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The BRET gas adsorption, flow micro-calorimetric and
adsorption from solution methods for the determination of
surface areas of cupric oxide, ferric oxide and alumina pow=-
ders have been compared with a view to examnine the validity
of the method of adsorption from solution as a standard.
Nitrogen gas has been chosen for the BIT method whereas
stearic acid, a commonly employed solute, has been used for
the flow micro-calorlmetrlc and ads orption from solution
measurementu. It has been found that adsorption of nltrogen
gas on all the adsorbents is physical in naﬁure but stearic
‘écid employed in the floﬁlmicfowéalorimetfic and adsofption
from solution methods glveg mostly chnnlsorption of the mole-
.culcs on the adsorbent ‘cwaors. Surface areas determined by
the flow Eicro~uqlorimetric and adsorption from solutions
have been fou&& to be identical foxr the respective powders.
Desplte the difverence in mechanlam of adsorption of nltro-
gen and stearic acid moieuules the flow mlero-calorlmetric
and adsorntlon from solution surface areas agree fairly well
with the BLT nltrogen gas adsorption surface areas of the
adsorbents 1f it is essumed that the area occupied pexr mole-
cule of stearic acid to be of the crder of 60-70 ﬁz. The
orientatlon of stearic acid molecules on the sollid/liquid
_interface, ther nforf, t»%a p?dce S0 taat a01d molevules lie s
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(ii)

neither completely perpendicular nor completely parallel to
the surface. Possible orientations of the stearic acid chain
on the surface are envisaged.

Correspondence of the surface areas of the adsor-
bents using nitrogen gas and stearic acid solution reveal
that tha total sites of the adsorbents are independent of the
nature of the solute molecules. |

To study this hypothesis further pyridine, an orga-
nic base, has been chosen as solute and its adsorption on the
same adsorbents have been studied. The surface areas obtained
by adsorption of pyridine from sblution have been found to be
identical to the respective areas obtained by BET method and
gtearic acid adsorption if it is considered that the area
occupied by one molecule of pyridine to be around 24.7 Rz,
the molecular area of pyridine.

Adsorption of stearic acid on magnesium oxide and
silica gel powders gave surface areas to be 90 and 370 m?/g
respectively considering area occupied per molecule of stea=
ric acid to be 63.3 and 67.5 ﬁz. These value agree fairly
well with the values quoted in literature. Surface areas of
these two powders determined by adsorption of pyridine agree
fairly well with the above mentioned value if it is consi-

dered that one molecule of pyridine occupies 24.8 32.



(iii)

It may, therefore, be concluded that with the appro-
priate values of areas occupied per molecule of solute method
adsorption of stearic acid and pyridine may be taken as

standard for the determination of surface area of the adsor=

bents considered.
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1. Introductioﬁ

The determination of surface area of powdered solids
is of immense industrial importance. And, therefore, a wide
range of methods is available(1) which may broadly be classi-
fied as (i) those based on gaseous adsorption, and (ii) those
based on adsorption of a surface active solute from solutions.
Direct determination of the amount of solute adsorbed at equi-
librium adsorption by analytical means, measurement of heat of
immersion by static calorimeters and measurement of preferen—
tizl heat of adsorption by flow micro-calorimeters fall under
category (ii). In all these methods surface area of powdered
solids are evaluated either from the knowledge of maximum
smnount of solute adsorbed or from the knowledge of the maxi-
mum armount of the heat evolved. Both these approaches demand
some assumptions to be valid of which formation of close-
packed monolayer of the solute molecules on the adsorption
surface is common. These agsumptions have been found to be
fairly velid for a wide range of interfaces, although formation
of multilayers indicated by the departure from the Langmuir
type of isotherm limits the scope of all the methods.

The evaluvation of surface area from the amnount of
solute adsorbed further requires the area occupied by one mol-
ecule of the solute to be known. This could theoretically be
obtained for the two ideal cases, (i) when all the soclute mole-
cules lie perpendicular to the surface and (ii) when all the



solute molecules lie parallel to the surface, to form close-
packed monolayers. In between these two extremes the area occu=-
pied per molecule'of solute should be determined experimentally
against some standards. If the BET nitrogen gas adsorption
method is employed for this purpose area occupled per molecule

of solute is given by

by ==t | (1)
Nxm
where, Am = area occupied by one molecule of solute, S = sur-
face area of adsorbent determined by BIT method, mz/g, x = the
amount of solute adsorbed at monolayer coverage, mol/g, and

¥ = the Avogadro's number.

The amount of solute adsorhed at =monolayer coverage
(xm) may be determined from the Langmuir plot assuming Langmuir
form of‘equation(z) for monolayer coverage,

c 1 c
- + ; (2)

X kxm x,

the corresponding BET equation for multilayer coverage being,

i

C 1 C
x(1=C) - kxm,+ X,

where, C = concentration of solute solution, mol/1it.,

(3)

x = amount of solute adsorbed ( mol/g ) from solution of con=-

centration (C) and k is a constant.



On the other hand the determination of surface area,S,
which may be assumed to be directly proportional to the inte-
gral heat of adsorption per gram of adsorbent at monolayer
coverage (qo) requires the value of X, the proportionality con-

stant in equation (4) to be known.

S = Kq (4)

The value of K should be evaluated experimentally egainst some
adsorbents having standard surface area.

Literature 2~8)

shows the application of both the
approaches, namely, the determination of surface area of adsor-
bent from the knowledge of (i) the amount of solute adsorbed,
and (ii) the amount of integral heat of adsorption. To evalu-
ate the area occupied per molecule (Am) of solute on adsorbent
surfaces in equafion (1) and proportionality constant (K) in
equation (4) BsT nitrogen gas adsorption surface area is custo-

merily equated to the area occupied by the solute molecules at

equilibrium adsorption to form monolayer coverage.

Both the BET nitrogen gas adsorption method and the
static calorimetric method are well established but tedious.
Moreover, both the methods require skilled operators and also
drastic conditions for degasing the adsorbent powders.

Recently, flow micro-calorimeter has proved itself to be a
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useful tool for the determination of surface area of powdered
solids. However the flow micro-calorimeter is an expensive
equipnent and needs skilled operators. In addition, the reli-
ability of flow micro-calorimetric results have recently
received criticism. On the other hand, the method based on
direct measurement of the amount of solute adsorbed on adsor-
bent surfaces from solution by analytical means is simple and
does not involve much instrumentations. Using stearic acid as
solute in bengene solution this method has been found to give
results as good as that of BET nitrogen gas adsorption method
for ferric oxide and alumina powders. The present work is
intended to examine the applicability of this method for
cupric oxide, magnesium oxide and silica gel powders. Recently,
pyridine and its derivatives have been found to exhibit anti-
wear properties in boundary lubricity. Pyridine and its deri-
vatives are organic bases which differ in terms of chemical
nature from that of long chain fatty acid like stearic acid.
The purpose of the present work has also been to study the
adsorption of pyridine on cupric oxide, ferric oxide, magne-
sium oxide, alumina and silica gel powders with a-view to
examine the possibility of determining the surface area of

these powdered solids.



CHAPTER-II

LITERATURE SURVEY



2.1. Adsorption of fatty acids and determination of surface area of
powdered solids.,

Literature shows a large volume of work involving
adsorption of long chain fatty acids from solution on different
adsorbents. In the method of adsorption from solution adsorbent
powder is immersed in a solution containingllong chain fatty
acids and the sucpension is shaken until the equilibrium is
attained, The powder is allowed to settle and a sample of the
supernatent liquid is drawn off to estimate the amount of fatty
acid left after adsorption. The previous works involving adsorp—
tion of long chain fatty acids from solution is critically

reviewed here.

Harkins and Gans(g) determined the area of titanic
oxide and silicon dioxide péwders using oleic acid in benzene
solution. Assuming the adsorption to be of unimolecular layer
specific surface areas of TiOz—I and TiOZ—II powders were found
to be 22.9 and 14.4 m> per c.c of titanic oxide (3.89 g) res—
pectively. The area occupied per molecule of oleic acid was

taken to be 20 82.

Ewing(10) investigated the adsorption method for det-
ermining the surface area of pigments of small particle size.
Zine oxide was chosen as the pigment. Adsorption was carried
out from benzene solution of various aliphatle long chain com=
pounds like methyl stearate, glycol dipalmitate and glycerol
tristearate which strongly adsorb on zinc oxide. Using the



horizontal pull method described by Harkins and Anderson(11),
the cross-scchional area of methyl stearate and glycol dipale

0"16'cm2 res-—

nitate were evaluated %o be 26.6x1071% and 48x1
pectively. On the basis of these assuuptions the specific
surface arca of the pigments were calculated. These areas
compared faveourably with those obtained by photomnicrographic

neasurenents,

Smiﬁh.and Fuéek(ﬂz) determined the surface area of
'rahey nickel by_adsorption of capric, lauric, palmitie, nona=-
deéyclic and behenic acids from solution of methanol, acetone,
heptane, benzene, and cyclohexane. According to Adam(13), the
cross=sectional area of fatty acid molecule was taken 20,5 32
units. The authors concluded that although the fatty acid
adsorption method for the determination of specific surfaces
was not as gemerally applicable as the nitrogen isotherm
method, it was experimentally much simpler. In addition, the
assumption of the cross-sectional area occupied by a fatty
acid chain was probably better than the assumptions made con-

cerning the cross-sectional area of the nitrogen molecule.

Russel and Cochran(14) neasured the surface areas of

non-porous hydrated aluminas by stearic acid¢ sorption from solu=-

tion. These values agreed with those by nitrogen gas adsorption,
assuming. that the area occupied by one molecule of stearic acid

to be 17 ﬂz.



Hirst and Lancaster(15) estimated the surface areas
of powders from the temperature dependence of adsorption from
solution of stearic acid in benzene., Measurements of powders,
titanium dioxide, silicon dioxide, TiC and SiC by both methods,
namely, temperature variation and concentration variation,
gave good agreement.-lt was claimed that the temperature-
dependence method involved less manipulation and smaller experi-

mental error.

Glueckauf(16) and HMaxKestlar and Cassidy(17) in sepa-
rate study measured the surface area of charcoal by adsorption
of fatty acids. Ito and Fuk'm(1 ? studied the adsorptlon of
valeric, caproic and heptylic acid from agueous solutions by
active charcoal. Kinnouske(19) also studied the adsorption of
. fatty acids including valeric, caproic, heptanoic and butyric

acid from agueous solution by active charcoal,

Smith and Hurley(zo) calculated the surface area of
carbon black by calculating the particle size of the fatty
acids ( acetic, behenic, capric, lauric, palmitic and stearic
acid ) after adSorption from various solvents. Surface areas
calculated by this method gave good agreement with the areas
calculated by other methods. Morrison and Miller(?1) also
measured the maximum adsorption of the monocarboxylic acids -
acetie, propionic, butyric, valeric, caproic, of the dicar-
boxylic acids = oxalic, malonic, glutamic, etec. on coconut-

shell charcoal.



Suito et al(zz) reported the estimation of fhe speci-
fic surface area of calcium carhonate by adsorption of stearic
acid. The specific surface area was established by the applica-
tion of the BET measurements. The results were in agreement
with those obtained by other methods using Gibbs adsorption
formula, The.authors also reported the influence of adsorbates
and solvents. The results obtained with stearic acid, palmitic
acid, oleic acid, benzoic acid and methyl esfer and glycol
ester of stearic acid agreed with one another. They argued that
benzene should be used as solvent rather than toluene or carbon

tetrachloride,

Loomis(23)'determined the surface area of clays and
sedimentary rock by a liguid phase adsorption method. A unimole-
cular layer of stearic acid was assumed to be adsorbed on the
surface. The amount of adsorption was determined by the change
in concentration of the original solution added to. the clay or
rock samples. lieasurements were made gravimetrically and volu-

metrically,

Tamaki(24) compared the gas adsorption method and the
liquid-phase adsorption ﬁethod for the determination of the
surface area of powders. For the purpose of establishing the
surface area of active alumina and carbon black, the adsorp—-
tion of various substances on alumina and carbon black were
studied, viz (i) nitrogen at =195°C, (ii) stearic acid from
Coilg solution, (iii) iodine from hexane solution, (iv) iodine



from an aqueous solution of potassium iodide. In alunina the
surface area established by method (i) was greater than by
methods (ii), (iii) and (iv). In carbon black the value obtain-
ed by methods (i), (iii) and (iv) almost agreed betﬁégn them—

selves,

Medveﬂeva(25) determined the specific surface area of
finely dispersed alumina by adsorption of stearic acid from
liquid phasé on the method developed by Russel and Cochran(14).
Values of specific surface area determined in this way ranged
from 32.1 to 34.2 mz/g, assuning the area occupied by one mole-
cule of steeric acid to be 17.2 8%, In the cases where the
grinding.was performed without the presence of surface agents,
results were slightly lower. These values were from 10 to 15
times greater than those determined by the permeability method
of Tovargv(zﬁ). Povarov's method, however, was considered

unreliable by Ries et a1(27).

Kordecki and Gandy‘~8) investigated the sorption of
stearic—1—014 acid from benzene solution for the measurement of
surface area of non-porous powders, Specific surface areas
obtained by this method compared favourably with nitrogen adso-
rption values (BET method)., The results in square meter per gram
were 21.1 for clay, 4.7 and 6.3 for two zinc oxides, 3.6 for
alunina, 21.4 for caleium sulphate, 22.3 for nickel, 0.6 for
glass beads, 6.5 for titanium oxide, 4.0 and 10.2 for two ferric

oxide, 5.5 for zinc carbonate, 50.1 for manganese oxide, 6.0 for
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zine chloride and values of 4.0, 3.9 and 3.4 for different
grade of zinc sulphide.

Kravchenko et al(zg) evaluated the method of determi-
nation of specific surface area based on Knudson equation for
titration through media by comparing with that of adsorpiion
from solution using dyes end fatty acids, Finelly, the results

were compared with that of nitrogen gas adsorption method.

Jankovics(BG) proposed a method for the determina-
tion of surface area of solids, based on the adsorption of
stearic acid. Upon completion of adsorption, the amount of
stearic acid left in the solution was determined by titration
with dilute solution of sodium hydroxide by using either alco-
hol or methyl alcohol as solvent. The surface area of calcium
phosphate determined by this mefhod was found to be 30.4 mz/g
and this value agreed with that of BEQ nitrogen gas adsorption

method.

Korenev and Lunina(31) compared the surface areas of
nickel, iron, aluminium powders measured from adsorption of
stearic acid, lauric acid, and aluminium soaps (stearate and
naphthenate) from toluene solvent. The adsorption of the acids
on nickel was greater than on iron and aluminium. The surface
areas of the three metal powders wefe found different from

one another.
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In adsorption from solutions in cyclohexane, Kipling
and Wright(gz) showed that stearic acid was adsorbed with the
major axis of the molecule parallel to the surface of silica,
but perpendicular to the surfaces of alumina and titania. The
limiting value of adsorption were compared with calculated
monolayer values based on the two orientations for stearic
acid, with molecular areas (expressed in terms of the mono-—
meric molecules) of 114 22 for the parallel orientation(ss),
and 20.5 ﬁ? for the perpendicular orientation. The results,

- with these orientations, slightly differed with the calculated
values, |

Recéntly, Groszek(6’7) has determihed the surface
areas of a number of solid powders flow calorimetrically using
stearic acid solution and compared these values with those of
nitrogen gas adsorption methods.vﬂn examination of Groszek's
results shows that for ferric oxide powder thg aresa océupied
by one molecule of stearie acid 13'66 22 so that total nitro-
gen gaé adsorption area is occupied by stearic acid molecules,
Allen and Paﬁel(z’B) found the area occupied by one molecule
of stearic acid to be 60 to 70 RZ assuning that the total
nitrogen gas adsorption surface area of ferric oxide powder
was. occupied by stearic acid molecules. Recently, Rahman(s)
has confirmed that an agreement between nitrogen gas adsorp=-
tion surface area and surface area determined by flow calori-
meter using_stearic acid is obtained if the area occupied by

one molecule of stearic acid is taken to be T0 Rz.

Rajshahi University Library
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From the account of the previcus works given in this
chapter it is seen that in the early works of determination
of specific surface area of powdered solids using the method
of adsorption from solution ares occupied by one molecule of
fatty acid have been assumed toc be 17 - 20 ﬁz which is appro-
ximately equal to the cross—-sectional area of the fatty acid
molecules. In these studies the implicit assumpition involved
was that the fatty acid molecules ﬁere oriented perpendicul-
arly on the surface. A critical examination of the published
results shows that speéific surface area calculated under the
above assumption agrees with the BIET nitrogen gas adsorption
area only for some limited cases, for example, for the deter—
mination of specific surface area of hydrated alumina(14) and
calcium phosphate(3o). On the other hand the specific surface
areas of alumina and titania(32’33) measured from adsorption
of stearic acid from cyclohexane agree approximately consider-
ing the parallel orientation of stearic acid molecules with the
molecular area 114 Rz. Also an examination of Hedvedeva's(ZS)
findings shows that the specific surface area of alunina det-
ermined by the method of adsorption of stearic acid from solu-
tion agrees with the BET nitrogen gas adsorption erea if it
is considered that the area occupied by one molecule of stea-
ric acid to be about 60 ﬁz. With the advent of the technigue
of flow micro-calorimetry adsorption of stearic acid on ferric

(2-8)

oxide powder has been studied by a number of workers « In
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all these works agreement between the specifie surface area of
ferric oxide powder determined f£low calorimetrically using
stearic acid solution in n-heptane and that determined by BET
nitrogen gas adsorption method was found if area occupied by

one molecule of stearic acid is considered to be 60 = T0 32.

It has also been found that of the fatty acids stearic
acid appears to be a most common solute in the measurement of
adsorption from solution. Literature involving study of mecha=-

nism of adsorption of stearic acid on powdered solids are,

.therefore, sunmarized in the following section.

lMechanism of adsorption of stearic acid on powdered solids.

From flow micro-calorimetric study Groszek(7) conclu=-
ded that stearic acid molecules do not form close-packed mono-
layer on ferric oxide powder in the sense that the molecules
lie perpendicular to the surface with the carboxylic groups
resting on it. From the study of adsorption of fatty acids of
different chain length on ferric oxide, titanium oxide and
barium sulphate. Allen and Pate1(4) argued that -COCH polar
head rested at the adsorbed layer and the first six -CH2
groups form a loop above the surface and extending into the
liquid. They also argued that while the seventh -CH, group
rested on the interface the eighth and subsequent groups lie
above the surface. Kipling and Wright(32'33) assumed that

stearic acid molecules were physically adsorbed on the surface
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as dimers. This is in contrast to the perpendicular orientation
of stearic acid molecules in close-packed monolayer. Recent
infra-red and thermogravimetric analysis of Hasegawa et al(34)
and Tyler et a1(35) revealed that the model of adsorbed layer
of stearic acid on alumina and silica gel powder differ from
that of Kipling and Wright(32’33). It has been evidenced that
on alumina and silica gel powders the adsorption layer consi-
sted predominantly of monolayers at low surface coverage, and
weak and reversible dimers at high concentration of solution.
Adsorption of pyridine and determination of surface area of
powdered solids,.

Like fatty acids which are weak organic acids litera-
ture shows a number of studies involving adsorption of weak

orgaenic bases, pyridines, on powdered solids,

Bertoluzza et 31(36) and Lorenzeli et 31(37) carried
out infra-red spectroscopic studies separately on the adsorp—
tion of pyridine on aluminium chloride, silica gel and alumina-
silica surfacés. They argued that the mechanism of the adsorp-
tion on aluminium chloride and silica—élumina were similar
and involved both aprotic (Tewis) and protonic (Bronsted)
centres on the catalyst surfaces.

- The orientation of pyridine sorbed on Na-montmorillo-
nite was studied with infra-red spectroscopy by Serratoaa(ss)

who argued that pyridine molecules were disposed with fheir
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planes perpendicular to the silicate layers and with the princi-
pal axis parallel to the layers. The above results agreed with

those from x-ray spacing measurements and dimensional synthesis.

The adsorption of aromatic compounds including pyri-
dine from cyclohexane soluwtion on a cerbon black (specific sur—
face area obhtained by the BET method T76.1 mz/g) and on a gra-—
phite with a specific surface area of 9.2 m2/g was studied by
Suginura et a1(39). The 2dsorption isotherm obtained were of
the Langmuir type. The results showed & higher anocunt of adsor—
ption and higher heat of adsorption. This result agreed weil
with that of matsen(4o) who assumed that the adsorption was

caused by the charge-transfer type internoclecular force.

veksmundzki41) studied the specific surface, adsorb-
ing capacity, number of sorption layer, surface layer volume
per gram of adsorbent and pore radius of silica gel with some
aromatic compounds including pyridine an@ 2-picoline (2-methyl
pyridine). In their study the specific surface area of the gel
depended on the number of CH2 groups of sorbate substance, and
pyridine gave greatest adsorption on silica. The activation on
all silica gels prepared was of the multilayer type, the
number of monomolecular adsorption layers being the greatest

on the gels activated with pyridine.

The infra-red spectra taken by Low et al(42) at the

time of pyridine sorbed on highly dehydroxylated, deuterated
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and flourinated porous glass, as well as on pure silica and
boria-inpregnated silica showed that the H-atoms of sorbed
pyridine exchange with surface 0D groups. They argued that
physical adsorption occured by hydrogen bonding of pyridine
to SiOH and B-0H groups via the pyridine nitrogen atom,

there was some interaction of the system with CH group and
surface B-pyridine complexes formed by co-ordination of
pyridine to B, the B-pyridine surface complex could be hydro-
gen bonded to B-0H groups.

The spectroscopic studies of adsorption of H20 and
pyridine on silica gel were made by Chukin et a1(43). The exp=-
eriment with the adsorption of H20 showed that HZO took place
ﬁot on the CH groups but on Si-atoms with open co-ordination
sites; the H20 was bound to the silica gel surface in the mole-
cular state and remained there upto 450°¢. The experiments with
pyridine showed that on the silica gel, protonic and aprotonic
centres were not present and the adsorption of pyridine took
placé by means of the hydrogen bonds of the OH groups. They
argued that the proton centres were formed after addition of
small amounts of H20, in the case of insufficient pyridine on

the sample, pyridine passed from OH group to the proton centres.

Bandiera(44) measured gravimetrically the amounts of
NH3 and pyridine fixed on -alumina and silica—alumina. Their
experiments revealed the presence of several types of adsorp-

tion sites. The author explained that pyridine which is a
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weaker base aﬁp&rently was fixed only on acid centres, but it
could combine by charge-transfer to electron-aceptor -0-A11-0

sites which have an oxidation character.

During the adsorption of pyridine on oxide catalysts
of iron(III), molybdate(VI) and molybdenun(VI) the infra-red
spectroscopy revealed that the vacancies in the co-ordination
shell of “"tions of the catalyst activated at 410°C most
likely acted as adsorption centres for pyridine as well as
H,0, These studies were carried out by Kubelkova et a1(45) who
argued that the HZO adsorption caused the formation of Broen-
sted acid centres on the surface which interacted with pyridine
giving rise to (pyu)t species. The pyridine adsorption probably
~ %ook place also on the OH groups which remained the surface

after ut abstraction from adsorbed HZO'

The surface chemistry of titanium dioxide was studied
infra-red spectrophotometrically by Chukin et a1(46). They
found that both the H-bond and the co-ordinated H,0 on the sur-
face of T102 were escaped on heating. The co-ordinated H20 was
thought to be responsible for the surface acidity. VWhen Tioz,
having surface bound H,0, was exposed to pyridine(Zy), (pyr)?*
was formed bn its surface. The anhydrous titanium dioxide sur-

face formed co-ordinated bonds with anhydrous pyricdine.

The adsorptica of polar (formie, acetic, propionic

and pyridine) and non-polar molecules (hexane, cyclohexane
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and benzene) from gas phase by allophane at roonm temperature
(30 - 40°C) and at 150 - 180°C was measured by Hishimura(47).
He found that non-polar molecules were adsorbed solely physi-
cally, but polar molecules were adsorbed chemically with
little dependence on micropore structure of the adsorbent.
Adsorbed amounts of the non-polar molecules were small, but
those of the polar molecules were large and adsorbed amount
of formic acid, for example, on allophane (specific surface
area 280 cmzlg) at room temperature was almost the same as

that on carbon (specific surface area 1500 cmz/g).

Hirokawa et al'48) studied the vibrational spectra
of , end -picoline (methyl derivatives of pyridine) adsor-
bed on aerosil 5102. At high coverage, 2 kinds of surface
species were found, which were assignable to the liguid=like

species and the H-bonded species persisting at low coverage.

Hiromitu et a1(49) determined the amounts of physi-
sorbed and chemisorbed pyridine on silica-alumina in the
nexane solution at 30°C which were 1.25 and 0.25 mols/100 82
respectively. The number of strong acid sites determined by
Benesis method were‘in good agreement with the chemisorbed
molecules which indicated that the ratio of the number of
chemisorbed pyridine molecules to that of the strong acid sites
on the surface of silica-alumina were equal. The adsorption calo-

rimetry was carried out on the same system by means of a flow
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calorimeter. The results showed that the heats of physisorp-
tion of pyridine were 11.3 * 0.3 and 22 * 4 kcal/mole res-—

pectively.

A coumparative adsorption of methyl substituted pyri-
dine on aluminium oxide was studied by Kozlov et al(5o). They
argued that both basicity and steric factors were important in
the adsorption of pyridine, picolines, lutidine, and 2,4,6-tri-
methyl pyridine on alumina at 200°C and the plane of these mole-

cules was oriented perpendicular to the alumina surface,

The effect of ionization on adsorption from solution
was studied by Rendall(51). The adsorption of picoline at the
silica~H,0 iﬁterface was reported as a function of ﬁH. A
nodel was developed which allowed for the adsorption of the
cationic and neutral moleculeé. For the zero coverage limit,
expressions were derived which gave simultaneous fit of adsorp—
tion and electrokinetic measurements and the model is extended

to consider the complete adsorption isotherm. The magnitudes
| and initisl slopes of the isotherms, and the occurance and
position of the mexirmum in the adsorption - pH curve were
explained. The adsorption of thelmethyl picolinium ion was
examined for comparison with the adsorption behavior of the
picolinium ion. The two forms of the picoline molecules were
found to have adsorption potentials of 4 KT, the neutral mole-

cules being adsorbed more strongly by 0.3 KT,
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Organic polar and heterocyclic compounds in hydrocar-
bon 0il have been found to exhibit antiwear properties in
steel-on-steel sliding system. The effect of pyridine, several
alkyl pyridines and related aromatic compounds on the boundary
lubricity properties was studied(52'56). The extent of the anti-
wear action exerted by the alkyl derivatives has been found to
depend on the position of the substituent on the ring. From
this structure - activity relationship it has been argued that

perpendicular approach of the molecule toward the metal surface

and bonding via the nitrogen atom are considerable importance

in the overall antiwvear performance of pyridine.

Unlike those of fatty acids studies involving adsorp-
tion of pyridine on powdered solids are mostly mechanistiec.
There ﬁas been hardly any attempt to evaluate surface area of
the powdered solids using the resulis of adsorption ofipyridines

on powdered solids.

Purpose of the present work.

An examination of the published results involving
adsorption of stearic acid on powdered solids leads us to the
conclusion that sclid adsorbents may broadly be classified as
(i) those on which stearic acid forms close-packed monolayers
in the sense that stearic acid molecules lie perpemdicularly
on the solid surface so that area occupied by one molecule of

stearic acid on the adsorbent surface is of the order of
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17 - 20 32, which is approximately equal to the cross-sectin-
al area of the fatty acid molecules, and (ii) those on which
stearic acid molecules lie neither completely perpendicular nor
coupletely parsllel to the surface so that area occupied by one
molecule of stearic acid is of the order of 60 - 70 R?. It is
interesting to note that powdered solids on which one molecule
of stearic acid occupies an area of 17 -~ 20 Ez, for example,
hydrated aluwnina and calcium phosphate are non-porous; on the
other hard powdered solids on which one molecule of steariec
acid oeccupies an area of 60 -~ T0 ﬁg are porous. Therefore, a
hypothesis may be put forward that the area occupied by one
molecule of stearic acid on non-porous powders is different
from that on porous powders giving values of area occupied by
one molecule of stearic acid to be 17 - 20 ﬁz and 60 = 70 22
respectively. To substantiate this hypothesis study of &dsorp-
tion of stearic acid on a number of porous and NON-POTOUS POW=—
ders is needed. The present study is, however, limited to the
determination of specific surface area of five porous powders,
namely, ferric oxide, cupric oxide, magnesium oxide, alumina
and silica gel so that the orientation of stearic acid mole-—~
cules on these surfaces be determined. The aim has primarily
been to examine the possibility that stearic acid can be taken
as a standard solute in the determination of surface area of
porous solids by the adsorption from sclution method. For this

purposé adsorpfion of stearic acid from solution on different
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porous solids have been studied both by flow micro-calori-
metric method and adsorption from solution method, and speci~
fic surface areas of the powdered solids defermined by these
methods are compared with those obtained from BET nitrogen

gas adsorption method.

it has azlready been pointed out that pyridine has
recently been proved to be a surface active agent to exhibit
antivear property in boundary lubricity. Because of the sim-
piicity of the pyridine molecule this compound has warrant
our attention so that possibility of determining surface area
of solids using pyridine as a solute be examined. Adsorption
of pyridine on all the aforesaid porous solids has, therefore,

been studied,
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EXPERIMENTATLS



3.1, Materials used.

Ferric oxide

Cupric oxide

Magnesium oxide

Alumina

Silica gel

Benzene

n-heptane

23

Prepared in the laboratory, purity 99.5 %,
BET nitrogen gas adsorption surface area
9.5 m2/g.
Matheson Coleman & Bell (U.S.A), Purity
99 %, BET nitrogen gas adsorption sur-
face érea 9.7 mz/g.
Matheson Coleman & Bell (U.S.A), Purity
97 %.
M.Woelm Eschwage (Germany), Extra pure,
BET nitrogen gas adsorption surface area
123.8 u2/g.
BDH Laboratories (London), Extra pure.
BDH Laboratories (London), Purity 99.9 %,
further purified by percolating through
a silica gel and alumina column, kept in
contact of sodium wire for at least 24
hours before use.
BDH Laboratories (London), Purity 99 %,
further purified by percolating through
a silica gel and alumina column, dis—
tilled in contact of sodium wire, frac-
tion boiling between 98-98,5°C was
collected and the stock in contact of

sodium wire.
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Stearic acid - BDH Laboratories (London), Purity 99 %,
n.p 67 - 70°C, neutralisation value
196 - 193,

Pyridine - BDH Laboratories (London), Purity 99.5 %,
boiling range 114-116°C, 4 = 0.9815 g/c.c,
refractive index ng0 1,509 - 1,510,

Preparation of ferric oxide(57).

Ferric oxide is a red powder and used as a paints
under the neme of red oxide, 'rouge' and also 'venetian', It
nay be obtained by heating hydroxides, nitrates or oxalates.
Perric oxide used in this work was prepared in the laboratory

by the following method,

The ferric hydroxide prepared from the solution con-
taining the ferric salt treated with a slight excess of aque-

ous ammonia solution.

Fell, + 3mn3 + 3H20 = Fe(OH)3 + BHH401

3
10 g of anhydrous AnalaR ferric chloride was dissolved in 400
ml of water containing 4 ml of commeréial hydrochlorie acid

to make it weakly acidic, and was filtered, and then was
slightly heated, and ammonium hydroxide was added slightly in
excess, as was shown by the odour of the steam above the
liquid. The liquid was boiled gently for 1 minute and the pre-
cipitate was allowed to settle. The precipitate first formed a
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dispersed phase, but on further-heating in the presence of
hydrazine hydrate it coagulated. The coagulation of the preci-
pitate and the agglomeration of the primary particles, was
aided considerably by raising the temperature of the solution,
Hence precipitation was carried out at near the boiling point

of the solution.

5 or 6 drops of hydrazine hydrate was added to the
solution after the addition of ammonia solution to remove
largely gélatinous of the precipitate, since precipitation
with ammonia solution yields a gelatinous precipitate(58).

The precipitate was filtered through filter paper. The ferric
hydroxide was dried in an oven a¥% 110°C and was ignited at
700 * 50°C in an electric furnace, Upon ignition it was con-
verted to -Fe203. At higher temperatures triferric tetroxide
is slowly formed. The ignition was carried out under good oxi-
dising conditions. The steps involved in the conversion of
ferrie chloride to ferric oxide may be suumarised as followscsg).
In this scheme an alternative route of preparation of -Fezo3
from Fe012 is also shown.

oxidising while

"FeCl, + NH4OH oy Fe(OH)2 » Y=FeD,.,0H
washing or by H,0, (lepidocrocite)

below 600°¢

A 13000%
Fe304
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3.2.2, Estimation of iron in a sample of Fe,05.

To obtéin an idea about the purity of ferric oxide
prepared the amount of iron present in a sample of iron oxlde
was determined and compared with the theoretical amount. Two
methods were employed for this purpose = (2) complexometric |
titration using salicylic acid, and (b) spectrophotometrie

estimation.

(2) Complexometric titration of iron(III) using salicylic acid-
The test solution was prepared by dissolving 0.143 g of ferric
oxide in hydrochloric acid and was diluted with water to 200 ml,
Since 1.43 g of ferric oxide is equivalent to 1 g of iron, the
test solution contained 50 mg of iron per 100 ml of the solu-
tion. pH of the solution was then adjusted to about 4 by adding
excess glycine (0.2 - 0.5 g per 100 ml found sufficient), and
about 0.2 g of salicylic acid was added. The solution was warmed
to about 40°C and was titrated with standard (0.05!) EDTA solu-
tion., The amount of iron present and its percentage in the

sample was calculated (99.5 %).

(b) Spectrophotometric estimation of iron(III) - The iron con-
tent of the prepared ferric oxide was also determined by the
spectrophotometric method with the help of Bauch and Lomb spec=—
trophotometer (spectronic - 20) using thiocyanate.

2M KSCN solution was prepared by dissolving 20 g of
AnalaR potassium thiccyanate in 100 ml of water. A given amount
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of the iron oxide was dissolved in hydrochloric acid and eva-
porated to dryness to expell the excess acid. It was then 4il=-
uted to slisht extent and taken into a voluwetric flask. For
each 50 ml of the resultant solution 5 ml of thiocyanate and
2.4 ml of 4¥ nitric acid was added. This gave the test solu-
tion. The same anmount of resgents were added to 50 ml disti-
1led waser and using this solution the apparatus was .adjusted
at wavelength 480 mu. The absorbance of the test solution was
then measured at the sane wavelength. Using the wvalue of this
absorbance the concentration of iron was determined from the
calibration curve. The calibration curve was determined as
follows

0.864 g of AnalaR ferric aumonium sulphate was accu-
rotely weighed end dissolved in 10 ml concentrated hydrochlo-
ric acid contained in a 1 litre flask and ﬁade upto the mark.
Then 1 ml of the solution is eguivalent to 0.1 mg of iron. “
0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 wl of this solution was taken
in six @ifferent 10C ml flask. To each flask 10 ml of thiocy-
anate solution and 4-6 ml of hydrochloric acid was added and
up with water upto the mark. Absorbaances of these solutions
were measured at 480 mu. These results are tabulated in

Pable-IV and the calibration curve is shown in the Figure-1i.
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Fig.1. Calibration curve for the estimation
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of iron (III).



D

ABSORBANCE
Q
o
T
L

O.‘ 5 -

o) L | | | | 1
0 2 4 6 8 10 {2

CONCENTRATION OF PYRIDINE, mg/lit

Fig.2. Calibration curve for the estimation of pyridine.
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3.2e3. betermination of BLT nitrogen gas adaorption*.

3.204-

The sample tube containing a known weight (w) of
adsorbent was fitted to the BIT apparatus. The sample was then
degassed slowly by using first a rotary pump and finally a
water jacketed mercury diffusion pump to give vaccum of 10"'s
mnm Hge The sample tube was then covered by a thermostatically
controlled heater. Power input the heater was adjusted by a
tVariac'! set at a predetermined point. Degassing was continued
for 5-=4 hours at the preset temperature, After the degassing
was over the sample tube was slowly cooled first by switching
cff the heater, then as the temperature.fell dovn to about
150%C the heater was removed end the sample was allowed to air
cool. Velume (Vw) of nitrogen gas adsorbed at liquid nitrogen
temperature (-196°C) was then determined at an equilibrium
pressure (P) so that P/P0 lies between 0,30 and 0.35 where P,
is the vapour pressure of the gas at that temperature, value

of P, being 76 cm Hg at -196°¢.,

Determination of heat evolved and amount of stearic acid adso-
rbed by flow micro-calorimeter. ‘

_ Flow micro-calorimetry is a fairly new technique. This
technigue is summarized in the following sections and detalls
are given in Appendix-~B.

*BET nitrogen ges adsorption resulis of the adsorbents were

obtained from the Sakurai Laboratories, TIT, Tokyo, Japan.
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(2) Description of apparatus.

A flow micro—calorimeter (Mark II, Hicroscal Ltd.,
London) has been used for the determination of heat of adsorp—
tion and the amount of stearic acid adsorbed. The apparatus
shown schematically in Fig.3 consists of a metal block (1)
surrounding a eylindrical cavity in which the Teflon calori-
meter cell (2) is situated. The cell is connected to a carrier
liquid inlet (3) and outlet (4) tube. The outlet is fitted
with a 500 mesh stainless steel gauze on which the adsorbent
(5) are placed.

The temperature~sensing elements comprise of four
thermnistors, two for reference (T1, TZ) and two for measure-—
nent (TE’ T4), the latter being embedded in the powdered

adsorbente.

(b) Experimental procedure.

To carry out experiment with the flow micro-calori-
meter the outlet tube is fitted to the apparatus. Adsorbent
powder was then introduced into the calorimeter cell from a
measuring tube by a long stem glass funnel. Before introduc-
ing the powder the calorimeter cell was filled with the
carrier ligquid (solvent) and it was ensured that the tip of
the stem of the funnel remained just above the surface of the
liguid. The carrier liquid was then drained off and experi-

nents were carried out under continuous flow of solvent at
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Fig.3. Schematic diagram of the flow micro-calorimeter.
(1) Metal block, (2) Teflon calorimeter cell, (3) inlet
tube for carrier liquid, (4) outlet tube, (5) adsorbent
bed. T1, T2 - reference thermistors; TB’ T4 - measuring

thermistors.
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a rate of 0.1 ml/minuvte through the powder bed. The solvent
from a reservoir funnel was introduced with a stainless steel
tube extending upto the powder bed. Heat generated in the pow-
der bed due to addition of a surface active agent in the sol-
vent was recorded as a peak by a potentiometric recorder

(Leeds & Northup Speedomax=H Recorder).

{(c) Calibration of the flow micro-calorineter.

To determine the amount of heat associated with a
given peak in the recorder chart the apparatus was calibrated.
For this expériment a calibration tube instead of the outlet
tube was fitted to the calorimeter. A powder bed in the calori-
meter cell was then prepared as in the preceding section. Sol=-
vent sfreamlwas ellowed to flow through the powder bed at a
rate séme as that of adsorption experiment and when a steady
base line was achieved a known quantity of heat was introduced
into the powder bed by switching on the calibration circuit.
This gave a peak in the recorder chart. Area of the peak was
calculated in square centimeters. The amount of heat supplied

to the powder bed was determined from the expression,

vert 1000

H= X millicalories
(R+r)2 4.2

where, R = circuit resistance in ohm, r = registance of the
calibration coil in ohm, V = calibration battery voltage, and

t = time in second.
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Calibrations were carried out at recorder amplifica-
tions of F3D = 5000 uV using velue of R = 150 and 200 ohms,
and FSD = 1000 uV using value of R = 300 and 400 ohms. Cali-

bration curve at these recorder full scale diflections (FSD)

are shown in Fig.4.

(4) Determination of Integral heat of adsorption by Satura-
tion method.

The integral heats of adsorption at different con~-
centrations of solute were determined by the saturation
method as follows. The solvent (benzene) was percolated at a
rete of 0.1 ml/minute through the bed of the adsorbent in the
calorimeter cell and sufficient time was allowed to obtain a
steady base-line in the recorder chart. The whole of the sol=-
vent stream was then replaced by a stream of equal flow-rate
of a solution of stearic acid in benzere. The solution stream
was allowed to run until the concentraticn of solute on the
powder bed came inte equilibrium with that in the gsolution.
fhis resulted in the evolution of heet and produced a peak in
the recorder chart. By replacing the stream step-wise with
solutions of increasing concentrations it was possible to
saturate the adsorbent. The cumulative heat in this process is

known as integral heat of adsorption.

(e) Determination of the amount of solute adsorbed by rre-
column method.
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Groszek(T) used a flow micro-calorimeter to determine
the amount of solute adsorbed and this hethod has been adopted
for the present work.

The adsorbent was placed in a precolumn constructed
from a glass tube with the same internal diameter as the Tef-
lon cell in the calorimeter. The carrier liquid was then per—
colated throuzh the adsorbent in the precolumn before it ente-
red the adsorbént in the calorimeter. To determine the amount
of solute adsorbed from a given solution, the flow of carrier
liquid wes stopped at time (t1)'as shown in Fig.5 and at the
same time the flow of solution was started. If the precolumn
contained sn inert solid, the solution would emerge at time h
G ysmradhia f'%cn “contact the ﬁ&%&?ﬁ?%&ﬁ@iﬁé’@mt
t§1t when the precolumn contains an adsorbent, the sclute #
#etained, so that solvent only at time (to), the solutioni
%Perging at a later tine (tz). e difference between t2 45&

'ﬁl is a measure of the amount of solute adsorbed.
! In the above method the critical steps are accu-

ite determination of the time at which the solution emer es

afroﬁ TR s g T endt varrreceuraberiknoviedse -o&-tﬁwmsi-

—%ilou—rate of solution through the precolumn. It is also nece-

ssary to ensure, for all adsorbent, that the flow-rates used
are sufficiently low to enable full saturation of the adsor-
bate in the precolumn, If the flow-rate of solution is too

high, solution may emerge from the precolumn before the adsor-
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3.2.5. Determination of the awmount of stearic acid adsorbed on adsor—
bents by Adsorption from solution method.

Dried adsorbent powder (1 or 5 g) was weighed accu-
rately and was placed in a clean-dry 250 ml or 1 litre glass—
stoppered flask. 100 or 500 ml of different standard stearic
acid solution in benzene were added and the flask was held in
a constant temperature bath for 1 hour with intermittent shak-
ing; the solution was allowed to settle for 2 hours. That
adsorption time of 1 hour was sufficient for equilibrium to
reach both at low and high concentrations of stearic acid
solution has been established experimentally, Table-IX. 10 ml
of the supernatant solution were pipetted carefully iﬁto a
small éeaker. fhe solution was then evaporated at room temp-
erature and the amount of stearic acid remaining in the :
beaker was estimated either by potentiometric(Sg) or by
pH—metric(6o) titration with standardized sodiunm methoxide
or potassium hydrakide. The amount of stearic ascid adsorbed
was found from the amdunt of stearic acid present before and

after the adsorption.

342464 Detgrminatien of the amount of pyridine adsorbed on adsorbent
by Adsorption from solution method.

The adsorption of pyridine from n-heptane solution
on adsorbent powders was carried out by a method similar to

that of stearic acid. Dried adsorbent powder (5 g) was weigh-

’



-39~

ed accurately and was placed in a clean-dry 1 litre glass-
stoppered flask. 500 ml solution of pyridine in n-heptane
was added end the flask was held in a constant water bath at
20°%0 for 24 hours with intermittent shaking; the solution was
then allowed te settle for 2 hours. The time allowed for ads—
orption wes seme as thed used by Kipling and Peakall(Gi). The
supernatant solution from the adsorption flask was pipetted
carefully into a flask end was diluted with n-heptane. The
absorbance of the solution was measured spectrophotometri-
cally at 251 mn uvsing a Double Deam Beckman Spectrophcto-
meter. The concentration of the solution was measured from a
plot of absorbance versus concentration of pyridine (Figure-2)
using the calibration data given in Table-IV along with the

calibration data for estimation of iron in Appendix-A,
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BET nitrogen gas adsorption measurements.

The BET gas adsorption method has been carried out
for the determination of surface areas of cupric oxide, ferric
oxide and alumina powders. Surface areas of the powders have
been determined by ‘one point'! method using adsorption of
nitrogen gas on the degassed samples at P/PO between 0.30 to
0.355. Replicate measurements have been carried out for each
powders. These results are shown in Table~-V in Appendix-A.
Repeated evacuation and adsorption of nitrogen a2t liguid nit-
rogen temperature, —19600, of a given sample were perforued
for all the powders. The results of first and second stage of
operations are also incorporated in Table-V. The limiting
valﬁe of the volume in cm; of nitrogen gas adsorbed per gram
of adscorbent, Vm, was determined by the 'ocme point' method

using the expression,

v, = V(1 - PVPO) | (6)

where, V is the volume of nitrogen gas adsorbed per gram of
adsorbent, being equal to Vw/w. The values of limiting volune,
V_, obtained by this method are 2.14, 2.10 and 27.41 cm’ res-
pectively per gram of cupric oxide, ferric oxide and alumina
powders. These values are converted to mol per gram'of adsor—
bent and summarized in Table-I,

BET surface area of the adsorbent was obtained from

the expression,
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Table-I., Amount of solute adsorbed on different adsorbents.

Adsorbent Amount of solute adsorbed at limiting wvalue AMBV, EOHMAOIm\m
Nitrogen gas *mdmmﬂwo acid Pyridine

CGud 9.6 2.2 6.3

Fe,04 9.4 2e 6.4

Emom. - NW«@ mOow

bwmow 122.4 | 32,0 86,0

Silica gel® - . 91,0 247.8

* . ’ : : .
Tlow micro-calorimetric and adsorption from solution results.

a : : .
Amount determined from adsorption from solution measurements only.

e i e Lo (o " . —




Table-I(a). Area occupied by one molecule of solute.

Adsorbent Surface area, Bm\m *Area occupied by one molecule, wN
Stearic acid Pyridine
Cu0 9.3 T2 24.5
@mmow 9.1 62.9 23,7
| MgO 90.0 63.3 24.8
oJ
Y 41,05 119.4 62.0 23.0
Silica gel 370.0 67.5 24.8

*Assuming the adsorbate molecules cover the whole surface of adsorbent.
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S, = NA WV /Vo (7

where, N = Avogadro's number, Am = area occupled by one mole-

cule of nitrogen, and Vo = 22400 cms, molar volume of gas at

Specific surface area of the adsorbent is given by,

S = me— » (8)

Assuming area occupied per molecule (Am) of nitrogen to be
16.2, 16.8 and 20.2 32 specific surface area of cupric oxide,
ferric oxide and alumina powders have been computed. These

results are summarized in Teble-III.

Flow micro-calorimetric measurements.

Both intégral heat of adsorption (g) and amount of
stearic acid adsorbed (x) on the adsorbents, cupric oxide,
ferric oxide and alunina, have been measured by the flow micro-
calorimetric method.

(a) Determination of integral heat of adsorption (q).

Using cupric oxide, ferric oxide and alumina powders
as adsorbents integral heats of adsorption have been measured
by the saturation method with increasingiy higher concentra=
tion of stearic acid solution in benzene. These results are

tabulated in Tables VI = VIII given in Appendix-A, Plots of
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concentration (C) of stearic acid versus amount of cunulative
heat evolved are shown in Figure-6. The heat of adsorption at
monolayer coverage (qo) may be obtained from the plateau of

these plots and more accurately using the expressioncz),

= + (9)
q kqo %9
assuming monolayer coverage, Langmuir type of adsorption. The
correaponding BET equation for multilayer coverage being,
c 1 c
= + . (10)
a(1-C)  kaq, 44

where, C = concéntration, q = integrel heat evolved for the
solute adsorbed from solution of concentration (C) and k is
a consbtant.

Values of C/q have been computed and tabulated in
Tables VI = VIII in Appendix-A. Plots of C/q‘versus C are
shown in Figure-T7. In all the cases straight line relation-
ship are noticed. From the slopes and intercepts of these
straight lines heats evolved at monolayer coverage (qo) have
been evaluated for all the cases. These values are summerigzed
in Table-II.

It is possible to measure heat of desorption by the
flow micro-calorimeter by exchanging the flow of a solution

with a solvent. After the adsorbent surfaces have been satu-
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Table-~-II.

Amount of heat evolved at monolayer coverage measured by Flow
Mjicro-calorimeter.

Adsorbent

Cul
Mmmom

Al,0

273

Heat evolved at monolayer coverage

Cumulative heat Desorption Integral energy Integral heat
of adsorption ﬁmov wmm&,ﬁﬁgv of adsorption AQO\mv
mcal/g meal/g Kcal/mole Bomw\sm
439 154 17.9 47.2
485 146 21,3 55.3
6184 1784 19.6 51.8

B e e
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Teble-III. Surface area of adsorbents measured by Nitrogen gas adsorption, Stearic

acid adsorption and Pyridine adsorption.

Surface area (S), Bm\m

Nitrogen gas adsorption

*Stearic acid adsorption

Pyridine adsorption

Area per molecule of N,

Area per molecule of acid

Area per molecule
of pyridine, wN

Adsorbent
mm
16.2 16.8
Cu0 @-W @oﬂ
Mg0? = -
bwmou 119.4 Amwwm
Silica mmwm - -

99.5 142.1
134,9 192.7
383.7 548.1

34.7 115.6
98.7 328.8

24.17

9.4
9.5
87,1
127.9
%520.6

* . e o o : :
Flow micro-calorimetric and adsorption from solution results.

aurface area measured from adsorption from solution measurements only.
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Fig.6. Variation of the amount of integral heat evolved (q)

with the concentration (C) for calorimetric measure-

ments. ® Cul (a = 2), O Fe,04 (a=2), 0 A1203 (a = 3),
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Fig.7. Langmuir plots (C/q versus C) for calorimetric
measurements. @ Cu0 (a = 10), © Fe,05 (a = 10),
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rated to form monolayer coverage the flow of solutions were

replaced by solvent; these produced peaks in the recorder

chart indicating negative heat effects. These negative value

of heat that is.desorption heats are summarized. These results

are also incorporated in Table-II.

(b) Determination of amount of stearic acid adsorbed (x) by
precolumn method.

The amount of steariec acid adsorbed on cupric oxide,
ferric oxide and alumina powders from benzene solution was
determined by flow micro-calorimeter using precolumn method.
The amount of solute adsorbed by the powder bed in the pre-

columm was computed using the equation,
x = t0f/w

where, x = anount of solute adsorbed (mg/g), t = retention
time (minute), C = concentration of solute (mg/ml); £ = flow-
rate of solution (0.1 ml/minute), and w = weight of adsorbent
in the precolumn (g). The results are tabulated in Tables Vi-
VIII in Appendix-A.

Variation of amount of stearic acid adsorbed with
concentration are shown in Figure-8. Amount of stearic acid
adsorbed at monolayer coverage (xm) nay be determined from
the plateau of the curves in Figure-8. The values of x_ may

m
also be determined more accurately from the following equa-
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'Fig.8. Variation of the amount of stearic acid adsorbed (x)
with concentration of stearic acid solution (C) for
calorimetric measurements. © Cul (a=5), @ Fe,04

(a = 5), O A1203 (a = 4).
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tion which is similasr to equation (8),

where, x is the amount of solute adsorbed at the concentra~
tion (C), z, is the monclayer capscity end k is a constant,
Frow the slopes and intercepts of straight line relationsnip,
asseucing lanzmir type edsorption, of plots of C/x sysinst C
gnown in Fipure~9 the wulues of z, were deterwined znd taese

vulues sre incorporsted in Toble-I,

idsorotion frow selutlion mewesurenents,
bisurption of gtenrie sil,

Lésuroiion ¢f pienric scld from Lensene solution hes
bewn corried out on ecupric ezlie, ferrie eoride, wiyissive
oritse, wlucice ved gilics gel poeiere &t %0, Tue swevnts of
siesrie scid sfuvrwed st ¢ifferent covnsentrsiions «f sulvtion
wf siesrie scid in weszeis Lave veen Ssieenined Trod T eus~
nntetiovh uf Bulutives wture sed sfier stisvryilon, Trese
Fetylvh Sr€ Buwekiisntd ia Yeuies L = 11V, Yeristios ot masrust
of misnrig said sisuewh (2] €ive soscantretive (2 wre ghven
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Fig.9., Langmuir plots (C/x versus ¢) for calorimetric
measurements. O Cu0 (a = 2), @ F8203 (a =2),
e A1203 (a =1).
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Fig.10. Variation of the amount of stearic acid adsorbed (x)
on powders with concentration of stearic acid solu-

tion (C) for adsorption from solution method.

®Cuo (a = 1), © Pe,05 (a = 1), O Mg0 (a = 25), and

® A1,0; (a = 25).
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Fig.11. Variation of the amount of stearic acid adsorbed (x)
on Silica gel powder with concentration of stearic

acid solution (C) for adsorption from solution method.
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£1,05 ¢ Silica gel. Langmuir plots similar to that obtained
in the flow calorimetric measurements are shown in Figures
12 and 13. Amount of stearic acid adsorbed at monolayer cov—
erage py the adsorbents are determined from the plateau of
the curves in Figures 10 and 11 or moxe accurately from the
slopes and intercepts of the straeight lines in Figures 12
and 13 assuming Langmuir type of adsorption given by the

expression (2) shown in the introduction.

A&sorption of pyridine.

mhe adsorption of pyridine from n-heptane solution

on metal oxides, cupric oxide, ferric oxide, magnesium oxide,

alumina end silica gel powders were carried out at 30°C. For
adsorption from solution of a given concentration duplicate
experinents were carried out, and for each experiment concen-
trotions of pyridine both before and after adsorption were
determined. For duplicate adsorption the difference in the
concentration of pyridine after adsorption was observed to be
in the range of % 1% . The adsorption isotherms are shown in
the Figures 14 and 15. From each of the isotherms it is possi-
ble to obtain a limiting value of adsorption from the plateau.
Plots of C/x against é shown in Figures 16 and 17 give
straight lines, showing Langmuir type adsorption in general,
although the results for alumina tend to depart from Langmuir
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type of adsorption indicated by the curvature of the plots
shown in dashed line for alumina in Figure-16. From the
slopes and intercepts of the straight lines in Figures 16
and 17 the appropriate amounts of pyridine adsorbed at the
monolayer coverage have been determined. These results are

gunparized in the Table-I1.
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Fig.12. Langmuir plots (C/x versus C) for adsorption of

stearic acid for adsorption from solution method.
@ Cuo (a = 5), @ Fe,0z (a =5), OMgO (a =1),

® 41,04 (a =1).
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Fig.1%. Langmuir plots (C/x versus ¢) for adsorption of

stearic acid on Silica gel powder for adsorption

from solution method.
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Fig.14. Variation of the amount of pyridine adsorbed (x)
on powders with concentration of pyridine solu-
“tion (C). O Fe203‘(a =3, b=1), @ Al,04 (a = 2,
b = 10), O Silica gel (a = 2, b = 10).
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Fig.15. Variation of the amount of pyridine adsorbed (x) with
concentration of pyridine solution (C).

® cu (a =5),0 Vg0 (a =4).
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Fig.17. Langmuir plots (C/x versus ¢) for pyridine adsorption.
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5.1. Surface area of the adsorbents from BET nitrogen gas adsorp-

tion measurements.

The specific surface areas of cupric oxide, ferric
oxide and alumina powders have been determined using the
results of nitrogen gas adsorption at liquid nitrogen temper-
ature, -196°C. The limiting volume of nitrogen adsorbed, Vm,
on the surfaces are 2.14, 2.10 and 27.41 cm; per gram of
adsorbent powder respectively for cupric oxide, ferric oxide
and alumina. It is seen that these values are close to one
another for cupric oxide and ferric oxide powders but this
value is about 13 times greater in the case of alumina powder.
It is also seen from the Table-V that the volume of nitrogen
gas adsorbed by a given gsample on repeated evacuation and
adsorption gave the volumes of nitrogen gas adsorbed within
the range of experimental error. This shows that the adsorp—
tion of nitrogen gas on the adsorbents are reversible. This
jndicates that the adsorption of nitrogen is physical in
nature in all the cases studied. To compute surface area from
the expression (7) the commonly used values of area per mole-
cule of nitrogen (Am) are 16.2 and 16.8 32, the molecular
area of nitrogen based on solid and liquid nitrogen densities,
Values as high as 20.2 22 have been used for adsorption on
Sterling MIG powder(sz). Using these values of Am surface

areas of the adsorbents have been evaluated. Surface areas of
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the adsorbents particularly of alumina have been found to be
too high compared with the values reported in the litera-
ture(14). Area occupied by one molecule of nitrogen has there-

fore been assumed to be 16,2 32 for all the cages.

surface area of the adsorbents from flow calorinetric measure—
ments.

The oxide powders same as that used in the BET nitro-
gen gas aﬁsorption were used ;n the flow micro—calorimetricr
measurements. Figure-6 shows the_isotherm obtained by plotting
q vs C. Straight line relationship of the plots of C/q vs C
shown in Figure-7 indicates that the adsorption is of Lang=-
muir type in all the cases. It is possible to measure heat of
desorption by the flow micro-calorimeter by exchanging the
flow of a solution with a solvent. The dgsorption heats were

found to be 35, 30 and 28 percent respectively of the adsorp-

tion heat due to cupric oxide, ferric oxide and alumina pow-

ders. The fact that the adsorption of stearic acid en cupric
oxide, ferric oxide and alumina powders are only partially
reversible indicates that unlike nitrogen molecules stearic
acid molecules are mostiy chenigsorbed on these adsorbents.
Integral heats evolved per unit surface of adsorbents for a
given adsorbate and integral energies per mole of adsorbate

are characteristics of the adsorbent surfaces. Using the flow
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micro-calorimetric results these values have been evaluated
for cupric oxide, ferric oxide and alumina powders., Compari-
son of these results summarized in Table-II shows that des-—
pite wide variation of the integral heat evolved per gram of
the adsorbents both integral heat per unit adsorbent surface
and integral energy of adsdrption per mole of adsorbate are
very close to one ancther. These results lead to the conclu-
sion that the surfaces of cupric oxide, ferric oxide and
alumina powders are identical in nature._Reciprocals of the
values of integral heat evolved per unit surface are equal to
constant X in equation (4) for the respective powders. The
value of X depends upon the nature of the adsorbent surface
and adsorbate molecules. Therefore, for practical purposes
the use of eguation (4) to compute surface area is limited.
However sn average value of K based on the data obtained for
cupric oxide, ferric oxide and alumina give good estimate of
specific surface areas of these adsorbents. These have been
found to be 8.6, 9.5 and 121.7 m>/g compared with the corres—
ponding BET nitrogen gas adsorption 9.3, 9.1 and 119.4 mz/g
respectively for cupric oxide, ferric oxide and alumina pow-
ders. Taking eny one of these adsorbents as standard ( i.e.,
using value of K of any one of these adsorbents) if surface
area of the other two powders are evaluated it would be
revealed that the results would not differ over t 18 % com=

pared with the BET nitrogen gas adsorptioﬂ surface area of
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the adsorbents. Therefore, any one of the adsorbents may be
chosen as standard to give reasonable estimate of surface
area using equation (4).

Flow calorimetric measurements using precolunn
method gave amounts of adsorbate at monolayer coverage. From
these results summarized in the Tables VI - VIII surface area
of the adsorbents have been computed using equation (7). In
doing so area occupied by one molecule of stearie acid has to
be assumed. In early works(14’25'32'53) area occupied by one
molecule of stearic acid (Am) were taken to be around 18 22
assuning that the molecules rested on the adsorbent surfaces
perpendicularly. Examinations of Hedvedeva‘s(25) results gave
the value of A to be 58 Kz if the results are equated to the
BET nitrogen gas adsofption surface area for alumina as adsor-
bent. Similar examination of Groszak's(s) results gave area
occupied per molecule 0: stearic acid to be 60 32. Recent
flow micro-calorimetric studies(a"s) gave the value of Am to
be 60=T0 92  ynereas according to Courtauld model of paraffin
the value of Am would be approximately 100 32 if the stearic
acid molecules are to lie parallel to the adsorbent surface
with the whole chain resting on it. Using the values of #m to
be 18, 60, TO and 100 32 the surface area of the adsorbents
were calculated from the equation (7). They are summarized in

Table-III. The results in Table-III would reveal that fliow
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nicro—calorimetric surface area of the adsorbents agree very
closely with the BET nitrogen gas adsorption surface area if
area occupied per molecule of stearic acid is ascumed to be

65 82,

surface area from adsorption from solution measurenents using
stearic acid as solute.

Although 1limiting adsorptions are reached at corres—
pondingly higher concentrations the emounts of stearic acid
adsorbed in the method of adsorption from solution are found
respectively to be the same as that of flow micro-calori-
metric method. Amounts of stearic acid adsorbed per unit sur-
face of cupric oxide, ferric oxide and alumina monolayer
coverage summarized in Table-I are found to be close to one
another. This finding supports the conclusion drawn from the
f£low calorimetric results mentioned in the preceﬂing section
that these adsorbent surfaces are identical in nature. In
this case aléo if area occupied by one molecule of stearic
acid is assumed to be 65 ﬁg the evaluated surface areas agree

fairly well with the BET nitrogen gas adsorption areas.

Comparison of surface areas evaluated from BET nitrogen gas
adsorption, flow miero-calorimetric and adsorption from solu-

~ tion measurements.

Surface areas of cupric oxide, ferric oxide and alumina
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powders evaluated from the results obtained by BET nitrogen
gas adsorption, flow miero-calorimetric and adsorption from
golution methods are summarized in Table-III. It is seen

from Table-III that while BET nitrogen gas adsorption sur-
face area of alumina powder appears to agree with the liter-
ature value if area occupied per molecule of nitrogen is
assumed to be 16.2 XZ an agreement between this surface area
ond flow micro-calorimetric and adsorption from gsolution sur-
face areas using stearic acid as solute is found if areél
occupied per molecule of stearic acid is assumed to be 65 ﬁ?.
Assuming area occupied by one molecule nitrogen to be the
same i.€.,16.2 EZ. BT nitrogen gas adsorption surface areas
of cupric oxide and ferric oxide powders are found respec—
tively to be 9.3 and 9.1 mz/g. In these cases also BET nitro-
gen gas adsorption areas agree fairly well with the corres—
ponding flow micro~calorimetric and adsorption from solution
surface areas of the powders provided the same assumption

that area occupied "per molecule of.atearic acid to be 65 R?

is made.

Petermination of surface area of magnesium oxide and silica
gel powders by adsorption from solution method using stearic
acid as a solute.

From the results obtained hy adsorption from solu~

tion method using stearic acid in benzene surface area of
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magnesium oxide and silica gel powders have been evaluated
assuming area occupied per molecule of stearic acid to be the
seme as that for cupric oxide, ferric oxide and alumina pow-—
ders i.e., 65 RZ. They come out to be 89 and 370 mz/g respec-
i tively for magnesium oxide and silica gel powders. These
values agree fairly well with the corresponding BET nitrogen
gas adsorption surface area of these powders reported in 1lit-
erature. Amount of stearic acid occupied per unit surface of
] these adsorbents at monolayer coverage are summarized in

j Table-I. They are found to be close to one another and agree
i fairly well with that of cupric oxide, ferric oxide and

| alunina powders. These findings indicate that stearic acid

: may be considered to be a shtandard solute in the adsorption

| from solution method for the successful determination of

; surface area of all the adsorbents studiéd. Further all the

; adsorbent surfaces studied may be considered to be standards
for evaluating the parameters involved in all the expressions
(1,7,8) required for the determination of surface area of

powdered solids by BET nitrogen gas adsorption and flow micro—

calorinetric methods.

5.6, Mechanism of adsorption of stearic acid on the adsorbents.

With the help of the flow micro-calorimeter heats of

adsorption of stearic acid on adsorbent surfaces which have
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been previously saturated by stearic acid was measured by
replacing the solution with the solvent. It is seen from the
Table-II that the desorption heats of stearic acid are 35,

30 and 28 percent respectively of the adsorption heat due to
the cupric oxide, ferric oxide and alumina at liniting adsorp-
tion of stearic acid. This finding indicates that the adsorp-
tion of stearic acid on the adsorbents is only partially
reversible and unlike nitrogen molecules stearic acid mole-
cules are mostly chemisorbed on these adsorbents. This is
supported by the high values of integral energies of adéorp—
tion of stearic acid on the adsorbents quoted in Table-II.
Integral heats evolved per unit sﬁrface of the adsorbents
quoted in Table-II are close to one another and so also the
amount of stearic acid per unit surface of the adsorbent
quoted in Table-I. Also despite wide variation of surface
areas the area occupied per molecule of stearic acid at the
limiting adsbrption on the adsorbents are close to one ano-
ther. These facts lead to the conclusion that the surfaces

of cupric oxide, ferric oxide, magnesium oxide, alumina and
silica gel powders are similar in nature to give adsorbed
layers of stearic aclid molecules on them where the molecules
lie neither completely parallel nor completely perpendicular
on the surfaces. These findings are in keeping with the recent

infra-red and thermogravimetric studies(34’35) which reveal
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that the model of adsorbed layer of stearic acid on alunina
and silica gel powders differs from that of Kipling and
Wright(az) who assumed long chain fatty acids to be physi-
cally adsorbed on the surfaces as dimers parallel to the

plane of the surfaces. It has been evidenced(34’35) that on
alumina end silica powders the adsorption layers consisted
predominantly of monomers at low degrees of coverage, and

weak and reversible dimers at high concentration of solution.
It has further been evidenced that on alumina mostly stearate
are formed but in case of silica gel in.addition to the
stearate some monomers are hydrogen bonded to silanols and
others to siloxane groups. Similar results have been observed
for magnesia using adsorption of decanoic acid so that magne-
siunm distearate may be assumed to form on the magnesium oxide
surface. There appears to be no mechanistic studies on adsorp-—
tion of stearic acid on cupric oxide and ferric oxide, In view
of the similarity of the type of surfaces evidenced by the
present results formation of stearate molecules may also be

assumed on cupric oxide and ferric oxide powders.

Determination of surface area of powdered solids using adsorp-
tion of pyridine from n-heptane solution.

Pyridine and its derivatives have recently been found

o exhibit boundary lubricitye. They are weak organic bases,and
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are different from fatty acids as a class of organic com-—
pounds. In view of the mechanism of adsorption envisaged by
Filler pyridine is expected to be a standard solute for the
determination of surface arca of powdered solids. From the
limiting values of the amount of pyridine adsorbed the sur—
face areas of cupric oxide, ferric oxide, magnesium oxide,
alumina and silica gel powders have been evaluated. To do so
area occupied per molecule of pyridine on the adsorbent sur-—
face is required to be known. In the case of cupric oxide,
ferric oxide and alumina powders BET nitrogen gas adsorption
ares has been equated to surface area obtainable by adsorp-
tion of pyridine from n-heptane solution. It has been found
that the pyridine adsorption surface area agree with the
corresponding BET nitrogen gas adsorption surface area if
areas occuﬁied per molecule of pyridine are assumed to be
24,8, 23.7 and 23.0 32 respectively for cupric oxide, ferric
oxide and alumina powders. With these values of area occupied
per molecule of pyridine these surface areas also agree with
the corresponding surface areas using stearic acid as solute.
Agreements between pyridine adsorption surface areas and
stearic acid adsorption surface areas are also obtained in
the cases of magnesium oxide and silica gel if areas occupied
per molecule of pyridine are taken ‘to be 24.8 and 24.6 ﬁ?
respectively. From the data of Pauling and Schomaker(63),
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Kipling and Peaka11(61) found the molecular area of pyridine
to be 24.7 ﬂz. The latter authors used this value to deter-
mine the maximum amount of chemisorption possible on boeh-
mite. The present results would reveal that the specific sur-
face areas of cupric oxide, ferric oxide, magnesium oxlde,
alumina and silica gel powders evaluated on the assunption of
close-packed monolayers so that the arca occuplied per molecule
of pyridine equals to its molecular area, 24,7 32. gives an

over—estimate of not exceeding 6.6 % in any of the cases

‘gtudied compared with the BET nitrogen gas adsorption and

adsorption of stearic acid from benzene solution surface

areas. It may, therefore, be concluded that the method of
adsorption of pyridine from n-heptane solution be employed
for successful estimetion of specific surface arca of the

adsorbents.

Mechanism of adsorption of pyridine on the adsorbents.

Tt has already been pointed out that to equate pyri-
dine adsorption surface areas of the adsorbents to the corres-—
ponding BET nitrogen gas8 adsorption surface area the area
occupied per molecule of pyridine slightly differ from adsor-
pent to adsorbent, These values are summarized in Pable=I(a).
Similar situation occurred in the case of adsorption of

stearic acid. Therefore, correspending value of area occupied
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per molecule of stearic acid on the adsorbent surfaces are
also incorporated in the same Table. It is seen from the
Table that the areas occupied per molecule of pyridine on
cupric oxide, ferric oxide and alumina powders are less than
the molecular area of pyridine; This is improbable and there-
fore, these results indicate the possibility of formation of
some multilayers on these adsorbent surfaces. This seems to
be more pronounced in the case of alumina as has been indi-
cated by the curvature of the Langmuir plét for alumina in
Figure-16. The phenomencn that a molecule of pyridine occu-
pies an area less than its molecular area may also be partly
due to the formation of blpyridine molecules on the adsor-
bent surfaces.

Waksmundzki et a1(41) claimed that silica gel acti-
vated with pyridine gave adsorption mainly of monolayer type
but they did not rule out the possibility of some multilayer.
Miller(gz) has indicated the presence of bipyridine mole-
cules in the adsorbed layers during his stddy of wear on
steel-on—-steel system using pyridine as an anti-wear agent.
Although on the basis of infra-red study(36) it has been
claimed that the mechanism of adsorption pyridine involves
both protonic (Bronsted) centres and aprotonic (Tewis)
centres, far infra-red studies(37’64) revealed in silica gel

there was mainly co-ordination with the Lewis acid centres,
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and certain surface hydroxyl groups bound pyridine by hydro-
gen bond, Similar mechanism have also been envisaged in the
case of alumiha(44’65). The formation of multilayers may be
atributed to the bonding of pyridine with the surface hydr-
oxy groups of the adsorbents.

Adsorption experiments using neutral pyridine on
sodium montmorillonite have revealed that the pyridine mole-
cules were disposed with their planes perpendicular to the

(38). The fact that the area occupied per

gilicate layers
molecule of pyridine on ferric oxide, cupric oxide and alu-
mina is of the same order suggests the orientation of pyri-
dine molecules in all the cases studied to be the same; so
that adsorption of pyridine molecules takes place through
nitrogen atom probably via perpendicular approach of the
molecules. This mechanism has also been envisaged by

o ;
Miller()2) during his study of wear in stecl-on=-steel system

using pyridine as an anti-wear agent.
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Pfable-IV. Data for the calibration curve for the estimation of iron(III)
and Pyridine.

Mm+w in water Pyridine in n-heptane
Concentration Absorbance Concentration Absorbance

mg/lit. _ mg/lit.

0.5 0.11 1.5 0,03
1.0 0.21 3.0 0.08

1e5 0.32 4.8 ~ 0.12

2.0 0.42 , 7.8 0.20

2.5 0.53 | 10.2 0.25
3.0 0.63 12.0 0.30

Absorbances taken at 480 and 251 mu for iron(III) and pyridine respectively.
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Table-V. BET nitrogen gas adsorption meaiurements at liguid

N, temperature,-196°C,

bmchumuw Weight of

Degassing Conditions

Pressure Volume Volume

Limiting Value

adsorbent Temp Vaccum Time (P) of N, of N, of Volume of N,
(w) 04 mm He  hr cm Hg  adsor- adsor- adsorbed at
g bed at bed at NTP A<Ev
zawAﬁSV25mA<v c.c/g
c.C/g c.c/g
0.5045 150 1072 4 24.44 1,57  3.12 2,12
Cuo 0.4972 150 1070 4 23.80 1.65 3.33 2.26
0.4892 150 1070 4 24.15  1.46  3.00 2.05
0.5218 350 107° 3 25.50 1,63 3.13 2,08
Fe,05 0.4874 350 Aouw 3 23.80 1.41 2.89 2,11
0.5028 350 10 3 24.30  1.56  3.12 2.12
0.1239 350 1072 3 23,70 4.85 38.78 27.15
41,0, 0.1055 350 Aoam 3 25,50 . 4.37 41.45 27.52
0.1065 350 1072 3 24,82 4,35 40.88 27.55
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Table~VI. Flow micro-~calorimetric measurements for Cul0 powder.

Change in solute Cumulative 106X0/q Amount of Cc/x
concentragion heat evol- M mca1"1g atearic M mol'1gX102
MX10™ ved (q) acid ads-
From(01) To(C) meal/g orbed (x)
molX1O'5/g
0 0.5 216 2.31 1.5 0.33
0.5 1.0 280 3.57 1.6 0.63
1.0 15 360 4.17 1.9 0.79
1.5 3.0 404 T.42 2.2 1.36
3.0 7.0 424 16.51 2.3 %.04
7.0 12.0 430 27.91 2.4 5.00

At monolayer coverage,

heat evolved (qo)
meal/g 439

integral energies
of adsorption
Kecal/mole 17.9

integral heat per
unit surface (qo/S)
mcal/m2 47.2



Table-VII. Flow micro-calorimetric measuremnents for Fe203

powder.

Change in solute Cumulative

concentration

heat evol=
MX10™ ved (q)
From(C1) To(C) mcel/g

10%x0/4

Amount of
M meal“1g stearic

acid ads-
orbed (x)

c/x
‘1 mol™ 1gX10

2

molX1O'5/g
0 0.5 232 2.16 1.6 0,31
0.5 1.0 7302 3.31 1¢6 0.63
1.0 15 406 3.69 1.7 0.88
1.5 3.0 445 6.74 Te 1.67
3.0 7.0 466 15.02 2.1 333
7.0 12..0 469 25,59 2.2 5.45

At monolayer coverage,

heat evolwved (qo)
meal/g 485

integrel energles
of zdsorption

Kcal/mole 21.3

integral heat per
unit surface (q./S)
meal/m® 5543
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Table~i ;
e~VIII. zzgzeifcro—calorimetric measurements for Al,0s
Chonge in solute Cwmilative 105xc/q Amount of ¢/x
concentration heat evol- ¥ mcal"1g stearic M mol” 'gX10
MX10™ ved (q) acid ads-
From(C,) To(C) ncal/g orbed (x)
molX10™2/¢g
0 0.5 2412 0.21 22.9 0.02
0.5 1.0 3740 0.27 24.3 0.04
1.0 1.5 5024 0.30 27.6 0.05
1.5 3.0 5796 0.52 29.4 0.10
3.0 T«0O - 6124 1.14 30.9 0.22
T.0 12.0 6146 1.95 - 31.2 0.38

At ‘monolayer coverage,

neat evolved (qo)
meal/g 6184

integral energies
of adsorption
Ecal/mole 19.6

integral heat per
unit surface (qo/S)

mcal/m2 51.8

2



Pable~IX. Effect of shaking time on adsorption of stearic acid.

Adsorbent Concentration of

Amount of stearic acid adsorbed, Eow%;onm\m.

stearic acid

. -3 Shaking

solution, MX10 time, min. 10 20 30

Cuo . 10 1.85 1,90 1.95
40 2.14 2.25 2.40

o -

Fe, 04 10 1.85 1.90  1.95
40 2,08 2.16 2.21

1 2

M0 20 16,50 18.90 20.29
75 17.08 20.47 23.60
AL,0, 25 24.10 27.05 28.50
£ 75 25,73 31.16 32.09
L] O L] O m. O

silica gel 75 5%:9 55.40 56.5
300 84,20 87.95 91.00

45

2.00
2.42

2.00
2.20

22,80
23.60

29.00
32,00

58.00
91.00

60

2.00
2.40

2.00
2.20

22.80
23.60

29.00
32.00

58.00
91.00




Table-X.
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Determination of adsorption of stearic acid on Cul

powder by adsorption from solution method.

Concentration of stearic

acid solution, MX10™>

Before ads-— After ads-

orption (C) orption(c1).

5
10
15
20
30
40

4.1

9.0
13.9
18.8
28.8
38.8

Anount of stearic c/x
acid adsorbed (x) M mol‘1gx10
molX10-5/g

1.8 2.8

2.0 5.0

2.2 6.8

2.4 8.3

2.4 12.5

2.4 16.7

2

Adsorbent powder 5 &

Solution 100 ml.
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Me - 3 |
Table=XI1. Determination of adsorption of stearic acid on F9203

powder by edsorption from solution method.

Concentration of sitearic bmovnt ¢f stearic ¢/x

acid solution, MX10™> acid adsorbed (x) M m01‘1gx102

Before ads- After ads- m°1X19-5/5

orption (C) orption(01)
5 4.1 1.8 2.8
10 9.0 2.0 5.0
15 14,0 2.0 Te5
20 18.9 2.2 2.1
25 23.9 2.2 11.4
30 23.9 2.2 13.6
40 33.9 2.2 et

Adsorbent powder 5 & 3

Solution 100 ml.
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Table=Xil. Det
ermination of adsorption of stearic acid on Mg0

" powder by adsorption from solution method.,

Concentration of stearie Amount of stearic C/x

o ; W -
acid solution, KX10 acid adsorbed (x) M wol™ ! gx10?

Before ads— - After adgse m°1x10-5/5

orption (C) orption(c1)

5" 3.5 15.0 0,53
10" 8.0 20.0 0.50
15 4.1 21.8 C.69
20 8.6 22.8 0.88
25 1344 23.2 1.08
30 18.5 23.4 1.23
40 28.2 23.6 1463
5 —y 23.8 2.10
i 63.2 23,6 3.18

*
Adsorbent powder 5 8» 185
Solution 100 mle

I T e T R T T o e




Table-XI1I,
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Determination of adsorption of ste

aric acid on

Al,0
2V Powder by adsorption from solution method.

Concentration of stearic

acid solution, MX10™>

Before adgse After ads-

orption (C) orption(c1)

10"
15"
20"
25
30
40
50
75
100

1.4
12.3
17.1
10.5
15.0
24.5
54,0
59.0
84.0

Amount of stearic
acid adsorbed (x)
molX10‘5/g

26,0
27.0
28.9
29.0
30,0
31.0
5240
32.0
32.0

c/x

1

M mol™ 'gXx10

0.33
0.5%
0.69
0.86
1.00
1.29
1.56
2.34
5.13

2

Adsorbent powder 5 8»

Solution 100 ml.

*1gs
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Table=XIV, De
Determination of adsorption. of stearic acid on

Silica gel powder by adsorption from solution
method,

Concentration of stearic

. Amount of stearic o/x
acid solution, Mx{0~3 acid adsorbed (x) M mol™ 'gx10?
Before ads- After ads- molX10™"/g
orption (C) Orption(c1)

V82 16.5 20 0.93

30.0 26.8 30 0.94

45.0 40.8 42 1.07

60.0 54.6 54 1.11

75.0 69.2 58 1.29

90.0 83.6 . 64 1441

105.0 97.9 71 1.48

120.0 112.5 75 1.60

150.0 141.6 84 1.79

180.0 171.2 88 2,04

210.0 201.1 89 2.36

240.0 ° 230.9 91 2.64

270.0 260.8 92 2.94

300.0 290.9 91 3.30

330.0 320.9 Nn 3.63

: . N
Adsorbent powder 5 & Solution 500
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Table-XV, Determination of adsorption of pyridine on CuQ

bowder by adsorption from solution method.

Concentration of pyridine

solution, MX10™7

Before ads-

orption (C)

3.12
6032
9.48
12.64
15.80
18,96
22,12
38.35

After ads-
Drption(c1)

2,75 -
5.82
8.91
12.02
15.17
18.33
21.49
37.72

Amount of pyridine
adsorbed (x)

molX10™2/g

3.7
5.0
5.7
6.2
6.3
6.3
6.3
6.3

C/x

1

M mol™ 'gX10

0.84
1.26
1.66
2.04
2.51
3.01
3.51
6.08

2

Adsorbent powder 5 &

o

Solution 500 ml.
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Concentration of pyridine

solution, MX10~3

Before ads-— After ads-

orption (C) orpfion(01)

3.12 2.74.
6,32 5.82.
9.48 8.90
12.64 12.01.
15.80 15.16.
18,96 18.31.
22.12 21.48 .

Amount of pyridine
adsorbed (x)

molX10"5/g

3.8
5.0
5.8
6.3
6.4
6.5
6.4

Cc/x

1

M mol™ 'gX10

2

.

Adsorbent powder 5 g
Solution 500 nml.
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Mol <V .
Table=XVII, Determination of adsorption of pyridine on MgO

powder by adsorption from solution method.

Concentration of pyridine Amount of pyridine c/x

solution, MX10"3 adsorbed (x) M m01-1gX102
-5

Before ads- After ads- molX10 /5

orption (C) orption(c1)

6.32 4.82 18.2 0.35
. 9.48 6.87 26.1. 0.36
15.80 12,30 - 35.0. 0.45
22,12 17.84 42.8 . 0.52
30.16 25.33 48.3 0.62
38435 33.09 52.6 0.73
50.35 44..61 57.4 . 0.87
63.82 57479 6043 1.06
80.28 74.25 60.3 1.53

Adsorbent powder 5 & §
Solution 500 mle
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powder by adsorption from solution method.

Concentration of pyridine Amount of pyridine c/x

o =3
solution, MX10 ~ adsorbed (x) M mol™1gx10?
Before ads- After ads- molX10’5/g

orption (C) orption(01)

12.64 9.63 30.1 0.42
25.56 20.63 49.3 0.52
58.35 32,01 63 .4 0.60
63.82 56. 614 72,1 0.88

110.66 102,32 83.4 1.33

164,34 155,74 86.0 1.91

200.42 191.82 86.0 2.33

240.25 251,65 86.0 2,79

Adsorbent powder 5 & 3
Solution 500 ml.
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Table-X1X,
Determination of adsorption of pyridine on Silica

gel powder by adsorption from solution method.

Concentration of pyridine Amount of pyridine C/x
solution, MX10™> adsorbed (x) M mo1~gx102
Before ads- After adse m°1X10-5/g
orption (C)  orption(c,)
12.64 1.39 112.5 0.11
25.56 9.01 165.5 0.15
© 38.35 19,60 187.5 0.20
63 .82 41.81 220.1 0.29
110,66 86.69 239.7 0.46
164..34 139.79 245.5 0.67
200.42 175.64 247.8 0.81
240.25 215.47 247.8 0.97

Adsorbent powder 5 & 3}
Solution 500 ml.
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1. Description of apparatus

The calorimeter (Fig.,

18) consists essentially of a
metal block (4)

surrounding a cylindrical cavity in which the
Teflon calorimeter cell (B) ig situated. The diameter and
height of the cell are 0.623 cn and 0.55 em respectively. The
bottom of the cell.is closed by 500 mesh steinless steel
gauze (C) attached to a metal outlet tube (D) which cen sup-
port granulated solids (B) (adsorbent). The top of the cell
adheres tightly to the bottom walls of a central channel in
the metal block forming a continuation of the cell cavity.
The interior of the cell is thus aeccessible either from the
top of the metal block or after removal of the outlet tube
from the bottom of the block. Liquids or gases can percolate
freely through the cell, after flowing along the walls of the
central channel (7).

The tewperature of the adsorbent is measured by two
thermistors (&) protruding from the walls of the cell at a
heisht of 0.232 cm from the gauze. The thermistors are conn-
ected in a wheatstone bridge circuit and are opposed by two
reference thermistors (H) embeded in the metal block. The
four thermistors construct the arms of the bridge, its out-
put being fed to & potentiometric recorder.

For use at an ambient temperature, the carrier

liguid can flow along the walls of the central channel from
igu
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2'l6ecm
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0:425cm

—

1 d position of heating coil in calorimeter ‘cell,
cell an
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a container
situated above the metal block, ultimately con-

tacti th -
1g the adsorbent (x), However, the top half of the metal

block
ocx containg two cylindrical side cavities (I3 whdih, cux

accomm

the adsorbent in the cell. Harrow chaanels

(3) extend from the bottom of the side cavities and contact
the central chamnel in the block above the walls of the Tef--
lon cell. Vhen the colcrineter is used at an elevated tempe-
rature, containers with the carrier liquid are placed in the
side cavities so that when the liquid drains down the cha--
mels it attains a temperature close to that of the cell
contents. The dimension of the calorimeter cell (X) and the
positicn of the heating coil (1), for calibration purposes

are shown in the same Figure.

Accessories (Fig.19).

(i) CGalibration unit :
The calibration unit (A) is similar to the outlet

tube except that a heat generating coil made of nichrome

wire is fitted at a height of 0.425 cm above the gauze. The

two ends of the small coil are sealed with the terminals(TT)

termed as the calibration leads. During calibration the cali-

pration leads are connected with the power producing battery
ratio

(1.5 1% battery) placed inside the calorimeter chassis.
.5 vo
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The blac .
% ¥ rubber ring (3) fixed on the outlet tube
revents -
P leakage of solvent ang powder from the bed by per=
colation around the outer wall of the outlet tuba.
A y
Tubber blank (C), a small rubber tube closed at

one .
end by a metsl Plece, when Pitted tightly at the end of

the outlet tube serves the purpose of holding up the solvent

in the calorineter cell,

(ii) MNeasuring tube :

It is a small tube (D) with a black rubber band. The
powder is weighed into the measuring tube and then poured
into thes ealorimeter cell. The correct amount of powder
reguired to fill the cell is determined by trial and error
method. Once the correct amount oflpowder required is deter-
mined, it is poured into the tube a2nd tapped gently until no
decrezse of volume occurs.. The rubber band is now moved to
the appropriate position on the meagsuring tube, so as to

reduce the tedium of repeatitive welighing of a given powder

for several experiments.

(iii) Powder delivery funnel :

The powder from the measuring tube is introduced

into the calorimeter cell by a long stem glass funnel (E).

Before introducing the powder the calorimeter cell is filled
elo
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with a carri ;
ier liquiq (usually hydrocarbon) and it is en—

sured the :
o% the tip of the sten of the funnel remains just

above the
ourface of the liquid. This is achieved by positi-

nin
ONHAG corTectly a rubber band provided with the stem of the

funnel. If the stem touches the liquid, the powder will
adhere on the wall of the stem.

(iv) Carrier liquid inlet tube :

Experiments are carried out under continuous flow
of carrier liquid through the bed of powder in the calorime
eter cell. The carrier liquid is introduced with a stain-
less steel tube (F) extending upto the powder bed., The inlet
tube is provided with a flange having two screw holes. To
prevent movement the inlet tube is fixed with the metal
block of the calorimeter by inserting two long knurled

screws through the screw holes.

(v) Glass dropper :
After each experinent a long stem glass dropper (G)

is used for washing the calorimeter cell, inlet tube, wire

gsuze and all other parts where powder adheres during opera-

tionse.



ulse or inj
P injection methoq the adsorbate is introduced by a

microsyri
yringe. The microsyringe is specially suitable for use

in experimental technique requiring the accurate measurement

of very small volume of fluid. It is composed of an all-

glass hypodernic syringe (4) shown in Figure-20, the btarrel

is made of borogilicate glass. The syringe can be atbached
by a rigid holder (B) to a micro-meter screw gauge (C) which
cperates the plunger. The ratchet device (D) used at the end
of the micro-meter screw gauge (C) will prevent damage to
the glass plunger should the syringe be impropefly assembled,
A snmall screw (E) at the other end of the micro—méter may be
usad to lock thé head in any desired position. The maximum
amount of ligquid that can be delivered with the micro-meter
is 05 ml and the least count of the micro-meter is such that

0.2 1 of liquid can be delivered to the smallest.

~

(vii) Liquid reservoir :

The carrier liquid is run into the inlet tube from

a sepefating funnel (F) (Fig.20). The outlet of the seperat-

ing funnel is a capillarye. Hypodermic needles of different

dimensions can be attached to the outlet of the seperating

£ 1. The flow-rate of the ligquid is fixed by the diameter
funnel.
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[~ o
= T

seffre fu

micro—calorimeter.
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of the needle t
» the diametep of the wire inserted into it,

and the liguig
q head in the reservoir. Changes of flow-rate

can be achie
eved by attaching different needles and

ment of the pos ad just—

iti
on of the wire inside them. To prevent

evaporation
P OL of the solvent g ground joint stopcock having a

lon '
ong tube to dip down into the solvent is fitted on the mouth
of the dropping funnel,

(viii) Pen recorder :

The output of the calorimeter is recorded in terms
of milli (or micro) voltage in & Leeds & Northrup Recorder.
The sengitivity of the calorimeter can be varied by changing .
any of the following : '

{a) Calorimeter range switch — by changing the position of
the switch from 1 to 4 the sensitivity can be increased by
a factor of 4.

(b) Calorimeter reduced sensitivity switch = by switching on

this the calorimeter gensitivity can be reduced by a factor

of 8.
(¢) D.C.

pimeter can be inc

amplifier 5000/100 V = the sensitivity of the calo-
reased by a factor of 50 by changing the

amplifier switch to the following selected position :

100 4¥, 200 AT, 500 AV, 1000 AV, 20004 leadl 5009 A5
?
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%3, Calibration,

the calorimeter cell to give a peak area in the recorder

chart. A plot of quantity of heat vs pesk area serves as a

calibration chart,

The calibration circuit consists of :

(1) The dry battery giving 1.5 volts nominal output.

(ii) The potentiometer R2 can be set to any position between
100 ohms and 1000 ohms,

(iii) The calibration unit itself has a resistance of 5-6
ohms. The leads attached to the calibration coil offers a
resistance of 0.21 ohms which should be deducted from the

resistanée of the calibration unit to give the coil resis-

tance.
The heat supplied to the powder bed by the calibra-

tion coil can be éalculated ag follows 3

According to Ohms Lew, v = i(R+r),

where. V = the measured battery voltage, R = the resistance
" =

offered by the potentiometer RZ’ i = the current in amperes

tance of the calibration
of Rys T = the resis

for value R

coil.
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Therefore,
v

. L
(1)

R4r

Pover, W .
» W, dissipated by the calibration coil is given by
- L4

1
Subs tl tu. blng bhe ' alue Of i from equa‘tion (i) 9

Vzr
W e e watts,

(Rer)?
The power is usually converted into millicalories (#) and for
a calibration time of t seconds :

Vvert 1000

B X millicalories  (1i1)
(Rer)% 4.2

By varying RZ and time, t, the quantity of heat supplied to

the powder bed can be varied. fhus different amounts of heat
corresponding peak areas in the chart-recorder are obtained.
The calibration of the flow micro-calorimeter can be carried

out at different gsensitivity levels by changing the position

of the D.C. amplifier switch in the recorder.

Procedure 3

7o carry out the calibration experiments the resis-

was measured. The calorimeter

tancé of the calibration unit

t of the draught proof case. The voltage of the

was drawn ou
,21) was also measured between

power producing pattery (Fig

A T S it
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o rotated anticlock-

ation switch, The calibration

unit was ingep
ted in fprop below the calorimeter and locked.

This unit wg
- - 8 fitteq very carefully using the guids provided
eLow 2

@ calorimeter in order to avoid contact between the

coil ang %
hernistor bulp pro¥ruding into the cell. The poten-

tiometer Rz was adjusted to a value between 150 = 350 ohms,

measured between the all Reg and the left hand Red/Black

terminal with the calibration switch off, Calorimeter bridge

current was switched on by turning the range switch to range
1 (Pig.21). The calorimeter cell was then £illed Qith the
appropriate amount of -activated powder using the procedure
described 3;.11 the last section. Calibration leads were then
connected to the Red/Black terminals and the calorimeter was
pushed inside the draught proof case. The output lead of the
calorimeter was plugged into the recorder unit. The inlet
tube was introduced into the calorimeter through the aperture
in the top of the case and held tightly by inserting two

screws. Carrier liguid with a flow-rate of 0.1 ml/minute was

allowed to pass through the bed along the wall of the inlet

at the top of the draught proof
r liquid of 0.1 ml/min,

tube from a reservoir fixed

case. When a steady flow of the carrie




After the elaspe

of a period of time the calibration switeh

was switched off.
The ?ecorﬁ.er gave & trace of peak in the chart. Heat supplied
to the bed of the powder was calculated (equation (iii) in
'th:f.ﬁ sectlon). The calibration experiments were repeated by -
using various values of the resistance R, in the calibration
circuit and also by varying time of power supply. The heat
supplied in each experiment was calculated and the correspon-—
ding peak'a.rea was read off from the recorder chart. To det-
ermine the peak area an arbitrary unit which was followed
throughout the work was chosen. Finally the calibration

graph wé.s obtained by plotting heat supplied vs peak area.
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?etqrmma_tmn of Specific Surface Area of
serric Oxide and Alumina Powders

Muhammad A, Rahman and Ashim K. Ghosh

Department of Applicd ¢ hentisiry, University of Rajshahi, Bangludesh

(Puper received 8 December 1976 and accepied 5 Muay [077)

l'\'lﬂlh?ds lor measuring the surface arcas of powdered solids are considered and the
specilie suriace areas of ferric oxide and alumina powders using adsorption of stearic
;md.l.rom benzene solution are determined. 1t has been Tound that the value of the
._spt.:m.hc surface area of both powders agree with the BET nitrogen gas adsorption area
if’ it is considered that the arca occupicd per molecule of stearic ;Tcm on the powder
su!'l'ace is of the order of 60-70A2. This finding shows that orientation of the stearic
qc:d lpolcculc on the solid/liquid interface takes place so that stearic acid molecules
llC. I]Ellh'Cl‘ completely perpendicular nor completely parallel (o the surface. Possible
orientations of stearic acid chains on the surface are envisaged.

1. Introduction

The determination of the surface arca of powdered solids is of immense industrial importance and
and a wide range of methods is available for this purpose of which static calorimetric, flow
calorimetric, gaseous adsorption and adsorption from solution methods are the most common. All
these methods require the knowledge of either (1) the amount of solute adsorbed or (2) the amount
of heat evolved to give a monolayer coverage of solute on to the powder surface.!=3 Both the static
calorimetric method and nitrogen gas adsorption method are tedious and need skilled operators
and drastic conditions for degassing of powders. Recently, the flow microcalorimeter has proved
itself to be a useful tool for the determination of the surface arca of powdered solids. But this
apparatus is expensive and the reliability of the flow microcalorimetric results has recently received
criticism.® On the other hand, the method based on adsorption from solution is simple and does not
involve much instrumentation. In this work a method based on the adsorption from solution of
stearic acid is studied.

Literature shows a large volyme of work on the adsorption of stearic acid from solution on
powdered solids.t->7 1 In the carly work the area occupied by one molecule of stearic acid on the
adsorbent surface was assumed to be 17-20A2. 1t is seen that the specific surface area ol a powder
calculated on the above assumplion agrees with the BET nitrogen gus_udsorplion area .only for some
limited cases, for example, for solids like hydrated alumina? and calcmp] phOSPh‘dtC.“’ On ‘lhe othcr
hand, an examination of Medvedeva’s'® ﬁnd.ings show _lhal _1hc specific s‘uria'wc_\u\rvc:t .ol il]L.lI'nI!]il
powder determined by the mclhod‘or adsp;-plmn of stearic acid ‘fi'on.l‘.solulmn :lglu;b .w;lh 1rh<. BET
nitrogen gas adsorption arca if it is considered that the area munpud_ by one .|.no culc 0 lE.ilLdr.l(. )
is about 60A2. This result has been supported by the recent flow |11|Froczil_c»| 1m.cu'1a'studm that
k ders (he area occupiced per molecule of stearic acid is in the range
of 60-70A2, It is intercsting to note that hydrated alumina and calg:ium phosph;m.:. ~pm's'(lcrrs are
: alumina and lerric axide powders are porous. Therefore, a hypoth.cz,us' may be put
| per molecule of stearic acid on non-porous m?\\‘dc-rs is different fromh
antiate this hypothesis adsorption of slearic acid on a number of
s to be studied. The, present study is, however, limited to the
L of two porous powders, namely, alumina and ferric oxide.

acid i
for alumina and ferric oxide pow

non-porous, and
forward that the area occupied
that on porous powders. To subst _
porous and non-porous p_owdcr-s i
determination of the specific surface are

524
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]

2. Extrapure Alum;

Exure Amma, M. Woelm BEselws

Sty N Eschwage, Germany; BET nitrogen gas adsorption wrea 120
Benzene, BDE (.'hcmicul_s Lid, London, 9y e,
I_\aiu[h:lm‘xl. BDH Chenueals L 9
- Stearic acid. BDI Chemicals Lid
6. Sodium methoxide, prep

London, 99,9 P
9y Qo
London, V9.9%.

ared and standardised in the laboratory. -

th

3. Fxperimental procedure
Dried ferric oxide or alumina (lors
250 mi glass-stoppered flask.
Mask held ina constant tempe
Lo scttle for 2 1.

£) was weighed accurately and was placed in a clean, dry
100 ml of 0.05 wolar stearic acid in benzene were added and the
rature bath for { h with intermittent shaking; the solution was allowed
: Unless otherwise stated 10 ml of the supernatant solution were pipetted carefully
ml.o a smal![.bcakcr. The solution was then evaporated slowly at room temperature and the stearic
acid ‘rcmmnmg in the beaker was dissolved in 10 ml benzene-methanol mixture. The amount of
stearic acid was estimated by potentiometric titration with standardised sodium  methoxide
solution. The amount of stearic acid adsorbed was found from the amount of stearic acid present
before and alter the adsorption. Similarly, experiments were carriced out faking different conceiina-
tion of the acid solution.

4. Results and discussions

For adsorption {rom a solution of a given concentration duplicate experiments were carried out and
for each experiment the concentration of stearic acid after adsorption was determined by titrating
three samples of supernatant liquid. For duplicate adsorption no noticeable dilference in the con-
centration of stearic acid afler adsorption was observed, although the titration of replicate samples
for a given experiment showed variation of concentration in the order of + 1. Concentrations of
stearic acid below 0.01 M could not be accurately determined and, therefore, for determining the
concentration of stearic acid after adsorption for solution of lower concentrations 20 mi of super-
natant liquid was withdrawn, evaporated and the residue was dissolved in [0 ml benzene methanol
mixture and then titrated.':20 Concentrations of stearic acid after adsorption quoted in Table |

Table 1. Adsorption of stearic acid on alumina (at 30 C) und
ferric oxide {at 35 C) powders

Concentration off Concentration of stearic acid after
stearie acid adsorption (a)
belore adsorption
(n) Alumina powder  Ferrie Oxide powder

0.005 0,004
0.010 0,007 (.00Y
0.015 0.012¢ 0.014
0.020 0.017 0.019
0.025 0,010 0,024
0.030 0.015 0.029
0. 040 0.025 0.039
0.050 0.0 0.049
0.075 0.059
0. 100 0.084

. all other experiments
a | ol powder was used as adsorbent. [nall other experiments

5 g of powder were psed as adsorbent.
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are averages of the replicate measurements mentioned above. Tn Figure 1 the amounts of stearic acid,
x, adsorbed are plotted against its initial concentration, C, in benzene solutions. 1t is seen from the
figure that the amount of stearic’acid adsorbed on alumina is very large in comparison with that on
ferric oxide. A plot of C/x &s x shown in Figure 2 gives a straight line, thus showing Langmuir type
of adsorption both on ferric oxide and alumina. However, the ferric oxide surface becomes saturated
by very dilute solutions of stearic acid compared with that of alumina. From the slope and intercept
of the straight line of Figure 2 the appropriate amount of stearic acid adsorbed at monolayer
coverage may be obtained. This monolayer value may also be read rom the value at the plateau of
the curve in Figure 1.

The determination of surface area from the amount of stearic acid adsorbed requires the area
occupied per molecule of the solute to be known. If stearic acid molecules lie perpendicular to the
with carboxy! groups resting on the solid/liquid interface arca occupiced per molecule would
, according to the Courtauld model of paraflin, area occupied per
il the molecules are to lie parallel to the

surtace
be approximately 18A2 whereas \

i : Cimate 2
molecule of stearic acid would be approximately 100A=,

.2 12
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IFigure 2. Langmuir plots.
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surface with the whole chain r

acid to be 1842 surf:
» the surface areq of ferric oxide and

m?/g, respectivel

: y. Although the

; e surface are: .

tion by Medvedeva ugrccscwith l;Jerfd?C arca of alumina powder obtained under similar considera-
present result for alumina the values for both ferric 0Xi¢;‘0 'u;d

dlLlnIl a are fﬂr o ( pared w h l o e tH asorption SLIl!tlLL
(9] l()w onmpa d i

, llh l

’ ’ - € Cco r(:SpOnde BE n”logL“ Bas aasorp 1 ¢

in the present case comes out to be 63 r::dls( t’](}\tovcr the area oceupied per molecule of stearic acid
It is interesting to note that although the B‘ET“ respectively for alumina and ferric oxide powders.
about 12 times greater than that of ferric oxi nitrogen gas adsorption area of alumina powder is
rric oxide _]Zlowde!r, the powders are very sirailar in the sense
It may, therefore, be ¢ e icvan fem st thersaims range.
of stearic acid lﬂol\‘;CLlle:Oi:(;llllﬁ::g ll}]k’ﬂ (?n b‘olh the surfaces of alumina and ferric oxide the position
nor completely paraliel o the surfz 1.8. same, and the molecules lie neither completely perpendicular
carlionyligons. ress o thei L‘ndc‘lfc,. It is believed lhat_ihe polar head of stearic acid, that is the
solid/liquid intc; ety .], owder surface bu.t the precise posiiion of the rest of the chain on the
il nterfuce 1s.not known. The following possible positions can be envisaged:
1. The SlCﬁl‘lC-aCI(l chain forms a strong attachment to the surface through ihe carl;oxyl grou
and all the adjacent methylene groups lie on the surface and the tail coﬁninin about six carb 2
atoms, of the chain rests in the liquid phase. ’ e e

esting on it. Consider;
. Consider ; .
isidering the area occupicd by one molecule of stearic

alumina powders are found to be 2.5 and 36.6

that the area occupied per molecule of stearic ac

2. Primary attachment is through the carboxyl group and methylene groups after every six carbon
atoms attach themselves to the surface so that a spiral arrangement oceurs. .

The findings of Allen and Pateld tend to support arrangement 2. Arrangement 1 is supported by
the fact that the normal hydrocarbon chain lies flat on to the polar surface.?! In fact alumina and

ferric oxide powders are polar in nature, and the stearic acid molecule consists of a long hydro-
carbon chain.
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Surface are

& of cupri g
stearic acid gng pyridine’
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University of Rajshahi, Rajshahi, Bangladesh

Abstract

Specific surface area of Cu0 and ¥g0 powders are determined

using adﬁorption of stearic acid and pyridine from solution.
In agreement to the earlier works involving Fe, 0z, Al,0

and silica gel it has been found that surface area of Cud
and Yg0 powders obtained assuming area occupied per molecule
of stearic acid to be 65 32 closely agrees respectively with
that obtained assuming area occupied per molecule of pyridine
to be 24.7 Rz, the molecular area. In view of these results

it is concluded that stearic acid and pyridine mey be used

as standard solutes for the determination of surface area of

powdered solids.

1. Introduction

?he specific surface area of cupric oxide and magnesium oxide

have been determined by gas adsorption (1-5), x-ray diffrac-

tion (1), and the adsorption of fatty acids from solution (6).
*

*Paper nas been accepted for publication in the APPLICATIONS
all &

OF SURFACE SCIBHCE (v.S.4). The acceptance letter is enclosed
F SURFAU® By B i

at the end of 4+his papere.
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The method based o
n ads i
dsorption of fatty acids from solution

is siuple

P but to evaluate surface area by this method the
area oc
. cupled per molecule of acid is required to be known.
This may customarily be determined by equating BET nitrogen

gas adsorption area to the total area occupied by the solute

molecules at equilibrium adsorption to form wonclayer cover-

ageé. In earlier communications (7,8) it has been reported
that the specific surface area of ferric oxide, alumina and
silica gel powders determined by adsorption of stearic acid
from benzene solution corresponds respectively to the BET
nitrogen gas adsorption area if area occupied by one mole—
cule of stearic acid is considéred to be of the order of
60-70 ﬁz. Whereas specific surface area of the same powders
determined by adsorption of pyridine from n-heptane solu-
tion (9) corresponds respectively to the BiT nitrogen gas
adsorption area if it is assumed that the area coccupied per
molecule of pyridine to be of the order of 2%.0 to 24.6 ﬁz.
In the present work specific surface area of cupric oxide
nesium oxide has been determined using adsorption of

and mag

stearic acid from benzene solution and pyridine from n~hep-

tane solution with & view to examine the possibility that

these *two solutes could be used as standards for determining
es A

ids
specific surface area of powdered solids.
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2. Bxperimental

Yethods of
adsorption of stearic acid and pyridine from solu-

tion we

re describeqd eleswhere (7,9). Cxide powders were extra-
ure. Ben" 2 o
P zZene (99p) vwas kept in contact of sodium wire for at

least . - : . of

east 24h. n-Heptane (99%) was further purified by percolat—
ing through a pixeq coluim of silica gel and alumina, kept in
contact of molecular sieve for 3 days and then distilled in

contact of sodium wire; fraction boiling between 98-98.5°C

was collected and the stock kept in contact of sodium wire.

%« Results and Discussicns

Adsorption of stearic acid and pyridine respectively from
solution in benzene and n-heptane on cupric oxide and magne-—
sium oxide were carried out at 30°C. The adsorption isotherms
shown in Figure-1 are cowmposite isotherms, but at the low
range of concentrations studied they approximate very closely
to the individual isotherms (10,11). From each isotherm it is
possible to obtain a limiting value of adsorption from pla=-
tean. Straight line relationship between C/x and C shown in

Figure-2 indicates that Lengmuir type of adsorption takes

place on both the powders. The appropriate amount of stearic

acid and pyridine adsorbed at monolayer coverage has been

d from the slope and intercept of each of these curves

ation (12,13); these values are found to be

obtaine

using Langmuir equ
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%;4A1§.§ and 23,6x10~> mol of stearic acid per gram for cup-
ric oxide ang Nagnesium oxide respectively and the corres—
ponding values gre 0.63x10~4 and 6.03%510~4 o1 p———
considering that ope wolecule of stearic acid occupies 65 7

(748) the surface area of Cul and Mg0 have been evalu
to be 9.4 and 92.4 mz/g respectively.

ated

n
the same powders give surface area of 9.4 and 89.7

m /g for Cul ang kg respectively, assuming arca occupied by

one molecule of I:v}/'ridine 0 be 24_.7 ?12’ the moleculsr area.

In confirmation of the eariier works (7-9) inveolving Fe203.
A1203 and silica gel close agreement of surface area of Cu0
and ligh obtained by using stearic acid and that using pyri-
dine is observed.

It is, therefore, concluded that for a wide range

of adsorbents stearic acid and pyridine may be used as

standaird solutes for debtermination of surface area of pow-

dered solids.
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O, Cu0/stearic acid,
MgO/stsaric acid;
@, Cu0/pyridine; ; -
O, MgO/pyridine.
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°© 20 40 60 80 100
Cx10'm

Figure-1. Relation between amount adsorbed (x) and concentr-

ation of solute solution (C). (for MgO ordinate

should be multiplied by 10).

60 80 100

CXio M

3
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Figure-2. lLangmuiir Pic acid (ordinate should be multiplied by 5),
r o
° Cuo;g:e:ric acid, ® cu0/Pyridine, © NgO/Pyridine.
O MgO/5te



-121-"

APPLICATIONS OF | e

Prof. R. L. Park

S U R F A C E S C l, EN C E Dept. of Physics and Astronomy

University of Maryland

: - e [ Coll >,
A Journal Devored to the Technological Inplications | B

o,f the Microscopic Force Laws that Govern the !
Praperties of Surfaces and Interfuces !

ASSC ms: 79048-C September 25, 1979

Dr. M. A. Rahman

Department of Applied Chemis try
Rajshahi Universi ty

Rajshahi

Bangladesh

Dear Dr. Rahman:

[ am pleased to inform you that yourxigik communication

with: DPr. Ghosh

on: = Surface Area of Cupric Oxide and Magnesium Oxide
by Adsorption of Stearic Acid and Pyridine

has been accepted for publication in the next possible issue gf
APPLICATIONS OF SURFACE SCIENCE.

You will receive proofs directly from the publisher.

Sincerely yours

M@f A/./ JM/;\?/

Manuscript received 8/27/79



Deteruination of Specific

mina and Silj Surface Area of Ferric Oxide, Alu-
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Abstract

Adsorption of pyridine from n-heptane solution on ferric oxide,
alunina and silica gel powders has been studied. The Langrir
type of adsorpticn was followed although some deparbture notic-
eable especially in the case of alumina. However, specific sur-
face ares of ferric oxide, alumina and silica gel powders eva-
luated on the assumption of a close-packed monolayer gave
values within 6.67% of the respective BET nitrogen gas adsorp-

tion surface area.

I. Introduction

In the determining specific surface area of powdered solids

using the method of adsorption of solute from solution the

area occupied per molecule of solute on the solid surface must

be known. Although adsorption from n-hexane, cyclohexane and

benzene solutions of n-fatty acids and organic bases - speci-
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ally stearic acj
acld ang Pyridine - on oxide adsorbents has

been extensi v
vely studied, relatively 1ittle is known about

the orie
ntation of the solute nolecules on the adscrbed

layers and
the area occupied per molecule of the solute can

not b ict
€ predicted. In the earlier publications (1,2) it has

been reported that the BB nitrogen gas adsorption surface

area of porous powders - ferric oxide, alumina and silica
gel - agreed well with the respective specific surface area
if the area occupied per molecule of stearic acid was consi-
dered to be 60-70 82, This finding has been interesting in
view of the fact that the BET nitrogen.gas adsorption surface
area of alumina powder was 13 times and that of silica gel
was 40 times greater than that of ferric oxide powder, and
there has been.evidence that the mechanism of adsorpﬁian of
stearic acid on élumina and silica gel differs (3). The
object of the present work was to examine the validity of the

method of determination of specific surface area by adsorp-—

tion of pyridine from solution.

II. Experimental

Material. Ferric oxide, prepared in the laboratory, 99%, BET

2
nitrogen gas adsorption surface area 9.2 ¥ 0.6 m“/g. Alumin-
ium oxide Woelm neutral, activity grade I, (M.Woelm Esch-
BT nitrogen £38 adsorption surface area

wage, Germany) s
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120 £ 5 v2/5. si74
8. Sil ;
e i¢a gel, BDH laboratory reagent, BET nitrogen
g sorption surface area 3 2 ;
ratory 70 £ 3 n°/g. n-leptane, BUH labo-
atory reesgen 7
gent, 99.5 % (GLC), further purified by percolating

through "
£h a mixed silica gel and alumina column and distilled

t . .
o collect the fraction boiling between 98-98.5°¢C. Pyridine
AnalaR, BLH Chemicals Ltd., 99,5 <.

Adsorption experiment. Ferric oxide, alumina and silica gel
were dried at 110°C and 5 g each was placed in a 1 litre
glass—-stoppered flask. 500 ml solution of pyridine in n~hep-
tane was_added and the flask was held in a water bath at 30°C
for 48 hours with intermittent shaking; the solution was then

allovied to settle for 2 hours.

Analysis of the solution. The supernatant solution from the

adsorption flask was pipetted into a flask, diluted with n-hep-
tane and the concentration of the pyridine was measured spec—

trophotometrically at 251 mu using a Double Beam Beckman

Spectrophotometer.

III. Results and Discussions

For adscrption from solution of a given concentration dupli-

cate experiments were carried out, and for each experiment,

concentrations of pyridine both before and after adsorption

were deternined. In duplicate adsorptions the differences in

<
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the concentrati
O of pyridine after adsorption were observed

to be in the rane
pyril. I'm:;e Of i 1?!’. In Figure-1 the womts (x) of
’ dine ads
orbed are plotted against the initial concentra-

flons (C)e It is seen from Table-T and Figure-1 that silica
%?1 adsorbs the most pyridine. Plots of ¢lx w5 0. shown i
FPigure-2 give straight lines, showing the Lengmuir type of
adsorption in general, although the results for alumina tend
to depart from the Langmuir adsorption indicated by the dashed
line for alumina in Figure-2, From the slopes and intercepts
of the straight lines in Figure-2 the appropriate amounts of
pyridine adsorbed at the monolayer coverage were determined;
these could also be read from the values at the platean of the
curves in Figure-1.

Assuming a close-packed monolayer to cover the whole
of the BET nitrogen gas adgorption surface area the area occu=
pied per molecule of pyridine was found to be 23.T, 23.0 and
24 .6 22 pegpectively for ferric oxide, alumina and silica gel
urfaces. From the date of Pauling and Schomaker (4), Kipling

8
ond Peakall (5) found the molecular area of pyridine to be

24.7 ﬂg; the létter authors used thig value to determine the

maximum emount of chemisorption possible on boehmite. Forma-

tion of a momolayer is thus clearly showil, although some

bilayer pormation may have occurre

4 on alumina when a large

' mmie finding agrees with the
excess of pyridine was present. Thig finding agred &
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the cases s i

tudied to be the Same; 8o that adsorption of pyri-
i lecules
dine molecules takes Place through nitrogen atom probably via

perpendicular approach of the molecules, This mechanism has

also been envisaged by Miller (12) during hic study of wesr in

steel-on~steel system using pyridine as an anti-wear agent.

Cur results show that the specific surface area of
ferric oxide, alumina and silica gel powders evaluated on the
assunption of close-packed monolayers so that an area of
24..7 32 occupied per molecule of pyridine, gives an estimate
of specifie surface area not more than 6.6% greater than det-
ermined by the BZT nitrogen gas adsorption method. However in
the case of dehydroxylated oxide surfaces, such ag on pyro-
genic silica or powders that have been heated; €.ge., tO
100000, this method may not be guitable since there are insuffi-

cient hydroxyl groups on the surface to hold a monolayer of

pyridine moleculese.
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Figure-1.« vVariation of the amount of pyridine adsorbed (x) on
powders with concentration of pyridine solution (c).
®F6203( a=73, b= 1), ®A1,03 (a =2, b =10),

O Silica gel (a =2, b= 10).
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© Fe, 0 (a = 3, b=1),® 41503 (a :

O gilica gel (a =2, P = 0.25).
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Table-I, Adsorption of
Eqwders;

Pyridine on Fe,.0

29z A1203 and Silica gel

Conc of Fyridine éoln, 1X10™2

Before After adsorption

Amt.of Pyridine adsorbed (x)
mol X10™4/g

adsorp=
tion(C) Fe,0

3 A1203 Silica gel.

Fe203 A1203 Silica gel

0.312 0.274 - - -
0.632 0,582 - -
0.948 0.390 - -
1.264 1.201 0.963 0.139
1.580 1.516 - = -
1.896 1.831 ‘- -

2.212 2.148 - -
2,556 - - 2.063 0.901
3.835 = 3.201 1.960 -
6.382 - 5.661 4.181
11.066 - 10,232 8.669
16.434 - 15.574 13.979
20,042 - 19.132 17.564
24.025 - 23,165 21.547

- 0.38 - -
0.50 - -

. 0.58 - -
0.63  3.01 11.25
0.64 - -
0.65 - =
0.64 . =~ -

- 4,93 16.55
- 6.34 18.75
P 22.01
- 8.34 2397
= 8.60 24.55
o 8.60 24.78
- 8.60 24.78

Adsorbent 5

g, Solution 500 ml.
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Deternination of Specific Surface Area of Silica gel Powder .

Muhasmad A. Rehman and Ashim X. Ghosh
Denartment of Applied Chenistry,

University of Kajshahi, Rajehahi, Bangladesh,

Abstract

The specific surface area of silica gel powder is determined
using adsorption of stearic acid from benzene solution. It
has been found that the value of specific suvrface area agrees
with the BET nitrogen gas adsorption surface srea if area

occupied per molecule of stearic acid is corsidered to be 6732.

Introduction

Recent infra-red and thermogravimetric studies1’2 reveal that
the model of adsorbed layer of stearic acid on alumina and
silica powders differs from that of Kipling and Wright who
assumed long chain fatty acids to be physically adsorbed on

the surfaces as dimers parallel to the plane of the surface53'4.
Although it has been evidenced that on both these powders the
the adsorption layer consisted predominantly of monomers at

low degrees of coverage, and weak and reversible dimers form-—
ing at high concentration of golution orientation of the

adsorbed molecules could not be ascertained by the infra-red

*Paper has been submitted for publication in the Journal of

Chemical Technelogy and Biotechnology (ILondon).
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studies. It is, therefore, required that the method of deter-

mination of surface area of powdered solids using long chain

fatty acids be tested experimentally,

Examinations of published experimental results have
shown that the BT nitrogen gas adsorption surface area of
powdered solids agree with those determined by the method of
adsorption of stearic acid from benzene solution if area occu-—
pied by one molecule of stearic acid is considered to be
17-20 32 0n non-porous solids and 60-70 22 on porous solids5.
In the present work surface area of a chromatographic gra&e
gilica gel has been determined by adsorption of stearie acid

from benzene solution and coupared with that determined by BET

nitrogen gas adscerption method.

Experimental

The purity of solvent and adsorbate, experimental procedure
and method of estimation of stearic acid were same as reported
earlier5’6. The chromatographic grade silica gel (BDH Cheni-
cals Ltd.) having BET nitrogen gas adsorption surface area of
370 = 3 m2/g was used as adsorbent. The adsorption experiments

were carried out using 5 g of silica gel in 500 ml solution.

Results and Discussions

The data in Table-I and Figure-1 show that the isotherm ex-

hibits limiting adsorption at an equilibrium so}ution concen-
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T2,
, tration of 24,0x10~2y and above to give adsorption of 9,1x10~%

) -1
nol g 'of stearic aciq ber gram of silieg gel. These values-

~© are much too high compared with the correspoding values for

ferric oxide ang alumina powders reported earlierS. A plot of
. C/x vs C shown in Figure-2 yields a straight line, thus shou-
ing Langmuir type of adsorption, In contrast to the resﬁlts
obtained for characterized silica7 limiting adsorption in the
.. Present case appears to give a close-packed monolayer so that
the area occupied by one molecule of stearic acid is 67 32 it .
the totzl BxT nitrogen gas adsorption surface area is to cover.
This value compares well with those for ferric oxide and
alunina powders5. It is interesting to note that in spite of
the wide difference of the 3uT nitrogen gas adsorption surface
area of ferric oxide, aluuina and silica gel powders area
occupied by one molecule of stearic acid on them is of the
same order. This finding shows that stearic acid molecules lie
neither completely perpendicular nor completely parallel %o

.+ the surface of silica gel.
References
1. Hasegav]a,za.; IJOW',I‘E.J.D., J.Colloid Interface Sc.’ 1969’

2g(3)9378'
2 myler,A.Ja H Hambleton,F.H.; Hockey,J.A., Catalysis, 19693,

13,35,
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Table-I, Adsorption of. Stearic Acid on Silica gel at 30%.

500 ml solution,'s g sllica gel.

Concentration of stearic  Amount of stearic o/x

acid solution (1%1077) acid adsorbed, x M mol™ g

Before adso- After adso- mol g‘1$1of4

rption, C rption
18.5 : 16.5 2.0 92
30.0 26.8 3,2 94
45.0 40.8 4.2 107
60.0 . 5446 5.4 111
75.0 - 69.2 5.8 129
90.0 ‘ 83.6 5.4 141
105.0 97.9 Te1 148
120.0 112.5 Te5 160
150.0 141.6 8.4 179
130.0 171.2 8.8 7 204
210,0 201.1 8.9 236
240.0 : 230.9 9.1 264
270.0 260.8 . 9.2 294
3000 290,9 9.1 330

6
330.0 320.9 % =

N e




Cowparison of BET gas adsorption,

and Adsorption from solution metho
surface Area of Powdered Solids*.

Flow micro-calorimetric
ds of Determination of

MeA.Rahman, A.K.Ghosh, S.K.Basu and A.Roychoudhury
Deparinent of Applied Chemistry,

University of Rajshahi, Rajshahi, Bangladesh.,

Abstract

Using Cu0, F6203 and Alzo3 powders as adsorbents BET gas ads-
orption, flow micro-calorimetric and adsorption from solution
measurements have been carried out. It has been found that'
adsorption of nitrogen gas on all the adsorbents is physical
in nature but stearic acid employed in the flow micro—calori-
metric and adsorption from solution methods gives mostly
chemisorption of the molecules on the adsorbent powders. Sur-
face areas determined by the flow micro-calorimetric and
adsorption from solutions have been found to be identical for
the respective powders. Despite the difference in mechanism
of adsorption of N2 and stearic acid molecules the flow micro-
calorimetric and adsorption from solution surface areas agree
fairly well with the BET nitrogen gas adsorption surface areas
of the adsorbents if it is assumed that the area occupied per

2
molecule of stearic acid to be of the order of 60-70 Re.

*Paper has been subnitted feor publication in the Powder Tech-

nology (Bradford,U.K).
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Introduction

[$4]
The determination of surface area of powdered solids is of

scientific ang technological importance. Consequently much

interest has been shown in this field to give a wide range of

methods of which B:T £as adsorption method, static calori-
metric method, flow micro-calorimetric method and method of
adsorption from solution are the most common. Both BET gas
adsorption and static calorimetric methods are well estab-
lished but tedius and they need drastic conditions of degass=-
ing of the powders. Flow micro-cslorimetric heat of adsorb—
tion has been compared with the héat of immersion measured
by static calorimeters (1-3). Compared with the static calo-
rimetric method the flow micro-calorimetric method is rapid
and the latter has the added advantage that the amount of
solute adsorbed may be deternined (3,4). But flow micré-calo—
rimetry needs skilled operators. The method based on adsorp-
tion of solute from solution (5) is simple and does not
require much instrumeﬁtations.

The aim of the present work has been to compare
results of BEP? gas adsorption, flow micro-calorimetric and
orption from solution methods with a view to examine the

ads
validity of the method of adsorption from solution as a stan-

dard. Whereas nitrogen gas has been chosen for the BET method
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stearic acig

» & Commonly employed solute, has been used for

the flow nicro-calorimetric and adsorption from solution

measurenments,

Experimental

Yaterialg., Spectroscopic grade of Cuo, Fe203 and A1203 pow-—
ders were used as adsorbents. Compressed nitrogen gas, liquid
nitrogen and benzene were of analytical grade. Benzene was

dried by keeping sodium wires immersed in it. Steariec acid

was 99.9 percent pure.

Procedures.

(2) Determination of BET nitrogen gas adsorption surface area,
The sample tube containing a lmown weight, w, of adsorbent
was fitted to the BET apparatus. The sample was then degassed
slowlj.by using first a rotary pump and finally a water Jack-
ated mercury diffusion pump to give vaccum of 1()"5 mn Hg.

The sample tube was then covered by a thermostatically con-
trolled heater. Power input into the heater was adjusted by a
'Variac? set at a predetermined point. Degassing was conti-
nued for 3-4 hours at the preset temperature. After the degas—
sing was over the sample tube was slowly cooled first by
switching off the heater, then as the temperature fell down
to about 150°C the heater was removed and the sample was

ia
allowed to air cool, Volume, V., of N, gas adsorbed at liqu
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N 2
N, temperature, - 196°C. was then determineq at an equili-

briunm pressure, P, so that P/P0 lies between 0.3 ang 0.35
where PO is the Vapour pressure of the gas at that tempera-
ture, value of Po being 76 em Hg at -196°C. The limiting

value of the volume in c.c of N, gas adsorbed ver gram of

adsorbent, Vm, was determined by the 'one point' method

using the expression,
Vo = V(1-F/2 ) (1)
where V is the volume of nitrogen gas adsorbed per gram of
adsorbent, being equal to Vo /e
BET surface area of the adsorbent wasg obtained from
the expression;

Sy = ﬁAmem /vo (2)

where N = Avogadro's number, Am = area occupied by one mole-
cule of NZ and Vo = 22400 c¢.c, molar volume of gas at NTP,
Specific surface area of the adsorbent was given b
s )
S = =t (3)
- 4

(b) Determination of flow micro-calorimetric surface area.
A Tlow micro-calorimeter ( Mark II, Hicroscal Ltd., London)
hes been used for determination of heat of adsorption and

amount of solute adsorbed. The apparatus has been illustrat-

ed eleswhere (4,6).
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The integral heats of adsorption at different con-

centrations of solute were deternined by the saturation

method as follows, The solvent, benzene, wasg percolated

through the bed of the adsorbent in the calorimeter cell and

sufficient time was allowed to obtain a steady base-line in
the recorder chart. The whole of the solvent stream was then
replaced by a stream of equal flow-rate of a solution of
stearic acid in benzene. The solution streanm was allowed to
run until the concentration of the solute on the powder bed
came into equilibrium with that in the solution. This resul-
ted in the evolution of heat and produced a peak in the
recorder chart. By replacing the stream step-wise with solu-
tions of increasing concentrations it was Possible to sat-
urate the adsorbent. The cumulative heat in this process is
known as integral heat of adsorption. The heat of adsorption
at monolayer, 9,s was obtained from the Iangmuir plots of
integral heats. The specific surface area of the adsorbent

mey be given by the expression,
S = Kq (4)

where q_. = heat of adsorption per gram of adsorbent at mono-
0

layer coverage, and K = proportionality constant. The value

of K for different adsorbent was determined by equating the

flow calorimetric specific surface area to the BET nitrogen

gas adsorption specific surface area.
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The amounts of stearic acid adsorbeq by different

adsorbents in Tflow micro-calorimetric neasurements were det-

ermined by the bre-column method gg follows. The adsordent

was placed in a pre-coluun, a glass tube having the same
internal diameter as the 'Teflon' cell in the calorimeter.
The solvent, benzene, was then percolated through the pow-
der bed in the pre-column before it was referred to adsor-
bent in the calorimeter. After a steady base-line was obt-
ained in the recorder chart the solvent stream was replaced
by a stream of solution of same flow-rate. The amount of
solute adsorbed by the powder bed in the pre-column was com-

puted using the equation,
x = tCf/w (5)

where x = amount of solute adsorbed in milligram per gram of
adsorbent, t = retentvion time of solute in minute, C = con-
centration of solute in milligram per millilitre, f = flow-
rate of solution in millilitre per minute, and w = weight of
adsorbent in the precolumn in gram (7).

Bxperiments were repeated by using solutions of

different concentrations and the monolayer value of the

amount of solute adsorbed, X , by 2 given adsorbent was det-

ermined from the Langmuir plots. Specific surface areas of

adgorbents were obtained from the expression,
[~AV S~
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M (6

where Il = s ' '
I Avogadro's number, Am = area occupied per mole-

cule of stearic acid, and N = molecular weight of stearie
acid. |

(e) liethod of adsorption from solution.,

Dried adsorbent powder (1 or 5 g) was weighed accurately and
was placed in g clean, dry 250 ml glass-stoppered flask., 100
ml of 0.05 molar steariec acid in benzene were added and the
flask was held in a constant temperature bath for 1 hour
with intermittent shaking; the solution was allowed to settle
for 2 hours. 10 ml of the supernatant solution were pipettéd
carefully into a small beaker. The solution was then evapo-
rated slowly at room temperature and the siearic acid remain-
ing in the beaker was dissolved in fO ml benzene-methanel
mixture. The amount of sfearic acid was estimated by poten-
tiometric titration with standardised sodium methoxide solu=—
tion. The amount of stearic acid adsorbed was found from the
amount of stearic acid present before and after the adsorp-
tion. Similar experiments were carried out taking solutions
of different concentrations. The values of x were obtained
from the lLengmuir plots and specific surface areas of the

adsorbents were cbtained from equation (6).
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Results ang Discussiong

llitrogen &as adsorption lieasurements have been carried out

m
using a BT apparatus. These results are summariged in

Table-1, It ig seen from Table-1 that the limiting volume.Vm.

of nitrogen gas adsorbed per gram of adsorbent are close to
one another for Cu¢ and Fe203 powders but this value is about
15 times greater in the case of alumina powder. For all the
adsorbents repeated evacuation and adsorption of nitrogen
gas on a sample gave the value of Vm within the range of ex-
perimental error. This reversibility of adsorption of nitro-
gen gas on the adsorbents indicates that the process of ad-
sorption is physical in nature. To compute specific surface
area the commonly used values of area per molecule of nitro-
gen are 16,2 and 16.8 32, the molecular area of nitrogen
based on solid and liquid nitrogen densities. Values as high
as 20.2 Rz have been used for adsorption on Sterling NMTG pow-
der (8).

Both integral heaf of adéorption, (s, and amount ad-—
sorbed, x, of stearic acid on the adsorbents have been mea—

the flow calorimetric method. These results are

sured by
given in Table-2. Figure-1 shows the isotherm obtained by
plotting q vs Ce. Straight line relationships of the plots of

C/q vs C shown in Figure-2 indicates that the adsorption is
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of Langmuir type in all the Cases. It is possible to measure

heat of desorption by the flow micro—calorimeter by exchang~

ing the flow of a solution with a solvent. After the adsorbent

surfaces have been saturated the flow of solutions were repl-
aced by solvent; these produced peaks in the recorder chart
indicating negative heat effects. The desorption heats were
found to be 35, 30 and 28 prercent respectively of the adsorp-
tion heat due to Cu0, Fe203 and A1203 powders. The fact that
the adsorption of stearic acid on Cuo0, Fe203 and A1203 ﬁow—
ders are only partially reversible indicates that unlike |
nitrogen molecules stearic acid molecules are mostly:chemi-
sorbed on these adsorbents. This is supported by their high
values of integral energies of adsorption. Infra-red and
thermogravimetric studies (9,10) revealed that stearate are
predominantly formed on the A1203 surface. Integral heat
evolved per unit surface has been found to be 47.2, 53.3 and

- 51.8 mcals/m2 respectively for Cu0, Fe203 and A1203 powders.
Allen an& Patel (7) has found this value to be 24.7 mcals/m2
for FeZO3 using n-octadecanol. Reciprocals of the values of
integral heat evolved per unit surface are equal to constant
X in eqﬁation (4) for the respective powders. The value of K

depends upon the nature of the adsorbent surface and adsor-

-bate molecules. Therefore, for practical purposes the use of

uation (4) to compute surface area is limited. However, the
eq
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fact that the values of integral heaL evolved per unit sur—

face of CuG,
Pe 3 and A1203 powders are close to one another

indicates that the nature of the surfaces of these powders

are approximately identical, An average value of K based on

these data would, therefore, give good estimate of specific

surface area of Cu0, Fe203 and A12 3 Ppowders, being 8.6, 9.5
and 121.7 m /g respectively.

Results obtained by the method of adsorption from
solution are summ?rize& in Table-~%, Comparison of the results
in Table-2 and Table-3 shows that in contrast to the flow
method the adsorbents get saturated at higher concentrations.
Isotherms obtained by plotting amount of solute adsorbed, x,
vs concentration of solution, C, using the results of method
of adsorption from solution is shown in Figure-3. Straightr
line relationships of the plots of C/x vs C shown in Figure—4
indicates that adsorption of stearic acid on all the adsor—
bents studied are of Langnuir type. From the slope and inter-
cept of this plot the limiting values of amount of stearic
acid_adﬁgfb@d’ X s to give monolayer coverage are obtained.
An exemination of the flow calorimetric results in Tab}e-z
wcﬁld reveal that the limiting value of stearic acid adsorbed,

. that of adsorp-
X0 23¢ the sawe for respective adsorbents as

tion from solution method. Specific surface area of the ads-

bents determined by these two methods would, therefore, be
or '
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found to pe identical.

In the early works area'

occupi -
stearic acid, A Ppled by one molecule of
i

» Was taken to be around 18 Ez assuming that
cularly (11-13),

Examinations of Hedvedeva's results (11)

and recent
flow calorimetrie studies (3

v7y14) gave the value

fA
of Ay to be of the order 60-70 %2, Whereas according to the

Courtauld model of bparaffin the v

alue of A, would be approxi-
mately 100 22

if the molecules are to 1lie parallel to the
surface with the whole chain resting on it. Using the above
ralues of Am the specific surface areas of the adsorbents
have been computed. These results are tabulated in Tuble-4
along with the results obtained by BET nitrogen gas adsorp—
tion method. It is seen from Table-4 that the specifiec surface
areas of the adsorbents obtained by the flow micro-calori-
meter =nd adsorption from solution agree fairly well with that

obtained by BET nitrogen gas adsorption method if it is consi-

dered that the area occupied per molecule of stearic acid to

be of the order of 60-70 22 and that of nitrogen to be 16.2

6.8 R?. Assumption that area occupied per molecule of

. be 18 and 100 87 ave found to give very low

or 1

stearic acid t -
high estimate respectively indicating that stearic
and very nig

acid molecules 1ie neithe )
allel to the surfaces gtudied.

» completely perpendicular nor coum-

pletely par
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Table~1, 21T nitrogen gas adsorption measurements at liquid

zm temperature,~136°3,

Adsorbent

Welght of Degassing Conditions Pressure Volume Volume Iimiting 7Value
adsorbent Temp Vaccum Time (P) of N, of N, of Volume of o
(w) g wm Bg W cm Hg adsor- adsor- adsorbed at
g bed at bed at NTP A4Ev
zmmﬁqsvzemﬁqv c.c/g
c.c/g c.c/g
1
i 0.5043 150 10™° 4 24,44  1.57 3.12 2.12
i cuo 0.4972 150 1072 4 23,80  1.65 3.33 2.26
0.4892 150 10”0 a4 24,15  1.46  3.00 2,05
0.5218 350  10™° 3 25,50  1.63 3.13 2,08
Fe s 0.4874 350 10°° 3 23,80 1.41  2.89 2,11
0.5028 350 10”0 3 24.30  1.56 3,12 2.12
0.1239 350  10~2 3 25,70  4.85 38,78 27.15
A, 0s 0.1055 350 107> 3 25,50  4.37 41.45 27.52
0.1065 350 10”2 3 24.82 4,35 40.88 27.55
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Table=2, ¥low micro-calorimetric measurements,

Chenge in solute Cumulative heat Amount of stearic 10°%¢/4q
concentration evolved, q acid adsorbed, x M g/mecal
EX 40T ncal/g BOHNAOIm\m

Hﬁc&,nuv T¢(C) Cuo Mmmou bpmou Cul Mmmou pHmow Cu0 QOow bwmeu

G 0.5 216 232 2412 1.5 1.6 22.9 2.351 2.16 0.21
e G 1.0 280 302 3740 1.6 1.6 24.3 3.57 3.31 0.27
1.0 1.5 360 406 5024 1.9 1.7 27.6 4,17 5.69 0.30
1+5 3.0 404 445 5796 2.2 1.8 29.4 T«42 6.74 0.52
2.0 7.0 424 466 6124 2.3 2.1 30.9 16.51 15.02 1.14
7.0 12.0 430 469 6146 2.4 2.2 31,2 27,91 25.59 1.95

Lt Conolaver coverase,

feat evolved Eov 439 485 6184
meal/g

integral energies

of edsorption 17.9 21.3 19.6

real/uocle

Iutegrel leat per

ueit surfece Aao\mv
2

weel/m” 47.2 53,3 51.8
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feble = 3, leasurements of Adsorption from Solution.

Concentratiorn of stearie acid Amount of stearic C/x
sclution EWAGIU acid adsorbed, x M mNAON\Bow
mol X10™°/g

afore adg- Lfter adsorption
orption (C) Cuo Wmmow bwmﬁm Ccuo Mmmou >Hmow Cud wmmou hHmeu

5 4.1 4.1 - ¥ % BB FefaB " 2,8 2.8 -
10 .0 9,0 7.4 2.0 2.0 26.0 5.0 5,0 0.4
15 13,9 14,0 12,3 2.2 2.0 27.0 6.8 7.5 0.6
20 1€.8  18.9 17.1°. 2.4 2.2 28.9 8.3 9.1 0.7
25 - 23,9 10.5 - 2,2 29,0 - 11,4 0.9
10) 2¢, 28,9  15.0 2.4 2.2 30,0  12.5 13.6 1.0
40 3€.8 38,9 24,5 2.4 2.2  31.0  16.7 18.2 1.3
50 - - 34.0 - - 32,0 = - 1.6
75 - - 59,0 - - 32,0 - &= 2,3

150 - -~  84.0 - - 32,0 - - 3.1

LR

solution 100 ml, Adsorbent 5 g, *1 g.



Teble=4, Surface Area of Adsorbents.

Adsorbent Surface Area, Bw\m
343 method FPlow calorimetric and Adsorption from
(%, eadsorption) solution method (Stearic acid adsorption)

4

arcea per molecule of Hm. mN Area per molecule of stearic acid, ..mm

16.2 16.8 20.2 18 60 70 100

, |
ey cul 9.3 9.7 11,6 2.6 8.7 10.1 14.5
! Fo,ly 9,1 9.5 11.4 2.4 8.0 9.3 13,3
41,04 119.4 12%.8 148.9 34,7 115.6 134.9 192.7
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