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238 / Chapter 4

in vacuum and by oxidation with nitric acid. The presence of acidic
oxygen enhanced the preference for the more polar component of the
solution and its removal enhanced the preference for the less polar
component. These workers suggested that in addition to these polar
and nonpolar interactions, the adsorption from solutions may also be
influenced by energetic inhomogeneities of the carbon surface, which
include defects, unsaturated sites, and free radicals.

Certain departures from the usual composite isotherm shapes
have also been observed. Puri and co-workers studied the adsorp-
tion on Spheron-6 from ethylene glycol—water solutions in which
both the components were polar in character. The isotherms were
U shaped. The isotherm on the oxygen-free Spheron-6 showed one
peak, whereas that on the oxygen-containing Spheron-6 showed two
distinet peaks (Fig. 31). The composite isotherms with two peaks
were termed "stepped isotherms" by Kipling et al. (72,122). When
the two linear regions were extrapolated to zero concentration, the
amounts adsorbed were found to be in the ratio of 1:2, indicating
the possibility of the formation of a second layer.

4.4 ACTIVE SITES IN CARBONS

Active carbons have a stucture consisting of sheets of aromatic con-
densed ring systems stacked in nonpolar layers. These sheets have
limited dimensions and therefore present edges. In addition, these
sheets are associated with defects, dislocations, and discontinuities.
The carbon atoms at these places have unpaired electrons and re-
sidual valencies and are richer in potential energy. Consequently,
these carbon atoms are highly reactive and constitute active sites or
active centers. A considerable amount of research has been aimed at
understanding the number and nature of these active sites in view
of the surface and catalytic reactions of carbons. Since the tenden-
cy of carbons to chemisorb oxygen is greater than their tendency
to chemisorb any other species, much of our anding of these
active sites comes from the chemisorption of o

The first suggestion that the carbons are associated with differ-
ent types of active sites came from the work of Rideal and Wright
(123) on the oxidation of carbon surfaces with oxygen gas. These
workers suggested three different types of sites which behaved dif-
ferently at different oxygen pressures. The rates of oxygen chemi-
sorption at 200°C were different at the three types of sites. Al-
lardice (124), while studying the kinetics of chemisorption of oxy-
gen on brown charcoal at temperatures between 25 and 300°C in the
pressure range 100—700 torr, observed a two-step adsorption,
which he attributed to the presence of two different types of sites.
Dietz and McFarlane (125), while studying the adsorption of oxygen
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Figure 32 Elimination of chemisorbed hydrogen from charcoals by
chloridation at different temperatures. [From Puri and Bansal (128a).]
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Saturation amounts of chemisorbed oxygen on activated

graphon at different temperatures. [From Hart et al. (130).]
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Figure 34 Schematic of ultraclean vacuum system for study of
chemisorption of oxygen. [From Bansal et al. (132).1

showed that more than one type of site existed on the activated
graphon surface. Hart et al. (130,131), while studying the rates of
oxygen chemisorption on activated graphon (14.4% burnoff) in the
temperature range 300—625°C at an oxygen pressure up to 0.5 torr

lue obtained below 250°C. How-
ever, when the adsorption was continued for longer periods another
saturation value was obtainéd. This sharp increase in the saturation
amount of oxygen at temperature above 250°C or at longer time
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intervals was attributed to the presence of two types of sites, which
differed in their activation energies of adsorption (Fig. 33). The
tion energy of at relati more act sites was
to be 7.4 kecal maximum unt of ox n chemisorb-
ed on these sites was estimated to occupy 2.8 m2/g or about 2.6% of
the BET surface area.
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Figure 35 Elovitch plots of oxygen chemisorption on graphon at dif-
ferent pressures and temperatures. [From Walker et al. (133).]
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Figure 36 Variation of activation energy as a function of oxygen
chemisorption on activated graphon. [From Bansal et al. (132).]

Bansal and colleagues (132—134) characterized ultraclean sur-

of by ki
rat he °C
7 an he .6%

burnoff) was cleaned by heat treatment at 1000°C in a vacuum of
the order of 10-9 torr. The apparatus used for cleaning the graphon
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es ially p to the first power y pressure,

AMEREN UE EXHIBIT 1051
Page 24



246 / Chapter 4

Table 25 Comparison of Experimental and Theoretical Values of
Activation Energy for Chemisorption of Hydrogen on Graphite

Experimental Theoretical
Site E (kcal/mol) C—C distance (nm) E (kecal/mol)
1 5.7 0.362 9
11 8.3 0.335 11
III 18.4 0.284 19
Iv 30.4 0.246 28
\% 0.142 50

Source: Bansal et al. (134).

which was varied widely, Furthermore, the rate of oxygen chemi-
sorption decreased sharply in advancing from stage I to stage V
(Table 24), where it was 250-fold less than that for stage I. These
linear regions were thus postulated to represent different kinetic
stages of the same chemisorption process involving adsorption at dif-
ferent types of sites. This received further support from the fact
that each of the kinetic stages appeared after the adsorption of a
definite amount of oxygen, although the time and the temperature of
appearance and the temporal range of existence of any particular
kinetic stage was determined by the initial pressure of the gas or the
temperature of adsorption. In general, any stage appeared earlier and
lasted for a shorter time as the pressure or the temperature was in-
creased. A lower kinetic stage disappeared almost completely at higher
pressures or at higher temperatures because the rates of adsorption
were so rapid that the lower kinetic stage passed in the time period
between the exposure of the carbon to the gas and the first meas-
urement, so that the amounts adsorbed under these conditions in
the very first measurement were larger than the amounts chemi-
sorbed in the lower stages of adsorption. The activation energies of
adsorption calculated from the Arrhenius plots of instantaneous rates
at different coverages were found to be independent of surface
coverage on any one group of sites, although the activation energies
were different for adsorption on different groups of sites (Fig. 36).
In all, five different groups of sites were observed in these studies.
The activation energies varied between 3.1 and 12.4 kcal/mol as the
chemisorption proceeded from the most active to the least active
sites. Bansal et al. (134) also studied the kinetics of chemisorption
of hydrogen on the same sample of activated graphon as a function
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of hydrogen pressure and adsorption temperature. The rates of
hydrogen chemisorption were very low compared to those of oxygen.
Only four types of active sites could be observed with an adsorption
temperature of 600°C. Chemisorption experiments were not carried
out at higher temperatures because the graphon surface showed
burning, producing gaseous spe01es which vitiated the kinetic
measurements.

The existence of these discrete types of sites has been attribut-
ed to the difference in the geometrical arrangement of the surface
carbon atoms (132—134). As the carbon surface presents several
carbon—carbon distances to the incoming gas molecules, the activat-
ed complex formed between the gas atoms and the two surface car-
bon atoms would be expected to have different potential energy con-
figurations, depending on these spacings between the carbon atoms,
resulting in a variation of the activation energies of chemisorption.
Sherman and Eyring (135) made theoretical calculations of the ener-
gy of activation for dissociative chemisorption of hydrogen on a car-
bon surface and found the values to vary with the carbon—carbon
spacings. A comparison of the theoretical values of Sherman and
Eyring (135) and the experimental values obtained by Bansal et al.
(134) is given in Table 25. The carbon--carbon distances selected in
this table are those which the hydrogen molecule would most likely
enounter when approaching the carbon surface. The spacing 0.246
nm represents the configuration termlnatmg in (101 1) face, the
spacings 0.142 and 0.284 nm for (112 1) termination, and the spac-
ings of 0.335 and 0.362 nm for distances between edge carbon atoms
in adjacent basal planes. Agreement between the experimental and
the theoretical values supports the concept that these carbon spac-
ings act like discrete types of sites on which the chemisorption of
gases generally can occur.

Puri et al. (136—138) obtained fairly convincing evidence for
the presence of certain highly active sites of an entirely different
kind, which they called unsaturated sites. These unsaturated sites
can be determined by interacting carbons with the aqueous solution
of bromine in potassium bromide. These sites are produced wher
carbons associated with oxygen are outgassed at high temperatures,
the optimum temperature being between 600 and 700°C. The concen-
tration of these sites was shown to vary with the combined oxygen
which comes off as carbon dioxide (Table 26). One mole of unsaturat-
ed sites was created by the chemisorption of two moles of oxygen as
carbon dioxide.

The concentration of the active sites on a carbon surface has
been measured in terms of the active surface area (ASA) by Laine
and co-workers (139—141). The active surface, according to these
workers, is an index of the reactivity of a carbon surface and can
be determined from the amount of oxygen chemisorbed at 300°C in
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Table 27 Comparison of Active Surface Area Calculated by Chemi-
sorption of Oxygen at 300°C and the Most Active Site Area Obtained
from Chemisorption at Higher Temperatures

Burnoff (%)

0

0

3.3

6.4

7.7
14.4
14.4
14.4
14.4
18.5
18.5
18.5
18.
18.
18.
18.
18.
18.
18.
19,
25.
25.
34.

W W o w O g o W g o o,

Source:

ASA (Laine method)
(umol 0/g)

Lussow et al. (129).

5.0

4.4
17.8
27.6
30.9
44,4
44,4
44.4
44.4
52.0
52.0
52.0
52.0
52.0
52.0
52.0
52.0
52.0
52.0
54.4
65.0
65.0
82.0

Most active

site area

(umol 0/g)

5.0
53.9
40.4
27.6
28.8
45.2
45,2
44.8
50.3
49.5
47.8
48.2
50.4
46.0
50.2
47.0
50.7
52.7
53.4
50.0
64.6
65.0
76.0
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24 hr at an initial oxygen pressure of 0.5 torr. Assuming that one
atom is a ed at h carbon and each carbon
cupies an of 0. nm2, the en c orbed can be

converted into active surface area. These workers activated graphon

to seven different burnoffs in order to create varying amounts of
active surface and observed that ASA increased with the degree of
burnoff and could be related to the reactivity of the graphon toward
oxygen. However, in later work (129,130) on the chemisorption of
oxygen at higher temperatures between 300 and 675°C, they ob-
served that there existed more than one type of active site which
differed in reactivities toward oxygen. The rate of chemisorption of
oxygen on the less active sites was not appreciable at low oxygen
pressures until the chemisorption temperature was 400°C or above.

Consequently they suggested that Laine's method, which involved

chemisorption at 300°C, determined only the surface area covered by

the most active groups of active sites. These workers (129) calculat-
ed the area covered by the most active group of sites from the low
coverage part of the reactivity data, when the reactivity of the less
active sites was supposedly negligible, and found the values to be
in good agreement with Laine's values (Table 27). Thus these work-
ers pointed out the necessity of obtaining reactivity data under
proper conditions to ensure that the observed reactivity was not be-
ing unduly influenced by the reaction on less active sites.

Hoffman et al. (142), while studying the chemisorption of sever-
al hydrocarbons (e.g., propylene, ethylene, propane) and methane
on activated graphon, observed that the adsorption of each hydro-
carbon increased with burnoff due to increase in the active surface
area ASA of the graphon. However, the ASA covered by these hy-
drocarbons was much less compared to the ASA covered by oxygen
at all degrees of burnoff (Table 28). Furthermore, propylene cover-
ed a larger ASA compared to ethylene or methane or n-butane. This
may be attributed partly to the larger size of these hydrocarbon
molecules, which, when adsorbed on an active site, are likely to
shield some of the neighboring sites to make them unavailable for ad-
sorption. Thus ASA has a meaning only with respect to the chemi-
sorption of a particular species. Whereas Laine's ASA can measure
reactivity toward oxygen, it fails to measure the reactivity of the
graphon toward these hydrocarbons.

Dentzer et al. (143) examined the adorption and decomposition
of silver diamine complexes from ammoniacal solutions on a graphitiz-
ed carbon black, Vulcan 3, activated to different degrees of burn-
off. These workers observed that the amount of silver adsorbed in-
creased with increase in the degree of burnoff. A linear relationship
(Fig. 37) was observed between the amount of silver adsorbed and
the ASA as determined by Laine's method. This was attributed to
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Figure 37 Amount of silver adsorbed in relation to active surface
area of carbons. [From Dentzer et al. (143).]

the specific reductive interaction of the silver diamine with the
carbon producing metallic silver, which was chemisorbed
on the
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6.14 REMOVAL OF COPPER BY ACTIVE CARBONS

Moore (78) studied the adsorption of Cu(II) from seawater desalination
plant effluent using several different activated carbons. The adsorp-
tion isotherms were generally type I of the BET classification. The
extent of adsorption was a function of the total Cu(II) concentration
and pH of the solution as well as the nature of the carbon. The rate
of adsorption at pH < 3 was very high in the initial stages, reached

a maximum value, and then declined steeply. However, the adsorp-
tion at pH 3 increases very fast and then becomes asymptotic after a
few minutes (Fig. 32). The maximum in the adsorption at pH < 3 was
attributed to the instantaneous precipitation of the solid copper hydro-
xide on the carbon surface during which the pH of the system became
alkaline. The adsorption then decreased as a result of the slow release
of Cu(Il) ions into the solution. The adsorption of Cu(Il), however,
was small, never reaching more than 6%. The treatment of the carbons
with organic chelating agents increased adsorption but only slightly.
Nelson et al. (79) observed that the adsorption of Cu(Il) from solu-
tions containing varying concentrations of sodium chloride depended
on the ionic strength of the solution. The adsorption increased by
about seven times when the concentration of sodium chloride in the
solution was increased from 0.1 to 6 M. This rapid increase in ad-
sorption was attributed to the adsorption of the negatively charged
CU(II) chloride complexes.

6.15 ADSORPTION OF VANADIUM ON ACTIVE CARBONS

The adsorption of V(IV) and V(V) by activated carbons has also been
reported (80,81). The adsorption has been found to be sensitive to
the pH of the solution and the nature of the carbon surface. The ad-
sorption of both V(IV) and V(V) increased with pH and was maximum
in the pH range between 2.5 and 3 and was decreased thereafter.
The oxidized charcoals generally showed more adsorption capacity to-
ward both V(IV) and V(V). Kunz et al. (80) studied the adsorption
from sodium metavanadate solution using Filtrasorb 400—activated car-
bon and observed that about 90% of the vanadium could be removed
from a solution containing 50 mg/L. The efficiency of the carbon was
improved when larger quantities of the carbon were used (Fig. 33).

6.16 REMOVAL OF ORGANICS FROM WATER BY ACTIVE CARBONS

More than 700 specific organic chemicals have been identified in drink-
ing waters. These organics are derived from industrial and municipal
discharge, urban and rural runoff, natural decomposition of vegetable
and animal matter, as well as from water and wastewater chlorination

practices. Considerable amounts of halomethanes—specifically—chloro-
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VOLUME OF NITROGEN EVOLVED {(m}S.T.P.)

N

o
A
o
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FIGURE 58 Relationship between acidic CO9-complex and the catalytic
activity of the carbon for sodium azide—iodine reaction. [From Puri
et al. (151).]
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