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A high surface area carbon black was given a high temperature treatment at 1223 K under 
either HZ or Ar to remove sulfur contaminants (1.3 w t  % S)  and oxygen-containing functional 
groups from the carbon surface. One of the carbon samples was cooled in HZ from 1223 to 
300 K t o  leave chemisorbed hydrogen on the surface, while another was oxidized by HN03 
to  create new oxygen-containing groups on its surface. These carbon samples, prepared by 
different pretreatments and later used as supports for Pd catalysts, were characterized by 
Hz, 0 2 ,  and CO adsorption and heat of adsorption (&ad) measurements at 300 K, NZ 
physisorption, X-ray diffraction, and transmission electron microscopy. Either high- 
temperature treatment effectively removed sulfur from the carbon but did not alter its 
adsorption properties, whereas the presence of oxygen groups significantly enhanced oxygen 
adsorption at 300 K after a typical catalyst reduction procedure. The Q a d  values for the 
reversible adsorption of hydrogen, oxygen, and carbon monoxide at 300 K on these carbon 
supports were 3.8 f 0.8, 0.6 f 0.5, and 1.4 k 0.5 kcal/mol, respectively, while the heat of 
irreversible oxygen adsorption on the HN03-oxidized carbon was 27 kcaymol. 

Introduction 

The presence of some oxygen and hydrogen is typi- 
cally associated with carbon blacks, and they may also 
contain sulfur, chlorine, and nitrogen, all of which are 
introduced during the manufacturing process, subse- 
quent treatments, or storage. These heteroatoms may 
be present at  edges and corners of graphitic planes or 
other defect sites, which are the main adsorption and 
reactive sites on carbon, and hence may modify their 
surface properties and behavior. The presence of these 
surface compounds determines the applications of car- 
bon blacks in rubber, plastics, and paint industries, the 
lubricating properties of graphite, their use as a mod- 
erator in atomic reactors, and their adhesion to  plastic 
matrices in carbon fibre composites.1,2 The presence or 
absence of these surface groups can also modify the 
properties of carbon as a catalyst support, but less is 
known on this s ~ b j e c t . ~ - ~  

In this study a turbostratic carbon black with 0.36% 
ash and 1.3% S was heat treated at  high temperatures 
in H2 or Ar to remove sulfur and surface oxygen groups, 
and one heat-treated carbon black was then oxidized 
by HN03 to examine the effect of reintroducing oxygen 

e Abstract published in Advance ACS Abstracts, February 15, 1995. 
(1) Bansal, R. C.; Donnet, J.-B. Carbon Black; 2nd ed.; Donnet, J.- 

B., Bansal, R. C., Wang, M.-J., Eds.; Marcel Dekker: New York, 1993; 
p 175. 

A. W.; Solar, J. M.; Skrovanek, D. J .  Appl. Catal. 1986, 27, 117. 

(2) Puri, B. R. Chem. Phys. Carbon 1970, 6,  191. 
(3) Derbyshire, F. J.; de Beer, V. H. J . ;  Abotsi, G. M. K.; Scaroni, 

(4) Suh, D. J . ;  Park, T. J.; Ihm, S. K. Carbon 1993, 31, 427. 
(5) Jungten, H. Fuel 1986, 65, 1436. 
(6) Cameron, D. S.; Cooper, S. J.; Dodgson, I. L.; Harrison, B.; 

Jenkins, J .  W. Catal. Today 1990, 7, 113. 
(7) Albers, P.; Deller, K.; Despeyroux, B. M.; Schafer, A,; Seibold, 

K. J.  Catal 1992, 133, 467. 
(8) Leon Y Leon, C. A,; Radovic, L. R. ACS Prepr. (Diu. Fuel Chem.) 

1991, 1007. 
(9) Leon Y Leon, C. A,; Radovic, L. R. Chem. Phys. Carbon 1994, 

24, 213. 

groups on surface adsorption characteristics. The ad- 
sorption characteristics of these carbons were then 
determined after typical catalyst pretreatment proce- 
dures and compared to  the original carbon which was 
not heat treated as well as to  a low surface area 
graphite. These carbons were handled anaerobically 
during preparation and prior to adsorption experiments 
because exposure to atmospheric air can cause changes 
in the surface groups and hence the properties of carbon 
 support^.^,^-^^ Both the irreversible and reversible 
uptakes of Hz, 0 2 ,  and CO were measured, and the 
integral heats of adsorption of these three gases were 
determined at 300 K because little information about 
these latter parameters exists. The surface areas and 
pore size distributions of these carbons were determined 
using Na adsorption at 77 K, while X-ray diffraction 
(XRD) was used to obtain average crystallite sizes and 
interlayer spacings. These carbons had been previously 
characterized using diffuse reflectance FTIR spectros- 
copy to  determine the types of surface oxygen-containing 
groups present.ll 

Experimental Section 

Preparation of Carbons. Black Pearls 2000 (BP2000, 
Cabot Corp.), a carbon black with a specified surface area of 
1475 m2/g, an ash content of 0.36%, and 1.3 wt 9% sulfur, was 
used as the starting material. The inorganic impurities in this 
carbon black are given in Table 1. This carbon black was given 
different pretreatments to remove sulfur and change the 
chemical nature of the carbon surface. The more reactive 
sulfur in carbon blacks can be removed as HzS by heating in 
Hz at  temperatures 1973 K12 and as CSZ and elemental sulfur 
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Properties of a Carbon Black 

Table 1. Chemical Analysis of BP2000 (C-AS IS) 
Excluding C, H, N, 0 

element weight basisa atomic basis 
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determined on the low surface area (22 m2/g) Grafoil sample 
(Union Carbide), after treatment in H2 at  573 K. 

Pore Size Distribution. Nitrogen adsorption and desorp- 
tion measurements were made using an  automated gas 
sorption analyzer (Coulter Omnisorp 100 CX) on carbon 
samples previously characterized by H2, 0 2 ,  and CO adsorp- 
tion. About 0.05-0.1 g of each sample was degassed at 623 K 
for 2-3 h until the pressure was about 2 x Torr, after 
which N2 adsorption and desorption isotherms were obtained 
at 77 K using a continuous flow method in which Nz (99.99%, 
MG Ind.) was continuously dosed to the sample at  a very low 
flow rate using a mass flow controller. The volume of gas 
adsorbed by the sample was calculated by integrating the flow 
rate over time and subtracting the dead space volume, which 
was determined using He (99.999%, MG Ind.). Adsorption 
isotherms were measured up to saturation pressure and 
desorption isotherms were obtained down to  a Nz partial 
pressure of 140 Torr. 

X-ray Diffraction. XRD measurements were made ex situ 
using an automated Rigaku Geigertlex diffractometer with a 
Cu Ka radiation source and a graphite monochromator. 
Approximately 0.02-0.05 g of each carbon black and Grafoil 
sample, previously used for gas adsorption and stored in a 
desiccator, was scanned from 28 values of 5-80" at  a rate of 
4"/min. Scanning was also carried out around each peak at 
lower rates of 0.5-2"/min in order to obtain more well-defined 
peaks. Crystallite size parameters L, and La were calculated 
from the line width of the C (002) and C (10) peaks, respec- 
tively, using the Scherrer equation with Warren's correction-d 
= K,I/{p2 - B2}lI2 cos @-with a value of either K = 0.9 for L, or 
K = 1.84 for La,17J8 d = 1.542 A, and values of 0.17" and 0.22" 
at 28 values near 20" and 43", respectively, for the instrumen- 
tal line broadening, B. Finally, the interlayer spacing, do02 
was calculated using the formula do02 = 1/2 sin 8mz. The 
limitations of these calculations are discussed e1se~here . l~  

Transmission Electron Microscopy. TEM measure- 
ments were made ex situ on samples of these carbon blacks 
after impregnation of Pd(AcAc)z dissolved in THF, evacuation, 
and reduction at 573 K. A Philips 420T transmission electron 
microscope (spatial resolution -0.4 nm) was used at an 
operating high tension voltage of 120 kV. The samples were 
ultrasonically dispersed in acetone and a drop of this solution 
was placed on a 400-mesh, carbon-coated copper grid obtained 
from Structure Probe Inc. (West Chester, PA), then evaporated 
under a heat lamp. The micrographs were typically taken at 
magnifications of 135 OOOx -250 000 x, and diffraction pat- 
terns were also taken using the selected area electron diffrac- 
tion method in which the incident beam on the specimen is 
made as nearly parallel as possible so that the central spot 
and any crystal diffraction spots are sharp. 

Heat of Adsorption Measurements. Energy changes 
during reversible and irreversible adsorption of H2, 02, or CO 
at  300 K were determined using a modified Perkin-Elmer DSC- 
2C differential scanning calorimeter. The gas handling system 
allows switching between a portion of the carrier gas (Ar or 
He) and the adsorbate (H2,02, or CO). Ar and He (99.999%, 
Liquid Carbonic) and 0 2  and Hz (99.999%, MG Ind.) were 
purified by passing each through a drying tube (Supelco, Inc.), 
and the Ar, He, and H2 were purified further by flowing each 
through an Oxytrap (Alltech Assoc.). Further details regard- 
ing the calibration and operation of the DSC are given 
elsewhere.20s21 

The heats of adsorption of the various gases were measured 
on samples of carbon black and Grafoil after their use in 
adsorption experiments, and these values were also obtained 
for a fresh sample of C-HN03. Approximately 3.5 mg of each 
sample was loaded into the DSC sample cell, and the same 
weight of nonporous glass beads was placed in the reference 
cell. The sample and reference were given the pretreatment 

S 
Si 
Al 
Ti 
Fe 

Ca 
Mn 
Na 
K 
P 

Mg 

1.3% 
34 PPm 
34 PPm 
~ 0 . 6 5  ppm 
50 PPm 
4.3 ppm 
978 ppm 
0.84 ppm 

0.9 ppm 
1.6 ppm 

83 PPm 

0.5% 
15 PPm 
15 PPm 
<0.2 ppm 
11 PPm 
2.1 ppm 
293 ppm 
0.2 ppm 

0.3 ppm 
0.6 ppm 

43 PPm 

Determined at the Materials Characterization Laboratory, The 
Pennsylvania State University , Total ash content was 0.36%. 

under vacuum or an inert gas at temperatures of 1273 K,2 
though some residual sulfur is k n o w n  to exist in cokes even 
after exposure to temperatures as high as 1693-2673 K.13 A 
high-temperature treatment (HTT) under flowing H2 or Ar (75 
sccm) for 16 h at  1223 K was used to decrease the level of 
sulfur impurities in the carbon, and this procedure also 
removes oxygen from the carbon surface.12J4 These samples 
are designated as C-HTT-H2 and C-HTT-Ar, respectively. The 
C-HTT-Hz and C-HTT-Ar samples were cooled from 1273 to 
300 K under the pretreatment gas; hence, the C-HTT-Hz 
sample had chemisorbed hydrogen on its surface.lS2 These 
carbon samples were transferred without air exposure to a N2- 
purged glovebox where they were stored. The C-HN03 sample 
was prepared by boiling a portion of the C-HTT-Ar sample in 
15.8 N HN03 for 6 h. After aqueous washes and filtration until 
the filtrate became clear with a neutral pH, the C-HN03 
sample was dried overnight in an oven at  120 K and subse- 
quently stored in a N2-purged glovebox. The as received 
BP2000 carbon black will be referred to as the C-AS IS sample. 
The pretreatments given to the BP2000 carbon to create the 
different carbon samples are summarized in Table 2. 

Gas Adsorption Experiments. Volumetric adsorption 
measurements were made using one of two stainless steel 
systems with either a turbomolecular pump (Balzers TSU 172) 
or an oil diffusion pump (Edwards Diffstak Model 631, each 
capable of achieving a dynamic vacuum below Torr a t  
the sample 10cation.l~ Gas pressures were measured using 
either a Texas Instruments Model 145 precision pressure gage 
(hO.01 Torr) or a Baratron pressure gauge (h0.05 Torr). The 
Hz, He, and 0 2  (99.999%, MG Ind.) and CO (99.99%, Matheson) 
were further purified by flowing them through drying tubes 
(Supelco), and the He and HZ were also passed through 
Oxytraps (Alltech Assoc.). Gas flows were controlled by Tylan 
mass flow controllers. 

Approximately 0.1-0.2 g of each carbon sample was initially 
heated to 393 K under a flow of 50 sccm He and held at  393 K 
for 1 h before being heated to  573 K and held in a flow of 50 
sccm H2 for 2 h. The carbon was then evacuated at  573 K for 
1 h and cooled under vacuum to  300 K, the adsorption 
temperature. This pretreatment procedure was used since it 
was the pretreatment given to the Pd catalysts made with 
these carbon blacks as a s ~ p p 0 r t . l ~  H2,02, and CO isotherms 
were measured at  300 K in the pressure range 2-300 Torr, 
and the irreversible and reversible uptakes of each gas were 
determined using a dual isotherm technique with a 30 min 
evacuation at  300 K between the isotherms. Typically the H2 
uptake on the carbon was measured first, followed by a 1 h 
evacuation at 573 K, and then 0 2  uptakes at 300 K were 
determined. The carbon sample was then pretreated again 
under H2 using the previously outlined procedure after which 
CO uptakes were determined. Hz and 0 2  uptakes were also 

(13) Brandtzaeg, S. R.; 0ye, H. A. Carbon 1988,26, 163. 
(14) Bansal, R. C.; Vastola, F. J.; Walker, P. L. Jr. J .  Colloid 

Interface Sei. 1970, 32, 187. 
(15) Seyedmonir, S. R.; Strohmayer, D. E.; Geofioy, G. L.; Vannice, 

M. A. Adsorp. Sei. Technol. 19S4,1,  253. 
(16) Krishnankutty, N.; Vannice, M. A. J .  Catal., submitted. 

(17) Warren, B. E. Phys. Rev. 1941,59, 693. 
(18) Biscoe, J.; Warren, B. E. J. Appl. Phys. 1942,13, 364. 
(19) Short, M. A.; Walker, P. L. Jr. Carbon 1963,1, 3. 
(20) Chou, P.; Vannice, M. A. J.  Catal. 1987, 104, 1. 
(21) Vannice, M. A.; Sen, B.; Chou P. Reu. Sei. Instrum. 1987,58, 

647. 
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Table 2. Pretreatments Used for Carbon Black Samples 
wt % 

C sample pretreatment S C H N air exposure 
C-AS IS none; BP2000" as received 1.3 97.73 0.36 0.77 Yes 
C-HTT-H2 heat BP2000" in 75 sccm Hz for 16 h at 1223 K 0.1 b b b no 
C-HTT-Ar heat BP2000" in 75 sccm Ar for 16 h a t  1223 K 0.1 98.42 0.15 1.34 no 
C-HN03 boil C-HTT-Ar in 15.8 N HN03 for 6 h in air 0.1 89.88 0.75 0.79 Yes 
Grafoil Yes 
a Black Pearls 2000 carbon black (1475 m2/g) from Cabot Corp. 

heat Grafoil? in He and then in H2 for 4 h at 1273 K <0.05 

Not analyzed. Grafoil (22 m2). 

used prior to chemisorption measurements, except that it was 
carried out in a gas mixture of 20% H2/80% Ar at 40 sccm and 
a purge with 45 sccm of an Ar/He mixture (77% Ar) for 1 h at 
573 K was used rather than evacuation. After this pretreat- 
ment, the samples were cooled to 300 K, a step change was 
made to a constant Hz, 0 2 ,  or CO partial pressure (between 
75 and 125 Torr), and the exotherm due to gas adsorption was 
recorded as a function of time and integrated to give the total 
energy change. After the initial gas exposure, the sample was 
purged with pure He or Ar at 300 K for 1 h to remove the 
reversibly adsorbed gas, and the gas was reintroduced to 
measure the energy change for reversible adsorption. The 
difference between the total energy change and the reversible 
energy change was used to obtain the energy change for any 
irreversible uptake. Typically the heat of HZ adsorption was 
measured first on a given sample, then a 1-h Ar purge at 573 
K was used and the heat of 0 2  adsorption was measured next. 
Finally, the heat of CO adsorption was measured after once 
again pretreating the sample. 

Thermogravimetric Analysis. A portion of the C-HN03 
sample (0.04 g) previously used in chemisorption was loaded 
into a quartz bucket attached to a Cahn microbalance, and 
heated under 100 cm3/min of He (99.999%, MG Ind.) at 5 Wmin 
from 573 to 1273 K, and the weight loss was monitored. The 
experimental setup is described in detail elsewhere.22 

Results 

BET Surface Area and Pore Size Distributions. 
Type I N2 isotherms, with the steep initial branch at 
lower pressures indicating the presence of micropores, 
were obtained for the carbons; however, a hysteresis 
loop characteristic of capillary condensation indicated 
the presence of me sop ore^.^^'^^ A typical isotherm is 
shown for the C-HTT-Ar sample in Figure la .  For all 
samples, the hysteresis loop between the adsorption and 
desorption branches was similar to type B or H3, which 
has been associated with slit-shaped pores occurring in 
aggregates of platelike particles.25 Surface areas and 
pore volumes were calculated using different models 
which are appropriate for the combined presence of 
micropores and mesopores, as discussed below. The 
IUPAC definitions of micro-, meso-, and macropores are 
as follows: micropores have width w < 20 A, mesopores 
have 20 A I w < 500 A, and macropores have w L 500 

The BET plots were linear in the PIP, region from 
0.05 to 0.3 and BET surface areas were calculated using 
16.2 A2 for the cross-sectional area of an adsorbed N2 
molecule. t plots were obtained by plotting the volume 
adsorbed vs the statistical film thickness of adsorbate, 

A.25 

(22) Kim, M. S.; Rodriguez, N. M.; Baker, R. T. K. J .  Catal. 1992, 
134, 253. 

(23) Gregg, S. J.; Sing, K. S. W. Adsorption, Surface Area and 
Porosity, 2nd Ed.; Academic Press: New York, 1982. 
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1989,21, 2. 

(25) Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; 
Pierotti, R. A,; Rouquerol, J.; Siemieniewska, T. Pure Appl. Chem. 
1985, 57, 603. 

and they indicated the presence of both micropores and 
macropores.26 The statistical thickness was derived 
from the surface area of a model, nonporous, carbon- 
nitrogen system, and a typical t plot is shown for the 
C-HTT-Ar sample in Figure lb. The slope of the second 
linear region was used to obtain the surface area 
contained in mesopores and macropores, and the inter- 
cept at t = 0 was used to obtain the micropore volume. 
The micropore area was calculated by subtracting the 
meso- and macropore contribution from the BET surface 
area. The MP method, which is an extension of the 
t-plot method, was also used to obtain micropore size 
distributions and micropore volumes from the thickness 
plot.27 A differential mesopore size distribution plot was 
obtained based on the Barrett et al. treatment of the 
Kelvin equation using the desorption isotherm.28 A 
cylindrical pore model with open-ended pores and the 
absence of a pore network is assumed in this approach, 
hence this distribution must be regarded with caution. 

The Dubinin-Radushkevich (D-R) equation, which is 
an adaptation of the Polanyi-Dubinin equation ad- 
dressing adsorption in small pores, was also used to 
obtain estimates of micropore volume.29 The D-R plots 
deviate from linearity, they are convex to the abscissa, 
and they display an upward turn due to multilayer 
adsorption and capillary condensation in mesopores as 
saturation pressure is a p ~ r o a c h e d , ~ ~  as shown in Figure 
IC; thus the extrapolation to obtain micropore volume 
must be corrected for mesopore adsorption, which 
contributes to the uptake at lower pressures.30 The 
Horvath and Kawazoe method, which is based on 
Lennard-Jones potential functions, was used to obtain 
a micropore size d i~ t r ibu t ion .~~ The specific surface 
areas and pore volumes calculated from the different 
methods are listed in Table 3. 

The BET surface areas of C-AS IS and C-HTT-Ar 
were quite similar; however, the C-HNOs catalyst had 
a lower surface area, as expected from earlier ~ o r k , ~ , ~ ~  
although a HNO3 treatment has also been reported to 
increase surface area.33 The surface area of C-HTT-Hz 
is expected to be fairly similar to the C-HTT-Ar since 
similar heat treatment temperatures were used. The 
decrease in surface area for C-HN03 is accompanied by 
a decrease in both micropore and wider pore volumes, 

(26) Lippens, B. C.; de Boer, J. H. J .  Catal. 1966, 4 ,  319. 
(27) Mikhail, R. Sh.; Brunauer, S.; Bodor, E. E. J. Colloid Interface 

Sci. 1968,26, 45. 
(28) . Barrett, E. P.; Joyner, L. G.; Halenda, P. H. J.  Am.  Chem. 

Soc. 1951, 73, 373. 
(29) Dubinin, M. M.; Radushkevich, L. V. Proc. Acad. Sei. USSR. 

1947, 55, 331. 
(30) Marsh, H.; Rand, B. Third Conference on Industrial Carbon 

and Graphite; SOC. Chem. Ind , Academic Press: New York, 1970; p 
93. 

(31) Horvath, G.; Kawazoe, K. J .  Chem. Eng. Jpn. 1983, 16, 470. 
(32) Heal, G.  R.; Mkayula, L. L. Carbon 1988,26, 803. 
(33) Papirer, E.; Dentzer, J.; Li, S.; Donnet, J. B. Carbon 1991,29, 
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Figure 1. (a) Nz adsorption and desorption isotherms at 77 K for C-HTT-Ar. (b) t plot for Nz adsorption at 77 K on C-HTT-Ar. 
(c) D-R plot for Nz adsorption at 77 K on C-HTT-Ar. (d) Pore size distribution for C-HTT-Ar using Nz adsorption at 77 K. 

Table 3. BET Surface Areas and Pore Volumes Obtained from Nitrogen Adsorption and Desorption Experiments at 77 K 
BET area, c, t plot area, micropore Vtotal, Vmeso+macm, Vmicro, Vmicro, Vmicro, 

carbon mZ/g BET eq m2/g area, m2/$ cm3/g cmV& cm3/g cm3/gf cm3/g 
C-AS IS 1523 796 515 1008 3.10 2.56 0.46 0.51 0.57 
C-HTT-Ar 1541 511 533 1030 3.05 2.58 0.45 0.52 0.58 
C-HN03 1378 315 315 887 1.85 1.36 0.33 0.45 0.51 
a Mesopore and macropore area from t plot over film thickness of 6-10 A. Subtraction oft  plot area from BET area. From the MP 

From desorption isotherm using the Kelvin equation. e From the MP method. f From t plot method over film thickness of 6-10 method. 
A. g From the Dubinin-Radushkevich equation. 

as seen in an earlier s t ~ d y . ~  The high values of the BET 
constant, c, between 300 and 800 are consistent with 
the existence of microporosity in the carbon black and 
are similar to  values previously obtained with another 
carbon black.34 The highest c value, obtained with C-AS 
IS, may indicate a greater interaction between N2 and 
the initial functional groups on the surface of this 
untreated carbon because the microporosity for that 
sample is similar to those for the other catalysts. The 
calculated mesopore size distributions for the carbon 
samples have a maximum at a pore width between 180 
and 320 A, and the distribution for C-HTT-Ar is shown 
in Figure Id. The C-HN03 sample had the smallest 
mesopores. These pore size distributions always exhib- 
ited an apparent peak near a width of 36 A ( r  = 18 A), 
which is an artifact arising from the tensile strength of 

(34) Martin-Martinez, J. M.; Vannice, M. A. Znd. Eng. Chem. Res. 
1991,30,2263. 

Nz and the breakdown of the Kelvin equation below a 
pore width of 40 A.23 The peak in the micropore size 
distribution for all the carbons was at w = 5.4 A using 
the Horvath-Kawazoe method and w 3 12 A with the 
MP method. These values are consistent with the belief 
that the microporous structure in carbons is a tangled 
network of defective graphitic planes and that the 
micropores represent spaces between layer planes with 
dimensions from 3.4 to 8 A, as determined by TEM.35 

X-ray Diffraction and Transmission Electron 
Microscopy. The X-ray diffraction patterns for the 
various carbon samples are shown in Figure 2. For 
graphite, the (002) peak is expected at 26.38', the (100) 
peak at 42.22", and the (101) peak at 44.39' (JCPDS 
card 41-1487). The peaks for Grafoil were closest to 
these values, as shown in Figure 2c,d. For the amor- 
phous carbon black samples, a broad peak correspond- 

(35) McEnaney, B. Carbon 1988,26, 267. 
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Figure 2. (a, top) Comparison of XRD pat te rns  for carbon black samples:  (a)  C A S  IS, (b) C-HTT-Ar, (c) C-HN03. (b, middle) 
Comparison of XRD pat te rns  for carbon black samples: (a )  C-AS IS, (b) C-HTT-Ar, (c) C-HNO3. (c, bottom) XRD pa t t e rn  for 
Grafoil. 

ing to the (002) reflection is shifted downwards and is 
seen around 22.4 k 2.2". The shift of the (002) reflection 
to lower values leads to the larger do02 values shown in 
Table 4. Further, as expected for turbostratic two- 
dimensional ordering, the (100) and (101) peaks merge 
into a broad (10) peak around 43.46 f 0.15". The 
dimension along the c-axis, L,, and the crystallite width, 
La, were calculated using line broadening of the (002) 
and (10) peaks, respectively; here L, represents a 
measure of the average stacking height of aligned 
graphitic planes, and La is indicative of their average 

Table 4. Carbon XRD Peak Positions, Lattice Spacing 
and Crystallite Size after 2 h in HZ at 573 K 

C(OOO2) C(10) C(110) dooz, L La, 
carbon peak(20) peak(20) peak(20) A A' A 

C-AS IS 20.79 43.31 4.27 8.1 41 
C-HTT-H2 20.95 43.37 4.24 7.9 38 
C-HTT-Ar 20.15 43.61 4.41 8.7 37 
C-HNO3 24.61 43.44 3.62 10.6 41 
Grafoil 26.2, 54.4 42, 44.2 77.0 3.40 104.4 

diameter.36 It must be remembered that these values 
may be weighted in favor of larger crystals if a distribu- 
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Figure 3. (a, top) Electron diffraction pattern of 3.4% Pd/C- 
HTT-H2 after a 573 K reduction. (b, bottom) TEM micrograph 
of 3.4% Pd/C-HTT-H2 after a 573 K reduction. 

tion of crystallite sizes exist.lg The crystallite height, 
Lc, was not changed significantly by HTT, but it 
increased noticeably after oxidation by HNO3, as shown 
in Table 4. The crystallite width, La, was similar for 
all the carbons and consistent with values reported for 
other carbon although the HTT decreased the 
crystallite width by about 10% compared to the C-AS 
IS sample. This value was regained after the HN03 
treatment, thus indicating that surface oxygen groups 
in the C-AS IS and the C-HNO3 samples may be 
responsible for the larger widths. Further, the dm2 
values indicate the HNO3-treated sample has an inter- 
layer spacing closest to graphitic carbon, while the other 
carbons have interlayer spacings larger than graphite, 
which is again consistent with previously reported 
results and the turbostratic nature of carbon b 1 a ~ k . l ~ ~ ~ ~  
A typical diffraction pattern from a Pd catalyst made 
using C-HTT-H:! as a support is shown in Figure 3a, 
and the corresponding micrograph is shown in Figure 
3b. These are shown because the diffuse rings cor- 
respond to the (01) and (11) reflections of the small 
crystallites in the turbostratic carbon black. 

H2, 02, and CO Adsorption. Typical H2, 0 2 ,  and 
CO isotherms for these carbons are shown in Figures 
4-6, and the uptakes are listed in Table 5. Only the 
C-HN03 sample exhibited any significant irreversible 
Ha, CO, or 0 2  uptake at 300 K after a typical pretreat- 
ment procedure as it irreversibly adsorbed 11 pmol of 
Odg. All the carbon blacks had the highest adsorption 
capacity for CO, followed by 0 2  and then H2; however, 

(36) Hess, W. M.; Herd, C. R. Carbon Black, 2nd ed.; Donnet, J.- 
B., Bansal, R. C., Wang, M A . ,  Eds.; Marcel Dekker: New York, 1993. 
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Figure 4. H2 uptakes at 300 K on C-AS IS (A, A), c -mO3 
(0,O) and Grafoil(0, +I after a 573 K reduction. (Open symbols 
represent first and closed symbols second isotherm). 
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Figure 5. 0 2  uptakes at 300 K on C-AS IS (0, e), c-HNo3 (0, 
0)  and Grafoil (A, A) after a 573 K reduction. (Open symbols 
represent first and closed symbols second isotherm). 

the Grafoil sample had a larger reversible uptake of H2 
compared to 0 2 .  The reversible 0 2  and CO uptakes on 
the HTT- and HNO3-treated carbons were less than on 
the C-AS IS sample, while the reversible H2 adsorption 
was unchanged by pretreatment. 

Heats of Adsorption. The heats of reversible H2, 
0 2 ,  and CO adsorption on the four carbons as well as 
the &ad value for irreversible oxygen adsorption are 
listed in Table 5. The integral heat of H2 adsorption 
was similar on the carbon blacks (4.0 f 0.5 kcallmole 
H2) but slightly lower on Grafoil (2.9 kcallmol of H2). 
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ing groups as observed p r e v i ~ u s l y . ~ J ~ J ~ - ~ ~  However, the 
HTT step had no major effect on nitrogen adsorption, 
consistent with previous work on a carbon black by 
Chen et al.,38 although a HTT step in H2 did decrease 
nitrogen uptakes on activated carbons made from olive 
pits.34 

The HNO3 treatment decreased the surface area of 
the carbon black, contrary to results obtained by Papirer 
et al.33 but in agreement with the results of Suh et al. 
for activated ~ a r b o n s . ~  This inconsistency has also been 
observed previously by Heal and Mkayula, who found 
that a HNO3 treatment slightly increased the surface 
area of wood-based activated carbons but slightly de- 
creased it for peat-based activated carbons.32 The HTT 
step, which also eliminated oxygen groups, slightly 
decreased the size of the crystallites compared to the 
C-AS IS and C-HN03 samples, both of which contained 
oxygen groups. We could find no previous mention of 
the effect of oxygen functional groups on crystallite size 
in the literature. The increased crystallite height, L,, 
in the presence of oxygen-containing surface groups is 
accompanied by a decreased interlayer spacing, d002, in 
the case of the C-HNO3 sample, which reflects a physical 
modification of the carbon during HN03 oxidation. 
Oxidation of carbon by HN03 is thought to be ac- 
companied by some carbon gasification,2 and the de- 
creased micropore and total pore volumes for the 
C-HNO3 sample have been attributed previously to both 
the breakup of micropore walls by oxidation to form 
oxygenated terminal groups and the mechanical de- 
struction of pores by the surface tension of the oxidizing 
solution;39 these effects in turn can decrease the surface 
area after an HNO3 treatment. The low 1.4 wt % loss 
during HNO3 oxidation suggests that any loss of carbon 
by a gasification reaction was compensated by addition 
of oxygen-containing groups. As seen in Table 2, the 
8.5 wt % unaccounted for in the composition of the 
C-HN03 sample may be attributed to the presence of 
oxygen-containing groups on the surface. 

Thus the HTT step modified the chemical composition 
of the carbon black by removing S and oxygen-contain- 
ing groups (and providing chemisorbed hydrogen in the 
C-HTT-H2 sample) while leaving the surface area, pore 
size distribution, crystallite size, and interlayer spacing 
relatively unchanged. On the other hand, the oxidation 
treatment with HNO3 was more destructive and changed 
the structure of the carbon black, causing a decrease in 
surface area and pore volume, an increase in crystallite 
size, and a decrease in interlayer spacing. A DRIFTS 
study of this carbon black showed that the HNO3 
treatment changes the carbon black surface chemically 
by introducing oxygen-containing surface groups such 
as cyclic anhydrides, lactones, and phenols; no evidence 
for the introduction of nitrogen-containing groups was 
seen.ll The presence of cyclic anhydrides and the 
absence of nitrogen-containing groups indicate a high 
degree of oxidation of the carbon by HN03.40341 

The presence of oxygen-containing surface groups is 
consistent with the weight change that occurs during 
thermogravimetric analysis of the C-HN03 sample. 
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Figure 6. CO uptakes at  300 K on GAS IS (A,  A) and 
C-HN03 (0, 0)  after a 573 K reduction. (Open symbols 
represent first and closed symbols second isotherm). 

The weakly bonded 0 2  had a low heat of adsorption near 
0.6 f 0.3 kcaVmo1 of 0 2 ,  while that for reversible CO 
chemisorption was about 1.4 kcdmol. This latter value 
is comparable to values of 1.9-2.9 kcaVmol obtained by 
Martin-Martinez and Vannice for activated carbons.34 

Thermogravimetric Analysis. The thermogravi- 
metric trace during linear TPD of the C-HN03 sample 
is shown in Figure 7. The broad weight loss peaks near 
750 and 950 K correspond to those expected for decom- 
position of C02- and CO-evolving surface complexes, 
r e~pec t ive ly .~ ,~~  The weight loss was monitored only 
from 573 K, and the initial weight loss is attributed to 
the evolution of 

Discussion 

Reactive S impurities should be removed from carbon 
prior to its use to prepare supported metal catalysts, 
and a high temperature treatment (HTT) can ac- 
complish thiq2J2 however, this is routinely not done. 
The influence of such a HTT step on the adsorption 
behavior of high surface area carbons such as carbon 
black is therefore of interest, particularly since few, if 
any, heat of adsorption values have been reported for 
clean C surfaces after a typical catalyst pretreatment 
procedure. It is also important to determine if any 
significant changes in the physical properties of a carbon 
black occur as a consequence of a HTT step or as a result 
of a subsequent oxidation by HN03. The TEM micro- 
graphs of the carbon black samples revealed random 
orientation of crystallites within a carbon black particle, 
which is typically observed,36 and diffraction lines 
corresponding to  graphitic layers could be seen, as 
shown in Figure 3. The HTT in H2 or Ar removed 
almost all the sulfur from the carbon black, as shown 
in Table 2, and it also removed surface oxygen-contain- 

(37) Otake, Y.; Jenkins, B. G. Carbon 1993,31, 109. 

(38) Chen, A. A,; Vannice, M. A,; Phillips, J. J.  Phys. Chem. 1987, 

(39) Matsumura, Y. J. Appl. Chem. Biotechnol. 1975, 25, 39. 
(40) Zawadzki, J. Chem. Phys. Carbon 1989,21, 147. 
(41) Zawadzki, J. Carbon 1980, 18, 281. 

91, 6258. 
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Table 5. Gas Uptakes on Carbons and Heats of Adsorption after Treatment in HZ and Evacuation at 573 K 
irreversible reversible 

gas uptake (mol/g) Qirrev kcaU gas uptake (mol/g) Qrev, kcaUmol 
carbon H2 0 2  co mol of 0 2  H2" 0 2 b  Cob H2" O2b Cob 

C-AS IS 0 0 0 6 34 58 4.3 0.33 
C-HTT-Ar ca. 1 0 0 6 25 40 4.6 0.53 1.3 
C-HN03 0 11 0 2 7c 6 24 36 3.5,3.5' 0.50, 1.lC 1.4, 1.4c 
Grafoil 0 0 2 1.2 2.9 

a At 123 Torr At 75 Torr. Values obtained on a fresh C-HN03 not previously used for chemisorption. 

Temperature, K 
Figure 7. Rate of weight change upon heating C-HN03 in 
He. 

Carbon-oxygen surface complexes in HNO3-treated 
carbon blacks are thought to be stable up to 523 K, at 
which temperature evolution of C02 begins and gives a 
maximum in the rate of weight loss between 773 and 
873 K; in contrast, CO evolution occurs from 673 to 1073 
K and gives a rate maximum between 873 and 973 K.1337 
Water evolution is seen between 400 and 773 K, while 
H2 evolution may be seen above 973 K.la7 The evolution 
of C02 is associated with carboxylic groups and their 
derivatives, such as lactones and carboxylic anhydrides, 
while CO evolution is attributed to decomposition of 
quinones, hydroquinones, and phenols, and water loss 
is due to hydroquinones and  phenol^.^,^^ The sharp 
increase in weight loss for the C-HN03 sample starting 
near 600 K and peaking near 750 K is consistent with 
the observed decomposition of lactones in a DRIFTS 
study of this C-HN03 sample after heating t o  673 K in 
Ar,ll as well as the evolution of C02 at 650 K in a 
previous study of a HNO3-treated char.37 The broad 
peak a t  950 K can be attributed to both decomposition 
of CO-evolving groups such as phenols as well as the 
high temperature evolution of C02 from carboxylic 
anhydride groups which were observed on these carbons 
by FTIR.11,37 The initial weight loss below 600 K is 
consistent with the previously observed evolution of H20 
between 400 and 600 K.37 

The effect of different pretreatments on adsorption 
properties is discussed next. No irreversible CO ad- 
sorption at 300 K was observed on any of these carbon 
samples after a typical catalyst pretreatment procedure, 
which agrees with previous Dissociative H2 
adsorption on clean carbon surfaces is activated, with 
an activation energy between 13 and 30 kcallmol 
depending on the type of active sites on a carbon surface; 
consequently, significant irreversible H adsorption is 

expected only a t  high  temperature^.^^ The absence of 
irreversible hydrogen adsorption on all these carbon 
blacks is thus consistent with the expected slow rate of 
dissociative adsorption at room temperature. Signifi- 
cant adsorption of hydrogen has been reported previ- 
ously to occur at 300 K on an activated carbon oxidized 
first in air and then with a NaClO solution,43 but the 
role of residual Na atoms in increasing the rate of 
hydrogen adsorption is unclear. Once formed, C-H 
surface complexes are more stable than C-0  surface 
complexes, though chemisorption of H2 and 0 2  is 
thought to take place on the same set of active sites.2,42,44 
Dissociative 0 2  adsorption is known to occur irreversibly 
on clean carbon surfaces above 200 K,45,46 and activation 
energies of 3-12 kcallmole on g r a p h ~ n , ~ ~  7-12 kcdmol 
on a saran char,48 13-25 kcal/mol a t  different oxygen 
surface coverages on a cellulose char,49 and 6-15 kcall 
mol on carbon films50 have been reported. A large 
variation in irreversible oxygen uptakes by different 
carbons has been observed previously, though the 
reasons for the differences are not always mentioned. 
Irreversible 0 2  chemisorption at 300 K on cellulose 
chars which were heat treated in N2 at 573 K was 
negligible;49 however, irreversible oxygen chemisorption 
at 300 K, which produced C-0 and C=O bonds, was 
observed with a carbon sample containing 21% H after 
exposure to air for several days.51 Cellulosic chars 
prepared a t  1273 K did not chemisorb oxygen at 373- 
473 K while chars prepared at 723 K did, which perhaps 
reflects differences in active surface area or chemical 
composition of the surface.52 In the current study, the 
pretreatment was found to alter the irreversible oxygen 
uptake on these carbon blacks at 300 K, a temperature 
a t  which no carbon gasification occurs.1 The absence 
of irreversible 0 2  adsorption on the C-AS IS sample is 
consistent with the reported inhibition of carbon oxida- 
tion in the presence of sulfur,6 while the absence of 
0-containing surface species on C-HTT-Hz, even after 
oxidation at 673 K, accompanied by a decreased rate of 
oxidation, is consistent with the reported suppression 
of oxygen chemisorption in the presence of chemisorbed 
H2.11343 The reason for the lack of irreversible 0 2  uptake 

(42) Bansal, R. C.; Vastola, F. J.; Walker, P. L. Jr .  Carbon 1971,9, 

(43) Ouchaib, T.; Moraweck, B.; Massardier, J.; Renouprez, A. Catal. 

(44) Bansal, R. C.; Vastola, F. J.; Walker, P. L. Jr. Carbon 1974, 

(45) Hayward, D. 0.; Trapnell, B. M. W. "Chemisorption"; Butter- 

185. 

Today 1990, 7, 191. 

12, 355. 

wnrth: 1,nndnn. 1964 
I -. . ... - .._ - .. 

(46) Boehm, H. P. Adv. Catul. 1966,16, 179. 
(47) Bansal, R. C.; Vastola, F. J.; Walker, P. L., Jr. J. Colloid 

Interface Sci. 1970, 32, 187. 

24, 217. 
(48) Waters, B. J.; Squires, R. G.; Laurendeau, N. M. Carbon 1986, 

(49) Bradbury, A. G. W.; Shafizadeh, F. Carbon 1979, 18, 109. 
(50) Mclintock, I. S.; Orr, J .  C. Carbon 1968, 6 ,  309. 
(51) Kavan. L.; Dousek, P.; Kubelkova, L. Carbon 1986,2, 671. 
(52) DeGroot, W. F.; Osterheld, T. H.; Richards, G. N. Carbon 1991, 

29, 185. 
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at  300 K on C-HTT-Ar is not clear at  this time, 
especially since it can rapidly oxidize at  673 K in 0 2 , 1 1  
but it is attributed to an activated adsorption process. 

It may be suggested that the pretreatment in H2 at 
573 K was responsible for the suppression of subsequent 
irreversible H2 and 0 2  chemisoption. However, the 
C-HN03 sample, which already possessed a high con- 
centration of oxygen-containing groups, irreversibly 
chemisorbed a significant amount of oxygen at 300 K 
after a typical catalyst pretreatment procedure of reduc- 
tion and evacuation at 573 K in Ha. No previous study 
of oxygen adsorption at 300 K on HNO3-treated carbons 
after such a pretreatment has been found. The ther- 
mogravimetric analysis of this carbon sample indicates 
that significant weight loss, attributed t o  the decompo- 
sition of oxygen-containing groups on the surface, occurs 
above 600 K. It is not known if the pretreatment in Ha 
at  573 K can accelerate the decomposition of these 
groups and thus create additional sites for 0 2  adsorp- 
tion; however, such sites would also be expected to  
adsorb H242.43 and no irreversible H2 adsorption was 
seen. It is known that exposure of carbons which have 
been outgassed at  high temperatures to oxygen at 300 
K creates basic oxygen groups, while the base adsorption 
capacity of HNO3-treated acidic carbons is high.2,37 The 
HNO3 treatment introduces large quantities of acidic 
groups and creates a polar ~ u r f a c e , ~ , ~ ~  and the presence 
of these groups appears to  enhance oxygen adsorption. 
The HNO3 treatment creates more CO2-containing 
groups on the carbon, while air oxidation at 673 K 
creates more CO-yielding complexes, especially in the 
early stages of air oxidation, with further oxidation 
causing an increase in COz-yielding complexes.37 Thus 
the presence of COz-evolving groups on the carbon 
surface may be creating new sites which can chemisorb 
0 2  at 300 K and form CO-evolving  group^.^,^^ This 
hypothesis is consistent with the observation of the 
further development of oxygen groups corresponding to 
carboxyl carbonates, quinones, and C-0 single bonds, 
such as those in alcohols and cyclic ethers, upon 
exposure of the C-HN03 sample t o  oxygen at  673 K, 
such groups were not created on the HTT carbon black 
samples.ll The modification of adsorption behavior and 
reactivity of HNO3-treated carbons and other carbons 
with acidic groups has been observed previously, and it 
resulted in an increased rate of H2 gasification at 1048 
K, which was attributed to the creation of nascent sites 
by 0 2  d e ~ o r p t i o n , ~ ~  and enhanced gasification of glassy 
carbon by steam and C02 due to an increase in active 
sites which could dissociatively chemisorb 0 2  and C02.54 
The presence of surface complexes that decompose to 
give C02 is known to increase the H20 adsorption 
capacity of charcoal, and the presence of 0-containing 
complexes increases adsorption of S O Z . ~  A DRIFTS 
study of the C-HN03 sample found no evidence for the 
presence of N-containing groups,l’ which is consistent 
with its low N2 content, as shown in Table 2; hence, the 
enhanced 0 2  uptake is not attributed to the presence 
of N-containing groups as proposed for the enhancement 
of carbon oxidation in the presence of nitrogen.6 

The integral Qad value for irreversible oxygen adsorp- 
tion on the HNo3 treated carbon was -27 kcaVmol after 
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heating in H2 and evacuating at 573 K. High values 
have been reported for oxygen adsorption on freshly 
ground graphite, i.e., initial values of 100 kcaVmo1 at 
low coverage dropped to 50 kcaVmol at  higher cover- 
a g e ~ . ~ ~  Ward and Rideal reported 0 2  heats of adsorp- 
tion at 273 K t o  be 40 kcaVmol or lower on charcoals 
with ash contents of 0.2-10% which had been baked 
for 2-3 days at a low temperature of 693 K.55 Higher 
heats of 0 2  adsorption between 60 and 84 kcaVmol at  
273 to 298 K have been reported for charcoals with 0.3% 
ash content which were heated under vacuum for 2-60 
h at  higher temperatures of 1223-1273 K.56357 A high 
initial heat of 84 kcaVmol on charcoal, which was 
attributed to adsorption on sites of highest activity, 
decreased with increasing coverage t o  a constant value 
of 4.3 kcaVm01.~~ Ismail and Walker58 reported a Q a d  
value of 42 kcal/mol at 373 K on a clean Saran char after 
a HTT at 1173 K. High initial heats of 60-100 kcaV 
mol have been reported for 0 2  adsorption at 298 K on 
Ambersorb, an amorphous carbon with 3.5% S, as well 
as on a char derived from phenol-formaldehyde copoly- 
mer.59,60 These initial heats decreased rapidly with 
increasing coverage, and the integrated Q a d  value for 
“chemisorbed 0 2  (AH > 12 kcal/g mol)” was calculated 
to  be 30 kcal/mol after a HN03 treatment followed by 
evacuation at 1173 K at  Torr.6o The value of 27 
kcaVmo1 for the present C-HNO3 sample at  300 K is 
near this integral value, despite the difference in 
pretreatments. These previous studies have shown that 
the heat of adsorption is a strong function of oxygen 
coverage of the carbon s ~ r f a c e ~ ~ - ~ O  and that the pre- 
treatment given to the carbon prior to the oxygen 
adsorption experiments as well as the impurities in the 
carbon can affect the value of heats of adsorption of 0 2 . j 8  
Specifically, higher heats of 0 2  adsorption were obtained 
when higher temperatures of evacuation and desorption 
were used prior t o  heat m e a ~ u r e m e n t . ~ ~  The integral 
value of 27 kcaVmo1 in the current study is consistent 
with the initial presence of oxygen functional groups on 
the surface, indicating that the sites with the highest 
binding energies are already associated with oxygen- 
containing groups and are unavailable for further 
oxygen chemisorption. Alternatively, this heat of ad- 
sorption may be more similar to a heat of reaction 
attributable to  the formation of a new carbon-oxygen 
species on the surface. Such a phenomenon would be 
similar to the creation of basic species such as pyrone 
(a heterocycle containing a carbonyl and an ether group) 
which are known to form on HTT carbons after exposure 
to oxygen at 300 K.61,62 These pyrone groups are 
thought to form by the combination of a heat resistant 
oxygen-containing group, which stays on the surface 
even at 1073 K, with another 0 group created during 
air exposure.61@ 

The pretreatment of the carbons did not significantly 
affect the heats of reversible adsorption of H2, 0 2  and 
CO at 300 K. The integral Qad values for reversible CO 

(531 Treptau, M. H.; Miller, D. J. Carbon 1991, 29 ( 4 / 5 ) ,  531. 
(54) Keleman, S. R.; Freund, H. ACS Diu. Fuel Chem. Prepr. 1987, 

32(11, 318. 
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(55) Ward, A. F. C. H.; Rideal, E. K. J. Chem. SOC. 1927, 3117. 
(561 Marshall, M. J.; Bramston-Cook, H. E. J.  Am. Chem. SOC. 1929, 

51, 2019. 
(57) McKie, D. J .  Chem. SOC. 1928, 2870. 
(58) Ismail, I. M. K.; Walker, P. L., Jr .  Colloid Interface Sci. 1980,75, 

944 
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(59) Gow, A. S.; Phillips, J. Energy Fuels 1992, 6, 184. 
(60) O’Neil, M.; Phillips, J. J .  Phys. Chem. 1987, 91, 2867. 
(61) Boehm, H. P.; Voll, M. Carbon 1970, 8, 227. 
(62) Papirer, E.; Li, S.; Donnet, J. B. Carbon 1987, 25, 243. 
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adsorption on all the carbon samples was around 1.4 
kcaVmo1, which is consistent with previous values of 
1.9-2.9 kcaVmol reported for CO adsorption on acti- 
vated carbons.34 The Q a d  values for reversible H2 
adsorption on the turbostratic carbon surfaces did not 
vary significantly as it was 4.0 f 0.5 kcaVmol but a 
lower value of 2.9 kcaVmo1 was obtained for the gra- 
phitic surface. The heat of reversible 0 2  adsorption was 
very low on all surfaces, varying from 0.3 to 1.1 kcal/ 
mol, which is near the value of 2.8 kcaVmol reported 
previously for a HTT Saran char.48 No Q a d  values for 
H2 after a similar pretreatment could be found in the 
literature for comparison. 

Summary 

A high temperature treatment (HTT) at 1223 K of a 
turbostratic carbon black decreased its sulfur content 
and removed oxygen-containing surface groups, but it 
did not significantly alter the N2 BET area, pore size 
distribution, or adsorption behavior. However, a sub- 
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sequent oxidation by HN03 caused a decrease in surface 
area, micropore volume, and total pore volume and 
increased the apparent interlayer spacings. An impor- 
tant finding was that this latter treatment induced 
significant irreversible 0 2  adsorption at 300 K while H2 
and CO adsorption capabilities were not noticeably 
affected. The irreversibly adsorbed oxygen had a rela- 
tively low heat of adsorption of 27 kcaVmo1, which is 
attributed to adsorption on a carbon surface already 
containing a high coverage of oxygen, and this value 
might be associated with the heat of the formation of 
basic oxygen groups on this carbon surface. The dif- 
ferent pretreatments had little effect on the heats of 
reversible adsorption of H2, 02, and CO at 300 K, and 
similar values for each adsorbate were obtained for all 
the carbon black samples. 
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