations, Eq. (2.2.1) modifies 10
& _Swfn 4 ALE Car
a7 RT?/p p R \71?

A H
or d In(plp®) = ._“;"‘__ﬂ(ftI_J
R T*



where p° is the st
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andard unit pressure. BEquation (2.2.2) 18 known as the Clausins

Clapevren eepuation.
[f the molar enthalpy of vaporization can be regarded as constant, B, (2.2.2)

plot of Vapour
pressure Versus

Temperature

may

or

where [ is the constant of integration. Accordin
) and U/T will give a straight line with a slope of —A

be readily integrated to give

In(p/p”

in Fig. 2.2.3.

Fig. 2.2.5 Plot of
In (p/p") versus T

Correlating Vapour
Pressures at two
Temperatures

If p, and py
can be integrate

or

or

d In(p/p”) =

|

In(pip”y —

fl\V'l !’I"
In (pip®) ==+ 'PI 2 47

(2.2.3)

¢ to this relation a graph between
H_/R as shown
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are the vapour pressures
d within the limits to give

[reig

Py

In —= =

log

P

)

[

W=

at T, and Ty, respectively, then Eq. (

=]

o &me ]‘Tz ar
R

= 2
i T

A H. [1 1

vaps e ot

R\ Tyaeh

Ay B a sal

Vap T\ e

7, 2aBR\L AR

22.2)

(2.2.4)



P

=3 "'1'1"'r.'r-c-..-_... i s

e creny -

1o 4 Texthoak of Physical Chemistry

E.mmpfe 221

Solution

of evelohexane (€ Hy,) at its boiling point 80.75 % .
The ¢ ; of vaporization of cyclohexane (Cq : i
::]'; IL‘?[“JF'HIIP'} ';Ihi" {i'l:rl‘iilii:‘i of the liquid and vapour at this |tempﬁrju.:§ra:; 0.719 ¢ :
Jo0.00 J 8, ; i oy Caleulate 't value ol dpidT. (b) Bgp. |
em™ and 0.002 9 g cm ™, respectively, () Calcul I"C”{"i 35 Clilmiins Stimag,
the boiling point at 740 mmHg. (c) If it is to be distilled at 25 "L, e myy,

the pressure be reduced?
Given that 3
Molar mass of cyclohexane, M = 84 g mol

Enthalpy of vaporization per mole of cyclohexane

1
A H =(35815] g'I]fH;lgnlul_tj=3f]Uﬂ4.Elj mol

L

Molar volume of liquid,

=
V.. = E =—-M=I??cm3 mol ™’
Bt Py (07199 gcm™)

Molar volume of vapour,

._J_
Lf Sl ) = 28966 cm® mol ™!

|4 =— =

"p, (0.0029gem™)

dp Al (30 084.6 T mol ')

(a) Now -t = - - = =
a7 TV, —~Va)  (353.9K}(28 966 — 117) e’ ol
=2947x107 Jem™ K™ = 2.947x10° N m=2 K = 2047pax!

(b) dp= 740 mmHg — 760 mmHg = - 20 mmHg

322Pa )
=—(20 mmHg) M =—2666.44 Pa
1 mmHg

Thus, from dp/dT = 2 947 py K. we get

d —2 666.44
dil’ = —‘—"E—:,- =! —2__'___})__T=_0_905-K
2947 PaK 2947 PaK '

Hence, boiling point at this pressure = 80.75 °C - 0.905 °C = 79.85 °C
(¢) Making use of Clausius-Clapeyron equation,

H

P Avup m| 1 1

P 2303R\T T,

we get lng( . J'—Iu (760)= —D0EASTmol ) (1
T 30631 KT

log( Po/mmHg) =2.880 § — 033{} 1,12'51594 o

ar p,=1123 mmHg




Vapour Pressure
and Boiling Point

The Effect of
Impurities on
Boiling Point
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1 llhu pressure above a liguid is adjusted 10 a definite value. it i .
raise the lemperature so that the vapour pressure becomes :-alw.m! ':I"l:?':'-'ﬂh!r- i
pressure. Al this stage, bubbles of vapour are fopmed '.*rii‘h.”. the |,,I ri.r..u ln_n!.
s .l'l“‘““"{-‘ and escape from the surface. We then say that the I ls :li:‘-“ oo
boiling and the corresponding temperature is known as T RS

oals the bailing j

et i | ; ok j g peint ol (he
1 }J :’hlu.*-. the boiling point of a liquid can be defined a5 the temperafiire
ar which s vapour pressure is equal to the external pressure. 1f (he later i

I'm,ﬂ 25 bar (=1 -'.Il‘m'J. the boiling point is known as the normal boiling poin
Obviously. the boiling point of a liquid can he varied by varying the external
pressure, Inerease mn the external pressure will increase the boiling point of 2
liquid and decrease in external pressure will decrease its boiling puin!j-.h is evident
from this that a plot of the variation of vapour pressure with temperature also
represents the variation ol boiling point of a liquid with the external pressure

T]“f: vapour pressure of a liquid invariably decreases with nonvolatile impurities,
This is because of the fact that the surface will now be occupied hy the
molecules of both solute and solvent. Thus, there will be lesser number of molecules
of the solvent as compared to those present in the pure liquld. Consequently,
lesser number of molecules of the solvent will get a chance to escape from the
surface of the liquid, resulting in lower vapour pressure. Obviously, boiling point
of the liquid will rise as it will now require more heating to make its vapour
pressure equal to the external pressure.

Measurement of Vapour Pressure

The Static Method

The methods generally employed for the measurement of vapour pressure fall
into three categories: (i) the static method, (i) the dynamic method, and (ii)
the gas saturation method.
In this method, vapour pressure of a given liquid is measured by a manometer
attached 1o the open space above the liquid pla-i:ed. in a closed vessel. One of
the simplest procedures is to employ WO bmetnc ubes. A small amu?u.[ of
the liguid 18 introduced in one of the tubes until 1he-. space ‘abt.w&: the mercury
is saturated with vapour as shown by a s:mall quantity of liquid rer_nmr;ng on
the surface of mercury. The cl'll’ferencg in the levels nf' nic;rcury [:'n[h':t-t 1::.:
(ubes gives the vapour pressure of (he hquu.i. An al_tf:matxvc on: 0‘~,,-md\l--1
.thod is due to A. Smith and AW.C. Menzies i}nd is known as the isofenisce pe
- he liquid is introduced in the bulb A and in the attached

thod. In this method, { e e
ET::E: asnshuwn in Fig. 2.2.6. This system, which is known as the 150(eniscopes

1d (o a vessel B which has a large volume
s conneeted (0 MO L tyatons. The isoguiscope is put i
in order o SN e lemperature constait, _Fi.,rs't of all, the appummb l.hlz
he liquid begins 10 ht_)il fmd the air between m‘;‘.‘u&?ﬂ'“ﬂ o
b and the U-tube is removed a“d_,ﬁmmn . .pnllyj_:l_l'l_ﬂ vapouil' qhntli 1!2 ﬁﬁbs of
bulb-an Lduced slowly until the lvels of liquid e BBIMER B0 E )
i mw, A' his stage, the pressure ﬂh??rfﬂ'f-_lh#_ﬂﬂ*‘l‘!,‘n A (vapour pressit
the U-tube. Al THE 2 vad with

4 awith the help of a manometer
is equal 10 pressure in B. The latter can be read with the help of & o0

is

(Fig.2.2.0).

4 thermostat 10
evacuated until 1

e S




Fig. 2.2.6 The
isoteniscope method for
the measurement of
Vapour pressure

The Dynamic -
Method

The Gas-Saturation
Method
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— thermomeler .
s

thermostat

In this method, the external pressure is kept constant and temperature of the
liquid is raised till it starts boiling. By definition, the vapour pressure of the
liguid at this temperature will be equal to the external pressure. In recording
the temperature, the thermometer should be placed in the vapour phase and not
in the liguid so as to avoid the superfluous temperature recording, which may
be caused due to the superheating of the liquid.

In this method, a known mass of the liquid, whose vapour pressure is to Be
determined, is taken in a closed vessel and a known volume of dry air (or any
gas which does not interact with the liguid) is passed repeatedly through it
keeping its pressure P constant. This way, the air carries along with it some of
the molecules of the liquid and thus there occurs a loss in mass of the liquid
The gas is continuously passed till no further loss in mass occurs. At this stage,
the air is saturated with the vapour of the liquid and the partial pressure p of
the vapour in the mixture is equal to the vapour pressure of the liquid. If n,
and n, are the amounts of vapour and dry air, respectively, then

p -
n + n, ?

If m is the loss in mass of the liquid and M is its molar mass, then

m
Ry= =
M
Assuming air to be an ideal gas, we have
PV
e
Y o
Mo e _(m/M)P  mPRT

[i i ﬂ"] "~ mRT + PVM
M RT




Example 2.2.2

Solution

Empirical Relations
Relating the Normal
Boiling Point
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. Smr’:"hu‘s]knﬂwing m (the loss in mass of the liguid), V (the volume of air

mass nf\:;"_u,' P, (the pressure at which the gas is being passed), M (the molar

el e liquid), the vapour pressure p of the liquid at the given temperature
can be calculated from Eq, (2.2.5). '

A volu 8¢ S
throu g;n: n[ ”_}‘5 dm U|I nitrogen measured at 30 °C and 102.66 kPa pressure is bubbled
Saturator containing bromobenzene (C H;Br) at 40 °C. The mass of the saturator

and its ¢ i E
i 4(; %n ct:onlcms 18 reduced by 0.856 g. Calculate the vapour pressure of bromaobenzene

Amount of nitrogen, n, = B = (102.66 kPa)(10.5dm" ) |
RT  (R314kPadm’ K ' mol )(203.15K)
= 0,427 7 mol

Pressure of nitrogen gas at 40 °C, p=(102.66 kPaJ(%’———IE"S 5 106.05 kPa
' 303.15K
Amount of bromobenzene lost, n = il _LEEL =0.005 5 mol

M (1569 gmol )
Total amount in the mixture, (n; + n,) = 0.005 5 mol + 0.427 7 mol = 0.433 2 mol

H‘ b ﬂﬂﬂﬁ 5 mol

n +n, "~ 04332 mol

Mole fraction of bromobenzene in the mixture, x =

Vapour pressure of bromobenzene = partial pressure of bromobenzene in the mixture

_ (0:0053) . 106,05 kPa=1.347 kPa

5P 0337

e of the empirical relations between the

It is of interest to mention here som
its other physical properties. Two such

normal boiling point of a liquid and

relations are given below. e ! -
For most liquids, the ratio of normal bbi}igg point T, and the critical

temperature T, is found to be 0.66.

I‘—’- = 0.66

7. |
Trouton’s rule The molar BliﬂlalFY “f
hoiling point has an approximately constant v

ERTLIR =1 AL 1

ﬂ\rﬂpHm - 105R it _;;':;I;E .

T,

This relation holds more ‘31955
mass of about 100 g mol " and ha
of low boiling points, €& H, an
for the associated liquids, such as
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2.3 VISCOSITY

Origin of Viscosity

Fig. 23.1 Laminar flow
of liguid in a tube

Definition of
Coefficient of
Viscosity

Al QUAD CAMERA

Du -7
the molecules moving in
the molecules 1in he n
molecules n the faster laye
applying a force along Ihe
faster moving layer will g
At this stage the hquid wil
The internal friction which 1
of the tangential force which 15 necded
constant. This force F depend

(i) It is directly proportion
Jayers. Larger the area of contact
intermolecular attractions and hence

larger force is required 10 mainta

(11) It is directly proportiona
ui]j:ju"!l layes l.l];.'k.'1 the v
the constant velocity difference

(1) It is inversely proportiona
layers. Larger the distance, lesser
thus lesser the decrease in speed. Consey
maintain the speeds of different luyers -

laking these factors ogethe

Fe=A
da

Removing the proportionality sign. we ha

= q.{d'“ o =

'R




Ostwald's
Viscometer Method

The constani N s kne
viscosity af g liguid

marnitain a veloein diff

distarice apart,

unit Viscosity in this

velocity differe

The unit of vis
as the poise unit. The

L

nee of ity (1 m«
area of contact (1 m?) an

most of liquids are s

the units of centipoise (10
of the poise unit mg, be i

Unit of viscosity in O

Wi oas 1
It may b titin
erence of unin
COSIy
unit of vigee
dse i equal o
)
I being. unj
all in magnitude
Poise] ane
lerived as |

1S units

Unit of viscosity in SI units =

L poise = | dyn em2 5 = |

Dimension of 1 The dimension ol

P

=
A—

dx

Measurement of Viscosity

A

The following two me
viscosity of a liquid.

This method is based on the P
requires the time ¢ o flow through a capill
under pressure head p, then its coefficient

equation is

Ul

or pt

v

The apparatus used, known as Ostwald’s viscometer, is sh
It consists of (wo bulbs A and B connected through a fine capil Ihe bult
A s of bigger size whereas the bulb B is of smaller size. A known volu:
liquid is taken in the bulb A and the liquid is sucked into the bulb B
taken in seconds for the liquid to flow from the mark 2 to mark b is n
; Inorder to avoid measurements of I, v and other factors in Eq
employs the relative method. Here, using !‘hu same iscometer, the exper ks
repeated by taking same volume of a liquid whose viscosity is Lm?m Water s
usually employed for this purpose. If 1, and 1, are flw times taken by the liquid
and water to flow from mark a to mark b, respectively, we have

m=

Dividing. we get

m r"'.’_’l hy
slv

ViScosity 17 can be w orke
mass ¥ acceleration mili =)
. velocity difference (1
reax — = =0 o B,
distance k
thods are commonly emploved for the determina:

and

b II'J.J'Ir-.'.

ed as the fom

m OGS unit Iy

Iy m S unit
o UMIL Toree (] ®

]'l'l".;':':u LW adja
tdistance (]
'I'||--|'-_‘_'.-."|-_ these a

I millipoise (10
1|”||'.‘.'

= dyn cm
Nm~s=PpPas

(L0 Ny (107 m

of viscosity as

Pty
sl

nr
”“ 1M

oiseuille’s equation. If the volume 1
ary tube of radius

;'I‘; en ke \

1Ay fupe

3

i‘.u'\-‘- 'I
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o

'Ihegim liquid is taken in a tal] Cylindrical vessel and its temperas ire
kept surrounding the vesse] with 4 thermostat. A small starmies
\the top of the liquid and the time

v and B on the cylinder with a

laken by it ¢
unmiform veloci

) mﬂ_fr. where / is the distance herwsen the
> radius of the ball and densities of the ball and the

ity of the liquid as given by Eq. (2.3.7

=) '"f;,""-mi"\

WD marks

5

o

a liquid (known as the reference liquid)
 Eq. (2.3.8) can be eliminated. Thus

i
(Bl

(239

s by knowing 1. and determining values of
can be caleulated by using Eq.(239)
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Fluidity of Liquids The Mow

of the viscosity, 1.c.

The fluidity (or the viscosity) of a liquid depends on vari
some of which are:

(i) Heavier and larger molecules flow less easily than the lighter
smaller molecules.

(i1} Spherical molecules offer less resistance o flow thar

o ——

molecules, Molecules with flexible chains offer a very EII:!|| resistance

because of entungling of side chains.
(iii) Impurities invariably increase the viscosity of a liquid. The presence
Iyophilic colloids, in particular; enhance the viscosity of a liquid to;

TR P

Effect of The viscosity of a liquid decreases with increase in temperature and this decrest

Temperature on is roughly of the order of 2 per cent per Celsius degree. This is due t

Viscosity that on raising the temperature of a liquid, the aver thermal +
molecules is increased and thus the effect of infermolecular attractions is
Before a molecule can take part in liquid fow, it is expected that it should b
sufficient energy 10 overcome the forces of III|-| rmolec |-|| ir attraction doe oo e L‘ suHFhﬁE T
surrounding molecules. This energy is known as the activation erieray Jor viscw 'ﬂhmum
Heow., It is known that the number of molécules having this minimum cner
greater than this, increases in proportion 1o the Boltzmann factor exp(-EA
and hence the resistance to flow of the
in 4 reciprocal nminner, i.e.,

viscosity may be xpected fo deereds

= exp(E/RT) or n=A exXplE/RT)

b In (i) = In(am® 4 _E
RT

9
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where r.fll 15 the bovevehanad i T i i y .
] (Y as shown in g 204§ it i s with
I Noww can by enloenli il I :
]
> L0,
S
Lag
g-ﬁg
5-5‘3 * L)
6.45 |
3.9
% Fig. 2.34 Plot of In (53/n")
versus UT g _I W
viscosities of The ﬂlli-dily of an ideal mixture which involves similar tvpes
Mixtures as a mixture of benzene and toluene, is besl represented |
ous fu. equations:
Ii | P = x50, + 30y inghar
'8hter gy log(#/6°) = x, log ($a/9°) + x, log (6/¢*)  (Kenda
: » where ¢° is the standard unil lluidity. These equations are not applicat
!ﬂel]%ﬁ i f non-ideal solutions which involve dissimilar type of liguids. If the constizen
o oy of a solution strongly interact with each other then the ohserved fluic 5 Je
than the calculated value, i.c., a considerable increase in viscosity occurs 7 s

a case. One of the examples is the water and ethanol mixture

a strong interaction between the molecules of water and ethan
due to the hydrogen bondings. If the mixture involves a polar
liquid such as alcohol and benzene then the observed fuidities are higher tha
the predicted fluidities as obtained by the usc of either Bingham or Kenda
equation.

24 SURFACE TENSION

Introduction It was seen during the study of vapour pressure that the molecules at the surfac
of a liquid experience a net inward pull because of the larger number of motecus
towards the Tiguid side than towards the vapour side. There is @ tendency on the
part of surfage molecules (o go in the bulk of the liquid. The surfuce o quid is

therefore in some sort of tension and it tends to contract 1 the smullest possivle

area in order to have the minimum number of molecules at .1!1.: surface. It is for
this reason that the surface ol a liquid is spherically curved, since the surface area

is minimum for a given volume in the case of a sphere,
WM 1 | y.ﬁbam ‘of the surface is 1o be extended then one has (o bring more uml:zculcs
" " from the bulk of a liquid to its surface. This will require expenditure of some
EEES -:'I'ﬁ!‘ﬁ-ﬂ. ause work has to be done in bringing moleécules from the bulk against




