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Abstract: Benzoylecgonine (BE), the main cocaine metabolite, has been
detected in numerous surface water and treatment plants effluents in
Europe and there is urgent need for effective treatment methods. In this
study, the removal of BE by the UV254/H202 process from different water
matrices was investigated. By means of competition kinetics method, the
kinetic constant of reaction between BE and the photogenerated hydroxyl
radicals (*OH) was estimated resulting in kOH/BE = 5.13*109 M-1*s-1. By-
products and water matrices scavengers effects were estimated by
numerical modeling of the reaction kinetics for the UV254/H202 process
and validated in an innovative microcapillary film (MCF) array
photoreactor and in a conventional batch photoreactor. The ecotoxicity of
the water before and after treatment was evaluated with four organisms
Raphidocelis subcapitata, Daphnia magna, Caenorhabditis elegans, and
Vicia faba. The results provided evidence that BE and its transformation
by-products do not have significant adverse effects on R. subcapitata,
while D. magna underwent an increase of lipid droplets. C. elegans was
the most sensitive to BE and its by-products. Furthermore, a genotoxicity
assay, using V. faba, showed cytogenic damages during the cell mitosis of
primary roots.
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Via Orabona, 4, 70125, Bari, Italy

Prof. Gerasimos Lyberatos

Editor of Journal of Hazardous Materials

Dear Prof. Lyberatos

please find enclosed a copy of the original manuscript:

“Removal of benzoylecgonine from water matrices through UVs4/H,O, process: reaction
kinetic modeling, ecotoxicity and genotoxicity assessment”

by Danilo Spasiano, Danilo Russo, Marianna Vaccaro, Antonietta Siciliano, Raffaele Marotta,
Marco Guida, Nuno Reis, Gianluca Li Puma, and Roberto Andreozzi.

Number of words: 4998.

In this study, we present a kinetic model of the UV3s4/H,O, process for the removal of
benzoylecgonine from different water matrices (milli-Q water, synthetic wastewater, real
wastewater, and real surface water) by means of an innovative microcapillary film (MCF) array
photoreactor, which allows very fast experimentation with minimal sample volumes.
Benzoylecgonine is the major metabolite of cocaine and an emerging contaminant often detected in
wastewater treatment plants, effluents and surface waters in higher concentrations than its parent
compound. The MCEF is an effective experimental tool to study oxidative removal of highly priced,
uncommon, or regulated substances such as BE. Competition kinetics in the presence of benzoic
acid was used to determine the second-order rate constant (konse) for the reaction of BE with ‘OH.
The effect of by-products and water matrices scavengers was estimated by numerical modeling of
the reaction kinetics for the UV,54/H,0, process in the MCF array photoreactor dissolving BE in
milli-Q water, synthetic wastewater, real wastewater, and real surface water. Ecotoxicological

bioassays with R. subcapitata, D. magna and C. elegans were further used to provide information



for environmental health and to investigate the effects of BE before and after the proposed
treatment. These biomarkers were selected since have not been used in BE toxicity tests. Several
endpoints were monitored on terrestrial and aquatic organisms to expand the range of effect
expression due to differences in species sensitivity and exposure. Furthermore, the potential
genotoxicity of BE and its by-products was investigated by means of the count of micronucleus
observed in V. faba roots.

We believe that this topic is of high interest to the readership of Journal of Hazardous Materials,
since it deals with the removal of a hazardous contaminant of emerging concern widely found in
wastewater effluents and surface waters.

This is an original manuscript not submitted elsewhere. All the authors confirm that the present
manuscript has been prepared in compliance with the Ethics in Publishing Policy as described in the
Guide for Authors of Journal of Hazardous Materials.

We look forward to receiving your editorial response in due course.

Yours sincerely

Danilo Spasiano, PhD



*Response to Reviewers

Dear Prof. Gerasimos Lyberatos,

please find enclosed a copy of the paper “Removal of benzoylecgonine from water matrices through
UV2s4/H20; process: reaction kinetic modeling, ecotoxicity and genotoxicity assessment” by Danilo
Spasiano, Danilo Russo, Marianna Vaccaro, Antonietta Siciliano, Raffaele Marotta, Marco Guida,
Nuno M Reis, Gianluca Li Puma and Roberto Andreozzi (Manuscript No. HAZMAT-D-16-
02632) which has been revised according to the Referees’ minor revisions (all the corrections and
new insertions have been printed in red bold typefaces).

We thank the Referees for their valuable suggestions that helped us to ameliorate the text and

mostly you for the assistance and cooperation.

The Authors

Reviewer #1:

The study determines Kinetics on removal/degradation of BE, a main cocaine metabolite, by
UV/H,0, process. The authors test the process on different water matrices such as wastewater and
surface water, as well as evaluate the effect of by-products and scavenging process. At the end, the
authors make a preliminary toxicity tests (before and after process) in a batch reactor because of
work facilities.

If well the degradation of BE through UV/H,0, process it has been studied, this manuscript has
special emphasis on determine Kkinetics of the process and, specially, on kinetics by-products
scavengers, which is an interesting contribution. Moreover, the use of an innovative photoreactor
for this purposes makes a remarkable study.

I write below some suggestions for easy understand the whole manuscript, and some little mistakes
| founded on it.

- Specific comments by sections:

ABSTRACT:

It is well write and easy resume of the manuscript.



HIGHLIGHTS:
The meanings of the highlights are un-precise; authors should consider improving the highlights
with emphasis on results.

Reply: The highlights are completely rearranged in agreement with reviewer’s suggestions.

INTRODUCTION:

- Second Paragraph: Authors explain impact of BE in different aquatic organisms. I think the effect
on cat brains is out of the context in this study.

Reply: The paragraph and the relative reference are removed from the manuscript as suggested by

the reviewer.

- Fourth paragraph: "Furthermore, the ecotoxicity and genotoxicity of the transformation by-
products of the UVs4/H,0, process remains unclear”. Some reference?

Reply: The cited sentence is referred to the BE by-products. It has been rearranged with the aim of
clarify its meaning. At the Authors knowledge, there are no references about the ecotoxicity and
genotoxicity of BE by-products deriving from UVs4/H,0, process. The text (page 3) was revised as
follows:

Furthermore, the ecotoxicity and genotoxicity of the BE transformation by-products generated
through the UV254/H,0, process have not been reported.

METHODS:

-Analytical Methods:

-"Algal densities were determined by an indirect procedure using a spectrophotometer..." At which
absorbance? Did you relate them with concentration measure? | guess you obtained a calibration
curve, so will be good if you state at least the correlation between absorbance and concentration
measure.

Reply: The text on page 5 was revised as follows:

Algal densities were followed by optical density measurements at 670 nm (ODg7onm) USING a
spectrophotometer (Hach Lange DR5000) and a 5 cm cuvette (ODg7onm = 1.69-10° algae'ml™ +
105857; R*=0.99).

- Maybe a little explain about how relate H202 actinometry with fluence/dose on UV reactor will

be helpful.



Reply: The experimental procedure for the determination of photonic flux at 254 nm emitted by
low-pressure mercury vapor lamp is well described in the references [41,42] of the manuscript.
Furthermore, a complete description about the estimation of UV2s4 photon flux emitted by the lamp
coupled with the MCF used in this experimental campaign was already reported in a previous paper
we recently published and cited in this manuscript as the 21 reference (see sections 3.2 and 3.3).

We consider further explanation in this paper as redundant.

- | think authors should write a little paragraph about the initial concentration of H,0O,, how to
determine it, and if they remove the residual peroxide for post-analysis in the way residual H,0O,
can still be active. It is clear for V. faba seeds, but what about the rest?

I see on results that there is no degradation of it during the process, so H,O, should be removed
before post-treatments analysis.

Reply: We are grateful to the referee for these valuable suggestions. H,O, concentrations were
monitored by means of HPLC analysis (see section 2.2.). As reported in section 2.3.4. “Negative
tests were carried out on aqueous solutions containing 6.3 mM of hydrogen peroxide and 80 pL-L™
of catalase (used to destroy the residual hydrogen peroxide), to verify that the mixture did not exert
negative effects on the target organisms.” On the other hand, for the position of the sentence it
seems that this blank tests were carried out only for the V. faba seed and not for all the tested living
organisms. Moreover, we omitted to report in the paper that the same amount of catalase from
Micrococcus lysodeikticuswas was also rapidly added to the fresh samples at the three different
treatment times. In fact, our goal was to estimate the toxic effect of BE and its by-products only and
not that of the mixture of these compounds with 6.3 mM of H,O,. For this purpose, the sentence we
cited was moved from its initial position and modified in order to overcome all misunderstandings
highlighted by the referee (second paragraph of section 2.3.4) now reads as follows:

80 uL-L™" of catalase (used to destroy the residual hydrogen peroxide) were diluted into the fresh
samples collected from the batch reactor at the three different reaction times with the aim of
neglecting the toxic effect of H,O, present into the solutions at the concentration of 6.3 mM.
Negative tests were carried out on aqueous solutions containing 6.3 mM of hydrogen peroxide and
80 nL-L-1 of catalase (used to destroy the residual hydrogen peroxide), to verify that the mixture

did not exert negative effects on the four target organisms.

RESULTS AND DISCUSSION
-Table 1 is a little bit confuse: Each column is a different run? Please, specify which each column

means.



Reply: Thank you for the precious suggestion. The table has been modified in agreement with the

referee’ suggestion.

-Explanation of Eq. 18: "knossp Was thee only unknown parameter”. "The" instead of "thee"

Reply: It has been corrected.

- "The UV354/H,0,/BE reaction kinetics model was validated by predicting the results of four
additional runs carried out at a different photon flux (Table 2, runs 1s-4s)". Table 2 is actually table
3.

Reply: It has been corrected.

- "The standard deviations calculated for both BE and H,O, (Table 3) were found to be below
1.06%". It is below 1.35% according to values of table 3.

Reply: The sentence the referee highlighted was related only to the runs used in the simulation
mode: that explains the reason why we reported the 1.06% as the maximum standard deviation
value. On the other hand, in agreement with the reviewer suggestion, it is more correct to refer this
sentence to all the experimental runs used for both the optimization and simulation mode. At this
purpose, we substitutes the 1.06 % with 1.41% (standard deviation value on BE, run 6, table 3) as

the maximum found standard deviation value.

- On figure 4 does not appear the predicted line for H,0,, please plot it.
Reply: Done.

- "...MCF has been observed [22] and Following the same optimization methodology reported
earlier". "f" instead of "F" on Following.

Reply: Done.

CONCLUSIONS
Conclusions are according to the experimental results. The authors explain the necessity of further

investigations on toxicity field, which is a realistic requirement.



REFERENCES
References are up to date. | suggest some fresh references (year 2016) about UV/H,0, process
application and optimization and BE genotoxicity:

-Parolini, M., Magni, S., Castiglioni, S., Binelli, A. (2016). Genotoxic effects induced by the
exposure to an environmental mixture of illicit drugs to the zebra mussel Ecotoxicology and
Environmental Safety, 132, pp. 26-30. http://doi.org/10.1016/j.ecoenv.2016.05.022

-Moreno-Andrés, J., Romero-Martinez, L., Acevedo-Merino, A., &Nebot, E. (2016). Determining
disinfection efficiency on E. faecalis in saltwater by photolysis of H,O,: Implications for ballast
water treatment. Chemical Engineering Journal, 283, 1339 - 1348.
http://doi.org/10.1016/j.cej.2015.08.079

Reply: We appreciated the reviewer suggestion. These new papers have been cited into the
manuscript as the 13" and 24™ reference respectively. Moreover, considering the referee’
comments, we also changed the 58™ reference with the following updated review: J. Schmidhuber,

Deep learning in neural networks: An overview, Neural Networks 61 (2015) 85-117.

Reviewer #2
The manuscript submitted by Spasiano et al. is a novel piece of work which includes unpublished
data related to benzoylecgonine kinetics. This work shows a deep kinetic study with a thorough
statistical analysis and a modelling approach. | recommend its publication in Journal of Hazardous

Materials, provided some minor issues are addressed:

- The Introduction would be enriched if some background around the state of the art on BE
ecotoxicity is included
Reply: As also suggested by Reviewer #1, we added an additional reference regarding the BE

genotoxic effect on zebra mussel (Parolini et al., 2016), reference 13".

- How can the toxicity tests under taken in this work be extrapolated to real situations, with lower
pollutant concentrations? How do the Authors' findings signify? Can the evolution of toxicity
during degradation be extrapolated to lower pollutant concentrations? Please discuss in the text


http://doi.org/10.1016/j.ecoenv.2016.05.022

Reply: E.E. Kenaga [70] summarized 125 acute chronic ratio (ACR) values for 84 chemicals 11
species of aquatic organisms. This parameter, expressed as the ratio among the acute EC50 and the
chronic toxicity (maximum acceptable toxicant concentration, MATC), was find to be in the range
1.0-1.8:10*. Considering an ACR equal to 10° and the EC50 of BE on nematodes evaluated in this
work (0.6 ppm), a chronic toxic effect could be observed on nematodes at the BE concentration
equal to 0.6 ppb. The predicted MATC value is in agreement with the results previously reported
[13-15] regarding the negative effect of BE contaminated water solutions (0.5 and 1.0 ppb) on
Dreissena polymorpha. Moreover, the ecotoxicity and genotoxicity tests carried out with the sample
withdrawn at tf suggest, considering the same ACR value, that it is possible that the by-products,
deriving by the UV354/H,0,, treatment of a solution containing BE at the concentration of 1 ppb,
could exert a negative chronic effect on living organisms.

All these considerations could be obviously validated through dedicated chronic tests, but the
results regarding the acute toxicity of BE and its by-products on C. elegans and V. faba, suggest
that chronic negative effects could be observed on living organisms subjected to the BE
concentrations founded in STP effluents and surface waters.

All these consideration were added at the end of the section 3.3, as follows:

In a previous paper [70], 125 acute chronic ratio (ACR) values for 84 chemicals and 11 species of
aquatic organisms were summarized. The ACR, expressed by the ratio of the acute EC50 and the
chronic toxicity (maximum acceptable toxicant concentration, MATC), was found to be in the range
1.0-1.8-104. Considering an ACR equal to 103 and the EC50 of BE on C. elegans evaluated in this
work (0.6 ppm), a chronic toxic effect could be observed on nematodes at the BE concentration
equal to 0.6 ppb. In particular, the predicted MATC value is in agreement with the results
previously reported [13-15] regarding the negative effect of BE contaminated water solutions (0.5
and 1.0 ppb) on Dreissena polymorpha. Moreover, the ecotoxicity and genotoxicity tests carried out
with the sample withdrawn at tf suggest, considering the same ACR value, that it is possible that the
by-products, deriving by the UV254/H202, treatment of a solution containing BE at the
concentration of 1 ppb, could exert a negative chronic effect on living organisms.

All these considerations could be certainly validated through dedicated chronic tests, but the results
regarding the acute toxicity of BE and its by-products on C. elegans and V. faba, suggest that
chronic negative effects could also be observed on living organisms subjected to the BE

concentrations founded in STP effluents and surface waters.

- Please add the limit of detection of the HPLC method and retention times
Reply: We have added this information on Section 2.2 as follows:



The retention times for H,O,, BE, and BA were 4.9, 13.8 and 17.1 min, respectively. Moreover,
H,O,, BE, and BA concentrations down to 0.01 mM, 1.2:10% mM and 2.08:10° mM were
successfully measured.

- What is the MCF reactor volume?

Reply: The MCF reactor (microcapillary film array photoreactor, see introduction) is a tubular
continuous flow reactor so that its volume is strictly dependent on the length exposed to the UV
radiation (only this can be properly defined as “reactor”). That is, for this experimental campaign, a
volume ranging from 0 to 0.045 mL. If you are asking for the whole volume of the microcapillary
film strip adopted, this is about 0.66 mL, for a length of about 2 m. The geometric properties among
with the fluid dynamics of the reactor are reported in a previous paper we recently published and
cited in this manuscript as the 21* reference. The information on the reactor volume was added in
the manuscript as follows:

The MCF reactor volume exposed to UV irradiation varied according to the space time between 0
and 0.045 ml.
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*Abstract

Abstract

Benzoylecgonine (BE), the main cocaine metabolite, has been detected in numerous surface water
and treatment plants effluents in Europe and there is urgent need for effective treatment methods. In
this study, the removal of BE by the UV,s4/H20, process from different water matrices was
investigated. By means of competition kinetics method, the kinetic constant of reaction between BE
and the photogenerated hydroxyl radicals (‘OH) was estimated resulting in kowse = 5.13-10° M5
! By-products and water matrices scavengers effects were estimated by numerical modeling of the
reaction Kkinetics for the UVys4/H,O, process and validated in an innovative microcapillary film
(MCF) array photoreactor and in a conventional batch photoreactor. The ecotoxicity of the water
before and after treatment was evaluated with four organisms Raphidocelis subcapitata, Daphnia
magna, Caenorhabditis elegans, and Vicia faba. The results provided evidence that BE and its
transformation by-products do not have significant adverse effects on R. subcapitata, while D.
magna underwent an increase of lipid droplets. C. elegans was the most sensitive to BE and its by-
products. Furthermore, a genotoxicity assay, using V. faba, showed cytogenic damages during the

cell mitosis of primary roots.



*Highlights (for review)

Highlights

e UV/H,0; oxidation process is effective for BE removal from aqueous matrices

e MCF photoreactor technology is a valid and useful tool in AOPs studies

e The kinetic constants of HO radicals attack to BE and its by-products are estimated
e BE removal through UV/H,0, process is modeled in different aqueous matrices

e (Genotoxicity tests suggest the risk of long term effects of BE by-products
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Keywords: benzoylecgonine, illicit drugs, AOP, kinetic modeling, ecotoxicological assessment

Abstract

Benzoylecgonine (BE), the main cocaine metabolite, has been detected in numerous surface water
and treatment plants effluents in Europe and there is urgent need for effective treatment methods. In
this study, the removal of BE by the UVa54/H,0, process from different water matrices was
investigated. By means of competition kinetics method, the Kinetic constant of reaction between BE
and the photogenerated hydroxyl radicals (‘OH) was estimated resulting in kowse = 5.13-10° M5
! By-products and water matrices scavengers effects were estimated by numerical modeling of the
reaction kinetics for the UV,s4/H,0, process and validated in an innovative microcapillary film
(MCF) array photoreactor and in a conventional batch photoreactor. The ecotoxicity of the water

before and after treatment was evaluated with four organisms Raphidocelis subcapitata, Daphnia
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magna, Caenorhabditis elegans, and Vicia faba. The results provided evidence that BE and its
transformation by-products do not have significant adverse effects on R. subcapitata, while D.
magna underwent an increase of lipid droplets. C. elegans was the most sensitive to BE and its by-
products. Furthermore, a genotoxicity assay, using V. faba, showed cytogenic damages during the

cell mitosis of primary roots.

1. Introduction

BE is a contaminant of emerging concern deriving from the consumption of cocaine, one of the
most widely used illicit drugs [1]. The human metabolism of cocaine is dominated by hydrolytic
ester cleavage resulting in urine metabolites consisting mostly of BE (45%), ecgonine methyl ester
(40%), and a residue of unchanged cocaine (1-9%) [2]. Consequently, BE represents the primary
cocaine metabolite and it is detected in almost all surface water (SurW) and sewage treatment plants
(STP) effluents in Europe always at levels higher than cocaine [3,4]. Although the removal of BE in
conventional STP is typically 80% [5,6], the effluent concentrations is in the range 0.1-3275 ng-L™
[7,8]. BE in SurW ranges between 0.3-530 ng-L™ [9-11] and in river sediments is reported as 1.0 ng
g™ [12].

The exposure of freshwater mussel, Dreissena polymorpha, to BE contaminated water solutions
(0.5 and 1.0 ppb), yielded a 3.5-fold increase in oxidative stress and increased or inhibited
antioxidant and detoxifying enzymes activity depending on BE levels and exposure time [13-15].
Significant lipids peroxidation and protein carbonylation, DNA damage, and cellular apoptotic
death were observed in experiments carried out up to 14 days [16]. Another study showed the
negative effect of BE on fishes and plants [17].

The UV254/H,0; is an emerging STP tertiary treatment process, which is increasingly being used for
water reuse in public works and in agriculture [18-20]. In previous studies [21,22] we have
investigated the BE removal with both UVs4 and UVs4/H,0, using an innovative microcapillary

film (MCF) array photoreactor, which allowed extremely rapid experimentation with minimal
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sample volumes. The feasibility of BE removal by direct photolysis (UV2s4) in STP during a
conventional water disinfection treatment is questionable due to the low molar adsorption
coefficient and quantum yield [21]. However, BE removal in STP is a promising proposition using
the UV2s4/H20, process, as we determined much faster BE oxidation in different water matrices:
milliQ water, synthetic wastewater (SWW), real wastewaters (RWW), and SurW [22]. Other studies
have demonstrated that Fenton, Fenton-like, and potassium ferrate treatment are also effective
methods for BE removal in STP effluents [23] although their practical implementation can be
problematic.

In this study, we therefore focused on the UV254/H,O, process as a potential tertiary treatment of
STP effluents [24-31] since it appears of more feasible implementation.

In the UV,54/H,0; process the homolytic cleavage of H,0, leads to the formation of ‘OH radicals

(1) that unselectively attack dissolved organic substances such as BE (2) [32]:

1)

)

However, the second-order rate constant (kowse) for the reaction of BE with "OH is unknown.
Furthermore, the ecotoxicity and genotoxicity of the BE transformation by-products
generated through the UV,s4/H,O, process have not been reported.

In this study, competition kinetics in the presence of benzoic acid (BA) [33,34], was used to
determine the second-order rate constant (kowpse) for the reaction of BE with "OH, which was
evaluated in the MCF array photoreactor and validated in a batch photoreactor. The effect of by-
products and water matrices scavengers was estimated by numerical modeling of the reaction
kinetics for the UV,54/H,0, process in the MCF array photoreactor dissolving BE in milli-Q water,
SWW, RWW, and SurW. Ecotoxicological bioassays with R. subcapitata, D. magna and C. elegans
were further used to provide information for environmental health and to investigate the effects of

BE before and after the proposed treatment. Several endpoints were monitored on terrestrial and
























































































































