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SUMMARY

The sorption of ammonia was studied at 273 and 298 K
on Californian and Quebec chrysotile heat-treated at 150,
300, 500 and 700°C. Another ammonia sorption study involving
the two chrysotiles treated at 5000C at isotherm temper-
atures of 266, 273, 288, 298 and 308 K was carried out. The
variation of the calorimetric heats of adsorption with
surface coverage and adsorption/desorption isotherms were
determined. From these data experimental differential molar
entropies of adsorption were calculated.

The results indicated that the high heats of adsorption
observed initially may have been due to a weak chemisorption
reaction perhaps involving ammonium complex formation with
impurities on the chrysotile surface. Hydrogen bonding and
van der Waals forces could possibly have accounted for the
lower heats of adsorption observed at higher surface cover-
ages.

The present studies appeared to belong to an unusual
class of adsorption phenomena where the heat of adsorption
was less than the heat of lTiquefaction of the ammonia. This
was attributed to the two hypotheses of significant entropy
involvement in the adsorption and capillary adsorption.

Minor studies of the adsorption/desorption of ammonia
on Californian chrysotile treated with sodium nitrate
and boiling water were also performed. Heats of adsorption

at all degrees of surface coverage were approximately three
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times those in the other experiments. This was attributed
to the highly hydroxylated surface which may have facilitated
chemisorption.

A group of experiments were carried out to determine
the desorption efficiencies of the two chrysotiles. The
Quebec samples generally proved to desorb the ammonia more
efficiently.

All adsorbents were characterised by low-temperature
(77 K) nitrogen adsorption/desorption isotherms from which
surface area and pore size distribution data were obtained.
Also, direct examination of the topographical and struct-
ural features of the adsorbents was made by transmission

electron microscopy and selected area electron diffraction.



CHAPTER I

1. Introduction

The adsorption of gases on solid surfaces is a complex
phenomenon. Most surfaces are not uniform, having sites
with a broad distribution of adsorption energies. The sites
and molecules present may be independent of one another or
they may interact (1). The density of adsorptive sites may
vary from extremely low to very high. The adsorption forces
which hold molecules at a surface may be chemical in nature
and involve molecular orbital overlap or they may be phys-
ical - including van der Waals attraction and the forces
developed by ions and dipoles as they approach the surface.
Disturbances of surface atoms or ions may occur as a result
of adsorption (2).

In spite of the many theoretical studies of the adsorp-
tion of gases on so0lid surfaces that have been made (1, 3
and 4), the mechanism and precise description of the changes
produced in both the adsorbate and adsorbent have remained
elusive except in the simplest of cases (5). Theoretical
treatments of adsorption must note the changes in the thermo-
dynamic properties of the system and this can be accomplished
by using classical thermodynamic equations that have been
derived for the adsorption process (6, 7) although these
equations are too general to provide a detailed description

of the process. In cases where more detailed descriptions are



requlired, assumptions are usually made regarding the specific
adsorption model which can only give an approximation to the
real system (7). It is the uncertainty involved in this
method that has prevented precise analyses of adsorption
systems in the past, and progress in the future will probably
involve more sophisticated models which will reduce the uncert-
ainty between the model and that which occurs in practice.

However, a large amount of useful information can still
be obtalned from a classlcal thermodynamic description of the
adsorption process. In many cases experimentally determined
values of the changes in enthalpy and entropy enable estimates
to be made of the type of bonding and the mobility of the
adsorbed gas on the surface (8).

The enthalpy and entropy of a system are related by the

Gibbs free energy (G) equation:

where H, T and S are the enthalpy, temperature and entropy
respectilvely.

Thus, when a gas 1s adsorbed on a solid surface, the
changes that result in these thermodynamic properties can be
described by:

AG = AH — TAS———mmmcemeeee o (2)
where &G, AH and AS are the changes in Gibbs free energy,
enthalpy (heat of adsorption) and entropy respectively.

Since the Gibbs free energy must decrease for any

spontaneous process, and since adsorption is one such process
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which 1s accompanied by a decrease in entropy, then from
equation (2), AH, the heat of adsorption, is negative. Hence,
adsorption 1s expected to be an exothermic process and for
most adsorption systems this is a valid conclusion (8).

The heat of adsorption is the simplest thermodynamic
quantity that can be measured and it i1s probably the most
useful. It 1is the best single criterion to decide whether
the "bonding" involved 1s of van der Waals type as in phys-
ical adsorption or if it is chemical in nature since the heat
of physical adsorption rarely exceeds two or three times the
heat of liquefaction of the gas (usually <63 kJ mol‘l) whereas
the heat of chemical adsorption can be much higher (usually
%85 kJ mol—l) (9). In addition, molar entropies of adsorption
can be calculated from the heats of adsorption and provide
further information regarding the mobility of the adsorbed gas.

A knowledge of the magnitude of the heat of adsorption
is also very important in understanding the nature of catalytic
reactions. For example, if the heat of adsorption is very
large for any reaction specles, that species may be held too
strongly at the surface and will therefore hinder catalysis.
If the heat 1s too low, the species may not be held long
enough to facllitate the reaction. Thus the mechanisms of
heterogeneously catalyzed reactions may often be elucidated
considerably from a knowledge of the heats of adsorption for
the reactants, products and intermediates.

It can be noted from equation (2) that the magnitude
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of the heat of adsorption will depend on temperature and on
the physical and chemical nature of the adsorbate and adsor-
bent. It 1s therefore necessary to identify these variables
as much as possible before reliable interpretation of the
results can be made (6).

The study of the adsorption of gases on solid surfaces
is of major theoretical interest but it is equally important
in practice since any process involving solid/gas interactions

must include adsorption as one of the operating stages (2).

1.1. Scope of the Investigation

A number of studies (10-13) have been reported of the
interactions of gaseous ammonla on solid adsorbents but few have
been detailled and fewer still have included thermodynamic
measurements. In step with this, 1little work (14-17) has been
reported regarding the sorption of gases on chrysotile and only
recently has a study been reported (14) on the sorption of
sulfur dioxide on Californian and Quebec chrysotiles which
emphasized thermodynamic measurements.

In the present study ammonlia was adsorbed at temperatures
ranging from 266 K to 308 K on heat-treated Californian and
Quebec chrysotiles. In addition, the adsorption of ammonia on
Californian chrysotile treated with sodium nitrate and water
was also briefly studied at 298 K.

The specific aims of the project were then:

(1) to measure the heats of adsorption, and from

these data, to calculate the entropy of the
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adsorbed species to find its mobility;

(11) to contrast the two types of chrysotiles with
particular reference to the effect of brucite
impurity in the Quebec sample;

(111) to study the effect of chemical treatment on
the surface of chrysotile;

(iv) to characterise the physical structure of the
adsorbents with respect to surface area, pore
size distribution and predominant topographical
features;

and (v) to study the "bonding" mechanism and possibly
to elucidate the nature of the adsorbed complex
formed by ammonia with the adsorbents.

1.2. Adsorbents

1.2.1. Chrysotile

All asbestos 1s derived from two large groups of rock-
forming minerals, the serpentines and the amphiboles (18). 1In
thls work chrysotile asbestos was used exclusively. It is the
only species in the serpentine group and the most abundant type.

Chrysotile has many applications including fibrous reinforce-
ment in cement, asphalt and tile as well as use in textiles
and automotive products (18-20). A satisfactory replacement
for asbestos has not been found and most of the above products
utilize the substance because of its unique physical and chem-
ical properties.

The relationship between the inhalation of asbestos fibres
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and the initiation of respiratory disease has been the subject
of extensive research (21-24). It has been suggested, however,
that common asbestos-related respilratory dilseases cannot be
caused solely by asbestos inhalation (25). In view of the
reported synergetic relationship (26) which exists between
cigarette smoking and asbestos-related disease, studies of the
sorption of gases on asbestos with emphasis on possible syner-
getic relationships may have some added interest to the health
sciences. The key to understanding certain asbestos-related
diseases may then lle in evaluating the effects of co-inhalation
of the fibres with various pollutant gases.

With respect to the structure of chrysotile, each fibre
is formed of several scrolls of individual crystallites (18).
Each scroll is composed of a closely connected double layer
with magnesium hydroxide units on its external face and silica
units on its inner face. The unit cell i1s based on the
formula Mg3(Si205)(OH)4. A dilagrammatic representation of
chrysotile is shown in Figure 1.

The magnesium hydroxide (brucite) layer has larger dimen-
silons than the silicate layer thus causing the layers to
mismatch which results in the formation of the curvilinear
structure or scroll form (18).

Because of the presence of brucite on the external surface,
the chrysotlle fibre has strongly basic properties, a high
surface potential for water and marked hydrophyllic tendencies.
The surface can therefore be leached by water or the brucite

removed by acid.
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Holt, Clark and Reimschussel (22) extracted chrysotile

with boiling water and found that the solution contained both
magnesium and soluble silicic acid. They postulated that the
chrysotile decomposed by dissolution of magnesium, leaving a
residue of colloldal silica that hydrolyzed to orthosilicic
acid. Soxhlet extraction studlies showed that for the first
three to four hours the magnesium concentration was high in
the solution but 1t decreased later, accompanied by the form-
ation of a precipitate of amorphous maghesium silicate.

All forms of asbestos break down to simpler components
when heated to around 600 to 10009C (27-39). Dehydroxylation
generally occurs from 500 to 780°C and from 800 to 8500C
.the anhydride breaks down to form forsterite and silica as
shown:

2Mg [31205] (OH)), ——p 3Mg,S10, + S10, + 4H,0 (3)
Forsterilte
Equation 4 shows the formation of some enstatite at temper-
atures well above 1000°C:
3Mg28104 + 8102 —— 2Mg2SiOu + Mg251206 (4)
Enstatite

1.3. Adsorbate

1.3.1. Ammonia
No previous studies of ammonia adsorbed on chrysotile
surfaces were found in the literature. The only fairly comp-

arable studies were concerned with ammonia adsorption on



-9 -

silica, silica-alumina and carbon black surfaces (10-13, L0-42).
Clark, Holm and Blackburn (12) made adsorption measure-
ments on a vacuum microbalance using eleven silica-alumina
gels ranging in composition from pure alumina to pure silica.
Results showed limiting heats of adsorption in the order of

50 kJ mol™t

for pure alumlina down to less than 15 kJ for pure
silica. Heats of adsorption were not determined directly in

a calorimeter but rather, indirectly by application of the
integrated form of the Clausius-Clapeyron equation. The value
of experimental differential molar entropy corresponded to
that calculated for a two-dimensional mobile model for most
samples. The best correlations were obtalned for the 55 to 90
percent silica samples.

A study of the heat of adsorption of ammonia on silica-
alumina catalysts by Hsiéh (11) indicated limiting heats of
adsorption of 25 kJ mol'l. Hsieh also found evidence of strong
adsorbate-adsorbate interactions.

Studies of ammonia sorption on silica xerogel and modified
silica xerogel (13) indicated that the adsorption pattern
was complex and exhlblited both physical and chemical adsorption
characteristics in terms of the classical description of the
phenomena.

Various other sources (40-42) have discussed the possib-
11ity of hydrogen bonding of ammonila to silica (40,41) and

carbon black (42) and also the non-quantitative formation of

NHu+ when ammonia is chemisorbed on cracking catalysts.
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The past studles provided a useful base for the present
investigation, particularly the work involving the surface
reactions of ammonia on silica gel since some correlation
may be drawn between the silica gel surface and the outer
silica layer of the chrysotile. However, other aspects of
the chrysotile structure make it somewhat unique and therefore
the present work cannot be extensively compared with that reported

previously.

1.4. Outline of Experimental Approach

A major sectlion of this work was devoted to the measure-
ments of the heats of adsorption of ammonia at various
temperatures on two types of heat and chemically-treated
chrysotiles. It was hoped that these measurements would provide
useful information on the nature of the adsorbate/adsorbent
interactions and also on the key chemical and physical character-
isties of the surfaces involved. This information was supported
by the calculation of the differential molar entropies of the
adsorbed gases and comparing these with theoretical values
calculated for models of mobile and immobile adsorption. In
spite of recognised limitations, such classical entropy calcul-
atlions have provided very useful insights concerning the
mobility of the adsorbed phases (8, 43, 44).

Adsorption isotherms were determined on both adsorbents
using an established volumetric method which provided informa-

tion regarding the nature of the process.
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The physical structures of the asorbents were character-
ized by two independent techniques. The first involved
measurement of low-temperature (77 K) nitrogen adsorption/
desorption isotherms which has been used regularly to evaluate
the effects of heat treatment on porous oxide structures
(45-47)., The classical B. E. T. method (48) was applied to
obtain the surface area of the adsorbents, and analysis of the
isotherms using the techniques of Cranston and Inkley (49) and
Dollimore and Heal (50) yilelded pore size distribution data.
These results were compared with independent measurements on
the electron microscope. Thls technique provided information
regarding the shapes and sizes of the pores, and also the
topographical features of the surface.

Other useful data were obtained from analysis of desorbed

products by mass spectrometry.



CHAPTER II

2. Experimental

2.1. Adsorbents

All heat treatments and other modification procedures

were. carried out in ailr.

2.1.1. Chrysotile Asbestos

Two types of chrysotile asbestos were used in this work.

One was supplied by Lake Asbestos, Black Lake, Quebec (sample
TT=-5, Quebec chrysotile) and the other by Union Carbide Corp-
oration (Calidria asbestos sample HPO, Californian chrysotile).
The major impurlties were brucite (Mg(OH)g), 10% w/w in the
Quebec sample and magnetite (Fe30u), 3.75% in the Quebec and
0.75% in the Californian sample. Surface areas were determined
from nitrogen adsorption/desorption isotherms at 77 K, gilving

2

60 and 40 m g—l for Californian and Quebec chrysotiles,

respectively.

2.1.2. Material Supported on Asbestos

An impregnation technique was used to prepare the modified
adsorbent (13). In general, no attempt was made to control
strictly the conditions of impregnation since subsequent
analysis of the adsorbent by physical and chemical methods

characterlzed the material.

2.1.2.1. Sodium Nitrate/Californian Chrysotile

Untreated Californian chrysotile was impregnated with
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10g. NaNO, in 100 dm3 of bolling water for 5 h., as described

3
by Boyle et al (13). After filtering and repeated washings

with distilled water to remove traces of nitrate, the sample
was dried in a furnace for 48 h. at 150°C. Flame photometric

analysis showed 3.7% sodium present.

2.1.2.2. Water/Californian Chrysotile

As a "control" for the sodium nitrate impregnation experi-
ment, untreated Californian chrysotile was boiled in distilled
water for 5 h. in order to determine any effect of water on

the chrysotile surface.

2.2, Adsorbates

2.2.1. Ammonia

Physical Properties

—,sp3 hybridization of orbitals
- pyramidal shape

(83)
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The ammonia molecule is pyramidal with nitrogen placed
at the apex about 0.4 E above a triangular base defined by
three hydrogen atoms (51).

Ammonla boils at -33.35°C (101.1 kPa), with a latent
heat of vaporization of 1.369 kJ g_l (52); 1t has a critical
temperature of 133.0°C (53) and a dipole moment of 1.3 x 10—18
e.s.u.

In these experiments the ammonia (Matheson, Co.) was
anhydrous quality (99.99%) and was drawn, after line flushing,
from the cylinder to a trap attached to the adsorption appar-
atus. A 40 cm. potassium hydroxide (Analar) column was inserted
in the line before the trap in the apparatus in order to further
dry the gas. It was then outgassed three times at 1.33 x 10'” kPa
and vacuum dlistilled over trays of "Analar" potassium hydroxide,
the first and last fractions being discarded. The distilled

gas was stored at liquid nitrogen temperature. Mass spectro-

metric analysis showed the gas to be 99.99% pure.

2.2.2. Nitrogen

The nitrogen used in the low-temperature adsorption exper-
Iments was supplied by Canadian Liquid Air with a stated
minimum purity of 99.99%. The main impurities were argon
(80 ppm), oxygen (20 ppm), and water (10 ppm). The purity,

including argon, was 99.998%.

2.2.3. Helium

Helium was used for calibrating dead spaces. It was
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supplied by Canadian Liquid Air Ltd., minimum purity,

99.995%, and was used as supplied after repeated line flushing.

2.3. Apparatus

2.3.1. Calorimetric Measurement of Heats of Adsorption

Introduction

The heat of adsorption can be measured directly, using
a calorimeter, or indlirectly, by applying the Clausius-Clapeyron
equation to a serles of adsorption isosteres derived from adsorp-
tion isotherms (8). The calorimetric approach involves fewer
assumptions (54) than the Clausius-Clapeyron method, and has
been used widely for the determination of heat capacities (55),
and entroples (56), as well as heats of adsprption for various
gas/solid systems.

The calorimetric technique involves the admission of
successive increments of gas to the surface of an outgassed
adsorbent and measurement of the heat llberated by each dose.
The heats are approximately equivalent to differential heats of
adsorption (57) and are normally plotted as a function of the
amount of gas adsorbed.

The design of a calorimeter 1s dictated large.y by the
nature of the adsorbent. For powdered samples, it has not
changed basically from that of early versions (58, 59), the
major improvement arising from small refinements in construction

and the use of more sensitlve instrumentation.
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Apparatus

The calorimeter is shown in Figure 2. The apparatus
consisted of an adsorption chamber of glass tube 30.0 x 1.5 cm.
diameter with a constriction 2.0 cm. from the base. About
5mm. above the base, the calibration heater was fixed horiz-
ontally in a thin-walled glass tube 3 mm. i.d. The heater
was made from 30 cm. of 32 tr Kanthal wire and had a resist-
ance of 35 ohms. It was sealed through tungsten/glass seals
to thick copper leads 3 mm. in diameter which were themselves
sealed again to thick tungsten leads before final sealing
through the outer glass Jjacket. The temperature sensor used
was a thermistor (Yellow Springs Instrument, Co. Ltd.)
with a resistance at 0°C of 9795 ohms. The thermistor had
a very rapid response and was well sulted for measurement of
small temperature changes from -10 to 150°C. A typiecal
temperature change 1n a glven experiment was about
0.5 to 1.0°C . It was established that the thermistor had
a linear temperature-resistance relationship from -10 to 150°C.
It was positioned at the bottom of a narrow, thin-walled
glass probe. The probe widened above the constriction in the
adsorption chamber and was a close fit to the wall of the
chamber (thus reducing the dead space in the calorimeter).

The lower portlon of the adsorption chamber was surrounded by
an outer Jacket, 18 x 6 em., which could be evacuated or filled
with helium depending on whether the calorimeter was operated

in an isothermal or adiabatic mode.
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The calorimeter was placcd in an ethylene glycol bath
maintained at constant temperature with a Masterline constant
temperature bath and circulator (Forma Scientific; Model 70).
This apparatus was operated in the circulating mode with a
copper cooling coil immersed in the bath and connected to the
circulator by rubber tubing. There was a slight temperature
change over the length of rubber tubing but the circulator
was adjusted to accommodate this difference. All final
temperatures were accurately measured using the thermistor. The
constant temperature glass bath enclosing the calorimeter was
surrounded with 3.5 cm. styrofoam insulating material. With
vigorous mechanical stirring, the apparatus maintained temper-
atures from -7 to 35°C to & 0.1°C.

All adsorbent samples were outgassed for 24 h. at
1.33 x 10"1‘l kPa and U423 K. To achleve this temperature a
non-inductively wound furnace was used. The windings were
insulated from the metal core with asbestos tape, and from each
other by asbestos rope. The furnace was then placed in a large
Dewar flask (37 x 14 cm.). The bottom of the flask, and the
gap between the furnace and the flask were fllled with rock
wool. The calorimeter was positionéd centrally in the furnace,
with rock wool packed around it and on top of it. A chromel-
alumel thermocouple was used as a temperature sensor for a
stepless, proportional controller (Thermo Electric Ltd.;

Model U400) and was positioned level with the sample in the

adsorption chamber. A constant voltage regulator (Solar
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Electric; Type CVS 500 VA) controlled the supply voltage to

118 ¥ 1 V AC. Temperatures could be controlled to ¥ 0.10°C
indefinitely with this system. If the outer jacket of the
calorimeter was evacuated to less than 1.33 x 10—& kPa, temper-
atures could be controlled to % 0.003o indefinitely.

The gas-handling section of the apparatus is shown in
Figure 3. A vacuum of 1.33 x 10—5 kPa was obtained using a
mercury diffusion pump (Edwards High Vacuum Ltd. ; Type EMZ)
backed by a two-stage rotary oil pump (Edwards High Vacuum
Ltd.; Type ED100). A de-mountable liquid nitrogen trap was
used to prevent mercury vapour from entering the low vacuum
side of the apparatus and also to prevent damage to the pump
from corrosive vapours. The vacuum was measured using a
Pirani gauge (Edwards High Vacuum Ltd.; Type G5C-2, range

. to .133 kPa) connected to a control unit (Edwards

1.33 x 10~
High Vacuum Ltd., Model 8/2).

Adsorbate doses and equilibrium pressures were measured
using a combined differentlial mercury mancmeter and gas burette.
The mercury levels 1in the limbs of the manometer were measured
using a cathetometer (¥ 0.001 cm.) (Gaertner Scientific Corp-
oration; Model 3380A).

The thermistor formed one arm of an initially balanced
Wheatstone bridge circuit (Sigma Instruments; Ruhstat, Type SFM).
The output from the galvanometer was connected to a potentio-

metric recorder (Beckman Instruments; Model 1005). Thus any

change in the resistance of the thermistor caused by a
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temperature change was recorded. Normally the 1 mV span
and a chart speed of 300 mm/h. was used.

The electrical calibration circuit, Figure 4, consisted
of a 6V wet cell battery reduced to 2V using suitable resistors,
connected in series to an ammeter (General Electric Co. Ltd.)
and the calibration heater. The voltage across the internal
calibration heater was measured with a standard voltmeter
(0-5V; General Electric Co. Ltd.). The time of calibration was
determined by a timer (Leybold) which started immediately
on closing the calibration switch. The timer could measure to
0.01 s. and was driven by a synchronous motor operated from a
constant voltage supply. At all temperatures the calorimeter
was operated adiabatically with 1ts outer jacket evacuated and
thus temperature control of the required accuracy was main-
tained.

In operation, successive doses of adsorbate were admitted
to the calorimeter and the process repeated until the desired
amount of gas had been adsorbed at equilibrium. The recorder
traced the temperature/time plot for each addition. The plot
showed a rapid initial rise followed by a slow fall, returning
to the base line in about 30 min. The area under this curve
was proportional to the quantity of heat evolved in the cal-
orimeter and was determined by reference to the calibration
curve. These areas were measured by counting the squares of
the chart paper grid under the curves. Calibrations were

carried out after each successive dose of gas was adsorbed (60)
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and were reproduclible to wilithin t 5% with no signiflcant trends.
The shapes of the temperature/time calibration traces were
almost identical to those glven by the gas additions.

A typical temperature/time curve is shown in Figure 5.
A cooling correction was applied to the observed temperature

rise by extrapolating the linear portion of the cooling curve

immediately after the maximum, to a point midway between "tmax

and "t§. This measurement technique was adapted from that
used by Smith and Ford (61). The quantity of heat evolved was
proportional to the extrapolated peak height and was determined

by comparison with the calibration curve.

Calculation of Heats of Adsorption

The method of calculation is described in Table 2.1.



RECORDER DEFLECTION (mv)

0.8

0.6

0.4

0.2

- 24 -

To Tvax
K] 0 1 2 3
TIME(MIN)

=L

FIGURE 5 A TYPICAL RECORDER TRACE,



Table 2.1.

Calculation of Adiabatic Calorimetric Heats of Adsorption

Data
~l) Pressure (a) The pressure of gas in burette before
admission to calorimeter.
(b) The pressure of gas in burette after
admission to calorimeter at time "ty 4".
(e¢) The equilibrium pressure.
2) Volume (a) 'The volume ol gas in burette before

(calculated)
admission to calorimeter.

(b) The volume of gas in burette after
admission to calorimeter at time "t 4".
(¢) Volume of gas in burette at equilibrium.
3) The volume of gas in calorimeter dead space at experimental
temperature T, corrected to S. T. P.
4) Weight of sample.
5) The surface area of the sample measured using low temper-

ature nitrogen adsorption apparatus.

Calculation

1) Calculate the initial volume of gas in the burette before
admission to the calorimeter and correct to S. T. P.

2) Calculate the volume of gas in the burette at equilibrium
and correct to S. T. P.

3) Calculate the amount of gas, at S. T. P. that is adsorbed

at equilibrium by subtracting the equilibrium volume + the



)

5)

6)
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calorimeter dead space volume from the initial volume.
To convert the amount adsorbed from dm3 to umol m"2
divide by the sample weight x the sample area x the molar
volume.

To find the number of Joules produced for each adsorption,
compare the extrapolated peak areas to the calibration curve.

To calculate the heat of adsorption multiply Joules

produced x molar volume and divide by the amount adsorbed.

A typical calculation is given in Appendix A.
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2.3.2 Calculation of Entropies of Adsorption

Prior to the more recent direct techniques used in studies
of surfaces such as field emission microscopy, field-ion
microscopy and infrared spectrophotometry, the mobility of an
adsorbed species was almost solely determined by using class-
ical and statistical thermodynamic methods (8, 43, 4i).

Although there have been several valid criticisms (62, 63)
of this approach to the study of mobility, the method can still
provide useful information which, in conjunction with data from
heats of adsorption etc., can help to elucidate the nature of
the adsorbed species.

If the standard state (63) of the gas is one atmosphere,
the experimental differential molar entropy of adsorption may
be calculated (2) from the equation:

Sg = Sg - Rln p - (q  /T)=--=—mmmmmmmmmmm oo (5)
where §S is the differential molar entropy of the adsorbed
species at temperature T, and the equilibrium pressure p, Sg

is the entropy of the gas, and Agt is the isosteric heat of
adsorption.
Since the differential heats of adsorption were measured
experimentally, equation (5) may be re-written:
§S =S, - Rlnp - (@q + RT)/T —-mcmmmmm—mm—meee (6)
since q4 o Qg = RT —-=--mmommmmmoo oo (7)
where 4 is the differential heat of adsorption.

Thus, 1f values of Sg are obtalned from the literature

(64-66) and the differential heat of adsorption and equilibrium
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pressure are known at a variety of surface coverages, the
differential molar entropy of adsorption at these coverages
can be calculated.

The experimental entropy values thus obtained may be
compared with theoretical values calculated for mobilile and
immobile layers by means of statistical thermodynamics. In
the model of immobile adsorption the atoms are firmly bound
to the adsorption sites and there are no translational or
vibratlonal motions perpendicular or parallel to the surface.
The only entropy of the adsorbed layer present 1s that of the
differential molar configurational entropy (2) which is given by:

§Sc = -Rln [@/(1-8)] ———mmmmmmmmmmeemee e (8)
where © is the degree gf surface coverage.

The other extreme model of adsorption is that of a two-
dimensional surface gas in which the degrees of rotation are
retained and there is also the possiblility of the adsorbed
species moving perpendicularly to the surface (7).

In this case, the differential molar entropy of the

species 1s given by:

Ss = Szt + ST‘Ot + SVib ————————————————————— (9)
where §2t is the two-dimensional translational entropy of the
adsorbed species and Srot and Svib are the corresponding

rotational and vibrational entropies.

§2t’ for an ideal surface gas, may be evaluated (2) from:
§2t = RIn MTA + 63.8 ——emmmmm o (10)

where M is the molecular weight of the gas, and A is the area
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occupied per molecule which is a function of the number of

moles adsorbed. S and S may be obtained from the liter-

rot vib

ature or they can be calculated from the usual statistical
thermodynamic equations (67).

The rotational and vibrational contributions to the entropy
of ammonia were not calculated from the basic properties of
the gas since the calculations are extremely complex and outside
the scope of the present study. Thus the gas was assumed to
+ §vib) was

behave in an ideal way and the sum of (érot

obtained by subtracting the translational entropy contribution

given by (67):

S, = Rin w/2 15/2 _ 2,30  commmmmmmeee (11)
from the total entropy of the ideal three-dimensional gas. Data
for the total entropy of ammonia are listed in the literature
(64). Since the "mobille" entropy curves are plotted for an
ideal two-dimensional gas i.e. a gas that has lost only one

degree of translational freedom, the §rotand §vib contributions

will have the same value as that for the three-dimensional gas.
Numerous intermediate models of mobility can be calculated
similarly and the results compared with those obtained exper-
imentally.
Examples of the method of calculation of experimental and
theoretical entropiles for the models of mobile and immobile

adsorption, are shown below.

Example. Consider the adsorption of ammonia at 298 K on

Californian chrysotile asbestos heat-treated at 150°C.
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If the experimental heat of adsorption is 7.47 kJ mo1”t

at a coverage of 4.60 pmo] m~" and the corresponding equilib-
rium pressure is 112.32 Torr (14.94 kPa), and 1if the entropy
of the gas at 298 K is 192.55 J deg ! mol™Y, then from

equation (6) the experimental differential molar entropy §s is:

192.55 - 8.31441n (132:32) [7“70 + 83004 5 298]

-1

§
S

175.07 J deg_l mol

For the mobile model, the entropy of the adsorbed
ammonia is given by equations (9) and (10). The rotational
and vibrational contribution is given by equation (11). Thus
the sum of the rotational and vibrational components of the

entropy at 298 K is given by:

(2]}
I

192.55 — 8.31441n(17)°72(298)°/2- 2.3

+
2
"

rot vib

41.40 J deg™t mo1”?1

The value of the differential translational component of the

entropy at 298 K and coverage of 4.60 umol m~2 is:

S 8.3144)1n | 17 x 298 x 10"
2t : 53
4.60 x 10” x 6.023 x 10
114.30 J deg™ ! mo1” L.

+ 63.8

Hence the total differential molar entropy of a perfectly
mobile adsorbed layer of ammonia at a coverage of

4.60 x 10_6‘umol m™° at 298 K, is given by:

SSm 114.30 + 41.40

155.70 J deg™ ! mo1~?1
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The entropy of an immobile adsorbed layer of ammonia is deter-
mined from equation (8). The cross-sectional area of an
adsorbed ammonia molecule may be calculated using the liquid
density, e, assuming close-packing, from the equation (68):

A=1.091x M 73y 1016

PN

where M 1s the molecular weight, N is Avogadro's number,
and 1.091 is the packing factor. For ammonia at 298 K this
equation yields a value of 13.96 32 (0.14 nmg), and on the
basis of this value a monolayer of ammonia will be formed at

298 K if:

20 -2
10 23_,umol m are adsorbed,

13.96 x 6.023 x 10

i.e. a surface coverage of 11.94/pm01 m_2 is equivalent to a
monolayer.
Thus the differential configurational entropy of adsorbed

ammonia at 298 K at a coverage of 4.60 pmol m~2 can be obtained:

4.60/11.94
- 8.3144 1n | I-(4.60/11.9%)

c
4,07 J deg—l 1

S
S
mol~

Il

Clearly, from these calculations the experimental differ-
ential molar entropy of ammonia adsorbed at 298 K at a coverage

of 4.60 pumol m=2 approaches much more closely to the theoret-

1 mol—l) than to

the value for an immobile layer (4.07 J deg"l mo1~1).

ical value for a mobile layer (155.70 J deg

The accuracy of the experimental molar entropy values

clearly depends on the accuracy of the measurement of the heat
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of adsorption, and also on the validity of the assumption of
ideal gas bahavior for ammonia at 298 K. In general, the
accuracy could not be claimed to be better than £ 8 J deg'l mol ™t

or 5% in this case.

2.3.3. Surface Area and Pore Volume Measurements

Introduction

Low-temperature nitrogen adsorption at 77 K provides one
of the best and most widely used methods for the determination
of surface areas and pore size distributions of solid adsorbents
(69, 70). Relative surface areas can be determined fairly
accurately but the method is not absolute (1, 48, 68).

It involves the determination of the volume of gas required
to form a monolayer on the surface of the adsorbent. The number
of molecules in the layer can be calculated, and if the area of
the surface occupled by each molecule is known, the surface area
which is available to the nitrogen molecules may be found by
a simple calculation.

Brunauer, Emmett and Teller (48) extended the Langmuir
theory of unimolecular layer adsorption to account for the
multimolecular layer adsorption of gas on a solid surface. The

most commonly used form of their equation is:

V(P -p) V.C V C.p

volume of gas adsorbed at equilibrium pressure p

where V

Py saturation vapour pressure of adsorbate (kPa)
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3 o1y

<
it

monolayer volume of gas adsorbed (dm” g

a constant which is related to the heats of

Q
]

adsorption and liquefaction of the gas.

The B. E. T. theory has been criticized on several
grounds (71) and it 1s generally accepted (9) that the theory
has little theoretical justification. In general, however, it
still remains the most satisfactory mathematical relationship
avallable to describe low-~temperature physical adsorption.

A plot of p/V(po-p) against p/pO gives a straight line
of slope (C—l)/VmC and intercept l/VmC which enables a value

of Vm to be calculated:

_ 1
Vi = (slope + intercept) (14)

The equation is normally valid over the range 0.05
< p/pO £ 0.35, which 1s the portion of the 1sotherm usually
associated with completion of the monolayer (U48).

The specific surface area may be evaluated from Vm using

the equation:

S = Vm (N/V) Ao ——————————————————————————— (15)

where V = molar volume (22,400 dm> at N. T. P.)
N = Avogadro's number (N = 6.023 x 1023 molecules mol—l)
AO= area occupied per molecule in the adsorbed phase.

The most widely accepted value for the cross-sectional

2

o)
area of the nitrogen molecule is 16.2 A° (.16 nmg) (48), derived

from the density of 1liquid nitrogen; although Livingstone (71)

2

o)
has proposed a value of 15.4 A° (.157 nm2) based on the
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van der Waal's constant 'b'.

Therefore, for nitrogen adsorption at 77 K equation (15)
becomes:

A = 4,36 Vm ----------------------------- (16)

Low-temperature gas adsorption may also be used to
obtaln Information on pore size distribution. Cranston and
Inkley (49) established a computational method for pore sizes
by a development of the method of Barrett, Joyner and Halenda
(72). Either the adsorption or desorption branch of the
isotherm may be used to derive the data. The principle crit-
icism of this method is the assumption that the adsorbents

contain cylindrical pores with a closed end.

In terms of pore diameters, the equation is:

dma X

d4a -2

12~ 12 12 - 12 — d

2 + %d

where V12 = volume of pores having radii between 1, and

r, (dm3)
R12 = constant for a given range of diameters
K12 = factor to account for the layer of liquid in
pores of larger diameter
dmax = diameter of the largest pore

Ad = an increment of pore dlameter (nmz)
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VdAd = volumes of pores having diameters between
(d - %ad) and (4 + 1 A4)

The other method frequently used for caloulating pore
size distribution from adsorption isotherms was devised by
Dollimore and Heal (50). It has been claimed to be more
exact and less tedious than that of Cranston and Inkley (49).

A comparison of the results obtained by the application
of the two methods was attempted. Pore size distributions
were calculated from data taken from the desorption branch
of the isotherms. The calculations were made using a DEC2020
computer. Details of the programme are given in Appendix B

and the conclusions regarding the comparison of methods will

be noted in the discussion of the results.

Apparatus

A constant volume apparatus similar to that of Joyner
(73) was used for the measurements of low-temperature nitrogen
isotherms, Figure 6.

The pumping system consisted of a single-stage mercury
diffusion pump (Edwards High Vacuum Ltd., type EM2) backed by
a rotary oil pump (Edwards High Vacuum Ltd., type ED100).
Mercury vapour was prevented from entering the low pressure
side of the apparatus by a l1liquid nitrogen trap. The vacuum
was measured with a McLeod gauge and once established, the
apparatus held a vacuum of 1.33 x 10”3 kPa for one week.
Three taps were arranged so that small quantities of nitrogen

could be admitted as required.
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The measurement section of the apparatus contained a
combined gas burette and manometer which was read using a
cathetometer (¥ 0.001 ecm.). The burette was thermostatted
and precalibrated before use (one cm. movement on the catheto-

3

meter corresponded to 0.86 dm~ of gas. The zero level on the

burette was maintained by a mercury reservoir.

The apparatus "dead space" between the gas burette and
sample bulb was minimized by using small taps and connecting
tubing, and by containing the sample in a small round-bottomed
flask with a long neck. The "dead space" (23.22 dm3) and
sample tube volumes were determined, in separate calibration
experiments, with helium. The volume of the sample tube up
to the fixed mark was determined by filling with mercury at
room temperature and then weighing the mercury added, to
determine the volume of the tube below liquid nitrogen.

All materials used were accurately weighed into the
sample tube and then connected to the apparatus. The samples
were then outgassed at 1.33 x 10"Ll kPa at 100°C for 1 h.

Care was taken to avold sample entrainment. The sample was
then cooled to liquid nitrogen temperature (77 K) and the

isotherm measured by admitting successive doses of nitrogen
to the sample. The results were calculated as described 1in

Table 2.2 Computation was made with a DEC2020 computer.

Details of the programme are outlined in Appendix B.

2.3.4. Mass Spectrometry

Analysis of the ammonia after distillation, before and
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after use in adsorption experiments was performed on a Hitachi-

Perkin Elmer RMU-7 mass spectrometer.

2.3.5. Electron Microscopy

Although the analysis of pore sizes by low-temperature
nitrogen adsorption is valuable, the accuracy of the technique
is limited by the validity of the pore model chosen. Direct
observation using the electron microscope does not involve
these assumptions.

Electron micrographs were made using a transmission
electron microscope, Philips Model EM300. Samples were
disﬁersed in n-butanol onto carbon form/var grids. Micro-
graphs were taken at low beam intensities to prevent beam

damage.
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Table 2.2

Calculation of Low-Temperature Adsorption/Desorption Isotherms

1)

2)

3)

L)

5)

6)

7)

8)

Pressure - The equilibrium pressure measured at different
' points during the isotherm.

Calculate the volume of gas in the burette before admission

to the sample tube.

Calculate the volume of gas in the burette after admission

to the sample tube but above liquid nitrogen.

Calculate the volume of gas below the level of liquid

nitrogen and above the sample.

To find the amount adsorbed subtract (3) + (4) from (2).

For all samples after the first, the amount of gas in the

sample tube above and below liquid nitrogen must

be added to (2) before subtracting (3) and (4).

3 g—l, the answer in (5)

To find the volume adsorbed in dm
is divided by the weight of the sample.
To find p/pO the pressure from (1) is divided by the

saturation pressure.

Part of a typical calculation is given in Appendix A



CHAPTER III

3. Results

3.1. Introduction

The adsorption of ammonia was studied on Californian
and Quebec¢ chrysotlles using the technique described in
Section 2.3. Changes in the adsorption behaviour caused by
heat treatment of the materials were also examined. The phys-
ical effects of these treatments were analyzed by low-temperature
nitrogen adsorption and by electron microscopy. The adsorption
of ammonia on Californian chrysotile treated with water and

sodium nitrate was also briefly studied.

3.2. Adsorption/Desorption of Ammonia on Californian

Chrysotile at 273 and 298 K

3.2.1. Calorimeter Experiments

The calorimeter was operated adiabatically to determine
the heat of adsorption at 273 and 298 XK for ammonia on Californian
chrysotile heat-treated at 150, 300, 500 and 700°C, Figures 7T
and 8. These experiments were performed to obtain comparative
data on the "limiting" heats given by the range of test samples
at various operating temperatures. In the present context
"limiting" is used as a convenient description for the final
heat value determined for the adsorption process. In most runs
the actual "limlting" heat was closely approached rather
than clearly attained 1n a strict thermodynamic sense.

An approximate figure for the degree of surface coverage
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was calculated assuming close-~packing in the monolayer and

a cross-sectional area of 13.86 32 (.14 nm2) for an adsorbed
ammonia molecule at 298 XK. With these assumptions, 8.0 pmol m2
was shown to be approximately equivalent to seventy percent

of a monolayer at that temperature (Section 2.3.2.)

In all cases the first addition of gas produced the high-
est heat of adsorption for a given heat treatment. Subsequently,
there was a tendency for the heats to follow somewhat similar
patterns on all of the adsorbents. However, the "limiting"
values differed considerably depending on the activation
temperature.

The heat curves determined at 273 K showed that the samples
treated at 150 and 300°C exhibited the lowest limiting values
in the region of 4.5 kJ mol™t at surface coverages of 6.5 and
8.5 pmol m—2, respectively. The samples treated at 500 and
700°C gave higher "limiting" values of approximately 5.0 kJ mol_l
at 6.0 pmol m™2 for both samples.

The heat curves determined at 298 K showed some interest-
ing differences. The limiting value for the sample treated at

1

300°C was 5.7 kJ mol™" at 8.0 pmol m™°. The curves for the

samples treated at 150 and 500°C were "limited" at L4.5 kJ mol '
for 7.5 pmol m"2 surface coverage. The sample treated at 7OOOC
indicated that a different adsorbate/adsorbent phenomenon was

1 at a surface

taking place with "limiting" heats of 3.2 kJ mol
coverage of 6.0 umol m~2. For all the heat-treated adsorbents

the heat curves determined at 298 K showed a tendency to rise
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after the onset of what is usually regarded as the "limiting"
value. The phenomenon will be discussed later.

It should also be noted that at both operating temper-
atures the curves for the 150 and 300°C samples seem "out of
order" in that results obtalned from the sample heat-treated
at the lower temperature would be expected to 1lile above that
of the sample heat-treated at a higher temperature. The
300°C sample had generally identical or higher "limiting" heat
values at higher surface coverages than those for the 15000
sample. It may be noted also that, in general, the "limiting"
heats of all samples at 298 K were similar to those at 273 K
except for the 700°C sample where the "limiting" heat was
considerably less (i.e. 3.2 kJ mol™%) at 298 K than at 273 K

(1.e. 5.0 kJ mol'l).

3.2.2 Entropy Calculations

The variation of the experimental differential molar
entropy with surface coverage for the adsorption of ammonia
at 273 and 298 K on the 150, 300, 500 and 70000 Californian
samples 1s shown in Figures 9 and 10. At low surface coverages
the entropies were small but increased rapidly with the adsorbed
amount before levelling out. The values followed a path con-
verse to that of the heats of adsorption. The variation of the
operating temperature from 273 to 298 K altered the position
of the entropy curves. When the experiments were carried out

at 273 K the 150 and 3OOOC samples levelled out 5 J deg"l mol‘l
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below, and coincident with, the model calculated for mobile
adsorption, respectively. The 500 and 7OOOC chrysotiles both
levelled out at approximately 10 J deg'1 mol~1 above the values
for the mobile adsorption model. Conversely, at 298 K, the
experimental differential molar entropy for all the heat-treated
samples levelled out above the curve for the mobile adsorption

model - the 150, 300 and 500°C chrysotiles 15 to 19 J deg-l mo1~t

above; the YOOOC sample 23 J deg_1 mol-l above and at a surface

coverage 2 umol m_2 lower than that for the sample studied at

273 K.

3.2.3. Adsorption/Desorption Isotherms

The adsorption/desorption isotherms of ammonia at 273 and
298 K on Californian chrysotile heat-treated at 150, 300, 500
and 700°C are shown in Figures 11 and 12. At both operating
temperatures, it can be noted from the desorption 1isotherms
that adsorption was irreversible to some extent. The adsorption
behaviour of certaln samples was changed by varying the operat-
ing temperature. Figure 11 indicates that the adsorption
capacity was identical at lower pressures of ammonia ( <10 kPa)
for the 150 and 3OOOC samples but decreased in amount for the
300°C sample at higher pressures. Further heating to SOOOC
lowered the adsorption capacity overall while treatment at 7OOOC
drastically af