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Abstract

This manuscript presents the UV–vis study of the aniline elimination by polymerization using peroxidases from different sources and hematin,
free and supported. The use of magnetite-supported hematin has potential in the implementation of aniline elimination by polymerization in acidic
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edia at pH 4. The temperature must be selected between 45 and 65◦C. Crude preparations ofPleurotus sajor caju (PSC) are an alternative
urifiedHorseradish peroxidase (HRP) as the catalyst of the reaction. Pernigraniline is the main species found in the reaction media afte
limination procedure. Supported oxidoreductases are active biocatalysts and conversion of aniline in the 30–90% range can be obtaine
n the catalyst. The UV–vis spectra show bands corresponding to base and protoned (blue and purple-deep red) pernigraniline, a
f quinoid species at 480 nm and a minor contribution of base blue emeraldine and another oxidation intermediate states between p
nd emeraldine. At selected conditions, the recovered solid showed greenish/reddish coloration. The goal is the precipitation of th
olyaniline. Supported biocatalysts were less active than free enzymes.
2005 Elsevier B.V. All rights reserved.
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. Introduction

With the increasingly stringent standards for the discharge
f wastes into the environment, alternative processes for the

reatment and disposals of wastes are more and more studied.
he new technologies must meet the following objectives: (1)

o recycle water-streams within a given facility to reduce the
eed of effluent disposal; (2) to reduce the quantity of effluent
tream; (3) to convert wastes into marketable, non-toxic prod-
cts. The methods used for carrying out the above objectives can
e chemical or biological. Researchers have focused their atten-

ion on the environmental application of individual enzymes as
n alternative route to the existing methods. With respect to
nilines, the potential, scope and cost of enzymatic treatment
sing a crude enzyme preparation of soybean peroxidase was
eported to be about 0.36 USD/m3 for synthetic wastewater con-

∗ Corresponding author. Tel.: +54 291 4861700; fax: +54 291 4861600.
E-mail address: mlferreira@plapiqui.edu.ar (M.L. Ferreira).

taining 1 mM aniline compared to an activated sludge pro
of 1.05 USD/m3 and 1.31 USD/m3 for activated carbon proces
Thus, through choice of enzyme and its mode of operation
treatment costs less than the conventional treatment stra
can be achieved[1]. Alternative chemical methods are be
also explored. Recent work of Wang et al. demonstrated th
preparation of polyaniline using an acidic solution with H2O2
as oxidant and ferrous chloride as a catalyst is feasible[2]. This
kind of systems, used for polyaniline synthesis, can be mod
to eliminate aniline from wastewaters by polymerization.

Aromatic amines (AA) are used as intermediates in the m
ufacture of plastics, dyes, drugs and carbamate pesticides.
compounds are highly toxic, carcinogenic or mutagenic
impose serious health hazards to mankind and reach the
ronment from a variety of sources and routes.

The available conventional processes to eliminate AA inc
activated carbon adsorption, solvent extraction, microbial d
dation and chemical oxidation. Most of them are not se
tive [1]. Such treatment strategies are more suitable for d
wastewaters. They suffer from harsh conditions, high cos
369-703X/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.bej.2005.11.001
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concentration of oxidants, incomplete removal, formation of
toxic by products and applicability to a limited concentration
range. Use of Fenton’s reagent to degrade aromatic amines
showed that the oxidant (H2O2) to substrate ratio was still much
too high. Biological treatments can be very effective, but may not
remove specific chemicals at low levels consistently[3]. O’Neill
et al. biodegraded aniline under aerobic condition[4].

Peroxidases, in presence of H2O2 and laccases, in presence
of O2, catalyze the oxidation of a wide variety of phenols,
biphenyls, anilines, benzidines and other aromatic compounds.
The mechanism of one electron oxidation of aromatic substrates
by peroxidases is usually presented as:

E + H2O2 → Ei + H2O (1)

Ei + AH2 → Eii + AH• (2)

Eii + AH2 → E + AH• + H2O (3)

where AH2 is the aromatic substrate, E is the native enzyme,
which reacts to generate Ei (Compound I). Ei is oxidized by two
electrons and carries the peroxidic O. Compound I carries out
the one electron oxidation of AH2 and the enzyme is reduced to
Eii (compound II). This compound II oxidizes a second aromatic
molecule and regenerates the native enzyme. The global reaction
is:

2
E •

and
f ach
t be
o -
p 670
v tect
c
a duc
i tion
o cess
h cay
b cies
( o th
H a-
t ide
c (o
p ld
C are
a leng
l tion
w ts
c uit-
a f the
b

of
e BHs
c The
f s an
o se
a ro-

gen peroxide[9]. There are several reports on the application
of WRF in the polymerization of phenols[10–15]. The crude
preparation of these fungus offers the possibility of reducing
costs in the application of the enzymatic system to the industrial
scale.

Another option instead of the enzymes is the use of
biomimetic compounds. Peroxidases include a heme group,
needed cofactor for the reaction to take place. Heme is the pro-
toporphyrin IX complex of the ferrous ion (Fe2+). Hemin is the
protoporphyrin IX complex of the ferric ion (Fe3+). Hematin
is the hydroxilated hemin[16]. This biomimetic compound
would avoid the problems associated to the lack of specificity
found when using crude enzymatic preparations. Degradation
of aniline using electrochemical and photocatalytic conditions
has been recently reported. Besides, the use of electrochemi-
cal tools to degrade aniline is another application of Fe-based
compounds[17–19]. Mineralization of aniline has been stud-
ied using anodic oxidation, photocatalysis, electro-Fenton and
photoelectro-Fenton processes with success[19]. New meth-
ods, such as phytoremediation, have been recently reported for
degradation of polyaromatic hydrocarbons, anilines and phenols
[20].

There are a lot of published manuscripts about ani-
line polymerization using electrochemical, enzymatic and
chemical methods, to obtain conductive polyaniline (cPANI)
[17,2,21–23]. In this sense, the main goal of the published works
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AH2 + H2O2−→2AH + 2H2O (4)

The generated radicals combine to form dimers, trimers
urther oligomers by a non-enzymatic reaction until they re
heir solubility limits and precipitate. The Compound II can
xidized by excess H2O2 to form catalytically inactive com
ound III. The formation of an inactivated intermediate P
erdohaemochrome (inherently unstable and difficult to de
an also take place. P670 is dominant at H2O2 concentration
bove 1 mM; however, the presence of a concentration of re

ng substrate similar to that of peroxide inhibits the forma
f P670. When produced by treatment of HRP with ex
ydrogen peroxide (via Compound II), Compound II de
y two different pathways: formation of an inactive spe
P670 and also P630) and with a smaller rate, decay t
RP resting state (via Compound II). Compound III form

ion was shown to first involve a transient Fe(III)-superox
omplex, which reacts with a second hydrogen peroxide
eracetic acid, but notm-chlorobenzoic acid) molecule to yie
ompound III. Some aminoacid residues within the protein
lso oxidized during these processes. Additives (polyethy

ycol, gelatin) have no effect in the peroxidase inactiva
hen the substrate is aniline[4]. A decreasing of the cos
ould be achieved from the enzyme immobilization on s
ble supports, allowing the recuperation and reusing o
iocatalyst.

The white-rot fungus (WRF) produce multiplicity
nzymes, acting synergically such as celobiohydrolases (C
elobiose oxidasa and quinone oxidoreductasa (CBQase).
ungus produce also unique combinations of peroxidase
xidases[5–7]. Pleurotus sajor caju (PSC) produces a lacca
nd several peroxidases[8]. These WRF are sources of hyd
)
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s to generate cPANI, in the emeraldine form, soluble in se
olvents with controlled molecular weight and structure. But
s not our goal with the present report.

This work presents the results ofaniline elimination from
rtificially contaminated water by aniline oxidation using H2O2
s oxidant, HRP, crude extracts ofPleurotus sajor caju (PSC)
nd hematin, at selected conditions and at temperatures be
0 (room temperature- r.t.) to 65◦C. Magnetite (Fe3O4) was
elected as support because it adds the interesting po
ty of recovery the biocatalyst using the intrinsic magn
roperties of the support. Glutaraldehyde was selected as
ling agent between peroxidase and the oxide[24]. There is
o need of surface modification to have reaction betwee
ldehyde and an oxide with Lewis acidic sites such as Fe3O4.
are surfaces of oxides, such as Al2O3, are able to react wit
ldehydes with the formation of acetate and ethoxi grou
urface. These reactions have been supported by FT-IR s
25].

It is important to point out that the intention is not to s
hesize polyaniline, but to eliminate aniline from contamina
ater. The main goal of the polymerization reaction is to el
ate aniline and to maximize the production of insoluble m
ial, maximizing then the recovery of the effluent and minimiz
he conductivity and redox species in solution. The aim of
anuscript is focused in the elimination of any residue of an

or oligomers) from solution. Oligomers could be subseque
dsorbed in a downstream step with activated carbon. A l
mount of adsorbent would be necessary than the required

reatment of the initial aniline contaminated wastewater. Ev
his case, we would have an oligomer of aniline adsorbed. In
ense, we are not interested on the properties of the obtaine
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of aniline polymerization, but in the properties of the remaining
solution. The desirable properties are related to minimum con-
ductivity and charge under potential, low degree of coloration
and/or potential use of this stream in alternative uses.

2. Experimental

2.1. Materials and methods

Horseradish peroxidase (HRP) was generously provided
by Amano Inc. (EEUU). Crude extracts fromPleurotus sajor
caju (PSC) were provided by the Dr. Curvetto’s group (CER-
ZOS, CRIBABB, Argentine) using methods published else-
where (Ferreira et al.[26]). Hematin was obtained from Sigma
Inc. Buffers and reagents were provided by Sigma-Aldrich
(HPLC grade).

The conversion of aniline was checked using UV–vis and
gravimetry of the recovered solid. Chromatographic analysis
was used to test the aniline concentration in aqueous solutions
when the gravimetry gave different results than the UV–vis
data.

2.2. Enzymatic catalysts-HRP and crude PS

The pH generally used in the chemical synthesis of aniline is
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2.3. Hematin

The reaction was carried out using 50�L aniline (0.05753 M
aniline), 0.80 mL of hydrogen peroxide 30% (v/v)–9%
(p/v)–(0.215 M H2O2) and 9 mL pH 4 buffer with magnetic stir-
ring and 1.3 mg hematin. After 2.5 h 1 mL of HCl 37% was
added. UV–vis studies were carried out after HCl adding and
after 24 h. In the case of the supported hematin 20 mg were used
in a first step, at 45 and 65◦C. In a second step, the temperature
was fixed at 45◦C and 50 or 100 mg of supported hematin were
used as catalyst.

2.4. Immobilized biocatalysts

2.4.1. Preparation of magnetite
0.4001 g of magnetite (Fe3O4) were added to 2 mL glu-

taraldehyde 25%, at 80◦C for 3.5 h. The resulting mixture was
filtered, washed several times with bidestilled water and heated
at 40◦C to eliminate residual water. 0.2998 g were recovered
(33.3% yield).

2.4.2. Preparation of immobilized biocatalysts
0.0030 g HRP were contacted in 5 mL pH 4 buffer

with 0.1385 g of glutaraldehyde treated-magnetite. Interaction
between glutaraldehyde and magnetite has been described in a
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ff the normal pH scale ([HCl] = 5 M). The chlorhydric acid con
entration must be extremely high and the environmental im
f the PANI industry is related to this. The pH was selecte
llow the aniline to be protoned during the reaction. Since
Ka of aniline is 4.6, a pH of 4 is sufficient to provide the n
ssary cationic charges which promote alignment and pol

ormation[21]. We used then pH 4 for HRPC and Hematin
atalysts. In the case of PSC, it is known that the ligno
nzymes can be deactivated at pH 3, therefore, the select
as seven to assure optimal conditions[13].
The reaction was carried out using 50�L aniline (0.05753 M

niline), 0.80 mL of hydrogen peroxide 30% (v/v)–9
w/v)–(0.215 M H2O2)-added in aliquots of 0.2 mL in steps
0 min- and 9 mL pH 4 buffer (KHC8H4O4/HCl) with magnetic
tirring. In the case of free HRP 1.1 mg (0.111 g/L) were u
nd 20 mg (2.03 g/L) of the immobilized HRP. The provi
eported 240 U/mg and we confirmed this activity in our
fter 2.5 h 1 mL of HCl 37% was added. UV–vis studies w
arried out after HCl adding and after 24 h.

In the case of PSC, the reaction conditions were 50�L aniline
0.0671 M) in 8 mL of pH 7 buffer (KH2PO4/NaOH) in contin-
ous magnetic stirring. 53.1 mg of crude PSC and 0.40 m
ydrogen peroxide 30% (v/v)–9% (w/v)–(0.125 M) were ad
r not. Also we studied another conditions: 34.0 mg crude
nd 0.80 mL H202 (0.25 M). After 2.5 h, 1 mL HCl 37% wa
dded.

(Conversion
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t

r
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revious paper[24]. After 2 h at 40◦C, the solution was filtere
ashed with distilled water and dried. 0.1030 g of suppo
RP were recovered because of magnetite-attrition (7
ield). Taking into account the conversion of aniline using
RP (corresponding to 1 mg HRP), we obtained the amou
xed HRP considering the activity of the supported versus
ree enzyme:

niline in converted mols of aniline/mass catalyst)supported enzyme

aniline in converted mols of aniline/mass catalyst)free enzyme

The amount of HRP fixed on magnetite is nearly 2.9% in m
nd this fact implies that almost 100% of HRP was fixed. U
0 mg of supported HRPC we are using 0.3 mg of HRP.
nzyme concentration was 264 U HRP (1.1 mg) for free pe

dase and 144 U for supported peroxidase (20 mg of supp
RP). If the Units per mg of HRP are 240, then in 20 mg
ave 0.6 mg of HRP and therefore this is 144 Units (240 U
0.6 mg). These units (calculated with the one provided by
upplier) were rechecked with the 4-aminoantypirine me
nd confirmed[14]. The reaction with the free HRP was includ

n terms of comparison and to perform a quantitative metho
oom temperature) to determine the amount of HRP fixe
lutaraldehyde treated-magnetite.

0.0202 g of hematin were added to 0.1606 g of gluta
ehyde-treated-magnetite at pH 4. After 2 h at 40◦C, solution
as filtered and dried 2 days. 0.0666 g were recovered (3
ield). The amount of fixed hematin was near 9.5–1
f the recovered solid. This amount was determined

he 1–10 phenantroline method using a calibration c
9159 M−1 cm−1). Measurement of free hematin was inclu
n terms of comparison.
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2.5. Effect of temperature

Free HRP and crude PSC were tested at room temperature.
Immobilized HRP was also tested at 45 and 65◦C. The same
experiments as HRP were performed for unsupported and sup-
ported hematin.

2.6. Experimental methodology

2.6.1. UV–vis and gravimetric studies
UV–vis studies were performed using 0.2 mL of the reac-

tion solution diluted at 5 mL with distilled water. Spectra were
recorded after HCl adding, after 1 day of reaction and sometimes
after 20–70 days after adding the HCl precipitating reagent,
in closed vials. 1 mL of these solutions was centrifuged and
the UV–vis spectra of 100�L of these solutions diluted at
10 mL with distilled water were recorded. The concentration
was changed to observe the peaks in the 200–400 nm range. The
aniline conversion was obtained considering the changes in the
UV–vis spectra after flocculation and the separation of the insol-
uble Polyaniline by filtration.The obtained solid was dried and
weighed and the performance calculated as follows:

((mg solid after filtration and drying

−mg used immobilized catalyst)× 100)/50 mg
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and 4 mL dichlorometane were added and shaken by 15 min.
Then, between 5 and 8 uL of the organic phase were injected in
the chromatograph to be analysed.

2.6.3. Conductimmetry measurements
A Oakton 35607-00 basic conductivity/TDS meter was used.

Measurements were done in the aqueous solutions at 1:10 dilu-
tion with double distilled water of 1 mL from the flocculation
step.

2.6.4. Voltamperometric studies
Vitreous carbon rods embedded in a Teflon holder with an

exposed area of 0.070 cm2 were used as working electrodes.
Before each experiment, the electrode was polished with 200,
600 and 1000 emery paper, degreased with acetone and finally
washed with twice distilled water.

Electric potentials were measured with a saturated calomel
electrode (SCE/platinum electrode pair) inside a 20 cm3

Metrohm cell coupled to a linear voltage sweep generator PAR
model 175 and a potentiostat–galvanostat PAR model 173 with
a HP 4007 B x–y recorder. Cyclic voltammetry was also used
to qualitatively compare the redox behavior of soluble PANI
obtained under different conditions. Data were recorded in the
range of−0.20 and 0.80 V (SCE) at a scan rate of 0.050 V s−1.
Voltamperommetry was carried out of the remaining solutions
after filtration and centrifugation. Dilution was 0.1 mL in 10 mL.
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here 50 mg corresponds to the initial mass of aniline in s
ion.Aniline conversion was obtained using the same wavele
ollowing:

(A0 − Af )/A0) × 100

eingA0 andAf initial and final absorbance at a given wavelen
280 nm-E band of aniline). However, this is considered to
inimum conversion. The contributions of oligomers and
ble polymers are expected to be located at longer wavel
ecause of a batochromic effect.

.6.2. Chromatographic studies
A column (10% Carbowax 1540 on Chromosorb W H

as used in a Varian 3700 with the oven at 180◦C, injector
t 290◦C, detector at 90 or 60◦C with a flow of 20 mL/min o
arrier. Experiments with water as solvent allowed us to per
calibration curve withR2 = 1 and an equation for the anili

uantification:

53 928× 107 Area units per mol/L × [aniline](mol/L)

= Obtained area(Area units) (

esponse was linear in the range of concentration consid
ne milli litter from solution of polymerization test was ce

rifugated 10 min at 6000 rpm (or 2000 maximum relative c
rifugal force, RCF). After that, the solid was separated
entrifugation and the solution was diluted at 5 mL. Several c
atographic injections demonstrated reproducibility in res
ichloromethane was used as alternative solvent to avoid th
recision decays when water is solvent. To 1 mL of the a
olution (obtained after flocculation with HCl), 100 mg KO
h
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. Results and discussion

.1. Enzymatic catalysts

.1.1. HRP
Fig. 1shows the spectra of the initial solution after the ad

f aniline. HRP, hematin or PSC do not show peaks in
ange (results not shown). This figure shows also the sp
btained initially and after flocculation, at room temperat
sing a higher dilution, after about 70 days, no polyaniline

ound in the remaining solution (seeFigs. 1–3). Fig. 2 shows
he efficiency of the immobilized HRP. The conversion of

ig. 1. UV–vis spectrum of sample obtained with free HRP at room temper
nitial (1); after flocculation (1 day) (2); after 70 days (3).
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Fig. 2. Efficiency of immobilized HRP at different temperatures.

Fig. 3. UV–vis spectrum of the initial solution (using PSC).

line increases with the increase of temperature using supported
HRP.

3.1.2. PSC
Fig. 3 shows the initial spectra of aniline in PSC solution.

Fig. 4shows the spectra after 36 h, without the added hydrogen
peroxide and with the hydrogen peroxide added.Fig. 5 shows

Fig. 4. UV–vis spectra after floculation using PSC, with or without H2O2.

Fig. 5. UV–vis spectra of solution initial and after flocculation, using PSC and
H2O2: initial (1); after flocculation (2).

the difference between the initial and final solution, using H2O2
in the reaction media.

The PSC solution is supposed to include some soluble species
(probably with double bonds) with a different spectrum than in
the case of HRP. This species do not flocculate when the pH is
lowered. The solid obtained after flocculation is insoluble PANI.
This fact is clear whenFigs. 1 and 3are compared. FromFig. 4an
increase in the absorbance by the presence of H2O2 is obvious.
This behavior can be related to the presence of H2O2 produc-
ing enzymes in the PSC crude extract. Also, peroxidases from
PSC can be inactivated by high level of H2O2 and the resulting
amount of PANI soluble species is low because the generation
of radicals decreases when H2O2 is present. Using H2O2, floc-
culation eliminated several soluble species and/or changed the
spectra of remaining ones (seeFig. 5).

3.2. Biomimetic catalyst: hematin

Fig. 6 shows the difference found using free or immobi-
lized hematin at room temperature.Fig. 7 shows the spectra
obtained at different temperatures with supported hematin. With
the increase of amount of supported catalysts the results are dif-
ferent (SeeFig. 8a). The strong band in 240–250 nm can be
assigned to some kind of reaction of the pernigraniline (in the
solution) with the coupling agent (glutaraldehyde) or even the
s gher
c s (see
F

F orted,
r

upport (magnetite). Species in solution are found with hi
oncentration at low temperatures than at high temperature
ig. 8b).

ig. 6. UV–vis spectra of samples obtained with hematin free and supp
oom temperature.
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Fig. 7. Effect of temperature in the supported hematin efficiency.

3.3. Activity of enzymatic and no enzymatic biocatalysts

The conversion of aniline was evaluated after 1 day of reac-
tion. Conversion to soluble and insoluble products was different
because an important degree of polymerization must be achieved
to obtain the insoluble material. The total conversion is expected
to be higher than the conversion to insoluble material. Upon stor-
age, there is a continuous increase of the amount of precipitate.
Therefore, the amount of insoluble material reported is in fact a
minimum amount of insoluble material obtained after 1 day of
flocculation.Table 1summarizes these results.

F
t
a

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 45◦C (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%. At 65◦C conver-
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
at room temperature because the chromatographic measures cor-
related with the gravimetric recovery (seeTable 1).

3.4. Characterization of the solution after flocculation

3.4.1. UV–vis
The polyaniline solution is green in its emeraldine salt

form, blue in its emeraldine base or nigraniline form, color-
less as reduced polyaniline and purple as oxidized polyaniline.
Figs. 9 and 10shows the different interconversion between struc-
t

e at
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t
s tion
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c e of
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o e of
u le to
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ig. 8. (a) Effect of the amount of supported hematin in the UV–vis spectra of
he solution after flocculation. (b) Remaining species in solution after floculation
t different temperatures: room temperature and 45◦C using supported hematin.

C

A f
f
T e and
ures.
Fig. 1 shows the decrease of the absorptions of anilin

30–240 and 285 nm. There are also peaks at 305 nm,
eucoemeraldine absorbs. After 70 days and with centrif
ion, almost no polyaniline bands are present (seeFig. 1). Fig. 2
hows the efficiency of the supported HRP in the elimina
f aniline. There are absorptions assignable to anilinium
he peak at 528 nm can be assignable to pernigraniline,
ident with the purple coloration of the solution. In the cas
SC, a peak at 532 nm (not shown) can be assignable to
xidised emeraldine and not to pernigraniline. In the cas
sing H2O2, with PSC, a peak at 298 nm can be assignab
rotoned leucoemeraldine in solution. When hematin is the
lyst, the support seems to leave leucoemeraldine in so
lus pernigraniline, whereas in the case of free hematin,
ernigraniline is present (seeFig. 6). At a higher temperatur

he conversion to insoluble material is higher and this is c
ated with the decrease of the pernigraniline bands in sol
seeFigs. 7 and 8).

It is known that the fully reduced tetramer is necessar
olymerization[2]. The octamer is not obtained through the o
ation of the middle-oxidized tetramer, but it could be obta
hen tetramer is fully reduced[2]. The peroxidase/hematin rea

ion involves the reactions:

ompoundI+ 1e−+ 1H+ → CompoundII

ompoundII+ 1e− + 1H+ → Native

lso, other reactions are known to generate e− + H+ (reaction o
errous peroxidase from compound III to native enzyme[16]).
herefore, leucoemeraldine becomes emeraldine base blu
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Table 1
Total conversion of aniline and conversion to insoluble material

Sample Percentage conversion
(UV–vis after 1 day reaction)

Percentage Conversion to
insoluble material

Color remaining solution
after floculation with HCl

1-Hem. sup. 45◦C–100 mg HemS45-100 68.8 n.a. Dark brown
2-Hem. sup. 45◦C–50 mg HemS45-50 78.1 n.a. Dark purple
3-Hem. sup. 65◦C–20 mg HemS65-20 82.4 89 Water as solventa 36.4 Dark purple
4-Hem. sup. 45◦C–20 mg HemS45-20 82.7 78.8-Dichloromethanea 64.8 Dark purple
5-Hem. sup. room temperature 20 mg HemSrt-20 29.8 Higher than 50%a 49 Dark purple
6-Hem. free with H2O2 HemFrt 54.5 46.2 Dark purple
7-HRP sup. 65◦C HRPS-65 83.5 33 Dark purple
8-HRP sup. 45◦C 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

a Obtained with chromatography.

finally pernigraniline base (seeFig. 10). When HCl is added
a mixture of pernigraniline blue and disordered emeraldine are
formed. Intermediate states are possible too (disordered, not para
directed).

The spectra show bands corresponding to base and pro-
toned pernigraniline (blue and purple-deep red), contribution of
quinoid species at 480 nm and minor contribution of emeraldine
base blue and other oxidation intermediate states between pern-
igraniline and emeraldine, of deep red coloration. Leucoemeral-
dine contribution cannot be ruled out. Under selected conditions,
the recovered solid showed greenish/reddish coloration.

3.4.2. Preliminary voltamperometric/conductimetric
analysis

A sample with good cyclic behavior is a sample that demon-
strated high charge and reversibility in the test of cyclic voltam-
perommetry. Sample 5 (HemSrt-20) is the best in terms of charge

and cyclic behavior in cyclic voltamperometric measurements.
Samples 1 (HemS45-100), 2 (HemS45-50), 9 (HRPS-rt), 10
(HRPFrt) and 12 (PSC-2) show high charges that grow during
the cycling. Samples 3 (HemS65-20), 6 (HemFrt), 8 (HRPS-
45) and 11 (PSC-1) give low charge that do not grow during
the cycle. Samples 4 (HemS45-20) and 7 (HRPS-65) almost
give no charge.Figs. 11 and 12show the relationship between
total/insoluble conversion of aniline and conductimetric mea-
surements in the remaining solutions. Samples 5 (HemSrt-20),
6 (HemFrt) and 9 (HRPS-rt) showed the lower conversion. Sam-
ples “out of trend” 1, 10 and 12 were obtained with HRP free,
PSC without peroxide and supported hematin at high catalyst
concentration. The best results were obtained with supported
hematin and HRP.

The solution from aniline elimination by polymerization after
flocculation must present low conductivity, no charge in voltam-
perommetry studies and low level of coloration. This goal is very

ligom
Fig. 9. Structures of o
 ers of aniline in solution.
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Fig. 10. Steps in aniline oligomerization.

difficult to obtain in only one step. However, we obtained the
transformation of aniline in oligomers/polymers that, although
partially soluble, are different from aniline.

In terms of insoluble material, free HRP (Sample 10) pro-
duces always more conversion than the supported (Samples
7–9). However, free Hematin (Sample 6) produces less insolu-
ble material than the supported (Sample 4). Higher conversion to
insoluble material is related to higher conductivity in the remain-

ing solution, but Sample 4 does not follow this trend and it is
especially useful in this sense. In case of supported hematin a
higher amount of recovered solid is not correlated with higher
conductivity in the remaining solid. Conductivity is very simi-
lar to Sample 8, obtained with supported HRP, which produces
about 26 % conversion to insoluble material.

This kind of studies is very important for the application of
new technologies in the aniline elimination from wastewaters.



S. Saidman et al. / Biochemical Engineering Journal 28 (2006) 177–186 185

Fig. 11. Conductivity vs. total conversion of aniline: sample 1, HemS45-100;
sample 2, HemS45-50; sample 3, HemS65-20; sample 4, HemS45-20; sample
5, HemSrt-20; sample 6, HemFrt; sample 7, HRPS-65; sample 8, HRPS-45;
sample 9, HRPS-rt; sample 10, HRPFrt; sample 11, PSC-1; sample 12, PSC-2.
Samples identified by numbers.

Fig. 12. Conductivity vs conversion to insoluble material: sample 1, HemS45-
100; sample 2, HemS45-50; sample 3, HemS65-20; sample 4, HemS45-20
sample 5, HemSrt-20; sample 6, HemFrt; sample 7, HRPS-65; sample 8, HRPS
45; sample 9, HRPS-rt; sample 10, HRPFrt; sample 11, PSC-1; sample 12
PSC-2.

New methods such as the electro-Fenton and peroxi-coagulatio
have been developed recently[19]. Further, studies are necessary
to address the complete potential of the approach presented
this manuscript.

4. Conclusion

The use of magnetite-supported hematin has potential in th
implementation of aniline elimination by polymerization at con-
centrations of 20 mg supported hematin per 50�L aniline in

acidic media at pH 4. The temperature must be selected between
45 and 65◦C. PSC seems to be an alternative to HRP, but further
studies are necessary to develop the supposed potential of this
system, probably using a more purified extract. The solutions
present pernigraniline as the majority species, after floccula-
tion step. Supported hematin demonstrated also to generate
high amounts of insoluble material. Pernigraniline remaining
in solution could be treated in a second step. The studies of the
minimization of the soluble remaining pernigraniline will be the
focus of a forthcoming manuscript.
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