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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 yOO^C* Another ammonia sorption study Involving 

the two chrysotiles treated at 500OC at isotherm temper- 

atures of 266, 213> 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 tV)o heat oT llqiu'factlon 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 solid surfaces that have been made (1, 3 

and ^1), 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 
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required, 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 obtained from a classical 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: 

G = H - TS  (1) 

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

respectively. 

Thus, when a gas is adsorbed on a solid surface, the 

changes that result in these thermodynamic properties can be 

described by: 

AG = AH - TAS  (2) 

where AG, 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 is accompanied by a decrease in entropy, then from 

equation (2), AH, the heat of adsorption, is negative. Hence, 

adsorption is 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 is probably the most 

useful. It is the best single criterion to decide whether 

the "bonding" involved is 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”^) whereas 

the heat of chemical adsorption can be much higher (usually 

>85 kJ mol”^) (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 species, that species may be held too 

strongly at the surface and will therefore hinder catalysis. 

If the heat is too low, the species may not be held long 

enough to facilitate 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 is 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 ammonia on solid adsorbents but few have 

been detailed and fewer still have Included thermodynamic 

measurements. In step with this, little work (14-17) has been 

reported, regarding the sorption of gases on chrysotlle and only 

recently has a study been reported (14) on the sorption of 

sulfur dioxide on Californian and Quebec chrysotlles which 

emphasized thermodynamic measurements. 

In the present study ammonia was adsorbed at temperatures 

ranging from 266 K to 308 K on heat-treated Californian and 

Quebec chrysotlles. In addition, the adsorption of ammonia on 

Californian chrysotlle treated with sodium nitrate and water 

was also briefly studied at 298 K. 

The specific alms 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; 

to contrast the two types of chrysotlles with 

particular reference to the effect of brucite 

impurity in the Quebec sample; 

(ill) 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 is derived from two large groups of rock- 

forming minerals, the serpentines and the amphlboles (18). In 

this 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 respiratory diseases 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 lie in evaluating the effects of co-inhalation 

of the fibres with various pollutant gases. 

With respect to the structure of chrysotlle, 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 is based on the 

formula Mg2(Sl20^)(0H)2^. A diagrammatic representation of 

chrysotlle is shown in Figure 1. 

The magnesium hydroxide (bruclte) layer has larger dimen- 

sions 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 hydrophylllc 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 chrysotlle 

with boiling water and found that the solution contained both 

magnesium and soluble silicic acid. They postulated that the 

chrysotlle decomposed by dissolution of magnesium, leaving a 

residue of colloidal silica that hydrolyzed to orthosllicic 

acid. Soxhlet extraction studies showed that for the first 

three to four hours the magnesium concentration was high in 

the solution but It decreased later, accompanied by the form- 

ation of a precipitate of amorphous magnesium silicate. 

All forms of asbestos break down to simpler components 

when heated to around 600 to 1000^0 (27-39). Dehydroxylatlon 

generally occurs from 500 to 780^0 and from 800 to 850^C 

the anhydride breaks down to form forsterite and silica as 

shown: 

2Mg, [Si2°5] (OH)j,  ^ 3Mg2SiO^ + S102 + 4H2O (3) 

Forsterite 

Equation ^ shows the formation of some enstatlte at temper- 

atures well above lOOO^C: 

3Mg2SiOj^ + SIO2  > 2Mg2SiO^ + Mg^Si^Og (^) 

Enstatlte 

1.3. Adsorbate 

1.3.1. Ammonia 

No previous studies of ammonia adsorbed on chrysotlle 

surfaces were found in the literature. The only fairly comp- 

arable studies were concerned with ammonia adsorption on 
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silica, silica-alumina and carbon black surfaces (10-13, 40-42). 

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“^ for pure alumina 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 obtained for the 55 to 90 

percent silica samples. 

A study of the heat of adsorption of ammonia on silica- 

alumina catalysts by Hsleh (11) indicated limiting heats of 

adsorption of 25 kJ mol*^. 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 exhibited both physical and chemical adsorption 

characteristics in terms of the classical description of the 

phenomena. 

Various other sources (40-42) have discussed the possib- 

ility of hydrogen bonding of ammonia to silica (40,4l) and 

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

NH|^^ when ammonia is chemisorbed on cracking catalysts. 
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The past studies 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 section 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- 

istics 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- 

ations have provided very useful insights concerning the 

mobility of the adsorbed phases (8, 43j 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-^7). 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 

Dolllmore and Heal (50) yielded pore size distribution data. 

These results were compared with Independent measurements on 

the electron microscope. This 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 air. 

2.1.1. Chrysotlle Asbestos 

Two types of chrysotlle asbestos were used in this work. 

One was supplied by Lake Asbestos, Black Lake, Quebec (sample 

7T-5, Quebec chrysotlle) and the other by Union Carbide Corp- 

oration (Calidrla asbestos sample HPO, Californian chrysotlle). 

The major impurities were bruclte (Mg(0H)2)> 10^ w/w in the 

Quebec sample and magnetite (Fe^O^^), 3-75^ in the Quebec and 

0.75^ in the Californian sample. Surface areas were determined 

from nitrogen adsorption/desorption Isotherms at 77 K, giving 

60 and ^0 m g for Californian and Quebec chrysotlles, 

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 

characterized the material. 

2.1.2.1. Sodium Nitrate/Californian Chrysotlle 

Untreated Californian chrysotlle was impregnated with 
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Q 
lOg. NaNO^ in 100 dm of boiling water for 5 b., as described 

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 150^0. Flame photometric 

analysis showed 3>7% sodium present. 

2.1.2.2. Water/Californlan Chrysotlle 

As a "control" for the sodium nitrate Impregnation experi- 

ment, untreated Californian chrysotlle was boiled in distilled 

water for 5 h. in order to determine any effect of water on 

the chrysotlle surface. 

2.2. Adsorbates 

2.2.1. Ammonia 

Physical Properties 

- sp^ hybridization of orbitals 

- pyramidal shape 

(83) 



The ammonia molecule is pyramidal with nitrogen placed 

, ,, , o 
at the apex about 0.4 A above a triangular base defined by 

three hydrogen atoms (51). 

Ammonia bolls at -33*35*^ (101.1 kPa), with a latent 

heat of vaporization of I.369 kJ g“^ (52); it has a critical 

temperature of 133.OOC (53) and a dipole moment of 1.3 x 10”^® 

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 

-4 
dry the gas. It was then outgassed three times at 1.33 x 10 kPa 

and vacuum distilled 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 99.998/5. 

2.2.3. Helium 

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

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 indirectly, by applying the Clausius-Clapeyron 

equation to a series of adsorption isosteres derived from adsorp- 

tion Isotherms (8). The calorimetric approach involves fewer 

assumptions (5^) than the Clausius-Clapeyron method, and has 

been used widely for the determination of heat capacities (55) > 

and entropies (56), as well as heats of adsorption 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 liberated by each dose. 

The heats are approximately equivalent to differential heats of 

adsorption (57) and are normally plotted as a function of the 

atnount of .aidsortoecd. 

The design of a calorimeter is dictated largely 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 sensitive 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 nim. l.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 nim, in diameter which were themselves 

sealed again to thick tungsten leads before final sealing 

through the outer glass jacket. 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 suited for measurement of 

small temperature changes from -10 to 150°C. A typical 

temperature change in a given experiment was about 

0.5 to l.O^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 portion of the adsorption chamber was surrounded by 

an outer jacket, 18 x 6 cm., 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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FIGURE 2 CAUORIfElER AND FURNACE ASSEMBLY 
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The calorimeter was placod 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 t O.l^C. 
All adsorbent samples were outgassed for 2^ h. at 

1.33 X lO”^ kPa and 423 K. To achieve 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 filled with rock 

wool. The calorimeter was positioned 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 400) 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 i 1 V AC. Temperatures could be controlled to t 0.10*^C 

indefinitely with this system. If the outer jacket of the 

-4 
calorimeter was evacuated to less than 1.33 x 10 kPa, temper- 

atures could be controlled to - 0.003^ indefinitely. 

The gas-handling section of the apparatus is shown in 

-5 Figure 3- A vacuum of 1.33 x 10 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 EDIOO). 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 

1.33 X lO”^ to .133 kPa) connected to a control unit (Edwards 

High Vacuum Ltd., Model 8/2). 

Adsorbate doses and equilibrium pressures were measured 

using a combined differential mercury manometer and gas burette. 

The mercury levels in the limbs of the manometer were measured 

using a cathetometer (± 0.001 cm.) (Gaertner Scientific Corp- 

oration; Model 338OA). 

The thermistor formed one arm of an initially balanced 

Wheatstone bridge circuit (Sigma Instruments; Ruhstat, Type SPM). 

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 adiabatlcally with its 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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FIGURE 4 CAUDRIfElB-ELECmm CIRCUITS 
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and were reproducible t,o wltliln - with no slgnlf'lcant tronda. 

The shapes of the temperature/time calibration traces were 

almost Identical to those given 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 "t ” 
max 

and "to. This measurement technique was adapted from that 

used by Smith and Ford (6l). 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. 
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TabIc 2.1. 

Calculation of Adiabatic Calorimetric Heats of Adsorption 

Data 

•1) 

2) 

3) 

5) 

Pressure 

Volume 
(calculated) 

(a) The pressure of gas In burette before 

admission to calorimeter. 

(b) The pressure of gas In burette after 

admission to calorimeter at time 

(c) The equilibrium pressure. 

(a) The volume ol' gas in burette before 

admission to calorlmetei*. 

(b) The volume of gas in burette after 

admission to calorimeter at time 

(c) Volume of gas In burette at equilibrium 

The volume of gas in calorimeter dead space at experimental 

temperature T, corrected to S. T. P. 

Weight of sample. 

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 
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calorimeter dead space volume from the Initial volume. 

2 —2 
4) To convert the amount adsorbed from dm to jamol m 

divide by the sample weight x the sample area x the molar 

volume. 

5) To find the number of Joules produced for each adsorption, 

compare the extrapolated peak areas to the calibration curve. 

6) To calculate the heat of adsorption multiply Joules 

produced x molar* volume n,nd diviido 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, fleld-lon 

microscopy and Infrared spectrophotometry, the mobility of an 

adsorbed species was almost solely determined by using class- 

ical and statistical thermodynamic methods (8, 43, 44). 

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 - Rln p - (q^^/T) (5) 

where is the differential molar entropy of the adsorbed 

species at temperature T, and the equilibrium pressure p, S s 
is the entropy of the gas, and q^^ is the Isosterlc heat of 

adsorption. 

Since the differential heats of adsorption were measured 

experimentally, equation (5) may be re-written: 

Sg = S - Rln p - (q^j + RT)/T  (6) 

since q^ ,d q^^ - RT  (7) 

where q^ Is the differential heat of adsorption. 

Thus, If values of s are obtained from the literature 
g 

(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 mobile 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 

vibrational motions perpendicular or parallel to the surface. 

The only entropy of the adsorbed layer present is that of the 

differential molar configurational entropy (2) which is given by: 

Sg = -Rln [®/(l-e)]  (8) 

where © is the degree of 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 possibility of the adsorbed 

species moving perpendicularly to the surface (7)* 

In this case, the differential molar entropy of the 

species is given by: 

S = S^, + S , + S ., 
s 2t rot vlb (9) 

where is the two-dimensional translational entropy of the 

adsorbed species and and are the corresponding 

rotational and vibrational entropies. 

^2t’ ideal surface gas, may be evaluated (2) from: 

§2^ = Rln MTA + 63.8  (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 

behave in an ideal way and the sum of was 

obtained by subtracting the translational entropy contribution 

given by (67): 

= Rln M^'^2 T^/2 - 2.30   (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 ’’mobile" entropy curves are plotted for an 

ideal two-dimensional gas i.e. a gas that has lost only one 

degree of translational freedom, the S^^^and 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 entropies 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*^7 kJ mol 

at a coverage of 4.60 ^mo] m and the corresponding equilib- 

rium pressure is 112.32 Torr (14.94 kPa), and if the entropy 

of the gas at 298 K is 192.55 J deg”^ mol”^, then from 

equation (6) the experimental differential molar entropy is: 

S3 - 192.55 - 8.3144m (—g-Q—) ^^^ 

= 175.07 J deg“^ 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: 

^rot * ^vlb " 192.55 - 8.3l44ln(17)^'^2(298)5/2_ 2.3 

= 4l.40 J deg”^ mol”^ 

The value of the differential translational component of the 

entropy at 298 K and coverage of 4.60 ^mol m is: 

\)1 S^t = 8.3l44)ln 17 X 298 X 10 
-4 

< ,4.60 X 10*^ X 6.023 X 10^^ 

= 114.30 J deg~^ mol"^. 

+ 63*8 

Hence the total differential molar entropy of a perfectly 

mobile adsorbed layer of ammonia at a coverage of 

4.60 X 10~ >umol m” at 298 K, is given by: 

= 114.30 + 41.40 sm 

= 155»70 J deg”^ mol 
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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, p, assuming close-packing, from the equation (68): 

A = 1.091 X M ^'^3 X 10^^ 
pN 

where M is the molecular weight, N is Avogadro’s number, 

and 1.091 Is the packing factor. For ammonia at 298 K this 
©2 2 

equation yields a value of 13-96 A (0.14 nm ), and on the 

basis of this value a monolayer of ammonia will be formed at 

298 K if: 

10^^ Mmol 
13.96 X 6.023 X 10^^ 

m -2 are adsorbed. 

i.e. a surface coverage of 11.94 yumol 

monolayer. 

m -2 is equivalent to a 

Thus the differential configurational entropy of adsorbed 

eunmonia at 298 K at a coverage of 9.60 ^mol m can be obtained: 

= - 8.3194 In 

-1 

“9.60/11.99 1 
l-(9.60/11.99) 

mol” - 4.07 J deg 

Clearly, from these calculations the experimental differ- 

ential molar entropy of ammonia adsorbed at 298 K at a coverage 

of 4.60 yumol m approaches much more closely to the theoret- 

—1 -1 
ical value for a mobile layer (155-70 J deg mol ) than to 

—1 —1 
the value for an Immobile layer (4.07 J deg mol ). 

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 bahavlor for ammonia at 298 K. In general, the 

accuracy could not be claimed to be better than i 8 J deg"^ mol” 

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 occupied 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 

multlmolecular layer adsorption of gas on a solid surface. The 

most commonly used form of their equation is: 

p = 1 ^ (C-l).p  ^^2) 

V(P -p) VC V C.p 
o ^ m m ^o 

where V = volume of gas adsorbed at equilibrium pressure p 

p^ = saturation vapour pressure of adsorbate (kPa) 
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3 -1 = monolayer volume of gas adsorbed (dm g ) 

C = a constant which is related to the heats of 

adsorption and liquefaction of the gas. 

The B. E. T. theory has been criticized on several 

grounds (71) and it is generally accepted (9) that the theory 

has little theoretical Justification. In general, however, it 

still remains the most satisfactory mathematical relationship 

available to describe low-temperature physical adsorption. 

A plot of p/V(p^-p) against p/p^ gives a straight line 

of slope (C-1)/V^C and intercept 1/V^C which enables a value 

of V to be calculated: 
m 

"^m ~ Tslope + Intercept) (1^) 

The equation is normally valid over the range 0.05 

< P/PQ ^ 0*355 which is the portion of the Isotherm usually 
associated with completion of the monolayer (48). 

The specific surface area may be evaluated from using 

the equation: 

^ \ (N/V)  (15) 

where V = molar volume (22,400 dm^ at N. T. P.) 

23 -1 
N = Avogadro^s number (N = 6.023 x 10 molecules mol ) 

A^= area occupied per molecule in the adsorbed phase. 

The most widely accepted value for the cross-sectional 

©2 2 
area of the nitrogen molecule is 16.2 A (.16 nm ) (48), derived 

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

©2 2 
has proposed a value of 15.4 A (.157 nm ) 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   (16) 

Low-temperature gas adsorption may also be used to 

obtain 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: 

d max 

^12 “ ^12 ^^12 " ^ 

d - 2. 
12 

Ad) (17) 

where " volume of pores having radii between r,, and 

r^ (dm^) 

^12 ” constant for a given range of diameters 

^12 ” f*actor to account for the layer of liquid in 

pores of larger diameter 

d = diameter of the largest pore max ^ ^ 

Ad = an Increment of pore diameter (nm ) 
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V^Ad = volumes of pores having diameters between 

(d -- ^Ad) and (d + ^^Ad) 

The other method frequently used for calculating 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 EDIOO). 

Mercury vapour was prevented from entering the low pressure 

side of the apparatus by a liquid nitrogen trap. The vacuum 

was measured with a McLeod gauge and once established, the 

apparatus held a vacuum of 1.33 x 10 kPa for one week. 

Three taps were arrange^d so that small quantities of nitrogen 

could be admitted as required. 
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VACUUM 

FIGURE 6 U0W-1FMPERA1URE NITROGEN ADSORPTION APPARATUS 
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The measurement section of the apparatus contained a 

combined gas burette and manometer which was read using a 

cathetometer (i 0.001 cm.). The burette was thermostatted 

and precalibrated before use (one cm. movement on the catheto- 
o 

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 dm ) 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 

—4 o 
were then outgassed at 1.33 x 10 kPa at 100 C for 1 h. 

Care was taken to avoid 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 in 

Table 2.2 Computation was made with a DEC2020 computer. 

Details of the programme are outlined in Appendix B. 

2.3.^- Mass Spectrometry 

Analysis of the ammonia after distillation, before and 



after use in adsorption experiments was performed on a Hltachl- 

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 EM30O. Samples were 

dispersed 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) Pressure - The equilibrium pressure measured at different 

points during the isotherm. 

2) Calculate the volume of gas in the burette before admission 

to the sample tube. 

3) Calculate the volume of gas in the burette after admission 

to the sample tube but above liquid nitrogen. 

4) Calculate the volume of gas below the level of liquid 

nitrogen and above the sample. 

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

6) 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 -1 
7) To find the volume adsorbed in dm g , the answer in (5) 

is divided by the weight of the sample. 

8) To find P/PQ 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 K for ammonia on Californian 

chrysotile heat-treated at 150, 300, 500 and 700°C, Figures 7 

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 "limiting” heat was closely approached rather 

than clearly attained in a strict thermodynamic sense. 

An approximate figure for the degree of surface coverage 
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FIGURE 7 VARIATION OF HEAT OF ADSORPTION WITH AMOUNT OF 

AMMONIA ADSORBED ON HEAT-TREATED CALIFORNIAN 

CHRYSOTILE. HEAT TREATMENT AT H) (P)j 300 
500 (D)> AND 700 (*)°C EXPERIMENTS AT 273K. 



° 2.0 4.0 6.0 8.0 10.0 

AHOUNT ADSORBED (UHOL M’^) 

FIGURE 8 VARIATION OF HEAT OF ADSORPTION OF AMMONIA WITH 
/mJNT ADSORBED ON HEAT-TREATED CALIFORNIAN CHRYSOTI 
HEAT TREATMENT AT l^CO)^ 300 500 (°)y AND 700 
B<PERIMENTS AT 298K. 
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was calculated assuming close-packing in the monolayer and 

op 2 
a cross-sectional area of 13.86 A (.14 nm ) for an adsorbed 

2 
ammonia molecule at 298 K. With these assumptions, 8.0 pmol m 

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 300^0 exhibited the lowest limiting values 

in the region of ^.5 kJ mol at surface coverages of 6.5 and 

8.5 i-imol m , respectively. The samples treated at 500 and 

700^0 gave higher "limiting" values of approximately 5.0 kJ mol”^ 

-2 
at 6.0 pmol m for both samples. 

The heat curves determined at 298 K showed some interest- 

ing differences. The limiting value for the sample treated at 

300^0 was 5.7 kJ mol”^ at 8.0 jumol m”^. The curves for the 

samples treated at 150 and 500*^0 were "limited" at 4.5 kJ mol~^ 

for 7.5 pmol m”^ surface coverage. The sample treated at JOO^C 

indicated that a different adsorbate/adsorbent phenomenon was 

taking place with "limiting" heats of 3.2 kJ mol”^ at a surface 

_2 
coverage of 6.0 ;imol m . 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 obtained from the sample heat-treated 

at the lower temperature would be expected to lie 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 150°C 

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 700^0 sample where the "limiting" heat was 

considerably less (l.e. 3*2 kJ mol“^) at 298 K than at 273 K 

(i.e. 5.0 kJ mol"^). 

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 700°C Californian 

samples is 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 300°C samples levelled out 5 J deg”^ mol”^ 
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below, and coincident with, the model calculated for mobile 

adsorption, respectively. The 500 and 700^0 chrysotiles both 

-1 -1 levelled out at approximately 10 J deg mol 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”^ mol""^ 

above; the 700*^C sample 23 J deg“^ mol”^ above and at a surface 

-2 coverage 2 jamol m 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 chrysotlle 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 isotherms 

that adsorption was irreversible to some extent. The adsorption 

behaviour of certain 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 300°C samples but decreased in amount for the 

300°C sample at higher pressures. Further heating to 500^C 

lowered the adsorption capacity overall while treatment at 700°C 

drastically affected the pattern and extent of adsorption. 

Figure 12 which shows results for experiments at 298 K, Indicates 

that the initial adsorption at low pressures of ammonia 

( < 20 kPa) was not greatly affected by heat treatment; the 
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adsorption isotherms diverging significantly only when 

pressures exceeded 50 kPa. In this case, the adsorption cap- 

acity at higher pressures was greatest for the 150°C sample 

followed by the 300^0 sample. The Isotherms for the 500 and 

700*^0 samples were coincident over their entire range. 

As indicated in Section 3*2.15 a monolayer appeared to 

be formed when 11.9^ umol m had been adsorbed. If the 

assumptions involved in the calculation were correct then from 

the amount of gas adsorbed at the maximum pressures it may be 

deduced that fifty to seventy-five percent of a monolayer 

had formed. 

Table 3*1 summarizes the principal characteristics for 

ammonia adsorbed on each of the heat-treated samples at the 

two temperatures used for Isotherm evaluation. 

3*3 A Comparison of the Sorption Characteristics at 266, 273> 

288 5 298 and 308 K o^ Ammonia on Californian Chrysotile 

Heat-Treated at 5Q0'^C 

3.3.1* Calorimeter Experiments 

The calorimeter was operated adlabatically to determine 

the heat of adsorption at 266, 273, 288, 298 and 308 K for 

ammonia on Californian chrysotile heat-treated at 500°C, 

Figure 13. 

The shape of the heat curves determined at the various 

operating temperatures was very similar, falling rapidly from 

a high initial point to a "limiting" value. The heat curves 
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for the experiments performed at 266, 2733 288, 298 and 

308 K all tended to a ’’limiting” value of approximately 

1.0 kJ mol . It should be stressed again that ’’limiting” 

is a term of convenience and is not accurate in the true sense 

of the word. Actually we look at trends toward a fairly steady 

value which does not reach infinity. 

The placement of the heat curves was directly related to 

the operating temperature. For example, the curve correspond- 

ing to experiments at 266 K Indicated that the highest heat 

-2 value occurred at a surface coverage of 5.7 j-imol m ; whereas 

the curve for the 308 K experiments was at its highest recorded 

point at a coverage of 2.0 pmol m and reached its ’’limiting” 

value at 6.0 jamol m . The remaining three curves occurred, 

in order, between these two described. 

3.3.2 Entropy Calculations 

The variation of the experimental differential molar 

entropy with surface coverage for the adsorption of ammonia 

at 266, 2733 288, 298 and 308 K on Californian chrysotile 

heat-treated at 500°C is shown in Figure 14. 

An interesting pattern can be noted in the entropy 

curves. The curve for the experiment at 266 K progressed 

-1 -1 
upward from an initial low value of 120 J deg mol at 

_2 
4.9 pmol m to a ’’limiting” value corresponding closely to 

the curve calculated for a fully mobile adsorbed phase. Con- 

versely, the entropy curve for the experiment at 308 K shows 
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AMMONIA AT 266 Co)^ 273 288 (n)^ 298 (•), AND 308 (■) K 
ON CALIFORNIAN CHRYSOTILE HEAT-TREATED AT 50CPC. 
 "M!BILE" ENTROPY CURVES 
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—1 —l —? an initial value of 108 J deg mol at 1.10 jimol m and 

-1 -1 
progresses up to a "limiting" value of 177 J deg mol 

-2 “1 -1 at 9*7 jimol m which is 25 J deg mol higher than that 

expected from the mobile adsorption model for 308 K. The 

other three experiments performed at temperatures between 

these two extremes gave results falling between the above 

examples but, in each case, as the operating temperature was 

Increased, the difference between the experimental differential 

entropy and that for the mobile phase became more pronounced. 

3.3*3. Adsorption/Desorption Isotherms 

The adsorption/desorption isotherms of ammonia at 266, 

273> 288, 298 and 308 K on Californian chrysotile heat-treated 

at 500^C are shown in Figure 15. In general, the curves showed 

a slight decrease of amounts adsorbed, with increased operating 

temperature. The corresponding desorption Isotherms again 

showed Incomplete desorption, i. e. a certain amount of irre- 

versible adsorption. The only exception was the Isotherm 

measured at 308 K. In general, the adsorption isotherms for 

the lower temperature experiments tended to level out at 

approximately 6.5 pmol m at an ammonia pressure of 80 kPa 

but the 308 K Isotherm continued to Increase from a value of 

—2 
9.5 pmol m at the same pressure of ammonia. The 308 K 

adsorption isotherm showed the expected decrease in adsorption 

at low pressures of ammonia (< 17 kPa) after which it showed 

an unexpected increase in adsorption capacity to the above value. 
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Despite this irregularity, the desorption isotherm at 308 K 

indicated the same degree of irreversible adsorption. 

3.4 Adsorption/Desorption of Ammonia on Quebec Chrysotlle 

at 2T3 and 2^ K 

3.4.1. Calorimeter Experiments 

Heats of adsorption were determined at 273 and 298 K for 

ammonia on Quebec chrysotile heat-treated at 150, 300, 500 

and 700°C, Figures 16 and 17. Heats were obtained over a 

range of surface coverage from 1.0 to 7.0 pmol m . At 298 K, 

monolayer coverage approximated to 11.94 pmol m 

The heat curves were similar in shape to those for Calif- 

ornian chrysotlle. Figures 7 and 8. In general, the "limiting" 

heats were reached at a slightly lower surface coverage and were 

approximately 1 kJ mol”^ higher than those given by the Calif- 

ornian samples. At 273 K the heat curves showed an orderly 

progression in their placement from the 150 to the 700^C 

samples, 1. e. the "limiting" heat was attained at the highest 

surface coverage, 7.0 >imol m~^, for the 150^C sample and the 

lowest, 4.5 nmol m~^, for the 700^0 sample. The 150 and 300°C 

samples gave approximately the same "limiting" heat, 3.2 kJ mol , 

while the 500 and 700^C samples reached their limits at a 

slightly higher value, 3.6 kJ mol“^. 

The same progression in the placement of the heat curves 

was observed for runs at 298 K as in the 273 K experiments 

but, in general, the "limiting" heats were slightly lower. 
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ADSORBED ON HEAT-TREATED QUEBEC CHRYSOTILE, HEAT 

TREATT€NT AT 150 (O), 300 (A), 500 (□), AND 700 (•PC. 
EXPERIMENTS AT 298 K. 
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The 150 and 300°C samplGG gave "limiting" values of about 

2.5 kJ mol”^ while the 500°C sample levelled out at about 

3.5 kJ mol"’^, only slightly higher than the 700°C sample 

at 3-2 kJ mol"^. 

3.^.2 Entropy Calculations 

Figures I8 and 19 show the variation of the experimental 

differential molar entropy as a function of surface coverage 

for the adsorption of ammonia at 273 and 298 K on Quebec 

chrysotlle heat-treated at 150, 300, 500 and 700*^0. 

The sets of entropy curves for the 273 and 298 K exper- 

iments had very similar shapes and "limiting" values. The 

main difference lay in the lateral placement of the curves 

along the axis of surface coverage. The 298 K curves were 

placed, in general, at a degree of surface coverage 1 pmol m” 

lower than their counterparts at 273 K. For both sets of 

experiments there seemed to be two distinct surfaces, one for 

the 150 and 300^0 samples and the other for the 500 and 700^0 

samples. In each case the two sets of curves were quite 

separate from each other. All the entropy curves appeared 

to "limit" themselves at values of 30 to 40 J deg”^ mol”^ 

above the curve corresponding to the model for a mobile 

adsorbed phase. The 150 and 300°C curves appeared to level 

-1 -1 
out about 10 J deg mol lower than those for the 500 and 

700°C materials. 

3.4.3* Adsorption/Desorption Isotherms 
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ADSORBED AT 273 K ON QUEBEC CHRYSOTILE HEAT-TREATED AT 

150 (O), 300 500 (O), AND 700 (.•H, 
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ADSORBED AT 298 K ON GUEBEC CHRYSOTILE HEAT-TREATED 
AT 150 (O), 300 BOO (□). AND 700 (•PC. 
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Adsorption/desorption isotherms for ammonia at 273 and 

298 K on the four heat-treated Quebec chrysotlles were deter- 

mined, Figures 20 and 21. It is evident from the isotherms 

that the adsorption behaviour of the ammonia on the Quebec 

samples was affected by the operating temperature. The amount 

adsorbed at low pressures was generally greater at 273 K but 

lower as the pressure of ammonia was increased. The Isotherms 

for both operating temperatures seemed to indicate, as with 

the entropy curves, that there were two distinct types of 

surface formed with heat-treatment, one at 150 and 300°C and 

another at 500 and 700*^C. At 273 K, the 150 and 300^0 samples 

had very similar adsorption capacities, the only difference 

being that the adsorption isotherms for both samples were 

identical at low pressures, <7.5 kPa, but diverged slightly 

with the 150°C sample showing a slightly greater adsorption 

capacity at 80 kPa, 5.2 pmol m”^, than the 300^0 sample, 

5.1 iimol m"^. The 500 and 700*^0 samples also exhibited sim- 

ilar adsorption patterns at low pressures, < 2.5 kPa, but 

soon diverged to level out at 3.6 pmol m”^, 500*^0, and 

2 o 
3.0 ;imol m”"^, 700 C, at 80 kPa of ammonia pressure. 

The 298 K experiments indicated two distinctive surfaces 

as noted at 273 K. However, in this case the Isotherms did 

not level out in the same manner as those at 273 K. The 150°C 

sample showed higher adsorption capacity than that of the 3Q0°C 

material over the entire length of the isotherm. The Isotherms 

determined on 500 and JOO^C samples had similar adsorption 
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capacities to that of the 500°C sample, slightly higher over 

the entire curve. 

As with the Californian chrysotlle analyzed under similar 

conditions, all the desorption isotherms indicated some degree 

of irreversibility. 

Table 3.2 summarizes the adsorption characteristics 

of ammonia adsorbed on each of the heat-treated samples at the 

two operating temperatures. 

3.5 A Comparison of the Sorption Characteristics at 266, 273 

288, 298 and 308 K o^ Ammonia on Quebec Chrysotlle 

Heat-Treated at 500°C 

3.5.1. Calorimeter Experiments 

The calorimeter was operated adlabatlcally to determine 

the heat of adsorption at 266, 273j 288, 298 and 308 K for 

ammonia on Quebec chrysotlle heat-treated at 500*^C, Figure 22. 

The shape of the heat curves was similar to that for all 

previous systems, falling rapidly from a high initial value 

at low surface coverage to a "limiting" value at higher surface 

coverage. However, the placement of the curves for the Quebec 

chrysotlle differed from that of the Californian samples. Whereas 

the curves for the Californian samples all fell to approximately 

the same "limiting" value at varying surface coverages, those for 

Quebec samples fell to different "limiting" values at similar 

degrees of surface coverage. The "limiting" values varied 

in a systematic manner from the value at 266 K, 5 kJ mol”^ at 
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FIGURE 22 VARIATION OF HEAT OF ADSORPTION WITH AMOUNT OF AMMONIA 

ADSORBED ON QUEBEC CHRYSOTILE HEAT-TREATED AT 500°C. 
o,266j A,273J a.288; *,298; -,308 K. 
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7.0 j^mol m'"^, to that at 308 K, 2.5 kJ mol~^ at 6.0 m~^. 

3.5.2 Entropy Calculations 

The variation of the experimental differential molar 

entropy with surface coverage for the adsorption of ammonia 

from 266 to 308 K on Quebec chrysotlle heat-treated at 500^0 

is shown in Figure 23. The adsorption patterns were similar 

to those for Californian samples. Each entropy curve began 

at a low value and rose rapidly to a "limiting" point. Again, 

the experimental entropy for the 266 K experiment "limited" 

Itself at a value slightly below the curve calculated for a 

mobile adsorbed phase. The 273 K curve approached the mobile 

model very closely but the curves determined at 288, 298 and 

308 K were all "limited" at values progressively higher than 

those for the mobile model for their particular temperature. 

—1 —1 The 308 K entropy curve was 20 J deg mol higher than that 

for the 308 K mobile model. 

3.5.3. Adsorption/Desorption Isotherms 

The adsorption/desorption Isotherms of ammonia at 266, 

273, 288, 298 and 308 K on Quebec chrysotlle heat-treated at 

500°C are shown in Figure 24. As in the case of the Californian 

samples, the curves generally showed decreased adsorption with 

increased operating temperature except for the 308 K experiment 

where the adsorption isotherm exhibited an unexpectedly high 

adsorption capacity over its entire length. The desorption 

isotherms for all the experiments indicated some degree of 

irreversible adsorption. 
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FOR AMMONIA AT 266 (o), 273 288 (P), 298 
AND 308 (■) K,ON QUEBEC CHRYSOTILE HEAT-TREATED AT 500°C. 
 "MOBILE" ENTROPY CURVES 
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3.6. Adsorption/Desorption of Ammonia on Californian 

Chrysotlle Pre-treated with Bolling Water 

3.6.1. Calorimeter Experiments 

The calorimeter was operated adiabatically to determine 

the heat of adsorption at 298 K for ammonia on Californian 

chrysotlle which had been pre-treated for five hours in boiling 

water. Figure 25. When this heat curve was compared to that 

for the untreated (150^C) Californian sample It was noted that 

—2 
for the lower surface coverages, -^8.0 pmol m , the heats were 

generally much higher for the water-treated sample. However, 

the "limiting" heat appeared to be similar for both samples 

1. e. 6 kJ mol for the untreated sample and 8 kJ mol for 

the water-treated sample. The curve for the water-treated sample 

_2 
was "limited" at a higher degree of surface coverage, 10.0 ^ol m , 

than the curve for the untreated sample, 8.0 ;imol m 

3.6.2. Entropy Calculations 

Figure 26 shows the variation of the experimental entropy 

with surface coverage for the adsorption of ammonia at 298 K 

on Californian chrysotlle treated with boiling water. 

The entropy of the adsorbed ammonia Increased from 40.0 

—1 —1 —2 to 160.0 J deg mol between 6.7 and 11.0 ;imol m ’ and above 

-2 
10.0 pmol m the curve lay above that for the mobile model 

of adsorption. 

3.6.3. Adsorption/Desorptlon Isotherms 

A complete adsorption/desorption Isotherm was measured 
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CHRYSOTILE TREATED WITH WATER 
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FIGURE 26 EXPERIMENTAL DIFFERENTIAL MOLAR ENTROPY OF AMMONIA 
ADSORBED AT 298 K ON CALIFORNIAN CHRYSOTILE TREATED 
WITH WATER. 
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for ammonia at 298 K on water-treated Californian chrysotile, 

-2 Figure 27. The adsorbed amount increased to 12.2 )imol m 

at 80 kPa. The desorption isotherm followed the adsorption 

curve from 80,0 kPa to 57.5 kPa where it began to diverge above 

the adsorption isotherm. Again, some irreverlsble adsorption 

was Indicated. 

3.7 Adsorption/Desorption of Ammonia on Californian Chrysotile 

Pre-treated with Sodium Nitrate 

3.7.1. Calorimeter Experiments 

Adiabatic calorimetric heats of adsorption were determined 

for ammonia at 298 K on Californian chrysotile treated, with 

stirring, at lOO^C, for 5 h. in a 5^ sodium nitrate in water 

solution. Figure 28. The chrysotile was shown by flame photo- 

metric analysis, to contain 3.7^ sodium. The curve resembled 

that of the water-treated sample in that the heat at lower 

surface coverages ( < 8.0 umol m ) was generally much higher 

than for the untreated sample. The only significant difference 

between the curves for the water-treated sample and the 

sodium nitrate-treated sample was that the "limiting" heat for 

the sample treated with water was slightly lower (8.0 kJ mol ) 

_2 
and was attained at a higher surface coverage (10.0 pmol m ) 

than that for the sodium nitrate-treated sample (11.0 kJ mol 

_2 
at 9.0 jimol m ). 

3.7.2. Entropy Calculations 
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0 2.0 ‘^.0 6.0 8.0 10.0 
AraUMT ADSORB0 QJMOL M“2) 

FIGURE 28 HEAT OF ADSORPTION FOR AMMONIA AT 2^ K ON CALIFORNIAN 

CHRYSOTILE TREATED WITH SODIUM NITRATE. 
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Figure 29 shows the variation of the experimental 

entropy with surface coverage for the adsorption of ammonia 

at 298 K on Californian chrysotile treated with sodium nitrate. 

Whereas the entropy curve for the water-treated sample began 

to level out at a value slightly greater than that for the 

mobile model, the curve for the sodium nitrate-treated sample 

—1 —2 
Increased rapidly from a value of 30 J deg at 4.7 ^mol m 

—1 —1 -2 
to 148 J deg mol at 9*5 >imol m which was slightly lower 

than the curve calculated for the mobile model of entropy. 

3.7»3 Adsorption/Desorption Isotherm 

A complete adsorption/desorption Isotherm for ammonia at 

298 K on Californian chrysotile pre-treated with sodium nitrate 

Is shown In Figure 30. This adsorption curve and the one for 

the water-treated sample followed the same pattern up to 5 kPa 

of ammonia pressure but at pressures greater than this the ad- 

sorption capacity of the sodium nitrate sample was much lower. 

For example, the adsorption capacity at 80 kPa for the 

water-treated sample was 12.0 pmol m while It was only 

8.4 jLimol m for the sample Impregnated with the sodium salt. 

In both cases approximately the same degree of Irreversible 

adsorption was evident, approximately 30^. 

3.8. Efficiency of Desorption of Ammonia from Heat-Treated 

Californian and Quebec Chrysotlles 

3.8.1. Introduction 

It was observed that when a dose of ammonia was admitted 
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to a chrysotile sample, it could not be desorbed completely. 

If another dose of adsorbate was then added to the adsorbent 

only a percentage of that could be removed. Depending on the 

type of chrysotile and its history of pretreatment, several 

additions were necessary before an addition of gas could be 

completely desorbed. A comprehensive series of experiments 

was performed to determine the number of these gas doses 

that were needed before complete desorption occurred. The 

experiments were performed to provide further evidence regarding 

which samples formed stronger and more numerous "bonds” with 

the adsorbate. 

For each heat-treated sample a dose of gas was allowed to 

adsorb for 1 h., at which time the tap from the calorimeter 

was opened and the sample allowed to desorb. The change in the 

manometer reading was recorded and the precise amount desorbed 

was calculated. The calorimeter was then closed off and the 

manometer area evacuated. This desorption procedure was 

repeated until no further change in the manometer could be 

detected. The cumulative amount of gas desorbed was calculated 

and subtracted from the amount adsorbed to determine the amount 

which remained on the surface. Another dose of ammonia was 

then admitted to the calorimeter, the amount adsorbed was 

recorded, and the desorption procedure was repeated for that 

sample. This experiment was continued until a dose of adsorbed 

gas was shown to desorb entirely. In all cases the adsorbed 

gas was left for 1 h. before a reading was taken and all 
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desorption points were also left 1 h. to ensure complete 

equilibration. The 1 h. limit on all points was determined 

by taking successive readings over time to find the point at 

which the manometer reading ceased to change. 

3.8.2. Californian Chrysotile 

Table 3*3* summarizes the results obtained in the 

desorption efficiency experiments on the four heat-treated 

Californian samples. Th(' results indicate that the strongest 

adsorption occurred on the 150 and YOO^C treated samples while 

the most readily reversible adsorption occurred with the 300 

and 500^C chrysotlles. 

3.8.3. Quebec Chrysotile 

Table 3*^. shows the results obtained from the desorption 

efficiency experiments performed on the heat-treated Quebec 

samples. 

The results also showed that the samples from which 

desorption was least efficient were those heated at 150 and 

700^C. However, in contrast to the Californian samples, 

complete desorption from the Quebec chrysotile was accomplished 

by the fourth adsorbed dose of gas whereas the Californian 

sample showed some Incomplete desorption up to the fifth dose 

of ammonia. In this case all samples showed complete desorp- 

tion by the fourth addition of ammonia. 

As in the case of the Californian sample, the 300°C - 

treated Quebec sample seemed to show the highest degree of 
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reversibility of adsorption with the 500^0 sample showing 

the next highest degree of the same, 

3.9. Mass Spectrometer Analysis 

Over the course of the experimental work, several samples 

of desorbed gas were collected after ammonia had been adsorbed 

at a variety of temperatures on both groups of heat-treated 

chrysotlles. These gas samples were analyzed by a mass spectro- 

meter. In all recorded cases, the only observable desorbed 

products were ammonia and water. 

3.10. Studies of the Physical Structure of the Adsorbents 

3.10.1. Introduction 

Two independent techniques were used to characterise the 

surface physical properties of the adsorbent. One involved 

the determination of low-temperature (77 K) nitrogen adsorp- 

tion/desorption isotherms. From these, surface area and 

approximate pore size distributions can be calculated. Such 

pore size distribution data may be compared with results 

obtained directly using the electron microscope, which is use- 

ful in obtaining information about the topographical features 

of the adsorbent surface. 

3.10.2. Californian Chrysotlle 

3.10.2.1. Low-Temperature Nitrogen Adsorption 

The heat treatment carried out on the chrysotlle was the 

same as that used in the calorimetric experiments. Samples 
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were outgassed at lOO^C for 1 h., after evacuation to 

1.33 X 10“^ kPa. 

Nitrogen adsorption/desorption Isotherms were determined 

at 77 K on Californian chrysotllo heat-treated at 150, 300, 

500 and 700^C, Figure 31. 

The amount of nitrogen adsorbed at N. T. P. at any 

given relative pressure value was similar for all the heat- 

treated samples. The main difference seemed to be in the 

hysteresis loop obtained for the 700°C sample. While the 

hysteresis loops for the 150, 300 and 500^C samples were 

very similar, occurring in the relative pressure range of 

approximately .25 to .90 p/po, the 700°C loop was located 

between .30 and .80 p/po and was much narrower than that of 

the other samples. Equilibration times were relatively 

long over the range of the Isotherms at approximately 

45 to 60 minutes. 

B. E. T. plots calculated from the adsorption data 

are shown in Figure 32. The plots were all straight lines 

from p/po = .025 to .325 and monolayer adsorbed amounts v/ere 

calculated from the slopes and intercepts of the lines in 

the usual way. Surface areas were then calculated assuming 

that the cross-sectional area of the nitrogen molecule was 

op 
16.2 A (.16 nm ) at 77 K and these data are presented in 

Table 3.^1. 
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CHRYSOTILE HEAT-TRE/>TED AT 150°C (0)> 300°C ORIGIN DISPLACED 

TO 25 DM^ 6"^)y 500°C (a^ORIGIN DISPLACED TO 50 DM^G~^)y AND 700°C 
(.O, ORIGIN DISPLACED TO 75 DM^G~^). 
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CHRYSOTILE. HEAT TREATMENT AT 150 (o)^ 300 500 (.a), AND 

700 W. 
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Table 3-^. 

Surface Areas for Californian Chrysotile Heat-Treated at 150 

300, 500 and 700^C. 

Activation Temperature of Californian Samples 

150 300 500 700 

Surface Area (m^ g”^) 6l 6l 60 62 

The method of Cranston and Inkley (49) was used to comp- 

ute pore size distribution plots on a differential basis from 

nitrogen desorption data. These showed that the pore diameters 
o 

ranged from 20 to 200 A Californian chrysotile heat-treated 

at 150, 300, 500 and 700°C, Figure 33. The charts showed that 
o 

maxima occurred at approximately 35 and 55 A for all samples. 

The method of Dolllmore and Heal (50) was also used to 

calculate pore size distributions from the same data. Figure 34. 

Prom these plots it can be noted that heating from 150 to 300°C 

caused an Increase in the percentage of small pores (radius 
o 

of 20 A) and a decrease in the number of larger pores at the 
. O Q 

second maximum (30 A). Heating to 500 C brought about the 

collapse of the smallest pores ( <: 20 S) and a large Increase 
o 

in the number of larger pores (30 A). Finally, treatment to 

o ^ 
700 C caused the formation of small pores ( < 15 A) and a 

decrease in the number of larger pores. It may be noted that 
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the surface area did not change appreciably in any case, 

particularly in view of the approximate nature of the method 

of calculation. Although the surface areas were reproducible 

to within one percent, the ’’true” surface area may be as much 

as 10 to 20^ higher or lower than that found experimentally 

using the B. E. T. method (1). 

3.10.2.2. Electron Microscopy 

Transmission micrographs. Plates 1 (a) - (d), and electron 

diffraction studies. Plates 2(a) - (d), of Californian samples 

heat-treated at 150, 300, 500 and 700^C were obtained using 

the Instrument described previously. Section 2.3.^. The only 

significant difference among the samples was observed with the 

700^0 material. In all samples, including that from 700°C, 

the fibrous appearance of the material was retained although 

structural changes could be observed at the highest treatment 

temperature. Dehydration caused the fibre to crack and flake 

but did not reduce it to smaller units. The electron diffrac- 

tion studies indicated retention of the chrysotlle structure 

through 500^C but the sample became amorphous at 700*^C. 

3.10.3 Quebec Chrysotlle 

3.10.3.1. Low-Temperature Nitrogen Adsorption 

Heat treatment of Quebec chrysotlle was identical to 

that performed on the samples used in the calorimetric exper- 

iments . 

Nitrogen adsorption/desorption isotherms were determined 
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at 77 K on Quebec chrysotlle heat-treated at 150, 300, 500 

and 700°C, Figure 35- 

As in the case of the Californian samples, the amount 

of nitrogen adsorbed at N. T. P. at any relative pressure 

was similar for all the treated Quebec samples. However, 

unlike the Californian samples, the pattern of hysteresis 

was somewhat more varied. For example, the height of the 

hysteresis loop was progressively greater from the 150°C sample 

to the 700*^C sample. Hysteresis began at p/po = .93 for all 

the chrysotiles but the loop closed at 0.10, 0.15, 0.30 and 

0.20 for the 150, 300, 500 and 700°C samples respectively. 

Again equilibration times were long, at approximately 60 minutes 

for all surfaces. 

B. E. T. plots were calculated from the adsorption data. 

Figure 36. The calculation parameters were identical to those 

of the Californian chrysotlle for the surface area determina- 

tions. Surface area results are presented in Table 3.5. 

Table 3.5. 

Surface Areas for Quebec Chrysotlle Heat-Treated at 150» 300 

500 and 700°C 

Activation Temperature of Quebec Samples (°C) 

150 300 500 700 

^2 2 —1 
Surface Area (m g ) 37 38 42 
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The method of Cranoton and Inkley (49) was again used 

to find an approximate pore size distribution plot for each 

of the heat-treated Quebec chrysotiles, in the same manner 

that it was used for the Californian material. The pore 

diameter range for all samples fell between 15 and 200 

Figure 37. Maxima for the 150*^0 sample plot were located 
O Q 

at ^20, 30 and 55 A. The 300 C sample plot indicated that 
o 

the smallest ( < 20 A) pores collapsed leaving an Increased 

° o number of 30 and 55 A pores. The 500 C plot showed a shift 
o 

of the maximum to the 20 to 25 A range. This was the sole max- 

imum observed for this activation temperature. A small maximum 
O Q 

appeared at 65 A diameter on the 700 C plot otherwise it was 

similar to that for the 500*^C sample. 

As in the case of the Californian samples the Dolllmore- 

Heal method was used to generate pore distribution data. 

Figure 38. The charts showing the 150, 300 and 500°C samples 

indicated that the number of small pores ( < 20 A) was decreasing 

with increasing treatment temperature but there was a fairly 

constant second maximum for the three samples at a radius of 

o 0 
35 A. The 700 C sample plot showed a reformation of small pores 

o 
radius < 20 A, and a second maximum, as in the other samples, 

o 
at 35 A. As might now be expected, the surface changed appreciably 

for the 700°C sample only. 

3.10.3.2. Electron Microscopy 

Plates 3(a) - (d) show transmission micrographs and plates 

4(a) - (d), electron diffraction studies of Quebec samples 

heat-treated at 150, 300, 500 and 700^C. Again no significant 
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differences in structure were observed until the. adsorbent 

had been heated to 700^0. Whereas the Californian samples 

were conglomerations of discrete fibres, the Quebec material 

tended to exist as fibre bundles. Some cracking and flaking 

was observed in the 700°C micrograph, due probably to the 

dehydration phenomenon. Again, electron diffraction studies 

showed retention of the chrysotlle structure through 500^0 

but the sample was amorphous at 700^C. 

3.10.4. Californian Chrysotlle Treated with Water and Sodium 

Nitrate 

3.10.4.1. Low-Temperature Nitrogen Adsorption 

Nitrogen adsorption/desorption Isotherms were determined 

at 77 K on Californian chrysotlle treated with water and sodium 

nitrate, Figure 39* The amount of nitrogen adsorbed at any 

given relative pressure was similar to the heat-treated samples. 

No apparent difference existed with respect to the hysteresis 

loops. Equilibration times were also similar to those observed 

for all of the heat-treated samples. 

B. E. T. plots for the two treated samples are shown in 

Figure 40. Again the plots were good straight lines from which 

the surface areas were calculated. The B. E. T. surface area 

2 -1 for the water-treated sample was 57 m g . Within the margin 

of error of the method (1) it may be stated that these values 

were not signlficantly different from those of the heat-treated 

? -1 
Californian chrysotlle (i. e. 60 m g ). 
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CALIFORNIAN CHRYSOTILE TREATED WITR WATER (°) AND 

SODIUM NITRATE K ORIGIN DISPUCED TO 25 OTG"^) , 
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The D(j] llrnore-Heal method wae used to compute approximate 

pore size distributions for the treated samples. Figure ^1. 

The two charts were virtually identical to each other and were 

also similar to that for the 150*^0 sample. The maxima were 

similar to the latter, the only difference being a decrease 
o 

in the number of small pores ( 20 A) and a corresponding 
o 

Increase in the second maximum (30 A). 

3.10.4.2. Electron Microscopy 

No electron micrographs or electron diffraction patterns 

were Included for the chemically-treated samples as no differ- 

ences could be observed between them and those obtained with 

the 150^0 sample. The fibre structure would seem to have 

remained intact although some chemical changes may have 

occurred. 
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CHAPTER IV 

^ • Discussion 

^ • 1• Introduction 

A variety of studies (lO-lS, ^1, 74-79) of ammonia 

sorption on solid adsorbents have yielded some Interesting 

theories regarding the ’’binding” of the gas at adsorption 

sites. A number of the Investigations dealt with ammonia 

adsorbed on silica surfaces 74-79) which may have 

some features in common with ammonia adsorption on chrysotile 

since it Is essentially a porous magnesium silicate. However, 

comparisons cannot be taken too far because of the small 

dimensions of the ammonia molecule and the highly porous nature 

of the chrysotile surface with its fibrous structure and large 

capillaries which are believed to exercise substantial Influence 

on the results obtained In the present study. 

The general conclusion of most authors with respect to 

the nature of the adsorption of ammonia on silica or slllca- 

like surfaces was that hydrogen-bonding occurred at low surface 

coverages and that van der Waals forces were responsible for 

interactions that occurred at higher degrees of coverage. In 

all of those cases, the heat of adsorption of ammonia exceeded 

the heat of liquefaction of the gas. 

4.2. Adsorptions on Californian Chrysotile 

The amount of ammonia adsorbed on Californian chrysotile 
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decreased with an increase in activation temperature from 

150 to TOO^C. From 150 to 500°C there was a fairly small 

decrease in the adsorbed amount while at TOO^C there was a 

significant decrease which may be explained by the observa- 

tion that on activation to 500°C the Californian sample 

retained a large degree of chrysotile crystal structure while 

at approximately 650^0 the chrysotile structure disappeared 

and selected area electron diffraction studies showed that 

forsterite had formed (27). 

In their study of the thermodynamics of ammonia adsorption 

on silica-alumina surfaces, Clark, Holm and Blackburn (12) 

observed isotherms somewhat similar to those obtained in this 

study. The steep initial rise of the Isotherm followed by a 

slower Increment possibly indicated that the surface had a 

variety of sites with adsorption energies from "weak" to 

"strong" (1. e. the surface was heterogeneous with respect 

to energy sites). Folman and Yates (4l) believed that the 

decrease in the adsorption gradient was related to differences 

in the energy of adsorption at various kinds of hydroxyl sites 

on the surfaces and that as these sites were taken by ammonia 

molecules, fewer would be adsorbed. Also, desorption may have 

occurred first from sites of lower adsorption energy and then 

more slowly from those of higher energy, which perhaps accounted 

for the large hysteresis effect observed at low pressures. 

It is interesting to note that in a study of ammonia 

adsorption on silica xerogel (13) it was demonstrated that 
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adsorption was accompanied by a measure of catalytic dehydrog- 

enation. In samples that had been constant in weight, it was 

shown that additional water was lost on desorption, as con- 

firmed by infrared spectroscopy. It was observed, using 

mass spectrometry, that in the case of asbestos some of the 

desorbed material included additional water. 

Although thermodynamic studies do not provide enough infor- 

mation to characterise. Independently, the types of sites 

present on the surface. Interesting data were obtained and 

could be related to the nature of bonds formed and the mobil- 

ity of the adsorbed species. 

In all cases the curves of heat of adsorption versus 

surface coverage for ammonia on heat-treated Californian 

chrysotlle showed an extremely rapid decrease in heat from a 

high value at low coverage to a low value at high coverage. 

Other studies of ammonia adsorption on silica surfaces (11-13, 

7^-79) documented results of the same type. These data would 

be in agreement with the proposals regarding high and low 

energy surface sites. Results of this study indicated an 

Increase in the heat of adsorption following the minimum. 

■This phenomenon was also observed by two authors (11, 12) in 

studies of ammonia sorption on silica. Clark (12) attributed 

the Increase as being due to exothermal interactions between 

neighbouring ammonia molecules. A corresponding decrease in 

entropy was also observed in the present, results indicating 

a decrease in the mobility of the adsorbed species possibly 
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because of these interactions. Hsieh (11) also observed the 

increase after the minimum but it was very large, approximately 

75% of the original height of the curve, followed by a gradual 

decrease. It could be that in the present work, only the 

start of the Increase was observed since a lower degree of 

surface coverage was examined. Hsieh (11) reasoned that the 

initially high heats at low surface coverages were due to a 

combination of several factors including the possibilities 

that surface protons combined with ammonia to form adsorbed 

ammonium ions, that surface hydroxyl groups formed hydrogen 

bonds with ammonia and that the surface sites acted as Lewis 

acids and accepted electrons from the lone pair on the nitro- 

gen atom in the ammonia molecule. It was felt that the 

van der Waals forces and/or induced dipole effect postulated 

by other authors (12, 80) to account for the unusual Increase 

in heat after the minimum could not account for the large 

increase observed in this work. The initially high heats 

were probably due to the neutralization of all types of 

surface acids forming ammonium ion and highly polarized 

ammonia molecules. The minimum was reached when all the sur- 

face acid had been neutralized at which time "new" ammonia 

molecules interacted with the ammonium ion and ammonia polarized 

by coulomblc and van der Waals forces associated with the 

adsorbent surface. The Increase in heat was explained by the 

coulomblc interaction and the gradual decrease occurred only 

when four ammonia molecules were co-ordinated to each ammonium 

ion, Figure H2. 
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Figure 42. Hsieh’s Model of Ammonia Co-ordinated to Ammonium 

It was found (11) that high energy sites were deactivated 

to a large extent on heating, resulting in decreased amounts 

of gas adsorbed. The slight Increase in the heat of adsorp- 

tion of .2 to .8 kJ observed in the present results was most 

likely due to a small degree of adsorbate/adsorbate interac- 

tion at the surface. 

The prevailing concepts regarding the bonding mechanisms 

associated with ammonia on silica-type surfaces (11-13, 75-79) 

seemed to involve a combination of hydrogen bonding and 

van der Waals forces, sometimes in association with more 
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complex Interactions. 

The hypothesis of a weak chemisorption at low surface 

coverages, some degree of hydrogen bonding, followed by an 

Interaction involving weak van der Waals forces at high 

coverages seemed reasonable also to explain the adsorption 

of ammonia on chrysotile. Also, an argument will be devel- 

oped later involving the possibility of molecular diffusion 

into the capillaries of the asbestos fibre which results in 

the formation of a highly mobile adsorbed species. 

The pattern of the heat of adsorption curves supported 

the above models as did the entropy curves which showed an 

increase from a low entropy at low coverages to a high value 

at high surface coverages. The low initial entropy perhaps 

indicated that adsorbate molecules were most tightly bound 

(1. e. chemisorbed) at low coverages while the high values 

corresponding to the theoretical curves for mobile entropy 

and. Indeed, approaching Kemball’s (67) "supermobile” state 

may have shown that those molecules were physically adsorbed 

or have diffused into the large capillaries of the fibre. 

At least two authors (7^, 76) felt there was some evidence 

for the formation of groups of the following nature: 

Si 

(a) Si—NH2(7^) and (b) 

SI 

\ 
0 —NH (76) 

Blomfleld and Little (7^) found that dehydroxylated silicas 

contained sites which dissociated ammonia to form species (a) 
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and also claimed infrared evidence to prove its existence. 

Griffiths et al (76) suggested species (b) but did not 

evacuate the ammonia from the samples to verify if the gas 

was indeed bound chemically to the adsorbent. In the present 

experiments, several trials were performed where the samples 

holding adsorbed ammonia were evacuated overnight at 

1.33 X 10 kPa. The following day, fresh ammonia was intro- 

duced onto the sample resulting in the same initially high 

heats as would be expected of a sample not previously exposed 

to the gas. It was assumed therefore, that the high energy 

adsorption sites had been cleared and therefore any chemi- 

sorption which had occurred must have been reversible and 

probably weak. 

Another Interesting theory (7^ which might apply to 

the nature of ammonia adsorption on chrysotlle involved the 

observation that the gas was adsorbed on "free" hydroxyl 

groups on the silica surface in preference to hydroxyl groups 

that were hydrogen-bonded to each other. It was also found, 

as with the present samples, that physical adsorption sites 

decreased in number as heat-treatment temperatures were in- 

creased and also that at low pre-treatment temperatures the 

bands, on the Infrared spectrum, for 0H....NH^ interactions 

were Intense. A corresponding decrease in the band intensity 

for isolated OH groups was also observed. This would mean 

that preferred physlsorptlon of ammonia might occur: 
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I 
Si 

Cant and Little (75) indicated that chemisorption of ammonia 

on porous silica glass was only enhanced when trace oxides 

were present on the surface. This would suggest that the 

trace oxides rather than the surface hydroxyl groups were 

responsible for strong chemisorption phenomena. 

In addition to their ammonia/slloxane model Griffiths 

et al (76) also felt there was sufficient ir evidence to 

show ammonia hydrogen-bonded to oxygen lone pairs on 

silicon-oxygen bridges. Their model, below. Indicated that 

a double (and possibly treble) oxygen site was possible. 

H 

There was good agreement among several authors (77, 78, 

81, 82) that hydrogen bonding was the main form of attraction 

of the adsorbate to the adsorbent in the case of ammonia on 

silica gel. In addition, Basila and Kantner (77) supported 

the argument that the silica surface acted as an assembly of 

Lewis acid sites. In fact, the amount of ammonia adsorbed at 

a given temperature was used (77) as a measure of the number 
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of acid sites of a given strength (defined arbitrarily by 

temperature) on a catalytic surface. Kvlividge (78) 

explained the high initial heat of adsorption values by 

suggesting a donor-acceptor bond between the nitrogen of 

ammonia and the free'd^ orbitals of the silicon atom aided 

by a free electron pair. This author also showed that acld- 

2 -1 washed silica gel with a surface area of 370 m g adsorbed 

_2 
total amounts of ammonia in the order of 6 to 10 umol m 

This observation was Interesting with respect to the present 

study where it has been shown that the amount of ammonia 

adsorbed was of the same order but the surface area of the 

chrysotlle was only ^0 to 60 m g . These features perhaps 

lend some credence to the concept that there may be diffusion 

into cylinders not suitable for nitrogen adsorption and there- 

fore all adsorption did not occur at the outer surface. The 

Op 
comparative sizes of the molecules are - nitrogen, 16.7 A and 

Op 
ammonia 13.96 A . It has been found (18) that the apparent 

surface area for ammonia adsorption was greater than that for 

nitrogen at normal temperatures with respect to untreated chryso- 

tile. However, as heat-treatment temperatures were increased 

the surface area determined by either ammonia or nitrogen 

became similar. 

The observations that dehydration occurred with heat- 

treatment and the amount adsorbed decreased with increased 

temperature of heat treatment can be related and it may be 

postulated that the form of attachment of ammonia to the 
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chrysotlle was by hydrogen bonds to the surface hydroxyl 

groups. It has been determined (8l) that the heat of form- 

ation of one hydrogen bond can vary from 12 to 25 kJ mol”^ 

and hence some hydrogen bond formation might be expected 

particularly between the first dose of ammonia and the solid 

surface. The heat evolved by the adsorption of the first 

dose was invariably too great to be measured by the present 

system but It may be assumed that it was at least 100 kJ mol”^ 

in magnitude. It must not be Inferred, however, that the 

high heats of the first dose of gas are due to classical hydro- 

gen bonding as the heat would be too high to account for that 

possibility. Instead we may consider that the high Initial 

heat could be due to ammonia adsorption on an impurity In the 

chrysotlle. The surface was not prepared or cleaned In 

order to avoid the presence of low concentration levels 

of heterogeneous materials. There could be anions or cations 

capable of reaction with the ammonia In the presence of hydroxyl 

groups (present through dehydration) to yield salts of ammon- 

ium or ammonium complexes. For example, ammonium ion could 

be formed thus: 

OH OH .0 
I I / 

— Si  Al—4 NH, -SI —0-Al- 4 NH,,0H (18) 
I I 3 I I 4 

NH^jOH 4 OH"  (19) 

The ion might then react with an Impurity (X) In the following 

manner to yield an adsorbed complex: 



118 - 

+ 
+ X NH^X (20) 

adsorbed impurity adsorbed 

The hydroxide from ammonium hydroxide itself, though 

not an impurity could be (X) in equation (20). Therefore, 

the most labile hydroxyl groups, when placed in juxtaposition, 

could react to give ammonium hydroxide. The heat of forma- 

but it could be that only a few molecules of ammonia react 

in this way, even within the first dose, and therefore a heat 

ammonium hydroxide formation ’’diluted” with less powerful 

forces of adsorbate/adsorbent interactions. It is possible 

that this reaction and others involving trace impurities (poss- 

ibly transition metals) could occur giving very small amounts 

of salts and/or complexes as reaction products. 

The first point recorded on each of the heat of adsorption 

versus surface coverage plots was actually the heat from the 

second dose of adsorbate admitted to the calorimeter vessel 

-1 and it was generally between 15 and 20 kJ mol , sufficiently 

high to be associated with hydrogen bond formation. The decrease 

in the limiting heat of adsorption with increase in activation 

temperature observed for the Californian chrysotile was consis- 

tent with the theory of a reduction in the number of surface 

hydroxyl sites with heat treatment. 

tlon for the hydroxide is -366.5 kJ mol which is very high 

of adsorption of approximately 100 kJ mol -1 could include 

One of the most difficult observations to explain was 
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that the ''limiting" heat in all cases of ammonia adsorption 

on chrysotile was 15 to 20 kJ lower than the heat of liquefac- 

tion of ammonia, 21.55 kJ mol”^ at 273 K. De Boer (8) cited 

an example of water adsorption on charcoal where the same 

phenomenon occurred and similar explanations may apply to 

ammonia on chrysotile. The van der Waals forces associated 

with a molecule of a volatile substance on the surface of a 

solid will generally be greater than the van der Waals forces 

which contribute to the binding of the molecule in its own 

liquid. Therefore, in most cases, the heat of adsorption is 

greater than the heat of liquefaction (3» There are 

exceptions to this rule including the aforementioned water on 

charcoal example where water molecules were weakly bound and 

the polar character of the species did not aid in the process. 

In this case the heat of adsorption was less than the heat 

of liquefaction. Adsorption, however, did occur because the 

Influence of entropy dominated. Thus the entropy of the 

adsorbed state was higher than in the solid or liquid state 

and therefore the adsorbed molecules had a greater degree 

of freedom than molecules in the liquid or solid state. This 

might apply to ammonia adsorption on chrysotile where the en- 

tropy of the adsorbed state at 298 K was approximately 

170 J deg”^ mol”^ and the entropy of liquid ammonia at that 

temperature is 108.91 J deg mol . For chrysotile, ammonia 

adsorption approached the "supermobile" model for entropy (67) 

where the value was close to that expected of a three-dimensional 
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gas. In other words, the degree of translational freedom 

perpendicular to the surface that was lost to the adsorbate 

on adsorption became a vibration of low frequency In that 

direction (8). The entropy value of the mobile film increased 

to an extent which depended on the frequency of that partic- 

ular vibration but, as can be noted from the plots of the 

entropy of ammonia adsorbed at various temperatures on 500°C 

chrysotile, when temperature was decreased, the frequency 

of the vibration decreased and the "limiting” entropy value 

approached that of a mobile film. In the case of these 

unusual adsorption processes the entropy was Indeed high 

enough for adsorption to occur but the transfer of an adsorbate 

molecule from the liquid state to the surface of the adsorbent 

was endothermic rather than exothermic resulting in unexpect- 

edly low "limiting" heats. 

Another possible explanation for the low "limiting" 

heats could involve capillary adsorption (8). Molecules of 

the adsorbate could penetrate Into the capillaries of the 

chrysotile fibre and this might be treated as a diffusion 

process. Both the lengthy equilibration time and the Irrever- 

sible adsorption might indicate that a process such as this 

was occurring. The mechanism of diffusion could be one of a 

number of possibilities (8). It could be that the adsorbent 

molecules collided with the capillary wall, evaporated immed- 

iately, collided again etc. resulting in no energy of activation 

or they could have collided with the capillary wall, rested 
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for a time, re-evaporated, collided again, rested, etc., thus 

the energy of activation would equal the heat of adsorption. 

Thirdly, the molecules might migrate along the capillary wall, 

over a time in a "hopping” motion causing shorter rest times 

and an energy of activation less than the heat of adsorption. 

The diffusion process was endothermic and would thei’efore 

result in a heat of adsorption lower than expected (8). 

In summary, ammonia adsorption on Californian chrysotile 

seemed to involve a mixture of a weak chemisorption, perhaps 

related to the Lewis acid sites on the surface (11) or to the 

presence of an impurity, and an attraction which is mostly 

"physical" in nature and which might be explained by some 

hydrogen bonding of ammonia to the surface hydroxyl groups 

with a contribution from weaker van der Waals forces. The 

Irreversibility of adsorption evident from all the isotherms 

suggested some stronger attraction but overnight evacuation 

of the sample resulted in an ammonia-free surface which supported 

the concept of a slow return to reversibility through the 

mechanisms outlined which involved somewhat weaker forces than 

those normally expected in a strong chemisorption process. 

Only ammonia and water were detected in the desorbed gas 

by mass spectrometry which Indicated that any other species 

formed only played an intermediate role on the surface. The 

inordinately low heats of adsorption in relation to the heat 

of liquefaction could be related to De Boer’s (8) theories 

regarding the Importance of entropy in adsorption phenomena 
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or by a balancing contribution from an endothermic process 

such as diffusion Into the large capillaries of the fibre surf- 

ace . 

4.3. Adsorption on Quebec Chrysotlle 

With respect to the adsorption of ammonia, Quebec chryso- 

tlle appeared to possess two distinct surfaces as a result of 

heat treatment. One was associated with samples treated up 

to 300°C and another with samples treated at 500 and 700^0. 

This was not In agreement with results collected in an earlier 

study of the sorption of sulfur dioxide on heat-treated 

chrysotlle (14) which suggested that a large degree of the 

chrysotlle structure was retained on activation to 500^0 and 

therefore there was little change In the amount adsorbed. 

The structural information may be applicable but perhaps the 

ammonia molecule with Its differing size and chemistry reacted 

in a different manner at the surface than the sulfur dioxide. 

Generally the mechanisms of attachment of the ammonia to 

the surface were probably similar to that suggested for the 

Californian sample, the major difference being the presence 

of the bruclte (magnesium hydroxide) impurity. It has been 

shown (39) that the bruclte Impurity stabilized the chrysotlle 

with respect to thermal degradation but the bruclte Itself 

was destabilized, forming magnesium oxide. As outlined In 

the literature (14), the magnesium oxide may perturb the 

donor-acceptor region equilibrium in the Taylor-Ball or 

Brindley-Hayami mechanisms (33-35) for chrysotlle dehydration 
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by acting as a sink for migratory protons and upsetting the 

balance of cation migration between the donor and acceptor 

regions as in equation (21). 

28 H 

7 Wg^ Slg 0^ (OH)i,   - 2 Mg^ Si^ 0^ (OH)^  > 18 H^O 

acceptor 

6 Mg, Si 

donor (21) 

'V 

MgO.2 Si O2   > Mg^ Si 0^^ + Si 0^ 

serpentine anhydride forsterlte 

Both the donor and the acceptor regions are necessary for 

dehydration. 

A steady decrease in the heat of adsorption at low 

surface coverage for ammonia on Quebec chrysotile could have 

been due to a decrease in the number of labile hydroxyl groups 

associated with bruclte. The heat curves for the 150/300^0 

and the 500/700^0 samples tended to merge together at higher 

surface coverage perhaps Implying that the same sites are 

responsible for adsorption at higher coverage on the related 

surfaces. It may also be noted that the 500 and 700°C samples 

tended to level out, with respect to heat of adsorption, at a 

value higher than that for the 150 and 300*^0 samples. This 

effect was consistent with the observation that there was a 

decrease in the stabilizing effect of the magnesium oxide on 

the surface hydroxyl groups. Whether or not it was significant, 

it has been shown (29) that heat treatment after 600°C of 
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chrysotlle containing magnetite (magnetic Iron oxide - Fe^O^) 

impurity, such as the Quebec sample, caused the Fe^O^^ to 

partially convert to Fe20^ which is non-magnetlc. 

It Is evident from the entropy versus surface coverage 

curves for the Quebec chrysotlle' that it behaved in a similar 

manner to the Californian material with respect to mobility. 

Again the mobility of the adsorbed species was much higher 

than the entropy of liquid ammonia possibly Indicating a 

mildly endothermic contribution to the adsorption process. 

Such a process might again explain the extremely low heats of 

adsorption found for Quebec chrysotlle (8). 

All entropy curves approximated the mobile or "supermobile" 

model for entropy (67). The higher the Isotherm temperature, 

the more mobile the adsorbed species became but as the temper- 

ature was lowered the experimental differential molar entropy 

curve approximated or fell slightly below the mobile model for 

entropy. It may be that the vibration perpendicular to the. 

surface decreased along with a drop in temperature and the 

nature of the adsorbed gas was more closely related to that 

indicated by the two-dimensional model (8). 

It may also be noted that the amount of gas adsorbed on 

the Quebec and Californian chrysotiles was in approximately 

the same proportion as the surface areas of the two adsorbents, 

1. e. a 2:3 ratio (39). 

It is also possible that there was some adsorption of ammonia 
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onto surface impurities in this chrysotile as well as in the 

Californian material. With respect to the magnetite 

and bruclte impurities, especially, there could have been 

some formation of salts and complexes thus helping to account 

for the very high initial heats of adsorption. 

^^. Desorption Efficiency of Californian Chrysotile 

It appeared that the least efficient desorption occurred 

with the samples heat-treated at 150 and TOO^C. For both 

samples the first dose adsorbed did not desorb at all and the 

second dose was only 50^ desorbed. At least some of the gas 

remained on the surface up to the fifth addition at which time 

all the adsorbed gas was desorbed. The gas on the 300 and 

500°C samples was more rapidly desorbed with approximately 30^ 

of the first addition being desorbed and greater amounts for 

the second and third aliquots. By the fourth gas addition, 

all the ammonia was desorbed. 

These results may perhaps be interpreted using the pore 

size distributions obtained for the various treated samples. 

The maxima of the 300 and 500°C sample pore distributions 
o o 

occurred at sizes less than 40 A while both the 150 and 700 C 

samples tended to have slightly larger pores. It may be that 

ammonia molecules adsorbed on the 300 and 500°C surfaces did 

not penetrate into the small pores as readily as the larger 

pores of the 150 and JOO^C samples. It could also be that the 

150°C sample had more available sites suitable for hydrogen 

bonding (i. e. hydroxyl groups) which held the adsorbate to 
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the surface. When these sites were depleted the regular weak, 

reversible forces such as van der Waals attractions took over 

and adsorption became reversible. It may only be speculated 

as to why the 700°C surface retained the adsorbate so efficiently. 

Perhaps some weak chemisorption occurred involving the nitrogen 

line pair of the ammonia and the empty'd^ orbitals of the 

silicon atoms on the dehydroxylated surface. The results 

indicated that the most efficient desorption occurred with the 

300 and 500*^0 samples suggesting that the forces were weak, 

perhaps hydrogen bonds to the hydroxyl groups which remained 

on the surface. Van der Waals forces probably played some role 

in the adsorption also. 

4.5* Desorption Efficiency of Quebec Chrysotile 

These results showed that overall the desorption efficiency 

of Quebec chrysotile was better than that of the Californian 

samples. Invariably desorption was complete by the fourth 

dose of adsorbate. Again the adsorbate was most persistently 

held on the surface of the 150 and 700°C samples. The 300 and 

500*^C surfaces allowed desorption to occur after the least 

number of adsorbate doses i. e, one for the 300°C and two for 

the 500^0 surface. These results were difficult to interpret but 

again it may be speculated that weak chemisorption occurred 

for the first three additions of gas to the 150 and 700^C 

surfaces and only for the first one and two aliquots on the 300 

and 500°C surfaces, respectively. Overall, chemisorption must 

have occurred at fewer sites on Quebec than Californian surfaces 

as complete desorption was possible after fewer additions of 
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adsorbate. This was perhaps due to the stabilizing influ- 

ence of the bruclte layer in the Quebec samples. 

^.6. Adsorption of Ammonia on Californian Chrysotile Treated 

With Water and Sodium Nitrate 

With respect to heats of adsorption the samples treated 

with water and sodium nitrate were identical, beginning with 

extremely high heats which could not be recorded with the 

present system and descending to just above 150 kJ mol 

for the second adsorbate addition. After that point the descent 

was steep to a "limiting” value of 10 kJ mol"^. Overall the 

values both at low surface coverages and at the "limiting" 

heats were greater by about three times than the heats recorded 

for the heat-treated materials. According to the literature (22) 

when chrysotile was extracted in water by Soxhlet extraction, 

it was shown that the chrysotile decomposed by dissolution of 

magnesium leaving a residue of colloidal silica that hydrolyzed 

to orthosillclc acid. Since the amount of ammonia adsorbed 

on the water and sodium-nitrate treated material was greater 

by 20 to ^0^ than that on the heat-treated sample at 150°C, 

it might Indicate that the methodology used in these experim- 

ents brought the chrysotile to the colloidal silica phase onto 

which ammonia would be readily adsorbed at the hydroxyl sites. 

The removal of the magnesium possibly cleared a number of new 

sites for ammonia adsorption. This adsorption at the hydroxyl 

sites might also have promoted the kind of salt formation of 

ammonium hydroxide outlined in Section ^.2. 



The main differences between the water and sodium 

nitrate-treated samples was in the amount adsorbed and In 

the position of the entropy curve with respect to the mobile 

model. 

The amount of ammonia adsorbed on the sodium nitrate- 

treated samples was only about 70% of the amount desorbed on 

the water-treated sample at ammonia pressures greater than 

15 kPa. This might be explained if the ammonia molecules 

from the fii^st doses were attracted to the available hydi'oxyl 

sites but when these were occupied It was found that sodium 

atoms were blocking some sites on the sodium nitrate-treated 

surface. Therefore there would be less adsorption on that 

surface than on the water-treated surface where more sites 

remained free. Whether true Ion exchange took place with 

respect to sodium atoms or if they were only distributed on 

the silica surface is not known as the 3-7% sodium determina- 

tion was established by a differential method. Further 

experimentation in this area would be necessary because two 

experiments were not regarded as sufficient to form any firm 

conclusions. 

The experimental differential molar entropy of the two 

chemically-treated samples were similar with some difference 

emerging In that the species adsorbed on the water-treated 

sample was more mobile than that on the sodium nitrate-treated 

material. A possible reason for this could be that more ammonia 

was able to penetrate the capillaries (8) In the surface of the 
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water-treated chrysotlle than the other sample where sodium 

may have made some pores Inaccessible. The highly mobile 

species in the capillaries of the water-treated samples might 

have made a significant contribution to the total entropy 

making it slightly (6 to 10 J deg”^ mol^ higher than that for 

the sodium nitrate-treated material. 

^.7• The Physical Structure of the Adsorbents 

^.7.1. Californian Chrysotlle 

Many studies have been conducted which dealt with the 

surface structure of alumino-slllcates (8^), chrysotlle 

(16, 37, 85-89) and heat-treated chrysotlle (30-36, 39). The 

nitrogen adsorption/desorption Isotherms, surface areas and 

pore size distribution results for Californian chrysotlle 

heat-treated at 150, 300, 500 and 700^C were in general agree- 

ment with those obtained earlier (39). The major difference 

in results obtained between the Cranston and Inkley (^9) and 

Dollimore and Heal (50) applications lay in the increase in 
o 

the number of points in the crucial small pore ( < ^0 A radius) 

region of the plot of Dollimore and Heal (50). From 150 to 

SOO^C the percentage of ’’small" to ’’large’’ pores increased 

possibly \due to water plug removal (39, 85, 86). Heat treatment 

at 500*^C was perhaps coincident with the first part of the main 

dehydration step of chrysotlle (30-35), in other words a partially 

disordered serpentine anhydride was formed. Neither electron 

microscopy nor selected area electron diffraction techniques 

confirmed this however, so structural differences must have 
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been minimal and confined to a short-range effect. Heating 

to 700^0 caused the Californian chrysotile to dehydrate and 

form forsterlte (90). Selected area electron diffraction 

(Plate 2(d)) showed that the material formed had little ordered 

arrangement since no clear electron diffraction pattern was 

observed. A surface area decrease such as that described by 

Murphy and Ross (39) was not observed, in fact it remained 

virtually the same through 150 to JOO^C treatment. This is not 

in agreement either with Glrgis (91) where it was observed that a 

collapse of the structure occurred reducing the surface area. 

It is possible that since less disorder was observable with 

the present 500*^C sample, the 700^0 sample would also not 

have reached the extent of disorder reported in the literature 

(39, 91)* Transmission electron microgi'aphs (Plate 1(d)) also 

showed very little flaking and cracking which corroborated 

that result. 

4.7.2. Quebec Chrysotile 

These results also were basically in agreement with 

those observed previously (39). Heating from 150 to 300°C 

resulted in some dehydration of bruclte to magnesium oxide. 

No Increase in surface area was observed over this temperature 

range so little dissociation of the fibre bundles could have 

occurred; Indeed it had not occurred up to 500^0. An increase 

in temperature from 500 to 700^0 resulted in a surface area 

2-1 2-1 
increase of 2 m g unlike the Increase of 15 m. g observed 
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by Murphy and Ross (39). Although some cracking and flaking 

was observed in the transmission electron micrograph (Plate 3(d)) 

no fibre dissociation seemed evident. Selected area electron 

diffraction studies, however, showed no structural organiza- 

tion at 700°C (Plate 4(d)). The forsterite formed at that 

temperature was thus shown to be disordered in structure. 

4.7.3. Water and Sodium Nitrate-Treated Californian Chrysotlle 

Similar nitrogen adsorption/desorption Isotherms, surface 

areas and pore size distributions were observed for the 

chemically-treated samples. These data compared closely with 

those observed for the 150^C Californian chrysotlle. Trans- 

mission electron micrographs and selected area electron diffrac- 

tion studies showed no difference in appearance or diffraction 

pattern from the 150°C samples. Although ammonia adsorption 

results showed considerable differences from the 150°C samples 

nitrogen adsorption data and electron microscopy did not. 

As stated previously this could be due in part to the relative 

sizes of the ammonia and nitrogen molecules. Chemical changes 

in the chemically-treated samples seemed to be present but 

the physical structure remained essentially the same throughout 

the treatment. 

4.8. Conclusion 

It is considered that this work has provided novel and 

Important quantitative data on the nature of the interactions 

at various temperatures from 266 to 308 K between ammonia and 

two natural and modified chrysotiles. 
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The calorimetric determination of the heat of adsorption 

and subsequent calculation of the entropy of adsorption have 

helped to clarify the nature of the gas-solid Interactions 

involved. Electron microscopy as well as nitrogen adsorption/ 

desorption data, surface area measurements and pore size 

distribution data have helped to characterize the adsorbents. 

Further work should be undertaken to elucidate certain 

features of the adsorbate/adsorbent system. The use of In-line 

infrared spectroscopy or mass spectrometry in particular, 

would provide direct evidence as to the type of adsorbed complex. 

Also, in the present work, the distribution of the sodium Ions 

on the chemically-treated chrysotlle surface was not known 

adequately. Further studies are therefore necessary with 

respect to the chemically-treated chrysotlle. 
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APPENDIX A 

A,1. Calculations 

A.1.1. Calorimetric Heats of Adsorption 

Adiabatic calorimetric heats of adsorption were 

determined using the technique described earlier. Pull 

details of the method of calculation of the results are 

given in Table 2.1. and part of a typical calculation is 

shown below: 

Quebec chrysotlle 7T-5 (150*^C) 

0.71349 

40 

273 

298 

17.22 

48.56 

46.80 

1.75 

50.833 

sample 

weight 

surface area 

experimental temper- 
ature 

room temperature 

burette "dead space" 
volume 

(g) 

(m^ g"^) 

(K) 

(K) 

(dm^) 

calorimeter "dead space" ^ 
at 273 K (dm^) 

calorimeter "dead space" ^ 
at 298 K (dm^) 

conversion factor from 
cm. to dm^ 

0.0 value on the 
manometer (cm) 
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Ammonia, adsorption on 7T-3 (.1 ) 

Mercury Levels In the Manometer (cm) 

Before NH^ 

ill il2 

26.420 30.920 

25.273 32.837 

After 

ii3 ii2| 

27.735 28.754 

26.492 30.743 

1st point 

initial volume NH, at S.T.P. = (4.5) (59 • 9^t) (. 0123) = 3-32 

equilibrium volume NH^ at S.T.P. = (1.02) (57 • 6i) ) ( . 0123 ) = -72 dm^ 

calorimeter d.s. volume at S.T.P. = 1.02 x 48.56 x 273 = .652 urr^ 

273 

amount NH^ adsorbed at equilibrium is: 

3.32 - (.72 + .652) = 1.95 dm^ 

or 1.95 X 4^.615 = 3-05 nmol m”^ 

.713^9 X JtO 

As outlined in the text the recorder reading for this 

value was off scale so no heat was calculated. 

2nd point 

initial p_ = (7.56)(6l.95)(.0123) = 5-76 + .652 = 6.141 dm^ 

oqull. = (3.98)(59.82)(.0123) = 2.93 dm? 

cal d.s. Vg rp p = 2.5^ dm? 

amount NH^ adsorbed at equilibrium is 

6.m - (2.93 + 2.54) = .94 dm? or 1.47 nmol 

_2 
Cumulative amount adsorbed = 4.52 pimol m 

Joules produced = 1.54 

Heat of adsorption = 1.54 x 224l4 = 7637 J or 7.64 kJ 
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C.2 Low-Temperature Nitrogen Adsorption 

Nitrogen adsorption/desorption isotherms were deter- 

mined at 77 K using the technique described earlier. Pull 

details of the method of calculation of the results are given 

in Table 2.2. and part of a typical calculation is shown 

below: 

Heights of mercury in the manometer (cm) 

Before N^ After N2 

h^ h_2 ^4 

60.873 66.058 61.588 65.255 

58.621 68.496 58.913 68.187 

sample size 

barometric pressure 

0.0 value on manometer 

.06445 g 

743.1 Torr (99.64 kPa) 

93.984 cm. 

1st Point 

(1) volume of gas in burette at S. T. P. before admission 

to sample tube: 

51.81 X .0123 X 5.19 = 3.30 dm^ 

(2) vol. gas in burette after admission to s. t. but above 

liquid N2: 

52.90 X .0123 X 3.67 = 2.39 dm^ 

(3) vol. gas below liquid N2 and above sample= 

23.9 X .00^605 X .81 X .9356 X (23.9 X 6.6 X 10"^ + 1) 

= .083^1 X 1.0016 

= .0835 flm^ 
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(^) vol. gas in s.t. above and below liquid = 

.0024 X 3.67 = .009 dm^ 

(5) amt adsorbed = 3-30 - (2.39 + .0835) 

=.83 dm^ or .83 = 12.88 dm^ g”^ 
.06^55 

2nd point 

(1) vol. gas before admission to S. T. = 

53.63 X .0123 X 9.875 = 6.514 dm^ 

(2) vol. gas in s. t. above and below liquid N^= 

.002^4 X 9.27^ = .022 3 dm ^ 

(3) vol. gas in burette after admission to S. T. but 

below liquid = 

55.20 X .0123 X 9.274 = 6.297 dm^ 

(4) vol. gas below liquid and above sample = 

9.274 X .004605 X .81 X .9356 X (9.274 X 6.6 X 10“^ + 1) 

= .0324 X 1.001 

= .0324 dm^ 

(5) amt adsorbed = (6.514 + .009 + .0835) - (6.297 + .0324) 

= 6.607 - 6.3294 

= 0.278 dm^ or 0.278 = 4.307 dm^ g“^ 
.06445 

3 -1 
(6) Cumulative amount adsorbed = 17.19 dm g 



APPENDIX B 

Copies of APL programmes for the DEC2020 computer used 

In this study follow: 
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APPENDIX C 

Table C. 1. shows actual amounts (;Amol m ) of ammonia 

adsorbed and desorbed in the desorption efficiency exper- 

iments . 
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