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ABSTRACT

This work aimed to develop a new economic enzypaiess to treat the phenolic pollutants usingepiyrosinase
in stirred vessel and adopting temperature (T), pétational speed (N), initial phenol (g and enzyme
concentrations as independent variables. Experiaiatdta of the residual phenol concentratiorp@ere used to
calculate the oxidation efficiency)( initial oxidation rate (-f) and time required to reach the end of reactign (t
that were selected as the responses. Under themaptionditions (T = 45°C, pH 6.6, N = 400 rpm, & 100 ppm
and G = 50 U/mL),y was 88.1%, 4= 10.2 mg [* min?, t = 40 min. These results suggested that tyrasifrich
crude extracts from vegetable byproducts couldtegromising.
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INTRODUCTION of maturity of the organism), and impart off
flavors in drinking water and food processing
Phenol and other phenolic compounds arwastewater (Theodore et al. 1997). Due to these
common constituents of wastewaters from variousonstraints, the Brazilian legislation is very
activities in different industrial sectors such agestrictive on phenols discharge, and the maximum
electrolytic strip tin coating, chemical (polymeric concentration allowed in the treated effluents is
resins, bisphenol A, alkyl phenols, caprolactams).5 ppm (Conselho Nacional do Meio Ambiente
adipic acid, etc.), petrochemical (oil refining),2005). Eleven of these compounds are among the
metallurgical (smelting, iron, steel, and coke)129 major pollutants present in the list of the
pharmaceutical, textile, plastics, explosive, ceffe Environmental Protection Agency (Shibata and
ceramic, paint, varnish and pesticide productionfalma 2009). Most of the overall world production
(Rosatto et al. 2001). Phenols released into thef phenol, which was 7.7BY tons in 2001, has
environment may directly or indirectly causebeen used for the syntheses of bisphenol A (39%),
serious health and odor problems. They can in faphenolic resins (27%), caprolactam (16%),
inhibit the growth, or exert lethal effects to atiga alkylphenols (5%), 2,6-xylenol (3%), anilines
organisms even at relatively low concentrations (§2%), and others (8%) (Anonymous 2002).
to 25 mg/l, depending on the temperature and staarious techniques are available for the treatment
of phenaolic effluents at different concentrations,
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but one should take into consideration thacatalyzed by tyrosinase can be summarized as
industrial  effluents have very complex follows (Quan et al. 2004).
composition, and a specific treatment would bgneng| + 140 — Catechol (1)

needed for each particular effluent (Freire et alcatechol + 4@ 0-Quinone + HO 2)
2000). The treatment of phenolic effluents can b?

subdivided into two main categories theBut similar mechanisms are followed for other
destruction and the recovery methods (Britto anPhenals such as-cresol andp-nitrophenol. The
Rangel 2008). Among the destruction method<4Se of this enzyme is of particular interest beeaus

there are biological treatments (Freire et al. 2000"[ lox@zes dp_henolts t% ollgomlerst f;]mllar :.O
incineration, ozonation in the presence of yymeianins ana imparts a brown cofor o the reaction

radiation, oxidation with wet air (Britto and medium, making it possible to quantify in real

Rangel 2008) and electrochemical oxidatiorprrr?e th_e de%ratﬂatlonto&‘ phenohtt: co_mpOl:_nd?. h
(Mojovi¢ et al. 2009). The recovery methods € am ot fhis study was 1o Investigate Ihe

: i : : kinetics and efficiency of phenols oxidation as
ECILFJ,(;THI]ISUIS,[IIng“dZegé;adg)c?lgj)lansdzgra;ﬁsr?ﬂ ?r:m ell as the time to reach the end of reaction,sso a

electro-adsorption  with  activated  charcoal 0 apply this process for the treatment of polluted

(Ayranci and Conway 2001; Jain et al. 2002), io astgwater;s. tEO\f[\’eV?r’ s;nc;a ]Efrlle L:SG Ofl dle;re
exchange with resins, membrane processes such }Srsosmase_ml f trr?a m(?fn tohe l:enbs woud te
a pervaporation, and extraction with membraneug,?c.onom'ga' l:r et:r efotrh_ as 1o be fma etho
supported liquid membrane and liquid membrang ain crude extracts of this enzyme irom the
in emulsion (Kujawski et al. 2004). vegetables as cheap —albeit less active— catalysts
Taking into account these issues, there is the ne&léameda et al. 2006).

to develop a new, ecological and auto-sustainable

way fqr the treatment of phenolic effluents. AMATERIALS AND METHODS

promising process appears to be the enzymatic

oxidation (Duran and Esposito 2000; Faria et alChemicals
2007), particularly by polyphenol oxidase (PPO)-hemicals used in this study were tyrosinase

that is more commonly referred to as tyrosinasgzgoa o5k (5370 U/mg) and 4-aminoantipyrine

(Martin et al. 2008; Romanovskaya et al. 2009, Sigma-Aldrich (S&o0 Paulo, Brazil), and

Yamada gt al. 2009). .Another enzyme _equal%henol,o-cresol,p-nitrophenol, KHPO, KH,PO,
efficient in the oxidation of phenols is the ;4 HPQ, of analytical grade from Labsynth Ltda

polyphenol peroxidase (Campeanu et al. 1999nia4ema-SP, Brazil). Distilled water was used in
but it has the disadvantage of requiring hydrogef},o experiments.

peroxide instead of atmospheric oxygen as a
substrate (lkehata and Nicell 2000a, b; Lopezgqyipment

Molina et al. 2003). Tyrosinase, which is presenkigyre 1 illustrates the experimental set-up used t
in - many fruits, vegetables, seafood andydy the oxidation of phenols in aqueous solution
mushrooms, is responsible for the browning ohy tyrosinase. It was carried out as described by
fruits when they have their internal tissue eXpose@uadros and Baptista (2003) using a standard
to oxygen. It is a tetrameric enzyme withpyshton mixed vessel described in detail in
molecular weight of 120 kDa, two active sités,yrevious work (Palma et al. 2007, 2010; Shibata
each containing one copper, and the highegihg paima 2009). Briefly, the mixed glass reactor
activity at pH in the range 5.0-8.0. It is usually(ry with 1.0 L-working volume was provided with
obtained from mushroom and used in biosensotg, external jacket for temperature regulation by a
for phenols detection (Faria et al. 2007; Ikehatgyater path (B) (0 <T < 60°C) and four holes to
and Nicell 2000a, b). Several fruits and vegetablegyst the mixing device (M) (100-1500 rpm), a
haye been ’used to'obtaln PPO, which '”C|U_d€hermometer (T), a syringe for sampling (S) and a
artichoke (Lopez-Molina et al. 2003), wheat grainynne| for feeding either phenol or enzyme buffer
(Fuerst et al. 2006), apple (Eidhin et al. 2006)go|ytion (F). It was also provided with a valve (V)
pawpaw (Fang et al. 2007), loquat fruit (Sellésygcated in the reactor bottom to allow agueous
Marchart et al. 2006) and banana (Wuyts et ahnase discharge. An air pump (P) provided the
2006). The reactions of phenols oxidationoyxygen necessary for the enzymatic reaction.
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Figure 1 - Experimental set-up used to study the oxidatibrpleenols in aqueous solution by
tyrosinase. M: mixer; B: thermostatic bath; F: fahnR: reactor; S: syringe; T:
thermometer; V: valve; P: pump.

Phenols Oxidation Tests Table 1 shows the experimental conditions under
Batch oxidation tests were performed by addingvhich the tests of phenols oxidation were carried
into the reactor, under mixing at given rotationabut together with the main results obtained at the
speed, 0.5 L of 0.05 M phosphate buffer solutioend of reaction. The end of reaction was
having the desired pH and containing the selectedktermined by linear fitting of the experimental
phenolic pollutant. After reaching the selecteddata and, progressively, omitting the initial psint
temperature, 3.0 mL of 0.05 M phosphate buffeiWhen the slope of the resulting straight line
solution (pH = 6.6) containing 25,000 U tyrosinasebecame lower than F0the time corresponding to
were added in the shortest time as possible throughe first remaining datum was assumed to be that
a separation funnel, and a chronometer startatkeded to reach the end of reaction.

measuring the reaction time.

Table 1- Experimental conditions and results at equilibriaf phenols oxidation tests.

Run T(°C® pH N (@pm)® Cr (UML) Cp, (ppm)? t(min)® 5 (%)’ -1, (mg L™ min™)?
1 15 6.6 400 50 100 >500 ~77 0.96
2 25 6.6 400 50 100 100 88.5 4.0
3 35 6.6 400 50 100 80 88.2 3.7
4 45 6.6 400 50 100 40 88.1 10.2
5 55 6.6 400 50 100 25 30.9 2.0
6 45 5.6 400 50 100 120 74.8 9.2
7 45 7.6 400 50 100 40 89.1 7.3
8 45 6.6 200 50 100 50 69.3 6.1
9 45 6.6 300 50 100 40 85.3 10.2
10 45 6.6 500 50 100 30 83.0 9.5
11 45 6.6 600 50 100 50 71.8 8.1
12 45 6.6 800 50 100 >200 ~65 7.1
13 45 6.6 400 25 100 50 78.3 4.6
14 45 6.6 400 75 100 70 95.3 9.7
15 45 6.6 400 50 50 30 73.0 2.0
16 45 6.6 400 50 200 50 61.9 14.4
17 45 6.6 400 50 400 50 52.0 10.2
18 45 6.6 400 50 100 40 91.8 7.2
19 45 6.6 400 50 100 30 85.6 10.4

a'I'emperature‘?RotationaI speedEnzyme concentratiofnitial pollutant concentratior‘l“‘,'l’ ime to reach the end of reaction;
fOxidation efficiency®lnitial reaction rate"Best conditions determined in this stutfiest performed using-cresol;Test
performed using-nitrophenol.
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The phenolics (phenad-cresol ang-nitrophenol)  9.0), 0.1% (w/v) 4-aminoantipyrine and 5% (w/v)
and the temperature, pH and initial phenolpotassium ferricyanide solutions, were added to
concentration were selected from those usuallthe samples prepared as above and the absorbance
reported for the treatment of phenol emissions inf the resulting solution was recordediat 546
Brazil (15<T<55°C; 5.6 pH< 7.6; 50< Cpp,< nm exactly after 10 min.

400 ppm) (Britto and Rangel 2008; Palma et alp-Nitrophenol concentration was determined
2007), beingT = 45°C and pH 6.6 the optimum similarly to phenol after the addition of 2.0 mL of
values for tyrosinase activity (Worthington 0.1 M NaOH solution to the samples (Toral et al.
Enzyme Manual 2013), while the range of enzym&002). Since the-nitrophenol produced yellow
concentration studied was that (25Cy < 75 color in alkaline medium, the absorbance of the
U/mL) reported by Kameda et al. (2006). Inresulting solution was recordedlat 405 nm, but,
addition, the range of rotational speed (200 < unlike phenol, its absorbance did not vary with
800 rpm) was selected according to Jiang et afime.

(2003a, b), who demonstrated the importance aj-Cresol concentration was determined according
this variable as well as the reaction time<l< 30 to Neufeld and Paladino (1985). For this, the
min) to reduce the operating costs of the treatmerdamples were supplemented with 9000f each,
Since at the start of the work, a reaction tim8@f 5% (w/v) ammonium chloride, 2% (w/v) 4-
min was shown to be insufficient to reach the endminoantipyrine and 29% (w/w) ammonium
of reaction, it was prolonged particularly Bt<  hydroxide solutions, the last in order to set the p
45°C, at which the reaction was very slow. Thet 10.0. After vigorous shaking of the mixture, 900
experimental data accuracy was checked byl of 8% (w/v) potassium ferricyanide were added
carrying out in quadruplicate the run (n. 4) thatand the absorbance of the resulting solution was
provided the best combination of results andecorded at = 510 nm exactly after 15 min.
supposing the same reproducibility (averag@he concentrations of phenog-cresol andp-
standard deviation of 3 ppm) for all the othemitrophenol were determined by using blank
conditions. The remaining tests were done irsolutions without phenols as a reference and
duplicate and the results were expressed a®mparing the sample absorbance with those of

average values. calibration curves previously obtained using
standard specimens with known concentrations.
Analytical Techniques The detection limits were 3, 0.05 and 1.25 ppm for

The aqueous samples were analyzed for phenphenol,p-nitrophenol ana-cresol, respectively.
concentration using a UV-VIS spectrophotometer,

model DU 640 (Beckman Coulter, Brea-CA,

USA), having the following features: 10 mm pathRESULTS AND DISCUSSION

length cuvettes; wavelength range 190-1100 nm; -

45 to +4.5 Abs reads out to eight places anéfigure 2 shows the results of phenol concentration
displays out four places; UV and/or VIS lamps(Cp) versus time at different temperature and pH
turned off independently. At selected timevalues, where those of run 4 (carried ouflat
intervals, 1.0 mL-liquid samples of phenol, gr 45°C and pH 6.6), which ensured the best
nitrophenol solutions were collected from theperformance, were taken as a reference. The
reacting vessel by means of a syringe and filteregsidual phenol concentrationCd) and the
through cellulose acetate membranes with 0.46fficiency of phenol oxidationy, defined as the
pum-pore diameter (Sartorius, Gottingen,percentage of phenol removed at the end of
Germany). The filtered samples (3@Q) were reaction with respect to its initial level, weretno
transferred to the capped flasks containing @00 significantly influenced by the temperature in the
of distilled water and 60uL of 8.5% (w/v) range 25-45°C (Fig. 2A and Table 1). On the other
phosphoric acid solution to inactivate the enzymehand, as expected, &t= 15°CCp reached the end
For o-cresol analyses, sample and reactansf reaction only after a very long time¢ ¥ 500
volumes were twice those of the other twomin) and the initial reaction rater), i.e., the
pollutants. slope ofCp vs. time fort = 0, was minimal (0.96
Phenol  concentraton  was  determinedng L™ min™). It progressively increased with the
spectrophotometrically according to Eaton et altemperature, reached a maximum Tat= 45°C
(2005), as follows. 96@L of each, borate (pH = (10.2 mg L' min™) and then decreased markedly
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over this threshold, likely due to thermo-example, similar trends were observed for
inactivation of the enzyme. Such a bell-shapedhycelium-bound carboxylesterases (Converti et al.
behavior of enzyme activity vs. temperature wag002), lipases (Pastorino et al. 2004),
already observed for most enzymatic systems, ttegehydrogenases (Hasmann et al. 2007), proteases
position of the optimum activity being directly (Viana et al. 2010) and oxidases (Porto et al.
related to the temperature of maximum stability o2006).

the enzyme tertiary structure in water. For

120

200 300 400 500
Time (min)

0 20 40 60 80 100 120 140 160 180 200 220 240
Time {min)

Figure 2 - Influence of (A) temperatureT and (B) pH on phenol oxidation by tyrosinase.
Conditions: A)N = 400 rpm, pH = 6.6,Cy = 50 U/mL, Cp,= 100 ppm. Temperature
(°C): (@) 15, (X) 25, (1) 35, (1-) 45, ©) 55. B)N = 400 rpm,T = 45°C,Cy = 50
U/mL, Cp o= 100 ppm. pH: {) 5.6, (£1-) 6.6, X) 7.6. The line (E-) represents the
best conditions determined in this study=45°C,Cy= 50 U/mL,Cp,= 100 ppmN =
400 rpm, pH = 6.6). The average standard deviation was aboppr@ for all the
experimental results.

The effect of temperature on the tyrosinase agtivit500 to only 25 min with increasing temperature
was confirmed by the behavior of the oxidationfrom 15 to 55°C, not only because of the above
efficiency that, as expected, exhibited a minimuneffects of temperature on enzyme activity and
value (78.6%) atT = 15°C, increased with oxidation efficiency, but also due to better mixing
temperature up to a maximum (88.1-88.5%) in theand medium homogeneity owing to the resulting
range 25< T < 45°C and then decreased to onlydecrease in medium viscosity (Converti et al.
30.9% at 55°C. The time to reach the end 01999). Thus, the minimurhvalue at the highest

reaction progressively decreased from more thatemperature was the likely result of the
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simultaneous occurrence of enzyme activityotational speed N = 200 rpm), reached a
reduction, thermo-inactivation and enhanced fluidnaximum (9.5-10.2 mg £ min?) at 300-500 rpm
dynamics. and then decreased beyond this threshold. On the
The pH influenced significantly the values of allother hand, the maximum of (88.1%) and
the three responses, namely; and-r, (Fig. 2B minimum oft (30-40 min) were observed at 400
and Table 1). In particular;r, achieved its and 300-500 rpm, respectively, i.e., at intermediat
maximum (10.2 mg € min™) at intermediate pH rotational speeds. These results confirmed that an
(6.6), whereas the minimum value ©{40 min) increase inN actually improved the oxidation
and the maximum of (89.9%) were obtained at because of improved mixing and homogeneity, but
pH > 6.6 and 7.6, respectively. These result&in excess agitation led to mechanical denaturation
suggested that the enzyme might have beesf the enzyme (Colombié et al. 2001). It was
partially inactivated in the acidic environment andoossible that the low efficiency (69.3%) and iditia
displayed high activity under neutral and alkalineoxidation rate (6.1 mgt min®) detected aiN =
conditions. 200 rpm were also the result of increased enzyme
Even though the rotational speed had a significarthermo-inactivation due to local superheating, but
impact ony and-r,, its influence ont was small it was impossible to discriminate this effect from
(Fig. 3A and Table 1). In particulair, exhibited a that of insufficient mixing.

minimum value (6.1 mg L min™) at the lowest

120

+
8 #& g -} g
& B
50 80 100 120 140
Time (min)
120 +
100
—80
£
a
aa0
o
&)
40 A
20 - ® o o
D -

0 20 40 60 80 100 120 140 160 180 200 220 240
Time (min)
Figure 3 - Influence of (A) the rotational speel)(and (B) the enzyme concentratid@ Y on phenol
oxidation by tyrosinase. Conditions: A) pH6.6, T = 45°C,Cy = 50 U/mL, Cp,= 100
ppm.N (rpm): () 200, A) 300, (£1-) 400, X) 500, ©) 600, (+) 800. B)N = 400
rpm, T = 45°C, pH= 6.6,Cp .= 100 ppmCy (U/mL): (<) 25, (1-) 50, (X) 75. The line
(-OJ-) represents the best conditions determined mshidy T = 45°C,Cy = 50 U/mL,

Cr =100 ppmN = 400 rpm, pH= 6.6). The average standard deviation was abppt3
for all the experimental results.
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Also, the enzyme concentratio@+] significantly oligomers) that could have made them unavailable
influenced the values df » and-r, (Fig. 3B and for the catalysis. This phenomenon could have
Table 1). In particular;r, reached a maximum been also the reason of the surprising behavibr of
value (10.2 mg I min) at C; = 50 U/mL and a that showed a minimum &; = 50 U/mL.

minimum one (4.6 mgtmin?) atCr = 25 U/mL, The results reported in the panel A of Figure 4 and
whereast exhibited a minimum value & = 50 Table 1 demonstrated thaCp, significantly
U/mL, and 5 progressively increased wit;. impacted on the oxidation efficiency and the initia
These results suggested thatCat= 25 U/mL the oxidation rate. The values btlid in fact vary only
reaction was limited by the enzyme level, whilefrom 30 to 50 min with increasin@p, from 50 to
the lowest efficiency was the likely consequenc&00 ppm, while the initial oxidation rate exhibited
of enzyme inactivation caused by the relativelya bell-shaped behavior with a maximunm, (=
high level ofo-quinones in relation to that of the 14.4 mg L min®) at Cp, = 200 ppm and
enzyme. The highest oxidation efficiency wasdecreased over this threshold, which was typical of
observed aCr = 75 U/mL, but, surprisingly;r, the well-known excess substrate inhibition
was lower than aC; = 50 U/mL, likely due to observed in about 20% of the enzymes (Chaplin
self-aggregation of the enzyme molecules at thand Bucke 1990).

highest level, forming clusters (dimers, trimers,

450 -

400 T A

350 |

= 300 1 °

£ 250 T .

d‘ 200 e [ ] L - ™ ™ &
150 ~|

&
100 ada
88,8 A,

!
52 T ; & o o ©

g 20 40 G-G 80 100 120 140 160 180 200 220 24
Time (min)

o] o o

0 20 40 B0 80 100 120 140 180 180 200 220 240
Time {min)

Figure 4 - A) Influence of the initial phenol concentrati¢@p ) on phenol oxidation by tyrosinase
and B) oxidation of different phenolics by tyrossea Conditions: AN = 400 rpm,T =
45°C,Cy= 50 U/mL, pH = 6.6Cp, (ppm): ) 50, (+J-) 100, A) 200, @) 400. B)N =
400 rpm, pH = 6.6Cr = 50 U/mL,Cp,= 100 ppm,T = 45°C. ©O) p-nitrophenol, @) o-
cresol, (£1-) phenol. The line (&-) represents the best conditions determined m thi
study [ = 45°C,Cy= 50 U/mL,Cp,= 100 ppm,N = 400 rpm, pH = 6.6). The average
standard deviation was about 3 ppm for all the grpantal results.
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On the other hand, the bell-shaped curve of th&herefore, additional study would be required to
oxidation efficiency suggested that this parameteincrease the process efficiency. Moreover, to face
could have been modulated by the inhibitinghe high cost of pure tyrosinase, which would
action of o-quinones produced by phenolmake an industrial process for the treatment of
oxidation. As suggested by the minimum value ofvastewater contaminated by these compounds
this parametern(= 73.0%) atCp, = 50 ppm, the unfeasible, efforts should be made to obtain and
lower the phenol level, the stronger was such atest cheaper tyrosinase extracts of vegetablenorigi
inhibition. An increase in phenol concentration to

100 ppm might have accelerated the diffusion of

phenol molecules towards the active site, and theACKNOWLEDGEMENTS

led to more effective release ab-quinones

molecules from it, thus exerting a sort of activeThe financial support from Fundagdo de Amparo a
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