
SORPTION OF NH3 IN A DRY SYSTEM IN RELATION TO 

THE CHEMICAL PROPERTIES OF CLAYS AND SOILS 

by 

DAVID WINSTON JAMES 

A THESIS 

submitted to 

OREGON STATE UNIVERSITY 

in partial fulfillment of 
the requirements for the 

degree of 

DOCTOR OF PHILOSOPHY 

June 1962 

J 



APPROVED: 

ciate Professor of Soils 

In Charge of Major 

Head of Department of So s 

Chairman of rco1 'Graduate Committee 

Dean of Graduate School 

Date thesis is presente4__L,aLaau_12,..125.1...... 

Typed by Carol Baker 



ACKNOWLEDGEMENT 

Thanks is expressed to the Department of Soils 

staff for allowing me to choose and pursue the re- 

search topic reported in this thesis. I wish to 

acknowledge the help of my Major Profebbor, Dr. 

Moyle E. Harward, who offered much critical advice 

during the preparation of the manuscript. Thanks is 

also expressed to Mr. Dumitru Carstea who aided in 

the preparation of the graphs. 



TABLE OF CONTENTS 

INTRODUCTION . . . .. . . . . . . . . . . . . . . . . 

Objectives . . . . . 

LITERATURE REVIEW 

Page 

1 

3 

5 

Sorption mechanisms G 

Ammonia sorption by organic matter 13 

Thermal decomposition of NH4 clays; NH4 
fixation 16 

Implications of irreversible NH3 adsorption 17 

MATERIALS AND METHODS 

Measuring ammonia retention 

19 

22 

RESULTS AND DISCUSSION 27 

Reproducibility of ammonia retention values 27 

Standardization of the ammoniation procedure 28 
Temperature and pressure effects on ammonia 

retention 30 
Ammonia retention by acid clay systems 37 
Effect of exchangeable cation on ammonia 

retention 42 

Mechanism of NH sorption 50 

Ammonia retention by the kaolinite systems 
and by and NH4 2:1 clays 54 

NH3 
3 
VERSUS H2O 

2 
ADSORPTION 60 

Competition of NH3 for H2O adsorption sites 62 
Competition of H2O for N1 adosrption sites 67 

NH3 RETENTION BY THE WHOLE SOIL 

HEAT OF ADSORPTION 

74 

79 

Procedure and results 83 
Calcium Chloride amine 85 
Ca bentonite 88 
NH4 bentonite 97 

GENERAL DISCUSSION 

Sorption mechanisms on 
clays 

Sorption mechanism for 
Energy of the sorption 

montmorillonite -type 
101 

kaolinite 105 
mechanism. 108 

tv.; . .' 
. i. .; ..:..'...... ..: 

: r:..'ii 
' i 4 

- - ... 

4.. . . 

v..;.,..: i.. Y. 

' - ' .:,., ,. a :. ; i :, .. i... I 

'..i 

-- -- , p. 
'. 

K - - 

....: .:.::..:......s. 

........,...,.. . 

. .: ..:. 4 i . 44 .. a i . a..'. 

-- i 
' i s.... e i 

..;...;..,.,.... 4. 

. 

i - ;- 

, . . , .. ; ..; 

. . 4 s 

.. 



TABLE OF CONTENTS ( CONTINUED) 

Other sorption processes 109 
Chemisorption vs. availability of fertilizer 

ammonia . . . . . 111 
Future research a . o s o o . . . . . 112 

SUMMARY AND CONCLUSIONS.... .....0............. 115 

BIBLIOGRAPHY , .. . v 119 

APPENDIX . . .. . . o . .. o o . . , . . . ; . . . . 123 

p_rdcesses...e.ea.:...:ö.e. 

.ii.. .r 

' . . i 'm ... . o .' i, ó' . . it ñ . 



LIST OF FIGURES 

Figure Page 

1. Retention of ammonia by homoionic benton- 
ite as influenced by temperature and pressure 31 

2. Retention of ammonia by homoionic montmoril- 
lonite as influenced by temperature and 
pressure....... 32 

3. Rate of removal of sorbed ammonia (100° C) 

4. Rate of removal of sorbed ammonia (150° C) 35 

5. Comparison of ammonia retention by acid clays 
as influenced by pressure 39 

6. Comparison of ammonia retention by acid clays 
as influenced by temperature 40 

7. Influence of saturating cation and exposure 
pressure on ammonia retention by montmoril- 
lonite 43 

8. Influence of saturating cation and exposure 
pressure on ammonia retention by bentonite.. 44 

9. Influence of saturating cation and exposure 
pressure on ammonia retention by kaolinite.. 45 

10. Influence of saturating cation and tempera- 
ture on ammonia retention by montmorillonite 46 

11. Influence of saturating cation and tempera- 
ture on ammonia retention by bentonite 47 

12. Influence of saturating cation and temperature 
on ammonia retention by kaolinite 48 

13. X -ray diffraction pattern of air dry and 
ammoniated Ca, Mg and Al montmorillonite.... 64 

14. X -ray diffraction pattern of air dry and 
ammoniated Ca, Mg and Al bentonite 65 

15. X -ray diffraction pattern of oven -dry and 
ammoniated Ca montmorillonite 66 

16. Effect of water vapor on NH3 retention by 
montmorilionite 69 

- : - : 

34 

:: - - 

. 

- -' 

:... 

- - 
' 

.. 

..... t . ,. - .. 



Figure 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

LIST OF FIGURES (CONTINUED) 

Effect of water vapor on NH3 retention 
by kaolinite and bentonite 

Schematic diagram of apparatus used in 
determination of heats of chemisorption.... 

Log P versus 1/T 
CaC12.2NI13 %-==% 

Log P versus 1/T 
(2NH3c4x ; --, CaX+ 

for the 
CaC12 + 

for the 
2NH3 

reaction 
2NH3 

reaction 

Pressure- temperature curve for the reaction 
(2NH3Ca)X CaX + 2NH3 

Page 

70 

84 

86 

89 

91 

Heat of adsorption of ammonia on Ca bentonite 95 

Heat of adsorption of NH3 on NH4 bentonite 98 

...:.:,..:..... 

, c1ó1 «.114.:.,..:d.. 



LIST OF TABLES 

Table Page 

1. Reproducibility of ammonia retention values 
Means of four replications 28 

2. Effect of time of degassing on ammonia 
retention by selected clay systems at 20° C 29 

3. Effect of time of degassing on ammonia 
retention by selected clay systems at 30° C 29 

4. Retention of ammonia by various crystalline 
materials 53 

5. Uptake and Retention of Ammonia by Anhydrous 
CaC12 and AlC13 53 

6. The influence of excess KC1 on the ammonia 
retention by K kaolinite 57 

7. Comparison of the Molecular properties of 
NH and H2O... 61 

8. Retention of ammonia by representative 
Oregon soils .. 75 

9. Ammonia retention attributed to exchangeable 
cations and to the organic matter fraction 
of natural soils 78 

10. Vapor pressure of solid ammonia and con- 
comitant thermodynamic values 81 

11. Thermal decomposition of CaC122RH3 

12. The thermal decomposition of 2NLI Ca 
bentonite -- stepwise heating w±thdut evacua- 
tion 

88 

90 

13. The thermal decomposition of 2M-I1 Ca 
bentonite -- stepwise heating with evacuation 94 

14. The thermal decomposition of NH ...NH4 
3 

} bentonite 100 

.......,......,.... 

. 

......ici.i i ..: 

. - - 

- - - - 

i:4:...'.4,4:,.i 

- ::, 

:.......e.iio 

.. 

:.2 

::o....:,...ei....o...::.ò.,..i 
° 

0 a - .- - 0; - :.;: 



SORPTION OF NH3 IN A DRY SYSTEM IN RELATION TO 

THE CHEMICAL PROPERTIES OF CLAYS AND SOILS 

INTRODUCTION 

The physico- chemical reactions of ammonia in soils 

and clays have many practical and theoretical implica- 

tions. On the one hand, large quantities of anhydrous 

ammonia are used annually in agriculture for fertilizer; 

the dry gas is applied directly to the soil by simply 

injecting it below the ground surface. On the other 

hand, ammonia is frequently employed in the laboratory 

as a device for analyzing surface properties of finely 

divided solids. In this respect ammonia is particularly 

useful in the study of the internal surfaces of 2:1 

expanding -type clay minerals. This arises from its 

polar character and hence its ability to vigorously 

solvate the minerals, opening them up so as to exploit 

the interior surface regions. 

Chemical and physical adsorption are terms often 

used to describe the uptake of adsorbates by colloidal 

systems. Broadly speaking the first is irreversible 

and is accompanied by a relatively high energy change. 

The latter is readily reversed and the energy change 

is in the same order of magnitude as that involved in 

making and breaking hydrogen bonds. These two expres- 

sions are not used universally because it is felt by 
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some that they are not mutually exclusive terms, or that 

there is enough overlap between the two concepts to 

render them ambiguous. Nevertheless it is believed that 

physical and chemical adsorption are good descriptive 

terms and will be used with specific meaning in this 

thesis. Retention is another term used by some authors 

to describe sorption of ammonia. Usually this will 

refer to ammonia remaining after the "excess" gas is 

eliminated by aeration or mild evacuation. This is in 

contrast with sorbed ammonia which is held against 

exhaustive evacuation. Thus retention is understood 

to be analogous to chemical adsorption and may be used 

interchangeably with it; however, retention may be a 

somewhat broader or more inclusive term. 

It has been noted by several workers that there 

is a wide hysteresis loop in the adsorption- desorption 

cycle of ammonia on clay minerals. The hysteresis 

effect itself is notable, but the truly peculiar aspect 

of the phenomenon is the appreciable quantity of ammonia 

that is taken up by forces which, with regard to the 

energies involved, logically fall into the realm of 

chemical reactions. Usually adsorption isotherms that 

involve ammonia as the adsorbate are run at temperatures 

below 00 C. This is to facilitate the development of 

a condensed layer of the adsorbate on the solid surface 

and thus permit the application of classical adsorption 
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theory to the data. This approach leads to quantita- 

tive estimates of the amounts and energies of ammonia 

involved in physical adsorption but to date has pro- 

vided meager support for the characterization of chemi- 

sorption phenomena. It is the principle intent of the 

present work to analyze that part of the sorption 

isotherm associated with chemisorbed ammonia. 

Objectives 

The objectives of this research project were based 

on the major assumption that adsorption of ammonia on 

clay minerals arises as a result of two separate phe- 

nomena. The first is a reaction expressed by the 

equation NH3 + IIX - - -) NH4X, where H is exchangeable 

hydrogen on the exchange complex X. This would be 

chemisorption since it is characterized by irreversi- 

bility at ordinary temperatures and has a high reaction 

energy. The second is the reaction NH3 + OX - - -) 

NH3...OX, or the formation of a hydrogen bond between 

ammonia and the oxygen ions in the clay surface. This 

reaction is characterized by a relatively low reaction 

energy and is completely reversible at ordinary tempera- 

tures. The initial objectives may be stated briefly as 

follows: 

(1) To distinguish between physical and chemical 
adsorption. This will be attempted by 
determining the temperature and pressure 
conditions under which ammonia gas will 
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stoichiometrically convert hydrogen exchange 
systems to ammonium exchange systems without 
allowing superfluous physical adsorption of 
gaseous ammonia. 

(2) To establish the ammonia retention character- 
istics of H, Al, Mg, Ca, K and NH4 1/ 
saturated clays. 

(3) To compare the ammonia retention of pure and 
mixed hydrogen and aluminum systems and on 
the basis of these results differentiate 
between acidity due to exchangeable hydrogen 
and acidity due to exchangeable aluminum. 

(4) To investigate the mechanism(s) of chemi- 
sorption. 

(5) To compare the energies of ammonia chemi- 
sorption by various homo -ionic clay systems. 

It will become evident that with the passage of 

time and the accumulation of experience, the initial 

objectives became modified and new ideas and objectives 

arose. The overall approach will be to present the 

changes in concepts, as they occurred, more or less in 

chronological order. 

2/ Use of chemical symbols in this manner will refer 
to the ionic forms throughout this thesis. 
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LITERATURE REVIEW 

The ability of soils to rapidly adsorb and tena- 

ciously hold large amounts of ammonia has been widely 

demonstrated. This is of considerable practical sig- 

nificance and in conjunction with economic factors 

accounts for the widespread use of gaseous ammonia as 

a fertilizer. Examples of the quantities of ammonia 

that are taken up by soils under different conditions 

of soil texture, pH, moisture content and method of 

application are given by Blue and Eno (2), Jackson and 

Chang (16), and James (18). 

The characteristic interaction of ammonia and 

clay material is utilized in investigating surface 

properties. A very common laboratory technique is to 

study the adsorption of the gas under various conditions 

of temperature and pressure. If the quantity of gas 

adsorbed per unit of solid is plotted as a function of 

pressure at constant temperature, the adsorption iso- 

therm results. This leads to estimates of total surface 

area and also leads to suggestions for the adsorption 

mechanism. Examples of adsorption isotherms with 

ammonia as the adsorbate (and often compared with other 

gaseous materials) are presented by Barrer and 

MacLeod (1) , Cornet (9) , Mortland (23) , Mortland and 

Erickson (24), Slabaugh and Siegel (34), Wieden and 

. 
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Balduin (38), and Zettlemoyer et al (40). 

Sorption Mechanisms 

Investigations into the mechanism of ammonia 

adsorption have been very fruitful. Buswell and 

Dudenbostel (6) compared the infra -red absorption 

spectra of an ammonium montmorillonite and of a 

hydrogen montmorillonite 2/ that had been exposed to 

ammonia gas. Since the same absorption spectrum was 

obtained in either case they concluded that the 

hydrogen system was being converted to the ammonium 

system by the reaction 

NH3 + IiX NH4X 1/ (1) 

where X is the exchange complex. 

Cornet (9) provides evidence in strong support of 

Equation (1). He showed that upon evacuation of the 

excess gas from a hydrogen bentonite- ammonia system, 

Several references will be made in this review to 
work done on acid clays. It is highly probable that 
the materials considered to be H saturated by the 
respective workers actually were predominantly 
aluminum saturated and that the exchange capacity 
occupied by hydrogen was a minor part of the total. 
No attempt will be made in this review to discrim- 
inate between H and Al exchange systems. The 
problem of ammonia interaction on H -Al -clay systems 
will be handled in the body of the thesis. 

1/ The expressions used to denote reaction equations 
and mechanisms will by and large be the present 
writer's. 

2 

---> 
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some of the gas was retained by the solid and the amount 

of gas retained corresponded to the cation exchange 

capacity of the clay. Further, the quantity of ammonia 

retained by a clay containing both potassium and hydro- 

gen on the exchange sites, was only about 17% of that 

retained on the pure hydrogen system. Cornet also 

suggested that both lattice hydroxyl ions and polariza- 

tion of water molecules may give rise to cation exchange 

capacity (and therefore, by inference, ammonia reten- 

tion). These postulates may be expressed as 

NH3 
3 

+ Hox ---j NI14GX 

NH3 + IiOH-1 vt1401I-1:. 

where HOX represents hydroxyl groups in the clay surface 

and IIOH -X represents surface bound water. 

Jenny et al (19), using ammonium hydroxide as the 

source of ammonia, also reported that ammonia retention 

by hydrogen Yolo clay corresponded to the cation 

exchange capacity of the clay. They state that 

"Evidently we are dealing here with the reaction 

XOH + NH3 - - -> XONH4," which is comparable to Equation 

(2). By implication they were also referring to the 

reaction given by Equation (1). 

Brown (3) developed sorption isotherms for a wide 

( 2 ) 

---> (3) 

. 
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variety of soils and homoionic clay systems. His iso- 

therms were run at 27° C over the range zero to 100 mm 

Hg pressure of ammonia. He observed irreversible 

uptake of ammonia in his systems and attributed it to 

an interaction between NH3 
3 

and sorbed H2O or a mechanism 

typified by Equations (3) and /or (4). 

Jackson and Chang (16) discussed several mechanisms 

for ammonia adsorption. One which they discussed and 

which is not mentioned elsewhere in this review is 

NH3 + H20 NH44' + CH - 

NH4 + CX ---) NH4X + C+ 

Here 112 H2O implies liquid water and this gives rise to 

a simple ion exchange reaction where C+ is the 

exchangeable cation. 

Barrer and MacLeod (1) studied the sorption 

characteristics of various gases on a natural montmoril- 

lonite that was approximately 85% Na and 15% Ca 

saturated. They reported that non -polar sorbates 

(e.g. 02, 
2' 

N2, 
2' 

C6H6) could not exert sufficient pene- 

trating pressure to swell the montmorillonite crystals. 

Polar molecules on the other hand readily penetrated 

the inter,- lattice regions and permitted the measurement 

of total surface area. These authors further observed 

that the adsorption and desorption curves of the 

-=-j 
(4) 
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sorption isotherms exhibited hysteresis for the respec- 

tive polar sorbates. In addition, when NH3 was used 

as the sorbate, a significant amount of irreversible 

sorption accompanied the hysteresis effect. They 

interpreted these results in terms of the energy re- 

quired to force platelets apart initially and then to 

collapse them as successive decrements of ammonia, 

water etc, were applied. They postualted, in addition, 

that the hysteresis effect with ammonia may be a result 

of "irreversible nucleation phenomena." That is, the 

exchangeable cations in the montmorillonite system 

might act as nuclei about which the ammonia would con- 

dense in the adsorption process. These observations 

thus suggest two mechanisms for ammonia adsorption: 

NH3 + X XNH3X (5) 

NH3 
3 

+ CX (NH c)x 
3 

(6) 

where XNH3X signifies physical trapping and (NH C) 

signifies the "nucleation phenomena", C being the 

exchange cation. 

Nortland (23) studied the sorption of ammonia by 

several materials and concluded that the sites of 

adsorption were very heterogeneous as evidenced by the 

variation in sorption energy with different degrees of 

surface coverage. For homoionic betonite systems, the 

---> 

-_-> 
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quantity of ammonia adsorbed decreased in the order 

Ca> Na. Nortland attributed most of the adsorption 

to a strong bond of the van der Waals type, since it 

is reversible; but this process, he indicated, was 

characterized by a fairly high heat of adsorption. He 

suggested that ammonia is associated with oxygen atoms 

in a hydrogen bond similar to the mechanism of water 

adsorption. This could be represented as 

NH3 + ---> NH 
3 

(7) 

where 0 signifies the oxygen ions in the surface of 

the crystal lattice. In addition to this reversible 

reaction, Nortland demonstrated that an appreciable 

amount of ammonia was irreversibly adsorbed on the Ca 

bentonite. He suggested that this ammonia was held 

by a different mechanism than was the ammonia which 

reacts with the H saturated clays. He discounted the 

possibility of physical trapping in the interplanar 

spaces as an explanation for irreversible adsorption 

of ammonia. Hc proposed that a reaction between 

ammonia and traces of residual water may have given 

rise to ammonium ions and cation exchange which coin- 

cides with the mechanism represented by Equations (4). 

A second proposition offered was the possibility of a 

reaction between ammonia and certain exposed O:B groups 

10; 

OX 
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which do not otherwise enter in cation exchange reac- 

tions. This concept is embodied in Equation (2). 

Slabaugh and Siegel (34) used anhydrous ammonia 

to study the surface properties of Wyoming bentonite 

which had been made homoionic with respect to H, Na, 

and Ca ions. Their results showed that surface area 

measurements for the H and Na systems were comparable 

but that the Ca saturated clay exhibited considerably 

different properties. Two suggestions were offered to 

explain the peculiarities of ammonia sorption on the 

Ca complex. First, the mutual attraction of adjacent 

platelets for the divalent Ca ion; these forces must 

be overcome before gaseous penetration of the clay 

lattice would result. Secondly they proposed that 

greater amounts of ammonia on the Ca system resulted 

from coordination of the NH3 about the exchangeable 

Ca ion. This type of coordination would be analogous 

to the "nucleation phenomena" of Barrer and MacLeod 

which is expressed in Equation (6). Slabaugh and Siegel 

concluded that the reaction denoted by Equation (1) 

sufficiently explained the stronger initial adsorption 

of the ammonia gas by the H clay system sompared to the 

uptake by the Na system. 

One of the major objectives of Slabaugh and 

Siegel (34) was to analyze the reproducibility of the 

adsorption isotherm. They showed that the isotherm 
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could be readily reproduced to within the limits of 

their experimental error. Plotting of adsorption points 

on the same curve for different runs gave essentially 

a smooth line relationship for a given clay system. 

However, Slabaugh 4/ points out that in making succes- 

sive runs on a given clay system, a fresh sample was 

used each time. Re =runs on the same sample did not 

correspond because of a certain amount of ammonia 

that was held irreversibly upon degassing the system. 

Slabaugh A/ suggested that some ammonia is retained 

by adsorbed water. This is equivalent to the idea 

expressed in Equation (3). 

Mortland (25), in a review of the ammonia reaction 

in soils, classified ammonia sorption into two cate- 

gories-- chemical and physical. His definitions of 

physical and chemical adsorption correspond approximately 

to those given in this thesis. Chemical adsorption 

according to Nortland would be represented by Equations 

(1) and (2) above. The reaction, represented by 

Equation (7), Mortland suggests, is typical of physical 

adsorption. He also refers to the possibility of 

forming "hydrates" with the exchangeable cations which 

are analogous to those known to occur with certain 

salts such as CaC12.2NH3. This kind of adsorption 
a 

A/ Personal communication 



13 

would be represented by Equation (6) and by implication 

from Mortland would be classified as physical with 

respect to the energy of the reaction. 

Sohn and Peech (35) studied the ammonia retention 

characteristics of some natural soils. They exposed 

the soil samples to ammonia gas and then let them 

aerate to allow the physically adsorbed ammonia to 

volatilize. They anticipated that the ammonia retention 

capacity would be primarily a function of the exchange- 

able hydrogen content of the soil. This was not found 

to be true, particularly on soils where the pH fell in 

the range 6.5 to 7.5. They showed that the amount of 

ammonia retained could be reduced by heating the 

ammoniated soils. These workers concluded that reactions 

similar to Equations (1), (2) and (7) accounted for the 

ammonia retention which they observed. They state that 

reduction in ammonia retention upon heating the ammoni- 

ated soils occurred "presumably because of volatiliza- 

tion of ammonia held by hydrogen bonding and hydrolysis 

of NH4 held by weakly acidic groups." It would seem 

that the ammonia retention observed by Sohn and Peech 

is identical to the irreversibly adsorbed ammonia 

discussed by other workers. 

Ammonia sorption by organic matter 

Although the attention of this thesis is directed 
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mainly at ammonia -clay mineral interaction it is of 

interest to discuss the interaction of ammonia and 

organic matter since humus is present to a greater or 

lesser extent in field soils. Mort land (23) has 

demonstrated that the adsorption of ammonia by organic 

matter is much more extensive than by mineral matter. 

Zettlemoyer et al (39) examined the sorption of ammonia 

by simple organic compounds and found the uptake of 

ammonia to increase in the order polyethylene< hexa- 

decylamine < hexadecylamide < dipeptide < nylon < stearyl- 

alcohol< succinimide< mono -basic acids < dibasic acids. 

No ammonia was retained by the polyethylene and the 

sorption by the first four nitrogen compounds was 

small. Regarding the latter, Zettlemoyer et al 

emphasize that the accessible functional groups rather 

than external surface area was responsible for the 

ammonia uptake. Adsorption by the mono- and dibasic 

acids yielded exactly one sorbed ammonia molecule for 

each carboxyl group. This work then suggests two 

mechanisms for ammonia adsorption by organic matter: 

and 

NI13 + R.-0 NI13 O-R (8) 

o 0 
NH 

3 
+ R-C R-C 

OH 0 D (9) 

---) 

N 
- 
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Equation (8) represents ammonia adsorption to the polar 

aldehyde or ketone groups. Equation (9) represents 

the reaction with carboxyl groups. Similar statements 

could be made with regard to amine and amide nitrogen 

groups. 

Another kind of polar group not considered by 

Zettlemoyer et al (39) is the phenolic acid group. 

This component of soil humus is known to make a signifi- 

cant contribution to the weak acid buffering properties 

of soils. It is probable that this would also contribute 

to the ammonia retention capacity 

This mechanism is expressed as 

soil organic matter. 

NH3 + I2-0-011 ---) R-0-0110 (10) 

where the phenol group is represented by 0-0H. A 

distinction is made in equations (9) and (10) between 

carboxylic acids and phenolic acids because, as Russell 

(28, p. 272) points out, in general the latter is a much 

weaker acid and is activated at much higher pH than 

is the former. 

The mutual adsorption of soil minerals and humus 

would be expected to modify the retention of ammonia 

by the respective fractions. Sohn and Peech (35) 

attempted to discriminate between ammonia which inter- 

acts with soil mineral matter and that which interacts 

of 
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with soil organic matter. However, their results are 

interpreted from the point of view of NH4 fixation 

rather than irreversible adsorption of NH3 and accord- 

ingly it was difficult to assess the significance of 

their results from the point of view being pursued 

in the present work. 

Thermal decomuosition of NH cla NH fixation 

There are certain aspects of NH3 -NH4 -clay mineral 

relationships which do not bear directly on the problem 

presently under discussion but which should be con- 

sidered nevertheless. First, it has been observed by 

means of differential thermal analysis techniques, 

that NH4 saturated clays will decompose at elevated 

temperatures with the evolution of ammonia gas. The 

result of this reaction is to create H exchange sites 

from NH4 exchange sites. Reports on this approach are 

given by Bottini (4,5), Scott et al (31), and Vivaldi 

et al (37). One conclusion from the results given by 

these workers is that there is wide variation in the 

energy of the H -NH3 bond in the exchangeable ammonium 

on a given complex. Another conclusion is that the 

reactions denoted by Equation (1) or (2) are actually 

reversible reactions. This would lead one to make 

similar assumptions concerning the so- called irreversibly 

adsorbed ammonia on clays which are predominantly 
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saturated by cations other than hydrogen. 

The second pertinent aspect of ammonia-ammonium- 

clay relationships is that of ammonium fixation by 

certain kinds of clays. According to this concept, NH4 

fits into the hexagonal depressions in the clay plate- 

lets and when the platelets come together upon dehydra- 

tion, they are held together by mutual attraction to 

the NH4 ions. Therefore the ions are trapped or fixed. 

Discussions on this problem are given by Sohn and 

Peech (35) and by Cattani (7). Much research has been 

done on the problem of ammonium fixation but these two 

references will suffice. There may be some similarity 

between NH4 fixation and chemi- sorption of NH3 by other 

than H saturated systems. Equation (5) for instance 

may be cited as an example of fixation. It is believed 

however that ammonium fixation and ammonia retention 

are distinctly different processes. 

Implications of irreversible NH3 adsorption 

It is apparent that the processes and energies 

involved in clay ammonia interactions are highly vari- 

able. At least ten different mechanisms have been 

proposed to explain the sorption processes in soil 

materials and two or wore of these mechanisms may 

conceivably operate in the same system simultaneously. 

It is evident that even the relationships of a pure 
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homoionic clay mineral are not simple. It is believed 

that additional research into the nature of irreversibly 

adsorbed ammonia is in order; the problem is innate in 

all studies involving ammonia interactions with clay 

or soil. Although Equations (1) and (2) are logical 

explanations for ammonia retention by H systems, the 

results of many workers make it abundantly clear that 

these mechanisms alone cannot account for the quantities 

of chemisorbed ammonia that have been observed in many 

different systems. 
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MATERIALS AND METHODS 

The materials selected for this study consisted 

mainly of three reference clay minerals. Kaolinite #7 

and montmorillonite #,were from Ward's Natural Science 

Establishment, Inc. 2/ The third reference mineral was 

Utah bentonite. 

The kaolinite and montmorillonite were ground by 

mortar and pestle and dispersed in Calgon solution 

(20). The less than two micron size fraction was 

obtained by an adaptation of the method described by 

Jackson (17, p. 101 -104). An International No. 2 

centrifuge was utilized for this process. The clay 

suspensions were centrifuged in 220 ml polyethylene 

cups at 750 r.p.m. for 3.6 to 4.2 minutes depending 

on the temperature. The clay size material contained 

in the supernatant was decanted into large carboys. 

Re- suspension of the sediment in 1% Calgon and centrifu- 

gation was repeated until about 400 grams of less than 

two micron size material for the respective clays were 

obtained. Sufficient CaCl2 was added to the clay 

suspensions to promote flocculation. The Ca clay 

suspensions thus prepared were stored as the stock 

supply. 

2/ P.O. Box 24, Beechwood Station, Rochester 9, New 
York 
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The Utah bentonite was ground to pass a 140 mesh 

sieve and then treated with HCl to remove the excess 

carbonates. After saturating with Ca, this material 

was dried and stored as the stock supply. Although the 

size range of the bentonite thus prepared was larger 

than colloidal dimensions, the material was nevertheless 

nearly pure montmorillonite -type mineral. 

Homoionic systems containing Ca, Mg, Al, K and NH4 

were prepared by washing samples of about 30 grams of 

the three reference clays with 1 N chloride solutions 

of the respective cations. The clay in salt solution 

was stirred with a malt mixer fitted with a rubber 

policeman and sedimentation was hastened with the aid 

of a Serval Superspeed SS -1 centrifuge. The sediment 

was re- suspended in fresh salt solution and centrifuged 

repeatedly until about two liters of salt solution were 

used. Excess salt was eliminated by washing three 

times with distilled water and with enough additional 

washes using 50% ethanol to yield a negative test for 

Cl- with AgNO3. This latter process required up to 

10 separate washings. The clay was then dried at 

about 60° C and reground in the mortar. The dry 

homoionic clays were stored for future use. 

In order to prepare H saturated clays special 

precautions were taken to minimize the conversion of 

II to Al clays. blathers et al (21) have shown that the 

' 
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rate of conversion of H to Al clay can be strongly 

modified by temperature or moisture level of the system 

during storage of the H clay system. Their results 

indicated that low temperature or dryness in storage 

sharply reduced the rate of conversion of H to the 

Al state. They do not report the effect of both low 

temperature and dryness in storage but it is assumed 

that the combination of these conditions would further 

reduce the transformation of the II clay system. 

For the present work, all of the steps for H clay 

preparation were conducted in the temperature range of 

0° to 5° C. Treatment to accomplish H saturation 

consisted of washing with 1 N HC1, then washed free of 

Cl- as above. A refrigerated Serval Superspeed SS -3 

centrifuge 6/ was used for the montmorillonite and 

filter candles were used with the kaolinite and 

bentonite. The kaolinite and bentonite were treated 

in containers which were immersed in salted ice water. 

Freeze drying on all clays was accomplished with a 

small vacuum desiccator which was placed in the ice 

bath and which was evacuated with a water aspirator. 

The moisture level on the clays thus prepared was in 

the range of eight to ten percent when removed from the 

desiccator. After freeze drying, all II clays were 

6/ Courtesy of Dr. L. W. Parks, Department of Micro- 
biology, Oregon State University. 



stored in the freezer compartment of a refrigerator. 

Measuring ammonia retention 

Two common and very precise techniques which have 

been used in the past to measure gaseous adsorption 

are the volumetric and gravimetric procedures. The 

former is described by Cornet (9) and the latter by 

Slabaugh and Siegel (34). The volumetric method could 

not readily be adapted for the present purposes since 

measurements of sorbed ammonia were to be made only 

after evacuation of the excess gas. The gravimetric 

method could likely be used but there was a question 

about the accuracy available here since the quantities 

of ammonia involved would probably be close to the 

lower limits of resolution of the spring balance. The 

micro -Kjeldahl technique was adapted on a trial basis 

and found to be very reliable in the range of ammonia 

content encountered. The steps in the procedure will 

be described subsequently. 

The apparatus developed for controlling the pres- 

sure and temperature of the ammoniating chamber was 

as follows: A Welch "Duo- Seal" single stage high 

capacity vacuum pump was placed in series with a mercury 

diffusion pump. When special occasion required it, the 

pressure of the system could be reduced to approximately 

ten microns of Hg pressure. Low pressures were measured 

22 
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with a McLeod gauge and pressures in the range 1 min to 

760 mm were read with a barometric type mercury manom- 

eter. The overall procedure required only infrequent 

use of the diffusion pump to aid in checking for leaks 

and other special purposes. 

The ammoniating chamber itself consisted of a 

Napco vacuum even. The inlet and outlet ports of the 

oven were extended by cementing glass tubing to the 

oven's hose connections by the use of an epoxy resin. 

The oven was then attached to the vacuum source by 

means of a ball and socket joint. The joint was made 

secure and leak -proof by applying high vacuum silicon 

stopcock grease to the ground glass surface and by 

use of a ball and socket clamp. The inlet port was 

fitted with a three -way stopcock. Ammonia or dry air 

could be introduced into the system easily by the 

proper adjustment of the stopcock. The Napco oven 

was described as being capable of providing temperature 

control of + 0.1° C over the range room temperature 

at 200° C. Experience indicated however that tempera- 

ture control of the oven when the pressure was less 

than about 5 mm Ng, was probably no better than + 2.0° C 

at temperatures above 100 °. This was because of the 

difficulty of obtaining temperature equilibrium in a 

reduced atmosphere. The sample holders for the clay 

were 30 ml size weighing bottles. The weighing bottles 

MO 
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were all placed on the middle shelf of the oven thus 

keeping all samples the same distance from the heating 

elements. The top shelf, although never used as a 

sample holder, was left in the oven so as to facilitate 

heat conduction and equilibrium under evacuated con- 

ditions. Under these arrangements, up to 40 samples 

could be placed in the oven at one time. 

Anhydrous ammonia used in the experiments was 

supplied by the Pennsalt Chemical Corp. The range of 

impurities in this product was listed as 0.0% to 

0.0167% with the typical value being 0.005% by volume. 

No attempt was made to increase the purity of the 

ammonia for this work. 

The general procedure for measuring ammonia 

retention was as follows: About 0.2 gram of clay 

sample was placed in a 30 ml size weighing bottle. 

The sample was heated at 105° C overnight to bring to 

dryness and to constant weight. After weighing, the 

sample was placed in the vacuum oven and the system 

was evacuated to less than 1 mm Hg pressure. The 

initial evacuation lasted for at least hour in order 

to allow for temperature equilibration between the 

sample and oven. The vacuum pump was then disconnected 

by means of a stopcock and the system was flooded to a 

predetermined pressure with ammonia. 

4 



25 

At the end of the ammoniating period the system 

was evacuated with the aid of a water aspirator to 

eliminate the excess gas. Air, which was passed 

through a sulfuric acid scrubber to remove moisture, 

was allowed to sweep through the system to help flush 

out the ammonia. After about hour the aspirator was 

turned off, the high vacuum pump turned on, and the 

flow of dry air was reduced to the point where the 

final pressure was less than 1 mm Hg pressure. At the 

end of a run the pump was turned off and atmospheric 

pressure was restored to the system. The sample was 

removed from the oven, stoppered and held for ammonia 

determination. 

The ammoniated sample was washed into the steam 

jacketed micro- Kjeldahl still and about 10 ml of 50% 

NaOH was added. Evolved ammonia was collected in a 

2% boric acid solution. The colorimetric indicator 

suggested by Sher (32) was included with the boric acid. 

After about 20 ml of distillate was collected the 

boric acid -ammonia complex was titrated with standard 

HC1. The ammonia measured was reported as milli - 

equivalents per 100 grams of clay. 

The cation exchange capacity for the respective 

reference clays was estimated by measuring the 

exchangeable NH4 on samples of the ammonium saturated 

1 
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systems by means of the above Kjeldahl procedure. The 

values obtained were 119.5, ß9.9 and 4.3 milliequiva- 

lents per 100 grams on montmorillonite, Utah bentonite 

und kaolinite respectively. 
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RESULTS AND DISCUSSION 

Reproducibility of ammonia retention values 

Preliminary experiments were conducted on selected 

clay systems to determine the precision of the method 

in yielding estimates for ammonia retention. 

single run was made using six samples of Ca 

kaolinite. The samples were arranged strategically in 

the chamber so as to ascertain the effect, if any, of 

different positions on the shelf. The samples were 

ammoniated at 450 torr 2/ of gas and at 24° C; degassing 

was at the same temperature. The results of this trial 

showed ammonia retention to be 13.42 + 0.02 meq /100 g. of 

clay. The error within the run was considered to be 

insignificant; position of the sample had no effect on 

the retention value. 

Another series of trials was run which provided 

for four replications in time. Ammoniation was with 

500 torr of gas and the temperature throughout was 

29° C. Table 1 shows the results of this experiment. 

In absolute terms the standard deviation of the data 

given in Table i is + 0.0014 meq /g. or approximately 

0.02 milligram of nitrogen per gram of clay. It was 

felt that this error term could be improved upon but 

2/ "torr" is an abbreviation for mm Hg barometric 
(absolute) pressure. It is now in official use by 
the American Chemical Society. 

A 
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Table 1. Reproducibility of ammonia retention values. 
Means of four replications. 

Clay type NH3 retained meq /100 g. 

Ca-mont 

Ca-bent 

Ca-kaol 

K -kaol 

K -bent 

118.68 

103.37 

10.62 

4.40 

25.23 

Standard deviation = + 0.14 

that the increase in the accuracy of the estimate would 

not justify the added effort. It was concluded that 

reproducibility was good enough to avoid the necessity 

of running duplicate samples. Accordingly, all values 

of ammonia retention reported henceforth will be for 

single determinations unless specified otherwise. 

Standardization of the ammoniation procedure 

Before any given sequence or combination of variables 

was established as standard procedure, a series of trials 

was conducted to investigate the relative influence of 

time and temperature on the gassing and degassing steps. 

Tables 2 and 3 summarize some of the preliminary results 

obtained. 

The data in Tables 2 and 3 are pertinent for two 

reasons. First, it is evident that there was only a 

IOW 
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Table 2. Effect of time of degassing on ammonia re- 
tention by selected clay systems at 20° C. 

Clay type NH3 retained meq /100 g. 

Time of degassing - hours* 
1/2 2 1 

Ca-mont. 156.90 156.40 145.83 

Ca-kaol. 13.94 13.51 13.41 

K -mont. 30.97 29.33 28.22 

K -kaol. 7.12 6.46 6.73 

* After ammoniation, the samples were flushed for fiz hour 
with dry air; timing started at beginning of high 
evacuation period. 

Table 3. Effect of time of degassing on ammonia re- 
tention by selected clay systems at 30° C. 

Clay type NH retained meq /100 g. 

Time of degassing - hours* 
0 1/2 2 10 

Ca-mont. 153.35 128.49 122.53 117.27 

Ca-kaol. 13.18 12.44 11.83 11.51 

K -mont. 29.44 24.72 23.16 21.27 

K -kaol. 6.70 6.04 5.53 5.10 

See footnote, Table 2. 

very slow withdrawal of ammonia from the ammoniated 

samples after about the first two hours of evacuation. 

Secondly, the temperatures at which the two sets of 
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data were run cover what one would ordinarily expect 

as the range of ambient temperature. The significance 

of the relative levels of ammonia retained at the 

temperatures indicated in Tables 2 and 3 will become 

more apparent as additional data are presented later 

on ammonia sorbed and retained at temperature levels 

beyond 30° C. 

On the basis of the preliminary work a standard 

procedure for sample treatment was established. The 

times for the various steps were standardized as follows: 

Initial evacuation and temperature equilibration, 45 

minutes; ammoniation at a specified pressure, 45 minutes; 

flushing with dry air, 30 minutes; evacuation to less 

than 1 torr while continuing the weak flow of dry air, 

hours. The principle variables were temperature and 

pressure of ammoniation and temperature of degassing. 

The ranges of pressure and temperature employed were 

14 to 700 torr and 25° to 200° C. Various combinations 

of temperature and pressure were provided to clarify 

the interaction of these two variables on the ammonia 

retention by the various homoionic clay systems. 

Temperature and pressure effects on ammonia retention 

A series of trials was run wherein the treatment 

sequence included various combinations of pressure and 

temperature. Figures 1 and 2 show the results for 

3} 
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montmorillonite and bentonite respectively. These re- 

sults indicate that retention may be increased by 

either decreasing temperature or increasing pressure, 

exactly what one would expect. It is clear that 

temperature wields a much stronger influence, than 

does pressure, over the ranges tested. Further, for 

each temperature level, the sorption sites involved 

approach saturation at a very low pressure of ammonia. 

It should be emphasized at this time that the data 

in Figures 1 and 2 were obtained by ammoniating and 

degassing at the same temperature. It is of interest 

to examine the effect of ammoniating at a low temperature 

and then degassing at an elevated temperature. Figures 

3 and 14 present such a comparison for Al, Mg, and Ca 

montmorillonite and bentonite systems. The data in 

Figures 3 and 4 were derived by ammoniating at 30° C 

and at 500 torr of ammonia. The treatment sequence was 

altered to the extent that the samples were flushed but 

degassing was not started until the temperature of the 

vacuum oven had reached the desired level. Degassing 

was then initiated and proceeded for the length of 

time indicated. 

The data shown in Figures 3 and 4 provide an 

interesting commentary on the tenacity with which N113 

is retained by these clay systems. Although the samples 
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were at relatively high temperatures the loss of sorbed 

ammonia after the first half hour was very gradual up 

to the time limit studied. It is worthwhile at this 

time to recall the information contained in Tables 2 

and 3 and to compare the ammonia retention shown there 

with the information in Figures 3 and 4. It should be 

pointed out that the treatment conditions were not 

exactly comparable for the data in the tables and 

figures cited. The main difference was that samples 

represented in the Tables were ammoniated for only two 

minutes while the data in the Figures arose from the 

standardized 45 minute ammoniation period. Notwith- 

standing the variation in treatment conditionsIthe 

differences in the levels of retention at the respective 

temperatures tend to validate the definitions suggested 

earlier for physical and chemical adsorption. Only 

qualitative statements can be made at this time regard- 

ing the actual energy of the sorption mechanism. It 

is believed however that the apparent strength of 

adsorption of NH3, for the gas retained at temperatures 

beyond 30° C, clearly places the energy of the reaction 

beyond the range of van der Waals type forces. 

It is well to remember that the data discussed 

here are for irreversibly adsorbed ammonia. The method 

provides no estimate of the total amount of ammonia 
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initially adsorbed during the ammoniation process. 

Examples of the total quantities of ammonia involved in 

adsorption are given by Brown (3) who also worked with 

homoionic bentonite systems. Typical adsorption values 

given by Brown are greater than 300 meq /100 g. at 80 torr 

of ammonia. There was no hint of an adsorption maximum 

and extrapolation of his data would lead to estimates 

of 500 to 700 meq /100 g. at pressures up to 700 torr. 

For the present purposes it is clear that most of the 

ammonia involved in adsorption isotherms is readily 

desorbed and falls into the concept of physical adsorp- 

tion; the ammonia remaining after desorption is strongly 

held at temperatures equal to or greater than ambient 

conditions and hence is chemisorbed. 

Ammonia retention by acid clay systems 

It is evident from the information already pre- 

sented that the ammonia retention by the reference clays 

was strongly influenced by the species of exchangeable 

cation present. Retention was plotted as a function of 

pressure at constant temperature and vice versa for the 

respective homoionic clay systems in order to clarify 

the effect of exchangeable cation on the amount of 

ammonia retained. 

One of the first items of interest using this 

approach was a comparison of the ammonia retention by 
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the acid clay systems. Figures 5 and 6 show the inter- 

actions of pressure and cation and temperature and 

cation respectively on bentonite and kaolinite clays. 

It had been initially anticipated that the reaction 

denoted by Equation (1) would result in a much greater 

amount of ammonia sorption on the H clay systems 

compared to the other homoionic systems. This, however, 

was not the case. Figures 5 and 6 show that ammonia 

uptake by the Al saturated clays paralleled and was 

equal to or greater than the retention by the comparable 

H systems. 

It will be recalled that, in the method employed 

to achieve Ii saturation of the reference clays, elaborate 

precautions were exercised in order to minimize the 

transformation of H exchange sites to Al exchange sites. 

It was believed that the procedure was quite successful 

and that relatively pure H clays were actually obtained. 

Potentiometric titration curves 8j were run on the H 

clays and these curves showed that the clays were at 

least 80 to 90% II saturated at the end of two months in 

storage. In addition to the exchangeable Al present 

before ammonia treatment, sample treatment leading up 

to the ammoniation step caused some further degradation 

of the H clay. During the preliminary survey for 

jJ The potentiometric titration procedure and data 
are included in the appendix. 
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standardization of the procedure, it was discovered 

that widely varying results were obtained depending on 

whether the sample was oven -dried or simply run in the 

air -dry condition. In the latter case the retention 

value was adjusted to the oven -dry state using the 

percent water loss on heating of a separate sample. In 

order to obtain comparable values it became necessary 

to oven -dry all samples including the H clays. The 

additional transformation of H to Al sites was reflected 

in the potentiometric titration curves / of heated H 
clay samples. Accordingly, the data in Figures 5 and 6 

do not reflect ammonia retention by truly homoionic H 

clays. 

The ammonia retention results shown in Figures 5 

and 6 on the H and Al clays nullify one of the initial 

objectives of this thesis, namely, to differentiate 

between acidity due to exchangeable hydrogen and acidity 

due to exchangeable aluminum. This objective was based 

on the obviously erroneous assumption that gaseous 

ammonia would not interact extensively with a non - 

hydrogen exchange system. Evidently some mechanism, 

heretofore given only slight consideration, was operating 

to form an Al -NH3 complex. Before elaborating on this, 

the data for the other cation exchange systems will be 

reviewed. Since the H saturated clays were not truly 

homoionic and more particularly since the comparative 

' 
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ammonia retention by the pure Al clays was so high, no 

further attempts were made to characterize the ammonia 

retention properties of the H treated clays. The Al 

clay, nevertheless, received more thorough investigation. 

Effect of exchangeable cation on ammonia retention 

The method just described for comparing ammonia 

retention on H and Al clays was extended to include all 

of the homoionic reference clay systems. Clarification 

of the interaction between exchange cation and pressure 

and temperature on the chemisorption of ammonia was 

provided by plotting the data for the respective reference 

clay systems on a single figure. Figures 7, 8, and 9 

depict the interaction between cation and pressure of 

exposure of ammonia for montmorillonite, bentonite and 

kaolinite respectively. The scale for the ordinate in 

Figure 9 was expanded by a factor of 10 compared with 

Figures 7 and 8 in order to bring out the detail for 

the kaolinite systems. Figures 10, 11, and 12 depict 

the interaction between exchange cation and temperature 

on the NH3 retention by the respective clay systems. 

It was believed that the curve for Al montmorillonite 

in Figure 10 was skewed downward at the 50° C point 

thus giving this curve a peculiar shape. It is 

believed that this aberration does not seriously de- 

tract from the information on this system. The data 
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for the NH3 retention by the various NH4 saturated 

clays were adjusted to a net value by subtracting the 

amount of exchangeable ammonium initially present from 

the total ammonia measured in the micro -Kjeldahl proce- 

dure. At the higher temperatures, the values for the 

NH4 
4 

clays became negative and are so indicated in the 

figures. 

One fact manifest immediately upon plotting 

the data in Figures 7 through 12 was that the ammonia 

retention by the three reference clays was determined 

primarily by the cation species present in the exchange- 

able form. Figures 7, 8, 10 and 11 demonstrate that 

the order of retentivity for the 2:1 clays was 

Al>NgCa>K = NH4 while the order for the 1:1 clay was 
Ca >Ng.Al>K = NH4 as shown in Figures 9 and 12. It 

has been assumed in the past that ammonia sorption by 

clay minerals was primarily a function determined by 

particle size and expandibility of a given clay. 

However the retention data given here for 2:1 type clays 

were shown to overlap the data for the 1:1 type clay 

depending on the type of exchangeable cation present. 

It thus becomes apparent that, in characterizing the 

ammonia retaining ability of any exchange system, a 

detailed knowledge of the cation exchange suite is of 

paramount importance. It is believed that cognizance 
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of this fact will facilitate the interpretation of much 

ammonia sorption and retention data that has been 

discussed in the literature. 

Mechanism of 13-22.172Sion 

It became evident very early in the program that 

there was a striking correspondence between the cation 

exchange capacity and the quantity of NH3 irreversibly 

adsorbed on a milliequivalent basis for certain of the 

reference clay systems. If one now relates the amount 

of ammonia retained to the cation exchange capacity of 

the two 2:1 clays, as is done in Figures 7 and 8, the 

relative amount of ammonia retained was almost identical 

for the respective polyvalent cations in the two clay 

systems. These results clearly indicate that the 

retention of ammonia by the Ca, Ng and Al montmorillonite 

and bentonite systems involves the formation of a NH3 

complex with the exchangeable cations. This phenomenon 

has been alluded to by several workers and the mechanism 

is expressed in the reaction given by Equation (6). On 

the basis of the data given here a formula more general- 

ized than equation (6) is proposed in the form of 

Equation (11) 

CX (nNH3C)X (11) 

In Equation (11) n is the stoichiometric relationship of 

NH3 + -_ -p 



NH3 to the exchangeable cations, i.e. the number of 

molecules of NH3 per C. Another way to consider n is 

that it is the coordination number of NH3 with the 

exchangeable cations. For the Ca and Mg saturated 

clays n = 2; for the same Al clays n = 3.6. It is 

obvious that where the exchange cation C is hydrogen 

then should equal one. In other words NH4 is simply 

an ammoniated proton. It is also evident from Figures 

10, 11 and 12 that where C in Equation (11) is hydrogen, 

this reaction is reversible over the temperature range 

100 to 200° C. These results are in agreement with 

Dottinios (4) analysis of the decomposition of NH4 

bentonite using DTA techniques. 

Strong corroborative evidence for the mechanism 

expressed in equation (11) comes from a comparison of 

coordination complexes in various crystalline 

inorganic compounds. Data on the uptake of ammonia by 

certain inorganic substances other than clay minerals 

will be presented before going into an analysis of the 

ammonia retention by the Ca, Mg and Al kaolinite and 

by all of the K and NH4 reference clay systems. 

The fact that ammonia will form coordination 

complexes with metal cations in inorganic crystalline 

substances is well known. Sidgwick (33) discussed 

numerous kinds of such amine compounds. For example, 

nearly all of the Ng salts will take up NH3 to form 
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the complex (Mg.nNH ) where n = 2, It or 6 depending 3 

on the conditions. In the case of n = 2, the "dissoci- 

ation tension" of the Mg amine is 18 torr at 181° C 

according to Sidgwick (33, p. 241). Other alkaline 

earth halides also form amines in the dry state. The 

dissociation pressure for Ca amines is 100 torr at 

105° C (33, P. 299). In the case of Al halides 

(33, p. 430), ammonia is absorbed readily and, it is 

interesting to note, the monamines and triamines are the 

most stable forms; A1C13.1NH3 melts and boils without 

decomposing. Thus in regard to reactions with dry 

ammonia, the behavior of Al, Mg and Ca as exchange ions 

on clay surfaces follows the pattern established by 

these elements in ionic crystalline substances other 

than the silicate minerals. 

In order to ascertain the ammonia interactions 

with inorganic compounds besides clays under the con- 

ditions used in this thesis, an experiment was conducted 

to compare the ammonia retaining abilities of various 

substances containing cations of interest. Reagent 

grade chemicals were treated as follows: Samples of the 

materials were placed in the vacuum system and evacuated. 

They were then flooded with about 600 torr of ammonia 

gas for two hours. This was followed by degassing at 

25° for four hours. The results are given in Table 4. 

+ +, 



Table 4. Retention of Ammonia by Various Crystal- 
line Materials. 

,M19111110.0em.1711110111114 
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Relative NH3 Retention as % Weight of Adsorbent 

None Less than 0.30% About 1.5% Greater than 5% 

CaCO3 

A1203 
2 3 

A1(011) 
3 

KC1 
NaCl 

Ca(OH)2 CaSO42H20 

MgCO3 

Fe 0 
2 3 

CaC1 2H 0 
2 2 

bigC12.6H20 

AlC1 .6H 0 
3 2 

2/1/47,.../ININO 

In a separate trial anhydrous CaC1 and 2 AlC1 
3 
were 

exposed to about 700 torr NH3 
3 

for about 14 hours 

at room temperature, then were degassed. Table 5 

shows the results in terms of moles of NH3 per mole 

of salt. 

Table 5. Uptake and Retention of Ammonia by Anhydrous 
CaC12 9 and AlC13. 3 

Treatment 

valOset014011.1111101111111a 

N NH3 per N salt* - 
AlCI ----g 

NH3 added till pressure 
stabilized at 700 torr 6.90 6.09 

Degassed overnight at 10 -15 torr 
pressure using aspirator 

* Average of six trials 

1.93 5.89 

The retentivity of the various substances listed 

in Table 4 was just about what one would expect following 

gas 

CaC12 
r 
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Sidgwick's discussions. The slight retention in the 

less than 0.30% column was not expected but the amount 

of ammonia involved was believed to be insignificant. 

The retentivity of Ca, Ng and Al chlorides in Table 4 

was not too clear =cut because of the interference of 

water. However, Table 5 indicates that for anhydrous 

salts the retention by Ca and Al is n = 2 and 6 respec- 

tively. The uptake of ammonia by CaC12 shows that 

n = 6 to 7 before degassing. This likely represents a 

tendency to form a discreet chemical species although 

the sorptive forces are rather weak for all but 2 of 

the NH 
3 
adsorbed. It was noted that the NH3 uptake by 

Ca as the chloride salt gave agreement with the Ca 

clays but the retention the Al salt was almost twice 

as high as for the exchangeable Al in the clay minerals. 

The coordination compound (A1.3NH ) 

3 
as indicated by 

Sidgwick (32, p. 430) seemed to be the most logical 

arrangement for the clay systems. More information will 

be presented later to further clarify the mechanism of 

ammonia retention by the Al, Ca and Ng systems just 

discussed. 

Ammonia retention by the Kaolinite systems and K and by 
Am 2:1 clays, 

In light of the above developments for the Ca, Mg 

and Al 2:1 clays, the ammonia retention by all of the 
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remaining systems might appear to be anomalous. Figure 

9 shows that the NH3 
3 
retention by the K and NH4 kaolinite 

was greater than the cation exchange capacity. At the 

same time the retention by the Ca, Ng and Al 1:1 clay 

was two to three times greater per unit of cation exchange 

capacity than would have been predicted on the basis of 

Equation (11). 

The ammonia retention by the kaolinite systems is 

explained in the following manner: Assume that NH3 

coordination about K and NH4 does not occur. This 

idea is justified in part by the KC1 data in Table 4. 

Then the chemisorption by the K and NH4 kaolinite may 

be accounted for by the reaction given by Equation (2) 

NH3 
3 

+ 

Now subtract the amount of ammonia retained by K 

kaolinite from the respective values for the Ca system 

and the ammonia retention falls approximately into 

line with the values for this cation on the 2:1 clays. 

The ammonia retention by the K and NH4 saturated 

montmorillonite and bentonite may also be explained by 

Equation (2). This reasoning is in accord with the 

theory that ion exchange on the edges of 2:1 and 1:1 

type clays arises from hydroxyl groups that have weak 

acid properties. 

It will be recalled, that in the preparation of 

HÚX -=41 NH40X (2) 
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the various homoionic systems, the clays were washed 

exhaustively to eliminate excess salt. It is not illog- 

ical to suppose that some exchangeable cations were 

hydrolyzed during this process and replaced by H on 

the weakly acidic exchange sites. In order to test 

this idea portions of the K kaolinite were washed with 

1 N KC1, 0.1 N KC1 and KC1 + KOH at pH 8.5 which was 

0.1 N with respect to K. After three washings with 

these salt solutions, the suspensions were spun down in 

the centrifuge and dried. Ammonia retention on these 

samples was compared with the standard K kaolinite and 

the data are presented in Table 6. These data indicate 

a sharp reduction in the amount of NH3 retained as a 

result of incomplete removal of KC1. The ammonia 

retaining ability was not eliminated, however, with 

any of the treatments listed. It is apparent that, 

if the weak acid concept is correct, some of the hydroxyl 

groups having weak acid properties do not enter into 

cation exchange reactions at pH 7. This conclusion 

arises from the value NH3 
3 
retention following the last 

treatment listed in the table. It is also obvious, that 

if the weak acid concept is correct, more than 50% of 

the ammonia retention by the Ca, Mg and Al kaolinite 

arises from reactions with OH groups. It is believed 

that Equation (2) may also be used to account for a 

small part of the ammonia retained by the Ca, Mg and 



57 

Table 6. The Influence of Excess KC1 on the Ammonia 
Retention by K Kaolinite.* 

Washing procedure after NIX retained 
saturating with 1 N KC1 me/l00 g. 

Standard; eliminate Cl 

0.1 N KC1 

0.1 N KC1 at pH 8.5 

1.0 N KC1 

*Ammoniation was at 14 torr and C. 

3.90 
2.38 

2.29 

2.06 

Al 2:1 clays since Equation (11) explains about 90 to 

97% of the ammonia retained by these systems at the 

700 torr applied pressure level as indicated in 

Figures 7 and 8. 

It would appear that if all the OII groups having 

weak acid properties were arrayed according to their 

tendency toward ionization, there would be a broad 

spectrum of acid strengths depending upon the location 

of the OH groups or the nature of the cation to which 

they are bonded in the crystal structure of the clay. 

The weaker the acidity, the more likely would be the 

hydrolyses of adsorbed metal cations from a given 0 

group, and the less likely would it be for the group to 

give rise to an exchange site. The spectrum of OH acid 

strengths in terms of ammonia adsorption could be 

expressed as 

. 



NH3 + HOX ---) H3NHOX (=NI140X) 

NH3 
3 

+ HOX ---) H3N.HOX 

NH3 + HOX ---) H3N.HOX 
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(12) 

Equations (12) depict a range of adsorption energies 

which is concomitant with the acid strength of the OH 

groups. The energy of chemisorption would thus gradu- 

ally grade into the energy of physical adsorption. The 

last example in Equations (12) would be a simple hydro- 

gen bond and energywise would likely not differ from 

the NH3...OX arrangement of Equation (7). 

The idea of a spectrum of acid strengths of the 

OH groups on the broken -edge surfaces of clay crystals 

has obvious implications to the methodology involved 

in cation exchange capacity determinations. This idea 

is inherent also in the concept of pH dependent charge 

as discussed by Schofield (30) and demonstrated by 

Lin (15). 

Referring back to Figure 9, it will be observed 

that the relative positions of NH3 
3 
retention by Ca, Ng 

and Al kaolinite are transposed compared to these ions 

on the 2:1 clays. It is believed that this is in part 

a reflection of the strength of adsorption of these 

cations. A consideration of ion size and charge would 

lead one to predict that the strength of adsorption 
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would increase as Ca<Ng<A1. The tendency for hydroly- 

sis of these cations in the adsorbed state would be in 

the reverse order. Thus, the more extensive the hy- 

drolysis of a given cation, the greater would be the 

tendency for the mechanism described by Equations (12) 

to operate. 

An additional explanation for the transposition 

of the order of retentivity by the kaolinite systems 

is that adsorbed Ng and Al may tend to occur as 

OH 
XO.A1 

\OH 
or XO.Ng-OH . 

This would have a tendency to decrease the adsorption 

of ammonia since it has been demonstrated that gibbsite -- 

Al(OH)3, and by inference brucite-- Ng(OIi)2, display no 

tendency toward chemisorption of ammonia. See Table 4 

for a comparison of the uptake by compounds of Al. 
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NH VERSUS H O ADSORPTION 

The assumption made earlier that K and NH4 do not 

complex ammonia was based in part on a comparison of 

the hydration properties of various crystalline forms 

of the cations. For example KC1 and NH4C1 do not 

ordinarily contain water of hydration. On the other 

hand, CaC122H20, MgC126H20 and A1C13$6H20 are very 

common examples of hydrated ionic crystals. The number 

of water molecules associated with each cation is a 

reflection of the coordination of cations with respect 

to the water molecule and for the examples given above 

the coordination numbers are 2, 6 and 6 respectively. 

Reference has already been made to the fact that 

ammonia will form coordination compounds and theses 

compounds arise in the same way as do the coordination 

compounds with water. A comparison between the molecu- 

lar characteristics of water and ammonia show why this 

is the case. Data taken from Pauling (27) and Sidg- 

wick (33), summarized in Table 7, provide such a compari- 

son. Note that one of the main distinctions between 

the two molecular species is that H2O has two pairs of 

unshared electrons while NH3 has only one pair of 

unshared electrons. The attraction of strongly charged 

positive ions to these unshared electrons provides the 

mechanism of bond formation. This ion-electron effect 

H 
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Table 7. Comparison of the Molecular Properties of NH 
and H2O Data from Pauling (27) and Sidgwick 
(33) 

Property Ammonia Water 

Shape and unshared 
electrons 

H H 

H II bond angle 116° 105° 

-H bond distance 0.94 A 0.95 R 

Dipole moment 1.48 d 1.84 d 

Diameter* 2.8 to 3.0 
q 

2.8 X 

Typical coordination 
numbers with Ca 1, 2, 4, 8 2, 6 

Ng 2, 4, 6 2, 4, 6 

Al 1, 3, 5, 6 6 

* The estimate for molecular diameter of water comes 
from the discussions of Hendricks et al (14) and 
Mooney et al (22). The estimate for ammonia is 

based on work reported later in this thesis. 

is coupled with the influence of polarity in the solvent 

molecule and the influence of coordination number; water 

and ammonia display the same coordination numbers with 

respective cations because of their similar radii. 

Tables 4 and 5 show that any substance which is 

weakly hydrated is also weakly ammoniated and that 

anything that has a strong attraction for water is also 

highly solvated with ammonia. From such a comparison 

H 11 1I 

N ;0; 
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of the solvent properties of ammonia and water a rule 

of thumb is proposed regarding the interactions of NH3 

with crystalline compounds: Any substance that will 

hydrate will also ammoniate, the relative stability 

of the complex depending primarily on the nature of 

the cation and secondarily on the nature of the anion. 

It is clear that the solvation energy must be high 

enough to overcome the cation -anion attractions in the 

crystal. Reference has already been made to Sidgwick 

(33) who discussed many kinds of NH3 -metal cation 

complexes. Interesting examples not mentioned earlier 

++ ++ 
are (Cu.nNH,) and (Zn.nNH3) where n may be either 

MMEI 

two or four (33, p. 156 and 280). These complexes, 

it is noted, are stable in aqueous media. The com- 

parable complexes with Ca, Ng and Al are apparently 

not very stable in aqueous media although this property 

has not been investigated for these cations. 

Competition of for H2O adsorption sites 

The comparison between the molecular and solvation 

properties of water and ammonia raises an interesting 

question. Would gaseous ammonia replace adsorbed 

water and vice versa, that is, would ammonia and water 

compete for adsorption sites on the alumino- silicate 

minerals: 

Hendricks, et al (14) and Mooney, et al (22) have 
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shown that the c -axis spacing of 2;1 clays is a function 

of the hydration status of the exchangeable cations. 

An experiment was conducted here using X-ray diffraction 

to examine the influence of ammoniation on the spacing 

between clay platelets. Powder patterns were obtained 

on the untreated homoionic clays and on ammoniated 

samples of these clays. The ammoniated samples were 

protected from ambient water vapor during analysis by 

passing a slight stream of ammonia through the sample 

holder while it was in the goniometer. A hole was 

drilled in the side of the shield, which fits over the 

sample, to facilitate this operation. Figures 13 and 

14 show the results of this experiment for montmorillo- 

nite and bentonite respectively. 

R ference to Figures 13 and 14 will show that the 

untreated Ca, Mg and Al systems display the typical 

c -axis spacing of hydrated clays. The indication was 

that inter =layer distance was about two water molecules 

in thickness. After ammoniation the clays were col- 

lapsed from about 16 X to 12.6 -13 X indicating at least 

partial elimination of the water. 

An additional step was taken where a sample of Ca 

montmorillonite was heated at 150° under high vacuum 

for about 12 hours. Figure 15 shows the c -axis spacing 

of this material before and after ammoniation. The 

results show that the Ca clay was almost collapsed as 
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a result of dehydration and then was re- expanded to 

12.6 X upon ammoniation. 

Since ammonia retention has been shown to be a 

stoichiometric function of exchangeable Ca, Mg and Al, 

it is concluded that the 12.6 spacing reflects the 

effect of a one layer thickness of ammonia molecules 

and that the ammonia is oriented linearly or in a 

plane about the exchangeable cations. It is further 

concluded that ammoniation dehydrates the clays through 

competition with water for the sites of adsorption, 

Competition of 11,0 for NN3 adsorption sites 

In order to test the ability of water to replace 

chemisorbed ammonia the following experiment was con- 

ducted: Solutions of aqueous sulfuric acid were pre- 

pared according to Collins (8) to give a range of 

controlled relative humidites, About 300 grams of 

the respective acid -water. mixtures were placed in 

vacuum desiccators. Weighing bottles which contained 

samples of ammoniated clays were placed in the desic- 

cators and were partially evacuate to 200 torr in 

order to facilitate equilibration between the water 

vapor and the clays. The desiccators containing the 

acids and clays were placed in a water bath, which was 

Controlled at 50° C, for a period of six days. Under 

these conditions the acid served not only as a control 

? 
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for relative humidity but also as a trap to eliminate 

any ammonia that might be evolved from the clays. 

Ammonia retention was measured in the usual way at the 

end of the six day period and Figures 16 and 17 sum- 

marize the results for montmorillonite, bentonite and 

kaolinite systems. 

It was evident from the data that water readily 

competes with ammonia for adsorption sites on all the 

Mg saturated clays. The curve for the Ng montmoril- 

lonite tends to form a plateau and then to break 

sharply at about the 38% level of relative humidity. 

All points on the curves given in the various figures 

were run two or three times and similar though not 

exact results were obtained each time. Therefore, the 

break in the Mg montmorillonite curve at 38% RH was 

not believed to be a result of error for that determina- 

tion. 

The results were rather curious for the Ca clays. 

For the Ca bentonite NH3 removal approached completion 

at the higher humidities. However, the curve for the 

Ca montmorillonite suggests that NH3 retention was 

independent of I120 vapor pressure at the higher levels. 

The retention by this system was more than twice as 

great at the 96% RH point as the Ng montmorillonite. 

Apparently the water vapor was hindered in reaching 

certain adsorption sites on the Ca montmorillonite 
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but no good explanation was found for this difference 

between the 2:1 Ca saturated clays. Also the ammonia 

retention by the kaolinite decreased only slightly as 

a result of exposure to the water 

The removal of ammonia by water vapor from the 

Al saturated clays was shown to decrease sharply from 

0% to 19% relative humidity and then to remain constant 

for all remaining levels of RH. it was noted that the 

constant level attained was 87% and 85% of the cation 

exchange capacity for the montmorillonite and bentonite 

systems respectively. It was assumed that these values 

corresponded to the distribution of exchangeable cations 

between the inter -layer exchange sites and the broken- 

edge exchange sites for the two clay systems. In 

general it is accepted that approximately 85% of the 

cation exchange capacity on montmorillonitc type clays 

occurs on interior planar surfaces where net crystal 

negative charge arises from isomorphous substitution 

(cf. Grim, 12, p. 132). Recalling that the X -ray 

diffraction data on ammoniated clay showed collapse 

of the crystal lattice upon ammoniation, it seems 

evident that the water vapor was unable to penetrate 

the lattices and was therefore unable to exert any 

competitive influence on the ammonia contained therein 

for the Al saturated clays. 

vapor. 
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It should be pointed out that considerable error 

was introduced into the estimate for ammonia retention 

whenever air leaks occurred in the desiccators. The 

increased air pressure undoubtedly had the effect of 

altering the time to achieve equilibrium between the 

water vapor and the clays. 

It was initially anticipated that temperature 

would have a considerable effect on the removal of 

sorbed NH3 
3 
by water vapor. All of the systems dis- 

played in Figures 16 and 17 were also run at 27° C 

but the only difference in the results was a slightly 

greater amount of ammonia remaining at the end of the 

trial period. The only exception to this was the Al 

clays which showed no difference from the results 

given for the 50° C trials. The shape of the respective 

curves was almost identical for the two temperature 

levels indicating that the tendency to plateau and 

then to break at 38% RH by the Mg montmorillonite in 

Figure 16 was not in error. 

From the results given here it was concluded 

that NH3 
3 

and 112 H2O will compete with each other for 

adsorption sites. The exception of course is when 

the interior lattice exchange sites are inaccessible 

to the water vapor. It is believed that this mutual 

competition for adsorption sites could be described 



in terms of the law of mass action. Viz., 

and 
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(nNH3C)X + mI120 (WH20C)X + nNH3 (13) 

p 

The verification of Equation (14) will be left to 

another study. 

;===t 

NHq 

PH 20 

kP (14) _... 



NH3 
3 
RETENTION BY THE WHOLE SOIL 

A brief analysis of the ammonia retention by the 

whole soil was made using the technique developed in 

this thesis for the reference minerals. Studies on 

ammonia retention and fixation by 10 representative 

Oregon soils were conducted by Cattani (7) and samples 

of the A or Al horizons of these soils were obtained. V 
Location and profile descriptions, and chemical and 

physical analysis of these soils were reported by 

Cattani (7). 

In the present study four kinds of measurements 

were made on the whole soils: (1) Estimation of native 

exchangeable NH4; (2) Estimation of anhydrous ammonia 

retaining capacities of the natural soil; (3) Ammonia 

retention following Ca saturation; and, (4) Ammonia 

retention following K saturation. The Ca and K satur- 

ated soils were obtained in the same way as with the 

reference clays. Ammonia retention was determined by 

the usual procedure where the sample size approximated 

1 gram of soil. The soils were treated with 500 torr 

of NH3 gas and evacuation was for t hours at 25° C. 

The results of this work are summarized in Table 8. 

Two points of interest arise directly from the 

/ Thanks are expressed to Dr. J. L. Young for 
permission to use these soil samples. 

. 74 
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8. Retention of Ammonia by Representative 
Oregon Soils. 

CEC* 
Soil meq/100 g. 

2 

Native 
meq /100 

NH retention meq /100 
NH Ca 
gl soil ** saturated saturated 

Aiken 23.9 2.50 38.28 38.42 33.03 

Amity 16.1 2.24 25.88 25.67 20.91 

Cascade 16.1 1.99 26.04 25.56 24.08 

Chehalis 38.7 3.40 38.57 39.14 21.28 

Steiwer 19.8 1.54 21.68 21.56 11.04 

Nehalem 53.7 5.04 61.68 63.84 15.89 

Quilla- 
yute * ** 54.2 9.28 81.64 86.86 80.22 

Walla 
Walla 12.4 0.77 11.69 12.75 6.76 

Willamette22.9 2.91 21.17 21.98 16.39 

Dayton 16.1 2.65 19.92 19.41 15.80 

From Cattani (7) 

** Net amount of NH3 measured after subtracting values 
in column (2). d 

* Formerly referred to as Tillamook. 
111111111.01011MW 

data in Table 8. First there was almost a one -to Onè 

correspondence between the NU3 retention by the natural 

soils and the retention by the Ca saturated soil (cf. 

columns 3 and 4 of Table 8). This was readily accounted 

for since the overwhelming majority of exchange sites 

in natural soils are occupied by Ca, Mg, H, and Al with 

very few sites occupied by K. The correlation between 

retention by the natural and Ca saturated soils could 

Table 

1 
c.. 

K 

* 

4 2 3 
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have been predicted from the work done on simple clay 

systems. 

Another interesting factor was the relation of 

ammonia retention of both the Ca and K saturated 

samples to the cation exchange capacity of the soils 

studied. There was considerable excess of ammonia 

retention (expressed as milliequivalents) over the 

cation exchange capacity for most of the soils. Where 

this was the case it was attributed to peculiarities 

of the organic matter fraction of those soils. It 

has been pointed out that there is an array of weak 

acid groups in soil organic matter which are activated 

at high pH (page 15). Evidently the ammonia retention 

by the homoionic soils listed in Table 8 was a reflec- 

tion of these weakly acidic components. It would be 

reasonable to postulate a spectrum of NH3 energies by 

organic matter comparable to the array of reactions 

expressed for silicate minerals in Equations (12). 

The relative retention of ammonia by the K 

saturated soils shown in column 5 of Table 8 was much 

greater, compared to the Ca soils, than was the rela- 

tive retention by the K saturated reference clays. It 

is believed that this reflects on the peculiarities of 

the organic matter and that a more thorough analysis 

of soil organic matter -ammonia relationships would be 
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necessary to explain these observations. 

Consider only the data for the Ca saturated soils 

and assume that the ammonia retained in excess of the 

CEC was a result of adsorption by the organic matter. 

The amount of ammonia per unit of organic matter could 

be determined using this reasoning. Table 9 shows the 

percent of ammonia retained that could be accounted 

for on the basis of exchangeable Ca and also the ammonia 

retention attributable to humus. It is assumed that 

what one is measuring with the data in column 2 of 

Table 9 is the number of accessible polar groups 

present in the humus fraction of the natural soil. 

These would include such groups as phenols, aldehydes, 

ketones etc. 

On the basis of the small population of soils 

studied, it was difficult to assess the ability of 

this approach as a means of characterizing soil organic 

matter. It is believed, however, that the technique 

bears further investigation. A real test of the 

method would come by correlating such soil factors 

as micro -climate, soil pli, source of organic matter, 

soil oxidation- reduction potential, etc. with the 

ammonia retaining characteristics of the humus of 

many different soil types. 
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Table 9. Ammonia Retention Attributed to Exchangeable 
Cations and to the Organic Matter Fraction 
of Natural Soils. 

Soil 

NH3 retention 

meq/100 g. due to 
exchangeable Ca as 
% of total retention 

NH3 retention 

meq /100 g. of 
organic matter 

Aiken 

Cascade 

Amity 

Quillayute* 

Nehalem 

Steiwer 

Dayton 

Walla Walla 

Chehalis 

Willamette 

62 

64 

63 

62 

84 

92 

83 

97 

99 

104 

238 

211 

209 

157 

122 

56 

50 

18 

7 

MO IMP IMO 

* Formerly referred to as Tillamook. 
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HEAT OF ADSORPTION 

Information on the effect of pressure and tempera- 

ture on ammonia adsorption has yielded qualitative 

estimates of the energies of the chemisorption process. 

Quantitative estimates of the heat of chemisorption of 

ammonia by cations on clays and in salts will be 

discussed in this section. 

Reference has been made to the work of Nortland (23) 

wherein he discussed the ammonia adsorption -desorption 

isotherms on Ca (Wyoming) bentonite. He estimated the 

heat of adsorption in two ways. The heat of adsorption, 

El, (Mortland's notation) based on the Brunauer- Emmett.- 

Teller method of determination was 6300 cal /mole. He 

also used the Clasius Clapeyron equation to calculate 

the heat of adsorption, ZSH, from the 0° and -9° C 

sorption isotherms. The latter approach indicated two 

general levels of sorption energies. The first was in 

the range 12 to 14 Kcal /mole where V /Vm = 0.7 to 0.8. 

The other range of Lill was 22 to 24 Kcal /mole where 

V/Vm = 0.2 to 0.5. The constant Vm from the BET equa- 

tion, which represents the volume of gas (STP) needed 

to form a complete monolayer, was equal to 154 

ml /g,: It was noted from Mortland's report that the 

lowest level of surface coverage correlated with heat 

of adsorption, .611, was where V = 0.2 Vm. This 
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corresponded to approximately 138 meq/100 g. of clay. 

It was also noted that he showed irreversible adsorption 

of ammonia at 10 ml /g. or 55,6 meq/100 g. Thus it was 

apparent that his heat of adsorption, AII, did not 

estimate the energy of the reaction which gave rise to 

irreversible adsorption. Since there was hysteresis 

and irreversibility in the sorption isotherm, the 

estimate of AII for the 20% surface coverage datum must 

be accepted only as an approximation. The use of the 

Clasius- Clapeyron equation requires true reversibility 

in any reactions under consideration in order to obtain 

valid estimates of thermodynamic quantities. The 

difference between the heats of adsorption aII and El 

reported by Mortland (23) was the particular part of 

the sorption isotherm being investigated. All estimated 

the heat of adsorption where the surface coverage, V, 

was in the range of 20 to 80% Vm. On the other hand 

E1 was for the heat of adsorption where V = Vm or where 

enough sorption had taken place to provide monolayer 

coverage. 

Partington (26, p. 257) presented information on 

the vapor pressure of solid ammonia and his information 

is given here as Table 10. The thermodynamic quantities 

in Table 10 were calculated from Partington's data. 

I4ortland's (23) heat of adsorption El 
1 

= 6330 cal /mole 
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Table 10. Vapor Pressure of Solid Ammonia* and 
Concomitant Thermodynamic Values:* 

T.) 

NH3 
3 

AH L1F 

t atm Kcal/mole cal /mole 

As 
cal/deg/mole 

-109.1 .00131 
Mp111.11111/1.0.1.1111191011, 

- 97.5 .00658 7942 2162 34.6 

91.9 .01316 7824 1760 34.5 

85.8 .02632 7661 1559 33.8 

- 79.2 .05263 7577 1353 33.3 

Data from Partington 

** Calculated from Partington's data 

at -9° C was fair agreement with LOI of vaporization 

givellinTable10.7mis-,youldbeaxpectodsinceE_1 in 

the BET equation theoretically estimates the enthalpy 

of adsorption on a condensed layer where the adsorbate 

takes on semi -solid properties. 

It was apparent from the work of Nortland (23) 

that in order to make valid estimates of the heats 

involved in "irreversible" adsorption, it would be 

necessary to raise the temperature of the system until 

the evolution of "irreversibly" adsorbed ammonia would 

exert a positive and measurable pressure. A recent 

report of efforts aimed in this direction was given by 

Ellis and Nortland (10). They resorted to differential 

thermal analysis techniques and obtained an "average 

°C 

= 

- 

in 

* 
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heat of desorption" of ammonia from bentonite of 

p';I = 35.3 Kcal /mole for the temperature range 200° 

to 450° C. However their results were confounded by 

the simultaneous evolution of water which raised a 

question as to the validity of their estimate for Lill. 

It has been shown in the present work that ammonia 

is chemisorbed stoichiometrically and reversibly by 

homoionic clay systems. If Equation (10) is rearranged 

the overall reaction can be stated as 

(nN1i3C)X =-'_ cx + n1Vi3 (14) 

It will be noted that this equation represents a 

heterogeneous chemical equilibrium wherein a gas is in 

equilibrium with two solids. The theory involved in 

calculating heats of adsorption is based on the Clasius- 

Clapeyron equation which is given here in the integrated 

form as Equation (15): 

i2 (T2.T1) 
R log (15) 

The application of this theory to heterogeneous chemi- 

cal equilibria was discussed by Partington (26, p. 332) 

and by Glaa *toile (11, p. 835) and for purposes of the 

present work involves the following assumptions: 

(1) C, the heat capacity, cf the reactants and products 

in Equation (14) is constant; (2) ammonia follows the 

0 II = 2.3 P r9 -T1 
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ideal gas laws; (3) all three components are present 

so that true equilibrium exists; and, (4) Equation (14) 

is reversible or free of hysteresis. 

Procedure and ,results 

A 10 to 15 gram sample of material was predried 

with heat and vacuum and was ammoniated at room tempera- 

ture at 700 torr of ammonia gas. The system was 

partially degassed at elevated temperature to eliminate 

any remaining water that might have been forced out of 

the clay by the initial ammoniation. The material was 

then re- ammoniated at room temperature. When the excess 

NH3 was flushed away the material was transferred to 

the sample holder and manometer system represented 

schematically in Figure 18 after which the container 

was sealed with a gas flame at the point indicated. 

The sample was then immersed in a constant temperature 

bath which consisted of glycerol in a wide -mouth Dewar 

flask. Temperature control was maintained with a 

thermo- regulator and relay which controlled the tempera- 

ture to any desired level t 0.01° C. The heater used 

was a low heat lag, knife type 500 watt unit. The bath 

was kept in constant agitation with a mechanical stirrer. 

After sealing and immersing the container, the 

system was evacuated with a "Vacu- pump" two -stage high 

vacuum pump to zero pressure us read from the mercury 
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A. Oil bath level when 
immersed 

B. Sample entry and point 
of sealing 

C. Trap to catch material 
disturbed during 
evacuation 

D. Sample holder 55 ml 
volume 

E. Sample 10 -15 g. 

Figure 18. Schematic diagram of apparatus used in 
determination of heats of chemisorption. 

E 

o - 
v 
> 

A 

B- 

, 

D 

f"" 



85 

manometer. The temperature of the bath was raised to 

30° C and evolution of sorbed gas forced out any remain- 

ing air. The system was then disconnected from the 

vacuum source by means of the stop -cock. The tempera- 

ture was raised, usually in 10° increments, and the 

pressure read when it attained a constant value. Time 

to attain equilibrium varied depending on the type of 

sample and the temperature level being maintained. 

Calcium Chloride amine 

The first substance to be tested was CaC12.2NH3 
2 

and the results are summarized in Table 11. The decom- 

position of this complex was reversible and the plot 

of log p vs. 1/T given in Figure 19 yielded a smooth 

curve which upheld the assumption that the heat capacity 

of the system was constant enough to apply Equation (15) 

to the data. The assumption that the gas follows the 

ideal gas law was considered valid since the combina- 

tion of low pressure and high temperature involved here 

undoubtedly limited inter -molecular interactions. 

An attempt was made here to compare the physical 

status of adsorbed ammonia with that of solid ammonia 

using thermodynamic theory. Goates and Hatch (13) 

report such an analysis for the sorption of water on 

silica using kinetic theory. The equilibrium constant 

of the reaction given by Equation (14) is calculated 
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Figure 19. Log P versus 1/T for the reaction 
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as follows: 

k 

P 
cx 

+ P 
NH3 

- 
P (nNH3C)X 

87 

(16) 

Since the solid components do not contribute to the 

pressure of ammonia in Equation (16), the equilibrium 

constant may be expressed as 

kp = PNH (17) 

Estimates of the free energy of reaction (14) were thus 

available through the relationship 

= -2.3 RT log k 
p 

(18) 

The availability of both C1H and L1F made it possible 

to estimate the entropy of the process by means of the 

Gibbs -Helmholtz equation of which one form is represented 

by Equation (19) 

¿MI - LF 
AS _ 

T (19) 

The results of this approach are summarized in Table 11 

where it is indicated that the average heat of dissocia- 

tion of the CaC12 .2N113 complex was 11.50 Kcal /mole over 

the range 35.58 to 70° C. The value of entropy, S = 

29 eu compared with 34 eu for the vaporization of solid 

ammonia indicated in Table 10, showed that the physical 

F 

p 
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status of the adsorbed ammonia was more highly ordered 

or more rigidly bound than the ammonia in the pure 

solid form. This of course assumes that the heat 

content of the adsorbed and solid forms were comparable. 

The more limited freedom of motion of the adsorbed 

state would be expected since chemical bonding is 

involved. 

Table 11. Thermal Decomposition of CaC12,2NH3. 

t °C 

Nil 
3 

atm. 
6.11 

Kcal /mole 
L1 F 

cal /mole 
zis 

cal /deg /Mole 

35.5 .0184 11.89 2445 30.8 

40 .0243 11.68* 2310 29.9 

50 .0441 11.48 2000 29.4 

60 .0737 11.39* 1728 29.0 

70 .1210 11.30 1440 28.8 

average = 11.55 29.6 

* Interpolated values; 50° C point ignored for 
purposes of these calculations. 

Ca bentonite 

The heat of adsorption of ammonia on Ca bentonite 

was approached in two ways. The clay was ammoniated 

as above and pressure -temperature equilibrium readings 

made at 10° intervals. The plot of log P versus 1/T 

given in Figure 20 shows the constancy of the heat 

. 



-0.5 

89 

-2.5 

2.5 2.7 2.9 3.1 

I/T x 103 

Figure 20. Log P versus 1/T for the reaction 
(2NH3ca)x .... CaX + 2NH3. 
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capacity for the systems. The plot of pressure versus 

temperature in Figure 21 shows that the reaction was 

reversible and therefore the data was amenable to 

thermodynamic analysis. The enthalpy values given in 

Table 12 over the temperature range considered were 

fairly erratic below 90° C. 

Table 12. The Thermal Decomposition of 2NH Ca- 
bentonite. Step -wise heating without. 
evacuation. 

t ° C 

NH 
3 

atm. 

¿1H 
Kcal /mole 

ti r 

cal /mole 
S 

cal /dèg /mole, 

50 .0026 

6e .0053 14.81 3770 34.2 
70 .0105 15.73 3470 36.8 

80 .0184 13.46 310o 30.2 

90 .0303 12.62 2800 27.8 

100 .0487 12.82 2420 28.4 

110 .0618 12.16 2240 26.6 

120 .1132 12.67 1970 27.9 

130 .1632 11.35 1700 24.5 

140 .2289 11.12 1450 24.0 

This was considered to be a result of the fact that a 

series of overlapping equilibrium reactions were inter- 

fering in the analysis. It is emphasized that the 

approach required the presence of three distinct chemi- 

cal species. If it is assumed that a spectrum of 

' 
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adsorption energies occur in the ammoniated clay then 

a given equilibrium dissociation situation would be 

altered by imposing upon it the tendency of a reaction 

having slightly higher energy to dissociate. It was 

noted nevertheless, that for the data in Table 12 above 

80° C, the comparison of PH and LIS for the process 

were in good agreement with the data for the Ca salt 

in Table 11. Apparently the solvation properties of 

ionic Ca were very similar in the two very different 

environments. 

In order to avoid overlapping reactions, after 

obtaining a pair of equilibrium pressure-temperature 

values, the system was reduced to zero pressure by 

degassing, thus forcing the reaction to completion 

that was involved at that particular temperature level. 

Following this the temperature was raised and another 

pair of equilibrium values obtained. The first attempt 

with this technique resulted in evolution of water 

and perturbations in the pressure readings. Ellis and 

Nortland (10) observed the same thing and postulated 

that the water was produced by dehydroxylation of 

broken -edge Al(CH)3. This may have been true in the 

present case but there was also a possibility that 

some hygroscopic water remained in the clay because 

of the large amount of sample present. 

Whatever the source of the water, when the system 

' 
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had reached equilibrium at about 170° C, the vapor was 

eliminated by evacuation. Following this the system 

was cooled to less than 30° C, re- ammoniated and another 

series of equilibrium values was obtained. No water 

vapor was detected this time. The results are summar- 

ized in Table 13 and Figure 22. 

Table 13. The Thermal Decomposition of NH3 Ca 
Bentonite. Step -wise heating 
with evacuation. 

t °C 

Da 13 

atm. 

All 

Kcal /mole 

F 

cal /ì1101e 

%MI* +10.110110 

.as 

cal /dog /mole 

50 
60 

70 

.0066 

.0132 

.0033 

14.81 2364 35.9 

80 .0066 16.67 3523 37.2 

100 .0039 
110 .0079 19.67 3684 41.7 

125 .0026 
135 .0063 28.24 4108 59.1 

150 .0026 
160 .0079 40.04 4161 82.0 

175 .0125 
185 .0342 3G73 33.0 

.....M11.01.=, 

Comparison of the data in Tables 12 and 13 show 

that very different results were obtained by the two 

procedures. The first values of all in the respective 

tables are identical as would be expected from a 

_ 
á.. ..... . - 

41.12 
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reversible reaction. However, the change of A H with 

increasing temperature in the last series departed 

markedly from those obtained in the first run. In 

Figure 22 it is seen that the heat of adsorption 

increased regularly up to about 105' C after which an 

abrupt change occurred. It is believed that the 

first section of the curve in Figure 22 shows the true 

heat of adsorption on Ca bentonite for all external 

surface located Ca ions. As all of the surface oriented 

ammonia was eliminated, the gas retained within the 

expandable lattices began to diffuse out thus giving 

much larger pressure differences with increasing tempera- 

tures. The greater pressure difference was reflected 

in the abrupt change in Figure 22 at about A.H = 20 

Kcal 

These results may be interpreted in two ways. At 

the higher temperatures, time to attain constant pres- 

sure required up to four days. It is possible that 

constant pressure only indicated a pseudo -equilibrium 

situation, in which case the values of AH above 20 

Kcal /mole would be spurious. Another way of interpret- 

ing these results would be to say that thermal de- 

composition of the Ca amine resulted in a change of 

14 to 20 Kcal /mole but that the ammonia had to receive 

energy in addition to this in order to have enough 
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kinetic energy to escape from between the tightly col- 

lapsed clay lattices. Reference to Figure 10 will 

show that ammonia - removal was approaching completion 

near 175° C. This undoubtedly accounts for the abrupt 

change in the shape of the curve in Figure 22 between 

150 and 175° C. 

No interpretation of the values for AS in Table 

22 was obtained. 

NH bentonite 

Ammonium saturated bentonite was treated according 

the last run on the Ca bentonite. The results are 

given in Table 14 and heat of adsorption was plotted 

in Figure 23. Here a continuum of sorption energies 

is evident. The curve in Figure 23 could be extrapolated 

to room temperature on the low temperature side and the 

heat of sorption would thus be seen to decrease gradually 

to the energy levels of physical adsorption. The energy 

spectrum depicted in Figure 23 for the ammoniated NH4 

bentonite tends to corroborate concept expressed in 

Equations (12) for this phenomenon. 

Some difficulty of attaining equilibrium was 

encountered on the NE3-NH4 bentonite system at the 

140-150° C level. Therefore the value of All at that 

point may be somewhat in error. The final two values 

of All given in Table 14 were obtained from good 
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equilibria conditions and the 

Kcal /m614 were believed to be 

temperature levels concerned, 

values 33.5 and 34.9 

good estimates at the 

These results are in 

99 

very good agreement for the energy of decomposition of 

Smits and de Lange (as quoted in Sidgwick, 

32, p. 661) showed that the heat of the reaction 

NH4Cls NH3 HClg 
g 

was CLH = 39.6 Kcal /mole at 339.3° C. Sidgwick 

(33, p. 662) suggested that one "allow 4 Kcal for the 

imaginary heat of fusion" e The heat of decomposition 

of NH4 
4 

thus becomes 35.6 Kcal /mole. 

for the reaction 

NH3 HN NH4X 

Accordingly PH 

(1) 

was in actuality the heat of formation of the ammonium 

ion. 
The problem of diffusion of NH3 from between the 

lattices of NH4 bentonite seems to have had little 

effect on the determination for 6H. on this system. 

Figure 10 shows that in the range 150 to 175° C the 

amount of amminium ions decomposed was only about 20 

to 25% of the total. 

It was difficult to assess the meaning of the 

values obtained for the entropy of the reaction in view 

NH4C1. 

---- + 

+ - --? 
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Table 14. The Thermal Decomposition of NH 
3 
-NH 

4 Bentonite. 

°C 

PNI 

atm. 

Ail 
Kcal /mole cal /mole 

Ls 
cal /deg /mole 

60 .0032 
70 .0072 17.90 3361 

100 .0032 
110 .0072 22.36 4733 

140 .0075 
150 .0176 29.70 3397 62.2 

160 .0092 
170 .0224 33.90 3344 63.9 

187 .0132 
197 .0296 34.83 3285 67.0 

of the procedure used in obtaining equilibrium states. 

It may be that the assumption concerning the heat 

capacities of the solid and sorbed ammonia was at 

fault here since the temperature difference between 

the solid ammonia and sorbed state (193° K to 470° K) 

was very broad. 

t 
OF 

42.5 

36.5 
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GENERAL DISCUSSION 

Sorption mechanisms on montmorillonite -type clays 

With regard to the retention of ammonia by clay 

minerals, the main burden of the argument presented 

has been that retention occurs as a result of chemical 

reaction with exchangeable cations and with weak acid 

hydroxyl groups on the broken edge of clays. In 

expressing chemisorption in terms of Equation (11) 

the tacit assumption throughout has been 

NU 
3 

+ CX (nNH3C)X 
3 -- 

that the cation exchange capacity of the system CX was 

a discrete quantity. This of course was not literally 

true because the estimate of CEC on any system will 

vary with the chemical conditions of measurements. 

Accordingly, variations in estimates of CEC will have 

direct bearing on the estimate for n. In general, vari- 

ations due to different procedures in measurements of 

CEC may be as high as + 10%. Reference to Figures 7 

and 8 will show that in the case of the Ca and Ng 

saturated 2:1 clays, 15 of the 16 retention values 

given, throughout the pressure range of applied ammonia, 

fall within the 10% error limits for the cation ex- 
MUD 

change capacity values of the two clays. This was 

(11) 

+ 
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taken as reasonable proof that n in Equation (11) was 

an integer for these two systems. 10 Despite the 

problems involved in obtaining precise estimates of 

the cation exchange capacity it is believed that 

n = 2 was an accurate result for the Ca and Mg clays 

of Figures 7 and 8. 

The interpretation of n for the Al saturated 

clays in Figures 7 and 8 was somewhat different than 

for the Ca and Ng systems. Figures 7 and 8 show that 

approximately 140 and 120 meq of NH3/100 g. were retained 

by the Al montmorillonite and bentonite systems respec- 

tively. Superficially, these results would indicate 

that the values of n for these two cases would be 3.5 

and 3.6. It is known however that the coordination of 

ammonia about cations usually occurs in integral values; 

the same would be expected for aluminum in the exchange- 

able form. 

It has been shown that a large part of the ammonia 

taken up by Al montmorillonite (Figure 16) and bentonite 

(Figure 17) was held against the competitive action of 

water vapor. This was accounted for by the fact that 

ammoniation collapsed the interlayer spacing to the 

thickness of the ammonia molecule as shown by Figures 

.12L It is obvious that the factor responsible for 
under -estimating the total cation exchange capacity 
would also be responsible for over -estimating the 
value for n, viz., weak acid hydroxyl groups which 
are highly sensitive to pH. 

- 
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13 and 14. It was assumed that the amount of non - 

replaceable NH3 in the Al clay curves of Figures 

16 and 17 represented the proportion of ion exchange 

capacity that could be attributed to the interior 

surfaces. If this is true 86.6% of the cation ex- 

change capacity of the montmorillonite arises from 

the interior sites and 13.L arises from broken -edge 

sites. For the bentonites the proportions would be 

85.0% and respectively. 11/ 

NH3 may coordinate with Al in different ways. A 

study of several possible kinds of coordination led 

to the idea that there was one most plausible arrange- 

ment for the retention values demonstrated in this 

work. It was assumed that for all interior exchange 

sites nin = 3 and for all exterior sites neX = 6. 

Simple calculations showed that this distribution of 

sorbed ammonia would lead to a predicted value of 136 

meq of coordinated ammonia per 100 g. for the Al 

montmorillonite. This would be 4 meq less than the 

observed value of 140 meq /100 g. or an error of 

about 3% in the prediction. For the bentonite the 

nin = 3 and nex = 6 arrangement would predict 115 

meq /100 g. as the value for NH3 retention which would 

11 If the assumptions involved here are correct, 
values given for the distribution of total CEC 
between interior and exterior sites represent 
very accurate estimates for this characteristics 
of 2:1 type clay minerals. 

15.0% 
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be 5 meq short of the 120 meq observed value, or an 

error of about 4%. The error between the observed 

values and values predicted by this technique was 

attributed to the affect of broken -edge hydroxyls 

and /Or error in the estimation of cation exchange 

capacity. The magnitude of error involved here would 

of course depend upon the selection of the reference 

point on the curves in Figures 7 and 8. The gradual 

slope in the curves between 100 and 700 torr of applied 

ammonia in those figures was believed to have been the 

result of interaction with broken -edge hydroxyl groups. 

Thus the selection of 140 and 120 for the montmorillonite 

and bentonite Al systems was arbitrary but seems to have 

at least included all Al sites per se. 

The coordination of ammonia about the interior 

exchange ions as nin = 3 in agreement with Sidgwick's 

(33, p. 430) data on the stability of the aluminum tri- 

amine complex. It is also in agreement with the x -ray 

diffraction data; the distribution of 3NH3 in a plane 

about the exchangeable Al would be allowable by the 

demonstrated c -.axis spacing of the ammoniated complexes. 

These results would lead to a modified version of 

Equation (11) for the Al saturated 2:1 clay as follows: 

NH 
3 

+ CX (3N113 )X A1. + (6NH Al )-X 
3 ex (11a) in 
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It is believed that the results summarized in 

Equation (lla) provide a clear indication of the status 

of the exchangeable aluminum itself. Some researchers 

(e.g. Schofield, 29) have proposed that exchangeable 

Al exists in the di- or monovalent form as Al01 ++ or 

Al(OH)2. In light of the information presented here 

regarding ammonia retention by mohtmorillonite type 

clays, the only plausible picture is that exchangeable 

Al exists in the trivalent form. Thomas (36), in 

studying the forma of aluminum on various exchange 

materials, also concluded that for bentonite type 

clay the Al is trivalent. 

Sorption mechanism for kaolinite 

The behavior of ammoniated kaolinite systems 

differed in some very important respects from the 

other clays. For one thing the relative amount of 

NH3 
3 
retention was much higher compared to the measured 

cation exchange capacity. It is recognized in general 

that the cation exchange capacity of 1:1 type clays 

is determined exclusively by the broken =edge OH 

groups. Thus the concepts expressed in Equations (12) 

seem to be 

NH3 
3 

+ HOX ---* NH on 
4 

NH 
3 

+ HOX ---4 113 N.HOX 

NH3 
3 

+ IIOX 113N.. IiOX 
3 

(12) 
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particularly apropos to this type of system. 

The other important difference for the ammonia 

retention by kaolinite was the inversion of the order 

of retentivity by the Ca, Mg and Al systems as compared 

to montmorillonite and bentonite. In the case of the 

Ca kaolinite both Equation (11) and Equations (12) 

apply in describing the overall retention process. It 

was assumed that the contribution by the mechanisms 

of Equations (12) for the Ca kaolinite was essentially 

the same as for the K kaolinite. Accordingly, the 

proposed arrangement of n = 2 where C = Ca in Equation 

(11) gave good agreement with the results shown in 

Figure 9. 

The same reasoning for the Mg and Al kaolinite 

would lead to a value for the coordination in the 

vicinity of n 1.7 for the Mg complex and n = 2.2 

for the Al complex. The hypothesis was advanced, by 

inference from the retaining abilities of gibbsite, 

that exchangeable Mg and Al tend to occur as hydroxyl 

compounds in kaolinite. This concept was also expres- 

sed by Thomas (36) who showed that in a dry kaolinitic 

soil the exchangeable Al existed in both the di- and 

monovalent forms. Since n = 2 is the most reasonable 

arrangement for Mg, then the proportion of Mg present 

in the divalent form would be Ill or 85%. This being 
2 

= 
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true, 15% of the Mg occurred in the monovalent- 

monohydroxyl form. 

The precise situation with Al kaolinite is some- 

what more conjectural. By inference from the NH3 
3 

retention by gibbsite type aluminum, NH3 would not 

coordinate with exchangeable Al in the dihydroxy or 

monovalent form. It is not clear how ammonia would 

react with the divalent form but it was assumed that 

n = 2 for Al(OH) This led to an estimation for the 

proportion of the exchange capacity occupied by the 

monovalent and divalent forms of aluminum. Say, for 

example, that 4.9 meq /100 g. was the contribution of 

Al to the overall adsorption process. Assume that if 

all of the Al on the kaolinite was as the divalent 

form and that n = 2 for the monohydroxyl state of the 

ion, then the amount of ammonia retained would be 

equivalent to the retention by the Ca kaolinite. In 

actuality the ratio of retention between the two systems 

was 3.9, or 44% as much ammonia was retained by the Al 
9 

system as was retained by the Ca system. Thus it would 

appear that if the assumptions are valid 44% of the 

exchangeable aluminum occurred as the divalent form 

and 56% as the monovalent form. Again the principle 

error in these considerations would probably rest 

on the validity of the estimate of the number of 

exchangeable metal cations present. 

+ 
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There might be some objection to the idea that 

exchangeable cations would have different solvation 

properties in different clays. It was pointed out 

earlier that the solvation properties of any given ion 

are determined primarily by the cation species present 

and secondarily by the type of anion present. This 

was apparent in the solvation of Ca in the various 

crystalline forms given in Tables !ì and 5. Kaolinite 

is a very different anionic system than is montmoril- 

lonite and the difference between the solvation 

properties of cations on these two systems is un- 

doubtedly a reflection of the different chemical and 

physical properties of the two clay systems. 

Energy of the sorption mechanism 

The early selection of ambient temperature as an 

arbitrary point to separate physical and chemical 

adsorption processes was validated by the heat of 

sorption studies. After degassing the ammoniated 

complex at 30° C in the apparatus described in Figure 

18, the first good pressure reading available was 

obtained at about 50 °. More accuracy would have been 

obtained in the 30° to 50° range if some manometric 

fluid other than mercury was used. Notwithstanding 

the limitations of the mercury manometer, the equil- 

ibrium pressure readings at 50° C and beyond seemed 
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to be reliable in most cases. 

It was inferred from Figures 10, 11, and 12 that 

the energies involved in the chemisorption process 

were comparable for the respective vations in the 

three clay systems. Although quantitative estimates 

of the sorption process were obtained on only three 

systems, (Tables 11, 12, 13 and 14) the sorption 

energies of the other systems could be deduced by 

analogy. 

Because of the simplicity of the mechanisms 

expressed in Equation (12) it was expected that the 

rate of decomposition of the sorption complex could 

be described in terms of the laws of chemical kinetics. 

The data were not amenable to this type of analysis 

however. It was believed that this was the result of 

the superposition of two different processes and that 

the net result could not be described in terms of the 

order of the chemical reaction. The two processes 

already referred to are the actual decomposition of 

the metal cation -amine complex and the two dimensional 

diffusion of NH3 between closely fitting clay lattices. 

Other sorption processes 

By and large the data obtained for NH 
3 
retention 

in this research have referred to the anhydrous state 

of the adsorption system. Other workers (9 and 16) 
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have studied NH3 retention under somewhat analogous 

conditions and have suggested sorption processes that 

directly involved fluid or adsorbed water in the 

sorption mechanism. As a result of the demonstrated 

ability of NH3 to compete with H2O for adsorption sites, 

it is believed that the concepts expressed in terms of 

Equations (3) and (4) have been nullified. This results 

from the fact that hygroscopic water was largely 

NH3 + HOI-i-:: NH40H-X (3) 

NH3 + H20 ---4 NH4 + OH- 
(4) 

NH4 + CX ---4 NH4X + C+ 

eliminated in the ammoniation step. Equations (4) 

would logically operate in the presence of liquid 

water, but even if the hygroscopic water was not re- 

moved the formation of ammonium ion would not be 

expected because NH3 does not compete very readily 

with 011 for the proton. Sidgwick (32, p. 660) 

discusses the system NH3 -H20 and indicated that in a 

N aqueous solution of ammonia at 25° C the following 
10 
distribution of species occurs as percent of the 

amount of ammonia present: NH3 = 46.2,ó; NH40H = 52.4%; 

and NH4 = 1.4%. 

On the other hand it is not unreasonable to 

---) 



conceive of Equation (11) operating in the presence of 

liquid water. From the above distribution of ammonia 

in water, under conditions where large amounts of 

anhydrous ammonia are applied to moist media, consider- 

able amounts of NH3 se result. This, by inference, 

could react directly with exchangeable cations to form 

sorption complexes. 

A common approach in the past, with regard to the 

study of ammonia retention under field conditions, has 

been to relate the quantity of ammonia retained to the 

clay content of the soil. In general it has been assumed 

that retention should be related directly to the size: 

'distribution of the soil particles, and by this assump- 

tion, where the clay content goes up, the ammonia 

retention would be expected to go up also. The adsorp- 

tion process, however, is complicated by many soil 

elements. Mention has already been made of the effects 

of NH3 retention of exchangeable cations and organic 

matter. The effect of soil coating materials such 

as Fe and Al oxides could also be deduced from the 

retention data on these substances in Table 4. 

Accordingly, the NH3 
3 
retention expressed only as a 

function of clay content has little meaning. 

Chemisorption vs. availability of fertilizer ammonia 

Field experience with fertilizer ammonia has 

111 
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shown that anhydrous ammonia is readily available to 

the micro -flora of the soil (18). Populations of 

Nitrosomonas and Nitrt)bacter rapidly transform applied 

A direct analogy ammonia to nitrite and nitrate forms. 

is available between field conditions and the vacuum 

desiccator technique used here to demonstrate the 

removal of adsorbed ammonia by water vapor. Equation 

(13) was driven to the right and toward completion by 

the elimination of ammonia in the acid trap. Under 

(nNH C)X m1120 (mH20C)X nNLi3 (13) 

favorable field conditions the trap exists in the form 

of a voracious micro -flora. Thus chemisorption of 

ammonia in field soils retains the fertilizer against 

gaseous loss but the strongly adsorbed ammonia is 

made readily available to plant consumption through 

the combined influence of physico- chemical and 

biological forces 

Future research 

This research has resulted in the characterization 

of the ammonia retention properties of soil materials 

in terms of the quantities of ammonia involved, and 

the mechanisms and energies of the sorption processes. 

One would want to test the applicability of these 

techniques to other kinds of clay materials but it is 

+ + ;___' 
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believed that several applications of this information 

are possible. 

The possibility has already been discussed for 

characterizing soil organic matter by its ability to 

chemisorb ammonia. "Fixation" of ammonia by organic 

matter may also be explained by the fact that trivalent 

Al forms very stable amines with organic substances 

(Sidgwick, 33, p. 430). The presence of exchangeable 

Al on organic matter which is treated with ammonia 

may have the effect of chelating the ammonia or "fix- 

ing" it to the organic matter. 

Reaction of ammonia with clays could also be 

investigated as a tool for standardizing cation exchange 

capacity determinations. Saturating a standard clay 

for example with Ca and then measuring the Ni13 reten- 

tion capacity would be a simple process. The kjeldahl 

procedure for measuring ammonia is easier and more 

accurate than flushing of exchangeable Ca and then 

measuring its concentration. The use of ammonia in 

this case would give estimates of the weak acid 

hydroxyl sites as well. 

í. possibility exists in being able to differentiate 

2:1 clays on the basis of c -axis spacings before and 

after ammoniation. The most interesting prospect would 

be with vermiculite and montmorillonite. Both have 

common c -axis spacings under certain conditions and 
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therefore, in mixtures, discrimination between the 

two is difficult. Ammoniation may be useful as a 

discriminating tool if differential effects in c -axis 

spacings of the two clays ensues. 
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SUMMARY AND CONCLUSIONS 

Three reference clay minerals consisting of 

montmorillonite no. 11, Utah bentonite and kaolinite 

no. 7 were characterized as to their physico- chemical 

reactions with NH3 
3 

in the dry state. The results 

showed that all clay systems studied retained ammonia 

irreversibly against evacuation and that the ability 

to retain ammonia was governed primarily by the kind 

of exchangeable cation present. For homoionic systems 

of 2:1 clays the order of retention was Al > Mg Ca >K = 

NH4 while the order of retention for the 1:1 clay was 

Ca > Ng > Al > K = NH4. The retention of ammonia was 

shown to be stoichiometrically related to the cation 

species present. 

The retention mechanism may be described by the 

reversible reaction equation 

NH3 
3 

+ cx 4,___? ( zaNI:3C ) 1, 

where C and represent the exchangeable cations and 

the exchange complex respectively. n is the coordina- 

tion number of ammonia with the cation C and for the 

systems tested has the following values for the 2:1 

type clays: 

Cation ;.í NH4 H Ca Ig Filin Alex 
ex 

I2 2 3 t) 

X, 

1 0 o 
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where in and ex refer to internal and external adsorp- 

tion sites respectively. For the cations located on 

the internal surface areas of the expanding type clays 

the ammonia molecules were oriented lineraly or in a 

plane about the exchangeable cations. 

For the 1:1 type clay the coordination number for 

the various exchangeable cation species present was: 

Cation K NH 
4 

Ca Ng 

n 

iiLvn AlOH Al(OH)0 

0 0 1 2 2 0 2 0 

The overall retention process in all clays was 

augmented by the sorption of NH3 
3 

to broken -edge hydroxyl 

groups which have weak acid properties. This phenomenon 

was much more important in the kaolinite systems than 

in the other clays. It is typified by the reaction 

equation 

NH3 HOX 
----a 

H 
3 
N.HOX ge...1111/1 

where HO represents the hydroxyl group on the edge of 

the clay. 

The sorption mechanisms described in the above 

equations were fundamentally a chemical reaction 

brought about by the mutual attraction between unshared 

electrons of the ammonia molecule and the cationic 

center of positive charge. The coordination or lack 

of coordination of ammonia with the various cations, 

II 

+ 

' 
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in the clay minerals, was in all cases characteristic 

for the respective cations in organic compounds other 

than the alumino- silicates. 

Irreversibly adsorbed ammonia was in actuality 

chemisorbed ammonia. For Ca bentonite the chemi- 

sorption energy ranged from 14 Kcal /mole at 50° C 

to 40 Kcal /mole at 180° C. For ammoniated ammonium 

bentonite the results showed a continuum of sorption 

energies ranging from 17 Kcal /mole at 50° C to 35 

Kcal /mole at 190° C. The latter is the energy of 

formation of the ammonium ion. 

It was shown that ammonia dehydrated the exchange- 

able cations of clays through competition with Ií20 for 

adsorption sites. One result of this competition was 

to reduce the c -axis spacings of the 2:ì clays from 

the typical hydrated state to about 12.6 X. This gave 

a spacing equivalent to the thickness of one ammonia 

molecule. Water under controlled relative humidity 

conditions rehydrated the sorption sites by replacing 

sorbed ammonia. Exceptions to this occurred when the 

difference between the solvation energies of NH3 and 

Ií20 did not provide enough residual energy to allow 

H2O to re- expand the collapsed clay lattices. This 

was particularly true with the Al saturated clays. 

A brief analysis of the ammonia retention charac- 

teristics of ton Oregon soils showed that most of the 
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ammonia retained by certain soils was a result of 

chemisorption to polar groups in the humus. It was 

suggested that this phenomenon be investigated as a 

means of characterizing soil organic matter. Other 

suggestions for application of the techniques developed 

in this thesis were proposed. 
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APPENDIX 

Potentiometric titration of acid clays 

Potentiometric titrations of acid clays were 

acquired by titrating 1% suspensions of the clays with 

0.1 N NaOH. Increments of base were added and a 

mechanical stirrer operated for about five minutes to 

allow for equilibration. The pH was measured with a 

Beckman model G pH meter which was standardized with 

Beckman standard pH buffer solution. The stirrer was 

turned off during pH readings. The temperature for 

titration was 23° to 25° C throughout. Titration values 

were adjusted to the oven drÿ weight basis and curves 

were run for dried and non -dried samples. 

The results for montmorillonite, bentonite and 

kaolinite are given in that order. The results for 

Al saturated systems are given also for purposes of 

record. 
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Appendix Figure 1. Potentiometric titration of acid 
montmorillonite. 
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Appendix Figure 2. Potentiometric titration of acid 
bentonite. 
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Appendix Figure 3. Potentiometric titration of acid 
kaolinite. 
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