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Abstract

MCM41 was synthesized and Fe(lll)protoporphyrin(IX) (Hemin, Fe(lll)PPI1X) was directly encapsulated into MCM41 pores through the
self-assembly formation mechanism using micelles of quaternary alkylammonium salt (cetyl trimethyl ammonium bromide) as the solvent for
Fe(ll)PPIX and template for formation of MCM41 spontaneously. The catalysts obtained were characterized by XRD, &E6rj§tion
isotherm, diffuse reflectance UV-vis and FT-IR techniques. Fe(lll)PPIX/MCM41 was used in some typical test reactions, such as oxidation
of phenol,ortho-methoxyphenol (guaiacol) and synthesis of indophenol. Kinetic parameters including initial reaction rates, rate constants,
Vmax, turnover number, Michaelis constant and catalytic efficiency were obtained and compared to those of Fe(lll)/MCM41(as a blank)
and horseradish peroxidase (HRP) enzyme (consisting of Fe(lll)PPIX as the prosthetic group). Results showed that Fe(lll)PPIX/MCM41
catalyst was able to mimic horseradish peroxidase wkh aalue of 183.M with respect to guaiacol (as the reducing substrate of HRP).
Fe(ll)PPIX/MCM41 catalyzes the oxidation reactions (in the presence of hydrogen peroxide) at higher rates than the homogeneous Fe(l11)PPIX
system and Fe(lll)/MCMA41 heterogeneous catalyst, but at lower rates than the enzyme as a homogeneous catalytic system.
© 2005 Elsevier B.V. All rights reserved.

Keywords: MCM41,; Iron(lll)protoporphyrin; Heme encapsulation; Peroxidase; Oxidation

1. Introduction can decompose hydrogen peroxide through a two-electron
oxidation—reduction mechanig®y. Iron porphyrins are bio-

In contrast to heterogeneous catalysts, homogeneous onesatalysts, which catalyze oxidative reactions by decomposing
have disadvantages, such as lower stability and less succesdtydrogen peroxide at the expense of various substrates, such
ful separation from the reaction mixture. Despite their higher as phenols and amidg8]. There is great interest in met-
activity, metalloporphyrins are capable of catalyzing some alloporphyrins for analytical, synthetic and biotechnologi-
reactions, such as oxidation, epoxidation and hydroxyla- cal purposes. Metalloporphyrins have low stability in water
tion of organic compoundd-5]. Fe(lll)protoporphyrin(IX) solutions so that they may become inactivated at extreme
(PPIX) may be found as a common catalytic active site conditions (severe acidic or alkaline pHs, high temperatures,
in hemoproteins like hemoglobin, myoglobin, cytochromes high concentrations of peroxide (>2 mM) and in the presence
and peroxidasé8,7]. This slightly water soluble catalyst of reactive solvents)8]. Furthermore, the catalytic activ-

ity of these catalysts in agueous solutions may decrease by
* Corresponding author. Tel.: +08 21 4409471; fax: +98 21 4400471,  dimerization of heme molecules due to the low reactivity
E-mail addressnazarikh@ripi.ir (K. Nazari). of dimeric ferriheme toward hydrogen peroxif®e4]. The

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
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stability of a biocatalyst during synthesis/purification pro- 3. Methods

cesses and in operational conditions is of vital importance in

biotechnology. Several strategies are athand to increase oper3.1. Synthesis of MCM41

ational stability of a biocatalyst including the use of stabiliz-

ing additives, immobilization, encapsulation, crystallization The direct synthesis of MCM41 based catalysts followed a

and medium engineering. Impregnation and encapsulationtwo-stage mechanism in which surfactant micelles were first

of these catalysts into pores of mesoporous molecular sieveself-assembled at the substrate—liquid interface. Inorganic sil-

lead to protection, stabilization and activation of these cata- icates were then adsorbed and condensed on the micelles,

lysts[10-15] forming an inorganic—organic nanocompog4€-42] The

In 1992, a novel family of mesoporous silicate-based film formation was considered to involve the polymerization

materials, the M41S materials, was invented by the of silicate species in the aqueous solution and at the head

researchers at Mobil comparf§6-19] There is a great region of the surfactant micellg43]. The silica-surfactant

deal of interest in this family of mesoporous materials, self-assembly process occurs both at the solid—liquid and

which exhibit highly uniform mesoporous structuf6,17] the liquid—vapor interfaces. Various reports on the synthesis

Given their ordered channel systems, uniform apertures inand application of MCM materials are found in the literature

the range of 2-10 nm diameter and surface areas of greatef44-51]

than 900 g1, the M41S materials, have expanded the MCM41 was synthesized by dispersion of sodium sili-

pore size related applications of zeolite-like molecular sieves cate (2.500 g) in deionized water (18.24 mL deionized water,

from the microporous regime. Since the pores in these meso-molar ratio HO/silicalite =45). After stirring the com-

porous molecular sieves are accessible to bulky reactantsponents, the surfactant cetyltrimethylammonium bromide

the encapsulating of nanometer size guest compounds of(CTAB, 2.170 g) was added. The reaction mixture was stirred

clusters become possible now. Furthermore, the reactivefor 45min at room temperature. During the vigorous stir-

hydroxyl groups on the internal surface of these meso- ring, an adequate amount of a 25% solution of tetramethyl

porous hosts could be easily modified by covalently anchor- ammonium hydroxide was added and the pH was adjusted

ing organometallic complexes or grafted by silane coupling at 10.5-11.0. The mixture was stirred at room tempera-

agent§20-30] Typical procedures forimpregnation of metal ture for 24 h, and then introduced into a teflon-lined auto-

complexes, such as metalloporphyrin and phthalocyanines,clave and kept in it at 100C for 3 days. The powder was

into mesopores of MCM have been previously reported recovered by filtration, and subsequently washed with acidic

[31-39] water—ethanol solution. It was dried in a vacuum oven and

In the present work encapsulation of a biocatalyst, the obtained solid was calcined at 5@for 4 h.

iron(lll)protoporphyrin and preparation of a heterogeneous

enzyme model catalyst via direct synthesis of iron(lll)- 3.2. N> adsorption experiment

protoporphyrin/MCMA41 is reported as well as its capability

for mimicking the peroxidase enzyme reactions. The previously adsorbed gases and vapors were removed
from MCM41 as much as possible. For this purpose, a
reduced pressure of 1&Torr (out gassing) was applied for

2. Experimental 10 h. The volumetric method was used for determining the
specific surface area and the average pore size of MCM41.
2.1. Materials The adsorbate, which was used for BET surface area deter-
mination, was nitrogen at 77 K.
Protoporphyrin(1X), Fe(ll)PPIX and CTAB were The adsorption isotherm is obtained from a series of mea-

obtained from Sigma. Sodium silicate solution (27%), tetra- surements at different pressures using a Micromeritics ASAP
methylammonium hydroxide (TMAOH), hydrogen perox- 2010instrument. The BET modelwas also appliedto evaluate
ide, phenol, guaiacol and iron(lll) nitrate were purchased the adsorption parameters of porous solid MCNB2-55]
from Merck and used without further purification. All

solutions were prepared using deionized water (Barstead3.3. Preparation of catalysts

NanoPure D4742; E.R.=18%).

The obtained molecular sieve was characterized by X- Fe*MCM41 was prepared based on the Petridis
ray diffraction using a Seifert diffractometer model 3003 method [56]. For this purpose Fé (5.0mg Fe(NQ)a/
using Cu kx radiation. BET isotherms are obtained based 20.0mg MCM41) was impregnated into MCMA41.
on Ny adsorption experiments using a Micromeritics ASAP  Fe(lll)PPIX/IMCM41 was prepared by direct encapsu-
2010 instrument. Furthermore, diffuse reflectance UV-vis lation of an alkaline solution of hemin chloride (0.020g,
and IR (KBr wafer method) techniques were used for com- Fe(lll)PPIX chloride) into the pores via the CTAB micelles,
parative investigation of various prepared catalysts using and after crystallization, filtration and efficient washing of
Cary 500 Varian and Bomem 100 spectrophotometers, the powder, the obtained catalyst was dried in a vacuum
respectively. oven at 150C for 1 h. The amount of hemin encapsulated
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in MCM41 was determined by measuring the iron content 13
of the digested sample in a caustic solution using atomic
absorption spectroscopy and was equal to 0.07% (w/w).

Furthermore, an indirect method of impregnation of 12
Fe(llHPPIX into pure MCM41 was examined in which a
1 mM hemin solution was stirred with 1 g calcined MCM41 at
27°C for 3 days and the obtained catalyst dried as described
above. Experiments revealed that impregnation was not suc-
cessful and the obtained catalyst did not have considerable
catalytic activity.

pH
T

3.4. Kinetic analysis 9 PR S S

Kinetic studies on the catalytic oxidation of phenolic Time (day)
compounds in the presence of hydrogen peroxide were fol-
lowed using a double beam Shimadzu spectrophotometerFig. 1. pH of the reaction mixture for synthesis of MCM41 as a function of
model 2101 PC. Steady-state kinetics of guaiacol (as atime:
hydrogen donor) oxidation by hydrogen peroxide catalyzed ] o
by enzyme model (iron(l1)protoporphyrin/MCM41) catalyst tlme of 5 days for completion of crystalllzat!on process.
was obtained at 470 nm (colored product of the reacfigrf) ~ F19- 2 shows the XRD pattern of the synthesized and cal-
in 2.5 mM phosphate buffer, pH 7.0. Progress curves of reac-¢ineéd MCM41, which exhibits a strong [1 0 0] reflection peak
tions were obtained at various guaiacol concentrations andWith two small peaks, characteristic of MCM41 mesoporous
the obtained initial rates used to record the Michaelis—Menten Material[59-61} .
curves. The concentration of,B, was kept high and con- Fig. 3 represents the BET plot for Nadsorption on
stant with respect to hydrogen donor (AH) during the course MCM41 at 77 K. MCM41 consists mostly of long-range
of reaction to ensure pseudo-first order kinetics. In a period of Ordered hexagonal arrays of uniform mesopoi&s 63}
120 s during which the progress curves were recorded, spec-The peak at [100] in X-ray diffractional spectra provides
ified amounts of catalyst (10.0 mg), guaiacol (0.2-10mM in @n independent estimate of the pore size in MCM41.
the vessel) and hydrogen peroxide (0.25mM in the vessel) The conventional method of determining pore size is
were added, respectively, to a 30 mL temperature controlledth® nitrogen adsorption methofb4]. Usually nitrogen
vessel and initial rate of reaction;j was calculated fromtime ~ @dsorption—desorption isotherms of MCM41 exhibit a sharp
domain of 45 at the linear portion of the curve. In order to St€p commencing gi/po = 0.3, as shown ifig. 3, and the
reach the steady-state condition, a lag time of 7s was used/€versible type 1V isotherms without hystere§ls]. The
H,0, stock solutions were prepared by appropriate dilutions !nflect|on pollnt is attnbuteq tothe commencement of pore fill-
of 30% (v/v) HO, in deionized water. The concentrations Ng from y\{h|ch the pore dlamete'r can be roughly estimated.
of hydrogen peroxide were determined by absorbance mea- I_n _addmon, a number of theories have been developed for
surements at 240 nm usikgao as 43.6 cm M~ [58] and derlvmg_parg_meters of pore structure frqm such a method,;
the dilute solutions were freshly prepared. the applicability and accuracy for estimating the pore struc-

Furthermore, another typical reaction, such as conversion
of phenol to indophenol, was used for evaluation of capabil-
ity of the catalyst to mimic the catalytic behavior of HRP.
Progress curves for conversion of phenol to indophenol were
obtained in the presence of 0.020 g Fe(lll)PPIX/MCM41 cat- I
alyst. Details of experimental conditions are shown in the 1000 }
legends of figures.
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. . 600
4. Results and discussion

400 }
The surfactant/silica molar ratio in the synthesis mixture

has been reported to be a critical variable in the formation 200 «mwwi_w__
of liquid-crystal template M41S materigi3]. At the molar r
ratio of surfactant/silica=0.05, MCM41 (hexagonal phase) 0 > 4 6 3 10

was obtained regardless of the sodium ion content. 26
pH dependency of the MCM formation as a function of
time is shown inFig. 1L The figure represents a minimum Fig. 2. X-ray diffraction pattern of calcined MCM41.
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Fig. 3. Isotherms for multilayer adsorption and desorptionpdNMCM41
at 77 K: (+) adsorption and (0) desorption.

ture of solids, which consist of supermicropores and small
mesopores are often in questif@b]. Recently, a compre-
hensive comparison of different methods (NLDFT method,
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hydrau'_ic radius approach and_the geometri(; method basediy 4. piffuse reflectance UV-vis spectra of catalysts: (a) MCM41 and (b)
on the ideal model) for evaluating the pore size of MCM41 Fe(il)PPIX/MCMA41.

using nitrogen, neopentanehexane, benzene and methanol
adsorption isotherms has been repoft]. The main fea-
ture of this study is the remarkable agreement and good
results obtained from NLDFT and geometric methods. An
average density value of 0.84 g chis suggested for esti-
mating the liquid volume and the surface area is calculated
using a value of 0.131 nfor the cross sectional area instead
of normally used value (0.162 rfm According toFig. 3,

a good reversibility is observed on adsorption and desorp-
tion processes and an average pore size is obtained about
3.7A associated with a sharp distribution pore size around
this point.

Fig. 4(a and b) show the diffuse reflectance UV-vis elec-
tronic spectra for the MCM41 and Fe(lll)PPIX/MCM41
catalysts in which the impregnation and substitution of
Fe(lIPPIX into the mesopores is indicaty]. Peroxidase
enzyme has a sharp Soret band absorption spectra at 403 nm,
while such an absorption was observed as a broad band at
360-390 nm for Fe(ll)PPIX solution. ABig. 4(b) shows
Fe(llDPPIX/MCM41 indicates a similar absorption band
at 403 nm, quite similar to that of the peroxidase enzyme.
Fig. 5a and b) show typical FT-IR spectra of the MCM41
and Fe(lI)PPIX/MCM41 samples. Characteristic absorption
peaks confirm the MCM41 structufeé8—72]

4.1. Chemical catalysis

Fig. 6 shows the catalytic activity of the Fe(lll)-
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Fig. 5. FT-IR spectra of catalysts in KBr wafer resolatio4 cn?, scan

PPIX/MCMA41 for the oxidation of guaiacol as described rate=21scansmit and number of scans=12; (a) MCM41 and (b)

in Section 3.4. Steady-state kinetics of guaiacol oxida-

Fe(l)PPIX/MCM41.
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07 tion cycle may be indicated as follows
— 3 ——— —=

06 | HRP + H,0O, — Compound-I(HRP-FeO) + H>0

05 0.750

04 L Compound-I(HRP-FeO) + AH
2 0375
5 03 f /\ — Compound-IlI(HRP-Fe-OH)}- A®

02 r 0

340 470 600 Compound-I(HRP-Fe-OH} AH — HRP + H,O + A*
0.1 r Wavelength (nm)
0 * * nA® — A,
0 20 40 60
Time (Sec) where AH and A correspond to hydrogen donor (phenolic

compound in this case) and the resulting polymer, respec-
Fig. 6. Typical progress curve for oxidation of guaiacol by Fe(lI)PPIX/ tively. When the hydrogen donor compound is guaiacol,
MCM41, [guaiacol]=2.8mM, [HOz]=2.0mM and Fe(ll)PPIX/  the colored product of the reaction appears at 470 nm. As
MCM41=0.010g. Fig. 6 inset indicates, catalysis of the same reaction by
Fe(lIPPIX/MCM41 catalyst produces the same product at
470 nm, which means the catalyst mimicks peroxidase. Com-

tion by hydrogen peroxide catalyzed by iron(lif)protopor- pare with peroxidase, the details of the process can be shown

p?){}:lNMCI\{IAl v;z;s parzrlgd ?\xt aﬁ 47(iln;n (g:oflfored |p_)|ro7d(l;ct as follows Scheme):
g e reaction) 1'” It' mmp ospbta € ; ?r, pH 1.0 In the presence of high concentrations ¢4 (>3 mM),
Frogress curves of reactions were oblained at varous guas, , jeyersible inactivation process, namely “suicide inac-
iacol concentrations and the obtained initial rates were used

. ) . ) tivation process” can also take plag&t,75] During such
to sketch the M|chae_l|s—Menten curvésg. 6inset shows .__inactivation hydrogen peroxide damages the porphyrinringin
the recorded overlaying spectra for progress of the reaction

o . Cj and converts it to an inactive verdoporphyrinX@4—77]
§t2 min intervals. Furthe_rmor_Elg._ 6shows the correspond- Results showed peroxide inactivation of catalyst occurs at
ing progress curve for this oxidation as the absorbance of the[HzOz] >3mM. To avoid such inactivation effects, experi-
ZOI?;eci. produ;:]t (tetr;lgmacolt,_ma)(; 470 nm_)th\(erstl)Js tt”;g ments were carried out below this concentration. Using the
s the igure shows, the reaction IS over within abou S steady-state approximation for the active catalys) ¢ives:
Kinetic mechanism of the peroxidase enzyme reaction

is well established73]. The catalytic cycle involves distri-  dC

bution of the enzyme in forms of HRP (free enzyme), and ¢r = ka[H20][Fe(IPPIX] — 2ks[AH]IC/]

active specie€| (compound I) and€C;; (compound Il). The — ki[H202][C1] = O (1)
oxidation—reduction reaction is associated with accumula-
tion of free radicals of the aromatic compour&). Then, At low concentrations of hydrogen peroxide

the polymerization step may occur via combining these active ([H202] <3 mM), suicide inactivation reaction is negli-
free radicals. A brief scheme of the peroxidase catalytic reac-gible. Moreoverk; (inactivation rate constant) is very small

H,0, H,0

k °H,0, . .
» C = C, (inactivated Fe(III)PPIX)

Fe(IID)PPIX) K 1
or’

o
H,O + k,
(OIS

OH
@) '
G

Scheme I.
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(ki «kq) and inactivation process is very slow. Hence, the 0.16

above relation may be simplified as shown below:

dC| = 0.12 |

— = kq[H202][Fe(ll)PPIX] — 2k[AH][C (] =0 (2) 2

dr é 0.08 I
Thus, theC| concentration can be written as a function of Y [

free Fe(lll)PPIX concentration. & ooa |

(C] = ka[H202][Fe(Il1)PPIX] 3) s

2k2[AH] 0 0 0.02 0.04 0.06 0.08

Using mass balance relations for [Fe(l1l)PPIX] and hydro- (a) My arys; (2)

gen peroxide, the rate of consumption of® could be
obtained. This is useful in reactor design, scaling up the
process and optimization of reaction conditions for indus-
trial purposes, such as wastewater treatment (phenol removal
process)78,79] Using the peroxidase enzyme model, the
overallrate of consumption of#D, can be written a$80,81]

Rate (mM/sec)
o
[=)
o

d[H.0 Fe(llI)PPIX oot
Rate 20 _ _[Fe(IDPPIX @)
! KalF207]0 T KalAHT, 0.005
At higher initial concentrations of AH (JARY)), the above 0 , , ,
equation can be simplified as: 0 0.02 0.04 0.06 0.08

(b) mca[alysl (g)

k3[AH ()] << kl[Hzoz]o; rate =k [H202]Q-[F€(|||)PP|X]

(5) Fig. 7. Linear plots based on Eq%) and (6) (as the rate vs. the amount
of Fe(ll)PPIX/IMCM41 catalyst) for estimation df; and ks rate con-
k, rate constant could be obtained from the slope of the plot stants. (a) Slopeks x [H20z]o, slope =2.160, [02]o =0.0020mM and
of rate of reaction versus catalyst concentration: (b) slope 3 x [AH] 0 = slope =0.288, [AH} =0.0028 mM.

Slope = k1[H202]o ABTS (2,2-azino-di-3-ethyl-benzothiazoline-(6)-sulphonic
Fig. 7a shows such a plot for oxidation of guaiacol by acid (ABTS)[83]. In the Michaelis—-Menten model initial

hydrogen peroxide ([b02]o = 2.0 mM) from whichk is esti- rates of reactionsif) are plotted against the substrate con-
mated equal to 9.595 10? M 151, centration (guaiacol) based on a hyperbolic relation as follow:
In a similar manner and at higher initial concentrations of

uaiacol (JAHD), we have: V= VmadS] (7)
g * ' (ST + Km)
k1[H202]o << k3[AH]; rate = k3 [AH] o-[Fe(Il)PPIX] In order to have a linear relation Lineweaver—Burk equa-

(6) tion could be written as:
. . 1 Km 1 1

ks rate constant could be estimated from the slope of the linear— = + (8)

V' Vmax[S] | Vmax

plot of rate versus catalyst concentration:
The Lineweaver—Burk plot has been criticized on sev-
Slope = k3 [AH] o eral grounds. Firstly, most impossible extrapolation across
Fig. 7b shows this plot for oxidation of guaiacol by hydro- the 1V axis to determine the value 6f1/Kny. Secondly,
gen peroxide ([AH} =2.8 mM) from whichks is estimated it is said to give undue weight to measurements made at
equal to 1.02% 10 M~1s1. Comparison of thedevalues low substrate concentration. Thirdly, departures from linear-
with those of HRP, illustrates the reasonable catalytic activ- ity are less obvious than in some other plots, particularly
ity of the enzyme model catalyst [Fe(lll)PPIX]/MCM41 (see the Eadie—Hofstee plot. Hence, in order to reach a reliable
Table 2. estimation 0fVmnax and Ky, turnover number and catalytic
Also, by performing experiments (similar to thatindicated efficiency it is better to use the Eadie-Hofstee plot as:
in Fig. 6) at various guaiacol concentrations, it is possible to %
obtain the relevant Michaelis constafit,{) for this enzyme V=—Kmnx ([S]
model[82]. The method used for calculation Kf, and the
other catalytic parameters are described below. Fig. 8shows such a plot for the Fe(lI)PPIX/MCM41 system
Peroxidase enzyme has Ky, value of about 1.pM with Km = 183.1uM andVmax= 0.171 mM s 1. Although the
for oxidation of phenolic compounds, such as guaiacol or obtainedK, value is large in relation to the peroxidasg, it

) + Vimax ©)
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dA/dL (see.!)

|Guaiacol] mM
0.12 f

y=-0.1831x+0.1707
R =10.9928

Vo ([HMI’SCC)

0.08

0.04 r

0 0.1 0.2 0.3 0.4

Vo/[S] (mM™)

0.5 0.6 0.7

Fig. 8. Eadie-Hofstee plot according to E®) for oxidation of guaia-
col by Fe(lll)PPIX/MCMA41 catalyst [HO2]=2.0mM and Fe(lll)PPIX/
MCM41=0.010g.

indicates potential for application of Fe(lll)PPIX/MCM41

catalyst for industrial purposes. Some citable processes

include phenol removal from aqueous solutions, oxida-
tion/polymerization of aromatic hydrogen donors (prepara-
tion of conductive polymers), epoxidation of alkenes and

hydroxylation reactions. It must be mentioned that there are Fe(lllyyMCM41

various limitations for using peroxidase in such industrial
processes.
Turnover number or catalytic rate constakgaf) which

represents the maximum number of moles of substrate con-
verted to the product per number of moles of catalyst per unit

time, could be obtained frokya; = Vimax/[catalyst]. The value

of turnover number was obtained equal to 1:710* (moles

of guaiacol/moles of Fe(lll)PPIX per second) as obtained
from data ofFig. 8 Also catalytic efficiency of the syn-
thetic model enzyme catalyst, which is definedkagKm
was calculated to be 9.344310% This finding shows
Fe(llPPIX/MCM41 could be used as a peroxidase mim-
icking catalyst, indicating that it could be introduced as an
industrial alternative for the peroxidase enzyiFig. 9shows
the capability of the catalyst for synthesis of indophenol from
phenol and aniline. The reaction is followed spectrophoto-
metrically at 630 nm. The experimental conditions were [ani-
line]=10.0mM, [phenol]=2.0mM, [HO2]=2.0mM and
Fe(llHPPIX/MCM41=0.010g. The synthesis reaction was
completed within 40 minTable 1shows and compares the
capability of Fe(ll)PPIX/MCMA41 toward various peroxi-
datic reactions including phenol oxidation, guaiacol oxida-

tion and indophenol synthesis in the presence of hydrogen

peroxide. As the table indicates, for all the tests, blank
experiments were carried out using Fe(lll)/MCM41 catalyst.
According toTable 1 in the most cases no detectable reaction
was observed in the presence of Fe(lll)/MCM41. This fact
reflects the important role of porphyrin group in Fe(ll)PPIX

that provides higher oxidation states for iron and subsequentFe(!l)PPIX/MCM41

generation of highly oxidant species @d G, in Scheme).

04
03
;§ 02
<
0.1 [
0 1 1 1 1 1 1 1
0 25 50 75 100
Time (Sec.)
Fig. 9. Typical progress curve for synthesis of indophenol by

Fe(ll)PPIX/MCM41 catalyst, [aniline]=10.0 mM,
[H202]=2.0mM and Fe(lll)PPIX/MCM41 =0.020g.

[phenol]=2.0mM,

Table 1
Catalytic (peroxidatic) activities of Fe(lll)PPIX/MCM41 catalyst for various
oxidation reactions

Catalyst Reaction Initial rate
(MM min—1)
Fe(ll)PPIX/IMCM41 Indophenol synthesis 0.01120
Fe(ll)PPIX/IMCM41 Phenol oxidation 0.01545
Fe(ll)PPIX/IMCM41 Guaiacol oxidation 0.02122
Guaiacol oxidation 0.00027
Fe(lll)/MCM41 Phenol oxidation No reaction
Fe(lll)/MCM41 Indophenol synthesis No reaction

Control reactions were carried out using Fe(lll))MCM41 as the blank
catalyst.

Table 2 shows the relativek values for HRP,
Fe(lIDPPIX/MCM41 and Fe(lI)/MCM41. Comparison of
ki for Fe(llHPPIX/MCM41 and HRP shows some mean-
ingful and considerable differences between their catalytic
activities, which may arise from the structure and high
specificity of the enzyme for such substrates and reac-
tions. However, rate constants for the enzyme model catalyst
Fe(llHPPIX/MCM41 are sufficiently large to complete such
reactions in longer periods of time. There are several limita-
tions for the use of peroxidase in severe industrial conditions.
Generally, enzyme structure denatures at high temperatures
and pressures, in highly acidic or alkaline media, organic sol-
vents and denaturants. In most cases, such a denaturation is
associated with deactivation of the enzyme.

Considering these limitations, inorganic heterogeneous
catalysts, which can mimic the peroxidase reactions, could
be introduced as suitable candidates for industrial purposes.

Table 2
Comparative rate constants values for HRP, Fe(lll)PPIX/MCM41, and
Fe(ll1)/MCM41 catalysts

Catalyst ki (M~1s7h) ks (M~1s™1)
Horseradish peroxidase  1.4210° +2x 10°  1.30x 10°+2.6x 10®
9.595¢ 107 + 25 1.029x 10?2 +3.21

Fe(lly/MCM41 8.858x 10t £3.12  7.876:0.385
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