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ABSTRACT 

The adsorptive interaction between water vapor and vacuum 

prepared, pure silver iodide leads to nucleation of a condensed 

phase at sufficiently low temperatures and high supersaturations. 

The purpose of this work is to determine: (1) if the patch model 

of adsorption of water vapor on pure silver iodide is valid at 

nucleation; (2) if the energetics of nucleation are comparable to 

the energetics of adsorption; (3) the mechanism of nucleation on 

pure silver iodide; and (4) how nucleation observed by adsorption 

methods compares to cloud chamber studies. 

Previous adsorption studies were unable to answer these questions 

because of insufficient information near the onset of ice nucleation. 

Gravimetric adsorption measurements made with a Cahn electrobalance 

at pressures of water vapor between ice and water saturation in the 

absence of other gases demonstrated the ability of an adsorption 

technique to detect nucleation. Adsorption isotherms at -3.00C, 

-6.50C, and -IO.OOC led to isosteric heats of adsorption and IT-a 

plots up to the onset of nucleation. Nucleation was detected as a 

rapid, continuous increase in the weight of the sample. 

Peaks in the isosteric heat curves at coverages much below a 

statistical monolayer and coverages of one to three monolayers at 

the onset of nucleation at -IO.OOC and -6.50C demonstrated the patch 

model of adsorption is valid even at nucleation. At -3.00C nucleation 

did not occur even at water saturation. Kinks in the IT-a plots for 

the -3.00C and -6.50C isotherms indicate a higher order phase 

transition in the film adsorbed on the patches of high energy sites. 
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Heats of adsorption and supersaturations at which nucleation of ice 

occurs are evidence for the formation of an increasingly duplex film 

as more water is adsorbed on the patch. The embryo does not acquire 

the bulk properties of ice until nucleation occurs. 

The mechanism of nucleation on pure silver iodide involves 

primarily the high energy patches. At a sufficient coverage, ice is 

nucleated at the patch-embryo interface and propogates outward through 

the embryo. This adsorption technique detects the occurrence of 

nucleation on a single, most active site on the most active particle 

in the sample. From the three isotherms, a threshold temperature of 

-3.SC and ice supersaturation of 3.4% were estimated for nucleation 

on pure silver iodide. Cloud chamber studies, in contrast, require 

the number of nuclei activated to be several orders of magnitude 

larger to detect nucleation. 

This work provides a much needed baseline against which future 

adsorption and nucleation studies on impure and doped silver iodide 

can be compared. 

Wm. Richard Barchet 
Atmospheric Science Department 
Colorado State University 
Fort Collins, Colorado 80521 
March, 1971 
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CHAPTER I 

INTRODUCTION 

Adsorption of water vapor by silver iodide was long considered 

the first step in the interaction between silver iodide and water 

vapor that eventually led to the formation of ice. Demonstration of 

the ability of silver iodide to nucleate the ice phase was given by 

Schaefer 1 and Vonnegut 2 with laboratory studies in cold boxes. 

Numerous field studies sponsored by the Federal Government also 

showed the effectiveness of silver iodide powders and smokes in modi-

3 4 fying supercooled clouds. ' 

Laboratory investigations of the isothermal adsorption of water 

vapor on silver iodide powders were first undertaken in the early 

1950's. Since that time many studies were conducted with the purpose 

of describing this interaction and the surface characteristics of 

silver iodide using silver iodide powders made by various techniques. 

These adsorption measurements were made under isothermal conditions 

either volumetrically or gravimetrically. 

Interpretation of these laboratory studies by the methods of ad-

sorption thermodynamics gives information on the distribution of ad-

sorbed molecules, the energies involved in adsorption, and the entro-

pies of adsorption. These thermodynamic properties indicate the 

influence of the surface on adsorption. Correlation of these 

properties with the nucleation ability of the material leads to the 

patch and cluster models of adsorption which provide the foundations 

for nucleation. 

I 
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1.1 Silver Iodide Used in Previous Studies 

The majority of previous adsorption studies on silver iodide 

made use of powders obtained by precipitation from aqueous solution. 

Birstein, 5,6 Corrin and Storm, 7 Corrin, Edwards, and Nelson, 8 and 

Tcheurekdjian, Zettlemoyer, and Chessick 9 reported adsorption measure-

ments on silver iodide powders they obtained by the reaction of silver 

nitrate with ammonium iodide in aqueous solution. 10 Hall and Tompkins 

9 and Tcheurekdjian, et al., produced the silver iodide they used for 

adsorption studies by the reaction between silver nitrate and potassium 

iodide in aqueous solution. Powders obtained by precipitation were 

generally washed with distilled water to remove all traces of the 

counter ions in the wash water and then dried under vacuum. In some 

instances the dried powder was ground before use. Coulter and 

Candela 11 dissolved commercially prepared silver iodide in liquid 

ammonia and then recovered the silver iodide by pumping on the result-

ing complex. The powder obtained in this fashion had a larger surface 

area than the original. 

Even though elaborate precautions were taken to wash precipitated 

silver iodide free of ionic impurities, the presence of these 

impurities was recognized. 11 Coulter and Candela corrected their 

isotherms for the hydration of impurities. Corrin and Storm 7 demon-

strated the presence of both ammonium and nitrate ions by spot tests 

on sublimates obtained from precipitated silver iodide. Tcheurekdjian, 

9 et al., also detected the presence of ammonium ions in their precip-

itates. 
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By the direct reaction of pure silver metal powder and pure io

dine, Corrin, et al., 8 demonstrated the possibility of producing a 

silver iodide powder free from hygroscopic impurities. Further re-

12 
finement of the technique by Corrin, Nelson, Cooley, and Rosenthal 

resulted in powders of large surface area. The pure reactants, with 

an excess of silver metal, were sealed in a vessel which was then 

pumped on to remove volatile impurities while the iodine was kept at 

dry ice temperature. The vessel was placed in an oven and the re-

action was allowed to proceed to completion. Unreacted iodine was 

removed from the reaction vessel by pumping at a temperature of l35C. 

Liquid ammonia was then distilled into the reaction vessel dissolving 

the silver iodide. This solution was transferred to another vessel 

by siphoning, leaving the excess silver metal in the reaction vessel. 

Finally, the liquid ammonia was removed by distillation producing a 

white ammonia-silver iodide complex. Decomposition of the complex 

occurred with continued pumping producing a finely divided, light 

insensitive, yellow silver iodide powder presumably free of ionic 

impurities. Corrin, et al., 8 made preliminary adsorption measure-

ments on this material. 
13 14 

Later, Nelson and Corrin and Nelson 

examined water vapor adsorption on this "pure" silver iodide at 

pressures much below saturation. 

1.2 Adsorption Measurement Techniques Used in Previous Studies 

Volumetric and gravimetric adsorption techniques are the two 

principal static means for measuring the isothermal adsorption of a 

vapor onto the surface of a solid. The isotherms measured by either 
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technique require the sample (adsorbent) to be maintained at a uni

form temperature during the measurements. This is achieved by placing 

that portion of the adsorption system containing the sample into a 

constant temperature bath. The remaining parts of the adsorption 

system may be at any other (usually warmer) temperature. 

In the volumetric technique, changes in the pressure of the ad

sorbate vapor within an adsorption system of known volume serve as a 

measure of the amount of vapor adsorbed. Initially, a specific quan

tity of the adsorbate is introduced into a portion of the system not 

containing the adsorbent. The pressure of the vapor in and the known 

volume of this portion of the system determine the amount of adsorbate 

present. Adsorption of the vapor by the sample occurs on exposing the 

adsorbent to the available adsorbate. The pressure in the system 

decreases to an equilibrium value. This pressure along with a new, 

known total volume gives the amount of adsorbate remaining as vapor in 

the system. The difference in the amount of adsorbate before and after 

exposure to the sample gives the amount of vapor adsorbed. Summing the 

increments in amount adsorbed gives the total quantity adsorbed at each 

equilibrium pressure. 

The accuracy of the pressure gauge plays an important role in 

determining the accuracy of an isotherm. Each successive point on 

an isotherm is determined by summing the incremental amounts adsorbed. 

These increments are determined by differences in pressure-volume 

products. In effect, errors in pressure measurement at small cover

ages are carried into values at higher equilibrium pressures. As 
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shown in Appendix I, the error as well as the amount adsorbed is also 

accumulated. 

Several different pressure measuring devices were used in 

volumetric adsorption studies of water vapor on silver iodide. Hall 

and Tompkins 10 used a Pirani gauge. 15 Corrin, Moulik, and Cooley 

used a capacitance manometer as a null meter and McLeod gauge to 

balance the system pressure. Mechanical gauges of several varieties 

were also employed: 11 Coulter and Candela used a Bodenstein quartz 

spiral; Tcheurekdjian, et al., 9 used a spoon gauge nulled by an oil 

8 manometer; Corrin, et al., used a wide bore mercury manometer and 

cathetometer. Sensitivity of the pressure measuring devices, as 

15 11 reported by the authors, ranged from 0.005 torr to 0.1 torr. 

The accuracy to which the system volumes were determined was not 

mentioned. 

Two difficulties are encountered in volumetric water adsorption 

measurements. Adsorption of water on the walls of the system must be 

taken into account by performing adsorption measurements without a 

sample in the system, i.e., a "blank" isotherm. Unless high surface 

area powders are used, the blank isotherm may be a substantial por-

tion of the measured adsorption thereby compounding the errors intro-

duced during the measurement of each isotherm. Also, at vapor pres-

sures approaching saturation, the amount adsorbed rapidly increases 

on both the sample and walls requiring large doses of adsorbate to 

give detectable changes in the system pressure. In the case of water, 

this may lead to supersaturated conditions during dosing that may 

produce condensation in the system. Measurement of the pressure in 

this case would give an erroneous value for the amount of adsorbate 
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available. In the light of these problems, Corrin, et al., 7 consid-

ered equilibrium pressures equal to seventy percent of the saturation 

pressure to be the upper limit of volumetric measurements of water 

vapor adsorption. 

Water adsorption isotherms are determined gravimetrically by 

measuring the change in weight of the sample and the equilibrium vapor 

pressure of the adsorbate. An essential difference from the volumetric 

method is that the change in weight of the sample gives the integral 

amount adsorbed at the measured equilibrium pressure. The accuracy of 

the balance weighing the sample as well as the accuracy of the pressure 

gauge determines the overall accuracy of the isotherm. Birstein 5,6 

and Moskvitin, Dubinin, and Sarakhov 16 used quartz spiral springs with 

a cathetometer to measure the elongation of the spring as a function of 

the load. Nelson 13 and Corrin and Nelson 14 used a Cahn electro-

balance to measure the change in weight of the sample. An advantage 

of the electrobalance over the quartz springs is that the electro-

balance may be tared to maintain maximum sensitivity even under 

maximum load. Sensitivities from 0.2 to 10 micrograms were reported 

at the maximum rated load of one gram. A wide variety of pressure 

measuring and control techniques were employed: 5 6 Birstein ' used a 

16 Dubrovin gauge; Moskvitin, et al., used a Pirani gauge; while 

Nelson 13 and Corrin and Nelson 14 maintained the equilibrium water 

vapor pressure by controlling the temperature of ice contained in 

their adsorption system. 

Adsorption on the walls and balance is most pronounced on those 

portions of the adsorption and balance system which are the coldest. 
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In these studies this is the temperature of the sample. Unlike in the 

volumetric method, the adsorption on the walls of the gravimetric 

system does not interfere with the measurement of the change in 

weight of the sample. Also, the portion of the balance system at the 

same temperature as the sample generally has a surface area much 

smaller than the sample thereby reducing the blank isotherm contri-

bution to the actual amount adsorbed by the powder sample. 

1.3 Results of Previous Adsorption Studies 

A comparison of adsorption isotherms measured on various samples 

of silver iodide points out the sensitivity of water adsorption on 

this material to impurities. 13 The measurements of Nelson on pure 

silver iodide yield Type II isotherms in the Brunauer classification 

with around one nanomole per square centimeter adsorbed at a vapor 

pressure eighty percent of the saturation pressure over the liquid. 

9 10 Tcheurekdjian, et al., and Hall and Tompkins found adsorption 

amounts several orders of magnitude greater at even lower pressures 

on carefully prepared samples of precipitated silver iodide. On ma-

16 terial of more questionable purity, Moskvitin, et al., measured 

still larger amounts and found essentially Type III isotherms with a 

knee at very low pressures. Coulter and Candela 11 and Birstein 5,6 

obtained Type III isotherms with Birstein's amounts being the largest 

reported for water vapor adsorption on silver iodide. The measure-

15 
ments of Corrin, et alo, on pure silver iodide "doped" with hygro-

scopic impurities demonstrated the sensitivity of water adsorption on 

silver iodide to the presence of small amounts of impurities. 
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The wide variety of adsorption isotherms found for water adsorp-

tion on silver iodide produced a wide range of reported isosteric 

heats of adsorption computed directly from the isotherms. Very 

impure silver iodide gave isosteric heats much larger than the heat 

f d i 1 5,6 o con ensat on at ow coverages. 16 Moskvitin, et al., reported 

isosteric heats equal to the heat of condensation between 20C and OC 

and a greater isosteric heat at temperatures between DC and -2DC. On 

9 carefully prepared, precipitated silver iodide, Tcheurekdjian, et al., 

10 and Hall and Tompkins found isosteric heats less than the heat of 

condensation at all coverages. In marked contrast, on pure silver 

14 iodide, Corrin and Nelson reported isosteric heats greater than 

the heat of condensation at all coverages. 

The diversity of adsorption information led to a considerable 

number of conflicting interpretations. However, as adsorption tech-

niques improved and the role of impurities was recognized, the inter-

pretations proposed rested on more subtle aspects of the observed 

adsorption. 

1.4 Previous Interpretations Pertaining to Nucleation 

Early adsorption studies by Coulter and Candela 11, Birstein, 5,6 

d M k . . 1 16 i d h b . f h an os v1t1n, et a., were nterprete on t e aS1S 0 t e same 

2 epitaxy argument that led Vonnegut to select silver iodide as a 

cloud seeding agent. With no direct or conclusive experimental 

evidence, the transition of the adsorbed water to ice was thought 

to occur because of an ice-like arrangement of water adsorbed on the 

underlying crystal structure. Further quantitative interpretation of 
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their works is difficult because the nature and amount of impurities 

present in their samples is unknown. 

Zettlemoyer, Tcheurekdjian and Chessick 17 were the first to 

point out the deficiencies of the epitaxy argument in explaining 

the ability of silver iodide to nucleate ice. They contended the 

distribution of adsorbed water on the surface rather than the under

lying crystal structure was the controlling factor in determining 

nucleation ability. Hall and Tompkins 10 interpreted their isosteric 

heats of adsorption as indicating the formation of clusters of 

adsorbed molecules on the surface. Clusters were more likely to 

form if the first molecules adsorbed were loosely bound to the surface 

and if the lattice spacing of adsorption sites was approximately the 

hydrogen bond length for water. There was no need to consider 

epitaxy other than to provide properly spaced adsorption sites. 

Tcheurekdjian, et al., 9 confirmed Hall and Tompkins' findings. 

Comparing the B.E.T. area of their samples obtained from water ad

sorption to those found by argon adsorption led them to postulate 

the existance of isolated sites on which water adsorption occurs. 

These sites were thought to be hygroscopic impurities located at 

physical irregularities, steps, dislocations, etc. on the surface. 

Clusters formed at these sites then grew beyond the critical size and 

formed ice, the stable phase at subzero Celsius temperatures. Com

paring several different nucleants with various ice nucleation 

efficiencies led them to postulate the water-argon site ratio was an 

important parameter determining the effectiveness of a given material 

as an ice nucleant. 
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Methanol vapor adsorption on pure silver iodide 12 by Edwards and 

Corrin 18 gave a different picture of the surface of pure silver io-

dide. The existence of a maximum and a minimum in the isosteric heat 

indicated both lateral cooperative interactions and a saturation of 

these interactions at higher coverages determined the heats of ad-

sorption. This was interpreted as evidence for adsorption on patches 

of high energy sites on the surface. Patches rather than a uniform 

distribution of high energy sites were taken as the model because of 

the low coverage at which the minimum and maximum in the isosteric heat 

was observed. The use of methanol vapor as the adsorbate eliminated 

hydrogen bonding effects which could lead to the cluster formation 

model presented by Hall and Tompkins 10 and Tcheurekdjian, et a1. 9 

However, the water adsorption work of Corrin and Nelson 14 also 

found a maximum and minimum in the isosteric heats. This was also 

considered evidence that water adsorption occurred on high energy 

patches on the silver iodide surface with no three dimensional cluster 

formation occurring at the coverages studied. 

The cluster model of adsorption, which appears to be valid for 

impure silver iodide powders, provides a convenient origin for a 

nucleation embryo. The three dimensional structure of the cluster 

grows by further adsorption until it exceeds the critical radius. 

Obviously ice must then form since at subzero Celsius temperatures 

ice is the stable phase. On pure silver iodide, however, no 

experimental evidence was found for cluster formation; adsorption 

occurred primarily on high energy patches. The studies which developed 

these models of adsorption on silver iodide covered a very limited 



11 

range of vapor pressures. Although interpretation of adsorption 

isotherms is most straight forward at low coverages where a thermo-

dynamic approach is possible, it is at higher coverages, at 

pressures near saturation, that adsorption becomes the prelude to 

nucleation. 

6 11 16 . A few studies ' , extended their adsorpt10n isotherms into 

the vicinity of saturation. Unfortunately, the material used in these 

studies appears, on hindsight, to be rather impure with little recog-

nition of the amount or nature of the impurities by the authors. 

Birstein 5,6 assumed the adsorbed water at -20C was ice-like by an 

epitaxy argument. 11 Coulter and Candela, after correcting for a 

hydration effect ascribed to impurities, found a change in the slope 

of a Harkins-Jura plot of their data. This was interpreted as a 

change in phase of the adsorbed water although little significance 

was attached to this finding. 16 Moskvitin, et al., interpreted 

the change in slope of their isostere plots as a two-dimensional 

analog of a three dimensional phase change. Subsequent investigations 

did not indicate the occurrence of phase changes in adsorbed water on 

either pure or impure silver iodide powders at the coverages studied. 

Evaluating adsorption measurements in the multilayer region led 

19 Zettlemoyer to postulate the slope of the Frenkel-Halsey-Hill log 

vs log log plot of isotherm data is correlated to the nucleation 

ability of various materials. The slope of F-H-H isotherms is 

related, according to several authors, 20,21,22 to the propogation of 

surface effects through several molecular layers. Zettlemoyer's 

proposition was that good nucleants allow the effect of the surface 



2.1 Objectives 

CHAPTER II 

EXPERIMENTAL OBJECTIVES AND DESIGN 

The fundamental experimental objective of this work is to 

answer the following questions pertaining to the relationship between 

adsorption and nucleation on pure silver iodide: 

1) Is the patch model of adsorption valid at the onset of 

nucleation? 

2) What is the mechanism of nucleation on pure silver iodide? 

3) Are the energetics of adsorption directly related to the 

energetics of nucleation? 

4) How does the observed nucleation on pure silver iodide 

compare to cloud chamber studies? 

These questions can be answered for pure silver iodide by measuring 

the adsorption of water vapor over a range of vapor pressures that 

leads to the nucleation of a condensed phase on the powder. In ad

dition, future adsorption and nucleation studies on impure or doped 

silver iodide powders require a baseline for comparison to pure 

silver iodide. 

2.2 Design 

Adsorption studies emphasizing the region between ice and water 

saturation require a technique which is capable of measuring large 

amounts adsorbed on the powder with little interference to the 

measured amount by the adsorption system itself. A gravimetric 

approach using a Cahn electrobalance was chosen because of the 

relatively large capacity and accuracy of this type of balance. 

13 



14 

Constant temperature baths, thermostats, provide thermally stable 

environments for the sample and a quantity of ice in the adsorption 

system. The temperature of the sample and ice specify the saturation 

pressures at the sample and the pressure of water vapor in the 

adsorption system, respectively. 

An adsorption run consists of two parts: set up of the balance 

system, and measurement of the amount adsorbed. Initial set up 

consists in determining the zero offset and calibrating the balance 

while the system is evacuated. Adsorption measurements are made 

after admitting water vapor to the system. The amount adsorbed is 

detected as a change in weight of the sample. For each amount 

adsorbed, the equilibrium pressure of the vapor is specified by 

the ice reservoir temperature. This temperature is held constant 

until the weight of the sample becomes steady with time. Additional 

adsorption data points are determined by increasing the ice reservoir 

temperature in small increments. The pressure of the vapor in the 

system is thereby stepwise increased until the weight of the sample 

begins to increase without bound; the run is then terminated. 

Adsorption data at -3.00C, -6.50C and -lO.OOC are adjusted for 

the zero offset and calibration for each run and the contribution of 

adsorption on the balance system itself. Interpretation of the data 

is by standard thermodynamic techniques for adsorption and nucleation. 



CHAPTER III 

THEORY 

Physical adsorption of a gas by a solid implies the interactions 

between the gas and the solid are weak compared to chemical bonds. 

These interactions arise from short range van der Waals and London 

forces existing between molecules. Adsorbate molecules interact 

with adsorbent molecules and also with other adsorbate molecules. 

Physical adsorption occurs during the collision of a gas molecule 

with the surface of the adsorbent. Attractive van der Waals and 

London interactions cause gas molecules to linger in the vicinity 

of the surface. As long as a molecule remains bound to the surface 

under the influence of these weak interactions the molecule is 

physically adsorb·ed. Random fluctuations in the kinetic energy 

of an adsorbed molecule allow molecules to overcome the attractive 

forces holding it to the surface and return to the gas. Numerous 

collisions between molecules in the gas and the surface of the 

adsorbent permit physical adsorption to take place. The number of 

molecules adsorbed reaches an equilibrium condition when the rate 

at which molecules undergoing the adsorption process equals the rate 

at which molecules escape from the adsorbed state. This equilibrium 

can be statically detected by measuring the diminution of molecules 

in the gas phase as a change in gas pressure in the volumetric 

technique or by measuring the increase in mass of sample due to 

the adsorption of gas molecules in the gravimetric technique. 

15 
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These measurements of physical adsorption are macroscopic averages 

over the entire surface of the adsorbent. The equivalence of these 

two techniques arises from the dynamic equilibrium established be

tween the molecules in the vapor and adsorbed states. 

3.1 Adsorption Isotherms 

An adsorption isotherm relates the concentration of adsorbed 

molecules to the concentration of molecules in the vapor at a given 

temperature. The pressure of the vapor is a convenient measure of the 

concentration of molecules in the gas. The concentration of gas mole

cules adsorbed is frequently represented as the volume of gas adsorbed 

converted to STP conditions. A more direct measure of the concentra

tion of gas molecules on the surface is moles of gas adsorbed per unit 

area of adsorbent surface. 

In principle, the shape of an adsorption isotherm can be deter

mined from the interactions between molecules and the dependence of 

these interactions on the nature of the adsorbent and adsorbate, the 

concentration and arrangement of adsorbed molecules, and the vapor 

pressure. However, the theoretical formulation of this dependence 

is not completely developed. Assumptions simplifying the nature of 

the adsorbent and the interactions between adsorbate and adsorbent 

lead to theoretical isotherms that empirically fit adsorption data 

over several ranges of amount adsorbed and pressure of the vapor but 

do not cover the entire isotherm. Usually, however, experimental 

isotherms are used to deduce the interactions that produced them. 
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3.2 Adsorption Thermodynamics 

The thermodynamic system in which the adsorption process operates 

consists in an adsorbent, the adsorbate, and a vapor in equilibrium 

with the adsorbate. The adsorbent is usually a solid onto which 

molecules of the vapor are sorbed. These sorbed molecules are then 

referred to as the adsorbate. This system may be treated in several 

23 24 ways. Hill ' treats adsorption as a special case of solution and 

develops thermodynamic functions specifically for the adsorbate. 

25 26 . Everett ' considers adsorpt~on just as a modification of the 

solution process and uses solution thermodynamic functions to describe 

adsorption. Both approaches may use the method of surface excess 

introduced by Gibbs 27 and developed by Guggenheim 28 to conceptually 

separate the adsorbate from the vapor. 

A basic assumption in the treatment of adsorption thermodynamics 

by both Hill's and Everett's methods is that the adsorbent is inert. 

That is, the thermodynamic properties of the adsorbent do not change 

even in the presence of the adsorbate. With this assumption, thermo-

dynamic functions may be derived to pertain to the adsorbate alone. 

The difference between the thermodynamic properties of the vapor 

and of the adsorbate are attributed to the interaction of the 

adsorbate with the external potential field of the adsorbent. Per-

turbations of the structure and bond strengths of surface molecules 

in the adsorbent are included in the thermodynamic functions of the 

adsorbate and can not be treated separately. Hill 20,29 demonstrates 

that the asymmetrical adsorption thermodynamic approach he advocates 

and the symmetrical solution approach Everett advocates are equivalent 
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thermodynamically and differ only in the choice of parameters de-

scribing each system. The approach taken here is one of Gibbs' surface 

excess in which the assumption of an inert adsorbent produces an 

asymmetrical description of the adsorption process; i.e.,' only the 

chemical potential of the adsorbate is considered. 

Consider a two component adsorption system of volume y con-

taining nl and n2 moles of the vapor and adsorbent, respectively, 

throughout which the temperature I, pressure I, and chemical potentials 

~1 and ~2 of the components are uniform. This system may be subdivided 

by placing a boundary of surface area ~ in the vicinity of the vapor-

adsorbent interface; the precise location of this boundary is later 

specified by assuming the adsorbent to be inert. The Gibbs free 

energy of the entire system is given by I, I, y, n1 , n2 , ~1' ~' and 

the surface free energy of the arbitrary boundary ~: 

(3.1) 

Each portion of the total system can hypothetically be treated as 

being homogeneous up to the dividing surface with the same intensive 

variables as in the total system: 

(3.2) 

(3.3) 

where the superscripts ~ and ~ indicate extensive quantities for the 

corresponding homogeneous subsystems. The contribution of the surface 
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region to the total Gibbs free energy is isolated by subtracting 

equations 3.2 and 3.3 from 3.1 leaving: 

(3.4) 

where the superscript ~ refers to the extensive quantities of the 

surface region; i.e., surface excess quantities defined by: 

GO G 
_ GV _ 

GS 

SO = S - SV _ Ss (3.5) 

° v s 
n1 ,2 = n - n1 2 - n1 ,2' 1,2 , 

The rigorous treatment of the volume of the surface region permitted 

24 29 by the Gibbs approach is shown by Hill ' to exclude any treat-

ment of perturbations of the adsorbent by the adsorbate. 

Maintaining the intensive variables T, ~, ~1' ~2 constant, 

equation 3.4 can be integrated to give: 

Comparing the total differential of equation 3.6 to 3.4 leads to a 

Gibbs-Duhem expression for adsorption: 

(3.6) 

(3.7) 

The precise location of the Gibbs dividing surface is now specified 

such that the surface excess of the adsorbent n2 vanishes. This, in 

effect, places the dividing surface at the surface of an inert ad-

sorbent such that the area A is just the surface area of the adsor-

bent 24 With this assumption, equation 3.7 is reduced to: 

(3.8) 
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where SO = SO/n~ is the molar entropy of the adsorbate and r = n~/A 

is the surface excess of the adsorbate per unit area. For a one 

component system, Gibbs 27 defines the chemical potential such that 

for an ideal vapor: 

d~ = -SvdT + RT d1np 
v 

(3.9) 

where SV is the molar entropy of the vapor and R is the vapor pressure. 

An analysis of the ratio of the fugacity to pressure for water 

vapor based on the second viria! coefficient for water vapor given by 

30 Kauzmann and Eisenberg and the relationship given by Lewis and 

Randall 31 indicates: 

f -4 
- = 1 - 5.2 x 10 . 
p 

The approximation that water vapor behaves as an ideal gas in equation 

3.9 is therefore justified. 

For the vapor to be in equilibrium with the adsorbate the 

chemical potentials defined by equations 3.8 and 3.9 must be equal, 

therefore: 

(3.10) 

Under isothermal conditions, equation 3.10 can be integrated to 

yield the integrated form of the Gibbs equation: 

p'=p 

TIp = ~(p=O) - ~(p) = RTJrp'=O rd1np'. (3.11) 

where TI is the change in surface free energy of the solid-vapor 
-R 

interface from ~(p=O) without the adsorbate and ~ in the presence 
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of the adsorbate at an equilibrium pressure~. Each adsorption 

isotherm giving L as a function of ~ allows IT to be computed. To 
....E. 

completely determine IT , adsorption measurements must be made down to 
....E. 

extremely low equilibrium vapor pressures and even then L must be 

extrapolated to zero pressure. This, of course, is necessary to 

compute the absolute magnitude of IT over the range of pressure in
....E. 

dicated in equation 3.11. However, this range of pressure is com-

p1etely arbitrary and depends only on the choice of reference state, 

in this case the bare adsorbent. 

More information on the interaction between adsorbent and ad-

sorbate can be obtained from isotherms measured on the same sample 

at different temperatures. These isotherms lead to the heats and 

entropies of adsorption. Several entropies and heats of adsorption 

can be defined in terms of the system conditions specified to obtain 

them. 23 24 29 Hill ' , considers the entropy and heat defined by 

maintaining the intensive variables ~, 1, and ~ constant to be most 

meaningful as they correspond to quantities derivable from statistical 

models. 25 26 Everett ' , on the other hand, considers the heats and 

entropies obtained when L, ~ and A are held constant to be the most 

significant since they are more closely related to calorimetric mea-

surements. 

Hill's integral heat of adsorption 24,26 is readily found by set-

ting dp=O in equation 3.10 and rearranging the terms to give a 

Clausius-Clapeyron expression at constant ~: 

(
d 1np) 

dT <I> 

Sv _ SO 
RT 

(3.12) 
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The integral heat of adsorption ~ is defined by: 

_ (d 1np ) 
q~ - -R d(l/T) ~. (3.13) 

This integral heat of adsorption must be evaluated after the Gibbs 

equation is integrated over the entire range of adsorption amounts to 

obtain ~ as a function of R. In the present experiment, such a large 

range of pressures is not investigated; the integral heat of adsorp-

tion will not be considered further. 

A heat of adsorption easily obtained from adsorption studies is 

the isosteric heat of adsorption. This is the heat released per mole 

during the adsorption of an infinitesimally small amount of adsorbate 

. 24 25 at a given surface excess. H111 and Everett point out that this 

heat corresponds to heats obtained by calorimetry. 

According to equation 3.4, the Gibbs free energy of the dividing 

surface is a function of the temperature, surface area, and composi-

tion. With the assumption that the adsorbent is inert and of constant 

area, equation 3.4 in partial differential form becomes: 

dGO' = (aGO'\ dT + (aGO') dn a. 
aT J ~ a T 1 a on

1 n
1 

(3.14) 

Since dGO' is an exact differential, the partial cross derivatives of 

the right hand terms must also be equal so that from equations 3.4 and 

3.14: 

(3.15) 



23 

At equilibrium, the chemical potential of the adsorbate can be expres-

a sed as a function of ! and n
1 

for an adsorbent of constant area: 

(3.16) 

Equating the differentials of the chemical potentials given by 

equations 3.9 and 3.16 expresses the equilibrium between the vapor 

and adsorbate: 

= -
-v 
S dT + RT dlnp. (3.17) 

From equation 3.15, the partial molar surface entropy is defined: 

-a 
S 

(
a sa) 

= an~ T,A • 
(3.18) 

a At a constant surface excess, dnl = 0, equation 3.17 reduces to a 

Clausius - Clapeyron expression for the equilibrium pressure: 

(
d lnp) = 

dT r 

where I replaces n~ to indicate constant surface excess. The 

isosteric heat of adsorption is defined from equation 3.19 as: 

(3.19) 

(3.20) 

Rearranging the differential of temperature in equation 3.19 and using 

the definition in equation 3.20 yields: 

_ (d In p) 
qst - -R delfT) r· (3.21) 
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The isosteric heat of adsorption can be computed from several 

isotherms measured on the same material but at different temperatures. 

3.3 Nucleation Thermodynamics 

Frenkel 32 viewed changes in phase as beginning with microscopic 

fluctuations in the density of a substance in the vicinity of the onset 

of a phase change. These heterophase fluctuations become more numerous 

and more stable as the conditions for a phase transition are approach

ed. Volmer 33 first made use of this concept to describe the nu

cleation of a condensed phase from the vapor by a foreign substrate. 

Major contributions to the development of the theory of heterogeneous 

nucleation were made by Fletcher 34 during the last decade. The 

approach to heterogeneous nucleation taken here essentially follows 

Fletcher's treatment of the geometry of the embryo while incorporating 

some concepts from adsorption to make the symbolism of the two 

theories similar. 

Most nucleation theories consider the direct transformation of a 

large number of molecules in the vapor via a heterophase fluctuation 

into a nucleation embryo. This embryo is assumed to contain a 

sufficient number of molecules to give the embryo the bulk properties 

of the condensed phase. The embryo then has a chemical potential 

and surface free energies similar to the bulk condensed phase in 

equilibrium with the substrate and vapor. The thermodynamic system 

includes only the embryo and vapor, with the remaining surface of 

the substrate included in the thermodynamics as a parameter. For 
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the transfer of dn moles of the vapor at constant temperature and 

pressure to an embryo containing ~ moles located on a plane substrate, 

the free energy change for the system can be written as: 

dG = -(~ - ~ ) dn + v e L 4>. dA. 
1. 1. 

i 
(3.22) 

where ~ and ~ are the chemical potentials of the vapor and embryo 
...:!... ~ 

and 4>i and Ai are the surface free energy and area of the ith inter-

face. In the simplest case three such surfaces exist: embryo-vapor, 

substrate-vapor, and substrate-embryo. 

Spontaneous growth of the embryo occurs when the free energy 

change dG becomes negative. By dividing by dn,the critical size of 

the embryo can be determined by setting dG/dn = 0: 

dG dAi - - -(~ - ~ ) + L 4> - = 0 dn - v e i i dn 

thus (3.23) 

In order to evaluate the critical size, the dependence of the areas 

Ai on ~ must be established. All three areas are not independent. 

As the embryo grows laterally, the substrate-embryo interface enlarges 

causing a reduction in the substrate-vapor interface. Therefore, only 

two areas need to be defined to specify the summation in equation 

3.23: 

2/3 dA 2 -1/3 A ev a. n , --=-a. n ev dn 3 
(3.24) 

s n2/ 3 dA 
A , ~ = 1 s n-1 / 3 
se dn 3 
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where £ and ~ are arbitrary shape parameters. Equation 3.23 is 

simplified further by combining the surface free energy terms into a 

35 surface parameter ~: 

m = (3.25) 

This surface parameter is dependent on the pressure of the vapor 

through ~ ,for this interfacial free energy is dependent on the 
..J!Y 

amount of vapor adsorbed on the surface surrounding the embryo 

through equation 3.11. 

Equation 3.24 can now be rewritten incorporating equations 3.24 

and 3.25: 

n 
1/3 -3

2 ~ (a - mS) ev 
).lv - ).le 

(3.26) 

For this equation to have physical significance n1/ 3 > 0, that is 

).l >).l and a > mS. Clearly a > S otherwise the volume of the embryo 
v e 

would be zero. Assuming the chemical potential of the embryo is 

similar but not quite equal to that for the bulk condensed phase: 

).l -).l = RT 1n(p/p ) - ).l' 
v e 0 

(3.27) 

where .1:L. accounts for the difference betwee'n the chemical potential of 

the embryo and of the bulk condensed phase and p is the equilibrium 
o 

vapor pressure for the bulk phase. Now equation 3.26 becomes: 

1. ~ (a - mS) 1/3 3 ev 
n = RT 1n(p/p ) - ).l' 

o 
(3.28) 

Above this size the embryo can grow spontaneously; nucleation occurs. 

Embellishments on this basic thermodynamic approach by Fletcher include 

consideration of nucleation: on curved substrates, 34 by spherical 
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34 35 cap shaped embryos, by other embryo shapes, on surface 

36 37 irregularities on the substrate, on partially soluble particles, 

etc. However, in each instance the same basic assumption is made: 

the embryo has the properties of the bulk phase. 

Nucleation theory goes a step beyond thermodynamics to predict 

the rate of nucleation~. The kinetic basis for nucleation rate 

depends on the rate of collisions between molecules in the vapor 

and the surface of the embryo and the sticking or accommodation 

coefficient of the colliding molecules. A Boltzman distribution 

function based on the total free energy change required to form 

an embryo of critical size serves to properly weight the occurrence 

of any particular growth such that: 

J = K exp(~G*/RT) (3.29) 

where K is the kinetic coefficient giving rise to the growth and ~G* 

is the total free energy change of the embryo at its critical size 

as determined by equation 3.28 and the integration of equation 3.22. 



CHAPTER IV 

MATERIALS 

The silver iodide used in this study of the interaction between 

water vapor and silver iodide was material prepared by the method of 

Corrin, et a1., 12 at the University of Arizona in 1967. This 

material was stored during the intervening time in an evacuated, 

blackened pyrex ampule. All handling and transferring of this pure 

silver iodide powder was done in a closed, water vapor free glove 

box. After opening the ampule in the glove box, a portion of the 

powder was transferred to a red, glass-stoppered erlenmeyer flask. 

The surface area of this powder was determined by krypton ad

sorption measurements to be 0.49 m2jgm with a standard deviation of 

5%. This surface area was determined from the combined data of mea

surements before the water adsorption measurements began and also 

after these measurements were completed. No change in the surface 

area was found over the time period of the water adsorption measure

ments, about nine months. Appendix I gives the results of the krypton 

adsorption measurements and an error analysis of this surface area 

computation technique. 

The other component in the adsorption system investigated is 

the adsorbate, water vapor. During the adsorption measurements, water 

vapor is made available to the adsorbent from ice contained in the 

adsorption system. The water frozen to produce this ice is placed in 

its reservoir before any adsorption measurements are begun. 

28 
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A small vessel containing water from a pyrex still was attached 

to the adsorption system through a small stopcock. The adsorption 

system was evacuated with the water at room temperature. As soon as 

the water began to boil the vessel was immersed in liquid nitrogen. 

-6 Vacuum pumping continued to 10 torr. When this pressure was 

achieved the stopcock between the adsorption system and the water 

filled vessel was closed and the ice in the vessel was melted by 

placing a beaker of warm water around the vessel. Dissolved gases 

trapped in the ice rapidly escaped as the ice melted. Once completely 

melted, the stopcock was again opened and the freezing cycle repeated. 

Several freeze - thaw cycles effectively removed dissolved foreign 

gases from the water in the vessel. After the final freeze, the 

vacuum pump was turned off and a dewar of liquid nitrogen was placed 

around the ice reservoir on the adsorption system. The vessel was 

then immersed in an ice bath allowing water to be distilled by sub-

1imation from the vessel to the ice reservoir until the reservoir 

was about half full. The stopcock to the water vessel was then 

closed leaving thoroughly degassed water in the ice reservoir of the 

adsorption system. 
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CHAPTER V 

GRAVIMETRIC ADSORPTION SYSTEM 

For the measurement of large adsorption amounts near saturation 

pressure, a gravimetric system based on a Cahn electrobalance was 

selected. Water vapor pressure regulation was obtained by thermo-

stating a reservoir of ice attached to the system. Sample temperature 

was controlled by another thermostat. A diagram of the adsorption 

system is shown in Fig. 1. 

5.1 Adsorption System 

In the initial phase of an adsorption run the system is evacuated 

to insure the environment of the sample and the surface of the sample 

are free of volatile impurities. The silver iodide is not heated 

during degassing because of the ease with which this material sinters. 

Two stages of pumping are used to evacuate the system; a mech~nical 

-3 fore pump to reduce the system pressure below 10 torr and then an 

Ultek ion pump to bring the system pressure to about 10-6 torr. 

A l3X molecular sieve trap between the fore pump and adsorption system 

prevents the back-diffusion of pump oil vapors into the system. 

While the ion pump is in operation, the fore pump is isolated from 

the system by a bellows-sealed valve. The vacuum pumps are connected 

to the adsorption system through a large bore stopcock. A system 

pressure of less than 2 x 10-6 torr is maintained for twenty four 

hours- prior to an adsorption run with the ion pump in operation. 
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A vacuum jar housing the Cahn electrobalance accounts for most 

of the system volume; approximately 3 liters. This cylindrical ves-

sel has hemispherical end caps. One cap is removable for access to 

the balance and is sealed by an Apiezon-L greased Viton O-ring and 

doughnut-like ring clamps. Three greased, Vi ton O-ring sealed 

standard taper male joints on the underside of the balance jar 

allow the tare hangdown tube, sample hangdown tube and the remainder 

of the system to be attached to the jar. The sample hangdown tube 

extends a considerable distance below the balance. During a run 

this tube is immersed in a thermostat. The tare hangdown tube is 

much shorter. A small standard taper joint ground for a high 

vacuum seal with a male plug is attached near the bottom of the tare 

hangdown tube. Rotating the male plug allows a calibration weight 

to be raised and lowered while the system is evacuated. The third 

port is attached via 16 mm I.D. pyrex tubing to the stopcock from 

the vacuum line and to the stopcock from the ice reservoir. 

The final portion of the adsorption system is the ice reservoir. 

A small stopcock connects this reservoir to the adsorption system. 

This spherical bulb contains approximately 6 ml of degassed, distilled 

water and is immersed in a thermostat. 

5.2 Balance System 

The Cahn model RG electroba1ance determines the weight of a 

sample by measuring the current required to maintain the balance at a 

reference position. A flag on the balance arm intercepts a light 

beam falling on a phototube. The output current of the phototube is 
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proportional to the deflection of the balance arm. This current in 

turn activates a servoamplifier driving a torque motor to which the 

balance arm is attached. The feedback loop thus established main

tains the arm at the reference position. The output signal from the 

balance is proportional to the torque motor current and thus also to 

the weight of the sample. Output sensitivity is rated at 50 milli

volts/milligram. 

Balance output voltage is measured with an integrating digital 

voltmeter (IDVM) that can be read to one microvolt. In order to reduce 

the noise on the balance signal induced by mechanical vibration 

(response of the electrobalance is very rapid) a 200 mfd capacitor is 

placed across the output terminals of the balance. In addition, the 

integrating feature of the voltmeter averages the signal over a period 

of one second. A Stabline voltage regulator isolates the balance from 

line voltage fluctuations minimizing electrical noise on the signal. 

With a tared sample the minimum detectable weight change of the 

balance - voltmeter system in the mounting used is approximately 10 

micrograms in a one gram sample. This value is larger than the 

rated sensitivity of the balance because of vibration noise on the 

balance output signal. 

The sample pan and tare weight pan are suspended from opposite 

ends of the balance arm by quartz fibers. The pans are 16 rnrn diam

eter hemispherical shells of fused quartz weighing around 50 mg. 

Tare weights are of aluminum and tantalum along with a chrome! wire 

support for a class M, 5 mg. rider used to calibrate the balance. 

The balance jar and hangdown tubes are protected from ambient 

light by black paint and tape to prevent photodecay of the sample 
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and to provide the balance feedback network with a constant light 

level. 

5.3 Sample Thermostat 

Sample temperature is held constant during a run by a separate 

thermostat. A constant rate of cooling provided by a coolant circu

lated through a copper coil immersed in the bath is countered by on

off heating to maintain the control temperature. Temperature regu

lation is achieved with a mercurial thermoregulator. Cooling rate 

is controlled by a pinchcock throttling the coolant supply line. 

A variac in series with the heating element controls the heating rate. 

The temperature is kept uniform throughout the bath by a stirring 

motor. The sample hangdown tube is immersed some 20 cm. into the 

bath with the sample pan only a few centimeters from the bottom of 

the tube. Polyethylene foam insulation on the walls, bottom and top 

of the bath prevent diurnal room temperature fluctuations from 

disturbing the control temperature. 

Temperature control over the duration of an isotherm measurement 

is possible to ±O.02C with the average deviation from the control 

temperature being even smaller. The period of the cyclic temperature 

fluctuations is approximately 3.5 minutes. Therefore, on the time 

scale of adsorption measurements made over several days, these fluc

tuations are effectively averaged out. 

5.4 Ice Reservoir Thermostat 

Temperature control in the ice reservoir is attained by counter

ing a constant cooling rate with a proportional heat input. A Sargent 
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Thermonitor modified to control at subzero centigrade temperatures 

provides a heat input to the thermostat proportional to the tempera-

ture difference between the bath and control setting. The ice 

reservoir is immersed around 10 cm. into the bath. Polyethylene 

foam insulates the entire bath from room temperature fluctuations 

permitting long term temperature control to ±0.02C. 

5.5 Coolant Supply 

Both the sample thermostat and the ice reservoir thermostat 

are provided with coolant circulating through copper coils immersed 

in each bath. A large, well insulated vessel initially filled with 

a one to one solution of commercial ethylene glycol and tap water 

is cooled to -25C by a Blue M refrigeration unit. The bath is 

vigorously mixed. Two circulation pumps force the coolant through 

well insulated tubing, through the coils in the baths, and back into 

the coolant reservoir. 

5.6 Platinum Resistance Thermometer 

Both the sample temperature and ice reservoir temperature are 

measured by a platinum resistance thermometer. The resistance versus 

temperature response of a Rosemont Engineering probe was determined 

by the National Bureau of Standards and fitted to the Callendar-

van Dusen equation: 

RS _ [_0 ( -L.\ ~ ( l)] 
Ro - 1 + aT 1 + 100 1 - 100)+ 106 1 - 100 (5.1) 



where: R 
o 
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25.5352 abs ohms, 

a = 3.926398 x 10-3 , 

{ 

0.0 ,T>OC, 

S = 0.11011, T < OC, 

o = 1.49166. 

A Princeton Applied Research model PT-2 platinum resistance 

thermometer bridge unit serves to measure the sensor resistance. 

This unit is designed to follow the Callendar-van Dusen equation such 

that the temperature indicated by the front panel dials on the unit 

corresponds to the temperature of the sensor at temperatures above 

zero Celcius. At subzero temperatures the bridge resistance does not 

track the Callendar-van Dusen equation but simply follows a linear 

ramp function: 

where M = 100 and S 

MR + ST 
o 
M 

10 ohms/C. When the bridge is balanced, 

(5.2) 

R = R at subzero temperatures, the dial reading does not indicate s -b' 

the true sensor temperature. 

To compensate for the discrepancy between the bridge resistance 

and temperature response of the platinum wire probe, a correction 

term must be added to the subzero temperature indicated by the PT-2 

dials when the bridge is balanced. The first order correction for 

temperatures above -20C is: 

1-10~o +& (1-~)+~(1-~) 
S ( 2 T) ~ ( 4 T) 

1 + 100 1 - 100 + 106 3 - 100 

A = -T (5.3) 
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where I is the dial temperature in degrees centigrade and A is the 

correction term which must be added to the dial temperature to give 

the correct sensor temperature T : 
~ 

T = T + b. s (5.4) 



CHAPTER VI 

PROCEDURE 

The measurement of an adsorption isotherm with the gravimetric 

system described in Chapter V consists of several phases. Initially 

the sample is weighed out into a sample pan and then placed on the 

balance. Then the balance is tared and calibrated. Finally, iso

therm points are obtained by measuring the weight change of the 

sample at constant ice reservoir temperatures. 

6.1 Sample Preparation 

A sample pan is partially filled with silver iodide in a closed, 

water vapor free glove box. The weight of the pan and a weighing 

bottle is determined beforehand. The sample pan containing silver 

iodide is placed into the weighing bottle while in the glove box, 

and the bottle is reweighed. By the change in weight of the bottle 

and pan the amount of sample in the pan is determined. The pan 

with sample is kept in the weighing bottle until the pan is placed 

on the balance. 

6.2 Initial Sample Taring 

Quartz suspension fibers are hung from loops at each end of the 

balance arm. On the tare hangdown fiber a tare pan is hung in which 

substitution weights are placed to approximately tare the sample pan 

plus sample. A 5 milligram, class M beam rider which serves as a 

calibration standard is also added to the tare pan. The tare hang

down tube is replaced with the a-ring joint lightly greased with 

Apiezon L. 

38 
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Before the weighing bottle is opened, the sample hangdown tube 

is posi"tioned beneath the suspension fiber. The weighing bottle is 

then opened and the sample pan is suspended on the quartz fiber. The 

hangdown tube is then carefully raised around the sample pan and 

afixed to the balance jar with the O-ring joint lightly greased. 

Clamps hold both the sample and tare hangdowns tubes in place. 

With both the tare and sample hangdown tubes attached to the 

balance jar, the stopcock to the vacuum pump is very slowly opened, 

allowing a gradual decrease of system pressure. Static electricity 

which usually built up on the balance and adsorption system while 

placing a sample on the balance dissipated during the pump down; a 

polonium alpha particle source in the balance jar helped to dissipate 

the charge. The influence of the charges on the weight measured van

ishes after several hours of pumping; the balance output signal on 

the IDVM becomes steady in time. This IDVM reading is noted and gives 

the zero offset in vacuum. 

Dry nitrogen is then admitted to the balance jar through a 

small stopcock. The balance system is allowed to stabilize and the 

IDVM reading again noted; this gives the zero offset in air. The 

difference between the two zero offsets gives a buoyancy correction 

for taring the balance in air. 

6.3 Final Taring 

With the sample in a dry nitrogen atmosphere to prevent surface 

contamination of the sample, final taring is carried out by adjusting 

the contents of the tare pan to bring the IDVM reading to the buoyancy 
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correction. A slightly positive signal, i.e., sample heavier than 

tare, is desirable due to degassing of the sample during zero offset 

determination. 

After the final adjustment of the tare weight, the 5 mg. rider 

is positioned on a small stirrup of chrome1 wire projecting out of 

the tare pan. The hangdown tube is positioned such that the wire 

arm of the vacuum manipulator engages the lifting loop of the rider. 

With this arrangement the rider may be removed from the tare pan and 

then replaced with the system closed and evacuated. 

6.4 Zero Offset 

The system is again slowly evacuated by the fore pump. After 

several hours the ion pump can be started and pumping continues with 

the fore pump isolated from the system. Pressure in the system drops 

rapidly to the pressure at which the pumping speed equals the degas-

sing and low leak rate of the system. Zero offset observations begin 

-6 after pressures below 4 x 10 torr are attained. 

A zero offset value is determined by the average of 20 readings 

from the IDVM. The balance is set on the one milligram mass dial 

range with the recorder range set for 0.1 milligram full scale. With 

the IDVM sensitivity at 0.1 volts full scale, this allows the weight 

imbalance to be read from the IDVM to 0.1 micrograms. Readings are 

made at five second intervals and each reading is electronically 

averaged over one second. Zero offset averages are obtained at hourly 

intervals over a period of two days. Once the zero drift stabilizes, 

zero offset averages are taken at ten minute intervals to establish 
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the mean zero offset for the run; no consistent zero drift was found 

to take place once the zero offset is steady. 

Zero offset is very sensitive to mechanical and electrical dis

turbances to the balance system. The balance jar is shielded from am

bient light to help maintain a constant zero offset. The thermostats 

are mechanically isolated from the balance mounting grid by foam pad

ding which adsorbs vibrations. The stirring motor for the sample 

thermostat is supported from the frame that carries the coolant 

circulating pumps and hoses. This frame is isolated from the 

balance mounting rack. 

6.5 Balance Calibration 

Removing the 5 mg. calibration weight from the tare pan produces 

an apparent increase in the sample weight. With the recorder span 

adjustment on the balance unit, the IDVM reading can be adjusted to 

correspond to 5 mg. As with the zero offset, the calibration value 

is also statistically determined. The calibration procedure is as 

follows: 

The 5 mg. rider is removed from the tare pan by turning the 

vacuum manipulator after the zero offset has stabilized. After the 

system is again steady, calibration readings (20 values from the IDVM) 

are taken at ten minute intervals. Ten such averages usually suffice 

for an average calibration value. The rider is then replaced and a 

series of zero offset averages is again taken. The difference between 

the average calibration value and the average zero offset is the 

5 mg. calibration weight. Dividing 5 mg. by this value gives a 
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multiplicative factor for adjusting all values to the 5 mg. calibra

tion after subtracting the zero offset. 

6.6 Sample Temperature Control 

During the zero offset and calibration procedures the sample 

thermostat is installed around the sample hangdown tube; this ther

mostat must be removed to place a sample on the balance. Care is 

taken to prevent excess static electricity build up and mechanical 

shocks to the system. The bath is filled with an antifreeze solution. 

Coolant from the refrigeration unit is circulated through a cooling 

coil in the bath to begin lowering the bath temperature. The bath is 

stirred. 

Bath temperature is monitored during the initial set up with the 

platinum resistance thermometer. A mercurial thermoregulator is 

adjusted to control at the desired sample temperature. Both the 

heating and cooling rates are varied to produce optimum temperature 

fluctuations about the mean consistant with long term thermal 

stability of the bath. The stability of the bath is monitored 

during the zero offset measurements with the PT-2 thermometer. 

During the isotherm measurements, sample bath temperature is 

monitored manually with a mercurial differential thermometer. 

6.7 Isotherm Data Point 

Each data point on an adsorption isotherm requires constancy 

of sample temperature and ice reservoir temperature. The sample 

temperature is kept constant throughout an isotherm measurement. Ice 

reservoir temperature is step wise increased to obtain new data points. 
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The temperature of the ice reservoir is adjusted via dials on 

the Thermonitor control unit and is monitored throughout a run with 

the platinum resistance thermometer. Adjustment of the Thermonitor 

control dials is done in gradual steps to prevent excessive over

shoot of the desired bath temperature. The greater the temperature 

change desired the greater the overshoot; therefore, several small 

changes in temperature are made to reach t·he desired ice reservoir 

temperature, especially at pressures near saturation. The output 

of the PT-2 unit is graphically recorded for a permanent history of 

the ice reservoir temperature during a run. 

With the ice reservoir maintained at constant temperature, 

adsorption of the vapor on the sample proceeds when the stopcock 

between the balance jar and ice reservoir is open. Twenty readings 

at five second intervals are read off the IDVM every half hour. 

When the weight ceases to continuously increase, readings are taken 

at ten minute intervals until a sufficient sample is collected to 

obtain an average value (usually ten). The average is recorded 

along with the ice reservoir temperature. Repeating this procedure, 

ea.ch time slightly increasing the ice reservoir temperature, 

produces an adsorption isotherm. A minimum of eight hours is given 

fbr the sample weight to reach equilibrium; as long as two days is 

allowed for equilibrium when large amounts are to be adsorbed. 

6.8 Reversibility of Isotherm 

After the equilibrium pressure exceeds saturation with respect 

to ice and before water saturation is attained, a desorption point is 
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obtained. The temperature of the ice reservoir is decreased to cor-

respond to a vapor pressure just slightly below saturation with re-

spect to ice. The sample weight decreases in the period of one or two 

days to an equilibrium value. The average weight is determined as 

above and is recorded along with the ice reservoir temperature. After 

the desorption point is obtained, the ice reservoir temperature is 

again increased and the isotherm continued. 

6.9 Vapor Pressure Computation 

Control of the sample and ice reservoir temperature effectively 

specifies the saturation vapor pressure at the sample and the equilib-

rium pressure of the vapor in the system, respectively. Analytical 

expressions for ice vapor pressure and the ratio of water to ice vapor 

pressures are used to compute the necessary pressures. 

Washburn 38 derived the ratio of water to ice saturation pressure 

by an integration of a Clausius - Clapeyron expression using thermo-

dynamic data. In the temperature range -l6C to DC the ratio of 

saturation pressures is: 

(6.1) 

where X is the absolute temperature and ~ is the centigrade tempera-

ture and ~ and ~ correspond to water and ice saturation vapor 

pressures, respectively. 

A recent experimental investigation of the vapor pressure of 

ice between O.OIC and -lOOC led Jancso, Papezin, and van Hook 39 to 
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the following expression for the saturation pressure of ice which fits 

their experimental values within measurement error: 

2481.604 + T 3.5712988 10g10 T + 1.901973 

- 3.097203 x 10-3 T - 1.7649 x 10-7 T2. (6.2) 

Equation 6.2 is used to obtain the equilibrium vapor pressure 

of water in the system from the ice reservoir temperature. Both 

equation 6.1 and 6.2 are needed to obtain the saturation pressure with 

respect to liquid supercooled water at the sample using the sample 

thermostat temperature. The relative pressure of water vapor at the 

sample is found by dividing the equilibrium vapor pressure by the 

saturation vapor pressure: 

(6.3) 

where ~ is the relative pressure and Pi the equilibrium pressure 

given by the ice reservoir temperature. The saturation pressure Po 

may be either that over water or ice. 

6.10 Corrections to Isotherms 

After the isotherm is carried to as large a vapor pressure as 

possible, the values obtained must be adjusted for the zero offset. 

This gives the apparent amount adsorbed which is further corrected 

by multiplying that value by the calibration ratio to give the actual 

amount adsorbed at each data point. 

The final correction accounts for adsorption on the balance 

system itself. To determine this correction, separate isotherms are 

measured at each sample temperature without having a sample of silver 
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iodide in the sample pan. Except for the tare weights, which are not 

all needed for the blank isotherm, all other factors and procedures 

are the same. The equilibrium relative pressure with respect to the 

liquid of the silver iodide adsorption isotherm determines the cor

rection value taken from the blank isotherm that is to be subtracted 

from the previously corrected amount adsorbed. The totally corrected 

amount now corresponds to that adsorbed by the silver iodide powder 

alone. 

Buoyancy corrections were calculated for the pressure range 

encountered and were found to be negligible in comparison to the 

estimated error of the weight change measurement. 
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ABSTRACT 

The adsorptive interaction between water vapor and vacuum 

prepared, pure silver iodide leads to nucleation of a condensed 

phase at sufficiently low temperatures and high supersaturations. 

The purpose of this work is to determine: (1) if the patch model 

of adsorption of water vapor on pure silver iodide is valid at 

nucleation; (2) if the energetics of nucleation are comparable to 

the energetics of adsorption; (3) the mechanism of nucleation on 

pure silver iodide; and (4) how nucleation observed by adsorption 

methods compares to cloud chamber studies. 

Previous adsorption studies were unable to answer these questions 

because of insufficient information near the onset of ice nucleation. 

Gravimetric adsorption measurements made with a Cahn electrobalance 

at pressures of water vapor between ice and water saturation in the 

absence of other gases demonstrated the ability of an adsorption 

technique to detect nucleation. Adsorption isotherms at -3.00C, 

-6.50C, and -IO.OOC led to isosteric heats of adsorption and IT-a 

plots up to the onset of nucleation. Nucleation was detected as a 

rapid, continuous increase in the weight of the sample. 

Peaks in the isosteric heat curves at coverages much below a 

statistical monolayer and coverages of one to three mono layers at 

the onset of nucleation at -IO.OOC and -6.50C demonstrated the patch 

model of adsorption is valid even at nucleation. At -3.00C nucleation 

did not occur even at water saturation. Kinks in the IT-a plots for 

the -3.00C and -6.50C isotherms indicate a higher order phase 

transition in the film adsorbed on the patches of high energy sites. 

ii 



Heats of adsorption and supersaturations at which nucleation of ice 

occurs are evidence for the formation of an increasingly duplex film 

as more water is adsorbed on the patch. The embryo does not acquire 

the bulk properties of ice until nucleation occurs. 

The mechanism of nucleation on pure silver iodide involves 

primarily the high energy patches. At a sufficient coverage, ice is 

nucleated at the patch-embryo interface and propogates outward through 

the embryo. This adsorption technique detects the occurrence of 

nucleation on a single, most active site on the most active particle 

in the sample. From the three isotherms, a threshold temperature of 

-3.5C and ice supersaturation of 3.4% were estimated for nucleation 

on pure silver iodide. Cloud chamber studies, in contrast, require 

the number of nuclei activated to be several orders of magnitude 

larger to detect nucleation. 

This work provides a much needed baseline against which future 

adsorption and nucleation studies on impure and doped silver iodide 

can be compared. 

Wm. Richard Barchet 
Atmospheric Science Department 
Colorado State University 
Fort Collins, Colorado 80521 
March, 1971 
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CHAPTER I 

INTRODUCTION 

Adsorption of water vapor by silver iodide was long considered 

the first step in the interaction between silver iodide and water 

vapor that eventually led to the formation of ice. Demonstration of 

the ability of silver iodide to nucleate the ice phase was given by 

1 2 Schaefer and Vonnegut with laboratory studies in cold boxes. 

Numerous field studies sponsored by the Federal Government also 

showed the effectiveness of silver iodide powders and smokes in modi-

3 4 fying supercooled clouds. ' 

Laboratory investigations of the isothermal adsorption of water 

vapor on silver iodide powders were first undertaken in the early 

1950's. Since that time many studies were conducted with the purpose 

of describing this interaction and the surface characteristics of 

silver iodide using silver iodide powders made by various techniques. 

These adsorption measurements were made under isothermal conditions 

either volumetrically or gravimetrically. 

Interpretation of these laboratory studies by the methods of ad-

sorption thermodynamics gives information on the distribution of ad-

sorbed molecules, the energies involved in adsorption, and the entro-

pies of adsorption. These thermodynamic properties indicate the 

influence of the surface on adsorption. Correlation of these 

properties with the nucleation ability of the material leads to the 

patch and cluster models of adsorption which provide the foundations 

for nucleation. 

1 
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1.1 Silver Iodide Used in Previous Studies 

The majority of previous adsorption studies on silver iodide 

made use of powders obtained by precipitation from aqueous solution. 

Birstein, 5,6 Corrin and Storm, 7 Corrin, Edwards, and Nelson, 8 and 

Tcheurekdjian, Zettlemoyer, and Chessick 9 reported adsorption measure-

ments on silver iodide powders they obtained by the reaction of silver 

nitrate with ammonium iodide in aqueous solution. 10 Hall and Tompkins 

9 and Tcheurekdjian, et al., produced the silver iodide they used for 

adsorption studies by the reaction between silver nitrate and potassium 

iodide in aqueous solution. Powders obtained by precipitation were 

generally washed with distilled water to remove all traces of the 

counter ions in the wash water and then dried under vacuum. In some 

instances the dried powder was ground before use. Coulter and 

Candela 11 dissolved commercially prepared silver iodide in liquid 

ammonia and then recovered the silver iodide by pumping on the result-

ing complex. The powder obtained in this fashion had a larger surface 

area than the original. 

Even though elaborate precautions were taken to wash precipitated 

silver iodide free of ionic impurities, the presence of these 

impurities was recognized. Coulter and Candela 11 corrected their 

isotherms for the hydration of impurities. Corrin and Storm 7 demon-

strated the presence of both ammonium and nitrate ions by spot tests 

on sublimates obtained from precipitated silver iodide. Tcheurekdjian, 

9 et al., also detected the presence of ammonium ions in their precip-

itates. 
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By the direct reaction of pure silver metal powder and pure io

dine, Corrin, et al., 8 demonstrated the possibility of producing a 

silver iodide powder free from hygroscopic impurities. Further re-

12 finement of the technique by Corrin, Nelson, Cooley, and Rosenthal 

resulted in powders of large surface area. The pure reactants, with 

an excess of silver metal, were sealed in a vessel which was then 

pumped on to remove volatile impurities while the iodine was kept at 

dry ice temperature. The vessel was placed in an oven and the re-

action was allowed to proceed to completion. Unreacted iodine was 

removed from the reaction vessel by pumping at a temperature of l35C. 

Liquid ammonia was then distilled into the reaction vessel dissolving 

the silver iodide. This solution was transferred to another vessel 

by siphoning, leaving the excess silver metal in the reaction vessel. 

Finally, the liquid ammonia was removed by distillation producing a 

white ammonia-silver iodide complex. Decomposition of the complex 

occurred with continued pumping producing a finely divided, light 

insensitive, yellow silver iodide powder presumably free of ionic 

impurities. 8 Corrin, et al., made preliminary adsorption measure-

ments on this material. 13 14 Later, Nelson and Corrin and Nelson 

examined water vapor adsorption on this "pure" silver iodide at 

pressures much below saturation. 

1.2 Adsorption Measurement Techniques Used in Previous Studies 

Volumetric and gravimetric adsorption techniques are the two 

principal static means for measuring the isothermal adsorption of a 

vapor onto the surface of a solid. The isotherms measured by either 
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technique require the sample (adsorbent) to be maintained at a uni

form temperature during the measurements. This is achieved by placing 

that portion of the adsorption system containing the sample into a 

constant temperature bath. The remaining parts of the adsorption 

system may be at any other (usually warmer) temperature. 

In the volumetric technique, changes in the pressure of the ad

sorbate vapor within an adsorption system of known volume serve as a 

measure of the amount of vapor adsorbed. Initially, a specific quan

tity of the adsorbate is introduced into a portion of the system not 

containing the adsorbent. The pressure of the vapor in and the known 

volume of this portion of the system determine the amount of adsorbate 

present. Adsorption of the vapor by the sample occurs on exposing the 

adsorbent to the available adsorbate. The pressure in the system 

decreases to an equilibrium value. This pressure along with a new, 

known total volume gives the amount of adsorbate remaining as vapor in 

the system. The difference in the amount of adsorbate before and after 

exposure to the sample gives the amount of vapor adsorbed. Summing the 

increments in amount adsorbed gives the total quantity adsorbed at each 

equilibrium pressure. 

The accuracy of the pressure gauge plays an important role in 

determining the accuracy of an isotherm. Each successive point on 

an isotherm is determined by summing the incremental amounts adsorbed. 

These increments are determined by differences in pressure-volume 

products. In effect, errors in pressure measurement at small cover

ages are carried into values at higher equilibrium pressures. As 
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shown in Appendix I, the error as well as the amount adsorbed is also 

accumulated. 

Several different pressure measuring devices were used in 

volumetric adsorption studies of water vapor on silver iodide. Hall 

d T k · 10 d P' i an omp 1ns use a 1ran gauge. 15 Corrin, Mou1ik, and Cooley 

used a capacitance manometer as a null meter and McLeod gauge to 

balance the system pressure. Mechanical gauges of several varieties 

were also employed: Coulter and Candela 11 used a Bodenstein quartz 

9 spiral; Tcheurekdjian, et a1., used a spoon gauge nulled by an oil 

8 manometer; Corrin, et a1., used a wide bore mercury manometer and 

cathetometer. Sensitivity of the pressure measuring devices, as 

15 11 reported by the authors, ranged from 0.005 torr to 0.1 torr. 

The accuracy to which the system volumes were determined was not 

mentioned. 

Two difficulties are encountered in volumetric water adsorption 

measurements. Adsorption of water on the walls of the system must be 

taken into account by performing adsorption measurements without a 

sample in the system, Le., a "blank" isotherm. Unless high surface 

area powders are used, the blank isotherm may be a substantial por-

tion of the measured adsorption thereby compounding the errors intro-

duced during the measurement of each isotherm. Also, at vapor pres-

sures approaching saturation, the amount adsorbed rapidly increases 

on both the sample and walls requiring large doses of adsorbate to 

give detectable changes in the system pressure. In the case of water, 

this may lead to supersaturated conditions during dosing that may 

produce condensation in the system. Measurement of the pressure in 

this case would give an erroneous value for the amount of adsorbate 
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available. In the light of these problems, Corrin, et al., 7 consid-

ered equilibrium pressures equal to seventy percent of the saturation 

pressure to be the upper limit. of volumetric measurements of water 

vapor adsorption. 

Water adsorption isotherms are determined gravimetrically by 

measuring the change in weight of the sample and the equilibrium vapor 

pressure of the adsorbate. An essential difference from the volumetric 

method is that the change in weight of the sample gives the integral 

amount adsorbed at the measured equilibrium pressure. The accuracy of 

the balance weighing the sample as well as the accuracy of the pressure 

gauge determines the overall accuracy of the isotherm. Birstein 5,6 

and Moskvitin, Dubinin, and Sarakhov 16 used quartz spiral springs with 

a cathetometer to measure the elongation of the spring as a function of 

13 . 14 the load. Nelson and Corr1n and Nelson used a Cahn electro-

balance to measure the change in weight of the sample. An advantage 

of the e1ectrobalance over the quartz springs is that the electro-

balance may be tared to maintain maximum sensitivity even under 

maximum load. Sensitivities from 0.2 to 10 micrograms were reported 

at the maximum rated load of one gram. A wide variety of pressure 

measuring and control techniques were employed: Birstein 5,6 used a 

16 Dubrovin gauge; Moskvitin, et al., used a Pirani gauge; while 

Nelson 13 and Corrin and Nelson 14 maintained the equilibrium water 

vapor pressure by controlling the temperature of ice contained in 

their adsorption system. 

Adsorption on the walls and balance is most pronounced on those 

portions of the adsorption and balance system which are the coldest. 
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In these studies this is the temperature of the sample. Unlike in the 

volumetric method, the adsorption on the walls of the gravimetric 

system does not interfere with the measurement of the change in 

weight of the sample. Also, the portion of the balance system at the 

same temperature as the sample generally has a surface area much 

smaller than the sample thereby reducing the blank isotherm contri-

bution to the actual amount adsorbed by the powder sample. 

1.3 Results of Previous Adsorption Studies 

A comparison of adsorption isotherms measured on various samples 

of silver iodide points out the sensitivity of water adsorption on 

this material to impurities. 13 The measurements of Nelson on pure 

silver iodide yield Type II isotherms in the Brunauer classification 

with around one nanomo1e per square centimeter adsorbed at a vapor 

pressure eighty percent of the saturation pressure over the liquid. 

9 10 Tcheurekdjian, et a1., and Hall and Tompkins found adsorption 

amounts several orders of magnitude greater at even lower pressures 

on carefully prepared samples of precipitated silver iodide. On ma-

16 teria1 of more questionable purity, Moskvitin, et al., measured 

still larger amounts and found essentially Type III isotherms with a 

knee at very low pressures. Coulter and Candela 11 and Birstein 5,6 

obtained Type III isotherms with Birstein's amounts being the largest 

reported for water vapor adsorption on silver iodide. The measure-

15 
ments of Corrin, et aI., on pure silver iodide "doped" with hygro-

scopic impurities demonstrated the sensitivity of water adsorption on 

silver iodide to the presence of small amounts of impurities. 
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The wide variety of adsorption isotherms found for water adsorp-

tion on silver iodide produced a wide range of reported isosteric 

heats of adsorption computed directly from the isotherms. Very 

impure silver iodide gave isosteric heats much larger than the heat 

f d "1 5,6 o con ensat~on at ow coverages. 
16 Moskvitin, et al., reported 

isosteric heats equal to the heat of condensation between 20C and DC 

and a greater isosteric heat at temperatures between DC and -20C. On 

9 carefully prepared, precipitated silver iodide, Tcheurekdjian, et al., 

10 and Hall and Tompkins found isosteric heats less than the heat of 

condensation at all coverages. In marked contrast, on pure silver 

14 iodide, Corrin and Nelson reported isosteric heats greater than 

the heat of condensation at all coverages. 

The diversity of adsorption information led to a considerable 

number of conflicting interpretations. However, as adsorption tech-

niques improved and the role of impurities was recognized, the inter-

pre tat ions proposed rested on more subtle aspects of the observed 

adsorption. 

1.4 Previous Interpretations Pertaining to Nucleation 

E 1 d " di b C 1 d C dIll B" " 5,6 ar y a sorpt~on stu es y ou ter an an e a , ~rste~n, 

and Moskvitin, et al., 16 were interpreted on the basis of the same 

2 epitaxy argument that led Vonnegut to select silver iodide as a 

cloud seeding agent. With no direct or conclusive experimental 

evidence, the transition of the adsorbed water to ice was thought 

to occur because of an ice-like arrangement of water adsorbed on the 

underlying crystal structure. Further quantitative interpretation of 



9 

their works is difficult because the nature and amount of impurities 

present in their samples is unknown. 

17 Zettlemoyer, Tcheurekdjian and Chessick were the first to 

point out the deficiencies of the epitaxy argument in explaining 

the ability of silver iodide to nucleate ice. They contended the 

distribution of adsorbed water on the surface rather than the under-

lying crystal structure was the controlling factor in determining 

10 nucleation ability. Hall and Tompkins interpreted their isosteric 

heats of adsorption as indicating the formation of clusters of 

adsorbed molecules on the surface. Clusters were more likely to 

form if the first molecules adsorbed were loosely bound to the surface 

and if the lattice spacing of adsorption sites was approximately the 

hydrogen bond length for water. There was no need to consider 

epitaxy other than to provide properly spaced adsorption sites. 

Tcheurekdjian, et a1., 9 confirmed Hall and Tompkins' findings. 

Comparing the B.E.T. area of their samples obtained from water ad-

sorption to those found by argon adsorption led them to postulate 

the existance of isolated sites on which water adsorption occurs. 

These sites were thought to be hygroscopic impurities located at 

physical irregularities, steps, dislocations, etc. on the surface. 

Clusters formed at these sites then grew beyond the critical size and 

formed ice, the stable phase at subzero Celsius temperatures. Com-

paring several different nuc1eants with various ice nucleation 

efficiencies led them to postulate the water-argon site ratio was an 

important parameter determining the effectiveness of a given material 

as an ice nucleant. 
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M h 1 d ti '1' d'd 12 by Edwards and et ano vapor a sorp on on pure s~ ver ~o ~ e 

18 Corrin gave a different picture of the surface of pure silver io-

dide. The existence of a maximum and a minimum in the isosteric heat 

indicated both lateral cooperative interactions and a saturation of 

these interactions at higher coverages determined the heats of ad-

sorption. This was interpreted as evidence for adsorption on patches 

of high energy sites on the surface. Patches rather than a uniform 

distribution of high energy sites were taken as the model because of 

the low coverage at which the minimum and maximum in the isosteric heat 

was observed. The use of methanol vapor as the adsorbate eliminated 

hydrogen bonding effects which could lead to the cluster formation 

model presented by Hall and Tompkins 10 and Tcheurekdjian, et al. 9 

However, the water adsorption work of Corrin and Nelson 14 also 

found a maximum and minimum in the isosteric heats. This was also 

considered eV'idence that water adsorption occurred on high energy 

patches on the silver iodide surface with no three dimensional cluster 

formation occurring at the coverages studied. 

The cluster model of adsorption, which appears to be valid for 

impure silver iodide powders, provides a convenient origin for a 

nucleation embryo. The three dimensional structure of the cluster 

grows by further adsorption until it exceeds the critical radius. 

Obviously ice must then form since at subzero Celsius temperatures 

ice is the stable phase. On pure silver iodide, however, no 

experimental evidence was found for cluster formation; adsorption 

occurred primarily on high energy patches. The studies which developed 

these models of adsorption on silver iodide covered a very limited 
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range of vapor pressures. Although interpretation of adsorption 

isotherms is most straight forward at low coverages where a thermo-

dynamic approach is possible, it is at higher coverages, at 

pressures near saturation, that adsorption becomes the prelude to 

nucleation. 

A few studies 6,11,16 extended their adsorption isotherms into 

the vicinity of saturation. Unfortunately, the material used in these 

studies appears, on hindsight, to be rather impure with little recog-

nition of the amount or nature of the impurities by the authors. 

Birstein 5,6 assumed the adsorbed water at -20C was ice-like by an 

epitaxy argument. Coulter and Candela, 11 after correcting for a 

hydration effect ascribed to impurities, found a change in the slope 

of a Harkins-Jura plot of their data. This was interpreted as a 

change in phase of the adsorbed water although little significance 

was attached to this finding. Moskvitin, et a1., 16 interpreted 

the change in slope of their isostere plots as a two-dimensional 

analog of a three dimensional phase change. Subsequent investigations 

did not indicate the occurrence of phase changes in adsorbed water on 

either pure or impure silver iodide powders at the coverages studied. 

Evaluating adsorption measurements in the multilayer region led 

19 
Zettlemoyer to postulate the slope of the Frenke1-Ha1sey-Hi11 log 

vs log log plot of isotherm data is correlated to the nucleation 

ability of various materials. The slope of F-H-H isotherms is 

20 21 22 related, according to several authors, , , to the propogation of 

surface effects through several molecular layers. Zettlemoyer's 

proposition was that good nuc1eants allow the effect of the surface 
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to be felt through several layers while the initially adsorbed 

molecules were loosely bound to the surface. Materials that gave 

slopes around -0.53 were found to be good nucleants; silver iodide 

was one of them. 

It is clear that many previous adsorption studies on both pure 

and impure silver iodide failed to extend their measurements into the 

region of coverages and vapor pressures at which adsorption has a 

direct bearing on nucleation. The cluster models 10,16 consider a 

continuous growth of the cluster leads to nucleation with no experi-

mental evidence to verify this assumption. 14 18 The patch model ' 

does not indicate how adsorption on the patch leads to a three 

dimensional water structure which may then serve as a nucleation 

embryo. These points can be resolved by measurements in the vicinity 

of the occurrence of nucleation, i.e., above ice saturation vapor 

pressure. 



2.1 Objectives 

CHAPTER II 

EXPERIMENTAL OBJECTIVES AND DESIGN 

The fundamental experimental objective of this work is to 

answer the following questions pertaining to the relationship between 

adsorption and nucleation on pure silver iodide: 

1) Is the patch model of adsorption valid at the onset of 

nucleation? 

2) What is the mechanism of nucleation on pure silver iodide? 

3) Are the energetics of adsorption directly related to the 

energetics of nucleation? 

4) How does the observed nucleation on pure silver iodide 

compare to cloud chamber studies? 

These questions can be answered for pure silver iodide by measuring 

the adsorption of water vapor over a range of vapor pressures that 

leads to the nucleation of a condensed phase on the powder. In ad

dition, future adsorption and nucleation studies on impure or doped 

silver iodide powders require a baseline for comparison to pure 

silver iodide. 

2.2 Design 

Adsorption studies emphasizing the region between ice and water 

saturation require a technique which is capable of measuring large 

amounts adsorbed on the powder with little interference to the 

measured amount by the adsorption system itself. A gravimetric 

approach using a Cahn e1ectrobalance was chosen because of the 

relatively large capacity and accuracy of this type of balance. 

13 
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Constant temperature baths, thermostats, provide thermally stable 

environments for the sample and a quantity of ice in the adsorption 

system. The temperature of the sample and ice specify the saturation 

pressures at the sample and the pressure of water vapor in the 

adsorption system, respectively. 

An adsorption run consists of two parts: set up of the balance 

system, and measurement of the amount adsorbed. Initial set up 

consists in determining the zero offset and calibrating the balance 

while the system is evacuated. Adsorption measurements are made 

after admitting water vapor to the system. The amount adsorbed is 

detected as a change in weight of the sample. For each amount 

adsorbed, the equilibrium pressure of the vapor is specified by 

the ice reservoir temperature. This temperature is held constant 

until the weight of the sample becomes steady with time. Additional 

adsorption data points are determined by increasing the ice reservoir 

temperature in small increments. The pressure of the vapor in the 

system is thereby stepwise increased until the weight of the sample 

begins to increase without bound; the run is then terminated. 

Adsorption data at -3.00C, -6.50C and -IO.OOC are adjusted for 

the zero offset and calibration for each run and the contribution of 

adsorption on the balance system itself. Interpretation of the data 

is by standard thermodynamic techniques for adsorption and nucleation. 



CHAPTER III 

THEORY 

Physical adsorption of a gas by a solid implies the interactions 

between the gas and the solid are weak compared to chemical bonds. 

These interactions arise from short range van der Waals and London 

forces existing between molecules. Adsorbate molecules interact 

with adsorbent molecules and also with other adsorbate molecules. 

Physical adsorption occurs during the collision of a gas molecule 

with the surface of the adsorbent. Attractive van der Waals and 

London interactions cause gas molecules to linger in the vicinity 

of the surface. As long as a molecule remains bound to the surface 

under the influence of these weak interactions the molecule is 

physically adsorb"ed. Random fluctuations in the kinetic energy 

of an adsorbed molecule allow molecules to overcome the attractive 

forces holding it to the surface and return to the gas. Numerous 

collisions between molecules in the gas and the surface of the 

adsorbent permit physical adsorption to take place. The number of 

molecules adsorbed reaches an equilibrium condition when the rate 

at which molecules undergoing the adsorption process equals the rate 

at which molecules escape from the adsorbed state. This equilibrium 

can be statically detected by measuring the diminution of molecules 

in the gas phase as a change in gas pressure in the volumetric 

technique or by measuring the increase in mass of sample due to 

the adsorption of gas molecules in the gravimetric technique. 

15 
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These measurements of physical adsorption are macroscopic averages 

over the entire surface of the adsorbent. The equivalence of these 

two techniques arises from the dynamic equilibrium established be

tween the molecules in the vapor and adsorbed states. 

3.1 Adsorption Isotherms 

An adsorption isotherm relates the concentration of adsorbed 

molecules to the concentration of molecules in the vapor at a given 

temperature. The pressure of the vapor is a convenient measure of the 

concentration of molecules in the gas. The concentration of gas mole

cules adsorbed is frequently represented as the volume of gas adsorbed 

converted to STP conditions. A more direct measure of the concentra

tion of gas molecules on the surface is moles of gas adsorbed per unit 

area of adsorbent surface. 

In principle, the shape of an adsorption isotherm can be deter

mined from the interactions between molecules and the dependence of 

these interactions on the nature of the adsorbent and adsorbate, the 

concentration and arrangement of adsorbed molecules, and the vapor 

pressure. However, the theoretical formulation of this dependence 

is not completely developed. Assumptions simplifying the nature of 

the adsorbent and the interactions between adsorbate and adsorbent 

lead to theoretical isotherms that empirically fit adsorption data 

over several ranges of amount adsorbed and pressure of the vapor but 

do not cover the entire isotherm. Usually, however, experimental 

isotherms are used to deduce the interactions that produced them. 
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3.2 Adsorption Thermodynamics 

The thermodynamic system in which the adsorption process operates 

consists in an adsorbent, the adsorbate, and a vapor in equilibrium 

with the adsorbate. The adsorbent is usually a solid onto which 

molecules of the vapor are sorbed. These sorbed molecules are then 

referred to as the adsorbate. This system may be treated in several 

23 24 . ways. Hill ' treats adsorpt10n as a special case of solution and 

develops thermodynamic functions specifically for the adsorbate. 

25 26 . Everett ' considers adsorpt1on just as a modification of the 

solution process and uses solution thermodynamic functions to describe 

adsorption. Both approaches may use the method of surface excess 

introduced by Gibbs 27 and developed by Guggenheim 28 to conceptually 

separate the adsorbate from the vapor. 

A basic assumption in the treatment of adsorption thermodynamics 

by both Hill's and Everett's methods is that the adsorbent is inert. 

That is, the thermodynamic properties of the adsorbent do not change 

even in the presence of the adsorbate. With this assumption, therrno-

dynamic functions may be derived to pertain to the adsorbate alone. 

The difference between the thermodynamic properties of the vapor 

and of the adsorbate are attributed to the interaction of the 

adsorbate with the external potential field of the adsorbent. Per-

turbations of the structure and bond strengths of surface molecules 

in the adsorbent are included in the thermodynamic functions of the 

adsorbate and can not be treated separately. Hill 20,29 demonstrates 

that the asymmetrical adsorption thermodynamic approach he advocates 

and the symmetrical solution approach Everett advocates are equivalent 
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thermodynamically and differ only in the choice of parameters de-

scribing each system. The approach taken here is one of Gibbs' surface 

excess in which the assumption of an inert adsorbent produces an 

asymmetrical description of the adsorption process; i.e.,' only the 

chemical potential of the adsorbate is considered. 

Consider a two component adsorption system of volume y con-

taining nl and n2 moles of the vapor and adsorbent, respectively, 

throughout which the temperature T, pressure ~, and chemical potentials 

~l and ~2 of the components are uniform. This system may be subdivided 

by placing a boundary of surface area ~ in the vicinity of the vapor-

adsorbent interface; the precise location of this boundary is later 

specified by assuming the adsorbent to be inert. The Gibbs free 

energy of the entire system is given by I, ~, y, nl , n2 , ~l' ~2' and 

the surface free energy of the arbitrary boundary i: 

(3.1) 

Each portion of the total system can hypothetically be treated as 

being homogeneous up to the dividing surface with the same intensive 

variables as in the total system: 

(3.2) 

(3.3) 

where the superscripts y and ~ indicate extensive quantities for the 

corresponding homogeneous subsystems. The contribution of the surface 
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region to the total Gibbs free energy is isolated by subtracting 

equations 3.2 and 3.3 from 3.1 leaving: 

(3.4) 

where the superscript ~ refers to the extensive quantities of the 

surface region; i.e., surface excess quantities defined by: 

GO G _ GV _ GS 

Sa S - SV SS (3.5) 

0 v s 
n1 2 = n1 2 -, , n1 ,2 - n1 ,2' 

The rigorous treatment of the volume of the surface region permitted 

by the Gibbs approach is shown by Hill 24,29 to exclude any treat-

ment of perturbations of the adsorbent by the adsorbate. 

Maintaining the intensive variables I, ~, ~l' ~2 constant, 

equation 3.4 can be integrated to give: 

Comparing the total differential of equation 3.6 to 3.4 leads to a 

Gibbs-Duhem expression for adsorption: 

(3.6) 

(3.7) 

The precise location of the Gibbs dividing surface is now specified 

such that the surface excess of the adsorbent n2 vanishes. This, in 

effect, places the dividing surface at the surface of an inert ad-

sorbent such that the area! is just the surface area of the adsor-

bent 24 With this assumption, equation 3.7 is reduced to: 

(3.8) 
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where SO = sO/n~ is the molar entropy of the adsorbate and r = n~/A 

is the surface excess of the adsorbate per unit area. For a one 

component system, Gibbs 27 defines the chemical potential such that 

for an ideal vapor: 

d~ = -SvdT + RT d1np 
v 

(3.9) 

where SV is the molar entropy of the vapor and ~ is the vapor pressure. 

An analysis of the ratio of the fugacity to pressure for water 

vapor based on the second viria1 coefficient for water vapor given by 

Kauzmann and Eisenberg 30 and the relationship given by Lewis and 

Randall 31 indicates: 

f -4 - = 1 - 5.2 x 10 . 
p 

The approximation that water vapor behaves as an ideal gas in equation 

3.9 is therefore justified. 

For the vapor to be in equilibrium with the adsorbate the 

chemical potentials defined by equations 3.8 and 3.9 must be equal, 

therefore: 

(3.10) 

Under isothermal conditions, equation 3.10 can be integrated to 

yield the integrated form of the Gibbs equation: 

p'=p 

TIp = ~(p=O) - ~(p) = RTjrp'=O rdlnp' (3.11) 

where TI is the change in surface free energy of the solid-vapor 
~ 

interface from ~(p=O) without the adsorbate and ~ in the presence 
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of the adsorbate at an equilibrium pressure~. Each adsorption 

isotherm giving L as a function of ~ allows IT to be computed. To 
~ 

completely determine IT , adsorption measurements must be made down to 
.2 

extremely low equilibrium vapor pressures and even then L must be 

extrapolated to zero pressure. This, of course, is necessary to 

compute the absolute magnitude of IT over the range of pressure in
~ 

dicated in equation 3.11. However, this range of pressure is com-

pletely arbitrary and depends only on the choice of reference state, 

in this case the bare adsorbent. 

More information on the interaction between adsorbent and ad-

sorbate can be obtained from isotherms measured on the same sample 

at different temperatures. These isotherms lead to the heats and 

entropies of adsorption. Several entropies and heats of adsorption 

can be defined in terms of the system conditions specified to obtain 

them. Hill 23,24,29 considers the entropy and heat defined by 

maintaining the intensive variables ~, ~, and K constant to be most 

meaningful as they correspond to quantities derivable from statistical 

models. 25 26 Everett ' ,on the other hand, considers the heats and 

entropies obtained when L, 1 and ! are held constant to be the most 

significant since they are more closely related to calorimetric mea-

surements. 

24 26 Hill's integral heat of adsorption ' is readily found by set-

ting d~=O in equation 3.10 and rearranging the terms to give a 

Clausius-Clapeyron expression at constant ~: 

(
d lnp ) 

dT cp 
(3.12) 
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The integral heat of adsorption ~ is defined by: 

__ (d lnp ) 
q¢ - R d(l/T) ¢. (3.13) 

This integral heat of adsorption must be evaluated after the Gibbs 

equation is integrated over the entire range of adsorption amounts to 

obtain 1 as a function of~. In the present experiment, such a large 

range of pressures is not investigated; the integral heat of adsorp-

tion will not be considered further. 

A heat of adsorption easily obtained from adsorption studies is 

the isosteric heat of adsorption. This is the heat released per mole 

during the adsorption of an infinitesimally small amount of adsorbate 

at a given surface excess. • 24 25 H11l and Everett point out that this 

heat corresponds to heats obtained by calorimetry. 

According to equation 3.4, the Gibbs free energy of the dividing 

surface is a function of the temperature, surface area, and composi-

tion. With the assumption that the adsorbent is inert and of constant 

area, equation 3.4 in partial differential form becomes: 

dGO' = (aGO'\ dT + (aGO') dn 0'. 
aT ") ~ 0' T 1 

0' on
l n

l 

(3.14) 

Since dGO' is an exact differential, the partial cross derivatives of 

the right hand terms must also be equal so that from equations 3.4 and 

3.14: 

(3.15) 
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At equilibrium, the chemical potential of the adsorbate can be expres-

a sed as a function of ! and nl for an adsorbent of constant area: 

(3.16) 

Equating the differentials of the chemical potentials given by 

equations 3.9 and 3.16 expresses the equilibrium between the vapor 

and adsorbate: 

= - SVdT + RT dlnp. (3.17) 

From equation 3.15, the partial molar surface entropy is defined: 

-a 
S 

(
a sa) 

= an~ T,A . 
(3.18) 

a At a constant surface excess, dnl = 0, equation 3.17 reduces to a 

Clausius - Clapeyron expression for the equilibrium pressure: 

(
d lnp) = 

dT r 
SV _ Sa 

RT 

where [ replaces n~ to indicate constant surface excess. The 

isosteric heat of adsorption is defined from equation 3.19 as: 

(3.19) 

(3.20) 

Rearranging the differential of temperature in equation 3.19 and using 

the definition in equation 3.20 yields: 

_ (d In p) 
qst - -R d(l/T) r· (3.21) 
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The isosteric heat of adsorption can be computed from several 

isotherms measured on the same material but at different temperatures. 

3.3 Nucleation Thermodynamics 

Frenkel 32 i d h i h b i i ith· . v ewe c anges n p ase as eg nn ng w m1croscop1C 

fluctuations in the density of a substance in the vicinity of the onset 

of a phase change. These heterophase fluctuations become more numerous 

and more stable as the conditions for a phase transition are approach

ed. Volmer 33 first made use of this concept to describe the nu-

cleation of a condensed phase from the vapor by a foreign substrate. 

Major contributions to the development of the theory of heterogeneous 

nucleation were made by Fletcher 34 during the last decade. The 

approach to heterogeneous nucleation taken here essentially follows 

Fletcher's treatment of the geometry of the embryo while incorporating 

some concepts from adsorption to make the symbolism of the two 

theories similar. 

Most nucleation theories consider the direct transformation of a 

large number of molecules in the vapor via a heterophase fluctuation 

into a nucleation embryo. This embryo is assumed to contain a 

sufficient number of molecules to give the embryo the bulk properties 

of the condensed phase. The embryo then has a chemical potential 

and surface free energies similar to the bulk condensed phase in 

equilibrium with the substrate and vapor. The thermodynamic system 

includes only the embryo and vapor, with the remaining surface of 

the substrate included in the thermodynamics as a parameter. For 



25 

the transfer of dn moles of the vapor at constant temperature and 

pressure to an embryo containing £ moles located on a plane substrate, 

the free energy change for the system can be written as: 

dG = -(~ - ~ ) dn + v e 
(3.22) 

where ~ and ~ are the chemical potentials of the vapor and embryo 
..:!.. ~ 

and $i and Ai are the surface free energy and area of the ith inter-

face. In the simplest case three such surfaces exist: embryo-vapor, 

substrate-vapor, and substrate-embryo. 

Spontaneous growth of the embryo occurs when the free energy 

change dG becomes negative. By dividing by dn,the critical size of 

the embryo can be determined by setting dG/dn = 0: 

thus 

dG dA. 
- - -(~ - ~ ) + L $ _1. = 0 
dn - v e i i dn 

~ . e 
0.23) 

In order to evaluate the critical size, the dependence of the areas 

Ai on £ must be established. All three areas are not independent. 

As the embryo grows laterally, the substrate-embryo interface enlarges 

causing a reduction in the substrate-vapor interface. Therefore, only 

two areas need to be defined to specify the summation in equation 

3.23: 

A 
ev 

2/3 dAev 2 -1/3 
=an ,--=-an 

dn 3 

dA 
A = B n2/3 ~ = I B n-1/3 

se 'dn 3 

(3.24) 
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where ~ and! are arbitrary shape parameters. Equation 3.23 is 

simplified further by combining the surface free energy terms into a 

35 surface parameter ~: 

m (3.25) 

This surface parameter is dependent on the pressure of the vapor 

through ~ ,for this interfacial free energy is dependent on the 
--E 

amount of vapor adsorbed on the surface surrounding the embryo 

through equation 3.11. 

Equation 3.24 can now be rewritten incorporating equations 3.24 

and 3.25: 

2 
1/3 3 ~ev(a - mS) 

n = 
11v - 11e 

(3.26) 

For this equation to have physical significance nl/3 > 0, that is 

11 > 11 and a > mB. Clearly a > B otherwise the volume of the embryo 
v e 

would be zero. Assuming the chemical potential of the embryo is 

similar but not quite equal to that for the bulk condensed phase: 

11V - 11e = RT In(p/po) - 11' (3.27) 

where 1L accounts for the difference between the chemical potential of 

the embryo and of the bulk condensed phase and p is the equilibrium 
--E.. 

vapor pressure for the bulk phase. Now equation 3.26 becomes: 

n 
1/3 = 

t ~ev (a - mS) 

RT In(p/p ) - 11' o 
(3.28) 

Above this size the embryo can grow spontaneously; nucleation occurs. 

Embellishments on this basic thermodynamic approach by Fletcher include 

consideration of nucleation: 34 on curved substrates, by spherical 



27 

34 35 cap shaped embryos, by other embryo shapes, on surface 

36 37 irregularities on the substrate, on partially soluble particles, 

etc. However, in each instance the same basic assumption is made: 

the embryo has the properties of the bulk phase. 

Nucleation theory goes a step beyond thermodynamics to predict 

the rate of nucleation~. The kinetic basis for nucleation rate 

depends on the rate of collisions between molecules in the vapor 

and the surface of the embryo and the sticking or accommodation 

coefficient of the colliding molecules. A Boltzman distribution 

function based on the total free energy change required to form 

an embryo of critical size serves to properly weight the occurrence 

of any particular growth such that: 

J = K exp(~G*/RT) (3.29) 

where K is the kinetic coefficient giving rise to the growth and ~G* 

is the total free energy change of the embryo at its critical size 

as determined by equation 3.28 and the integration of equation 3.22. 



CHAPTER IV 

MATERIALS 

The silver iodide used in this study of the interaction between 

water vapor and silver iodide was material prepared by the method of 

12 Corrin, et al., at the University of Arizona in 1967. This 

material was stored during the intervening time in an evacuated, 

blackened pyrex ampule. All handling and transferring of this pure 

silver iodide powder was done in a closed, water vapor free glove 

box. After opening the ampule in the glove box, a portion of the 

pdwder was transferred to a red, glass-stoppered erlenmeyer flask. 

The surface area of this powder was determined by krypton ad

sorption measurements to be 0.49 m2jgm with a standard deviation of 

5%. This surface area was determined from the combined data of mea-

surements before the water adsorption measurements began and also 

after these measurements were completed. No change in the surface 

area was found over the time period of the water adsorption measure-

ments, about nine months. Appendix I gives the results of the krypton 

adsorption measurements and an error analysis of this surface area 

computation technique. 

The other component in the adsorption system investigated is 

the adsorbate, water vapor. During the adsorption measurements, water 

vapor is made available to the adsorbent from ice contained in the 

adsorption system. The water frozen to produce this ice is placed in 

its reservoir before any adsorption measurements are begun. 

28 
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A small vessel containing water from a pyrex still was attached 

to the adsorption system through a small stopcock. The adsorption 

system was evacuated with the water at room temperature. As soon as 

the water began to boil the vessel was immersed in liquid nitrogen. 

-6 Vacuum pumping continued to 10 torr. When this pressure was 

achieved the stopcock between the adsorption system and the water 

filled vessel was closed and the ice in the vessel was melted by 

placing a beaker of warm water around the vessel. Dissolved gases 

trapped in the ice rapidly escaped as the ice melted. Once completely 

melted, the stopcock was again opened and the freezing cycle repeated. 

Several freeze - thaw cycles effectively removed dissolved foreign 

gases from the water in the vessel. After the final freeze, the 

vacuum pump was turned off and a dewar of liquid nitrogen was placed 

around the ice reservoir on the adsorption system. The vessel was 

then immersed in an ice bath allowing water to be distilled by sub-

lirnation from the vessel to the ice reservoir until the reservoir 

was about half full. The stopcock to the water vessel was then 

closed leaving thoroughly degassed water in the ice reservoir of the 

adsorption system. 
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CHAPTER V 

GRAVIMETRIC ADSORPTION SYSTEM 

For the measurement of large adsorption amounts near saturation 

pressure, a gravimetric system based on a Cahn e1ectroba1ance was 

selected. Water vapor pressure regulation was obtained by thermo-

stating a reservoir of ice attached to the system. Sample temperature 

was controlled by another thermostat. A diagram of the adsorption 

system is shown in Fig. 1. 

5.1 Adsorption System 

In the initial phase of an adsorption run the system is evacuated 

to insure the environment of the sample and the surface of the sample 

are free of volatile impurities. The silver iodide is not heated 

during degassing because of the ease with which this material sinters. 

Two stages of pumping are used to evacuate the system; a mech~nica1 

-3 fore pump to reduce the system pressure below 10 torr and then an 

Ultek ion pump to bring the system pressure to about 10-6 torr. 

A 13X molecular sieve trap between the fore pump and adsorption system 

prevents the back-diffusion of pump oil vapors into the system. 

While the ion pump is in operation, the fore pump is isolated from 

the system by a bellows-sealed valve. The vacuum pumps are connected 

to the adsorption system through a large bore stopcock. A system 

pressure of less than 2 x 10-6 torr is maintained for twenty four 

hours· prior to an adsorption run with the ion pump in operation. 
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A vacuum jar housing the Cahn electrobalance accounts for most 

of the system volume; approximately 3 liters. This cylindrical ves-

sel has hemispherical end caps. One cap is removable for access to 

the balance and is sealed by an Apiezon-L greased Viton O-ring and 

doughnut-like ring clamps. Three greased, Viton O-ring sealed 

standard taper male joints on the underside of the balance jar 

allow the tare hangdown tube, sample hangdown tube and the remainder 

of the system to be attached to the jar. The sample hangdown tube 

extends a considerable distance below the balance. During a run 

this tube is immersed in a thermostat. The tare hangdown tube is 

much shorter. A small standard taper joint ground for a high 

vacuum seal with a male plug is attached near the bottom of the tare 

hangdown tube. Rotating the male plug allows a calibration weight 

to be raised and lowered while the system is evacuated. The third 

port is attached via 16 mm I.D. pyrex tubing to the stopcock from 

the vacuum line and to the stopcock from the ice reservoir. 

The final portion of the adsorption system is the ice reservoir. 

A small stopcock connects this reservoir to the adsorption system. 

This spherical bulb contains approximately 6 ml of degassed, distilled 

water and is immersed in a thermostat. 

5.2 Balance System 

The Cahn model RG electrobalance determines the weight of a 

sample by measuring the current required to maintain the balance at a 

reference position. A flag on the balance arm intercepts a light 

beam falling on a phototube. The output current of the phototube is 
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proportional to the deflection of the balance arm. This current in 

turn activates a servoamplifier driving a torque motor to which the 

balance arm is attached. The feedback loop thus established main

tains the arm at the reference position. The output signal from the 

balance is proportional to the torque motor current and thus also to 

the weight of the sample. Output sensitivity is rated at 50 milli

volts/milligram. 

Balance output voltage is measured with an integrating digital 

voltmeter (IDVM) that can be read to one microvolt. In order to reduce 

the noise on the balance signal induced by mechanical vibration 

(response of the electrobalance is very rapid) a 200 mfd capacitor is 

placed across the output terminals of the balance. In addition, the 

integrating feature of the voltmeter averages the signal over a period 

of one second. A Stabline voltage regulator isolates the balance from 

line voltage fluctuations minimizing electrical noise on the signal. 

With a tared sample the minimum detectable weight change of the 

balance - voltmeter system in the mounting used is approximately 10 

micrograms in a one gram sample. This value is larger than the 

rated sensitivity of the balance because of vibration noise on the 

balance output signal. 

The sample pan and tare weight pan are suspended from opposite 

ends of the balance arm by quartz fibers. The pans are 16 mm diam

eter hemispherical shells of fused quartz weighing around 50 mg. 

Tare weights are of aluminum and tantalum along with a chrome1 wire 

support for a class M, 5 mg. rider used to calibrate the balance. 

The balance jar and hangdown tubes are protected from ambient 

light by black paint and tape to prevent photodecay of the sample 
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and to provide the balance feedback network with a constant light 

level. 

5.3 Sample Thermostat 

Sample temperature is held constant during a run by a separate 

thermostat. A constant rate of cooling provided by a coolant circu

lated through a copper coil immersed in the bath is countered by on

off heating to maintain the control temperature. Temperature regu

lation is achieved with a mercurial thermoregulator. Cooling rate 

is controlled by a pinchcock throttling the coolant supply line. 

A variac in series with the heating element controls the heating rate. 

The temperature is kept uniform throughout the bath by a stirring 

motor. The sample hangdown tube is immersed some 20 cm. into the 

bath with the sample pan only a few centimeters from the bottom of 

the tube. Polyethylene foam insulation on the walls, bottom and top 

of the bath prevent diurnal room temperature fluctuations from 

disturbing the control temperature. 

Temperature control over the duration of an isotherm measurement 

is possible to ±O.02e with the average deviation from the control 

temperature being even smaller. The period of the cyclic temperature 

fluctuations is approximately 3.5 minutes. Therefore, on the time 

scale of adsorption measurements made over several days, these fluc

tuations are effectively averaged out. 

5.4 Ice Reservoir Thermostat 

Temperature control in the ice reservoir is attained by counter

ing a constant cooling rate with a proportional heat input. A Sargent 
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Thermonitor modified to control at subzero centigrade temperatures 

provides a heat input to the thermostat proportional to the tempera

ture difference between the bath and control setting. The ice 

reservoir is immersed around 10 cm. into the bath. Polyethylene 

foam insulates the entire bath from room temperature fluctuations 

permitting long term temperature control to ±0.02C. 

5.5 Coolant Supply 

Both the sample thermostat and the ice reservoir thermostat 

are provided with coolant circulating through copper coils immersed 

in each bath. A large, well insulated vessel initially filled with 

a one to one solution of commercial ethylene glycol and tap water 

is cooled to -25C by a Blue M refrigeration unit. The bath is 

vigorously mixed. Two circulation pumps force the coolant through 

well insulated tubing, through the coils in the baths, and back into 

the coolant reservoir. 

5.6 Platinum Resistance Thermometer 

Both the sample temperature and ice reservoir temperature are 

measured by a platinum resistance thermometer. The resistance versus 

temperature response of a Rosemont Engineering probe was determined 

by the National Bureau of Standards and fitted to the Ca11endar-

van Dusen equation: 

Rs [<5 ( T J ~ ( T )] Ro = 1 + aT 1 + 100 1 - 100) + 106 1 - 100 (5.1) 
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R = 25.5352 abs ohms, 
o 

a = 3.926398 x 10-3 , 

{ 

0.0 ,T>OC, 

8 = 0.11011, T < OC, 

o = 1.49166. 

A Princeton Applied Research model PT-2 platinum resistance 

thermometer bridge unit serves to measure the sensor resistance. 

This unit is designed to follow the Ca11endar-van Dusen equation such 

that the temperature indicated by the front panel dials on the unit 

corresponds to the temperature of the sensor at temperatures above 

zero Ce1cius. At subzero temperatures the bridge resistance does not 

track the Ca1lendar-van Dusen equation but simply follows a linear 

ramp function: 

MR + ST 
o 

M 

where M = 100 and S = 10 ohms/C. When the bridge is balanced, 

(5.2) 

R = ~ at subzero temperatures, the dial reading does not indicate s -0' 

the true sensor temperature. 

To compensate for the discrepancy between the bridge resistance 

and temperature response of the platinum wire probe, a correction 

term must be added to the subzero temperature indicated by the PT-2 

dials when the bridge is balanced. The first order correction for 

temperatures above -20C is: 

1 - lO~Ro + too (1 -~) + ~ (1 -~) 
1 + S (1 2 T) + BT2 (3 _ 4 T) 

100 - 100 106 100 

t,. = -T (5.3) 
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where ~ is the dial temperature in degrees centigrade and ~ is the 

correction term which must be added to the dial temperature to give 

the correct sensor temperature T : 
....§.. 

T = T + 6. 
s 

(5.4) 



CHAPTER VI 

PROCEDURE 

The measurement of an adsorption isotherm with the gravimetric 

system described in Chapter V consists of several phases. Initially 

the sample is weighed out into a sample pan and then placed on the 

balance. Then the balance is tared and calibrated. Finally, iso

therm points are obtained by measuring the weight change of the 

sample at constant ice reservoir temperatures. 

6.1 Sample Preparation 

A sample pan is partially filled with silver iodide in a closed, 

water vapor free glove box. The weight of the pan and a weighing 

bottle is determined beforehand. The sample pan containing silver 

iodide is placed into the weighing bottle while in the glove box, 

and the bottle is reweighed. By the change in weight of the bottle 

and pan the amount of sample in the pan is determined. The pan 

with sample is kept in the weighing bottle until the pan is placed 

on the balance. 

6.2 Initial Sample Taring 

Quartz suspension fibers are hung from loops at each end of the 

balance arm. On the tare hangdown fiber a tare pan is hung in which 

substitution weights are placed to approximately tare the sample pan 

plus sample. A 5 milligram, class M beam rider which serves as a 

calibration standard is also added to the tare pan. The tare hang

down tube is replaced with the O-ring joint lightly greased with 

Apiezon L. 

38 
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Before the weighing bottle is opened, the sample hangdown tube 

is posi'tioned beneath the suspension fiber. The weighing bottle is 

then opened and the sample pan is suspended on the quartz fiber. The 

hangdown tube is then carefully raised around the sample pan and 

afixed to the balance jar with the O-ring joint lightly greased. 

Clamps hold both the sample and tare hangdowns tubes in place. 

With both the tare and sample hangdown tubes attached to the 

balance jar, the stopcock to the vacuum pump is very slowly opened, 

allowing a gradual decrease of system pressure. Static electricity 

which usually built up on the balance and adsorption system while 

placing a sample on the balance dissipated during the pump down; a 

polonium alpha particle source in the balance jar helped to dissipate 

the charge. The influence of the charges on the weight measured van

ishes after several hours of pumping; the balance output signal on 

the IDVM becomes steady in time. This IDVM reading is noted and gives 

the zero offset in vacuum. 

Dry nitrogen is then admitted to the balance jar through a 

small stopcock. The balance system is allowed to stabilize and the 

IDVM reading again noted; this gives the zero offset in air. The 

difference between the two zero offsets gives a buoyancy correction 

for taring the balance in air. 

6.3 Final Taring 

With the sample in a dry nitrogen atmosphere to prevent surface 

contamination of the sample, final taring is carried out by adjusting 

the contents of the tare pan to bring the IDVM reading to the buoyancy 
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correction. A slightly positive signal, i.e., sample heavier than 

tare, is desirable due to degassing of the sample during zero offset 

determination. 

After the final adjustment of the tare weight, the 5 mg. rider 

is positioned on a small stirrup of chrome1 wire projecting out of 

the tare pan. The hangdown tube is positioned such that the wire 

arm of the vacuum manipulator engages the lifting loop of the rider. 

With this arrangement the rider may be removed from the tare pan and 

then replaced with the system closed and evacuated. 

6.4 Zero Offset 

The system is again slowly evacuated by the fore pump. After 

several hours the ion pump can be started and pumping continues with 

the fore pump isolated from the system. Pressure in the system drops 

rapidly to the pressure at which the pumping speed equals the degas-

sing and low leak rate of the system. Zero offset observations begin 

-6 after pressures below 4 x 10 torr are attained. 

A zero offset value is determined by the average of 20 readings 

from the IDVM. The balance is set on the one milligram mass dial 

range with the recorder range set for 0.1 milligram full scale. With 

the IDVM sensitivity at 0.1 volts full scale, this allows the weight 

imbalance to be read from the IDVM to 0.1 micrograms. Readings are 

made at five second intervals and each reading is electronically 

averaged over one second. Zero offset averages are obtained at hourly 

intervals over a period of two days. Once the zero drift stabilizes, 

zero offset averages are taken at ten minute intervals to establish 
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the mean zero offset for the run; no consistent zero drift was found 

to take place once the zero offset is steady. 

Zero offset is very sensitive to mechanical and electrical dis

turbances to the balance system. The balance jar is shielded from am

bient light to help maintain a constant zero offset. The thermostats 

are mechanically isolated from the balance mounting grid by foam pad

ding which adsorbs vibrations. The stirring motor for the sample 

thermostat is supported from the frame that carries the coolant 

circulating pumps and hoses. This frame is isolated from the 

balance mounting rack. 

6.5 Balance Calibration 

Removing the 5 mg. calibration weight from the tare pan produces 

an apparent increase in the sample weight. With the recorder span 

adjustment on the balance unit, the IDVM reading can be adjusted to 

correspond to 5 mg. As with the zero offset, the calibration value 

is also statistically determined. The calibration procedure is as 

follows: 

The .5 mg. rider is removed from the tare pan by turning the 

vacuum manipulator after the zero offset has stabilized. After the 

system is again steady, calibration readings (20 values from the IDVM) 

are taken at ten minute intervals. Ten such averages usually suffice 

for an average calibration value. The rider is then replaced and a 

series of zero offset averages is again taken. The difference between 

the average calibration value and the average zero offset is the 

5 mg. calibration weight. Dividing 5 mg. by this value gives a 
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multiplicative factor for adjusting all values to the 5 mg. calibra

tion after subtracting the zero offset. 

6.6 Sample Temperature Control 

During the zero offset and calibration procedures the sample 

thermostat is installed around the sample hangdown tube; this ther

mostat must be removed to place a sample on the balance. Care is 

taken to prevent excess static electricity build up and mechanical 

shocks to the system. The bath is filled with an antifreeze solution. 

Coolant from the refrigeration unit is circulated through a cooling 

coil in the bath to begin lowering the bath temperature. The bath is 

stirred. 

Bath temperature is monitored during the initial set up with the 

platinum resistance thermometer. A mercurial thermoregulator is 

adjusted to control at the desired sample temperature. Both the 

heating and cooling rates are varied to produce optimum temperature 

fluctuations about the mean consistant with long term thermal 

stability of the bath. The stability of the bath is monitored 

during the zero offset measurements with the PT-2 thermometer. 

During the isotherm measurements, sample bath temperature is 

monitored manually with a mercurial differential thermometer. 

6.7 Isotherm Data Point 

Each data point on an adsorption isotherm requires constancy 

of sample temperature and ice reservoir temperature. The sample 

temperature is kept constant throughout an isotherm measurement. Ice 

reservoir temperature is step wise increased to obtain new data points. 
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The temperature of the ice reservoir is adjusted via dials on 

the Thermonitor control unit and is monitored throughout a run with 

the platinum resistance thermometer. Adjustment of the Thermonitor 

control dials is done in gradual steps to prevent excessive over

shoot of the desired bath temperature. The greater the temperature 

change desired the greater the overshoot; therefore, several small 

changes in temperature are made to reach t·he desired ice reservoir 

temperature, especially at pressures near saturation. The output 

of the PT-2 unit is graphically recorded for a permanent history of 

the ice reservoir temperature during a run. 

With the ice reservoir maintained at constant temperature, 

adsorption of the vapor on the sample proceeds when the stopcock 

between the balance jar and ice reservoir is open. Twenty readings 

at five second intervals are read off the IDVM every half hour. 

When the weight ceases to continuously increase, readings are taken 

at ten minute intervals until a sufficient sample is collected to 

obtain an average value (usually ten). The average is recorded 

along with the ice reservoir temperature. Repeating this procedure, 

each time slightly increasing the ice reservoir temperature, 

produces an adsorption isotherm. A minimum of eight hours is given 

fbr the sample weight to reach equilibrium; as long as two days is 

allowed for equilibrium when large amounts are to be adsorbed. 

6.8 Reversibility of Isotherm 

After the equilibrium pressure exceeds saturation with respect 

to ice and before water saturation is attained, a desorption point is 
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obtained. The temperature of the ice reservoir is decreased to cor-

respond to a vapor pressure just slightly below saturation with re-

spect to ice. The sample weight decreases in the period of one or two 

days to an equilibrium value. The average weight is determined as 

above and is recorded along with the ice reservoir temperature. After 

the desorption point is obtained, the ice reservoir temperature is 

again increased and the isotherm continued. 

6.9 Vapor Pressure Computation 

Control of the sample and ice reservoir temperature effectively 

specifies the saturation vapor pressure at the sample and the equi1ib-

rium pressure of the vapor in the system, respectively. Analytical 

expressions for ice vapor pressure and the ratio of water to ice vapor 

pressures are used to compute the necessary pressures. 

Washburn 38 derived the ratio of water to ice saturation pressure 

by an integration of a Clausius - Clapeyron expression using thermo-

dynamic data. In the temperature range -16C to OC the ratio of 

saturation pressures is: 

Pw 1.1489 t 5 2 8 3 
10g10 Pi = - T - 1.33 x 10- t + 9.084 x 10- t 

(6.1) 

where 1 is the absolute temperature and ~ is the centigrade tempera-

ture and ~ and ~ correspond to water and ice saturation vapor 

pressures, respectively. 

A recent experimental investigation of the vapor pressure of 

ice between O.OIC and -100C led Jancso, Papezin, and van Hook 39 to 



45 

the following expression for the saturation pressure of ice which fits 

their experimental values within measurement error: 

2481.604 + T 3.5712988 10glO T + 1.901973 

- 3.097203 x 10-3 T - 1.7649 x 10-7 T2. (6.2) 

Equation 6.2 is used to obtain the equilibrium vapor pressure 

of water in the system from the ice reservoir temperature. Both 

equation 6.1 and 6.2 are needed to obtain the saturation pressure with 

respect to liquid supercooled water at the sample using the sample 

thermostat temperature. The relative pressure of water vapor at the 

sample is found by dividing the equilibrium vapor pressure by the 

saturation vapor pressure: 

(6.3) 

where ~ is the relative pressure and Pi the equilibrium pressure 

given by the ice reservoir temperature. The saturation pressure Po 

may be either that over water or ice. 

6.10 Corrections to Isotherms 

After the isotherm is carried to as large a vapor pressure as 

possible, the values obtained must be adjusted for the zero offset. 

This gives the apparent amount adsorbed which is further corrected 

by multiplying that value by the calibration ratio to give the actual 

amount adsorbed at each data point. 

The final correction accounts for adsorption on the balance 

system itself. To determine this correction, separate isotherms are 

measured at each sample temperature without having a sample of silver 
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iodide in the sample pan. Except for the tare weights, which are not 

all needed for the blank isotherm, all other factors and procedures 

are the same. The equilibrium relative pressure with respect to the 

liquid of the silver iodide adsorption isotherm determines the cor

rection value taken from the blank isotherm that is to be subtracted 

from the previously corrected amount adsorbed. The totally corrected 

amount now corresponds to that adsorbed by the silver iodide powder 

alone. 

Buoyancy corrections were calculated for the pressure range 

encountered and were found to be negligible in comparison to the 

estimated error of the weight change measurement. 



CHAPTER VII 

ANALYSIS OF ERROR 

Errors arise in any experimental work from the inaccuracy of the 

measurements used to obtain the experimental data. In this gravimetric 

adsorption study a major source of these errors lies in the ·measurement 

of the change in weight of the sample of silver iodide duringadsorp-

tion of water vapor. In addition to the errors in the weight of 

adsorbed water, the surface area of the silver iodide powder also has 

an error associated with it. An error analysis of the surface area 

measurement technique is presented in Appendix I. 

The following error analysis of the gravimetric technique used 

in this work to obtain the surface excess of adsorbed water is based 

on material taken from a text on statistics by Volk 40 and essentially 

treats an analysis of the variance. Basic to this approach is the 

variance of a function of several variables. If y=f(xl , x
2

' x
3

, ... ) 

2 then the variance s (y) is given by: 

2 (af )2 2 (0£ )2 2 s (y) = aX
l 

s (xl) + aX
2 

s (x2) + (
af f 2 
ax

3
) s (x3) + ... (7.1) 

2 where S (xl)' etc., are the variances of each independent variable. 

Unbiased variances are computed from a sample of II data points by: 

(7.2) 

whenever such data is available. 
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Confidence limits can be placed on the various parameters by 

using the student's ~ or normal distribution and the standard deviation 

of the parameter. All data reported in this work will be with only 

the standard deviation given unless otherwise specified. 

7.1 Adsorption Data Error Analysis 

Each adsorption data point is determined by the average of many 

readings from the IDVM. This large data sample pe'rmits the variance 

of each data point to be estimated statistically using equation 7.2. 

Before adsorption measurements are made, preliminary measurements of 

the zero offset ~ and calibration weight w establish a baseline 
c 

variance for the adsorption measurements which follow. Also, since 

the adsorption measured must be corrected for the blank isotherm, 

the variance associated with the blank also contributes to the 

variance of the amount adsorbed. 

The weight of water vapor adsorbed by the silver iodide powder 

may be expressed as a function of the zero offset, calibration ratio 

£, apparent weight change ~ and the blank isotherm correction ~: 

Wa = C(w - z) - b 

and the variance of W can be found by equation 7.1 to be: a 

The calibration ratio £ is found from the zero offset and the 

5 mg. calibration weight w : 
-S. 

C = 50/(w - z) c 

(7.3) 

(7.4) 

(7.5) 



49 

for the weight in millivolts (0.1 milligram = 1 millivolt) as it is 

throughout this work. 2 The variance s (C) is found to be: 

Measuring the blank isotherm b follows the same procedure as 

measuring w so that: 
..l! 

and the variance of the blank isotherm is given by: 

As in equation 7.5, the blank calibration ratio Cb is given as: 

and its variance is found to be: 

(7.6) 

(7.7) 

(7.9) 

(7.10) 

Rearranging equation 7.4 and including the variances for w, ~, 

and ~ leads to the following expression for the variance of w : 
a 

(7.11) 
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This expression clearly shows the role each measured variance plays in 

determining the overall variance. Of interest is the role of s2(z). 

Notice that the relative contribution of the zero offset variance to 

the total variance may vary from a minimum of one to greater than two 

depending on the net amount adsorbed. 

Still another factor affects the computation of w. The blank 
--1!. 

correction is measured independently of the adsorption amount. The 

equilibrium relative pressure for the amount adsorbed is used to de-

termine the blank correction that must be applied to the measured iso-

thermo This procedure involves considerable estimation since, in this 

case, the blanks are determined at only three or four points on the 

isotherms. Interpolation between these points (and in some cases, 

2 extrapolation) gives at best only an estimate of £ and s (b). 

From the amount adsorbed, the surface excess 1 is found to be: 

r = w /MAW a (7.12) 

where ~ is the molecular weight of the adsorbate (water), ~ is the 

specific surface area of the sample, and R is the weight of silver 

iodide sample. From equation 7.1, the variance of L is shown to be: 

( 

2 . ) s (w ) 2 2 
s2(r) = r2 a + s (A) + s (W) 

w 2 A2 W2 
a 

(7.13) 

The variance of the weight of sample is estimated to be 10-8 gm2 . 

Confidence limits of £ can be estimated using the normal distribution 

since the degrees of freedom for each L is large and moreover difficult 
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r = r ± t s(r) 
CL 

(7.14) 

where t is the number of standard deviations about the mean required 
-.5i 

to enclose ~ percent of the normally distributed fluctuation about I. 

7.2 Relative Pressure Computation 

An analysis of the variance of the formulas given in section 

6.9 permits an estimation of the variance and standard deviation of 

the vapor pressure of water in the system and the relative vapor 

pressure with respect to the liquid or solid. From equation 6.2, 

the variance of the vapor pressure of ice is determined using equation 

7.1: 

2 ( ) = ( Pi)2 ( 2481.604 
s Pi In 10 T2 

+ 3.5712988 
T 

log e - 3.097203 x 10-3 
10 

-3.5298 x 10-7 T) s2(T) (7.15) 

where I is the absolute Kelvin temperature of the ice and p. is in 
....!. 

rom Hg. A similar expression is obtained for the variance of the vapor 

pressure of water from equation 6.1: 

2 s (p ) 
w =&pW)2(248l.604+3.5712988 3 .=...:...:.;..:== log e - 3.097203 x IO-

n 10 T2 T 10 

-3.5298 x 10-7 T - 2.66 x 10-5 t 

(7.16) 

where t = T - 273.16, I is the absolute Kelvin temperature of the water 

with p in mm Hg. 
-.J!.. 
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Equations 7.15 and 7.16 are used to determine the variance of 

the saturation pressure p at the sample for ice and water respective
-2. 

ly. Only equation 7.15 is needed to determine the variance of the 

equilibrium vapor pressure in the system. The variance of the 

relative pressure is given by: 

where Po is chosen to be either for ice or water and x = Pi/Po' 

With the thermostats used in this work, temperature control 

(7.17) 

to ± 0.02e allows the vapor pressures and relative pressures to be 

determined to 0.03% and 0.04%, respectively. The vapor pressures and 

relative pressures reported herein, therefore, are given without 

reference to their standard deviations. 

7.3 Isosteric Heats of Adsorption 

Operationally, isosteric heats of adsorption q are determined 
~ 

by reading pressures R from isotherms at different temperatures I 

that corresponds to a given surface excess. These pressures are 

plotted natural logarithm of ~ versus the inverse absolute temperature. 

The slope of the best fit straight line through those points cor-

responding to the same 1 gives the isosteric heat of adsorption at 

that surface excess. 

Smooth isotherms are required to determine, the pressure. 

Isotherms based on the data points one standard deviation above and 

below the mean data points define a one standard deviation envelope 

about the mean isotherm. These envelope isotherms serve to give an 

estimate of the accuracy with which the pressure can be determined 
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at a given surface excess. The mean pressure and the pressures 

specified by the error envelope give an error band on an isostere 

plot. 

The slope of the isostere through the mean lnp data points gives 

the average isosteric heat. Maximum and minimum slopes determined 

by the deviation pressures give an estimate of the error associated 

with the isosteric heat computation. 

7.4 Integrated Gibbs Equation 

The integrated form of the Gibbs equation given in equation 3.11 

can be rewritten for pressures not close to zero as: 

rr~p = RTjP'=P2 ~, dp' • 

p'=p 
1 

Following equation 7.1, the variance of rr~p is found to be 41 

s2(rr~p) = (RTjP'=P2 s;;l dP') 2 

p'=p 
1 

(7.18) 

(7.19) 

The A£ indicates the integration need not start at zero pressure as 

given in equation 3.11, but can be computed over any range of pressures 

desired. The reference point for the computation of ~ then becomes 

the starting point of the integration. 



CHAPTER VIII 

EXPERIMENTAL RESULTS 

Adsorption isotherms were measured on samples of pure silver 

iodide at -3.00C, -6.50C and -lO.OOC using the adsorption system 

and technique described in Chapters V and VI and the data were 

analyzed using the techniques of Chapter VII. At each temperature 

an isotherm was determined on two different samples. The data 

points at each temperature were used to obtain smooth isotherms 

from which isosteric heats of adsorption were computed. In addition, 

the Gibbs integration was carried out over the available range of 

data. 

8.1 Adsorption Isotherms 

The adsorption data at -3.00C presented in Fig. 2 were obtained 

by two different methods. Before the IDVM was used to indicate the 

balance output signal, this signal was recorded on a strip chart 

recorder. The data points of the first run were obtained in this 

manner; the procedure was essentially as written in Chapter VI 

except a recorder was used in place of the IDVM~ The vertical bars 

on the data points extend one standard deviation above and below the 

average value. For the first run, the mean variance for all the 

adsorption measurements made with the IDVM was used to compute the 

error band. 

Several features of the -3.00C isotherm bear further comment. 

The steep rise of the isotherm shown in Fig. 2 occurs only after 

ice saturation pressure, 3.752 mm Hg, is exceeded. The amount 
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Figure 2: The complete water adsorption isotherm at -3.00C on pure 

silver iodide. Adsorption is finite at water saturation, 

3.677 mm Hg. 
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adsorbed remains finite even as water saturation, 3.677 rom Hg, is 

approached. An amount equivalent to slightly more than 33 statistical 

mono1ayers of water is adsorbed at water saturation. An attempt to 

measure adsorption amounts at pressures above water saturation failed 

because water began to condense in the sample hangdown tube. Before 

making the second run at -3.00C, the hangdown tube was treated with 

a Sy1il-8 solution to replace water active hydroxyl groups on the 

walls of the hangdown tube with less active methyl groups. However, 

the second isotherm also could not be extended beyond water saturation. 

It is important that the observed condensation occurred on the walls 

of the hangdown tube and not on the pure silver iodide sample. These 

isotherms at -3.00C attained an ice supersaturation of 3.0% at water 

saturation pressure. 

Following the isotherms at -3.00C, three isotherms were measured 

at -10.00C. Figure 3 presents the data for -10.00C. Unlike the 

-3.00C isotherms, adsorption amounts at -10.00C could not be measured 

above a vapor pressure of 2.00 mrn Hg. which corresponds to a super-

saturation of 2.5% with respect to ice. The amount adsorbed, a 

maximum of 1.8 nanomo1es/cm2, was in equilibrium with the vapor at 

pressures below 2.00 rom Hg. Above this pressure, the weight of the 

sample began to increase rapidly and seemingly without bound in 

comparison to the amounts adsorbed at -3.00C near saturation. When 

this occurred, the run was terminated. Run 2 was made on the same 

sample as run one after the system was evacuated for several days 

-6 at 4 x 10 torr. Run 3, on a different sample, was made because 

of the apparent difference between runs one and two. 
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Figure 3: The water adsorption isotherm at -IO.OOC on pure silver 

iodide. Nucleation occurs at pressures greater than 

2.00 mm Hg. 
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The experiment was concluded after two isotherms at -6.50C shown 

in Fig. 4 were measured. These isotherms could not be carried above 

a vapor pressure of 2.73 mm Hg. which corresponds to a supersaturation 

of 3.0% with respect to ice. The maximum amount adsorbed was 3.7 nano

moles/cm2• 

Combining or comparing the three sets of isotherms is difficult 

because of the great difference in amounts adsorbed. Therefore, Fig. 

5 presents an expanded view of the low coverage portion of the -3.00C 

isotherm. The vertical scale is the same as in Figures 3 and 4. 

Tables I, II, and III present the adsorption data, including the 

blank isotherms, for the isotherms shown in Figures 2 through 5. 

Another obvious feature of the adsorption isotherms is the 

scatter of the data points for different runs for the same isotherm. 

This scatter influences the ability to select isosteres and evaluate 

the Gibbs equation. Because of the scatter, the isotherms had to be 

treated with an objective smoothing technique. The smooth isotherms 

were then used to evaluate isosteres, isosteric heats of adsorption, 

and inte"grate the Gibbs equation. 

Vibration noise contributed significantly to the standard 

deviation computed for each data point and also enters into the scatter 

observed from one run to another. Mechanical or' electrical 

disturbances to the balance system produce changes in the zero 

offset. At the start of each run, the adsorption system must be 

pressurized with the adsorbate. Opening the stopcock to the ice 

reservoir admits water vapor to the balance jar. EVen when done 

cautiously, the streaming of vapor into the balance jar and hangdown 
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Figure 4: The water adsorption isotehrm at -6.S0C on pure silver 

iodide. Nucleation occurs at pressures greater than 

2.73mm Hg. 
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isotherm with the. same vertical scale as in Figures 3 and 4. 
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tubes creates a considerable disturbance on the balance output 

signal. This mechanical disturbance to the balance may produce 

a change in zero offset. Such a change can not be detected or 

taken into account in evaluating the isotherms. A very slow 

pressurization of the adsorption system would be necessary to avoid 

this possible cause of a change in zero offset. Once an adsorption 

run is underway, further changes in zero offset can also contribute 

to the scatter and remain undetected. 

Another source of scatter between runs lies in the selection 

of the silver iodide powder sample. Once the powder is removed 

from the sealed ampule and is placed in the red erlenmeyer flask, 

further mixing does not occur except on removing samples. Sample 

pans are filled by removing with a spatula small portions of the 

powder in the flask selected at random. However, only two or three 

such portions are needed to fill the sample pan. If variations in 

the surface area and other surface properties of the powder exist 

from one portion of the powder to another, the samples selected may 

differ appreciably from one another in terms of the adsorption iso

therms measured. Differences in surface area from one sample to 

another can explain a displacement of congruent isotherms. Differences 

in the surface properties affecting the relationship between the 

pressure of the vapor and the amount adsorbed can produce changes in 

the shape of the isotherms. Numerical values can not be assigned to 

either effect, only a statistical treatment is possible. 
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8.2 Isosteric Heats of Adsorption 

Computation of the isosteric heats of adsorption using equation 

3.21 requires smooth isotherms from which pressures corresponding to 

constant coverages can be read. However, the isotherms presented in 

Figures 3 through 5 are far from smooth. The scatter of the data is 

large enough to make smoothing by eye overly subjective. Therefore, 

an objective smoothing technique based on an empirical equation resem-

. 19 20 21 bling the Frenkel-Halsey-Hill 1sotherm ' , is used. The 

empirical equation to which the isotherm data is fitted is given 

by a straight line when the logarithm of the surface excess L is 

plotted against the logarithm of the logarithm of the inverse of the 

relative pressure, i.e.: 

Po 
In r = a + b In In -

p 

where ~ and ~ are the intercept and slope of the straight line 

y a + bx in which y = In r and x = In In(p /p). 
o 

(8.1) 

To determine if this isotherm represents a reasonable analytic 

expression for the adsorption isotherms measured, the data are plotted 

log r versus log(-ln x) as shown in Fig. 6. Note that the log(-ln x) 

axis is shifted for each isotherm in order to show all three isotherms 

clearly. Only the -lO.OOC isotherm appears to follow approximately a 

straight line over the complete range of data. The -3.00C and -6.50C 

isotherms have more than one straight line section. In order to fit 

the data to the empirical isotherm, the data for each straight line 

segment are treated separately and the appropriate straight line 

parameters are computed using a least squares fitting technique. 

The straight line parameters for the mean isotherms and the envelope 
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isotherms based on a one standard deviation about the mean are given 

in Table IV. The vapor pressure, relative pressure and coverage 

intervals over which each straight line segment is valid are also 

given in the table. The solid lines in Figures 3 through 5 give the 

smooth empirical isotherms based on the mean data points. 

The isosteres shown in Fig. 7 are computed from these parameters 

by modifying the empirical isotherm equation: 

ln p • ln Po - exp ~n ~ - aJ (8.2) 

The vertical bars through the data points are determined from the one 

standard deviation isotherms. Only a few isosteres are shown in Fig. 7 

for clarity. 

Isosteric heats of adsorption are computed from the isosteres 

determined from the smoothed isotherms. Three isosteric heats are 

2 
computed at coverages less than 1.8 nanomoles/cm. Above this 

coverage, only the -3.00C and -6.50C isotherms are available for 

isostere data. The solid line in Fig. 8 gives the isosteric heat of 

adsorption determined by a least squares fit to·isostere points from 

all three i.sotherms; the error band associated with this computation 

is g·iven by the vertical bars through the data points. Heats 

determined by pairs of isotherms are also computed. The dashed line 

in Fig. 8 gives the isosteric heat computed from the -6.50C and 

-lO.OOC isosteres. The dash-dot line gives the heats from the 

-3.00C and -6.50C isosteres; the computation is made up to a coverage 

2 of 4.0 nanomoles/cm. Tabulated data f9r the isosteres and isosteric 

heats are found in T.able V. 
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A discontinuity in the slope of the isosteric heat occurs at a 

2 coverage of 1.4 nanomo1es/cm , which corresponds to the transition of 

the -3.00C isotherm from the shallow to steep slope region in Fig. 6. 

A similar transition in the isosteric heat curve computed from the 

-6.50C and -10.00C isotherms occurs at a coverage of 1.25 

2 nanomo1es/cm , which corresponds to the transition of the -6.50C 

isotherm to a steeper slope. The sharp change in slope of the 

isosteric heat curves is due, in part, to the artificial separation 

of the isotherms into the straight line portions shown in Fig. 6; 

an actual isosteric heat curve would show a continuous transition 

through the peak. Heats of adsorption obtained from adsorption 

isotherms are averages over the entire adsorbing surface. 

8.3 Gibbs Equation Integration 

Integration of the Gibbs equation is carried out analytically 

using the smoothed isotherms. Substituting the expression for the 

empirical isotherm into the Gibbs equation and integrating yields: 

11 = - RTe
a 

[<-In x )b+1 - (-In x )b+1] 
~ b+1 2 1 <8.5) 

where xl and x2 are the relative pressure with respect to water at the 

limits of the integration and ~ and ~ are the empirical parameters of 

the isotherm. For convenience, the relative pressure with respect to 

water that corresponds to saturation with respect to ice is chosen as 

the starting point for all the Gibbs integrations. The surface free 

energy ~ of the adsorbent-vapor interface at ice saturation is taken 

to be the reference state. This means that 11~x is zero at the water 
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relative pressure that corresponds to ice saturation and measures the 

departure of ! from that at ice saturation. 

Figure 9 shows the variation of ! with relative pressure. A large 

increase in adsorption above ice saturation at -3.00C gives rise to 

the sharp increase in R for this isotherm. The -6.50C and -10.00C 

isotherms are terminated before large adsorption amounts are attained. 

Table VI gives the data used to form Fig. 9. From the empirical iso

therm equation the surface area occupied per molecule, a = 1/f, is 

easily found and a ~ versus ~ plot can be drawn. The IT-a plot shown 

in Fig. 10 indicates a distinct kink in the -3.00C and -6.50C curves. 

The surface area occupied per nanomo1e decreases much more rapidly 

than R increases above the transition. This indicates the contribution 

to 11 per molecule adsorbed decreases at the transition and that this 

decrease is also associated with the peak or kink in the .isosteric 

heat curves. Computation of l!. from isotherms yields an average for 

the entire surface. 

Computation .of. the integral heats of adsorption from this!!. data 

is not possible since an arb;i.trary reference pressure and' reference 

value for ! are chosen •. Only if the integration is carried out from 

v~r.y . low pressures where 1 is that fo.r the· bare surface of the adsor

bent .can such a computation be made. 
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Figure 9: The variation of the Gibbs equation integration with 

relative pressure computed analytically from the smoothed 

isotherms. Arbitrary zero re'ference point chosen to be 

saturation with respect to ice. 
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Figure 10: A n~o plot showing the abrupt transition from shallow to 

steep slope 0'£ the isotherms in Fig. 6 corresponds to a 

phase transition in the adsorpbed water,. Horizontal and 

vertical bars give a one standard deviation error estimate. 
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CHAPTER IX 

INTERPRETATION 

The isosteric heat of adsorption gives the heat released per mole 

during the adsorption of an infinitesimal amount of vapor at a specific 

surface excess. This heat, therefore, can be interpreted as the energy 

of interaction between the vapor and adsorbed film. In Fig. 8, the 

isosteric heat based on all three isotherms and on the -3.00C and 

-6.S0C isotherms shows a maximum. The increase in the heat of 

adsorption at coverages smaller than at the maximum are due to 

lateral cooperative interactions between molecules adsorbed on high 

energy sites. These lateral interactions give rise to an energy of 

adsorption that is larger than that on the bare surface of the 

adsorbent. Although high energy sites on the surface also could 

cause an increase in the heat of adsorption, these sites are complete

ly occupied even at the lowest coverages studied in this work. It 

is between the water molecules adsorbed on high energy sites that the 

lateral interactions occur. 

As the number of adsorbed molecules increases, the number of 

lateral interactions which can occur decreases. Lateral interactions 

permit the effect of high energy sites on the surface to be extended 

to several molecular layers. The peak in the isosteric heat curves 

occurs when the number of possible lateral interactions rapidly 

begins to decrease. Once the lateral interactions are saturated, 

the heat of adsorption is produced by the interaction between loosely 

adsorbed molecules and molecules in the vapor. Very little inter

action energy is due to the surface since its effects are masked by 
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the large number of molecular layers. As the amount adsorbed 

increases, the heat of adsorption decreases to the heat of condensa-

tion. 

The occurrence of lateral interactions is, in itself, not 

significant. However, the disappearance of the effects of lateral 

interactions at coverages less than 1.4 nanomoles/cm
2 

is important. 

2 Based on 10.2 A as the surface area occupied by a single adsorbed 

water molecule 7, statistical monolayer coverage occurs at 1.63 

2 nanomoles/cm. The peaks in the isosteric heat curves occur at 

coverages significantly smaller than this value. For lateral inter-

actions to be dominated by interactions between loosely adsorbed 

molecules and the vapor means that a considerable portion of the 

surface must be covered by a multilayer film of water. Comparing 

the coverages at the maximum isosteric heat to the statistical 

monolayer coverage leads to the same patch-like adsorption picture 

presented by Edwards and Corrin 18 and Corrin and Nelson 14 also on 

pure silver iodide. 

According to Jura and Harkins 42 the distinct break seen in the 

IT-a curves of Fig. 10 indicates a two-dimensional change in phase of 

the adsorbate. A tr~nsform~tion of the empirical equation used to 

smoeth the data leads to a modified Ha~ki~s-Jura condensed phase 

expression: 

IT (9.1) 
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where ~ and k are related to the slope l and intercept a of the 

empirical isotherm equation by: 

n = - (b + 1) d k _ RTe-a / b 

b an - b + 1 (9.2) 

The value of ~ corresponding to the various smoothed isotherms is 

given in Table IV. The transition from ~ approximately equal to 

unity, a range from 0.76 to 1.53, for the low coverage portion of the 

isotherms indicates the existence of a condensed surface phase as 

42 envisioned by Jura and Harkins. Pierce 21,22 . t t th 
~n erpre s e 

change in slope of isotherms plotted as in Fig. 6 as indicating a 

transition from a localized to mobile adsorbed film. Clearly a 

similar transition occurs here. 

Both the change in the· trend of the isosteric heat curves and 

the kink in the IT-a plots indicate a change to a denser packed, though 

more loosely bound, mobile structure of the adsorbed film. This 

transition is observed in the -3.00C and -6.50C isotherms only. 

Estimated from Figures 10 and 9, a transition at -lO.OOC should occur 

2 at a.surface excess of 1.1 nanomoles/cm and a vapor pressure of 1.82 

mm Hg; however, insufficient data exists above this coverage to 

conclusively indicate the occurrence of a phase transition in the 

adsorbed water at this temperature~ 

At a silver iodide temperature of -6.S0C and -lO.OOC adsorption 

runs are terminated above 2.73 rom Hg and 2.00 rom Hg, respectively, 

because the weight of the samples continuously increases at vapor 

pressures above these values. This sudden, unbounded increase in 

the weight of the sample is interpreted as the onset of nucleation 
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of a bulk condensed phase on the powder. The relative pressure at 

which this onset of nucleation occurred is well below water saturation 

in both cases. Table VII gives some of the adsorption parameters at 

the onset of nucleation. The condensed phase must clearly be ice 

since, by a free energy argument, ice is the stable phase at tempera

tures below OC and at pressures below water saturation. The nucleation 

of ice observed in this experiment must proceed directly from the 

vapor. Furthermore, unlike cloud chamber studies which consider the 

onset of nucleation in terms of orders of magnitude of ice particles 

nucleated, this method of observing nucleation detects the onset of 

nucleation on the most active site on the most active particle in the 

entire sample. In some respects this may be a disadvantage in 

studying the nucleation mechanism with adsorption techniques for 

once. nucleation occurs, little can be gained from continued observa

tion of the change in weight of the sample . 

. The amount adsorbed at nucleation gives direct evidence that the 

patch model of adsorption is valid up to the onset of nucleation. At 

-lO.OOC nucleation occurs with little more than statistical monolayer 

coverage, at -6.50C slightly more than two monolayers are adsorbed. 

These patches must then grow by adsorption both vertically and later

ally until they exceed·the critical mass of a~ ice embryo. High 

energy patches on the silver iodide surface provide the foundation 

for that growth. 

Of considerable interest is the observation that nucleation did 

not occur at -3.00C even as water saturation is approached. An 

explanation is that water saturation does not provide a sufficient 



75 

supersaturation with respect to ice to initiate nucleation. 

Considering the relationship between ice and water saturation 

vapor pressures, given by equation 6.1, unless the sample tempera

ture is below -3.5C the vapor pressure must always exceed water 

saturation to achieve sufficient ice supersaturation. Under these 

conditions, nucleation of supercooled water is favored from both 

free energy and entropy considerations; ice can then form by a 

freezing mechanism. The threshold temperature for the most active 

site is significantly warmer than the frequently quoted -4C 

determined from cloud chamber studies. Many more experiments 

designed to detect nucleation at different sample temperatures are 

needed to precisely define the threshold temperature and super

saturations required to nucleate ice on pure silver iodide. The 

threshold temperature of -3.5C and supersaturation of 3.4% obtained 

in this experiment are based on a linear extrapolation of the super

saturations with respect to ice that led to ice nucleation at -6.50C 

and -lO.OOC. 

As seen in Chapter III, nucleation thermodynamics approaches the 

growth of an embryo from a distinctly different point of view than 

adsorption thermodynamics. The fundamental difference is that 

nucleation theory considers the embryo to be a duplex film; the embryo

vapor interface being independent of the adsorbent-embryo interface. 

Classical adsorption thermodynamics, however, deals with a nonduplex 

film at all coverages although changes in phase of this film can occur. 

The quantity 1!. computed from the Gibbs equation is explicitly for 
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nonduplex films. In this experiment, however, a transition from a 

nonduplex to a duplex film on the patch must occur if nucleation is 

to take place. Figure 8 and Table VII show that at the onset of 

nucleation, the isosteric heat of adsorption has decreased to the 

heat of condensation. Energetically, at least, just prior to nucle-

ation, the interface between water adsorbed on a patch and the vapor 

resembles the liquid. If, according to nucleation theory, the 

embryo is already a duplex film, then the surface free energy of 

this interface must lie between that for a liquid water - vapor and 

ice - vapor interface. 

Continuing with this interpretation, the transition of the 

adsorbed nonduplex film into a duplex film occurs prior to nucleation. 

Based on the IT-a plots of Fig. 10, the isosteric heat curves of Fig. 

8, and also on the isotherms plotted as in Fig. 6, only one transition 

in adsorbed phase occurs before nucleation. Treated with classical 

adsorption thermodynamics that can not recognize the existence of 

surface heterogeneities, this phase change does not seem unusual, 

yet nucleation thermodynamics depends on its existence. 

Comparing the conditions at the onset of nucleation at -lO.OOC 

and those at -3.00C, which do not lead to nucleation, to the require-

ments for obtaining a critical embryo as given by equation 3.28, points 

out several inconsistencies which can be resolved in only one way. At 

~3.00C, both the temperature T and saturation ratio pIp is larger - _____ 0 

than at -lO.OOC. Also, the bulk interfacial free energy of the ice-

34 vapor surface is larger than the liquid-vapor value. Provided 

that ~ and ~ are temperature independent, variations in ~, dependent 
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on the Gibbs equation, would make ~ larger at -3.00C than at -lO.OOC. 

All these effects would lead to a smaller critical size of the embryo 

at -3.00C than at -lO.OOC. However, 30 times as much water is 

adsorbed at -3.00C than at -lO.OOC indicating that the embryos 

present at -3.00C are larger than those at -lO.OOC which lead 

to nucleation. The only term in equation 3.28 which can possibly 

lead to a larger critical embryo is ~, the deviation of the chemical 

potential of the embryo from that of the bulk condensed phase. There

fore, at -IO.OOC, the small amount adsorbed indicates small critical 

embryos and a small~. A low supersaturation overcomes the volume

surface area effects and leads to nucleation. At -3.00C, large 

embryos are present but nucleation does not occur, therefore, ~ 

must be larger than at -lO.OOC. This behavior means that at -IO.OOC 

the adsorbed water is more ice-like than that .adsorbed at -3.00C on 

similar high energy patches. A more liquid-like adsorbed film in 

terms of its chemical potential at -3.00C is further evidence of the 

increasingly duplex nature of the adsorbed film as the amount adsorbed 

increases. 

The ice-like chemical potential of the adsorbed film at small 

coverages on the patch and the increasingly liquid-like chemical 

potential as more water is adsorbed indicates that epitaxy still 

pLays a role in nucleation. The transition of the ice-like structure 

bridging the high energy sites on the patch to an ice structure is 

undoubtedly enhanced by the underlying crystal structure and is the 

final step leading to ice nucleation on pure silver iodide. 



CHAPTER X 

CONCLUSIONS 

The surface of pure silver iodide consists of patches of sites 

which interact strongly with water vapor and are surrounded by a 

surface which plays only a minor role in the adsorption process. 

As the amount adsorbed increases, a change in phase of adsorbed 

water occurs producing a more mobile adsorbed film on the patch 

and allowing the film to act as a duplex film. Small adsorption 

amounts at the onset of nucleation indicate the adsorbed water is 

still patch-wise distributed over the surface of the powder; the 

patch model of adsorption remains valid up to the onset of nucleation. 

These patches enter the nucleation mechanism in the following 

way. Adsorption occurs preferentially on the patches because of the 

high energy of interaction between adsorption sites in the patch and 

water vapor. The spacing between these sites is such that the first 

adsorbed molecules can still interact strongly with molecules in 

the vapor forming a strongly bound but loosely packed structure of 

water molecules bridging the high energy sites. This process 

continues until the patch is completely bridged over. Molecules 

adsorbed qn this structure are bound more loosely and can move 

around on the open structure of water molecules bound to the high 

energy sites. Migration of molecules over and filling of this open 

structure leads to a denser packing and the idea that a phase change 

in the adsorbed film has occurred. The vapor and silver iodide 

78 
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interfaces of the water adsorbed on the patch become sufficiently 

separated so that the film adsorbed on the patch acquires charac

teristics of a duplex film, becoming more duplex as additional 

molecules are adsorbed. Nucleation occurs when the decrease in 

free energy of the embryo due to adsorption of additional molecules 

overcomes the free energy penalty accompanying the increase in surface 

area of the embryo. 

On pure silver iodide, the threshold temperature and supersatura

tion with respect to ice required to nucleate ice are estimated to 

be -3.SC and 3.4%, respectively. Under these conditions, nucleation 

of ice directly from the vapor, as in the Bergeron process, on the 

most active site on the most active particle in the sample is 

detected by this adsorption measurement technique; since the number 

of particles in the sample is not known, an estimate of the efficiency 

of nucleation can not be made. In contrast, nucleation efficiencies 

of pure silver iodide aerosols determined by cloud chamber methods 

genera~~y include the contribution to nucleation by a freezing 

mechanism since liquid water droplets are present in the cloud. 

Furthermore, the number· of .nuclei activated must be several orders 

. of magnitude larger than in this study to be confidently detected 

by. present cloud chamber techniques. Only. one crystal need be 

nucleated to be detected by the adsorption method. The rapid increase 

in the number of nuclei activated as the temperature decreases below 

the -4C threshold determined from cloud chamber studies indicates 

the nucleation activity of the high ener~y patches is strongly 

temperature dependent. Another important difference between the 
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nucleation reported here and that studied in cloud chambers involves 

the purity of the silver iodide. Dispersal of silver iodide by 

acetone - silver iodide - potassium (or sodium) iodide solution 

burners, pyrotechnics, or even liquid ammonia - silver iodide 

solution sprayers does not yield pure, uncontaminated silver iodide 

aerosols. Yet these are the aerosols that produce nucleation, both 

in the laboratory cloud chambers and in the free atmosphere. The 

silver iodide powder used in this study is, in contrast, the purest 

now obtainable. 

Information on the energetics of adsorption is, of necessity, 

based on averages over the surface. Isosteric heats of adsorption 

which consider the effect of adding to the total amount adsorbed 

gives an insight into the energies involved, on the average, in 

adsorption onto the outer most layers of the adsorbed film. Above 

the transition to a duplex film on the patch, a clear cut inter

pretation of R is impossible; only on the nondup1ex film surrounding 

the patch or on the patch itself will R have an unambiguous meaning. 

Even at coverages below the·transition, the heteroenergetic nature 

of the silver iodide surface does not permit! to represent anything 

but a gross average change in the interfacial free energy. 

At the onset of nucleation, the heat of adsorption i~ very close 

. to the heat of condensation indicating a liquid-like interface 

between the embryo patch and vapor. A sharp discontinuity in the 

heat of adsorption must occur on nucleation; the heat increasing 

to the heat of deposition. This increase in the heat of adsorption 



81 

is accompanied by an internal rearrangement of the molecules into an 

ice structure propogating outward from the silver iodide surface 

through the embryo. Adsorptions studies are unable to detect this 

increase in isosteric heat because the nucleation process and sub

sequent adsorption are time dependent while gravimetric and volumetric 

adsorption techniques give a static measure of the amount adsorbed. 

Aside from the difference in the treatment of the embryo film, 

nucleation theory must account for time dependent effects. Adsorption 

theory does not and, as it stands on classical thermodynamic grounds 

alone, can not account for these temporal effects. Furthermore, 

adsorption energetics imply an average over the entire surface while 

nucleation deals with a microscopically small portion of the surface. 

Reconciliation of the nonduplex-duplex nature of the film adsorbed 

and embryo formed on the high energy patches in a heteroenergetic 

surface is necessary before a complete theory of nucleation energetics 

is possible. 

This work provides a starting point from which future studies can 

develop. Previous studies on impure silver iodide indicated consider

ably larger amounts adsorbed with significantly different heats of ad

sorption. These differences are attributed to impurities and the 

effect of these impurities completely overwhelms the contribution of 

the uncontaminated portion of the surface to adsorption and heats 

of adsorption. The results reported here, therefore, may serve as a 

baseline against which future studies with the intent to detect 

nucleation on impure silver iodide can be compared. 
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APPENDIX I 

SURFACE AREA MEASUREMENT AND ERROR ANALYSIS 

The surface area of the pure silver iodide powder used in this 

work was determined by applying the B.E.T. relation to krypton adsorp-

tion measurements made on a Numinco-Orr Pore Size and Surface Area 

Analyzer; a volumetric krypton adsorption system. Krypton adsorption 

isotherms were obtained at liquid nitrogen boiling point on samples 

of pure silver iodide taken from the same ampule which provided 

samples for the water adsorption measurements. The discussion 

presented here treats primarily an analysis of the variance, as in 

Chapter VII, of this B.E.T. method for determining surface areas. 

Volumetric krypton adsorption isotherms used in the B.E.T. 

surface area computation involve the measurement of several variables. 

Two helium pressure measurements PI and P2 serve to determine the 

system volumes; the manifold volume V is assumed to be a known 
m 

constant. Variance of the helium pressure measurements was 

approximated from the precision with which an aneroid manometer on 

2 2 the Numinco unit could be read; s (P)=O.Olmm. From these variances, 

the variance of the total system volume and residual sample bulb 

volume was computed from equation 7.1: 

PI 
Vf = - V and V = V - V P

2 
m r f m 

(1.1) 

+ (I.2) 
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Determination of the adsorption isotherm requires measurement of 

two krypton pressures and the manifold temperature T. The later is 

assumed to remain constant during the measurement; a variance for the 

2 2 temperature is taken to be s (T)=O.OlK. System krypton pressure is 

determined from calibration curves relating Pirani gauge bridge 

potentiometer setting to the krypton pressure. The variance of the 

krypton pressure measurement was assumed to be dependent on the 

slope of the calibration curve, i.e.: 

(1.3) 

with PKr in rom Hg. This however does not imply the Pirani gauge is 

more accurate at the lowest pressure measured. It simply implies that 

the pressure indicated by the gauge can be read with more precision at 

lower pressures. At higher pressures, the steepness of the calibration 

curve makes interpolation difficult and subject to greater error; hence 

the choice of this expression for the variance of the krypton pressure 

measurement. 

Adsorption amounts are determined by the system volumes and 

krypton pressure measurements. Each set of initial and final krypton 

pressures, Pi and Pf' permits the incremental amount absorbed n to be 

computed: 

PfVf 
wRT 

(1.4) 

From equation 7.1, the variance of the incremental amount adsorbed is 
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found to be: 

+ s (T) + s (w) 2 2) 
T2 w2 

2 s (V
f

) 

V2 
f 

(1. 5) 

where Pf-1 is the final pressure of the previous set of measurements 

and equals zero for the first set, ~ is the ideal gas constant, and ~ 

is the weight of sample. The total amount adsorbed per gram for each 

set of krypton pressure measurements is given by the sum of the ~'s 

given by equation 1.4: 

n = In a 

and the variance of n , the total amount adsorbed, is given by: 
--2. 

2 \' 2 
s (n ) = LS (n). 

a 

(1. 6) 

(1. 7) 

Along with the quantity n the equilibrium relative pressure of 
-..!! 

krypton ~ must also be computed: 

The saturation pressure of krypton is determined from the vapor 

43 pressure relation given by Freeman and Halsey 

10g10 Po = 6.9861 - 491.9/T 

(1.8) 

(1. 9) 
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where Po is in rom Hg. and! is the absolute temperature of the krypton. 

Liquid nitrogen boiling point is determined from the Farkas and Mel

ville 44 expression for nitrogen saturation pressure P: 

loglO P = 7.5778 - 0.00476 T - 334.64/T (1.10) 

in the temperature range 64K to 84K. Nitrogen saturation pressure is 

taken to be the average Fort Collins, Colorado, barometric pressure 

45 635 rom Hg. These expressions are combined to give the krypton 

saturation pressure p , referenced to the supercooled liquid, 
o 

directly as a function of the Fort Collins atmospheric pressure: 

(1.11) 

The average value of the krypton saturation pressure is found to be 

p = 3.14 mm Hg ± 1.5% which leads to a variance: 
o 

2 2 s (p ) - .0022 mm . o 

Using equation 7.1, the variance of ~ can also be estimated: 

(1.12) 

(1.13) 

From the total amount adsorbed n and the equilibrium relative 
a 

pressure~, the B.E.T. function y is given as: 

y = x/in (I-x)} a 
(1.14) 

and the variance of y is found to be: 
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2 s (y) (1.15) 

In order to use the B.E.T. method of determining the surface 

area, the variables ~ and y must be linearly related. The best fit 

straight line is found by the method of least squares; the intercept 

~ and slope k are given by: 

2 
a = Ex Ey - ExExy 

NLX2 - ExEx 

b = NExy - ExEy 

NEx2 - EXLX 

The sums formed to evaluate 1.16 and 1.17 have variances that are 

attributable to the variances in ~ and y, thus: 

2 
s (Ex) 

2 
s (Ey) 2 s (Exy) \ 2 2 2 2 L[y s (x)+x s (y)]. 

(1.16) 

(1.17) 

(1.18) 

That portion of the variance of the slope and intercept due to the 

variance in the data is found, using equation 7.1, to be: 

(1.19) 
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and 

( 
l: )22 ( N )22 + 2 x s (l:y) + 2 s (l:xy) • 

Nl:x - l:xl:x Nl:x - l:xl:x 
(1. 20) 

A variance in ~ and ~ also arises from the scatter of the mean data 

points such that the variance in ~ unexplained by the linear regression 

is: 

2 
s2(y) = l:y - l:yl:y/N - b(l:xy - l:xl:y/N) 

N-2 
(1. 21) 

The variance of the intercept due to the regression is: 

s;(a) = ( 2 l:x
2 

) s2(y) 
Nl:x - l:xl:x 

(1.22) 

and the variance of the slope due to the regression is: 

(1. 23) 

The total variance of the intercept and slope is given by the sum of 

equations 1.19 and 1.22, and 1.20 and 1.23, respectively. 

In the B.E.T. method, the specific surface area! is inversely 

proportional to the sum of the intercept and slope of the y versus ~ 

plot: 

A = Ao/(a+b) (1. 24) 

where ~ is Avogadro's number and £ is the surface area occupied by a 

krypton molecule which Corrin and Storm 7 give as 0 = 18.2 A2 at liquid 

nitrogen temperature; the variance s2(0) is estimated to be 0.01 A4. 
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The variance of A is given by: 

S2(A) (1. 25) 

The results of the krypton isotherm measurements are presented 

in Fig. 1-1. Figure 1-2 gives the B.E.T. plot of the isotherm data 

with the vertical bars through each data point giving the standard 

deviation. Runs 1 and 2 are for isotherms measured before the water 

adsorption measurements were made, while run 3 was made after those 

measurements were completed. 

According to this analysis of the krypton adsorption data, the 

specific surface area of the pure silver iodide powder used in this 

work is 0.49 m2/gm with a standard deviation of 5%. No change in 

the surface area during the course of the water adsorption measure-

ments could be detected. 
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Figure I-l: Krypton adsorption isotherms on pure silver iodide at 

liquid nitrogen boiling point temperature. 
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