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Abstract 

A non-porous carbon black is oxidized using different reagents (H,O, 3 M, HNO, 0.3 M at 95°C 0, at 400 and 600°C) 
and used as support for the enzyme catalase as well as for iron-phthalocyanines, enzyme mimics. Characterization of the 
oxidized carbons is done by X-ray photoelectron spectroscopy, gas-adsorption and electrophoretic mobility measurements. 
The treatments do not change the texture of the carbon black. Hydrogen peroxide and nitric acid increase the surface oxygen 
concentration, and make the charge of the carbon surface more negative, whereas oxidation with molecular oxygen has the 
opposite effect. The surfaces with a higher oxygen content and negative charge preserve a higher activity of adsorbed 
catalase, presumably because less deformation of the enzyme occurs as a result of higher repulsive electrostatic interactions 
and lower hydrophobic interactions. The same order is found for the dismutase-like activity of the iron-phthalocyanines 
supported on the carbon; the selective oxidation of hydrocarbons, i.e. the oxygenase activity follows the reverse order. Thus, 
sorption effects determine the selectivity of iron-phthalocyanine. Zeolite Y, which has a higher electrical charge and surface 
oxygen concentration compared to the oxidized carbons, is responsible for a higher ratio of dismutase-like activity with 
respect to oxygenase-like activity. 

Keywords: Catalase; Cytochrome P-450; Carbon black; Iron-phthalocyanine; Zeolite Y; Oxidation; Dismutation; Hydrophilicity; Cyclohex- 
ane 

1. Introduction 

The manufacturing process is not always ade- 
quate to obtain the desirable surface properties 
of carbon black for certain applications. Post- 
treatments are often used to widen the applica- 

* Corresponding author. Tel.: + 32-16-321645; fax: + 32-16- 
321998; e-mail: rudi.parton@agr.kuleuven.ac.be. 

bility of these materials [l]. Oxidation is fre- 
quently used to enhance the hydrophilicity of 
the surface [2-41, however, a recent report shows 
that a decrease of hydrophilicity is also possible 
with oxidation [5]. Carbon surfaces can be char- 
acterized using classical methods as X-ray 
photoelectron spectroscopy (XPS), gas adsorp- 
tion and electrophoretic mobility. Selective 
analyses have revealed the presence of different 
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functional groups at the surface of carbon black, 
such as carboxyl, phenol, quinone, lactone and 
cat-bony1 groups 161. The nature and the amount 
of these oxygen-bearing functions depend upon 
the nature of the carbon black and the method 
of oxidation [6]. Carbon blacks can be used as 
support to heterogenize homogeneous catalysts 
17-91 and enzymes [5], but the immobilized 
systems can also be used to characterize the 
carbon surface [5]. 

Protein adsorption on solid surfaces is deter- 
mined by electrostatic interactions, hydrophobic 
interactions, ion bridges and conformational sta- 
bility of the protein. Adsorption of rigid pro- 
teins on hydrophilic surfaces is governed by 
electrostatic interactions, e.g. the adsorption of 
lysozyme or ribonuclease on cw-Fe,O, or apatite 
[ 10,111, while on hydrophobic surfaces, as 
polystyrene latex, apolar interactions are the 
driving force. The adsorption of large de- 
formable proteins, such as human serum albu- 
min, takes place over the whole pH range re- 
gardless the hydrophobicity of the adsorbent. 
The main driving force of the adsorption pro- 
cess seems to be a structural rearrangement in 
the protein molecule, although maximum ad- 
sorption is reached at the isoelectric point of the 
protein-covered surface [ 121. When the protein 
is an enzyme, the deformations may be reflected 
directly in the catalytic activity, which is conse- 
quently informative about the adsorption pro- 
cess [13]. 

zeolites, mostly zeolite Y, are used as mimics of 
cytochrome P-450 [ 16-211. The latter is an 
oxygenation enzyme which has also a ferric 
protoporphyrin IX as prosthetic group [22]. The 
iron-phthalocyanine imitates the prosthetic 
group, whereas the protein is modelled by the 
zeolite [20,21]. These models show a much 
higher stability than their homogeneous counter- 
parts and consequently a higher final conversion 
[20,21]. However, the hydrophilicity of the zeo- 
lite support limits the activity for oxidation of 
apolar substrates [23]. The enzyme itself is hy- 
drophobic, which makes it suitable to oxidize 
non-functionalized hydrocarbons as alkanes and 
olefins. The FePc-Y model is used for the 
oxidation of alkanes with peroxides; however, 
due to the high adsorption of peroxide on the 
zeolite the dismutase, or catalase-like function, 
i.e. the decomposition of peroxide, is favored 
over the oxygenase function, i.e. the selective 
oxidation of the alkane. To overcome this prob- 
lem the FePc-Y catalyst can be embedded in 
hydrophobic membranes [24] or hydrophobic 
carbon supports instead of zeolites can be used 
to adsorb the iron-phthalocyanine, as will be 
shown here. 

2. Experimental 

2. I. Materials 

One aim of this paper is to show the relation 
between the characteristics of carbon black sur- 
face and the enzymatic activity of adsorbed 
catalase. Catalase (hydrogen peroxide oxido- 
reductase EC 1.11.1.6) catalyzes the decomposi- 
tion of hydrogen peroxide into water and oxy- 
gen. Aspergillus niger catalase is a glyco- 
protein containing four subunits, each of which 
possesses a ferric protoporphyrin IX prosthetic 
group [14,151. 

A gas black was obtained from Degussa 
(Cot-ax N 326). The announced properties are as 
follows: nitrogen surface area of 82 m2 g-‘, 
iodine adsorption of 82 mg g-i, pore density of 
465 g dme3, particle size (measured by electron 
microscope, arithmetic mean diameter) of 28 
nm, volatile content of at most l%, ash content 
of at most 0.5% and no detectable moisture. The 
carbon black (CB) was used without further 
purification. 

As a second goal, evidence is provided that a The carbon black was oxidized with oxygen 
hydrophobic carbon as carrier of iron-phthalo- at 400°C (CB-0,400) and 600°C (~~-0,600). 
cyanines enhances their oxygenation activity. The weighed sample was placed in a tube fur- 
Iron-phthalocyanines (FePc) encapsulated in nace and heated in a flow of He at 100°C for 
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one hour. It was then heated up to the desired 
temperature and the oxygen flow started. After 
one hour it was cooled in a flow of He. 

The carbon black (50 g 1-r) was oxidized 
with HNO, 0.3 M (CB-HN~,) or H,O, 3 M 
(CB-H,O,) at 95°C for 6 h. The suspensions 
were centrifuged and the carbon was washed by 
resuspension with water, shaken for 4 h and 
centrifuged. The samples were washed repeat- 
edly to obtain a constant pH or a H,O, concen- 
tration less than 2 X 1O-4 M. This was esti- 
mated by measurement of 0, release after injec- 
tion of catalase into an aliquot of the super- 
natant. The samples were dried at 90°C for 12 h 
in a vacuum chamber at less than 1500 Pa. 

ature, using an ASAP 2000 instrument from 
Micrometrics. Complete adsorption and desorp- 
tion isotherms were obtained with the same 
instrument. 

2.5. X-ray photoelectron spectroscopy (XPS) 

Commercial NaY with silicon to aluminium 
ratio of 2.47 was acquired from Zeocat. 

2.2. Chemicals 

Cyciohexane ( + 99.9%), dichloromethane 
( + 99%) and acetone (p.a.> were purchased from 
Janssen Chimica; FePc was acquired from Strem 
Chemicals and 1,2_dicyanobenzene (DCB) 
( + 98%), dimethylformamide (99%), tertiary 
butyl hydroperoxide (t-BHP) (70% in water) 
and ferrocene (98%) were obtained from 
Aldrich. Water was purified by a Mini-Q plus 
system (Millipore). All other reagents were ana- 
lytical grade. 

2.3. Catalase 

The surface chemical composition of the 
samples were determined by XPS using an SSI 
X-probe (SSX 100/206) photoelectron spec- 
trometer of Fisons equipped with an aluminum 
anode ( 10 kV, 20 mA) and a quartz monochro- 
mator. The analysis chamber was maintained at 
approximately 7 X lo-? Pa. The analyzer en- 
ergy was 50 eV (FWHM of Au,, : 1.0 eV). 
The samples being conductors, ‘the surface 
charge compensator (flood gun) was turned off. 
In order to determine the binding energy (E,) 
of the XPS peaks, the energy scale was cali- 
brated by setting the AURA,,, peak at 83.98 eV. 
A tentative decomposition of the O,, peak was 
performed using the software 8.3 D supplied by 
the manufacturer and maintaining a 
Gaussian/Lorentzian ratio of 85/15 for every 
component. The software allowed S-shaped 
background subtraction, considering that the 
background of any peak is proportional to the 
area of the peak at higher kinetic energy [27]. 
Surface atomic concentrations (atom fraction in 
%) were computed using sensitivity factors pro- 
vided by the spectrometer software. 

Aspergillus niger catalase was purchased 
from Merck in lyophilized state and stored at 
- 20°C. Catalase from Aspergillus niger has 
been chosen because it is significantly more 
active and stable than the beef liver and Penicil- 
lium catalase when subjected to extreme condi- 
tions of pH, hydrogen peroxide concentrations 
and temperatures [25]. It has an average molecu- 
lar weight of 385,000 Da [15]. The Stokes 
radius is 5.8 nm [26]. 

2.6. Electrophoretic mobility measurements 

The electrical properties of carbon blacks 
were investigated by electrophoretic mobility 
measurements (Zetasizer III from Malvem in- 
struments) in phosphate buffer (0.27 mM 
Na,HPO,-0.18 mM KH,PO,, pH 7, ionic 
strength 1 mM) following the procedure de- 
scribed in a previous work [5]. 

2.4. Surface area measurements 2.7. Catalase adsorption 

The BET surface area was determined by 
adsorption of nitrogen at liquid nitrogen temper- 

Solutions of catalase were filtered on a 0.45 
pm Millipore filter with low protein adsorption. 
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Samples of adsorbents were equilibrated for 4 h 
in phosphate buffer (24 mM Na,HPO,-16 n&I 
KH,PO,, pH 7, ionic strength 88 mM); the 
operation was performed 4 times by centrifuga- 
tion and resuspension, and the last pellet was 
dried at 90°C for 12 h in a vacuum chamber at 
less than 1500 Pa. The adsorption of catalase 
was performed at 30°C on 15 mg of carbon 
black suspended in 750 pl of the phosphate 
buffer. Before catalase injection, the carbon 
black was suspended in a tube placed in an 
ultrasonic bath. The tube containing the carbon 
black and catalase was stirred for 1 h at 9 rpm 
in a vertical plane perpendicular to the rotation 
axis. The amount adsorbed was 0.33 mg g-l; 
under these conditions the total amount of cata- 
lase brought in contact with the carbon was 
irreversibly adsorbed. 

with adsorbed iron phthalocyanines, FePc-C, 
was dried. 

FePc-Y was synthesized and characterized 
as explained in a previous report [23]. It con- 
tains 1.14 FePc complexes and 3.2 PC molecules 
per unit cell, which agrees with approximately 
216 m2 g - ’ when the complexes would be 
adsorbed on a flat surface. On the curved sur- 
face of zeolite Y the blocked and occupied 
surface by phthalocyanines is higher. The total 
(inner and outer) surface area of zeolite Y is 
792 m* g-‘, which has a pore volume of 0.276 
ml g-‘. After synthesis of phthalocyanines the 
free surface is reduced up to 374 m2 g- ’ and 
the pore volume to 0.132 ml g- ‘, which agrees 
well with the loading. No unchelated iron was 
left in the zeolite as shown by chemical analy- 
sis. 

2.8. Catalase activity 2.10. Oxidation activity with immobilized FePc 
complexes 

Catalase activity was assayed by a modifica- 
tion [29] of the procedure of Del Rio et al. [30]. 
A Clark oxygen electrode (0X191, WTW) was 
standardized by setting 100% with the phos- 
phate buffer saturated by air [31] at 30°C. 100 
ml of the phosphate buffer was bubbled with 
nitrogen until the electrode gave a reading of 
less than 10%. The free or adsorbed catalase 
was then introduced into the solution and the 
rate of reoxygenation from the atmosphere was 
recorded. 100 pl of 10 M H,O, solution was 
then added to the reaction vessel and the rate of 
oxygen production was recorded. The catalase 
activity was deduced from the change of slope 
]281. 

The catalytic reactions were carried out in the 
liquid phase in a fed-batch reactor with continu- 
ous stirring at 25°C and atmospheric pressure. 
Acetone (50 ml) was used as a solvent with 0.5 
g FePc-C or FePc-Y and 50 mmol cyclohex- 
ane. Tertiary butyl hydroperoxide (t-BHP) was 
added to the reaction mixture with a rate of 4.38 
mmol h-’ until 100 mm01 was added. Sampling 
was done after 100 h. Identification and quan- 
tification of products were performed by GC- 
analysis on a 50 m CP-Sil-5 capillary column 
from Chrompack, using appropriate sensitivity 
factors for the FID detector. 

2.9. Enzyme mimic synthesis 3. Results 

0.021 g FePc or approximately 50 m2 (2.25 
nm2 was taken as surface area for one FePc 
molecule) was dissolved in dichloromethane (30 
ml) and 1 g carbon black was added to the 
homogeneous solution. The suspension was 
continuously stirred. The solvent was removed 
by evaporation at 25°C and the carbon black 

The BET specific surface area of the un- 
treated carbon black is 74.6 m2 g-i (Table 1). 
The oxidized carbon blacks all have a slightly 
higher surface area, the highest increase being 
obtained after treatment with nitric acid and 
hydrogen peroxide. The nitrogen adsorption 
isotherms are of type II according to the 
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Table 1 
The BET specific surface area for the untreated and the oxidized 
carbon blacks 

Carbon black Surface area (m* g- ’ 1 

CB 14.6 
CB-0,400 78.7 
CB-0,600 82.9 
CB-HNO, 86.2 
CB-H,O, 84.4 

Brunauer classification, but the desorption 
isotherms are of type IV. The t-plot did not 
reveal any microporosity. 

To obtain the pore size distribution curves, 
the desorption isotherms have been analyzed 
according to the BJH method [32]. Fig. 1 pre- 
sents the variation of the cumulative surface 
area of CB-0,600 with the pore diameter. The 
treated and untreated carbon give almost identi- 
cal curves. The majority of pores have a size 
near 30 nm. 

The O,, peaks of carbon samples, untreated 
and treated with 0,) HNO, and H,O,, are 
shown in Fig. 2. The intensity scale is normal- 
ized in such a way that the peak area is propor- 
tional to the atom fraction of oxygen (O/CC + 
0 + N)) at the surface. The shape of the peaks 
is not significantly influenced by oxidation; for 
all carbon blacks they are centered near 532 eV 
and have a width at half maximum of 3.1 + 0.1 
eV. 

The variation of the oxygen concentration as 
a function of the treatment is shown in Fig. 3. 
The HNO, and H,O, treatments increase con- 

120 [ Corax N326. oxidated with oxygen at 600 “C 

: 
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. 
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Fig. 1. A typical pore size distribution of Corax N326 (carbon 
black), in this case CB-0,600. The pore area is shown as a 
cumulative pore area with decreasing pore diameter. 
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538 536 534 532 530 526 

Binding Energy (eV) 

Fig. 2. The O,, XFS peaks of carbon blacks and the oxidized 
carbon blacks: A = untreated; B = CB-0,400; C = CB-0,600, 
D = CB-HNO,; E = CB-H,O,. 

siderably the oxygen concentration at the sur- 
face, whereas heating under oxygen flow de- 
creases the oxygen concentration. The sample 
treated with HNO, shows a N,, peak at 405 eV, 
which is typical of nitroxy groups [33]. The 
nitrogen surface concentration (around 0.1% of 
the atom fraction) is much below the oxygen 
concentration. 

The electrophoretic mobility is correlated to 
the oxygen surface concentration (Fig. 41, the 
surface becoming more negative as a result of 
higher oxygen surface concentrations. Oxygen 
treatment at 400°C makes the surface about 
neutral at pH 7; burning at 600°C makes the 
surface positively charged at the same pH. 

The specific activity of catalase was mea- 
sured with H,O, 10 mM as substrate in order to 
be in the range where the activity is propor- 

L 
CB- 
02 600 

CB- CB CB- CB- 
02400 HNOl Ht01 

Carbon black 
Fig. 3. The influence of oxidation on the surface oxygen concen- 
tration (atom fraction O/(C + 0 + N)) of carbon black. 
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Fig. 4. The influence of the surface oxygen concentration (atom 
fraction O/CC +O+N)) of carbon black on its electrophoretic 
mobility (pH 7, ionic strength 1 mM). 

tional to the substrate concentration. It has been 
verified that, when measuring the activity of 
adsorbed catalase, no activity is observed in the 
liquid phase. The specific activity of catalase 
adsorbed on untreated carbon black is lower 
than the specific activity of the enzyme in solu- 
tion, which is 47 mm01 0, s - ’ g - ‘. The spe- 
cific activity increases when the atom fraction 
of oxygen increases (Fig. 5) and when the elec- 
trophoretic mobility becomes more negative 
(Fig. 6). 

The iron-phthalocyanine supported catalysts 
were tested in the oxidation reaction of cyclo- 
hexane with t-BHP. Information about two dis- 
tinct actions was obtained. The conversion of 
cyclohexane to cyclohexanol and cyclohex- 
anone provides an evaluation of the amount of 
t-BHP consumed by selective oxidation of cy- 

IS, I 

. 

0 1 2 3 4 5 

Surface oxygen concentration (96) 

Fig. 5. The influence of the surface oxygen concentration (atom 
fraction O/(C + 0 + N)) of the carbon blacks on the activity of 
adsorbed catalase. 

-5 -3 
ElectroD~oretic’mobili:y 

5 

(10-H m2 .v’ . ST9 - 
Fig. 6. Relation between the electrophoretic mobility of the carbon 
blacks and the activity of adsorbed catalase. 

clohexane, i.e. an oxygenase-like activity which 
mimics the activity of cytochrome P-450 (reac- 
tion (1)). The yield of t-butanol which is due to 
decomposition of t-BHP provides an evaluation 
of the dismutase-like activity mimicking the 
activity of catalase (reaction (2)). 

cyckhexane FePc cycl&Xancl FePc 

m 

cyc!&exanone 

ROOH ROH ROOH ROH 

(1) 

FePc 
ROOH + ROOH + 2ROH + 0, (2) 

There is definitely a reverse relation (Table 
2) between the dismutase-like activity and the 
oxygenase-like activity. As compared with car- 
bon supported catalysts, FePc-Y gives a high 
decomposition activity relative to selective oxi- 
dation. Carbon black and zeolite Y without 
supported iron-phthalocyanines show no cyclo- 
hexane oxidation and only a slow decomposi- 
tion of the peroxide, which does not alter the 
results shown in Table 2. Fe-Y shows a decom- 
position rate of the peroxide which is compara- 
ble to FePc-Y but the activity for oxidation of 
cyclohexane is one order of magnitude lower, 
however the contribution of Fe-Y to the activ- 
ity is low since no unchelated iron could be 
detected in the catalyst. Carbon with impreg- 
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Table 2 
The conversion of cyclohexane (oxygenase-like activity) and the 
decomposition of r-BHP to t-butanol (dismutase-like activity) in 
the reaction of cyclohexane and r-BHP in presence of FePc 
supported on carbon blacks and FePc encapsulated in zeolite Y 

Catalyst Dismutase-like 
activity a 

(mm00 TON ’ 

Oxygenase-like 
activity b 

(%‘c) TON d 

FePc-CB-OS400 5.0 285 68.0 3657 
FePc-CB-0,600 18.4 1047 34.8 1820 
FePc-CB 17.0 964 37.2 1963 
FePc-CB-HNO, 32.6 1853 26 1368 

FePc-CB-H20, 59.8 3397 33.6 1772 
FePc-Y 54.1 1406 16.34 408 

a Yield of t-butanol (mmol) formed via the decomposition reac- 
tion from t-BHP, mimicking the catalase activity. 
b Conversion of cyclohexane (50 mmol) to cyclohexanol and 
cyclohexanone, mimicking the cytochrome P-450 activity. 
’ Calculated as the amount of r-BHP converted to t-butanol 
(mmol) without oxidation of cyclohexane per mmol of FePc on 
the catalyst. 
d Calculated as the amount of t-BHP converted to t-butanol 
(mmol) with oxidation of cyclohexane per mmol of FePc on the 
catalyst. 

nated iron salts is not tested since its presence is 
unlikely as the carbons are impregnated with 
pure iron-phthalocyanines. 

A reverse relation is observed between the 
ratio of dismutase-like to oxygenase-like activ- 
ity and the electrophoretic mobility, as shown in 

. 

1 3 5 
Electrophoratic mobility 

(IO-‘. mz .V-’ . 8’) 
Fig. 7. Ratio of dismutase-like to oxygenase-like activity of 
iron-phthalocyanines supported on carbon blacks as a function of 
their electrophoretic mobility. The dismutase-like activity is de- 
fined as the amount of t-butanol (mmol) formed in the decomposi- 
tion reaction of r-BHP with liberation of molecular oxygen. The 
oxygenase-like activity is defined as the amount of r-butanol 
(mmol) formed during the selective oxidation reaction of cyclo- 
hexane to cyclohexanol and cyclohexanone. 

Fig. 7. The highest ratios are obtained with the 
carbon blacks which are oxidized with hydrogen 
peroxide and nitric acid. These carbons have the 
most negative electrophoretic mobility and the 
highest oxygen content at the surface. An even 
higher ratio of dismutase-like to oxygenase-like 
activity (3.45) is obtained on FePc-Y. Zeolite 
Y, with a silicon to aluminum ratio of 2.46, 
bears a higher density of negative charges com- 
pared to carbon blacks. 

4. Discussion 

The specific surface area expected for spheres 
with a diameter of 28 nm, characteristic for 
Corax N326, the carbon black used in these 
experiments, and a specific weight of 1.83 g 
cmp3 [34] is approximately 117 m* g- *. This 
corresponds reasonably with the experimental 
surface area around 80 m* g- ’ (Table 1) and a 
dominant apparent pore radius of 30 nm (Fig. 
1). Consequently, there is no intraparticular 
porosity and the pores in dry carbon are due to 
aggregation of the particles. Oxidation of the 
carbon black increases the surface area slightly. 
According to the literature the increase depends 
on the nature of the carbon black and can be 
negligible or even absent [3,35-371. None of 
the oxidation treatments reported here provoke 
any marked modification of the texture of the 
carbon black. In particular the oxidations do not 
create any significant microporosity. 

The center of the O,, peaks (Fig. 2) is near 
532 eV and similar for all carbon blacks. They 
all have a width at half maximum of 3.1 + 0.1 
eV. A comparison with XPS spectra of standard 
compounds and polymers [38] shows that the 
band width is not due to a poor resolution of the 
spectrometer, but to a contribution of different 
chemical functions. Oxygen double bound to 
carbon is centered near 531.4 eV while oxygen 
single bound to carbon, is expected at 533.0 eV. 
The position and shape of the XPS peaks of 
carbon black and its oxidized forms is similar to 
those observed on graphite [39,40] and carbon 
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fibers [41]; clean electrochemical oxidation can 
vary the position of the peak [42]. Treatment 
with nitric acid and hydrogen peroxide enhances 
the oxygen concentration whereas oxidation with 
molecular oxygen lowers the concentration of 
oxygen (Fig. 3). The electrophoretic mobility 
reflects the potential at the slipping plane be- 
tween the surface and the liquid, which results 
from the surface charge and adsorption of ions. 
It is made more negative by wet oxidizing 
treatments and becomes positive at pH 7 after 
oxidation with molecular oxygen (Fig. 4). The 
position and shape of the O,, peaks and the 
surface electrical properties are consistent with 
carboxyl groups which are usually present on 
carbon black [34]. Oxidation with molecular 
oxygen removes part of the carboxylic acids as 
carbon dioxide or monoxide; however, yellow 
vapors in the exit gas indicate also the forma- 
tion of volatile degradation products. It is not 
uncommon that oxidation decreases the surface 
oxygen concentration. Upon oxidation of carbon 
black with humid ozone the surface concentra- 
tion of oxygen increased during a short reaction 
time and subsequently decreased; the release of 
CO, and CO was observed as well as the 
dissolution of condensed aromatic rings with 
carboxyl and phenol functions [43]. Extensive 
oxidation at high temperature does not increase 
the oxygen surface concentration but rather 
cleans the surface. It is not clear why the sur- 
face gets positively charged. 

Adsorption often decreases the enzyme spe- 
cific activity [44] as observed here. The loss of 
activity is lower when the surface oxygen con- 
centration increases (Fig. 5). The higher hydro- 
philicity of the surface may decrease the defor- 
mation of the protein by hydrophobic interac- 
tions. However, the influence of surface oxida- 
tion may also be due to electrostatic interac- 
tions. The protein is negatively charged at pH 7 
(isoelectric point 4.5 [45]) and the carbon sur- 
face becomes more negative as the oxygen con- 
centration increases at the surface (Fig. 4 and 
Fig. 6). The increase of adsorbed catalase activ- 
ity when the carbon surface is oxidized may 

thus be due to an increase of the repulsive 
enzyme-surface electrostatic interactions, which 
lowers the deformation of the enzyme in contact 
with the surface. A similar behaviour has been 
established for P-D-glucosidase. The latter is 
positively charged at pH 4 and adsorbs strongly 
on negatively charged clay [46] leading to en- 
zyme deactivation. Above pH 6, both the en- 
zyme and the clay have a negative charge and 
the enzyme remains active after adsorption. 

Iron-phthalocyanines, used as models for 
protoporphyrin IX, are able to decompose per- 
oxides, which is analogous to catalase (dis- 
mutase function, reaction (2)) but they can also 
oxygenate hydrocarbons, which are similar to 
cytochrome P-450 (oxygenase function, reac- 
tion (1)) [ 16-211. The activities are not altered 
by eventual desorption of the FePc complex 
from the carbon surface, since activities of ho- 
mogeneous iron-phthalocyanines are an order 
in magnitude lower than in case of the sup- 
ported ones [23]. The direct comparison with 
catalase, shows that both the activity of catalase 
and the catalase-like activity of the complex 
increase as the carbon support surface contains 
more oxygen and is more negative. For catalase 
this has been attributed to a better preservation 
of the enzyme structure upon adsorption, due to 
a weaker affinity with the surface. For iron- 
phthalocyanine complexes the explanation is 
quite different; moreover, the oxygenase-like 
activity of the complexes decreases as the sur- 
face oxygen concentration of carbon black in- 
creases. This may be analyzed further through a 
broader comparison with hemoproteins. 

The three general biological functions of 
hemoproteins are the transport of electrons (e.g., 
cytochrome C), the transport of oxygen (e.g., 
hemoglobin) and the catalysis of redox reactions 
(e.g., cytochrome P-450, catalase, peroxidase) 
[47,48]. All of these proteins have iron proto- 
porphyrin IX (heme) as their prosthetic group. 
Redox catalysis by hemoproteins occurs in two 
distinct steps: the cleavage of the dioxygen 
bond to give a catalytic ferry1 [Fe’” =Ol state 
and the oxidation of the substrate by oxygen 
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transfer or by electron abstraction [47,49]. HOW- 
ever these enzymes show marked differences of 
selectivity: 

catalase: H,O, + H,O, + 0, + 2H,O, 

peroxidase: H,O, + 2X + 2H+-+ 2X++ 2H,O, 

cytochrome P-450: RH + 0, + 2H+ + 2e- 

+ ROH + H,O. 

The factors which are involved in the control 
of the versatile reactivities of the iron-oxo 
species can be listed in three categories [501. 

(i) Shape of the entrance channel to the iron 
porphyrin. Peroxidases are so constructed that 
the substrate is barred from contact with the 
oxygen of the catalytic active species by the 
protein structure. In the case of catalase, the 
heme is deeply buried inside the protein and is 
accessible via a narrow hydrophobic channel. 
This structure helps to explain the marked pref- 
erence of catalase for a small substrate such as 
hydrogen peroxide. 

(ii) Influence of amino acid residues close to 
the sixth coordination (distal) site of iron. The 
region of the active site of cytochrome P-450 in 
which the substrate and molecular oxygen are 
bound is composed entirely of lipophilic 
residues. In contrast, the activation of oxygen 
by peroxidases and catalases occurs in a highly 
polar environment. Salient among several polar 
residue are an imidazole and an arginine, which 
are thought to facilitate the peroxide cleavage 
and to stabilize the iron-oxo species in peroxi- 
dase and catalase. 

(iii) Influence of the proximal ligand: an 
oxygen atom from tyrosine in catalase, a nitro- 
gen atom from histidine in peroxidase or a 
sulfur atom from a cysteine residue in cy- 
tochrome P-450 or chloroperoxidase. 

The role the proximal oxygen atom in cata- 
lase has recently been investigated by Bela1 et 
al. [50] using Fe and Mn-porphyrin model sys- 
tem. This investigation showed that the ‘true 

models’ of catalase, e.g. iron porphyrins with a 
proximal oxygen atom, are not the most effi- 
cient dismutase catalysts. On the other hand, the 

best association for the dismutase activity gives 
also the highest oxygenase activity. However, 
the association between Fe and proximal oxy- 
gen still conserves a reasonable dismutase activ- 
ity and has no oxygenase activity at all. These 
results have led Bela1 et al. [501 to propose that 
the role of the proximal tyrosine oxygen in 
catalase activity is not to enhance the dismutase 
activity, but to reduce the oxygenase activity. 

The influence of oxidation of carbon black 
on the conformation of adsorbed catalase may 
affect the activity of the enzyme by acting on 
any of these factors. Its influence on the cat- 
alytic activity of adsorbed iron-phthalocyanine 
may be tentatively explained in the light of the 
information on hemoproteins. 

The access of the complex is not expected to 
be appreciably affected by the oxygen concen- 
tration or the electrical properties of the carbon 
black surface. The environment of the coordina- 
tion site involved in the catalytic process may 
be influenced by the support surface composi- 
tion through the competitive adsorption between 
acetone solvent and the reagents, cyclohexane 
and t-BHP; this could be cleared out by adsorp- 
tion measurements. 

The nature of the out of plane proximal 
ligand has a key influence on the selectivity of 
hemoprotein and Fe and Mn-porphyrin model 
systems; oxygen present on carbon black may 
thus trigger the activity of iron-phthalocyanines 
by acting as proximal ligand. The experimental 
results would indicate that a stronger interaction 
between iron and the proximal out of plane 
ligand decreases the oxygenase-like with respect 
to the dismutase-like activity. However, the 
oxygen surface concentration may also influ- 
ence the distribution of the electron density of 
the in plane ligands. It would be interesting to 
correlate the activity of the complexes with their 
affinity to the surface. 

The turn-over of FePc-Y compared to FePc- 
CB may be attributed to a more difficult access 
to the active site. However, the oxygenase/dis- 
mutase activity ratio is clearly smaller. This is 
in line with a stronger interaction of iron with a 
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proximal ligand in zeolite compared to carbon 
black. 

5. Conclusions 

Oxidation of carbon black with nitric acid 
and hydrogen peroxide increases the oxygen 
content at the surface and makes the surface 
more negative. Oxidation of carbon black with 
molecular oxygen decreases the surface oxygen 
concentration and makes the surface less nega- 
tive or slightly positive. The charge and the 
oxygen concentration at the surface have a prime 
influence on the catalytic properties of adsorbed 
catalase and its mimic. High ionic charges and 
oxygen concentrations make the surface hy- 
drophilic, preserve a higher activity of adsorbed 
catalase and increase the dismutase-like activity 
of its mimic, the iron-phthalocyanine. The re- 
verse relation is observed for oxygenase-like 
activity. Highest alkane conversions to oxy- 
genates are found with iron-phthalocyanines 
supported on neutral carbon black, while the 
lowest are on negatively charged surfaces. Zeo- 
lite Y, which is more hydrophilic than the car- 
bon blacks, shows the lowest ratio of hydrocar- 
bon oxygenation with respect to peroxide de- 
composition. The hydrophilicity of the support 
controls the selectivity of adsorbed iron- 
phthalocyanine. Hydrocarbon oxidation is defi- 
nitely increased when using a hydrophobic envi- 
ronment for the active site. 

While the aim of the work was to mimic 
enzymes with adsorbed iron-phthalocyanines, 
comparison of the structures and activities of 
hemoproteins provide a guideline to analyze the 
relationship between the activity of phthalo- 
cyanine and the environment of the active site. 
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