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Abstract

The physicochemical properties, surface chemical structure and some catalytic properties of a series of carbons prepared
by nitric acid oxidation of an activated carbon and subsequent heat treatment under vacuum and mild temperature conditions
(423-573 K) were studied. The porous structure characteristics of the partially evacuated samples were estimated from
low-temperature nitrogen adsorption data. The thermal analysis and the quantitative determination of surface functional
groups by selective neutralization of bases and pH-metric titration were carried out. The dehydration of 2-methylpropan-2-ol
was used as a test reaction. While gradual annealing in vacuum alters the surface only slightly, it does differentiate strongly
the number and the acidic strength of the surface groups. Progressive heating under mild conditions removes mainly those
surface groups that are located in macropores or on the outer surface of the carbon. According to TPD results, the
decomposed surface groups are single carboxylic groups, as expected. The decomposition of single, strong carboxylic groups
is accompanied by rearrangements of other carboxylic groups with the simultaneous formation of additional cyclic structures
like anhydrides, lactones or lactols. Catalytic tests support our previous findings that oxidized carbons have a high
dehydration activity. This activity is controlled not only by the number and the strength of acidic groups, but also by their
accessibility. There exists an optimum concentration of surface acidic groups above which the activity decreases due to steric
restrictions.

O 2002 Elsevier Science Ltd. All rights reserved.

Keywords: A. Activated carbon; B. Catalyst, surface treatment, oxidation; C. Temperature programmed desorption

1. Introduction especially carbon—oxygen complexes. The surface groups
most often suggested are carboxyl, phenolic hydroxyl, and

The porous structure and surface chemistry of activated quinone carbonyl groups. Slightly fewer in number are the
carbon are important properties in connection with its reports of ether, peroxide, ester groups, lactones, car-
adsorbent behavior. The surface functional groups further boxylic acid anhydrides and cyclic peroxides [1,3,6,7].
influence in a decisive way the ionic exchange and the Because of the presence of such surface oxides, carbons
catalytic and electronic properties of this carbon material can be used not only for oxidation reactions but also for
[1-5]. These facts explain the long-standing interest in acid—base reactions (e.g. etherification and decomposition
studying the surface chemistry of activated carbon, and of alcohols, vinyl and alkene polymerization) [8].

However, the application of activated carbon as a
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oxidation treatment in order to re-establish its surface micropore willfh.)( and geometric surface area of
chemistry. This is why the formation and thermal stability micropoBg} Were calculated by means of the model of
of the oxygen groups have been of interest for many years slit shaped pores [11]:

and are still topics of current interest. Two general
methods of forming oxygen functional groups involve the L. =10.8/€,— 11.4)
use of oxidizing gases or solutions [1]. Among the

oxidative modification techniques, nitric acid oxidation is 2 X 10°W,

the best known. In addition, perchloric, sulfuric and A Lonic

phosphoric acids, hypochlorite, permanganate, bichromate

and hydrogen peroxide can also be used to oxidize the The adsorption measurements were conducted volumet-

carbon surface [1,5]. rically in an automatic ASAP 2010 Sorptomate (Mi-
There are many reports on the studies of thermal cromeritics, Atlanta, USA). Before the experiment the

stability of carbon surface oxides. However, most of them samples were heated at 423 K under vactium (10  Torr)

concern thermal stability at relatively high temperatures (at to constant pressure. The DFT calculations were performed

573 K and above) (see Refs. in Table 2). The data on using the DFT software from Micromeritics Instrument

transformations of oxygen groups upon moderate heating Corporation.

of an activated carbon are rather scarce. Therefore, the aim Thermogravimetric analysis of the oxidized carbon was

of this study was to describe the effects of progressive conducted in an inert atmosphere (Hé&, 20 dm /h) using an

heating with respect to the chemical and catalytic prop- OD 102 derivatograph (Paulik—Paulik—Erdy, Budapest,

erties of oxidized activated carbon. Hungary) in the 293-1273 K range.

The surface oxygen groups were characterized by
temperature-programmed desorption (TPD-QMS) of the

2. Experimental decomposition products and acid—base titration. The TPD-
QMS experiments were carried out in a flow reactor
2.1. Carbon oxidation coupled to a quadrupole mass spectrometer (Dycor M200,

Pittsburgh, USA) for the analysis of the gases evolved
The commercial granulated activated carbon D43/1 during thermolysis [12]. To avoid water physisorption all

from Carbo-Tech Aktivkohlen GmbH (Essen, Germany) (Ubing and connections were heated at 373 K. The
was used. The carbon was de-ashed with conc. hydro- SPectrometer was interfaced to a microcomputer for equip-
fluoric and hydrochloric acids by Korver's method [9] and Ment control and data acquisition. In these experiments,
desorbed under vacuum (1® Pa) at 423 K for 2 h. dry, finely-ground carbon samples (0.25 g) were heated at
Subsequently, the ashless carbon was oxidized with conc. 10 K/min to 973 K, while He was passed through at a flow
nitric acid at 353 K for 3 h; then, after cooling, it was 'ate of 25 mi/min. The temperature and selected mass
repeatedly washed with redistilled water until nitrates had Signals—12, 14, 16, 17, 18, 28, 30, 32 and 44 amu—were
been completely removed, and dried at 303 K. Finally, the Monitored at 15 s intervals. The TPD spectra were
oxidized carbon was desorbed under vacuum at 423 K for deconvoluted using the non-linear Ieast—squares procz_adure
2 h (DOx423) and divided into four portions. Three of based on the Levenberg—Marquardt algorithm assuming a
these portions were then heated under vacuum {10  Pa) Gaussian peak shape. _ )
for 2 h at 473 K (DOx473), 523 K (DOx523) and 573 K The acidic group content was determined according to
(DOx573), in order to decompose some of the oxygen .Boehm’.s [6] method by neu}ralization with bases of
surface groups. All the samples thus prepared were sub- increasing strength (sodium bicarbonatekzp 6.37, so-

sequently handled in ambient air. dium carbonate—g,=10.25, sodium hydroxide—,=
15.27 and sodium ethoxide-kp=20.58), while the num-

ber of basic groups was estimated by neutralization with
0.05 M hydrochloric acid. To make a second assessment of
the acidic and basic properties, potentiometric titrations
were carried out by means of the ‘point-by-point’ method
[13]. Known portions of each carbon (0.5 g) were mixed
with 50 ml of mixtures with a different pH (pH1-13)

2.2. Carbon characterization

The porous texture of the carbons was determined from
the nitrogen adsorption isotherm at 77 K using density
functional theory (DFT) [10] and the Dubinin—Astakhov

model [11]: containing various quantities of 0.1 M NacCl, 0.1 M NaOH
W,, =W, exp — (A/BE,)"} and 0.1 M HCI and then shaken mechanically for 48 h.
The ionic strength was kept constahtQ.1). After this 48
where W, is the total micropore volumef, is the h period, the pH values of the suspensions were de-
characteristic energy of adsorptiod is the adsorption termined using a glass electrode; an aliquot of the superna-
potential, 3 andn are the affinity coefficient and parameter tant liquid was then back-titrated with hydrochloric acid or

of the DA equation, respectively. In addition, the mean sodium hydroxide. Additionally, the acidities (pHs) of
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carbon slurries in 0.1 M NaCl after 48 h were determined.
The titration curves were differentiated using a quadratic
interpolation procedure.

2.3. Catalytic activity

The decomposition of 2-methylpropan-2-ol was con-
ducted in a fixed-bed flow-type reactor working at atmos-
pheric pressure, using helium as carrier gas. The reagent
analysis was performed by on-line gas-chromatography
[14]. The catalytic tests were carried out in the range
343-413 K, wusing 120 mg of catalyst, at a 2-
methylpropan-2-ol partial pressure of 6X10° Pa. The
reagent was fed at a space time of 617.3 kg/s/mol.

dV/dL

—

3. Results and discussion
3.1. Porous structure

We have already demonstrated that both the commercial
activated carbon D43/l and its nitric acid oxidized form
possess a well-developed porous structure with a high
micro- and macroporosity [13]. However, as for other
carbon materials, some decrease in pore volume after the
nitric acid treatment was observed [13,15-19]. This is a
consequence of the fixation of part of surface oxygen
complexes at the entrance of the pores which increases
their constriction (in other words, not all the micropores
are accessible to N molecules), or of widening of the
microporosity [15]. The estimated values of the specific
surface areaS,), the micro- ¥,,,.) and mesopore volume
(V,,os0 Calculated using DFT theory, and the D—A equa-
tion parameters\W,, B, n, §, andL,.) for the oxidized

mic
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carbons (Table 1), indicate that only small changes in Fig. 1. Pore size distribution curves of the evacuated oxidized
porosity result from the gradual heating of the oxidized carbon samples.

carbon. Annealing under vacuum only slightly enhances
micro- (..., W,) and mesoporosity\,.J, and the mean
width of microporesl(,,,.). The increase in the number of
pores of greater width with increasing heating temperature
was then confirmed by the pore size distributions calcu-
lated from density functional theory (Fig. 1). The decreas-
ing value of parameten (Table 1) indicates that the
microporosity has become less uniform.

A part of oxygen surface complexes is fixed at the
entrance of the pores [15]. Therefore, the observed small
changes in the micro- and mesoporosity suggest that
progressive heating under mild conditions removes mainly
surface groups located in macropores or on the exterior
carbon surface under the removal conditions applied.

Table 1
Textural characteristics of the desorbed oxidized carbons
Oxidized Specific Micropore Mesopore Micropore Micropore Characteristicn Micropore
carbon surface area volume, volume surface area volume energy, width
S\IZ (DFT) lec (DFT) Vmes(DFT) Sg (DA) WD (DA) EO Lmlc
(m®/g) (cm® /g) (cnt /g) (M /g) (crt /g) (kJ/mol) (nm)
DOx423 798 0.335 0.026 785 0.414 21.63 1.92 1.06
DOx473 799 0.340 0.032 787 0.430 20.78 1.79 1.09
DOx523 767 0.350 0.033 759 0.447 20.57 1.66 1.18
DOx573 804 0.358 0.043 752 0.457 20.28 1.77 1.22
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3.2. TPD results
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The DTG curve for the oxidized carbon DOx423 (Fig. - x 1
2) handled in ambient air after desorption at 423 K - mass 18
indicates a maximum weight loss centered around 363 K, r
which is associated with the release of physically sorbed C x 20
water. In the range 450—-800 K, the plot shows two peaks r
at about 553 and 703 K. Above 800 K there is an C mass 16
additional minimum centered at around 1000 K. After -
progressive heating under vacuum of the DOx423 carbon, __ C x2
the peak at 553 K decreases and shifts to higher tempera- 5 [ mass 44
tures, whereas the intensity of the peaks located at higher g L
temperatures increases. > [
The observed minima on the DTG curves above 450 K &= [
follow the peaks on the product profiles recorded during 2 r
TPD measurements of the carbon DOx423 (Fig. 3). The W |
main products evolved are watem/e= 18), carbon ; " mass 28 X2
monoxide (n/e=28) and carbon dioxide n{/e = 44). =}
Small amounts of nitrogen oxiden{e = 30) and molecular “_ mass 30
oxygen (n/e = 32) were also evolved. - x 100
There is some controversy in the literature [5—7,16—32] i
with respect to the assignment of TPD peaks to specific —
surface groups, because the peak temperatures are known |
L mass 32
N x 50
- WP PN AP BT AP BT
: 300 400 500 600 700 800 900 1000
| TEMPERATURE (K)
[ Fig. 3. TPD profiles of the oxidized carbon DOx423.
; to be affected by the porous texture of the material, the
A heating rate and the geometry of the experimental system
R DOx573 used [29]. However, some general trends have been
L established, as summarized in Table 2. Thus, 3 CO peak
St results from carboxylic acid at low temperatures, and from
© | DOx523 anhydrides, lactones or lactols at higher temperatures;
: L carboxylic anhydrides give rise to both a CO and a,CO
SL peak; phenols, ethers and carbonyls (and quinones)
.% L DOx473 produce a CO peak. In general, the TPD spectra obtained
L with carbon materials show composite CO and,CO peaks,
L DOx423 so it is desirable to try to deconvolute them before the
- surface composition is estimated [29].
- The CQ, desorption profile of DOx423 given in Fig. 3 is
- to some extent similar to that obtained for other activated
r carbons oxidized by HNQ [16-19,21-23,28-31], and it
- is indicative of the occurrence of chemically different
r complexes and/or the same oxygen complex existing at
= energetically different sites [18,19,21,25-28,31]. The,CO
r profile shows two broad overlapping peaks located at about
| .... e 553 and 680 K. As carboxyl groups are thermally less
400 600 800 1000 1200 1200 stable than anhydrides or lactones, the peak that appears at

TEMPERATURE (K)

545-590 K is tentatively assigned to carboxyl groups, the
second peak to anhydrides, lactones or lactols. According

Fig. 2. DTG curves of the evacuated oxidized carbon samples. to Otake and Jenkins [21] as well as de la Puente et al.
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Table 2
Temperature regions of decomposition of individual carbon surface oxides
Surface group Desorption Temperature References
gas of desorption (K)
Carboxylic (o]} 453-473, 573 5
groups 575 18
523 21
473-523 22
523-573 23
550 28
373-673 29
520-560 30
Carboxylic CO, CQ 700-775 18
anhydrides 900 21
1073-1173 22
710-930 28
820 29
680-720 30
Lactones co 623-673 22
723 23
463-923 25,26
710-930 28
940 29
Peroxides CQ 823-873 22
870 30
Phenolic CcO 873-973 22
and hydroquinonic 823 23
groups 975, 1110 28
890-910 29
900-930 30
Carbonylic CcO 1073-1173 22
and quinonic 973-1253 25
groups 975, 1110 28
1060-1100 29
Ethers CO 823 23
1100 29
Pyrone structures CO, CO 1273 22
1173, 1473 38

[23], only single carboxyl groups decompose at 545 K,
while adjacent carboxylic and/or phenolic groups are
dehydrated to anhydride or lactone groups, which then
decompose at about 680 K. The tail after the second peak
up to 973 K may suggest the presence of further chemical-
ly different lactones and/or the same oxygen complex
existing in different environments.

The CO desorption profile of DOx423 is shown in Fig.
3: a very broad peak with the maximum at about 950 K
and a small peak at 550 K. At this temperature nitrogen
oxide also evolves owing to the decomposition of nitrogen
surface groups. The smaller peak on the NO profile at

about 423 K results from traces of adsorbed nitrogen oxide
formed during nitric acid treatment. In addition, adsorbed
molecular oxygen evolves up to the same temperature.
In all TPD experiments the first product evolved was
water, followed by CO and CO. The water desorption
profile of sample DOx423 presents an intense broad
flattened peak at 620 K with a shoulder at 710 K. The
poorly resolved data are due to pore diffusion/readsorption
effects [24]. According to Harding et al. [33] these effects
may be associated with the high interaction energy of
water molecules in clusters around primary adsorption
centers. However, in spite of the fact that all connections
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and tubing were heated, the physisorption of water on
some cold parts of the experimental setup cannot be ruled
out. Acidic oxygen complexes forming hydrogen bonds

with water act as primary adsorption centers on the carbon
surface [33]. Usually, the release of loosely bound water
molecules on heating is observed up to 400 K, while the

evolution of water H-bonded to oxygen complexes takes
place above 450 K [18,19,21,23,24,27-29], in a tempera-
ture region where water is also formed as a result of the
condensation of adjacent carboxylic or phenolic groups
[18,19,21,23,27,28]. Since the intensity of the H O profile

is considerably higher than that of the €O and CO

profiles for DOx423 carbon, one may infer that at least part
of the water desorbed above 450 K originates from H-

bonded water associated with acidic oxygen complexes
[18,21,23,24,27-29].

The simultaneous evolution of a considerable amount of
H-bonded water as well as water formed by the condensa-
tion of surface groups may lead to strong overlapping of
corresponding peaks, which may form a poorly resolved
profile, as was observed in our case.

As can be expected, a gradual heating of the oxidized
carbon DOx423 in vacuum diminishes the intensity of CO
desorption profiles (Fig. 4), especially of the peak centered
at ca. 550 K assigned to single carboxyl groups. In
addition, a more distinct peak appears at about 400 K,
which is ascribed to chemisorbed GO in micropores,
formed during annealing. The considerable decrease in the
amount of CQ evolved is followed by only minor changes
in the quantity of CO evolved (Fig. 5).

The significant evolution only of CO below 613 K
indicates that mainly single, carboxylic structures are
removed or transformed into other structures (e.g. an-
hydrides, lactones or lactols) during or after gradual
heating.

As the annealing temperature gradually increases, so

G.S Szymanski et al. / Carbon 40 (2002) 2627-2639

does the final temperature at which water is evolved
completely (Fig. 6). However, after heating at 573 K water
disappears at lower temperatures. The disappearance of
water at higher temperatures than carbon dioxide for the
samples evacuated above 423 K (Figs. 4 and 6) indicates
that some water is formed from structures other than
carboxyls. It is known [34—37] that during the storage of
outgassed samples in ambient air, phenolic and carbonyl
groups are formed as a result of oxygen or water being
chemisorbed on the outgassed carbon surface. As the
samples were handled in air after heating, these additional
molecules of desorbed water may be due to the presence of
adjacent phenolic groups formed during storage, which are
subsequently dehydrated to ether bridges between rings
during evacuation or a TPD run [19,23]. These phenolic
and carbonyl structures may also be responsible for the
transformations of single carboxyl groups during heating.
The formation of hydroxyl and carbonyl groups in the
vicinity of a carboxyl group leads to the respective
formation of lactones or lactols during heating [19,21,23].
As mentioned above, the shapes of the CO and CO
profiles suggest the presence of additional peaks. In an
attempt to find them, the CO and CO profiles were
deconvoluted using a Gaussian multi-peak function, on the
assumption of a normal distribution of the desorption
activation energies arising from corresponding heterogene-
ity sites distribution (see Fig. 7). It has recently been
demonstrated by Figueiredo et al. [29] and Nevskaia et al.
[30] that such a function can be used quite successfully for
deconvoluting the TPD spectra of oxidized microporous
carbons.
The presence of several overlapping peaks in the CO
and CO spectra is also suggested by the results of
intermittent TPD experiments for different carbons oxi-

dized in various ways [31].

The individual peaks of the resolved spectra in Fig. 7 are

N w ~ (4]

Intensity * 108 (Torr)

-

| TS I STV O SO S Y S [ ST ST S W0 NV S ST SO I BN

o

CO2

DOx423
DOx473
DOx523
DOx573

600

700 800 900 1000

Temperature (K)

Fig. 4. CQ, profiles for carbons DOx423, DOx473, DOx523 and DOx573.
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Fig. 5. CO profiles for carbons DOx423, DOx473, DOx523 and DOx573.

situated at temperatures similar to those recorded by other y-form is also likely to be more stable than tleand

researchers for different oxidized carbons [18,19,21,23,25— higher lactonic species. Thus, the peaks at 790 and 940 K
32], especially to those obtained by Figueiredo et al. [29]. can be ascribed & #m&ly-like lactones, respectively.

They found that CQ and CO were removed from oxidized The resolved CO spectra for the evacuated samples
carbon in several overlapping peaks at temperatures very support suggestions that annealing alters not only the
close to those we obtained by TPD spectral fitting. number but also the distribution of functional groups.

The CQ, profile of carbon DOx423 can be fitted by five There is an additional peak at 470-510 K. This peak
overlapping peaks at 416, 545, 683, 793 and 944 K. The reaches its maximum value for the DOx523 sample. The

peaks at 790 and 940 K can be assigned to various appearance of this peak may be due to rearrangements
lactones/lactols or similar structures located in a different during heating or to exposure to the atmosphere
environment. It is assumed that the lactones present on the [29,32,37]. For example, Koresh et al. [32] observed such
carbon surface exist in the form of f-lactonegléctones) a peak on the CO TPD spectra for fresh carbon fibers

or unsaturated n-lactones-factones) [38,39]. For molecu- after their exposure to humid air. It is postulated that this

lar species, the-lactones are quite stable, whereas éhe  peak may have resulted from the decomposition of some

and higher lactones are much less so [38]. The surface acid structures such as resorcinol 2-carboxylic acid [28].
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] . DOx473 s . %
] o DOx523 e . %Y.
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Fig. 6. H, O profiles for carbons DOx423, DOx473, DOx523 and DOx573.
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Fig. 7. Deconvoluted CQ and CO profiles for the desorbed oxidized carbons.
As mentioned above [34-37], phenolic and carbonyl with other carbons oxidized by different methods [25-28].
groups are formed when outgassed samples are stored in The different CO peaks are indicative of the existence of
ambient air. Thus, the formation of hydroxyl groups in the chemically different surface complexes or the same com-
nearest neighborhood of carboxyl groups may lead to the plex existing in a different environment.
formation of the above mentioned resorcinol 2-carboxylic The amounts of desorbgd CO (peak near 690 K) and
acid-like structures [28]. CO (peak near 710 K) are very similar, because the
The CO profile for all samples can be fitted by four anhydrides decompose to yield one molecule of CO and
peaks centered at about 550, 720, 840 and 950 K (Fig. 7). one gf CO . This then confirms the suggestion that the

All of these CO desorption temperatures were found earlier peak at 690 K on the CO profile and the peak at 710 K on
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the CO profile should be assigned to anhydride structures. g
The appearance of a small CO desorption peak at a low
temperature (550 K, may be due to the thermal decomposi-
tion of carbonyl groups ina-substituted ketones and
aldehydes [27,28].

As mentioned above, the amount of CO evolved by 1
annealed samples is nearly constant. However, the amount
of desorbed CO corresponding to the peaks at 840 and 950 5
K is observed to increase at the expense of the peaks at? 1
lower temperatures. It seems that the formation of phenolic g 05
and carbonyl groups on the outgassed carbon surface after ’
exposure to ambient air is responsible for this compensat-
ory effect [34-37]. Thus, the peak at 840 K on the
resolved CO profiles can be assigned to phenol or hydro-
quinone groups, but the peak at 950 K to thermally more
stable oxides like semiquinones or quinones.

These phenolic and carbonyl structures may also be 03 7
responsible for transformations of single carboxyl groups ]
during annealing under vacuum. The dehydration of adja-
cent carboxyl and phenolic or carbonyl groups leads to the 0.2 1
respective formation of additional lactones or lactols
during heating [19,21,23].

0.7 H

—O&—— pKa<6.37
——&—— 6.37<pKa<10.25
—2A—— 10.25<pKa<15.27
— @ 15.27<pKa<20.58
—l—— HCl uptake

0.4

Concentration

M7 T T T T T T T T

3.3. Acid—base properties 420 440 460 480 500 520 540 560 580
HTT (K)

The results of the Boehm titration and the acidities

(pHs) of carbon slurries in 0.1 M NaCl (Table 3) show that

the carbons demonstrate mainly acidic properties. The

Fig. 8. Effect of gradual heat treatment on the concentration of
surface oxides of different acidity.

outgassing at gradually increasing temperatures enhances presence of various acidic surface groups of different acid
to some degree the basic properties of the carbons at the strength. According to some authors [5-7,37] the basic
expense of their acidic properties. There is a considerable sites are probably pyrone-like structures incorporated in a
decrease in the number of groups of strong (carboxylic, carbon matrix. The deterriipedlpes of acidic groups
pK,<6.37) and medium acid strength (carboxylic groups are similar to those reported by other authors for various
and lactones, 6.37pK_,<10.25) along with a simulta- carbons treated with nitric acid [40—44]. It is commonly
neous distinct increase in the content of neutral groups assumed [42,44Kthaalpes lower than 8 are charac-
(15.27<pK,<20.58) and, to some extent, of weak acid teristic of carboxylic groups, while the highevatues
groups (10.25:pK,<15.27) (quinone and phenolic struc- are assigned to phenolic groups. However, the acidity of a
tures, respectively) (Fig. 8). The most pronounced de- surface functional group can be strongly influenced by the
crease in concentration of strong acid groups occurred in chemical environment of adjacent groups [41,45-50]. In
sample DOx423 heated at 573 K. addition, the carbon backbone may also affect the relevant
As we reported earlier [13], there are several inflection K, palues. Thus, the strongly acidic site(g~4.0) can
points (pH,~2. 1, pH,~4.0, pH,~8.0, pH,~11.1, and be ascribed to carboxyl groups as well as to phenolic
pH,~12.6) on the pH-metric titration curve of the oxidized functionalities in the vicinity of quinone structures [51]. It
carbon DOx423 (Fig. 9). The inflection point at pH.1 is well known [47—-49,51] that hydroxyquinones as well as
corresponds to weak basic siteK(p-1.9), the other to the hydroxynaphtoquinones are acids comparable in strength
Table 3
Acid—base properties of the desorbed oxidized carbons, according to Boehm’s method [6]
Oxidized pH Uptake (meq/g)
carbon NaHCQ Na CQ NaOH EtONa HCI
DOx423 3.08 0.725 1.107 1.663 2.054 0.131
DOx473 3.39 0.702 0.998 1.582 2.011 0.165
DOx523 3.75 0.634 0.881 1.447 1.924 0.198

DOx573 4.02 0.523 0.735 1.280 1.807 0.226




2636

G.S Szymanski et al. / Carbon 40 (2002) 2627-2639

1.8
1.4
1.0
0.6
0.2 4
-0.2

Acid/Base Uptake [meq/g]

DOx423
=
0 2 é 8 16 1‘2
DOx473
e
0 2 6 8 10 12
DOx523

0.6

0.2

-0.2

DOx573

Fig. 9. pH-metric titration curves for the desorbed oxidized

carbons.

to carboxylic acids. Their high acidity is usually attributed
to the resonance effect in the formed anions (tautomeric
effect) [44,46]. The weakly acidic sites Kp,~11.1 and
pK,,~12.6) are assigned to phenolic groups adjacent to
other phenolic or carboxylic groups, respectively [41,42].
The inflection points at pH8 may result from the pres-
ence of phenolic groups or weak carboxyl groups formed
during the hydrolysis of surface f-lactones or lactols [39].

Evacuation of the DOx423 carbon samples in the 473
573 K temperature range leads to the generation of
additional inflection points on the pH-metric titration
curves. After heating at 473 K two new ones appear at
pH~6.7 and pH-9.8, while outgassing at 523 K generates
another one at pH5.3.

The pH-metric measurements indicate that the oxidized
carbon samples (DOx423) gradually evacuated and then
exposed to air demonstrate the presence of other structures 0
with a different acidity. These results are consistent with
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outgassed carbon surface upon exposure to air at ambient
temperature during storage. The inflection points at-pH
5.3 and pH-9.8 may suggest the presencepphydroxy-
benzoic acid [45,46] or dihydroxyquinone-like structures
[47,49], whereas the inflection point at pld.7 may
indicate the existence of n-lactones [39,46].

3.4. Catalytic properties

As can be expected from our earlier results [14,52], the
catalytic tests in the flow mode indicate that the oxidized
carbons investigated reveal considerable catalytic activity
in the dehydration of 2-methylpropan-2-ol (Fig. 10). The
only recorded product was isobutene. Previously, we
showed that dehydration of secondary alcohols over oxi-
dized carbons occurs on the outer surface of the carbon
with the participation of strongly acidic surface groups—
carboxylic structures [14,52]. The high degree of conver-
sion of the bulky molecules of 2-methylpropan-2-¢i
0.548 nm [53]) over the oxidized carbons further supports
this suggestion. However, there is a discrepancy between
the dehydration activity and the surface acidity (Fig. 11).
In spite of the lower acid group content, because of the
evacuation of samples at gradually increasing tempera-
tures, their activity increases. The sample desorbed at 523
K demonstrates the maximum activity, which diminishes at
a higher outgassing temperature (573 K).

One factor that probably plays an important negative
role in the dehydration of alcohol is steric hindrance.
Previous results indicate that, at a higher degree of
oxidation of a carbon surface, there is a decrease in
catalytic activity during dehydration of secondary aliphatic
alcohols [14,52]. It seems that the presence of too many

109 2methylpropan-2-ol
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the TPD data. As mentioned above, these new structures

may form during the partial desorption or rearrangement of
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some acidic groups of high or medium strength, as well as Fig. 10. Catalytic activity of the desorbed oxidized carbons during
during the chemisorption of oxygen or water on an dehydration of 2-methylpropan-2-ol in continuous flow mode.
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Fig. 11. The effect of surface groups of strong (a) and medium (b)
acid strength on catalytic activity of the desorbed oxidized carbons
during dehydration of 2-methylpropan-2-ol.

surface groups in the vicinity of catalytically active acid

groups—carboxyls—may hinder the interactions between
them and the bulky alcohol molecules or even prevent such
interactions. It is known that the presence of adjacent polar
functional groups leads to the formation of strong inter-

molecular hydrogen bonds between such groups. The
decomposition of some carboxyls, as well as the rearrange-

] ]
R—CHy— T—O—H R— CHZ—‘T (]giH
i H H
RN /o RN /o -5
777777777777 777777777777

Scheme 1.
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ment of others, may remove existing steric restrictions to
the reaction or facilitate access of the alcohol molecules to
the catalytically active acidic groups.

The formation of cyclic structures as a result of some
carboxylic and/or hydroxylic groups (e.g. anhydrides and
lactones) rearranging during annealing may be another
important factor facilitating the dehydration of alcohols.
These structures exhibit a high affinity for water [54]. As
we reported earlier, the dehydration of secondary alcohols
on the carbon catalysts proceeds according to the oxonium
mechanism [14,52].

First, the alcohol molecule is protonated, then a water
molecule is lost from the oxonium intermediate and an
alkene is formed. Thus, the presence of additional cyclic
structures facilitates the loss of water and, as a conse-
quence, the dehydration activity may also increase.

4. Conclusions

The results of TPD experiments and the acid—base
titrations indicate that outgassing at gradually rising tem-
peratures with subsequent storage in air not only reduces
the total number of acidic groups but also changes their
distribution. The decomposed surface groups are single
carboxylic groups. Some of the carboxylic groups are
converted into cyclic structures (anhydrides, lactones or
lactols). Other structures are also formed. The oxygen and
water chemisorbed at unoccupied reactive sites at the
carbon edges after exposure to the air participate in the
formation of surface —€0 and/or —OH species [35-37].
The presence of such species in the vicinity of carboxyl or
hydroxyl groups not only facilitates the formation of the
above mentioned cyclic structures during subsequent heat-
ing, but also differentiates the acid strength of the surface
groups.

In spite of the decreasing surface acidity, there is an
increase in the dehydration activity of the partially

evacuated carbon samples. The decomposition of some
carboxyls and the rearrangement of the other acidic groups
probably removes existing steric restrictions to the dehy-
dration reaction or makes it easier for the alcohol mole-

cules to reach the catalytically active acidic groups. Thus,
the lower concentration of strongly acidic groups is
compensated by the greater accessibility of the remaining

H
+3
R—CH—g—R A
R—CH=CH—R
H
N_o? N oH
777777177777 777777777777
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acidic groups. In addition, the formation during gradual
heat treatment of considerable numbers of cyclic structures
with a high affinity for water may also facilitate the
dehydration.

Dehydration activity is thus controlled not only by the
number and strength of acidic groups but also by their
accessibility. There is an optimum concentration of acidic
groups above which catalytic activity decreases.
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