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Modified chitosan as an economical support
for hematin: application in the decolorization
of anthraquinone and azo dyes

Agostina Cérdoba,®” lvana Magario? and Maria Lujan Ferreira®

Abstract

BACKGROUND: Azo and anthraquinone dyes have been successfully decolorized using enzymatic and biomimetichomogeneous
systems.’? Hematin, a horseradish peroxidase (HRP) biomimetic, immobilized on chitosan via glutaraldehyde coupling was able
to decolorize Alizarin Red S and Orange Il solutions. A Doehlert experimental design and response surface analysis was applied
to determine conditions for optimal mass of catalyst and catalytic efficiency of the immobilization procedure.

RESULTS: The catalysts with supported hematin showed 33% activity (relative to homogeneous hematin as 100%) in decol-
orization reactions. After six reuses the catalytic activity was maintained at 60% of the initial one. Hematin anchoring to chi-
tosan without alteration of the iron-porphyrin ring was confirmed by ICP, FTIR and UV/visible spectrophotometric methods. In
addition, the effect on hematin activity in the decolorization of aminopropyltriethoxysilane (APTS) as a ‘spacer arm’ between
hematin-glutaraldehyde and chitosan was studied.

CONCLUSIONS: An economical heterogeneous catalyst alternative to HRP has been obtained. The spacer arm improves the
catalyst’s performance with activities as high as 57% relative to homogeneous hematin. These results support the notion that

the activity loss of supported hematin is caused by the restricted access to Fe of the bulky phenolic dyes.
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NOTATION
C-GA-Hematin: chitosan-glutaraldehyde-hematin
C-GA-HRP: chitosan-glutaraldehyde-horseradish

peroxidase
C-APTS-GA-Hematin: chitosan-aminopropyltriethoxysilane-
glutaraldehyde-hematin

INTRODUCTION

Textile industries consume huge amounts of water (almost 100 L
per 1 kg of textile material processed), and the water released dur-
ing the dying process corresponds to 65% of total wastewater.>#
About 15% of the total dyes used in these industries are discharged
in the effluents. The composition of textile wastewaters varies
depending on the particular textile industry. However, they are
characterized by high chemical and biological oxygen demands,
alkaline pH-values and by strong colorization.” Due to the com-
plex structures and synthetic origin of dyes, textile effluents are
very difficult to treat using conventional processes.*”7 Azo and
anthraquinone dyes represent two main groups of extensively
used dyes.®

Enzymatic decoloration has been widely studied. Peroxidases
can catalyze these reactions. During their catalytic cycle they form
a r-cationradical (Compound ). This active intermediary may react

with phenolic substrates to form a radical which can polymerize
or degrade.® Decolorization of anthraquinone (Alizarin Red) and
triphenylmethane dyes (Crystal Violet) using chloroperoxidase
(CPO), was analyzed in the work of Liu et al.” The removal of Alizarin
Red reached 98%, in only 7 min at mild CPO concentration, but
the optimal pH operating value was 3. Remazol Brilliant Blue R
was decolorized by a peroxidase from Aspergillys oryzae supported
in silica-based foam. The maximum activity (83%) was reached at
pH 5.7% In arecent study, Acid Black 1 and Reactive Blue 19 removal
using horseradish peroxidase (HRP) was studied. Dye removal
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was high (70%) and the level of decolorization was maintained Table 2. Reactions conditions employed in activity measurements
after three reuses.!” The immobilization of HRP in titania particles : POy Z
improves the stability of the enzyme related to pH variation. The Hematin HRP
optimum pH was 5 for the soluble HRP and 7 for the immobilized
HRP. After five repetitive uses, dye removal decreased to near ol ARS ol ARS
half .of the initial removal efficiency. This declln.atl.on .|n removal [Catalyst] (mg L") 12 105 81 6.6
efficiency can be attributed to the mass transfer limitations due to a
K . L. . - 12 [H,0,] (mmol L) 2.7 6.6 1.36 6.6
adsorption of oligomerization products onto immobilized HRP.
. . . . pH 10.6 9 10 9
The advantages of biomimetic systems include: (1) lower cost;

(2) higher stability; (3) the possibility of multiple reuses without
inhibition; and (4) lower selectivity due to the absence of pro-
teic structure. A new heterogeneous biomimetic system based
on carbon-fiber supported hemin was described by Yao etal.’
The catalytic oxidation of azo dye (RR195) was used as the model
molecule. The RR195 removal was stable from pH1.16 to 9.25
using the supported hemin, whereas in the soluble form hematin
only was active at very acidic pH. New reactions may be envis-
aged when O, is present, to generate superoxide and several other
intermediates.’® Our group has studied the immobilization of HRP
and hematin in magnetite but there were several practical prob-
lems with the catalysts.' A preliminary study on the comparison
of hematin and HRP was carried out but the biomimetic catalyst
needed to be optimized.'® Azo and anthraquinone dyes have been
successfully decolorized by enzymatic and biomimetic homoge-
neous systems at alkaline pH by our group.’? Aspects of hematin
reaction mechanism have been discussed in these works. In addi-
tion, kinetic modelling results confirm the presence of the same
HRP catalytic intermediaries (unpublished results). According to
these results, we postulate that dye molecules interact with acti-
vated hematin (like Compound 1), and an organic dye radical is
formed by hydrogen abstraction from the dye by the Compound
| of hematin. Radical attack and reordering are responsible for fur-
ther degradations.

The recent literature on the topic emphasizes: (1) the problems
found with immobilized enzymes in terms of stability and inhibi-
tion; (2) the suitability of biomimetic as a cheaper but very active
alternative to enzymes, with the ability to be reused several times
without inhibition as in the case of HRP; (3) the need for system-
atization in the preparation of biomimetic catalysts. In this sense,
hemin and hematin are highly attractive as metalloporphyrins,
even when the use of hematin is hindered due to the low solubil-
ity of hematin in acidic media. The heterogeneization of hematin

is a solution to this problem, and the use of experimental design
methodology is a very powerful tool to obtain optimal parameters
for catalyst preparation.

Chitosanis alinear polysaccharide produced by alkaline deacety-
lation of chitin.'” Different chitosan modifications can be under-
taken to enhance its properties as a catalyst support. Its use as
an enzyme support has been widespread in recent years due to
low cost, resistance to attrition and biodegradability. In a previous
exploratory work, it was found that chitosan could be a suitable
support for HRP and hematin, especially for Alizarin removal.™
Based on that preliminary work, the goal of this work is the eval-
uation of a supported catalyst based on hematin able to medi-
ate in the decolorization of anthraquinone and azo dyes as a
horseradish peroxidase mimetic. Orange Il (Oll) and Alizarin Red
S (ARS) were selected as model dyes. Glutaraldehyde-modified
chitosan is proposed as an economical alternative for hematin
immobilization. FTIR and ICP characterization of the immobilized
hematin, UV-Visible analyses of the glutaraldehyde—hematin cou-
pling reaction, decolorization activity measurements, and HRP as
a comparison catalyst are presented and discussed. In addition,
the effect of aminopropyltriethoxysilane (APTS) as a ‘spacer arm’
between hematin-glutaraldehyde and chitosan in the catalyst
activity is presented in this study.

MATERIALS AND METHODS

Materials

Hematin (M,, = 633.49) from Sigma Co. (USA) and horseradish per-
oxidase (HRP) from Amano Inc. (Elgin, USA) were used as pro-
vided. Chitosan from Primex (Siglufjordur, Iceland) was used as
supplied by the provider. Glutaraldehyde 25% (GA) (M,, = 100.12)
and (3-Aminopropyl)triethoxysilane (M,, =221.37) were supplied

Table 1. Doehlert array of the two variables in experiments
Factors Responses
Supported Catalyst activity Intrinsic activity Intrinsic activity

[Glutaraldehyde] [Hematin] Hematin Catalyst activity -ARS-(pmol -Oll-(pmolg -ARS- (pmolgs
Exp. N° (mmolg™) (mmolg™) (mmolg™) -Oll- (pmol g, (gh)™) ars (@h)™) (MYpematin M) (MYpiematin M)
1* 2.50 0.095 0.063,.0.009) 105.1,21.5) 128.7(,45.1) 181028 221065
2 2.50 0.189 0.094 104.1 117.2 10.8 12.2
3 4.66 0.142 0.070 99.1 127.8 155 19.9
4 4.66 0.047 0.044 102.9 90.1 232 20.4
5 2.50 0.000 - 34.3%* 5.7%* - -
6 0.33 0.047 0.044 44.2 724 14.4 23.6
7 0.33 0.142 0.118 138.0 170.9 14.1 17.5
*Central point.
**Corresponding to modified chitosan absorbance measurements.
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Figure 1. Response surface. Plots of final equations obtained by fitting experimental responses of Table 1 to quadratic models.

by Sigma Aldrich (USA). Alizarin Red S (C.1.:58005) was supplied
from Farmitalia Carlo Erba, Montedison Group (Milano, Italy) and
Orange Il (C.1:15510) by Merck KGaA (Darmstadt, Germany). All
salts were of analytic grade. Solutions were prepared with bidis-
tilled water. Hydrogen peroxide 30 %vol. (2.68 mmol L) was pro-
vided by Apotarg Laboratories (Cérdoba, Argentina).

Characterization techniques and equipment

A Perkin-Elmer Lambda 35 spectrophotometer (Massachusetts,
USA) was used for all the UV/Visible measurements. A JASCO
FT/IR 5300 instrument (4 cm™ resolution) equipped with a DTGS
detector was used for the FTIR studies. Solid samples were dried
in an oven at 60 °C overnight. Then, they were ground with KBr

powder at 1% wt/wt and pressed to form a thin disk. The reference
was air.

Total iron content determinations on the supported
hematin preparations were carried out by atomic emission
spectrometry—inductively coupled plasma (ICP-AES). For these
measurements wet particles were submitted to acid attack (with
previously ultra-purified nitric acid) at high temperature using a
MARS-5 microwave digester (CEM Corporation, USA) according

to standard US EPA method SW-3052. A simultaneous ICPE-9000

Table 3. Determination of total iron content of supported cata-

lyst by inductively coupled plasma atomic emission spectroscopy vs.
UV-visible

ICP UV-visible
Fe (mg Ywet catalyst_1 ) 0.591 (+0.070) 0'508(10.040)
Hematin (MMol gyet catalyst ') 0.017(10,001) 0.009(,0,001)

high resolution inductively coupled plasma-atomic emission
spectrophotometer (Shimadzu, Japan) was used.

Hematin immobilization: experimental design

In order to evaluate the best immobilization conditions, an exper-
imental design based on the response surface methodology was
employed. This tool allows the inclusion of the interaction effects
among independent variables. Doehlert arrays have the particular-
ity of being more uniform, it having an equally spaced point’s dis-
tribution. In contrast to familiar designs, Doehlert arrays are more
efficient (number of experiments k? + k + 1 with k the number of
factors-independent variables).”® A Doehlert experimental array
with two factors was applied to determine the optimal mass of GA
and Hematin for 1 g of chitosan. The factors studied were GA and
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Figure 2. (a) Supported catalyst. Immobilization conditions were: 85 mg g™! hematin to chitosan mass ratio and 0.87 mmol g™' GA to chitosan mass ratio for
Q-GA-Hematin and Q-APTS-GA-Hematin; 60 mg g™' HRP and 0.33 mmol g™' GA to chitosan mass ratio for Q-GA-HRP and 3.435 mmol g™' APTS to chitosan
mass ratio for Q-APTS-GA-Hematin. (b) Catalyst activity. Homogeneous and heterogeneous intrinsic activity of hematin and HRP.

Hematin expressed in mmol g osn |- The measured responses
were: supported hematin (Mmol g, ), catalytic activity in Oll
and ARS decolorization (umoly. (9cays h)') and intrinsic activ-
ity in Oll and ARS decolorization (umoly, (MGyemain h)'). The
experimental matrix is presented in Table 1 with the responses
obtained. Experimental responses were fitted to multivariate poly-
nomial models. Statgraphics Centurion XV.2 (Virginia, USA) was
used to perform the statistical analysis of the experimental data.
Polynomial models that fit the responses studied were obtained
by multiple regressions until a satisfactory goodness of fit (good
R? values) was obtained. To evaluate the statistical significance of
the complete set of factors and their interactions an ANOVA test
was used. The resulting non-statistical factors were suppressed.
The model hierarchy was always maintained.’ To obtain the
optimal balance between factors studied the desirability function
(DF) was included to maximize the responses.?%2!

The heterogeneous catalyst preparation process includes
the following steps: (1) chitosan surface activation with GA
to produce —C=O0 groups; (2) immobilization procedure in
which hematin or HRP was fixed onto chitosan; (3) —C=0
free groups deactivation with a Tris concentrated solution.
Analysis of the responses implies unreacted hematin determina-
tion and activity measurements in Oll and ARS decolorization
reactions. All concentrations were expressed per gram of
support.

Chitosan surface modification

In order to characterize the chitosan the amino surface den-
sity was determined using the Bartkowiak et al. method,?? with
Oll adsorption under alkaline conditions. The —NH, surface den-
sity in chitosan was 7.3% wt/wt. The GA:NH, molar ratios used
for the Doehlert design was varied from 0.56 to 1.05. Chitosan
surface activation was carried out in 15mL falcon tubes. Then,
0.1 g of chitosan was added into 5 mL of buffer phosphate pH7
with the corresponding volume of GA 25% wt/wt commercial
solution (from 0.013mL to 0.176 mL in each experiment - see
Table 1). The reaction time was 1 h with magnetic stirring at room
temperature (25°C). After that, the solutions were centrifuged
(10 min at 3600 rpm) and washed three times with 10 mL of buffer
pH7.

Immobilization procedure

The wet particles obtained in the surface activation step were
added into the corresponding volume of hematin solution
(10543 mgL", in NaOH 0.01N) (from OmL to 11.4mL - see
Table 1) with magnetic stirring at room temperature. After
2 h, the solutions were centrifuged (10 min at 3600 rpm) and
washed three times with 10 mL of bidistilled water. Supernatant
samples were withdrawn and absorbance at 387 nm was mea-
sured for determination of supported hematin by mass balance
(e =0.082437 L mg™").

Finally, glutaraldehyde -C=0 free group deactivation was car-
ried out by the reaction of wet particles with 5 mL of 0.5 mol L tris
solution with magnetic stirring at room temperature. After 1 h, the
solutions were centrifuged (10 min at 3600 rpm) and washed three
times with 10 mL of bidistilled water. Supernatant samples were
withdrawn and absorbance at 387 nm was measured to determine
the unreacted hematin mass.

HRP immobilization

To obtain a reference for hematin, HRP immobilization was car-
ried out. The chitosan surface activation and catalyst immobi-
lization were performed as described above for hematin with
0.33mmol g’ of GA and 60mgg™ of HRP. Evaluated responses
were the same as for supported hematin.

Activity measurements

Optimal decolorization conditions for each dye were evaluated in
previous work™? and maintained in the present study. Reaction
conditions are detailed in Table 2. A 200 mg L™ Oll or ARS solution
was contacted with the wet mass equivalent of heterogeneous
catalyst corresponding to each case. Reaction started when H,0,
was added. Reaction was carried out in 10 mL of corresponding
buffer. After 1 h solutions were centrifuged (10 min at 3600 rpm)
and samples withdrawn. Absorbance measurements at selected
wavelengths (484 nm for Oll and 511 nm for ARS) were used to
determine dye conversions.

ARS was used as a phenolic substrate to study the catalyst reuses.
Activity after 1 h reuse was carried out as described above for ARS.
Also, conversions obtained for 24 h of reaction were evaluated up
to the sixth use.

wileyonlinelibrary.com/jctb
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Figure 3. Dye structure. ARS and Oll structures. The arrow shows the rotation point of the molecule.

Catalysts characterization

In order to study the hematin:GA interaction in solution, UV-Visible
absorbance measurements during reaction were carried out. Reac-
tion was performed in a quartz cuvette at 0.29mmolL" GA
and 0.0029 mmol L' hematin aqueous solution. FTIR spectra of
hematin, chitosan, chitosan activated with GA, supported hematin
and supported HRP were recorded in the 4600-400 cm™ range.
The solids obtained from the central points of the Doehlert
design (experiment N°1, Table 1) were analyzed for total iron con-
tent using atomic emission spectrometry for inductively coupled
plasma (ICP-AES).

APTS as ‘spacer arm’

In order to evaluate the effect of the separation between hematin
and chitosan surface, APTS was used as a ‘spacerarm’. A 0.1 g sam-
ple of chitosan was contacted with 77.6 pL of 98% APTS in 5mL
of phosphate buffer pH 7 with magnetic stirring at room temper-
ature. After 2 h, solutions were centrifuged (10 min at 3600 rpm)
and washed three times with 10 mL of bidistilled water. After
that, chitosan surface activation and catalyst immobilization were
performed as described previously (GA:0.87 mmolg™'; Hematin
0.134mmol g™"). Supported hematin and catalytic and intrinsic
activity were evaluated for both dyes. The catalyst obtained was
also characterized as described in the previous section.

J Chem Technol Biotechnol (2014)
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Figure 4. Steric hindrance when Orange Il is adsorbed onto chitosan, near hematin linked through monomeric glutaraldehyde. (a) Interaction among
Orange Il, Hematin (linked by monomeric glut to chitosan) and Chitosan. (b) Interaction among Orange Il, Hematin and Polyglut.
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Figure 5. Optimization. Desirability function considering supported
hematin, catalytic activity and intrinsic activity with Oll and ARS.

RESULTS AND DISCUSSION

Hematin immobilization

The response surfaces obtained by fitting experimental data
to quadratic models are shown in Fig. 1. Hematin was unable
to be immobilized using low hematin concentrations. On the
other hand, at high hematin concentration, the best results were

obtained with surface modification under low GA concentra-
tion conditions. This result can be attributed to the existence of
GA oligomers on the chitosan surface from GA solutions, which
hinder the proper hematin-GA interaction.®>?* The amount of
supported hematin determined by UV/visible measurements of
hematin remaining in supernatants was supported by total iron
content analysis in solid catalysts using ICP. Results are pre-
sented in Table 3. The agreement of both determinations confirms
hematin immobilization. In addition, the presence of iron in the
particles confirms no metal leaching during the immobilization
process.

The activity measurements for Oll and ARS decolorization fur-
ther confirmed hematin immobilization on chitosan surface. The
catalytic activity in Oll removal was in line with the results of
supported hematin. With ARS as substrate, GA concentration did
not have a statistically significant effect on catalytic activity. This
response was maximum at medium values of hematin loading.
A high hematin input was required to obtain immobilization
yields of 95% of supported hematin, but the activity of supported
hematin (called intrinsic) with both substrates was highest at 0.1
MMOlyematin (9 ) decreasing thereafter. The existence of a max-
imum for the intrinsic activity at 0.1 MmOl nain (9h)" can be
assigned to: (1) catalyst modification by formation of covalent
bonds with modified chitosan; (2) metalloporphyrin aggregation
on the chitosan surface 2> or hematin dimers formation; or (3)

wileyonlinelibrary.com/jctb
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Figure 6. APTS as ‘spacer arm’. Effect of the ‘spacer arm’ on hematin immobilization.

restricted access of the substrate to the Fe catalytic site of hematin.
Considering the independence of the intrinsic activity from GA
input, the first option (1) was discarded. Thus, we can propose that
the interactions between the coupling agent and hematin do not
produce deactivation.

The intrinsic activity of homogeneous and heterogeneous cat-
alysts is presented in Fig. 2. The decrease in activity of immobi-
lized hematin vs. free hematin was observed not only for Oll, but
also for ARS. With ARS as substrate, intrinsic activity decreased
from 46 (homogeneous biocatalyst) to 15 pmolazs (MGpematin M)
(for Q-GA-Hem). For the same catalyst and azoic substrate decol-
orization the intrinsic activity decreased from 21.5 to 8.6 pmolg,
(MYgematin N)'- The observed difference can be attributed to the
nature of the substrate. ARS has a plane structure while Oll has a
single bond that permits its rotation (see Figs 3 and 4), and access
to the sixth coordination position of Fe in hematin may be difficult.

This can result in major local H,0, concentration in the vicin-
ity of the catalytic site. The relative increase in H,0, to phenolic
substrate concentration can generate two main routes of reaction:
the porphyrin inactivation by reactions with excess of H,0, ,27-28
or a catalatic-like pathway with O, formation." In previous stud-
ies of ARS decolorization, we observed the release of O, dur-
ing hematin homogeneous catalysis. Also, hematin is a catalase
biomimetic, too.

Figure 2 shows the interaction between hematin onto chitosan
and Oll. The dyes may be close to the chitosan surface and be
adsorbed. ARS and Oll are adsorbed strongly on chitosan,? in such
a way that the blocking of one side of hematin could be assigned
to the location of the adsorbed dye, near the iron. It is known
that glutaraldehyde is not monomeric, but oligomeric (Polyglut),
at least partially. Even in this case, the interaction hematin-dye
may produce blocking of the coordination side of the hematin, as
Fig. 4(b) shows.

The desirability function was included to determine immobiliza-
tion conditions for an optimal balance between mass and decol-
orization efficiencies towards both dyes. This optimal mass pro-
portion was found when 1 g of dried chitosan is activated with
0.33 mmoles of GA and incubated afterwards with 0.19 mmoles
of hematin (Fig. 5).

HRP immobilization

In order to evaluate hematin as a potential alternative to HRP, the
performance of supported HRP was also considered in this study.
The responses obtained are presented in Fig. 2. The Oll decoloriza-
tion was similar to those found due to dye physical adsorption onto
chitosan (see Table 1 — experiment N° 5). Nevertheless, with ARS as
substrate the intrinsic activity decreased 58% compared with the
homogeneous. These results show that by anchoring the catalyst
there is a restricted access of the Oll substrate to the active site.
That produces the activity loss observed. In previous studies,’? we
analyzed this interaction and concluded that, in the case of ARS,
a water molecule must be present in HRP for compound Il for-
mation. A water molecule can act as a bridge between HRP and
ARS (involving their two —OH groups) and allow oxidation of the
substrate. However, restricted access to the active site due to the
immobilization and the catalyst inactivation during immobiliza-
tion results in low conversions. H,0O, inactivation can also occur
by increasing local peroxide concentration.>® Besides, the enzyme
inactivation by radical attacks increases with immobilization.3' 33
Xialing etal. reported that the organic radicals formed remain
near the enzyme and promote its inactivation.3* These radicals
may be adsorbed on chitosan near the hematin when APTS is
not used.

APTS as spacer arm

APTS was used as a spacer block in order to analyze the restricted
access of substrates to supported hematin. Measured responses
are presented in Fig. 2. As for HRP, intrinsic activity values of
C-APTS-GA-Hematin for Oll as substrate corresponds to removal by
adsorption onto chitosan rather than actual hematin activity (see
Table 1 - experiment N°5). Concerning ARS, activity losses were
registered during the immobilization process. However, intrinsic
activity decreased from 46.2 (homogeneous biocatalyst) to 26.3
HMOlaps MYpiematin™ (in Q-GA-APTS-Hem). The higher intrinsic activ-
ity obtained with APTS as ‘spacer arm’ can be assigned to steric fac-
tors (Figs 6 and 7). Figure 7 shows lateral views of Oll near hematin
linked to chitosan. It is clear that there was a repulsive interaction
when Oll was located near the surface, by the side of hematin that
includes the ‘arm bond’ to the chitosan. There is a 50/50 chance
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Figure 7. Spatial interaction sustrate-catalyst. (a) Location | of Orange Il-inward. (b) Location Il of Orange ll-inward. (c) Location Ill of Orange lll-outward.

that the -OH stays on the inner or in the outer side of hematin. If
the -OH is inward instead of outward of the location of the spacer
arm; there are additional important steric hindrances to the Oll
coordination. In the case of ARS, these restrictions are much lower
due to the planar nature of the ARS structure. Strong adsorption of
ARS and Oll and their organic radicals onto chitosan when APTS is
absent is also a pathway to Fe blocking and /or catalyst”s deacti-
vation (Fig. 4).

Catalysts reuse

Reuse results are presented in Fig. 8 and Table 4. C-APTS-GA-
Hematin presented the highest intrinsic activity. A decrease in
activity was found forimmobilized hematin. Nevertheless, conver-
sions on the sixth use at 24 h reaction with C-APTS-GA-Hematin
and with C-GA-Hematin were 70% and 60% of the first use,
respectively. On the other hand, immobilized HRP maintained

Table 4. ARS conversions obtained: first use - 1 h reaction - and sixth
use - 24 h reaction

First use conversions Sixth use conversions

1h 24h
C-GA-Hematin 29.5(,5.76) 17.8(43.28)
C-APTS-GA-Hematin 48.7 400 341 (a5
C-GA-HRP 20041 44) 0.9¢1.00)

activity only to the fourth use, and was unable to treat the ARS
solution after five uses.

FTIR catalyst characterization
FTIR spectra of the catalysts obtained in different immobilization
steps are presented in Fig. 9. The spectrum of chitosan presents
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Figure 8. Reuses. Reuse activity of the supported catalyst with ARS as
phenolic substrate.

characteristic peaks: at 2962 and 2853 cm’' the vibration peaks of
C—H, at 2926 cm™ a band assigned to carbon-hydrogen vibra-
tion, and at 895cm™’ the peak corresponding to C—H stress of
anomeric groups of chitosan. The presence of —CH, was con-
firmed by the 1421 cm™ absorption band, and —CH and C—CH,
bond deformation are assignable to the 1378cm™ band.3* The
peaks at 1036 and 1099 cm™ were assigned to vibrations of chi-
tosan backbone.'” Peaks between 3600 and 3200 cm™ correspond
to O—H and N—H vibrations with strong hydrogen-bonding inter-
actions, and the C—N bond has a signal at 1230 cm™.3¢ Finally,
the band at 1154 cm™ is assignable to C—O—C stress vibration.'”
There were slight changes in the FTIR spectra when GA was added,
just a growth of the 2878cm™ peak assignable to symmetric
stretching of —CH,. The peak at 1378 cm™ also grew. The pres-
ence of a peak at 1650 cm™ can be associated with C=C from aldol
condensation of GA.?>?* The C=0 characteristic peak at 1750 cm"’
disappeared.

The spectrum of Q-GA-HRP presents peaks at 1640 and
1650cm™ corresponding to amide | band region (assignable
to primary C=0 stretch). Also, the amide Il characteristic peaks
are presentat 1625,1530 cm™ and 1510 cm™!, which are assignable
to N—H band and C—N stretching. This result demonstrates that
the secondary structure of the protein was conserved after
immobilization.3”~3°

The spectrum of hematin presents peaks at 2920 and 2854 cm™
corresponding to symmetric and asymmetric vibrations of C—H
and CH,. There are also peaks corresponding to symmetric and
asymmetric deformation of the H atom of -CH, at 1450 and
1380cm™. Also noted is the presence of a peak correspond-
ing to the stretching vibrations of the C=C bond at 1625cm™.
The small peak at 3090cm™ is associated with the stretching
vibrations of=CH,, while the absorptions between 1000 and
800cm™ are associated with bending vibrations of=C(H). C—N
bonds were confirmed by the peaks at 1360 and 1270 cm
(doublet product of double bond conjugation). Characteristic
bands of the carbonyl group are observed at: 17710cm™' corre-
sponding to C=0 stretching, 920cm™ assigned to out-of-plane
bending C—O—H, and 1240 cm™ to C—O stretching.*’ Also, the
peaks for O-H and N-H vibrations are present between 3200 and
3600 cm™.*2 Peaks at 940, 990 and 1010cm™ are ascribed to a

ring vibration of porphyrin skeleton.#*~4 The band at 1091 cm™
is assigned to pyrrolic C—H.* The presence of peaks for O—H
and N—H vibrations confirmed that no extensive condensation
to produce dimmers took place in the solid.*’ Peaks at 1091
and 1625 cm™ confirmed the presence of porphyrin in supported
hematin.

Characterization of hematin-glutaraldehyde linkage

The hematin—-GA interaction can be analyzed by means of
the observed FTIR signals. Figure 9,c —pointed circles — shows
two characteristic ester bands at 1170-1070cm™ correspond-
ing to —C=0—0—C asymmetric and symmetric stretching,
respectively,*® and bands at 1310-1100cm™ assignable to
C—O—C bonds. Finally, the characteristic bands of the carbonyl
group are not present.® This is in line with a covalent interaction
between the carboxylic acid of hematin and the aldehyde group
of GA, instead of a reaction with the —OH of hematin in its fifth
coordination position (Fig. 10).

The staked UV-Visible spectra are shown in Fig. 11. The increase
in absorbance at 233 nm is assigned to z-> z* transitions due
to C=C bond formation because of the aldol condensation of
GA22 A weak band at 285nm is also observed, assignable
to n-> z* transitions of C=0 bonds. However, there is no evi-
dence of hematin active site modifications in the UV-Visible
study because there are no alterations to the Soret band. The
formation of covalent bonds affecting the porphyrinic ring
can be discarded. Even more, because of the spatial disposi-
tion of hematin, the metalloporphyrin aggregation can also be
ruled out.

CONCLUSIONS

A lower cost heterogeneous catalyst alternative to HRP has been
obtained. The Doehlert design and desirability functions were
used to determine the optimal immobilization conditions at 0.33
mmoles g’ GA and 0.19 mmoles g of hematin. Immobilized
hematin was able to decolorize ARS solutions after six uses. Cat-
alyst characterization also showed hematin anchoring, and the
covalent interaction of carbolylic acid—aldehyde group between
hematin and GA. The catalytic site alterations during the inmo-
bilization process have been discarded. That is, neither porphyrin
ring modifications by covalent interaction with Q-GA, nor hematin
dimmer formations were observed.

Based on the results we can conclude that restricted access of
phenolic substrates to the catalytic site and the resulting relative
increase in H,0, concentration are responsible for the measured
activity loss after immobilization. The use of an APTS ‘spacer arm’
is a pathway to solve these drawbacks. The higher ‘mobility’ of the
APTS plus glutaraldehyde-linked hematin and the longer distance
from the surface allow a ‘soluble-like’ environment in such a way
that the steric hindrance to the coordination of substrate dye
molecules is lower.

Strategies to improve catalytic activity and toxicity analysis will
be further analyzed in future studies.
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Figure 9. FTIR Spectra. FTIR caracterization of catalysts.
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Figure 10. Catalyst structure. Covalent interactions between chitosan
—NHj; groups, glutaraldehyde and hematin.
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Figure 11. Hematin-Gglutaraldehyde interaction. UV-Visible spectra of
the interaction between 0.029 mmol L' hematin and 29 mmol L glu-
taraldehyde. The inset shows the spectrum of 29 mmol L' glutaraldehyde
in NaOH 0.3 mmol L solution (equivalent to hematin solution).
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