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Abstract

Soybean peroxidase (SBP) has been employed for the treatment of aqueous solutions containing
pentachlorophenol (PCP) in the presence of hydrogen peroxide at pH range 5-7. Reaction carried out with 1
mg/L of PCP, 4 mg/L of HO, and 1.3 x 10 M of SBP, showed a fast initial elimination of PCP (ca. 30% in
20 min), but the reaction does not go beyond the removal of 50% of the initial concentration of PCP.
Modification in SBP and PCP amounts did not change the reaction profile and higher amounts of H,O, were
detrimental for the reaction. Addition of Fe(II) to the system resulted in an acceleration of the process to
reach nearly complete PCP removal at pH 5 or 6; this is more probably due to a synergetic effect of the
enzymatic process and Fenton reaction. However, experiments developed in tap water resulted in a lower
PCP elimination, but this inconvenience can be partly overcome by leaving the tap water overnight in an

open vessel before reaction.
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Introduction

Chlorophenols are a group of pollutants that constitute a serious environmental and health concern (Li 2018;
Zheng et al. 2012). Despite their natural formation in soil (Hoekstra et al. 1999) or in marine environment
(Ballschmiter 2003), the main contribution to the presence of these substances in the environment is due to
anthropogenic activities, since they are widely used as bactericides, insecticides, herbicides, fungicides or
wood preservatives, and as intermediates in the production of dyes and pharmaceuticals (Czaplicka 2004;
Olaniran and Igbinosa 2011; Tsai 2013; Verbrugge et al. 2018). In addition, natural microbial degradation of
herbicides and pesticides results in a worldwide release of highly toxic derivatives in the environment.
Although chlorophenols can be in turn be degraded by aerobic and anaerobic microorganism, their
persistence and the toxicity of degradation products led to the development of new methods to obtain more
effective and rapid removal of these substances from the environment.

Since chlorophenols can also inhibit the efficiency of activated sludge bacteria (Essam et al. 2007), the
development of more efficient wastewater treatment processes is continuously proposed. Some of these new
methods are based on the use of isolated enzymes. According to their high specificity, tailored processes can
be designed for the removal of groups of pollutants (Duran and Esposito 2000). Moreover, the use of isolated
enzymes instead of whole microorganisms maintains enzyme concentration independent from bacterial
growth rates and permits an easier storage (Caza et al. 1999).

Some oxidoreductases (i.e. ligninases, laccases, peroxidases, or tyrosinases) isolated from plants and fungi
were tested for this kind of treatment as they are able to transform phenols (including chlorophenols) into
less hazardous compounds (Naghdi et al. 2018; Qayyum et al. 2009). In particular, the use of peroxidases is
justified by their high oxidative potential and relatively low selectivity, which permits to catalyse the
peroxide-mediated oxidation of a wide number of compounds (Passardi et al. 2005). In this context, a stable
and efficient peroxidase isolated from soybean (Glycine max, L.) seed hulls was proposed for the application
in wastewater remediation, showing its ability to degrade both aromatic compounds and synthetic dyes (Caza
et al. 1999; Marchis et al. 2011; Steevensz et al. 2014).

On the other hand chemical processes like electrochemical reduction (Sun et al. 2015), hydrodechlorination
by hydrogen peroxide (Mufioz et al. 2013) and advanced oxidation processes (AOPs) (Karci 2014; Pera-

Titus et al. 2004; Sharma et al. 2013) have been employed for the removal of chlorophenols. In particular,



emerging approaches for wastewater treatment involve, in most cases, the coupling of biological methods
with AOPs (Oller et al. 2011; Sarria et al. 2002). For instance, a combined use of ozonation and
microbiological degradation has been reported for the removal of 4-chloro and 2,4-dichlorophenol (Garcia-
Pena et al. 2012).

The Fenton and photo-Fenton process are among the most widely used AOPs (Babuponnusami and
Muthukumar 2014). They use the ability of iron salts to decompose hydrogen peroxide into more reactive
species. However, acidic pH (ca. 2.8) is required to avoid iron inactivation and strategies are now being
developed to work at mild conditions (Lucas Santos-Juanes et al. 2017); some of them involve coupling
treatments, such as combining the reducing ability of zero-valent iron (ZVI) to induce changes in the
structure of the molecules and, at the same time, using ZVI as a source of iron for a Fenton process
(Donadelli et al. 2018; L. Santos-Juanes et al. 2017). Starting from these data, the possibility of coupling
Fenton with SBP seems particularly interesting, as they both employ H»O, as oxidising agent and this
strategy might combine the mild pH optimal values of SBP activity, in the range 5-7 (Caza et al. 1999;
Marchis et al. 2012), with the higher oxidative efficiency of Fenton, even at low amounts of iron. As far as
we know, this approach remains unexplored; therefore in this paper we investigated the potential use of the
system SBP/hydrogen peroxide in the presence of iron(Il) as a method for wastewater treatment, using

pentachlorophenol (PCP) as model compound.

Material and methods

Chemical reagents

Pentachlorophenol (PCP) was purchased from Sigma Aldrich. Hydrogen peroxide (30% v/v) and ferrous
sulphate were supplied by Panreac. Water employed in the experiments was Milli-Q grade, except for those

run with tap water. All reagents were at high purity grade and used as received.

Soybean peroxidase isolation and purification
Soybean peroxidase (SBP) was extracted from the hulls of soybean seeds, kindly furnished by Prof. D. Sacco
(Department of Agricultural, Forest and Food Sciences, Universita di Torino, Italy). After the peeling of

seeds, the hulls had been stored at -12 °C until use, then SBP was extracted and purified by a process based



on a previously published method (Calza et al. 2016). One hundred grams of soybean hulls were ground in a
mortar, added to 600 mL of phosphate buffer (0.025 M, pH 7) and left under stirring for two hours at room
temperature. Then, the hulls were separated from the solution by filtration with cotton gauze and the filtrate
was centrifuged for 15 min at 4000 rpm. After the centrifugation, the supernatant was separated and tested
for peroxidase activity by the H2O,/DMAB-MBTH system: 10 uL of SBP containing supernatant were
added to 3 mL of a solution containing 3-(dimethylamino)benzoic acid (DMAB, 5 x 10* M), 3-methyl-2-
benzothiazolinonehydrazone (MBTH, 2 x 10~ M) and H,O5 (1 x 102 M) in acetate buffer 0.1 M pH 5.4. The
enzymatic activity was measured by following the increase of absorbance at 590 nm of the reaction product
(Ngo and Lenhoff 1980).

The treatment of the hulls with phosphate buffer was repeated five times with decreasing buffer volume (600
mL, 500 mL, 400 mL) until the resulting solution gave a negative response to the activity test. Then, SBP
containing solutions were collected with a Vivaspin 20 (Sartorius, 10000 MWCO) tangential filter in a
centrifuge (4000 rpm, 30 min). Successively, the proteins were precipitated by addition of ammonium
sulphate until saturation (53 g in 100 mL), and the mixture was left under stirring for one night at 4 °C.

The precipitate was centrifuged for 20 min at 4000 rpm and dissolved in 250 mL of phosphate buffer (0.025
M, pH 7). The resulting solution was then dialyzed for 24 hours at 4 °C in cellulose tubes (Sigma, 12000
MWCO) against several aliquots of the same buffer.

The dialyzed fraction was loaded onto a column (4 cm x 20 cm) containing DEAE-Sepharose CL-6B
(Sigma-Aldrich) ionic exchange resin, washed with three volumes of phosphate buffer 0.025 M pH 7 and
eluted with a KCI gradient 0-0.5 M (500 mL) in the same buffer. The fractions were collected and analysed
by means of UV-visible spectroscopy. The selected fractions were pooled and concentrated by ultrafiltration

on Vivaspin 20 (Sartorius, 10000 MWCO). The final SBP sample was then stored at —12 °C until use.

Pentachlorophenol removal studies

All the experiments were conducted at room temperature (301 °C) in an open glass beaker. SBP (1.3 x 10
-2.6 x 10° M) and, when needed, hydrogen peroxide (4-40 mg/L) and iron(II) (4 mg/L, added as sulphate
salt) were added to 250 mL of a PCP solution (1 mg/L), kept in the dark and under stirring until use. The pH

was adjusted to the desired value by dropwise addition of HCI or NaOH diluted solutions. A sample was



withdrawn as reference before adding H,O» to the PCP/SBP mixture. After the start of the reaction, 1 mL of
reaction mixture was collected every 3 minutes up to 30 minutes and then every 30 minutes. Immediately, 1
mL of methanol was added to each sample in order to stop the reaction. The pH of the reaction mixture was
measured before the start of the reaction and at the end.

The PCP concentration was determined by HPLC-UV analysis in a Perkin Elmer model Flexiar UPLC FX-
10). A Bronwnlee Analytical column (DB-C18) was employed as stationary phase. The elution was carried
out with acetonitrile and formic acid 10 mM (85:15 % v/v) in a 0.3 mL/min flow rate. The detector was set
up at 215 nm and the results were expressed as A/Ay vs reaction time, where Ay is the initial area of the PCP

chromatographic peak and A is the corresponding area at each reaction time.

Results and Discussion

3.1. SBP-based enzymatic process

A first series of experiments were performed at pH 5 to study the possibility of using the SBP/H»O, system
to remove PCP from aqueous solutions. For this purpose, the behavior of a solution containing 1 mg/L of
PCP (3.75 x 10" M) and hydrogen peroxide 4 mg/L (1.17 x 10 M) was followed, both in absence and in the
presence of SBP (1.3 x 10" M). Figure 1 shows as H,O, alone was not able to degrade PCP, while in the
presence of the enzyme the reaction occurred, reaching a 35% percent of PCP degradation in 30 min of
reaction; beyond this point the reaction slowed down and in the subsequent 60 minutes only a further 5% of
PCP degradation occurred. Similar results were obtained in the past for the degradation of PCP with free and

immobilized horseradish peroxidase (J. Zhang et al. 2007).
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Fig 1. Degradation profiles of PCP (1 mg/L) vs. time under the following experimental conditions: (H) 4
mg/L of H,O, without SBP, (A) 4 mg/L of HO, and 1.3-10° M of SBP and (@) 40 mg/L of H,O, and
1.3:10”M of SBP

Moreover, the presence of higher amounts of HO,, 40 mg/L (1.17 x 10 M), did not result in an
enhancement of the process. On the contrary, the results showed a similar time profile, but a slightly lower
percentage of PCP degradation was reached (Figure 1). In fact, a detrimental effect of the excess of hydrogen
peroxide, with a decrease in the enzyme activity, has been already observed for SBP (Wright and Nicell
1999) and attributed to an irreversible inhibition mechanism typical of heme-peroxidases, as extensively
reviewed (Valderrama et al. 2002).

Some experiments were successively conducted in order to better understand the reasons of the incomplete
degradation of PCP, even at low H,O; concentration, and the extent of hydrogen peroxide inhibition. In these
experiments the hydrogen peroxide concentration was halved (2mg/L) or doubled (8 mg/L), but in the latter
case H>O, was added in two aliquots: the first at the start of the reaction and the second after 10 minutes
(Figure 2). Moreover, also the concentrations of SBP and PCP were changed, and the corresponding results

are shown in Figure 3.
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Fig 2. Removal of PCP (1 mg/L) vs. time under the following experimental conditions: () 4 mg/L of H,O»
and 1.3x10” M of SBP — same data of Figure 1, reported for comparison, (A) two successive additions of 4
mg/L of H,0; in the presence of 1.3-10° M of SBP and (@) 2 mg/L of H,O, and 1.3x10°M of SBP

The strict similarity of the results obtained with 2, 4 and 8 mg/L of H,O, concentrations (Figure 2) indicates
that the inhibition due to hydrogen peroxide is relative unimportant in this range of concentrations and that it
does not significantly affect the difficulty of achieving complete PCP degradation. On the other hand, the
higher initial rate and percent of PCP removal obtained when the PCP concentration was reduced to 0.25
mg/L (Figure 3) seems to highlight a role for PCP or its reaction products in the inhibition of the enzymatic

action.
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Fig 3. Degradation profiles of PCP vs. time under the following experimental conditions: A) 1 mg/L of PCP,
4 mg/L of H,0; and two concentrations of SBP: 1.3 x 10° M (M) and 2.6 x 10°M (@); B) 4 mg/L of H,0,,
1.3 x 10°M of SBP and two concentrations of PCP: 1 mg/L (H) and 0.25 mg/L (@)

Hence, the loss of efficiency of the reaction in these range of H>O, concentrations could be instead attributed
to the persistence of the reaction products into the catalytic site of SBP, which make progressively more
difficult the access of new substrate molecules and slow down the catalytic process. This hypothesis is
supported by the recognition, in similar experimental conditions, of both 2,3,5,6-tetrachloro-1,4-
benzoquinone and 2,2',3,3',5,5',6,6'-octachloro-1,1'-biphenyl-4,4'-diol as product of the PCP reaction

catalyzed by horseradish peroxidase (Samokyszyn et al. 1995; G. Zhang and Nicell 2000).

3.2 Evaluating the synergetic effect of SBP and Fenton reaction
Since in none of the previous experiments PCP removal was complete, an alternative approach was used. In
particular, iron(II) ions were added to the reaction mixture in order to drive a Fenton process, induced by the

presence of hydrogen peroxide, able to enhance the PCP removal. 4 mg/L of iron(Il) were added as FeSOs to
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250 mL of solution containing 1 mg/L of PCP, 2.68 x 10° M of SBP and 4 mg/L of hydrogen peroxide. The
experiments were carried out at pH 5 and 6 and a control experiment without SBP was also performed at pH
=5.

As shown in Figure 4, the Fenton reaction (in the absence of SBP) was able to remove 60-70% of PCP in the
early stages of the process, but also in this case the PCP removal was not complete since iron inactivation by
the formation of iron oxides or hydroxides stopped the reaction. Otherwise, in the presence of SBP, a clear
synergetic effect was observed and a nearly complete elimination of PCP was reached in almost 1 hour when
both SBP and iron(II) were present, even at pH as high as 6. This might be due to a complementary effect of
both processes: while the enzymatic reaction is efficient to degrade PCP, the presence of photo-Fenton

prevents inhibitory effects due to the presence of reaction intermediates or H,O> in excess.
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Fig 4. Progressive removal of PCP vs time in the presence of 4 mg/L of Fe(I), 1 mg/L of PCP and 4 mg/L of
H,0;: (@) 2.68 x 10° M of SBP at pH =15, (A) 2.68 x 10° M of SBP at pH = 6, () without SBP at pH =5

Finally, the reaction was also carried out in tap water in order to test the reaction system in conditions closer
to natural matrices. The reaction was studied at pH 5, 6 and 7 and results are shown in Figure 5. At pH 7,
PCP removal did not occur, while at pH 6 it was very limited (about 10%). On the contrary, at pH 5 more
than 50% of PCP was removed in 30 minutes, but the reaction did not proceed further and the PCP

concentration remained the same even after 2 hours of reaction.
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Fig 5. Removal of PCP vs time in tap water in the presence of 4 mg/L of Fe(Il), 1 mg/L of PCP and 4 mg/L
of H0, 2.68 x 10° M of SBP: (A) atpH=15, (@) atpH=06, (l) atpH=7, (V¥)at pH =5 in tap water
stirred overnight in an open vessel

We hypothesized that this result could be due to the scavenging effect of some ions (namely chloride and
hydrogen carbonate) towards the reactive species involved in the Fenton reaction (Soler et al. 2009) and to
the influence on the enzymatic process of the chlorine present in tap water. In order to clarify this point, tap
water was left in an open vessel under magnetic stirring for one day to allow chlorine elimination. After this
treatment, actually the reaction did not stop after 30 minutes, reaching 60% of PCP removal after 2 hours

(Figure 5) and 70% after 3 hours (data not shown).

Conclusions

The experimental results showed as SBP could be able to remove PCP from aqueous solutions at slightly
acidic pH. But the progressive slowing down of the reaction rate, probably due to the interference of
intermediates or reaction products, did not allowed the complete removal of PCP.

The presence of iron salts allowed overcoming this inconvenience, most probably due to the existence of a
synergetic effect between the Fenton and the enzymatic reactions, which results in a fast removal of the
formed by-products. Nonetheless, this is not so efficient in tap water.

Hence, further research is needed in this field in order to determine with other pollutants the real
applicability of this approach and to remove the process inconveniences towards real application, in

particular, in real aqueous matrices.
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