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1. Presentacion

Los Procesos Avanzados de Oxidacién (PAOs) se han convertido en poten-
ciales alternativas sostenibles para ser aplicados en diversas areas como el
tratamiento de aguas residuales de diferentes fuentes, tratamiento de conta-
minantes en diferentes matrices, desinfeccion, potabilizacién, desarrollo de
nuevos materiales, produccién de hidrégeno, biocombustibles, entre muchas
otras. Su importancia ha trascendido a tal punto que algunas de estas son
valoradas para transferencia tecnoldgica en aplicaciones a escala industrial.
En el ano 2015, un grupo de investigadores colombianos que trabajan en esta
temadtica tomd la iniciativa de crear un evento de caracter nacional que permi-
tiera mostrar y divulgar los avances de los diferentes grupos de investigacion
en estas tecnologias, teniendo en cuenta que Colombia ha sido considerado
un pafs lider en Latinoamérica y que los aportes en investigacion en PAOs
han sido reconocidos a nivel internacional.

La Universidad de Caldas y la Universidad de Antioquia en 2015, organi-
zaron en Manizales la primera versiéon del Congreso Colombiano de PAOs
(I-CCPAOx), invitando como conferencistas a investigadores de talla mundial
como el Dr. Sixto Malato y el Dr. César Pulgarin, entre sus mds importantes
referentes. En este evento se proyectaron las futuras sedes, dando paso asi
a la segunda versién organizada por la Universidad de Antioquia en 2017
en Guatapé, la cual fue apoyada por la Universidad del Valle (Cali), Univer-
sidad de la Amazonia (Florencia), Universidad de Cartagena (Cartagena), la
Universidad de Narino (Pasto) y la Universidad Antonio Narifo (Bogota).
Adicionalmente, el II-CCPAOx fue articulado al III-Congreso Iberoamericano
de Procesos de Oxidacién Avanzada (CIPOA-3). Para el 2018 la Universidad
de la Amazonia, fue encargada de emprender la tercera versién (III-CCPAOx),
con el apoyo de la Universidades de Cartagena y la Universidad de Antioquia.

Ademads de los investigadores Malato y Pulgarin (presentes en todas las
versiones), dichos eventos han contado con la participaciéon de reconocidos
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investigadores internacionales, muchos de ellos editores de revistas de
muy alto impacto como Gianluca Li Puma (Universidad de Loughborough,
UK, Editor de Applied Catalysis B Environmental), Dionysios D Dionysiou
(Universidad de Cincinatti, USA, Editor de Chemical Engineering Journal),
Vitor P Vilar (Universidad de Porto, Portugal, Editor de Journal of Environ-
mental Chemical Engineering), Aracely Herndndez Ramirez (Universidad
Auténoma de Nuevo Ledn, México, Editor de Materials Science in Semi-
conductor Processing) e Isabel Oller (Plataforma Solar de Almeria, Espana),
entre otros.

En la dltima versidn, la Universidad Antonio Narifio, sede Bogota, a través
del Grupo de Investigacién en Ciencias Biolégicas y Quimicas, y especi-
ficamente la linea de investigacién en Remediacién Ambiental y Procesos
Avanzados de Oxidacién, en colaboracién con la Universidad de Antioquia,
en cabeza del Grupo de Investigaciéon en Remediacién Ambiental y Bioca-
talisis, dieron continuidad a este evento con el 4to Congreso Colombiano
de Procesos Avanzados de Oxidacién (IV-CCPAOx) que fue realizado de
forma virtual (esto a raiz de los acontecimientos asociados a la pandemia
por COVID-19) en donde se presentaron las investigaciones mds recientes
del tema y que son presentadas en esta obra.

Dr. Alejandro Moncayo Lasso
Docente Investigador
Universidad Antonio Narifio
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Procesos avanzados
de oxidacion



2.1 Fenton




Tecnologias Avanzadas de Oxidacion en Sistemas
Continuos: Proceso “tipo-Fenton” Heterogéneo y
Cavitacion Hidrodinamica en serie

M.A. Ayude’, S. Napoleone?, G. Salierno®, M. A. Maisterrena?
M. Pellasio’, L. Doumic’, Miryan Cassanello®>.

| | La implementacién del proceso

Detolorissatin tipo Fenton heterogéneo en continuo

complea facilita la separacion del catalizador

] y el tratamiento de grandes vold-

Reactor de cavitacién menes de aguas residuales. En este

hidrodindmica tipo trabajo, se estudia el proceso tipo

Feg-shel Fenton heterogéneo en un reactor de

PBNP/g-A1203 Proceso lecho fijo en operacién continua con

}}TJEZ?;‘;ZEZZ“” flujo ascendente de la fase fluida. El

catalizador empleado se prepara por

adsorcién de nanoparticulas de Azul

de Prusia sobre un soporte de esferas

de gamma-alimina de 2.1 mm de

didmetro. Se examina el efecto de la

temperatura, de la concentracién de

perdxido de hidrégeno en la corriente

de alimentacién y del tiempo de resi-

dencia sobre la descomposicién de H,O, y las conversiones de OG y Carbono

Organico Total. El comportamiento del reactor se describe a partir de un

modelo pseudohomogéneo unidimensional con dispersién axial. Ademas,

como estrategia de intensificacion, se evaliia la influencia de conectar la salida

del reactor de lecho fijo en serie a un reactor de cavitaciéon hidrodindmica tipo
vortex sobre el desempeno del proceso.

H,0, Orange G
Subestequiométrico

(1) Instituto de Investigaciones en Ciencia y Tecnologia de Materiales (INTEMA- CONICET-
UNMdP), Av. Colén 10.850, Mar del Plata, Argentina,

(2) Universidad de Buenos Aires, Facultad de Ciencias Exactasy Naturales, Departamento de Indus-
trias. Buenos Aires, Argentina;

(3) CONICET-Universidad de Buenos Aires, Instituto de Tecnologia de Alimentos y Procesos
Quimicos —-ITAPROQ, Buenos Aires, Argentina; mayude@fi.mdp.edu.ar.
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Introduccion

El proceso de oxidacion “tipo Fenton” heterogéneo (TFH) ha sido muy
estudiado en los Gtimos anos, principalmente empleando reactores operados
en forma discontinua [1]. Sin embargo, estos procesos requieren muchas veces
ser llevados a cabo en continuo debido a los grandes volimenes de efluentes,
siendo fundamental el uso de catalizadores activos y estables. Nuestro grupo
de trabajo desarroll6 catalizadores basados en la deposicién de nanoparticulas
de azul de Prusia (PBNP) [2,3,4], que han demostrado ser activos y estables
para la oxidaciéon TFH de un azo compuesto modelo (OG) en reactores discon-
tinuos. Por otra parte, el uso de cavitaciéon hidrodindmica ha sido reconocido
como una estrategia efectiva de intensificacion del proceso TFH [5,6]. En este
trabajo, se evalud el desempeiio del proceso de oxidaciéon TFH en un reactor
de lecho fijo operado en forma continua con flujo ascendente de liquido
(UFBR). Se estudio el efecto de la concentracion de oxidante en la alimenta-
cién, de la temperatura y del tiempo de residencia sobre las conversiones de
OG, H,0, y Carbono Orgénico Total (COT). Se postulé un modelo pseudo-
homogéneo unidimensional con dispersién axial en estado estacionario para
describir el comportamiento del reactor y estimar el consumo de oxidante y la
decoloracion de OG. Asimismo, se estudié la influencia de conectar en serie
la corriente de salida del UFBR a un reactor de cavitacién hidrodindmica tipo
vortex (HCR).

Materiales y Métodos

Ensayos de reaccion: Se realizaron experimentos de oxidacién de OG
(0.02mM) en un reactor de lecho fijo de vidrio (0.025 m de didmetro y 0.08
m de largo) que contiene 20 g de PBNP/y-Al,O;. Este catalizador se prepara
por adsorcion de PBNP sobre un soporte de esferas de gamma-alimina
de 2.1 mm de didmetro [3]. En determinadas condiciones de operacion, la
corriente de salida del UFBR es conectada en serie a un HCR operado en
continuo. El HCR fue adquirido a Vivira Process Technology Ltd. (India).
La Figura 1 esquematiza la configuracién experimental para la operacién
continua del sistema de reactores en serie.

En primer lugar, se realizaron experiencias en el UFBR operado con flujo
ascendente, manteniendo constante la concentraciéon de colorante alimen-
tada, la masa de catalizador (20 g) y el pH de la solucién (pH=3). Se agreg6 el

16



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes
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Figura 1. Configuracién del sistema de reactores en serie (UFBR y HCR)
operado en forma continua. 1. Tanque de almacenamiento; 2. medidor de temperatura;
3. UFBR; 4. bafo termostatizado; 5. tanque de retencién (8 L); 6. valvula vortex HC;
7. salida a depésito.

peroxido de hidrégeno a la solucién de colorante en un reservorio a tempe-
ratura ambiente aislado de la luz. El liquido se hizo circular mediante una
bomba peristaltica y pasar por un serpentin sumergido en un bafo termos-
tatico para alcanzar la temperatura de operacidn antes de ingresar al reactor,
el cual también estd termostatizado. La temperatura de operacién se midio6
con una termocupla inmersa en el lecho; la misma se fijé en 343 o 353K. La
concentracion de colorante, de peréxido y de oxigeno se determinaron a la
entrada y a la salida del reactor, tomando muestras en forma periédica cada
20 a 30 minutos durante al menos 60 minutos para verificar haber alcanzado
el estado estacionario para cada caudal de operacion.

El COT se determiné periddicamente cada 60 minutos durante 5-7 horas
de operacion en continua, mientras que la distribucion de acidos orgéanicos
se evalud luego de 5 horas. Se analizaron espectros UV-vis y se evalué la
concentracion total de hierro en la corriente de salida para cuantificar la
extensidn de las especies activas lixiviadas [3]. Se estudi6 la influencia del
caudal, de la concentracién de oxidante, de la temperatura del UFBR y del
HCR sobre la performance del proceso. El HCR fue operado a 320Ky 3.5 bar
de pérdida de carga a través del dispositivo de cavitacion.

La estabilidad del catalizador se monitoreé periédicamente en ensayos
con recirculacién completa (discontinuos) a partir de la determinacion de la
constante cinética aparente de la descomposicién de oxidante a 343K y con
una velocidad de recirculacion suficientemente alta por encima de la cual
no hay efecto de la misma sobre la velocidad de reaccién. Se observé que la
actividad del catalizador se mantiene a lo largo de una importante serie de
experimentos realizados durante varios meses.
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Modelado del UFBR: Se propuso un modelo pseudohomogéneo unidi-
mensional con dispersion axial de estado estacionario para describir el
comportamiento del reactor.

2
- . O Ciro,=0
A LH202° 4,2 app,H202"~H202 (1)
dCoq d%Coq .
-u,. iz +DL,OG' 022 'kapp,OG"COG_O

Condiciones de contorno:

dCHZOZ

zZ = 0+ uZ'CHZOZOZ-DL:HZOZ' az o+ +uZ CH2020+ (3)
dCog|

u,.Cogo=-DLn,0, d(Z)G o +u,.Cogy+ @

z=20 CHZOZ CH2020 (5)

Coc=Cog, (6)

Los coeficientes de dispersion axial en funcion del caudal de liquido se esti-
maron mediante correlaciones propuestas por Rastegar y Col. [7]

Resultados y Discusion

Ensayos en el UFBR: La Figura 2 muestra el efecto de la concentracién de
H,O, alimentada, la temperatura y el tiempo de residencia en el UFBR sobre la
concentracion de OG a la salida del reactor de lecho fijo.

Se observ6 que un aumento en la concentracién de oxidante y/o en la tempe-
ratura de operacidn favorece la decoloracién de OG a la salida del UFBR. La
conversion de OG se vio significativamente afectada por el caudal de liquido;
alcanzdndose conversiones de OG mayores al 90% con 4 minutos de tiempo
de residencia y 353K. El hierro lixiviado fue siempre menor a 0.2 mg/L. Esto
representa aproximadamente una pérdida del 0.1-0.2% por hora de la carga
total de hierro inicial.

La conversion de COT fue despreciable en todos los ensayos realizados a
343K. En cambio, en los experimentos a 353K, con la mayor concentracién de
H,O, evaluada, se consumi6 entre el 20% y el 45% del COT alimentado para

18
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Figura 2. Concentracion relativa de OG a la salida del UFBR en estado estacionario
en funcion del tiempo de residencia a temperaturas de 343 y 353 K y diferentes caudales
molares de oxidante. [OG] = 0.02mM.

0.4 y 2 minutos de tiempo de residencia, respectivamente, mientras que sélo
se convirtid el 5% de COT al emplear una concentracién subestequiométrica
de H,0,, es decir, [H,0,], /[0G] =20

El modelo matemadtico propuesto logré describir satisfactoriamente la
influencia del tiempo de residencia sobre la conversiéon de OG (Figura 2) y
sobre el consumo de oxidante (no se muestra).

Sistema de reactores UFBR y HCR en serie: La velocidad de flujo tiene un
gran efecto en la salida del sistema de reactores en serie. El efecto del reactor
de cavitacién hidrodindmica fue mds importante en los experimentos reali-
zados con mayor caudal de liquido, a pesar del menor tiempo de residencia.
La Figura 3 muestra los resultados obtenidos con 35mL/min.

Se alcanz6 decoloraciéon completa luego de 1 tiempo de residencia y un 20%
de conversién de COT. Este incremento representa una mejora de 4 veces
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Figura 3. Evolucién temporal de las concentraciones relativas de OG, H,0, y COT a la salida
del sistema de reactores en serie. UFBR: 1 = 0.4 min y HCR: t= 230 min.

en relacidon a la conversién observada a la salida del UFBR. Se determind
que aproximadamente el 30% del COT corresponde a dcidos carboxilicos de
cadena corta.

Conclusiones

El catalizador de PBNP/y-Al O, exhibié una excelente estabilidad durante la
realizacion de los experimentos aqui descriptos. La temperatura y la concen-
tracién de H,0O, en la corriente de alimentacién aumentaron la velocidad de
decoloracion y mineralizacidon del colorante. El tratamiento de la corriente
de salida del UFBR en el HCR permitio, alcanzar decoloracién completa de
la solucién, consumir completamente el H,O,y mejorar significativamente
el porcentaje de mineralizacién. Esta tendencia se vio intensificada en los
ensayos realizados con menores tiempos de residencia, probablemente debido
al mayor contenido de radicales oxidantes y peréxido de hidrégeno residuales.
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The feasibility of implementing
the Fenton treatment to effectively
oxidize a benzalkonium chlorides
(BAC) solution 100 mg L' using
relatively low catalyst load and
temperature was studied. The effect
of initial H,O, concentration (3.6, 7.2
and 14.5 mmol L) on the treatment
performance was evaluated. Best
results were achieved using an initial
H,O, concentration of 14.5 mmol L.
Almost complete BAC conversion
(98.4%), with a H,O, consumption
of 4.3 mmol L?, was attained in 180
min. After 48 hours of storage (dark,
room temperature and without
stirring), oxidant and BAC were
completely consumed. Furthermore,

along 7 days of storage, DOC conversion increased from 5.2% (after 180 min
Fenton treatment) to 61.1%, and COD decreased to 35.8 mg_ L' (85.4%
of conversion). The BOD,_/COD ratio was 1.38 and no detectable inhibition
of the respiratory activity was observed in toxicity experiments. When the
treated solution was subjected to biological treatment, a significant reduc-

tion in the decrease of the biomass concentration with respect to untreated

BAC solution was observed.
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Introduction

Biocide chemicals present in wastewaters constitute an increasing envi-
ronmental pollution concern. Their removal in conventional treatment
plants is inefficient, so they are consequently released into the environment
[1,2]. Benzalkonium chlorides (BAC) belong to the quaternary ammonium
compounds, being extensively used as surfactants, disinfectants, pesticides,
personal care products, etc. [3,4].

In this context, advanced oxidation processes represent promising strategies
to treat wastewaters containing biocides and/or increase their biodegradabi-
lity. Specifically, the Fenton processes stands out by its simplicity and the use
of low price and non-toxic reagents [5]. It is generally accepted [6] that in an
acidic aqueous system, the main reactions involved are:

(1) Fe*+H,O, > Fe** + OHe + OH™ (63 L mol's™)

(2) OHe + Fe?>* > OH™ + Fe?* (3.108 L mol's™)
(3) Fe*+H,0,~> HO,s + Fe** + H* (2.7 10® L mols)
(4) OH.+H,0,~>HO,+ + HO (3.3 107 L mol's™)
(5) 20H. > H,0, (5.3 10°L mol's™)

w

Once Fe* is formed, besides reacting with H,O, (reaction 3), it suffers
hydrolysis (reaction 6 among others not shown) and precipitates as Fe(OH),
through reaction 7 [7,8]:

K
(6) Fe+H,0 «—>Fe(OH)*+ H"
K
(7)  Fe(OH), + 3H*«—">Fe* + 3H,0

K, and K ., can be estimated (neglecting the influence of ionic strength)
through expressions [8]:

I<h(T) — 102.517-1320/T and I(Fe( (T) — 10-13.486+5254/T

OH)3
The OHe is a strong oxidant with low selectivity which can oxidize organic
compounds [9,10], as follows:

(8) RH + OHe — intermediate products + OHe — CO, + H,O + inorganic
salts

According to [8], in acidic media the predominant Fe(III) species in solution
are Fe** and Fe(OH)?**. Thus, the effect of pH on the solubility of Fe(III) can be
predicted by the expression Fe(III )=K Fe(OH)3 (T)-[H*]*-(1+K, (T)- [H*]" (eq. (I))
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In a previous work, feasibility of applying the Fenton process performed at
50°C, pH =3, [Fe*?] =0.72 mmol L and [H,0,] =7.2 mmol L to minimize
the impact of BAC solution (100 mg L*) on the activated sludge system was
demonstrated [11]. In this contribution, the objective is to study the feasibility
of reducing the concentration of the catalyst and the temperature of the treat-
ment. The Fenton oxidation of BAC solution (100 mg L) was performed with
[Fe*?] ,=0.36 mmol L (20 mg L ') and 30°C at pH =3. The effect of initial H,O,
concentration was evaluated by conducting experiments with [H,0,] =3.6, 7.2
and 14.5 mmol L.

Material and Methods

Fenton treatment of benzalkonium chlorides (BAC)

Fenton oxidation tests were carried out in a thermostated batch Erlenmeyer
flask, equipped with a magnetic stirrer. For each test, 540 mL of fresh BAC
solution was placed into the reactor. The pH was initially adjusted by using
H,SO, 1.0 mol L. Once the desired temperature was reached, the reaction
was initiated by adding calculated amounts of ferrous sulfate and hydrogen
peroxide to the reactor. The pH and temperature were continuously monitored,
and liquid samples were taken out periodically and analyzed immediately in
terms of pH, H,O,, BAC and total dissolved iron (TDI) concentrations. The
total (cumulated) volume reduction was always less than 10%. The experi-
ments were carried out for 180 minutes at pH =3, T=30°C, [Fe**] =0.36 mmol
L* (20 mg L") and [H,0,] = 3.6, 7.2 and 14.5 mmol L. Outcomes reported

here represent the mean of at least three identical runs.

Toxicity tests

Toxicity of the treated BAC solution was determined considering the inhi-
bition of the microbial respiratory activity (%) by using a closed respirometer
[12]. The contact time of the activated sludge [11] culture with the solution
was 30 min.

Analytical techniques

Hydrogen Peroxide concentration was determined by a Glycemia enzymatic
test (Wiener Lab.). BAC concentration was determined by a colorimetric
method [13,11]. TDI concentration was assessed by measuring the total iron
content of centrifuged samples with the HACH FerroVer method. Chemical
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Oxygen Demand (COD) was determined by a closed reflux colorimetric
method [14]. Total suspended solids (TSS) were used to monitor the biomass
concentration. Dissolved organic carbon (DOC) was measured in a Shimadzu
TOC-VCPN analyzer. A quantitative approximation to the biodegradability of
the samples is given by the ratio between the biological oxygen demand at day
five (BOD,) and COD (BOD,/COD). BOD, was measured by the manometric
respirometry test (OECD 1993) protocol.

Results and Discussion

The homogeneous Fenton treatment of a BAC solution with an initial
concentration of 100 mg L (COD= 245.4 mg_ L' and DOC of 72.6 mg_ .
L?) was studied. The effect of initial oxidant concentration on the process
performance conducted at 30°C and using 20 mg L of catalyst was explored.
The temporal profiles of BAC and H,O, consumption, TDI concentration and
pH obtained for the treatment performed with initial H,O, concentrations of
3.6, 7.2 and 14.5 mmol L" are shown in Figure 1.

For [H,0,],=3.6 mmol L, 19.6% of initial organic content was oxidized
within the first 10 min. BAC was then progressively consumed at a slower
rate, attaining a BAC conversion of 55% at 180 min (Figure 1.a). The profile of
oxidant consumption in terms of net amount of H O, consumed, is presented
in Figure 1.b. It is also observed an initial consumption rate which is no longer
maintained. In the first 10 min, 0.35 mmol L of oxidant was consumed and
then, its decomposition proceeded at a significantly slower rate, reaching a
value of 0.60 mmol L in 180 min. A continuous decrease in TDI concentration
was observed (Figure 1.c) due to iron precipitation as Fe(OH), (reaction 7).
TDI content at 180 min was 6.25 mg L, which is in good agreement with the
total Fe(III) concentration in solution predicted by eq. (I) at the pH measured
at 180 min (6.1 mg,,,, L"). The temporal profile of pH shown in Figure 1.d
depicts that beyond 10 min, the pH progressively diminished. Both, Fe(OH),
formation and Fe** hydrolysis (reaction 6) contribute to pH diminution.

When initial H,O, concentration was doubled, slightly higher BAC and H,0,
conversions were achieved. Moreover, an increase in oxidant consumption
rate beyond 60 min was evidenced. pH increased within the first 60 min, and
then diminished until 3.07. TDI concentration values were similar within the
first 30 min, and then remained higher than those attained in experiments
performed at the lowest initial oxidant concentration studied. Indeed, at 180
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Figure 1. Temporal profiles of (a) BAC consumption, (b) H202 consumed,
(c) TDI concentration and (d) pH during the Fenton oxidation of BAC solution (100 mg L)
performed with [Fe*?] = 20 mg L, T=30°C, pH =3 and [H,0,] of (e) 3.6, (a) 7.2 and
(#)14.5 mmol L1,

min the measured TDI was 9.75 mg L. This concentration is well above the
total Fe(III) in solution predicted by eq. (I) (4.4 mg L* for pH=3.07).

These trends were intensified when initial H O, concentration was increased
from 7.2 to 14.5 mmol L*. The latter corresponds to the approximate theo-
retical stoichiometric amount relative to COD (2.125 g, g.,,")- BAC
conversions of 51% and 98.4% were accomplished in 10 and 150 min, respec-
tively (Figure 1.a). The amount of H,O, consumed within the first 10 min (1.2
mmol L) was 6.3 times higher than that attained at [H,0,] =7.2 mmol L
(Figure 1.b). Moreover, a continuous increase in H,O, consumption rate was
evidenced beyond 30 min, reaching 4.3 mmol L' of oxidant decomposed at
180 min. pH reached a maximum value of 3.14 at 30 min, then decreased until
3.05 at 150 min (with a higher rate than that at [H O,] =7.2 mmol L") and after
that, remained constant. TDI concentrations measured along reaction time
were similar for both initial H,O, concentrations (7.2 and 14.5 mmol L). In
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fact, the TDI value attained at 180 min was 10.5 mg L, which is as well above
the total soluble Fe(III) predicted by eq. (I) (5.6 mg L for pH=3.05).

For experiments conducted at [H,0,] =7.2 and 14.5 mmol L, the evident
increase in H,O, consumption rate beyond 30 min and final TDI values well
above the total Fe(III) in solution predicted by eq. (I) suggest the formation of
soluble iron complexes with species generated from BAC oxidation, such as
carboxylic acids. This effect improves the performance of the process allowing
the attainment of almost complete conversion of BAC within 180 min by using
[H,0,],=14.5 mmol L. The evolution of pH along experiments (Figure 1d)
also supports this analysis.

For all the studied conditions, DOC conversions attained at 180 min were
lower than 6% and significant contents of remaining H,O, were evidenced,
suggesting that the catalyst load used was not enough to promote the complete
oxidant consumption within 180 min. Thus, the evolution of the reaction
during a period of storage in the dark, at room temperature (20 + 5°C) and
without stirring, was evaluated.

Interesting outcomes were achieved along the storage of the solution obtained
in the treatment with [H,0,] =14.5 mmol L. After 48 hours both, oxidant and
BAC, were completely consumed. The evolution of DOC conversion along 7
days of storage is depicted in Table 1. DOC conversion attained at the end of
the Fenton process (5.2 %) was significantly enhanced during this stage. The
further mineralization attained beyond 2 days, time needed to achieve total
H,O, depletion, suggests the remanence and activity of other oxidant species,
such us OHe. The TDI concentration increased from 10.5 mg L! (at the end of
Fenton process) to 18.25 mg L in 7 days of storage, reinforcing the formation
of soluble iron complexes with species generated from BAC oxidation.

Table 1. DOC conversion during storage of solution obtained after the Fenton treatment
performed at [H,0,] =14.5 mmol L™

Time (days) DOC conversion (%) Time (days) DOC conversion (%)
1 36.9 4 59.6
2 52.2 7 61.1

Finally, the solution stored for 7 days was further characterized in terms of
biodegradability and toxicity. In order to conduct the required experiments,
which involve a microbial community, pH was adjusted to a neutral value.
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Both, DOC and TDI concentrations remained unchanged. The COD conver-
sion achieved until this point was 85.4%, being COD=35.8 mg_ = L. The
addition of the treated BAC solution to the microbial community caused a
decrease in the biomass concentration of 12%. Moreover, no detectable inhi-
bition of the respiratory activity was observed, and the BOD,/COD ratio
of 1.38 obtained indicates that the treated solution is easily biodegradable.
In contrast, results obtained with the BAC solution (100 mg L) showed a
decrease in the biomass concentration of 30%, 73% of inhibition of respiratory
activity [11] and a BOD, of 0 mg_, L.

Conclusions

The evolution of H,O, consumption and pH, along with the differences
between measured and predicted TDI values, suggest the formation of
soluble iron complexes with species generated from BAC oxidation, such as
carboxylic acids. This effect along the oxidation progress during storage of
treated solution improved the performance of the process and enabled an
effective treatment of the BAC solution (100 mg L) using relatively lower
catalyst concentration and temperature.
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En esta investigacidn se evalu6 una
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de garantizar la maxima eficiencia

No Biodegradable y téxica de degradaciéon de contaminantes

CQF y materia organica. El agua resi-

Fez*% DQO * dual fue pre-tratada mediante CQ a
v pH=9y600mg/LdeAl (SO,),.18H,0.

- < Bajo las condiciones 6ptimas de CQ

se alcanzaron remociones del 99%,
50%, 96% y 44% de colorante, DQO,
turbidez y COT, respectivamente.
Al final de la etapa de CQ, la biode-
gradabilidad increment6 en un 20% y la toxicidad disminuyé el 50%. Las
condiciones éptimas de operacién para el proceso F fueron: [Fe**] = 1.2 mM,
[H,0,] = 4.85 mM y pH = 3 con unos costos de operacién (C.O) de 1.24
USD/m?. La eficiencia del proceso CQ+F, produjo decoloracién total. La
DQO se redujo en un 75% y el COT en un 62%. La relacién DBO,/DQO de
aumento a 0.41.
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Introduccion

Los sistemas fisicoquimicos de tratamiento de aguas residuales, como la
oxidacion, la adsorcién y la coagulaciéon quimica muestran un interesante
potencial en la decoloracién de las aguas residuales textiles. Entre estos
métodos, la coagulacidén quimica es ampliamente utilizada debido a la faci-
lidad en su operacién e implementacién, bajo impacto ambiental y costos
de capital relativamente bajos. Sin embargo, solo puede eliminar sélidos
suspendidos, mientras que los compuestos orgdnicos solubles permanecen
en solucidén [1]. En consecuencia, la eficiencia del proceso es relativamente
baja y mds atn cuando la concentracion del colorante no es lo suficiente-
mente alta, debido a que involucra un alto consumo de reactivos quimicos y
generacion de gran cantidad de lodo. Esto implica la necesidad de introducir
una etapa de tratamiento posterior. Consecuentemente, la coagulacién es
un proceso efectivo de “pretratamiento’;, y su acoplamiento a los procesos
Fenton, puede ser una alternativa apropiada para lograr altos niveles de
descontaminacion de las aguas residuales [1-4]. Por lo tanto, el objetivo de
los sistemas secuenciales es aumentar la eficiencia y disminuir los costos de
operacién del proceso. Este estudio constituye un enfoque integrado con
respecto al tratamiento de aguas residuales textiles (ART) en términos de
eliminacién de carga orgédnica, mejora de los pardmetros relacionados con
el ambiente como biodegradabilidad y toxicidad, y viabilidad econémica de
la aplicacién del tratamiento quimico avanzado evaluado en esta investiga-
cion. Esto es de especial interés en el contexto de estrategias sostenibles,
debido a que el sistema de tratamiento propuesto combina, en un esquema
secuencial de tratamiento relativamente sencillo y de bajo costo, el proceso
de coagulacion y el proceso Fenton.

Materiales y Métodos

Las ART se caracterizaron mediante pH, conductividad, absorbancia (660
nm), turbidez, sélidos totales, DQO, COT, DBO,, relacién DBO,/DQO y
lodos generados, empleando los métodos estandar de APHA (APHA, 2012)
usando: (i) Espectrofotémetro de doble haz UV-vis (Spectronic Genesys 2 PC)
en el intervalo de absorbancia de 200-700 nmy; (ii) la DQO se realizé siguiendo
el método de reflujo cerrado (método 5220D); (iii) COT se realizé siguiendo
el método 5310D; (iv) DBO, se efectué mediante el método respirométrico
(5210B); (v) La turbidez se determiné con un turbidimetro Orbeco-Hellige
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(Modelo 966-01), método estandar 2130B; (vi) El método estandar 2540D
de APHA se empled para mediciones de sdlidos totales. Los dcidos carboxi-
licos generados se determinaron mediante HPLC de exclusién iénica Agilent
1200, usando la columna Hi-Plex, 300 mm x 7,8 mm, a 35 ° C y fotodiodos a
A = 210 nm. Estas mediciones se realizaron inyectando alicuotas de 20 uL en el
LCy utilizando una fase mévil de H,SO, 4 mM a 0.6 ml/min. El kit de prueba
HI-38020 Chlorine se us6 para determinar la concentracién de cloro acuoso.
Finalmente, la concentracién de H,O, se midié por valoracién yodométrica.
EI H,O, residual se inactivé usando MnO, para evitar la interferencia durante
las mediciones de DQO.

Resultados y Discusion

Bajo las condiciones 6ptimas de CQ se alcanzaron remociones del 99%, 50%,
96% y 44% de colorante, DQO, turbidez y COT, respectivamente. Al final de la
etapa de CQ, la biodegradabilidad increment6 en un 20% y la toxicidad dismi-
nuyé el 50%. Por lo tanto, un tratamiento biolégico no puede ser adecuado
para degradar estos contaminantes residuales y se requiere un tratamiento
fisicoquimico. Es importante notar que después del proceso CQ, el pH del
efluente disminuy6 de 9 a 6. Por lo tanto, este tltimo valor fue elegido como el
limite superior de pH para evaluar la eficiencia del paso secuencial mediante
proceso Fenton. A los C.O del proceso acoplado se le adicionara el costo de
operacion del proceso de CQ, correspondiente a 0.21 USD/m?. El efluente
de la etapa CQ fue sometido al proceso Fenton. Después de la CQ, debido a
que el color se removié mas del 98%, este parametro no se consideré como
variable de respuesta. Las condiciones experimentales estudiadas y las varia-
bles de respuesta %DDQO y C.O se presentan en la Tabla 1 (los intervalos de
los factores se seleccionaron de acuerdo a ensayos preliminares). El %DDQO
vari6 entre 25 y 48%, mientras que los C.O variaron de 0.66 a 2.98 USD/m?.
Los datos de %DDQO y C.O se ajustaron a modelos polinémicos de segundo
orden, con el fin de determinar las condiciones de operacién que maximicen
el %DDQO y minimicen los C.O.

33



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

Tabla 1. Resultados experimentales del proceso Fenton para la degradacién de la DQO 'y
costos de operacion, en funcién de [Fe**], [H,0,] y pH. Tiempo de reaccién 45 minutos [5].

c.O
Ensayo [H,0,] [Fe*] pH R (USD/m?)
(mM) (mM) y y y
G pred exp
1 14.56 1.25 6 38.7 37.7 1.71
2 4.85 0.25 4.5 24.9 22.5 0.66
3 24.27 0.25 4.5 28.4 29.3 2.7
4 24.27 1.25 4.5 35.1 37.6 2.98
5 14.56 0.75 4.5 32.0 33.3 1.95
6 24.27 0.75 6 38.2 36.8 2.86
7 24.27 0.75 3 44.9 43.0 2.92
8 14.56 1.25 3 47.5 47.0 2.1
9 4.85 0.75 3 36.9 36.0 0.96
10 14.56 0.25 3 31.6 32.6 1.7
11 4.85 1.25 4.5 36.9 38.3 0.86
12 14.56 0.75 4.5 34.2 33.3 1.96
13 14.56 0.75 4.5 33.8 33.3 1.95
14 4.85 0.75 6 31.0 329 0.77
15 14.56 0.25 6 29.8 30.3 1.65

* Ecuaciones de regresion

De acuerdo a los resultados de regresiéon multivariable para la degradacion
de DQO y costos de operacién (C.O), (valores no mostrados aqui) al examinar
los valores P, se observa que los factores ([Fe**] y pH) y el término cuadra-
tico pH-pH (CC) son significativos para la eficiencia del proceso, representada
en la variable de respuesta %DDQO, en el intervalo de confianza del 95%
(es decir, P > 0.05). Los demds términos cuadraticos e interacciones no son
significativos para el proceso. Para C.O, los factores ([Fe**], [H,O,] y pH) y el
término cuadratico pH-pH (CC), son significativos. Ninguna de las interac-
ciones y demds términos cuadréticos afectan el proceso. La calidad de ajuste
de los modelos es muy alta, con valores para los coeficientes de determinacién
multiple: R* = 0.938 para %DDQO y R? = 0.999 para C.O. Los altos valores de
R?revelan la idoneidad del modelo de MSR utilizado. Los coeficientes de corre-
laciéon multiple ajustados cambiaron ligeramente con respecto al coeficiente
de determinacién mdltiple, %DDQO y C.O, 82.7% y 99.6% respectivamente,

34



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

lo que indica que hubo suficientes datos para concluir sélidamente sobre la
calidad del ajuste. Ademas, los valores predichos por los modelos de regre-
sion y los valores experimentales concuerdan muy bien, como se muestra en la
Tabla 1. Los modelos de regresién para %DDQO y los C.O se muestran en las

Ecs. (1) y (2).

%DDQO = 59.4 + 0.66 * [H,0,] + 33.9 * [Fe?*]
—19.97 *pH — 6.1+ 1073
* [Hy0,]% — 0.27 = [Fe?*]
* [HZOZ] - 0.013 * [H202] (1)
* pH — 5.72 * [Fe?*]?
—2.33 x [Fe?*] «pH
+2.22 % (pH)?

USD)

Cc.0 ( ) = —0.082 + 0.11 * [H,0,] + 1.36

* [Fe?*] + 0.3 +pH — 3.5

*107% x [H,0,]% — 1

* 1073  [Fe?*] = [H,0,] @)
+ 5.1 %107 [H,0,] * pH

—0.38 x [Fe?T]? - 0.11

* [Fe?*] = pH — 0.03

* (pH)?

Con el fin de determinar las condiciones éptimas de operacién, minimizar
los C.O y maximizar la eficiencia de remocién de DQO, el problema de opti-
mizacion se resolvié empleando Ecs. (1) a (3) y usando MS Excel Solver.

min C.0(Fe?t, H,0,,pH)

%DDQO > 45 %

0.25 <Fe?*< 1.25 3)
4.85 < H,0, < 24.27

3<pH<6

El %DDQO se fij6 en el 45%, debido a que con este valor se garantiza que
se cumpla con el valor permisible por la legislacion colombiana (Resolucién
N° 0631 de 2015). Asi, [Fe**] = 1.21 mM, [H,0,] = 4.85 mM y pH = 3 fueron
determinados como las condiciones dptimas de operacion, alcanzando una
remocién de DQO del 45% y un C.O de 1.03 USD/m?.

Con el objetivo de verificar el modelo propuesto y el resultado de la opti-
mizacidn, se realiz6 la evaluacion cinética durante 90 minutos de reaccién,
a las condiciones 6ptimas establecidas, [Fe**] = 1.2 mM, [H,0,] = 4.85 mM y
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pH = 3. De acuerdo a la Fig. 1, la eficiencia del proceso Fenton para la remo-
ciéon de DQO bajo las condiciones éptimas se estabilizé alrededor 75%
(CQ+F), equivalente al 47% del proceso F y los valores previamente predichos
por el modelo fueron 45% para la DQO (a 45 minutos). El error entre los resul-
tados experimentales y predichos para la DQO fue del 4%. Ademas se puede
observar que, después del minuto 45 minutos de reaccion, la eficiencia del
proceso es casi constante.

11 cQ F
1.0

C/Co(DQO)
0.9 C/Co(COT)
0.8

0.7

cic,

0.6
0.5
0.4
0.3
0.2

-30 -15 0 15 30 45 60 75 90
Tiempo (min)

Figura 1. Evolucién de la remocién de DQO y COT mediante el proceso acoplado CQ+F.
Condiciones experimentales: [Fe**] = 1.2 mM, [H,0,] = 4.85 mM y pH = 3,
C.0=124USD/m’ (C.O, = 0.21 USD/m?* + C.O, = 1.03 USD/m?).

Las lineas en la Figura son de tendencia, no del modelo [5].

Conclusiones

Las condiciones dptimas de operacién para el proceso F fueron: [Fe*] = 1.2
mM, [H,0,] = 4.85 mM y pH = 3 con unos costos de operacién (C.O) de
1.24 USD/m?3. Se encontré que los factores [Fe**] y pH evaluados, son alta-
mente influyentes en la eficiencia del proceso. A estas condiciones se realizé
el andlisis cinético durante 90 minutos de reaccién. La eficiencia del proceso
secuencial CQ+F, produjo decoloracién total. Se observé que después de 60
minutos de reaccion, la eficiencia del proceso es constante. La DQO se redujo
en un 75%, el carbono orgénico total (COT) se redujo en un 62, lo que implica
que el proceso Fenton es eficiente para eliminar un alto contenido de materia
organica. La eliminacién de la turbidez y sélidos totales fue del 97% y 86%
respectivamente. La relacion DBO,/DQO de aguas residuales sin procesar es
0.14 y aumenté a 0.41; lo que indica que el agua tratada es biodegradable. De
acuerdo al andlisis de toxicidad, la Artemia salina manifesté un 10% de morta-
lidad al ser sometida al agua residual tratada.
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Proceso Fenton aplicado a lixiviados
de un relleno sanitario: escalado de
laboratorio a planta
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Los lixiviados son subproductos
liquidos generados en los rellenos
sanitarios. Dichos liquidos presentan
gran heterogeneidad y variabilidad
en su composicion, lo cual dificulta
el uso de procesos convencionales
de tratamiento para cumplimentar la
normativa ambiental. En este trabajo,
se realizé el escalado de un proceso
Fenton para el tratamiento de lixi-
viados de un relleno sanitario de la
Provincia de Misiones (Republica
Argentina) a niveles de laboratorio,
piloto y planta. Los resultados de
laboratorio pudieron ser replicados
e incluso mejorados durante el
proceso de escalado. A escala planta,

se obtuvo un 79% de reduccién de la DQO, empleado como pardmetro de
evaluacién global de la descontaminacién, y reducciones de 43%, 91%, 93%
para N-NH,, DBO y alquilbencensulfonatos, respectivamente, como pardme-
tros criticos caracteristicos de este efluente, dando cuenta del exitoso proceso
de escalado.
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Introduccion

Los lixiviados son subproductos generados durante la operacién normal de
los rellenos sanitarios, como resultado de la percolacién de liquidos a través
de los residuos sélidos en proceso de estabilizacidn [1]. La presencia de agua,
en combinacién con procesos fisicos, quimicos y microbiolégicos, transfiere
los contaminantes de los residuos sélidos al liquido, resultando en la forma-
cion de lixiviado [2]. Desde el punto de vista de su composicion, los lixiviados
presentan una amplia gama de contaminantes organicos e inorganicos, que
pueden ser clasificados en [3]: materia orgdnica disuelta, macrocomponentes
inorganicos (Ca, Mg, Na, K, NH,*, Fe, Mn, Cl, SO,*, HCO?>), metales pesados
(Cd, Cr, Cu, Pb, Ni, Zn), compuestos xenobiéticos (hidrocarburos aromaéticos,
fenoles, alifaticos clorados, pesticidas, plastificantes), pudiendo estar presentes
otras especies quimicas en concentraciones muy bajas (boratos, sulfuros, arse-
niato, Ba, Li, Hg, Co) [4]. La composicién depende fundamentalmente de la
fase de estabilizacion en la que se encuentren los residuos sélidos generados en
los ntcleos urbanos (RSU), lo cual se conoce como edad de los lixiviados [1]. Sin
embargo, diversos factores como la composiciéon de los RSU (habitos alimen-
ticios, situacién socio-econémica de la poblacién, etc.), condiciones climéticas
(precipitacion, infiltracién, etc.) y la forma de operacion (recirculacién de
los lixiviados, implementacion de procesos de aireacion, etc.), pueden tener
efecto sobre las tasas de generacién y el tiempo de degradacion de los RSU [5].
Debido a esta heterogeneidad y variabilidad en su composicién y volimenes
generados, los tratamientos convencionales suelen no ser suficientes para
cumplir con las normas ambientales. Adicionalmente, los exitosos resultados
hallados a escala de laboratorio con la aplicacién de tecnologias combinadas
podrian no verse reflejados en el mismo tratamiento realizado a mayor escala
[1]. Atendiendo a esta problemadtica, una alternativa promisoria es el proceso
Fenton, que consiste en la adicion al efluente a tratar de una sal ferrosa (Fe**) y
de perdxido de hidrogeno (H,0,) a pH 4cido para promover la generacién de
radicales libres altamente oxidantes. El presente trabajo es la continuidad de
desarrollos anteriores [6-8], y se enfoca en el tratamiento de lixiviados de un
relleno sanitario de la Provincia de Misiones (Republica Argentina) a escala de
laboratorio, piloto y planta.

Materiales y Métodos

La toma y caracterizacién de muestras de los lixiviados se realizaron segin
métodos estandarizados [9]. Se realizaron caracterizaciones priorizando
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parametros relevantes segiin los requerimientos de tratamiento: Demanda
Quimica de Oxigeno (DQO), Demanda Bioldgica de Oxigeno (DBO), nitré-
geno amoniacal (N-NH,), alquilbencensulfonatos (ABS) y hierro soluble (Fe,).
Se realizaron ensayos del proceso Fenton en tres escalas: laboratorio, piloto
y planta. Todos los ensayos se efectuaron a temperatura ambiente y en aire,
empleando reactivos de calidad industrial, FeSO,.7H,O (Servinlab®), H,O,
(Interox®, 200 vol), H,SO, (Servinlab®, 25%) para acidificar el medio a pH 3,
[H,0,] = 0,2 M y una relacién en peso [H,0,]/[Fe**] = 50. Dado que la cantidad
de hierro presente en el lixiviado (=15 mg/L) no era suficiente para la reac-
cién Fenton, debié ser incorporado externamente. Como el peréxido es un
oxidante soluble en el efluente, no puede ser separado de las muestras tomadas
periddicamente para el andlisis, y contintia actuando durante la determina-
cién de la DQO, dando lugar a resultados erréneos. Para detener la evolucién,
se seleccioné como reactivo inhibidor una solucién saturada de carbonato de
sodio (Na,CO,, Biopack®, pureza analitica), adicionando 3 mL de inhibidor a
10 mL de muestra [10]. Todos los sistemas se operaron por lotes y se utilizé un
volumen de reaccidn con una relacién de aspecto (alto/didmetro o ancho) en
torno a 1:1. Para la neutralizacién del lixiviado luego del tratamiento Fenton
(llevandolo a pH 6) y precipitacion de compuestos de hierro, se usé NaOH
(Glensol®, 25%).

Para los ensayos a escala de laboratorio, se trataron 0,5 L de lixiviado,
en recipientes cilindricos de vidrio de 1 L de capacidad, montados sobre un
agitador magnético de velocidad regulable.

En los ensayos a escala piloto se trataron 100 L de lixiviado, en un reactor
de PEAD (polietileno de alta densidad), de 200 L de capacidad y geometria
cilindrica. Por otra parte, se definieron dos cambios: la agitacién pasaria de
ser mecanica (agitador magnético) a hidraulica por recirculacion del liquido
en tratamiento. La succién e impulsion se localizaron préoximas al fondo del
reactor a fin de garantizar la mezcla del sistema, y se adicioné antiespumante
(Glensol® 5919) en una concentracién de 0,25%, antes de la acidificacién e
incorporacion de los reactivos Fenton.

En la aplicacién a escala planta se trataron 1000 L de lixiviado, en un reactor
de acero inoxidable de 1500 L de capacidad y geometria ctbica, inerte a las
condiciones de ensayo y con suficiente resistencia mecdnica. Se adapté el
sistema de agitacién hidrdulica para una rapida homogenizacion de reactivos,
disponiendo la succién préoxima al fondo del reactor, e impulsion tangencial
préxima a la superficie. Se adiciond el mismo antiespumante al 0,25%.
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Resultados y Discusion

La eficiencia del proceso en las diferentes escalas se evalud a partir de la
DQO como parametro de descontaminacién global. En la Tabla 1, se observan
los resultados de los cambios en la DQO en las diferentes escalas. A escala
laboratorio, se logré una reduccién de la DQO del 60% en 24 h de tratamiento,
lo cual resulté sumamente promisorio para el escalado. Operativamente, se
destaca la formacidn de espumas durante el agregado de los reactivos, asociada
a la presencia de ABS, lo cual plantea la necesidad de incorporaciéon de sustan-
cias antiespumantes a escalas mayores, como se menciond previamente.

Tabla 1. Evolucién de DQO. Tiempo en horas

Tiempo Laboratorio Piloto Planta
1 40% 61% 58%
2 42% 65% 63%
3 — 69% 67%
24 60% 80% 79%

La Tabla 1 muestra reducciones de la DQO del orden del 80% después de
24 h de tratamiento a escala piloto y planta, lo cual indica la mejora de la
eficiencia global del tratamiento a partir del escalado. Ademas, la incorpora-
cién del antiespumante mejoré sustancialmente las condiciones operativas y
redujo el plazo para la concrecién del proceso de tratamiento.

En la Figura 1 se visualiza la evolucién puntual de los valores de DQO para
las tres escalas.
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Figura 1. Evolucion de valores de DQO durante el tratamiento del lixiviado por el proceso
Fenton. Escala de laboratorio, piloto y planta.
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En la Tabla 2 se muestran los resultados de la evolucién de N-NH,, DBO,
ABS y hierro en solucién (Fe ) en las diferentes escalas evaluadas luego de 24
h de tratamiento.

Tabla 2. Pardmetros medidos en la aplicacién del proceso Fenton luego de 24 h
de tratamiento del efluente a diferentes escalas

Muestra N-NH, DBO ABS Fe
Laboratorio 13% 85% 48% 9,2
Piloto 49% 90% 93% 12,5
Planta 43% 91% 93% 11,1

* Niimero de veces de aumento de la concentracion respecto del efluente sin tratar

Se observan importantes reducciones de los pardmetros relevantes,
alcanzandose a escala planta el 43%, 91%, 93% para N-NH,, DBO y ABS,
respectivamente. Por otro lado, el alto valor de Fe_es resultado de la adicién
de reactivos del proceso Fenton y de la elevada solubilidad del Fe al pH de la
muestra (pH = 3).

Como se indicé en la seccion experimental, se realiz6 un proceso de neutra-
lizacién del lixiviado tratado. A una muestra de 1 L de lixiviado tratado a
escala planta, se adicioné NaOH hasta pH 6, se homogenizé y se dejé sedi-
mentar por 30 minutos, colectando una muestra del sobrenadante. Con esta
etapa se logré reducir la concentracién del Fe_en la fase liquida aproxima-
damente a la mitad, producto de la sedimentacién de compuestos de hierro
(6xidos, hidroéxidos, etc.). Esta etapa es relevante ya que operativamente los
barros son separados del efluente y la fraccién liquida sigue el tren de trata-
miento.

Por otra parte, mejoras en parametros perceptivos como color, olor o
turbiedad, promueven la aceptaciéon social de los tratamientos imple-
mentados. En la Figura 2, se presenta una fotografia con dos vasos de
precipitados. El de la izquierda corresponde al efluente crudo, sin tratar, y
presenta un color oscuro y opaco; el de la derecha corresponde al efluente
tratado mediante la aplicacién del proceso Fenton a escala de laboratorio;
como se observa, el liquido es traslicido, de color amarillo claro, constitu-
yendo una mejora sustancial del tratamiento.
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Figura 2. Cambio de color. Izquierda: lixiviado crudo.
Derecha: lixiviado tratado mediante proceso Fenton a escala laboratorio.

Conclusiones

Se concret6 satisfactoriamente el escalado de un proceso Fenton para el
tratamiento de lixiviados de un relleno sanitario de la Provincia de Misiones
(Republica Argentina). El cambio de escala no es trivial ni directo, particular-
mente durante laaplicaciéon de un proceso de variables interdependientes como
el Fenton empleado en el tratamiento de efluentes reales, y de la complejidad
de los lixiviados. A pesar de ello y manteniendo las relaciones de reactivos,
se obtuvieron muy buenos resultados a escala planta. Las mejoras operativas
implementadas al pasar de la escala de laboratorio a piloto (cambio del tipo de
agitacion y agregado de antiespumante) mejoraron el desempeiio del proceso,
y se lograron mantener a escala planta, siendo un resultado muy promisorio
frente al desafio que representa la gestion de estos complejos efluentes.
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The Amazonian fruit Copoazu as enhancer of
solar photo Fenton action during the elimination of
pharmaceuticals in municipal wastewaters

L. Manrique-Losada’, H. Santanilla’, D. Osorio’,
D. de los Rios’, R. Torres-Palma®.

In this research, the capability of
aqueous extract of Copoazu (Theo-
broma grandiflorum) pulp (COPE),
an Amazonian fruit, to enhance
the degradation of pharmaceuticals
present in municipal wastewater,
by solar photo-Fenton (SPF) at pH
6 was evaluated. Copoazu is widely
used as a raw material in the produc-
tion of Colombian sweets. The total
pharmaceuticals degradation by
SPF was significantly improved with
COPE at pH 6. COPE did not show
photoactivity with sunlight, and the

photodegradation enhancement of pharmaceuticals can be explained by the
increased solubility of iron ions. The results suggest that polyphenols present
in the COPE are capable of complexing the Fe** ions avoiding their precipi-
tation. Therefore, this work shows for the first time the use of copoazu to
improve the photo-Fenton reaction and increasing the efficiency of pharma-
ceuticals degradation in waters.

Introduction

Photo Fenton process has shown to be efficient in the degradation and
mineralization of pollutants found in municipal wastewater [1]. However,
the photo-Fenton process at natural pH is not efficient since Fe’**-aqua
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con, Cra. 3E Florencia Caquetd, Colombia, L manrique@udla.edu.co.

(2) Universidad de Antioquia, calle 70 No. 52-21, Medellin, Colombia

49



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

complexes tend to precipitate above pH 3, which decreases the efficiency
of the photocatalytic process [2]. Thus, the use of organic iron-complexing
ligands has recently gained interest to enhance the performance of photo-
Fenton systems [2]. In fact, Fe3+-organic ligand complexes can remain
soluble in a wider pH range, and allow the process at natural pH. In many
cases, the quantum yield is improved by the organic iron-complexing ligands,
as well as the photoactivity in a wider fraction of the solar spectrum, up to
580 nm [1].

Citric and oxalic acids, are the most studied ligands that have shown to
promote the iron solubility at natural pH. Humic acids, EDDS [1], and
saccharic acid [3] have also been studied. The results are interesting and
promising for performing photo-Fenton process at natural pH. Copoazu,
is Amazonian fruit of Colombia, which is widely used in the production of
Colombian sweets. To this purpose, part of the pulp is used and the other
part is discarded. The pulp contains polyphenols around 481.43 + 44.9 mg
of galic acid L. Polyphenols are also able to complex iron ions and increase
the solubility of it in aqueous solutions at near neutral pH values [4]. Some
polyphenols are also able to act as photosensitizers and promote the forma-
tion of reactive oxygen species (ROS).

The aim of this work is to evaluate the influence of aqueous extract of
copoazu fruit pulp (COPE) in the degradation of sulphametoxazole, diclo-
fenac, acetaminophen and carbamazepine by solar photo-Fenton (SPF) at
natural pH (pH near to 6). These antibiotics was chosen because they have
been found in municipal wastewater of Colombia [5].

Material and Methods

- Chemicals

Iron (III) sulfate hydrate and hydrogen peroxide were purchased from
Panreac. sulfuric acid, acetonitrile (HPLC grade), sodium bisulfite and
sodium hydroxide were supplied by Merck. Carbamazepine (CBZ), diclofenac
(DCF), sulfamethoxazole (SMX) and acetaminophen (ACT) were supplied
by Sigma-Aldrich. All solutions were prepared using deionized water or
municipal wastewater from Florencia (Colombia). Two different types of
wastewaters were used, containing 20 and 30 mg L of TOC.
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- Analytical measurements

The concentration of the four drugs was analyzed using an HPLC Shimadzu
with UV detector and a C18 column (5 um, 4.6 x 150 mm). The injection
volume was 100 pL. The mobile phase was 25 mmol L formic acid/aceto-
nitrile, in gradient mode. The total organic carbon (TOC) was monitored by
combustion catalytic oxidation method using a TOC-L Shimadzu. Dissolved
iron was determined by 1-10-orthophenanthroline with sample filtered and
unfiltered, the hydrogen peroxide concentration was followed by the meta
vanadate method. Concentration of total poly-phenols present in fruit extracts
was measured by Folin-Ciocalteu method.

- Experimental procedure

SPF experiments were carried out at natural pH (pH 6.2) using 1 mgL"* of
each drug (SMX, DCF, CBZ and ACT) spiked in distilled water and real muni-
cipal wastewater, 5 mg L Fe (III) and 68 to 120 mg L' H,O,. Extract fruit
doses were according to the following molar ratios Fe**: COPE = 0.07, 0.16 and
0.25. The SPF degradation was done with

Results and Discussion

Initially, the four pharmaceuticals were subjected to SPF in distilled water at
natural pH with and without the presence of COPE. In addition, photolysis,
H,0,/light and COPE acting alone were also tested (Fig. 1). As seen, with the
sunlight action 22% of initial pharmaceuticals charge were eliminated at 90
min. DCF is the main responsible of this achievement. In fact, 70% of this
compound was eliminated in 90 min, which is due to its ability to absorbs light
between 254 and 290 nm.

It has been also reported than polyphenols, which are present in COPE,
can act as photosensitizers and promote the formation of reactive oxygen
species (ROS). Furthermore, the elimination of fluoroquinolone antibiotics,
throughout ROS, has been previously reported [6]. To investigate the possible
formation of ROS from COPE photolysis, a new experiment in presence of
the fruit and solar light was carried out. Not additional improvement on
pharmaceuticals photolysis occurs in presence of COPE. This suggest that
polyphenols in COPE are not able to generate ROS, which is probably related
to the poor sunlight absorption of the extract (data not shown). In it turn, as
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seen in Fig. 1, H O, improves significantly (from 22% to 42%) the action of the
sunlight (H,O,/light).

On the other hand, SPF at pH 6 is not able to degrade more than 34% of the
total of pharmaceuticals concentration (Fig. 1), which is probably due to the
iron precipitation. Iron particles can avoid the light penetration and decrease
the efficiency of light action on the pharmaceuticals. Interestingly, the addition
of COPE to the SPF significantly improves the degradation of the pollutants.
In fact, when COPE is added in a molar ratio of Fe*:COPE=1:0.16 or more, up
to ~90% of pharmaceuticals elimination is achieved after only 20 min.

100

80

—8— SPF (Fe:COPE = 1:0)
—@— SPF (Fe:COPE = 1:0.07
—— SPF (Fe:COPE = 1:0.16)
—/— SPF (Fe:COPE = 1:0.25)

—— Photolysis - Control
—— COPE/light - Control
—O— Hy0ylligth - Control

60

40

20 4

Total pharmaceuticals removed (%)

0 20 40 60 80

Time (min)

Figure 1. SPF at natural pH applied to elimination of pharmaceuticals in water. [Fe**] =
5mg L. [Pharm] = 0.0066 mM. [H,O,] =100 mgL™*

Therefore, the positive effect of COPE can be due to the ability of COPE
to act as iron ligand, allowing the process to occurs at pH 6. To proof this
hypothesis, the dissolved iron was measured during the photo-Fenton process
in presence and in absence of COPE. The results, presented in Fig. 2, show
that, for all molar ratios Fe**:*COPE evaluated, the concentration of dissolved
iron remained above 3.8 ppm during the first 20 min of illumination. In fact,
in presence of the higher molar ratio of Fe*® : COPE, 80% of the initial iron
remains in solution during the hole experiment (Fig. 2). On the contrary, in
absence of COPE more than 95% of iron is very quickly precipitated. It is
important to note that at the end of treatment with addition of COPE, the
solution pH is only slightly reduced (from 6.2 to 5.8).

According to Figure 2, when the molar ratio Fe** : COPE was increased, H,0,
consumption also increased. This behavior is attributed to the higher avail-
ability of iron species to react with H,O,.
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Finally, the SPF process in presence of COPE was evaluated for the degrada-
tion of the pharmaceuticals spiked in raw municipal wastewater (secondary
treatment inlet). According to figure 3, the total removal of drugs and the
consumption of peroxide follow a similar behaviour.

5

w ~

Dissolved Fe*3 (mg L'1)
N

Ho02 consuption (mg L'1)

Time (min)

Figure 2. Behavior of dissolved iron and H,O, consumption during SPF at natural pH
with COPE in different molar relations Fe*? : COPE. ( ): Dissolved Fe*® and (——):
H,0, consumption. [Fe*’] =5 mg L. [Pharm]o = 0.0066 mM. [H,0,]Jo = 100 mg L™

With the increase of the initial concentration of iron (5 to 10 mg L*) the
percentage of pharmaceuticals removal as well as peroxide consumption
increases. It is necessary to clarify that the obtained removals are high (82 to
92%) and the iron remains dissolved during the first 20 min of treatment.

On the other hand, in Fig. 3, it can be also seen that an increase in the initial
TOC concentration of the MWW has a negative effect on the degradation. As
expected, the presence of HO radical scavengers (mainly ions such bicarbo-
nate and carbonate) in the MWW reduces the efficiency of the process.

100 10 140

120

100

80

60

40

Dissolved Fe*3 (mg L)
H202 Consumption (mg.L'1)

20

0 in 0

Total pharmaceuticals removed (%)

Time (min)

Figure 3. SPF at natural pH of MWW with four pharmaceuticals added with COPE with
different initial TOC. (—): Total pharmaceuticals removed; (--): Dissolved Fe** and (....):
H,0, consumption. [Pharm]o = 0.0066 mM. Fe**: COPE = 1:0.16 and [H,0,] =120 mg L"
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Conclusions

The COPE improves the degradation of the pharmaceuticals present in
MWW by SPF at natural pH (near to 6). This is probably due to the increased
solubility of iron promoted by polyphenols presents in the copoazu fruit
extract. Therefore, this work shows for the first time, the use of copoazu fruit
to improve the efficiency of the photo-Fenton at natural pH to remove phar-
maceuticals and the viability of this process is made visible to be applied in
developing countries, by valorizing materials that are otherwise considered
mainly as raw matter in agroindustria or just as wastes.
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Sewage Treatment Plant Effluent Containing
Benzophenone-3, Fipronil and Propyparaben
Treatment By Solar Photo-Fenton at Neutral pH
Using Different Ferric Organic Complexes

C. E. S. Paniagua (PG)", E. O. Marson (PG)’, I. A. Ricardo (PG)"?,
E. A. Alberto (PG)*3 M. C V. M. Starling (PQ), A. G.Trové(PQ)*

The degradation of benzophe-
none-3, fipronil, and propylparaben
by solar modified photo-Fenton in
sewage treatment plant effluent at
neutral pH was evaluated. Different
organic ligands were assessed, oxalate
(Ox), citrate (Cit), nitrilotriacetic acid
(NTA), ethylene diaminetetraacetic
acid (EDTA) and ethylene diami-
ne-N,N’-disuccinic acid (EDDS). At
neutral pH, and in the presence of 200

mg L™ H,O,, the best ferric ion concentration was 5.6 mg L' for all complexes.
The increase of iron/ligand molar ratio presented different behavior for each
complex, since the ligand may complex with free released ferric ion or compete
for hydroxyl radicals. Among all complexes, FeOx was not appropriate for
the treatment, degrading a maximum of 30% of the mixture of compounds
and FeNTA (1:1) presented the best result (97% of compounds present in the
mixture).However, acute toxicity and treatment costs studies must still be
performed for a more reliable comparison between tested ligands.
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1. Introduction

The presence of contaminants of emerging concern (CEC) in different
aqueous matrices, specifically pharmaceuticals, personal care products
(PPCPs) and pesticides, has been reported and documented as a current envi-
ronmental problem [1]. The main source of continuous input of these products
to aquatic compartments are municipal sewage treatment plants (STP), which
are ineffective in removing these pollutants [2]. Among them, fipronil (FIP),
oxybenzone (Benzophenone-3, BP-3) and propylparaben (PPB) have been
detected in the order of ug L' and ng L' in treated effluent [3-5].

FIP, an insecticide applied for agricultural and domestic use, is a recalci-
trant compound to conventional sewage treatment and has been discharged
into the environment through the recovery of treated wastewater and sewage
sludge considered as suitable for application in agriculture [3].

PPB is widely used as an antimicrobial preservative in processed foods and
PPCPs,and its carcinogenic and endocrine disrupting action makes it one of
the most relevant CEC [4].

BP-3 shown an absorption of UV-B (280-315 nm) and UV-A (315-400 nm)
light, which maked it suitable to be used as a UV filter in sunscreen formula-
tions [5]. BP-3 is also an endocrine disruptor and, added to the aforementioned
deleterious effects associated to FIP and PPB, it becomes necessary to propose
alternatives for the treatment of effluents containing these three pollutants.

Advanced Oxidation Processes (AOPs) which are based on the generation
of highly reactive hydroxyl (HO") radicals have been suggested as effective
alternatives to improve wastewater treatment. Among them, special atten-
tion is given to the modified photo-Fenton process in which organic iron
complexes are used for the application at neutral pH as stable complexes keep
iron soluble in a wide pH range and increase the efficiency of light absorption
[6]. It is worth mentioning that the photolysis of these complexes leads to the
formation of Fe** (Eq. 1), improving the efficiency of the photo-Fenton process
(Eq. 2) [6,7].

[Fe3* + L] oo T hy — [Fe3+L]*(aq) - Fe2+( +L (Eq. 1)

aq) (aq)

Fe>* + H,O, = Fe** + OH + HO" (Eq. 2)

Many studies have reported the use of organic ligands in photo-Fenton
process, namely oxalate (Ox), citrate (Cit), nitrilotriacetic acid (NTA), ethylene
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diaminetetraacetic acid (EDTA) and ethylenediamine-N,N’-disuccinic acid
(EDDS)aiming at the decolorization of textile effluents orat simultaneous and
isolated degradation of CEC in deionized water (DW) and in STP effluent
[8-10].

These results motivated the evaluation of the viability of different ligands
(Ox, Cit, NTA, EDTA and EDDS) in the simultaneous degradation of the
aforementioned compounds, in STP effluent by solar photo-Fenton. This
investigation presents several important advances in the use of ligands in the
photo-Fenton process for the degradation of CEC.

2. Material and Methods
2.1 Reagents

All reagents were analytical grade. FIP (98.77 wt%) was acquired from
SinochemSingbo. PPB (C, H,,O,, purity>99 wt%) (C,,H ,CL.N,O,) and BP-3
(C,H,,O,, purity>98 wt%) were purchase from Sigma-Aldrich and a mixture
of thesethree compounds (0.5 g L™ each) was prepared in acetonitrile.
Ferric nitrate nonahydrate (Fe(NO,),.9H,0) was purchase from Synth. NTA
(C.HNNa,O,, Sigma-Aldrich), EDTA disodium salt (C H, N,O,NNa .2H,O,

Synth), EDDS trisodium salt (C, H N,NaO, Sigma-Aldrich), potas-
sium oxalate monohydrate (K,C,O,.H,O, Synth), sodium citrate dihydrate
(Na,C .H,O..2H,0, Synth) from Synth were used as sources of ligands for the
formation of complexes with Fe*". H O, (30 wt %), Na,SO, and 1.10-phenan-
throline (C,,H/N,.H O). Other reagents employed in this study were:
potassium titanium oxide oxalate (C,K,0O,Ti.2H,O, Sigma-Aldrich) (> 90%),
hydroxylamine hydrochloride (NH,OH.HC, Exodo), HPLC-grade methanol
(CH,OH) from J. T. Baker, acetic acid (CH,COOH) from Panreac, anhydrous
sodium acetate (CH,COONa) and sulfuric acid (H,SO,) from Dinamica. All
chemical solutions were prepared using ultrapure water (18.2 MQ cm) from a

Milli-Q water purification system.

2.2 STP effluent

The effluent from the STP wassamplesin February, 2020 at the Municipal
Department of Water and Sewage located in Uberlandia, Brazil (18° 55 08""
S, 48° 16 37" W). The collection was carried out in the flotation channels
after the following stages: preliminary treatment (bar screens + desanders),
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upflow anaerobic sludge blanket (UASB), coagulation-flocculation (ferric
chloride, FeCl, and flotation.

2.3 Photodegradation experiments

All photodegradation experiments were conducted in a dark-glass vessel (5.5
cm depth, 0.13 cm width and 5.0 cm of optical path) under magnetic stirring
(350 rpm). STP (500 mL) was spiked with 0.5 g L™ of a mixture of the target
compounds in acetonitrile in order to obtain 100 pg L' of each CEC.

These experiments were carried out under solar radiation, during winter
days, between 10 a.m. and 2 p.m. Aliquots were taken from the initial solution
(=10 min), ferric complex was added to the reaction medium, and another
sample was taken (-5 min), bothfor HPLC analysis. The oxidant wasthen
addedto solution, and, samples were taken for HPLC, total iron and H,O,
concentration analyses after five minutes of the dark Fenton process (0 min).
Atthis moment, the system was exposed to solar irradiation, and aliquots were
taken at pre-established times (5, 10, 20, 30, 40, 50 and 60 min) for analytical
measurements.Incident irradiation (W m™) was monitored by a radiometer
(MU-100, Apogee) with an ultraviolet sensor (250-400 nm) and monitoring
data were used to calculate the normalized irradiation time (t,,). For the
optimization of photo-Fenton operational parameters, three sets of experi-
ments were performed: (i) first, at initial matrix pH (7.4) and in the presence
of 200 mg L' H,O, with different ferric concentrations (0.7, 1.4, 2.8 and 5.6
mg L), and at fixed Fe:Ligand molar ratios (Fe:L) (1:1 for FeCit, FeEDTA,
FeEDDS, FeNTA and 1:3 for FeOx); (ii) using the matrix pH, 200 mg L' H,O,
and, applying the best ferric concentration, different Fe:L molar ratio were
evaluated (1:2 for FeCit, FeEEDDS, FeEDTA and FeNTA; 1:3 and 1:4 for FeCit
and FeEDDS; 1:5 and 1:6 for FeCit and 1:6 for FeOx).

Results were expressed by total percentage degradation of the mixture of
CEC which was calculated by arithmetic average, considering percentage
degradation of each compound at each specific time.

2.4 Chemical and bioassay analysis

CEC concentrations during experiments were determined by a LC-6AD
high-performance liquid chromatograph equipped with a UV-DAD detector,
equipped with a Phenomenex C-18 column (Luna 5 pm, 250 x 4.6 mm). Ultra-
pure water acidified with 0.01% (% v/v) of acetic acid (HAc) and methanol
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(MeOH) were used as mobile phase. A flow rate of 1 mL min™ of 75:25 (%
v/v) in STP effluent of MeOH:HAc were used for HPLC analyses of CECs
during experiments. In these conditions, retention times of 5.6 + 0.1, 9.0 +
0.1 and 10.2 £ 0.1 min; monitored at 256, 279 and 289 nm were obtained for
PPB, FIP and BP-3, respectively. Also, in these conditions, limits of detection
(LOD) were 1.2ug L'for FIP and BP-3 and, 0.40pg L*for PPB and,the limits of
quantification (LOQ)were 4.2 ug L* for BP-3 and FIP and, 1.3 pug L for PPB.
Considering the LOQ, the analytical method enabled the assessment of up to
96% of removal for BP-3 and FIP, and 99% of removal for PPB. So, up to 97%
of total removal of CEC mixture may be measured by arithmetic average in
this work.

3. Results and Discussion

3.1. Iron concentration

Iron concentration is one of the most relevant operational parameters in
photo-Fenton process. For all ferric complexes used in this study, better degra-
dation efficiencies were obtained with an increase of ferric iron concentration
which ranged from 0.7 up to 5.6 mg L.

For the FeEDDS (1:1), FeEDTA (1:1) and FeCit (1:1) ferric complexes, 5.6 mg
L' of Fe** presented the best results. However, the concentrations of the target
compounds did not reach the respective LOQ (4.2 ug L' for BP-3 and FIP and
1.3 pg L for PPB) under these conditions. For FeOx (1:3), even the highest
evaluated concentration of Fe®* was unable to improve process efficiency
reaching approximately 30% degradation for all conditions. FeNTA complex
(5.6 mg L' of Fe**) was the ferric complex with better degradation rates and
reaching the LOQ of target compounds (4.2 pg L for BP-3 and FIP and 1.3
ug L™ for PPB) after a t, of 55.5 min. For the chosen ferric ion concentration
(5.6 mg L"), FeEDDS reached 62% degradation of the mixture after a t,, of
59.7 min, FeEDTA removed 97% of the target compounds after a t, , of 71.9
min, and FeCit achieved a maximum CEC degradation efficiency equivalent

to 37% after t, , of 66.6 min.

3.2 Iron/Ligand (Fe: L) molar ratio

Different Fe/L molar ratios were assessed for each ligand tested according
to the complexation reaction stechiometry, and different behaviors were
observed. Ahigher Fe: L. molar ratio (1:6) for FeOx complex did not improve
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CEC degradation, thus oxalate is not appropriate for the treatment of STP
effluent containing target CEC at neutral pH. For FeEDTA and FeNTA, the
Fe:L. molar ratio of 1:2 was assessed, andan increase of ligand in the system
did not improve the degradation efficiency for any of thecomplexes. This can
be due the competition for HO® radicals between the excess of ligands andthe
target compounds.

The increase of Fe:L. molar ratio from 1:1 to 1:3 improved the degradation rate
of target compounds in the presence of FEEDDS complex from 62% to 85%.
The higher amount of EDDS in solution guarantees the complexation of free
Fe** released in the reaction medium, avoiding its precipitation and recycling
iron species. However, higher Fe:L. molar ratio (1:4) did not show significant
difference upon CEC degradation rate when compared to FeEDDS (1:3). So, a
higher amount of EDDS can also act as HO® scavenger. So, the optimum Fe:L
molar ratio for FeEDDS is 1:3. For FeCit, better degradation rates for BF-3,
FIP and PPB were obtained using the Fe:L molar ratio equivalent to 1:5, which
removed 84% of the target compounds at the end of the treatment time. This
result demonstrates that a higher Fe/L molar ratio improves the efficiency of
the process, since FeCit (1:1) only removed 37% of CEC after the same treat-
ment time. Similarly to observations made with FeEDDS, this occurs due the
complexation of free ferric ions released in solution, thus avoiding its preci-
pitation. Once FeCit (1:6) did not havea significant difference upon efficiency
when compared to FeCit (1:5), the later (1:5) was chosen as the optimum Fe:L
molar ratio for Cit to be used in further experiments.

Conclusions

The solar photo-Fenton modified with ferric organic complex presented
itself as a viable alternative for FIP, PPB and BP-3 removalin STP effluent
at neutral pH. At fixed H,O, concentration (200 mg L") and different Fe:L-
molar ratios (1:1 for FeCit, FEEDTA, FeEDDS, FeNTA and 1:3 for FeOx) the
concentration of 5.6 mg L' Fe** provided better CEC degradation ratesfor all
assessed complexes. Higher Fe:L. molar ratios provided different behavior for
the evaluated ferric organic complexes. For FeEEDTA, FeNTA and FeOx, an
increase inthe Fe/L molar ratio did not improve process efficiency, since the
ligand excess acts as HO® scavengers. In addition, oxalate is not recommended
for this application, since FeOx presented approximately 30% degradation of
the CEC mixture at the end of the treatment. For FeCit and FeEDDS, higher
Fe:L molar ratio improved process efficiency, because the excess of ligand can
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complex with the free ferric ion released in solution, thus regenerating the
iron complex to react with the oxidant. BestFe/L molar ratios for FeCit and
FeEDDS were 1:3 and 1:5, respectively. Comparing the efficiency of different
ferric complexes evaluated in this study, FENTA presented the best results as
it removed 97% of the CEC mixture after t,, of 64.8 min, using Fe:L molar
ratio of 1:1. However, this scenario is still under evaluation as further studies
considering the evaluation of acute toxicity of target-organisms and total costs

of each treatment option must be performed for a more reliable comparison.

Acknowledgments

CNPq, CAPES, FAPEMIG and Multiuser Laboratory of the Institue of
Chemistry (Federal University of Uberlandia).

References

[1] M.C.V.M. Starling, C.C. Amorim, M.M.D. Ledo, Journal Hazardous
Materials,372 (2019) 17.

[2] W.Brack, et al., Science of the Total Environmental, 503—504 (2015) 22.

[3] A.M. Sadaria, C.W. Labban, ].C. Steele, M.M. Maurer, R.U. Halden, Water
Research, 155 (2019) 465.

[4] J.C. Hanekamp, A. Bast, Environmental Toxicology and Pharmacology,
39 (2014) 213.

[5] Z.R.Hopkins, L. Blaney, Environment International, 92—93 (2016) 301.

[6] S.J. Mazivila, I.A. Ricardo, ].M.M. Leitao, ].C.G. Esteves da Silva, Trends
in Environmental Analitycal Chemistry, 24 (2019) 1.

[7] L. Clarizia, D. Russo, I. Di Somma, R. Marotta, R.Andreozzi, Applied
Catalysis. B, Environmental, 209 (2017) 358.

[8] D.R. Manenti, PA. Soares, A.N. Mddenes, ER. Espinoza-Quifones,
R.A.R. Boaventura, R. Bergamasco, V.J.P. Vilar, Chemical Engineering
Journal, 266 (2015) 203.

[9] A. Rastogi, S.R. Al-Abed, D.D. Dionysiou, Water Research,43 (2009)
684—694.

[10] S. Miralles-Cuevas, I. Oller, A. Ruiz-Delgado, A. Cabrera-Reina, L.
Cornejo-Ponce, S. Malato, Journal of Hazardous Materials, 372 (2019)
129.

61



Combination of treatment, using PAC, Fe®* and
Chitosan in coagulation and solar Photo Fenton
in leachates of landfills case study

Liceth P Rebolledo ",
Victoria Arana Rengifo’, Clara I Camacho®>.

A sanitary landfill located in Atlan-
tico-Colombia, produces leachates
with high load of recalcitrant organic
matter. At present, these leachates
are treated with PAC: it reduces
organic matter by 20% and residual
chlorine and aluminum species cause
high salinity in the soil and filtration
of pollutants into underground water
sources. The purpose of this research
was to test the efficiency of organic
matter removal a laboratory scale
through the COD percentage, with

three treatments: PAC, Fe® * and Chitosan as coagulants; in conjunction with
the photo-Fenton solar system assisted with Ferrioxalate (FFSF) that uses
clean and renewable energy, with results of 63%, 80% and 85%respectively.The
results obtained indicate the high favorability in the remediation of leachates
produced in landfills in the department of Atlantico-Colombia, through the
combination of treatments using chitosan complying with the limits required
by Colombian regulations in resolution 0631 of 2015 and 1207 2014-.

Introduction

The Sanitary landfills are considered as an engineering work, built as a
strategy to reduce environmental pollution caused by household solid
waste; However, one of the by-products that are formed are leachates that, if
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they do not have adequate treatment, can contaminate groundwater, soil and
air to a greater extent, contradicting the functionality for which they were
designed.

Currently, a sanitary landfill in the Atlantic Department produces leachates
that are treated with aluminium polychloride (PAC), a synthetic coagulant
that only reduces the organic matter present by 20%, from a COD of 5400 to
4320 mg O, L', indicating that it requires alternatives of effective treatments
that provide ecological sustainability and greater efficiency.

Among the treatments are known; biological processes (aerobic and anae-
robic) and physicochemical, such as: coagulation / flocculation [1], chemical
precipitation, extraction, evaporation, ozonation, adsorption on activated
carbon, advanced oxidation processes (POA) [2], membranes of ionic
exchange among others.

The purpose of this research was to: a) Physicochemically characterize the
leachates produced by the landfill located in the department of Atlantico /
Colombia. b) Evaluate the removal efficiency of organic matter (% RMO),
with three combinations of treatments with: PAC, Fe® * and Chitosan as
coagulants and solar Photo Fenton. ¢) Compare the combination of treat-
ments with the current treatment with PAC that is executed in the landfill,
in terms of efficiency and quality of the effluent, according to current legal
regulations for dumping.

The evaluation of the removal efficiency of the three treatments was analysed
by means of a central composite design with response surface methodology.

It is important the coupling of the solar fofenton treatment advantage the
use of clean energy such as solar and the assembly of a central parabolic
collector (CPC), mitigates the impacts produced by global warming, and
facilitates the absorption of ultraviolet rays in the process catalytic photo.

Material and Methods
Landfill Leachate

The leachate was obtained from the municipal sanitary landfill located in
Tubari city (Atlantico, Colombia. According to the physic chemical proper-
ties of leachate, it can be classified as stabilized (Table 1).
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Table 1.Physicochemical properties of landfill leachate.

Parameter Value

Temperature (°C) 30
pH 8.3
Conductivity (mS cm-1) 23.8
Dissolved oxygen (mg L) 1.7
Turbidity (NTU) 354
Salinity (ppt) 13.5
Total dissolved solids (g ') 15.5
BOD, (mg O2 L-1) 426
COD (mg O, ") 6200
BOD5/COD 0.07
Al (mg L) 1595

Cr (mgL™) 0.52

Fe (mg L) 11.4
Cu(mgL?) < 0.02
Pb (mg L) < 0.10
Cd (mgL?) < 0.02
Na (mg L) 3243
Ca(mgL™) 95.9

Analytic Measurements

Measurements of temperature, pH, conductivity, dissolved oxygen, salinity
and total dissolved

solids were performed using a multiparameter analyzer (556 MPS, YSI,
Yellow springs, USA, Accuracy +-2%). Turbidity was measured using a
portable turbidity meter (2100 Q, Hach Company, Loveland, USA, Accuracy
+_ 2%). Biology Oxygen Demand (BOD) and Chemical Oxygen Demand
(COD)were determined according to APHA Standard Methods (5210 D.
Respirometry Method and 5220D. Closed Reflux, Colorimetric Method).
A thermo-reactor (ECO 25, VELP Scientifica, Usmate Velate, Italy, Accu-
racy and a UVIS spectrophometer (Genesys 10 S, Thermo Fisher Scientific,
Waltham, USA, Accuracy < 2%) at a wavelength of 600 nm were used to
determine COD.
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Combination of Treatments

Three different combinations of processes were performed: (i) Treatment:-
Coagulation/sedimentation using PAC followed by solar photo-Fenton process
(ii) Treatment 2: Coagulation/sedimentation using FeCl,.6H,O followed by
ferrioxalate-induced solar photo-Fenton process, and (iii) Treatment 3: coagu-
lation/sedimentation using Chitosan followed by ferrioxalate-induced solar
photo-Fenton process to evaluate the efficiency of removal organic matter,
carried out in a lab-scale photoreactor.

Lab-Scale Photoreactor

A compound parabolic collector (CPC) was used as a photoreactor to
perform the experiments.

The CPC consists of three polymethyl methacrylate tubes (length 40 cm,
internal diameter 25 mm and thickness 3 mm) connected in series and
exposed to an anodized aluminum reflecting surface, with an inclination of
10.9°corresponding to the local latitude and exposed surface area 0.36 m> The
photoreactor has a recirculation tank of 2 L and a recirculation pumps with a
flow rate of 18 L minL" The total radiation accumulated in the photo-reactor
was measured using a digital radiometer (UV513AB, General Tools & Instru-
ments, New York, EE. UU., Accuracy +/-4%) mounted in the same inclination.
The amount of accumulated UV energy (QUV,n k] L) in the time interval was
calculated according to Equation (1)

Quvn=Quvn-1t [Atn(UVg,n)M]

[
VTotal

Where, QUV _is accumulated radiation per unit volume in the range of n-1
(k] LY QUV,nl !is accumulated radiation per unit volume in the range of n -1
(k] L); is elapsed time in interval n (s); UV gnis incident radiation (kW m™2);
A _is exposed surface of reactor (m?); V, total volume treated (L).

Solar Photo-Fenton Experiments

The solar photo-Fenton experiments were performed in a photoreactor insta-
lled at the roof of the Universidad de la Costa CUC (Barranquilla, Colombia).
For the solar photo-Fenton experiments, the effluents pre-treated with PAC
coagulant was added to the recirculation tank of the CPC unit, which was
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homogenized in the darkness and pH was adjusted to 3.0 (the photo-Fenton
processes are performed efficiently at acidic conditions, prevented iron and
other metallic ions from precipitating as insoluble species).

The pre-determined concentrations of FeSO,.7H,O and H,O, were added
and the amount of accumulated radiation UV energy was established accor-
ding to the time intervals of solar exposure (Equation (1)). Finally, the sample
was taken for analyses of COD.

For the ferrioxalate-induced solar photo-Fenton experiments, the effluents
pre-treated with FeCl,.6H,Ocoagulant was added to the recirculation tank
of the CPC unit, the mixture was homogenized by recirculation in the dark-
ness and the pH was adjusted to the predetermined values. The ferrioxalate
complex was prepared as literature reported. The amount ofH,O, was added
to the photoreactor after the addition of the Fe** and C,H,0,.2H,O until
reach the concentration established for each substance. The final solution was
exposed to the accumulated UV energy of 167 k] L, then the sample was
taken and the COD was analyzed

Results and Discussion

Landfill leachate has a COD higher than 5000 mg L* and a BOD,/COD
ratio less than 0.10 (Table 1). This indicates the presence of persistent organic
compounds and non-biodegradable

substances. Therefore, effective treatment is required, such as combined
physicochemical treatments, Graph 1 on the combination of technologies
allows to appreciate the efficiency of treatments.

Grafic 1. Combined treatment in leachates of landfills
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The evaluation of the removal efficiency of the three treatments was analyzed
by means of a central composite design with response surface methodology.

(i) Treatment: For the analysis with PAC with a percentage of organic matter
removal of 30%, with optimal conditions: pH 8, dose 0.615 gL followed the
solar Photo Fenton it reaches a removal of 63%; with an optimum of 13.3 g L!
H O_; 2.56 gL.! Fe**

272

(ii) Treatment: For the analysis of coagulation with Fe®* with a percentage
of organic matter removal of 29%, with optimal conditions: pH 7 doses of 2.5
gL' feCl,6H,O followed the solar fenton reaches a removal of 80%; with an
optimum of 10.8 g L* H,O,and 1.97 g L' Fe’**and 591 g L' H.C O,.

(iii) Treatment: For the coagulation analysis with chitosan, an, optimal
percentage of 32% was obtained with, pH 4 a dose of 100 mg / L. Followed
solar fenton reaches a removal of 85%; with optimal conditions: pH: 5.00, dose
of H/O,: 2,10 g L''and the Fe** / H,C O, ratio: 0.86 / 2.59 g L.

The three treatment being more efficient and chitosan is used is a biode-
gradable polymer promoted by the new technology called ecological soil
restoration [3] it reduction of the environmental footprint produced by
synthetic polymers such as iron sulfates, iron chloride and PAC, which have
sanitary problems, such as sulfides, generating sludge with high carcinogenic
load and high levels of pipe corrosion that increase treatment costs.

In addition, the formation of a bidentate complex with oxalic acid stabilizes
the Fe2 + cation, providing photocatalysis with a greater quantum yield and
the possibility of working at neutral pH, such as pH 6, required by government
dumping regulations inscribed in the Resolution 631 of 2015 and 1207 of 2014
of Colombia. It should be noted that residual iron is biodegradable and safe
for environmental matrices [4]

Conclusions

The characterization makes it possible to identify that the filling must adjust
coupled treatment systems that allow improving the percentage of organic
matter removal. The combination of technology such as coagulation and solar
Photo Fenton contributes to the reduction of organic matter in leachate.

Three alternative combined treatments were assessed for reduction of COD
in leachate from the sanitary landfill located in Atlantico-Colombia. At the

68



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

sanitary landfill located in Atlantico-Colombia, coagulation with PAC is
currently used, obtaining a 20% reduction of COD (final COD of 4960 mg
O,L™"). Under these conditions, the effuent from the treated leachate cannot
be discharged into public wastewater (COD legal limit is 2000 mg O, L™).

The use of natural coagulants that reduce the footprint of Environmental
pollution is important.
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Una propuesta “verde" del proceso Foto-Fenton
en el tratamiento de aguas residuales municipales
empleando recursos naturales

P, Villegas-Guzman', S. Giannakis® C. Pulgarin?
R. Torres-Palma?®.

Esta investigacion presenta un

novedoso proceso “verde” de foto-

Fenton para el tratamiento de aguas

residuales empelando el sol, fuente

natural de hierro y productos agroin-

dustriales. El uso de hierro mineral,

en lugar de sales de hierro, promovié

la inactivacién de E. coli. Ademis, la

adicion de acidos organicos (citrico,

tartarico y ascérbico) mostré una

mejora significativa del proceso,

alcanzando la inactivacién total. Dos

productos naturales ricos en acidos

organicos (limén y naranja), fueron

probados como aditivos. La forma-

ciéon de complejos fotoactivos con

el mineral hierro y los acidos orga-

nicos de los productos promueven

un Fenton homogéneo. El proceso propuesto fue probado contra diferentes

efluentes secundarios de una planta de tratamiento de aguas residuales

municipales. La inactivacién bacteriana se alcanzd, sin rebrote de microor-

ganismos, después de 48, eliminado el 40% del total de contaminantes
emergentes identificados y casi el 50% de remocién COT.
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Introduccion

El proceso foto-Fenton se ha convertido en la alternativa mds interesante para
el tratamiento de aguas residuales debido a su simplicidad y facil aplicacion.
Debido a la fotoactividad de los complejos férricos, este proceso se considera
catalitico incrementando la eficiencia de la reaccion clasica de Fenton. La
formacién de estos complejos mediante ligandos organicos favorece la solu-
bilidad del hierro a pH cercanos de la neutralidad, contrarrestando una de las
principales limitaciones de este proceso. Ademas, el uso de ligandos organicos
permite el uso de luz solar como fuente de radiacién dada foto-actividad de los
complejos férricos formados favoreciendo la implementacién del proceso.

Diferentes compuestos organicos han mostrado su eficiente accién como
ligandos, en especial con grupos carboxilicos, entre otros. De esta manera,
se identifica la posible aplicacién de productos naturales como la naranja y el
limén, ricos en dcidos orgéanicos, como fuentes de ligandos para la formacion
de 6rgano-complejos férricos foto-activos bajo radiacién de luz solar.

Por otra parte, el estudio de fuentes de hierro se hace interesante en procura
de mejorar la viabilidad del proceso, en especial fuentes de Fe**, debido a ser
ésta la forma mds abundante del hierro. Ademas, fuentes naturales de hierro
presentan mayor estabilidad frente a la radiacion, la oxidacién en medio natural
y las variaciones de pH.

Por lo tanto, el objetivo de esta investigacion es evaluar un proceso Foto-
Fenton empleando radiacién solar, una fuente natural de hierro y aditivos
naturales de la naranja y el limén, para la eliminacién microbioldgica y de
contaminantes emergentes (CE) de aguas residuales municipales a pH cercano
a la neutralidad.

Materiales y Métodos

Se emple6 un simulador solar (Hanun) equipado con una ldmpara de xen6n
de 1500 W con 560 cm? de drea de iluminacién, 600 W/m? de intensidad, 0.5%
de UVB y 5-7% de UVA. 100 mL del agua a tratar (10° CFU/mL E. coli), se
mezcla inicialmente con los aditivos naturales, 500 pL de suspension del mate-
rial de hierro (100 pg/10 mL) y perdéxido de hidrégeno 25 ppm. Los ensayos
preliminares fueron realizados con agua residual sintética mientras que para
los ensayos de aguas reales, se empled un efluente secundario de la planta de
tratamiento de aguas municipales Vidy (Lausana, Suiza).
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El material de hierro fue tomado de la mina de hierro de Colombia ubicada
en Duitama (Boyacd). Los aditivos naturales fueron extractos acuosos de las
cascaras de limén y naranja y los jugos de estos [1]. La cuantificacién de E. coli
se realiz6 con base en el método de dispersion en plato [2]. El seguimiento a
la carga orgénica se realizé mediante COT, COD y UPLC/MS-MS. Se realizé
seguimiento al hierro disuelto y el peréxido de hidrégeno consumido por los
métodos de ferrozina y oxisulfato de titanio, respectivamente.

Resultados y Discusion

Con el fin de evaluar el efecto de la utilizacion de la fuente natural de hierro
(M-Fe) en el proceso foto-Fenton, se determina la inactivacidon bacteriana en
aguas residuales simuladas, empleando E. coli como objetivo, en presencia de
aditivos naturales de limén (L) y naranja (O) en forma de extracto (EX) y jugo
(J) y bajo radiacion de luz solar (Fig. 1). Las adiciones de los agentes naturales
no modificaron significativamente el pH de la solucién y los experimentos
fueron llevados a cabo a pH cercano a la neutralidad.
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Figura 1. Inactivacién bacteriana por foto-Fenton solar con productos naturales.
M-Fe: mineral natural de hierro, L: limdn, O: naranja, EX: extracto acuoso, J: jugo.

Los resultados muestran de manera promisoria que el sistema propuesto
promueve la inactivacién bacteriana en todos los casos estudiados. Sin
embargo, el solo uso del material de hierro (M-Fe) demostr6 una eficiencia
mads lenta que en los casos de los aditivos naturales. La presencia de los aditivos
naturales sea a modo de extracto o la adicidn directa de los jugos de limén o
naranja, favorecen significativamente el proceso, acelerando la inactivacién y
alcanzando incluso la inactivacién completa de la bacteria de estudio como en

el caso del extracto de limén (M-Fe:L,,).
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Para comprender la evidente mejora de los aditivos naturales se debe
considerar la composicién de los aditivos, la cual se constituye de diferentes
dcidos organicos, entre otros, como acidos citrico, tartérico y ascérbico [3].
Los dos primeros, presentan alta capacidad quelante del Fe*, permitiendo la
permanecia del hierro en solucién a pH cercanos a la neutralidad. Ademas,
los complejos cit-Fe®** y tra-Fe®* presentan alta foto-actividad bajo accion de
radiacion solar [4], lo cual conlleva a la rapida reduccién de Fe** a Fe?* que, en
presencia de H,O,, promueve la reaccién Fenton clasica, generando eficien-
temente radicales hidroxilo, ademds de especies radicalarias organicas del
ligando que eventualmente podria contribuir a la inactivacién bacteriana.

Por otra parte, al 4cido ascorbico es conocido como un fuerte agente reductor
[5], que ademds de tener capacidad quelante, su cardcter reductor conlleva
a la transformacion del Fe** a Fe?*, consecuentemente promueve la reaccién
Fenton y producir eficientemente «OH.

Los resultados indican que el efecto positivo de la complejacion del hierro
para llevar a cabo el proceso foto-Fenton, supera en gran medida el efecto
negativo que se presenta por la adicién extra de materia orgdnica de los
aditivos naturales correspondiente a los demds componentes presentes.

Teniendo en cuenta los resultados anteriores, se pone a prueba la capacidad
del sistema foto-Fenton solar en aguas residuales reales usando un efluente
secundario de una planta de tratamiento de aguas residuales municipales.
Se encontr6 total inactivacidon bacteriana, sin rebrote de microorganismos
después de 48 h. Ademads, se determinaron los contaminantes emergentes
(CE) presentes en el efluente, encontrando 21 farmacos diferentes. El segui-
miento a la remocion de estos CE se presenta en la figura 2.
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Figura 2. Eliminacién de CE totales por foto-Fenton solar con productos naturales.
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Los resultados indican que el proceso es promueve la remocidn de sustancias
recalcitrantes a tratamientos convencionales, logrando hasta 40% de elimina-
cién de CE totales. Se observé una mayor eficiencia del proceso por la adicién
de los productos naturales en especial en los casos del limén. Se demuestra
la eficiencia de los 6rgano-complejos de hierro descritos anteriormente y su
capacidad para reducir el Fe** del material natural del hierro, promoviendo un
Fenton clasico homogéneo.

Finalmente, el alcance del proceso se evalué en relacién con la oxidacion
de la materia orgénica global haciendo seguimiento a la demanda quimica
de oxigeno (COD) y carbono orgénico total (COT) (Fig. 3A y 3B, respectiva-
mente).

De acuerdo con los resultados, el sistema resulta eficiente para la oxidacién
de la materia organica presente en el efluente secundario, alcanzando remo-
ciones de COD hasta de 50%, ademas de poder promover la mineralizaciéon
de parte de la materia orgénica, alcanzando hasta 40% de remocién de TOC.
Se observa ademads que el proceso puede promover la oxidacion de la materia
orgdnica incluso en ausencia de la luz solar, sugiriendo una continuidad de la
reaccion Fenton clésica.
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Figura 3. Remocién de COD y TOC por foto-Fenton solar con productos naturales.

Conclusiones

En esta investigacion se logra evidenciar una nueva forma de llevar a cabo
el proceso foto-Fenton solar empleando materiales naturales como fuente
natural de hierro y aditivos provenientes del limén y la naranja como precur-
sores del proceso foto-Fenton, otorgando asi la caracteristica de ser un
proceso “verde”. El proceso mostré ser eficiente para promover la inactivacién
bacteriana con una mejoria por la presencia de los aditivos naturales tanto en
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forma de extracto acuoso o el jugo mismo de éstos. La eficiencia del proceso
se atribuye a la facilidad de algunas especies de los productos naturales para
actuar como agentes quelantes del Fe** del material del hierro, principal-
mente los dcidos citrico, tartarico y ascorbico. La eficiencia del sistema fue
evaluada en un efluente secundario real, mostrando capacidad para la inacti-
vacién bacteriana sin recrecimiento. Ademas, se logro la eliminacion de casi
el 40% del total de contaminantes emergentes identificados, principalmente
de productos farmacéuticos, con alta eficiencia de oxidacién de la materia
organica logrando hasta 50% de mineralizacién, con actividad incluso con
interrupcién de la radiacion solar.
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Effluent Treatment Applying Combinations
of Conventional Processes and Advanced
Oxidative Processes

R. C. R. Silva', M. R. A. Silva’.

The generation of solid waste and
industrial effluents is one of the
biggest concerns of industrial mana-
gers, since the contamination of
water by toxic and / or recalcitrant
species causes great environmental
impacts. In this context, Advanced
Oxidative Processes (AOPs) have
stood out as alternative methods

Figure 1. Landfill effluent samples after in the treatment of wastewater and
photo-Fenton process treatment. industrial effluents. This research
presents a proposal for the treat-
ment of leachate from a landfill that accepts industrial and sanitary waste.
The general objective of this is to treat the landfill using the photo-Fenton
process, adding, in the future, to a biodigestion process, in order to evaluate
the efficiency of the photo-Fenton process in the degradation of pollutants.
After carrying out the experiments, the ideal concentration of the photo-
Fenton reagents was found and the removal of 84,6% of the COD was
achieved during 15 minutes of irradiation from the UV lamp. In addition,
through the biodigestion process, there was an enormous production of
biogas in the raw effluent.

Introduction

The development of the population in urban areas and the growing consump-
tion of industrialized products have increased the generation of solid waste,
which for the most part is destined for landfills. In these landfills, contaminants

(1) Federal University Itajubd, Av. BPS, 1303, 37500-901, Itajubd, Brazil, miladyapolinario@
hotmail.com.
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are generated, such as leachate that presents an environmental problem
because of its high potential for contamination. Thus, in order to achieve
the standards required by Brazilian’s law and obtain environmental licen-
sing for these landfills, it is necessary to have an effluent treatment system.
In order to comply with this demand from city halls, analyzing problems in
the treatment by conventional biological and physical-chemical processes,
it is essential to look for efficient treatment alternatives within a standard of
technical and economic sustainability.

In this field of research, Vilar et al. (2011) studied the application of the
photo-Fenton process to the leachate generated at the Planalto Beirdo land-
fill in the city of Porto in Portugal, in a pilot plant with a capacity of 30L at the
University of Porto, operating in batch and containing a collector (0.59m?)
for the capture of sunlight, thus obtaining a removal of 40% of the TOC, 82%
in the reduction of polyphenols and 83% of the aromatics contained in the
treated leachate after 2 hours of reaction [1].

Thus, Advanced Oxidative Processes (AOPs) appear as a promising
alternative, as they are based on the generation of the hydroxyl radical
(*°OH). These processes are applied through appropriate techniques to
eliminate compounds resistant to primary (physical and chemical) and
secondary (biological) treatments, and can be applied to inorganic or organic
compounds (biodegradable or not) (PASCOAL et al., 2007) [2]. The photo-
Fenton process, in turn, demonstrates advantages over the Fenton process,
among which, there is the applicability of sunlight as an energy source for
the system (PIGNATELLO; OLIVEROS; MACKAY, 2006) [3], the largest
generation of hydroxyl radical (* OH), due to the combination of the Fenton
reagent with ultraviolet (UV) radiation, in addition to the lower use of the
reagent iron and less generation of sludge (PRIMO; RIVERO; ORTIZ, 2008)
[4]. Furthermore, its efficiency has already been proven in relation to other
POAs, as found by Primo, Rivero and Ortiz (2008), who studied the effi-
ciency of several POAs in terms of removing Chemical Oxygen Demand
(COD) from landfill leachate and concluded that the increasing order of
efficiency of the processes was: UV < UV/ H* O? < Fenton (Fe** / H> O?) <
Fenton-like (Cu?**/ H? O?) < photo-Fenton (UV/ Fe?**/ H?> O?). Thus, in this
research, the treatment of leachate from a landfill containing industrial and
sanitary waste was studied using photo-Fenton.
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Objectives

The mainly objective of this work is evaluate the efficiency of photo-Fenton
processes for the treatment of industrial and sanitary leachate aiming the
union of this process with biodigestion. The specific objectives are aimed at
evaluating the efficiency of photo-Fenton process in leachate degradation,
the efficiency of biodigestion and biogas generation after degradation, and
determine the best order of treatment processes: photo-Fenton followed by
biodigestion or biodigestion followed photo-Fenton.

Material and Methods

The experiments were carried out using leachate from a sanitary and
industrial landfill, without dilution. Thus, two experimental procedures
were performed separately for the treatment of this effluent. In the first
treatment, the photo-Fenton process was applied and in the second, the
biodigestion process.

For the photo-Fenton process, firstly, 0.250 L of effluent sample was
collected (no coagulation pre-treatment was applied). To this solution was
added ferrous sulfate and the pH adjusted to 2.5 with sulfuric acid solution.
The reaction was started when hydrogen peroxide was added to the solution
(5 to 100 mol L?). Different concentrations of the photo-Fenton reagents
were studied at different times. The experiments were carried out with
artificial radiation. The experiments were carried out in a batch-type photo-
reactor on a laboratory scale. In this reactor, the lamp (with a maximum
wavelength of 365 nm) was introduced into the borosilicate glass and effec-
tively cooled by the flow of water that circulates through the double-walled
compartment (adapted from [5]). This reactor was immersed in a 1 L beaker
containing the target degradation solution. Control experiments were
performed using only hydrogen peroxide, radiation and / or catalyst. The
removal of COD [6] was used to monitor the degradation efficiency as it
is the main parameter observed by the environmental legislation for the
release of this effluent. In all samples, the pH value was raised to 10 before
measuring the parameters, in order to avoid the Fenton reaction after the
samples were removed. Subsequently, the solution remained intact until the
hydrogen peroxide was extinguished. Hydrogen peroxide was determined in
all samples using the metavanadate method [7]. The samples were filtered
with 0.45 pm membranes (Modern Chemistry) before each determination.
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Solutions were diluted (1/10) to COD determination since the initial COD
value was so high.

Before carrying out the experimental treatment procedure using biodi-
gestion, a bibliographic review was carried out about the types of manure
that could be inserted in the biodigester, the types of bacteria present in the
digester, the biogas production time, biogas filtration procedures and the
combustion efficiency of the same. For each batch of test, 9 bottles of 500mL
were used, which were separated into 3 groups with raw effluent; supernatant
and with precipitate. Then, 3L of the raw effluent sample was coagulated (the
type of coagulant used does not interfere with the biodigestion process). Of
these 3L, 1.5L of the supernatant sample (which were divided into 3 bottles of
500mL) and 1.5L of precipitate sample (also divided into 3 bottles of 500mL)
were removed. The 9 samples of the effluent were stored in the biodigester.
The biodigester was built with temperature control and thermal insulation;
inside, an electrical resistance and a thermometer were used to collect the
temperature, in addition, an automatic temperature controller was adapted so
that the sample was biodegraded in the ideal temperature range for the study.
After that, the biodigester was put into operation. The first batch had a reten-
tion time of 45 days and the temperature was 30°C. The second batch had a
retention time of 45 days and the temperature was 55°C. Soon after, a syringe
was used to collect the gaseous part of the samples for analysis. The biogas
from the samples was stored in a flask.

Results and Discussion

The effluent was taken to the Environmental Quality Studies Center at the
Federal University of Itajubd (Brazil). The industrial and sanitary leachate
received has a dark color, some particles in solution and a strong odor. The
average pH value of the solutions was determined 8,28. The initial COD value
was 12760 mgL* + 500 mgL".

From the determination of COD of the experiments carried out with the
photo-Fenton process, after testing differents Fe/H,O, concentrations, the
optimal value to Fe’* and H,O, was 0,1768 mol L™ and 0,0069 mol L. Figure
2 shows the results of the removal of COD for experiments applying the ideal
concentration of photo-Fenton reagents. It can be noted that between the
time of 0 to 15 minutes of treatment of the effluent, 84% of the COD was
removed. In addition, it was observed that after 15 minutes of reaction the
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rate of degradation decreases. Thus, after this period of time, there is no signi-
ficant increase in the removal rate. The color change of the solution was also
observed (Figure 1) and the odor was completely removed.

Figure 2. COD removal from the raw effluent solution treated with photo-Fenton.
[Fe?'] = 0,1768 mol.L"' ; [H,0,] = 0,0069 mol.L;; pH = 2,5; [COD] initial = 12760 mg L
Solution volume 250mL. Source: Personal Colletion.

In biodigestion, it was possible to visualize a large production of biogas in
the raw effluent and the clarification of the effluent after treatment (Figure 3).
The experiments need to be repeated in order to collect physical and chemical
data.

Figure 3. Landfill effluent samples after Biodigestion treatment

Although the results presented do not come from the combination of the
two processes, it was still possible to point out the viability of these two
treatments. Also, the results presented show that the photo-Fenton reaction
accelerates the degradation process of organic matter in addition to presen-
ting high efficiency in the removal of COD in a short interval of reaction time.
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Conclusions

Leachate from sanitary and industrial landfills has a high organic load and
complex molecules then, effective treatment is therefore sought. For this, in
this research, the processes of photo-Fenton and biodigestion were analyzed.

In the biodigestion process, it was observed the large production of biogas in
the raw effluent and its clarification, however it was not possible to carry out
the physical-chemical analysis. The biogas produced is an alternative for the
reuse of industrial effluent, and can be used in the production of energy that
will be applied in the industrial plant itself.

In the photo-Fenton process, after several tests carried out an optimum
condition reagents for the treatment of sanitary and industrial wastewater
was found, it being 0.1768 mol L-1 Fe** to 0.0069 mol L of H,O,. Photo-
Fenton treatment showed high efficiency, reaching 84,6% COD removal in a
short reaction period of irradiation (15min), clarification of the effluent and
odor elimination. For future work, the aim is to link the photo-Fenton process
to the biodigestion process; determine the best treatment order and evaluate
the efficiency in the generation of biogas.
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Evaluacion de peliculas de TiO, Aeroxide®P25y
Comercial soportadas en acero inoxidable 316
(AISI316) para la degradacion fotoelectrocatalitica
de Rojo reactivo 239 (RR239).

Daniel Borrds*?, Lina Castaiieda’, Eduardo Herndndez’,
Sara Herrera®, Wilber Silva®, Dora Carmona’

La degradacion de RR239 se realizé6
mediante un proceso de fotoelec-
trocatdlisis con ldmpara UV donde
se evaluaron peliculas de dos fases
activas: TiO, Aeroxide’P25 y TiO,
Comercial soportadas en placas de
AISI316 como fotodnodos y un elec-
trodo de platino como catodo a 1,1
V durante 1 hora. Los fotodnodos
fueron construidos depositando los
materiales en polvo sobre placas de
AISI316 por el método de electro-
foresis, variando las condiciones de
voltaje (10 V): continuo (no pulsado)
y discontinuo (pulsado). Posterior-
mente, las placas fueron tratadas
térmicamente a temperaturas de 250y
350° C. Como resultado, el empleo de
ambos materiales permitié alcanzar

porcentajes de degradacién de color superiores al 80%. Por otro lado, las condi-
ciones de pulsado en la electroforesis, asi como la temperatura del tratamiento
térmico en la construccion de los electrodos tienen gran incidencia sobre la
decoloraciéon del RR239. Adicionalmente, se realizé la caracterizacion de los
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materiales por difraccion de rayos X (DRX), y el cdlculo del ancho de banda
mediante espectrofotometria UV-Vis. De acuerdo con los resultados, el TiO,
Comercial es una alternativa de sustitucion del TiO2 Aeroxide®P25 en aplica-
ciones fotoelectrocataliticas para la degradaciéon de RR239 en las condiciones
evaluadas, debido a su capacidad de decoloracién comparable y bajo costo.

Introduccion

Los denominados Procesos Avanzados de Oxidacién (PAOs) se han conver-
tido en métodos fundamentales para la descontaminacién de aguas residuales,
debido a su buena capacidad de eliminar contaminantes persistentes como
los colorantes. Entre los PAOs, la fotoelectrocatdlisis se ha caracterizado
como una tecnologia promisoria en degradacién de colorantes. Al respecto,
Paschoal et al. [1] emplearon un fotodnodo de Ti/TiO, para degradar Rojo
acido 151 y Tamol’, logrando 100% de decoloracién y una disminucién del
95% del carbono organico total (COT).

El uso de fotocatalizadores con fases activas requiere de su inmovilizaciéon
sobre una superficie, que le permita captar la radiacién electromagnética y a
la vez conducir los electrones generados. La electroforesis (EPD por sus siglas
en inglés) para la inmovilizacién de TiO, en un soporte tiene ventaja frente a
otros métodos debido a su versatilidad, simplicidad y bajo costo. Un método
de depositacién con EPD que puede generar cambios significativos en las
caracteristicas del recubrimiento es la manera de aplicacién del voltaje, siendo
continuo (no pulsado) o discontinuo (pulsado), este tltimo es de gran interés
dado que la depositacion por electroforesis de corriente directa pulsada
aumenta la homogeneidad de los recubrimientos, como lo demuestran Naim
et al. [3] en un estudio de depositacién de nanoparticulas de TiO,.

Ademads del proceso de depdsito, un factor relevante para el escalado de los
procesos fotoelectrocataliticos es la relacidn entre eficiencia y costo del foto-
catalizador, es decir, buena capacidad para generar radicales hidroxilos (OHe)
y un costo favorable. Una forma para determinar la eficiencia fotocatalitica es
el indice de produccién OHse, el cual consiste en una medida relativa a la velo-
cidad de produccion de OHe. Este indice fue establecido por Xiang et al. [4],
y lo utilizaron para la comparacién de varios fotocatalizadores inmovilizados.
El TiO, Aeroxide’P25, fue catalogado bajo este indice, como el mas eficiente,
seguido del TiO, anatasa con un indice de 72 % respecto al Aeroxide’P25. El
objetivo de esta investigacion es comparar diéxido de titanio Aeroxide’P25
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y Comercial con respecto a sus propiedades fotocataliticas y la degradaciéon
fotoelectrocatalitica de RR 239.

Materiales y Métodos

Los materiales de partida se caracterizaron mediante Difraccién de Rayos
X (DRX) para la determinacién de las fases presentes en los polvos de TiO,,
Aeroxide®P25 y Comercial, y la cuantificacién de planos caracteristicos de alta
actividad fotocatalitica. Para el cdlculo del ancho de la banda prohibida 6ptica
se utiliz6 el método grafico de Tauc, midiendo la absorbancia en un intervalo
de longitudes de onda de 200 a 800 nm con un espectrofotémetro UV-Vis
(Termo Scientific Genesys 6).

El procedimiento de depositacion (EPD) se realiz6 evaluando: (i) el tipo de
fotocatalizador (TiO, Aeroxide’P25 y TiO, Comercial), (ii) forma de aplica-
cién de voltaje en la electroforesis (continuo o pulsado), y (iii) la temperatura
de tratamiento térmico (250 y 350 °C). El procedimiento se realizé en un
volumen de 90 cm® de metanol (99%) en una celda de 5,2 cm de didmetro
interno, ambos electrodos de AISI316 y una distancia entre estos de 2 cm. El
procedimiento EPD se realiz6 con suspensiones coloidales (10 g L) de TiO,
Comercial (Smart Chemicals), y otra de TiO, Aeroxide’P25 (Sigma Aldrich)
en metanol, respectivamente, las cuales se sometieron a sonicaciéon en un
equipo Optic ivymen system CY-500 por 15 min.

A partir de una revisiéon bibliografica [5] y de estudios preliminares se
definieron como condiciones de la electroforesis 10 V y 30 s, asegurando la
formacién de peliculas delgadas, y evitando el macro — agrietamiento. La
aplicacién del voltaje en continuo se realizé por 30 s, y por pulsado en tres
intervalos de 10 s con pausas de 2 s, empleando una fuente de poder BK Preci-
sion 9185. Ambos procedimientos se realizaron sin agitacion en un drea de
depositacion de 3 cm? aproximadamente. Posterior al proceso de deposita-
cidn, se realiz6 un tratamiento térmico en mufla a 250 °C y 350 °C por 1 hy un
posterior lavado con agua destilada para eliminar TiO, residual. La nomen-
clatura de las muestras esta dada por el tipo de material (A: Aeroxide® o C:
comercial), temperatura (250 o 350) y tipo de electroforesis (NP: no pulsado o
P: pulsado); por ejemplo, la muestra “C250P” corresponderia al fotodnodo de
TiO, Comercial elaborado a 250 °C de manera pulsada.

Se realiz6 el proceso de degradacion por fotoelectrocatélisis en 50 mL de
una solucién de RR239, de concentracién nominal inicial de 2 mg L', en un
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vaso de precipitado Pyrex® con agitacién magnética. Se utilizaron los fotoa-
nodos construidos y un catodo de platino con un voltaje aplicado de 1,1 V, bajo
iluminaciéon UV a 365 nm (MAGNAFLUX ZB- 100F, 100W). El procedimiento
se llevé a cabo en un cuarto aislado luminicamente. Se midié la absorbancia
al inicio y al final del proceso, a 519 nm (longitud de onda caracteristica del
RR239) empleando un espectrofotémetro UV-Vis . Se calculé el porcentaje de
pérdida de decoloracién (%Dec) como pardmetro de comparacién, segin la
ecuacioén (1).

o ¢, —-C
%Dec=1 ul

x 100 1)
I

Donde C, es la concentracién inicial y CF final después de una hora de
degradacién, en mg L*, calculadas de la curva de calibracién de absorban-
cia-concentracion (R2 >0,998).

Resultados y Discusion

Caracterizaciones de los fotocatalizadores.

Estudios previos han establecido que las fases cristalinas del fotocatalizador
son fundamentales en la actividad fotocatalitica de éste. En este sentido, se
procede a realizar un analisis por DRX dando como resultado una proporcién
de fases Anatasa-Rutilo de 87,6-12,4% para el TiO, Aeroxide’P25 y Anatasa
de 100% para el TiO, Comercial. Ambos fotocatalizadores presentan los
planos caracteristicos {101}, {001}, {010}, que son asociados a la alta reacti-
vidad, siendo de mayor proporcién en el comercial. Sin embargo, la presencia
del plano {110} del rutilo tiene una sinergia importante logrando una mayor
reactividad el Aeroxide®P25. Otra caracteristica importante para analizar la
actividad fotocatalitica es el ancho de banda 6ptica, del espectro de absorcion
para (a) TiO, Aeroxide°P25 y (b) TiO, Comercial (Figura 1) se obtuvo para el
TiO, Aeroxide’P25 un maximo de absorcién en 320 nm, el cual transformado
mediante el método de Tauc corresponde a un valor de ancho de banda de
3,32 eV, de manera similar, se observa el mdximo de absorcién de 359 nm
en TiO, Comercial, correspondiente a 1,69 eV de ancho de banda. El TiO,
comercial absorbe radiacién en un intervalo mas amplio de longitudes de
onda que el TiO, Aeroxide’P25, incluyendo parte del espectro visible, lo que
podria indicar que es posible aprovechar una mayor parte del espectro de
radiacion solar. Teniendo en cuenta la proporcién de fases de ambos fotoca-
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talizadores y valores reportados en la literatura [6], el método empleado en
este estudio da valores de ancho de banda razonables para el TiO2 Aeroxi-
de°P25, pero no para el TiO, Comercial, por lo que es necesario validar este
andlisis con otro método de cuantificacién de ancho de banda, como es la
reflectancia difusa.

Figura 1. Espectro de absorcién entre 200 y 800 nm para (a) TiO, Aeroxide’P25
(b) TiO, Comercial.

Caracterizacion de los fotoanodos

EnlaFigura2 se muestranlasimagenes de los recubrimientos C250P, C350NP,
A250P y A250NP. Se observa de manera cualitativa una mayor homogeneidad
en los recubrimientos elaborados mediante la técnica de pulsado (Figura 2a
y 2c), acorde con lo encontrado en la literatura, y se debe a que la deposi-
taciéon por pulsos permite que grupos de pequeiias particulas individuales
se depositen en el sustrato de acero inoxidable mas rapido que los grandes
aglomerados de particulas de catalizador, generando un recubrimiento con
pocas irregularidades [7]. Esta tendencia se mantuvo en ambos catalizadores,
no obstante, fue mas evidente en el catalizador de TiO2 Comercial como se
observa en las Figura 2a y 2b.

Figura 2. Registro fotogréfico de los recubrimientos (a) C250P, (b) C350NP, (c) A250P
y (d) A250NP.
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Degradacion fotoelectrocatalitica

El porcentaje de decoloracion fotoelectrocatalitica para los fotodnodos
construidos, (a) TiO, Aeroxide’P25 y (b)TiO, Comercial se muestra en la
Figura 3. Se encuentra que para ambos materiales se da un mayor porcen-
taje de decoloracién en los recubrimientos elaborados mediante la técnica
de pulsado, debido probablemente a la mayor homogeneidad del recubri-
miento. Ademads, se observa el comportamiento de la decoloraciéon con la
temperatura del tratamiento térmico, evidenciandose que a 250°C se alcanza
una mayor decoloracién que a 350°C para ambos materiales, lo cual corres-
ponde con lo reportado en [8]. Los mejores resultados de decoloracion se
dieron en las muestras C250P y A250P, con 86,5% y 90,8%, respectivamente.
Es de resaltar que, en ambos fotocatalizadores el porcentaje de decoloracién
es similar, a las condiciones evaluadas, indicando que el fotodnodo con TiO,
Comercial podria ser una opcién para sustituir al TiO, Aeroxide’P25 en apli-
caciones de degradacion fotoelectrocatalitica de RR239.

Figura 3. Porcentaje de decoloracién (a) Aeroxide’P25 y (b) TiO, Comercial

Conclusiones

Bajo las condiciones evaluadas de depositacién y degradacion, las peliculas
de TiO, Comercial parecen ser una alternativa para sustituir peliculas de
TiO, Aeroxide®P25 en aplicaciones fotoelectrocataliticas para la degradacion
de RR239, debido a su capacidad de decoloracién y bajo costo. En ambos
fotocatalizadores el método de depositacién por pulsos generé menos irreg-
ularidades en los recubrimientos y un mayor porcentaje de decoloracién.

EI TiO, Comercial presenté absorcién de radiacién en la region del espectro
visible mientras que el TiO,
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Aeroxide®P25 mostré una baja absorcién en dicho espectro. Sin embargo, se
recomienda validar con otro método, como reflectancia difusa, para el TiO,
Comercial, puesto que el valor calculado del ancho de banda no concuerda
con lo reportado en la literatura.
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Photocatalytic degradation of cobalt
cyanocomplexes in a novel LED photoreactor
using TiO, supported on borosilicate sheets.
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The  photocatalytic  degrada-

tion of hexacyanocobaltate ion

([Co(CN),J*) was studied using TiO,

supported on borosilicate films. The

highest percentage of TiO, release

was obtained under a ratio of 0.36 g

TiO,/g methanol (MetOH). Under

ten supported layers, the modifica-

tion of substrate roughness does not

influence the TiO, detachment. In

the first photocatalytic tests, a better degradation performance is achieved by

direct photolysis than by photocatalysis, taking into account the concentra-

tion of CN- released. However, no decrease in the concentration of cobalt in

solution was observed. On reuse of the films, a 10% decrease in cobalt concen-

tration was achieved and 14% CN- was released from the cyanocomplex.

Simplified kinetic analysis shows similar kinetic parameters, in the presence

or absence of O,, however, in the presence of TiO,, both processes have diffe-
rent kinetic parameters.

Introduction

Hexacyanocobaltate ion ([Co(CN)]*), is one of the strongest compounds
found in gold mining wastewater. The cobalt content, the toxicity of free
cyanide and the stability constant of the cyanocomplex (K =64), represent one
of the highest values among these compounds [1,2]. The photocatalytic degra-
dation of real mining wastewater has been evaluated using solar light and
TiO, immobilized in PVC plates, obtaining 99% of elimination of free cyanide

(1) Universidad de la Costa, Calle 58 #55-66, Barranquilla, Colombia, sjoven@cuc.edu.co (2)
Universidad del Valle, Calle 13 #100-00, Cali, Colombia
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in 17 days [3]. Copper cyanocomplexes have been degraded using TiO, immo-
bilized in Raschig rings, achieving a removal of 100% in 180 min [4,5]. The
photocatalytic degradation of different metal cyanocomplexes such as gold
[6], iron [7-9], cobalt and nickel [10], has also been evaluated, being cobalt
cyanocomplexes the most difficult compounds to degrade. Nevertheless, the
photocatalytic degradation of cobalt cyanocomplexes by immobilized TiO,
and using LED lights has not been explored. In this study, the photocatalytic
degradation of cobalt cyanocomplexes was evaluated using TiO, Degussa-P25
impregnated in borosilicate sheets by immersion (dip-coating). The experi-
mental design was divided into three parts. In the first instance, the effect of
operational parameters such as the ratio of g TiO,/g MetOH in the precursor
suspension and the type of surface of the sheet (etched and non-etched) on the
immobilization of the semiconductor, was studied. Then, the detachment of
the nanomaterial from the sheets was evaluated. And finally, the performance
for the degradation of ([Co(CN)]*) at lab scale under UV-A LED radiation
was studied considering four cases: i) UV+0O, ii) UV+ TiO,+0, iii) UV+N, iv)
UV+ TiO,+N.,,. Insights on the probable mechanisms involved are given based
on the experimental observations and a simplified kinetic analysis.

Material and Methods

Deionized water type II, acetone (Fischer Scientific, 99.7%) and ethanol
(Fischer Scientific, 90%) were used to clean the sheets before the impreg-
nation. TiO, Aeroxide P25 from Evonik, Methanol (ME) (Honeywell, 99%),
deionized water type II, nitric acid (Fisher Scientific, 69.3%) and NaOH
(AppliChem PanReac, 99%) was used to prepare the precursor suspension for
the impregnations. For the etching of the borosilicate sheets, a layer of the
chemical paste was applied on the surface and it was dried for 40 min at 25
°C. Then, the chemical paste was removed using deionized water type II until
a remanant paste was not observed. The sheets were immersed in an aqueous
solution of acetone (20% v/v) and ethanol (20% v/v) and were introduced in an
ultrasonic bath for 15 min to remove organic and inorganic compounds from
its surface. In the impregnation procedure, the TiO, was added to a metha-
nol-water solution and the suspension was introduced in an ultrasonic bath
for 15 min. Then, the amount required of HNO, 0.1 N was added to adjust
the pH to 3 and solution was stirred at 800 rpm for 1 h. Two ratios of g TiO,
/g methanol (0.09 and 0.36) were considered for a total amount of 6 g TiO,.
For all the photocatalytic evaluation, it was used 1L of 32 mg/L ([Co(CN),]*)

96



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

(Fischer Scientific, 97%) under constant stirring at 400 rpm during 210 min of
treatment at pH 13. The irradiation power was set up at 30 W/m?, and it was
measured at 1 cm of the LEDs. The experimental set up for the detachment
and degradation test is shown in Fig. 1.

Figure 1. Experimental set up for the photocatalytic degradation tests.

Results and Discussion

Fig. 2a and Fig. 2b show the average amount of nanomaterial coated in the
sheets per layer under the ratios g TiO, /g MetOH previously established.
It was found that the highest quantity of TiO, impregnated was achieved
under 0.36 g TiO,/g MetOH ratio in both types of surfaces. 66.2 mg of TiO,
were supported on the substrates etched (Fig. 2a), in comparison to 49.2 mg
impregnated in the sheets whose surface was not modified (Fig. 2b). At 0.09 g
TiO, /g MetOH ratio, the amounts of coating were 42.2 mg for the not etched
sheets (Fig. 2b), and 38.1 mg for the etched glass (Fig. 2a).

a) b)

Figure 2. Performance of the TiO2 impregnation in the borosilicate sheets.
a) Etched surface (ES). b) Not etched surface (NES).

The lowest amount of nanomaterial supported at 0.09 g TiO,/g MetOH ratio
indicates that at higher concentrations of methanol in solution, the less will
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be the amount of TiO, impregnated independently if the substrate surface is
modified or not. This behavior could be explained by the fact that at higher
concentrations of MetOH in water, the porosity of each layer impregnated
is higher due to surface tensién gradient driven flows and the preferential
evaporation of alcohol in the solvent evaporation step [11]. Fig. 3 shows the
TiO, detachment percentage for both types of surfaces and at both g TiO,/g
MetOH ratios studied. The results show that the detachment percentage
was directly proportional to the amount of TiO, supported. This means that
the highest TiO, loss percentages correspond to the parameters were the
highest amount of coating was obtained in the previous section. Conside-
ring the cited research [12,13], it is reasonable to say that substrates with
higher amounts of TiO, would have more particles attached by Van der
Waals forces and those will be easier to peel off by fluid shear forces than
those chemically bonded to the borosilicate.

[ |Ti0,MetOH (0.09)
7771 Ti0,MetOH (0.36)

7

o
R

-
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Surface treatment

Figure 3. Detachment percentages for both g TiO2/g MetOH ratios and types of surfaces.

Fig. 4a and Fig. 4b show the free cyanide concentration during the irradiation
time for photolysis and TiO, photocatalysis in the presence and absence of O,.

a) b)

Figure 4. Free cyanide concentration during photolysis and photocatalysis in the presence
or absence of O,. a) Photolysis. b) Photocatalysis.
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As compared to the direct UV photolysis of ([Co(CN)]*), lower concen-
trations of CN- were achieved for the TiO,-impregnated sheets in the
presence of oxygen. In a nitrogen atmosphere, the overall performance of
the TiO,-photocatalysis is slightly enhanced. The outstanding performance
of the direct UV photolysis over the TiO, - photocatalysis on the photode-
gradation of strong cyanocomplexes has been previously reported in the
literature for the iron-III cyanocomplex ([Fe(CN),]*) [14]. One reason for
this finding is that the TiO, photocatalyst competes for the absorption of
photons with the cyanocomplex resulting in detrimental for the overall
performance of the process. This is evidenced by the low release of free
cyanide in the photocatalytic process when it is compared with the direct
UV photolysis.

Figure 2. Experimental and estimated profiles of the free cyanide concentrations during
irradiation time. The 95% confidence bands of the model are included. a) Photolysis.
b) Photocatalysis.

The results obtained suggest some insights about the mechanisms involved
in the photodecomposition of the cobalt cyanocomplex and the production
of cyanide. For instance, the fitted kinetic parameters for both UV+O, and
UV+N, are very similar, which means that the same mechanism is followed
for the decomposition of the cobalt cyanocomplex to free cyanide indepen-
dently of the presence of oxygen.

Conclusions

Our study shows the UV-LEDs and supported TiO,-impregnated sheets
are an economical and effective alternative to degrade the cobalt III cyano-
complex commonly contained in mine wastewater. Despite of the slow rate
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degradation, when the sheets are reused, it achieved both the removal of
the dissolved cobalt and oxidation of released cyanide. This could avoid the
post-treatment recovery of the photocatalyst due to the high adherence of
semiconductor obtained. Also, the implementation of this photoreactor
design on less complex matrices may lead to better performances.
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ZrQ, sulfatada promovida con Fe(lIl) y Mn(l).
Caracterizacion y aplicacion en la degradacion
oxidativa de contaminantes organicos.

C. M. Loffredo’, M. Dennehy’, M. Alvarez2.

Se preparé un catalizador de ZrO2

sulfatada promovida con Fe(III)

y Mn(II), a través del método de

impregnacién a humedad incipiente.

El 6xido se caracteriz6 mediante

técnicas convencionales y se evalué

como catalizador en la degrada-

cion de disoluciones acuosas de

tres contaminantes orgdnicos: acido

benzoico (AB), catecol (C) y acido

cindmico (AC). Se aplicaron procesos de oxidacidén avanzada utilizando

dos oxidantes diferentes. La eficiencia de la degradacion se evalud a través

de espectroscopia UV-Vis. Se realizaron experiencias de estabilidad en

términos de lixiviado metdlico, y con distintos agentes atrapadores de radi-

cales para identificar las principales especies radicalarias responsables de la

degradacion. En base a estos resultados, se propusieron los mecanismos de

activacion de los diferentes sistemas estudiados dependiendo del oxidante
empleado.

Introduccion

Las aguas residuales provenientes de diferentes industrias agroalimenta-
rias, en particular los molinos de elaboracion de productos derivados de las
olivas tienen contaminantes muy variados. Entre los diversos compuestos
organicos que estos efluentes residuales (conocidos por sus siglas en inglés:

(1) INQUISUR, Dpto. de Quimica, Universidad Nacional del Sur, Av. Alem 1253, Bahia Blanca,
Argentina, cm.loffredo@hotmail.com
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OMYV, “Olive Mill Wastewater”) pueden contener, se destacan compuestos
derivados del catecol (1,2-dihidroxibenceno, C), de acido cindmico (4cido
E-3-fenil-2-propenoico, AC) y compuestos derivados del acido benzoico
(AB). Estos compuestos constituyen una fraccién recalcitrante de las OMW
y su degradacidn en agua se ve dificultada, por lo que su vertido y descarga
directa en suelos y cuerpos de agua naturales ya se consideran inaceptables.

Entre los diferentes procesos para el tratamiento de estos contaminantes, los
Procesos de Oxidaciéon Avanzada (POA), en particular los basados en radi-
cales sulfato (SO,*) estdn ganando atencién de manera creciente como una
solucidn efectiva [1]. Los iones peroximonosulfato (PMS, HSO5-) y persul-
fato (PS, S,0.*) son los precursores del radical SO,*. Ambos son oxidantes
fuertes, aunque su reaccion directa con la mayoria de los contaminantes
es lenta. Sin embargo, una vez activados, pueden generar SO4+" altamente
reactivos. Existe una amplia variedad de métodos de activacién (calor, UV,
condiciones alcalinas, iones de metales de transicion). Por ende, el desarrollo
de activadores eficientes, de bajo costo y ambientalmente amigables para el
proceso de generacion de radicales SO4* resulta beneficioso para idear estra-
tegias efectivas y econémicas de remediacion de aguas contaminadas.

En este trabajo se estudia la aplicaciéon de un catalizador heterogéneo de
Fe(III) y Mn(II) para las reacciones de degradacion tres contaminantes que
pueden estar presentes en las OMW. Se pretende que dichos catalizadores
sean eficaces en reacciones en fase acuosa, a temperatura ambiente y presién
atmosférica.

Materiales y Métodos

Preparacion del éxido. La deposiciéon de Fe y Mn se realizé antes de la
sulfatacion del soporte Zr(OH),, por impregnacién a humedad incipiente,
utilizando soluciones de nitratos de Fe(III) y Mn(II), de concentracién
apropiada para lograr una carga nominal de 2% de cada metal (Fe,Mn,). La
sulfatacién posterior se realizé por el mismo método con una solucién de
(NH,),SO,. El sélido se sec6 a temperatura ambiente, y posteriormente se
calciné a 600 °C durante 4 h.

Caracterizacion. El contenido metdlico determiné por espectroscopia de
absorcién atémica (EAA), a partir de la disolucién del sélido en HF, usando
un espectrometro GBC Modelo B-932. Los diagramas de difraccion de rayos
X se realizaron en un difractémetro PANAnalyticalX'Pert Pro, con radiacién
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CuKa (A = 1,5418 A) entre 10°- 80 ° de 20. Las medidas de XPS se realizaron
en un espectrémetro PHI 548, usando radiacion no monocromadtica Al Ka
(1486,6 eV). Se registraron los espectros de alta resolucién de C 1s, O 1s, Mn
2py Fe 2p, y las energias de enlace se recalibraron sobre la base de la linea C
1s a 284,8 eV. El andlisis de se realiz6 con el software OriginPro 9.0.

Actividad catalitica. Se realizaron ensayos de estabilidad a valores de pH 3
y 6, a través de medidas del lixiviado de los iones metdlicos, en los liquidos
residuales de los ensayos correspondientes. En una experiencia tipica, se
coloc6 una masa determinada de catalizador en un reactor con agua, mante-
niendo las relaciones en masa de las experiencias de degradacidn. El reactor
se termostatiz6 a 30 °C, con agitacion constante y el pH se ajustd con solu-
ciones de H,SO, 6 NaOH 1 M. Se tomaron alicuotas a las 2 y 4 h, sobre las
que se determind el contenido de Mn y Fe por EAA. El catalizador se evalué
en la degradacion de AB (30 ppm), AC (20 ppm) y C (50 ppm), con dos
oxidantes diferentes: PS y PMS Las reacciones se realizaron en un reactor de
vidrio, a 30 °C sin ajuste de pH. Se agregé oxidante y catalizador en la solu-
cion anterior, bajo agitacién mecénica constante, con una relacién en masa
oxidante:catalizador 1:3. A intervalos de tiempo prefijados, se extrajeron
alicuotas de la solucion, se filtraron a través de una membrana Nuclepore y
los sobrenadantes se midieron en un espectrémetro UV-Visible Cecil 2021.
La identificacién de radicales se realizé en sendas experiencias presencia
de ter-butanol (TBOH) y etanol (EtOH), manteniendo las proporciones de
reaccion, con el agregado de alcohol en relacién oxidante: alcohol 1:150.

Resultados y Discusion

El diagrama de DRX muestra picos a valores de 26 de 30,2° (101), 35° (110),
50,2° (112) y 60,2° (211), coincidentes con una estructura cristalina de zirconia
en fase tetragonal (JCPDS 79-1769). El perfil no muestra picos atribuibles a
oxidos cristalinos de Fe o Mn, lo que indicaria el alto grado de dispersion de
los metales sobre el soporte. Los resultados de EAA arrojan que el contenido
metdlico real coincide con el contenido metélico nominal. Los espectros XPS
en la regién Fe2p y Mn2p muestran la presencia de especies superficiales de
Fe(Il) y Fe(IlI), y de Mn(Il), respectivamente. Los resultados de estabilidad
demostraron que el porcentaje de lixiviado de Mn resulté < 10%, y el de Fe <
0,1 %, para ambos valores de pH, confirmando la estabilidad del catalizador
para ser aplicado en la reaccién de interés.
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La degradacion catalitica de los contaminantes se monitored por espectros-
copia UV-Vis, en funcién de la modificacion/disminucién de la intensidad de
las bandas principales de los contaminantes modelo.

El espectro de absorciéon UV del AB exhibe dos bandas caracteristicas,
centradas a 228 y 272 nm, mientras que el C y el AC, presentan bandas con
sus maximos localizados en 275 nm y 279 respectivamente, caracteristicas de
la transicion m — 11* en compuestos aromaticos. Las experiencias control utili-
zando sdélo los oxidantes en ausencia de catalizador mostraron leves cambios
en la concentracion de los contaminantes. La presencia simultdnea del cata-
lizador y de PS (Figuras 1la, 1b y 1c) y PMS (Figuras 2a, 2b y 2c) gener6 una
mejora significativa en la degradacién de C y AC; sin embargo, no se encuen-
tran cambios significativos en los perfiles de degradacion del AB, luego de 180
min de reaccidn.

Figura 1. a) Experiencia de degradacién Figura 1. b) Experiencia de degradacién
de C/PS de AC/PS

Figura 1. ¢) Experiencia de degradacién Figura 2.a) Experiencia de degradacion
de AB/PS de C/PMS
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Figura 2.b) Experiencia de degradacion de Figura 2. ¢) Experiencia de degradacion de
AC/PMS AB/PMS

En lo que respecta al C, pudo observarse la disminucién y desaparicién de
su banda caracteristica a 275 nm al avanzar el tiempo de reaccion, tanto con
PS como con PMS. Durante el transcurso de la reaccién aparece una banda
alrededor de 385 nm, de intensidad variable, que luego desaparece con el
tiempo, conjuntamente con el desarrollo de color en el liquido de reaccién.
Estas observaciones sugieren que el mecanismo de degradacién de C invo-
lucraria un paso de formacién de quinonas [2].

El comportamiento diferente de los contaminantes en las mismas condi-
ciones de reaccion podria estar condicionada por su estructura quimica, ya
que el radical SO,”, una especie electrofilica, tiene predileccién por reac-
cionar con grupos electrodonores. Con sustratos con grupos sustituyentes
electroatractores la reaccién del radical es mas lenta.

Las experiencias de identificacién de los radicales involucrados en la degra-
dacion se realizaron con el sistema que presenté mejor actividad: AC/PMS/
Fe2Mn2. En el caso de la reaccion en presencia de EtOH, inhibidor tanto
de radicales SO,", y OH’, el perfil de AC no presenta cambios significativos
luego de 3 h de reaccidn. Por otra parte, en la experiencia con TBOH, selec-
tivo atrapador de radicales OH’ se observa una disminucién mds marcada
de la intensidad de la banda de 279 nm. Este hecho indicaria no sélo que la
reaccion ocurre por via radicalaria, sino que tanto los radicales SO, como
OH' serian los principales responsables de la transformacién del sustrato.

De acuerdo al andlisis de los resultados se propone el siguiente mecanismo
de activaciéon de PMS:
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Figura 3. Posible mecanismo de activaciéon de PMS.

Conclusiones

El catalizador de Fe y Mn soportado sobre ZrO2 resulté estable y activo
hacia la degradacion a través de POA de sustratos contaminantes que pueden
estar presentes en OMW. Esta eficiencia es producto del efecto sinérgico deri-
vado de los diferentes roles de Mn y Fe. La transferencia de electrones entre
las especies de Fe y Mn en el soporte posibilita la generacion de radicales y la
regeneracion de los sitios activos del catalizador. La degradacién por radicales
SO,", especies electrofilicas, estd condicionada por la estructura quimica de
los sustratos contaminantes.
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Photocatalytic Removal of Four Endocrine-
Disrupting Compounds Using N-doped BiOBr
Under Simulated Solar Irradiation

K. Lopez-Veldzquez!, ]. L. Guzmdn-Mar*, M. L. Maya-Trevifio’,
M. Villanueva-Rodriguez’.

In this work, the semiconductor

N-doped BiOBr synthesized by

microwave method was employed as

photocatalyst for degradation of four

endocrine-disrupting ~ compounds

(estradiol, ethinylestradiol, bisphenol

A, and 4-tert-octylphenol) in

aqueous solution under simulated

solar irradiation. Results showed

that the semiconductor N, BiOBr

was highly efficient for the complete

degradation of four pollutants in 240

min, reaching 53.5% of mineraliza-

tion, and reducing the toxicity of the

mixture until moderate levels (from

90% to 47.5% of bioluminescence

inhibition of V. fischeri). Moreover, scavenger tests revealed that superoxide

radicals (O,") and photo-holes (h*) were the main species involved in the

degradation of the pollutants, and a possible photocatalytic mechanism was

proposed. Finally, N, BiOBr showed excellent chemical and photocatalytic

stability after four reuse cycles, revealing its potential application for water
decontamination processes.
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Introduction

The endocrine-disrupting compounds (EDCs) are exogenous substances
or a mixture of substances that alter the structure or function(s) of the endo-
crine system and cause adverse effects on several organisms, their progeny,
populations, or subpopulations [1]. Among the different EDCs, estradiol
(E2), ethinylestradiol (EE2), octylphenol (4TOP), and bisphenol A (BPA)
are widely distributed in the environment, mainly in aquatic ecosystems,
and have attracted special attention due to the potential risk they pose to
the health of aquatic organisms and humans, even at low concentrations
such as ng/L. Several studies have reported that these EDCs may generate
different adverse effects on exposed organisms, including feminization and
masculinization, deficiencies in the sexual, prostate, brain, and immune
development, gonadal atrophy, infertility, precocious puberty, and diffe-
rent types of cancer (prostate, testicles, breast, ovaries, among others) [2]
steroidal estrogens have become an emerging and serious concern. World-
wide, steroid estrogens including estrone, estradiol and estriol, pose serious
threats to soil, plants, water resources and humans. Indeed, estrogens
have gained notable attention in recent years, due to their rapidly increa-
sing concentrations in soil and water all over the world. Concern has been
expressed regarding the entry of estrogens into the human food chain which
in turn relates to how plants take up and metabolism estrogens. Objectives
In this review we explore the environmental fate of estrogens highlighting
their release through effluent sources, their uptake, partitioning and physio-
logical effects in the ecological system. We draw attention to the potential
risk of intensive modern agriculture and waste disposal systems on estrogen
release and their effects on human health. We also highlight their uptake
and metabolism in plants. Methods We use MEDLINE and other search
data bases for estrogens in the environment from 2005 to the present, with
the majority of our sources spanning the past five years. Published accep-
table daily intake of estrogens (ug/L.

To remove these pollutants from water sources, different advanced tech-
nologies like heterogeneous photocatalysis have been evaluated, where TiO,
is the main semiconductor studied. However, its applicability is limited
due to the use of UV irradiation (Eg = 3.2 eV). Recently, semiconductors
such as BiOBr (Eg = 2.7 eV) have demonstrated high photocatalytic activity
under visible light and solar simulated irradiation, moreover, the photoca-
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talytic activity of BiOBr may be improved by doping with elements such as
N [3]. Therefore, BiOBr semiconductors constitute a potential option for
environmental applications due to the high photocatalytic activity and the
possibility to use visible light or solar light as an energy source. Due to the
environmental problem of EDCs in water, the main objective of this work
was to evaluate the efficiency of photocatalyst N-doped BiOBr to remove a
mixture of four EDCs in water under solar simulated irradiation.

Materials and Methods

N BiOBr materials (x = 10 and 20 wt% N) were synthesized as follows: 3
mmol of Bi(NO,),-5H,0, 3 mmol of CTAB, and appropriate amounts of urea
(8 and 17 mmol) were dissolved in 60 mL of ethylene glycol by ultrasound.
The solution was transferred to the MARS 6 microwave system (CEM Corp.
USA) which was operated at 160°C for 20 min and 450 W. Subsequently, the
synthesis vessels were cooled to room temperature, and materials were recov-
ered by centrifugation, were washed repeatedly with ethanol and distilled
water, and finally dried in an oven at 80°C. Materials obtained were denoted
as N, BiOBr and N, BiOBr. Pristine BiOBr was prepared as a reference. The
characterization of materials was carried by X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS),
and UV-Vis diffuse reflectance spectroscopy (UV-Vis/DRS).

The photocatalytic experiments were performed in a 100 mL Pyrex reactor
where each catalyst (100 mg) was dispersed in 100 mL of EDCs solution
(5 mg/L of each one, pH 6.5). The solution was stirred for 30 min in the
dark to ensure adsorption-desorption equilibrium between the catalyst and
EDCs. Subsequently, was exposed under solar simulated irradiation (Suntest
XLS+, 30 W/m? A= 300-800 nm, 240 min). Aliquots were taken at constant
intervals (every 60 min) and the catalyst was removed by centrifugation.
The quantification of EDCs was performed by HPLC-PDA (YL9100, Young
Lin) and mineralization was estimated from the abatement of total organic
carbon (TOC).

The toxicity of EDCs mixture was assesed at different reaction times, using
the marine bacterium Vibrio fischeri as biomodel (DeltaTox II kit, Modern
Water). The analyses were performed according to the protocol established
by the manufacturer.
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Results and Discussion

Figure 1 shows the diffraction patterns of prepared materials, and the tetrag-
onal phase of BiOBr (JCPDS 00-001-1004) was identified in all materials, and
no signals attributed to impurities were observed. However, peaks (102) and
(110) were displaced towards lower 20 angles and could be related to the incor-
poration of N in BiOBr [4]. Moreover, N incorporation in BiOBr increased the
intensity of signals (102) and (110), which may be associated with the increase
of crystallinity.

Figure 1. Difractograms of BiOBr, N, BiOBr and N, BiOBr.

SEM analysis showed that the three synthesized materials have similar
shapes, constituted by flower-like spherical particles with diameters between
1and 5 pm, assembled by nanoplates in the form of intertwined petals forming
an open porous structure (Figure 2a-c). This morphology is mainly influenced
by the method of synthesis.

The UV-Vis/DRS analyses (Figure 2d) revealed that N BiOBr material pres-
ents a slight shift towards the visible region, which could favor its photocatalytic
activity. Likewise, from the Kubelka-Munk plot, Eg values were estimated for
BiOBr, N, BiOBr, and N, BiOBr, being 2.89, 2.88, and 2.87 €V, respectively.

Furthermore, the chemical states of elements in each material were studied
by XPS (Figure 3), confirming the presence of Bi, O, Br, and the incorporation
of N in BiOBr structure (signals to 402.8 y 398.6 eV) with possible Bi-O-N or
Bi-N interactions [5].

112



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

Figure 2. (a-c) SEM images of prepared materials d) plot of [F(R)hv] 1/2 ys hv.

Figure 3. XPS spectra of BiOBr and N, BiOBr.

On the other hand, the photocatalytic tests for EDCs degradation showed
that N incorporation in BiOBr has a positive effect on the photocatalytic
activity under solar simulated irradiation. BiOBr catalyst degraded from
24.6% (EE2) to 68.4% (4TOP) in 240 min, and N, BiOBr catalysts degraded
the mixture from 76.3% (BPA) to 88.4% (EE2). However, the best results were
obtained with N, BiOBr catalyst, achieving total degradation of the four
EDCs. The mineralization levels for the mixture of EDCs were 35.6, 33.2, and
53.3% for BiOBr, N, BiOBr, and N, BiOBr in 240 min, respectively (Figure 4).
The enhancement of photocatalytic activity of BiOBr was associated with the
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N incorporation, which could promote the effective separations of photoin-
duced e and /* by generating active sites for e capture on BiOBr structure [3].

Moreover, control tests revealed that the four EDCs are highly stable under
solar simulated light (removal <10% for each one), and the adsorption of EDCs
in the materials was low (from 4% (BPA) to 14% (4TOP)). This indicated that
the EDCs degradation occurs by the activation of these semiconductors under
solar simulated light.

Figure 4. Degradation of four EDCs using the prepared photocatalyst.

In this work, N, BiOBr was considered the most appropriate photocatalyst
for the complete removal of four EDCs under solar simulated irradiation.
Moreover, using this photocatalyst, the toxicity for V. fischeri was reduced
from 90% to 47.5% and was expressed as bioluminescence inhibition (BI)
(Figure 5a). The moderate toxicity of the final effluent suggests the presence of
persistent by-products to the photocatalytic treatment whose degree of toxi-
city was lower than that of the original mixture. Similar results were obtained
for Frontistis et al., during the removal of EDCs [6].

These results were better than the study carried out for Chang et al., who
degraded a mixture of four EDCs (BPA, 4NP, 4TOP and sodium pentachlo-
rophenate (NaPCP)) and they achieved low removal of these pollutants (from
10% (4TOP) to 35% (NaPCP)) using BiOBr catalyst under Xelamp [7], however,
they did not study the mineralization and toxicity of the EDCs mixture.

The involved species in EDCs degradation were identified by scavenger
tests, using isopropanol, benzoquinone, and formic acid as quenchers of
"OH, O," and /", respectively. Results revealed that O, and /" were the main
active species responsible for the degradation of the four EDCs under solar
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simulated light (Figure 5b), while the effect of ‘OH for EDCs removal was
minimal, and a possible mechanism for activation of N, BiOBr was proposed
in the graphical abstract. Finally, the reuse test during four consecutive cycles
showed the high chemical and photocatalytic stability of N, BiOBr for degra-
dation of four EDCs (Figure 5c).

Figure 5. a) Reduction of the toxicity, b) scavenger tests, and c) reuse cycles using N, BiOBr.

Conclusions

The incorporation of N in BiOBr semiconductor improved its photoca-
talytic activity, achieving the complete degradation of four EDCs, and 53.3%
of mineralization in 240 min using the catalyst N, BiOBr under solar simu-
lated irradiation. Also, the toxicity of the EDCs mixture was reduced until
moderate levels, and O, and /* were identified as the main species involved
in the degradation of EDCs. N, BiOBr photocatalyst showed excellent photo-
catalytic stability and is a promising option for environmental applications in
EDCs degradation under solar simulated light.
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A Review on Advanced Oxidation Processes for
the Degradation of Benzophenone-3,Fipronil and
Propylparaben in Aqueous Matrices: Operational
Parameters, Pathways and Toxicity Change

C.E.S. Paniagua’, E.A. Alberto"? L A. Ricardo®? D.L.P. Macuvele**,
M.CV.M. Starling’, A.G.Trovo’

Contaminants of emerging concern,
specifically benzophenone-3, fipronil
and propylparaben are known
to be refractory to natural biolo-
gical degradation and conventional
water treatments. Their presence in
aqueous matrices may cause damage
to the aquatic biota. For these reasons,
it is important to adopt promising
technologies for their degradation in
environmental matrices. Advanced

oxidation processes have been suggested as alternatives for the degradation of
these compounds. This paper aims to review the advanced oxidation processes
used for the degradation of benzophenone-3, fipronil and propylparaben in
aqueous matrices. The review focused on the description of the discussion of
operational parameters, toxicity changes and proposals for the initial mecha-
nism pathways for the degradation of these compounds. Furthermore, the
current status of these processes in relation to their new development and use,
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as well as their merits and limitations, are presented. Finally, this study also
provides recommendations and directions for future research for the applica-
tion and improvement of advanced oxidation processes.

1. Introduction

In recent years, environmental concerns related to the frequent detection
of contaminants of emerging concern (CEC) in aqueous matrices rose signi-
ficantly. Benzophenone-3 (BP-3), fipronil (FIP) and propylparaben (PPB) are
examples of CEC which attracted much attention [1]. These compounds were
detected in the order of ng L' and pgL'in environmental matrices [2]and
their residues may lead to environmental impacts to biota due to their endo-
crine disrupting activity and disorders related to the production of estrogen.
Advanced oxidation processes (AOPs), based on the generation of highly reac-
tive hydroxyl (HO') and sulfate (SO, ) radicals have been identified as effective
technologies for CEC degradation in aqueous matrices. However, as far as we
know, no review studies have yet dedicated to evaluate the effectiveness AOPs
as effective strategies to degrade BP-3, FIP and PPB in aqueous matrices. To
fill this gap, this study aims at reviewing the application of AOPs for the degra-
dation of BP-3, FIP and PPB with a focus on the discussion of operational
parameters, toxicity changes and proposals for the initial mechanisms of
degradation of these compounds through the identification of the main trans-
formation products (TPs).The main aspects pertaining to this review are: (i)
it provides a database for future research aiming at theimprovement of AOPs
in the treatment of effluents containing all or part of the selected compounds,
(ii) it brings a synthesis of research efforts related to the application of AOPs
for the degradation of selected compounds, and (iii) it compares and discusses
the intricacies of the different AOPs applied for the degradation of the selected
compounds,(iv) it highlights the most recent advances in the domain of each
of the evaluated advanced oxidation process and (v) it directs future research
through the identification of gaps resulting from the application of AOPs.

2. Material and Methods

This work is a result of a literature search, during which articles from google
scholar and web of science were carefully selected, discussed, and analysed.
Keywords such as, benzophenone degradation/removal, fipronil degradation/
removal, propylparaben degradation/removal were used to guide the search.
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However, other papers from the aforementioned database and which had an
impact and important contribution to the progress of the research were also
included in this review. The choice of BP-3, FIP and PPB as target CEC in
this review is due to their wide use and occurrence in aquatic compartments
at unsafe levels of concentration to the environment, and to the scarcity of
studies related to the treatment of aqueous matrices containing these conta-
minants.

3. Results and Discussion

3.1. Advanced Oxidation Processes (AOPs)

3.1.1 Fenton reaction

A complete degradation in deionized water (DW) and 75% removal of
chemical oxygen demand (COD) in industrial wastewater were obtained,
respectively, for BP-3 and FIP at pH 2.9-3.0 [3,4]. However, at pH above 3.0,
a low degradation efficiency (63%) of PPB was obtained due to the preci-
pitation of iron in insoluble hydroxides, thus decreasing the production of
HOr- radicals. Photo-Fenton process can be enhanced with the introduction
of organic iron complexes as they increase iron solubility within a wider pH
range. Fe**/Citrate complex was used for FIP degradation in sewage treatment
plant (STP) effluent at pH 6.0in different molar ratios between 1:1 and 1:4
to avoid iron precipitation. These ratios represent concentrations which do
not compete with the target compound for HO" radicals[5].The best molar
ratio corresponded to 83% FIP degradation using 1:3 molar Fe**/Citrate ratio.
Furthermore, the photoelectron-Fenton process allowed for complete degra-
dation of BP-3 in STP effluent at pH 3.0[6], and the merits of this process also
include the involvement of other processes (adsorption, anodic oxidation and
flocculation).

3.1.2 Heterogeneous photocatalysis and photo-peroxidation

The increase in the number of thin layers of TiO, from 1 to 3 under the
lighting mechanism led to complete degradation of 9.13 pg L! of BP-3in
swimming-pool waters at pH 7.0 after 6 min of irradiation, using 20 mg
L*H,0, and a UV-A lamp (6 W, A = 360 nm) [2]. Therefore, the addition
of H,O, to the photocatalytic system prevents electron-hole recombination
by accepting photogenerated electrons from the conduction band and acts
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towards the production of additional hydroxyl radicals. The combination of
20 pgL? of H,O, with UV-C radiation provided by a low-pressure mercury
lamp (8 W, \ = 254 nm) improved reaction kinetics with complete degradation
of 0.01 ng L'of BP-3 in swimming-pool waters, against 20 to 60% obtained
underUV-C photolysis[7]. Similar results (100% BP-3 degradation) were
obtained using TiO,/H,0,/UV-Aand UV-C/H,O, processes in real swimming
pool waters[2]. However, the UV-C/H,O, process was considered as more
technically feasible than the TiO,/H,0,/UV-A due to secondary pollution
caused by catalyst leaching to the solution and the possible inactivation of the
catalyst surface.

3.1.3 Sulfate radical based AOPs (SR-AOPs)

Heat, metal ions and light have already been used to activate S,0,*" and all
three activation methods significantly increased the degradation of BP-3 in
DW and PPB in tap water[8,9]. Furthermore, Fe** has the greatest promotion
effect and is an environmental friendly and more economical species when
compared to other transition metal ions.90% degradation of PPB in DW was
obtained after activation of persulfate with magnetite nanomaterials[10]. In
addition, zero-valent iron was more effective in activating persulfate than arti-
ficial UV-A light reaching 98.5% degradation of PPB in tap water[8].On the
one hand, the pseudo-first-order degradation rate constant of BP-3 in DWwas
reduced by 54% in seawater for individual systems via UV/S,0,*". On the other
hand, the reaction in wastewater was 10-fold slower than in DW and this
slowness is attributed to the presence of inorganic ions and natural organic
matter in wastewater, which appear to interact with sources of oxidants and
catalysts[11].

3.1.4 Other AOPs

Other AOPs, namely sonochemistry, ozonation, electrochemical oxidation
and photolysis of hypochlorite ion (UV-C/ClO"), have also been applied forthe
degradation of BP-3, FIP and PPB in aqueous matrices (Figure 1).In general,
AOPs are affected by the matrix composition. The competitive action of some
inorganic ions (CI, SO, PO,*, CO,*> and HCO,) present in the matrix is
the main obstacle, since they act as HO'radicalscavengers and/or absorb light.
However, this same influence has not yet reached consensus in the case of
sonochemical treatment. The HCO, ion reacts with HO" to produce the CO,",
which can migrate to the bulk solution and promote pollutant degradation.
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Figure 1. Number of publications per AOP applied forthe degradation of BP-3,
FIP and PPB in different aqueous matrices

3.2. Pathways and Toxicity changes

3.2.1BP-3

Several TPs (chlorinated compounds) have been identified during the degra-
dation ofBP-3 including its degradation pathways (aromatic electrophilic
halogenation, hydroxylation, demethylation and direct oxidation) [2,5].The
inhibition of bioluminescence emitted by V. fischeri was detected when the
organism was exposed to TPs produced from the degradation of BP-3 can
under UV irradiated AOPs due to additional oxidation by the reactive radi-
cals promoted by radiation[12].Toxic TPs and residual estrogenicity were
removed from the final effluent produced by nanofiltration(NF) membrane
in a NF-Membranelaccase/S2082- system. Thus, producing a high-quality
permeate suitable, respectively, for disposal and water reuse applications[13].
An EC500f 1.7 mg L-1 (5min) and of 2.07 mg L-1 (15 min) was found for
BP-3 and, the toxicity profile decreased at the beginning of BP-3 degradation
growing after 30% removal[14].

3.2.2FIP

Many TPs (including FIP-sulfone, FIP-sulfide, FIP-desulfinyl and FIP-car-
boxamide) have been identified [4,5,15,16]during FIP degradation, and the
HO- attack occurred preferentially in the pyrazole ring[5].A decrease in acute
toxicity for A. salina from 100% to 13% was observed during the degrada-
tion of FIP by the photo-Fenton process[4]. Low toxicity was also presented
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in relation to V. fischeri both by the untreated effluent and by the compounds
identified during FIP photocatalytic degradation [16].

3.2.3 PPB

The potential risk of PPB for humans and aqueous organisms was investi-
gated using a PPB treated solution, and estrogenic activity decreased as PPB
was degraded. Menwhile, acute toxicity at three trophic levels first slowly
increased and then rapidly decreased as the total organic carbon decreased
during photocatalytic degradation [17]. Furthermore, degradation products
less toxic than PPB for fish, daphnids and green algae have also been eluci-
dated.

4. Conclusions

CEC, such as BP-3, FIP and PPB are currently in the spotlight due to their
frequent detection in aqueous matrices. AOPs are outstanding strategies to
degrade these types of contaminants. So far, the degradation efficiency of
these CEC are still low and many works do not treat these contaminants in
real samples. Based on the recent literature, more works are still needed to
turn AOPs to large scale applications. Furthermore, a toxicity reduction was
also reported after treatment of these CEC by AOPs. This is an interesting
aspect, because it shows the interaction between toxicity testsand the impact
of contaminants to aquatic organisms. However, mechanistic aspects regar-
ding toxicity reduction, remain unclear.
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Modelling and Experimental Validation
of a Reaction Chamber Simulating Indoor Air
Decontamination by Photocatalytic Paint

E Salvadores’, O. M. Alfano', M. M. Ballari’.

A photocatalytic paint was deve-

loped for air decontamination under

different operating conditions in a

reactor chamber that simulates a

room. An experimental design was

used to be able to cover a wide range

of indoor air conditions (irradiation

level, air flow rate, relative humidity

and inlet pollutant concentration).

The new insight is the proposal of

a model able to predict the outlet

Graphical Abstract: Experimental vs. concentration of the pollutant from

predicted outlet concentrations of the reactor. The inputs for the model

acetaldehyde.

are: i) properties of the paint, ii) radia-

tion source, iii) information related to

the reactor (superficial area, flow rate, etc.), iv) intrinsic photocatalytic degra-

dation kinetics of the pollutant. The lowest outlet pollutant concentration

was found for the highest irradiation level, and low air flow rate and relative

humidity. The model used to predict the experimental acetaldehyde outlet

concentration presented a good agreement. Knowing the input information

required by the model, the proposed methodology can be adopted to predict
the air decontamination in real applications of photocatalytic paints.

Introduction

In 2020, people have increased their time at home due to the COVID-19
pandemic. In this situation, is necessary to ensure excellent indoor air quality.
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Air pollutants can cause sick building syndrome (headache, eye irritation,
fatigue, dizziness, etc.) and other diseases. An effective method to eliminate
air contaminants is heterogeneous photocatalysis, being titanium dioxide
(TiO,) one of the most used and studied [1]. Due to its relatively low cost
and chemical stability, TiO, is being used for the development of photocat-
alytic construction materials with air-purifying properties [2]. In this field,
air decontamination using photocatalytic paints is a state-of-the-art tech-
nology [3]. To further increase the knowledge, understanding the role of
different factors in the photocatalytic oxidation of air pollutants is essential.
For this purpose, the formulation and validation of mathematical models
based on intrinsic kinetics is crucial.

In this work a photocatalytic paint was developed and tested under different
operating conditions for acetaldehyde removal in a reactor chamber that
simulates an indoor environment. For this purpose, irradiation level, air flow
rate, relative humidity and pollutant concentration were changed according
to an experimental design. The new insight in this study is the employment
of a model based on first principles to predict the outlet reactor concentra-
tion of acetaldehyde. For this purpose, the optical properties of the paint
coating and an intrinsic kinetic expression for the degradation of acetalde-
hyde were used [4] along with the solution of mass and radiation balance
equations in the photoreactor.

Material and Methods

The experimental reactor chamber is an approximate scale 1:10 of a regular
room (50 x 35 x 30 cm?). The floor and walls are made of stainless steel, while
its upper part is made up of a removable transparent acrylic window. Above
the acrylic, five fluorescent lamps (General ElectricT8 18W54) of visible light
are located. The radiation flux on the reactor walls was determined with a
portable spectrometer Ocean Optics USB 2000+ UV-Vis-ES. Acetaldehyde gas
stabilized in nitrogen (300 ppm, PRAXAIR) was mixed with air, at the desired
humidity, and fed to the reactor as a model pollutant. A fan is placed inside
the reactor to ensure good mixing of the air. Two sample points are located at
the inlet and outlet pipes of the reactor. The acetaldehyde concentration at the
sample points was determined taking a gas sample and by direct injection in
gas chromatograph with a flame ionization detector (FID). Figure 1 shows the
experimental setup.
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The formulated paint consisted in a mixture of water (30% w/w), polymeric
resin (33.4% w/w) and dispersive agent (0.6% w/w), while the dispersed solids
were the extender (CaCO,, 18% w/w) and the photocatalytic TiO, (18% w/w).
A commercially available TiO, doped with carbon (KRONOClean 7000) was
used for the paint formulation in replacement of rutile TiO, pigment. More
details of the photocatalyst can be found somewhere else [4,5].

Acetaldehyde
gas cylinder
Temperature Lamps
and humidity =
7 sensor_ =i y
Mass flow o F’“‘”i A
controllers / Wall A &6 2
Dry and Inlet v
clean air sample Z OUﬂeit
port sample
Fan port

Figure 1. Experimental setup

The photocatalytic paint was deposited on paper sheets using an aerograph
and dried during 24h at room conditions. These papers were used to cover the
walls of the reactor chamber. Before the operation of this system, the paint
was irradiated with visible light lamps for 8h. In this process, the superfi-
cial organic compounds of the paint were degraded and the TiO, particles
protruded, allowing the contact between the air pollutants and the photocat-
alyst [4,5].

A spectroradiometer Optronic OL Series 750 with an integrating sphere OL
740-70 was used to measure the diffuse reflectance and transmittance of the
paint coating on acrylic plates.

A D-optimal experimental design was used to fully cover a wide range of
different operating conditions with a reduced number of experiments and
minimal variance. For this purpose, the irradiation level (22.4, 50.7 and 100%),
the air flow rate (2500 and 5000 cm?®/min) and the relative humidity (28-61%)
were determined as numerical factors, while the inlet acetaldehyde concen-
tration (1.04 and 2.08 x10mol/cm?®) was considered as a categorical factor.

Based on the measurements of the optical properties of the paint coating the
fraction of radiation absorbed by the photocatalytic paint film is calculated as
[4,5]:
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(1)

where T . and R . are the spectral diffuse transmittance and diffused
reflectance of the coating.

The Local Superficial Rate of Photon Absorption (LSRPA) is calculated as:
(2)

where A is the minimum emission wavelength of the lamp, A__ is the
maximum wavelength at which the photocatalyst presents activity, and q_,(x)
is the radiation flux on the photoreactor wall at the position x. The spectral
radiation flux on a surface can be calculated based on the Extended Superficial
Diffuse Emission (E-SDE) source model [6,7].

The rate of acetaldehyde decomposition using photocatalytic paints was
previously developed for a continuous flat plate photoreactor and different
operating conditions [4]:

(3)

where o, is a group of kinetic parameters (3.28 x 10%cm®/Einstein), C, is the
concentration of acetaldehyde, C,, , is the concentration of water in gas phase
and K, its absorption equilibrium constant (1.15 x 10°cm®/mol). Finally,
represents the minimum LSRPA necessary to produce the photoreaction
under certain conditions [8].

The photoreactor chamber was modelled as a continuous stirred tank reactor
(CSTR). To validate this hypothesis a step stimulus-response method with an
inert tracer was performed. Then, the mass balance of acetaldehyde is:

(4)

where V, and A are, respectively, the volume and area of the reactor, Q is
the air flow rate, and subscripts in and out refers to inlet and outlet sample
ports. The initial condition to solve this differential equation is:

(5)
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Results and Discussion

The radiation flux was measured with the spectroradiometer in different
points on the reactor walls and the E-SDE was solved. The comparison of the
measurements and the solution of the emission model in one lateral wall of
the reactor (wall B) is shown in Figure 2. It can be seen that the radiation
flux is decreasing from the top of the reactor (x=30cm), where the lamps are
closer, to the bottom (x=0cm). On the other hand, in the center of the y axis
(y=17.5cm), the radiation flux is maximum due to the contribution of the 5
lamps, while it is lower in the extremes (y=0cm and y=35cm).

The employed kinetic parameters of Eq. (3) were the previously reported
[4], with the exception of the minimum LSRPA, which was estimated for
the present photoreactor using the non-linear generalized reduced gradient
regression algorithm. For this system, the calculated was 4.78 x 10"?Einstein/
cm?/s.

Figure 2. Radiation flux measured (dots) and calculated with the E-SDE source
model(surface) on wall B.

The graphical abstract shows the acetaldehyde outlet concentrations
measured in 16 experiments and those predicted by the model. The total
RMSE was 10.70%, which indicates a good agreement between the experi-
mental data and those calculated with the model.

Figure 3 shows the theoretical surface of the outlet acetaldehyde concentra-
tion maintaining the air flow rate and the inlet concentration, and varying the
relative humidity and the irradiation level, along with the measured experi-
mental values.
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Figure 3. Measured (dots) and predicted (surface) C Aout for Q=2500 cm?/min and
C,»=1.04x10""mol/cm’.

It can be seen that the higher the irradiation level and the lower the rela-
tive humidity, the acetaldehyde concentration decreases, i.e. the reaction rate
increases. The same behaviour is observed when the inlet concentration and
air flow rate are changed (data not shown). The highest conversion was found
for high irradiation level and acetaldehyde concentration, and low air flow rate
and relative humidity.

Conclusions

A photocatalytic paint was tested for acetaldehyde removal in a reactor
that simulates a room. An experimental design was used to investigate the
role of irradiation level, air flow rate, relative humidity and inlet pollutant
concentration. It was found that, for both pollutant concentrations assayed,
the highest air decontamination corresponds to low air flow rate, low relative
humidity and high irradiation. In addition, a model is proposed to calcu-
late the outlet concentration of the pollutant from the reactor. The main
strength of the model is that it is based on information that can be known
beforehand. The RMSE between measured and predicted pollutant concen-
trations was 10.7%, indicating good agreement. Intrinsic kinetics models are
essential to increase the understanding of photocatalytic oxidation of air
pollutants and to predict the air decontamination by photocatalytic paints
in real scale
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Comparison of radiation collector systems in
the degradation of Contaminants of Emerging
Concern (CEC) by solar heterogeneous
photocatalysis

J. Pino-Arangol, E Granda-Ramirez', M. Barrera', S. Castrillon’,
L. Rueda’, G. Hincapié.Mejia'.

Wastewater with Contaminants
of Emerging Concern (CEC) can be
generated. Heterogeneous Photo-
catalysis (HP) with TiO, is one of
the Advanced Oxidation Processes
(AOPs) most suitable for water treat-
ment with CEC. In this research, three
CEC Safranin T (SF), Sulfacetamide
(SAM) and 2,4-dichlorophenoxya-
cetic acid (2,4-D) degradation was
evaluated by HP in a quartz wall
reactor. 365 nm wavelength radia-
tion was used and the best operating
conditions was determined under the
high flow and aeration configuration,
obtaining a removal rate of 48.05% for SE. Under these conditions, degrada-
tion of SE, SAM and 2,4-D under solar radiation in 4 configurations of radiation
collector systems, Flat Plate Collectors (FPC), V Collectors (VC), Parabolic
Cylinder Collectors (PC) and Compound Parabolic Cylinder Collector (CPC)
were compared until reaching the same value of accumulated energy (122.77
kJ/m?).

Introduction

Currently, there is a growing interest in Contaminants of Emerging Concern
(CEC) whose presence in the environment has largely gone unnoticed in

(1) Institucion Universitaria Colegio Mayor de Antioquia, Cra 78 N° 65 — 46, Medellin, Colombia.
juanpablopinoarango@gmail.com.
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terms of distribution and / or concentration [1]. These involve a wide range
of chemical compounds that are used in daily life, including medicines,
personal hygiene products, soaps, surfactants, industrial additives, plastici-
zers, pesticides and a wide variety of chemical compounds that are present
in the environment [2]. Many of these pollutants are not eliminated through
conventional systems; and, for the most part, correspond to substances
not regulated by the environmental authorities. Among the dyes belon-
ging to the CEC group, is Safranin T (SF), which is a biological dye that is
frequently used to dye tissues, the detection of structures in eukaryotic and
prokaryotic cells and also, its most common use It is in Gram staining [3].
2,4-Dichlorophenoxyacetic Acid is one of the most widely used compounds
in commercial herbicides, being responsible for causing devastating effects
on the environment, especially in aquatic ecosystems and human health. Due
to its persistent nature, it is not degraded efficiently by wastewater treatment
plants, and it is necessary to use other more effective degradation methods
such as Advanced Oxidation Processes [4]. On the other hand, Sodic Sulfa-
cetamide (SAM) is an ophthalmic drops or ointment in the treatment of
eye infections, it is provided orally for the treatment of acne and seborrheic
dermatitis, and is rapidly excreted in the urine and it can be found in soap,
shampoo, cream and washing solutions [5].

Advanced Oxidation Processes (AOP) are defined as effective methods
for the removal of a large number of persistent contaminants. These make
changes in the chemical structure of pollutants until they reach mineraliza-
tion, transforming organic matter into Carbon Dioxide and water [4].

In the case of Heterogeneous Photocatalysis (HP), the semiconductor most
used in photocatalytic applications is TiO,, particularly the P-25 manu-
factured by the Evonik commercial house, which has presented a higher
photocatalytic activity, is not toxic, is stable in aqueous solutions and It is not
expensive [5]. In photocatalytic process with TiO, in aerobic environments,
when ultraviolet light radiation striking a surface of a semiconductor, this
one is capable of generating electron-hole pairs and Reactive Oxygen Species
(ROS) such as hydroxyl radicals (¢« OH), superoxide anions (¢O%), hyperoxide
radicals (¢«OH,) or Hydrogen Peroxide (H,0,) [6].

In photocatalytic processes with TiO,, in addition to properly locating the
catalyst (either dispersed or through the implementation of supports) it is
necessary to achieve an efficient exposure to the useful light, to ensure an
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adequate process, said exposure can be carried out using systems of radia-
tion collectors. Globally, various collector designs have been proposed which
seek to increase efficiency and reduce the costs of photocatalytic systems for
decontamination and water treatment [7].

Due to the problem that has triggered the generation of CEC, in recent
years, proposals have been proposed for the treatment of these compounds
through the AOP. Through this research, a comparison of 4 configurations
of radiation collectors (FPC, VC, PC and CPC) covered with a reflective
material was performed, in which the most efficient collection system for
the degradation of the SF, SAM and 2,4 -D using solar radiation was deter-
mined.

Material and Methods

In this research were used TiO, P-25 (Evonik), Safranin T (Carlo Erba,
100%), as a source of 2,4-dichlorophenoxyacetic acid, a commercial herbi-
cide PROFIAMINA® 720 SL was used with a content of 720 g/L thereof and
Sodium sulfacetamide was provided by Corpaul (Medellin, Colombia). To
the reaction system a 1-liter reservoir was used to contain the solution to
be treated, this solution is recirculated by an immersion pump (JAD Refe-
rence FP-750) to the cylindrical reactor with quartz walls (internal diameter
2.0 cm, external diameter 2.2 cm and length of 13 cm). This reactor has an
effective irradiation volume of 35.5 cm? The system was equipped with an
UV lamp (MoodLites, maximum emission wavelength at 365 nm and 13 W
of power) to determine the best reaction conditions and thus proceed to
degrade the CEC with solar irradiation.

For all tests, 500 mL of a solution at 20 ppm of the pollutants was prepared,
corresponding to the amounts found in previous studies [8]. Initially, for
determination of the best degradation conditions using UV lamp, SF was
used. Subsequently, the high and low flow rates were determined by avera-
ging nine measurements, obtaining the values of 94.84 ml/s and 30.73 ml/s.
Likewise, the effect of the presence of oxygen in the system through an air
supply was evaluated with an aerator pump (Jeneca Reference AP-9800 with
a flow at 1.6 1/min). Variations in flow rate and aeration (Table 1) were made
with the objective of finding a reactor operating condition that allows the
best possible degradation of the contaminant.
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Table 1. Experimental desing to determinate the best operation conditions.

Rad TiO
Exp. Alr (m(lz/s) (13 W 365 nm) (1 g/1)

c1 NO High X
2 NO o X

C3 NO High X

E1 NO Low X X
E2 NO High X X
E3 YES Low X X
E4 YES High X X

Source: Authors.

TiO, was dispersed in the system with a concentration of 1 g/ [8]. A dark
absorption test was initially applied to establish the affinity between safranin
and the catalyst, additionally, the evaluation of the pollutant photolysis oper-
ating at high and low flow rates was made. The HP was evaluated by varying
the flow rate and the presence of air as described in Table 1, and with the best
operating conditions found, 4 radiation Collectors configurations FPC, VC,
PC, CPC coated with an aluminum reflective material were analysed. Collec-
tors designed were made through 3D modeling with SketchUp® software and
the elaboration was done with a Fused Form 600 ° brand 3D filament printer,
using a PLA filament.

Once the best reaction conditions had been established, the treatments of
the waters contaminated with SF, SAM and 2,4-D were carried out under
solar irradiation, comparing the removals of the pollutants to an accumulated
energy in the system of 122.77 kJ/m?.

Results and Discussion

For stage 1, SF Dark adsorption showed a 9.8% of contaminant adsorbed
in the catalyst, establishing that there is an affinity between SF and TiO,
that favors its degradation. Through the photolysis experiments, a higher
degradation of SF at a high flow rate was determined obtaining a removal of
8.68%, while a 2.98% at a low flow rate was obtained. According to the results
obtained it was determined that the presence of oxygen favors the degrada-
tion of the contaminant. On the other hand, it was determined that the high
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flow rate (94.84 ml/s) gives a greater degradation of the contaminant. This
flow has a speed 3 times higher compared to the low flow (30.73 ml/s), this
indicates that the solution to be treated experiences a longer contact time with
the radiation which allows a greater degradation and efficiency of the system.
Analyzing the flow and aeration parameters, the best operating condition for
degradation was provided by the E4 (Table 1) experiment (48.05%) set by a
high flow rate and air supply. Figure 1 shows the degradation behavior of the 3
pollutants in the optimal conditions found for SF, showing the resistance that
these molecules show to being degraded, which is improved when was used
the collectors in solar degradation.

Figure 1. CEC degradation in best conditions. Source: Authors.

To determine the impact of the use of solar collectors, the collector impact
ratio factor (CIRF) was determined by dividing the degradation obtained with
each collector by the degradation obtained with the system without a collector
(Figure 2).

Figure 2. Collector Impact Ratio Factor (CIRF) to SF photodegradation using solar radiation.
Source: Authors.
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As can be seen in Figure 2, the use of radiation collectors increased the SF
degradation by more than 50%, which is in accordance with that reported in
the literature [8], [9].

Conclusions

Aeration supplied to the degradation system allows greater degradation of
Safranine due to the formation of the superoxide anion radical O,.- which
potentiates degradation.

It was possible to determine that the high flow favors the degradation of the
pollutant since this, having a speed 3 times higher than the low flow, allows a
longer exposure time of the solution to be treated to the radiation, thus achie-
ving a better degradation of the pollutant.

With respect to the operating conditions for the degradation of Safranina, it
was possible to determine that a high flow rate and the aeration supply is the
best operating condition, reaching a removal of 48.05% (E4) without the use
of a radiation sensor.

Using solar radiation intensified with collectors improves the release of
pollutants, especially with the most resistant molecules under the conditions
evaluated.

The use of radiation collectors improves the photocatalytic processes in the
degradation of CEC.
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Estrategia Metodoldgica para Modelado
Matematico de Desactivacion Fotocatalitica del
TIO, P25 Degussa por Adsorcion Molecular

M. Martinez-Calvo', J. Colina-MarqueZz?,
M. Mueses'.

La fotocatdlisis heterogénea ha
probado ser efectiva en el trata-
miento de aguas que poseen ciertos
contaminantes que por otros medios
no pueden ser degradados. Para el
tratamiento de estos contaminantes
se requiere el conocimiento de los
factores de mayor afectacion en el
proceso fotocatalitico como lo son
los efectos de radiacidn, los difusivos,
la adsorciéon molecular, cinética de
reaccion, geometria del reactor, entre
otros, que son pertinentes a la hora de
realizar un modelado matematico de estos sistemas.

Fuente: Adaptado de [1].

En este trabajo se presenta la estrategia metodoldgica para el planteamiento
de un modelo matematico robusto y generalizado para describir los meca-
nismos de la adsorcién molecular y evaluar su efecto en la desactivacion
fotocatalitica del TiO,-P25 ademas de su influencia en la cuantificacién de la
LVRPA, propiedades dpticas del sistema, y la velocidad de reaccién global. Se
espera obtener un modelo capaz de describir de manera satisfactoria la desac-
tivacién del TiO,-P25 y su posible generalizacién a otros semiconductores.

Introduccion

La fotocatalisis solar heterogénea se ha convertido en una alternativa viable
para la eliminacién de contaminantes presentes en fase acuosa, usando semi-

(1) Universidad de Cartagena, Grupo de Investigacion Modelado & Aplicacion de Procesos Avan-
zados de Oxidacion (MAOx), Avenida del Consulado Calle #30 No.48-152, Cartagena de Indias,
Colombia, jvenecian@unicartagena.edu.co.
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conductores que adsorben de manera eficiente la radiacién solar [1]. Estos
procesos son fuertemente dependientes de los mecanismos difusionales de
transporte de materia y de la cinética de adsorcién molecular, siendo éste un
fenémeno competitivo e incluso controlante de la velocidad de reaccion [2].

La evaluacién del tratamiento de contaminantes o de aguas residuales,
aunque en principio considera la cuantificacion de la adsorcién molecular, se
limita ha hacerlo en el equilibrio y no en funcién de la cinética como proceso
competitivo, sin considerar su efecto en el ensuciamiento de la superficie y
por tanto la desactivacién del semiconductor [3].

Por esta razén, se requiere la estructuracién de un modelo matematico para
la descripcién y prediccion de la adsorcién molecular, que permita adicional-
mente calcular el ensuciamiento, perdida de la superficie activa, los cambios de
la energia de banda gap, propiedades 6pticas de adsorcién de energia radiante
y su efecto sobre la velocidad volumétrica local de absorcién de fotones y la
cinética de la reaccion. [4].

Metodologia

La descripcion matematica de esta investigacidon esta basada en el algoritmo
propuesto por Mueses y Colaboradores [1] para modelado de reactores y
procesos fotocataliticos heterogéneos a gran escala.

Figura 1. Esquema metodoldgico para modelado del proceso de fotocatlisis con efectos de
adsorcién molecular.
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El modelo de adsorcién molecular se incluye en la fase de “Sistema Reactivo”
y su estructura matematica se establece en el médulo de velocidad de reaccién
y modelado cinético. Se estructurard las ecuaciones del mecanismo de adsor-
cién basados en un andlisis y modificacion del mecanismo generalizado de
procesos de fotocatalisis heterogénea, mostrado en la Figura 2.

Reaction Scheme?

Activation TiO, LI + ht [1]
Adsorption O; +TiV+H,0 < O H +Ti"V — OH~ [2a]
Ti"V + H,0 < Ti'"V — H,O [2b]
Site + R;<> Rjaas [31
OH- + Ti"V «Ti'V | OH- 4]
Recombination e + h" — heat [5]
Hole trapping Ti"V —OH™ + h" < Ti'V | OH- [6a]
Ti"V —H,O+ h" < Ti"V|OH. + H* [6b]
Riags+ bt < R} [7]
Electron trapping TitV + e~ < Til [8a]
Ti"+ 0, & Ti"V — O; [8b]

Hydroxyl attack
Case I Ti'"V | OH- + R;ags — Ti'"Y + Rjaas 9]
Case 11 OH- + Rjads — Rjads [10]
Case III Ti'V|OH- + R;— Ti'™V + R; [11]
Case IV OH-+ R;— R; [12]

4 Extracted from Turchi and Ollis (1).

Figura 2. Mecanismo de reaccién fotocatalitica para TiO,. Adaptado de Turchiy Ollis 1990(5].

Resultados y Discusion.

A continuacion se establecen los resultados previos de la fase de modelado
matematico, para campo radiante y el andlisis matematico del modelo difu-
sional y de desactivacion.

Campo Radiante:

El Campo radiante es uno de los factores de mayor estudio en el drea de
modelado de foto-reactores solares CPC. Mueses y Colina [6-11] han cuan-
tificado el campo radiante en reactores solares por acoplamiento de modelos
de emisidén y absorcion-distribucién, utilizando modelos atmosféricos empi-
ricos (emision) y el modelo de seis flujos, SEM o modificaciones del mismo
(SEM-HG - emisidn/scattering), adicionalmente, la Técnica de Trazado de
Rayo (Ray-Tracing) como condicién de frontera de los dos modelos.
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LaLVRPA o el e% lo cual nos determina el nimero de los fotones absorbidos
por la unidad del tiempo y de volumen. La LVRPA es descrita mediante la
ec. (1) y su determinacion tedrica requiere el uso de un modelo radiativo de
transferencia.

e (x,0) = j [k b (. @)d0al (1)
| min ©

Donde k es el coeficiente el volumétrico de absorcién para el sistema y I, es
la irradiacién del fotén.

Para el uso de este modelo se considera una distribucién uniforme de las
particulas de catalizador en suspensidn con caracteristicas Opticas invariantes;
se desprecia la absorcidn de energia por el fluido o las paredes del reactor, la
radiaciéon UV absorbida por el catalizador con longitud de onda menores a
385 nm vy la reflactancia de la superficie del colector se considera constante
[12].

La LVRPA se calcula utilizando el enfoque de Six Flux Model modificado
con Henyey-Greenstein, SFM-HG [13], en la direccién del flujo foténico inci-
dente la cual es:

(1)

I, en la ecuacién corresponde a la componente del flux radiacién solar inci-
dente que choca con la pared del reactor, la cual puede ser radiacion directa o
difusa. La cual puede cambiar debido a condiciones climdticas.

El promedio volumétrico de la LVRPA se calculara mediante la Ec. (2):

R 2p

j [ LVPA(C,,,,r,q)rdrdq
VRPA=(LVRPAY,, =22 (2)

rdrdq

SO
R

Modelo Difusional:

La estructura matematica generada a partir del mecanismo de reaccién foto-
catalitica (Figura 2) debe ser acoplada a un modelo difusional, con la finalidad
de poder definir todos los fenémenos posibles de difusion y equilibrio en una

144



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

cinética de adsorcion fluido-solido, se deben tener en cuenta tres procesos que
se llevan de manera simultdnea como lo son: el transporte de masa externo,
difusion intraparticula y la adsorcién en un sitio activo. Ademas, la difusion
intraparticula puede ocurrir por difusiéon en el volumen del poro, difusiéon
superficial o por una combinacién de estas [14][15].El modelo utilizado se
obtiene haciendo las siguientes suposiciones:

I) La difusion intraparticula ocurre por difusién en el volumen del poro y por
difusién superficial, II) La velocidad de adsorcién en un sitio activo es instan-
tanea, se alcanza el equilibrio y III) Las particulas del TiO,-P25 son esféricas.
Asi, efectuando un balance de masa en la solucién, se obtiene la ecuacion
diferencial ordinaria siguiente:

dC
VTIA =-mSk(C,—C,, |._g,) (3)

La Ec. (3) indica que la velocidad de decaimiento de la concentracién del
contaminante emergente en la solucion es igual al transporte de masa del
contaminante desde el seno de la solucion hasta la superficie externa de la
particula de TiO,-P25.

Con la condicién inicial , siendo C, concentraciéon del contaminante en
solucién acuosa (mg/L), C, concentracién inicial del contaminante en solu-
cién acuosa (mg/L), C,, . concentracién del contaminante en la superficie
externa de la particula, r = Rp (mg/L), kel coeficiente de transporte externo
de masa en fase liquida (cm/s), m la masa del catalizador (adsorbente), g el
area externa por unidad de masa de adsorbente (cm?/g) y V el volumen de la
solucion (mL).

Realizando un balance de masa sobre un elemento diferencial esférico dentro
de la particula, se obtiene la ecuacién siguiente:

L C, ., 12
7ot "ot rtor

ac/"+Dvr a—q)
or TP or

(D
e @

Donde C, esla concentracién del contaminante dentro de la particula a una
distancia r (mg/L), Dep el coeficiente de difusién efectivo (cm?/s), D el coefi-
ciente de difusién superficial (cm?/s) €p la fraccion hueca de las particulas la
densidad de las particulas del adsorbente (g/cm?), q la masa del contaminante
adsorbida por unidad de peso del adsorbente (mg/g) y r la distancia radial
(cm).
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En la Ec. (4), El lado izquierdo nos indica que el contaminante dentro de la
particula se acumula en el volumen y en la superficie de los poros, mientras
que el lado derecho indica que el transporte intraparticula del contaminante
se debe a la difusion en el volumen de poro y a la difusion superficial.

Las condiciones iniciales para resolver la Ec. (4) son las siguientes:

t=0,C, =0,0<r<Rp (5)
aCAl‘ —
Sl 1m0 (6)
oC, 0
ep a:r |z +D,1 » (37:] =k(C,-C,, ‘r:kp) (7)

Las Ecs. (5)-(7) indican que al inicio no habia contaminante acumulado en la
particula de catalizador, no existe flujo de masa de contaminante en el centro
de la particula (r = 0) y el flujo de masa debido al transporte externo que llega
a la superficie de la particula (r = Rp), es igual al transporte intraparticula que
estd entrando a los poros.

Si se considera que la velocidad de adsorciéon sobre un sitio activo es
instantdnea, entonces existe un equilibrio local entre la concentracién de
contaminante en la solucién dentro del poro y la masa de contaminante adsor-
bida sobre la superficie del catalizador. Este equilibrio se representa por la
isoterma de adsorcion, la cual es la relacién matematica entre C, y q.

Utilizando una ecuacidn cinética generalizada para el equilibrio en la adsor-
cion llamado Mixed Order Model (MO) [16], el modelo es representado por
la siguiente ecuacidn:

Y - Ki(g.~ )+ Kolg,~a)
dt 1\1e 2\"e (8)

donde ge es la masa del contaminante adsorbida por unidad de peso del
adsorbente en equilibrio (mg/g), K’, la constante de equilibrio para pseudo
primer orden (1/min), K’, la constante de equilibrio para pseudo segundo
orden (g/mg-min).

Este modelo puede representar cualquiera etapa del proceso de adsorcién en
funcioén de la transferencia de masa, la difusiéon del adsérbato y/o la adsorcion
del adsérbato sobre los sitios activos domina el proceso de adsorcién, y una
concentracion arbitraria del contaminante en la solucién.
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Modelo de Desactivacion Fotocatalitica:

La inclusién de los fenémenos de la desactivacion del catalizador en la reac-
cion la cinética complica el tratamiento del modelo matematico, porque la
dependencia del tiempo de la actividad del fotocatalizador hace necesario el
uso de los modelos dindmicos para el reactor. Asi como el esfuerzo computa-
cional se ve incrementado al resolver estos modelos.

Varias clasificaciones para la desactivacidén catalitica existen tales como:
envenenamiento, fouling y sinterizacién. Se va a considerar independiente-
mente el concepto de envenenamiento, debido que por este mecanismo se
llega a una ecuacién semiempirica que asocia la cinética de reaccion.

Como una molécula de veneno (P) es depositada en un sitio activo vacante:

Pt*e=P

9)

La rata de envenenamiento viene dada por:

*
r= K+cpcv —K_cp

(10)

Donde ¢ *y ¢ denotan la concentracién de veneno depositado en la super-
ficie y los sitios activos libres respectivamente.

Introduciendo ecuaciones de balance masas y equilibrio para las moléculas
de veneno y sitios activos se tiene la siguiente ecuacién para la actividad cata-
litica [17]:

da =—k'(a—a*)"
dt (11)

Donde a* es la actividad asintética, para una adsorcion irreversible a*=0,

teniendo en cuenta que k' es independiente del tiempo, se puede resolver

facilmente por variables separables, llegando a la siguiente solucién:
a(t)=a*+(a, —a*)e ™" ,n=1 (12)
a(t)=a*+[ (g, - )" +k'(n—1)z]/“-"’ n#l (13)

La funcion de la actividad catalitica es combinada con la velocidad de reac-
cion dando como resultado:

r.=a(t)r.
s =a(br, (14)
Siendo r,es la velocidad de reaccién inicial intrinseca de la reaccidn.

La investigaciéon permitird obtener un modelo matemdtico robusto.
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Conclusiones

La estructura metodoldgica propuesta permitirad una adecuada formulaciéon
del modelo matematico para fenémenos competitivos de adsorcién molecular
en procesos de fotocatalisis solar y su efecto en la cuantificacion de la LVRPA,
las propiedades dpticas y la velocidad de reaccién global.
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Analisis Cinético de la Oxidacion de Diclofenaco
Mediante el Acople de Fotocatalisis Heterogénea
y Oxidacion Fotosensibilizada

M. Maza-Caraballo’, P. Pérez-Alvear’,
J. Diaz-Angulo®, M. Mueses’

En este trabajo se presenta el estudio
cinético de la degradacion de Diclofe-
naco por medio de fotosensibilizacién
asistida con TiO, implementando el
efecto de sensibilizadores organicos
en la absorcién de fotones y el ataque
de especies reactivas de oxigeno
para la oxidacion de este farmaco. El
procedimiento metodoldgico de esta
investigacion se fundamentara en
un disefio computacional, en donde
el modelado cinético de las especies
reactivas (Diclofenaco y colorantes

organicos-sensibilizadores orgdnicos) acoplado al sistema quimico con el
ataque oxidativo del radical anién superéxido, considerando la evaluacion del
campo radiante para la cuantificacién de la LVRPA, el ajuste de pardmetros
cinéticos y el andlisis de sensibilidad, permita la proposicién de un mecanismo
de reaccion para una mejor descripcion fenomenoldgica del proceso fotocata-
litico.

Introduccion

Una problemadtica que se ha venido presentando en los tltimos tiempos es la
contaminacion de aguas a causa de los Productos Farmacéuticos y de Cuidado
Personal (PFCP); varios de estos compuestos se utilizan en la medicina humana

(1) Grupo de Investigacion Modelado & Aplicacién de Procesos Avanzados de Oxidacién, Programa
de Ingenieria Quimica, Universidad de Cartagena, Apartado Aéreo 1382 — Postal 195, Cartagena
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gena.edu.co, mmueses@unicartagena.edu.co, jdiazan@sena.edu.co
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y veterinaria (i.e., antibidticos, firmacos estimulantes, agentes reductores de
lipidos sanguineos y antiinflamatorios), muchos otros en productos para el
cuidado de la piel, cremas hidratantes, protectores solares, que gracias a la acti-
vidad diaria se convierten en la principal via de liberacién hacia los entornos
acudticos [1]. Las principales fuentes de vertimiento de estos compuestos
provienen de los hogares, hospitales, industrias y las Plantas de Tratamiento
de Aguas Residuales (PTAR); estos tltimos resultan ser los mas influyentes
en cuanto a contaminacién de aguas por parte de productos farmacéuticos se
refiere [2]. Muchos de estos productos suelen comportarse como agentes anti-
microbianos recalcitrantes, por tal motivo, su eliminacién a través de métodos
de degradacion bioldgico y métodos convencionales (i.e., por las Plantas de
Tratamiento de Aguas Residuales) llegan a ser ineficientes, en este sentido,
los Procesos Avanzados de Oxidacion (PAOx) se presentan como alternativa
sostenible y renovable para el tratamiento no convencional de Micro Conta-
minantes Orgéanicos (MCO) para la descontaminacién de sustancias téxicas
inmersas en entornos acudticos [3].

La idea de implementar la fotocatdlisis heterogénea como Proceso Avanzado
de Oxidacién para la degradaciéon de Contaminantes de Preocupacién Emer-
gente (CPE) como el Diclofenaco, resulta imperativo en el tratamiento de aguas
residuales. Para el presente trabajo se acoplaran los efectos de sensibilizadores
organicos (i.e., colorantes orgénicos) para evaluar la cinética de respuesta del
medio contaminado frente a las tasas de degradacién y mineralizacion. Basados
en estudios de [4] se comprobé que la absorcion de fotones bajo el proceso de
fotosensibilizacién con TiO, en la oxidacién de Diclofenaco usando colorantes
organicos como (Eosina Y) y (Rodamina B), producian mejores resultados al
momento de eliminar estos CPE, obteniendo degradaciones mayores al 80%, y
se observo cierta afinidad en relacién a la concentracién o carga de catalizador
y tinte utilizado debido a la naturaleza anidnica de los grupos funcionales en
los sensibilizadores; propendiendo a la mejora en los sistemas fotocataliticos
y el impacto que generaba en los parametros cinéticos para la velocidad de
degradacién del Diclofenaco. En relacion con la idea anterior, se adicionara el
efecto oxidativo de la especie radical anién superéxido y junto con el radical
hidroxilo (O, y OH’) para obtener una cinética y descripcién fenomenolégica
mucho mds completa, llevando a cabo la proposicién, estimacion, evalua-
cién, validacion y analisis de un mecanismo de reaccién para la degradacién
de Diclofenaco en presencia del proceso de fotosensibilizacién con TiO, en
un medio con colorantes organicos, con el fin de mejorar la comprensién del
sistema reactivo evidenciado en el articulo de [5].
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Materiales y Métodos

La presente propuesta desarrolla una investigacién de tipo evaluati-
va-descriptiva, en la cual, se busca proponer un modelado cinético para la
degradacion de Diclofenaco incluyendo los efectos de la absorcién de fotones
y el ataque de Especies Reactivas de Oxigeno (radical OH" y O,) para un
sistema fotosensibilizado por TiO, usando colorantes orgénicos, con el fin de
obtener un mecanismo de reacciéon que describa correctamente la fenomeno-
logia del proceso. El seguimiento metodoldgico se fundamenta en un disefio
computacional, representado por los siguientes items:

Modelo Cinético

Se representa una cinética de degradaciéon compuesta por el Diclofenaco y el
sensibilizador fotoexcitado (colorante organico). Se incluye el efecto oxidativo
de la especie radical anién superéxido (O,) para evaluar la fenomenologia
ya sea para un conjunto de expresiones cinéticas regidas por una ley de velo-
cidad, o por ecuaciones individualmente tratables para sacar los parametros
de degradaciéon mdas importantes en las reacciones involucradas.

Evaluacion del Campo Radiante

La determinacién del efecto foténico provisto por el campo radiante introdu-
cirdal mecanismo resultante una mayor validez fenomenolégica. La estimacién
de la Velocidad Volumétrica Local de Absorcion de Fotones (LVRPA) por sus
siglas en inglés, otorgard la cuantificacién en la absorcién de luz incidente
que a su vez permitira evidenciar el comportamiento activo del catalizador y
del sensibilizador orgénico, obteniendo un sistema de ecuaciones mucho mas
completo para una mejor descripcion del proceso fotosensibilizado.

La ecuacion 1 es la usada para calcular el LVRPA donde es dividido por el
flujo de radiacion incidente en un punto x en el fotorreactor calculado con
SFM-HG para una geometria plana es [6]:

Donde Acosta y colaboradores en el 2016 describen los pardmetros en esta
ecuacion en la investigacion titulada “Coupling the Six Flux Absorption-Sca-
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ttering Model to the Henyey-Greenstein scattering phase function: Evaluation
and optimization of radiation absorption in solar heterogeneous photoreactor”.

Ajuste de Parametros

La evaluacidén de los pardmetros cinéticos para el modelo propuesto, teniendo
en cuenta los efectos de la absorcion de fotones en el modelo de campo radiante,
proveeran un sistema de ecuaciones diferenciales. Este sistema de ecuaciones se
resolvera aplicando cualquier método numérico que otorgue una buena solu-
cién matematica (i.e., Runge-Kutta 4to Orden), y el ajuste de estos parametros
se realizardn en simultidneo a partir de modelos de optimizacién (Newton-Ra-
phson Multivariable, Nelder & Meed, Levenberg-Marquart, u otro método).

Simulacion y Desviacion Estandar del Error para la Validacion del
Mecanismo Propuesto

La validacién del mecanismo de reaccién a partir del modelado cinético
luego de obtener todos los parametros cinéticos ajustados por los métodos
matemadticos descritos, se corroboraran con la simulacién en los resultados
provistos por graficas de tipo dindmica arrojadas por el programa de computo
Matlab o Visual Basic para evidenciar el comportamiento de la cinética de
las especies con respecto al tiempo. Se realizard un andlisis riguroso en los
resultados, en donde se recalque los principales hallazgos, datos curiosos,
efectos de las ERO (OH y O,) en el proceso fotosensibilizado y los cambios
en el ajuste de pardmetros cinéticos para describir la fenomenologia del
mecanismo de reaccion propuesto de las especies quimicas interactuantes

Las variables estan definidas en [7].

Resultados y Discusion

Con la incorporacién de la especie radical anién superéxido (O,) al mode-
lado cinético representa mejor el fenémeno del proceso de fotosensibilizacion
para oxidar el diclofenaco con el uso de varios colorantes orgdnicos bajo
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el efecto de la absorcién de fotones. Ademads, la velocidad de la cinética
propuesta tendra cambios directamente proporcionales a las variaciones del
campo radiante, el cual serd evaluado con la ayuda del Modelo de Seis Flujos
modificado de Henyey-Greenstein (SEM-HG).

El modelo cinético propuesto en base al mecanismo de reaccion lograra
el ajuste en la conducta del fenémeno del sistema a partir de una amplia
investigacion bibliografica. Este modelo sera evaluado con la ayuda de la
simulacién computacional y con los datos experimentales hallados se confir-
mard que presenta una correcta descripcién del sistema.

Se buscara que la investigacién sirva como soporte para futuros trabajos
analogos. Asimismo, con el modelo cinético propuesto se lograria una
mejora para el disefio u optimizacion de los reactores fotocataliticos usados
para la degradacién de diclofenaco en las aguas residuales.

Tabla 1. Variables Dependientes, Independientes e Intervinientes

Tipo d
1p.o € Identificacion Descripcion Unidad
variable
Concentracién  Cantidad de moles de Diclofenaco final
Final de tratado por unidad de volumen en el
Diclofenaco. proceso de degradacion.
Dependientes
Concentracion  Cantidad de moles de Colorante final
Final de tratado por unidad de volumen en el
Colorante. proceso de degradacion.
Tiempo de Lapso de duracién de cada corrida en el .
., . [min]
Degradacién proceso de degradacion.
Concentracién  Cantidad de moles de Diclofenaco inicial
Inicial de tratado por unidad de volumen en el
Diclofenaco. proceso de degradacion.
Independientes
Concentracion  Cantidad de moles de Colorante inicial
Inicial de tratado por unidad de volumen en el
Colorante. proceso de degradacion.
Carga de Masa de catalizador empleado para la
Catalizador degradacién de DCFE.
. Es la distancia existente entre 2 valles o
. Longitud de la .
Interviniente onda crestas de una onda con comportamiento  [nm]

ciclico.

155



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

Conclusiones

Laincorporacion de la fotocatalisis heterogénea como medio de tratamiento
para el diclofenaco ha mostrado ser muy efectiva, por lo que un buen modelo
cinético ayudard a entender mejor el fenémeno de degradacion de este conta-
minante, ademas, si el modelo es descrito de manera correcta las curvas o
datos que se realicen con los parametros cinéticos se ajustaran muy bien a los
encontrados por medio de la busqueda bibliografica.

El uso del SFM-HG tendria que representar apropiadamente el modelo para
la degradacién del DCEF, esto en medida que LVRPA se detalle correctamente
en toda la longitud del reactor, del mismo modo ocurre con el campo radiante
en la geometria del reactor.
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Obtencion del fotocatalizador heteroestructurado
acoplando Fe O, derivado de MIL-101(Fe) con
TiO, para la degradacion de una mezcla de
antiinflamatorios bajo irradiacion visible

Peria-Velasco Gabriela, Hinojosa-Reyes Laura, Mordn-Quintanilla Gerardo
Arturo, Herndndez-Ramirez Aracely, Villanueva-Rodriguez Minerva,

-

Guzmdn-Mar Jorge Luis*

Se presenta un nuevo método de
sintesis mediante sol-gel asistida por
microondas seguida de pir6lisis para
la obtencién del catalizador heteroes-
tructurado acoplando Fe,O, derivado
del MOF MIL-101(Fe) con TiO,. El
catalizador se caracterizé por TEM,
DRX, UV-Vis DRS, fisisorcién de N,
y XPS. La degradacion de los antiin-
flamatorios no esteroideos (AINEs),
ibuprofeno (IBP) y naproxeno (NPX)
en mezcla (10 mg/L c/u) se realizd
bajo irradiacién visible utilizando 1
g/L a pH 3. El TiO,/Fe,O, sintetizado
presenté mayor area superficial, un

tamano de cristalito mas pequefio, una absorcion en el rango visible y una banda
de absorcién prohibida mds estrecha que la del TiO,, mejorando el rendimiento
fotocatalitico del TiO, bajo irradiacién visible, permitiendo una degradacién del
91% y del 100% de IBP y NPX, tras 240 y 15 min de reaccién, respectivamente.
Ademas, permiti6 el 79.0% de mineralizacion en 240 min.

Introduccion

El agua es un recurso natural limitado, cada vez mds deteriorado debido al
desarrollo y la industrializacién de nuestra sociedad. Los antiinflamatorios no

(1) Universidad Auténoma de Nuevo Ledn, Facultad de Ciencias Quimicas, San Nicolds de los
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esteroideos (AINEs) se encuentran entre los firmacos mas utilizados a nivel
mundial, debido a esto, han sido detectados en agua residual e incluso potable
[1] por lo cual, se estudian nuevas tecnologias para eliminar estos contami-
nantes emergentes y recalcitrantes.

Como es conocido, la fotocatalisis heterogénea, ha demostrado ser eficaz
para el tratamiento de agua permitiendo la degradacién completa y mineraliza-
cién de compuestos farmacéuticos [2]. EI TiO, es uno de los fotocatalizadores
mas utilizados por su alta eficiencia, bajo costo, estabilidad fisicoquimica,
baja toxicidad y abundancia; sin embargo, presenta valor de energia de banda
prohibida (Eg, 3.0-3.2 eV), que limita su rendimiento fotocatalitico a la regién
UV [3]. Por lo que el acoplamiento del TiO, con 6xidos metalicos como Fe, O,
con una Eg de 2.2 eV promueve la separacion de cargas (e//*) y mejoran el
rendimiento fotocatalitico bajo luz visible. Recientemente, se ha estudiado
el uso de estructuras érgano-metdlicas (MOF) como plantillas de sacrificio
simples y escalables para la sintesis de nanocompuestos de éxidos metalicos
mixtos con potencial actividad fotocatalitica [4]. Por lo cual, el objetivo de este
estudio fue sintetizar y caracterizar el catalizador catalizador heteroestruc-
turado acoplando Fe,O, derivado del MOF MIL-101(Fe) con TiO, mediante
el método sol-gel asistido por microondas y evaluar su rendimiento foto-
catalitico bajo irradiacién visible en la degradaciéon de naproxeno (NPX) e
ibuprofeno (IBP) en mezcla.

Materiales y Métodos

La sintesis de la red MIL-101(Fe) se llevo a cabo mediante sintesis asistida
por microondas bajo un procedimiento previamente descrito [5].

El material heteroestructurado TiO,/Fe,O, se sintetizé mediante el método
sol-gel asistido por microondas [6] en una relacién molar de 1:8:3 (titanio:a-
gua:isopropanol) ajustada a pH 3.0 utilizando isopropdxido de titanio (IV)
y MIL-101(Fe) al 2% en peso, como precursores de Ti y Fe,O,, respectiva-
mente. La mezcla se irradié en un horno microondas a 150°C durante 40 min.
El polvo resultante se sec6 a 80°C durante 20 h y se calciné a 550°C durante 4
h. Los catalizadores se identifican como TiO, y TiO,/Fe O.,.

El andlisis de difraccién de rayos X (DRX) fue usando un difractémetro
Bruker AXS modelo D2 PHASER. Mediante un Tristar II Plus Micromeritics
Instrument Corporation se realizé el andlisis de fisisorcién de N.. El espectro
de fotoelectrones de rayos X (XPS) se midié con Thermo Scientific XPS K-alfa.

160



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

Los espectros UV-Vis DRS se midieron en un espectrémetro UV-Vis Perkin
Elmer modelo Lambda 365. Las imagenes de microscopia electrénica de
transmision de alta resolucion (HRTEM) se obtuvieron con un aparato JEOL
modelo JEM 2200FS.

Para los experimentos fotocataliticos, se ajusté a pH 3 una disolucién de
100 mL de IBP y NPX en mezcla (10 mg/L, cada uno), y se afiadié 1 g/L de
catalizador. Antes de la irradiacion, la suspension se agité magnéticamente en
la oscuridad durante 1 h para alcanzar el equilibrio de adsorcién-desorcién.
Posteriormente, se irradié con luz visible (OSRAM 1000 W/m?, A = 400-700
nm) durante 4 h.

Se tomaron alicuotas de muestra a intervalos de tiempo deseados. La moni-
torizacion de IBP y NPX durante la degradacién fue seguida por HPLC en fase
reversa (YL 900) con deteccién UV a 194 y 230 nm para IBP y NPX, respec-
tivamente. El grado de mineralizacién se midié utilizando un analizador de
carbono organico total (TOC, Shimadzu TOC-V CSH).

Resultados y Discusion

Los resultados del tamano de cristal por DRX, drea superficial (método BET)
y valores de Eg de los materiales se muestran en la Tabla 1. EI TiO, y TiO, /Fe,O,
mostraron la fase anatasa (JCPDS 21-1272). No se observaron fases cristalinas
atribuibles a especies de hierro debido al bajo contenido de Fe incorporado.
El tamafio de cristal del TiO,/Fe,O, (Tabla 1) disminuy6 debido a la incorpo-
racion de Fe. Este resultado sugiere que la incorporacién de hierro de manera
sustitucional retarda el crecimiento del cristal del TiO, [7].

Tabla 1. Caracteristicas fisicoquimicas de los catalizadores sintetizados.

. Tamaiio de cristal Eg Area superficial
Catalizador )
(am) V) (m?/g)
TiO, 19.4 3.17 50.8
TiO,/Fe,O, 15.8 3.08 56.9

Como se puede observar en la Fig. 1, los espectros UV-Vis DRS del TiO, y
TiO,/Fe,O, muestran que la incorporaciéon de Fe aumenta la absorcién del
TiO,/Fe,O, en la region visible (400-500 nm). Ademas, los valores de banda
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prohibida (Eg) calculados por el método Tauc fueron 3.17 y 3.08 eV para
TiO, y TiO,/Fe,O,, respectivamente, lo que confirma la aplicacién potencial
del catalizador TiO,/Fe,O, bajo luz visible. La presencia de Fe en el TiO,
aumento ligeramente el drea superficial de 50.8 a 56.9 m?/g (Tabla 1). Por lo
general, se ha descrito un mejor rendimiento fotocatalitico para materiales
con un tamaio de cristal mds pequefio y un area superficial mas grande.

Con respecto al andlisis HRTEM (Fig. 2), se observaron espacios interpla-
nares correspondientes al plano de anatasa {101} (d = 0.352 nm) y el plano
de hematita {110} (d = 0.252 nm), respectivamente [8]. Estos resultados,
podrian indicar el acoplamiento de los 6xidos Fe,O, (hematita) derivado del
MOF MIL-101(Fe) con TiO, (anatasa).
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Longitud de onda (nm) Fig. 2. Micrografias HRTEM del catalizador
heteroestructurado acoplando Fe,03
Fig. 1. Espectros UV-Vis DRS de los derivado del MOF MIL-101(Fe) con

materiales. TiO,Fe,O..

Con el objetivo de conocer los estados de oxidacién y el entorno de coordi-
nacion de los elementos en los catalizadores sintetizados se realizé el analisis
por XPS. Los espectros de barrido general obtenidos para TiO, y TiO,/Fe,O,,
se muestran en la Figura 3 a), donde se corrobora la presencia de Ti, Fe y O
en el TiO,/Fe,O,. La Fig. 3 b) muestra las energias de enlace de Ti 2p* y Ti
2p**a 458.5 y 464.5 eV relacionadas a Ti**, ademds se observd que estas
mismas sefiales (Ti 2p” y Ti 2p*?) en el TiO,/Fe,O, se desplazaron a ener-
gias de enlace mds bajas (458 y 464 eV, respectivamente) en comparacién
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con las observadas en el TiO,, lo cual es atribuido a una disminucién en el
numero de coordinacién del Ti y el acortamiento del enlace Ti-O, directa-
mente asociado con las vacancias de oxigeno en la red del TiO, [9]. En el
espectro de la deconvolucién de O1s (Fig. 3¢c), la energia de enlace a 529.5 eV
indicé la presencia del enlace metal-oxigeno (Fe-O y Ti-O) [6,10], ademads
dado que el Ti es un estado tetravalente y el Fe es un estado trivalente, la
red podria llevar una carga negativa adicional creando vacancias de oxigeno
[4,11]copper and iron were employed as doping cations. The as-prepared
materials were characterized by X-ray diffraction, N2 physisorption and
UV-vis DRS, EDS and XPS techniques. The TiO2-doped materials were
evaluated during the photocatalytic degradation of 4-chlorophenol (4-CP,
observables en el hombro a 531.7 €V en este mismo espectro. Finalmente, la
Fig. 3 d) muestra el espectro obtenido del Fe2p en el TiO,/Fe,O,, mostrando
energias de enlace de 710.9 eV y 724.5 eV correspondientes a Fe 2p'*y Fe
2p** atribuidos al estado de valencia Fe** (6xido). Ademads, se observ6 un
pico satélite a 718.9 eV que sugiere la presencia de iones Fe** [9]. Estos resul-
tados confirman los resultados obtenidos TEM sugiriendo la formacién del
material heteroestructurado TiO,/Fe,O,.

Los resultados referentes a la actividad fotocatalitica son mostrados en la
Fig. 4, donde se encontré que la degradacién de IBP (Fig. 4 a) por fotdlisis fue
insignificante (~8%), mientras que para NPX (Fig. 4 b) fue del 70% después
de 240 min. Sin embargo, el porcentaje de mineralizaciéon de la mezcla de
estos dos AINEs no fue significativa (~1.1%), como se muestra en la Fig. 4
c). De igual forma, la adsorcién de ambas moléculas en el TiO,/Fe,O, fue
aproximadamente del 15%, con un porcentaje de mineralizacién del 16.2%
(Fig. 4 c). Finalmente, se obtuvieron porcentajes de degradacién del 91 y
100% en 240 y 15 min para IBP y NPX respectivamente, usando TiO,/Fe,O,
(Fig. 4 a-b), dichos resultados fueron comparables con los obtenidos usando
TiO,, sin embargo, pudo observarse un ligero incremento en la velocidad de
degradaciéon de ambos AINEs, siendo notorio en el NPX (Fig. 4 b) ya que la
degradacion completa fue alcanzada en 60 min; adicionalmente, la Fig. 4 c)
muestra la mejora obtenida sobre el porcentaje de mineralizaciéon bajo luz
visible usando TiO,/Fe,O,, alcanzando 79.0% comparado con 72.2% para TiO,

273
en 240 min.
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Fig. 3. Espectros XPS de TiO, y TiO,/Fe,O.,.

Fig. 4. Resultados de pruebas control y degradacién fotocatalitica de a) IBP y b) NPX usando
TiO, y TiO,/Fe,O,, c) porcentajes de mineralizacién alcanzados usando fotocatalizadores y
pruebas control.
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Conclusiones

El método sol-gel asistido por microondas para la preparaciéon de un
nuevo catalizador heteroestructurado acoplando Fe,O, derivado del MOF
MIL-101(Fe) con TiO_fue exitoso. El 6xido mixto mostré mejor drea superfi-
cial, activacion bajo radiaciéon de luz visible y una actividad mejorada bajo luz
visible permitiendo un porcentaje de mineralizacién més alto en comparaciéon
con TiO,. Estos hallazgos sugieren su potencial aplicacion en la degradacion
fotocatalitica de contaminantes emergentes en agua.
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Sintesis Verde de Nanoparticulas de Plata a partir
de Extractos de las Hojas de Eucaliptus globulus
como Elemento Dopante en TiO,

J. Torres-Liminiana’, A. A. Feregrino-Pérez’,
J. A. Cervantes-Chdvez’, K. Esquivel.

En el presente trabajo se sinte-
tizé un nanomaterial de didxido de
titanio dopado con nanoparticulas de
plata utilizando extractos de las hojas
de Eucaliptus globulus como agente
reductor y estabilizante. Previo al
Creado con BioRender.com dopado, se evalué el efecto de cuatro

diferentes solventes de extraccién en
la obtencion de las nanoparticulas de plata: alcohol metilico, alcohol etilico,
alcohol metilico/agua y alcohol etilico/agua al 50/50 y se realizé la extraccion
mediante bafio ultrasénico. Se utilizo la técnica de espectroscopia Ultraviole-
ta-Visible para confirmar la sintesis de las nanoparticulas. La biosintesis de las
nanoparticulas con extractos etanélicos fue la que mejor resultados arrojé vy,
por lo tanto, fue la que se utilizé para el dopado.

Introduccion

La calidad del agua se ve afectada cuando sustancias como compuestos
quimicos, contaminantes fisicos o microorganismos entran con frecuencia en
los cuerpos de agua, siendo a largo plazo perjudicial para los seres humanos
y para el medio ambiente. Como solvente universal, el agua es especialmente
propensa a la contaminacién [1], sin embargo, los tratamientos en general no
son efectivos con efluentes que contienen compuestos poco o no biodegra-
dables. Por lo tanto, es necesario utilizar algtin tipo de pre-tratamiento para
transformar el contaminante en un intermediario con mayor biodegradabi-

lidad [2].

(1) Universidad Auténoma de Querétaro, Cerro de las campanas, C.P. 76010, Santiago de Queré-
taro, Querétaro, México, jtorres15@alumnos.uaq.mx
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El di6xido de titanio (TiO,) es uno de los catalizadores mds comercializados
y como agente antibacteriano presenta ventajas debido a su relativa baja toxi-
cidad, alta estabilidad fotoquimica, excelente actividad fotocatalitica y bajo
costo [3,4].

La plata (Ag) es un conocido agente antibacteriano y los nanocompositos
fotocatalizadores de plata con diéxido de titanio han resultado en un amplio
rango de nanomateriales con actividad en la luz visible [5].

Las estrategias convencionales fisicoquimicas para la fabricacién de mate-
riales implican la participacion de materiales peligrosos y volatiles [6].

Entre las desventajas que los métodos quimicos de sintesis presentan se
encuentran el uso de sustancias téxicas como agentes reductores, con ello
riesgos biolégicos y ambientales. Los métodos fisicos requieren altas tempe-
raturas y presiones lo cual genera altos costos de produccién. Una alternativa
a los métodos ya mencionados son las técnicas de biosintesis usando extractos
de plantas, bacterias y/o hongos [7].

El método biosintético ha demostrado ser un acercamiento exitoso para la
sintesis verde de nanoparticulas y nanocompositos en un sélo paso, bajo en
costos, rapido y ecoldgico [8].

El extracto de eucalipto, al contener compuestos aldehidos y cetonas que
pueden ser usados como agentes reductores, podria ser usado para la reduc-
cion y sintesis de nanoparticulas de plata, representando una alternativa
amigable con el ambiente [9].

Los objetivos del presente trabajo son la evaluacion de la reduccién de nano-
particulas de plata utilizando extracto de Eucalyptus globulus obtenido a
partir de distintos solventes y mezclas de solventes, asi como la obtencién de
un nanomaterial de diéxido de titanio dopado con plata mediante biosintesis.

Materiales y Métodos

Como precursor se utilizé nitrato de plata (AgNO,, 99.9% Sigma-Aldrich)
para la sintesis de las nanoparticulas de plata. Las plantas de eucalipto fueron
colectadas de dos locaciones aledanas al estado de Querétaro, México:
Quiroga, Michoacan (19°40’08.0”N 101°32’30.0”W) y Salvatierra, Guanajuato
(20°13'04.6"N 100°53'46.2"W) y se utiliz6 etanol (C,H,OH, 98% ]. T. Baker),
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metanol (CH,OH, 98% J. T. Baker) y agua destilada para preparar los extractos
de eucalipto.

Para la preparacion de las plantas, como primer paso, se dejaron secar por
una semana en un horno de conveccién a 35°C. Posteriormente se separaron
las hojas del demdas material para triturarlas con hielo seco y conservarlas en
forma de polvo bajo condiciones de congelacién y oscuridad.

El extracto se preparé en una proporcién sélido/liquido de 1/10 (w/v)
utilizando como solvente de extraccién alcohol etilico, alcohol metilico,
una mezcla de alcohol etilico con agua y alcohol metilico con agua en una
proporcién de 50/50 mediante un proceso en bafio ultrasénico a 50°C por 30
minutos. Una vez obtenido el extracto se filtré y se someti6 a un lavado de
tres ciclos con agua destilada y centrifugacién a 8500 rpm por 10 minutos.

El extracto fue caracterizado mediante la técnica de espectroscopia UV-Vis
en un rango de 200-800 nm.

Para la sintesis de las nanoparticulas de plata se colocé una soluciéon de
nitrato de plata 1mM en agitaciéon a 40°Cy se agregaron los distintos extractos
en una proporcién 1/10 de extracto/precursor. Se dej6 reaccionar en oscu-
ridad, temperatura y agitaciéon por 4 horas mas 18 horas en oscuridad.

Las nanoparticulas obtenidas fueron sometidas a tres ciclos de lavado con
agua destilada y centrifugacién a 8500 rpm por 10 minutos para finalmente
ser re-dispersadas en agua destilada.

La formacién de las nanoparticulas de plata biosintetizadas fueron confir-
madas por la técnica de espectroscopia UV-Vis en un rango de 200-800 nm.

Con respecto a la sintesis del diéxido de titanio, se tom6 en cuenta la rela-
cién molar 0.04:1.3:160 de tetraisopropdxido de titanio (TTIP, 97% Sigma
Aldrich), alcohol isopropilico (99.9% J. T. Baker) y agua, respectivamente
bajo una atmdsfera de nitrégeno siguiendo una metodologia ya descrita [10].
El dopado y la hidrdlisis se realizé en un solo paso manteniendo la relacién
ya establecida de 1:10 extracto:precursor. El material obtenido se filtrd, se
dejé secar a temperatura ambiente y, finalmente, se calciné a 450°C por 30
minutos.

El andlisis de la estructura cristalina del material obtenido se realizé
mediante la técnica de Difraccién de Rayos X (XRD).
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Resultados y Discusion

La Figura 1 muestra el espectro UV-Vis de los extractos de eucalipto. Se
observé un pico de absorcion en los 220 nm que estd relacionado a la tran-
sicién m-1* de los enlaces C=C conjugados. Ademads, se detecté un pico a los
260 nm que corresponde a la transicion m-* relacionada con los enlaces C=0O
[11].

Figura 1. Espectro UV-Vis de los extractos de eucalipto.

Como primer indicador de la formacién de las nanoparticulas de plata, se
observo el cambio de color de la solucién: pasé de un color verde claro y de
aspecto transparente a un verde mds oscuro y turbio después de 4 horas de
agitacién y temperatura en oscuridad. Se dejé que terminara la reaccién las
siguientes 18 horas.

En la Figura 2 se presenta el espectro UV-Vis de las sintesis realizadas con
los diferentes extractos de eucalipto. Como se aprecia en el espectro, el iinico
extracto capaz de reducir de manera satisfactoria el nitrato de plata fue el
preparado con alcohol etilico, ya que muestra un pico de absorcién a los 453
nm. Generalmente el pico de absorcién de las nanoparticulas de plata se
encuentra entre los 400 y los 500 nm [12]. Las sefiales que se detectan antes
de los 400 nm se atribuyen a restos del extracto que no fueron eliminados en
su totalidad a pesar del paso de purificacién al que fue sometido el extracto
y el paso de lavado al que fueron sometidas las nanoparticulas previas a su
caracterizacion.
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Figura 2. Espectro UV-Vis de nanoparticulas de plata.

Estos resultados se atribuyen a que el extracto realizado con etanol fue
capaz de extraer mas metabolitos secundarios con la capacidad de reducir
el nitrato de plata. Las hojas del eucalipto presentan una amplia variedad de
compuestos, entre ellos estan los monoterpenos, flavonoides, taninos y poli-
fenoles que pudieron haber contribuido a la formacién y estabilizacion de las
nanoparticulas [13].

La Figura 3 corresponde al espectro de difracciéon de rayos X del material
de diéxido de titanio dopado con plata. Se obtuvo un material cristalino y el
diéxido de titanio se encuentra en la fase anatasa, se aprecia la sefial corres-
pondiente al plano [101] con mayor intensidad en la posicién de 25.09° en
20. También, se observaron algunos picos correspondientes a la plata, sin
embargo, es necesario realizar mds caracterizaciones, como podria ser la
Espectroscopia de Rayos X por Dispersion de Energia (EDS) para conocer la
composicidn de la muestra.

Figura 3. Patrén de difraccién de rayos X de Ag-TiO,,.
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Conclusiones

Los extractos etanolicos de las hojas de eucalipto demostraron una fuerte
actividad antioxidante capaz de reducir el nitrato de plata a nanoparticulas
colocandose como una opcion prometedora para la biosintesis de materiales,
mientras que los demas solventes utilizados no fueron capaces de arrastrar
los compuestos suficientes o adecuados para llevar a cabo una reduccion. Se
sigue analizando la posibilidad de utilizar este tipo de extractos en procesos de
dopado para la sintesis de nanocompuestos Ag-TiO,.
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Fotocatalisis Heterogénea de Cr(VI) con
Catalizadores Nanotubulares de TiO, Anodico
de Tercera Generacion de Distinta Base Organica

H.D. Traid’, M.L. Vera', A.N. Dwojak?’, M.IL. Litter?
C.E. Schvezov’.

Se obtuvieron recubrimientos
nanotubulares de TiO, mediante
oxidacion anddica de titanio utili-
zando como electrolitos soluciones
conteniendo NH,F en dos bases
organicas: glicerol y etilenglicol. En
cada medio organico, se vari6 la
concentracién de NH,F para evaluar
su influencia sobre la formacion,
morfologia y estructura de los nano-
tubos y su eficiencia fotocatalitica.
Los recubrimientos se caracteri-
zaron por microscopia electrdénica
de barrido, difraccién de rayos X y

espectroscopia de reflectancia difusa UV-Vis. La actividad fotocatalitica se
evalué utilizando el sistema Cr(VI)/EDTA. Con los recubrimientos sinte-
tizados en glicerol, se obtuvo el 85% de reducciéon de Cr(VI) en 5 h de
irradiacion frente a 100% en 3 h de los sintetizados en etilenglicol, producto
de su mayor longitud y morfologia de elevada drea superficial. Asimismo, en
la reutilizacién, la reduccién de eficiencia de los nanotubos de etilenglicol
fue solamente del 4%, lo cual los hace muy atractivos como catalizadores
soportados.

(1) Instituto de Materiales de Misiones, Félix de Azara 1552, Posadas, Argentina, traidhernan@
gmail.com.

(2) Instituto de Investigacion e Ingenieria Ambiental, Universidad Nacional de San Martin, Av. 25 de
Mayo y Francia, San Marin, Buenos Aires, Argentina.
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Introduccion

El TiO, es un semiconductor ampliamente utilizado en el proceso de foto-
catalisis heterogénea para la descontaminaciéon de aguas. Diversos estudios
indican que las estructuras ordenadas de nanotubos mejoran las propiedades
fotocataliticas del material respecto a otras morfologias de TiO,.

Una de las técnicas mds simples, versatiles y econémicas de sintesis de
recubrimientos de TiO, es la oxidacién anddica de aleaciones de titanio, que
permite obtener gran variedad de morfologias de éxidos [1], incluso nanotu-
bulares, al emplear electrolitos conteniendo iones fltor, debido a reacciones
competitivas de formacién y disolucién del 6xido [2].

Gongy col. [3] fueron pioneros en la sintesis de nanotubos de TiO, empleando
soluciones acuosas de HF como electrolito. Esta primera generacién de nano-
tubos puede crecer hasta 500 nm de longitud. Posteriormente, Cai y col. [4]
incorporaron sales al electrolito acuoso, tales como KF, NaF, y NH F, para
reducir la velocidad de disolucién del 6xido, aumentando la longitud de los
nanotubos. Adicionalmente, la incorporacién de compuestos organicos
permite obtener recubrimientos anddicos nanotubulares de varios micrones
de longitud [5], en lo que constituye la tercera generacién de nanotubos.

Una caracteristica de la sintesis anddica de nanoestructuras en general y de
nanotubos de TiO, en particular es que para cada composicién de electrolito
hay un rango de voltaje al cual se forman los mismos y, por encima del cual,
comienzan a ser inestables mecanicamente [,]. En cuanto a su estructura cris-
talina, crecen amorfos al sintetizarlos, por lo que requieren de tratamientos
térmicos para cristalizarlos en la fase anatasa, deseable para emplearlos como
fotocatalizadores.

En el presente trabajo, se comparan recubrimientos nanotubulares de TiO,
anodico de tercera generacidn sintetizados en electrolitos de diferente base
organica, etilenglicol y glicerol, variando la concentracién de la sal de fltor y
evaluando su actividad fotocatalitica en funcién de sus propiedades morfolé-
gicas y estructurales.

La actividad fotocatalitica de los recubrimientos nanotubulares se evalué
mediante la reduccién de Cr(VI) a Cr(III) en presencia de acido etilendiami-
notetraacético (EDTA), que acttia como atrapador de huecos compitiendo con
la reoxidacién del Cr(III) [8]. Este sistema ha demostrado ser muy apropiado
para la determinacion de la actividad fotocatalitica de varios materiales [8],
permitiendo la comparacién de condiciones de sintesis de los mismos [6].
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Materiales y Métodos

Como sustrato para sintetizar los recubrimientos, se utilizaron probetas de
titanio de pureza comercial (titanio grado 2, segin norma ASTM B367) de
2 x 2 cm®. Las mismas fueron decapadas quimicamente con HF:HNO,:H,O,
1:4:5.

La oxidacion anddica se realizé utilizando una fuente de corriente continua
(JMB modelo LPS360DD) y un catodo de ldminas de Pt situadas a 3 cm a
ambos lados del dnodo (sustrato de titanio). Las anodizaciones se realizaron
empleando electrolitos de diferente base orgénica (glicerol, (G) y etilenglicol,
(E)) variando, en ambos casos, la concentracién de NH, F (0,06; 0,15 y 0,27
M). Las anodizaciones se realizaron durante 2 h cada una a voltajes cons-
tantes de 20 V y 40 V, respectivamente. Para los electrolitos de glicerol se
utilizé 50% v/v de agua y para etilenglicol 3,5% v/v.

A las probetas anodizadas se les realizé un tratamiento térmico de 2 h a
450 °C, con una rampa de calentamiento de 10 °C/min.

Los nanotubos sintetizados en glicerol se nombran como NG vy los sinte-
tizados en etilenglicol, como NE; particularmente, cada probeta se nombré
indicando el medio orgdnico, G o E, la concentracién de NH,F (en M) y el
voltaje de oxidaciéon (en V), por ejemplo: G-0,27M-20V.

Los recubrimientos se caracterizaron mediante microscopia electrénica de
barrido (MEB), empleando un microscopio Carl Zeiss Supra 40, difraccién
de rayos X (DRX) con incidencia rasante de 1°, empleando un difractémetro
Panalytical, modelo Empyrean con detector PIXCEL3D, y espectrofoto-
metria de reflectancia difusa (ERD) UV-Visible con un equipo Shimadzu,
UV-3600 UV-Vis-NIR. Las micrografias MEB se analizaron empleando el
programa Image] para determinar las dimensiones caracteristicas de los
nanotubos, con las que se calculd el drea tedrica de TiO, por cm* de probeta.
El bandgap (Eg) se determind a partir de las medidas de RD mediante graficos
de Tauc.

Para la evaluacion de la actividad fotocatalitica de los recubrimientos se
utilizé6 como sistema contaminante una soluciéon de dicromato de potasio
(K,Cr,0,) 4x10* My EDTA 10° M a pH 2. Se usé un sistema de reactores
multiples, de 3 cm de didmetro, cada uno con 10 mL de solucién, mante-
niendo agitacién magnética y refrigeracién con aire durante todo el ensayo.
Como fuente de radiaciéon UV, se utilizé una ldmpara BLV MHL-404. La
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intensidad de radiaciéon promedio fue de 3700 pW/cm? medida a 365 nm
utilizando un radiémetro basado en arduino. Se realizé un ensayo de foté-
lisis (reaccién fotoquimica homogénea), en iguales condiciones en ausencia
de fotocatalizador.

Previamente, el sistema se agité en la oscuridad durante 30 min para asegurar
el equilibrio so6lido-liquido del Cr(VI) sobre el fotocatalizador. Luego, se irradié
5 h, tomando muestras periddicas para seguir los cambios en la concentracién
de Cr(VI), que se midieron por espectroscopia UV-Vis mediante la técnica
espectrofotométrica de la difenilcarbacida a 540 nm [].

Con las muestras que dieron mayor reduccion fotocatalitica de cada grupo
se realizaron ensayos de reutilizacion.

Resultados y Discusion

NE

(b)

o me wopien  rgetevies

Figura 1. Micrografias de los nanotubos de TiO,, (a) vistas laterales; (b) vistas superiores.
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En las micrografias de la Figura 1(a), se muestran vistas laterales de los nano-
tubos, en las que puede observarse que los NE son de mayor longitud (Tabla
1) y homogeneidad, con menor presencia de nervaduras laterales que los NG.
En la Figura 1(b), se observan las vistas superiores de los nanotubos obte-
nidos con diferentes concentraciones de NH,F en los dos medios organicos
utilizados, donde se puede apreciar la variaciéon de la morfologia superficial
con las condiciones de sintesis. En los NG se observan arreglos homogéneos
de nanotubos en todas las concentraciones de NH, F y sin que se presenten
nanoestructuras sobre ellos. Las paredes de los nanotubos se observan como
una morfologia pseudocircular en gris claro, que rodea el interior del tubo, en
gris oscuro y negro. Por su parte, en los NE, sintetizadas con 0,15y 0,27 M de
NH,E, se observa la presencia de una capa superficial de nanoestructuras tipo
“nanopastos’, producto de la hidrélisis de TiO, durante la anodizacion [10].

En la Tabla 1, se observa que el incremento de la concentracién de NH,F
provoca una disminucion en el espesor de pared (e) de los nanotubos en ambos
electrolitos, pero su efecto es contrapuesto en las dos dimensiones caracteris-
ticas restantes, didmetro interno promedio (Di) y longitud (L). Los rangos de
dreas teoricas de los catalizadores, calculados por cm?de sustrato fueron de 66
- 210 cm® TiO,/cm? para NG, y de 484 — 640 cm” TiO,/cm?* en el caso de NE.

Con respecto a la estructura cristalina, todos los recubrimientos resultaron
cristalinos en fase anatasa luego del tratamiento térmico realizado a 450
°C (espectros de DRX no mostrados) y con valores de Eg entre 3,2 — 3,3 eV,
valores caracteristicos de la misma fase cristalina del TiO, (espectros ERD no
mostrados).

Tabla 1. Dimensiones caracteristicas de los nanotubos y constante de velocidad
de la reaccion fotocatalitica.

Muestra Di (nm) e (nm) L (nm) k, X 10°%

(min!)
G-0,06M-20V 72 9 700 0,38
G-0,15M-20V 70 8 1150 0,48
G-0,27M-20V 61 5 1760 0,75
E-0,06M-40V 55 - 5000 2,5
E-0,15M-40V 65 6 4500 2,3
E-0,27M-40V 85 4 5500 2,6

* No pudo ser medido por la presencia de la capa superficial.

179



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

En la Figura 2, se presenta la evolucién de la transformacién de Cr(VI) en
funcidn del tiempo de irradiacién, normalizados respecto de la concentracion
inicial de Cr(VI), CO. Las lineas corresponden a ajustes cinéticos de primer
orden y las constantes de velocidad (k1, R2 > 0,99) se presentan en la Tabla 1.

La reaccion fotoquimica homogénea dio una fotorreduccién del 19% en 5 h.
En contraste, con todos los NE se obtuvo una reduccién total del Cr(VI) a las
3 h de irradiacién y con los recubrimientos NG un maximo de reduccién de
85% luego de 5 h. Si bien, estas eficiencias tienen una alta correlacion con las
longitudes de los nanotubos, la mayor eficiencia de los NE respecto de los NG
también podria relacionarse a la presencia de los nanopastos. Ademads, entre
los NE, la muestra mas eficiente (E-0,27M-40V) posee un mayor didmetro
interno, lo cual podria favorecer el ingreso del reactivo a los nanotubos, mejo-
rando la transferencia de masa.

En los ensayos de reutilizacién de los catalizadores, la eficiencia se redujo
en un 36% al emplear G-0,27M-20V, mientras que empleando E-0,27M-40V
la reduccién fue solamente del 4%; esto podria deberse a su mayor area de
reaccién [10].

Figura 2. Evolucién de la transformacién de Cr(VI) en presencia de EDTA vs. tiempo de
irradiaciéon UV.

Conclusiones

Se sintetizaron recubrimientos nanotubulares de TiO, mediante oxidacién
anddica de tercera generacién en etilenglicol y glicerol. Con todos los recu-
brimientos, cristalinos en fase anatasa, se obtuvo una elevada transformacién
de Cr(VI). Con los nanotubos sintetizados en etilenglicol se alcanzé una
reduccion total en 3 h de irradiacion, que se redujo solamente en un 4% en la
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reutilizacion. Estos materiales resultan muy atractivos para la construccion de
fotorreactores de TiO, soportado para el tratamiento de efluentes.
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Comparacion de dos métodos sol gel para la
sintesis de TiO, modificado con Sm aplicado para
la fotooxidacion de gases NO,

J. Venecia-Nuiiez!, X. Sierra-Gonzdlez!, M. Mueses?,
J. Colina-Marquez'.

La reduccién fotocatalitica de
gases NOx es esencial para resolver
la problematica del efecto inverna-
dero. En esta investigacion se aplicé
a escala de laboratorio la accién
de modificar el TiO,, que es de los
semiconductores mas investigados
debido a su alta fotoactividad, bajo

Fuente: Adaptado de [1]. costo, baja toxicidad y alta estabilidad
térmica, con tierras raras (Sm*?), con
el fin de mejorar la eficiencia fotoca-

talitica del didxido de titanio, para la reduccién de concentracién de gases
de NOx de emisiones vehiculares mediante oxidacion fotocatalitica asistida
con radiacion UV artificial. La sintesis de este semiconductor se llevé a cabo
empleando dos métodos sol-gel.

Introduccion

La emisién de contaminantes al aire se ha convertido una cuestién de interés
publico en los dltimos afnos en las zonas urbanas donde se encuentran diversas
fuentes de contaminacién del aire [2]. Diferentes estudios reportados en la
literatura han demostrado que la liberacion de los 6xidos de nitrégeno (NOx)
a la atmosfera se da gracias a la quema de combustibles fésiles que se da en las
diversas actividades industriales y, principalmente, en los vehiculos de motor

(3].

(1) Universidad de Cartagena, Grupo de Investigacion Modelado y Aplicacion de Procesos Avan-
zados de Oxidacion (MAOx), Avenida del Consulado Calle #30 No.48-152, Cartagena de Indias,
Colombia, jvenecian@unicartagena.edu.co.
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Los NOx se consideran los principales contaminantes de la atmosfera ya
que son responsables de problemas ambientales como el smog fotoquimico,
la lluvia acida y el agotamiento de la capa de ozono [4]. Ademas de lo ante-
rior, existen diferentes vias mediante las cuales estos gases pueden ingresar
al cuerpo humano, especialmente, por inhalacién e ingestién, mientras que
el contacto dérmico representa una ruta menor de exposiciéon. La contami-
nacion del aire también puede penetrar en el agua y el suelo, por lo tanto,
asimismo en los alimentos que consumen los humanos. Causando muchos
problemas de salud a las personas expuestas a altas concentraciones de estos
gases, tales como enfermedades respiratorias y cardiovasculares [5].

Es debido a esto que surge la busqueda de técnicas para la reduccién de
estos gases contaminantes en la atmoésfera. Un método alternativo es el uso
de la fotocatdlisis heterogénea, que es un proceso en el que se excita un
semiconductor con fotones de energia igual o superior a la energia de su
banda prohibida. Esto provoca diferentes reacciones simultdneas de oxida-
cién y reduccién que provocan la oxidacion de los contaminantes. Se puede
emplear para la oxidacién de una gran variedad de compuestos organicos e
inorganicos, lo que hace que esta tecnologia sea muy interesante e innova-
dora para reducir la contaminacion del aire y del agua [6] [7].

Una de las partes fundamentales de la fotocatalisis heterogénea son los
materiales semiconductores, ya que es en su superficie donde se llevaa cabo el
proceso de produccidn de agentes oxidantes, como lo es el radical hidroxilo,
encargados de degradar el contaminante. Una de los métodos para la sintesis
de estos materiales es la técnica sol-gel, cuya ventaja es que es un proceso
facil y muy econémico para preparar 6xidos metdlicos y permite controlar el
proceso de dopaje o la adicién de metales de transicidon, en comparacién con
otras técnicas de preparacion [8].

En esta investigacion se pretende evaluar a escala de laboratorio dos
métodos sol gel mediante la accién de modificar el TiO,, que es de los semi-
conductores mas investigados debido a su alta fotoactividad, bajo costo, baja
toxicidad y alta estabilidad térmica, con tierras raras (Sm*), con el fin de
mejorar la eficiencia fotocatalitica del didxido de titanio, para la reduccién
de concentracién de gases de NOx mediante oxidacién fotocatalitica asis-
tida con radiacién UV artificial.
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Materiales y Métodos
Método 1:

El TiO, se obtuvo via sol-gel. Para esto, se tomé 3,7ml de isopropoxido de
titanio con una jeringa y se agreg6 gota a gota en un beaker de 50ml que
contiene 7,5ml de propanol, el cual estuvo con agitacién y calentamiento a
70°C, a este se le llamo6 “solucién A” luego, en otro beaker de 50ml se tuvo
10ml de agua desionizada, 2,6 ml de propanol y solucién de nitrato de samario
con porcentajes de 0.5%p/p, 0.3%p/p y 0.1%p/p (con respecto al peso final de
TiO, puro) ala cual se le llamé “solucién B” esta tltima se agregd gota a gota a
la solucion A. Siguiendo el calentamiento y agitacion, a la solucidn se le agregd
gotas de hidréxido de amonio hasta alcanzar el pH 7. Se mantuvo el calenta-
miento y agitacion por 24h hasta la formacion del gel. El gel fue secado en una
estufa a 120°C durante 12h. Después se pulverizé la muestra. Las muestras se
calcinan durante 3h en la mufla a 400°C, 450°C y 500°C [9].

Se realizé el disefio experimental 2% con 3 puntos centrales para la sintesis
de las muestras:

Tabla 1. Disefo experimental.

Temperatura calcinacién °C %p/p Sm
450 0.3
450 0.3
400 0.5
500 0.1
450 0.3
400 0.1
500 0.5

A las muestras se le realizaron pruebas de DRX para identificar las fases
cristalinas presentes.

Método 2:

El TiO2 modificado con samario es obtenido mediante método sol-gel. Se
tomo¢ 3.7ml de isopropoxido de titanio y se diluy6 en 10ml de etanol absoluto
(DEQ 99%), la mezcla se homogenizé con agitacion constante por 30minutos
para promover la formacién de un sol. Luego, se afiadié una solucién que
contiene 10ml de dcido acético glacial, 10ml de agua destilada y la solucién de
nitrato de samario, para comenzar las reacciones de hidrolisis y condensacidn,
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el gel resultante se mantuvo bajo agitacién vigorosa durante lhora, luego se
envejecié durante 1dia a temperatura ambiente.

El gel obtenido se secé a 100°C durante 24horas para promover la evapo-
racién del disolvente hasta la formacién de un polvo color beige. Luego se
calciné a temperaturas de 400°C, 450°C y 500°C [10].

Se hizo la sintesis de las 7 muestras con samario con este segundo método y las
mismas condiciones del disefio experimental que se hizo en el primer método

Resultados y Discusion

DRX de las muestras con método 1.

Figura 1. Difractograma método 1-TiO, Figura 2. Difractograma método 1-TiO,
0.5%Sm a 400°C. 0.5%Sm a 400°C.

Figura 4. Difractograma método 1-TiO,
0.1%Sm a 500°C.

Figura 3. Difractogramas método 1-TiO,
0.3%Sm muestras 1, 2 y 3 a 450°C.
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En los anteriores difractogramas se
puede notar que las muestras calci-
nadas a 400°C de 0.1% Sm (Figura 3) y
0.5% Sm (Figura 4) presentan las dos
fases de Anatasa y brookita, siendo
el segundo pico correspondiente a
la brookita mas pronunciado en la
muestra de 0.1%Sm con respecto a la
de 0.5%Sm.

En los difractogramas de las tres
muestras de 0.3%Sm a 450°C (Figura
5), se puede observar que la muestra 1
y 2 presentan las dos fases de anatasa
y brookita, siendo el segundo pico de
la brookita mds pronunciado en la
muestra 1 que en la muestra 2, por
su parte la muestra 3 solo presenta la
fase anatasa.

Por otro lado, los difractogramas de
las muestras calcinadas a 500°C de
0.1% Sm (Figura 6) y 0.5%Sm (Figura
7) presentan también las fases de
brookita y anatasa, siendo el segundo
pico de la brookita mas pronunciado
en la muestra de 0.5%Sm que en la
muestra de 0.1%Sm.

Como se pudo notar, solo se obtuvo
una muestra pura con fase anatasa, la
cual fue la muestra 3 de de 0.3%Sm a
450°C, que es la fase que se requiere
para la aplicacion de fotooxidacion
de gases NOx.

Figura 5. Difractograma método 1-TiO,
0.5%Sm a 500°C.

DRX de las muestras con
meétodo 2.

Figura 6. Difractogramas de 7 muestras con
Samario—segundo método.
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En la figura 6, se pueden observar los 7 difractogramas de las muestras con
Samario, como se evidencia, solo se form¢ la fase anatasa, todas las muestras
se encuentran puras y los 7 difractogramas dieron muy similares. En el cuarto
pico, el cual esta compuesto por dos picos seguidos, se pueden notar més defi-
nida la divisién entre ambos en las muestras de 0.1%Sm y 0.5%Sm a 500°C.

Conclusiones

En el método 1, se obtuvo solo una muestra pura con fase anatasa, el resto de
las muestras presentaron dos fases, anatasa y brookita. Segun la literatura, la
presencia de brookita con este método se da porque el pH no fue neutralizado
completamente, es decir, no se llevé a 7, como el procedimiento se realizé con
tirillas de pH, no se tuvo un control de pH riguroso. Por su parte el segundo
método, no requirié control de pH y todas las muestras obtenidas presentaron
unicamente la fase anatasa. Por ende, el segundo método es el mds indicado
y favorable para la obtencion de las muestras con fase anatasa pura, que es lo
que se busca para la aplicacion de fotooxidacion de gases NOx, también es
mas practico, ya que no requiere control de pH.
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Efecto Comparativo del Potencial Ecotoxicoldgico
sobre Artemia sp. de los Fotocatalizadores ZnO'y
TiO, Evaluados bajo Irradiacion Solar Simulada

N. Nirio-Gutierrez’, C. Jaramillo-PdeZz’,
X. C. Pulido Villamil'.

La nanotecnologia ha permitido el
desarrollo de muchos compuestos
con aplicaciones tanto en el sector
industrial como en el ambiental, sin
embargo, también hacen parte de una
nueva clase de peligros ambientales
gracias a sus propiedades fisico-qui-
micas como lo es su tamaiio, forma
y composicién. De manera que el
presente trabajo evalud el efecto de las
nanoparticulas de ZnO y TiO, sobre
la eclosion de quistes de Artemia
sp., para lo cual se realizé la sintesis
de los NPs via sol-gel, obteniendo
la fase hexagonal wurzita del ZnO vy
una mezcla de fases entre anatasa y

brookita en el TiO,. El potencial ecotoxicoldgico se evalué utilizando quistes
de Artemia sp. sumergidos en soluciones que contenian diferentes cantidades
de NPs bajo irradiacién solar simulada. Encontrando que las NPs ZnO y TiO,
disminuyen la produccién de nauplios en un 86.73% y 66.91% respectivamente.

Introduccion

Eluso de nanoestructuras se ha extendido en casi todas las ramas de la ciencia
y la tecnologia, con el fin de aumentar los beneficios de algunos productos.
Como resultado han logrado una variedad de articulos en el mercado de

(1) Grupo de investigacion en Quimica Aplicada a Procesos Ecoldgicos (QUAPE), Departamento de
Quimica, Facultad de Ciencias, Universidad del Tolima, Barrio Santa Helena Parte Alta Cl 42 1-02,
Ibagué, Colombia, nfninog@ut.edu.co.
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diversos sectores, con aplicaciones energéticas, electronicas, magnéticas,
optoelectrdnicas, biomédicas, cosméticas y de cuidado personal [1].

Dentro de las nanoestructuras mas utilizadas se encuentran las nanopar-
ticulas (NPs) de ZnO y TiO,, las cuales presentan una amplia variedad de
aplicaciones, que van desde el enfoque del desarrollo sostenible, implemen-
tadas en estrategias de energias mds amigables con el ambiente como lo son
las celdas solares y baterias; hasta procesos de remediaciéon ambiental, en
las que se usan para la remocién de diferentes compuestos como agroqui-
micos, medicamentos y el tratamiento de contaminantes emergentes [2]; de
igual manera, hacen parte de productos de uso cotidiano como bloqueadores
solares, bronceadores y cremas dentales [3].

La produccién masiva de este tipo de compuestos, generan desechos que
puede conducir a una nueva clase de peligros ambientales, debido a los efectos
secundarios que pueden causar en los diferentes organismos. Por lo que evaluar
su efecto sobre modelos biolégicos como el de Artemia sp. es una herramienta
util para conocer el verdadero impacto que pueden generar los mencionados en
los sistemas bioldgicos [4]. Por lo tanto este trabajo tuvo como objetivo evaluar
el efecto de las NPs ZnO y TiO, sobre la obtencién de nauplios y la eclosién de
quistes de Artemia sp. bajo irradiacion solar simulada.

Materiales y Métodos

Las NPs de ZnO y TiO, se sintetizaron via sol-gel [5,6]. Para las NPs de ZnO
se utilizé una solucién de acetato de zinc y carbonato de sodio bajo agitacién
constante; El producto se dejé bajo agitacion continua por 24 horas. Poste-
riormente se filtr6, lavé con agua destilada, se secé a 100°C por 24 horas y
calciné a 400°C por 2 horas [5].

Para la sintesis del TiO, se utiliz6 una cdmara de reaccién con atmosfera
inerte de nitrégeno en la cual se realizé la hidrélisis de tetraisopropéxido de
titanio, utilizando isopropanol y agua destilada; el producto se agité durante 2
horas. Posteriormente, se filtré, lavé con agua destilada; se secé a 110 °C y se
calciné a 650°C por 2 horas [6].

Los ensayos de toxicidad con Artemia sp. se realizaron hidratando 0.025 g
de quistes en 250 mL de H,O destilada durante 1 hora, se seleccionaron los
quistes viables, y se incubaron en una solucién con el nanomaterial a concen-
traciones de 0, 0.01, 0.10, 0.5 y 1 g en 100 mL de H,O destilada. Luego se
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llevo la solucion a un fotorreactor bajo agitacién constante e irradiacién solar
simulada durante 2 horas. Finalmente, se lavaron los quistes, se transfirieron a
100 mL de solucién salina, y se distribuyeron en cinco recipientes. Pasados 72
horas, se realizé un conteo de nauplios y quistes eclosionados post-filtracion
del material; con estos datos obtenidos se realizé el andlisis con la prueba de
Shapiro Wilk y ANOVA y también se determiné el porcentaje de eclosién.

Resultados y Discusion

Los patrones de difraccidn de rayos X mostrados en la figura 1A sugieren la
presencia de la fase hexagonal wurtzita del ZnO sin presencia de impurezas,
lo que confirma la alta pureza del fotocatalizador sintetizado [7].

En la figura 1B se muestra el patrén de difraccién de rayos X del TiO,, en
donde se observan las fases anatasa y brookita, esta tltima con un porcentaje
menor dentro del material [8].

||||||| XRD NPs ZNn0O

Inbensidad (a.u)

Figura 1. Espectro de difraccién de rayos X de los de los fotocatalizadores. A) ZnO B) TiO,,.

Los resultados obtenidos permitieron evaluar el efecto téxico de la concen-
tracion tanto de las NPs de ZnO vy las de TiO, sobre dos estadios de Artemia
sp. durante el proceso de eclosién (Figura 2).

En el estadio de nauplio se pudo demostrar la influencia de la concentraciéon
del fotocatalizador, viéndose ampliamente disminuido la generacién de éste al
aumentar la cantidad de ZnO presente en la soluciéon (Figura 2A), alcanzan-
dose una disminucién de los individuos del 86.73% entre la muestra patrén
y la méxima concentraciéon de ZnO (Tabla 1), donde se evidencié un claro
comportamiento de proporcionalidad inversa en la respuesta de esta variable.

Por su parte el TiO, aunque también demuestra una disminucién en la
respuesta de la variable en un 66.91% entre las muestra patrén y su maxima
concentracion, es decir, 19.82% mas nauplios obtenidos que con el ZnO; lo hace
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con un comportamiento diferente (Figura 2C), puesto que después de la concen-
tracion de 0.10 g/100 mL se mantiene constante la obtencién de los organismos.

Se observé ademds un aumento significativo de los quistes eclosionados en
presencia de ZnO, alcanzando un maximo de 21.33 % con 0.01 para luego
disminuir hasta un 7.55 % con 0.10 g de ZnO en disolucién (Figura 2B), esto
representa 6.46 y 3.45 veces mayor cantidad de quistes eclosionados respecti-
vamente con relacién a la muestra patrén (Tabla 1). Mientras que las NPs TiO,
presentaron un aumento maximo del 1.53 % con 0.5 g de material (Figura 2D),
es decir, 1.06 veces mas cantidad de quistes eclosionados; sin embargo, es un
valor bajo en relacion al efecto generado por las NPs ZnO.

Con lo anterior se evidenci6 que el exceso de ZnO en el medio de eclosion
afecta el inicio del desarrollo de la especie. Por consiguiente las dos varia-
bles analizadas presentaron diferencias significativas entre los tratamientos
evaluados segtin lo demostré el ANOVA con un p-valor de <0.0001; por su
parte el ANOVA del TiO, present6 diferencias significativas solo para una
de las variables analizadas (obtencién de nauplios) mientras que para la
obtencién de quistes eclosionados no se evidenciaron dichas diferencias,
comportamiento, reflejado en la figura 2D.

Figura 2. Efecto de NPs ZnO y TiO, sobre dos estadios en la eclosién de Artemia sp. A) ZnO
sobre la obtencién de nauplios. B) ZnO sobre la obtencién de quistes eclosionados. C) TiO,
sobre la obtencién de nauplios. D) TiO, sobre la obtencién de quistes eclosionados.
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El efecto observado sobre las dos variables anteriormente descritas se
produce debido a que las NPs ZnO y TiO, promueven la formacién de espe-
cies reactivas de oxigeno (ROS) gracias a su propiedades semiconductoras, es
decir, sus electrones no pueden pasar de un nivel energético a otro con el sumi-
nistro de energia; como resultado de esta excitacion se generan huecos (h*) y
electrones (e) que facilitan la presencia de ROS en el medio, las cuales son las
encargadas de la degradacion de compuestos orgdnicos, mediante reacciones
de oxidacion y reduccién [9]. Sin embargo, las ROS también generan estrés
oxidativo intracelular que altera las estructuras de las membranas biolégicas,
siendo este el mecanismo toxico de las NPs [10]. Por esta razén la respuesta
de la variable obtencién de nauplios se vio afectada negativamente por la
presencia de las NPs ZnO y TiO, esta tltima en menor proporcién (Tabla 1).

Tabla 1. Porcentajes de obtencién de las variables nauplios y quistes eclosionados obtenidos
por diferentes concentraciones de NPs ZnO y TiO,

Concentracion ’ ) % quistes % quistes
. % nauplios % nauplios . .
de material . eclosionados eclosionados
(ZnO) (TiO,) .
g/100mL (ZnO) (TiO,)
0.00 17,66 17,83 3,24 8,55
0.01 3,44 9,80 20,95 6,48
0.10 6,27 4,18 11,21 9,15
0.50 3,95 4,98 13,29 11,64
1.00 1,50 5,40 12,47 9,66

Conclusiones

La presencia de nanoparticulas de ZnO y TiO, en el medio de desarrollo de
Artemia sp. altera significativamente su proceso de eclosién.

La eclosion de los quistes de Artemia sp. se ve favorecida al aumentar la

concentracion de NPs de ZnO, alcanzando su maxima respuesta a una concen-
tracién de 0.01 g/100 mL.

La formacién de nauplios de Artemia sp. disminuye conforme aumenta la
concentracion de NPs de ZnO en el medio de eclosién.

La eclosién de los quistes de Artemia sp. no se ve significativamente afectada
por la presencia de NPs de TiO,.
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La formacién de nauplios de Artemia sp. se ve afectada al utilizar concentra-
ciones por encima de 0.01g /100mL de NPs TiO,
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Study Of The Effect Radiation Intensity
of Textile Industry Wastewaters By UV/H,0,
Treatment

E Granda-Ramirez', Francy Chavarria', Gabriela Serrano’,
Jaleimy Yarce', Gina Hincapié-Mejia’.

Textile industry requires a great
demand for natural resources, among
them the water that once used in the
processes is discharged with large
pollutant loads that are very difficult
to treat in the Wastewater Treatment
Plants (WWTP), as an alterna-
tive they are Advanced Oxidation

Processes (AOPs) were used, which have reported quite high biodegradability
and removal results.

In this research, real textile wastewater was treated, applying a pretreatment
(filtration, dilution and neutralization) followed by UV / H O, varying the
intensity of radiation and the amount of H O,

It was found that the best degradations were obtained with intermediate
values of H,O, and that the radiation intensity behaves according to what
is reported in the literature, which predicts that in low radiation values, the
degradation is proportional to the increase of the same and when reaching
certain values its effect is constant.

Introduction

Textile industry is characterized by being highly polluting by using a large
amount of energy, chemicals and water during the production process, espe-
cially in the processing of fiber, causing a high degree of contamination of
the same once it is used, since in most cases end up in water bodies without
pre-dumping treatments [1]. Discharges of textile wastewater with recalci-

(1) Institucion Universitaria Colegio Mayor de Antioquia, Cra 78 N° 65 — 46, Medellin, Colombia.
carlos.granda@colmayor.edu.co.
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trant substances not only pose a problem in WWTPs but also seriously affect
the biological processes of organisms present in water bodies [2].

The treatments that are commonly used in textile industries for their
dumping are chemical physical flocculation and absorption, in combination
with oxidation and biological treatments; from these large volumes of mud are
produced, where contaminants that have simply been transferred from one
phase to another are retained. [3]

As alternatives to the treatment of these waters, the Advanced Oxidation
Processes (AOPs) that have generated great interest in their study can be
highlighted since they are treatments based on the generation of hydroxyl
radicals ("fOH) in order to increase efficiency in effluent treatments, these
allow the removal and / or modification of recalcitrant compounds in more
biodegradable constituents; It also allows the removal of color, a parameter of
difficult reduction by conventional treatments; The treatment can be applied
in several ways: As a pre-treatment stage to any biological process combined
the structure of organic compounds (toxic to microorganisms or non-biode-
gradable) and making them biodegradable [4, 5].

Studies shown that the efficacy of UV in combination with hydrogen
peroxide for the treatment of textile wastewater suggests results that provide
a maximum reduction of dyes [6]

In the present work the studied of the effect of the power of UV irradiation
and the H,O, concentration of textile wastewater was shown and compared
with results already reported in previous studies.

Material and Methods

Tests were carried out in a lighting system equipped with 5 UV-C T8 lamps
(LUMEK) of 15 watts of power each with a germicidal mercurial light of 254
nm. The distance from the lighting system to the agitation system is 24 cm.

5L of water was taken from a local textile company and the parameters
pH, Turbidity (NTU), Conductivity (uS/cm), Nitrogen (mg N/L), BOD, (mg
O,/L), COD (mgO,/L), TOC (mg C/L), Alkalinity (mg CaCO,/L), Suspended
solids (mg/L), Sedimentable solids in 30 minutes (mL/L), Total solids (mg/L),
Dissolved solids (mg/L), Biodegradability (%), color (nm) and Spectrophoto-
metric scan (nm) was mesured. Table 1 shows the experimental design used
in the research.
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Table 1. Experimental Desing.

Experiment Radiation a 254 nm (Watt) H,0, (M)
C1 0 0.1
Cc2 45 0

1 15 0.05
2 15 0.1
3 15 0.15
4 45 0.05
5 45 0.1
6 45 0.15
7 75 0.05
8 75 0.1
9 75 0.15

Source: Authors.

Results and Discussion

Table 2 shows the data of the parameters get from the wastewater characte-
rization.

Table 2. Characterization of textile industry wastewater.

Parameter Value
pH 7.58
Turbidity (NTU) 97.71
Conductivity (uS/cm) 3810
Nitrogen (mg N/L) 19.6
BODS5 (mg O,/L) 544.4
COD (mgO,/L) 1148.33
TOC (mgC/L) 1260
Alkalinity (mg CaCO,/L) 1200
Suspended solid (mg/L) 672
Settling solids in 30min (ml/L) 2
Total solids (mg/L) 10962
Dissolved solids (mg/L) 10186
Biodegradability 0.47412
Color (nm) Red(610) Green(546) blue (436)

Source: Authors.
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From the results obtained a slightly basic pH value can be seen (7.58, Table
2) probably generated in the process or by the use of detergents in the fabric
finishing process, pH that is also reflected in the high alkalinity of the sample
problem. In addition, a high turbidity value (97.71 NTU, Table 2) is appre-
ciated due to the high presence of suspended solids that were evident, coming
from the fibers of the textiles that were in process.

For the measurement of alkalinity a 1:50 dilution was made 1200 mg CaCO,
/L (Table 2) which indicates that the sample has a high content of weak bases,
since when the pH was measured after titration (measurement method used
for alkalinity) this tended to fall to a value of 3.57.

For the COD it was necessary to perform a 1: 4 dilution, obtaining a value of
1148.33 mgO, / L. (Table 2) which indicates the presence of substances very
resistant to degradation. According to literature [7] it is feasible to use PAOs
for waters with these COD values. For BOD5, its result was quite positive, due
to microbial activity; which is also reflected in biodegradability, which had
values of 544 mg O, / L and 47,412% based on the BOD5 / COD ratio respec-
tively (Table 2). Values obtained in suspended solids and total solids are very
high because it is a textile wastewater containing many fibers which were solid
colloids and could not settle, so the value of these was very low.

UV / H,0, degradation with pre-treatment.

A sequence of pre-PAO treatments was performed, which were: vacuum
filtration and neutralization, in addition to a 1:10 dilution; with the purpose of
having a suitable solution to observe the effects of the intensity of UV / H,O,
radiation on the treatability of textile waters. The degradation experiments
(Table 1) were carried out; the spectrophotometric method at a length of 340
nm was used to determine the degradation.In the case of the treatment with
hydrogen peroxide (C1) the degradation products have a greater absorption
than the original wastewater and then it shows a negative degradation (Figure
1). This same behaviour was observed in the treatment performed without the
application of a pre-treatment.

For control 2 (radiation only) It is evidenced that the use of radiation does not
have a significant effect on the removal of contaminants present in pre-treated
textile wastewater, since by removing solids through filtration and dilution of
These waters make the substances that absorb this radiation to a minimum
and therefore no degradation is evident.

202



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

Figure 1. Degradation of textile industry wastewater with pretreatment and dilution.

In the tests performed (Table 1), the effect of radiation and peroxide
concentrations were evaluated. Regarding the amount of peroxide, the best
degradations were obtained with the intermediate values of the same 0.1 M
(Fig. 1), on the other hand, when analysing the effect of the radiation intensity,
it was found that the values obtained from degradation are similar with 45
Watts and with 75 Watts, showing that as the incident radiation increases the
degradation effect is attenuated and does not increase, situation shown in the
literature [8].

Cost analysis.

Table 3 shows the results obtained by analysing the energy and economic
expenditure of the treatments applied to the wastewater of the textile industry
with pre-treatment and dilution.

Table 3. Energetical and economic Analysis

Experiment KWh/(L*%deg) COP/(L*%deg)
1 0,041 21,35
2 0,010 5,06
3 0,011 5,97
4 0,008 4,18
5 0,006 3,37
6 0,007 3,86
7 0,011 5,72
8 0,011 5,63
9 0,011 5,83

Source: Authors.

203



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

Based on the results obtained from the UV / H,0O, degradation with pretreat-
ments (Fig. 1) in experiment 6 there is a good energy cost but the degradation
is not the best and it used more hydrogen peroxide, In addition, in the experi-
ments 7, 8, 9 the degradation was high but with higher energy consumption,
therefore, the best result was that obtained in experiment number 5 since it
has the best operation costs (Table 3).

Conclusions

The UV/H,O, process has the ability to promote the generation of +OH
radicals which are capable of transforming various compounds into more
degradable products, thus providing improvements for the treatment of
effluents from textile industries.

For this type of textile wastewater specifically, it is necessary to apply pretreat-
ments since the presence of solids such as fibers can intervene in the AOPs
and thus ensure that the technology only applies to recalcitrant substances.

This work show that the best degradation result was obtained using the inter-
mediate quantities of both H,O, and power, (0.1 M and 45 Watts respectively),
which reflects a significant decrease in energy costs to apply the treatment in
companies (around 70% in one hour of treatment) with the best operation
costs (3,37 COP/(L*%deg)).

It can be seen that working with very high radiation values does not neces-
sarily increase the performance of the photodegradative processes, since,
the intermediate values of luminous intensity, obtained similar degradation
values to those obtained with the most intense radiation intensities used in
this investigation.

Acknowledgments

The authors thank the Institucion Universitaria Colegio Mayor de Antio-
quia for the financial support for the execution of this research work.
References

[1] El-Gohary, Ibrahim, Nasr, Abo-Shosha, & Ali.. Cellulose Chemistry and
Technology, 47(3—4) (2013) 309.

204



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

[2] M. Al-Mamun, S. Kader, M. Islam, M. Khan. Journal of Environmental
Chemical Engineering, 7 (5) (2019) 103248.

[3] A. Flores, P. Vitale, G. Eyler, A. Caiizo, A. Afinidad, LXXII (571) (2015)
188.

[4] C. Granda-Ramirez, G. Hincapié-Mejia, E. Serna-Galvis, R. Torres-Palma.
Water Air Soil Pollut, 228:425 11 (2017) 11270.

[5] L. Gang, H. Jiangyong. Science of The Total Environment. 689. 1 (2019)
70.

[6] ]. Rosa, E. Tambourgi, R. Vanalle, F. Carbajal, J. Curvelo, S. Campos.
Journal of Cleaner Production, 246 (10) (2020) 119012.

[7] M. Fryda, M. Mulcahy, S, Hofer, M. Schifer, I. Troster. Electrochemical
Society Interface, 12(1) (2003) 40.

[8] J. Herrmann, Applied Catalysis B: Environmental, 99(3—4) (2010) 461.

205



Dicloxacillin degradation by UV/H,0,,
UV/Persulfate and UV/Peroxymonosulfate
technologies

G. Hincapié-Mejia ', F. Granda-Ramirez’,
E. Serna-Galvis®, R. Torres-Palma’.

—e—UV254
—m—H202

Since the last 2 decades, a series of
o investigations have been carried out
T msosmu worldwide in order to treat conta-
mososms  minants of emerging concern, since
they are resistant to classic methods
such as municipal wastewater treat-
ment plants. In this work, Advanced
S— Oxidation Processes based on the
°© 2 4 & 8 0 12 14 . combination of UV radiation with
oxidants such as H,O,, persulfate and

peroxymonosulfate were applied to

study the technical feasibility of the degradation of the drug dicloxacillin. The
degradation of the drug was monitored by HPLC, resulting in a better elimi-
nation with UV/H,O, technology using an oxidant concentration of 0.5 mM
and radiation at 254 nm and 75 W of power. Although only 58.72% of dicloxa-

cillin was eliminated, its bactericidal power was reduced.

A degradation of 34.23% was achieved with UV/Persulfate technology with
an oxidant concentration of 0.3 mM and 36.57% with UV/Peroxymonosulfate
technology with 0.1 mM.

Introduction

Nowadays, given the high consumption of different drugs to treat health
conditions, a kind of pollutants are being generated as part of the so-called
contaminants of emerging concern (CECs), which are highly soluble in water,

(1) University Institution Colegio Mayor de Antioquia, Cra 78 N° 65 — 46, Medellin, Colombia. gina.
hincapie@colmayor.edu.co.

(2) University of Antioquia, Cl. 67 #53-108, Medellin, Colombia
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are present as traces, are refractory and are generating serious problems,
including the appearance of bacteria resistant to antibiotics and the alteration
of the hormonal balance of certain organisms due to endocrine disruptors [1].

Given that CECs cannot be treated by conventional means because current
treatment plants are not designed for them and are in the form of traces, it is
essential to formulate an alternative treatment for emerging pollutants and
since Advanced Oxidation Processes (AOPs) have already begun to be used
for this purpose, it is proposed to delve into the subject by investigating the
use of alternatives, such as combining radiation UV with classic oxidants such
as H,0, and persulfate [2].

Antibiotics are being detected in wastewater and many of these substances
are recalcitrant to the primary and secondary treatments carried out in
wastewater treatment plants, which can lead to their appearance in natural
waters, creating pollution problems. Antibiotic contamination in the bios-
phere can create microbial resistance, and these resistant bacteria can reach
humans, increasing the risk of diseases caused by them, as well as diminishing
our ability to treat them.

Dicloxacillin (DCX) is a second generation -lactam antibiotic used in the
treatment of infections caused by bacteria resistant to penicillin, it is found in
oral capsules, injections or suspensions and is rapidly excreted through the
urinary tract. This drug has been detected in various water sources, including
at the outlet of the WWTP [2].

AOPs are processes that involve the generation and use of powerful tran-
sient species, mainly the hydroxyl radical (OH*). This radical can be generated
by photochemical means or by other forms of energy and is very effective in
the oxidation of organic matter. These processes are not selective, they form
by-products in very low concentrations and transform refractory pollutants
into biodegradable products [3].

In the studies carried out by Colina and Castilla, the viability of Dicloxaci-
llin mineralization was determined at concentrations of 25 ppm in synthetic
waters using TiO, as a photocatalyst under solar irradiation; and for a volume
of 20 L using a Compound Parabolic Cylinder photoreaction system, minera-
lization of up to 46% were achieved for the highest doses of catalyst (0.6 g/)
[4]. However, the subsequent catalyst removal step is not considered to confer
additional cost to the process.

208



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

The UV/H,O, technology is one of the oldest AOPs and has been used
successfully in the removal of contaminants present in industrial waters and
effluents, including aliphatic and aromatic organochlorines, phenols (chlori-
nated and substituted), and pesticides.

The sulfate radical has a similar redox potential (2.6-3.1 V) to that of the
OH- (2.8V) and a longer useful life, making it promising for AOPs applica-
tions. The sulfate radical can be produced by two oxidants, persulfate (PS) and
peroxymonosulfate (PMS), which can be activated by heat, UV rays or transi-
tion metals. When PS and PMS act as electron acceptors, the photocatalysis
process, produce radicals of sulfate and hydroxyl [5].

The main objective of this work was to study the degradation of DCX by
UV-based processes with H,O,, PS and PMS agents, modifying the oxidant
dosage conditions.

Material and Methods

A photoreactor was used with lamps with a radiation power of 75 W (254 nm).

100 mL of solution were treated with a concentration of 40 uM of DCX
using the proposed technologies. Samples were taken at certain intervals
until completing 15 minutes of reaction. The effect of the concentration of
the oxidants H,O,, PS and PMS was evaluated by varying their concentrations
in 0.1, 0.3 and 0.5 mM. The effect of oxidizing agents without the presence of

radiation, as well as photolysis, was determined.

Acetonitrile was added to each sample to trap any radicals present and stop
the degradation reaction.

The DCX concentration in the samples was determined by HPLC analysis
using a Thermo Ultimate 3000 chromatograph with a VWD detector. A
Restek Raptor® C18 chromatographic column (3mm ID x 150mm, particle
size, 2.7 um octadecylsilane) was used for all analyzes. 0.5% phosphate buffer
and acetonitrile were used in the mobile phase at a flow rate of 0.400 ml min.
The wavelength for its detection was 225 nm.

Results and Discussion

The oxidation process with PS shows a rapid elimination of the Dicloxacillin
molecule as shown in Figure 1. The effect of oxidation with PMS as a catalyst
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was also analyzed, showing an initial degradation rate greater than that of PS
but with a formation of recalcitrant by-products, evidenced by the decrease
in the degradation kinetics.

15

—e—UV254
—m—H202
PS

0 2 4 6 8 10 12 14 16
Time (min)

Figure 1. DXC degradation without radiation, [H,0,] = 0.5 mM, [PS] = 0.5 mM,
[PMS] = 0.5 mM. Source: Authors.

Figure 2 shows the behaviour of the degradation of dicloxacillin with the
variation of the oxidant using UV/H,O, technology. Only the H,O, concen-
tration of 0.5 mM showed an advantage over the application of radiation only
and, in turn, this test also shows a better response than the application of
H,0, only. The above demonstrates the positive effect of UV/H,O, technology
and also the concentration dependence of the oxidizing agent. Since hydrogen
peroxide is an expensive reagent, the goal is to minimize its use.

——0,TmM
—=—0,3mM

0,5mM
—<—UV254

0 2 4 6 8 10 12 14 16
Time (min)

Figure 2. DCX degradation with UV/H,0,. Source: Authors.
Considering that PS when activated with UV radiation with a wavelength of

254 nm generates reactive oxygen species with high oxidizing power (sulfate
radicals and hydroxyl radicals), the response in the degradation of DCX was
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not as expected, considering that the persulfate generates a large amount of
reactive oxygen species when irradiated with a wavelength of 254 nm (Figure
3). However, the ideal dose for treatment is considered between 0.3 and 0.5
mM, which showed a similar response.

0,6

0 2 4 6 8 10 12 14 16
Time (min)

Figure 3. DCX degradation with UV/PS. Source: Authors.

Likewise, the UV/Peroxomonosulfate process was applied, not achieving a
better degradation. It was found that at the same concentration levels of the
catalyst, the PMS produces an inverse response to the process with PS, that
is, the higher the concentration of catalyst, the less degradation of the treated
molecule is obtained with the PMS (Figure 4).

It should be noted that the molecule has a greater degradation when exposed
to radiation of 254 nm with the addition of hydrogen peroxide than when PS or
PMS catalysts are added, this is possibly due to the formation of complexes of
these catalysts with the Dicloxacillin molecule, that do not allow the produc-
tion of reactive oxygen species.

Time (min)

Figure 4. DCX degradation with UV/PMS. Source: Authors.
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The operating cost of each of the evaluated processes was also estimated
considering the cost of energy consumed by the radiation and agitation system
of the system, as well as the costs of the reagents and the quantities used
corresponding to the treatment with the best response. Since UV technology
is the most economical, since it does not require reagent consumption and a
little more than 50% degradation of the drug is achieved, UV/H,O, technology
is recommended, which although it has a cost of 3.5 times more, achieves a
degradation of more than 58% and by-products less resistant to biodegrada-
tion are generated. UV / PS and UV / PMS costs are 12.2 and 15.9 times higher
than UV technology, respectively

Conclusions

The DCX molecule is easily degraded by UV/H,O, technology, demons-
trated by 58.72% degradation in 15 minutes at a relatively low concentration.
For UV/H,0O, technology, the degradation response depends largely on the
concentration of H,O,, however, increasing its concentration implies a higher
cost in the treatment, which may not be convenient when implementing it. It
is also considered that a subsequent biological treatment could be applied, or
the degradation percentage could be increased by increasing the reaction time

with UV/H, O, technology.

Although the processes that involve activation with PS or PMS with UV
radiation are usually very effective, they did not prove to have the expected
response in the treatment of the DCX molecule, and due to the high costs of
these oxidizing agents, their application is discouraged.
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Environmental Phototransformation of the
Antidepressant Venlafaxine in Aqueous Medium:
Kinetics of Oxidation by Reactive Photo-Induced
Species

L.P. Souza', A. M. Lastre-Acosta’, B. Ramos’, A. C. S. Costa-Teixeira’.

The presence of antidepressants in water
has been a major factor of contamination in
recent years. In view of the potential damage
caused by these substances, countries like
Switzerland already have compounds such
as venlafaxine (VNX) on the list of priority
compounds. Photochemical studies help to
understand the persistence of this compound
in environmental water bodies. This investi-
gation aimed at clarifying the photochemical
behavior of VNX in aqueous medium by direct
photolysis, as well as quantifying the kinetics

of its oxidation by reactive photo-induced species (RPS) (i.e., HO", 3CDOM*
and 'O,). Results show that VNX exhibits slow photolysis rates at neutral pH
and has a significant pathway in the sunlight-driven reactions with HO* and
3CBBP*.

Introduction

The presence of pharmaceutical compounds (PCs) in water has been a
major factor of contamination in recent years. With increasing clinical cases
of anxiety and depression, antidepressants stand out as a highly prescribed
class [1]. In Brazil, one of the most used PCs is venlafaxine (VNX) [2]. In view
of its potential damages to aqueous environments, countries like Switzerland
already have venlafaxine on the list of priority compounds for monitoring and
disposal before discharge into urban wastewater [3]. This discharge can result

(1) Research Group in Advanced Oxidation Processes, Department of Chemical Engineering, Escola
Politécnica, University of Sdo Paulo, Sdo Paulo, Brazil, larissapdesouza@usp.br.
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from irregular domestic disposal of expired medicines, incomplete absorption
followed by physiological elimination, or by direct disposal of pharmaceu-
tical wastewater [4]. The study of the kinetics of oxidation of PCs by reactive
photo-induced species is especially important to understand their behavior
when exposed to sunlight, which promote their degradation in natural waters

[5].

In this context, the objective of this study was to investigate the direct
photolysis of VNX and the kinetics of its oxidation by reactive photo-induced
species (RPS), i.e.,, HO¢, excited triplet states of chromophoric dissolved
organic matter *CDOM?*) and 'O,. The direct photolysis quantum yield was
determined under simulated sunlight. The second-order rate constants of
the reactions between VNX and RPS were assessed by competition kinetics
experiments.

Material and Methods
Chemicals

All reactants were of analytical grade. VNX (venlafaxine, C..H,NO,) was
supplied by Campos Manipulacdo. Methylene blue, acquired from Synth,
and furfuryl alcohol (FFA), provided by Sigma-Aldrich, were used in CK
experiments to determine the kinetics of oxidation of VNX by 'O,. Hydrogen
peroxide and para-chlorobenzoic acid (pCBA) were obtained from Synth and
Sigma-Aldrich, respectively; and were used in the evaluation of the kinetics
of oxidation of VNX by HO" radicals. 4- carboxybenzophenone (CBBP) and
2,4,6-trimethylphenol (TMP) were obtained from Sigma-Aldrich and used
to determine the kinetics of oxidation of VNX by 3CDOM?*. All the solu-

tions were prepared in ultrapure water (Milli-Q’).

Phototransformation experiments under simulated sunlight

All the photodegradation experiments were performed using a solar simu-
lator (PEC-LO01, Peccell Inc.) with an air mass 1.5 global filter. The reactions
were carried out in 2-mL Pyrex vials of 10-mm irradiated path length with
no head space, placed in a water bath kept at 21 °C, positioned 15 cm from
the radiation source. The total irradiance provided by the solar simulator at
this distance, measured by a spectroradiometer (Luzchem Research, SPR-02
model), was 43 W m™ in the wavelength range of 290-800 nm. The experi-
ments were performed in duplicates.

216



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

Kinetic of oxidation

The second-order kinetic rate constants between VNX and reactive photo-in-
duced species (RPS), such as singlet oxygen (*O,), hydroxyl radicals (HO*), and
excited triplet states of chromophoric dissolved organic matter (CDOM?*),
were determined by the competition kinetics method [6]. In brief, according
to this method, VNX competes for RPS (*O,, HO* or *CDOM?*) with a refer-
ence compound (FFA, pCBA, or TMDP, respectively), whose reactivity toward
the RPS is known. In this study, H,O, (50 mmol L), methylene blue (31.3
pumol L), and 4-carboxybenzophenone (CBBP) (30.5 pmol L) were used
as the sources of HO¢, 'O,, and *CDOMY, respectively. para-chlorobenzoic
acid (pCBA) (15.9 umol L), furfuryl alcohol (FFA) (9.95 pmol L!), and 2,4,6
trimethylphenol (TMP) (13.8 umol L) were used as reference compounds
for HO¢, 'O,, and *CDOM, respectively. When required, methanol (0.1 mol
L) was added to quench hydroxyl radicals. All competition kinetic experi-
ments were performed in duplicates.

Analytical methods

VNX and reference compounds (FFA, pCBA and TMP) concentrations were
monitored by a HPLC-DAD system, using a C18 column (4.6 mm x 250 mm x
5 pm), 70% ACN: 30% H,O (1% trifluoroacetic acid, TFA) as the mobile phase,
at 1.0 mL min™. The injection volume was 50 pL, the column temperature was
maintained at 40 °C, and the wavelength used for VNX detection was 230 nm.
This analytical method resulted in retention times of 5.2 min (VNX), 8.3 min
(pCBA), 3.9 min (FFA), and 10.4 min (TMP). The limits of detection (LOD)
were 1.32 mg L* (VNX), 1.09 mg L! (pCBA), 0.43 mg L! (FFA), and 1.28 mg
L! (TMP); the limits of quantification (LOQ) were 3.97 mg L' (VNX), 3.29 mg
L (pCBA), 1.29 mg L! (FFA), 3.86 mg L* (TMP).

Results and Discussion
Hydrolysis of VNX

Control experiments showed that no losses of VNX ([VNX] = 10.27 + 0.01
mg L) occurred due to hydrolysis at pH 7 in Milli-Q water.

Direct photolysis

Figure 1 shows the results for the photolytic degradation of VNX in Milli-Q’
water at pH 7 driven by simulated sunlight. In this system, VNX decayed with
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specific photolysis rates of (4.74 + 0.18) x 10*s™! (R*> = 0.958). Low degradation
rates at neutral pH were obtained after 480 min (Figure 1). This performance
may be associated with the low light absorption by VNX above 290 nm (Figure
2). Santoke et al. (2012) investigated the effect of the direct photolysis under
sunlight for VNX and found a similar behavior, with practically no degrada-
tion of VNX under sunlight irradiation.

Figure 1. Direct Photolysis of VNX under simulated solar radiation in Milli-Q’ water.
Conditions: [VNX], = (10.27 + 0.01) mg L™; pH 7.

From these data, direct photolysis quantum yields (@) were calculated
following the approach of Schwarzenbach (2003), resulting in:

D .« = (1.06 + 0.18) x 10> mol Einstein™*

The value is in great agreement with the direct photolysis quantum yields
measured under UV lamps (UVA and UVB) for VNX and similar molecules
[9,5]. However, to the best of our knowledge, its photolysis quantum yield
under sunlight has not been reported in the literature yet.

Figure 2. Spectral decadic molar absorption coefficients (g) of VNX in Milli-Q water (left
vertical axis) and spectral irradiance of the solar simulator (right vertical axis). Conditions:
[VNX], = (10.27 £ 0.01) mg L-1; pH 7.
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VNX degradation by RPS

Table 1 shows the second-order kinetic rate constants of VNX with reactive
photo-induced species (HO*, 'O,, *CBBP*), obtained through competition
kinetics experiments carried out in Milli-Q" water at pH 7. Although slightly
higher for k., the value of k., .., are consistent with previously reported

values, such as in Santoke et al. (2012) (kw\m_OH = (8.15+0.37) x10° and Kynxi02
= (9.03£0.04) x10%. However, some differences between these values are
attributed by the variability due to different experimental procedures. Gornik
et al. (2021) also observed the values of the same magnitude for the kinetic
constants of the antidepressant paroxetine, which corroborates the reliability

of our results.

As observed in the present study (Table 1), the reactions with HO* and
3CDOM* should play a more important role in VNX degradation in compa-
rison with 'O,, since k|, is much lower than k., ., and k. .. * To the
best of our knowledge, this is the first time that the second-order reaction rate
constants between VNX and *CDOM?* at pH 7, using 4-carboxybenzophe-

none (CBBP) as CDOM proxy, are reported.

For a better understanding of the environmental persistence in aqueous
medium of VNX, the present work intends to indicate the half-life of VNX
as a continuation of the study in different environmental conditions through
mathematical simulations and to associate these values with the kinetic cons-
tants already found.

Table 1. Second-order kinetic rate constants of the reactions between the VNX and
reactive photo-induced species (*O,, HO, 3CBBP*) in Milli-Q’ water at pH 7.

Antidepressant k

VNX, _OH(109L mol's™) kax,102(107Lm°l_ls_l) kax,scsBP-(longOI_l s

VNX (6.92 + 0.37) (2.09 + 0.17) (3.98 + 0.28)
13CBBP* corresponds to the triplet excited state of 4-carboxybenzophenone,
used as CDOM proxy.

Conclusions

VNX photodegradation shows slow photolysis rates at neutral pH due to the
low light absorption by this molecule above 290 nm. The second-order reac-
tion rate constant k. | ,, obtained was slightly higher compared to literature.
This difference was related to different experimental procedures. However,
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the magnitude of the other results is consistent with the previous literature.
The prevailing pathways involved in the sunlight-driven VNX degradation
in water are assigned to the reactions with HO* and *CBBP*. Finally, for a
better understanding of the environmental persistence in aqueous medium,
mathematical simulations of VNX half-life are required as a continuation of
the work.
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Environmental Photochemical
Fate of Pesticides in Surface Water
(Paranapanema river, Sao Paulo, Brazil)

C. Mendes Rocha', A. M. Lastre-Acosta’, M. Prado Silva Parizi?,
A. C. Silva Costa Teixeira’.

The knowledge of the persistence
of emerging contaminants in the
aqueous environment is necessary
to assess their impacts. In this study,
the photochemical behaviour of two
pesticides, imidacloprid (IMD) and
ametrine (AMT) was investigated.
The second-order reaction rate cons-
tants of IMD and AMT with hydroxyl
radicals (*OH), singlet oxygen (*O,),
and triplet excited states of chro-
mophoric dissolved organic matter
(*CDOM*) were determined by the
kinetic competition method at pH 7.
For IMD, the values of k k

IMD,*OH’ "' IMD,102’

and kIMD,BCDOM* (L mol* s!) were (3.51
+0.06) x 10% (4.67 + 0.17) x 10° and (2.30 + 0.26) x 10°, respectively. For AMT,
the values of kAMT,‘OH, kAMT’lm, and K, nirscpoms (L mol™ s) were (4.97 + 0.37) x
10°%, (2.01 + 0.63) x 10% and (9.26 + 0.35) x 108, respectively. Finally, mathema-
tical simulations were carried out using the APEX model, based on the typical
levels of water constituents (NO,, NO,, CO,”, TOC) of the Paranapanema
river, which indicated that the half-life times of these pesticides vary between

5 and 7 days.
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Introduction

Photochemical reactions in the aqueous environment are promoted by solar
radiation and by the action of reactive species (RS), and can be divided into
direct and indirect photolysis. Direct photolysis depends on the absorption
of sunlight by contaminants, whereas in indirect photolysis, pollutants react
with RS, such as hydroxyl radicals (*OH), singlet oxygen (*O,), and triplet
excited states of chromophoric dissolved organic matter (CDOM?*). These
species are generated by the interaction of sunlight with species present in
water bodies, such as nitrate, nitrite, humic acids, among others [1,2].

In this context, the aim of this study was to understand the photochemical
behaviour of two pesticides imidacloprid (IMD) and ametrine (AMT).

Materials and Methods
Chemicals

Ametrine (AMT, C;H,N,S, 100 %) and imidacloprid (IMD, C,H, CIN,O,,
100 %) were purchased from Sigma-Aldrich and were employed as model
pesticides of emerging concern. Hydrogen peroxide, methylene blue, furfuryl
alcohol (FFA), para-chlorobenzoic acid (pCBA), 4-carboxybenzophenone
(CBBP) and 2,4,6-trimethylphenol (TMP) were all of reagent grade purity
and purchased from Sigma-Aldrich. All the solutions were prepared using
deionized water (18.2 MQ cm) which was obtained from a Milli-Q Direct-Q

system (Millipore).

Photodegradation experiments under simulate solar light

The photodegradation experiments were performed using a solar simu-
lator equipped with a xenon lamp and providing 43 W m™ in the wavelength
range 290-800 nm. During the experiments, the samples were placed in 2-mL
Pyrex vials with no headspace and exposed to light, and kept in a water bath
maintained at 24.5 °C. The radiation source was positioned over the vials at a
distance of 15 cm from the liquid surface; the irradiated path length inside the
vials was 10 mm. The experiments were performed in duplicates.

Kinetic study

In order to determine the second-order reaction rate constants of the reac-
tions between the pesticides and RS (*OH, 'O, and *CDOM), the kinetic
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competition method described by Shemer et al. (2006) [3] was used. In the
method, the pollutant of interested competes for RS in a mixture with a refe-
rence compound, whose reactivity toward the RS is known. With this aim,
hydrogen peroxide, methylene blue and CBBP were used as the sources of
*OH, 'O, and CDOM respectively. Additionally, pCBA, FFA and TMP were
used as reference compounds for *OH, 'O,, and *CDOM?, respectively. All the
competition kinetic experiments were performed in duplicates.

Analytical method

A Shimadzu ultra-fast liquid chromatograph (UFLC, LC 20AD), equipped
with a UV-visible detector (SPD 20A) and a RP18 column (Super Sphere 100
model, 250 mm x 4.6 mm; 5 pum) was used to follow the concentration-time
profiles of the pesticides, pCBA, FFA and TMP. The conditions used in the
analyses were: AMT and IMD (254 nm, acetic acid 1% (v/v) (A) + methanol
(B), gradient elution: 50% B (0-3 min); increase to 80% B (3-12 min); 80% B
(12-14 min); decrease from 80% to 50% of B (14-18 min); pCBA (234 nm, 50%
aqueous acetic acid 1% (v/v) + 50% methanol, isocratic); FFA (219 nm, 70%
aqueous acetic acid 1% (v/v) + 30% methanol, isocratic); TMP (220 nm, 50%
aqueous acetic acid 1% (v/v) + 50% acetonitrile, isocratic). In all cases, the
temperature, injected volume, and mobile phase flow rate were 40 °C, 100 uL,
and 1 mL min™, respectively.

Water sampling

In this work, the Paranapanema river was selected, due to the fact that an
increase of more than 400% in the area destined to agriculture occurred in

the region where it is located [8]. The samples were collected at three different
points of the river (figure 2).

Figure 2. Water sampling points in the Paranapanema river.
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The parameters analysed were: pH, temperature, concentration of nitrate,
nitrite, carbonate and total organic carbon. The determination of nitrate and
nitrite concentrations was performed according to the spectrophotometric
method described in the NBR 12620 standard (ABNT, 1992). For this, an
Agilent Cary60 UV-Vis spectrophotometer was used, at 525 nm and 466
nm, respectively. In turn, carbonate concentrations were determined using
the titration method, according to the NBR 13736 standard (ABN'T, 1996).
Finally, the total organic carbon (TOC) was determined using a Shimadzu
TOC-L equipment.

Mathematical simulations

The simulation of the photochemical degradation of the pesticides was
carried out using the APEX model, developed at the University of Torino
and available at https://www.mdpi.com/1420-3049/25/1/9 [4]. The seasonal
characteristics of the Paranapanema river, determined by monthly moni-
toring, and the reactivity characteristics of the pesticides, determined
experimentally, were considered in the simulations.

Results and Discussion

Pesticide degradation by reactive species

The second-order kinetic rate constants of the pesticides (P) with *OH
(Ko O, (K 0,) and *CDOM* (k") were determined by using H,0,
methylene blue and CBBP as the RS sources, respectively. The competition
kinetics method between P and pCBA for *OH, between P and FFA for 'O,,

and between P and TMP for *CDOM* was employed.

The values of the second-order kinetic rate constants of P with the reactive
species (*OH, 'O, and *CDOM?), at pH 7 and [P] = 10 mg L, are presented
in Table 1. The values suggest that the attack of both pesticides molecules by
hydroxyl radicals is the dominant mechanism during the degradation in water
exposed to sunlight.
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Table 1. Second order kinetic constants and photolysis quantum yields (®) of the pesticides
in Milli-Q water at pH 7

kP,.OH kl’,102 kl’,:)'CDOM' q)
(L mol's™) (L mol's™) (L mol's™) (mol Einstein™)
AMT
(4.97+0.37) x10° (2.01%0.63) x10* (9.26+0.35) x108 1.18 x10°3
IMD
(351+0.06) x10°  (4.67+0.17) x10°  (2.30+0.26) x10° 1.23 x10°2

Simulation of photochemical environmental persistence

Simulations of the persistence of both pesticides in surface waters were
performed using the APEX mathematical model developed at the Department
of Chemistry at the University of Torino, implemented in the Octave plat-
form [9]. The simulations are based on the values of the photolysis quantum
yield and the reaction rate constants between the pollutants and the reactive
species obtained experimentally. The model considers a sunny summer day,
corresponding to 10 continuous hours of exposure to 22 W m™ irradiance.
Additional information include the depth of the water body, which in this
work was considered 2.5 m, which corresponds to the average value of the
depth of the water bodies in the Paranapanema river region.

According to the simulations, the estimated average half-life time for IMD
(¢,,,) is approximately 7.3 days, while for AMT is about 6 days (Table 2). It can
be said that the organic matter content (TOC) appears to be the parameter
that interfered most significantly in the values of £, .

Conclusions

The results showed that hydroxyl radicals were the RS which had more
interference on both AMT and IMD degradation, followed by *CDOM®*.
These results are important, since based on the experimental data obtained,
the photochemical degradation of pesticides in the environmental conditions
found in water bodies of different regions can be predicted.
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Table 2. Results of the parameters selected for monitoring the Paranapanema river and

Sampling [CO,*]

point

(mg L)

1 37.5+05
2 24.0 + 0.0
3 250+ 1.0
1 33.0+ 1.0
2 29.0 + 1.4
3 28.0 £ 0.0
1 270+ 1.0
40.0 £ 0.0

3 24.0 £ 1.0
1 30.0 £ 0.0
26.0 + 0.0

24.0 + 0.0

average half-life times on sunny days.

[NO,] [NO,] TOC

(mg L") (mgL™) (mg L)
February/2020 (Summer)
0.0083 £ 0.0004 0.47 +0.14 129+ 0.5
0.0091 £ 0.0003 0.98+0.09 9.42 +0.02
0.0096 £ 0.0001 1.27+0.42  9.51 £0.07
May/2020 (Autumn)
0.012 + 0.0006 1.13+£0.10 11.88+1.61
0.012 + 0.0001 0.71 £0.03 4.70 £ 0.86
0.012 + 0.0006) 1.17 £+0.00 6.46 + 1.34
July/2020 (Winter)
0.010 £ 0.0004 0.75+0.08 5.34+0.29
0.009 + 0.0004  0.65+0.03 12.03 +0.28
0.010 £ 0.0012  0.84 + 0.04  4.20 + 0.06
November/2020 (Spring)
0.003 + 0.0003 0.49 £ 0.00 17.34 £ 0.56
0.003 £ 0.0003 0.35+0.12 5.41 +0.59
0.006 + 0.0006  0.60 + 0.23 11.74 + 0.06
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pH

7.59 + 0.04
7.23 £ 0.01
7.23 +0.01

7.93 £ 0.05
7.45 = 0.05
7.44 £ 0.01

7.75 £ 0.05
7.51 £0.03
7.52 + 0.02

8.36 £ 0.02
7.61 = 0.02
7.56 + 0.04

t1/2

t1/2

(IMD) (AMT)

(days)

7.52
7.48
7.49

7.52
6.96
7.30

7.12
7.52
6.79

7.50
7.13
7.52

(days)

6.41
6.06
6.07

6.31
5.48
5.72

5.58
6.32
5.41

6.78
5.58
6.29



Environmental Photodegradation of
2-Chlorobiphenyl in Surface Waters

A. M. Lastre-Acosta’, C. M. Rocha', M. A. Mendes?,
A. C. S. C. Teixeira’, C. A. Oller do Nascimento?

Polychlorobiphenyls (PCB) are a
family of persistent organic pollut-
ants and 2-chlorobiphenyl (PCB-1)
is one of the simplest PCB. The
purpose of this study was to inves-
tigate the photochemical behaviour
of PCB-1 in aqueous medium under
simulated solar irradiation. The
rate constants of PCB-1 with reac-
tive photo-induced species (RPS)

(hydroxyl radicals, *OH; singlet oxygen, 'O,; and triplet excited state of chro-
mophoric dissolved organic matter, ’\CDOM?¥) were obtained; the effect of the
initial pollutant concentration was studied. At last, PCB-1 photodegradation
in natural water was modelled by using the APEX mathematical model. The
results show that *OH and *CDOM?* are the key species involved in PCB-1
degradation and, according to the mathematical simulations, the values of ¢, ,
vary from 2 to 14 days.

Introduction

Polychlorinated biphenyls (PCBs) are synthetic organic compounds, highly
toxic and resistant to chemical, biological and photolytic degradation, being
considered persistent organic pollutants. PCB may contain between one and
ten chlorine atoms bond to the biphenyl group, resulting in 209 possible PCB
congeners, but only 130 species are found in commercial products. Although
the production and use of PCBs has been banned in some industrialized coun-

(1) Research Group in Advanced Oxidation Processes (AdOx), Department of Chemical Engineering,
University of Sdo Paulo, Av. Prof. Luciano Gualberto, tr. 3, 380, Sdo Paulo, SB, Brazil, arlenlastre@
gmail.com

(2) Dempster MS Lab, Department of Chemical Engineering, University of Sao Paulo, Av. Prof.
Luciano Gualberto, tr. 3, 380, Sdo Paulo, SB, Brazil.
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tries, their continued presence in the environment poses considerable hazards.
In Brazil, environmental regulations restrict the use of new electrical equip-
ment containing PCBs; nevertheless, their use is still allowed in old electrical
equipment, until their replacement by other free PCB devices or until the end
of their useful life, thus becoming a source of environmental contamination.

Since polychlorinated biphenyls are poorly soluble in water, the photochem-
istry of PCB in aqueous medium becomes difficult; therefore, there are few
studies in the literature. In this context, the aim of this project is to investi-
gate the degradation of 2-chlorobiphenyl (PCB-1) in surface water, as a result
of solar-driven photochemical reactions with reactive photo-induced species
(RPS) (hydroxyl radicals, *OH; singlet oxygen, 'O,; and triplet excited state of
chromophoric dissolved organic matter, *CDOM*).

Material and Methods

Reagents

2-chlorobiphenyl (PCB-1; C ,H,Cl; CAS Number 2051-60-7) (98%, Dr. Ehren-
storfer) was employed as a model persistent organic compound of the class
of polychlorinated biphenyls. All the solutions were prepared using Milli-Q
water (18.2 MQ c¢m), obtained from a Milli-Q’ Direct-Q system (Merck Milli-
pore). The initial pH of the solutions containing the target pollutant was not

modified (natural pH ~6.77).

H,O, (Synth) and para-chlorobenzoic acid (pCBA) (Sigma-Aldrich) were
used as the source of *OH radicals and the reference compound, respectively.
Methylene blue (Synth), and furfuryl alcohol (FFA) (Sigma-Aldrich) were
used as the source of 'O, and the reference compound, respectively. Anthra-
quinone-2-sulfonate (AQ2S) (Sigma-Aldrich) or 4-benzoylbenzoic acid
(CBBP) were used as a proxy for CDOM; and 2,4,6-trimethylphenol (TMP)
(Sigma-Aldrich) was used as the reference compound. Methanol (HPLC
quality) (Panreac) and acetic acid (80% v/v) (Scharlau) were used to prepare
the mobile phase for the HPLC system.

Photodegradation experiments

Photodegradation experiments were performed using a solar simulator
(Peccel, PEC-L0O1 model) equipped with a 450-W xenon lamp and an AM 1.5
global filter, providing 43 W m™ in the wavelength range 290-800 nm. The
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samples were stored in 2-mL Pyrex vials of 10-mm irradiated path length with
no head space, placed in a water bath kept at 25 °C, positioned at 15 cm of the
radiation source. The experiments were performed in duplicates.

Kinetic study

The second-order reaction rate constants between PCB-1 and RPS (K, , .oy
Kocp 110 @0d Kyop oon00.) were determined using the competition kinetics
method [1]. The concentrations used (Table 1) have been optimized based on

previous studies [2].

Table 1. Initial concentrations used in the kinetic competition experiments.

RPS RPS source Reference compound
*OH H,0O, (50 mmol L) pCBA (3 mg L)*
'O, Methylene blue (31.3 umol L) FFA (2 mg LY)*

3CDOM* AQ2S (30.5 pmol L!) or CBBP (44.2 ymol L™') TMP* (2.5 mg L-1)*

* Equimolar concentration to that of the target pollutant ([PCB-1], = 18.6 umol L)

Analytical methods

The time evolution of PCB-1, pCBA, FFA, and TMP concentrations were
analysed by high-performance liquid chromatography (HPLC), using a
Shimadzu (LC20 model) equippment with a UV/Vis diode array detector
(SPD20A model). The column was a Wakosil C18 (SGE, 250 mm x 4.6 mm;
5 um). Temperature, injected volume, and mobile phase flow rate were 40 °C,
100 pL, and 1 mL min™, respectively.

Simulations using the APEX model

The mathematical simulations of PCB-1 sunlight-driven environmental
degradation were carried out with the APEX model (Aqueous Photoche-
mistry of Environmentally Occurring Xenobiotics) [3].

Results and Discussion
Direct photolysis of PCB-1

Figure 1 shows the photolytic degradation of PCB-1 in Milli-Q water. PCB-1
decay was affected by its initial concentration, with specific photolysis rates
of (1.16+0.43)x10-3 min-! (R?=0.986), (1.08+0.42)x10-> min~! (R?=0.901) e
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(8.46+2.81)x10™* min™! (R?=0.922) for PCB-1 initial concentrations of 1.68,
2.69 e 4.01 mg L}, respectively.

Figure 1. PCB-1 degradation under simulated solar radiation in Milli-Q water for
different initial concentrations: (A) 1.68, (m) 2.69 e (o) 4.01 mg L.

From this data, together with the molar absorption coefficients (e)), the
direct photolysis quantum yield (®) was calculated, giving 1.60x10 mol Eins-
tein™" for [PCB-1], = 4 mg L. This low value explains the slow degradation of
PCB-1 in the absence of reactive species.

PCB-1 degradation by RPS

The values of the second-order kinetic rate constants of PCB-1 with RPS
(*OH, 'O,, *CDOM?), obtained by the competition kinetics method in Milli-Q
water are listed in Table 2.

Table 2. Second-order kinetic rate constants of PCB-1 with RPS in
Milli-Q water. [PCB-1], = 3.43 £ 0.38 mg L.

kPCB—l,?}CDOM*
kPCB-l,.OH (X 109) kPCB-1,102 (X 106) 9 k 109
(L mol's™) (L mol-'s) e OO PCB-1,3AQ25* (x10°)
(L mol-!s!) (L mol-'s™?)
6.80+0.09 1.13+0.20 2.44+0.04 3.36+0.04

Based on these results, the main pathways involved in the photodegradation
of this pollutant in surface waters exposed to solar radiation are the reactions
with *OH and *CDOM * and, to a lesser extent, the reaction with 'O,.

The value of Ko 1.0 Obtained is in agreement with the value found by [4].

The authors quantified the second-order kinetic rate constant between PCB-1
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([PCB-1], = 3.76 mg L") and *OH by means of flash photolysis; the value
obtained by the authors was (8.9 + 1.2) x 10° L mol™ s'. The values of k

PCB-1,102
and K, | ;opone Were not found in the scientific literature.

In this work, CBBP and AQ2S were used as CDOM proxies. It is important
to highlight that the reactivity of organic pollutants with triplet excited states
is greatly affected by the triplet nature. As seen in Table 2, the Ky, | 3cpon

values obtained experimentally were very close, with &, | ,ppp. Slightly lower

than &, | 5,5 A similar behaviour was reported by [5]. Mathematical simu-

lations of the environmental persistence of PCB-1 were thus performed using
k

PCB-1,3CPPB**

Photochemical modelling

The predicted half-life times (¢,,) of PCB-1 as a function of water depth,
dissolved organic carbon (DOC), [NO,], [NO,], and [HCO, ], under
summertime irradiation conditions at pH 7, were obtained using the APEX
model. The results are shown in Table 3. According to the mathematical simu-
lations, the values of ¢, vary from 2 to 14 days. It is important to note that
the persistence of PCB-1 in surface waters exposed to sunlight is only slightly
influenced by the concentrations of nitrite, nitrate and bicarbonate.

As seen in Table 3, the model predicts a greater influence of the water depth
and the concentration of DOC on the persistence of the PCB-1 in natural
systems. In fact, the photodegradation of PCB-1 is expected to be faster in
shallow water bodies and/or for low DOC levels (Figure 2 and 3).

Figure 2. Half-life times of PCB-1 as a Figure 3. Half-life times of PCB-1 as a
function of DOC. function of water depth.
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Table 3. Half-life times (¢, ,) of PCB-1 as a function of water depth, DOC, [NO,], [NO,],
and [HCO,], using the APEX model.

t,,, (PCB-1) (days)

Variables Min. depth Max. depth Min. DOC  Max. DOC

DOC min. 2.12 6.64

DOC max. 2.61 13.55

[NO, ] min. 291 13.73 4.55 8.42
[NO, ] max. 2.86 13.88 4.26 8.46
[NO,"] min. 2.89 13.85 4.38 8.45
[NO, | max. 2.86 13.79 4.11 8.43
[HCO, | min. 2.87 13.79 4.12 8.43
[HCO, ] max. 2.88 13.85 4.34 8.45

Conclusions

This study investigated the degradation of PCB-1 in water, as a result of
solar-driven photochemical reactions with RPS. According to the mathemat-
ical simulations, the values of ¢, , vary from 2 to 14 days.
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Electrochemical Degradation of Amoxicillin in Acid
Media Using Modified Electrodes with Oxides of
Transition Metals

E. Bustos’, . Sh. Barroso’, F. Espejel’, ]. Manriquez’,
A. Sandoval’, M. Cerro®.

One of the most widely used antibi-
otics is amoxicillin (AMX), which is
the most widely used in humans and
animals, but it is discharged meta-

bolically due to its indigestibility.
Conventional biological and physi-
cochemical methods for removing

AMX from water are not enough to
mineralize it, only it is concentrated
and transferred to produce new resi-
dues that require further processing
to remove the new residues. By this raison, in this research, naked and modi-
fied surfaces with TiO, nanotubes (TiOZ,nt) electrophoretically modified with
PbO,, IrO,, RuO, and Ta,O, were used to evaluate their efficiency in the elec-
trochemical degradation of AMX. This pharmaceutical product has been
electro-oxidized using IrO,-Ta,O,|Ti and RuO,-Ta,O,|Ti in acid (0.1 mol L™
H,SO,) and neutral (0.1 mol L™ Na,SO,) media in previous study. In this occa-
sion, the TiO,  modified with IrO,-Ta,O,, RuO,-Ta,O, and PbO,-Ta,O; are

275

considered to electro-oxide AMX in acid media (0.1 mol L H SO,).

Introduction

Amoxicillin (AMX) is found in the classification of antibiotics f-lactams, is
the most widely used in humans and animals, can be discharged metabolically
due to its indigestibility. AMX mineralization has been reported by different

(1) Centro de Investigacion y Desarrollo Tecnoldgico en Electroquimica, S. C. Parque Tecnoldgico
Querétaro, 76703, Sanfandila, Pedro Escobedo, Querétaro, México, e-bustos@cideteq.mzx.

(2) Universidad de las Américas de Puebla, Exhacienda Santa Catarina Mdrtir, 72810, San Andrés
Cholula, Puebla, México.
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methods: using TiO, activated carbon composites, 50 to 100 % of 50 mg
L* of amoxicillin at pH 3 to 10 was removed with sunlight for 180 min [1].
Using TiO, nanotubes (TiO, ) with graphite and adding KBrO, a degradation
of almost 100 % is achieved [2]. With hybrid processes: ultrafiltration
membrane, activated carbon adsorption and ultrasound irradiation in 10
ppm of amoxicillin 99.5 % was removed [3] and adsorption, membrane and
ultrasound irradiation for 0.1 mg L 99 % was removed [4]. In this research, the
TiO, , modified with IrO,-Ta,O,, RuO,-Ta,0O, and PbO,-Ta,O; are considered

275

to electro-oxide AMX in acid media (0.1 mol L™ H,SO,).

Material and Methods

Ti plates were modified to morphological characterization 3.0 cm in height,
1.0 cm in width and 0.1 cm in thickness. Ti cylinders were also modified to
AMX electro-oxidation 0.7 cm in diameter and 5.0 cm in height. The Ti plates
and cylinders were modified with PbO, (Pb), IrO, (Ir), RuO, (Ru), Ta,O, (Ta),
PbO, — Ta,O, (Pb:Ta 30:70), PbO, — Ta,O, (Pb:Ta 70:30), RuO, — Ta,0O, (Ru:Ta
30:70), RuO, - Ta,O, (Rw:Ta 70:30), IrO, — Ta,O, (Ir:Ta 30:70) and IrO, —
Ta,O, (Ir:Ta 70:30); these electrodes were modified using TiO,  at 30 V for
1, 2, 3 and 4 h. In these experiments, a DC-power supply model GP-4303DU
was used with at constant stirring rate of 300 rpm considering the TiO,  over
Ti as working electrode, and a Ti plate or mesh as counter-electrode for the
Ti plate and cylinder, respectively, considering 1 cm of separation between
working and counter-electrode. The morphology of naked and modified elec-
trodes were characterized by scanning electron microscopy coupled to energy
dispersive X-ray spectroscopy (SEM-EDX) using a Jeol JSM-6500LV equip-
ment with 15 eV and EDS Bruker XFlash6I10 as detector.

Results and Discussion

The naked Ti shows a presence of Ti (69.21 %), O (17.03 %), C (11.24 %) and
Si (2.52 %), while the TiO,  shows different composition of these elements
with Ti (close to 30 %), O (close to 70 %), C (between 2 and 6 %) without
the presence of Si because the anodization to construct the nanotubes elimi-
nate the silica over the surface of titanium, with the decrease of carbon when
increase the anodization time by the possible impurity in the same surface at
1h (1.97 %), 2 h (6.34 %), 3 h (5.05 %) and 4 h (4.92 %). Additionally, the rela-
tion of titanium and oxygen in the EDS of TiO,  is 1:2, this result validate the
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atomic composition of a compacted and disorganized film of TiO, nanotubes
with 50 nm of diameter approximately, as the SEM micrograph shows (Figure
1). When increase the anodization time just to TiO, 4 h, it shows regions
without nanotubes, with major dispersion and disorder.

Figure 1. SEM of modified TiO,,nt at different anodization times using
10 000 x and 15 eV: 1h (A), 2h (B), 3h (C) and 4h (D).

Figure 2 shows the Raman spectra of naked Ti and TiO,  at different
anodization times, where there are five molecular vibrations with a Raman
shift of 142 cm™, 204 cm™?, 394 cm™, 514 cm™ and 632 cm™, which correspond
to the vibrational modes of E, , E,, B, , A, and E_, respectively [5]; they are
characteristic of anatase phase of TiO,. Additionally, the picks with a Raman
shift of 448 cm™ and 621 cm™ are characteristic of rutile phase of TiO,, which
are related to E, B and A by symmetric stretching, symmetric flexion and
asymmetric flexion, respectively, by the O-Ti-O link [6].

With the SEM (Figure 1), EDX and Raman (Figure 2) is evident the elec-
trochemical anodization to get nanotubular structures with a chemical
composition in major proportion of anatase phase and minor presence of
rutile phase. Additionally, it is evident that the increase of anodization time
is proportional to the increase of the anatase and rutile signals; this result
indicate that the anodization time is indifferent between 1, 2 and 3 h like
SEM shows (Figure 1) with the same anatase and rutile proportion (Figure 2),
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because at time 4 h begins the disorganization of the nanotubular structures
of TiO, . By these results, the selected anodization time was 1 h to continue
the modification of TiO, | with the different concentration of electrocatalizers
included in this study: Pb, Ir, Ru and Ta.

——Ti0 1h
—Ti0, 21
——Ti0,, 31
—Ti0, 4N

100 200 300 400 500 600 700
Raman Shift (cm™)

Figure 2. Raman spectra of modified TiO, , at different anodization times.

In the characterization of the different modified electrodes by the capaci-
tance method [7] to define the electroactive area, the Ru:Ta 50:50 shows the
highest electroactive area (13.45 cm?) and roughness (1.93)  Pb (12.97 cm?%
1.86) > Ru:Ta 70:30 (11.98 cm? 1.72) Ruw:Ta 30:70 (11.54 cm? 1.65) > Ta
(11.15cm? 1.60)  Ir:Ta 70:30 (10.88 cm? 1.56) > Ru (7.81 cm? 1.12) Pb:Ta
30:70 (6.58 cm? 0.94) > Ir:Ta 50:50 (6.25 cm?; 0.90) > Ti (5.00 cm? 0.72), the
other electrodes show less electroactive area than Ti: Ir:Ta 30:70 (4.03 cm?
0.58)  Pb:Ta70:30 (3.77 cm? 0.54)  Pb:Ta 50:50 (3.71 cm? 0.53) > TiO_,nt
(3.12 cm?% 0.45) Ir (2.56 cm? 0.37). These results show that Tio, , with the
different concentration of electrocatalizers increase the A_and R.

The different modified electrodes of Ti, with the different relations in
concentration of electrocatalyzer Ir, Ru and Pb with Ta, where the presence of
them generate an heterogeneous electrodeposited film over the TiO, . In the
case of Ir:Ta showed a coliform electrodeposited in major proportion with the
relation 50:50 > 100:0 > 30:70 > 70:30, which suggest the filling of TiO, | came
out from them, as it has been reported in the literature [8].
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The polarization curves of AMX in 0.1 mol L' H,SO, show two charac-
teristics zones related with kinetic control (from 0 to 1 V vs. Ag|AgCl 3M
NacCl), and mix control (from 1 to 3 V vs. Ag|AgCl 3M NaCl), the mass trans-
port zone was not defined by the possible effect of the nanotubular structure
of TiO, which have different active sites without stabilize a limit density
current. After 2 V vs. Ag|AgCl 3M NacCl, there are an important increment
in the current density by the electrolysis of water, at the same time, there are
oxidant agents which are involve in the electroxidation of AMX in acid media,
as the hydroxyl radicals. With these results, 100 pA cm™? was selected to be
sure that electro-oxidation of AMX, where the generation of hydroxyl radicals
is develop [9].

Figure 3 shows the removal efficiency of AMX (n%) in 0.1 mol L' H,SO, after
15 min of electrolysis. In this comparison, the highest removal efficiency of
AMX was showed with Ir:Ta 100:0 (58.86 %) which shows the highest current
density in the polarization curve followed by Pb:Ta 30:70 (48.10 %) > Ta (36.87
%) > Pb:Ta 70:30 (35.76 %) > Pb:Ta 50:50 (33.23 %) > Ti (30.67 %) > TiO, |
(26.63 %) > Ru:Ta 70:30 (24.21 %) > Ir:Ta 30:70 (21.36 %) > Pb:Ta 100:0 (14.24
%). In this study, there are some negative efficiencies by the possible effect of
matrix, or the production of secondary products of reaction that infer in the
analytical method to obtain this data (UV-Vis).

Figure 3. Degradation efficiencies of AMX at 15 min of electrolysis using TiO,  with and
without the different combinations of the electrocatalyzer of Ir, Ru, Pb and Ta.

Conclusions

The results obtained in this study indicated that TiO,  was constructed
after 1h of anodization with 50 nm of diameter approximately of nanotu-
bular structures with the composition of one titanium atom and two oxygen
atoms in the main proportion of anatase phase of TiO, than rutile phase.
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This surface was modified with an heterogeneous electrodeposited film
with different concentrations of IrO,-Ta,O,, RuO,-Ta,0, and PbO,-Ta,O,,
which increase the electroactive area and roughness than only TiO, , where
the Ir:Ta showed a coliform electrodeposited, which suggest the filling of
TiO,  came out from them, as it has been reported in the literature, and
they showed the biggest potential window in acid conditions with low scan
speed, and with high scan speed appeared the electrocatalizers Ru and Ir
have a similar electrochemical behavior by their physicochemical characte-
ristics as metallic conductivity and crystalline structure of rutile, though Ru
has the hexagonal close-packed (h.c.p.) structure, while Ir is face-centered
cubic (f.c.c) structure. During the electrochemical analysis, different redox
process were obtained, in the case of IrO,-Ta,O,|TiO, showed the Ir***
and Ir***% in the case of RuO,-Ta,O,|TiO,  showed the Ru**"** and Ru***,
and in the case of PbO,-Ta,O| TiO,  showed the Pb***> and Pb****. In order
of the polarization curves, 100 pA cm™ was selected to be sure that elec-
tro-oxidation of AMX, where the generation of hydroxyl radicals is develop;
in this comparison, the highest removal efficiency of AMX was showed
with IrO,| TiO, , 100:0 (58.86 %), followed by PbO,-Ta,0,|TiO, , (48.10 %),
because they show the highest current densities in the polarization curve
followed.
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Incorporation of anodic oxidation processes as
post-treatment of a nanofiltration concentrate

S. W. da Silva’, A. Giacobbo? D. I. de Souza?,
D. E. Schneider’. A. M. Bernardes?,

In this work, anodic oxidation (AO)

was proposed to be incorporated as

a post-treatment of a nanofiltration

(NF) concentrate. For that, NF runs

in concentration mode until a volu-

metric concentration factor of 7.6

were performed, accumulating about

25 mg L of NOR. The concentrate

was subject to AO using Nb/BDD,, .

anode. The results indicated that high

rates of NOR degradation were found at low current densities (j). Neverthe-

less, the mineralization rate was slower than degradation. This suggests that,

first, NOR is rapidly degraded in by-products and carboxylic acids, such as

oxalic, acetic, lactic and citric, being later mineralized. The theoretical and

experimental NOR decay curves were different and associated to the distinct

contribution of the mediated oxidants generated (hydroxyl and sulfate radical,

and persulfate anion). Besides, high values of NOR combustion were found

at typical mineralization current efficiencies. In this sense, the concentrate

problem from NF can be solved by the application of AO. Besides, the concen-

trate can help to overcome the AO limitations, presenting higher concentration
of CEC and salts, and a reduced volume to be treated.

Introduction

Conventional wastewater treatment processes have presented low effi-
ciency in the removal of contaminants of emerging concern (CEC). In fact,
depending on the process employed, the CEC concentration in the treated
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water was higher than in the influent due to desorption processes [1]the aim
of this work was to evaluate the presence, removal and environmental rele-
vance of 22 selected pesticides in three different wastewater treatment plants
(WWTPs.

The application of nanofiltration (NF) as a tertiary polishing step in waste-
water treatment plants (WWTDPs), can on the one hand provide high CEC
removal, offering a way to provide high quality effluent water. On the other
hand, highly concentrated contaminants are simultaneously produced. The
disposal of the generated NF concentrate often remains an unsolved ques-
tion, being frequently disposed into surface waters without any treatment,
although studies indicate that the concentration of the contaminants can be
6-7 fold higher than in the original wastewater [2,3].

Electrochemical advanced oxidation processes (EAOPs), applied in the treat-
ment of those concentrates, can be seen as one possible answer to the problem
of their disposal into surface water. Besides that, the concentrate from NF can
overcome most of EAOPs limitations, due to the higher concentration of CEC
and salts, and the reduced volume to be treated [4].

The main goal of the study was to evaluate the application of EAOPs to
removal CEC from NF concentrate, avoiding the incorrect disposal in surface
waters.

Material and Methods

Based on the best-operating conditions, determined in the previous work of
de Souza et al. [5], three runs in concentration mode (collecting the permeate
stream in an external vessel and recirculating the retentate stream to the feed
tank), until a volumetric concentration factor of 7.6, were performed.

The concentrate produced in the NF tests, which accumulated about 25 mg
L' of NOR, was used as the feed solution in the EAOP. To these solutions, it
was added 7 g L™ of Na,SO, to act as supporting electrolyte. Thereafter, 1 L of
these solution was placed on the double-jacket reservoir, feeding the electro-
chemical cell at a flow rate of 150 L h! with aid of a pump (Flojet, LF111421).
The electrochemical cell was equipped with a square Nb/BDD,_, anode and
AISI 304 L cathode, both with 0.01 m? and a gap of 0.01 m. The tests were
carried out in batch mode, at a constant temperature of 25 °C. Three different

current densities of 10, 20, and 30 mA cm? (ICEL PS-5000) were evaluated.
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The pH was continuously monitored by a DM-22, Digimed.

The NOR decay and organic acids generations were accomplished by high
performance liquid chromatography (HPLC, DIONEX ICS-3000 associated
to a Thermo Scientific Ultimate 3000).

The ions generated in NOR oxidation were detected by ionic chromatog-
raphy (Dionex ICS-3000 DC).

A total organic carbon (TOC) analyzer (TOC-L, Shimadzu) was employed
to assess the degree of NOR mineralization using a non-purgeable organic
carbon method.

Results and Discussion

The NF concentrate was subjected to an anodic oxidation (AO) at [NOR] of
25 mg L, pH 6.5 and 25 °C by applying current densities (j) values from 10 to
30 mA cm2,

Fig. 1.a shows that for all j, the NOR decay was exponential, indicating that
the process is under mass transport control. Based on the mass transport
coefficient of 6.4x10° m s redox pair), and the mathematical model displayed
in the literature [6], a curve of NOR theoretical decay was constructed. The
considerations were that the oxidation reactions will occur only at the anode
surface and that the AO are under mass transport control.

It is observed that for j = 10 mA cm?, the NOR degradation was above the
theoretical decay. On the contrary, for j = 20 and 30 mA c¢cm™, the NOR decays
were below the theoretical one. This findings can be associated to the NOR
oxidation mechanism, which can occur by direct oxidation or via indirect
oxidation by hydroxyl and sulfate radical as well as persulfate anion [6]. These
sulfate species have a higher lifetime than and can be transport to the bulk
solution, increasing the oxidation rate.

In this sense, for the higher j, the NOR degradation was probably more
linked to the sulfate species and less by [6].

It is also noted that the rise in j yielded higher NOR removal, but this incre-
ment was similar from 20 to 30 mA cm™. At these conditions, 100% of NOR
degradation were found at 15 and 30 min, respectively. A pseudo-first-order
kinetic model was fitted to the experimental data according to literature [7],

245



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

and the k  values for j = 20 and 30 mA cm exhibited in the inset graphic
confirm this similarity.

Although high NOR degradation rates were found, the mineralization rates
were lower (Fig. 1b).

These results suggest that in a first stage NOR was rapid degraded into
by-products and carboxylic acids, and just after that mineralization starts.
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Figure 1. Effect of current density on normalized NOR (a) removal and (b) minerlization as a
function of time. Insert graphic is the estimated apparent kinetic constant k,, (min™).

The carboxylic acids analysis shows that for all j tested, the most produced
carboxylic acid was the two carbons oxalic, following by the two carbons acetic
acids, 3 carbons lactic acids and lower detection of the six carbons citric acid.
A study conducted by Coledam et al. [8], also found great generation of oxalic
acid in NOR oxidation.

Fig. 2.a brings the extent of conversion of the removed NOR molecules to
carbon dioxide. It is possible to observe that for j = 20 and 30 mA cm™ all
organic load is removed after 120 min of AO. Only when the j is equal to
10 mA cm™total NOR conversion was not achieved. However, at this condi-
tion, 90% of NOR was converted into carbon dioxide. These results confirm
the high mineralization power of AO process, since practically all the removed
NOR was converted to carbon dioxide and water inorganic ions.

It can be observed in Fig. 2b that for all j, the higher MCE found was in the
firsts 60 min of AO process. On the one hand, for 20 and 30 mA cm™?, the
MCE decrease after 60 min due to the occurrence of parasitic reactions. On
the other hand, almost constant MCE values with time for the j = 10 mA cm™
was found, indicating that the by-products formed are mineralized at similar
rate during the AO process.
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Fig. 2c shows the specific energy consumption to remove TOC. As demon-
strated, in the first AO minutes, high NOR oxidation occurs without
mineralization, as consequence high energy consumption was found. After 30
min of AO the Es consumption decrease for all j applied, until values near to
15 kW h (kg TOC)"! were found.
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Figure 2. Effect of current density on (a) NOR combustion, (b) mineralization current
eficiency and (c) specific enegy consumption.

Conclusions

The mineralization of NOR using anodic oxidation was successfully attained
with Nb/BDD,, , anode at low current densities, as the system is controlled by

mass transport.

The experimental and theoretical decay curves for the NOR removal were
different, probably due to the distinct contribution of the mediated oxidants
generated at the Nb/BDD

2500°

Furthermore, high values of the extent of NOR combustion was found, inde-
pendently of the j applied.
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Finally, the synergisms of both processes (NF and AO) may bring to the
present day the solution to the concentrate problem from NF and help to
overcome limitations, due to the higher concentration of CEC and salts, and
the reduced volume to be treated.
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Degradacion Simultanea de Sulfametoxazol y
Trimetoprim mediante un Proceso Fotoelectro-Fenton
sin Modificar pH Utilizando una Fuente Natural

de Acido Citrico: Estudios de Biodegradabilidad,
Ecotoxicidad y Actividad Antibacteriana

C.A. Delgado-Vargas *, PA. Espinosa-Barrera ',
D. Martinez-Pachdn !, A. Moncayo-Lasso .

El sulfametoxazol (SMX) y el trime-
toprim (TMP) son antibiéticos que se
han detectado en las aguas residuales
en concentraciones relativamente
altas, lo que puede conducir a la
proliferacién de bacterias resistentes
en el medio ambiente, implicando
un riesgo para la salud de los seres
humanos. En este trabajo se estudié
la capacidad del sistema FEF para la
eliminaciéon simultdnea de SMX vy
TMP, usando acido citrico extraido
de fuentes naturales (cascaras de
naranja y limén), como alternativa
para la reutilizacion de residuos
organicos. Los resultados mostraron
una degradacién total de SMX a los
45 min y TMP a los 90 min de trata-
miento. Adicionalmente, se observé
la pérdida de actividad antibacte-
riana a los 30 min de degradacion,

asi como una mayor biodegradabilidad y menor toxicidad en las soluciones
tratadas con el sistema FEF. Entonces, el sistema FEF tiene un gran poten-
cial para la eliminacién de fdrmacos y las posibles consecuencias que pueden
tener sobre el medio ambiente.
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Introduccion

Los contaminantes de preocupaciéon emergente (CPEs) no son nuevos en
el medio ambiente, pero si es nueva la preocupacién por su amplia disper-
siéon y consecuencias en los ecosistemas, incluso en concentraciones de pg/L
[1]. Entre los CPEs es importante destacar los compuestos farmacéuticos,
como los antibiéticos, porque se suelen usar en la eliminacién de microor-
ganismos patégenos para mantener la salud humana y animal, lo que implica
que se incrementa la produccién y consumo de antibiéticos [2].

Los antibidticos como el sulfametoxazol (SMX) y el trimetoprim (TMP)
son los mas recetados para los seres humanos [2], ya que actiian de forma
sinérgica bloqueando los pasos sucesivos del metabolismo del folato en las
bacterias, que es necesario parala produccion de proteinas de la pared celular
y bases nitrogenadas para el ADN [3]. El alto consumo de SMX/TMP genera
que se encuentren en los efluentes de aguas residuales en diversas plantas de
tratamiento de aguas residuales (PTAR) a nivel mundial. Por ejemplo, en el
efluente de la PTAR “el Salitre” (Bogotd D.C) se detecté una concentracién
de 0.65 pg/L para SMX y 0.34 pg/L para TMP, sin demostrar remocién por
parte de la PTAR, lo que confirma que los tratamientos de las PTAR no son
eficaces para eliminar los CPEs [4].

Estudios como los mencionados anteriormente ilustran la dificil elimina-
cion de los CPEs por los tratamientos convencionales y, a su vez, fomentan
estudios que evaluen la aplicacién de tratamientos terciarios que general-
mente han demostrado la degradaciéon completa de los CPEs en tiempos
relativamente cortos. Los tratamientos terciarios incluyen procesos avan-
zados de oxidacidén (PAOXx), y entre estos, se incluyen los relacionados con
la reaccién de Fenton [5]. La reacciéon Fenton ocurre entre el hierro ferroso
y el peréxido de hidrégeno (Ec. 1), generando radicales hidroxilo (*OH), los
cuales pueden oxidar los CPEs, principalmente por adicion electrofilica a
dobles enlaces, conduciendo a la completa degradaciéon y mineralizacién
(5-6].

Fe? + H,O, > Fe”> + OH" + *OH (1)

La combinacién de la reaccién de Fenton con una celda electroquimica se
conoce como sistema Electro-Fenton (EF), donde se puede usar un catodo
de difusion de gas (GDE) para electrogenerar el peréxido de hidrégeno (Ec.
2) necesario para la reaccién de Fenton. Por otro lado, cuando se utiliza un
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anodo dimensionalmente estable (DSA), se obtiene la produccion de espe-
cies cloradas como Cl,, HCIO y CIO" (Ec. 3-5) [3, 5], que también pueden
oxidar contaminantes organicos.

O, + 2H" + 2¢- > H,0, (2)
2CI — Cl, + 2¢ (3)

Cl, + H,O ~ HOCI + H* + CI (4)
HOCI — H* + CIO- (5)

El sistema EF se puede mejorar cuando se irradia con luz UV-Vis, convir-
tiéndose en un sistema Fotoelectro-Fenton (FEF). El problema cldsico de
estos sistemas es la necesidad de utilizar valores de pH bajos (cercanos a
3.0) para evitar la precipitacion del hierro. El uso de dcidos orgédnicos se ha
establecido como una alternativa interesante para solucionar este problema,
ya que puede actuar acomplejando el hierro en su estado férrico a valores
de pH casi neutros. Cuando el complejo se rompe por la accién de la luz,
el hierro se reduce en el estado ferroso (Ec. 6) y, por lo tanto, puede estar
disponible para la reacciéon de Fenton [5]. Entre los dcidos organicos, se
puede destacar el acido citrico, ya que se puede extraer de fuentes naturales
como las cascaras de naranja o limén, aumentando la posibilidad de reusar
residuos orgénicos, ampliamente desechados en la industria citrica colom-
biana [6].

[Fe(OOCR)]** + hv — Fe** + CO, + *R (6)

En este trabajo, se evalu6 la degradacién simultanea de los antibiéticos
SMX y TMP mediante el proceso FEF utilizando un dnodo DSA, un catodo
GDE, bajo radiacién LED en presencia de acido citrico. Se utiliz6 y evalué
el dcido citrico extraido de diferentes fuentes naturales (cascara de naranja
y limén). La eficiencia del proceso se evalué en términos de: I) Degradacion
y mineralizacién de contaminantes, II) Disminucidn de la actividad antibac-
teriana (AA) y III) Biodegradabilidad y toxicidad de las soluciones tratadas.

Materiales y Métodos
Sistemas electroliticos:

El reactor utilizado consistié en una celda de vidrio de 250 mL sin division,
como se describe en trabajos anteriores [5]. El reactor se llen6 con 200 mL
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de una solucién de 2.96x10* mol/L de SMX y 2.58x10* mol/L de TMP. Se
afnadio cloruro de sodio a 0.050 mol/L como electrolito de soporte, 3.0x10°
mol/L de Fe** y 3.0x10° mol/L de acido citrico. Se utilizé un caitodo GDE de
2 cm®y un dnodo DSA de 2.89 cm? (con centro de Ti/IrO, dopado con SnO,).
La solucion se irradié con luz LED blanca (Reino Unido; 3,8 W) alrededor
de la celda.

Extraccion de acido citrico de fuentes naturales:

El procedimiento se basé en un protocolo ya registrado, con modificaciones
[6]. Se utilizaron frutas comerciales como naranja (Navel orange) y limén
(Subtle lemon). Las infusiones de la cdscara se utilizaron como fuentes natu-
rales de acido citrico, se secaron a 60 °C durante 24 h, luego se maceraron,
pesando 2 g del material seco y mezclaron con 40 mL de agua hirviendo
durante 5 minutos. En las degradaciones se utiliz6 el sobrenadante de la infu-
sion.

Equipos y condiciones cromatograficas:

Se utilizé6 un HPLC Shimadzu LC-20AT equipado con una columna C18
(Waters Spherisil ODS2, 250 mm x 4,6 mm de DI, 5 um). La fase mévil
estaba compuesta por un buffer fosfato (pH 3.5, 0.01 mol/L)/acetonitrilo
(50/50 v/v) a 25 °C, en condiciones isocraticas. La mezcla se bombeé a un
caudal de 1.0 mL/min, la deteccién se ajusté a 270 nm para SMX y 204 nm
para TMP.

Andlisis de actividad antibacteriana (AA):

Se analizé determinando la zona de inhibicién con la prueba de difusion
en agar, utilizando E. coli ATCC 25922 como microorganismo indicador. Se
sigui6 el método de Kirby-Bauer descrito en otros trabajos [7], se sembraron
30 pL de las soluciones (en diferentes tiempos de degradacion) en sensidiscos.

Analisis de biodegradabilidad con lodos activados:

El andlisis de biodegradabilidad se realiz6 en un periodo de 12 dias, utili-
zando microorganismos aerobios de la purga de una planta procesadora
de plasticos en Bogota D.C, con soluciones tratadas y sin tratar (2.96x10*
mol/L de SMX y 2.58x10* mol/L de TMP), se utilizé glucosa como control
positivo.
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Analisis de toxicidad con bioensayo de Daphnia magna:

Se utiliz6 la metodologia estandar descrita en la norma ISO 6341 [8], basada
en el uso de D. magna en agua reconstituida. El ensayo se realiz6 con 10 indi-
viduos en cada solucién a evaluar, a las 48 h se comprobé la movilidad de
estos, obteniendo el porcentaje de inhibicidn (48 h). Se utilizé dicromato de
potasio como control positivo.

Resultados y Discusion

Efecto del acido citrico de fuentes naturales sobre la degradacion de
SMX-TMP mediante el sistema FEF

En el estudio de la capacidad del 4cido citrico extraido de fuentes naturales
(extracto de cascara de naranja y de limén) para la degradaciéon de SMX
y TMP mediante el sistema FEF, se observé una eficiencia similar en las
degradaciones al agregar los extractos de productos naturales al sistema, en
comparacién con la obtenida cuando se agregd el reactivo grado analitico.
En los tres casos, SMX se degradé completamente a los 45 min y TMP a los
90 min de tratamiento. Adicionalmente, los excipientes que posiblemente
permanecieron en la extracciéon acuosa no generaron una competencia
significativa por los oxidantes generados [6]. Estos resultados indican que el
uso de acido citrico extraido de la cdscara de naranja y limén es una alterna-
tiva interesante para potenciar los procesos FEF en la eliminacion eficiente
de los CPEs [5-6].

Evolucion del AA de SMX-TMP durante su degradacion

En el caso de la degradacién de antibidticos, es importante determinar el
AA residual, porque en algunos casos la molécula inicial puede degradarse,
pero los productos de degradaciéon (PDs) aun pueden generar AA [7, 10].
Como se ve en la Figura 1, la actividad antibacteriana se eliminé a los 30
min de tratamiento, con un porcentaje de degradacién del 65% para SMX y
del 70% para TMP. Como la evolucién de la AA puede estar relacionada con
transformaciones de los antibidticos, la eliminacién mas rapida de la acti-
vidad antibacteriana esta relacionada con la pérdida de la relacién 1:5 de los
dos medicamentos, que en el caso de la concentracion minima inhibitoria
(MIC) de la cepa ATCC 25922, es 2:38 ug/mL de TMP: SMX [9].
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Figura 1. Evolucion de la actividad antibacteriana (AA) durante el tratamiento
con el sistema FEF.

Figura 2. Ensayo de biodegradabilidad utilizando un Zahn Wellens modificado de las
soluciones tratadas por el proceso FEF y sin tratar.

Biodegradabilidad de SMX-TMP y sus PDs

La Figura 2 muestra que, para las soluciones no tratadas, el carbono orgénico
total (COT) inicial no se elimina por completo, incluso después de 12 dias de
tratamiento bioldgico. Estos datos son consistentes con los reportados con
respecto a la biodegradabilidad baja o casi nula de SMX y TMP, lo que posible-
mente afectalabiomasa delodos activados, reflejandose en una disminucién de
la respirometria [10]. La aplicaciéon del proceso FEF por 45 minutos, aumenta
la biodegradabilidad de las soluciones de SMX-TMP, alcanzando porcentajes
de remocion de COT de ~55%, después de 12 dias, confirmando la natura-
leza biodegradable de las soluciones tratadas. Las soluciones de SMX-TMP
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tratadas durante 90 min, se pueden mineralizar facilmente mediante el uso
de lodos activados, con un 100% de COT inicial eliminado después de 12
dias. En un sistema combinado de este tipo, el proceso FEF transforma el
SMX y el TMP, que son compuestos recalcitrantes, en compuestos biodegra-
dables que podrian dejarse en el medio ambiente sin consecuencias. Luego,
con un sistema biolégico adaptado y optimizado, la mineralizacién de los
CPEs se produciria dentro del tiempo de residencia de los procesos biolé-
gicos convencionales (menos de 12 h) [5, 7, 10].

Toxicidad de SMX-TMP y sus PDs mediante pruebas con Daphnia
magna

La Tabla 1 muestra la inhibiciéon de D. magna por contacto directo con las
soluciones tratadas y sin tratar de SMX-TMP. Esta prueba se basa en cuanto
afecta un contaminante a la movilidad de la D. magna, ya que implica una
inhibicién directa en la supervivencia de los individuos. La inhibicidén a las
48 h fue del 40% para la solucidn sin tratar, las soluciones tratadas durante
45y 90 min con el proceso FEF, se visualizé una completa eliminacién de la
inhibicién generada por los compuestos iniciales, evidenciada por la super-
vivencia de los 10 individuos de D. magna. Esto podria confirmar una baja
naturaleza ecotoxicoldgica de las soluciones tratadas con el proceso FEF, ya
que al eliminar la molécula inicial (SMX y TMP) existen PDs con niveles
ecotoxicoldégicos bajos o nulos, entonces no implicarian consecuencias
graves para los organismos acudticos, como se muestra en este estudio espe-
cificamente con Daphnia magna [8,10].

Table 1. Porcentaje de inhibicién (48 h) de la prueba de toxicidad de soluciones SMX-TMP
tratadas por el sistema FEF y no tratadas.

., Porcentaje de inhibicion
Solucion evaluada

(48 h)
1. Solucién inicial no tratada 40
2. Solucidn inicial tratada por el sistema PEF 0
durante 45 min
3. Solucién inicial tratada por el sistema PEF 0

durante 90 min.

" La solucién inicial contiene [SMX] : 2.96x10* mol/L and [TMP] : 2.58x10* mol/L.
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Conclusiones

El sistema FEF irradiado con LED y en presencia de dcido citrico demuestra
ser adecuado para la degradacién eficiente de los antibiéticos SMX y TMP,
aun mds cuando el 4cido citrico es extraido de fuentes naturales como dese-
chos orgénicos (cascaras de naranja y limén), demostrando que la carga
adicional de materia organica no genera competencia por los oxidantes
generados durante el tratamiento. El gran potencial en el uso del sistema
FEF para degradar SMX y TMP, se demuestra en la formacién de PDs sin
actividad antibacteriana, resultado visualizado en la perdida de la acti-
vidad antibacteriana (AA) a los 30 min de tratamiento, especificamente por
la ruptura del principio activo por accién de los oxidantes generados, y la
perdida de la relacién 1:5 (TMP:SMX), la cual es necesaria para realizar su
funcién como antibidticos. De manera similar, se visualiz6 la posible forma-
cion de PDs de caracter mas biodegradable, y a su vez menos téxicos, como
se ilustra en la prueba de Zahn Wellens modificada, debido a que se eliminé
completamente el COT en las soluciones de SMX-TMP tratadas durante 90
min con el proceso FEF, y se obtuvo la supervivencia de todos los individuos
en el bioensayo con Daphnia magna, demostrando una nula inhibicién por
parte de los PDs, mitigando en si, la preocupacién por las consecuencias
que normalmente pueden generar la presencia de estos CPEs y sus PDs en
el medio ambiente.
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Efecto de un Sistema Foto-Electro-Fenton
Sobre la Abundancia Microbiana y genes de
resistencia en una Muestra del Efluente

de la PTAR-Salitre Bogota

R.A. Echeverry-Gallego’, D. Martinez-Pachon’, A. Moncayo-Lasso’.

El tratamiento de aguas resi-

duales provenientes de la PTAR-EI

Salitre Bogotd-Colombia se realizd

mediante el proceso foto-electro-

Fenton (PEF). El proceso de PEF se

llev6 a cabo en modo discontinuo;

en una celda sin division abierta de

200 c¢cm?® utilizando un sistema de

dnodo dimensionalmente estable

(DSA) / citodo de difusion de aire

de fieltro de carbono (GDE) en

presencia de luz UV-A (368 nm) a

3,0 pH. Se utilizé una densidad de

corriente de 6,92 mA / cm2. En estas

condiciones, se realizé extracciéon de ADN y posterior secuenciaciéon meta-

genémica Whole metagenome shotgun (WGS). Los resultados obtenidos

muestran que los procesos avanzados de oxidacién electroquimica (PAOs))

pueden, potencialmente, ser utilizados como tratamiento complementario

a los procesos tradicionales de depuracion de agua con el fin de reducir los

riesgos quimicos y bioldgicos, ya que, como se ha demostrado, también se
eliminan compuestos organicos.

Introduccion

El aumento de la densidad de poblacion humana y las practicas agricolas
intensivas de produccién aumentan la carga microbiana que se vierte a las
fuentes de agua, haciéndola inadecuada para el consumo humano o para su

(1) Universidad Antonio Narifio, Cra 3 este # 47a-15, Bogotd, Colombia, Recheverry42@uan.edu.co
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reutilizacién en sistemas de riego. Los informes actuales sobre poblaciones
bacterianas en las PTAR se han realizado en diferentes partes del mundo, con
especial interés en la presencia de bacterias resistentes a antibiéticos (BRA) y
genes de resistencia a antibidticos (ARGs) por el impacto que tiene en la salud
publica y su efecto en el medio ambiente [1-3].

La eliminacién de desechos hospitalarios y también de medicamentos, ha
propiciado la presencia de antibiéticos en el rio Bogota [4], los cuales pueden
alcanzar concentraciones de hasta 34 pg/L [5]. Ademas las bacterias que se
encuentran en presencia de estos antibiéticos a pesar de su baja concentracidn,
pueden desarrollar resistencia a los antibiéticos.

Para eliminar los microorganismos presentes en las aguas residuales se
ha experimentado con métodos complementarios a los fisicoquimicos
convencionales que se llevan a cabo en las PTAR, como los que involucran
procesos avanzados de oxidacion, demostrando ser eficientes a escala de
laboratorio [6-8].

En este trabajo, se utilizé la secuenciacién metagenémica WGS, con el fin de
determinar el efecto del sistema FEF en la diversidad microbiana y determinar
la abundancia de genes de resistencia antes y después del tratamiento.

Materiales y Métodos

La concentracién bacteriana (en unidades formadoras de colonias UFC/ml)
se determind mediante cultivo en placas de agar nutritivo (NA) en un tiempo
de incubacién de 24h a 30°C y las UFC cultivables se contaron manualmente.
Cada experimento se repitié6 por triplicado. Después de este periodo, se
contaron manualmente las colonias obteniendo resultado en UFC/mL.

Todos los experimentos se llevaron a cabo en un reactor abierto no dividido
a temperatura ambiente el cual se llené con 200 mL de aguas residuales del
efluente de la PTAR-Salitre Bogotd, a pH 3.0. El reactor estaba equipado con
un catodo GDE y un dnodo DSA (Ti / IrO, dopado con SnO,). Los electrodos
estan ubicados en el centro del reactor a una distancia de 2,0 cm y este sistema
se hizo funcionar a corriente constante y se evalué a 6,92 mA / cm2. La celda
electroquimica se burbujed con aire obtenido de un compresor para saturar la
solucion con oxigeno y asegurar su presencia durante el proceso. Esta solucién
contiene cloruro de sodio 50 mM como electrolito de soporte e iones Fe2 +
0.018 mM.
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Pararealizar la extraccién de ADN se tomaron 10 mL de la muestra antes del
tratamiento y 200 mL después de transcurridos 60 minutos del tratamiento.
Cada una de las muestras se pasaron a través de filtros de poliamida con
tamano de poro 0.22 um (GE Healthcare Life Sciences WhatmanTM). Con
la fraccion retenida en el filtro se realizé la extraccién de ADN, mediante el
kit de extraccién de ADN metagenémico ZymoBIOMICS™ DNA Miniprep
kit (ZYMO RESEARCH) y se sigui6 el protocolo sugerido por el fabricante.
La concentracién del ADN se midi6 mediante nanoespectrofotometria
utilizando con NanoDropTM (Thermo scientific™) luego, la integridad del
ADN se determiné mediante electroforesis en gel de agarosa al 0,8-1,0% y se
visualizé usando Bromuro de etidio, el ADN extraido se almacené a -20°C
para su posterior uso.

La secuenciacién metagendmica fue realizada por LC Sciences y el andlisis
bioinformatico se realizé utilizando los programas IDBA-UD, MetaPhlAn,
GraPhlAn y ARIBA.

Resultados y Discusion

El nimero de microorganismos cultivables en agar nutritivo encontrados
en las muestras sin tratamiento fue de 10’ UFC/mL, ademas la secuenciacién
metagendmica evidencié la composicién microbiana de la muestra.
correspondia, en rango taxonémico (RT); Bacteria 93.8% del total de
microorganismos, virus el 5.83% y un 0.35% correspondia solamente a
las arqueas. Dentro de estos reinos se encuentran ubicados en RT el filo
proteobacteria (60.8%), siendo el mds abundante, y perteneciente a este
las clases; betaproteobacteria (2.86%), gammaproteobacteria (32.7%),
epsilonproteobacteria (25.9%). Las clases; clostridia (10.49%), actinobacteria
(5.09%), bacteroidia (9.49%), y otras clases no anotadas pertenecen a los filo:
firmicutes, actinobacteria y bacteroidetes, etc. (14.4%) (Fig. 1).

En los RT inferiores representados en la figura 1 (orden, familia, género y
especie) la abundancia relativa se encuentra representada en circulos que
corresponde al tamafo de los mismos.
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Figura 1. Arbol taxonémico de los microorganismos presentes en la muestra
sin tratamiento

El andlisis de los microorganismos en este estudio mostré la presencia de
géneros que contienen patégenos humanos de interés para la salud publica,
sin embargo, no todos los microorganismos presentes en esta muestra son
perjudiciales. En algunos géneros se logra una eliminacién completa, en la
figura 2 se pueden observar con tonos claros, valores cercanos a 0 o negativos
(p. €j, Salmonella), y otros no pudieron ser eliminados totalmente (p. ej,
Pseudomonas). A pesar de ello no hubo recrecimiento después de 72h de
incubacidn, lo que sugiere que después del tratamiento, estos microorganismos
no pudieron recuperarse y volver a crecer.

Ademss, el andlisis metagendmico demostré la presencia de 500 genes
asociados a resistencia a los antibiéticos en la tabla 1 se muestran algunos
de estos genes asociados al antimicrobiano y microorganismos en los cuales
fueron detectados. Una vez mads, el sistema FEF demostré ser capaz de
disminuir la abundancia de estos genes asociados a resistencia microbiana
(Fig.3.) .
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Estudios dirigidos al efecto de las especies reactivas de oxigeno (productos de
la reaccion fenton) sobre biomoléculas [9], explican la razén de la inactivacion
y degradacién de material genético. Las especies reactivas de oxigeno son
agentes oxidantes no selectivos que inactivan microorganismos al dafar
aleatoriamente componentes celulares que incluyen aminoacidos, lipidos,
enzimas y acidos nucleicos.

Figura 2. Abundancia en log, de los géneros microbianos, sin tratamiento y después del
tratamiento}

La incapacidad de reparaciéon que estos microorganismos cultivables
presentan después del tratamiento, indica que este proceso puede inducir
dafios irreparables al ADN y ARN bacterianos, probablemente debido al
estrés oxidativo causado por el efecto sinérgico de la luz UVA, H202, Fe2+,
+OH vy las especies reactivas de cloro, que son capaces de ingresar a la célula
debido al dafio en la membrana en un proceso conocido como peroxidacién
lipidica de la membrana celular y a su vez originaria la pérdida de actividad
enzimadtica por reticulacién a otras enzimas y dafio oxidativo realizando un
Fenton interno [10].
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Figura 3. Abundancia en log, de genes de resistencia microbianos, sin tratamiento
y después del tratamiento

Tabla 1. Algunos genes de resistencia identificados antes del tratamiento con FEF

Gen Clase de antibiotico Bacteria
sull Sulfonamidas Sulfurospirillum_multivorans, Acidovorax_sp
sul2 Sulfonamidas Acinetobacter_pili
mecA penicilinas y derivados Acidovorax_sp, Staphylococcus aureus
novA Noviobicina Salmonella enterica
oxa Carbapenemico Pseudomona aeuroginosa
mef Macrolido Escherichia coli
msr Eritromicina Enterococcus faecium
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Conclusiones

El proceso FEF realizado con generacién in-situ de H202 por un GDE,
con adicién de sales de hierro y luz UVA, demostroé ser eficiente a escala
de laboratorio para inactivar bacterias y degradar material genetico en una
muestra real del efluente de una PTAR. Se puede decir que probablemente
existe un efecto sinérgico entre los reactivos producidos en el sistema Fenton y
los ROS producidos en el interior de la célula que incrementé notablemente la
inactivacion bacteriana con una considerable oxidacién de la materia organica
y del material genético.

Agradecimientos

Los autores agradecen a la Universidad Antonio Narifio por el apoyo
brindado a su grupo de investigacion a través del financiamiento del proyecto
No. 2018208 (Convocatoria UAN 2018).

Referencias

[1] J. Guo, J. Li, H. Chen, P. L. Bond, and Z. Yuan, “Metagenomic analysis
reveals wastewater treatment plants as hotspots of antibiotic resistance

genes and mobile genetic elements,” Water Res., vol. 123, no. July, pp.
468-478, 2017.

[2] C. Bouki, D. Venieri, and E. Diamadopoulos, “Ecotoxicology and
Environmental Safety Detection and fate of antibiotic resistant bacteria
in wastewater treatment plants : A review,” Ecotoxicol. Environ. Saf., vol.
91, pp. 1-9, 2013.

[3] A. Christou et al., “The potential implications of reclaimed wastewater
reuse for irrigation on the agricultural environment: The knowns and
unknowns of the fate of antibiotics and antibiotic resistant bacteria and
resistance genes—A review,” Water Res., vol. 123, pp. 448—467, 2017.

[4] W. H. Alfonso Pina and C. I. Pardo Martinez, “Urban material flow
analysis: An approach for Bogotd, Colombia,” Ecol. Indic., vol. 42, pp.
32-42, 2014.

[5] A. M. Botero-Coy et al., “An investigation into the occurrence and
removal of pharmaceuticals in Colombian wastewater,” Sci. Total
Environ., vol. 642, pp. 842-853, 2018.

265



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

[6]

[7]

[10]

P. Villegas-Guzman, S. Giannakis, R. A. Torres-Palma, and C. Pulgarin,
“Remarkable enhancement of bacterial inactivation in wastewater
through promotion of solar photo-Fenton at near-neutral pH by natural
organic acids,” Appl. Catal. B Environ., vol. 205, pp. 219-227, 2017.

S. Giannakis, C. Ruales-Lonfat, S. Rtimi, S. Thabet, P. Cotton, and C.
Pulgarin, “Castles fall from inside: Evidence for dominant internal photo-
-catalytic mechanisms during treatment of Saccharomyces cerevisiae by
photo-Fenton at near-neutral pH,” Appl. Catal. B Environ., vol. 185, pp.
150-162, 2016.

C.Guoetal.,“H202 and/or TiO2 photocatalysis under UV irradiation for
the removal of antibiotic resistant bacteria and their antibiotic resistance
genes,” J. Hazard. Mater., vol. 323, pp. 710-718, 2017.

E. Cabiscol, J. Tamarit, and J. Ros, “Oxidative stress in bacteria and
protein damage by reactive oxygen species,” Int. Microbiol., vol. 3, no. 1,
pp- 3-8, 2000.

C.Ruales-Lonfat, N. Benitez, A. Sienkiewicz, and C. Pulgarin, “Deleterious
effect of homogeneous and heterogeneous near-neutral photo-Fenton
system on Escherichia coli. Comparison with photo-catalytic action
of TiO2 during cell envelope disruption,” Appl. Catal. B Environ., vol.
160-161, no. 1, pp. 286—297, 2014

266



Uso de Herramientas Informaticas para la
Evaluacion de la Biodegradabilidad, Toxicidad
y Actividad de los Productos de Degradacion
de Valsartan Obtenidos Mediante el Proceso
Fotoelectro-Fenton

PA. Espinosa-Barrera®, C.A. Delgado-Vargas', D. Martinez-Pachon’,
A. Moncayo-Lasso'

En este trabajo se utiliz6 el proceso
fotoelectro-Fenton (FEF), con un
anodo dimensionalmente estable, un
catodo dedifusiéonde gas (DSA-GDE),
bajo radiacién LED y en presencia de
acido oxalico, para la degradaciéon
del antihipertensivo valsartdan (VAL).
Se evalué la biodegradabilidad,
ecotoxicidad y actividad fisiolégica
de VAL y sus productos de degrada-
cién (PDs), utilizando herramientas
informédticas como el célculo de la
demanda quimica tedrica de oxigeno,
prediccion de vias de biodegradabi-
lidad, lipofilicidad y acoplamiento

molecular. Los estudios de biodegradabilidad mostraron la capacidad del
sistema FEF para transformar compuestos no biodegradables como VAL en
compuestos ficilmente asimilables por microorganismos. Ademads, se redujo
la lipofilicidad, y, por tanto, la toxicidad. Finalmente, la actividad fisiol6gica
se perdié en los PDs. Todos los resultados muestran la capacidad del proceso
FEF para mejorar la calidad del agua que contiene contaminantes de preocu-
pacién emergente (CPEs).

(1) Universidad Antonio Narifio, Cra 3 Este # 47 A-15, Bogotd D.C, Colombia.
* pespinosaS7@uan.edu.co
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Introduccion

Segtn lo estipulado por la OMS (Organizacién Mundial de la Salud) en los
ultimos afnos, alrededor de mil millones de personas padecen hipertensién en
todo el mundo, esta cifra aument6 en 500 millones en el 2020. Esto provoca
el aumento del uso y abuso de drogas como los antihipertensivos, por lo que
pueden encontrarse en matrices ambiental, como aguas superficiales y resi-
duales, suelos, etc., lo que representa una amenaza masiva por su tendencia a
acumularse [1].

Es importante destacar que los antihipertensivos se consideran como conta-
minantes de preocupacion emergente (CPEs), debido su constante presencia
en el agua y el suelo, en bajas concentraciones (ug/L-ng/L). Entre los antihi-
pertensivos mas consumidos a nivel mundial se encuentra el valsartan (VAL),
porque bloquea selectivamente el receptor de angiotensina II del subtipo 1
(AT1R), presente en la glindula suprarrenal y el musculo liso vascular [2]. Este
antihipertensivo ha sido detectado en muchas plantas de tratamiento de aguas
residuales (PTAR) a nivel mundial, como es el caso de los afluentes y efluentes
de la PTAR Salitre de Bogota D.C-Colombia, encontrandose entre 1.6 y 1.1
ug/L, respectivamente, junto con otros productos farmacéuticos [3].

Debido a que los tratamientos primarios o secundarios utilizados en
las PTAR no permiten la eliminacién de CPEs como VAL, es fundamental
implementar tratamientos terciarios, que tienen la capacidad de eliminar un
amplio espectro de estos compuestos. Los tratamientos terciarios incluyen
los procesos avanzados de oxidacion (PAOs), entre los que se destacan los
procesos Fotoelectro-Fenton (FEF) [4]. En estudios previos de nuestro grupo
de investigacion, se han demostrado degradaciones totales de VAL en 45
minutos con un proceso FEF [5].

Sinembargo,aunqueenestostrabajos previosseidentificanalgunos productos
de degradacién (PDs) de VAL, los estudios sobre su degradaciéon no aportan
datos sobre la biodegradabilidad, ecotoxicidad o posibles efectos farmacolé-
gicos de los PDs formados. Es evidente que el objetivo del tratamiento con
el proceso FEF es eliminar la molécula inicial y la actividad antihipertensiva,
en lugar de simplemente dar una transformacién del compuesto bioldgica-
mente activo original, ya que este puede generar un efecto ecotoxicolégico en
los organismos acuadticos [2]. El uso de herramientas bioinforméticas como
calculos tedricos basados en la estructura de compuestos y simulaciones de
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dindmica molecular, desarrolladas para superar estas dificultades seria una
aproximacidn a los resultados experimentales.

En este trabajo se utilizaron estudios computacionales del célculo de la
demanda tedrica de oxigeno (DTeO) y prediccion de las vias de biotransforma-
cién como aproximacién de la biodegradabilidad, el calculo del coeficiente de
particién octanol-agua (Log P) como aproximacién de toxicidad y un acopla-
miento molecular para evaluar la actividad fisiolégica, para VAL y sus PDs.
Esto fue corroborado experimentalmente, la biodegradabilidad mediante una
prueba de Zahn Wellens modificada, y, mediante un bioensayo con Daphnia
magna para evaluar la toxicidad de VAL y sus PDs.

Materiales y Métodos
Sistema electroquimico

El sistema electroquimico aplicado fue descrito en trabajos anteriores [5].
Se utiliz6 una celda de vidrio de 250 mL, equipada con un catodo de difu-
sion de gas con fieltro de carbono (GDE) y un dnodo con un centro de Ti/
IrO, dopado con SnO, (DSA), con una densidad de corriente de 3.46 mA/
cm?. Se agregaron 200 mL de una soluciéon que contenia 4.6x10° mol/L de
VAL, 3.0x10”° mol/L de Fe*, 9.0x10° mol/L de acido oxdlico (para formar
complejos de hierro) y 0.050 mol/L de cloruro de sodio como electro-
lito de soporte. En el proceso, la solucion se irradié con luz LED blanca
envuelta alrededor del recipiente de vidrio (Reino Unido, 3,8 W) con 60 LED
(1,0 m).

Calculos Teodricos:

Degradabilidad por demanda teérica de oxigeno (DTeO)

La determinacion de la DTeO para una sustancia organica (CnHmOeXkN-
jSiPh), se calcula como b, lo cual son los moles de oxigeno necesarios para
oxidar un mol de la sustancia organica (Ec. 1).

b = n + [(m-k-3j-2i-3h) / 4]—(e/2) + 2i + 2h (1)

Por lo tanto, la DTeO (en mg O, /L) para 1 mmol/L de la sustancia orgénica
(CnHmOeXkNjSiPh) se obtiene de la siguiente manera (Ec. 2):

DTeO = b * 32 (2)
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ADTeO se calcula como la diferencia entre DTeO para el PD y el antihiperten-
sivo original [6]. Los PDs de VAL utilizados en este estudio han sido detectados
y registrados en un trabajo anterior de nuestro grupo de investigacion [5].

Prediccion de las vias de biotransformacion.

La prediccion computacional de las posibles vias de biotransformacién para
VAL vy los PDs se realiz6 mediante el programa EAWAG-BBD, basado en un
sistema generado por la Universidad de Minnesota (UM-PPS) con una base de
datos de biocatdlisis y biodegradacién (UM-BBD) y reglas metabdlicas. para
ciertos grupos funcionales organicos [6].

Toxicidad calculando lipofilicidad (Log P)

El coeficiente de particién entre n-octanol y agua (log P_/w) es el descriptor
lipofilico clasico, para el que se utilizan multiples predictores. El modelo
predictivo llamado WLOGP, es un método puramente atomistico basado en
el sistema fragmentario de Wildman y Crippen (Ec. 3) [1, 2, 7].

P_ =X na (3)

calc

Donde P__es la propiedad (log P), n, el ntimero de d4tomos de tipo i que estd
presente en la molécula y a, es la contribucién de los 4tomos de tipo i.

Acoplamiento molecular

Se utilizé el programa AutoDock v4.2 para realizar el acoplamiento en cada
uno de los 4 ligandos con el receptor de angiotensina II del subtipo 1 (AT1R),
la estructura de la proteina se importd del Protein Data Bank (PDB; cédigo
de entrada 4ZUD) y se procesé. Como la estructura cristalina de AT1R se
encontré con Olmesartan como ligando, las moléculas de agua y cofactores,
se eliminaron para un buen acoplamiento con VAL [8]. Se realiz6 una inspec-
cién visual de los resultados en el programa AutoDockTools Vina v1.5.4, con
el fin de observar el grado de similitud entre las poses generadas y las nativas,
dependiendo de la energia necesaria para una interaccion estable [9].

Ensayos experimentales:

Anadlisis de biodegradabilidad mediante lodos activados

El proceso bioldgico se llevé a cabo en un periodo de 8 dias, utilizando
microorganismos aerébicos obtenidos de la purga de una planta procesadora
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de plasticos en Bogota D.C. La biomasa (65 mg/L) se anadi6 a cada ensayo con
soluciones tratadas y sin tratar de VAL, para obtener una relacién biomasa:
compuesto de 5:1 en un volumen total de 230 mL.

Analisis de ecotoxicidad con Daphnia magna

Se sigui6 la metodologia estandar descrita en la norma ISO 6341, asi como
en el articulo [10], en el cual utilizan medios de cultivo en agua reconstituida
y alimentados con algas Scenedesmus subspicatus.

Resultados y Discusion

Degradabilidad de VAL y sus PDs

El proceso FEF tiene una gran capacidad para eliminar VAL en 30 min de
tratamiento, pero no alcanza una mineralizacién total, debido a la presencia
de compuestos posiblemente recalcitrantes formados, por lo que es nece-
sario realizar pruebas de biodegradabilidad de las muestras tratadas, ya que
esto nos permite descartar la bioacumulaciéon de PDs mas peligrosos que la
molécula inicial [6]. Como se ve en la Figura 1, los valores de ADTeO para
los PDs fueron negativos, lo que significa que son mds propensos a la oxida-
cién que VAL. La mayor oxidacién de los PDs se asocia con la insercién de
oxigeno en la estructura (DP2 y DP3), aumentando el nimero de enlaces
oxigeno-carbono o la eliminacién de restos alquilo, nitrégeno y halogenados
(DP1 y DP4). Entonces, los PDs son mas susceptibles a la biotransformacion
que el compuesto inicial, principalmente DP4, debido a la eliminacién de los
dos anillos aromaticos que se unen al grupo tetrazol, el cual podria convertirse
en dcidos alifaticos de cadena corta (detectados en trabajos anteriores después
de tiempos relativamente altos de tratamiento) [5], o precursores metabd-
licos (determinados mediante la prediccién de las vias de biotransformacién
con EAWAG-BBD), que pueden entrar facilmente al metabolismo de valina 'y
leucina (dcido 3-metil-2-oxobutanoico), y el metabolismo de propanoato de
etilo (4cido valérico) [6-7].

Dado que el célculo de la DTeO, proporciona una aproximacién a la degra-
dabilidad de las moléculas, se confirmaron los resultados con pruebas
experimentales, realizando un ensayo de Zahn Wellens modificado de las
muestras de VAL tratadas con el proceso FEF. En la solucién de VAL tratada,
mas del 80% del TOC inicial se eliminé después de 8 dias, lo que confirma la
naturaleza altamente biodegradable de los PDs de VAL.
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Figura 1. Cambio en la demanda teérica de oxigeno (ADTeO,
basado en el compuesto VAL original) para cada PD.

Toxicidad de VAL y sus PDs

Otro factor importante durante la remocién de CPEs del agua es la toxi-
cidad de estos, ya que es posible generar PDs mas téxicos que el compuesto
inicial, para evaluar este parametro, se puede calcular una relacién directa
entre el coeficiente de particién octanol-agua (Log P) y toxicidad acudtica.
Los resultados del célculo de Log P se ilustran en la Figura 2, donde una
lipofilicidad baja (valor mds bajo de Log P) indica una menor afinidad del
compuesto por la bicapa lipidica de las células, de modo que menor cantidad
del compuesto se bioacumula, lo que resulta en un compuesto con baja
ecotoxicidad [1, 7]. Entonces, dado que los PDs de VAL (especialmente el
DP4) tienen valores mds bajos de Log P, uno podria esperar una toxicidad
acudtica mas baja que la de VAL. Estos datos fueron corroborados con el
bioensayo de D. magna, ya que la inhibicién de su movimiento a las 48 h fue
del 30% para VAL, mientras que con soluciones tratadas con el sistema FEF,
se visualizé una completa eliminacién de la inhibicién, evidenciada por la
supervivencia de las D. magnas. Esto confirma el bajo cardcter ecotoxico-
l6gico de las soluciones tratadas con el proceso FEF, dado que se generan
PDs con niveles ecotoxicolégicos bajos o nulos, estos PDs al ser liberados
al ambiente no implicarian una consecuencia grave para los organismos del
ecosistema acuadtico, datos que son consistentes con otros estudios basados
en otros CPEs [2, 10].
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Figura 2. El coeficiente de particion octanol-agua (Log P, calculado como una prediccién de
lipofilicidad) de la molécula VAL inicial y los PDs.

Acoplamiento molecular de VAL y sus PDs en el sitio de union al receptor
de angiotensina II del subtipo 1 (AT1R)

En la estructura de VAL existe un esqueleto comun entre los antihiperten-
sivos de la familia sartdn, el cual se basa en dos anillos aromadticos que se unen
a grupos tetrazol, esta parte de la molécula de VAL es fundamental para que
se ejerza su actividad farmacoldgica. Entonces, la pérdida del anillo aroma-
tico inactivard inevitablemente la molécula, mitigando asi los problemas
ambientales por su accién sobre los seres vivos (no objetivos) en los ambientes
acuaticos [5]. Esto se ilustra en la Tabla 1, cuanto mds negativo es el valor
de acoplamiento, mds probable es el acoplamiento, porque se necesita menos
energia para mantener el enlace entre el ligando (moléculas estudiadas) con
el receptor AT1R, siendo un acoplamiento termodindmicamente efectivo [8].
Como se observa en la tabla, el DP2 y DP3 tuvieron puntajes similares, prin-
cipalmente porque en ambos casos se mantiene el esqueleto comin de VAL
(parte activa del compuesto), por otro lado, DP4 tiene el valor mas bajo en
el acoplamiento entre los PDs, esto se debe a que pierde totalmente la parte
activa de VAL.

Los modos de unidn y las puntuaciones de acoplamiento bajas apoyan que
la proteina puede acomodar PDs de VAL como DP1, DP2 y DP3. En el caso
de DP4, las interacciones evolutivas parecen menos favorables, pero consi-
derando que la disponibilidad de los PDs con acoplamientos favorables (DP1
= -10,5, DP2 = -9,90 y DP3 = -9,60) a los 60 minutos de tratamiento con el
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proceso FEF es cero, disminuye la probabilidad de que tengan su actividad en
los receptores AT1R de manera normal. Por lo cual, se perderia la actividad
fisioldgica respecto a la de VAL, ya que, si se utiliza el proceso FEF hasta por
60 minutos, solo estara presente el DP4, que tiene una actividad fisioldgica
menor que todas y, por tanto, no podria intervenir en la vida de seres vivos
acudticos [9].

Tabla 1. Valores de acoplamiento molecular para VAL y sus PDs

Compuesto Estructura quimica Valores del acoplamiento
VAL TEOK -8.00
r' >
DP1 _,';‘ 0 -10.5
1‘1: -
DP2 s 9.90
DP3 O -9.60
DP4 AL -7.50

Conclusiones

El sistema FEF que equipado con un édnodo DSA, un citodo GDE, en
presencia de dcidos organicosy con irradiaciéon LED, se muestra adecuado para
la degradacion eficiente del antihipertensivo VAL; siendo asi una gran alter-
nativa con diversos pardmetros y opciones a explorar, generando un punto de
estudio clave para eliminar los CPEs presentes en el agua. Los PDs generados
por la transformacién de VAL mediante el proceso FEF fueron eliminados al
100% mediante un proceso bioldgico, y no afectaron la supervivencia de las
D.magna en el bioensayo de toxicidad; por tanto, el sistema FEF dio la forma-
cién de compuestos biodegradables, no téxicos y sin actividad farmacéutica
(comprobado con el acoplamiento molecular), dando al sistema la caracte-
ristica de no generar compuestos mas nocivos, que pueden ocasionar peores
consecuencias ambientales que el compuesto inicial (VAL). Adicionalmente,
se visualizé el potencial del uso de herramientas computacionales (calculo de
la demanda tedrica de oxigeno, predicciones de vias de biotransformacidn,
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simulaciones de lipofilicidad y dindmica molecular) para superar las dificul-
tades debidas a la realizaciéon de ensayos complicados in vitro e in vivo o con
diversos problemas éticos, permitiendo asi una orientaciéon adecuada y econé-
mica para los quimicos ambientales, en la obtencién de resultados veraces y
de gran impacto en los distintos trabajos que debe realizar.
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Electrogenerated reactive chlorine species
combined with UV irradiation: Synergistic
mechanism for enhanced degradation
performance in emerging pollutants

A.V Lasso Escobar?, R.E. Palma Goyes 1% ]. Silva-Agredo ',
J. Vidzquez-Arenas ? R.A Torres-Palma’.

A photo-assisted electrochemical
process is herein evaluated with the
aim of improving the degradation and
mineralization of Acetaminophen
(ACM) in aqueous media, in compa-
rison with single electrochemical
or photochemical methods. Active
chlorine species are initially elec-
tro-generated on a synthesized
(Pechini method) DSA anode, and
subsequently fragmented homoliti-
cally using UVC irradiation under
very low fluency rate (4W cm? X\ =
254 nm) to produce radicals with higher oxidation potentials compared to the
original active chlorine. A faster ACM degradation and higher mineralization
is obtained in the coupled system against the individual techniques. Varia-
tions of pH and current density in the UV-assisted electrochemical process
reveal different behavior in the degradation rate due to the co-existence of
and species, leading to the possible production of highly reactive radicals (e.g)
after reactive chlorine species fragmentation. The pollutant degradation and
mineralization strongly depend of the radicals formed from the irradiation of
reactive chlorine species, which on its turn rely on the redox couples formed
as a function of pH: 3 (+), 6 and 9 (+). Mechanisms are proposed for these
homolysis reactions, while the degradation pathway of ACM is rationalized
using HPLC analyses.

(1) Grupo de Investigacién en Remediacién Ambiental y Biocatdlisis, Instituto de Quimica, Univer-
sidad de Antioquia UdeA, Calle 70 No. 52-21, Medellin, Colombia. (2) Conacyt-Departamento de
Quimica, Universidad Auténoma Metropolitana-Iztapalapa, Av. San Rafael Atlixco No 186, 09340,
CDMX, México. *ricardo.palma@udea.edu.co
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Introduction

The emergence of recalcitrant organic compounds (e.g. pesticides,
pharmaceutical compounds, dyes) in domestic and industrial waste-
water has questioned the optimal performance envisaged for treatment
plants (WWTPs), and consequently increased the risks to human health
due to the reuse of this water for various purposes (drinking water, irriga-
tion, recycling). The use of chloride ions to generate active chlorine species,
(E° = 1.36 V vs SHE), (E° = 1.49 V vs SHE) and (E° = 0.89 V vs SHE) has
been a great technological opportunity due to the abundance of these ions in
residual discharges, and various effluents containing seawater. Nevertheless,
the relatively low oxidation potential of electrogenerated chlorine species
has caused that most emerging pollutants are partially mineralized using
these oxidants '** In order to improve the efficiency of advanced oxida-
tion processes, a series of couplings between various techniques have been
considered. Within this scheme, the homolysis of oxidants such as HOCI
and H,O, has been carried out using UV radiation, leading to the HO.
generation in the process using active chlorine °.

Under this idea, the focus of this study is to evaluate the influence of pH
and current density in a photo-assisted electrochemical process using a
synthesized DSA (4 cm?), whose catalysis towards the production of active
chlorine has been previously optimized using the Pechini synthesis method
’ISSN”:”00134686",abstract”:’A Sb205 doped-Ti/RuO2-ZrO2 (Ti/SbRuZr.
A reaction tank (300 mL) containing a Hg UV lamp (4W cm?) is utilized
to degrade 40 mg L' ACM (265 pmol L) in 0.05 mol L NaCl during 1 h.
Therefore, it will allow accounting for the effect of electrocatalytic activity
on the global process of destruction and mineralization of pharmaceutical
compounds in relatively short times. UV-photochemical, electrochemical
and UV-assisted electrochemical processes are conducted for compara-
tive purposes. The influence of two current densities (5 and 7.5 mA cm™)
and three initial pH values (3, 6 and 9) are evaluated towards the CIP
degradation, which is monitored by using High Performance Liquid Chro-
matography (HPLC), while the mineralization process is evaluated by Total
Organic Carbon (TOC).
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1. Material and Methods

UV-photochemical, electrochemical and UV-assisted electrochemical
processes were carried out in a 300 mL, single compartment. The temperature
of the reactor was controlled through a cooling jacket at 25 °C and displayed
by a thermocouple immersed into the solution. In all cases, the stirring
speed was kept constant (150 rpm) using a magnetic stirrer under minimal
fluctuation and noise conditions. A Hg UV lamp was placed in the reactor
center. Single UV-photochemical processes were carried using this system
in the absence of electric current in the reactor (UV Light). Single electro-
chemical experiments (electrochemical and UV-assisted electrochemical)
were performed for comparative purposes using the synthesized DSA
(Sb,0, doped Ti/RuO,-ZrO,, 4cm?, geometric area) phase as anode, while
a Titanium plate (8 cm? geometric area) was used as cathode electrode.
The amount of oxidants generated during the treatment was determined by
iodometry as reported by Palma-Goyes et al %. The evolution of ACM degra-
dation (i.e. intermediate formation) during UV Light, electrochemical and
UV-assisted electrochemical processes was monitored using an HPLC-UV
detector. The total organic carbon (TOC) analysis was carried out in a
TOC-L series Shimadzu equipment by direct injection of the sample.

2. Results and Discussion

A comparison of the ACM degradation was carried out to determinate
the individual performance of each technique, and the possible synergism
existing between the photochemical and electrochemical processes. Fig.
la shows the decay of 265 umol L* ACM (40 mg L?) in 0.05 mol L NaCl
(pH = 6) as a function of time during 20 min of degradation, adopting the
following experimental conditions: direct UV Light in the absence of an
electrode (UV Light), 30mA applied on the DSA anode (RCS), and direct
UV Light applying 30mA on the electrode (RCS + UV Light). As observed,
the UV light process not presents a degradation if compared against the
electrochemical method, removing 0 % of ACM after the treatment. The
fact that there is a remaining concentration of ACM after a long irradia-
tion period and electrolysis (20 min) highlights the recalcitrant character
of this pollutant. On the other hand, the electrochemical process achieves
a fast pollutant removal (0.0353 + 0.0200 min™) even after the 20 min of
treatment (70%), on account of the reactive chlorine production which acts as
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main oxidant. However, a full ACM elimination is not attained after 20 min in
this single method, while its major drawback is its low mineralization degree
(2%, data not shows). Likewise, a considerable ACM degradation occurs in the
UV-assisted electrochemical process, but its concentration actually decays to
95% in approximately 20 min (0.0499 + 0.006 min™), indicating a clear synergy
between the electrochemical and photochemical techniques, and a superior
performance against the single use of these systems. Specifically, this behavior
could be due to the homolysis of the reactive chlorine species electro-gener-
ated on the DSA electrocatalyst and fragmented by the UV Light radiation,
leading to the production of highly reactive radicals in solution. As described
above, chlorine species do not present a high oxidation potential for pollutant
degradation as radicals, confirming their roles in the results shown in Fig.
la towards the ACM elimination (RCS + UV Light). According to the elec-
trocatalytic mechanism presented above in reactions 1-3 for active chlorine
production, the following mechanism is proposed to account for the possible
radical formation in the UV-assisted electrochemical process:

The irradiation of HOCl(aq) at A < 400 nm produces HO- and Cl'(a,,) via
homolytic cleavage (Eq. (2)). Additionally, CIO*,HOCI*,Cl,* can be formed
due to the interaction of HO* and CI* with chloride and water’. The co-ex-
istence of CIO - has been confirmed along with a HOCI  round neutral
pH values based on DEMS measurements for Ru-based anodes*®, and
supported by thermodynamic calculations , whereby this oxidant could
photo-decompose into the different species proposed in reaction 2-3, also
indicating that the UV-assisted electrochemical process relies on pH as a
result of the HOCl(aq)/ClO(uq) ratio in solution for pH > 2.5. Nevertheless,
it is possible to determine the oxidation capacity of the individual systems
UV Light, electrochemical and UV-assisted electrochemical to infer the
creation of some of these radicals. Fig. 1b describes the overall production
of oxidants after 20 min, as determined by iodometry. A considerable dimi-
nution in the generation of oxidants is observed when the electrogenerated
active chlorine is exposed to UV-C light (EC+UVLight) in comparison with
the single electrochemical process (EC), thus, supporting the formation of
some radical species above proposed.
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Figure. 1. Degradation of (A) 265 pmol L-1 ACM by direct UV Light irradiation (UV Light
photolysis), electrochemical degradation (RCS) and UV-assisted electrochemical process
(RCS + UV Light), and (B) oxidants species evolution during the different treatment systems.
Conditions: 0.05 mol L* NaCl and pH = 6.

4. Conclusions

A comparison of ACM degradation (254 pmol L* in 0.05 mol L* NaCl, pH
= 6) during 20 min conducted with UV-photochemical (UV Light), electro-
chemical (30 mA on DSA) and UV-assisted electrochemical processes (UV
Light +30 mA on DSA) enabled to determine that its concentration decayed
close to 0 in approximately 20 min, indicating a clear synergy between the
electrochemical and photochemical techniques and a superior performance
against the single use of these systems, which required longer times. This
behavior was connected with the homolysis of reactive chlorine species (e.g.
) electro-generated on the electrocatalyst and fragmented by the UV Light
radiation, leading to the production of highly reactive radicals, as accounted
for iodometry.
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Intensificacion del proceso de
electro-oxidacion de bentazona
utilizando electrodos porosos de Ti,0,

M.A. Ayude', MLE. Silva Barni*, L.I. Doumic’,
R.A. Procaccini', H.E. Romeo’.

En este trabajo se prepararon
electrodos de oxidos de titanio
sub-estequiométricos (Ti,0.) con
macroporosidad unidireccional para
llevar a cabo la electro-oxidacion
(EO) de un plaguicida (bentazona) en
medio acuoso. Se realizaron ensayos
con y sin recirculacién de la solucién
através de la estructura del electrodo,
y se evalud el efecto del caudal sobre
la mineralizacién y consumo energé-
tico por unidad de masa de carbono
organico total consumido. El nivel de
mineralizacién resulté significativa-

mente mayor en los ensayos con recirculacién que el alcanzado en aquellos
realizados sin recirculacién, permitiendo un mejor aprovechamiento de la
superficie elctroactiva de los electrodos. El desempeiio del proceso de EO de
bentazona mejoré con el incremento de la velocidad de flujo a través de la
estructura del electrodo, evidenciando el rol significativo de las resistencias al
transporte de masa.

Introduccion

Los procesos electroquimicos de oxidaciéon avanzada (PEOAs) se posi-
cionan como tecnologias emergentes para el tratamiento de aguas debido a
su capacidad para degradar un amplio espectro de contaminantes [1]. Para

(1) Instituto de Investigaciones en Ciencia y Tecnologia de Materiales INTEMA-UNMdAP), Av. Colén
10.850, Mar del Plata, Argentina, fsilvabarni@fi.mdp.edu.ar.
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esto, hacen uso de electrodos capaces de oxidar directamente la sustancia
organica de interés o de producir especies fuertemente oxidantes que reac-
cionan en segunda instancia con el compuesto a degradar. El presente trabajo
aporta al tema en cuestion, proponiendo como estrategia de intensificacion
de procesos, el desarrollo de estructuras de 6xidos de titanio sub-estequiomé-
tricos (Ti,O,) con macroporosidad unidireccional y su aplicacién como dnodo
en la electro-oxidacion (EO) de un plaguicida (bentazona) en medio acuoso. La
porosidad anisotrépica de este tipo de electrodos brinda la posibilidad de llevar
a cabo el proceso de EO con recirculacién de la solucién a través del anodo.
Con el objetivo de evaluar el efecto del modo de operaciéon del reactor sobre
la performance del tratamiento, se realizaron ensayos con y sin recirculacion
de la solucién a través de la estructura del electrodo, y se evalué el efecto del
caudal de recirculaciéon sobre la mineralizaciéon y consumo energético.

Materiales y Métodos

Preparacion de los electrodos: los electrodos fueron preparados de acuerdo
con protocolos establecidos por el grupo de trabajo [2,3]. Brevemente, se
prepararon dispersiones 20% vol. de nanoparticulas de TiO, con la adicién
de agentes ligantes (PVP, polivinilpirrolidona) con el objetivo de controlar
la estabilidad de las mismas. Las dispersiones obtenidas fueron coladas en
jeringas de plastico y sumergidas verticalmente en N, liquido (tempera-
tura: -196°C) a velocidad controlada (1 mm/min), manteniendo constante
la velocidad de avance del frente de hielo. Las muestras congeladas fueron
liofilizadas y posteriormente sinterizadas, con el fin de lograr la consolida-
cion estructural de la pieza cerdmica. Los sustratos porosos sinterizados
fueron tratados térmicamente bajo vacio en presencia de circonio metalico
(Zr) como agente reductor con el objetivo de obtener la Fase de Magnéli
Ti,O, eléctricamente conductora.

Ensayos de EO: todos los ensayos se realizaron en una celda electroquimica
de tres electrodos, utilizando las plataformas conductoras de Ti,O, prepa-
radas como electrodos de trabajo (dnodos), un contra-electrodo (cétodo)
de platino y un electrodo de calomel saturado (SCE) como referencia. El
contacto eléctrico de los electrodos de trabajo fue establecido por medio
una barra de grafito pegada a cada plataforma de Ti,O, con un adhesivo
epoxi conductor. Los electrodos fueron polarizados externamente con un
potenciostato Voltalabl0 PGZ-100 (software VoltaMaster4), trabajando a
corriente constante (1 mA).
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En cada experimento, se sumergi6 1 cm® del electrodo de Ti,O, en 50 mL de
solucién conteniendo 85 ppm de bentazona y 0.1 M de Na SO, como electro-
lito soporte, bajo agitaciéon continua (500 rpm). El pH se ajust6 inicialmente a
un valor de 3 con H,SO,. La temperatura del sistema se mantuvo en 25-27 °C
utilizando un bafo termostatico.

Como se muestra en la Figura 1, se utilizé un reactor con una configuracién
que permitiera la recirculacion de la solucién a través de la estructura porosa
del electrodo.

Figura 1. Diagrama de la celda electroquimica utilizada para los ensayos de
electro-oxidacion.

El reactor fue operado en modo discontinuo (sin flujo de entrada ni de salida)
en dos configuraciones: a) sin recirculaciéon (SR) y b) con recirculacion de la
solucién a través del dnodo (R). En el reactor con recirculacién, las barras
de grafito utilizadas para hacer el contacto eléctrico externo fueron perfo-
radas, colocandose internamente una manguera de silicona. La recirculacion
a través de la estructura porosa del electrodo se llevé a cabo utilizando una
bomba peristdltica, a una velocidad de flujo controlada (10, 12 y 14 mL/min).
En la configuracion sin recirculacién, la bomba fue apagada.

Para evaluar la mineralizacion, se determin el contenido de carbono orga-
nico total (COT) al inicio y final del ensayo (6 h) mediante un analizador de
COT (TOC-5000, Shimadzu, Kyoto, Japan).
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La cantidad de energia consumida por unidad de masa de COT consumido
durante el proceso de EO (SEC) se estimé de la siguiente manera:

donde E_,, es la diferencia de voltaje entre el 4nodo y el cdtodo (V), i es la
corriente aplicada (A), t es el tiempo de EO (h), ACOT es el COT removido
(kg/L) y V es el volumen de la solucién tratada (L).

Resultados y Discusion

A partir dela preparacién delos electrodos mediante inmersién en N, liquido,
se obtuvieron estructuras porosas con canales unidireccionales, alineados a lo
largo de la direccién del congelamiento. En la imagen SEM mostrada en la
Figura 2 se observa que los poros obtenidos son la réplica de los cristales de
hielo que fueron liofilizados [4]. La velocidad de inmersién utilizada (1 mm/
min) permitié generar estructuras porosas caracterizadas por laminas equies-
paciadas con distancias interlaminares promedio de 10 um y area superficial
por unidad de volumen de 90.3 cm? cm™.

Figura 2. Imagen SEM del interior de los electrodos porosos de Ti,O, (vista longitudinal).
La flecha indica la direccién del congelamiento.

En primer lugar, los electrodos preparados fueron evaluados como dnodos en
la EO de bentazona en la configuracién SR. La Figura 3 muestra la conversion
de COT (%) alcanzada a las 6 h en los ensayos SR y R empleando diferentes velo-
cidades de flujo. El nivel de mineralizacién alcanzado al final de los ensayos R
resulto significativamente mayor que el alcanzado en aquellos realizados en la
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configuracién SR. Esta significativa mejora demuestra que la recirculacién de
liquido a través del electrodo favorece la accesibilidad de las moléculas blanco
hacia el interior del electrodo, lo que lleva a un mejor aprovechamiento de las
especies oxidantes generadas en la superficie electroactiva.

Figura 3. Conversion de carbono orgénico total (COT) y consumo especifico de energia
(SEC) para los ensayos de electro-oxidacion bajo distintas condiciones de operacion. SR:
sin recirculacién, R: con recirculacion. Se indica el caudal del flujo a través del electrodo.

Asimismo, se evidencié un incremento en la mineralizacién al aumentar
el caudal (47, 54 y 57% de mineralizacién a 10, 12 y 14 mL/min, respectiva-
mente). Esta tendencia sugiere que en las condiciones de operacion estudiadas
las resistencias al transporte de masa de los compuestos organicos hacia la
superficie del electrodo no son despreciables.

En linea con esto, el SEC calculado para los ensayos en modo SR es 34 kWh/
kg COT., mientras que el SEC se vio significativamente reducido cuando la
EO se llevo a cabo en la configuracién R. Los valores correspondientes a los
ensayos efectuados con distintas velocidades de flujo se incluyen también en
la Figura 3. El valor de SEC mads bajo (6 kWh/kg COT) se obtuvo para los
experimentos realizados con recirculacién de solucién y aplicando un caudal
de 14 mL/min.

Conclusiones

Eluso de estructuras macroporosas de Ti,O, como dnodos para la electro-oxi-
dacién de bentazona bajo la modalidad con recirculacion de la solucién a través
de la estructura permiti6é mejorar el contacto liquido-sélido y en consecuencia
el aprovechamiento de la superficie electroactiva de los electrodos. Bajo esta
configuracioén, fue posible aumentar significativamente el nivel de remocién
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de bentazona, de mineralizacién y al mismo tiempo, reducir el consumo ener-
gético por unidad de COT consumido. Asimismo, el incremento en el % de
mineralizacién observado al aumentar el caudal del flujo a través del electrodo
indica que el proceso estaria controlado por las resistencias al transporte de
masa.
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Influence of the initial pH in the carbendazim
removal by electrooxidation at pre-pilot scale

S. W. da Silval, S. Miiller', L. A. Lauer®?,
A. M. Bernardes?,

The carbendazim (CBZ) is a fungi-
cide used in several agricultural crops
and one of the most used in Brazil.
It is considered persistent, and its
degradation in conventional waste-
water and water treatment processes
is low. In this work, the degradation
of CBZ was accomplished by elec-
trooxidation (EO). All experiments
were performed in a pre-pilot scale
plant, equipped with an Electro MP

Cell with a Nb/BDD anode and a carbon—PTFE cathode. The effect of initial
pH was evaluated because, depending on the pH, the CBZ can be neutral or
present charge. The CBZ degradation was faster in the first 30 min, reaching
similar values at the end of EO. On the other hand, mineralization starts
only after 30 min, indicating that first the CBZ degradation occurs, origi-
nating byproducts and carboxylic acids, and merely after the mineralization
will start. The efficiency and energetic consumption were also similar for the
tested conditions. It means that EO can be applied in the treatment station at
circumneutral values, saving chemicals.

Introduction

The carbendazim (CBZ) is a systemic fungicide used in several agricultural
crops, considered moderately persistent in the soil, but that can be very persis-
tent in water systems [1]. Besides, CBZ is listed among the 15 most consumed
pesticides in Brazil [2].

(1) Universidade Federal do Rio Grande do Sul, Programa de Pds-Graduagdo em Recursos Hidricos
e Saneamento Ambiental, Porto Alegre, Brazil, salatiel.silva@ufrgs.br.
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Inevitably, CBZ ends up going to surface water, groundwater and soil, either
directly (agricultural application), or due to the inefficiency of conventional
wastewater treatment plants. It is known that most of the world uses conven-
tional systems for water potabilization, which can pose risks to human health
due to inefficiency in the removal of pesticides.

In this scenario, maybe electrooxidation (EO) applied in the wastewater
treatment or in a hybrid processes (as membrane separation process) can help
to remedy this problem [3].

As stated by the literature [4]”ISSN”:"152068907 abstract”:” Traditional
physicochemical and biological techniques, as well as advanced oxidation
processes (AOPs, some characteristics can influence the EO process, as the
electrode materials, current or potential applied, fluid dynamics, temperature,
pH among others.

According to the microspecies distribution of CBZ (Fig. 1a) as function of
the pH, they can be neutral or present positive or negative charge, may influen-
cing the EO process. Therefore, the main goal of this study was to evaluate the
influence of different initial pH on the removal of CBZ by electrooxidation
on a pre-pilot scale plant. Also, degradation kinetics, mineralization current
efficiency and specific energy consumption were estimated.

Material and Methods

All chemicals used have at least an analytical grade.

The work solutions were prepared diluting 100 mg of CBZ in 5 L of deio-
nized water (7 uS cm™ at 25°C), with a previously adjusted pH in 2.7. Then,
the solution was stirred for 24 h. Before the use, 7 g L' of Na,SO, was added as
supporting electrolyte, and when necessary, the pH was adjusted in 7.5 or 10.

The electrooxidation assays were conducted at a pre-pilot plant with 5 L of
capacity. The solution was added in the reservoir and circulated by the Electro
MP Cell (Tarm, Denmark), at a flow rate of 100 L h* (Seaflo, SFDP1-040-060-
51).

The cell was equipped with a Nb/BDD anode and a carbon-PTFE air-diffu-
sion cathode, both with an active area of 100 cm?. The process was operated
in galvanostatic mode, applying a current density of 10 mA cm™ (Supplier DC
power source,150 V and 20 A). All tests were performed at room tempera-
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ture and in triplicate. The samples were collected in a pre-determined time
and characterized by pH, total organic carbon (TOC) and high-performance
liquid chromatography (HPLC).

The pH was determined by a potentiometric method using a Lutron multi-pa-
rameter WA-2015 meter.

The TOC was determined by the Non-Purgeable Organic Carbon (NPOC)
method on a Shimadzu analyzer model TOC-LCPH equipped with an auto-
matic sampler. The analyzes were performed by catalytic thermal oxidation at
680 °C with continuous supply of oxygen flow.

The CBZ degradation was assessed by HPLC (LC20A, Shimadzu) equipped
with a diode array detector (DAD, SPD-20AV) and autosampler (SIL-20A),
operated in isocratic mode and injecting a volume sample of 20 pL. The
stationary phase was a C18 column (Shim-pack XR-ODS, 3.0 mm ID x 50
mm, Shimadzu), and the mobile one was 30% acetonitrile and 70% phosphate
buffer, at a flow rate of 1 mL min. The DAD was set in A = 281 nm and the
retention time was 4.1 min.

Results and Discussion

As mentioned above, pH is an important parameter to be evaluated in the
EO process, since, depending on the protonation state of the pollutant, it can
be more easily oxidized [4]"ISSN”:"152068907abstract”:” Traditional physico-
chemical and biological techniques, as well as advanced oxidation processes
(AOPs.

Another important point is that, in general, the wastewater and water to be
treated have pH close to the neutrality, with variations. In this sense, if the
best results of EO are achieved at pH 7.5, this may be an advantage due to the
decrease in reagent consumption at the treatment plants.

For the EO tests, the work solution had the initial pH adjusted in 10 and 7.5.
Only for the tests with pH 2.7, the pH was controlled by dropping a H,SO,
solution and the results will not be discussed, because the pH remained cons-
tant (Fig.1b).

It is observed in Fig.1b, that for tests with initial pH of 10 and 7.5 a decrease
in the pH can be observed in the firsts 30 min, reaching the values of 7.9 and
3.9, respectively. Thereafter, the pH was constant for all tests.
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Fig. 2a shows an exponential CBZ decay, indicating that the EO was operated
above the limiting current, i.e. the process was under mass transport control
[4]”ISSN”:”152068907 abstract”:” Traditional physicochemical and biological
techniques, as well asadvanced oxidation processes (AOPs. Itis also observed in
Fig2a,thatinthefirst30 minthereisafast CBZ degradation, probablygenerating
2-aminobenzimidazole [5], and just after, organic acids as byproducts, leading
to a reduction in the pH values [6].

A pseudo-first-order kinetic model [6] was well fitted to the CBZ data to
better compare the CBZ decay under different initial pH conditions. The
results demonstrate that there is no difference in CBZ degradation between
the distinct initial pH used (inset graphic at Fig. 2a).

Fig. 2b shows that there was no mineralization in the firsts 30 min of EO
process, which may corroborate with the hypothesis that CBZ degradation
into smaller molecules first occurs, then these byproducts are mineralized.
This result is in line with those found by Olvera-Vargas [7], who attributes
the slow change in TOC to the formation of very refractory intermediates, as
carboxylic acids.

It seems that the initial pH value of the worked solutions presents no signi-
ficant effect on CBZ oxidation, which was confirmed by an one-way ANOVA
test (Statistica 13.5 software), resultinginap , >0.05(p, , =0.985).It means
that CBZ will be oxidized by hydroxyl radicals, persulfate anion and sulfate
radicals generated at BDD/ND, regardless its charge.
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Figure 1. (a) CBZ microspecies distribution as pH function and (b) pH changes as a function
of EO experimental time.

In order to assess the efficiency of the process and choose the best opera-
ting conditions for the EQ, it is also important to estimate the mineralization
current efficiency (MCE, %) [8], and the specific energy consumption (E, kW

h kg) [9].
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Figure 2. pH influence on the CBZ (a) degradation and (b) mineralization. Insert graphic
shows the estimated apparent kinetic constant kapp (min?).

To elucidate the relationships among the operating parameters (initial pH
and time) and the estimated E_and MCE, the central composite design (CCD)
based on the response surface methodology (RSM) was applied (Statistica
13.5 software).

As the potential of the electrochemical cell was almost constant at 5V, and
the TOC started to decrease similarly for all initial pH tested after 30 mins,
it was expected similar Es and MCE results. In fact, for all conditions, the E_
consumption decrease with time (Fig. 3a), reaching similar values at the end
of the EO process.

It can be observed in Fig. 3b that an almost constant MCE values with time
for different initial pH was found, indicating that the byproducts formed are
mineralized at similar rate during all the EO process [6].

Despite the MCE reached are low, they are typical of the EO of organic
compounds with low TOC content [4]"ISSN”:”152068907abstract”:” Tra-
ditional physicochemical and biological techniques, as well as advanced
oxidation processes (AOPs.

It was also found that the EO process conducted at initial pH 7.5 presented
lower E_and MCE values when compared to the assays with initial pH at 10
or 2.7 (Fig. 3a), although it presents similar values of degradation and mine-
ralization.
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Figure 3. Three-dimensional plot of the initial pH-reaction time interaction to the
(a) specific energy consumption and (b) mineralization current efficiency.

Conclusions

The CBZ fungicide was oxidized by EO independently of the initial pH
value.

It was observed that the degradation of CBZ is faster in the first 30 min,
after that, the degradation rate tends to decrease. On the other hand, mine-
ralization starts only after 30 min, meaning that CBZ is first degraded into
byproducts and carboxylic acids, and only after the mineralization process
begins.

The EO process presented typical MCE values and the E_tends to decrease
with time. In this context, it is better to use the EO process at circumneutral
pH, saving the use of chemicals at the treatment stations.

It is worth noting that different operational parameters are being tested in
order to optimize the EO process. In addition, the carboxylic acids generated
are being analyzed by HPLC using a Rezex Roa-Organic acid H* column,
while gas chromatography coupled with triple-quadrupole mass spectros-
copy (GC-MSMS) analyzes will be performed to detect the byproducts. Not
least, toxicity tests will be carried out.
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Photocatalytic and Sonochemical

Treatment of Antibiotics from different classes:
Comparative Study of the Structure-Degradability
Relationships

S. Estrada-Florez** E. Serna-Galvis*? R. Torres-Palma’.

The degradation of eight antibiotics
belonging to different families: peni-
cillins, cephalosporins, quinolones,
and sulfonamides, was studied by
heterogeneous photocatalysis with
TiO,-P25 (0.5 g L7') under UVA
light (365 nm). The degradation was
also performed by high-frequency
ultrasound (375 kHz, 132 W L71).
The comparative study was based on
intrinsic properties of the two tech-
niques, analysing the degradation
trends and their relationship with
the chemical structures of antibi-
otics and with their physicochemical
properties. The same trend was

found in the degradation of penicillins and cephalosporins by PC and US,
and an inverse trend for quinolones and sulfonamides. In addition, it was
found that PC had a great mineralizing potential whereas US had a higher
capacity to decrease antimicrobial activity. Furthermore, matrices such as
fresh urine inhibited antibiotics degradation while mineral water enhanced
the removal in US.
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Introduction

Antibiotics are contaminants of emerging concern (CECs), their presence
in natural waters promotes the proliferation of bacterial resistance, becoming
a risk to human and environmental health.! Besides, conventional processes
in wastewater treatment plants (WWTPs) are unable to eliminate antibi-
otics,>*112 samples, including influent and effluent wastewater, from different
conventional wastewater treatment plants were collected. Two monitoring
programmes were carried out along several seasons. The first was in June
2008 and January 2009, and the second in April and October 2009. During
the first monitoring, the occurrence of 20 analytes in 84 urban wastewater
samples (influent and effluent making necessary the research on alternative
treatments, such as advanced oxidation processes (AOPs).*which can result in
toxic and adverse effects on aquatic organisms and consequently on humans.
Unfortunately, WWTPs are not designed to remove CECs and secondary
(e.g., conventional activated sludge process, CAS

This work aims to investigate the degradation of eight antibiotics: Oxacillin
(OXA), ampicillin (AMP), cephradine (CPD), cephadroxil (CDX), ciproflox-
acin (CIP), nalidixic acid (NAL), sulfacetamide (SCA) and sulfamethoxazole
(SMX), by two AOPs, photocatalysis with TiO, (PC) and high-frequency
ultrasound (US).°cephalosporins, quinolones, and sulfonamides in water
were compared. The degradation efficiency and elimination order in distilled
water were associated with the chemical structures and properties of antibi-
otics. After 60 min of treatment by PC and 30 min of treatment by US, similar
trends were obtained for penicillins (PC: oxacillin (93% In PC, the irradia-
tion of TiO, with UVA light promotes electrons from the valence band (VB)
to the conduction band (CB) of the catalyst, generating electron-hole pairs
(e~-h*) in the TiO, structure. Holes can oxidize water and hydroxyl anions to
produce hydroxyl radicals (HO*). The pollutant (P) can react directly in the
holes. Excited electrons react with O, to form superoxide radical anions (O,"),
which can produce more hydroxyl radicals.®sonochemistry, the photo-Fenton
process and electrochemistry (with a Ti/IrO, anode in sodium chloride

In US, the introduction of ultrasonic waves to aqueous solutions induces the
formation and growth of micro-bubbles. These bubbles reach a critical size
and then they collapse generating strong conditions (~5000 K, ~1000 atm),
in which dissolved oxygen and water are dissociated to produce hydroxyl
radicals.®
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The comparative study of PC and US does not allow us to determine which
AOP is more efficient, but it does allow us to have insights about the affinity of
each technique to degradation of the selected antibiotics, providing a tool for
selecting the most suitable technique (PC or US) to remove antibiotics from
water.

Material and Methods

Degradation of antibiotics by PC: Antibiotic solutions (240 mL, 40 uM) were
irradiated during 1 h in absence and presence of TiO, (0.5 g L™") in a reactor
using an UVA lamp (365 nm, 85 mW). Adsorption control was performed for

30 min before the photocatalytic treatment. The antibiotics degradation was
followed by HPLC-DAD.

Degradation of antibiotics by US: Antibiotic solutions (240 mL, 40 pM)
were treated using a Meinhardt ultrasound reactor (375 kHz, 132 W L™).
The temperature was kept to 20°C using a Huber-Mini-chiller. The antibiotics
removal was followed by HPLC-DAD and the H,O, accumulation was deter-
mined by iodimetry.

Treatment extension: PC and US experiments with OXA and CDX were
carried out at 240 min, TOC and AA were measured. The mineralization was
evaluated in a Shimadzu Total Organic Carbon Analyzer. The AA was deter-
mined by the inhibition zone method using S. aureus.

Results and Discussion

Structure-degradability relationship

As shown in Fig. 1, just quinolones are removed by UVA, especially the CIP,
because quinolones absorb the UVA light and have self-sensitization. The
adsorption control showed that OXA are adsorbed on the TiO,, while the
adsorption of NAL is negligible. This is due to OXA is negatively charged at
the working pH, while AMP is zwitterionic. The adsorption of cephalosporins
and sulfonamides was also negligible. CIP undergo moderate adsorption and
NAL had high adsorption. CIP is in a zwitterionic form, and TiO, could be
in neutral form (pH~pzc of TiO,), decreasing the interaction. The acid group
in NAL could be neutral or negative (pH~pKa); if it is negatively charged, it
could be more attracted to the positively charged TiO,.

301



Aplicacién de Procesos Avanzados de Oxidacién en la eliminacién de contaminantes

In PC, the removal of OXA is faster than AMP, this because OXA is adsorbed
on TiO,, and this contributes to a faster degradation rate.® The same trend was
obtained by US. At the working pHs, OXA has a lower Sw, a higher Low P, and
a lower TPSA, which makes OXA more hydrophobic, which allow it to get
closer to the interface of cavitation bubbles where there is a greater concen-
tration of HO", favouring its degradation.

The photocatalytic removal of CPD was faster than CDX, this is partly due to
the greater CPD adsorption on the TiO, surface. The same trend was exhibited
by US with due to the higher Log P values and lower TPSA values of CPD.

In the case of quinolones, the CIP removal is faster than NAL removal by
PC, due to the photolytic behaviour of CIP, even though NAL has greater
adsorption in the TiO, surface. An opposite trend was found in the removal
by US, due to the highest Low P and lowest Sw and TPSA values of the nega-
tively charged NAL, which makes this compound more hydrophobic than the
zwitterionic CIP.

Regarding sulfonamides, in PC, the removal of SCA is faster than SMX.
Nevertheless, by US, a contrary trend was found. At working pHs, SCA is in
an anionic form, while SMX could be neutral or anionic (pH,~pKa,). Although
at these conditions, SMX has a higher TPSA value, SMX also exhibited higher
Low P and a lower Sw, which increase its hydrophobicity, and therefore, its
degradation rate. In all cases, the accumulation of H,O, generated by the
recombination of HO" during the sonochemical treatment increases as the
treatment occurs. Moreover, the lowest accumulation of H O, is given for the
antibiotic with faster degradation, which agrees with a radical pathway upon
ultrasonic action.

Treatment extension: treatments were extended up to 240 min and OXA
(faster removal) and CDX (lower removal) were selected. At 120 min, when
OXA is 100% removed by PC, 28% of TOC is eliminated, and it reaches 65%
of removal after 240 min of treatment. Meanwhile, in US, when OXA is
completely removed (80 min), 1% of TOC is eliminated, which increased only
to 9% at the end of the experiment. Similarly, when a removal of 96% of CDX
has been achieved by PC (240 min), 55% of TOC removal occurred. On the
contrary, in US, when a similar removal has been achieved (94%, at 240 min)
only 4% of the TOC has been removed. From these findings is inferred that the
PC technique has a great mineralizing ability compared to US.
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Regarding the AA evolution, a complete elimination is reached when OXA
is 100% and 83% removed by PC and US, respectively. Similarly, 100% of
the AA removal occurred when 58% and 30% of CDX was eliminated by PC
and US, respectively. Thus, US has a higher capacity to transform the initial
pollutants in by-products without AA.

Matrix effect: the photocatalytic and sonochemical experiments were
performed in mineral water (MW) and fresh urine (FU) (synthetic matrices).
CDX was selected as a model pollutant.

Inhibitions of ~23% and 10% in the CDX removal were found by PC and
US, respectively in the FU matrix. This could be associated to the competing
effects of anion substances (chlorine or sulfate), which can scavenge the
radical species or trap the holes. In turn, in the US process, most of the
matrix components have a more hydrophilic nature than the antibiotic,
exerting a low competence.

The treatment by PC in MW is slightly inhibited (~5%) due to the
competition of the CDX with the MW components for the active species.
Interestingly, a significant enhancement of the CDX removal (~12%) during
US action in MW was observed. This could be due to salting out effects and
the reaction of HO* with bicarbonate to produce carbonate radicals (HCO,¢,
CO,*), which can participate in the degradation process, enhancing the
pollutant removal.

Figure 1. Antibiotic removal after treatment by (a) PC (1 h), including UVA (1 h) and
adsorption controls (30 min), and by (b) US including the H,O, accumulation (30 min).
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Conclusions

The degradation trend during the treatment by PC or US is strongly depen-
dent of the chemical structure of the antibiotics at the experimental pH,
adsorption on the TiO, , and hydrophobicity. The PC process showed a great
potential for the mineralization of antibiotics. Meanwhile, the US process
showed a higher capacity to transform the initial antibiotics into by-products
without antimicrobial activity. Besides, the degradation of the model antibiotic
(CDX) in FU was inhibited in both processes. In addition, the removal of CDX
in MW by PC was slightly inhibited, whereas in US the pollutant degradation
was significantly enhanced, which could be mainly related to a particular role
of bicarbonate in each process.
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Los Procesos Avanzados de Oxidaciéon (PAOs) se han
convertido en potenciales alternativas sostenibles para ser
aplicados en diversas dareas como el tratamiento de aguas
residuales de diferentes fuentes, tratamiento de contami-
nantes en diferentes matrices, desinfeccion, potabilizacion,
desarrollo de nuevos materiales, produccién de hidrégeno,
biocombustibles, entre muchas otras. Su importancia ha
trascendido a tal punto que algunas de estas son valoradas
para transferencia tecnoldgica en aplicaciones a escala
industrial. En el afio 2015, un grupo de investigadores
colombianos que trabajan en esta temdtica tomé la inicia-
tiva de crear un evento de cardcter nacional que permitiera
mostrar y divulgar los avances de los diferentes grupos de
investigacion en estas tecnologias, teniendo en cuenta que
Colombia ha sido considerado un pais lider en Latinoamé-
rica y que los aportes en investigaciéon en PAOs han sido
reconocidos a nivel internacional.
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