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Abstract

This manuscript presents the UV-vis study of the aniline elimination by polymerization using peroxidases from different sources and hema
free and supported. The use of magnetite-supported hematin has potential in the implementation of aniline elimination by polymerization in aci
media at pH 4. The temperature must be selected between 45 a6d 6Bude preparations @fleurotus sajor caju (PSC) are an alternative to
purified Horseradish peroxidase (HRP) as the catalyst of the reaction. Pernigraniline is the main species found in the reaction media after anilin
elimination procedure. Supported oxidoreductases are active biocatalysts and conversion of aniline in the 30-90% range can be obtained, depe
on the catalyst. The UV-vis spectra show bands corresponding to base and protoned (blue and purple-deep red) pernigraniline, a contribt
of quinoid species at 480 nm and a minor contribution of base blue emeraldine and another oxidation intermediate states between pernigran
and emeraldine. At selected conditions, the recovered solid showed greenish/reddish coloration. The goal is the precipitation of the aniline
polyaniline. Supported biocatalysts were less active than free enzymes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction taining 1 mM aniline compared to an activated sludge process
of 1.05 USD/n? and 1.31 USD/rhfor activated carbon process.
With the increasingly stringent standards for the dischargdhus, through choice of enzyme and its mode of operation, the
of wastes into the environment, alternative processes for thigeatment costs less than the conventional treatment strategies
treatment and disposals of wastes are more and more studiezhn be achievefll]. Alternative chemical methods are being
The new technologies must meet the following objectives: (1)also explored. Recent work of Wang et al. demonstrated that the
to recycle water-streams within a given facility to reduce thepreparation of polyaniline using an acidic solution with®3}
need of effluent disposal; (2) to reduce the quantity of effluentis oxidant and ferrous chloride as a catalyst is feafple his
stream; (3) to convert wastes into marketable, non-toxic prodkind of systems, used for polyaniline synthesis, can be modified
ucts. The methods used for carrying out the above objectives cda eliminate aniline from wastewaters by polymerization.
be chemical or biological. Researchers have focused their atten- Aromatic amines (AA) are used as intermediates in the man-
tion on the environmental application of individual enzymes asufacture of plastics, dyes, drugs and carbamate pesticides. These
an alternative route to the existing methods. With respect tcompounds are highly toxic, carcinogenic or mutagenic and
anilines, the potential, scope and cost of enzymatic treatmerimpose serious health hazards to mankind and reach the envi-
using a crude enzyme preparation of soybean peroxidase wasnment from a variety of sources and routes.
reported to be about 0.36 USDrfor synthetic wastewater con- The available conventional processes to eliminate AAinclude
activated carbon adsorption, solvent extraction, microbial degra-
dation and chemical oxidation. Most of them are not selec-
* Corresponding author. Tel.: +54 291 4861700; fax: +54 291 4861600. tive [1]. Such treatment strategies are more suitable for dilute
E-mail address: miferreira@plapiqui.edu.ar (M.L. Ferreira). wastewaters. They suffer from harsh conditions, high cost and
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concentration of oxidants, incomplete removal, formation ofgen peroxidg9]. There are several reports on the application

toxic by products and applicability to a limited concentrationof WRF in the polymerization of pheno[¢0-15] The crude

range. Use of Fenton’s reagent to degrade aromatic amingseparation of these fungus offers the possibility of reducing

showed that the oxidant g&-) to substrate ratio was still much costs in the application of the enzymatic system to the industrial

too high. Biological treatments can be very effective, but may noscale.

remove specific chemicals at low levels consistej&yO’Neill Another option instead of the enzymes is the use of

et al. biodegraded aniline under aerobic condifign biomimetic compounds. Peroxidases include a heme group,
Peroxidases, in presence of®b and laccases, in presence needed cofactor for the reaction to take place. Heme is the pro-

of O, catalyze the oxidation of a wide variety of phenols, toporphyrin IX complex of the ferrous ion (F8. Hemin is the

biphenyls, anilines, benzidines and other aromatic compoundgrotoporphyrin IX complex of the ferric ion (B&. Hematin

The mechanism of one electron oxidation of aromatic substratas the hydroxilated hemil6]. This biomimetic compound

by peroxidases is usually presented as: would avoid the problems associated to the lack of specificity

found when using crude enzymatic preparations. Degradation

E + H202—> Ei +H20 1) of aniline using electrochemical and photocatalytic conditions

E;+AH»— E; +AH® ) has been recently repo_r.ted._ Besides, the use _of electrochemi-
cal tools to degrade aniline is another application of Fe-based

Ei+AH2— E + AH® + HxO (3) compoundq17-19] Mineralization of aniline has been stud-

here A is th i bstrate. E is th i ied using anodic oxidation, photocatalysis, electro-Fenton and
Wh.erﬁ H is the aromatic substra (G:I},I IS e_dna '(\j/i er‘Zymephotoelectro-Fenton processes with sucqé9%. New meth-
which reacts to generatg 2ompound ). ks oxidized by two ods, such as phytoremediation, have been recently reported for

electrons and carries the peroxidic O. Compouf‘d | carries OLHegradation of polyaromatic hydrocarbons, anilines and phenols
the one electron oxidation of Aland the enzyme is reduced to 4201

E;; (compound Il). This compound'll oxidizes a second aromati. There are a lot of published manuscripts about ani-
_molecule andregenerates the native enzyme. The global reactigp, polymerization using electrochemical, enzymatic and

IS chemical methods, to obtain conductive polyaniline (cPANI)
2AH + HgOg—E>2AH° + 2H,0 4) [17,2,21—23.]Inthis sense, the main goal ofthe publish_ed works
is to generate cPANI, in the emeraldine form, soluble in several
The generated radicals combine to form dimers, trimers andolvents with controlled molecular weight and structure. But this
further oligomers by a non-enzymatic reaction until they reachs not our goal with the present report.
their solubility limits and precipitate. The Compound Il can be  This work presents the results ohiline elimination from
oxidized by excess $D, to form catalytically inactive com- artificially contaminated water by aniline oxidation using®3
pound Ill. The formation of an inactivated intermediate P670as oxidant, HRP, crude extracts Bfeurotus sajor caju (PSC)
verdohaemochrome (inherently unstable and difficult to detectynd hematin, at selected conditions and at temperatures between
can also take place. P670 is dominant aOhl concentration 20 (room temperature- r.t.) to 6&. Magnetite (FgO4) was
above 1 mM; however, the presence of a concentration of reduselected as support because it adds the interesting possibil-
ing substrate similar to that of peroxide inhibits the formationity of recovery the biocatalyst using the intrinsic magnetic
of P670. When produced by treatment of HRP with excesgroperties of the support. Glutaraldehyde was selected as cou-
hydrogen peroxide (via Compound Il), Compound Il decaypling agent between peroxidase and the oXRi. There is
by two different pathways: formation of an inactive speciesno need of surface modification to have reaction between an
(P670 and also P630) and with a smaller rate, decay to thaldehyde and an oxide with Lewis acidic sites such afre
HRP resting state (via Compound II). Compound III forma-Bare surfaces of oxides, such as®4, are able to react with
tion was shown to first involve a transient Fe(lll)-superoxidealdehydes with the formation of acetate and ethoxi groups at
complex, which reacts with a second hydrogen peroxide (osurface. These reactions have been supported by FT-IR studies
peracetic acid, but nat-chlorobenzoic acid) molecule to yield [25].
Compound Ill. Some aminoacid residues within the protein are It is important to point out that the intention is not to syn-
also oxidized during these processes. Additives (polyethylenghesize polyaniline, but to eliminate aniline from contaminated
lycol, gelatin) have no effect in the peroxidase inactivationwater. The main goal of the polymerization reaction is to elimi-
when the substrate is anilifd]. A decreasing of the costs nate aniline and to maximize the production of insoluble mate-
could be achieved from the enzyme immobilization on suit-rial, maximizing then the recovery of the effluent and minimizing
able supports, allowing the recuperation and reusing of théhe conductivity and redox species in solution. The aim of this
biocatalyst. manuscript is focused in the elimination of any residue of aniline
The white-rot fungus (WRF) produce multiplicity of (or oligomers) from solution. Oligomers could be subsequently
enzymes, acting synergically such as celobiohydrolases (CBHadsorbed in a downstream step with activated carbon. A lower
celobiose oxidasa and quinone oxidoreductasa (CBQase). Theasmount of adsorbentwould be necessary than the required for the
fungus produce also unique combinations of peroxidases artdeatment of the initial aniline contaminated wastewater. Evenin
oxidased5-7]. Pleurotus sajor caju (PSC) produces a laccase this case, we would have an oligomer of aniline adsorbed. In this
and several peroxidasg®]. These WRF are sources of hydro- sense, we are notinterested on the properties of the obtained solid
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of aniline polymerization, but in the properties of the remaining2.3. Hematin
solution. The desirable properties are related to minimum con-
ductivity and charge under potential, low degree of coloration The reaction was carried out usingjoD aniline (0.05753 M

and/or potential use of this stream in alternative uses. aniline), 0.80mL of hydrogen peroxide 30% (v/v)—-9%
(p/v)—(0.215 M HO») and 9 mL pH 4 buffer with magnetic stir-

2. Experimental ring and 1.3 mg hematin. After 2.5h 1 mL of HCI 37% was
added. UV-vis studies were carried out after HCI adding and

2.1. Materials and methods after 24 h. In the case of the supported hematin 20 mg were used

in a first step, at 45 and 6%. In a second step, the temperature
Horseradish peroxidase (HRP) was generously provided Was fixed at45C and 50 or 100 mg of supported hematin were
by Amano Inc. (EEUU). Crude extracts froRleurotus sajor ~ Used as catalyst.
caju (PSC) were provided by the Dr. Curvetto’s group (CER-
Z0S, CRIBABB, Argentine) using methods published else-2.4. Immobilized biocatalysts
where (Ferreira et aJ26]). Hematin was obtained from Sigma
Inc. Buffers and reagents were provided by Sigma-Aldrich2.4.1. Preparation of magnetite
(HPLC grade). 0.4001 g of magnetite (5®;) were added to 2mL glu-
The conversion of aniline was checked using UV—vis andaraldehyde 25%, at 8@ for 3.5 h. The resulting mixture was
gravimetry of the recovered solid. Chromatographic analysidiltered, washed several times with bidestilled water and heated
was used to test the aniline concentration in aqueous solutiorsg 40°C to eliminate residual water. 0.2998 g were recovered
when the gravimetry gave different results than the UV-vis(33.3% vyield).
data.

2.4.2. Preparation of immobilized biocatalysts
2.2. Enzymatic catalysts-HRP and crude PS 0.0030g HRP were contacted in 5mL pH 4 buffer

with 0.1385 g of glutaraldehyde treated-magnetite. Interaction

The pH generally used in the chemical synthesis of aniline ibetween glutaraldehyde and magnetite has been described in a

off the normal pH scale (([H¢E 5 M). The chlorhydric acid con-  previous pap€e24]. After 2 h at 40°C, the solution was filtered,
centration must be extremely high and the environmental impaatashed with distilled water and dried. 0.1030g of supported
of the PANI industry is related to this. The pH was selected ttHRP were recovered because of magnetite-attrition (72.8%
allow the aniline to be protoned during the reaction. Since theield). Taking into account the conversion of aniline using free
pKa of aniline is 4.6, a pH of 4 is sufficient to provide the nec-HRP (corresponding to 1 mg HRP), we obtained the amount of
essary cationic charges which promote alignment and polymdixed HRP considering the activity of the supported versus the

free enzyme:

(Conversion of aniline in converted mols of aniljmeass catalyst)yported enzyme
(Conversion of aniline in converted mols of aniljimeass catalysthe enzyme

The amount of HRP fixed on magnetite is nearly 2.9% in mass

formation [21] We used then pH 4 for HRPC and Hematin asand this fact Implles that almost 100% of HRP was fixed. Using
catalysts. In the case of PSC, it is known that the lignolyticLl0mg of supported HRPC we are using 0.3mg of HRP. The
enzymes can be deactivated at pH 3, therefore, the selected #Azyme concentration was 264 U HRP (1.1 mg) for free perox-
was seven to assure optimal conditi¢h3]. idase and 144 U for supported peroxidase (20 mg of supported

The reaction was carried out usingsD aniline (0.05753M  HRP). If the Units per mg of HRP are 240, then in 20mg we
aniline), 0.80mL of hydrogen peroxide 30% (v/v)-9% have 0.6 mg of HRP and therefore this is 144 Units (240 Units
(W/v)—(0.215 M H0O)-added in aliquots of 0.2mL in steps of *0.6mg). These units (calculated with the one provided by the
20 min- and 9 mL pH 4 buffer (KHgH4O4/HCI) with magnetic suppller)_ were rechecked v_v|th t_he 4-am|noantyp|r|n_e method
stirring. In the case of free HRP 1.1 mg (0.111 g/L) were usednd confirmed14]. The reaction with the free HRP was included
and 20mg (2.03g/L) of the immobilized HRP. The provider in terms of comparison and to perform a quantitative method (at
reported 240 U/mg and we confirmed this activity in our lab.room temperature) to determine the amount of HRP fixed on
After 2.5h 1 mL of HCI 37% was added. UV-vis studies wereglutaraldehyde treated-magnetite.
carried out after HCl adding and after 24 h. 0.0202g of hematin were added to 0.1606g of glutaral-

Inthe case of PSC, the reaction conditions wergb@niline ~ dehyde-treated-magnetite at pH 4. After 2h at@0solution
(0.0671 M) in 8mL of pH 7 buffer (KHPOs/NaOH) in contin- ~ was filtered and dried 2 days. 0.0666 g were recovered (36.8%
uous magnetic stirring. 53.1mg of crude PSC and 0.40 mL oyield). The amount of fixed hematin was near 9.5-10%
hydrogen peroxide 30% (v/v)—9% (w/v)—(0.125 M) were addedof the recovered SO.|Id. This amount was d.eterr.nmed by
or not. Also we studied another conditions: 34.0 mg crude PS¢he 1-10 phenantroline method using a calibration curve

and 0.80mL HO, (0.25M). After 2.5h, 1 mL HCI 37% was (9159 M-1cm~1). Measurement of free hematin was included
added. in terms of comparison.



180 S. Saidman et al. / Biochemical Engineering Journal 28 (2006) 177—-186

2.5. Effect of temperature and 4 mL dichlorometane were added and shaken by 15 min.
Then, between 5 and 8 uL of the organic phase were injected in
Free HRP and crude PSC were tested at room temperaturne chromatograph to be analysed.
Immobilized HRP was also tested at 45 and®65 The same
experiments as HRP were performed for unsupported and sup-6.3. Conductimmetry measurements

ported hematin. A Oakton 35607-00 basic conductivity/TDS meter was used.
Measurements were done in the aqueous solutions at 1:10 dilu-

2.6. Experimental methodology tion with double distilled water of 1 mL from the flocculation
step.

2.6.1. UV-vis and gravimetric studies

UV-vis studies were performed using 0.2 mL of the reac-2.6.4. Voltamperometric studies
tion solution diluted at 5 mL with distilled water. Spectra were  Vitreous carbon rods embedded in a Teflon holder with an
recorded after HCI adding, after 1 day of reaction and sometimeexposed area of 0.070 émvere used as working electrodes.
after 2070 days after adding the HCI precipitating reagentBefore each experiment, the electrode was polished with 200,
in closed vials. 1 mL of these solutions was centrifuged and00 and 1000 emery paper, degreased with acetone and finally
the UV-vis spectra of 10QL of these solutions diluted at washed with twice distilled water.
10 mL with distilled water were recorded. The concentration Electric potentials were measured with a saturated calomel
was changed to observe the peaks in the 200-400 nm range. Télectrode (SCE/platinum electrode pair) inside a 28cm
aniline conversion was obtained considering the changes in tHdetrohm cell coupled to a linear voltage sweep generator PAR
UV-vis spectra after flocculation and the separation of the insolmodel 175 and a potentiostat—galvanostat PAR model 173 with
uble Polyaniline by filtration.The obtained solid was dried anda HP 4007 B x-y recorder. Cyclic voltammetry was also used

weighed and the performance calculated as follows: to qualitatively compare the redox behavior of soluble PANI
. o . obtained under different conditions. Data were recorded in the
((mg solid after filtration and drying range of—0.20 and 0.80 V (SCE) at a scan rate of 0.050Y.s
—mg used immobilized catalyst) 100)/50 mg \oltamperommetry was carried out of the remaining solutions

after filtration and centrifugation. Dilution was 0.1 mL in 10 mL.
where 50 mg corresponds to the initial mass of aniline in solu-
tion.Aniline conversion was obtained using the same wavelengtB., Results and discussion
following:

((Ag — Af)/Ag) x 100 3.1. Enzymatic catalysts

beingAo andAs initial and final absorbance at a given wavelength3.1.1. HRP

(280 nm-E band of aniline). However, this is considered to be a Fig. 1shows the spectra of the initial solution after the adding
minimum conversion. The contributions of oligomers and sol-of aniline. HRP, hematin or PSC do not show peaks in this
uble polymers are expected to be located at longer wavelengtiange (results not shown). This figure shows also the spectra

because of a batochromic effect. obtained initially and after flocculation, at room temperature.
Using a higher dilution, after about 70 days, no polyaniline was
2.6.2. Chromatographic studies found in the remaining solution (sé&gs. 1-3. Fig. 2 shows

A column (10% Carbowax 1540 on Chromosorb W HP)the efficiency of the immobilized HRP. The conversion of ani-
was used in a Varian 3700 with the oven at 180 injector
at 290°C, detector at 90 or 60C with a flow of 20 mL/min of 2.51
carrier. Experiments with water as solvent allowed us to perform
a calibration curve wittR?=1 and an equation for the aniline
quantification:

53928x 10’ Area units per molL x [aniline](mol/L)

4
i

= Obtained area(Area units) (5)

Absorbance

Response was linear in the range of concentration considered.
One milli litter from solution of polymerization test was cen-
trifugated 10 min at 6000 rpm (or 2000 maximum relative cen- 0.51
trifugal force, RCF). After that, the solid was separated by
centrifugation and the solution was diluted at5 mL. Several chro- ' . . . ‘ . : : :
matographic injections demonstrated reproducibility in results. 200 220 240 260 280 300 320 340 360 380 400
Dichloromethane was used as alternative solventto avoid that the wave length

precision decays when water is solvent. To 1 mL of the acidigig. 1. Uv-vis spectrum of sample obtained with free HRP at room temperature:
solution (obtained after flocculation with HCI), 100 mg KOH initial (1); after flocculation (1 day) (2); after 70 days (3).
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0.2 4 Fig. 5. UV-vis spectra of solution initial and after flocculation, using PSC and
H2Oz: initial (1); after flocculation (2).
0 R
200 220 240 260 280 300 320 340 360 380 the difference between the initial and final solution, usin@®b
wave length in the reaction media.
Fig. 2. Efficiency of immobilized HRP at different temperatures. The PSC solution is supposed to include some soluble species
(probably with double bonds) with a different spectrum than in
3 the case of HRP. This species do not flocculate when the pH is
lowered. The solid obtained after flocculation is insoluble PANI.
55 Thisfactis clear wheRigs. 1 and &re compared. Froffig. 4an
increase in the absorbance by the presence,@hHks obvious.
§ 2] This behavior can be related to the presence gHproduc-
s ing enzymes in the PSC crude extract. Also, peroxidases from
§ 1.5 PSC can be inactivated by high level of®p and the resulting
P, amount of PANI soluble species is low because the generation
14 of radicals decreases when®b is present. Using pD», floc-
culation eliminated several soluble species and/or changed the
0.51 spectra of remaining ones (sEwg. 5).
0200 250 200 350 200 3.2. Biomimetic catalyst: hematin

wave length
Fig. 6 shows the difference found using free or immobi-

Fig. 3. UV-vis spectrum of the initial solution (using PSC). lized hematin at room temperaturig. 7 shows the spectra
o . . . obtained at different temperatures with supported hematin. With
line increases with the increase of temperature using supportefle increase of amount of supported catalysts the results are dif-

HRP. ferent (SeeFig. 8a). The strong band in 240-250nm can be
assigned to some kind of reaction of the pernigraniline (in the
3.1.2. PSC solution) with the coupling agent (glutaraldehyde) or even the

Fig. 3 shows the initial spectra of aniline in PSC solution. support (magnetite). Species in solution are found with higher
Fig. 4shows the spectra after 36 h, without the added hydrogesoncentration at low temperatures than at high temperatures (see

peroxide and with the hydrogen peroxide addéd. 5shows  Fig. 8b).

&3 Without H,0, 8
2.54
o 21\ 8
Q c 2]
£ ]
8 1.5 a
2 o 15
2 3
14 J
2 | WthHO, < 1 Supported
0.54
05 Free
0 T T ‘ T ‘ T T —_ "
0 - T T T T Y y v y | 200 220 240 260 280 300 320 340 360 380 400
200 220 240 260 280 300 320 340 360 380 400 Wavelength

wavelength
Fig. 6. UV—vis spectra of samples obtained with hematin free and supported,

Fig. 4. UV-vis spectra after floculation using PSC, with or withob©bl room temperature.
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Fig. 7. Effect of temperature in the supported hematin efficiency.

3.3. Activity of enzymatic and no enzymatic biocatalysts

Free HRP and supported HRP showed the highest level of
conversion (from 79.1 to near 84%). The free HRP showed also
a high level of conversion to insoluble material, only similar to
supported hematin at 4& (about 62—65%). Supported HRP
produced more soluble material than free HRP (near 25-33%
versus 63%). Supported hematin at room temperature produced
only near 30% total aniline conversion by UV, whereas at higher
temperature the conversion achieved 82—83%. AilGbonver-
sion to insoluble material using supported hematin decreased.
The increase of the amount of the supported catalyst does not
improve the conversion. The relative mass of recovered insol-
uble material is always higher for supported hematin than for
supported HRP. To check the high aniline conversion, some
chromatographic results are included and they correlate very
well with the data obtained by UV—-vis method. However, some
problem arises in the aniline reaction with the supported hematin
atroom temperature because the chromatographic measures cor-
related with the gravimetric recovery (s&able ).

The conversion of aniline was evaluated after 1 day of reac-
tion. Conversion to soluble and insoluble products was differen8.4. Characterization of the solution after flocculation
because animportant degree of polymerization must be achieved
to obtain the insoluble material. The total conversion is expected.4.1. UV-vis
to be higher than the conversion to insoluble material. Upon stor- The polyaniline solution is green in its emeraldine salt
age, there is a continuous increase of the amount of precipitatéarm, blue in its emeraldine base or nigraniline form, color-
Therefore, the amount of insoluble material reported is in fact d&ss as reduced polyaniline and purple as oxidized polyaniline.
minimum amount of insoluble material obtained after 1 day ofFigs. 9 and 18hows the differentinterconversion between struc-

flocculation.Table 1summarizes these results.

Absorbance

200

0.1 7
0.09 A
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

Absorbance

220

240 260 280 300

Wavelength

45C

400
(b)

Fig. 8. (a) Effect of the amount of supported hematin in the UV—vis spectra o

450

500 550 600 650 700
wavelength

tures.

Fig. 1 shows the decrease of the absorptions of aniline at
230-240 and 285nm. There are also peaks at 305 nm, where
leucoemeraldine absorbs. After 70 days and with centrifuga-
tion, almost no polyaniline bands are present (Sgel). Fig. 2
shows the efficiency of the supported HRP in the elimination
of aniline. There are absorptions assignable to anilinium ion.
The peak at 528 nm can be assignable to pernigraniline, coin-
cident with the purple coloration of the solution. In the case of
PSC, a peak at 532 nm (not shown) can be assignable to non-
oxidised emeraldine and not to pernigraniline. In the case of
using HO,, with PSC, a peak at 298 nm can be assignable to
protoned leucoemeraldine in solution. When hematin is the cat-
alyst, the support seems to leave leucoemeraldine in solution
plus pernigraniline, whereas in the case of free hematin, only
pernigraniline is present (ségg. 6). At a higher temperature,
the conversion to insoluble material is higher and this is corre-
lated with the decrease of the pernigraniline bands in solution
(seeFigs. 7 and

It is known that the fully reduced tetramer is necessary to
polymerizatiori2]. The octamer is not obtained through the oxi-
dation of the middle-oxidized tetramer, but it could be obtained
whentetrameris fully reducd]. The peroxidase/hematin reac-
tion involves the reactions:

Compoundl+ 1€+ 1H" — Compoundl|

Compoundll4 1€ +1H" — Native

Also, other reactions are known to generate-éH™ (reaction of

the solution after flocculation. (b) Remaining species in solution after floculatiof€ITOUS peroxidase from compound Il to native enzy[i@]).

at different temperatures: room temperature antGgsing supported hematin.

Therefore, leucoemeraldine becomes emeraldine base blue and
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Table 1
Total conversion of aniline and conversion to insoluble material

183

Sample Percentage conversion Percentage Conversion to Color remaining solution
(UV-vis after 1 day reaction) insoluble material after floculation with HCI

1-Hem. sup. 45C-100 mg HemS45-100 68.8 n.a. Dark brown

2-Hem. sup. 43C-50 mg HemS45-50 78.1 n.a. Dark purple

3-Hem. sup. 65C-20 mg HemS65-20 82.4 89 Water as sol%ent 36.4 Dark purple

4-Hem. sup. 45C-20 mg HemS45-20 82.7 78.8-Dichlorometifane 64.8 Dark purple

5-Hem. sup. room temperature 20 mg HemSrt-20 29.8 Higher thaft 50% 49 Dark purple

6-Hem. free with HO, HemFrt 54,5 46.2 Dark purple

7-HRP sup. 65C HRPS-65 83.5 33 Dark purple

8-HRP sup. 43C CHRPS-45 79.1 25.8 Dark purple

9-HRP sup. room temperature HRPS-room temperature 45.6 28.6 Dark purple

10-HRP free room temperature HRPFrt 81.2 62.2 Dark purple

11-PSC with peroxidev PSC-1 69.2 n.a. Dark brown

12-PSC without peroxide PSC-2 87.2 n.a. Brown

@ Obtained with chromatography.

finally pernigraniline base (seeig. 10. When HCI is added and cyclic behavior in cyclic voltamperometric measurements.
a mixture of pernigraniline blue and disordered emeraldine arSamples 1 (HemS45-100), 2 (HemS45-50), 9 (HRPS-rt), 10
formed. Intermediate states are possible too (disordered, not patdRPFrt) and 12 (PSC-2) show high charges that grow during
directed). the cycling. Samples 3 (HemS65-20), 6 (HemFrt), 8 (HRPS-

The spectra show bands corresponding to base and prd5) and 11 (PSC-1) give low charge that do not grow during
toned pernigraniline (blue and purple-deep red), contribution ofhe cycle. Samples 4 (HemS45-20) and 7 (HRPS-65) almost
quinoid species at 480 nm and minor contribution of emeraldingive no chargeFigs. 11 and 1&how the relationship between
base blue and other oxidation intermediate states between penotal/insoluble conversion of aniline and conductimetric mea-
igraniline and emeraldine, of deep red coloration. Leucoemerakurements in the remaining solutions. Samples 5 (HemSrt-20),
dine contribution cannot be ruled out. Under selected condition€ (HemFrt) and 9 (HRPS-rt) showed the lower conversion. Sam-
the recovered solid showed greenish/reddish coloration. ples “out of trend” 1, 10 and 12 were obtained with HRP free,

PSC without peroxide and supported hematin at high catalyst

3.4.2. Preliminary voltamperometric/conductimetric concentration. The best results were obtained with supported
analysis hematin and HRP.

A sample with good cyclic behavior is a sample that demon- The solution from aniline elimination by polymerization after
strated high charge and reversibility in the test of cyclic voltam-flocculation must present low conductivity, no charge in voltam-
perommetry. Sample 5 (HemSrt-20) is the best in terms of chargeerommetry studies and low level of coloration. This goal is very
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Fig. 9. Structures of oligomers of aniline in solution.
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difficult to obtain in only one step. However, we obtained theing solution, but Sample 4 does not follow this trend and it is
transformation of aniline in oligomers/polymers that, althoughespecially useful in this sense. In case of supported hematin a
partially soluble, are different from aniline. higher amount of recovered solid is not correlated with higher
In terms of insoluble material, free HRP (Sample 10) pro-conductivity in the remaining solid. Conductivity is very simi-
duces always more conversion than the supported (Samplés to Sample 8, obtained with supported HRP, which produces
7-9). However, free Hematin (Sample 6) produces less insolutabout 26 % conversion to insoluble material.
ble material than the supported (Sample 4). Higher conversionto This kind of studies is very important for the application of
insoluble material is related to higher conductivity in the remain-new technologies in the aniline elimination from wastewaters.
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184 acidic media at pH 4. The temperature must be selected between
45 and 65C. PSC seems to be an alternative to HRP, but further
16 p 1 studies are necessary to develop the supposed potential of this
system, probably using a more purified extract. The solutions
144 present pernigraniline as the majority species, after floccula-
£ tion step. Supported hematin demonstrated also to generate
s 1 high amounts of insoluble material. Pernigraniline remaining
E in solution could be treated in a second step. The studies of the
:'; 104 . E minimization of the ;oluble rema_ining pernigraniline will be the
g | focus of a forthcoming manuscript.
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