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Preface 

Activated carbons are unique and versatile adsorbents because of 
their extended surface area, microporous structure, universal ad­
sorption effect, high adsorption capacity, and high degree of surface 
reactivity. They are extensively used to purify, decolorize, deodorize, 
dechlorinate, and detoxicate potable waters; for solvent recovery 
and air purification in inhabited spaces such as restaurants, food­
processing, and chemical industries; in the purification of many 
chemical and foodstuff products; and in a variety of gas phase ap­
plications. They are also increasingly being used in hydrometallurgy 
for the recovery of gold and silver and other inorganics and in the 
treatment of domestic and industrial wastewaters. Their use in medicine 
for certain types of bacterial ailments is well known. Thus active 
carbons are of interest in many economic sectors and concern industries 
as diverse as food processing, pharmaceuticals; chemical, petroleum, 
mining, nuclear, automobile, and vacuum manufacturing. 

Some of these applications are very demanding with regard to the 
surface chemistry and the surface characteristics of these adsorbent 
carbons. In the past, many users of active carbon were able to get 
along with any grade of carbon and were concerned only with the price. 
The current emphasis, however, is toward unit operations which tend 
to utilize the entire adsorption space of the carbon, and this puts a 
high premium on quality, reproducibility, adsorption capacity, and 
surface reactivity. It was assumed until some years ago that investi­
gation of the fine structure of carbon surfaces was necessary only 
in particular fields of technological research and -in the manufacture 
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iv Preface 

of carbons. Today it is realized that characterization of the carbon 
surface and its porous structure with respect to the chemical com­
position of the surface, pore size distribution, and surface area is 
of vital importance whenever quantitative data for processes occurring 
or starting at the surface of the carbon, such as surface reactions, 
adsorption, degasing, and surface treatment, are required. A more 
precise knowledge of the surface chemistry of carbon surface is also· 
essential for the proper development and improvement of active carbon 
for specific applications. As a maximum in the specific surface area 
now appears to have been realized, there is need, therefore, to 
modify carbon s urfaces and their porous structure by different surface 
treatments to develop newer carbons with adequate porosity and with 
modified properties to cope with new problems and recent developments 
in the area of wastewater treatment , where large quantities of active 
carbons are likely to be used. It is with these views that the present 
book has been conceived. 

The book describes briefly the basic steps involved in the manu­
facture of activated carbons, the selectivity and suitability of dif­
ferent raw materials, and the probable mechanism of the physical 
and cheinical activation processes. The chapter on chemical structure 
presents an exhaustive survey of the nature and the characteristics 
of the carbon-oxygen surface structures on acidic and basic carbons 
and their estimation by physical, chemical, and physicochemical 
techniques, which include ESCA and the latest innovations in infrared 
spectroscopy . The chapter on porous structure includes the classi­
fica1ion of pores, their characterization and contribution to surface 
area, distinction between internal and external surfaces, their con­
tribution to the adsorption of gases and vapor, and the thermody­
namic consequences of Dubinin' s micropore volume theory. The char­
acterization of adsorbent carbons by immersion calorimetry, by ad­
sorption of polar and nonpolar vapors, and by adsorption from solu­
tions is discussed. The importance of active sites and their charac­
terization and of active surface area and its measurement in deter­
mining the reactivity of carbons is emphasized . The procedures for 
the modification of carbon surfaces by surface impregnation, oxida­
tion, halogenation, hydrogenation, and sulfurization are described, 
and the influence of these surface modifications on the surface 
characteristics and surface behavior of carbons is discussed. 

The book presents a detailed survey of some of the applications 
utilizing bulk amounts of carbons. The factors involved in the ap­
plication of activated carbons for the removal of organics and in­
organics from the aqueous phase are delineated; the use of activated 
carbons for the recovery of gold and silver from their cyanide solutions 
and their elution from the carbon surface are discussed; and the 
various theories of gold recovery a r e reviewed. The possibility of 
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Preface V 

using carbons as a catalyst for certain oxidation, combination, decom­
position, halogenation, and dehalogenation reactions is also examined. 
The book thus combines in one volume the manufacture, various facets 
of the surface chemistry, characterization, and modifications, and the 
important applications of adsorbent carbons so that carbon scientists 
and technologists can take full advantage of carbon surfaces and 
their modifications promoting a relationship between carbon surface 
structure, carbon surface properties, and their applications and 
can have access to the relevant literature. The unified approach 
promotes further research toward improvement and development of 
newer carbon adsorbents. 

We express our thanks to our colleagues Dr. P. Ehrburger, Dr. 
J. Lahaye, and Dr. Derai for making Professor Bansal comfortable dur ­
ing his stay in Mulhouse; to F. Muller for photography; and to Miss Caty 
Bachmeyer for typing the manuscript. The authors are also grateful 
to the Pergamon Press; Academic Press, London; Society of Chemical 
Industry, London; Butterworths; Ann Arbor Science Publishing; the 
Council of Mineral Science and Engineering, South Africa; Soutn 
African Institute of Mining and Metallurgy; and various authors 
for permission to reproduce figures and tables. Professor Bansal 
is also thankful to the Centre National de la Recherche Scientifique 
CNRS (French Ministry for University and Research) for the financial 
support for his stay and the Panjab University, Chandigarh, India 
for granting leave. Most important, the understanding, support, 
and encouragement of our wives, Rajesh Bansal, Suzanne Donnet, 
and Helen Stoeckli-Evans, made the completion of this project 
possible. 

Roop Chand Bansal 
Jean-Baptiste Donnet 

Fritz Stoeckli 
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Introduction 

The term activated carbon in its broadest sense includes a wide range 
of amorphous carbon-based materials prepared to exhibit a high degree 
of porosity and an extended interparticulate surface area. These 
are obtained by combustion, partial combustion, and thermal decom­
position of various carbonaceous substances. These materials may 
be granular or in powdered from. The granular form is characterized 
by a large internal surface and small pores, whereas the finely 
divided powdered form is associated with larger pore diameters but 
a smaller internal surface. 

The use of activated carbon in the form of carbonized wood dates 
back many centuries. The Egyptians used it around 1500 B. C. as 
an adsorbent for medicinal purposes and also as a purifying agent. 
The ancient Hindus in India filtered their drinking water through 
charcoal. The basis for the industrial production of active carbons, 
however, was established in 1900-1901 in order to replace bone 
char in the sugar refining process. This active carbon was prepared 
by carbonizing a mixture of materials of vegetable origin in the 
presence of metal chlorides or by the action of carbon dioxide or 
steam on charred materials. Activated carbons with better decolorizing 
power were prepared by the action of zinc chloride on wood and 
other materials of high carbon content. The manufacture of better 
quality gas-adsorbent carbons received fresh impetus during World 
War I, when they were used in gas masks for protection against 
poisonous gases. In the late 1930s the activated carbons were also 
manufactured, from sawdust by chemical activation with zinc chloride, 
for volatile solvent recovery and for the removal of benzene from 
tower gas. 

vii 
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viii Introduction 

Activated carbons are excellent adsorbents and thus are used 
to purify, decolori ze, deodorize, dechlorinate, detoxicate, filter, 
or remove or modify the salts, separate, and concentrate in order 
to permit recovery; they are also used as catalysts and catalyst 
supports. These applications of active carbons are of interest to most 
economic sectors and concern areas as diverse as the food, pharma­
ceutical, chemical, petroleum, mining, nuclear, automobile, and 
vacuum industries as well as the treatment of drinking water, industrial 
and urban wastewater, and air and gas. Nearly 80% (220,000 tons/yr) 
of the total active carbon is consumed for liquid phase applications 
where both the granulated and the powdered forms of active carbon 
are used. The use of powdered carbon is more ancient and generally 
involves processing of food and drinking water. The total consumption 
of active carbon in gas phase applications is around 60,000 tons/yr, 
which includes exclusively the granular form of the active carbon, 
which may be extruded or pounded, the principal uses being in the 
purification of air, recovery of gold, and cigarette filters. The 
consumption of active carbons is high in the United States and 
Japan, which together consume two to four times more active carbon 
than the Western European countries. The per capita consumption 
of active carbon per year is 0. 5 kg in Japan, 0. 4 kg in the United 
States, 0. 2 kg in Europe, and O. 03 kg in the rest of the world. 

The adsorbent properties of activated carbons are essentially 
attributed to their large surface area, a high degree of surface 
reactivity, universal adsorption effect, and favorable pore size, 
which makes the internal surface accessible, enhances the adsorption 
rate, and enhances mechanical strength. The most widely used 
commercial active carbons have a specific surface area of the order 
of 800-1500 m2/ g. This surface area is contained predominantly 
within micropores, which have effective diameters smaller than 2 nm. 
In fact, a particle of active carbon is made up of a complex network 
of pores which have been classified into micropores (diameters < 2 
nm), mesopores (diameter between 2 and 50 nm), ahd macropores 
(diameters > 50 nm). The macropores do not contribute much toward 
surface area but act as conduits for the passage of the adsorbate 
into the interior mesopore and the micropore surface where most of 
the adsorption takes place. The pore size distribution in a given 
carbon depends on the type of the raw material and the method of 
manufacture of the carbon (Fig. 1). 

The large surface area of the active carbon is the result of the 
activation process in which a carbonaceous char with little internal 
surface is oxidized in an atmosphere of air, carbon dioxide, or 
steam at a temperature between 800 and 900°C. Thi s causes the 
oxidation of some of the regions within the char in preference to 
others so that as combustion proceeds a preferential etching occurs, 
resulting in the development of a large internal surface area, which 
in some cases may be as high as 2500 m2/g. 
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Figure 1 Pore size distribution in some active carbons obtained using 
different precursors. 

The structure of activated carbons has been repeatedly compared 
with that of graphite and considered to be microcrystalline. However , 
in recent years transmission electron microscopy of carbonaceous 
materials has shown that the analogy with graphite is very poor and 
that the active carbon structure_ can be visualized as stacks of flat 
aromatic sheets crosslinked in a random manner ( see Fig. 1 of Chapter 
3). Activation by carbon dioxide or steam in the range 800-900°C 
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X Introduction 

reduces the number of these aromatic sheets in the original stacks, 
leaving in some cases single and in general non planar layers. 

Electron spin resonance studies have revealed that the aromatic 
sheets in active carbons contain free radical structures or structures 
with unpaired electrons. These unpaired electrons are resonance 
stabilized and are trapped during the carbonization process as a 
result of the breaking up of bonds at the edges of the aromatic sheets 
thus creating edge carbon atoms. These edge carbon atoms have 
unsatisfied valencies and can thus interact with heteroatoms such 
as oxygen, hydrogen, nitrogen, and sulfur, giving rise to different 
types of surface functional groups. Thus the elemental composition 
of a typical activated carbon was found to be 88% C, 0. 5% H, O. 5% N, 
1 % S, and 6-7% 0, the balance representing inorganic ash constituents. 
The oxygen content of an activated carbon can, however, vary 
between 1 and 25%, depending on the type of raw material and the 
conditions of the activation process. The oxygen content of an 
activated carbon decreases with an increase in temperature of acti­
vation, the contents being minimum when the activation temperature 
is 1000°C or higher. The oxygen is picked up by the carbon from 
the raw material or from the oxidizing gases (CO2, 02, or steam) 
used for their activation. 

The activation temperature significantly influences the nature 
of the carbon-oxygen surface complex. At low temperature of acti­
vation the carbon-oxygen surface complexes formed are less stable 
and are removed as carbon dioxide on heat treatment in vacuum 
or in nitrogen. On the other hand, when the temperature of acti­
vation is high, the functional groups formed are more stable and 
could be removed only as carbon monoxide, also at higher temperatures. 

Extensive investigations using varied chemical and physico­
chemical techniques have been reported from several laboratories. 
The low-temperature~activated carbons have been found to develop 
acidic surface functional groups which are hydrophilic in character 
and show negative zeta potential. These acidic surface groups have 
been identified as phenolic, carboxylic, lactonic, cyclic peroxides, 
and carbonyl groups. The carboxylic and lac tone groups render 
the carbon surface polar in character and tend to decrease the 
adsorption of non polar aromatic compounds, whereas the carbonyl 
groups in the form of quinones and hydroquinones tend to enhance 
the adsorption of aromatic compounds through the formation of an 
electron acceptor-donor complex. The carbon activated at higher 
temperature ( 800-1000°C) develops basic oxides and exhibits positive 
zeta potential. These basic surface oxides have been suggested to 
have chromene and pyronelike structures. 

Besides oxygen, the activated carbons are invariably associated 
with hydrogen, which is present partly in the surface oxygen 
functional group and partly combined with the carbon atoms and 
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dispersed in the granules of the carbon particles. The hydrogen is 
bonded more strongly than oxygen and cannot be- removed completely 
even on evacuating at 1200°C, when about 30% of the total hydrogen 
is left behind in the carbon. Infrared studies of some anthracites 
have shown that the hydrogen is present both in the aliphatic and 
the aromatic forms. The aromatic hydrogen is bonded covalently to 
the carbon atoms at the periphery of the aromatic sheets while 
the aliphatic hydrogen may be present as aliphatic chains and ali­
cyclic groups attached to the peripheral aromatic rings. 

The characterization of activated carbons is carried out on the 
basis of several physical and chemical properties, commonly including 
their surface area, pore size distribution, impact hardness, ability 
to adsorb several selected substances such as benzene, carbon 
tetrachloride, nitrogen from the gaseous .phase as well as iodine, 
molasses, phenol, and methylene blue from the aqueous phase. The 
nitrogen BET value, for example, expresses the surface that can 
be covered by nitrogen in a monomolecular layer. Typical nitrogen 
BET surface area values are found to be between 400 and 1500 m2/g, 
the former representing low-activity carbons and the latter, high­
activity carbons. However, surface area measurements alone are 
not sufficient to characterize a carbon product since the nitrogen 
molecule is very small and can penetrate into pores which are not 
available for larger molecules. The accessibility of larger molecules 
that are involved in the actual use of activated carbons may be 
small compared to adsorption of nitrogen. Furthermore, the ad­
sorption of nitrogen being carried out at very low temperature 
( - 195° C) , the nitrogen adsorption cannot measure some cif the ex­
tremely ultrafine microcapillary pores. Thus the BET surface area 
should be used with caution. It is essential, therefore, that charac­
terization of carbons be carried out by their adsorption capacity 
toward larger molecular species such as phenol, iodine, methylene 
blue, and molasses, under standard experimental conditions. The 
adsorption capacity of activated carbons toward these molecular 
species gives the distribution of their internal accessible volume 
among pores of different sizes. Thus the adsorption capacity for 
iodine, which is generally called the iodine number, measures the 
number of pores above 10 A whereas the molasses number indicates· 
the number of pores larger than 30 A in diameter. A more sophisti­
cated approach to the measurement of pore size distribution is carried 
out by forcing mercury under pressure into the pores of the carbon 
in a mercury porosimeter, while a complete characterization involves 
gas adsorption and calorimetric measurements as described later in 
this book. Typical values of some of the properties used to charac­
terize activated carbons are given in Table 1 of Chapter 1. 

This book is divided into six chapters covering manufacture, 
surface structure (which includes chemical as well as porous structure), 
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xii Introduction 

surface characterization, surface modifications, and applications of 
active carbons. The various factors involved in the manufacture of 
activated carbons using several raw materials are closely guarded 
secrets. Chapter 1 thus describes the basic steps involved in the 
manufacture of active carbons, the selectivity and suitability of dif­
ferent raw materials, and the probable mechanisms of the physical 
and chemical activation processes. 

The surface structure of the activated carbons is discussed in 
two chapters. Chapter 2 deals with the chemical structure, presenting 
a comprehensive survey of the nature and the characteristics of the 
carbon-oxygen surface structures, the physical, chemical, and 
physicochemical methods of their measurements, which include ESCA 
(XPS), and the latest innovations in infrared spectroscopy. The 
surface chemistry of basic carbons has also been included. The 
porous structure of active carbons briefly describes the classification 
of pores, their characterization and contribution to surface area, 
distinction between internal and external surfaces, and their con­
tribution to the adsorption of gases and vapors. A brief description 
of various theories dealing with physical adsorption, and the thermo­
dynamic consequences of the Dubinin's micropore volume theory are 
also discussed in Chapter 3. 

The characterization of active carbons by immersion calorimetry, 
adsorption of polar and non polar vapors, and adsorption from solutions 
are considered in Chapter 4. The importance of active surface area, 
its measurement, and measurement of active sites and their characteri­
zation are also discussed. 

The modification of active carbons by surface impregnation, 
halogenation, nitrogenation, and sulfurization are dealt with in 
Chapter 5. The influence of different types of surface structures 
(surface complexes) on the surface characteristics and surface be­
havior of carbons is discussed. 

Chapter 6 describes some applications of active carbons. The 
factors involved in the application of active carbons for the removal 
of organics and inorganics from the aqueous phase are delineated. 
The use of activated carbon for the recovery of gold and silver from 
their cyanide solution is discussed and the various theories of gold 
recovery are reviewed. The possibility of using active carbon as a 
catalyst for certain oxidation, combination, decomposition, halogenation, 
and dehalogenation reactions is also discussed. 
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� � 

�2�3�8� �/� �C�h�a�p�t�e�r� �4� 

�i�n� �v�a�c�u�u�m� �a�n�d� �b�y� �o�x�i�d�a�t�i�o�n� �w�i�t�h� �n�i�t�r�i�c� �a�c�i�d�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�c�i�d�i�c� 
�o�x�y�g�e�n� �e�n�h�a�n�c�e�d� �t�h�e� �p�r�e�f�e�r�e�n�c�e� �f�o�r� �t�h�e� �m�o�r�e� �p�o�l�a�r� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� 
�s�o�l�u�t�i�o�n� �a�n�d� �i�t�s� �r�e�m�o�v�a�l� �e�n�h�a�n�c�e�d� �t�h�e� �p�r�e�f�e�r�e�n�c�e� �f�o�r� �t�h�e� �l�e�s�s� �p�o�l�a�r� 
�c�o�m�p�o�n�e�n�t�.� �T�h�e�s�e� �w�o�r�k�e�r�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �i�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e�s�e� �p�o�l�a�r� 
�a�n�d� �n�o�n�p�o�l�a�r� �i�n�t�e�r�a�c�t�i�o�n�s�,� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �f�r�o�m� �s�o�l�u�t�i�o�n�s� �m�a�y� �a�l�s�o� �b�e� 
�i�n�f�l�u�e�n�c�e�d� �b�y� �e�n�e�r�g�e�t�i�c� �i�n�h�o�m�o�g�e�n�e�i�t�i�e�s� �o�f� �t�h�e� �c�a�r�b�o�n� �s�u�r�f�a�c�e�,� �w�h�i�c�h� 
�i�n�c�l�u�d�e� �d�e�f�e�c�t�s�,� �u�n�s�a�t�u�r�a�t�e�d� �s�i�t�e�s�,� �a�n�d� �f�r�e�e� �r�a�d�i�c�a�l�s�.� 

�C�e�r�t�a�i�n� �d�e�p�a�r�t�u�r�e�s� �f�r�o�m� �t�h�e� �u�s�u�a�l� �c�o�m�p�o�s�i�t�e� �i�s�o�t�h�e�r�m� �s�h�a�p�e�s� 
�h�a�v�e� �a�l�s�o� �b�e�e�n� �o�b�s�e�r�v�e�d�.� �P�u�r�i� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �s�t�u�d�i�e�d� �t�h�e� �a�d�s�o�r�p�-� 
�t�i�o�n� �o�n� �S�p�h�e�r�o�n�-�6� �f�r�o�m� �e�t�h�y�l�e�n�e� �g�l�y�c�o�l ��w�a�t�e�r� �s�o�l�u�t�i�o�n�s� �i�n� �w�h�i�c�h� 
�b�o�t�h� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �w�e�r�e� �p�o�l�a�r� �i�n� �c�h�a�r�a�c�t�e�r�.� �T�h�e� �i�s�o�t�h�e�r�m�s� �w�e�r�e� 
�U� �s�h�a�p�e�d�.� �T�h�e� �i�s�o�t�h�e�r�m� �o�n� �t�h�e� �o�x�y�g�e�n�-�f�r�e�e� �S�p�h�e�r�o�n�-�6� �s�h�o�w�e�d� �o�n�e� 
�p�e�a�k�,� �w�h�e�r�e�a�s� �t�h�a�t� �o�n� �t�h�e� �o�x�y�g�e�n�-�c�o�n�t�a�i�n�i�n�g� �S�p�h�e�r�o�n�-�6� �s�h�o�w�e�d� �t�w�o� 
�d�i�s�t�i�n�c�t� �p�e�a�k�s� �(�F�i�g�.� �3�1�)�.� �T�h�e� �c�o�m�p�o�s�i�t�e� �i�s�o�t�h�e�r�m�s� �w�i�t�h� �t�w�o� �p�e�a�k�s� 
�w�e�r�e� �t�e�r�m�e�d� �"�s�t�e�p�p�e�d� �i�s�o�t�h�e�r�m�s�"� �b�y� �K�i�p�l�i�n�g� �e�t� �a�l�.� �(�7�2�,�1�2�2�)�.� �W�h�e�n� 
�t�h�e� �t�w�o� �l�i�n�e�a�r� �r�e�g�i�o�n�s� �w�e�r�e� �e�x�t�r�a�p�o�l�a�t�e�d� �t�o� �z�e�r�o� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �t�h�e� 
�a�m�o�u�n�t�s� �a�d�s�o�r�b�e�d� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �i�n� �t�h�e� �r�a�t�i�o� �o�f� �1�:�2�,� �i�n�d�i�c�a�t�i�n�g� 
�t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �s�e�c�o�n�d� �l�a�y�e�r�.� 

�4�.�4� �A�C�T�I�V�E� �S�I�T�E�S� �I�N� �C�A�R�B�O�N�S� 

�A�c�t�i�v�e� �c�a�r�b�o�n�s� �h�a�v�e� �a� �s�t�u�c�t�u�r�e� �c�o�n�s�i�s�t�i�n�g� �o�f� �s�h�e�e�t�s� �o�f� �a�r�o�m�a�t�i�c� �c�o�n�-� 
�d�e�n�s�e�d� �r�i�n�g� �s�y�s�t�e�m�s� �s�t�a�c�k�e�d� �i�n� �n�o�n�p�o�l�a�r� �l�a�y�e�r�s�.� �T�h�e�s�e� �s�h�e�e�t�s� �h�a�v�e� 
�l�i�m�i�t�e�d� �d�i�m�e�n�s�i�o�n�s� �a�n�d� �t�h�e�r�e�f�o�r�e� �p�r�e�s�e�n�t� �e�d�g�e�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�s�e� 
�s�h�e�e�t�s� �a�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �d�e�f�e�c�t�s�,� �d�i�s�l�o�c�a�t�i�o�n�s�,� �a�n�d� �d�i�s�c�o�n�t�i�n�u�i�t�i�e�s�.� 
�T�h�e� �c�a�r�b�o�n� �a�t�o�m�s� �a�t� �t�h�e�s�e� �p�l�a�c�e�s� �h�a�v�e� �u�n�p�a�i�r�e�d� �e�l�e�c�t�r�o�n�s� �a�n�d� �r�e�-� 
�s�i�d�u�a�l� �v�a�l�e�n�c�i�e�s� �a�n�d� �a�r�e� �r�i�c�h�e�r� �i�n� �p�o�t�e�n�t�i�a�l� �e�n�e�r�g�y�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� 
�t�h�e�s�e� �c�a�r�b�o�n� �a�t�o�m�s� �a�r�e� �h�i�g�h�l�y� �r�e�a�c�t�i�v�e� �a�n�d� �c�o�n�s�t�i�t�u�t�e� �a�c�t�i�v�e� �s�i�t�e�s� �o�r� 
�a�c�t�i�v�e� �c�e�n�t�e�r�s�.� �A� �c�o�n�s�i�d�e�r�a�b�l�e� �a�m�o�u�n�t� �o�f� �r�e�s�e�a�r�c�h� �h�a�s� �b�e�e�n� �a�i�m�e�d� �a�t� 
�u�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� �n�u�m�b�e�r� �a�n�d� �n�a�t�u�r�e� �o�f� �t�h�e�s�e� �a�c�t�i�v�e� �s�i�t�e�s� �i�n� �v�i�e�w� 
�o�f� �t�h�e� �s�u�r�f�a�c�e� �a�n�d� �c�a�t�a�l�y�t�i�c� �r�e�a�c�t�i�o�n�s� �o�f� �c�a�r�b�o�n�s�.� �S�i�n�c�e� �t�h�e� �t�e�n�d�e�n�-� 
�e�y� �o�f� �c�a�r�b�o�n�s� �t�o� �c�h�e�m�i�s�o�r�b� �o�x�y�g�e�n� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e�i�r� �t�e�n�d�e�n�c�y� 
�t�o� �c�h�e�m�i�s�o�r�b� �a�n�y� �o�t�h�e�r� �s�p�e�c�i�e�s�,� �m�u�c�h� �o�f� �o�u�r� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e�s�e� 
�a�c�t�i�v�e� �s�i�t�e�s� �c�o�m�e�s� �f�r�o�m� �t�h�e� �c�h�e�m�i�s�o�r�p�t�i�o�n� �o�f� �o�x�y�g�e�n�.� 

�T�h�e� �f�i�r�s�t� �s�u�g�g�e�s�t�i�o�n� �t�h�a�t� �t�h�e� �c�a�r�b�o�n�s� �a�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �d�i�f�f�e�r�-� 
�e�n�t� �t�y�p�e�s� �o�f� �a�c�t�i�v�e� �s�i�t�e�s� �c�a�m�e� �f�r�o�m� �t�h�e� �w�o�r�k� �o�f� �R�i�d�e�a�l� �a�n�d� �W�r�i�g�h�t� 
�(�1�2�3�)� �o�n� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �c�a�r�b�o�n� �s�u�r�f�a�c�e�s� �w�i�t�h� �o�x�y�g�e�n� �g�a�s�.� �T�h�e�s�e� 
�w�o�r�k�e�r�s� �s�u�g�g�e�s�t�e�d� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �t�y�p�e�s� �o�f� �s�i�t�e�s� �w�h�i�c�h� �b�e�h�a�v�e�d� �d�i�f�-� 
�f�e�r�e�n�t�l�y� �a�t� �d�i�f�f�e�r�e�n�t� �o�x�y�g�e�n� �p�r�e�s�s�u�r�e�s�.� �T�h�e� �r�a�t�e�s� �o�f� �o�x�y�g�e�n� �c�h�e�m�i�-� 
�s�o�r�p�t�i�o�n� �a�t� �2�0�0�°�C� �w�e�r�e� �d�i�f�f�e�r�e�n�t� �a�t� �t�h�e� �t�h�r�e�e� �t�y�p�e�s� �o�f� �s�i�t�e�s�.� �A�l�-� 
�l�a�r�d�i�c�e� �(�1�2�4�)�,� �w�h�i�l�e� �s�t�u�d�y�i�n�g� �t�h�e� �k�i�n�e�t�i�c�s� �o�f� �c�h�e�m�i�s�o�r�p�t�i�o�n� �o�f� �o�x�y�~� 
�g�e�n� �o�n� �b�r�o�w�n� �c�h�a�r�c�o�a�l� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�t�w�e�e�n� �2�5� �a�n�d� �3�0�0�°�C� �i�n� �t�h�e� 
�p�r�e�s�s�u�r�e� �r�a�n�g�e� �1�0�0 ��7�0�0� �t�o�r�r�,� �o�b�s�e�r�v�e�d� �a� �t�w�o�-�s�t�e�p� �a�d�s�o�r�p�t�i�o�n�,� 
�w�h�i�c�h� �h�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�w�o� �d�i�f�f�e�r�e�n�t� �t�y�p�e�s� �o�f� �s�i�t�e�s�.� 
�D�i�e�t�z� �a�n�d� �M�c�F�a�r�l�a�n�e� �(�1�2�5�)�,� �w�h�i�l�e� �s�t�u�d�y�i�n�g� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �o�f� �o�x�y�g�e�n� 

�N�R�G� �E�T� �A�L�.� �E�X�H�I�B�I�T� �1�0�7�0� 
�P�a�g�e� �1�7
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�A�c�t�i�v�e� �C�a�r�b�o�n� �S�u�r�f�a�c�e� �/� �2�3�9� 

�3�5� �4� 
�S�U�G�A�R� �C�H�A�R�C�O�A�L� 

�3�0� 

�2�5� 

�C�O�C�O�N�U�T� �C�H�A�R�C�O�A�L� 

�2�0� 

� � 
� � �Y� 

�y� �+� �y� �y� �L�i� 

�2�0�0� �4�0�0� �6�0�0� �8�0�0� �1�0�0�0� �1�2�0�0� 

�T�E�M�P�E�R�A�T�U�R�E� �(�°�C�)� 

�F�i�g�u�r�e� �3�2� �E�l�i�m�i�n�a�t�i�o�n� �o�f� �c�h�e�m�i�s�o�r�b�e�d� �h�y�d�r�o�g�e�n� �f�r�o�m� �c�h�a�r�c�o�a�l�s� �b�y� 

�c�h�l�o�r�i�d�a�t�i�o�n� �a�t� �d�i�f�f�e�r�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�s�.� �[�F�r�o�m� �P�u�r�i� �a�n�d� �B�a�n�s�a�l� �(�1�2�8�a�)�.�]� 

�o�n� �e�v�a�p�o�r�a�t�e�d� �c�a�r�b�o�n� �f�l�i�n�g� �o�f� �h�i�g�h� �s�u�r�f�a�c�e� �a�r�c�e� �u�l� �t�e�m�p�e�r�a�t�u�r�e�s� �L�u�-� 

�t�w�e�e�n� �J�O�U� �a�m�d� �3�0�0�°�C� �a�n�d� �a�l� �O�x�y�g�e�n� �p�r�e�s�s�u�r�e�s� �o�f� �t�h�e� �o�r�d�e�r� �o�f� �1�0�0� 

�m�i�l�l�i�t�o�p�e�.� �o�W�e�e�r�v�e�d� �e� �r�a�p�i�d� �i�n�i�t�i�a�l� �a�d�s�o�r�p�t�i�o�n� �f�o�l�l�o�w�e�d� �b�y� �#� �m�a�c�h� �B�l�o�w�e�r� 

�a�d�s�o�r�p�t�i�o�n�.� �C�u�r�p�e�n�t�e�n� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �(�1�2�6�,�1�8�7�)�,� �d�a�r�i�n�g� �t�h�e� �t�n�t�i�a�l� 

�s�t�a�g�e�s� �o�f� �o�x�i�d�a�t�i�o�n� �o�f� �d�i�f�f�e�r�e�n�t� �v�u�r�i�e�t�i�e�s� �o�f� �c�o�l�s� �a�t� �t�o�m�p�e�r�u�t�u�r�e�s� �o�f� 

�6�5�,� �B�5�,� �a�n�d�.� �1�0�9�0�,� �f�o�u�n�d� �t�h�a�t� �t�h�e� �c�h�e�m�i�s�o�r�p�t�i�o�n� �e�l� �o�x�y�g�e�n� �e�b�e�y�a�d�.� 

�t�h�e� �E�l�o�v�i�c�h� �e�q�u�a�t�i�o�n� �o�n�l�y� �i�n� �t�h�e� �f�i�r�s�t� �5�-�m�í�n� �p�e�r�i�o�d�,� �A�w� �t�h�e� �t�i�m�e� 

�p�u�r�i�v�d� �o�f� �n�x�i�d�a�l�i�o�n� �i�n�c�r�e�a�s�e�d�,� �h�e� �q�u�a�n�t�i�l�y� �o�f� �o�x�y�g�e�n� �c�h�a�n�i�s�o�r�b�e�d� 

�e�x�c�o�e�d�e�d� �t�h�e� �a�m�o�u�n�t�s� �p�r�e�d�i�c�t�e�d� �h�y� �t�h�é� �E�l�o�y�i�c�h� �e�q�u�a�t�i�o�n�.� �T�h�i�s� �w�i�s� 

�a�t�t�e�i�b�u�l�e�d� �l�o� �i�u� �e�v�e�n�t�i�o�n� �o�f� �f�r�e�s�h� �s�d�s�o�r�p�i�i�o�n� �a�l�t�o�s� �h�y� �t�h�e� �d�e�s�o�r�p�t�i�o�n� 

�o�f� �e�x�i�d�u�l�i�o�n� �p�r�o�d�u�c�t�s� �s�u�c�h� �n�s� �C�h�g�,� �C�O�,� �a�n�d� �H�y�d�.� �P�u�r�i� �m�á� �B�u�n�s�a�l� 
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� � 

� � 

�A�c�t�i�v�e� �C�a�r�b�o�n� �S�u�r�f�a�c�e� �/� �2�4�5� 

� � 

� � � � 

�1�5�,� 
�V� 

�2� �I�V�  �� 
�3�  � � �� 

�1�0� �|� �I�I�I� �7� 

�>� �a�,� 
�S� �I�l�:� 
�v� �2� �P�r� 
�S� �;� 
�g� �:� �2� �5� �:� 

�2� �I�:� �g� �|� 
�Á� 

�0� 
�0� �5� �1�0� �1�5� �2�0� �2�5� 

�A�m�o�u�n�t� �o�f� �o�x�y�g�e�n� �a�d�s�o�r�b�e�d�,� �A�t�o�m�s�/�g� �x� �1�0�7�8� 

�F�i�g�u�r�e� �3�6� �V�a�r�i�a�t�i�o�n� �o�f� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �o�x�y�g�e�n� 

�c�h�e�m�i�s�o�r�p�t�i�o�n� �o�n� �a�c�t�i�v�a�t�e�d� �g�r�a�p�h�o�n�.� �[�F�r�o�m� �B�a�n�s�a�l� �e�t� �a�l�.� �(�1�3�2�)�.�]� 

�B�a�n�s�a�l� �a�n�d� �c�o�l�l�e�a�g�u�e�s� �(�1�3�2�-�1�3�4�)� �c�h�a�r�a�c�t�e�r�i�z�e�d� �u�l�t�r�a�c�l�e�a�n� �s�u�r�-� 

�f�i�e�s� �o�f� �p�e�a�p�h�o�n� �b�y� �A�l�u�d�y�i�n�g� �t�h�e� �k�i�o�e�t�i�e�s� �o�f� �c�h�e�m�i�s�o�r�p�t�i�o�n� �n�t� �l�o�w� 

�l�e�m�p�e�r�a�t�u�r�e�s� �l�n� �t�h�e� �r�a�n�g�e� �7�0�-� �1�6�0�°�C� �o�n�d� �a�l� �o�x�y�g�e�n� �p�r�e�s�s�u�r�e�s� �b�o�r� 

�t�w�e�e�n� �7�.�7� �x� �1�0�%� �a�n�d� �7�6�0� �l�o�r�r�,� �T�h�e� �a�c�t�i�v�a�t�e�d� �g�r�o�p�h�o�u� �s�a�m�p�l�e� �(�1�6�.�6�%� 
�b�u�r�n�o�f�f�)� �w�a�s� �c�l�e�a�n�e�d� �b�y� �h�e�a�t� �t�r�e�a�t�m�e�n�t� �a�t� �1�0�0�0�°�C� �i�n� �a� �v�a�c�u�u�m� �o�f� 

�t�h�e� �o�r�d�e�r� �o�f� �1�0�-�9� �t�o�r�r�.� �T�h�e� �a�p�p�a�r�a�t�u�s� �u�s�e�d� �f�o�r� �c�l�e�a�n�i�n�g� �t�h�e� �g�r�a�p�h�o�n� 

�d�a�m�p�i�é� �a�n�d� �t�o�r� �s�t�u�d�y�i�n�g� �e�h�e�m�i�s�a�r�p�t�i�o�n� �J�a�n�e�t�i�v�s� �w�a�s� �à� �s�t�a�i�n�l�e�s�s� �w�l�e�e�l� 

�a�y�e�h�a�n�m� �t�h�a�t� �c�o�n�f�o�r�m�e�d� �t�a� �a�l�l� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t�s� �a�f� �a�n� �a�l�l�p�w�e�l�e�a�n� �e�y� 

�t�e�m�.�  ��T�h�e� �a�p�p�a�r�a�t�u�s� �e�s�s�e�n�t�i�m�l�y� �c�o�n�s�i�s�t�e�d� �o�f� �u� �g�a�s� �i�n�l�e�b� �a�y�s�i�o�m�,� �n� 

�e�n�c�u�u�m� �a�s�s�e�m�b�l�y�,� �w�h�l�o�k� �c�o�n�t�a�i�n�e�d� �u� �y�a�c�i�o�n� �p�u�m�p�;� �u�n�d� �a�n� �a�d�s�o�r�p�t�i�o�n� 

�u�n�i�t�,� �w�h�i�c�h� �i�n�c�l�u�d�e�d� �à� �b�a�v�a�t�r�o�n� �d�i�f�f�e�r�e�n�t�i�a�l� �m�a�n�o�m�e�t�e�r�,� �e� �r�e�s�i�d�u�a�l� 

�g�o�s� �a�n�a�l�y�z�e�r�,� �e�n�d� �e� �C�o�h�n� �u�n�e�r�o�s�o�r�p�t�i�o�n� �b�a�l�a�n�c�e� �(�P�i�g�,� �3�4�)�-� 

�h�e� �v�e�s�u�l�t�e� �o�f� �t�h�e�s�e� �J�i�n�e�t�e� �m�e�n�s�u�r�e�m�e�n�t�e� �w�h�e�u� �p�l�o�t�t�e�d�.� �a�c�c�o�r�d� 

�i�n�g� �t�o� �t�h�e� �E�l�o�v�i�c�h� �e�q�u�a�t�i�o�n� �(�q� �v�s�.� �l�o�g� �t�)� �s�h�o�w�e�d� �l�i�n�e�a�r� �r�e�g�i�o�n�s�;� �t�h�e� 

�n�u�m�b�e�r� �o�f� �l�i�n�e�u�r� �r�e�g�i�o�n�:� �w�e�d� �t�h�e� �t�i�m�e� �o�f� �a�p�p�e�n�r�d�n�c�e� �o�f� �a� �U�n�e� 

�r�e�p�l�o�n� �d�y�p�o�n�d�e�d� �o�n� �t�h�e� �i�n�i�t�i�u�l� �o�x�y�g�e�n� �p�r�e�s�s�u�r�e� �o�r� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� 
�o�f� �t�h�e� �a�d�s�o�r�p�i�i�o�n� �(�P�i�g�.� �3�5�)�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �p�l�o�t�s� �s�h�o�w�e�d� �o�n�l�y� �o�n�e� 

�l�i�n�e�a�r� �r�é�g�i�o�n� �a�l� �o�x�y�m�i�t�y� �p�r�a�s�s�u�r�o�s� �l�o�w�e�r� �t�h�e�n� �1�0� �m�t�a�r�e� �a�n�d� �t�w�o� �l�i�n�o�-� 

�h�e� �r�e�g�i�o�n�s� �b�e�t�w�e�e�n� �6�0� �w�i�d� �G�A�S� �m�t�o�r�r� �p�r�e�m�i�s�u�v�e� �a�m�d� �a�t� �a�d�s�o�r�p� �l�i�o�n� 

�t�e�m�p�e�r�a�t�u�r�e�s� �h�e�l�w�e�e�n� �0� �a�n�d� �1�2�5�8�0�,� �T�h�e� �n�u�m�b�e�r� �o�f� �t�h�e�s�e� �l�i�n�e�p�d�r� 

�r�e�g�i�o�n�s� �d�e�c�r�e�n�s�e�x�l� �n�t� �h�i�g�h�e�r� �p�r�e�s�s�u�r�e� �o�r� �a�t� �h�i�g�h�e�r� �t�e�m�p�a�r�a�l� �u�r�e�s�.� 

�T�h�e� �i�n�u�i�e�r�l�u�n�e�o�u�s� �r�a�t�e�s� �o�f� �w�d�s�o�r�p�t�i�o�n� �c�a�l�c�u�l�a�t�e�d� �m�i�d�w�a�y� �a�n� �G�a�c�h� 

�l�i�n�e�x�e� �r�e�g�i�o�n� �w�h�e�n� �n�o�r�m�u�j�i�s�a�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �o�x�y�g�e�n� �p�r�e�s�s�u�r�e� �w�e�r�e� 

�f�o�u�n�d� �e�s�s�e�n�t�i�a�l�l�y� �p�r�o�p�u�r�t�l�u�n�a�i� �t�o� �t�h�e� �f�i�r�s�t� �p�o�w�e�r� �o�f� �O�x�y�g�e�n� �p�r�e�s�s�u�r�e�,� 
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�T�a�b�l�e� �2�5� �C�o�m�p�a�r�i�s�o�n� �o�f� �E�x�p�e�r�i�m�e�n�t�a�l� �a�n�d� �T�h�e�o�r�e�t�i�c�a�l� �V�a�l�u�e�s� �o�f� 
�A�c�t�i�v�a�t�i�o�n� �E�n�e�r�g�y� �f�o�r� �C�h�e�m�i�s�o�r�p�t�i�o�n� �o�f� �H�y�d�r�o�g�e�n� �o�n� �G�r�a�p�h�i�t�e� 
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�S�i�t�e� �E� �(�k�e�a�l�/�m�o�l�)� �C ��C� �d�i�s�t�a�n�c�e� �(�n�m�)� �E� �(�k�e�a�l�/�m�o�l�)� 

�I� �5�.�7� �0�.�3�6�2� �9� 
�1�1� �8�.�3� �0�.�3�3�5� �1�1� 

�I�I�I� �1�8�.�4� �0�.�2�8�4� �1�9� 

�I�V� �3�0�.�4� �0�.�2�4�6� �2�8� 

�V�  �� �0�.�1�4�2� �5�0� 
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�S�o�u�r�c�e�:� �B�a�n�s�a�l� �e�t� �a�l�.� �(�1�3�4�)�.� 

�w�h�i�c�h� �w�a�s� �v�a�r�i�e�d� �w�i�d�e�l�y�,� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �r�a�t�e� �o�f� �o�x�y�g�e�n� �c�h�e�m�i�-� 
�s�o�r�p�t�i�o�n� �d�e�c�r�e�a�s�e�d� �s�h�a�r�p�l�y� �i�n� �a�d�v�a�n�c�i�n�g� �f�r�o�m� �s�t�a�g�e� �I� �t�o� �s�t�a�g�e� �V� 
�(�T�a�b�l�e� �2�4�)�,� �w�h�e�r�e� �i�t� �w�a�s� �2�5�0�-�f�o�l�d� �l�e�s�s� �t�h�a�n� �t�h�a�t� �f�o�r� �s�t�a�g�e� �I�.� �T�h�e�s�e� 
�l�i�n�e�a�r� �r�e�g�i�o�n�s� �w�e�r�e� �t�h�u�s� �p�o�s�t�u�l�a�t�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �d�i�f�f�e�r�e�n�t� �k�i�n�e�t�i�c� 
�s�t�a�g�e�s� �o�f� �t�h�e� �s�a�m�e� �c�h�e�m�i�s�o�r�p�t�i�o�n� �p�r�o�c�e�s�s� �i�n�v�o�l�v�i�n�g� �a�d�s�o�r�p�t�i�o�n� �a�t� �d�i�f�-� 
�f�e�r�e�n�t� �t�y�p�e�s� �o�f� �s�i�t�e�s�.� �T�h�i�s� �r�e�c�e�i�v�e�d� �f�u�r�t�h�e�r� �s�u�p�p�o�r�t� �f�r�o�m� �t�h�e� �f�a�c�t� 
�t�h�a�t� �e�a�c�h� �o�f� �t�h�e� �k�i�n�e�t�i�c� �s�t�a�g�e�s� �a�p�p�e�a�r�e�d� �a�f�t�e�r� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �o�f� �a� 
�d�e�f�i�n�i�t�e� �a�m�o�u�n�t� �o�f� �o�x�y�g�e�n�,� �a�l�t�h�o�u�g�h� �t�h�e� �t�i�m�e� �a�n�d� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� 
�a�p�p�e�a�r�a�n�c�e� �a�n�d� �t�h�e� �t�e�m�p�o�r�a�l� �r�a�n�g�e� �o�f� �e�x�i�s�t�e�n�c�e� �o�f� �a�n�y� �p�a�r�t�i�c�u�l�a�r� 
�k�i�n�e�t�i�c� �s�t�a�g�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �i�n�i�t�i�a�l� �p�r�e�s�s�u�r�e� �o�f� �t�h�e� �g�a�s� �o�r� �t�h�e� 
�t�e�m�p�e�r�a�t�u�r�e� �o�f� �a�d�s�o�r�p�t�i�o�n�.� �I�n� �g�e�n�e�r�a�l�,� �a�n�y� �s�t�a�g�e� �a�p�p�e�a�r�e�d� �e�a�r�l�i�e�r� �a�n�d� 
�l�a�s�t�e�d� �f�o�r� �a� �s�h�o�r�t�e�r� �t�i�m�e� �a�s� �t�h�e� �p�r�e�s�s�u�r�e� �o�r� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �i�n�-� 
�c�r�e�a�s�e�d�.� �A� �l�o�w�e�r� �k�i�n�e�t�i�c� �s�t�a�g�e� �d�i�s�a�p�p�e�a�r�e�d� �a�l�m�o�s�t� �c�o�m�p�l�e�t�e�l�y� �a�t� �h�i�g�h�e�r� 
�p�r�e�s�s�u�r�e�s� �o�r� �a�t� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�c�a�u�s�e� �t�h�e� �r�a�t�e�s� �o�f� �a�d�s�o�r�p�t�i�o�n� 
�w�e�r�e� �s�o� �r�a�p�i�d� �t�h�a�t� �t�h�e� �l�o�w�e�r� �k�i�n�e�t�i�c� �s�t�a�g�e� �p�a�s�s�e�d� �i�n� �t�h�e� �t�i�m�e� �p�e�r�i�o�d� 
�b�e�t�w�e�e�n� �t�h�e� �e�x�p�o�s�u�r�e� �o�f� �t�h�e� �c�a�r�b�o�n� �t�o� �t�h�e� �g�a�s� �a�n�d� �t�h�e� �f�i�r�s�t� �m�e�a�s�-� 
�u�r�e�m�e�n�t�,� �s�o� �t�h�a�t� �t�h�e� �a�m�o�u�n�t�s� �a�d�s�o�r�b�e�d� �u�n�d�e�r� �t�h�e�s�e� �c�o�n�d�i�t�i�o�n�s� �i�n� 
�t�h�e� �v�e�r�y� �f�i�r�s�t� �m�e�a�s�u�r�e�m�e�n�t� �w�e�r�e� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� �a�m�o�u�n�t�s� �c�h�e�m�i�-� 
�s�o�r�b�e�d� �i�n� �t�h�e� �l�o�w�e�r� �s�t�a�g�e�s� �o�f� �a�d�s�o�r�p�t�i�o�n�.� �T�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�i�e�s� �o�f� 
�a�d�s�o�r�p�t�i�o�n� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �A�r�r�h�e�n�i�u�s� �p�l�o�t�s� �o�f� �i�n�s�t�a�n�t�a�n�e�o�u�s� �r�a�t�e�s� 
�a�t� �d�i�f�f�e�r�e�n�t� �c�o�v�e�r�a�g�e�s� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �s�u�r�f�a�c�e� 
�c�o�v�e�r�a�g�e� �o�n� �a�n�y� �o�n�e� �g�r�o�u�p� �o�f� �s�i�t�e�s�,� �a�l�t�h�o�u�g�h� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�i�e�s� 
�w�e�r�e� �d�i�f�f�e�r�e�n�t� �f�o�r� �a�d�s�o�r�p�t�i�o�n� �o�n� �d�i�f�f�e�r�e�n�t� �g�r�o�u�p�s� �o�f� �s�i�t�e�s� �(�F�i�g�.� �3�6�)�.� 
�I�n� �a�l�l�,� �f�i�v�e� �d�i�f�f�e�r�e�n�t� �g�r�o�u�p�s� �o�f� �s�i�t�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� �t�h�e�s�e� �s�t�u�d�i�e�s�.� 
�T�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�i�e�s� �v�a�r�i�e�d� �b�e�t�w�e�e�n� �3�.�1� �a�n�d� �1�2�.�4� �k�c�a�l�/�m�o�l� �a�s� �t�h�e� 
�c�h�e�m�i�s�o�r�p�t�i�o�n� �p�r�o�c�e�e�d�e�d� �f�r�o�m� �t�h�e� �m�o�s�t� �a�c�t�i�v�e� �t�o� �t�h�e� �l�e�a�s�t� �a�c�t�i�v�e� 
�s�i�t�e�s�.� �B�a�n�s�a�l� �e�t� �a�l�.� �(�1�3�4�)� �a�l�s�o� �s�t�u�d�i�e�d� �t�h�e� �k�i�n�e�t�i�c�s� �o�f� �c�h�e�m�i�s�o�r�p�t�i�o�n� 
�o�f� �h�y�d�r�o�g�e�n� �o�n� �t�h�e� �s�a�m�e� �s�a�m�p�l�e� �o�f� �a�c�t�i�v�a�t�e�d� �g�r�a�p�h�o�n� �a�s� �a� �f�u�n�c�t�i�o�n� 
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�A�c�t�i�v�e� �C�a�r�b�o�n� �S�u�r�f�a�c�e� �/� �2�4�7� 

�o�f� �h�y�d�r�o�g�e�n� �p�r�e�s�s�u�r�e� �a�n�d� �a�d�s�o�r�p�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �r�a�t�e�s� �o�f� 
�h�y�d�r�o�g�e�n� �c�h�e�m�i�s�o�r�p�t�i�o�n� �w�e�r�e� �v�e�r�y� �l�o�w� �c�o�m�p�a�r�e�d� �t�o� �t�h�o�s�e� �o�f� �o�x�y�g�e�n�.� 
�O�n�l�y� �f�o�u�r� �t�y�p�e�s� �o�f� �a�c�t�i�v�e� �s�i�t�e�s� �c�o�u�l�d� �b�e� �o�b�s�e�r�v�e�d� �w�i�t�h� �a�n� �a�d�s�o�r�p�t�i�o�n� 
�t�e�m�p�e�r�a�t�u�r�e� �o�f� �6�0�0�°�C�.� �C�h�e�m�i�s�o�r�p�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �n�o�t� �c�a�r�r�i�e�d� 
�o�u�t� �a�t� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�c�a�u�s�e� �t�h�e� �g�r�a�p�h�o�n� �s�u�r�f�a�c�e� �s�h�o�w�e�d� 
�b�u�r�n�i�n�g�,� �p�r�o�d�u�c�i�n�g� �g�a�s�e�o�u�s� �s�p�e�c�i�e�s� �w�h�i�c�h� �v�i�t�i�a�t�e�d� �t�h�e� �k�i�n�e�t�i�c� 
�m�e�a�s�u�r�e�m�e�n�t�s�.� 

�T�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �t�h�e�s�e� �d�i�s�c�r�e�t�e� �t�y�p�e�s� �o�f� �s�i�t�e�s� �h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�-� 
�e�d� �t�o� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �g�e�o�m�e�t�r�i�c�a�l� �a�r�r�a�n�g�e�m�e�n�t� �o�f� �t�h�e� �s�u�r�f�a�c�e� 
�c�a�r�b�o�n� �a�t�o�m�s� �(�1�3�2�-�1�3�4�)�.� �A�s� �t�h�e� �c�a�r�b�o�n� �s�u�r�f�a�c�e� �p�r�e�s�e�n�t�s� �s�e�v�e�r�a�l� 
�c�a�r�b�o�n ��c�a�r�b�o�n� �d�i�s�t�a�n�c�e�s� �t�o� �t�h�e� �i�n�c�o�m�i�n�g� �g�a�s� �m�o�l�e�c�u�l�e�s�,� �t�h�e� �a�c�t�i�v�a�t�-� 
�e�d� �c�o�m�p�l�e�x� �f�o�r�m�e�d� �b�e�t�w�e�e�n� �t�h�e� �g�a�s� �a�t�o�m�s� �a�n�d� �t�h�e� �t�w�o� �s�u�r�f�a�c�e� �c�a�r�-� 
�b�o�n� �a�t�o�m�s� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �h�a�v�e� �d�i�f�f�e�r�e�n�t� �p�o�t�e�n�t�i�a�l� �e�n�e�r�g�y� �c�o�n�-� 
�f�i�g�u�r�a�t�i�o�n�s�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e�s�e� �s�p�a�c�i�n�g�s� �b�e�t�w�e�e�n� �t�h�e� �c�a�r�b�o�n� �a�t�o�m�s�,� 
�r�e�s�u�l�t�i�n�g� �i�n� �a� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�i�e�s� �o�f� �c�h�e�m�i�s�o�r�p�t�i�o�n�.� 
�S�h�e�r�m�a�n� �a�n�d� �E�y�r�i�n�g� �(�1�3�5�)� �m�a�d�e� �t�h�e�o�r�e�t�i�c�a�l� �c�a�l�c�u�l�a�t�i�o�n�s� �o�f� �t�h�e� �e�n�e�r�-� 
�g�y� �o�f� �a�c�t�i�v�a�t�i�o�n� �f�o�r� �d�i�s�s�o�c�i�a�t�i�v�e� �c�h�e�m�i�s�o�r�p�t�i�o�n� �o�f� �h�y�d�r�o�g�e�n� �o�n� �a� �c�a�r�-� 
�b�o�n� �s�u�r�f�a�c�e� �a�n�d� �f�o�u�n�d� �t�h�e� �v�a�l�u�e�s� �t�o� �v�a�r�y� �w�i�t�h� �t�h�e� �c�a�r�b�o�n�-�c�a�r�b�o�n� 
�s�p�a�c�i�n�g�s�.� �A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �v�a�l�u�e�s� �o�f� �S�h�e�r�m�a�n� �a�n�d� 
�E�y�r�i�n�g� �(�1�3�5�)� �a�n�d� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e�s� �o�b�t�a�i�n�e�d� �b�y� �B�a�n�s�a�l� �e�t� �a�l�.� 
�(�1�3�4�)� �i�s� �g�i�v�e�n� �i�n� �T�a�b�l�e� �2�5�.� �T�h�e� �c�a�r�b�o�n�-�c�a�r�b�o�n� �d�i�s�t�a�n�c�e�s� �s�e�l�e�c�t�e�d� �i�n� 
�t�h�i�s� �t�a�b�l�e� �a�r�e� �t�h�o�s�e� �w�h�i�c�h� �t�h�e� �h�y�d�r�o�g�e�n� �m�o�l�e�c�u�l�e� �w�o�u�l�d� �m�o�s�t� �l�i�k�e�l�y� 
�e�n�o�u�n�t�e�r� �w�h�e�n� �a�p�p�r�o�a�c�h�i�n�g� �t�h�e� �c�a�r�b�o�n� �s�u�r�f�a�c�e�.� �T�h�e� �s�p�a�c�i�n�g� �0�.�2�4�6� 
�n�m� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �t�e�r�m�i�n�a�t�i�n�g� �i�n� �(�1�0�1� �1�)� �f�a�c�e�,� �t�h�e� 

�s�p�a�c�i�n�g�s� �0�.�1�4�2� �a�n�d� �0�.�2�8�4� �n�m� �f�o�r� �(�1�1�2� �1�)� �t�e�r�m�i�n�a�t�i�o�n�,� �a�n�d� �t�h�e� �s�p�a�c�-� 
�i�n�g�s� �o�f� �0�.�3�3�5� �a�n�d� �0�.�3�6�2� �n�m� �f�o�r� �d�i�s�t�a�n�c�e�s� �b�e�t�w�e�e�n� �e�d�g�e� �c�a�r�b�o�n� �a�t�o�m�s� 
�i�n� �a�d�j�a�c�e�n�t� �b�a�s�a�l� �p�l�a�n�e�s�.� �A�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �a�n�d� 
�t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �v�a�l�u�e�s� �s�u�p�p�o�r�t�s� �t�h�e� �c�o�n�c�e�p�t� �t�h�a�t� �t�h�e�s�e� �c�a�r�b�o�n� �s�p�a�c�-� 
�i�n�g�s� �a�c�t� �l�i�k�e� �d�i�s�c�r�e�t�e� �t�y�p�e�s� �o�f� �s�i�t�e�s� �o�n� �w�h�i�c�h� �t�h�e� �c�h�e�m�i�s�o�r�p�t�i�o�n� �o�f� 
�g�a�s�e�s� �g�e�n�e�r�a�l�l�y� �c�a�n� �o�c�c�u�r�.� 

�P�u�r�i� �e�t� �a�l�.� �(�1�3�6�-�1�3�8�)� �o�b�t�a�i�n�e�d� �f�a�i�r�l�y� �c�o�n�v�i�n�c�i�n�g� �e�v�i�d�e�n�c�e� �f�o�r� 
�t�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�e�r�t�a�i�n� �h�i�g�h�l�y� �a�c�t�i�v�e� �s�i�t�e�s� �o�f� �a�n� �e�n�t�i�r�e�l�y� �d�i�f�f�e�r�e�n�t� 
�k�i�n�d�,� �w�h�i�c�h� �t�h�e�y� �c�a�l�l�e�d� �u�n�s�a�t�u�r�a�t�e�d� �s�i�t�e�s�.� �T�h�e�s�e� �u�n�s�a�t�u�r�a�t�e�d� �s�i�t�e�s� 
�c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �i�n�t�e�r�a�c�t�i�n�g� �c�a�r�b�o�n�s� �w�i�t�h� �t�h�e� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n� 
�o�f� �b�r�o�m�i�n�e� �i�n� �p�o�t�a�s�s�i�u�m� �b�r�o�m�i�d�e�.� �T�h�e�s�e� �s�i�t�e�s� �a�r�e� �p�r�o�d�u�c�e�d� �w�h�e�r� 
�c�a�r�b�o�n�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �o�x�y�g�e�n� �a�r�e� �o�u�t�g�a�s�s�e�d� �a�t� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s�,� 
�t�h�e� �o�p�t�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �b�e�i�n�g� �b�e�t�w�e�e�n� �6�0�0� �a�n�d� �7�0�0�°�C�.� �T�h�e� �c�o�n�c�e�n�-� 
�t�r�a�t�i�o�n� �o�f� �t�h�e�s�e� �s�i�t�e�s� �w�a�s� �s�h�o�w�n� �t�o� �v�a�r�y� �w�i�t�h� �t�h�e� �c�o�m�b�i�n�e�d� �o�x�y�g�e�n� 
�w�h�i�c�h� �c�o�m�e�s� �o�f�f� �a�s� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �(�T�a�b�l�e� �2�6�)�.� �O�n�e� �m�o�l�e� �o�f� �u�n�s�a�t�u�r�a�t�-� 
�e�d� �s�i�t�e�s� �w�a�s� �c�r�e�a�t�e�d� �b�y� �t�h�e� �c�h�e�m�i�s�o�r�p�t�i�o�n� �o�f� �t�w�o� �m�o�l�e�s� �o�f� �o�x�y�g�e�n� �a�s� 
�c�a�r�b�o�n� �d�i�o�x�i�d�e�.� 

�T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �a�c�t�i�v�e� �s�i�t�e�s� �o�n� �a� �c�a�r�b�o�n� �s�u�r�f�a�c�e� �h�a�s� 
�b�e�e�n� �m�e�a�s�u�r�e�d� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �a�c�t�i�v�e� �s�u�r�f�a�c�e� �a�r�e�a� �(�A�S�A�)� �b�y� �L�a�i�n�e� 
�a�n�d� �c�o�-�w�o�r�k�e�r�s� �(�1�3�9�-�1�4�1�)�.� �T�h�e� �a�c�t�i�v�e� �s�u�r�f�a�c�e�,� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e�s�e� 
�w�o�r�k�e�r�s�,� �i�s� �a�n� �i�n�d�e�x� �o�f� �t�h�e� �r�e�a�c�t�i�v�i�t�y� �o�f� �a� �c�a�r�b�o�n� �s�u�r�f�a�c�e� �a�n�d� �c�a�n� 
�b�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �a�m�o�u�n�t� �o�f� �o�x�y�g�e�n� �c�h�e�m�i�s�o�r�b�e�d� �a�t� �3�0�0�°�C� �i�n� 

� � 
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�N�R�G� �E�T� �A�L�.� �E�X�H�I�B�I�T� �1�0�7�0� 
�P�a�g�e� �2�7� 
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� � 

�A�c�t�i�v�e� �C�a�r�b�o�n� �S�u�r�f�a�c�e� �/� �2�4�9� 

�T�a�b�l�e� �2�7� �C�o�m�p�a�r�i�s�o�n� �o�f� �A�c�t�i�v�e� �S�u�r�f�a�c�e� �A�r�e�a� �C�a�l�c�u�l�a�t�e�d� �b�y� �C�h�e�m�i�-� 
�s�o�r�p�t�i�o�n� �o�f� �O�x�y�g�e�n� �a�t� �3�0�0�°�C� �a�n�d� �t�h�e� �M�o�s�t� �A�c�t�i�v�e� �S�i�t�e� �A�r�e�a� �O�b�t�a�i�n�e�d� 
�f�r�o�m� �C�h�e�m�i�s�o�r�p�t�i�o�n� �a�t� �H�i�g�h�e�r� �T�e�m�p�e�r�a�t�u�r�e�s� 
� � 

�M�o�s�t� �a�c�t�i�v�e� 

� � 

� � 

�A�S�A� �(�L�a�i�n�e� �m�e�t�h�o�d�)� �s�i�t�e� �a�r�e�a� 
�B�u�r�n�o�f�f� �(�%�)� �(�y�m�o�l� �0�/�g�)� �(�u�m�o�l� �0�/�g�)� 

�0� �5�.�0� �5�.�0� 

�0� �4�.�4� �5�3�.�9� 

�3�.�3� �1�7�.�8� �4�0�.�4� 

�6�.�4� �2�7�.�6� �2�7�.�6� 

�7�.�7� �3�0�.�9� �2�8�.�8� 

�1�4�.�4� �4�4�,�4� �4�5�.�2� 

�1�4�.�4� �4�4�,�4� �4�5�.�2� 

�1�4�.�4� �4�4�,�4� �4�4�.�8� 

�1�4�.�4� �4�4�.�4� �5�0�.�3� 

�1�8�.�5� �5�2�.� �0� �4�9�.�5� 

�1�8�.�5� �5�2�.�0� �4�7�.�8� 

�1�8�.�5� �5�2�.�0� �4�8�.�2� 

�1�8�.�5� �5�2�.�0� �5�0�.�4� 

�1�8�.�5� �5�2�.�0� �4�6�.�0� 

�1�8�.�5� �5�2�.� �0� �5�0�.�2� 

�1�8�.�5� �5�2�.�0� �4�7�.�0� 

�1�8�.�0� �5�2�.�0� �5�0�.�7� 

�1�8�.�5� �5�2�.�0� �5�2�.�7� 

�1�8�.�5� �5�2�.�0� �5�3�.�4� 

�1�9�.�9� �5�4�.�4� �5�0�.�0� 

�2�5�.�8� �6�5�.�0� �6�4�.�6� 

�2�5�.�8� �6�5�.�0� �6�5�.�0� 

�3�4�.�9� �8�2�.�0� �7�6�.�0� 

�S�o�u�r�c�e�:� �L�u�s�s�o�w� �e�t� �a�l�.� �(�1�2�9�)�.� 
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� � 

�2�5�0� �/� �C�h�a�p�t�e�r� �4� 

�2�4� �h�r� �a�t� �a�n� �i�n�i�t�i�a�l� �o�x�y�g�e�n� �p�r�e�s�s�u�r�e� �o�f� �0�.�5� �t�o�r�r�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �o�n�e� 
�o�x�y�g�e�n� �a�t�o�m� �i�s� �a�d�s�o�r�b�e�d� �a�t� �e�a�c�h� �c�a�r�b�o�n� �a�t�o�m� �a�n�d� �t�h�a�t� �e�a�c�h� �c�a�r�b�o�n� 
�a�t�o�m� �o�c�c�u�p�i�e�s� �a�n� �a�r�e�a� �o�f� �0�.�0�8�3� �n�m�?�,� �t�h�e� �o�x�y�g�e�n� �c�h�e�m�i�s�o�r�b�e�d� �c�a�n� �b�e� 
�c�o�n�v�e�r�t�e�d� �i�n�t�o� �a�c�t�i�v�e� �s�u�r�f�a�c�e� �a�r�e�a�.� �T�h�e�s�e� �w�o�r�k�e�r�s� �a�c�t�i�v�a�t�e�d� �g�r�a�p�h�o�n� 
�t�o� �s�e�v�e�n� �d�i�f�f�e�r�e�n�t� �b�u�r�n�o�f�f�s� �i�n� �o�r�d�e�r� �t�o� �c�r�e�a�t�e� �v�a�r�y�i�n�g� �a�m�o�u�n�t�s� �o�f� 
�a�c�t�i�v�e� �s�u�r�f�a�c�e� �a�n�d� �o�b�s�e�r�v�e�d� �t�h�a�t� �A�S�A� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �t�h�e� �d�e�g�r�e�e� �o�f� 
�b�u�r�n�o�f�f� �a�n�d� �c�o�u�l�d� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �r�e�a�c�t�i�v�i�t�y� �o�f� �t�h�e� �g�r�a�p�h�o�n� �t�o�w�a�r�d� 
�o�x�y�g�e�n�.� �H�o�w�e�v�e�r�,� �i�n� �l�a�t�e�r� �w�o�r�k� �(�1�2�9�,�1�3�0�)� �o�n� �t�h�e� �c�h�e�m�i�s�o�r�p�t�i�o�n� �o�f� 
�o�x�y�g�e�n� �a�t� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�t�w�e�e�n� �3�0�0� �a�n�d� �6�7�5�°�C�,� �t�h�e�y� �o�b�-� 
�s�e�r�v�e�d� �t�h�a�t� �t�h�e�r�e� �e�x�i�s�t�e�d� �m�o�r�e� �t�h�a�n� �o�n�e� �t�y�p�e� �o�f� �a�c�t�i�v�e� �s�i�t�e� �w�h�i�c�h� 
�d�i�f�f�e�r�e�d� �i�n� �r�e�a�c�t�i�v�i�t�i�e�s� �t�o�w�a�r�d� �o�x�y�g�e�n�.� �T�h�e� �r�a�t�e� �o�f� �c�h�e�m�i�s�o�r�p�t�i�o�n� �o�f� 
�o�x�y�g�e�n� �o�n� �t�h�e� �l�e�s�s� �a�c�t�i�v�e� �s�i�t�e�s� �w�a�s� �n�o�t� �a�p�p�r�e�c�i�a�b�l�e� �a�t� �l�o�w� �o�x�y�g�e�n� 
�p�r�e�s�s�u�r�e�s� �u�n�t�i�l� �t�h�e� �c�h�e�m�i�s�o�r�p�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �4�0�0�°�C� �o�r� �a�b�o�v�e�.� 
�C�o�n�s�e�q�u�e�n�t�l�y� �t�h�e�y� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �L�a�i�n�e�'�s� �m�e�t�h�o�d�,� �w�h�i�c�h� �i�n�v�o�l�v�e�d� 
�c�h�e�m�i�s�o�r�p�t�i�o�n� �a�t� �3�0�0�°�C�,� �d�e�t�e�r�m�i�n�e�d� �o�n�l�y� �t�h�e� �s�u�r�f�a�c�e� �a�r�e�a� �c�o�v�e�r�e�d� �b�y� 
�t�h�e� �m�o�s�t� �a�c�t�i�v�e� �g�r�o�u�p�s� �o�f� �a�c�t�i�v�e� �s�i�t�e�s�.� �T�h�e�s�e� �w�o�r�k�e�r�s� �(�1�2�9�)� �c�a�l�c�u�l�a�t�-� 
�e�d� �t�h�e� �a�r�e�a� �c�o�v�e�r�e�d� �b�y� �t�h�e� �m�o�s�t� �a�c�t�i�v�e� �g�r�o�u�p� �o�f� �s�i�t�e�s� �f�r�o�m� �t�h�e� �l�o�w� 
�c�o�v�e�r�a�g�e� �p�a�r�t� �o�f� �t�h�e� �r�e�a�c�t�i�v�i�t�y� �d�a�t�a�,� �w�h�e�n� �t�h�e� �r�e�a�c�t�i�v�i�t�y� �o�f� �t�h�e� �l�e�s�s� 
�a�c�t�i�v�e� �s�i�t�e�s� �w�a�s� �s�u�p�p�o�s�e�d�l�y� �n�e�p�l�i�g�i�b�l�e�,� �a�n�d� �f�o�u�n�d� �t�h�e� �v�a�l�u�e�s� �t�o� �b�e� 
�i�n� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �L�a�i�n�e�'�s� �v�a�l�u�e�s� �(�T�a�b�l�e� �2�7�)�.� �T�h�u�s� �t�h�e�s�e� �w�o�r�k�-� 
�e�r�s� �p�o�i�n�t�e�d� �o�u�t� �t�h�e� �n�e�c�e�s�s�i�t�y� �o�f� �o�b�t�a�i�n�i�n�g� �r�e�a�c�t�i�v�i�t�y� �d�a�t�a� �u�n�d�e�r� 
�p�r�o�p�e�r� �c�o�n�d�i�t�i�o�n�s� �t�o� �e�n�s�u�r�e� �t�h�a�t� �t�h�e� �o�b�s�e�r�v�e�d� �r�e�a�c�t�i�v�i�t�y� �w�a�s� �n�o�t� �b�e�-� 
�i�n�g� �u�n�d�u�l�y� �i�n�f�l�u�e�n�c�e�d� �b�y� �t�h�e� �r�e�a�c�t�i�o�n� �o�n� �l�e�s�s� �a�c�t�i�v�e� �s�i�t�e�s�.� 

�H�o�f�f�m�a�n� �e�t� �a�l�.� �(�1�4�2�)�,� �w�h�i�l�e� �s�t�u�d�y�i�n�g� �t�h�e� �c�h�e�m�i�s�o�r�p�t�i�o�n� �o�f� �s�e�v�e�r�-� 
�a�l� �h�y�d�r�o�c�a�r�b�o�n�s� �(�e�.�g�.�,� �p�r�o�p�y�l�e�n�e�,� �e�t�h�y�l�e�n�e�,� �p�r�o�p�a�n�e�)� �a�n�d� �m�e�t�h�a�n�e� 
�o�n� �a�c�t�i�v�a�t�e�d� �g�r�a�p�h�o�n�,� �o�b�s�e�r�v�e�d� �t�h�a�t� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �o�f� �e�a�c�h� �h�y�d�r�o�-� 
�c�a�r�b�o�n� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �b�u�r�n�o�f�f� �d�u�e� �t�o� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �a�c�t�i�v�e� �s�u�r�f�a�c�e� 
�a�r�e�a� �A�S�A� �o�f� �t�h�e� �g�r�a�p�h�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e� �A�S�A� �c�o�v�e�r�e�d� �b�y� �t�h�e�s�e� �h�y�-� 
�d�r�o�c�a�r�b�o�n�s� �w�a�s� �m�u�c�h� �l�e�s�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �A�S�A� �c�o�v�e�r�e�d� �b�y� �o�x�y�g�e�n� 
�a�t� �a�l�l� �d�e�g�r�e�e�s� �o�f� �b�u�r�n�o�f�f� �(�T�a�b�l�e� �2�8�)�.� �F�u�r�t�h�e�r�m�o�r�e�,� �p�r�o�p�y�l�e�n�e� �c�o�v�e�r�-� 
�e�d� �a� �l�a�r�g�e�r� �A�S�A� �c�o�m�p�a�r�e�d� �t�o� �e�t�h�y�l�e�n�e� �o�r� �m�e�t�h�a�n�e� �o�r� �n�-�b�u�t�a�n�e�.� �T�h�i�s� 
�m�a�y� �b�e� �a�t�t�r�i�b�u�t�e�d� �p�a�r�t�l�y� �t�o� �t�h�e� �l�a�r�g�e�r� �s�i�z�e� �o�f� �t�h�e�s�e� �h�y�d�r�o�c�a�r�b�o�n� 
�m�o�l�e�c�u�l�e�s�,� �w�h�i�c�h�,� �w�h�e�n� �a�d�s�o�r�b�e�d� �o�n� �a�n� �a�c�t�i�v�e� �s�i�t�e�,� �a�r�e� �l�i�k�e�l�y� �t�o� 
�s�h�i�e�l�d� �s�o�m�e� �o�f� �t�h�e� �n�e�i�g�h�b�o�r�i�n�g� �s�i�t�e�s� �t�o� �m�a�k�e� �t�h�e�m� �u�n�a�v�a�i�l�a�b�l�e� �f�o�r� �a�d�-� 
�s�o�r�p�t�i�o�n�.� �T�h�u�s� �A�S�A� �h�a�s� �a� �m�e�a�n�i�n�g� �o�n�l�y� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �c�h�e�m�i�-� 
�s�o�r�p�t�i�o�n� �o�f� �a� �p�a�r�t�i�c�u�l�a�r� �s�p�e�c�i�e�s�.� �W�h�e�r�e�a�s� �L�a�i�n�e�'�s� �A�S�A� �c�a�n� �m�e�a�s�u�r�e� 
�r�e�a�c�t�i�v�i�t�y� �t�o�w�a�r�d� �o�x�y�g�e�n�,� �i�t� �f�a�i�l�s� �t�o� �m�e�a�s�u�r�e� �t�h�e� �r�e�a�c�t�i�v�i�t�y� �o�f� �t�h�e� 
�g�r�a�p�h�o�n� �t�o�w�a�r�d� �t�h�e�s�e� �h�y�d�r�o�c�a�r�b�o�n�s�.� 

�D�e�n�t�z�e�r� �e�t� �a�l�.� �(�1�4�3�)� �e�x�a�m�i�n�e�d� �t�h�e� �a�d�o�r�p�t�i�o�n� �a�n�d� �d�e�c�o�m�p�o�s�i�t�i�o�n� 
�o�f� �s�i�l�v�e�r� �d�i�a�m�i�n�e� �c�o�m�p�l�e�x�e�s� �f�r�o�m� �a�m�m�o�n�i�a�c�a�l� �s�o�l�u�t�i�o�n�s� �o�n� �a� �g�r�a�p�h�i�t�i�z�-� 
�e�d� �c�a�r�b�o�n� �b�l�a�c�k�,� �V�u�l�c�a�n� �3�,� �a�c�t�i�v�a�t�e�d� �t�o� �d�i�f�f�e�r�e�n�t� �d�e�g�r�e�e�s� �o�f� �b�u�r�n�-� 
�o�f�f�.� �T�h�e�s�e� �w�o�r�k�e�r�s� �o�b�s�e�r�v�e�d� �t�h�a�t� �t�h�e� �a�m�o�u�n�t� �o�f� �s�i�l�v�e�r� �a�d�s�o�r�b�e�d� �i�n�-� 
�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �d�e�g�r�e�e� �o�f� �b�u�r�n�o�f�f�.� �A� �l�i�n�e�a�r� �r�e�l�a�t�i�o�n�s�h�i�p� 
�(�F�i�g�.� �3�7�)� �w�a�s� �o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� �t�h�e� �a�m�o�u�n�t� �o�f� �s�i�l�v�e�r� �a�d�s�o�r�b�e�d� �a�n�d� 
�t�h�e� �A�S�A� �a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �L�a�i�n�e�'�s� �m�e�t�h�o�d�.� �T�h�i�s� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� 
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� � 

� � 

�2�5�2� �/� �C�h�a�p�t�e�r� �4� 

� � 
� � 

�2� �0�.�1�5�}�.� �®� �2�4� �h�r� �e� 

�O�o� �1�h�r� 

�2� 
�o� 

�E� 
�>� �0�.�1�0�}�:� �y� 

�2� �ñ� 
�u�E� �a�]� 

�7�"� �0� �2� 
�U�n� �5� �-�8� �%� 

�L�o�n �� �<� 
�o� �i�s�)� �L�n �� �0�.�0�5� �L�e�e �� 

�a� 

�o�n�)� �a� �a�s� 

�0� �c�s� �L� 
�L� �1� 

�0� �|� �2� �3� �5� 

�A�c�t�i�v�e� �S�u�r�f�a�c�e� �A�r�e�a�,� �m�?�/�g� 

�F�i�g�u�r�e� �3�7� �A�m�o�u�n�t� �o�f� �s�i�l�v�e�r� �a�d�s�o�r�b�e�d� �i�n� �r�e�l�a�t�i�o�n� �t�o� �a�c�t�i�v�e� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �c�a�r�b�o�n�s�.� �[�F�r�o�m� �D�e�n�t�z�e�r� �e�t� �a�l�.� �(�1�4�3�)�.�]� 

�t�h�e� �s�p�e�c�i�f�i�c� �r�e�d�u�c�t�i�v�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�e� �s�i�l�v�e�r� �d�i�a�m�i�n�e� �w�i�t�h� �t�h�e� �c�a�r�b�o�n� �-�a�c�t�i�v�e� 
�o�n� �t�h�e� �a�l�i�v�e� �s�i�t�e�s�.� 

�R�E�F�E�R�E�N�C�E�S� 

�s�i�t�o�s� �p�r�o�d�u�c�i�n�g� �m�e�t�a�l�l�i�c� �s�i�l�v�e�r�,� �w�h�i�c�h� �w�a�s� �c�h�e�m�i�s�o�r�b�e�d� 

�1�.� �L�e�s�l�i�e�,� �J�.�,� �T�i�l�l�o�c�h�'�s� �P�h�i�l�.� �M�a�g�.�,� �1�4�:� �2�0� �(�1�8�0�2�)�.� 
�2�.� �C�h�u�u�s�i�c�k�,� �J�.� �J�.� �a�n�d� �Z�e�t�t�l�e�m�o�y�e�r�,� �A�,� �C�.�,� �A�d�v�.� �C�a�t�a�l�.� �1�1�:� �2�6�3� �(�1�9�5�9�)�.� 
�3�.� �Z�e�t�t�l�e�m�o�y�e�r�,� �A�,� �C�.�,� �I�y�e�n�g�a�r�,� �R�.� �D�.�,� �a�n�d� �S�c�h�e�i�d�t�,� �P�.�,�J�,� �C�o�l�l�o�i�d� �I�n�t�e�r�a�c�e� �S�c�i�.�,� �2�2�:� �1�7�2� �(�1�9�6�6�)�.� �:� �4�,� �W�a�d�e�,� �W�.� �H�.� �a�n�d� �H�u�e�k�e�r�m�a�n�,� �N�o�,� �J�.� �P�h�y�s�.� �C�h�e�m�.�,� �6�4�:� �1�1�9�6� �(�1�9�6�0�)�:� �G�S�:� �1�6�8�1� �(�1�9�6�1�)�,� 

�3�.� �W�a�d�e�,� �W�,� �I�l�,� �l�a�r�m�i�s�h�i�,� �$�.�,� �a�n�d� �D�u�r�h�a�m�,� �J�.� �L�.�,� �J�.� �C�o�l�l�o�i�d� �I�n�t�a�r�f�a�e�e� �S�e�l�.�,� �2�0�:� �8�9�8� �(�1�9�6�6�)�.� 
�W�h�u�l�e�n�,� �J�.� �W�,�,� �J�,� �P�h�y�s�.� �C�h�l�e�m�.�,� �6�5�:� �1�6�7�6� �(�1�9�6�1�)�.� 
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�A�c�t�i�v�e� �C�a�r�b�o�n� �S�u�r�f�a�c�e� �/� �2�5�3� 

�$� �7�.� �R�o�z�o�u�k�,� �R�.� �L�.�,� �N�a�s�h�e�d�,� �S�.� �H�.�,� �a�n�d� �M�o�u�r�a�d�,� �W�.� �E�.�,� �C�a�r�b�o�n�,� 

�2�:� �5�3�9� �(�1�9�6�4�)�.� 

�8�.� �W�a�d�e�,� �W�.� �H�.�,� �J�.� �C�o�l�l�o�i�d� �I�n�t�e�r�f�a�c�e� �S�c�i�.�,� �3�1�:� �1�1�1� �(�1�9�6�9�)�.� 

�9�.� �B�r�u�s�s�e�t�,� �H�.�,� �M�a�r�t�i�n�,� �J�.� �J�.� �P�.�,� �a�n�d� �M�e�n�d�e�l�s�b�a�u�m�,� �H�.� �G�.�,� �B�u�l�l�.� 

�S�o�c�.� �C�h�i�m�.� �F�r�a�n�c�e�,� �7�:� �2�3�4�6� �(�1�9�6�7�)�.� 

�1�0�.� �S�t�o�e�c�k�l�i�,� �H�.� �F�.� �a�n�d� �K�r�a�e�h�e�n�b�u�e�h�l�,� �F�.�,� �C�a�r�b�o�n�,� �1�9�:� �3�5�3� 

�(�1�9�8�2�)�.� 

�1�1�.� �B�a�r�t�o�n�,� �S�.� �S�.�,� �B�o�u�l�t�o�n�,� �G�.� �L�.�,� �a�n�d� �H�a�r�r�i�s�o�n�,� �B�.� �H�.�,� �C�a�r�b�o�n�,� 

�1�0�:� �3�9�1� �(�1�9�7�2�)�.� 

�|� �1�2�.� �B�a�r�t�o�n�,� �S�.� �S�.� �a�n�d� �H�a�r�r�i�s�o�n�,� �B�.� �H�.�,� �C�a�r�b�o�n�,� �1�0�:� �7�4�5� �(�1�9�7�2�)�.� 

�Ñ� �1�3�.� �B�a�r�t�o�n�,� �S�.� �S�.� �a�n�d� �H�a�r�r�i�s�o�n�,� �B�.� �H�.�,� �C�a�r�b�o�n�,� �1�3�:� �4�7� �(�1�9�7�5�)�.� 

�1�4�.� �Z�e�t�t�l�e�m�o�y�e�r�,� �A�.� �C�.� �a�n�d� �C�h�e�s�s�i�c�k�,� �J�.� �J�.�,� �i�n� �A�d�v�a�n�c�e�s� �i�n� 

�C�h�e�m�i�s�t�r�y�,� �N�°�.� �4�3�,� �A�m�e�r�i�c�a�n� �C�h�e�m�i�c�a�l� �S�o�c�i�e�t�y�,� �W�a�s�h�i�n�g�t�o�n� 

�D�.�C�.�,� �1�9�7�4�,� �p�.� �5�8�.� 

�1�5�.� �P�u�r�i�,� �B�.� �R�.�,� �S�i�n�g�h�,� �D�.� �D�.�,� �a�n�d� �S�h�a�r�m�a�,� �L�.� �R�.�,� �J�.� �P�h�y�s�.� 

�C�h�e�m�.�,� �6�2�:� �7�5�6� �(�1�9�5�8�)�.� 

�1�6�.� �P�u�r�i�,� �B�.� �R�.�,� �i�n� �C�h�e�m�i�s�t�r�y� �a�n�d� �P�h�y�s�i�c�s� �o�f� �C�a�r�b�o�n� �P�.� �L�.� �W�a�l�k�e�r�,� 

�J�r�.�,� �E�d�.�,� �M�a�r�c�e�l� �D�e�k�k�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�7�0�.� 

�1�7�.� �Y�o�u�s�s�e�f�,� �A�.� �M�.�,� �C�a�r�b�o�n�,� �1�3�:� �4�4�9� �(�1�9�7�5�)�.� 

�1�8�.� �B�a�n�g�h�a�m�,� �D�.� �H�.� �a�n�d� �R�a�z�o�u�k�,� �R�.� �1�.�,� �P�r�o�c�.� �R�o�y�.� �S�o�c�.� �A�,� �1�6�6�:� 

�5�7�2� �(�1�9�3�8�)�.� 
�1�9�.� �M�a�g�y�s�,� �F�.� �A�.� �P�.� �a�n�d� �R�o�b�i�n�s�,� �G�.� �A�.�,� �i�n� �C�h�a�r�a�c�t�e�r�i�s�a�t�i�o�n� �o�f� 

�P�o�r�o�u�s� �S�o�l�i�d�s�,� �S�.� �J�.� �G�r�e�g�g�,� �K�.� �S�.� �W�.� �S�i�n�g�,� �a�n�d� �H�.� �F�.� �S�t�o�e�c�k�l�i�,� 

�E�d�s�.�,� �S�o�c�.� �o�f� �C�h�e�m�.� �I�n�d�.�,� �1�9�7�9�,� �p�.� �5�9�.� 

�2�0�.� �A�t�k�i�n�s�,� �D�.�,� �M�c�L�e�o�d�,� �A�.� �I�.�,� �S�i�n�g�,� �K�.� �S�.� �W�.�,� �a�n�d� �C�a�p�o�n�,� �A�.�,� 

�C�a�r�b�o�n�,� �2�0�:� �3�3�9� �(�1�9�8�2�)�.� 

�2�1�,� �Z�e�t�t�l�e�m�o�y�e�r�,� �A�.� �C�.�,� �P�e�n�d�l�e�t�o�n�,� �P�.�,� �a�n�d� �M�i�c�a�l�e�,� �E�F�,� �J�,�,� �i�n� 

�A�d�s�o�r�p�t�i�o�n� �f�r�o�m� �S�o�l�u�t�i�o�n�,� �R�.� �H�.� �O�t�t�e�w�l�l�l�,� �C�.� �H�.� �R�o�c�h�e�s�t�e�r�,� �a�n�d� 

�A�.� �L�.� �S�m�i�t�h�,� �E�d�s�.�,� �A�c�a�d�e�m�i�e� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�8�3�,� �p�,� �1�1�3�.� 

�2�2�.� �H�a�g�i�w�a�r�a�,� �S�.�,� �T�s�u�t�s�u�m�i�,� �K�.�,� �a�n�d� �T�a�k�a�h�a�s�h�i�,� �H�.�,� �C�a�r�b�o�n�,� �1�9�:� 

�1�0�7� �(�1�9�8�1�)�.� 

�2�3�.� �H�a�g�i�w�a�r�a�,� �S�.�,� �T�s�u�t�s�u�m�i�,� �K�.�,� �a�n�d� �T�a�k�a�h�a�s�h�i�,� �H�.�,� �C�a�r�b�o�n�,� �9�:� 

�6�9�3� �(�1�9�7�1�)�.� �|� 

�2�4�,� �H�a�g�i�w�a�r�a�,� �S�.�,� �T�s�u�t�s�u�m�i�,� �K�.�,� �a�n�d� �T�a�k�a�h�a�s�h�i�,� �H�.�,� �N�i�p�p�o�n� 

�K�a�g�a�k�u� �K�a�i�s�h�i�,� �8�:� �1�3�6�9� �(�1�9�7�3�)�.� 

�2�5�.�  ��e�t�t�l�e�a�m�o�y�e�r�,� �A�.� �C�.�,� �I�n�d�.� �E�n�g�.� �C�h�e�m�.�,� �5�7�:� �2�7� �(�1�9�6�5�)�.� 

�2�6�.� �B�l�o�e�c�k�l�l�,� �H�.� �F�.�,� �K�r�a�c�h�e�n�b�u�h�l�,� �F�.�,� �a�n�d� �M�o�r�e�l�,� �D�.�,� �C�a�r�b�o�n�,� �2�1�:� 

�5�8�9� �(�1�9�8�3�)�.� 

�2�7�.� �D�u�b�i�n�i�n�,� �M�.� �M�.�,� �i�n� �P�r�o�g�r�e�s�s� �i�n� �S�u�r�f�a�c�e� �a�n�d� �M�e�m�b�r�a�n�e� �S�e�r�v�i�c�e�,� 

�V�o�l�.� �9�,� �D�.� �A�.� �C�a�d�e�n�h�e�a�d�,� �E�d�.�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� 

�1�9�7�5�,� �p�p�.� �1 ��7�0�.� 

�2�8�.� �R�a�d�e�k�e�,� �K�.� �H�.�,� �C�a�r�b�o�n�,� �2�2�:� �4�7�3� �(�1�9�8�4�)�.� 

�2�9�.� �S�t�o�e�c�k�l�i�,� �H�.� �F�.� �a�n�d� �K�r�a�e�h�e�n�b�u�e�l�,� �F�.�,� �C�a�r�b�o�n�,� �2�2�:� �2�9�7� �(�1�9�8�4�)�.� 

�3�0�.� �K�r�n�e�h�e�n�b�u�e�h�l�,� �F�.�,� �P�h�.�D�.� �d�i�s�s�e�r�s�t�i�o�n�,� �U�n�i�v�e�r�s�i�t�y� �o�f� �N�e�u�w�h�a�t�e�l�,� 

�1�9�8�3�.� � � 
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� � 

�2�5�4� �/� �C�h�a�p�t�e�r� �4� 

�3�1�.� 

�3�2�.� 

�3�3�.� 

�3�4�.� 

�3�5�.� 

�3�6�.� 

�3�7�,� 
�3�8�.� 
�3�9�.� 

�4�0�.� 
�4�1�.� 
�4�2�.� 

�4�3�.� 

�4�4�,� 

�4�5�.� 

�4�6�.� 

�4�7�.� 

�4�8�.� 

�4�9�.� 

�5�0�.� 

�5�1�.� 

�5�2�.� 

�5�3�,� 
�9�4�.� 

�S�t�o�e�c�k�l�i�,� �H�.� �F�.�,� �K�r�a�e�h�e�n�b�u�e�h�l�,� �F�.�,� �L�a�v�a�n�c�h�y�,� �A�.�,� �a�n�d� �H�u�b�e�r�,� 
�U�.�,� �J�.� �C�h�e�m�.� �P�h�y�s�.�,� �8�1�:� �7�8�5� �(�1�9�8�4�)�.� 
�B�a�r�t�o�n�,� �S�.� �S�.�,� �E�v�a�n�s�,� �M�.� �J�.� �B�.�,� �H�o�l�l�a�n�d�,� �J�.�,� �a�n�d� �K�o�r�e�s�h�,� 
�J�.� �E�.�,� �C�a�r�b�o�n�,� �2�2�:� �2�6�5� �(�1�9�8�4�)�.� 
�S�t�o�e�c�k�l�i�,� �H�.� �F�.�,� �P�e�r�r�e�t�,� �A�.�,� �a�n�d� �M�e�n�a�,� �P�.�,� �C�a�r�b�o�n�,� �1�8�:� �4�4�3� 
�(�1�9�8�0�)�.� 
�P�i�e�r�c�e�,� �C�.� �a�n�d� �S�m�i�t�h�,� �R�.� �N�.�,� �J�.� �P�h�y�s�.� �C�o�l�l�o�i�d� �C�h�e�m�.�,� �5�4�:� 
�7�8�4� �(�1�9�5�0�)�.� 
�P�i�e�r�c�e�,� �C�.�,� �S�m�i�t�h�,� �R�.� �N�.�,� �W�i�l�e�y�,� �J�.� �K�.�,� �a�n�d� �C�o�r�d�e�r�,� �H�.� �J�.� 
�A�m�.� �C�h�e�m�.� �S�o�c�.�,� �7�3�:� �4�5�5�1� �(�1�9�5�1�)�.� 
�D�u�b�i�n�i�n�,� �M�.� �M�.�,� �Z�a�v�e�r�i�n�a�,� �E�.� �D�.�,� �a�n�d� �S�e�r�p�i�n�s�k�i�,� �V�.� �V�.�,� �J�.� 
�C�h�e�m�.� �S�o�c�.�,� �1�7�6�0� �(�1�9�5�5�)�.� 
�D�u�b�i�n�i�n�,� �M�.� �M�.�,� �C�a�r�b�o�n�,� �1�8�:� �3�5�5� �(�1�9�8�0�)�.� 
�D�u�b�i�n�i�n�,� �M�.� �M�.� �a�n�d� �S�e�r�p�i�n�s�k�i�,� �V�.� �V�.�,� �C�a�r�b�o�n�,� �1�9�:� �4�0�2� �(�1�9�8�1�)�.� 
�P�u�r�i�,� �B�.� �R�.�,� �M�u�r�a�r�i�,� �K�.�,� �a�n�d� �S�i�n�g�h�,� �D�.� �D�.�,� �J�.� �P�h�y�s�.� �C�h�e�m�.�,� 
�6�5�:� �3�7� �(�1�9�6�1�)�.� 
�P�u�r�i�,� �B�.� �R�.�,� �C�a�r�b�o�n�,� �4�:� �3�9�1� �(�1�9�6�6�)�.� 
�Y�o�u�s�s�e�f�,� �A�.� �M�.�,� �C�a�r�b�o�n�,� �1�2�:� �4�3�3� �(�1�9�7�4�)�.� 

�Y�o�u�s�s�e�f�,� �A�.� �M�.�,� �G�h�a�z�y�,� �T�.� �M�.�,� �a�n�d� �N�a�b�a�r�a�w�y�,� �T�.� �E�l�,� �C�a�r�b�o�n�,� 

�2�0�:� �1�1�3� �(�1�9�8�2�)�.� 
�W�i�i�g�,� �E�.� �O�.� �a�n�d� �J�u�h�o�l�a�,� �A�.� �J�.�,� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.�,� �7�1�:� �5�6�1� 
�(�1�9�4�9�)�.� 
�J�u�h�o�l�a�,� �A�.� �J�.� �a�n�d� �W�i�i�g�,� �E�.� �O�.�,� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.�,� �7�1�:� �2�0�6�9� 
�(�1�9�4�9�)�.� 
�J�u�h�o�l�a�,� �A�.� �J�.� �a�n�d� �S�m�i�t�h�,� �S�.� �B�.�,� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.�,� �7�4�:� �6�1� 
�(�1�9�5�2�)�.� 
�M�c�D�e�r�m�o�t�,� �H�.� �L�.� �a�n�d� �A�r�n�e�l�l�,� �A�.� �C�.�,� �J�.� �P�h�y�s�.� �C�h�e�m�.�,� �5�8�:� 
�4�9�2� �(�1�9�5�4�)�.� 
�K�i�s�e�l�e�v�,� �A�.� �V�.� �a�n�d� �K�o�v�a�l�e�v�a�,� �N�.� �V�.�,� �Z�h�.� �F�i�z�.� �K�h�i�m�.� �3�0�:� �2�7�7�5� 
�(�1�9�5�6�)�.� 
�A�v�g�u�l�,� �N�.� �N�.�,� �D�z�h�i�g�i�t�,� �D�.� �M�.�,� �K�i�s�é�l�e�v�,� �A�.� �V�.�,� �a�n�d� �S�c�h�e�r�b�a�k�-� 
�o�v�a�,� �K�.� �D�.�,� �D�o�k�l�.� �A�k�a�d�.� �N�a�u�k�.� �S�S�S�R�,� �9�2�:� �1�0�5� �(�1�9�5�3�)�.� 
�A�v�g�u�l�,� �N�.� �N�.�,� �D�z�h�i�g�i�t�,� �O�.� �M�.�,� �K�i�s�e�l�e�v�,� �A�.� �V�.�;� �a�n�d� �S�c�h�e�r�b�a�k�-� 
�o�v�a�,� �K�.� �D�.�,� �D�o�k�l�.� �A�k�a�d�.� �N�a�u�k�.� �S�S�S�R�,� �1�0�1�:� �2�8�5� �(�1�9�5�5�)�.� 
�B�a�n�s�a�l�,� �R�.� �C�.�,� �D�h�a�m�i�,� �T�.� �L�.�,� �a�n�d� �P�a�r�k�a�s�h�,� �S�.�,� �C�a�r�b�o�n�,� �1�6�:� 
�3�8�9� �(�1�9�7�8�)�.� 
�D�u�b�i�n�i�n�,� �M�.� �M�.�,� �i�n� �C�h�e�m�i�s�t�r�y� �a�n�d� �P�h�y�s�i�c�s� �o�f� �C�a�r�b�o�n�,� �V�o�l�.� �2�,� 
�P�.� �L�.� �W�a�l�k�e�r�,� �J�r�.�,� �E�d�.�,� �M�a�r�c�e�l� �D�e�k�k�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�6�6�,� 
�p�p�.� �5�1�-�1�2�0�.� 
�M�a�r�s�h�,� �H�.� �a�n�d� �R�a�n�d�,� �B�.�,� �J�.� �C�o�l�l�o�i�d� �I�n�t�e�r�f�a�c�e� �S�c�i�.�,� �3�3�:� �1�0�1� 
�(�1�9�7�0�)�.� 
�D�u�b�i�n�i�n�,� �M�.� �M�.�,� �Z�h�.� �F�i�z�.� �K�h�i�m�.�,� �3�9�:� �1�3�0�5� �(�1�9�6�5�)�.� 
�Z�u�k�a�l�,� �A�.� �a�n�d� �K�a�d�l�e�c�,� �O�.�,� �C�o�l�l�e�c�t�.� �C�.� �Z�e�c�h� �C�h�e�m�.� �C�o�m�m�u�n�.�,� 

�3�8�:� �3�2�1� �(�1�9�7�3�)�.� 
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� � 
� � 

�5�5�.� 
�5�6�.� 
�5�7�.� 

�5�8�.� 

�5�9�,� 

�6�0�.� 

�6�1�.� 

�6�2�.� 

�6�3�.� 
�6�4�.� 
�6�5�.� 

�6�6�.� 

�6�7�.� 

�6�8�.� 

�6�9�.� 

�7�0�.� 

�7�1�.� 
�7�2�.� 

�7�3�.� 

�7�4�.� 

�7�5�.� 

�7�6�.� 

�7�7�.� 

�A�c�t�i�v�e� �C�a�r�b�o�n� �S�u�r�f�a�c�e� �/� �2�5�5� 

�K�a�d�l�e�c�,� �O�.�,� �C�h�e�m�.� �Z�v�e�s�t�i� �(�C�h�e�m�.� �P�a�p�e�r�s�)�,� �2�9�:� �6�6�0� �(�1�9�7�5�)�.� 
�R�o�z�w�a�d�o�w�s�k�i�,� �M�.� �a�n�d� �W�o�j�s�z�,� �R�.�,� �C�a�r�b�o�n�,� �1�9�:� �3�8�3� �(�1�9�8�1�)�.� 
�R�o�z�w�a�d�o�w�s�k�i�,� �M�.�,� �S�i�e�d�l�o�w�s�k�i�,� �J�.�,� �a�n�d� �W�o�j�s�z�,� �R�.�,� �C�a�r�b�o�n�,� �1�7�:� 
�4�1�1� �(�1�9�7�9�)�.� 
�W�o�l�f�f�,� �H�.�,� �i�n� �T�h�e� �H�y�d�r�o�g�e�n� �B�o�n�d�,� �V�o�l�.� �3�,� �N�o�r�t�h�-�H�o�l�l�a�n�d�,� 

�A�m�s�t�e�r�d�a�m�,� �1�9�7�6�,� �p�.� �1�2�2�5�.� 

�W�o�l�f�f�,� �H�.� �a�n�d� �L�a�n�d�e�c�k�,� �H�.�,� �B�e�r�.� �B�u�n�s�e�n�g�e�s�.� �P�h�y�s�.� �C�h�e�m�.�,� 
�8�1�:� �1�0�5�4� �(�1�9�7�7�)�.� 
�D�a�c�e�y�,� �J�.� �R�.� �a�n�d� �T�h�o�m�a�s�,� �D�.� �G�.�,� �T�r�a�n�s�.� �F�a�r�a�d�a�y� �S�o�c�.�,� �5�0�:� 
�7�4�0� �(�1�9�5�4�)�.� 
�W�a�l�k�e�r�,� �P�.� �L�.�,� �J�r�.�,� �A�u�s�t�i�n�,� �L�.� �G�.�,� �a�n�d� �N�a�n�d�i�,� �S�.� �P�.�,� �i�n� 
�C�h�e�m�i�s�t�r�y� �a�n�d� �P�h�y�s�i�c�s� �o�f� �C�a�r�b�o�n�,� �V�o�l�.� �2�,� �P�.� �L�.� �W�a�l�k�e�r�,� �J�r�.�,� 
�E�d�.�,� �M�a�r�c�e�l� �D�e�k�k�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�6�6�,� �p�p�.� �2�5�7�-�3�7�1�.� 
�W�a�l�k�e�r�,� �P�.� �L�.�,� �J�r�.�,� �L�a�m�o�n�d�,� �T�.� �G�.�,� �a�n�d� �M�e�t�c�a�l�f�e�,� �J�.� �E�.�,� �i�n� 
�2�n�d� �C�o�n�f�.� �I�n�d�.� �C�a�r�b�o�n� �a�n�d� �G�r�a�p�h�i�t�e�,� �L�o�n�d�o�n�,� �1�9�6�5�,� �p�.� �7�.� 
�B�a�n�s�a�l�,� �R�.� �C�.� �a�n�d� �D�h�a�m�i�,� �T�.� �L�.�,� �C�a�r�b�o�n�,� �1�8�:� �1�3�7� �(�1�9�8�0�)�.� 
�B�a�n�s�a�l�,� �R�.� �C�.� �a�n�d� �D�h�a�m�i�,� �T�.� �L�.�,� �C�a�r�b�o�n�,� �1�8�:� �2�9�7� �(�1�9�8�0�)�.� 
�B�a�n�s�a�l�,� �R�.� �C�.� �a�n�d� �D�h�a�m�i�,� �T�.� �L�.�,� �I�n�d�i�a�n� �J�.� �T�e�c�h�.�,� �2�3�:� �9�2� 

�(�1�9�8�5�)�.� 
�B�a�n�s�a�l�,� �R�.� �C�.� �a�n�d� �D�h�a�m�i�,� �T�.� �L�.�,� �i�n� �F�i�r�s�t� �I�n�d�i�a�n� �C�o�n�f�.� �C�a�r�b�o�n�,� 
�D�e�c�e�m�b�e�r� �1�9�8�2�,� �P�r�o�c�.� �I�n�d�i�a�n� �C�a�r�b�o�n� �S�o�c�.� �P�u�b�l�.� 
�B�a�n�s�a�l�,� �R�.� �C�.�,� �P�a�r�k�a�s�h�,� �S�.�,� �a�n�d� �D�h�a�m�i�,� �T�.� �L�.�,� �I�n�d�i�a�n� �J�.� 
�C�h�e�m�.�,� �1�9�A�:� �1�1�1�6� �(�1�9�8�0�)�.� 
�A�i�n�s�c�o�u�g�h�,� �A�.� �N�.�,� �D�o�l�l�i�m�o�r�e�,� �D�.�,� �a�n�d� �H�e�a�l�,� �G�.� �R�.�,� �C�a�r�b�o�n�,� 

�1�1�:� �1�8�9� �(�1�9�7�3�)�.� 
�P�u�r�i�,� �B�.� �R�.�,� �K�a�i�s�t�h�a�,� �B�.� �C�.�,� �V�a�r�d�h�a�n�,� �Y�.�,� �a�n�d� �M�a�h�a�j�a�n�,� 
�O�.� �P�.�,� �C�a�r�b�o�n�,� �1�1�:� �3�2�9� �(�1�9�7�3�)�.� 
�F�r�e�u�n�d�l�i�c�h�,� �H�.� �a�n�d� �H�e�l�l�e�r�,� �W�.�,� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.�,� �6�1�:� �2�2�8� 
�(�1�9�3�9�)�.� 
�K�i�p�l�i�n�g�,� �J�.� �J�.�,� �J�.� �C�h�e�m�.� �S�o�c�.�,� �1�8�3�9�:� �1�4�8�3�.� 
�K�i�p�l�i�n�g�,� �J�.� �J�.�,� �A�d�s�o�r�p�t�i�o�n� �f�r�o�m� �S�o�l�u�t�i�o�n�s� �o�f� �N�o�n�e�l�e�c�t�r�o�l�y�t�e�s�,� 
�A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�6�5�.� 

�M�a�t�t�s�o�n�,� �J�.� �S�.� �a�n�d� �M�a�r�k�,� �H�.� �B�.�,� �J�r�.�,� �A�c�t�i�v�a�t�e�d� �C�a�r�b�o�n�:� 

�S�u�r�f�a�c�e� �C�h�e�m�i�s�t�r�y� �a�n�d� �A�d�s�o�r�p�t�i�o�n� �f�r�o�m� �S�o�l�u�t�i�o�n�,� �M�a�r�c�e�l� �D�e�k�k�e�r�,� 
�N�e�w� �Y�o�r�k�,� �1�9�7�1�.� 

�S�u�f�f�e�t�,� �I�.� �H�.� �a�n�d� �M�c�G�u�i�r�e�,� �M�.� �J�.�,� �A�c�t�i�v�a�t�e�d� �C�a�r�b�o�n� �A�d�s�o�r�p�-� 
�t�i�o�n�,� �V�o�l�s�.� �I�,� �1�1�,� �A�n�n� �A�r�b�o�r� �S�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� �A�n�n� �A�r�b�o�r�,� 
�M�i�c�h�.�,� �1�9�8�1�.� 
�O�t�t�e�w�i�l�l�,� �R�.� �H�.�,� �R�o�c�h�e�s�t�e�r�,� �C�.� �H�.�,� �a�n�d� �S�m�i�t�h�,� �A�.� �L�.�,� �E�d�s�.�,� 
�A�d�s�o�r�p�t�i�o�n� �f�r�o�m� �S�o�l�u�t�i�o�n�s�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�8�3�.� 
�L�e�m�e�i�u�r�,� �R�.� �U�.� �a�n�d� �M�o�r�r�i�s�o�n�,� �J�.� �L�.�,� �C�a�n�,� �J�.� �R�e�s�.�,� �2�5� �B�:� 
�4�4�0� �(�1�9�4�7�)�.� 
�A�r�o�r�a�,� �V�.� �M�.�,� �P�h�.�D�.� �d�i�s�s�e�r�t�a�t�i�o�n�,� �P�a�n�j�a�b� �U�n�i�v�e�r�s�i�t�y�,� �C�h�a�n�d�i�g�a�r�h�,� 
�1�9�7�7�.� 
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�9�5�.� 

�9�6�.� 

�9�7�.� 

�9�8�.� 

�/� �C�h�a�p�t�e�r� �4� 

�P�u�r�i�,� �B�.� �R�.�,� �i�n� �A�c�t�i�v�a�t�e�d� �C�a�r�b�o�n� �A�d�s�o�r�p�t�i�o�n�,� �I�.� �H�.� �S�u�f�f�e�t� 
�a�n�d� �M�.� �J�.� �M�c�G�u�i�r�e�,� �E�d�s�.�,� �A�n�n� �A�r�b�o�r� �S�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� 
�A�n�n� �A�r�b�o�r�,� �M�i�c�h�.�,� �1�9�8�1�,� �p�.� �3�5�3�.� 
�S�m�i�t�h�,� �H�.� �A�.� �a�n�d� �H�u�r�l�e�y�,� �R�.� �B�.�,� �J�.� �P�h�y�s�.� �C�o�l�l�o�i�d� �C�h�e�m�.� �5�3�:� 
�1�4�0�9� �(�1�9�4�9�)�.� 
�G�r�a�h�a�m�,� �D�.�,� �J�.� �P�h�y�s�.� �C�h�e�m�.� �5�9�:� �8�9�6� �(�1�9�5�5�)�.� 
�M�a�r�s�h�,� �H�.� �a�n�d� �C�a�m�p�b�e�l�l�,� �H�.� �G�.�,� �C�a�r�b�o�n�,� �9�:� �4�8�9� �(�1�9�7�1�)�.� 
�P�u�r�i�,� �B�.� �R�.�,� �G�u�p�t�a�,� �M�.�,� �a�n�d� �S�i�n�g�h�,� �D�.� �D�.�,� �J�.� �I�n�d�i�a�n� �C�h�e�m�.� 
�S�o�c�.�,� �5�2�:� �2�6� �(�1�9�7�5�)�.� 
�C�o�u�g�h�l�i�n�,� �R�.� �W�.�,� �E�z�r�a�,� �F�.� �S�.�,� �a�n�d� �T�a�n�,� �R�.� �N�.�,� �J�.� �C�o�l�l�o�i�d� 
�I�n�t�e�r�f�a�c�e� �S�c�i�.�,� �2�8�:� �3�8�6� �(�1�9�6�8�)�.� 
�W�a�l�k�e�r�,� �P�.� �L�.�,� �J�r�.�,� �a�n�d� �J�a�n�o�v�,� �J�.�,� �i�n� �H�y�d�r�o�p�h�o�b�i�c� �S�u�r�f�a�c�e�s�,� 
�F�.� �M�.� �F�o�w�k�e�s�,� �E�d�.�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�6�9�,� �p�.� �1�0�7�.� 
�M�a�t�t�s�o�n�,� �J�.� �S�.�,� �M�a�r�k�,� �H�.� �B�.�,� �J�r�.�,� �M�a�l�b�i�n�,� �M�.� �D�.�,� �W�e�b�e�r�,� �W�.� �J�.�,� 
�a�n�d� �C�r�i�t�t�e�n�d�e�n�,� �J�.� �C�.�,� �J�.� �C�o�l�l�o�i�d� �I�n�t�e�r�f�a�c�e� �S�c�i�.�,� �3�1�:� �1�1�6� 
�(�1�9�6�9�)�.� 
�O�d�a�,� �H�.�,� �K�i�s�h�i�d�a�,� �M�.�,� �a�n�d� �Y�o�k�o�k�a�w�a�,� �C�.�,� �C�a�r�b�o�n�,� �1�9�:� �2�4�3� 
�(�1�9�8�1�)�.� 
�F�u�r�d�e�n�e�g�g�,� �G�.� �H�.�,� �K�o�c�h�,� �C�.�,� �a�n�d� �L�i�p�h�a�r�d�,� �M�.�,� �i�n� �A�d�s�o�r�p�t�i�o�n� 
�f�r�o�m� �S�o�l�u�t�i�o�n�s�,� �R�.� �H�,� �O�t�t�e�w�i�l�l�,� �C�.� �H�.� �R�o�c�h�e�s�t�e�r�,� �a�n�d� �A�.� �L�.� 
�S�m�i�t�h�,� �E�d�s�.�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�8�3�,� �p�p�.� �8�7�.� 
�P�a�r�k�a�s�h�,� �S�.�,� �C�a�r�b�o�n�,� �1�2�:� �4�8�3� �(�1�9�7�4�)�.� 
�T�a�m�a�m�u�s�h�,� �B�.�,� �i�n� �A�d�s�o�r�p�t�i�o�n� �f�r�o�m� �S�o�l�u�t�i�o�n�s�,� �R�.� �H�.� �O�t�t�e�w�i�l�l�,� 
�C�.� �H�.� �R�o�c�h�e�s�t�e�r�,� �a�n�d� �A�.� �L�.� �S�m�i�t�h�,� �E�d�s�.�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� 
�N�e�w� �Y�o�r�k�,� �1�9�8�3�,� �p�.� �7�9�.� 
�T�a�m�a�m�u�s�h�,� �B�.� �a�n�d� �T�a�m�a�k�i�,� �K�.�,� �i�n� �P�r�o�c�.� �2�n�d� �I�n�t�.� �C�o�n�g�.� 
�S�u�r�f�a�c�e� �A�c�t�i�v�i�t�y� �1�9�5�7�,� �V�o�l�.� �3�,� �B�u�t�t�e�r�w�o�r�t�h�,� �L�o�n�d�o�n�,� �1�9�5�9�,� 

�p�.� �4�4�9�.� 
�T�a�m�a�m�u�s�h�i�,� �B�.� �a�n�d� �T�a�m�a�k�i�,� �K�.�,� �T�r�a�n�s�.� �F�a�r�a�d�a�y� �S�o�c�.�,� �5�5�:� 
�1�0�0�7� �(�1�9�5�9�)�.� 
�E�d�a�,� �K�.�,� �J�.� �C�h�e�m�.� �S�o�c�.� �(�J�a�p�a�n�)�,� �8�0�:� �3�4�3�,� �3�4�7�,� �3�4�9�,� �4�6�1�,� 
�4�6�5�,� �7�0�8� �(�1�9�6�0�)�.� 
�Y�a�m�a�d�a�,� �H�.�,� �F�u�k�u�m�u�r�a�,� �K�.�,� �a�n�d� �T�a�m�a�m�u�s�h�i�,� �B�.�,� �B�u�l�l�.� �C�h�e�m�.� 
�S�o�c�.� �J�a�p�a�n�,� �5�3�:� �3�0�5�4� �(�1�9�8�0�)�.� 

�C�a�p�e�l�l�e�,� �A�.�,� �i�n� �A�c�t�i�v�a�t�e�d� �C�a�r�b�o�n�:� �A� �F�a�s�c�i�n�a�t�i�n�g� �M�a�t�e�r�i�a�l�,� 
�A�.� �C�a�p�e�l�l�e� �a�n�d� �F�.� �d�e�V�o�o�y�s�,� �E�d�s�.�,� �N�o�r�i�t� �N�.� �V�.�,� �N�e�t�h�e�r�l�a�n�d�s�,� 
�1�9�8�3�,� �p�.� �1�9�1�.� 
�K�i�p�l�i�n�g�,� �J�.� �J�.� �a�n�d� �T�e�s�t�e�r�,� �D�.� �A�.�,� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.�,� �1�9�2�2�:� 
�4�1�2�3�.� 
�H�a�n�s�e�n�,� �R�.� �S�.� �a�n�d� �F�a�c�k�l�e�r�,� �W�.� �V�.�,� �J�r�.�,� �J�.� �P�h�y�s�.� �C�h�e�m�.�,� �5�7�:� 
�6�3�4�6� �(�1�9�5�3�)�.� 
�M�a�n�e�s�,� �M�.� �a�n�d� �H�o�f�f�e�r�,� �L�.� �J�.� �E�.�,� �J�.� �P�h�y�s�.� �C�h�e�m�.�,� �7�3�:� �5�8�4� 
�(�1�9�6�9�)�.� 
�W�o�h�l�e�b�e�r�,� �D�.� �A�.� �a�n�d� �M�a�n�e�s�,� �M�.�,� �J�.� �P�h�y�s�.� �C�h�e�m�.�,� �7�5�:� �6�1� 

�(�1�9�7�1�)�.� 
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�1�1�0�.� 
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�1�1�2�.� 

�1�1�3�.� 

�1�1�4�.� 

�1�1�5�.� 

�1�1�6�.� 

�1�1�7�.� 

�1�1�8�.� 
�1�1�9�.� 

�1�2�0�.� 
�1�2�1�.� 

�1�2�2�.� 

�1�2�3�.� 

�1�2�4�.� 

�A�c�t�i�v�e� �C�a�r�b�o�n� �S�u�r�f�a�c�e� �/� �2�5�7� 

�W�o�h�l�e�r�,� �D�.� �A�.� �a�n�d� �M�a�n�e�s�,� �M�.�,� �J�.� �P�h�y�s�.� �C�h�e�m�.�,� �7�5�:� �3�7�2�0� 

�(�1�9�7�1�)�.� 
�C�h�i�o�n�,� �C�.� �C�.� �T�.� �a�n�d� �M�a�n�e�s�,� �M�.�,� �J�.� �P�h�y�s�.� �C�h�e�m�.�,� �7�7�:� �8�1�1� 

�(�1�9�7�3�)�.� 
�S�c�h�e�n�z�,� �T�.� �W�.� �a�n�d� �M�a�n�e�s�,� �M�.�,� �J�.� �P�h�y�s�.� �C�h�e�m�.�,� �7�9�:� �6�0�4� 

�(�1�9�7�5�)�.� 

�R�o�s�e�n�,� �M�.� �R�.� �a�n�d� �M�a�n�e�s�,� �M�.�,� �J�.� �P�h�y�s�.� �C�h�e�m�.�,� �8�0�:� �9�5�3� 

�(�1�9�7�6�)�.� 
�E�v�e�r�e�t�t�,� �D�.� �H�.�,� �T�r�a�n�s�.� �F�a�r�a�d�a�y� �S�o�c�.�,� �6�0�:� �1�8�0�3� �(�1�9�6�4�)�.� 

�E�v�e�r�e�t�t�,� �D�.� �H�.�,� �T�r�a�n�s�.� �F�a�r�a�d�a�y� �S�o�c�.�,� �6�1�:� �2�4�7�8� �(�1�9�6�5�)�.� 

�A�s�h�,� �S�.� �G�.�,� �E�v�e�r�e�t�t�,� �D�.� �H�.�,� �a�n�d� �F�i�n�d�e�n�e�g�g�,� �G�.� �H�.�,� �T�r�a�n�s�.� 

�F�a�r�a�d�a�y� �S�o�c�.�,� �6�4�:� �2�6�3�9� �(�1�9�6�8�)�.� 

�A�s�h�,� �S�.� �G�.�,� �B�r�o�w�n�,� �R�.�,� �a�n�d� �E�v�e�r�e�t�t�,� �D�.� �H�.�,� �J�.� �C�h�e�m�.� 

�T�h�e�r�m�o�d�y�n�.� �5�:� �2�3�9� �(�1�9�7�3�)�.� 

�A�s�h�,� �S�.� �G�.�,� �B�r�o�w�n�,� �R�.�,� �a�n�d� �E�v�e�r�e�t�t�,� �D�.� �H�.�,� �T�r�a�n�s�.� �F�a�r�a�d�a�y� 

�S�o�c�.�,� �7�0�:� �1�2�3� �(�1�9�7�4�)�.� 

�E�v�e�r�e�t�t�,� �D�.� �H�.�,� �i�n� �A�d�s�o�r�p�t�i�o�n� �f�r�o�m� �S�o�l�u�t�i�o�n�s�,� �R�.� �H�.� �O�t�t�e�w�i�l�l�,� 
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5 

Surface Modification of Carbons 

Carbons are almost invariably associated with appreciable amounts of 
oxygen. The oxygen is chemisorbed even on mere exposure to air or 
oxygen preferably at 400- 500°C. The oxygen is fixed firmly and 
comes off only as oxides of carbon on high-temperature heat treat­
ment in vacuum or in an inert atmosphere. Similarly, it is well known 
that all microcrystalline carbons contain chemically bonded ):1ydrogen, 
the amount depending on the history of its formation. The hydrogen 
is held so firmly that it is not given off completely even on outgas­
sing at 1200°C. These carbons can also fix nitrogen on treatment 
with ammonia; sulfur on treatment with hydrogen sulfide, carbon di­
sulfide, or sulfur; chlorine on treatment with the gas; and bromine 
on treatment in the gaseous or solution phase . These treatments 
give rise to stable carbon-nitrogen, carbon-sulfur, carbon-chlorine, 
or carbon-bromine surface structures (surface compounds) respec­
tively. There is also evidence that the carbons can adsorb certain 
molecular species such as phenols, amines, nitrobenzene, surfact­
ants, and several other cationic species. 

X- ray diffraction studies have shown that these heteroatoms or 
molecular species (I.re bonded or retained at the edges and corners of 
the aromatic sheets or to carbon atoms in defect positions of the 
aromatic sheets, or they can be incorporated within the carbon layer, 
forming heterocyclic ring systems. These carbon atoms have un­
saturated valencies and have a tendency to reduce their potential 
energy by forming bonds with these heteroatoms. Since these edges 
constitute the main adsorbing surface, the presence of these hetero­
atoms or molecular species is expected to modify the surface charac­
teristics and surface behavior of these carbons. Similar surface 
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compounds in carbon blacks determine their application in the rub­
ber, plastic, and paint industries and they determine the lubricating 
properties in graphites as well as their use as moderators in atomic 
reactors. In the case of carbon fibers these very surface compounds 
determine their adhesion to plastic matrices and consequently determine 
their use in composites. 

5.1 MODIFICATION OF CARBONS BY OXIDAT .ION 

Carbons are always associated with varying amounts of chemisorbed 
oxygen unless special care is taken to eliminate it. In fact this com­
bined oxygen has often been found to be the source of the property 
by which a carbon becomes useful or effective in certain respects. 
Carbons also have a great tendency to extend this layer of bonded 
oxygen by chemisorbing oxygen, and many of their reactions arise 
because of this tendency. For example, carbons are capable of de­
composing oxidizing gases such as ozone (1-4), oxides of nitrogen 
( 5, 6) chemisorbing oxygen in each case. They also decompose aq ue ­
ous solutions of silver salts (7), halogens (8-10), ferric chloride 
( 11), potassium and ammonium persulfates ( 12-13), sodium hypo­
chlorite ( 14, 15), . potassium permanganate (16, 17), potassium dichrom­
ate (17), sodium thiosulfate (18), hydrogen peroxide (19,20), and 
nitric acid (17,21,22). In each case there is chemisorption of oxygen 
and a buildup of the oxide layer on the carbon surface. 

Carbons can also be oxidized by heat treatment in air, carbon 
dioxide, or oxygen. The nature and the amount or surface oxides 
formed on treatment with oxygen depends on the nature of the car­
bon and the history of its formation, Hs surface area, and the tem­
perature of treatment. The reaction of carbons with oxygen can pro­
ceed in several ways depending on the temperature at which the re­
action is carried out: 

C + 0 - > C(O) formation of oxygen surface compound 
surface compound 

C + 0 - > CO + CO
2 

g·asification 

C(O) - > CO + CO
2 

decomposition of surface compound 

At temperatures below 400°C, the chemisorption of oxygen and for­
mation of the carbon-oxygen surface compounds dominate, .whereas 
at temperatures above 400°C, the decomposition of the surface com­
pounds and the gasification of the carbon are the dominating re­
actions. In case of oxidative treatments in solutions, the major re­
action is the formation of the surface compounds, although some 
gasification may also occur depending on the strength of the oxida­
tive treatment and the severity of the experimental conditions. The 
formation of the surface oxygen compounds using various types of 
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carbon and using different oxidative treatments in gaseous and 
liquid phases has been studied by a large number of investigators 
and has been well reviewed (23-25). Thus we do not discuss this 
aspect in detail, but merely say that carbons have a tendency to 
pick up oxygen at least to some extent under all conditions when in 
contact with an oxidative reagent. 

As mentioned earlier, the oxygen in carbons is present at sites 
which are generally responsible for their adsorption characteristics, 
surface reactions, and surface behavior. Thus its presence will 
greatly modify the surface properties of carbons. In fact it is as­
sumed that most of the properties of carbons are the properties of 
these oxygen structures. Consequently, their influence on carbon 
surface behavior is felt and discussed in almost every chapter of the 
book in one form or another. We therefore do not discuss the modi­
fication of carbons by these surface compounds separately in this 
chapter. 

5. 2 MODIFICATION OF ACTIVE CARBONS BY SURFACE 
IMPREGNATION 

The impregnation · of carbons at once brings to mind the impregna­
tion by metals, a subject that has been widely studied and exten­
sively reviewed because of its importance in heterogeneous catalysis. 
Metals and their oxides, dispersed as small particles on high surface 
area carbons and other supports; have been used widely and are be­
ing used as catalysts for various industrial applications. The pri­
mary role of the carbon support is to favor the formation of a highly 
dispersed metal phase and to physically separate the metal crystal­
lites, thus increasing their stability on sinterihg. The study of sup­
ported small metal crystallites started in the late 1970s and has 
grown significantly since. The impregnation of metals in carbonace­
ous materials also modifies the gasification characteristics and varies 
the porous structure of the final carbon product. ·Thus the proced­
ure has been applied to obtain carbons with a given microporous 
structure. The subject of this section, however, is not these de­
velopments but a study of the modification of the surface behavior 
and adsorption characteristics of carbons by chemical reagents which 
are present as a part of the adsorbed phase. 

Activated carbons impregnated with potassium iodide and similar 
compounds (26) and with amines (27 ,28) including several pyridines 
have been widely used in the nuclear industry for the retention of 
radioactive iodine compounds from coolant release and ventilation 
systems. These carbons are required to remove very low levels of 
iodine and its compounds with high efficiency from gas streams, 
which in some cases could be of very high humidity. The perform­
ance of a carbon has been found to vary with manufacture and by 
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aging. Billinge et al. (26) compared the efficiency of potassium 
iodide-impregnated coconut ··'and coal-based charcoals for trapping 
radioactive methyl iodide from gas-cooled nuclear reactors. The coal­
based impregnated charcoal was better than the impregnated coconut 
charcoal, which in turn was better than the impregnated activated 
charcoal. The trapping of methyl iodide was related to the associated 
oxygen ih carbons. The oxygen evolved as carbon dioxide on out­
gassing reduced the retention efficiency more than the oxygen evolv­
ed as carbon monoxide. The impregnated potassium iodide reacted 
with the oxygen groups on carbops and modified their desorption 
behavior, thereby improving the efficiency to retain radioactive 
methyl iodide. 

Impregnation with pyridine and picoline has been used as a 
treatment to keep ASC Whetlerites from degrading in the presence 
of moisture (29). Activated carbons impregnated with cu2+, Ag+, 
cr6+, NH 4+, and C032- were found to be efficient adsorbates for 
arsene, hydrogen cyanide, cynogen chloride, chloroform, and phos­
gene. Baker and Poziomek (27) modified adsorptive properties of 
coal-based active carbons by impregnating them with pyridine, 4-
vinylpyridine , . 4-aminopyridine, 4-cynopyridine, and 4-n-propyl­
pyridine. The carbons were impregnated by volatile impregnants in 
a rotary evaporator and the amounts impregnated deterqiined by the 
difference between the initial and the final weight of the carbon. 
The nonvolatile impregnants were adsorbed on the carbon surface 
from alcohol solutions. The adsorption capacity of the impregnated 
charcoals were compared for carbon tetrachloride and cynogen chlor­
ide under dynamic conditions and for methyl iodide under equilibri­
um conditions. 

Impregnation of a small percentage of pyridines decreased the 
adsorption of carbon tetrachloride by a small percentage (Table 1). 
Increasing amounts of impregnants decreased the adfiorption of car­
bon tetrachloride. In the case of cynogen chloride, the reactivity of 
the carbons increased with increase in the amount of a given im~ 
pregnant. The _reactivity, however, varied from one pyridine to 
another but not necessarily in the order of their expected neucleo­
philicities or basicities (Table 2). The reactivity of the charcoals 
impregnated with the five pyridines toward methyl iodide did not 
parallel their reactivity toward cynogen chloride but was rather in 
the following order: 

Pyridine > 4-vinylpyridine > 4-aminopyridine > 

4-cynopyridine > 4-n-propylpyridine 

(Table 2). When the same charcoal sample was impregnated with 4-
aminopyridine and 4-vinylpyridine to different degrees, the reten­
tion of methyl iodide increased (from 53 to 75%) with increase in the 
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Table 1 Influence of Impregnation of Carbon on the 
Relative Adsorption of Carbon Tetrachloride 

Loading Relative CCl4 
Impregnant (mmol/g) adsorption ( %) 

None 0 100 

Pyridine 0.253 96 

4- Cyanopyridine 0.192 95 

4- Vinylpyridine 0.190 93 

Source: Baker and Poziomek ( 27). Reproduced with 
permission from Pergamon Press. 

concentration of 4-aminopyridine on the surface of the carbon but 
remained more or less unchanged (around 71%) withdncrease in the 
concentration of 4-vinylpyridine on the carbon surface (Table 3). 

Baker and Poziomek (27) observed that the charcoal impregnated 
with 4-vinylpyridine showed different behavior in many respects. 
First, it showed higher adsorption of cynogen chloride (0. 605 mmol/ 
g) compared to pyridine-impregnated charcoal (0. 482 mmol/g), al­
though 4-vinylpyridine is less basic than pyridine. Second, the 4-
vinylpyridine-impregnated charcoal failed to result in any weight loss 
on heating at 150°C under 3 torr pressure for many hours compared 
to a 5% weight loss in the case of 4-n-propylpyridine (which has a 
boiling point similar to that of 4-vinylpyridine). Third, 4-vinylpyri­
dine could be removed from the charcoal surface only to the extent of 
66% against 86% for n-propylpyridine when subjected to soxhlet ex­
traction with ethanol for 6 hr. On the basis of this evidence, these 
workers (27) suggested that 4-vinylpyridine undergoes adsorption 
polymerization when adsorbed on activated charcoal. To further sub­
stantiate their views these workers studied the adsorption of cyno­
gen chloride on an active carbon impregnated with poly-4-vinylpyri­
dine. This sample adsorbed 0.073 mmol CNCl/g, which wa~ compar­
able with the control carbon sample (0.085 mmol/CNCl /g), indicating 
that the nitrogens of the polymer were not available for reaction 
with cynogen chloride. This contrasted sharply with the results of 
cynogen chloride adsorption on the carbon sample impregnated with 
4-vinylpyridine (0.200 mmol CNCl/g), which indicated that the nitro­
gens of the adsorption polymer were available for reaction. The 4-
vinylpyridine-impre gnated carbon could adsorb only two-thirds of 
the amount of water adsorbed by activated carbon or any of the 
other impregnated carbons. 

AMEREN UE EXHIBIT 1051 
Page 42



T
a

b
le

 
2 

In
fl

u
en

ce
 o

f 
Im

p
re

g
n

at
io

n
 o

f 
C

ar
b

o
n

 o
n

 t
h

e
 A

d
so

rp
ti

o
n

 o
f 

C
y

n
o

g
en

 
C

h
lo

ri
d

e 

A
m

o
u

n
t 

im
p

re
g

n
at

ed
 

Im
p

re
g

n
an

t 
(m

m
ol

/1
00

 
g

) 

N
on

e 
0 

4-
A

m
in

o
p

y
ri

d
in

e 
21

2 

P
y

ri
d

in
e 

25
3 

4-
V

in
y

lp
y

ri
d

in
e 

19
0 

S
a
tu

ra
ti

o
n

 a
d

so
rp

ti
o

n
 

ca
p

ac
it

y
 f

o
r 

C
N

C
l3

 
(m

m
ol

/1
00

 
g

) 

85
 

27
2 

20
7 

.2
00

 

R
at

io
 o

f 
ad

d
it

io
n

al
 C

N
C

l 
a
d

so
rb

e
d

 
to

 i
m

p
re

g
n

an
t 

(m
m

ol
) 

0 0
.8

8
2

 

0
.4

8
2

 

0
.6

0
5

 

S
o

u
rc

e:
 B

a
k

e
r.

a
n

d
 P

o
zi

o
m

ek
 (

2
7

).
 

R
ep

ro
d

u
ce

d
 w

it
h

 p
er

m
is

si
o

n
 f

ro
m

 P
er

g
am

o
n

 P
re

ss
. 

"' ,t
s.

 

---- ("
} 

;::
s' 

Q
 

'"C
l ... (t
, • <:
n 

AMEREN UE EXHIBIT 1051 
Page 43



T
a

b
le

· 
3 

In
fl

u
e
n

c
e
 o

f 
Im

p
re

g
n

at
io

n
 o

f 
C

h
ar

co
al

 o
n

 t
h

e
 

R
et

en
ti

o
n

 o
f 

M
et

h
y

l 
Io

d
id

e 

Im
p

re
g

n
a
n

t 

4-
V

in
y

lp
y

ri
d

in
e
 

4-
A

m
in

o
p

y
ri

d
in

e 

P
y

ri
d

in
e
 

4-
C

y
n

o
p

y
ri

d
in

e
 

4
-n

 -
P

ro
p

y
lp

y
ri

d
in

e
 

4.-
V

in
y

lp
y

ri
d

in
e
 

4
-A

m
in

o
p

y
ri

d
in

e 

C
o

n
c
e
n

tr
a
ti

o
n

 o
f 

im
p

re
g

n
a
n

t 
(m

m
o

l/
g

) 

0
.0

4
8

 
, 

0
. 

09
6 

0
.1

9
0

 
0

.2
8

6
 

0
.4

7
5

 

0
.0

5
3

 
0

.1
0

6
 

0
.2

1
2

 
0

.3
1

8
 

0
.5

3
0

 

0
. 2

5
3

° 

0
.1

9
2

° 

0
.1

6
5

° 

0
.1

9
0

° 

0
.2

1
2

a 

M
et

h
y

l 
io

d
id

e 
re

ta
in

e
d

 
( %

) 

7
6

.5
 

7
3

. 3
 

7
1

. 3
 

7
7

.0
 

7
7

.7
 

5
3

. 5
 

5
7

.5
 

6
1

. 7
 

6
9

.2
 

7
5

.5
 

80
.2

 

5
4

.8
 

4
8

.7
 

7
1

. 3
 

61
. 7

 

0
c
o

rr
e
sp

o
n

d
s 

to
 

a 
2%

 
b

y
 

w
ei

g
h

t 
lo

a
d

in
g

 o
n

 t
h

e
 

c
h

a
rc

o
a
l.

 
S

o
u

rc
e
: 

B
a
k

e
r 

a
n

d
 P

o
zi

o
m

ek
 (

2
7

).
 

R
e
p

ro
d

u
c
e
d

 w
it

h
 p

er
m

is
si

o
n

 f
ro

m
-P

er
g

am
o

n
 P

re
ss

. 

C
l)

 

i:::
: >
 

? C
l 

C
l) ;;::

 
0 E:

 
';:

!l
 

C
l 

0 c·
 

;:s
 

0 '-
+

, 

<
, 

0 >
 

O
" 

0 ;:s
 

C
l) ---­ "" 0:, c.
,, 

AMEREN UE EXHIBIT 1051 
Page 44



266 I Chapter 5 

Barnir and Aharoni (30) compared the adsorption of cynogen 
chloride on active carbon before and after impregnation with cu2+, 
cr6+, Ag+, and NH 3 in a given ratio. The adsorption of cynogen 
chloride, which was reversible in the case of active carbon, became 
irreversible after impregnation, although the adsorption capacity did 
not show any increase, Thus whereas cynogen chloride was the main 
gas evolved on heating the active carbon treated with cynogen chlor ­
ide, carbon dioxide was mainly des.orbed from the impregnated char­
coal. The presence of moisture in the carbon also hindered the de­
sorption of cynogen chloride and enhanced the desorption of carbon 
dioxide. It was postulated that the cynogen chloride was adsorbed 
both physically and chemically on the surface of the carbon as well 
as on the additive (impregnant) surface. The cynogen chloride 
chemisorbed on the impregnant surface reacted faster with water 
sorbed on the carbon or linked with the impregnating material pro­
ducing carbon dioxide and ammonium chloride: 

This process regenerated the surface of the impregnant where more 
cynogen chloride could be chemisorbed. 

Reuer.oft and Chion ( 31, 32) compared the adsorption behavior of 
BPL-activated carbon with ASC Whetlerite (obtained by impregnating 
BPL-activated carbon with Cu2+, CrO i-, and Ag+) and_ ASB car­
bons (prepared by impregnating BPL with Cu2+ and B03 in different 
mole ratios) for chloroform, phosgene, cynogen chloride, and hydro­
gen cyanide using a gravimetric adsorption system. The adsorption 
isotherms were analyzed in terms of the Dubinin-Polanyi equation. 
A comparison of the affinity coefficients ( Sex) calculated from the 
slopes of the experimental isotherms with theoretical values ( Sth) for 
adsorption of chloroform and phosgene (Table 4) showed about 17% 
higher adsorption than predicted on a theoretical basis for all car­
bons except ASC Whetlerite-impregnated carbons. In the case of the 
latter carbon the isotherm was not linear in the low-pressure region 
and consequently ( Sex) and ( Sth) for adsorption of cynogen chlor­
ide for the BPL and impregnated BPL-activated carbon (Table 5) 
were about 20% higher than predicted for each of the three ASB­
impregnated carbons. The ASC Whetlerite carbon isotherm did not 
obey the Dubinin-Polanyi equation and therefore the ( Sex) could 
not be obtained. The impregnation of the carbon generally lowered 
the micropore volume (Wo) in all cases, which was attributed to some 
pores being blocked or occupied by impregnating species. 

The impregnated carbons showed both chemisorption and physi­
sorption, the chemisorption being more pronounced in case of phos­
gene, cynogen chloride, and hydrogen cyanide on AS C and ASB 
carbons compred to BPL-activated carbon. Both ASC and ASB 
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carbons retained appreciable amounts of the three adsorbates after 
evacuation at 150°C, the amount retained being more in ASC Whetler­
ite. The chemisorbed amount of cynogen chloride depended on the 
highest initial exposure pressure of cynogen chloride, whereas the 
adsorption of hydrogen cyanide was almost independent of this pres­
sure. The adsorptive capacity of these carbons decreased in the fol­
lowing order: 

ASC Whetlerite > ASB carbons > BPL-activated carbon 

This indicated that CrO 4
2- (or a complex form of Cr2- with other 

ions) or Ag+ in ASC Whetlerite produced a greater degree of chemi­
sorptive interactions and was primarily responsible for the higher 
affinity toward these adsorbates. It was also found that the chemi­
sorption increased in the order of the decreasing size of the adsorb­
ate molecule: 

Phosgene chemisorption > cynogen chloride chemisorption > 

hydrogen cyanide chemisorption 

for all the carbons. 
The influence of temperature on the adsorption-desorption iso­

therms of hydrogen cyanide on BPL-activated and ASC Whetlerite­
impregnated carbons was studied by Freeman et al. (33). The 
Dubinin-Polanyi equation gave O. 42 and 0. 35 ml/g as the micropore 
volume for BPL' and ASC Whetlerite carbons at all temperatures be­
tween O and 122°C. The adsorption decreased with increasing tem­
perature for both carbons but was greater for ASC Whetlerite at 
lower pressures at all temperatures. This was attributed to adsorp­
tion at the active sites provided by the ionic impregnants. At high­
er pressure the larger surface area of the BPL-activated carbon was 
the dominant factor in adsorption. The Whetlerite showed chemisorp­
tion, the average value of chemisorption (0. 00102 mol HCN /g C) be­
ing almost equivalent to the number of moles (0. 00131 mol/g) of the 
impregnant, which clearly indicated that the additional adsorption at 
the lower pressure and the chemisorption in case of Whetlerite were 
due to the ionic impregnants. The heats of adsorption calculated us­
ing the Clausius-Clapeyron (Fig. 1) equation coverages at high both 
for BPL and Whetlerite carbons were in good agreement with the 
heat of liquefaction of hydrogen cyanide ( = 6. 5 kcal/mol). The heats 
of adsorption for the Whetlerite, however, were higher at low sur­
face coverages, indicating chemisorption of hydrogen cyanide on the 
ionic impregnant sites. 

The adsorption of water vapor and its binary mixtures with hy­
drogen cyanide on ASC Whetlerite-impregnated and BPL-'activated 
carbons (34) showed that ASC Whetlerite adsorbed. 10 times more 
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18 

16 ASC 
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w/w
0 

Figure 1 lsoteric heats of sorption for HCN on BPL-activated carbon 
and ASC Whetlerite carbon. [From Freeman et al. (33). Reproduced 
with permission from Pergamon Press.] 

water than BPL~activated carbon at low pressures (Fig. 2), but the 
isotherms crossed each other at a relative pressure of about 0. 7 and 
the saturation adsorption was more for the BPL-activated carbon. 
This was attributed to the adsorption being determined by the 
greater affinity of impregnant ions at lower relative pressures and 
to pore volume considerations at higher relative pressures. In ASC 
Whetlerite a part of the pore volume is occupied by the impregnant 
ions and consequently the saturation adsorption capacity is less than 
that for BPL-activated carbon. The adsorption of hydrogen cyanide 
was greater for both carbons when they had preadsorbed water and 
this amount exceeded the amounts of water and hydrogen cyanide 
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Figure 2 (a) Low pressure adsorption and desorption isotherms of 
water on BPL-activated and ASC Whetlerite-impregnated carbons. 
Open triangle, desorption of HzO on ASC Whetlerite; open circle, 
adsorption of H2O on ASC Whetlerite; open square, desorption of 
H2O on BPL; closed circle, adsorption of HzO on BPL. (b) High­
pressure adsorption and desorption isotherms of water on BPL­
activated and ASC Whetlerite-impregnated carbons. Open triangle, 
adsorption run No. 1 of H2O on BPL; open circle, adsorption run 
No. 2 of HzO on BPL; open circle, adsorption run No. 3 of H2O on 
BPL; open square, desorption of HzO on BPL; closed triangle, ad ­
sorption run No. 1 of HzO on ASC Whetlerite; closed circle, ad­
sorption run No. 2 of HzO on ASC Whetlerite. [From Freeman and 
Reucroft (34). Reproduced with permission from Pergamon Press.] 
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Table 6 Adsorption Capacity of Impregnated Carbons 
for H2S, SO2, and HCN 

Weight uptake t µ g/cm2) 

Imp regnant H2S SO2 HCN 

None 50 220 120 

AgNO3 210 

Na2CR2O7 310 480 120 

Cu (5%) 360 470 320 

Cu (5%) + Na2CR207 760 960 890 

Source: Capon et al. (35). 

adsorbed separately. The chemisorption of hydrogen cyanide on ASC 
Whetlerite was also higher in the presence of water. 

An activated charcoal cloth prepared by carbonization of viscose 
rayon in the presence of CNClz when impregnated with oxidizing 
agents such as KMnO4, Na2CR2O, and ClO2, with an organic terti­
ary amine, triethylenediamine (TEDA) , and Ag NO 3 from aqueous 
solutions, showed enhanced adsorption capacity (reactivity) toward 
low-boiling pollutant gases such as SO2, N02, HzS, HCN, and CNCl 
( 35). The exact nature of the reaction was found to depend on the 
nature of the impr€gnant and the oxidizing agent (Table 6). The 
presence of CuCl2 as the impregnant enhanced the adsorption capac­
ity for all gases while the presence of organic amine (TEDA) en­
hanced considerably the adsorption of CNCl (Table 7). The adsorp­
tion capacity of the cloth for physically adsorbed molecules, how­
ever, was not significantly impaired after impregnation. 

Jonas ( 36) suggested that the removal of gas or vapor from a 
flowing stream by a bed of chemically impregnated activated carbon 
granules, in which both physical adsorption and chemical reaction 
occur, could be represented as a series of seven consecutive steps. 
This seq~ence of steps, which is initiated when the flowing gas air 
stream approaches the first layer of carbon in the bed, includes 
mass transfer, surface diffusion, intragranular diffusion, physical 
adsorption, chemical reaction, Jind surface renewal. Jonas also de­
duced mathematical equations and applied logic analysis to find the 
rate-determining step in the sequence. 

An upsurge in the use of activated carbons for treatment of 
wastewater and effluent from industries and the regeneration of the 
spent-up carbon by steam activation resulted in a considerable 
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Figure 3 Steam-carbon reaction data for (a) 847 and 885°C (phenol 
loaded sample, • "'; untreated sample, o v) and (b) 915 and 950°C 
(phenol-loaded sample, • •; untreated sample, Ao). [From Krebbs and 
Smith ( 41). Reproduced with permission from Pergamon Press. J 
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1.2 

0.1 

5 10 15 

p/torr 

20 25 

Figure 4 Sorption isotherm at 25°C for PH 3-carbon cloth (sample 
outgassed at 110°C). Open circle, sorption; closed circle, desorp­
tion; close square, desorption at 110°C. [From Hall et al. ( 42). Re ­
produced with permission from Pergamon Press . ] 
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amount of research relating to modification of activated carbons by 
the adsorbate residues left on the surface of these carbons. Umehra 
et al. (38. 39) used sodium dodecyl benzene sulfonate (DBS) as the 
adsorbate and observed that after thermal regeneration the DBS 
residue increased the rate of steam-carbon reaction by one order of 
magnitude, which was attributed to the catalytic effect of metal 
atoms. Chihara et al. (37) studied activated charcoals having sucrose 
adsorbed on them, but the residue left after thermal regeneration 
was so small that it was not possible to conclude if the residue modi­
fied the subsequent steam regeneration. Reichenberger (40) adsorbed 
phenol on an activated carbon and examined the rate of steam re­
generation in the temperature range 700- 800°C and at steam pres­
sures 104-105 Pa and observed a 25% increase in carbon gasification. 
Krebbs and Smith ( 41) used TGA to study the kinetics of steam 
activation over a wide range of steam pressures ( 102-104 Pa) and 
temperatures between 850 and 950°C using an activated carbon be­
fore and after adsorption of phenol. The rates of steam-carbon re­
action were essentially the same for virgin and phenol-loaded car­
bons (Fig. 3). These workers were of the view that when the resid­
ue from thermal decomposition was purely organic, it did not affect 
the steam gasification rates. 

Hall et al. ( 42) recently carried out detailed and comprehensive 
investigations into the adsorption of phosphine (PH3) and water 
vapor on an activated carbon cloth before and after impregnation 
with AgNO3 and Cu(NO3) 2·3H2O from aqueous solutions. The tech­
niques used included adsorption by gravimetric measurements, sur­
face characterization using XPS, SEM (scanning electron microscopy), 
ED-X-ray analysis (energy dispersive X-ray analysis), and IR spec­
troscopy to study the corresponding gas phase. The adsorption iso­
therms in the pressure range o-·25 torr (Fig. 4) indicated that raw 
cloth had strong affinity for PH3. Impregnation enhanced the sorp­
tion capacity (Fig. 5) of the cloth above a certain pressure limit, 
which depended on the impregnant content of the carbon cloth, but 
apparently reduced the adsorption capacity at lower pressures. The 
isotherms exhibited adsorption-desorption hysteresis with the de­
sorption curve failing to meet" the adsorption curve even when the 
pressure approached zero. However, a seconci run on the untreated 
cloth was reversible iilld did not show hysteresis. The failure of 
the hysteresis loop to close even after prolonged evacuation indicat­
ed that the raw cloth as well as the impregnated samples retained 
an appreciable amount of PH3, which was bonded strongly. The 
amount of PH3 retained compared to the raw cloth was as much as 
five times greater when the impregnant was AgNO3 and three times 
greater when it was Cu(NO3)2· 3H2O. The enhancement in the ad­
sorption of PH 3 was more when the impregnant was Cu,(NO 3) 2 than 
when it was AgNO 3 with the same molar concentrations of the metal 
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'7 
Cl -0 
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5 10 15 

p/torr 

Figure 5 Sorption isotherms at 25°C for PH3-CU(N03)2 · 3Hz0 
freshly impregnated carbon cloth (sample outgassed at 25°C) and 
PH3-AgNO 3 freshly impregnated carbon cloth ( >5% Ag, sample out­
gassed at 25°C). For Cu: open circle sorption; closed circle, de­
sorption. For Ag: open square, sorption; closed square, desorp­
tion. [From Hall et al. (42). Reproduced with permission from Pergamon 
Press.) 

AMEREN UE EXHIBIT 1051 
Page 57



Surface Modification of Carbons I 279 

30 

25 

20 

'c, 

0 
E 15 
-€ 
C 

10 

5 

0.1 0,2 0,3 0.5 0.6 0.7 0.8 

Figure 6 Adsorption isotherms at 25°C for HzO on raw and on 
Ag NO 3-impregnated carbon cloth (= 5% Ag samples out gassed at 
25°C). For raw cloth: open circle, adsorption; closed circle, de­
sorption. For Ag impregnated cloth: open square, adsorption; 
closed square desorption. [From Hall et al. ( 42). Reproduced witr. 
permission from Pergamon Press.] 
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Figure 7 Widescan X-ray photoelectron spectrum of carbon cloth, 
plus insets of a high-sensitivity scan of the 0-280 eV region with a 
high resolution scan of the N (ls) signal before and after 25 min 
etching. [From Hall et al. (42). Reproduced with permission from 
Pergamon Press.] 

ions. Dubinin-Astakhov plots (when a = 1) were linear for raw car­
bon cloth over all pressure ranges but showed deviations from lin­
earity in the low-pressure region for the impregnated carbon cloth. 
This indicated different mechanisms in adsorption at low- and high­
pressure regions. 

Water vapor adsorption isotherms at 25°C were type V of the 
BET classification on raw carbon cloth with a marked hysteresis 

AMEREN UE EXHIBIT 1051 
Page 59



Surface Modification of Carbons I 281 
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Figure 8 Widescan X-ray photoelectron spectrum of AgNOs­
impregnated carbon cloth (= 5% Ag) after 1 min etching. [From Hall 
et al. ( 42) . Reproduced with permission from Pergamon Press. J 

1000 

loop . Impregnation with AgNO 3 had little effect on the relative pres­
sures studied except below about O. 3 where the uptake was enhanced 
by as much as 25% during adsorption and even more during desorption. 
The isotherm also showed a second hysteresis loop (Fig. 6), which 
failed to close as the pressure approached zero. The nonclosure of 
the hysteresis loop indicates the amount of water adsorbed irreversibly. 
The sorption capacity of the AgN03-impregnated carbon cloth for 
PH3 was reduced markedly by the presence of water when exposed 
to a mixture of PH3 and water vapors. 

Infrared studies of the gaseous species showed the presence of 
N20 when the AgN03-impregnated carbon cloth was exposed to PH 3, 
although no such IR-active species were observed when raw carbon 
cloth was exposed to PH3. The presence of water reduced the 
amount of N20 produced in the case of the impregnated cloth. Such 
species were also observed when bulk AgN03 or Cu(N03)2· 3Hz0 was 
reacted with PH3. This indicates that PH3 reacts chemically with the 
impregnant on the carbon cloth surface. SEM and ED-X-ray analysis 
showed nodular growth of virtually pure silver together with AgNO 3 
on the surface of the AgNOa-impregnated carbon cloth. After ex­
posure to PH3, phosphorus was largely confined to areas away from 
these nodules. XPS spectra (Figs. 7 and 8) showed a layer of 
AgN03 together with some metallic silver on the AgN03-impregnated 
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Figure 9 Widescan X-ray photoelectron spectrum of AgNO 3-
impregnated carbon cloth (= 5% Ag) after exposure to PH 3, plus 
insets of the P ( 2p) signal before and after 5 days of air exposure. 
[From Hall et al. ( 42). Reproduced with permission from Pergamon 
Press.] 

cloth. After exposure to PH 3 the formation of at least two phos­
phorous compounds, one of which was air sensitive, was indicated 
(Fig. 9). 

Kaistha and Bansal ( 42a) impregnated an activated carbon with 
sodium ions by treating the oxidized carbon with appropriate quan­
tities of O. 1 M solutions of NaHCO 3· The treatments resulted in the 
impregnation of appreciable amounts of sodium ions, the amount be-
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ing larger in the case of NaOH treatment. The adsorption isotherms of 
aqueous oxalic acid on the oxidized and the ion-impregnated carbon 
( 42a) showed a considerable increase in the case of the impregnated 
carbons, the extent of increase depending on the increase in the 
degree of impregnation. For example, the amount of oxalic ·acid ad­
sorbed increased from O. 75 mmol/ g for the oxidized carbon to 1. 52 
and 1. 80 mmol/g after impregnation. Furthermore, the amount of 
oxalic acid adsorbed on the impregnated carbons was very close to 
the amount of sodium ions impregnated on the carbon surface, indi­
cating that the adsorption of oxalic acid involved an exchange mech­
anism. This received further support from the observation that when 
the sodium ions were removed from the carbon ·surface by treatment 
with acid and then washing repeatedly with hot distilled water, the 
adsorptiop- of oxalic acid superimposed almost completely the adsorp­
tion on t~e nonimpregnated carbon at all concentrations. The impreg­
nated carbons had smaller surface area than the original oxidized 
carbon. When the amounts of oxalic acid adsorbed were calculated 
per unit surface area, it was found that the impregnated carbons 
showed a much more enhanced adsorption of oxalic · acid, indicating 
that impregnated carbons have a better efficiency for the removal of 
oxalic acid from aqueous solutions. 

5.3 MODIFICATION OF CARBONS BY HALOGENATION 

The treatment of activated carbons, charcoals, and carbon blacks 
with halogens has been studied by several investigators with a view 
to modify their surface character. The adsorption of the halogens 
is both physical ( 43, 44) and chemical and proceeds through several 
mechanisms, including addition at the unsaturated sites ( 45-55), ex­
change with chemisorbed hydrogen ( 48-55), and surface oxidation 
of the carbon (45,46,56), depending on ,the nature of the carbon 
surface, the oxygen and hydrogen contents of the carbon, the ex­
perimental conditions, and the nature of the halogenating species. 
The halogen fixed on the surface of carbons in the form of carbon­
halogen surface compounds is thermally highly stable and can be elimi­
nated on heat treatment in vacuum up to 1000°C if the carbon has no 
residual hydrogen. However, a part of the halogen could be exchanged 
with OH groups on treatment with alkali hydroxides and with NH 2 
groups on heat treatment with ammonia gas. 

Reyerson and co-workers (44,57,58), Alekseeviskii and Likharev 
(59), and Emmett (60) treated activated carbons and charcoals with 
chlorine and bromine in the gaseous states and observed that ap­
preciable amounts of the halogens were fixed irreversibly on the car­
bon surface. The carbon-chlorine or the carbon-bromine complex 
was very stable and could not be decomposed on high-temperature 
treatment in vacuum or by refluxing with alkalis. Alekseeviskii and 
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Likharev, however, found that the carbons activated in chlorine 
were better than many of the commercially available materials and 
suggested that treatment with chlorine gas could be used as an ac­
tivating process. 

The interaction of halogens with carbon blacks was studied by 
Ruff (61), Boehm et al. (62), and Rivin and Aron (63). Boehm et 
al. (62) observed that the chlorine fixed on treatment at 400- 500°C 
was roughly equivalent to the initial hydrogen content of the carbon 
black and was available for reactions with ammonia at elevated tem­
peratures as well as with potassium hydroxide and sodium cyanide on 
fusion. Rivin and Aron ( 63), however, found that the reactivity as 
well as the stability of the carbon-halogen surface compounds formed 
on treatment with gaseous halogens or from solutions was in the 
order c1½ _ Br > I. Thus while all of the iodine could be dissociated, 
only 80% of the bromine and 60% of the chlorine could be dissociated 
in the presence of suitable neucleophiles. Puri and Bansal (52), dur­
ing their interaction of carbon blacks with chlorine, found that only 
a part of the chemisorbed chlorine could be recovered on boiling 
under reflux with sodium hydroxide solution (2.5 N) or on heat 
treatment in vacuum at 1000°C. 

Puri and co-workers (51, 64) carried out systematic investiga­
tions into the formation and properties of carbon- chlorine surface 
compounds formed on sugar and coconut charcoals associat ed with 
varying amounts of oxygen and hydrogen, in the temper ature ran ge 
35- 600°C and at varying pressures of the chlorine. The interaction 
resulted in the fixation of appreciable amounts of chlorine, the mag­
nitude depending on the temperature of treatment up to 450° C and 
the oxygen and hydrogen contents of the charcoals. The maximum 
amounts of chlorine fixed at 450°C were 24% in sugar and 40 % in 
coconut charcoal, and this amount decreased gradually and appre­
ciably on outgassing the charcoals at gradually increasing· tempera­
tures (Table 8). The kinetic measurements showed that the r eaction 
between carbon and chlorine was first order. 

Puri and Bansal ( 46) showed that .the fixation of chlorine occurs 
partly by addition at the unsaturated sites vacated by the combined 
oxygen ( 47, 48) and partly in exchange (substitution) for hydrogen 
(Table 9). Since original charcoals which had not been out gassed 
contained few unsaturated sites, the bulk of the chlorine was fixed 
by exchange with hydrogen (Table 9), as observed by Boehm et al. 
(62). However, when these charcoals were out gassed, the hydrogen 
content decreased and unsaturated sites were created by the evolu­
tion of oxygen; the chlorine fixed now was more by addition than by 
substitution. In the case of the chlorination of 1000° outgassed char­
coals, which- although they retained about 30% of the total hydrogen 
content of the original charcoals-were not able to fix chlorine by 
substitution (Table 9), almost the entire amount of chlorine was 
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fixed by addition at the unsaturated sites. This is due to the fact 
that this hydrogen, which could not be desorbed on evacuation at 
1000°C, was present in charcoals at less active sites ( 65) dispersed 
in the body of the carbon surface or held up in the extremely fine 
microcapillary pores and was not readily available for exchange with 
chlorine. This view was further supported by the fact that coconut 
charcoals, which have relatively coarser porous structure than sugar 
charcoals, could fix more chlorine by substitution. The carbon 
blacks , which were essentially nonporous , fixed almost all of their 
chlorine by exchange with hydrogen (Table 9). These views regard­
ing the fixation of chlorine were substantiated by the chlorination of 
anthracites by Walker et al. (66) and by Puri and co-workers by 
their reactions of charcoals with chlorine water ( 45), a mixture of 
HCl and H2O2 (67), a!).d a mixture of oxygen and chlorine at 400°C 
(68). 

Tobias and Soffer ( 69) carried out an interesting study of the 
stepwise chlorination of a carbon cloth (TCM 128), a carbon black 
(Continex N-110), and a graphitized carbon black (Carbopak B) 
after outgassing them at 1000°C to eliminate interference of chemi­
sorbed oxygen to chlorine adsorption. The chlorination was found to 
involve fixation of chlorine and the liberation of hydrochloric acid 
(Table 10). These workers are of the view that the interaction be­
tween chlorine and carbon involved three processes: addition at the 
olefinic double bonds, exchange with chemisorbed hydrogen, and de­
hydrogenation of the carbon. The ratio of chlorine fixed to hydro­
chloric acid formed (R = Cl2 uptake/HCl formed) was taken as a 
measure of the particular process which dominates in a given step. 
Thus in the initial stages when the ratio R was higher the most pre­
ferred process was the addition of chlorine at the double bond sites 
followed by exchange with hydrogen and the least favored dehydro­
genation. Assuming that when R >l, which was the situation at the 
first chlorination, the dehydrogenation is negligible and assuming 
that addition is negligible when R< 1, these workers calculated the 
amounts of chlorine fixed by addition, by exchange, and by dehy- . 
drogenation processes (Table 12). The results clearly showed that 
although clorine addition was the first to occur in both carbon black 
and active carbon, the exchange reactions were more predominant in 
the case of carbon blacks ( 46). The dehydrogenation reactions which 
occurred to a negligible extent in carbon black were high in active 
carbon. 

To verify that chlorine exchanged with hydrogen these workers 
( 69) carried out a number of chlorination-hydrogenation cycles, 
measuring the amounts of chlorine fixed and hydrochloric acid formed 
after each cycle. Significant amounts of hydrochloric acid were pro­
duced during both the chlorination and hydrogenation steps together 
with the fixation of the corresponding gaseous species (Table 12). 
This indicated that there was an exchange of C- H bond by C- Cl 
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Table 1 O Stepwise Chlorination at 773 K of Carbons after Degassing 
the Activated Charcoal TCM 128 and the Graphitized Black-Carbolak-
8 after Degassing at 1273 K 

Step 

Continex 
1 
2 
3 
4 
5 
6 
7a 
8a 
9a 
Total 

TCM 128 
1 
2 
3 
4 
5 
Total 

Cl2 adsorption 
(mEq/g·) 

N-110 
0.225 
0.225 
0.152 
0.140 
0.124 
0.100 
0.135 
0.133 
0.141 

0.43 
0. 30 
0.18 
0.06 

1.02 

Carbopack-B 
1 0.10 
2 0.02 
Total 0.12 

HCl release 
(mEq/g) 

0.048 
0.203 
0.149 
0.144 
0.122 
0. 103 
0.126 
0.143 
0.134 

0. 32 
0.17 
0.21 
0.05 
0.02 
0.77 

0.01 
0.02 
0.03 

Ratio of 
Cl2 uptake to HCl reformed 

4.69 
1.11 
1.03 
0. 97 
1.02 
0. 97 
1.07 
0.98 
1.05 

1..50 
1. 76 
0.86 
1. 20 

1. 32 

10 
1 
4 

aThe cell temperature was cycled once between 773 and 473 K at 
1. 5 K /min. This enhanced the reaction rate considerably. 
Source: Tobias and Soffer ( 69). Reproduced with permission from 
Pergamon Press . 

bond during chlorination and exc;:hange of C-Cl bond by C-H bond 
during hydrogenation. Furthermore, after some initial irreversible 
changes, the system behaved almost reproducibly upon repeated 
chlorination and hydrogenation cycles . Such reproducibility in fact 
was attained starting from the second cycle (Table 12), indicating 
that it was purely an exchange process. 

The interaction of carbons with bromine involved the same mech­
anisms as the interaction with chlorine. Puri and co-workers ( 47, 48) 
reacted charcoals and carbon blacks with bromine in aqueous solu­
tions . The bromine uptake of the carbons increased with increase in 
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Table 11 Contributions of Various Reactions Responsible for Cl2 
Interaction with Carbons (data derived from Table 10) 

Addition 
Step (mEq/g) 

Continex N - 110 as received 
1 0.177 
2 0.022 
3 0.005 
4 
5 0.002 
6 
7 o. 009 
8 
9 0.007 
Total 0.222 

TCM 128 as received 
1 0.16 
2 0.13 
3 
4 0.01 
5 
Total 0.30 

Carbopack-B 
0.09 

Exchange 
(mEq/g) 

0.048 
0.203 
0.147 
0.136 
0.122 
0.100 
0.126 
0.173 
0.134 
1.153 

0. 32 
0.17 
0.18 
0.05 
0.02 
0.74 

0.01 

Dehydrogenation 
(mEq/g) 

0.004 

0.003 

0.010 

0.017 

0.03 

0.02 
0.05 

Source: Tobias and Soffer (69). Reproduced with permission from 
Pergamon Press. 

the temperature of degassing up to 700°C and remained unchanged 
thereafter. The uptake of bromine was attributed to addition at the 
ethylenic double bond sites , which were created by the elimination 
of that part of the associated oxygen that was evolved as carbon 
dioxide on evacuation ( COz-complex). Since the entire amount of this 
complex was desorbed at temperatures below 800°C, the uptake of 
bromine remained more or less unchanged after this heat treatment 
temperature. Similar results were obtained by Stearns and Johnson 
(70) in their reaction of channel blacks with aqueous solutions of 
bromine. 

Bansal et al. (56) reacted polymer carbons with aqueous solu­
tions of bromine and observed that the reaction involved the fixation 
of bromine as well as the formation of hydrogen bromide (Table 13). 
The amount of bromine converted into hydrogen bromide was related 
to surface acidity (Fig. 10) while the amount fixed depended on the 
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Table 12 Chlorination- hydrogenation Cycles of Activated Carbon 
Cloth TCM- 128, after Degassing at 1273 K (chlorination performed at 
778 K; hydrogenation at 1073 K) 

Chlorine Hydrogen HCl 
fixed fixed released 

Treatment (mEq/g) (mEq / g) (mmol/g) 

First cycle 
Chlorination 1. 62 1.14 
Hydrogenation 2.138 1. 26 

Second cycle 
Chlorination 2.26 1. 92 
Hydrogenation 2.14 1. 47 

Third cycle 
Chlorination 1. 94 1.93 
Hydrogenation 2.23 1. 47 

Fourth cycle 
Chlorination 2.13 1. 93 
Hydrogenation 2.14 1. 47 

Source: Tobias and Soffer (69). Reproduced with permission from 
Pergamon Press. 

nature of the char and its history of formation. PVDC and Saran 
chars were prepared from polymers containing no oxygen as a part 
of their chemical structure , and consequently contained very little 
associated oxygen with them. These chars therefore had very little 
unsaturation of the type suggested by Puri et ai. ( 47, 48) and 
Stearns and Johnson ( 70). On the other hand, these chars were 
highly microporous; thus a large portion of the bromine was adsorbed 
in the micro capillary pores. PF (polyfurfuryl alcohol) and UF ( urea 
formaldehyde) chars, which were prepared by the carbonization of 
oxygen-con_taining polymers, had unsaturated sites so that bromine 
could be fixed by addition. These views were supported by the fact 
that about 30% of adsorbed bromine could be released from brominat­
ed PVDC and Saran chars on heat treatment at 50°C (the adsorption 
was carried out at 30°C), whereas only less than 1% could be re­
covered from PF and UF chars (Table 14). 

Brooks and Spotswood (71), during their reaction of chars ob-
. tained from bituminous coal with bromine dissolved in carbon tetra­
chloride, observed three different types of adsorbed bromine. A part 
of the adsorbed bromine which could be removed with boiling water 
or alcohol was attributed to addition compounds of phenanthrene or 

!i 
i 

! I' I:! 
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Table 13 Hydrogen Bromide Formed and Bromine fixed on Treatment 
of Polymer Charcoals with Aqueous Solutions of Bromine 

NaOH 
HBr formed bromine fixed neutralized 

Sample (mEq/g) (mEq/g) (mEq/g) 

PVDC-600 18.06 13.02 2.12 

Saran- 600 13.12 16.10 1.43 

Saran-600 3.10 18.24 0.50 
(steam activated 
at 850°C) 

PF-140 15.24 21. 70 1.83 

PF- 400 8.42 18.72 0.97 

PF-600 2.06 10.04 0.42 

PF- 900 0.23 5.23 0.16 

UF-400 6.07 17.01 0.76 

UF-650 4.12 9.22 0.78 

UF-850 1.10 5.54 0.07 

Key: PVDC = polyvinylidene chloride carbon prepared at 600°C; 
Saran = saran carbon prepared at 600°C; PF = polyfurfuryl alcohol 
carbon prepared at temperature indicated; UF = urea formaldehyde 
resin carbon prepared at temperature indicated. 
Source: Bansal et al. ( 56). Reproduced with permission from Pergamon 
Press. 

anthracene type. The small amount of brom_ine which was not removed 
by water but could be recovered by hydrolysis with sodium hydrox­
ide was ascribed to residual aliphatic or alicyclic structures. The 
rest of the adsorbed bromine, which was difficult to remove except 
under strongly alkaline conditons, was considered to be substituted 
for hydrogen in polycyclic ring systems~ Watson and Parkinson (72) 
working with carbon blacks, and Puri et al. ( 49), working witq 
charcoals and carbon blacks, observed that the interaction with bro­
mine from carbon tetrachloride solutions was partly reversible and 
partly irreversible (Tables 15, 16). The amount of bromide adsorbed 
reversibly was related to the specific surface area of the carbons 
(Fig. 11). The irreversibly adsorbed bromine involved both addition 
at the unsaturated sites and a partial exchange with the chemibound 
hydrogen. The interaction of charcoals and carbon blacks with bro­
mine vapors ( 5 3) was also found to involve addition of bromine at 
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• 

0 .0 

ACIDITY, m.e./g 

Figure 10 Surface acidity of polymer carbon in relation to hydro­
bromic acid formed. [From Bansal et al. (56). Reproduced with per­
mission from Pergamon Press. J 

the unsaturated sites, exchange with chemibound hydrogen, and de­
hydrogenation of the carbons in the case of charcoals, but only an 
exchange reaction in the case of carbon blacks. The amount of bro~ 
mine fixed was as high as 38% in the original sugar charcoal and 
about 31% in Spheron- 9. 

The treatment of active carbons, charcoals, and carbon blacks 
with iodine solutions in aqueous (73, 74) and nonaqueous media does 
not involve chemisorption of iodine or formation of carbon-iodine 
surface structures. Consequently, iodine may not be in a position to 
modify carbon surface properties. It may, however, be mentioned 
that the adsorption of iodine, being purely physical, has been used 

I I 

I 

AMEREN UE EXHIBIT 1051 
Page 72



' .. 

Cl 

0 
0 
::: 
CT 

w 
E 
.,-
C 

'§ 
0 
.0 
"Cl 
QJ 

.a 

"Cl 
"' 
> 
:0 -~ 
QJ 
> 

.... 
0 ..., 
C 
:::, 
0 
E 

<( 

294 I Chapter 5 

Table 14 Desorption of Bromine on Heat Treatment at Different 
Temperatures 

Bromine desorbed on heat 
Bromine treatment at (mEq/g): 

fixed 
Sample identification (mEq/g) 50°c 100°c 150°c 200°c 

PVDC-600 18.02 5.41 6.10 7.01 7.52 

Saran-600 18.24 5.04 6.91 7.41 8,82 
(steam activated 
at 850°C) 

PF-600 10. 04 0.22 0.58 0.84 1.10 

UF-650 9.22 0.14 0.57 o. 72 0.95 

Key: PVDC = polyvinylidene chloride carbon; PF = polyfurfuryl 
alcohol carbon; UF = urea formaldehyde resin carbon. 
Source: Bansal et al. ( 56). Reproduced with permission from Pergamon 
Press. 

300 

200 

0 

100 

100 200 300 400 

Surface area, rn 2 /g 

Figure 11 Reversibly adsorbed bromine against surface area. 
[From Puri et al. ( 49). Reproduced with permission from Pergamon 
Press.] 
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as a measure of surface area by several workers (7 3- 76), although 
opinions differ as to the way the iodine is adsorbed on carbons. 
Whereas Hill and Marsh (76) consider adsorption of iodine from 
aqueous solutions a process of micropore filling and multilayer ad~ 
sorption, Puri and Bansal ( 7 3) view it as a monolayer adsorption 
from both aqueous and nonaqueous solutions of iodine. These work­
ers obtained surface areas of charcoals and carbon blacks which were 
comparable to BET (N 2) surface areas. The only important factor in 
determining surface area by adsorption of iodine is to work under 
standardized conditions of iodine concentration and the time of con­
tact. According to these workers contacting 1 g of a carbon with 
100 ml of 0.15 M iodine solution in 2.1 M potassium iodide for a 
period of 72 hr or with 0. 3 N solution of iodine in benzene or chloro­
form for 20 days gives reasonable values of surface area. Juhola 
(74) also observed that adsorption of iodine from aqueous solutions 
on active carbons was unimolecular while absorption from the vapor 
phase involved pore filling of micropores (less than 30 A diameter). 

5. 3. 1 . Modification of Surface Properties 

The foregoing perusal of the literature on the reactions between 
carbon and chlorine or bromine shows that carbon-chlorine or 
carbon-bromine surface structures are formed by addition at the un­
saturated sites and/or by exchange of chemibound hydrogen. In ad­
dition, these elements may penetrate deep into the microporous 
structure and require sufficiently high temperature to desorb them. 
Consequently these chemisorbed or physically adsorbed species may 
completely modify the surface properties and surface reactions of 
carbons. For example, the chemisorption of chlorine and /or bromine 
may produce a polar but nonhydrogen bonding adsorbent similar to 
the abundant polar carbons that are associated with oxygen surface 
structures. The carbon-chlorine or carbon-bromine bond may be 
exchanged with other functional groups to obtain new kinds of 
surface-modified carbon adsorbents and electrodes. The microporos­
ity and adsorption stereoselectivity of microporous carbons- may be 
modified, giving rise to newer carbons with absolutely new adsorp­
tion characteristics and behavior. 

Puri and Bansal (77) studied the surface characteristics and sur-­
face behavior of sugar and coconut charcoals modified by treatment 
with chlorine. The true and bulk densities of the charcoals increased 
linearly with increase in the amount of chlorine chemisorbed by the 
carbon. The pH of the charcoal, the acid adsorption capacity, and 
the base neutralization capacities, however, remain unaltered, indi­
cating that the presence of carbon-chlorine surface compounds did 
not alter the status of surface acidity of the charcoals in any way. 
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