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Abstract: In this study, a methodology was developed for the rapid degradation of trichloroethylene
(TCE) and 1,1-dichloroethylene (1,1-DCE) in distilled water and room temperature without the
production of toxic chlorinated by-products. This process was carried out using bionanohybrids of
different metals (Pd, Fe, Cu and Zn) obtained by enzyme-metal coordination called MeNPs@CALB,
which present different metal species and nanoparticle sizes. The CuO@CALB biohybrid, which
contained CuyO nanoparticles, showed excellent catalytic performance in TCE degradation by
removing 95% (>125 ppm) in 10 min using 1.5 g/L of catalyst. On the other hand, in the degradation
reaction of 1,1-DCE, Cu;O@CALB eliminated 94% (93 ppm) in 1 min. CuO@CALB exhibited
excellent stability and recyclability under sustainable conditions, maintaining its effectiveness in
more than 90% for three cycles.

Keywords: trichloroethylene; catalytic degradation; metal bionanohybrid; groundwater remediation;
green chemistry

1. Introduction

Volatile Chlorinated Organic Compounds (VCOCs) such as trichloroethylene (TCE) or
1,1-Dichloroethylene (DCE) have been widely used as solvents in heavy industries as a degreasing
agent for metals (before the 1990s) [1] and electronic components, chemical intermediate [2] and
dry-cleaning facilities [3]. Chlorinated organic compounds have been frequently found in subsurface
environments as dense non-aqueous phase liquids (DNAPL) [4] and TCE is one of the most ubiquitous
contaminants in soil and in contaminated groundwater [5] due to improper handling or accidental
release during applications in industry [6].

The toxic and persistent nature of TCE poses a serious threat to the health of humans and
ecological receptors and, for this reason, the treatment of waters contaminated with this compound
must be adequately treated [7]. Trichloroethylene is classified as a Group 1 human carcinogen by the
International Agency for Research on Cancer (IARC) [8]. According to the United States Environmental
Protection Agency (EPA), the TCE and 1,1-DCE control standard is 0.0050 mg/L and 0.007 mg/L,
respectively [9]. Today, the presence of chlorinated organic pollutants in groundwater has become
the global ecological problem. Exposure of such pollutants threatens human health and can cause
serious damage to the immune, nervous, and male systems [10]. Therefore, effective remediation and
complete mineralization of TCE in aquifers is urgently required to reduce these effects [11].

In this context, the development of circular and holistic processes mimicking the biological life
cycle, where every end is a new beginning, is crucial to achieving a more sustainable future. The design
and implementation of competitive circular processes must integrate the biomimetic rationale to satisfy
four essential criteria: simplicity, efficiency, cost-effectiveness, and material availability [12,13].
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Different remediation approaches have been explored for the removal of TCE from contaminated
sites, but attributed to the electronegative nature of chlorine substituents [14]; TCE is susceptible to
transformation via reducing pathways [15]. Some of the methods used in the last decades include
thermal incineration [16]; biodegradation [17]; phytoremediation [18]; physical adsorption [19];
advanced oxidation processes (AOP) such as photocatalytic oxidation [20]; Fenton oxidation
methods [21]; and reductive methods dechlorination, such as zero valence reduction [22,23],
catalytic [24,25], as well as electrochemical dechlorination methods [26], using zero-valent iron [27],
palladium-based materials [28] and bimetallic metals [29]. Although these methods are effective
for TCE degradation, each has its advantages and limitations due to the use of numerous oxidants
in addition to heat treatment techniques, ultraviolet irradiation, as well as transition metals for the
activation of oxidants [30].

In this work, a new methodology has been developed to degrade chlorinated toxic compounds
in water (TCE, 1,1-DCE) in a simple, green and sustainable way through metal bionanohybrids (Pd,
Fe, Cu and Zn) (Figure 1). Bionanohybrids present advantages compared with other metal systems
because they are constituting of very small metal nanoparticles in a protein network which confers
them high stability and they are located in a monodispersed way, which has been demonstrated to
allow superior catalytic properties [31-33].
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Figure 1. TCE degradation mechanism catalyzed by MeNPs@CALB biohybrid (A); 1,1-DCE
degradation mechanism catalyzed by CuNPs@CALB biohybrid (B).

2. Results and Discussion

2.1. Trichloroethylene (TCE) Degradation Catalyzed by MeNPs@CALB Biohybrids

Different metal-enzyme bionanohybrids (MeNPs@CALB) of different metals (Pd, Fe, Cu or Zn)
were prepared and characterized following protocols previously described (see Supporting information
and Figure S1) [31-33].

The performance of the different heterogeneous metal biohybrids was evaluated as catalysts for
the removal of TCE by means of their complete degradation in aqueous medium at room temperature
and in some cases using 10 mM of a green oxidant such as H,O, (33% v/v) (Table 1).
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Table 1. Elimination of TCE catalyzed by MeNPs@CALB °.

Entry Catalyst H,0, Time  Degradation Yield Presence of Vinyl  Degraded

(mM)®  (min) (%) € Chloride 4 (mgL-1)®

1 No catalyst - - - - -

2 CALB - - - - -

3 Pd(0)@CALB 0 5 85 no 112
4 FeCO3@CALB 0 300 75 yes 99
5 Cu,O@CALB 0 5 85 no 112
6 Cu3(PO4),@CALB 0 5 83 no 109
7 Cuz(POy),@CALB1 0 5 67 no 9

8 Cuz(POy),@CALB2 0 5 81 yes 106
9 Cuz(POy),@CALB3 0 5 74 yes 97
10 Cu(0)@CALB 0 60 16 yes 21
11 ZnO@CALB 0 5 41 no 54
12 FeCO3;@CALB 10 420 >90 no >119
13 Cu,O@CALB 10 5 85 no 112
14 Cu(0)@CALB 10 5 78 yes 102
15 ZnO@CALB 10 5 85 yes 112

2 TCE (1 mM), catalyst (3 mg), 2 mL solution (91% water, 9% ACN), 25 °C. b Amount of H,O; (33% v/v). € The
degradation yield of TCE was determined by HPLC. ¢ Presence of vinyl chloride as sub-product <5%. ¢ Amount of
degraded TCE was determined by HPLC from the initial concentration (131.4 mg L™").

The reaction was carried out in aqueous media (91% distilled water, 9% ACN) at 25 °C. Initially,
no oxidant was used in the reaction. No conversion was obtained without a catalyst or exclusively
using the enzyme (Table 1, entries 1,2).

The Pd(0)@CALB and Cu;O@CALB hybrids showed the best result, with 85% (112 ppm) of TCE
degraded in 5 min (Table 1, entries 3 and 5), which as far as we know represents the fastest degradation
process for TCE catalyzed by these metals [34,35]. The hybrid Cuz(PO4),@CALB showed a conversion
of 83% (Table 1, entry 6), which shows that the Cu species have a strong influence on this reaction as a
catalyst, being in these three cases without the production of toxic substances as by-products (VC).

In the case of iron, FeCO3@CALB needed 300 min to achieve a conversion of 75% (entry 4).
In other copper species such as Cuz(POy),, lower conversion was obtained for the same reaction time.
Furthermore, in the case of Cu3(PO4);@CALB2 and Cu3(PO4)2@CALB3 (entries 8,9), vinyl chloride
was found after the reaction was stopped. The hybrid containing Cu (0) species showed moderate
conversion (20%) even after 60 min conversion, founding also the presence of vinyl chloride (entry 10).

This degradation process was also studied by adding hydrogen peroxide as a green oxidant,
as mentioned above, for those cases where the degradation reaction was very slow (Table 1, entries 12-15)
or in the case of CupO@CALB, to see the effect that it produced (entries 5 and 13). The presence of the
green oxidant did not show any effect on Cu;O@CALB, having the same degradation value in both
cases, while in other hybrids of different metals such as FeCO3@CALB or ZnO@CALB, improvements
in the degradation yields were obtained (Table 1, entries 12 and 15). In particular, in the case of
FeCO3@CALB, in the presence of hydrogen peroxide, no presence of other peaks (such as vinyl
chloride) was observed after stopping the reaction.

This may be due to the fact that in the case of FeCO3@CALB, it presented a structure of nanorods
with which the catalytic effectiveness is less. Despite this, better results were obtained with our Fe
catalyst in comparison with the others described in the literature [36]. Furthermore, in the case of
ZnO@CALB, the addition of hydrogen peroxide as an oxidant improved the degradation capacity of
the catalyst from 41 to more than 80% in 5 min (Table 1, entries 11 and 15), which represent in both
cases an improvement compared with other ZnO nanoparticles described in the literature [37].

Furthermore, the TCE degradation profile for different bionanohybrids was analyzed in the first
10 min (Figure 2).
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Figure 2. TCE degradation reaction profile catalyzed by the different MeNPs@CALB biohybrids.
Experimental conditions: [TCE]: 131.4 mg~L_1, [H>O5]: 0 or 10 mM, water pure.

The results in Figure 2 showed that very rapid degradation was performed, where there was
95% or 125 ppm of TCE. The Pd(0)@CALB and Cu3z(PO4),@CALB biohybrids showed similar profiles,
although with a slightly lower percentage, 91% (119 ppm) and 84% (110 ppm), respectively. Using
H,0, as a green oxidant, we can see that Cu(0)@CALB and ZnO@CALB also present similar profiles
although with values below 90%. These results demonstrate that the NPs of CuyO species are the best
in catalytic performance for this reaction.

According to all these results, it was decided to choose the copper catalyst CuyO@CALB for
further studies since this metal is cheaper, less toxic and therefore more sustainable than palladium.

2.2. Reuse of CuyO@CALB Biohybrid in the Degradation of TCE

Once optimal conditions were obtained, a recycling experiment was conducted using the best
bionanohybrid, CuyO@CALB (Figure 3A). The catalyst exhibited excellent stability, maintaining almost
90% of the catalytic efficiency after three cycles of use. In order to evaluate the structure of the catalyst
after the three cycles, XRD analysis was performed. Figure 3B shows that metal species of the catalyst
(Cuz0) have not changed after being used, which demonstrates the high stability of the bionanohybrid
in this reaction.

(A) 100 (B)

80

‘ — Initial
\ — 5 cycles

[
o

40

20

Catalytic efficiency (%)

T T T
10 20 30 40 50 60 70 80
Position [*2Theta] (Copper (Cu))

1rt 2nd 3rd 4th 5th
Cycles

Figure 3. (A) Recycling of CupO@CALB in oxidative degradation of TCE. Experimental conditions:
[TCE]: 1314 mg-L’l, 2 mL aqueous solution (91% water, 9% ACN); (B) XRD spectra at the start of the
reaction (red) and after three reaction cycles (blue).
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2.3. 1,1-Dichloroethylene (1,1-DCE) Degradation Catalyzed by CuNPs@CALB Biohybrids

In order to broad the scope of applicability of these CuNPs@CALB biohybrids, the degradation
of another toxic chlorinated compound was evaluated in optimal conditions. 1,1-Dichloroethylene
(1,1-DCE) is found as a degradation product of tetrachloroethylene or perchloroethylene (PCE)
and trichloroethylene (TCE), which like TCE has been studied as a powerful carcinogen. In fact,
many studies have shown that DCE degradation is slower than that of TCE, making it a highly
problematic by-product. In this section, the two most efficient bionanohybrids (Cu,O@CALB and
Cu3(PO4)2@CALB) in the removal of TCE are applied, as can be seen in Table 2.

Table 2. Elimination of 1,1-DCE catalyzed by CuNPs@CALB biohybrids ?.

Bionanohybrid Time Yield TOF DeDlgged
y min® (%) ¢  (min-1)4d BT
(mg L-1)
Cu,O@CALB 1 93.5 233.8 92.5
Cu3(POy4),@CALB 1 91.5 228.6 90.5

21,1-DCE (1ImM), catalyst (3 mg), 2.2 mL solution (91% water, 9% ACN), 25 °C. b Time of reaction (min). ¢ Yield
of reaction in the degradation of TCE was determined by HPLC. ¢ Turn over frequency (TOF) [mmols TCE
converted/mmols of metal x time (min)~!]. © Amount of degraded 1,1-DCE was determined by HPLC from the
initial concentration (98.96 mg-L™1).

In this case, >90% degradation of DCE was observed after 1 min in both cases, the best results
coming from using CupO@CALB as catalysts with almost 94% degradation (Table 2). This shows the
high catalytic effectiveness of copper nanoparticles with different species (Cu(I) and Cu(Il)), obtaining
an excellent result in degradation more than 90 ppm of the organic pollutant.

3. Materials and Methods

3.1. Materials

Lipase B from Candida antarctica (CALB) solution (Lipozyme® CALB) was purchased from
Novozymes (Copenhagen, Denmark). Copper (II) sulphate pentahydrate [Cu;SO4-5H,0] and hydrogen
peroxide (33%) were from Panreac (Barcelona, Spain). [(NHy),Fe(SOy4),] (Mohr’s salt), Zinc sulphate
heptahydrate [ZnSO,-7H, 0], palladium acetate [Pd(OAc);], sodium bicarbonate, sodium phosphate,
sodium borohydride, trichloroethylene (TCE), 1,1-dichloroethylene (1,1-DCE), and vinyl chloride were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

3.2. General Synthesis of MeNPs@CAL-B Biohybrids

Bionanohybrids with different metals were synthesized, such as palladium (Pd), iron (Fe), copper
(Cu), and zinc (Zn). The iron, copper and palladium bionanohybrids were described in previous
publications [31-33], except for the synthesis and characterization of the zinc catalyst.

3.2.1. Synthesis and Characterization of FeCO3;@CAL-B Biohybrids

1.8 mL of commercial (18 mg of protein) Lipozyme® CALB solution was added to 60 mL buffer
0.2M sodium bicarbonate pH = 10 in a 100 mL glass bottle containing a small magnetic bar stirrer.
Then 600 mg of (NHy4),Fe(SO4), (10 mg/ml) was added to the protein solution and it was maintained
for 16 hours at room temperature stirring at 380 r.p.m. After the first 30 min incubation, the solution
turned cloudy (greenish gray) and the pH solution was measured indicating a decrease from 10 to 8.
After 16 h incubation, the solid was recovered and re-suspended in 15 mL of water or treated with
NaBH, (300 mg dissolved in 6 mL of water added in two times of 3 mL) incubated at 15 min and
then recovered and re-suspended in 15 mL of water. Then in all cases solid was washed with distilled
water (15 mL x 3). In the case of previous use of borohydride, the pH of the final washing water
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must be around 5 to avoid residues of sodium borohydride and its interaction with the freeze-drying.
Finally, the supernatant was removed and the pellet of each falcon was re-suspended in 2 mL of water,
collected in a cryotube, frozen with liquid nitrogen and lyophilized for 16 hours. The catalyst so called
FeCO3;@CALB was obtained.

ICP-OES analysis revealed that this bionanohybrid contained 47% (weight) of iron. XRD analysis
of the solid showed the presence of iron (II) carbonate (siderite, FeCO3) as the iron species (Figure S1).
TEM analysis confirmed the formation of nanorods (FeCO3NRs) with a size of approximately 7 nm
diameter X 59 nm length induced by the protein matrix (Figure S1B).

3.2.2. Synthesis and Characterization of CuNPs@CAL-B Biohybrids

1.8 mL of commercial (18 mg of protein) Lipozyme® CALB solution was added to 60 mL buffer
0.1 M sodium bicarbonate pH = 10 in a 250 mL glass bottle containing a small magnetic bar stirrer.
Then, 600 mg of CuySO4-5H,0 (10 mg/mL) was added to the protein solution and it was maintained
for 16 h. After the first 30 min incubation, the solution turned cloudy (turquoise) and the pH solution
was measured, indicating a decrease to 8 pH value depending on the buffer used. After 16 h, 6 mL of
NaBH, (300 mg) aqueous solution (1.2 M) was added to the cloudy solution (in two times of 3 mL)
obtaining a final concentration of 0.12 M of sodium borohydride in the mixture. The solution turned
rapidly black and the mixture was reduced during the 30 min. After the incubation, the mixture was
centrifuged at 8000 rpm for 5 min, (10 mL per falcon type tube). The generated pellet was re-suspended
in 15 mL of water. The pH of the supernatant solution was measured to be approximately 9. It was
centrifuged again at 8000 rpm for 5 min and the supernatant removed. The pH of the supernatant
solution was measured again, and given a pH value of 7. The process was repeated twice more.
Finally, the supernatant was removed and the pellet of each falcon was re-suspended in 2 mL of water,
all solutions were collected in a round-bottom flask, frozen with liquid nitrogen, and lyophilized for
16 h. After that, 150 mg of the so called Cu(0)@CALB was obtained. ICP-OES analysis revealed that
this bionanohybrid contained 84% (weight) of copper (Table S1). XRD analysis of the solid showed
the presence of Cu(0) and a minor pike of CuyO was found (Figure S1). TEM analysis confirmed the
formation of nanoparticles with a size of 9 nm in diameter (Figure S1).

Another variation of the protocol was used in these cases with 0.1 M of buffer sodium phosphate,
in which the reduction step was not performed, obtaining Cus(PO4),@CALB. ICP-OES analysis
revealed that this bionanohybrid contained 32% (weight) of copper (Table S1). XRD pattern showed
peaks distribution observed in corresponding to the Cu(POy); species (Figure S1). However, in this
case, TEM analysis revealed the formation of smaller crystalline spherical nanoparticles of about 3 nm
(Figure S1).

In addition to the last variation, an oxidation step was also performed instead of a reduction step
by the addition of either 6 mL of a 500 mM solution of sodium hydroxide (NaOH) for 30 min or 6 mL of
a 0.1 M solution of hydrogen peroxide (H,O,) for 30 min (60 puL of the H,O, stock solution in 6 mL of
distillate water), obtaining Cuz(PO4),@CALB1 and Cu3(PO4),@CALB2, respectively. ICP-OES analysis
revealed that these bionanohybrids contained 35% and 22% (weight) of copper respectively. (Table S1).
The copper species was conserved and spherical nanoparticles were also obtained of around 5-6 nm.

Different modifications of the phosphate protocol were made by changing the amount of enzyme.
Initially, different bionanohybrids were prepared using double the amount of enzyme (3.6 mL CALB
solution instead of 1.8 mL), obtaining Cu,O@CALB. Also using phosphate method without the
reducing step, an alternative protocol was performed using 18 mL of enzyme (10 times more than
original protocol described above) and 72 h as synthetic time. It was called Cuz(PO,),@CALB3.

ICP-OES analysis revealed that these bionanohybrids contained 60% and 50% (weight) of copper
respectively (Table S1). The copper species was conserved and spherical nanoparticles were also
obtained for around 6 nm in the case of Cu,O@CALB; and in the other SEM analysis, the formation of
well-formed nanoflowers was revealed.
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3.2.3. Synthesis and Characterization of Pd(0)@CAL-B Biohybrids

Pd(OAc), (50 mg) were dissolved in 10 mL of MeOH. This solution was added to 40 mL of a
distilled water solution containing 16 mg of CALB protein (1.6 mL of commercial Lipozyme® CALB
solution of 10 mg protein/mL). The final solution was kept under gentle magnetic stirring for 24 h at
room temperature. After that, the resulting suspension was separated by centrifugation (10,000 rpm;
4 °C; 15 min). The recovered pellet was washed once with 10 mL of distilled water containing 20%
(v/v) of MeOH and twice with distilled water (2 X 10 mL). After this, the suspension was directly
lyophilized to obtain catalyst in powder for later use. This solid was called Pd(0)@CALB.

ICP-OES analysis revealed that around 23% (w/w) of Pd was entrapped on the protein during
the aggregation process (Table S1). XRD and XPS analysis of the solid showed the presence of Pd(0)
carbonate was found (Figure S1). Scanning electron microscopy (SEM) revealed an aggregate with a
mesoporous amorphous superstructure (Figure S1) composed by palladium atoms dispersed into an
organic matrix (enzyme). TEM analysis confirmed the formation of nanoparticles with a size of around
2-7 nm in diameter (Figure S1).

3.2.4. Synthesis and Characterization of ZnO@CAL-B Biohybrids

1.8 mL of commercial (18 mg of protein) Lipozyme® CALB solution was added to 60 mL buffer
0.1 M of sodium bicarbonate pH = 10 in a 250 mL glass bottle containing a small magnetic bar stirrer.
Then, 600 mg of ZnSO4-7H,0O (10 mg / mL) was added to the protein solution and maintained for 16 h.
After that, 6 mL of NaBH,4 (300 mg) aqueous solution (1.2 M) was added and after 30 min the mixture
was centrifuged and pellet washed with water, frozen and lyophilized for 16 h. After that, the so called
ZnO@CALB was obtained.

ICP-OES analysis revealed that this new bionanohybrid contained 36% (weight) of zinc (Table S1).
XRD analysis of the solid showed the presence of Zinc oxide (ZnO) as the main zinc species
(Figure S1). Scanning electron microscopy (SEM) revealed an aggregate with a mesoporous amorphous
superstructure (Figure S1). TEM analysis confirmed the formation of nanoparticles with a size of
around 5 nm in diameter (Figure S1).

3.3. Characterization Techniques

Inductively coupled plasma-optical emission spectrometry (ICP-OES) was performed on an
OPTIMA 2100 DV instrument (PerkinElmer, Waltham, MA, USA). X-Ray diffraction (XRD) patterns
were obtained using a Texture Analysis D8 Advance Diffractometer (Bruker, Billerica, MA, USA)
with Cu Ka radiation. Transmission electron microscopy (TEM) images were obtained on a 2100F
microscope (JEOL, Tokyo, Japan).

3.4. MeNPs@CALB Biohybrids Catalyzing the Degradation of Trichloroethylene (TCE)

A solution of 10 mM of TCE in pure acetonitrile was prepared; 0.2 mL of this solution was
dissolved in 2 mL of distilled water to achieve a concentration of 1 mM TCE (131.4 mg-L~!). Then,
hydrogen peroxide (33% v/v) was added to this TCE solution to obtain a concentration 10 mM (2 uL
H;0; in 2 mL). To initialize the reaction, 3 mg of the catalyst (in case of Pd, 1 mg) was added to 2 mL of
this solution (TCE and H;O,) in a 7 mL glass flask. Gentle stirring was provided at room temperature
(25 °C) by a roller. For each degradation group, three parallel experiments were performed, and the
error range was <5%. The TCE degradation yield was determined by HPLC analysis.

The HPLC analysis was performed in a JASCO HPLC equipment, a HPLC pump PU-4180 coupled
with a UV-4075 UV-Vis detector. The analysis conditions were performed using a Kromasil-C8
(150 x 4.6 mm and 5 um), at a flow of 1.0 mL/min; and a mobile phase: 50% (v/v) ACN in MilliQ water,
with UV detector at A = 215 nm. Before injection, 20 uL of sample were diluted in 180 uL of acetonitrile.
Under these conditions, the retention time of TCE was 9 min. TCE sub-products such as 1,1-DCE
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or vinyl chloride were identified at 7 min and 4 min, respectively, using commercial standard pure
products of both substrates as control.

TOF (turnover frequency) value was calculated by [mmols TCE converted/mmols Cu X time
(min)1].

3.5. Reuse of CuyO@CALB Biohybrid in the Degradation of TCE

The Cu;O@CALB biohybrid was reused in five cycles for the degradation of TCE using the same
experimental conditions described above. After each reaction cycle, the catalyst was washed with water
several times, centrifuged and separated before the next reaction. In addition, XRD was performed
on the sample after the five cycles to compare the chemical structure with that of the catalyst before
the reaction.

3.6. MeNPs@CALB Biohybrids Catalyzing the Degradation of 1,1-Dichloroethylene (1,1-DCE)

A solution of 10 mM of 1,1-DCE in pure acetonitrile was prepared; 0.2 mL of this solution was
dissolved in 2 mL of distilled water to achieve a concentration of 1 mM 1,1-DCE (98.96 mg-L™1).
To initialize the reaction, 3 mg of the catalyst was added to 2 mL of this solution in a 7 mL glass
flask. Gentle stirring was provided at room temperature (25 °C) by a roller. At given time intervals,
20 pL of reaction solution was taken and diluted in 180 puL of acetonitrile pure for HPLC analysis.
For each degradation group, three parallel experiments were performed, and the error range was <5%.
HPLC conditions were the same as described above for TCE. Under these conditions, the retention
time of 1,1-DCE was 7 min. The 1,1-DCE sub-products such as vinyl chloride were detected at 4 min,
using commercial standard pure products of both substrates as control.

4. Conclusions

We have developed a fast, sustainable and efficient method to remove chlorinated compounds
(TCE and 1,1-DCE) by direct degradation using enzyme-metal hybrids as heterogeneous catalysts.

The degradation reactions were carried out efficiently using water as a green solvent at room
temperature. Here we have demonstrated the role of metal species in the effectiveness of target reactions,
with Cu,O nanoparticles being the best option among the different metal biohybrids synthesized since
it was able to eliminate more than 95% of TCE (125 ppm) in 10 min with 3 mg of catalyst. In addition
to degrading almost 94% of 1,1-DCE (93 ppm) in 1 min.

The successful evaluation of the scope of the reaction and the excellent recyclability observed
for this catalyst open the possibility of expanding the application of these Cu nanocatalysts in
environmental technology in the degradation of other toxic organic pollutants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/7/753/s1,
Figure S1: Characterization of the different heterogeneous metal bionanohybrids synthesized. (A) FeCO3;@CALB.
(B) Cu(0)@CALB. (C) CupO@CALB. (D) Cu3(PO4),@CALB. (E) Pd(0)@CALB, (F) ZnO@CALB; (I) XRD pattern; (II)
TEM image, Table S1: Content of metal (Me) in the different biohybrid determined by ICP-OES.
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