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RESUMEN

RESUMEN

Aguas residuales industriales de una fabrica de chocolate que tenia las siguientes condiciones; pH
acido (4.38), con un alto contenido de materia organica como Demanda Quimica de Oxigeno
(DQO) de 9566 mg/L, Demanda Bioquimica de Oxigeno (DBOs) de 4666.97 mg/L, indice de
Biodegradabilidad (IB) de 0.49 y carbono organico total (COT) de 1318.7 mg/L, se tratd por
electrocoagulacion en batch. La muestra de agua residual presenta importante contenido de
nitrégeno y fosforo que podrian causar eutrofi

zacion si se descarga sin tratamiento previo. En este proyecto, se propone un tratamiento por
electrocoagulacion solar fotovoltaica para tratar las aguas residuales utilizando aluminio, cobre y
zinc como materiales anodicos. Se estudio el efecto del pH (4.38 y 7), la densidad de corriente
(1.781 mA/cm? y 0.356 mA/cm?) a los 60 minutos de tiempo de tratamiento. El sistema de
aluminio exhibid los mejores resultados para pardmetros orgénicos: la DQO logré una eficiencia
de eliminacion del 50%, reduciendo la DBOs al 39%. EI IB aumento considerablemente de 0.49 a
0.59 y el TOC disminuy0 solo 26.65%. El sistema de cobre también mostré un comportamiento
aceptable en la eliminacion organica al 43% de DQO, 53% de DBOs, 30.7% de COT vy el IB fue
0.4. Y el sistema de zinc fue ligeramente menos eficiente que el cobre y el aluminio, donde la
eliminacién alcanzada fue de 39% DQO, 30% BODs y 19% COT. El IB muestra un aumento a
0.56, mejorando la biodegradabilidad de las aguas residuales. La cuantificacion y caracterizacion
del lodo se llevo a cabo mediante Microscopia Electronica de Barrido (SEM) y Espectroscopia de
dispersion de energia (EDS). Los ahorros de energia se efectuaron utilizando un panel solar, sin
embargo, se calcularon los costos asociados con el consumo energético. La Espectroscopia
Infrarroja (IR) y la espectroscopia de fluorescencia demostraron la eliminacion de materia organica

y nitrogenada.

En una segunda etapa, se probd un reactor electroquimico de columna de flujo descendente, los
experimentos previos mostraron que los electrodos de aluminio eliminaron una mayor
concentracion de DQO y materia inorganica de un agua residual de la industria del chocolate. Las
variables estudiadas fueron corriente eléctrica 1.58 A (781mA/cm?) y 3.16 A (562 mA/cm?) y
caudal volumétrico (Q) (0.060 L/s y 0.032 L/s). Se encontrd que el efecto conjunto de ambas

variables es importante en la eliminacion de DQO. EIl volumen de aguas residuales procesadas fue
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de 6 L. La corriente continua se proporcion6 desde un panel solar. La carga entregada al sistema
fue regulada por un controlador de energia. Por lo tanto, la corriente eléctrica fue constante durante
todo el tratamiento y esto lleva a ahorrar energia. Se observé que después de los primeros 5 minutos
de tratamiento, se eliminaron 51% de DQO y 80% de color a 0.06 L/s y 3.16 A. En estas
condiciones, también se eliminaron los sélidos en suspension. Se concluye que una de las ventajas
del reactor en columna de flujo descendente es que el hidrogeno producido se retiene en el sistema
sin presurizarlo. Los datos resultantes fueron ajustados por un modelo Behnajady-Modirshahla -
Ghanbery (BMG).

Durante la estadia en Universidad de Castilla-La Mancha (UCLM), se trabajé con el desempefio
de un electrolizador, para tratar un desecho de clopiralida. El electrolizador equipado con electrodo
que constan del mismo revestimiento de Diamante Dopado con Boro (DDB) depositado en
diferentes sustratos (Si, Ta y Nb). Los resultados exponen grandes diferencias a pesar de usar el
mismo recubrimiento. Se lograron tasas de eliminacion mas rapidas con electrodos Ta-y Nb-BDD.
La cantidad de energia requerida para lograr la misma eficiencia de eliminacién mostré grandes
diferencias. Se eliminaron hasta 1.95 mg/Wh de plaguicida cuando se usoO sustrato de Si, en
comparacién con 2.14 mg/Wh eliminados con Ta. Ademas, la cantidad y la fuerza de los oxidantes
generados también fueron bastante diferentes. Se necesitaron 86.78 mmol de oxidantes para
eliminar un gramo de plaguicida con Ta-BDD y 30.57 mmol con Si-BDD. Por lo tanto, la
resistencia del electrodo es un aspecto importante que debe considerarse para obtener un disefio
adecuado de sistemas de almacenamiento de energia que permitan la alimentacion fotovoltaica
ecoldgica de las tecnologias electroquimicas que utilizan baterias convencionales como refuerzo

para garantizar un funcionamiento continuo.
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ABSTRACT

An industrial wastewater from a chocolate factory with an acid pH (4.38), with a high content of
organic matter of (COD = 9566 mg/L), Biochemical oxygen demand (BODs) of 4666.97 mg/L,
biodegradability index (BI) of 0.49 and Total organic carbon (TOC) of 1318.7 mg/L, was treated
by electrocoagulation in batch. The wastewater sample present important nitrogen and
phosphorous content that could cause eutrophication if discharge without previous treatment. A
solar-photovoltaic electrocoagulation was proposed to treat the wastewater using aluminium,
copper and zinc as anodic materials. The effect of pH (4.38 and 7), current density (1.781 mA/cm?
and 0.356 mA/cm?) at 60 min treatment time was studied. The Aluminium system exhibited the
best results for organic parameters: COD achieving 50% removal efficiency, reducing BODs to
39%. The Bl was increased considerably from 0.49 to 0.59 and TOC was diminished only 26.65%.
Copper system also showed an acceptable behaviour in the organic removal to 43% COD, 53%
BODs, 30.7% TOC and the Bl was 0.4. And the Zinc system was slightly less efficient than copper
and aluminium, where the removal achieved was 39% COD, 30% BODs, and 19% TOC. The BI
shows an increase to 0.56, improving the biodegradability of wastewater. The quantification and
characterization of sludge was carried out using Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS). Energy savings were reduced using a solar panel, however,
energy costs associated with the use of energy were calculated. Infrared Spectroscopy (IR) and

Fluorescence Spectroscopy proved the removal of organic and nitrogenous matter.

In a second stage, a down flow column electrochemical reactor was tested, previous experiments
showed that the aluminium electrodes removed a higher concentration of COD and inorganic
matter from the wastewater of the chocolate industry. The studied variables were electrical current
1.58 A (781mA/cm?) and 3.16 A (562 mA/cm?) and volumetric flowrate (0.060 L/s and 0.032 L/s).
The joint effect of both variables was found to be important on COD removal. The processed
wastewater volume was 6 L. The direct current was provided from a solar panel. The delivered
charge to the system was regulated by an energy controller. Therefore, the electrical current was
constant throughout the whole treatment and this leads to save energy. It was found that after the
first 5 minutes of treatment, 51 COD% and 80% color were removed at 0.06 L/s and 3.16 A. Under

these conditions the suspended solids were also removed. It was also concluded that one of the
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advantages of the assessed reactor is that the produced hydrogen is retained in the system without
pressurizing the system. The resulting data were fitted by a Behnajady-Modirshahla — Ghanbery
Model (BMG).

During the stay at Universidad de Castilla-La Mancha (UCLM), we worked with the performance
of an electrolyzer, used to treat a clopyralid waste the Electrolyzer was equipped with electrodes
consisting of the same boron-doped diamond (BDD) coating deposited on different substrate (Si,
Ta and Nb). The results expose great differences despite using the same coating. Faster removal
rates were attained with Ta- and Nb-BDD electrodes. The amount of energy required to attain the
same removal efficiency showed great differences. Up to 1.95 mg/Wh of pesticide were removed
when using Si, compared to 2.14 mg/Wh removed with Ta. Furthermore, the quantity and strength
of the generated oxidants were also quite different. 86.78 mmol of oxidants were needed to remove
a gram of pesticide with Ta-BDD and 30.57 mmol with Si-BDD. Therefore, the electrode
resistance is an important aspect that must be considered in order to get a suitable design of energy
storage systems that allow the green photovoltaic powering of electrochemical technologies using

conventional batteries as a booster to ensure continuous operation.
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La industria alimenticia utiliza grandes cantidades de agua para la limpieza, envasar, fabricar,
almacenar y manipular los alimentos, esto genera aguas residuales (Liu, 2014), que contienen
contaminantes organicos, nutrientes y recursos energéticos (Kim, Nakhla and Keleman, 2019). La
industria chocolatera produce una gran cantidad de sus productos donde en 2015 realizaron ventas
mundiales de mas de US $ 101 mil millones (Konstantas et al., 2018). Para aguas residuales
provenientes de esta industria generalmente se utilizan procesos bioldgicos, cuya principal
desventaja es el tiempo de tratamiento, el costo energético de los aireadores y su baja eficiencia

ante la presencia de compuestos refractarios (Esparza-Soto et al., 2019).

En este sentido los métodos electroquimicos, especificamente la electrocoagulacion (EC) permite
el tratamiento de agua residual que contiene una alta concentracion de materia organica y sélidos
en suspension, porque combina flotacion, coagulacion y la electroquimica de compuestos
contaminantes (Moussa et al., 2017). Para el tratamiento de EC se necesita un anodo y un catodo
para llevar a cabo el tratamiento, al energizarlos el anodo funciona como un electrodo de sacrificio
que produce la electrodisolucidon in situ, proporcionando al sistema el agente coagulante. Los
electrodos utilizados en la actualidad para este tratamiento son de aluminio, cobre, magnesio,
hierro, zinc y acero inoxidable (Prajapati et al., 2016; Elnenay et al., 2017; Hu et al., 2017; Tanner
et al., 2018) y en contacto con las aguas residuales conduce a productos provenientes de la
hidrdlisis (especies hidroxometalicas) que son efectivos en la desestabilizacion de contaminantes.
A su vez se produce la reduccion de agua en el catodo formando burbujas de gas de hidrégeno e
iones de hidroxido. Esto aumenta el pH en la solucion y produce lodo en la superficie del agua y

esto facilita su eliminacion (Dura and Breslin, 2019).

La presente investigacion desarrollé un tratamiento de electrocoagulacién con diferentes
materiales electrodicos (Al, Cu y Zn) energizados mediante energia fotovoltaica en batch,
posteriormente se realizé la electrocoagulacion con electrodos de aluminio en una columna de
flujo descendente (en batch con recirculacion y en continto), produciendo una alta remocion de

color, turbidez, DQO vy al utilizar energia fotovoltaica se produce un ahorro de energia.
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De ese modo en el capitulo I, se aborda el marco conceptual donde se presenta la afectacion que
produce el agua residual proveniente de una industria chocolatera, se analizan los tratamientos
electroquimicos para buscar una solucion a este problema, pero en especial la electrocoagulacion

y los beneficios que se obtienen al utilizar energia solar.

El capitulo 11, presenta la justificacion de la presente investigacion, los objetivos y la hipotesis

que ésta pretende alcanzar.

En el capitulo Ill, se hace referencia a la metodologia utilizada en el trabajo, asi como las

estrategias experimentales y las técnicas utilizadas.

El capitulo 1V, presenta los resultados y la discusion obtenidos en la evaluacion del tratamiento de
electrocoagulacion con electrodos de aluminio, cobre y zinc en un reactor en batch y utilizando
una columna de flujo descendente en batch con recirculacion con electrodos de aluminio, los dos
casos con energia fotovoltaica. Por otra parte, se realizd un analisis con electrodos DDB,

depositado en diferentes sustratos (Si, Tay Nb) para la remocion de plaguicida (clopiralida).

Finalmente, en el capitulo V, se presentan las conclusiones generales, abordando las ventajas y

desventaja de los procesos evaluados.
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CAPITULO 1. ANTECEDENTES

1. Contaminacién del agua

1.1. El agua en el mundo

El agua dulce es necesaria para la paz, el desarrollo sostenible, la seguridad y el bienestar humano,
se utiliza en la sociedad, en el medio ambiente y para su economia.

Para que exista vida en el planeta es indispensable de rios, ecosistemas, los acuiferos y los lagos a
su vez producen beneficios como el agua potable, la industria y el agua para la alimentacion
(Programa de las Naciones Unidas para el Medio Ambiente, 2017). De esto depende nuestro
presente y futuro, en la alimentacion y nutricion. La reduccion del agua dulce y la escasez de agua
son un problema para el desarrollo sostenible, esto va mas en aumento por el crecimiento de la
poblacion mundial, debido al aumento de su nivel de vida, al cambio de las dietas y a por Gltimo a

que se intensifiquen los cambios climaticos (FOA, 2019).

El agua es muy necesaria por esa razon existe una gran demanda mundial que se va aumentando
1% anualmente aproximadamente, esto depende del desarrollo econémico, incremento de la
poblacion y el consumo. La necesidad de este recurso es notoria en la industria y el uso doméstico,
la cual se eleva mas rapido en estos dos sectores que en la agricultura. Aunque este ultimo sector
es el principal consumidor en el mundo. Los paises con mayor demanda son aquellos que tienen

economias emergentes o en desarrollo (UNESCO, 2018).

Este recurso es escaso en el mundo por varias razones entre las mas importantes se encuentra la
contaminacion, sequia y uso descontrolados(ACNUR, 2019). Existen mas de 2000 millones de
personas que no cuentan con este recurso ni al saneamiento basico de ella, esto fue proclamado
por la ONU, los que sufren de estas condiciones son personas de bajos recursos y representantes
de grupos étnicos, ellos la recolectan a 30 minutos, utilizan pozos, manantiales no protegidos y
fuente de agua superficial. Existen 10 paises que aproximadamente su 20% de la poblacién donde
el servicio del agua es limitado de los cuales ocho se encuentran en Africa subsahariana y dos en
Oceania (ONU-OMS, 2018).




CAPITULO 1. ANTECEDENTES

1.1.1. Lugares sin acceso al servicio de agua en México

En el 2019 con el Censo Nacional de gobiernos municipales y demarcaciones de la Ciudad de
Meéxico realizado por el INEGI, existen dos mil 463 municipios de estos 25 no cuenta con el
servicio de agua de la red publica en los que se encuentran Chiapas (con cuatro), Guerrero (Con
tres), en el Estado de México (con uno), Oaxaca (con nueve), Puebla (con cinco) y Veracruz (con
tres), también hay miles de localidades que no cuentan con este servicio al interior de los
municipios (EXCELSIOR, 2020).

1.1.2. Calidad y contaminacion del agua en México

Si no se cuenta con una buena calidad de agua mediante su saneamiento se expone a la poblacion
a problemas de salud como el colera, disenteria, otras diarreas, fiebre tifoidea, hepatitis A y la
poliomielitis (OMS, 2019).

En México, en 2018 con respecto a los datos obtenidos por el CONAGUA donde se realizé un
estudio a la red de agua superficial y a la red de agua subterranea. La red de agua superficial esta
compuesta por 3774 sitios de los cuales solo el 41.2% cuentan con buena calidad y de la red de
agua subterranea compuesta por 1187 sitios de estos solo el 41.5% cuentan con buena calidad
(CONAGUA, 2018a).

En el 2015 el INEGI en el censo Nacional de Gobiernos Municipales dentro del Mddulo ambiental
de agua potable y saneamiento report6 la cantidad de puntos de descarga de aguas residuales

municipales sin tratamiento, Figura 1 (INEGI, 2015).
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Figura 1. Cantidad de sitios de descarga de aguas residuales municipales sin tratamiento

En 2016 CONAGUA publico resultados obtenidos desde el 2012 acerca de la calidad de la zona
centro del pais, sobre el Valle del Mezquital de las aguas subterraneas del acuifero. En los
resultados se encontrd la presencia de estreptococos fecales, coliformes totales y coliformes
fecales, también cuentan con concentraciones altas de jabones y detergentes, por Gltimo, cuentan

con concentraciones de arsénico, sodio, sulfatos y nitratos (Oswald, 2018).

El ser humano vierte 8 millones de toneladas de plastico cada afio a los océanos, provocando un
riesgo a la vida marina y su misma vida, produciendo una afectacién en los ecosistemas naturales,

contamindndolos y produciéndoles un dafio irreparable (Conagua, 2018b).

1.1.2.1. Industria chocolatera

Cuando se manipulan, fabrican, envasan, almacenan alimentos y se realiza la limpieza se generan
aguas residuales (Liu, 2014), ademas los desechos de alimentos son ricos en contaminantes
organicos, nutrientes y recursos energéticos, para su eliminacion se usan tratamientos biol6gicos

muy frecuentemente (Kim, Nakhla and Keleman, 2019).

En el 2015 se reportaron ventas mundiales de chocolate estimadas en mas de US $ 101 mil millones

donde se producen postres y refrigerios (Konstantas et al., 2018). En estos productos se encuentra
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el chocolate con leche que tiene una amplia variedad, existen productos con mayor contenido de
leche, azucar, emulsionantes, tensioactivos solidos de cacao y grasa de la manteca de cacao 30-
40% (Francis and Ramalingam, 2019; Kiumarsi et al., 2020).

Las aguas residuales provenientes de una industria chocolatera carecen de compuestos peligrosos
esto las hace no toxicas, pero contienen un alto contenido de Solidos Totales (ST), grasa, sulfatos,
cloruros, fluoruros, fosforo, nitrégeno total, DBOs, DQO y tensoactivos (Recanati, Marveggio and
Dotelli, 2018). Estas concentraciones son provocadas por las grasas saturadas, polifenoles,
metilxantinas, aldehidos, pirroles, mezclas de fosfolipidos, cetonas, alcoholes alifaticos,
triglicéridos liquidos de manteca de cacao, glicolipidos, compuestos volatiles di y tri-terpenos,
esteroles, furanos y flavonoides procedentes de la fabricacion de chocolate (Patil et al., 2009; Kim
etal., 2017; Kindlein, Elts and Briesen, 2018; Magalh&es et al., 2018; Toker et al., 2018; Khuntia,
Janardhana and Chanakya, 2020).

La industria del chocolate genera un impacto ambiental porque el agua dulce contiene de 0.87 a
0.64 g de fdsforo eqg/kg lo cual genera eutrofizacion (Konstantas et al., 2018), esto produce
floraciones profundas de algas, crecimiento excesivo de plantas acuéticas, aspectos estéticos
negativos y desoxigenacion del agua (Omwene, Kobya and Can, 2018). El impacto negativo es
del 57 al 72% relacionado con leche en polvo, azlcar, harina y manteca de cacao. El chocolate con
leche produce una ecotoxicidad méas alta del agua dulce (133g 1.4 — DCB eq/kg), esto es
ocasionado principalmente por las materias primas utilizadas (91% —96%), con mas de la mitad
asociada con el cultivo cacao, la leche en polvo (19% —21%) y el azlcar (11%) también tienen
contribuciones notables. La ecotoxicidad del agua dulce se remonta a las liberaciones de cobre,
zinc y fosforo, asi como a los plaguicidas utilizados en la agricultura (Konstantas et al., 2018). En
2017 se dio a conocer que existe contaminacion en el cacao crudo por metales pesados (cadmio
Cd, plomo Pb, niquel Ni) (Kruszewski and Obiedzinski, 2018).

1.2. Normatividad

En México existen Normas Oficiales Mexicanas, que se deben seguir para descargas aguas

residuales:
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» NOM-001-SEMARNAT-1996; que establece los limites méaximos permisibles de
contaminantes en las descargas de aguas residuales en aguas y bienes nacionales
(SEMARNAT, 1996a).

» NOM-002-SEMARNAT-1996; que establece lo limites maximos permisibles de
contaminantes en las descargas de aguas residuales a los sistemas de alcantarillado urbano
o municipal (SEMARNAT, 1996b).

» NOM-003-SEMARNAT-1997; que establece los limites méaximos permisibles de
contaminantes para las aguas residuales tratadas que se redsen en servicios al publico
(SEMARNAT 1997; Ramos 2010).

Para tener una buena calidad de agua y cumplir con las NOM anteriores, se le realizan diferentes

tratamientos al agua residual.

1.3. Tratamiento de aguas residuales

La calidad de las aguas residuales se mejora mediante su tratamiento, que consiste en aplicar
sistemas primarios, secundarios y terciarios (fisica, quimica o bioldgica) como se muestra en la
Figura 2, estos se aplican dependiendo de la calidad en la que se encuentra el agua residual (Zhang
et al., 2020).
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Figura 2. Implementacidn de los diferentes tratamientos de agua (Zhang et al., 2020)

Para realizar un tratamiento de aguas residuales, se hace su recoleccion y envia a una planta de
tratamiento donde se someten las aguas a diversos procesos. La mayoria de las plantas tratadoras
tratan grandes volimenes, por esa razon los procesos se llevan a cabo en flujo contintio (Mareddy,
2017).

1.3.1. Tratamiento primario

El tratamiento primario es el tratamiento de aguas residuales municipales que separa fisicamente
los solidos grandes (escombros grandes, como ramas Y llantas) del agua residual mediante una
rejilla metélica. El siguiente paso es utilizar la pantalla en movimiento para filtra elementos
pequefios como pafiales y botellas, después de pasar por esta y de un breve tiempo de residencia
(r) en un tanque de arena provocan que la arena y la grava se asienten. El agua residual con una
corriente se bombea al tanque de sedimentacion primario (tanque de sedimentacion o clarificador),
en este se lleva a cabo la suspension de aproximadamente la mitad de los solidos organicos que se
depositan en el fondo en forma de lodo (lodo primario). Esto no elimina eficientemente a los

patdgenos microbianos del efluente en el proceso primario (Gerba and Pepper, 2019).

Recientemente es utilizada la flotacion por aire disuelto que elimina los sélidos en suspension de

las aguas residuales para la sedimentacion primaria. Las burbujas de aire resultantes que se forman
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son unidas a las particulas de fléculo y a los s6lidos en suspension. Para producir los fléculos por
lo regular se agregan coagulantes a las aguas residuales antes del tanque flotacion por aire disuelto.
Ellos eliminan los solidos suspendidos méas rapidamente que la sedimentacion primaria
convencional (Gerba and Pepper, 2019). En la Figura 3 se muestran tratamientos fisicos (Ameta,
2018).
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Figura 3. Tratamientos Fisicos que se utilizan para la eliminacion de solidos suspendidos que se

encuentran en aguas residuales (Ameta, 2018)

1.3.2. Tratamiento secundario

El tratamiento secundario (tratamiento biol6gico) de aguas residuales pueden ser aerobios y
anaerobios, eliminan los compuestos organicos solubles y los soélidos en suspensidn que no fueron
removidos con el tratamiento primario. Los tratamientos biologicos pueden eliminar 85-90% de
DBOs y Solidos Suspendidos Totales en una solucién (SST). También son capaces de
proporcionar una eliminacion de nutrientes y compuestos organicos (Qasim and Zhu, 2017). En la

Figura 4 se muestran tratamientos biologicos (Ameta, 2018).
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Figura 4. Tratamientos Bioldgicos o Secundarios para aguas residuales (Ameta, 2018)

1.3.3. Tratamiento terciario

El tratamiento terciario es también una técnica que mejora la calidad del agua después de un
tratamiento de aguas residuales tradicional por lo regular se aplica en paises industrializados para
ayudar con la descomposicién microbiolégica, enzimatica y la biodegradacion, favorece la
eliminacién de sustancias organicas e inorganicas residuales y en algunos casos sustancias
refractarias (Muralikrishna and Manickam, 2017). También se han utilizado para la eliminacion
de diversos contaminantes de las aguas residuales. En estos tratamientos se encuentra los procesos
avanzados de oxidacion como la ozonizacion, Fenton y foto-Fenton, los procesos de H.O2 / UV,
etc. (Ramalho, 2013), en la Figura 5 se muestran ejemplos de tratamientos quimicos (Ameta,
2018).
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Figura 5. Tratamientos Quimicos o Terciarios para aguas residuales (Ameta, 2018)

1.4. Procesos de oxidacion avanzada (POAS)

La industrializacion y la contaminacion ambiental han permitido desarrollar tecnologias de
tratamiento avanzadas, higiénicas y respetuosas con el medio ambiente. La mayoria de los
procesos que realizan para mejorar la calidad del agua, sin embargo, tienen de limitacion sus

fuentes de energia (Ameta, 2018).

En los dltimos 25 afios, se esta desarrollando una gran cantidad de procesos de oxidacion
avanzados (POAs), que incluyen tecnologias quimicas, electroguimicas, fotoquimicas y
fotoelectroquimicas (Brillas, 2020). Los POAs, estan enfocados al tratamiento de aguas residuales
gue contienen contaminantes organicos, toxicos, refractarios, no biodegradables, contaminantes
emergentes como toxinas, plaguicidas, colorantes y contaminantes nocivos, etc. (Ma et al.,
2020;Ameta, 2018; Li et al., 2019), presentes en aguas de origen municipal, aguas residuales
textiles, aguas residuales de curtidoras, lixiviados de vertederos, aguas residuales farmacéuticas,
efluente de refineria de petrdleo, en especial las aguas residuales compuestas, de mataderos, de
bodegas, de autolavados, etc.(Babu et al., 2019).
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La remocidn es mediante la generacion in situ de oxidantes potentes y no selectivos como el 0zono
(O3), y los radicales superoxido (Oz" ¢) hidroperoxilo (HO2¢) y sulfato (SO4 ¢) (Pirsaheb, Hossaini
and Janjani, 2020; Wang and Zhuan, 2020), estos tratamientos generalmente usan los radicales
hidroxilos (*OH) por su alto poder de oxidacién (Hama Aziz, 2019). El tratamiento de agua se
lleva a cabo a temperatura y presion cercanas a la temperatura ambiente que implican la generacion
de *OH en cantidad suficiente para llegar a descontaminar el agua (Gautam, Kumar and
Lokhandwala, 2019). Con los *OH se oxidan la mayoria de los compuestos organicos sin tener en
cuenta ninguna restriccion de clases o grupos especificos de los compuestos (Cai et al., 2020). El
mecanismo de produccion de *OH depende en gran medida de la técnica utilizada de los POAS
(Maetal., 2020) y llegan a la mineralizacion completa de contaminantes, esto ocurre de forma no
selectiva. Los contaminantes organicos los remueven por deshidrogenacion, reaccion redox y

reacciones de hidroxilacion (Babu et al., 2019).

La combinacion de los POAs, se realiza para ayudar a maximizar la produccion de «OH y esto
puede proporcionar una mayor eficiencia de degradacion, que los procesos individuales (Hama
Aziz, 2019). Estas combinaciones son importantes para evitar la aparicion de especies refractarias
y para producir mejor rendimiento de estos procesos (Mazivila et al., 2019). En la Figura 6 se
muestran diferentes POAs que utilizan «OH para la remocién de contaminantes, la velocidad de

reaccion entre +HO y moléculas organicas generalmente alcanza 106-10° mol™s™(Li et al., 2019).
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Figura 6. Proceso de oxidacion avanzada (Ameta, 2018)

Recientemente, los POAs basados en SO« han sido notables por su potencial oxidacion-reduccion
es similar o incluso mayor (2.5-3.1 V, E%=2.8V) que el *OH (1.9-2.7V) (Chen, Wu and Hong,
2020) y la vida util (30-40 ps) al del *OH (20 ns), lo que garantiza que el SO4* radical sulfato

ataca el contaminante de manera efectiva (Babu et al., 2019; Li et al., 2019).

Durante la mineralizacion que se produce con los POAs generalmente ocurre un aumento en la
biodegradabilidad del agua residual y también se genera una desintoxicacion de las aguas
residuales (Babu et al., 2019). Para llegar a la mineralizacion completa los procesos pueden llegar
un costo elevado si se generan intermedios resistentes a la degradacion quimica, porque consumen
una cantidad sustancial de energia y productos quimicos al aumentar la duracion del tratamiento,
por esa razon se han utilizado los POAs como procesos de pretratamiento para descomponer los
compuestos organicos recalcitrantes en intermedios biodegradables, que podrian tratarse con

procesos bioldgicos (Cai et al., 2020).
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1.4.1. Métodos electroquimicos

Los tratamientos electroquimicos son de gran interés por ser uno de los POAs con mayor
potencial, su principal ventaja es que pueden operarse en condiciones de seguridad, presentan
respeto al medio ambiente, versatilidad, condiciones operativas muy suaves, alta eficiencia,
facilitan su automatizacion, sin transporte o almacenamiento de oxidantes y muy alta eliminacion

de varios tipos de contaminantes (Ma et al., 2018; Brillas, 2020). Entre otras ventajas destacan:

e Los procesos pueden ser catodicos y/o anddicos dependiendo como se hacen mas efectivos
los tratamientos electroquimicos.

e Se pueden llegar a acoplar los tratamientos electroquimicos de aguas residuales en celdas
divididas

e Se pueden operar por fuentes renovables.

e Las aguas residuales reales que son tratadas con estos tratamientos provienen de las
empresas textiles, farmacéuticas, quimicas, plantas de aguas residuales urbanas y de
lixiviados en vertederos y se aplican después de un tratamiento secundario. O bien como
pretratamiento para después utilizar un proceso bioldgico en la degradacidn de compuestos
organicos. Estos pueden llegar a mineralizar eficientemente diferentes contaminantes como
plaguicidas, colorantes azoicos y algunos acidos organicos de menor tamafio (Li et al.,
2019).

1.4.1.1. Electroflotacion

La electroflotacion (EF) surge por la necesidad de tecnologias capaces de separar pequefias
particulas de la solucién, que no se eliminan con los métodos habituales. Este tratamiento fue
propuesto por Elmore en 1904 donde lo utilizarian para la flotacion de minerales valiosos. Pero
hasta 1965 fue cuando se utilizé por primera vez en el campo del tratamiento de aguas residuales,

presentando una alta eficiencia para la separacion de fases solidas de liquidas.
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Con la EF se pueden separar de un liquido incluso las particulas mas pequefias, porque en las
superficies del electrodo, lo que mejora la flotacion de particulas pequefias, durante la electrolisis

de una solucion acuosa.

La EF estd acompafiada por otros procesos electroquimicos como electrodialisis, electroforesis,
electrocoagulacion, etc., que se dan simultdneamente (Kyzas and Matis, 2016; Santiago et al.,
2018).

La EF se ha utilizado para separar aceite de agua o emulsiones de aceite, remueve tintes y metales
pesados de cuerpos de agua y aguas residuales. También se aplica como tratamiento preliminar
para el agua proveniente de sistemas de enfriamiento y de lavado en procesos industriales, en
emulsiones de sustancias organicas, ademas en la recuperacion y separacion de minerales,
extraccion de compuestos suspendidos de metales pesados y no ferrosos. De igual manera se aplica
como tratamiento para aguas residuales de biodiesel y restaurantes, entre otros (Santiago et al.,
2018).

1.4.1.2. Electrooxidacién

La electrooxidacion (EO) es una técnica electroquimica, la cual utiliza electrodos especificos, por
ejemplo: DDB, Pt, IrO,, SnO;, etc., los DDB han demostrado un mayor poder de oxidacion en
comparacién con los otros, debido a su amplia ventana de potencial eléctrico. EI material del &nodo

es importante para la creacion de oxidantes en las aguas residuales.

La EO con DDB produce una reaccion de transferencia directa en la superficie del anodo de
especies oxidantes hacia los compuestos contenidos en los desechos, debido a la electrolisis del
agua que genera principalmente radicales hidroxilos *OH (ecuacién 1), ellos son altamente
inestables, reactivos y no selectivos. Los *OH producen la oxidacidn de contaminantes (ecuacion
2 en esta los contaminantes organicos se reflejan con un R) a la par se generan intermedios y

subproductos (Radha and Sirisha, 2018; Gonzalez, Dominguez and Correia, 2020).

H,0 + DDB - DDB(s OH) + H* + e~ 1)
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R + DDB(s OH) — CO, + H,0 (2)
Los radicales DDB («OH) fisisorbidos pueden reaccionar entre si para producir H.O, ecuacion 3.
2DDB(e OH) = DDB + H,0, (3)

Una buena dispersion de fluidos promueve el transporte de masa y a una buena distribucion
(corriente y potencial optimas), esto maximizan la eficiencia de mineralizacién y minimizan el

consumo de energia (Cornejo et al., 2020).
1.4.1.3. Electrocoagulacion

La electrocoagulacion (EC) es un tratamiento utilizado para agua y agua residual, donde se usa
una celda electroquimica en la cual se introducen un anodo (electrodo de sacrifico) y un cétodo, a
ellos se les aplica corriente directa para llevarse a cabo el tratamiento, produciendo reacciones
electroquimicas en el anodo y el catodo. Se ha utilizado aluminio, cobre, hierro, acero inoxidable,
platinoy zinc como electrodos (Prajapati et al., 2016; Elnenay et al., 2017; Hu et al., 2017; Elnakar
and Buchanan, 2020; Safwat, 2020; Sun et al., 2020).

La ecuacién 4 involucra la reaccion que ocurre en el anodo donde se introduce corriente continua
para generar un ion metélico (ME‘;;)), en la ecuacion 5 la reduccion de agua ocurre en el catodo,
para generar OH" y Hz que promueven la formacion de complejos hidroxi (M (OH)ys)), estos
dependen del pH y el metal involucrado (ecuacion 6). Posteriormente, se lleva a cabo la adsorcion
de contaminantes coloidales en la superficie por flotacion o sedimentacion (Dia et al., 2017; Fayad
et al., 2017; Qi, You and Ren, 2017; Sandhwar and Prasad, 2017; Barrera, Balderas and Bilyeu,

2018; AlJaberi, 2019).
Reaccion anddica

M(s) d M?at[) + ne” (4)
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Reaccion catddica

2H,0 + 2e~ - 20H™ + H, (5)
Reaccion de la solucion

My + nOH™ = M(OH)pns) (6)

La Figura 7 ilustra el tratamiento de EC con las reacciones electroquimicas que se producen en los

electrodos y las que ocurren en solucion acuosa.
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Figura 7. Tratamiento de la EC (Hakizimana et al., 2017)

1.5. Reactores electroquimicos en flujo contintio

Los estudios acerca de la tecnologia de electrocoagulacion se basan en sistemas por lotes, y sélo
en los dltimos afios los investigadores estan centrando su atencion en el sistema continto. El
sistema contindo se vuelve mas econdmico que el lote y méas adecuado en los sistemas productivos
con alta tasa de generacion de residuos (Mores et al., 2016). En la Tabla 1 se muestran las
caracteristicas de los reactores en continio y el batch. En comparacion con los métodos




CAPITULO 1. ANTECEDENTES

convencionales, los reactores de flujo continto tienen una serie de ventajas de procesamiento. Por
ejemplo, el espacio de las reacciones quimicas realizadas en el flujo se extiende de manera
significativa, lo que permite que los parametros de temperaturas y presiones sean mas altos (hasta
350 ° C y 200 bar). La transferencia masa/calor, la velocidad de reaccion se incrementa
significativamente con reacciones heterogéneas (Mohamed et al., 2016). La transferencia de masa
se encuentran bajo una condicién hidrodindmica especial, frecuentemente Ilamada flujo helicoidal

o de remolino (Contigiani, Gonzalez and Bisang, 2018).

Tabla 1. Comparacion entre sistemas en lote y en contindo (Barrera, 2014).

Lote Continto

Sin alimentacién de flujo-volumen constante

Flujo constante

Las concentraciones en el sistema cambian con
el tiempo

Las concentraciones en el sistema son

constantes

El desemperio del sistema esta relacionado con
el tiempo reaccion

El desemperio del sistema esta relacionado con
el tiempo de residencia en el reactor

El contenido en el reactor se encuentra bien

Variacion en el mezclado

mezclado

Las variables de operacion que deben considerarse para los reactores en flujo continto son el
tiempo de retencion hidraulica, densidad de corriente (J), la pérdida de masa de los electrodos de
sacrificio (se determina comparando los pesos iniciales con los finales), velocidad del flujo de
entrada, etc. Los rectores en contindo se han aplicado para procesos de electrocoagulacion para
retirar; silice hidratada, fluoruro y arsénico del agua subterranea (Contigiani et al., 2018), fosforo
y la turbidez de las aguas residuales (Mores et al., 2016), para aguas grises (Bani and Smith, 2012;
Chen, Su and Hsu, 2012), eliminacion de nitratos (Kumar and Goel, 2010), tratamiento de

efluentes industriales (Tejocote-Pérez et al., 2010), etc.

Como se menciond anteriormente, la energia aplicada es mediante corriente directa para la
electrélisis, lo cual algunos autores han analizado los costos asociados al consumo energético
(Rosales et al., 2018), sin embargo, una alternativa es utilizar energia renovable, en este caso la

energia solar la cual es proporcionada por paneles solares como se mencionara a continuacion.
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1.6. Energia solar

La creciente escasez y el costo de los combustibles fosiles, e incentivos para reducir las emisiones
de gases de efecto invernadero, han conducido a un creciente interés en las formas de reducir el
consumo de energia, en particular en el sector residencial. El uso de las energias renovables (como
la solar, la geotérmica, la energia hidroeléctrica, la energia e6lica y la biomasa) (lluz and Abu-
Ghosh, 2016; Michel et al., 2016; Urban et al., 2016), las cuales generalmente se perciben como

tecnologias limpias y favorables para el medio ambiente (Yenneti et al., 2016).

La energia solar es una fuente de energia renovable libre sin emisiones de gases. Por esta razon el
namero de plantas de energia operadas parcial o totalmente por energia solar ha ido en aumento
de manera significativa. A pesar de que el uso actual de la energia solar para la generacién de
electricidad en el mundo es de aproximadamente 1% del consumo mundial de energia. Se tiene
que tomar en cuenta que la energia solar se puede obtener directamente a través de paneles solares
fotovoltaicos o indirectamente a través de un sistema térmico solar. Cuando se utilizan los paneles
solares, la energia producida se puede almacenar o inyectar directamente a la red publica (Ozlu
and Dincer, 2016).

La demanda mundial de energia fotovoltaica aument6 de 1 GW (GW) en 2004 a 57 GW en 2015:
una tasa de crecimiento anual de mas del 20%, més rapida que cualquier otra industria, incluidas
otras industrias emergentes de energia renovable. Se ha sugerido que la energia fotovoltaica sera

el tipo principal de desarrollo de energia en el futuro (Xu et al., 2018).

Las principales desventajas de los sistemas fotovoltaicos son que la temperatura del panel aumenta
debido a las radiaciones y la pérdida de reflejos que ocurre cuando el angulo de incidencia difiere
de cero (Rahmatmand et al., 2018).

1.6.1. Fundamentos de la tecnologia fotovoltaica

Los dispositivos fotovoltaicos utilizan cominmente material semiconductor para inducir la

electricidad, en el que se utiliza cominmente silicio. El principio de este dispositivo es activar
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electrones dando energia adicional. Este dispositivo funciona en el principio de que los electrones
se activan de un estado de energia mas bajo a estado de energia mas alto a partir de la adicion de
energia de la luz solar. Esta activacion a su vez crea un nimero de huecos y electrones libres en el
semiconductor dando asi origen a la electricidad. El silicio monocristalino, silicio policristalino,
silicio microcristalino, etc. se utilizan comunmente como semiconductores en los sistemas
fotovoltaicos. Los sistemas fotovoltaicos se componen de celdas, modulos y matrices para la
generacion de energia. Ademas, diversos medios de regulacion, control de estructuras, dispositivos
electronicos, conexiones eléctricas y dispositivos mecénicos se utilizan para mejorar la eficiencia
operativa. Los sistemas fotovoltaicos se han valorado en kilovatios pico (KWp), que es una
cantidad de potencia eléctrica suministrada por un sistema fotovoltaico cuando el sol esta
directamente en el senil. Su durabilidad varia de acuerdo con el estado de mantenimiento y de
carga. Un panel fotovoltaico bien desarrollado puede funcionar satisfactoriamente hasta 10 afios
con un 90% de eficiencia y a sus 25 afios con un 80% de eficiencia. Su eficiencia no es consistente
ya que esta influenciado por muchos factores ambientales, en particular por la intensidad de la luz

solar (Kannan and Vakeesan, 2016).

Los sistemas fotovoltaicos usan las propiedades fotofisicas de los semiconductores materiales para
crear electricidad directamente a partir de los fotones de la luz solar (Khemila et al., 2018). Los
cuales al tener mayor cantidad de paneles solares conectados en paralelo incrementa el voltaje (U)

y al conectarlos en serie aumentan la corriente (Valero et al., 2008; Pavén-silva et al., 2018).

La velocidad de reaccion es mayor si existe una mayor irradiacion solar aunque esto contribuya a
que la temperatura sea mas alta, mientras mas elevada sea la cantidad de paneles, existe mas
generacion de energia (Zhang et al., 2013). A mayor conductividad eléctrica (CE) en el medio se
produce mayor corriente haciendo que disminuya el voltaje. Por esa razén en los dias mas soleados

se genera mas energia eléctrica que en los dias nublados (Dermentzis et al., 2016).

Los datos de irradiacion promedio que se generan durante el tiempo del tratamiento se grafican,
después se realiza una regresion polinomial, esta ecuacion se integra para calcular el area bajo la

curva (Garcia-Garcia et al., 2015; Hussin et al., 2017). En la gréficas que se realizaron en el 2018
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por Millan se muestran curvas donde se ve el punto maximo conocido como medio dia solar, en

ese momento el panel absorbe la mayor cantidad de irradiacion solar (Millan et al., 2018).

Existen importantes trabajos realizados desde el 2008 al 2018 (Tabla 2), donde se han utilizado

energia solar como fuente de alimentacidn para generar corriente eléctrica. Diferentes materiales

se han utilizado como anodos de sacrificio: aluminio, cobre, zinc y acero inoxidable para remover

diferentes contaminantes.

Tabla 2. Trabajos realizados con electrocoagulacién y energizados con energia fotovoltaica

Tipo de aguas Modo de Material
P g operacién Condiciones de Porcentaje .
residuales o de - .- Referencia

) del operacion de remocién
contaminante electrodo

reactor
Efluente textil
(efluente Aluminio = 23 min, U=12.8 V, 0= 0
sintético Continlo y  Acero 0.6 L/h, J = 10 mA/cm?, 32(.:?c’)rac/ioén de é\llalzegg& &t
Remazol RB inoxidable CE=500 mS/cmy pH=6 N
133)
Los electrodos con una
distancia= 35 mm, CE=
Remocion de - 1135 pSfem, dia soleado, o7 970/ go (zhang et
Continio  Aluminio Se utilizaron tres paneles
fosfato . fosfato total ~ al., 2013)
fotovoltaicos
suministrados con 400
W/m?

. Q0 = 05 L/h, J =10 0 :
Remocion de Contintio  Hierro mA/cm?, U= 6.7 V' y 7= 24 99.7% de (Dermentzis
Cromo min cromo et al., 2015)

97% de DQO .
(Garcia-
0,
Agua . Batch Cobre I=3AypH4 91% del c_:olor Garcia et
industrial y la turbidez, al., 2015)
48% de COT 7
99% de
Remociéon de ., . _ 2 concentracion (Dermentzis
cobre Contindo  Aluminio J=30mA/cm°y pH 4.5 de cobre, 62.2 et al., 2016)
de DQO
Efluente textil . Batch 91% de
: L, J = 4mA/cm?, Tiempo de DQO, 95% de :
(Tinte  azul Continuo . o ) (Naje et al.,
. Aluminio Operacion= 10 min vy color
brillante y Batch o . 2016)
Remazol) Agitacion=150 rpm Continuo
91.5% de
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Remociéon de

plomo Batch

Efluente textil
sintético

(eliminar
tinte azo)

Batch
un

Eliminacién

de un tinte Continldo
textil

Agua residual Continto

Zinc

Aluminio

Aluminio

Hierro 'y
Aluminio

J=1.13mA/cm? y Tiempo
de tratamiento=10min

I=3AYy4A

J de 100 a 400 A/m?, O de
entrada=15 L/h y
Distancia de
electrodos=1cm

pH=7.75y CE=11 mS/cm?
y la energia no es
constante se aplicé durante
4 dias, el punto mas alto es
de 425mA que se
encuentra en el primer dia

DQO, 95.5%
de color
99.9% de ]

..~ (Hussin et
concentracion al., 2017)
plomo
70% del (Pavén-
colorante y Silva et al.,

70% de color 2018)

99% de )
twrbidez  y gfhggnl'g et
95% de color "

25 %
remocion
oxifluorfeno

4 Millan et
al., 2018)
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CAPITULO 2. JUSTIFICACION, HIPOTESIS Y OBJETIVOS

2.1. JUSTIFICACION

La poblacion mundial estd en constante crecimiento y esto implica un mayor consumo de servicios,
medicamentos, productos quimicos, ropa, alimentos y productos basicos. EI impacto de estas
industrias en el medio ambiente es innegable y la industria del chocolate no es la excepcion. Para
satisfacer la demanda mundial, el chocolate se produce en grandes cantidades cada afio. Sin
embargo, la industria del chocolate genera diferentes tipos de desechos, como compuestos volatiles
(di y tri terpenos), flavonoides, polifenoles, pirrol, metilxantinas, aldehidos, mezclas de
fosfolipidos, cetonas, cacao liquido, triglicéridos de mantequilla, alcoholes aliféticos, glicolipidos,
furanos, esteroles y grasas saturadas (Jin et al., 2017; Kindlein et al., 2018; Magalhaes et al., 2018;
Toker et al., 2018). Esto ha motivado la busqueda de tratamientos efectivos para reducir la cantidad
de estos contaminantes antes de hacer una descarga. En este contexto, se han preferido los
tratamientos bioldgicos. Sin embargo, este tipo de tratamientos son largos y requieren un control
fino de las variables operativas para que los microorganismos sobrevivan (Esparza-Soto et al.,
2019).

De acuerdo con lo anteriormente expuesto la justificacion cientifica del trabajo se enfoca en
proponer un tratamiento que utilice la EC en flujo continuo para tratar agua residual de una
industria chocolatera, lo cual permitié la evaluacion del comportamiento de un reactor en flujo
continlo ante diferentes cargas organicas. Otra contribucién importante es que se utilizaron
diferentes materiales electrodicos, tradicionalmente se han venido aplicando electrodos de
aluminio, hierro y cobre, una propuesta innovadora de este proyecto es la aplicacién de electrodos
de zinc. Adicionalmente el sistema de EC se energiz6 mediante energia fotovoltaica, utilizando
celdas solares, un controlador, bateria, interruptores termomagnéticos, con la finalidad de
disminuir los costos de energia asociados y hacer un proceso mas sustentable y amigable con el

ambiente.

En consecuencia, esta investigacion contribuy6 a la remocion de més del 50 por ciento de DQO,

Color y turbidez en un agua residual de la industria chocolatera.
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2.2. HIPOTESIS

El tratamiento de EC en flujo contintio debe ser activado por energia fotovoltaica para proporcionar
un ahorro de energia y operar en condiciones 6ptimas de pH, material electrédico (Al, Zny Cu) y

de densidad de corriente; con lo cual presente una remocion eficientemente de los contaminantes

de un agua residual que provenga de una industria chocolatera.

2.3. OBJETIVOS

2.3.1. Objetivo general

Evaluar el comportamiento de un reactor de electrocoagulacion en batch, utilizando electrodos
activos de Zn, Al y Cu. Los electrodos mas eficientes se aplicaran en un proceso batch con

recirculacion y en flujo continlo, y el sistema se energizaran con energia fotovoltaica, para el

tratamiento de agua residual de una industria chocolatera.

2.3.2. Objetivos especificos

Estudiar el comportamiento de un reactor electroquimico en batch con diferentes electrodos
activos de Cu, Al y Zn, para determinar el efecto del material anddico respecto a la
eficiencia de remocion.

Determinar para cada sistema las condiciones optimas de operacion: densidad de corriente
y pH, para el tratamiento de agua residual de una industria chocolatera. Las condiciones
Optimas se determinaran por medio del estudio cinético en funcién de la DQO.
Cuantificar y caracterizar los lodos residuales de los diferentes sistemas mediante SEM-
EDSe IR.

Determinar las condiciones Optimas de operacion de un sistema de EC mediante una
columna de flujo descendente en modo batch con recirculacion y en flujo continuo.
Implementar un panel fotovoltaico para el tratamiento electroquimico acoplando un
controlador de corriente y una bateria de flujo profundo.

Realizar la caracterizacion del agua residual cruda y tratada mediante los parametros
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fisicoquimicos indicados en métodos estandar y las normas oficiales mexicanas.
7. Determinar los costos asociados al consumo y ahorro energético de un sistema de EC

convencional vs. EC acoplado a un panel solar.
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CAPITULO 3. METODOLOGIA

3.1. Materiales, reactivos y equipo

En la Tabla 3 se indican los materiales, reactivos y equipos necesarios para llevar a cabo esta

investigacion.

Tabla 3. Materiales, equipos y reactivos

Materiales Equipos Reactivos

Buretas Potenciémetro Agua desionizada

Electrodos de Zinc Fuente de poder Sulfato de sodio

Electrodos de Cobre Digestor para DQO Hidroxido de sodio

Electrodos de Aluminio | Balanza Agua destilada

Embudos de filtracion | Parrilla \n?;/lles DQO rango 20-1500

Shimadzu Total Organic Carbon
Gradillas Analyzer (model Lcpr) equipada
con un inyector automatico.
Matraces volumétricos | HACH prsooo y 6000

Matraces Erlenmeyer | Computadora

Perkin EImer Model Lambda 25

Vidrio de reloj

UV/Vis
Embudo de filtracion | Espectroscopia de Infrarrojo
con placa porosa Bruker, modelo TENSOR 27

Microscopio  Confocal  de
barrido laser (CLSM),
modelo TCS SPE / CTR 4000,
marca LEICA

Microscopia electronica  de
barrido y analisis del detector
EDS modelo JEOL JSM-6400
(SEM) (con electrones
retrodispersados (BSE) (10-20
Vasos de precipitado kv), acoplado a un FlexSEM,
modelo SU 1000 (Hitachi)
Electronic Data Systems (EDS)
) (hasta 20 kv) con detector
Bruker Quantax 75/80 de bajo
vacio

Matraces Kitasato

Termometro



http://www.cciqs.uaemex.mx/index.php?option=com_content&view=article&id=113&Itemid=86
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Encendedor

Espatulas

Escobillas

Pinzas

Portaobjetos

Bureta

Pipetas

Probetas

Placas de Petri

Tubos de ensayo

Matraces volumétricos

Reactor tipo Batch

Micropipetas

Reactor de EC para
flujo batch con
recirculacion y
continuo

Agitador/mezclador
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3.2. Metodologia general

La Figura 8 muestra la metodologia general llevada a cabo en este proyecto de investigacion, a

continuacion, se describe cada una de las etapas.

Etapa 1
Recolectade ~ ~ Caracterizacion | EtC . deyder]suzad N Carzctlerlzacmn .
' muestra " del agua residual y « EIECUOCOS CE G corriente -~ delagua
¢ V4 v Cu/Al/Zn y eléctrica Y 4 tratada y

e £ Va
/ V 4 Y / V A Y

Andlisis de N

~Resultados 7

Etapa 2
: -z \ k. - -z N . : N
Recolecta de Adaptacion del Caracterizacion En?afgr?a?l N Experimentos
© Mmuestra - tratamientoal del agua " electrédico ©  enbatchcon
y & reactor & residual y ootirmo ~ recirculacion
4 V4 » y pu > y
- N N
e?é?:rtrrliigte . Caracterizacion Analisis de
ye caudal y 4 ~ delaguatratada - Resultados
// Y 4 4 - 4
Etapa 3
N . o Realizar expgrimentos N : N
Recolecta de N Caracterizacion Y enicontintiolcon Caracterizacion . Andlisis de N
p: > del agua . condiciones optimas ; » >
p muestra & kel y de EC en batch con ./ delaguatratada . Resultados p
y &y a recirculacion y Y 4 4
£ y A ;L y V 4 y

Figura 8. Diagrama de la metodologia para desarrollé de la EC en continto con energia solar
para aguas residuales

3.2.1. Tratamiento en sistema batch sin recirculacion

El tratamiento EC de un agua residual de una industria chocolatera se estudio utilizando un reactor
cilindrico que funciona en modo discontinto (batch). Las caracteristicas se muestran en la Tabla
4; el reactor tiene dimensiones de 22.4 cm de altura y 7.5 cm de didmetro, con una capacidad
volumétrica maxima de 2 L. Se utiliz6 un volumen de 1.220 L utilizado para todas las pruebas,
agitado magnéticamente durante el tratamiento. Se disefid una configuracion de electrodos

rectangulares de cobre, zinc y aluminio, como placas de anodo / catodo, de dimensiones: 19.5 cm
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x 2.4 cm, un area anodica de 280.8 cm?. La corriente suministrada era 0.1 y 0.5A (j 1.781 mA/cm?
y 0.356 mA/cm?), alimentada por un panel solar, conectado a un controlador de carga. Se afiadio
sulfato de sodio (1 M) como electrolito de soporte para lograr 1.781 mA/cm? y aumentar la CE (de
624.7 uS/cma 1658 uS / cm). Durante el proceso se tomaron diferentes alicuotas cada 10 minutos
por hora de tiempo de tratamiento. Los pH de trabajo fueron 4.38 (pH natural de la muestra) y 7,
el ultimo se ajustd con NaOH 7.5 M. La configuracidn experimental se muestra en la Figura 9.

Al encontrar las condiciones éptimas de EC en batch de cada material electrodico se realizé la

caracterizacion fisicoquimica y por ultimo se analizan los resultados.

N = <
I

Figura 9. Tratamiento de EC en batch:1) Panel solar, 2) Bateria de ciclo profundo, 3) Controlador

de carga solar, 4) Controlador de corriente, 5) Catodo, 6) Anodo, 7) Agitador magnético




METODOLOGIA

Tabla 4. Caracteristicas de la metodologia de la Etapa 1

Parametro

Sistema

Al-Al

Cu-Cu

Zn-Zn

Cantidad de electrodos
(anodo /catodo)

3:3 4nodo-catodo

Dimensiones de los
electrodos

19.5 cm de largo por 2.4 cm de ancho

Dimensién del reactor

7.5 cm didmetro y 22.4 cm altura

Area anddica 280.8 cm?

pH 4y7
Densidad de Corriente 0.356 y 1.7806 mA/cm?
Volumen 1.220 L
Tiempo 60 minutos

Se realizo un disefio factorial 22 para cada material, en total son 4 combinaciones de cada material

como se observa en la Tabla 5.

Tabla 5. Disefio factorial 22

No. de Material 3
experimentos 2 PH (mA/cm?)
electrodo
1 Al/Zn/Cu 4 0.356
2 Al/Zn/Cu 4 1.7806
3 Al/Zn/Cu 7 0.356
4 Al/Zn/Cu 7 1.7806

3.2.2. Tratamiento en sistema en batch con recirculacién

Para el tratamiento de EC en un reactor tipo batch con recirculacion, se utilizaron las caracteristicas

mencionadas en la Tabla 6.

El reactor EC consiste en una columna de flujo descendente paralelo, con forma de cilindro (100

cm de altura 'y 5 cm de didmetro) con una capacidad de 1.964 L. El sistema se muestra en la figura
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10. Se puede observar que la solucién se alimenta en la parte superior de la columnay se recircula
a través de todo el sistema. Esta tecnologia explota un orificio en la parte superior de la columna
para producir un efecto venturi que promueve la transferencia de masa. Los electrodos de aluminio
se colocaron dentro de la columna, como electrodos se utilizaron dos placas de aluminio, como
anodo/catodo, las dimensiones de los electrodos es de 92.5 cm de longitud, 0.318 cm de espesor y
un ancho de 2.4 cm. Los electrodos tienen un volumen total dentro de la columna de 0.282 L, por
lo tanto, el volumen libre total dentro de la columna fue de 1.682 L. Sin embargo, en todos los
experimentos se utilizé un volumen total de 6. La energia se suministrd por una bateria de flujo
profundo la cual fue cargada por un panel solar, conectado a un controlador de carga. La densidad
de corriente suministrada a los electrodos fue de 1.779 y 3.559 mA/cm?. A las muestras se les
agregaron sulfato de sodio (1 M) para aumentar la CE de 785.8 a 1680 uS/cm.

Al encontrar las condiciones dptimas de EC en batch con recirculacién de cada material electrodico

se realizo la caracterizacion fisicoquimica y por altimo se analizaron los resultados.

2 %Jﬁ‘g 5
J

1 |1 4

Agua fria

Recirculacion
con serpentin

| -

L
I

Figura 10. Reactor de EC para flujo batch con recirculacion y continto; 1) Reactor

>

electroquimico de columna de flujo descendente (DCER), 2) Control de corriente, 3) Controlador

de carga solar, 4) Bateria, 5) Panel solar.
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Tabla 6. Caracteristicas de la metodologia de la Etapa 2

Parametro

Sistema

Material del electrodo
(anodo /catodo)

2:2 4nodo-catodo

Material de los
electrodos

Aluminio

Tiempo de
tratamiento

60 min

Dimensiones de los

92.5 cm de largo por 2.4

electrodos cm de ancho
Area anddica 888 cm?

pH 6.379
Densidad de corriente | 1.781y 3.562 mA/cm?
VVolumen 6L

Tipo de conveccién Recirculacion
Temperatura 26 °C
Volumen en la 1682 L
columna

Caudal 0.06 y 0.32L/s
Tiempo de residencia 28.033y 52.562 s

Se realizo un disefio factorial 22 para cada material en total, son 4 combinaciones de cada material

como se observa en la Tabla 7.

Tabla 7. Disefio factorial 22

No. de J Caudal
experimentos | (mA/cm?) (L/s)
1 3.562 0.32
2 3.562 0.06
3 1.781 0.32
4 1.781 0.06
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3.2.3. Metodologia para reactor en continto

Se realizo la EC en continto con la misma muestra de EC en batch con recirculacion y con las
condiciones Optimas obtenidas de estos experimentos como se muestran en la Tabla 8, las variables
consideradas fueron la cantidad de electrodos, tipo de material electrédico, area anddica, densidad
de corriente, volumen, tiempo de tratamiento, tipo de conveccién, volumen en la columna, caudal,

tiempo de residencia, temperatura dimensiones de los electrodos y pH.

Tabla 8. Caracteristicas de la metodologia de la Etapa 3

Parametro Sistema

Material del electrodo 92 4nodo-catodo

(4nodo /catodo)
Material de los ..
Aluminio
electrodos
Tiempo de 10 min

tratamiento
Dimensiones de los | 92.5 cm de largo por 2.4

electrodos cm de ancho
Area anddica 888 cm?
pH 6.379
Densidad de corriente 3.562 mA/cm?
Volumen 6L
Tiempo de residencia 28.033 s
Caudal 0.06 L/s
Volumen en la 1682 L
columna
Tipo de conveccién Recirculacion
Temperatura 26 °C

El proceso de EC en flujo continto se realiz6 en el mismo reactor que el tratamiento de EC en
batch con recirculacion con energia fotovoltaica, considerando las condiciones 6ptimas en funcion

del porcentaje de remocion de DQO, color y turbiedad del proceso en batch con recirculaciéon.
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3.3. Técnicas de caracterizacion fisicoquimica

3.3.1 Toma de muestra

Se obtuvieron muestras de aguas residuales industriales de los efluentes de una industria del
chocolate ubicada en el Estado de México, sin tratamiento previo; fueron recolectados en
recipientes de plastico y almacenados a 4 ° C para caracterizacion y tratamientos electroquimicos.
Los parametros fisicoquimicos se caracterizaron de acuerdo con los procedimientos de los métodos
estandar (APHAJAWWA/WEF, 2012).

3.3.2. Caracterizacion inicial y final del agua residual

Se caracterizo el agua residual industrial antes y después del tratamiento de la EC, la eficiencia de
los sistemas se evalud en términos de la DQO, color y turbidez. Para evaluar las condiciones
Optimas se realizd una caracterizacion completa de acuerdo con las normas oficiales mexicanas

como se muestra en la Tabla 9.

Tabla 9. Parametros y métodos para la caracterizacion del agua residual

Parametro Método

DBOs NMX-AA-028-SCFI-2001
Color Método HACH DRsono
Cloruros NMX-AA-073-SCFI-2001
Nitritos Método HACH DReooo
Nitratos Método HACH DReooo
Nitrogeno amoniacal Método HACH DReooo
Nitrogeno total Método HACH DReooo

pH Método de HANNA HI gg191
Sulfatos NMX-AA-074-SCFI-2014
Floruros Electrodo selectivo
Turbidez HF Scientific® Micro100 Laboratory Turbidimeter




METODOLOGIA

3.3.3. Caracterizacion espectrofotométrica

Mediante la técnica de UV-Vis, se realiz6 un barrido de las muestras de agua residual y tratada en
un rango de 200-900 nm. Mediante esta técnica se determina las absorbancias méximas de la

muestra, permitiendo identificar cualitativamente algunas sustancias presentes en la muestra.

El fundamento de la espectrometria se debe a la capacidad de las moléculas para absorber
radiaciones, el espectro UV-visible esta dividido en dos partes el UV cercano (195-400 nm) y
visible (400-780 nm). Las transiciones electrénicas entre los orbitales atbmicos y moleculares son
producidas por la radiacion electromagnética que incide sobre la materia, esto hace que s6lo uno
0 un conjunto de atomos sean capaces de absorber la radiacion (denominados cromaéforos a estos
grupos). EI UV-Vis absorbe una especie quimica y el sistema adquiere energia que produce la
transicion de un electron de un estado basal a uno excitado. La radiacion electromagnética se
produce por E que es la energia trasportada en radiacion o foton (J foton™), calculado con la
ecuacion (8) la que necesita de e que es la velocidad de la luz (2.9979 x 108 m s*) por h que es la
constante de Planck (6.6256 x 1034 J s foton™) entre A que es la longitud de onda (m) o de igual
manera h que es la constante de Planck (6.6256 x 103 J s foton™) por v que es una frecuencia de
la radiacion (s?). La ecuacion de Planck esta relacionada con la energia de la transicion (Wayne,
1991; Skoog, West and Holler, 2005).

E=hv=he/A 8)
3.3.4. Determinacion de DQO

Mediante esta técnica se mide la materia organica e inorganica que es susceptible a oxidarse con
un oxidante fuerte, el oxidante consumido se refleja en términos de su equivalencia en oxigeno
(mg/L Oy).

Esta técnica es muy empleada utilizando el método de American Publish Health Association, pero

en este caso se utilizd la norma (NMX-AA-030/2-SCFI-2011) donde utilizan como agente

oxidante el dicromato de potasio (K2Cr20y7), el sulfato de plata (Ag2SOa) es el catalizador que
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oxida los compuestos y el mercurio (HgSOa) es el inhibidor de haluros, sulfuros, sulfitos, etc. Lo
anterior se encuentra en un medio acido (H2S0O4), al estar el tubo preparado se le agrega la muestra
en solucion y se lleva a digestion a una temperatura de 150 °C en 120 min. Después el tubo se deja
enfriar (temperatura ambiente) y se mide el valor en un espectrofotometro (Hach DR 5000)
(APHA/AWWA/WEF, 2012). Esta técnica se usa en aguas naturales y residuales (aguas residuales

municipales e industriales).

3.3.5. Carbono organico total (COT)

El seguimiento se realiz6 mediante un analizador TOC-L Shimadzu Total Organic Carbon
analyzer. Para realizar la medicion se lleva a cabo una combustion completa de la muestra a 680
°C introduciendo una corriente de oxigeno puro, en un horno el cual tiene un catalizador de platino
soportado en alumina. Al formase didxido de carbono y agua, con respecto al agua, esta se evapora
y el CO> es arrastrado por una corriente de aire de ultra pureza (Infra 32020), hacia un analizador
de infrarrojo no dispersivo, el cual se relaciona directamente con el carbono presente en la muestra.
Con ello se obtienen el Carbon total (CT) y Carbon inorganico (ClI), el COT se obtiene por
diferencia de estos (Santana Martinez, 2019; Shimadzu, 2020).

3.3.6. Fluorescencia

Esta técnica se llevd acabo en un Microscopio invertido con lampara de Hg, modelo CTR 4000,
marca Leica, con tres lentes objetivas de 10, 40 y 63X vy filtros fluorescentes 13, N2.1y Ay
Microscopio con focal de barrido laser modelo TCS SPE, Leica con laseres para longitudes de
onda de 405, 488, 532 y 635 nm.

Se realiz6 en las siguientes condiciones; Su montaje es directo en cubreobjetos. Se emplearon los
aumentos de 10X y 40X los bloques de filtros 13, N2.1y A, los cuales presentan una luz de emision
verde, rojo y azul respectivamente. Las muestras presentan auto-fluorescencia y presentan emision
para los 3 bloques de filtros, por lo anterior no se empled ningun tipo de marcador ni filtros. Las
imagenes empleadas para el analisis de resultados se encuentran en verde ya que aqui se observd

la méxima emision de sefial (515 nm), revelando més detalles de la superficie de los electrodos.
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3.3.7. Andlisis de los lodos

La microscopia electronica de barrido y los anélisis de detectores EDS se realizaron con la ayuda
de JEOL JSM-6400 (SEM) (con electrones retrodispersados (EEB) (10-20 kv), acoplados a un
sistema de datos electronicos (EDS) FlexSEM, modelo SU 1000 (Hitachi) (hasta 20 kv) con el
detector Quantax 75/80 Bruker bajo vacio, MAG: 500x, HV: 20kV, WD: 11.3-11.6mm, Px:
0.32um y 80um. Esto se utiliza para conocer la composicion elemental, textural y propiedades
morfoldgicas

La espectroscopia infrarroja por transformada de Fourier se realiz6 mediante la afinidad IR
Shimadzu-1S. Se utiliz6 en un espectrofotometro infrarrojo por transformada de Fourier para
identificar los principales grupos funcionales de compuestos organicos en un rango de 3999-399

cm,

El andlisis previo se llevo a cabo para caracterizar el lodo obtenido del tratamiento EC, despues de
secar a 105°C, durante 24 h, con el objetivo de establecer la composicion del lodo a partir de estos

analisis.
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CAPITULO 4. RESULTADOS Y DISCUSION

En este apartado estan los resultados y las discusiones que se generaron en este trabajo, las cuales
se encuentran dentro de un articulo publicado y dos articulos enviados, estos se presentan en las
secciones 4.1, 4.2 y 4.3 respectivamente, ademas en la seccién 4.4. se presentan resultados no

publicados.

4.1. Articulo cientifico 1. Solar-photovoltaic electrocoagulation of a chocolate industry

wastewater: Anodic material effect (aluminium, copper and zinc)

El articulo fue enviado a la revista Journal of Environmental Chemical Engineering, de la editorial

ScienceDirect.
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Highlights

EC process using Zn, Al, and Cu electrodes was supplied and energized by solar energy.

Aluminum electrodes showed the best removal of COD, Color and Turbidity

A current regulator and a deep cycle battery guarantees the same energy in the process

The biodegradability index was increased from 0.49 to 0.59
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ABSTRACT

An industrial wastewater from a chocolate factory with an acid pH (4.38), with a high content of
organic matter of (COD = 9566 mg/L), Biochemical oxygen demand (BODs) of 4666.97 mg/L,
biodegradability index (BI) of 0.49 and Total organic carbon (TOC) of 1318.7 mg/L, was treated
by electrocoagulation. The wastewater sample presented important nitrogen and phosphorous
contents that could cause eutrophication if discharged without previous treatment. A solar-
photovoltaic electrocoagulation was proposed to treat the wastewater using aluminium, copper and
zinc as anodic materials. The effect of pH (4.38 and 7), current density (1.781 mA/cm? and 0.356
mA/cm?) at 60 min treatment time was studied. The Aluminium system exhibited the best results
for organic parameters: COD achieving 50% removal efficiency, reducing BOD to 39%. The BI
was increased considerably from 0.49 to 0.59 and TOC was diminished only 26.65%. Copper
system also showed an acceptable behaviour in the organic removal to 43% COD, 53% BOD,
30.7% TOC and the BI was 0.4. And the Zinc system was slightly less efficient than copper and
aluminium, where the removal achieved was 39% COD, 30% BODs, and 19% TOC. The BI shows
an increase to 0.56, improving the biodegradability of wastewater. The quantification and
characterization of sludge was carried out using Scanning electron microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS). Energy savings were reduced using a solar panel, however, costs
associated with the use of energy were calculated. Infrared spectroscopy (IR) and fluorescence

spectroscopy proved the removal of organic and nitrogenous matter.

Keywords: Chocolate industry wastewater; electrocoagulation; Zinc anode; aluminium anode;

copper anode; solar-photovoltaic
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Introduction

Chocolate products are the most widespread desserts and snacks around the globe [1]. In 2014, the
global chocolate market was an 87.5 billion USD industry and the global chocolate consumption
was 7.25 million metric tons. European consumers were the largest purchasers of chocolate
products (about 11 kg annual per capita) amounting to nearly 50% of all chocolate consumption
worldwide. The most popular variety was milk chocolate, a confectionary product with higher milk,
sugar, emulsifier and added fat content than cacao, suspended in a continuous fat phase (cocoa
butter 30-40%)[2—4].The production of milk chocolate involves mixing of ingredients, refining,
conching, tempering and moulding[5]. Afterwards, the chocolate bars are cooled and packaged.
The water consumption in the chocolate process is around 11,372 L/kg for moulded chocolates,
followed by bagged chocolates (10,484 L/kg). However, the majority of the consumed volume is
green water which is entirely due to the raw materials [1]. The chocolate manufacturing industry
wastewater can be characterized as nontoxic because it is devoid of hazardous compounds, but has
high contents of total solids (TS), oils, sulfates, chlorides, fluorides, phosphorous, total nitrogen,
biochemical oxygen demand (BOD), chemical oxygen demand (COD) and surfactants [6]. Coming
from saturated fats, polyphenols, methylxanthines aldehydes, pyrroles, mixtures of phospholipids,
ketones, aliphatic alcohols, liquid cocoa butter triglycerides, glycolipids, volatile compounds di-

and tri-terpenes, sterols, furans and flavonoids coming from the manufacture of chocolate [7-12].

The environmental impact of the chocolate industry is mainly due to freshwater eutrophication
0.87-0.64 g phosphorous eq./kg [1]. Problems associated with eutrophication include profuse algal
blooms, excessive nuisance aquatic plants growth, negative aesthetic aspects and deoxygenation
[13]. The majority of impact (57%—72%) 1s associated with the production of key ingredients, such
as milk powder, sugar, flour and cocoa butter. Freshwater ecotoxicity (FET) is high for milk
chocolate (133 g 1,4-DCB eq./kg), the main cause of this impact are the raw materials (91%—-96%),
with more than half associated with cocoa cultivation. Milk powder (19%-21%) and sugar (11%)
also have noteworthy contributions. FET can be traced back to copper, zinc and phosphorus
releases as well as to pesticides used in agriculture [1]. For example Kruszewski, Wiestaw and
Kowalska [14]report heavy metals contamination (cadmium Cd, lead Pb, nickel Ni) in raw cocoa

and the masses resulting from the various steps of the chocolate manufacturing process.
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Efficient wastewater treatment technologies include electrochemical methods, for example,
electro-oxidation (EO), electroflotation (EF), and electrocoagulation (EC) [15-17].These
technologies are environmentally friendly because they have a small footprint, are reliable,
economic, consume less treatment time, display big volume handling capacity, do not need
chemical additives and generate minimal sludge quantities. In wastewater treatment plants, EC may

function as a conventional coagulation substitute [18,19].

EC is an effective technique to remove heavy metals, nonmetals, anions, and organic compounds

from drinking water and wastewater [20-22].

During the EC process, an applied electrical current makes sacrificial anodes dissolve, generating
active coagulant compounds and electrolytic reactions happen at the electrode surfaces. Different
metals have been tested as electrodes: aluminum, copper, iron, stainless steel, platinum and zinc

[17,21,23-26].

Through the anode (sacrificial electrode), a direct current is introduced to generate a metallic ion
(M ('ﬁ;;)) (Equation 1). Water reduction occurs at the cathode to produce OH™ and H», as Equation 2
[27] shows. This promotes the formation of polyhydroxides and polyhydroxy-metallic

(M(OH)ys)), depending on the pH and metal involved, as seen in Equation 3 [28]. After that,

adsorption of colloidal pollutants on the surface by flotation or sedimentation is carried out [29].

Equations 1-3 show the reactions occurring during EC [30,31].

At the anode,

Ms) > Mgy + ne” 1)
At the cathode,

2H,0 +2e~ - 20H + H, ()
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In the bulk solution,

M{hy +nOH™ > M(OH) (5 (3)
EC has attracted sizeable attention because of its growing enforcement to treat wastewater for
different industries, like gelatine, the collagen of animal hide, bone, potato chips, carbohydrates,
starches, proteins, vitamins, pectins, sugars, carbohydrates, fermented products, pasta, cookies,

molasses, phenols, melanin, caramel and almonds [32-38].

On the other hand, electrochemical treatments need energizing direct current to be carried out,
although it 1s a limitation for this kind of treatment; solar energy can be a friendly and green option,
because of evergrowing fossil fuel resource limitations that give off also ill-contributing

greenhouse gas emissions [39,40].

The key objective of this research 1s to study the performance of the EC process using zinc,
aluminium, and copper electrodes supplied and energized by solar energy. Batch experiments were
performed for the treatment of real chocolate wastewater under various experimental conditions.
The studied variables were current densities (CDs), pH, electrolysis time, and electrode materials.
The response parameters were COD and colour mainly. Nevertheless, a complete characterization
was carried out before and after the EC process to understand the physicochemistry of water,

evaluating also the energy consumption and produced sludge.

2. Materials and methods.

2.1. Wastewater sample and characterization

Industrial wastewater samples were obtained from the effluent of a chocolate industry located in

the State of Mexico. Samples were taken without previous treatment; they were collected i plastic

containers and stored at 4 °C for characterization and electrochemical treatments.
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The physicochemical parameters were characterized according to Standard Methods Procedures
[41]: chemical oxygen demand COD, BODs, total organic carbon (TOC), turbidity, colour,
sulfates, pH, nitrites, nitrates, total nitrogen, total phosphorus, conductivity, total coliforms and

fecal coliforms.

2.2. Electrocoagulation treatment

The EC treatment of a chocolate wastewater was studied using a cylindrical reactor in bench scale
experimentation setup working in batch mode, with dimensions of 22.4 cm height and 7.5 cm
diameter, with a maximum volumetric capacity of 2 L. A volume of 1.220 L was used for all tests,
continuously stirred during treatment. A rectangular electrodes configuration was devised of
copper, zinc and aluminium, as anode/cathode plates, of dimensions: 19.5 cm x 2.4 cm, an anodic
area of 280.8 cm?. The electrical current supplied was 0.1 and 0.5 A (j 1.781mA/cm’ and 0.356
mA/cm?). powered by a solar panel, connected to a charge controller. Sodium sulfate (1 M) was
added as support electrolyte to achieve 1.781 mA/cm? and to increase a conductivity (from 624.7
uS / cm to 1658 uS / cm). Different aliquots were taken every 10 minutes per hour of treatment
time. The working pHs were 4.38 (natural pH of the sample) and 7, this last one adjusted with
NaOH 7.5 M. The experimental setup is shown in Figure 1.
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191
192 Figure 1. Experimental set up used for EC experiments: 1) Solar panel, 2) Deep cycle battery, 3)

193  Solar charge controller, 4) Current controller, 5) Cathode, 6) Anode, 7) Magnetic stirrer

194

195  2.3.Methods of analysis

196

197  Scanning Electron Microscopy and EDS detector analysis were performed aided by a JEOL JSM-
198 6400 (SEM) (with a backscattered electrons (BSE) (10-20 kv), coupled to a FlexSEM, model SU
199 1000 (Hitachi) Electronic Data Systems (EDS) (to 20 kv) with Quantax 75/80 Bruker detector at
200 low vacuum, at MAG: 500x, HV:20kV, WD:11.3-11.6mm, Px:0.32um and 80um. This was used
201 to know the elemental composition, textural and morphological properties.

202

203  Fourier transform infrared spectroscopy (FTIR) was performed. A Shimadzu IR affinity-1S Fourier
204  Transform Infrared Spectrophotometer was used to identify the main functional groups of organic
205  compounds in a range of 3999-399 cm.

206

207  The previous analysis was carried out to characterize the sludge obtained from EC treatment, after
208  drying at 105°C, during 24 h, aiming to establish the composition of the sludge from these analyses.
209
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Chemical species distribution diagrams were analysed by MEDUSA program [42]. The
concentration of electrically charged species in solution is the ionic strength (/); this was calculated

with Equation 4 [43],
I(mol/L) = >3(C:Z?) 4)
where Z; is the charge of each ion and C; is the concentration of each individual ion (mol/L).

2.4. Electrical cost and consumption

Cost and energy consumption of the EC was estimated considering the theoretical dissolution of

the electrode material (/) calculated by the Faraday's law [44] as follows,
W(g/L) = itM /nFv ©)
The electrical energy consumption E is defined by the Equation 6 [45,46] ,
E (kWh/L) = Uit/v (6)
where i, is current (A), ¢ is time (s for Equation 5 and h for Equation 6), M is molecular weight of
the electrode material (Al, Cu or Zn) (g/mol), v is the volume of the sample (L),  is the number of

electrons, F 1s Faraday's constant (96485 C/mol) and U is voltage (V).

The electricity cost in Mexico 1s USS$ 0.040 per kWh [47]. The cost per liter of wastewater treated
can be calculated with Equation 7 [48].

Cost(US$/ L) = EC(kWh/L)(0.040) (7
3. Results and discussion

3.1. Physicochemical characterization of industrial wastewater
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Table 1 summarizes the results of the physicochemical characterization of the industrial wastewater
prior treatment. The initial chocolate wastewater sample has a pH acid of 4.38, the content of
organic matter was characterized by COD of 9566 mg/L, BODs 4666.97 mg/L. The
biodegradability index (BI) was 0.49, according to Metcalf and Eddy [49], a wastewater with
BI<0.5 is not easily biodegradable. The chocolate wastewater sample presents a BI slightly under
this value. TOC was 1318.7 mg/L. This kind of wastewater sample from chocolate industry is
characterized for the presence of high nitrogen and phosphorous contents. The sample contains 95
mg/L as total nitrogen, 11.7 mg/L N- NH3z mg/L, 1.3 mg/L N-NO;™ mg/L and 0.95 mg/L N-NO,~
mg/L. On the same sample, 36.82 mg/L of PO4*~ was detected. This N and P content is enough to
cause problems associated with eutrophication including profuse algal blooms, excessive growth
of nuisance aquatic plants, negative aesthetic aspects and deoxygenation [13]. The sample contains
high colour and turbidity (891 Pt-Co units and 1082.67 NTU), the presence of chloride ions was
detected (294.92 mg/L), so that, it is possible that during electrochemical processes chlorine gas is
formed, although this may help wastewater disinfection, because of 1.6x10° MPN/100mL of total
and fecal coliforms were detected in the sample. Also, the metals, Al (0.48 mg/L), Cu (0.19 mg/L)
and Zn (0.35 mg/L) were characterized. Additionally, monovalent and bivalent cations were

determined in the sample.

Table 1. Chocolate wastewater characterization before and after EC treatments

Final characterization
Parameter Units Initial
Cu Al Zn
pH - 438 5.03 4.98 4.87
Colour Pt-Co U 891 110 81 93
COD mg/L 9566 5431 4808 5814
BODs mg/L 4666.97 2173.04 2852.84 3245.31
BODs/COD 0.49 04 0.59 0.56
TOC mg/L 1318.7 913.62 967.21 1069.37
o N-NO;~
Nitrites 0.95 0.31 0 0.7
mg/L
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! Nitrates RO 13 0.6 0.7
262 mg/L
Ammoniacal N- NH;3;
o . 1.7 13.9 2.7 17.9
Total nitrogen N mg/L 95 31 33 48
Phosphate PO, mg/L | 36.82 15.82 3.59 30.02
Turbidity NTU 1082.67 88.9 19.2 283
Total coliforms | MPN/100mL | 1.6x10° <200 <200 <200
Fecal coliforms | MPN/100mL | 1.6x10° <200 <200 <200
Chlorides Cl' mg/L 294.92 225.89 158.96 192.42
Fe mg/L 3.22 1.89 1.93 1.52
Ca mg/L 167.39 24.55 18.22 18.73
K mg/L 2441 2141 20.05 20.26
Mg mg/L 12.35 11.37 4.13 9.93
Al mg/L 0.48 0.19 106.4 0.24
3.14
(at pH9)
Cu mg/L 0.19 265.66 0.15 0.08
17.3
(atpH9)
Zn mg/L 0.35 0.25 0.29 198.6
2.66
(atpH9)
263 3.2.Electrocoagulation treatment
264
265 3.1.1 pH effect
266

267  The imitial pH 1s a significant parameter for EC [50]. It 1s worth noticing that pH increases during
268  EC by the electrochemical reaction. This is generated by water reduction at the cathode [51,52] to
269  produce H, gas and OH™ ions [53].
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Figures 2, 3 and 4 show the pH effect on the COD removal at a current density of 0.356 mA/cm?,
1 hour of treatment time and initial COD 9566 mg/L, colour 891 Pt-Co U, using Cu, Al and Zn as
anodes in the electrolytic cell, pH of 4.38 (natural pH of the wastewater) and 7 (neutral pH) adjusted
with sodium hydroxide.

Figure 2a shows the aluminium electrocoagulation performance and the pH influence on the COD
and colour removal. 31% of COD removal was achieved at initial pH 7 and 39% at pH of 4.38. At
the same time, 80-90% of colour was removed in this treatment. During EC the pH increased to
4.98 and 7.30, respectively. According to aluminium species distribution diagram (Fig. 2b),
Al(OH); was produced in this pH range (Equation 8) [54].

A3t + 30H - Al(OH), (8)

wn
=]

pe A AB* AlCH){s) Al(OH),
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Figure 2. Aluminium electrocoagulation performance: Effect of pH on the COD and Colour
removal efficiency after 60 min of treatment and 0.356 mA/cm?, a) pH 4.38 (¢COD and o Colour)
and pH 7 (mCOD and oColour) and b) Aluminium species distribution diagram in wastewater as a
function of pH (I=0.02 and AI**=1.02 mM, NO;~ = 20.97uM, POs#™= 0.39 mM, CI™= 8.32 mM,
NH:=0.69 mM, NO, =20.65 uM).

The pH evolution with time, exhibited by the copper EC system, is shown in Figure 3. It can be
observed that the natural pH sample increased from 4.38 to 5.03. One of the main species formed

was Cu?* [55] which favours the precipitation of phosphate ions in the chocolate wastewater as
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Cuz(PO4)2¢5) [56] and CuCl,*3Cu(OH): [57](Equations 11-12). Equations 9-10 show the chemical
reactions that occurred in the aqueous media. At neutral pH, the samples pH increased to 8.02 and
Cu(OH): (s) was formed at this pH [58]. The best removal of 37% COD and 80% of colour were

achieved after 60 min of treatment time at an initial pH of 4.38.

In the EC process, different species contributed to destabilization of the organic and inorganic
macromolecules by charge neutralization [59], these produce the agglomeration of neutral colloidal

entities, promoting the flotation by hydrogen gas or precipitation by sedimentation [60].

Cugs) = Culy ) + 2e” )

Cu(s) + ZHZO(Z) - Cu(OH)z(S) + Hz(g) (10)
3Cu* + 2H,P0, - Cu3(P0,), + 4H* (11)
2Cu,0 + 2HCl + 2H,0 + 0, - CuCl,.3Cu(0OH), (12)
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Figure 3. Copper electrocoagulation performance: Effect of pH on the COD and Colour removal
at 60 min treatment and 0.356 mA/cm?, a) pH 4.38 (¢COD and o Colour) and pH 7 (mCOD and
oColour) and b) Copper species distribution diagram in wastewater as a function of pH (1=0.02
and Cu?*=1.53mM, NOs~ = 20.97uM, PO, = 0.39 mM, Cl"= 8.32 mM, NH;3 =0.69 mM, NO,"
=20.65 uM).
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Further, the Zn system showed a pH increase from 4.38 to 4.87, while the neutral pH sample
increased to 7.74. Figure 4 shows the behaviour of COD and colour removal efficiency observed
at these pHs in the Zn system. In both treatments, 39% of COD and 90% of colour were eliminated.
Equation 13 shows the anodic oxidation in the electrochemical cell, and Equations 14-16 show the
chemical reactions occurring in solution [61-66]. This electrode material produced a smaller
coagulant amount than Al or Cu, however a good removal of COD and phosphates were observed

in this system.

In-7In*" +2e” (13)
Zn2* 4 2H,0 - Zn(0H) 5 + 2H* (14)
Zn0() + H* - ZnOH* (15)
3Zn* + 2H,P0; + 4H,0 - Zny(P0,),.4H,0 + 4H* (16)

n
[}

(=] (%] e
(=] (=) (=)

Fraction

COD removal efficiency (%)
=)

Color removal efficiency (%0)

0 10 20_ 3 _ 4 50 60 pH
Time (min)

Figure 4. Zinc electrocoagulation performance: Effect of pH on the COD and Colour removal at
60 min treatment and 0.356 mA/cm?, a) pH 4.38 (¢COD and o Colour) and pH 7 (mCOD and
oColour) and b) Zinc species distribution diagram in wastewater as a function of pH (I=0.02 and
Zn*=1.53mM, NO;™ = 20.97uM, PO4*™= 0.39 mM, Cl= 8.32 mM, NH; =0.69 mM, NO,™ =20.65
uM).
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3.3.Effect of current density

Current density (j) is one of the most significant parameters in the EC [67], this controls the anodic
dissolution, bubble generation, flocs growth, the shift in pH, the consumption of energy in the

treatment, conductivity and the quantity of solids generated [68].

Figure 5 shows the behaviour and effect produced by the ; at 1.781mA/cm’ and 0.356 mA/cm?,
using Al, Cu and Zn anodes, at natural pH of 4.38. It is well known that increasing j, improves the
removal efficiency of organic and inorganic pollutants [69] because the anodic dissolution is
increased. As we can see, Figures 5a and 5b show that the best results were observed at j 1.781
mA/cm’ with Al and Cu electrodes [70-72]. Al system presented the best performance with a
removal of 50% COD and 91% colour, Cu system shows a lower removal than Aluminium, 44%

COD and 88% colour were achieved.

Figure 5S¢ shows the best removal efficiencies for the zinc system, 39% COD and 92% colour

removal were obtained at the smallest j (0.356 mA/cm?).
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357

358  Figure 5. Electrocoagulation performance: Effect of current density, j, on the COD and Colour
359  removal at 60 min of treatment time and pH 4.38 a) Aluminium system, b) Copper system; ¢) Zinc
360 system. DQO (m1.781mA/cm’ and €0.356 mA/cm?) and Colour (o0l1.781mA/cm? and 00.356
361 mA/cm?).

362

363  3.4.Kinetics

364

365  The kinetic data of the assessed treatments were analysed using basic power law models, however,
366  a low correlation coefficient was obtained. Hence, the Behnajady-Modirshahla—Ghanbery model
367 (BMG) was used. This is also called two step model [73].

368
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BMG has been intensively employed for connecting multiple operational parameters in reactions
involving AOPs (Advanced Oxidation Processes) [74]. The kinetic BMG is shown in the Equation
17 [75],

Ce= (1= [t/(m +bt)]) * Co )

where C; 1s the COD and Colour concentration at time ¢, the initial concentration of COD and
Colour at time t=0 min is Cy, 7 is the reaction time in min [76]. 1/m is the COD or colour removal

rate at the beginning of the process and 1/b is the maximum theoretical fraction of removal [77].

Figure 6 shows a) the COD removal and b) the colour removal. The m and b constants are given in
Table 2, these constants were calculated with the software Statistica 10 StatSoft®. The high
correlation coefficients showed that the applied kinetic model displayed good correspondence with
the data [78]. BMG model represents well the experimental data because the EC occurred in two
stages: coagulation occurred very fast during the first 10 minutes and then sedimentation occurred
during the last 50 min. Figure 6a shows that COD removal is faster with Al Electrodes and Figure
6b shows that after 40 min of treatment, the Colour removal is the same with the three different

materials but at different reaction rates.

1000
9500 # Experimental Al 900 l b # Experimental Al
a) ~Model Al )
e g0 f, Model Al
ASSOO I N Epeytl 700 W Experimental Cu
- —Model Cu Y
) ; 600 1 —DModel Cu
g7500 ® Experimental Zn 3500 |
E — Model Zn 8 ® Experimental Zn
400 |
Qoo —Model Zn
300
)
50 0 e " 0k, W g TR
s v * I 100
4500 _ — 0 :
0 10 20 30 4 0 6 0 10 20 30 4 50 6
Time (min) Time (min)

Figure 6. Kinetic BGM modeling of the a) COD and b) colour removal; Al electrodes (¢), Cu

electrodes (m) and Zn electrodes (o)
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In can be observed in Table 2 that the smallest m corresponds to the Zn system. This means that
Zn is the material that produces a faster initial removal rate of both, COD and colour. Even so,
constant b revealed that Al was the material producing a greater Colour and COD removal % at the

end of the process.

Table 2. The coefficients of determination and characteristic constants of BMG

Electrode Colour Removal COD Removal

material m (min) b i m (min) b r
Al 8.070848 0.986366 0.98661708 8.700301 1.926605 0.9957448
Cu 1.781608 1.113641 0.999911 18.787766 2.105534 0.99517004
Zn 0.380186 1.085942 0.9996909 4.171368 2.507814 0.99879533

3.5. Physicochemical characterization of industrial wastewater after EC treatments

Table 1 shows the physicochemical characterization of the chocolate industry wastewater before

and after EC for Cu, Al and Zn systems.

Aluminium system rendered the best results for organic and inorganic parameters: COD was
reduced from 9566 mg/L to 4808 mg/L which represents a 50% removal and BOD was reduced
from 4666.97 to 2852.84 mg/L, achieving 39% removal. The BI was increased considerably from
0.49 to 0.59. TOC diminished only 26.65% because EC does not mineralize the organic matter.
Colour and turbidity were considerably improved: 90 and 98% were achieved, respectively.
Regarding total nitrogen, it was reduced from 95 to 33 mg/L and ammoniacal nitrogen was slightly
increased from 11.7 to 12.7 mg/L, final nitrates concentration (0.6 mg/L) and nitrites were not
detected. Also, phosphate ions were reduced to 90%. The electrochemical reduction of NOs™ is

reported by some authors to occur according to Equation 18 and 19 [79],

8e™ + NOj3(q) + 10H(q) = NH{(4q) + 3H,0() (18)
NH{ + OH™ & NH;.H,0 & NH; + H,0 (19)
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Total and fecal coliforms show a 99% reduction. This can be ascribed to the CI™ ions present in the
solution. Equations 20-22 describe the chlorine production at the anode and the hypochlorite

formation in solution [80].

2C1~ - Cl, + 2e (20)
Cl, + H,0 - HCIO + H + Cl” 1)
HCIO - H* +ClO~ (22)

For the Aluminium system, the final pH was 4.98 then the formation of AI(OH)s(s) in the Figure

7a) 1s observed.

The copper system was the second best in the organics removal. The obtained removal results with
copper electrodes were: 43% COD, 53% BOD, 30.7% TOC and the BI was 0.4. Nitrogenous matter
exhibits a similar behaviour than Al system. TN was reduced 67%, ammoniacal nitrogen was also
increased from 11.7 to 13.9 mg/L, nitrates did not present any change and nitrites were reduced
from 0.95 to 0.31 mg/L. According to Equation 11 and Figure 7, the phosphate precipitation was
carried out in the Cu system as Cuz(PO0,),, 57% of removal was obtained. 87% of colour and
91.7% of turbidity were achieved. In addition, 99% of total and fecal coliforms were removed using

Cu EC system due to Equations 20-22 were performed.

On the other hand, Na,SO4 was added as support electrolyte, then Figure 7 shows the species that
are produced by adding SO4*~ (6.59 mM). In the Cu system, the increase of pH was 5.03, then
Cu?*, Cus(SO4)(OH)4(s), CusSO4(OH)s([81], CuSO4 [82] and Cus (PO4)(s) in Figure 7b) could be
formed, according to Equations 9,11 and 23-25.

Cu?* + 502~ - CuS0, )
4Cu** +S07™ + 6(0H)™ - Cu,S0,(0H)4 Y
3Cu®* + 40H™ + 507~ © Cus(S04)(0H),4 &)

The Zinc system was slightly less efficient than Cu and Al since the removal achieved was 39%

COD (from 9566 to 5814 mg/L), 30% BODs (from 4666 to 3245.31 mg/L), 19% TOC (1318.7 to
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1069.37 mg/L). The BI shows an increase from 0.49 to 0.56, improving the biodegradability of
wastewater, colour and turbidity presented a reduction of 89.5 mg/L and 73.86% respectively. Total
and fecal coliforms were reduced to 99%. The reduction of TN was only 49% and this system
achieved a higher formation of ammoniacal nitrogen (from 11.7 to 17.9 mg/L), nitrates and nitrites
achieved a concentration of 0.7 mg/L (46% and 26% respectively). Phosphates were slightly
diminished (18.46%). In general, POs>~ can be also adsorbed in the form of a complex with the
hydroxides and this depends on the sacrificial anodic material. This is reflected in the production

of sludge that can be removed by sedimentation and flocculation.
The increase of pH to 6.88 in the Zn system, promotes the formation of Zn**, Zns (PO4)2.4H,0(s),

ZnOH", ZnSO4 [83] and Zn4(OH)sSO4[84], as it is shown in the Figure 7c). The reactions

occurring in this system are 13,15-16 and 26-27,

n** + 502" & ZnSo, (26)
Zn(OH), +3Zn** + 40H™ + S0}~ - Zn,(0H)¢S0, (27)

i Eu* CU:SO:(OH)G(FS) Cu(OH)(s)

n* /,@(Q*Bisl Za0R)
\ .

a) 08

Fraction
Fraction
=

Figure 7. Species distribution diagrams in wastewater as a function of pH at j= 1.781mA/cm’ with
electrodes a) Al (AP"= 5.11mM and 1=0.058), b) Cu (Cu**= 7.65mM and I1=0.050) and c) Zn
(Zn*=7.65 mM and I=0.050)

The sludge content was determined for each system Al, Cu and Zn that produced 1.31, 1.15 and
0.41 g/L of sludge, per treatment [85].

3.6. UV-Vis spectroscopy
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Figure 8 shows the Uv-Vis spectra of the best conditions for each treatment, the samples were
diluted 1/20 for the analyses; turbidity, organic and mnorganic matter were reduced considerably

after treatments.

1.6
—Initial
14 | — Al
1.2 ----Cu
v i --Zn
g1
[
208
=]
20.6
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0.4 |
0.2
0 A e, TR,
200 400 600 800
Wavelength/nm

Figure 8. Uv-Vis Spectra of Al 1.781mA/cm? Cu 1.781mA/cm’ and Zn 0.356 mA/cm’

Aluminum is the material with the lowest absorbance in a range of 200-900 nm, after EC. This
material removed all turbidity from the sample, but there is still organic matter seen at the 200-325
nm wavelength; the same spectrum is shown in this range as in the sample treated with Zinc
electrodes. It is not known to which species this absorbance is related, but it is completely removed
with the Copper electrodes. Thus, the increase in absorbance is due to the link of Copper with the

organic matter of the medium.

Zinc and copper have the same absorbances of 325-900 nm, but Zinc has a turbidity three times

greater than copper. This was reflected on the COD concentration.

3.7. Sludge Characterization

After EC treatment, the sludge was characterized by SEM and EDS. Figure 9, shows the
heterogeneous and irregular morphology of the a)Al, b) Cu and c) Zn sludge, [86].
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The analysed samples section showed the following elements in common C, O, Si, S, P, Fe, Mg
and Al. The quantitative analysis indicate that average mass % of chemical constituents of the
sludge sample are: a) C 21.01%, O 56.97%, Na 0.39%, Mg 0.76%, Al 18.00%, Si 1.00%, S 1.02%,
Ca 0.38% and P 0.13%, b) C 55.28%, O 37.08%, Si 0.44%, S 0.53%, Cu 5.23%, P 0.60%, Fe
0.51%, Mg 0.18% and Al 0.15%, and ¢) C 30.16%, O 28.83%, Mg 0.45%, Al 0.19%, Si 1.10%, P
0.67%, S 0.58%, Ca 0.81%, Fe 0.54%, Zn 31.34%, K 0.29% and Na 5.06%.

60 60 60

50 50 ,-.50
7 2 )
& ) Euw

= &

E 30 g 30 E 30
£ b £
F20 520 20

10\."“1 10 10 |s g

o WUk 0 A 0 A L

0 2 4 6 8 10 2 4 6 H 10 2 4 6 8 10
Energy (keV) Energy (keV’) Energy (keV)

Figure 9. SEM and EDS images of sludge generated during EC process with electrodes of a) Al,
b) Cuand c) Zn

These elements are associated to the organic matter (carbon) and inorganic ions from chocolate

wastewater, as well as the anodic metals that were removed after the EC process [87].

The Figure 10 depicts the FTIR spectrum which exhibits different bands in the 3000-3700 cm™
range, assigned to the stretching vibration of O-H bonds of the different polymorphs of Al(OH)s,
Cu(OH),and Zn(OH); [88].

The peak at 1637-1647 cm™ represents hydroxyl bending and y'(OH) water bending vibration or
overtones of hydroxyl bending [89].
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Peaks at 2919-2921 and 2851-2855 cm™?, correspond to the C-H stretching mode of saturated C-C
bonds, showing the presence of hydrocarbons in the sludge [90], while the peak around 1051-1075
was assigned to carbonate mode. A stretching vibration of the Al-O bond at 554 cm™ was also
observed in the Al [91]. In addition, the presence of conjugated carbon—carbon bond is indicated
by the presence of a medium intensity band at 1464-1469 [92]. Peaks at 1745 in the Al, Cu systems

and 1744 cm™ in the Zn can be associated to stretching vibration of C=0 [93].
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Figure 10.FTIR spectra of sludge generated during EC process with electrodes of a) Al, b) Zn
and c¢) Cu.

3.8. Operating cost of the EC process

The operating costs in this work were calculated by Equation 6, for each electrical material at its
best conditions. The calculations were made based on the quantity of electricity that has passed
through the electrochemical cell [94] and the results are summarized in Table 3. Actually, these

costs can be taken as savings since the energy was supplied by a deep cycle battery of which the

CD was controlled by a current regulator.
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The deep cycle battery was charged by a solar panel. Thus, the supplied solar irradiation was a
function of the site where the experiment was conducted, while the instantaneous solar irradiation
was observed to vary with the meteorological conditions: roughly, sunny or cloudy [95]. Average
solar radiation was obtained from the values of NASA [96]. This work was carried out with the

following coordinates: 19.399, -99.714. The program estimated the value of 5.46 kWh/m?/day.

Faradaic efficiency (FE) was calculated with Equation 28 [97] where C(measured) is equal to the
metal measured concentration in the bulk solution divided by C(faraday) that is the theoretical
concentration calculated by Faraday’s law. The FE close to 1 means optimum system performance
and the production of Cu(II), AI(II) and Zn(II). Through this Equation, it is shown that the Zinc
electrode gives off almost twice the theoretical, because the solid phase is always in equilibrium
with the liquid phase with fast external mass transport [98], this happened by the Zn oxidation with
the simultaneous water reduction to form hydrogen, applied current (7), and solution pH [99,100].
With the electrodes of Al and Cu, there was a FE> 100 because the applied current was diverted to

secondary electrochemical reactions to proceed [101].

FE% = [C(measured)/C(faraday)](100) (28)

Table 3. Operating costs and Faradaic efficiency

Theoretical
concentration of
Costs Faradaic
Electrode the sacrificial
efficiency
material anode
(%)
Units
kwh/L  Cent (US)/L mg/L
' 0.0044 0.0176 138 77.1
Aluminum
Zinc 0.0003 0.0012 100 198.6
Copper 0.0037 0.0148 486 54.7
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According to the results observed in table 3, FE is higher when the Zn electrodes are used at a
current density of 0.356 mA/cm?. This is because zinc hydroxides generate ZnO(s) (Equation 29)
[102]. This produces a layer on the anode, which may generate electro-oxidation as shown in
Equation 30, because of ZnO has the capacity to function as a photoanode [103]. Due to this the
sludge production is very small.

Zn(0H), - Zn0 + H,0 (29)
H,0 +Zn0 - ZnO(°OH) + H* + e~ (30)

As current density increases, however, the FE decreases to 27.68% with a C(faraday) equal to 500

mg/L and a C(measured) equal to 138.4 mg/L.

4. Conclusions

An industrial wastewater sample from chocolate industry was characterized according to standard
methods. High nitrogen and phosphorous contents were identified and this could cause
eutrophication if such wastewater is discharged without a previous treatment.

A solar-photovoltaic electrocoagulation system was proposed to treat the chocolate wastewater
using Al, Cu and Zn as anodic materials. The effect of pH (4.38 and 7), current density (1.781
mA/cm? and 0.356 mA/cm?) at 60 min treatment were studied.

The Aluminium system exhibited the best results for organic parameters. The achieved COD
removal was 50% and BOD was reduced 39%. The BI was increased considerably from 0.49 to
0.59. TOC was diminished only 26.65%

The Copper system also showed a promising behaviour in the organics removal: 43% COD, 53%

BOD, 30.7% TOC and the BI was 0.4.

The Zinc system was found to be slightly less efficient than the Cu and Al systems. The removal
achieved were 39% COD, 30% BODs,19% TOC. The BI shows an increase from 0.49 to 0.56,
improving the biodegradability of wastewater. Colour and turbidity presented a reduction of 89.5
% and 73.86%, respectively.
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The energy cost of the three treatments is low, if the electricity grid was to be used. In this case,

the real cost regarding electricity consumption is nil because solar energy was used.
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4.2. Articulo cientifico 2. Electrocoagulation of chocolate industry wastewater in a 1

downflow column electrochemical reactor

En este apartado se encuentra el acuse de recibido del articulo, con el que se demuestra, que el
articulo ya fue enviado en la revista Fuel, su factor de impacto es de 5.578, su editorial es

ScienceDirect.




RESULTADOS Y DISCUSION

4.2.1. Acuse de envi6 del articulo

13/7/2020 Gmail - Submission Confirmation

M G ma|| VIOLETA garcia <violetamaricruz@gmail.com>

Submission Confirmation
1 mensaje

Fuel <eesserver@eesmail.elsevier.com> 6 de marzo de 2020, 18:31
Responder a: Fuel <fuel@elsevier.com>

Para: reynanr@gmail.com, rnatividadr@uaemex.mx

Cc: violetamaricruz@gmail.com, gabyroamo@yahoo.com.mx, ivonnelinares1978 @yahoo.com.mx, sejir@gmail.com,
marcsalgado.94@gmail.com

ke

*** Automated email sent by the system

Fuel

Title: RESIDUAL WATER ELECTROCOAGULATION OF A CHOCOLATE INDUSTRY IN A DOWNFLOW COLUMN
ELECTROCHEMICAL REACTOR

Authors: Violeta M Garcia, master; Gabriela Roa, Doctor; Ivonne Linares; Irvin J Serrano; Marco Antonio Salgado-
Catarino; Reyna Natividad, Ph.D.

Article Type: VSI:IMCCRE 2020

Dear Dr. Reyna Natividad,

Your submission entitled "RESIDUAL WATER ELECTROCOAGULATION OF A CHOCOLATE INDUSTRY IN A
DOWNFLOW COLUMN ELECTROCHEMICAL REACTOR" has been received by Fuel.

You may check on the progress of your paper by logging on to the Elsevier Editorial System as an author. The URL is
https://ees.elsevier.com/jfue/.

Your username is: reynanr@gmail.com
If you need to retrieve password details, please go to: hitp:/ees.elsevier.com/jfue/automail_query.asp

Your manuscript will be given a reference number once an Editor has been assigned.
Thank you for submitting your work to this journal. Please do not hesitate to contact me if you have any queries.

Kind regards,

Fuel

For further assistance, please visit our customer support site at http://help.elsevier.com/app/answers/list/p/7923. Here you
can search for solutions on a range of topics, find answers to frequently asked questions and learn more about EES via
interactive tutorials. You will also find our 24/7 support contact details should you need any further assistance from one of
our customer support representatives.

https://mail google.com/mail/u/0?ik=1fa4006f7 1&view=pt&search=all&permthid=thread-f%3A166 04593930023 1655 1&simpl=msg-f%3A166045939300... 1/1




RESULTADOS Y DISCUSION

4.2.2. Articulo Cientifico enviado

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

ELECTROCOAGULATION OF CHOCOLATE INDUSTRY WASTEWATER IN A
DOWNFLOW COLUMN ELECTROCHEMICAL REACTOR

V. M. Garcia-Orozco?, G. Roa-Morales®", I. Linares-Hernandez®, I. J. Serrano-Jimenes?, M.

A. Salgado-Catarino?, R. Natividad®”

Centro Conjunto de Investigacion en Quimica Sustentable UAEM-UNAM, Universidad
Auténoma del Estado de México, Carretera Toluca-Atlacomulco, Km 14.5, Campus San Cayetano,

50200 Toluca, MEX, México

b Instituto Interamericano de Tecnologia y Ciencias de Agua (IITCA), Universidad Auténoma del
Estado de Meéxico, Km.14.5, carretera Toluca-Atlacomulco, C.P 50200 Toluca, Estado de México,

Meéxico

*Corresponding author: gabyroam@gmail.com reynanr@gmail.com  Tel: Fax: 722 2766610

Ext. 7723




RESULTADOS Y DISCUSION

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Highlights
¢ A Downflow Column Electrochemical reactor can be used for electrocoagulation
o Electrocoagulation removes a high concentration of organic and inorganic matter
e Hydrogen is produced during the electrocoagulation process

o This reactor allows to keep the hydrogen for a later utilization
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Abstract

In this work, the performance of a Downflow Column Electrochemical Reactor (DCER) was
assessed In an electrocoagulation process to remove organic and inorganic matter from the
wastewater of a chocolate industry. To achieve so, aluminium electrodes were used as anode and
cathode. The studied variables were electrical current 1.58 A (781mA/cm?) and 3.16 A (562
mA/cm?’) and volumetric flowrate (0.060 L/s and 0.032 L/s). The joint effect of both variables was
found to be important on COD removal. The processed wastewater volume was 6 L. The direct
current was provided from a solar panel. The delivered charge to the system was regulated by an
energy controller. Therefore, the electrical current was constant throughout the whole treatment
and this leads to save energy. It was found that after the first 5 minutes of treatment, 51 COD%
and 80% color were removed at 0.06 L/s and 3.16 A. Under these conditions the suspended solids
were also removed. It was also concluded that one of the advantages of the assessed reactor is that
the produced hydrogen is retained in the system without pressurizing the system. The resulting

data were fitted by a Behnajady-Modirshahla — Ghanbery Model (BMG).

Keywords
Hydrogen production; Aluminium electrodes; Food industry; Electrochemical reactors;

Electrocoagulators
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Introduction

World population is constantly growing and this implies an increased consumption of
services| 1,2], medicines[3], chemical products[4], clothes[5], food[6,7] and commodities[8]. The
impact of these industries on the environment is undeniable and the chocolate industry is not the
exception. In order to satisfy the worldwide demand chocolate is produced in large quantities every
year[9,10]. However, the chocolate industry generates different kind of waste like, that volatile
compounds (di and tri terpenes), flavonoids, polyphenols, pyrroles, methylxanthines, aldehydes,
phospholipids mixtures, ketones, liquid cocoa, butter triglycerides, aliphatic alcohols, glycolipids,
furans, sterols and saturated fats [11-14]. This has motivated the search for effective treatments
in order to reduce the amount of these pollutants before discharge. In this context, biological
treatments have been preferred. This type of treatments, though, are lengthy and require a fine
control of operational variables for the microorganisms to survive [15]. At this point, it is worth to
find more viable alternatives like electrochemical treatments.

Among electrochemical methods, Electrocoagulation (EC) allows to treat water with organic
matter and suspended solids. EC combines flotation, coagulation and oxidation o reduction of
pollutants compounds [16]. In the EC, an anode and cathode are necessary to carry out the
treatment. The anode works as a sacrificial electrode and by in-situ electrodissolution provides the
system with the coagulating agent. This anode can be made of aluminium, copper, magnesium,
won, zinc and stainless steel [17-20] and in contact with the wastewater leads to hydrolysis
products (hydroxo-metal species) that are effective in the destabilization of pollutants.
Concomitantly, the reduction of water in the cathode occurs causing hydrogen gas bubbles and
hydroxide ions. This increases the pH in the bulk solution and produces sludge on the water surface
and this facilitates its removal [21]. The following reactions (Equations 1-2) occur at the anode

and cathode when Al electrodes are used [22].
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Anode:

Al = Al +3e” (D)
Cathode:

2H,0q) + 2e™ - Hy(g) + 20H ) ()

In aqueous medium the following reaction might proceed (equations 3-5) [23-27],

ZAI(S) + 6H20(1) - ZAI(OH)g(S) + 3H2(g) (3)
APt + 3(01‘1)_ - Al(OH)3 (4
nAl(0H); - Al,(0H) 3y ©)

Different pollutants that have been successfully removed with EC: dyes, suspended solids, heavy
metals, fluoride, hardness, arsenic, phosphate and pesticides [28-33]. This process is typically
conducted in batch electrochemical cells with continuous stirring. At industrial scale, this is an
alternative, however, might lead to mass transfer limitations thus reducing pollutants removal
effectiveness. Therefore, this work aimed to assesses a rather novel technology in the field of
electrochemistry, a Downflow Column Electrochemical Reactor (DCER). This in an ejector type
reactor that was originally conceived as gas absorber. Later on, it evolved as three-phase reactor
[34]. This is the first work where such technology is applied to conduct an electrocoagulation
process. Aluminium electrodes were used and an effluent from the chocolate industry was treated

so the effectiveness of the process was established.




RESULTADOS Y DISCUSION

124 2. Materials and methods.

125  2.1. Wastewater samples

126  The wastewater 1s transported from a chocolate industry to a treatment plant. The sampling was
127  conducted right before entering the treatment plant. The wastewater was collected in 20 L plastic
128  containers and kept at 4 °C until treatment. However, the characterization was conducted within
129 24 hof collection.

130

131 2.2. Electrocoagulation treatment

132 DCER, consists of a downward parallel flow column, that is shaped like a cylinder (100 cm of
133 height and 5 cm of diameter) with a capacity of 1.964 L. The system is depicted in figure 1. It can
134  be observed that the liquid phase is fed at the top of the column and recirculated through the whole
135  system and the breaking vessel that promotes the separation of hydrogen gas from the liquid phase
136  in the reactor. This technology exploits an orifice on the top of the column to produce a Venturi
137  effect that promotes mass transfer. The breaking vessel is a 5 L stainless steel reservoir with the
138  following dimensions (20x10- m in diameter and 15.9x10~m in height). There is a stainless steel
139  coil heat exchanger placed inside this reservoir. By means of this coil, the temperature is kept
140  constant since the pump transfers thermal energy to the solution. The aluminium electrodes (one
141  pair of plates for the anode and one pair for the cathode) were placed inside the column. Between
142 each pair of aluminium plates there was a 0.5 cm gap and between the anode and cathode the
143 separation distance was lcm, the aluminium plates dimensions were 92.5 cm in length, 0.318 cm
144  of thickness and a width of 2.4 cm. The total volume of the electrodes was 0.282 L and therefore
145  the total free volume inside the column was 1.682 L. Nevertheless, at all experiments a total

146  volume of 6L was used and the studied liquid volumetric flowrates were 0.032 and 0.06 L/s. The
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samples (20 mL) were taken at the point indicated in figure 1. The energy was supplied by a deep
flow battery charged by a solar panel, connected to a charge controller. The electrical current
supplied was 1.58 and 3.16 A The initial conductivity in the sample (785.8 1S/cm) was not enough
to achieve the aforementioned electrical current values. Thus, sodium sulfate (1 M) was added in
order to increase the conductivity up to 1680 pS/cm. The working pH was 6.4 (initial pH of the
wastewater sample). At all experiments, the treatment time was 1h and were carried out by

duplicate.

2.3.Methods of analysis

The wastewater sample characterization was carried out according to APHA [35]. Turbidity, pH,
colour, total and faecal coliforms, chemical oxygen demand (COD), biochemical oxygen demand
(BOD:s), electrical conductivity, sulphates, nitrites, nitrates, ammoniacal nitrogen, phosphates,
fluoride, chlorides, Fe, Cu, Na, K, Mg, Al and Ca were determined. The samples were not filtered

before colour analysis, then the reported results correspond to the apparent colour.

The speciation diagrams were generated in the MEDUSA program [36]. For such a purpose the
total 1onic force was used, it depends on the individual concentration of ions [37].
The sludge was quantified by determination of settleable solids in raw and treated wastewater in

mL/L [38]. Once the sample was filtered, the sludge was dried for 24 hat 105 °C and then weighed.

2.4. Cost analysis determination
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According to literature [39-44], the cost of the EC treatment 1s the sum of the energy cost and
electrode wear. In this work, the energy consumption of the pump and the cost generated by the

sludge management were added as shown in equation 6 [45],

Operation Cost = aE CElectrode energy + bE CPump energy +cE CElectrode +dE Csludge (6)

Where EC Blectrode i €xpressed as kg Al lost/m?, EC siudge in kg/m?, EC Etectrode energy a11d EC pump energy
as kWI/ m’, @ equal to b (0.04 USD/ kWh) [46], ¢ (2.008 USD /kg Al lost) and d is the cost of

sludge confinement m Mexico (0.035 USD/kg) [45].

The amount of material released from the anode to the solution was calculated by Faraday's law

(equation 7) [47-51],

ECgiectrode (kg/mz) = itM /nFv (7)

Where F is the Faraday's constant (96485 C/mol), i electrical current (A), t is time (s), v 1s the

volume (L), » 1s equal to the number of electrons and M is Al atomic mass (g/mol).

To establish the cost of the energy consumed by the pump (1.119 kW) and electrodes during the

treatment, Equation 8 is used [52],

ECElectrode energy (kWh/ms) = ECPump energy (kWh/m3) = (iUtl)/v (8)
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192 Where U is the voltage, #; 1s time (h), 7 (electrical current) and v (volume). In Mexico, the energy
193 costis $0.956 (MXN currency) per kWh [53], the exchange rate for MXN to USD was considered
194 as 1 USD=22.68 MXN.

195

196 3. Results and discussion

197  3.1. Physicochemical characterization of industrial wastewater

198  The physicochemical characteristics of the chocolate industry wastewater before EC treatment are
199  summarized in Table 1. The initial sample pH was 6.4 and it was not adjusted, all the experiments
200 were carried out at this value. The initial conductivity in the sample was 785.8 pS/cm, so sodium
201  sulfate (1 M) was added in order to increase the conductivity to 1680 puS/cm to carry out the EC
202 experiments. The chocolate industry sample showed a high organic content, COD (1732 mg/L)
203 and BODs (1399.8 mg/L), the biodegradability index (BODs/COD) was 0.8, so the wastewater
204  sample was easily biodegradable. In addition apparent colour (1560 Pt-Co Units) and turbidity
205 (512.4 NTU) were ascribed to a high content of colloidal matter, so this type of water is suitable
206 to be treated by EC. The sample also had microbiological matter, faecal and total coliforms (1.4
207 x10° and 1.7 x10° MPN). The inorganic matter was also quantified (711.4 mg/L SO4*). This
208  amount is the available for precipitation with the electrogenerated coagulant, phosphates were 26.9
209 mg/L. This is a low concentration in the context of chocolate industry wastewater. Ammoniacal
210  nitrogen was detected at 10 mg/L, nitrates 1.4 mg/L and nitrites 0.9 mg/L. The removal of nutrients
211  as phosphorous and nitrogen is important to reduce excessive growth of algae and the oxygen
212 depletion of the water body at the time of being discharged. Fluorides (0.3 mg/L) and chlorides
213 (169.7 mg/L) were also detected, the latter can promote indirectly the oxidation of organic matter
214  through the anodic oxidation of chlorides to chlorine gas or hypochlorite in aqueous solution.

215
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The physicochemical characterization and the determination of anions and cations were of great

importance to calculate the ionic strength (0.042 M) and to generate the speciation diagrams (figure

2). The concentration of Al (3.28 mM) was calculated by Faraday's law at 30 min, with a voltage

of 9.65 V and a current of 3.16 A. The species diagram was generated at 1.58 A. The species

diagram at pH 6.4 showed that Al (OH)s is produced by means of equation 3-4, and this resulted

in a pH increase.

Table 1. Physicochemical Characteristics of wastewater before and after EC treatment.

NOM-001-
SEMARNAT- | NOM-002-
Paiiiiatei Units Before | After % 1996. Rivers |SEMARNAT-
EC EC | removal | (Urban public | 1996. (Daily
use/Daily average)[55]
average)[54]
pH - 6.4 7.4 - - -
Turbidity NTU 512.4 37.8 92.6 - -
Color Pt-Co 1560 48.5 96.9 - -
Total 1y pNyi0omL| 1.7x10° | <200 . ’ .
coliforms
Fecal ) pNy100mL| 1.4x10° | <200 - - -
coliforms
COD mg/L 1732 640.5 63 - -
BODs mg/L 1399.8 | 329.6 76.5 150 -
Conductivity uS/cm 1680 1495 11 - -
Sulfates | SOsmg/L | 7114 | 5198 26.9 - -
Nitttes | O 0.9 04 | 556 . :
mg/L
Nitrates | T NO% 14 11| 214 . .
mg/L
Ammoniacal | N-NH;3
- 10 18 - " .
nitrogen mg/L
Phosphate | POs*mg/L | 26.9 15.9 40.9 - -

100
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224

225

226

227

228

229

230

231
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234

235

236

237

238

239

240

Fluoride F mg/L 0.3 0.04 86.7 - -
Chlorides Cl'mg/L 169.7 117.2 30.9 - -
Fe mg/L 1.4 0.6 57:1 - -
Cu mg/L 0.6 0.5 16.7 - 15
Na mg/L 251.2 185.4 26.2 - -
K mg/L 104 8 23.1 - -
Mg mg/L 14.65 51 65.2 - -
99.5 to
Al mg/L 1.6 pH9 - - -
(14.09)
Ca mg/L 30.3 16.7 44.9 - -
* After precipitation

3.2. Electrical current and volumetric flowrate effect

Electrical current (/) is an important factor influencing the treatment performance of EC process
since this parameter controls the amount of Al released by the sacrificial anode, it also helps the
production of hydrogen in the cathode and the sludge generation [56].

Actually, figure 3 shows there is an important effect of electrical current on both, COD and Colour
removal. According to figure 3, the liquid volumetric flowrate also exerts an important effect on
COD removal but not on Colour. This effect is more pronounced in the first minutes of treatment
and will be further discussed later in this section. The effect of electrical current was expected
because enhances anodic dissolution and therefore the amount of Al released into solution.
Actually, the results in figure 3 suggests this step, the released of the Al into solution as limiting
of the process.

In the first 15 minutes Faraday's law was fulfilled, this means that a higher electrical current
removes higher COD and colour amounts. At this point it can not be said if such removal is due to
the inorganic compounds removal since they were only monitored at the beginning and at the end

of EC.

101
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When changing liquid volumetric flowrate what is actually changing is the contact time and the
space velocity within the column where the electrodes are placed. In this work, this contact time
() refers to the time that the liquid volume where the electrodes are placed (1.68 L) spends in
contact with the electrodes and it can also be defined as the time per pass per the electrochemical
section. It is worth to remember that in this section the following steps are occurring: i) the
electrochemical generation of Al (reaction 1), ii) the transport of such ions to the bulk solution,
iii) formation of coagulating species (reaction 3-5) and iv) bonding of certain pollutants to the
coagulating species. It is also worth clarifying that steps 1i1 and iv might proceed also in the rest of
the system, i.e. piping, pump and breaking vessel. Thus, contact time is the available time for step
i and ii to proceed per pass and not per treatment. The latter, treatment time, is the total time that
the liquid was recirculated through the whole system until the energy source was off. This

treatment time was 1 h for all experiments.

Two liquid volumetric flowrates were tested, 0.032 L/s and 0.06 L/s. The corresponding contact
times were 53 and 28 s, respectively. If this time is used in the Faraday Law, the amount of AI**
per pass can be calculated. Table 2 summarizes these values also as a function of applied electrical

current.

l3+

Table 2. Theoretical amount of generated Al°™ as a function of contact time and electrical applied

current

Volumetric . Contact | Electric Theoretical
Velocity . amount of
flowrate h time current 3
aluminum
(L/s) (m/s) (s) A) (mg)
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264
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266
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271

272

273

274

275

276

277

278

0.06 0.036 28.03 1.58 4.13
0.06 0.036 28.03 3.16 8.26
0.032 0.019 52.56 1.58 7.74
0.032 0.019 52.56 3.16 15.48

There is in figure 4 the effect of liquid volumetric flowrate and electrical current on the initial
COD removal rate. It can be observed that there is not an effect on initial COD removal rate of
applied electrical current at low volumetric flowrates. Since the generated AI** per pass increases
when the applied electrical current increases (see table 2), then the observed increase in initial
COD removal rate when the volumetric flowrate and the applied current increase can be ascribed
to an improvement in step 7 and in mass transport, so the other three steps are also enhanced. The
mass transport would be enhanced due to the increase in velocity and therefore in turbulence.
When only QO is increased and / is kept at its lowest value, -rcop,, decreases despite the higher
turbulence associated to the increase in velocity. This can be ascribed to the lower amount of AI**

generated per pass (see table 2).

Figure 5 shows the effect of both variables, electrical current and liquid volumetric flowrate, on
pH profiles. It can be observed that at all experiments, pH increases when treatment time
increases. It can be observed, that volumetric flowrate affects the increase on pH only at low
electrical currents while its effect is practically negligible at the highest applied electrical current.

The observed increase in pH is due to the generation of hydroxide ions in the medium [21].

The best results were obtained at a high electrical current (3.16 A) and even at a fast Oz (0.06 L /

s). For this reason a full physicochemical characterization of the treated water under these

103
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conditions was performed and the results are summarized in table 1. The characterized sample

corresponds to the treatment time of 30 minutes.

As can be seen 1n table 1, the pH at the end of the treatment increased to 7.4 and this was ascribed
to the produced aluminum hydroxides. Organic parameters as COD decreased from 1732 to 640.5
mg/L, achieving a removal efficiency of 63%. BOD was reduced from 1399.8 to 329.6 mg/L
(76.5%). Thus the biodegradability index also decreased to 0.5, which is consistent with less
biodegradable matter after the applied EC treatment. Turbidity and color were removed
successfully, 92.6 % and 96.9% of suspended and dissolved colloids were eliminated.
Microbiological parameters were decreased considerably after EC <200 MPN /100 mL of fecal
and total coliforms were detected. Inorganic anions, like sulfates, were removed 26.9 % probably
as aluminum sulfate, according to speciation diagrams the optimum precipitation of sulfates is pH
2-4, so that the initial sample pH (6.4) did not favor this mechanism. Phosphates were slightly
diminished (40.9%). This could be ascribed to two reasons; the first one, considering the soluble
chemical form at pH 6.4, as di-hydrogen and hydrogen phosphate (H.PO4 and HPO4>). According
to the speciation diagram, phosphates can precipitate at pH 12. The second reason of low removal
could be associated to a relative low concentration of aluminum hydroxide, that although
efficiently removes COD and color, the generated amount was not enough to act as a chelating

agent for phosphates and other anions.

On the other hand, an increase of ammoniacal nitrogen from 10 mg/L to 18 mg/L was observed.
This could be associated to the oxidation of organic nitrogen, due to the formation of chlorine gas

by the anodic oxidation of chloride ions, according to equation 9,
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261~ El, & 267 9)

A part of the wastewater is coming from the toilets, this is very noticeable due to the high
concentrations of faecal and total coliforms (urine and faeces). This contains nitrogen in the form
of nitrite and nitrate [68].

Nitrates were reduced from 1.4 to 1.1 mg/L (21.4%) and nitrites from 0.9 to 0.4 mg/L (55.4%).
According to Mook et al 2012, electrochemical technology can be applied to reduce nitrate ions to
nifrite and finally to nitrogen gas on the cathode surface. Nitrate and nitrite ions are very soluble
in water. Nitrite ions act as intermediate products and further react with water to generate nitrogen
gas, ammonia and hydroxylamine (NH,OH). Reduction of nitrate to nitrogen gas is the desired

process but ammonia is usually formed, this is the main reason why ammonia nitrogen increases.

The ammonia and nitrite are the two main end products generated and are considered as major
limitations to the efficacy of electrochemical denitrification. Also chlorine is oxidized at the anode
and reacts with water to form hypochlorous acid (HOCI). The hypochlorite ions then react with
nitrite and ammonia to produce nitrate and nitrogen [62]. Equation 10-16 represent the general

mechanism involved in the electrochemical reduction of nitrate.

NO; + Hy0 + 2™ - NO; + 20H" (10)
NO3 + 3H,0 +5¢~ - 1/2 N, + 60H" (11)
NO; + 6H,0 +8e™ - NH, + 90H" (12)
NO; + 2H,0 +3e™ > 1/2 N, + 40H" (13)
NO; +5H,0 + 6e™ - NH, + 70H™ (14)
NO; + 4H,0 + 4e™ > NH,0H + 50H" (15)
NO; + 2H,0 > NH, + 20, + OH™ (16)
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The Mexican laws (NOM-001-SEMARNAT-1996 and NOM-002-SEMARNAT-1996)[54,55] do
not contemplate the Al concentration in the permissible standards. The concentration of Al
calculated with Faraday's law is 88.35 mg/L. The measured concentration in the bulk solution and
without pH adjustment was 99.5 mg/L. The high concentration, above the theoretical could be
associated to the super faradaic efficiency[63]. This occurred because into the reactor a greater
wear of the anode is produced in a shorter period of time due to the mass transfer that exists in the
system and 1t was controlled by the electrical current, as shown the Faraday's Law. After, the pH

was adjusted to 9, to precipitate Al, the final concentration was 14.09 mg/L.

In this work, the electrode consumption was 88.35x10° kg Al lost/m’, the electrode energy
consumption was 2.54 kwh/m?, the pump energy consumption was 93.25 kwh/m? and sludge
production was equal to 119.2x10~ kg/m? (69mL/L). The cost of this treatment was 4.01 USD/m’.
This cost was calculated taking into account the energy consumed (the pump and the electrode),

the generated sludge and the wear of the electrodes.

The EC of this work was more economical with respect to energy consumption and electrode wear
for the slaughterhouse (4.19+0.12kWh/m* and 1.29+0.00kg/m?) [64], sugar industry (42kWh/m*
and 0.795kg/m’ )[65] and dairy( 45kWh and 1.566 kg/m’)[66], these works removed between a 82

t0 96.36% COD.

The cost of the photovoltaic installation was USD$ 284.68. This was calculated by taking into
account the cost of one solar battery of deep cycle CALE of 12V/110AH (USD $132.78), one

Solar Panel TUSA of 375W (USDS 138.77) and one Solar charge controller Anself of 20A,
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12V/24V (USD$13.13). Because the life of solar panels is around 20 years, the investment cost 1s

considered minimum.

Electrocoagulation 1s a technique involving the electrolytic addition of coagulating metal ions
directly from sacrificial electrodes. These ions coagulate with turbidity agents in the water
(colloids) and allow the easier removal of pollutants. The main purpose of this study was to assess
the COD and colour removal, however, a high removal of water turbidity (92.6%) was also
obtained. Similar results were obtained by Rahmani 2008 on the removal of water turbidity by
electrocoagulation also. It was found that in 20 minutes the removal efficiency by Al, Fe and St

electrodes was 93, 91 and 51 percent, respectively [67].

In addition, it is worth pointing out that the produced hydrogen by reaction 3-4 was accumulated
on top of the column and the liquid phase was downwards displaced. This 1s possible due to the
presence of the breaking vessel (see figure 1). We believe that the ability of the system of retaining
the hydrogen without pressurizing the system is an important advantage of this technology for

further applications in the electrochemical field.

3.3 Modelling

The obtained results at the best conditions were fitted to power law kinetic models. A rather low
correlation coefficient was obtained though. Therefore other kinetic models were tested. With the
Behnajady-Modirshahla — Ghanbery Model (BMG) [71], an 1* equal to 0.999 was obtained for
Color and COD. This model is widely used for Advanced Oxidation Processes [72], and is

mathematically described by Equation 17 [73],
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Ce = (1= (t/(m+ bty))) * C, (17)
Where Cp is the initial sample concentration (COD or Colour, accordingly), C; is final
concentration after a lapsed time (COD or Colour, accordingly) and 7, is the treatment time in min.
1/m s the velocity produced at the start of the reaction and 1/b 1s the maximum theoretical fraction,
m and b being constants [74,75] calculated using Statistica 10 StatSoft®, in this case for the

removal of Color and COD and are summarized in Table 3.

Table 3. Parameters of BMG model and Correlation Coefficients (1°)

Color removal COD Removal

m (min) b 1’ m (min) b r’

1.1798 0.9841 0.999 2.7275 1.4776 0.999

In Figure 6 a)-b) it is observed that in this treatment in the first minutes the coagulant was generated
and after 10 minutes the coagulant retains the organic and inorganic matter that is in the solution
in a suspended way. Thus, the resulting sample is in two phases 1) the sludge and 2) the solution,
for that reason the Colour and COD removal is very high in the first minutes.

The constants m and b are smaller in Color removal than in COD, it causes that the initial removal
rate of Color is faster and more percentage of Color is removed than COD at the end of the reaction.

In the same image it is seen that the experimental results fit in an excellent way to the BMG model.

Conclusions
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391  The remediation of wastewater (6L) from a chocolate industry was carried out in a Downflow
392  Column Electrochemical Reactor by electrocoagulation with aluminium electrodes under
393  recirculation. The electricity to energize the electrodes came from solar panels. It was concluded
394  that the variables that have the greatest impact on COD and color removal are the electrical current
395  and liquid volumetric flowrate. The former dictates the aluminium dose per pass of solution while
396 the latter determines the time per pass in contact with the electrodes and the effectiveness of the
397  contact between the generated Al species and pollutants. The inorganic and organic matter was
398 removed by the produced coagulant, AI(OH)3, and hydrogen was simultaneously produced and
399  accumulated on top of the column. Under the studied conditions and after a treatment time of 30
400  min, the COD removal was 63% and 96.9% of colour when recirculation volumetric flowrate (Qr)
401 was 0.06 L/s, the electrical current was 3.16 A at pH 6.4. The cost of this treatment taking into
402  account the energy consumed (the pump and the electrode), the generated sludge and the wear of
403  the electrodes were 4.01 USD/m’. The treated effluent fulfils the mexican standard NOM-02-
404 SEMARNAT-1996. The resulting data are well represented by a Behnajady-Modirshahla —
405  Ghanbery Model (BMG).
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Importance of Electrode Tailoring in the Coupling of
Electrolysis with Renewable Energy

Violeta M. Garcia-Orozco*,® Maria Millan*,® Justo Lobato,™

Carmen M. Fernandez-Marchante,”® Gabriela Roa-Morales,® Ivonne Linares-Hernandez,

Reyna Natividad,”™ and Manuel A. Rodrigo*?

In this work, the performance of an electrolyzer, used to treat a
clopyralid waste and powered directly without regulation with
a battery, has been evaluated and is shown to be influenced by
the electrodes resistance Electrolyzers were equipped with
electrodes consisting of the same boron-doped diamond (BDD)
coating deposited on different substrate (Si, Ta and Nb). The
results expose great differences despite using the same coating.
Faster removal rates were attained with Ta- and Nb-BDD
electrodes. The amount of energy required to attain the same
removal efficiency showed great differences. Up to 1.95 mg/Wh

1. Introduction

The United Nations Framework Convention on Climate Change
has exposed the importance of the awareness about the climate
change and highlighted the efforts that should be done in
order to stop it. In the Conference of the Parties celebrated at
the end of 2019, 121 countries and 786 companies have
committed to reach net zero emission in 2050"! and to fight for
the fulfilment of the Sustainable Development Goals focused
on promoting prosperity while taking care of the
environment.? In this context, besides stopping the global
warming, remediating environmental disasters caused by the
improper and uncontrolled production and use of many
hazardous chemicals must be a key issue to solve. Nowadays,
high concentrations of persistent pollutants can be found in
water bodies and soils. The high chemical stability and low
biodegradability of many of these pollutants makes even
possible their presence in the supply water, where they are
known to affect the immune system of human beings."
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of pesticide were removed when using Si, compared to
2.14 mg/Wh removed with Ta. Furthermore, the quantity and
strength of the generated oxidants were also quite different.
86.78 mmol of oxidants were needed to remove a gram of
pesticide with Ta-BDD and 30.57 mmol with Si-BDD. Therefore,
the electrode resistance is an important aspect that must be
considered in order to get a suitable design of energy storage
systems that allow the green photovoltaic powering of electro-
chemical technologies using conventional batteries as a booster
to ensure continuous operation.

Consequently, their removal from the natural environment is
essential to reduce and get rid of their negative impact.

Electrochemical advanced oxidation processes (EAOPs) have
been widely studied for the treatment of wastewater and
polluted soils.”’ Among them, the conductive diamond electro-
chemical oxidation (CDEO) has been widely used for the
oxidation of hazardous organic compounds.”’ Diamond anodes
are classified as “non-active” electrodes. This means that they
exhibit a weak interaction with the hydroxyl radical (-OH)
generated on their surface which, in turn, are responsible of the
organic matter oxidation. Thus, the weaker is the electrode-
(‘OH) interaction, the higher is the oxidation efficiency.”
Because of the outstanding results, many researchers have
focused their studies on the degradation of a huge variety of
persistent organic pollutants (POPs) using boron-doped-dia-
mond (BDD) anodes.”*”! In addition, BDD electrodes show a
high chemical and electrochemical stability and a high electro-
oxidation efficiency working in a wide range of current densities
and initial concentrations.®®! Furthermore, this EAOP does not
need the addition of reactant, using the electric energy as
unique reagent.

Looking for a further environmentally friendly treatment,
the use of renewable energy to power these electrochemical
technologies may become a key alternative” By contrast to the
continuous working mode of treatment plants, the renewable
power sources have an intermittent production, making neces-
sary the development of novel powering strategies to achieve
more sustainable electrochemical treatments.'” One of them
consists of the use of energy storage systems."""! Thus, during
the period in which the production of renewable energy is low,
the energy storage system is expected to power the electro-
chemical treatment. One possibility to meet this goal is to
directly couple the charged storage system with the electro-
lyzer, without fixing a cell potential with the assistance of

1 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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electronics but simply letting the storage system to provide
electricity until attaining its discharge down to a reasonable
level. In this case, the applied current density to the electro-
chemical treatment will mainly depends on the resistance of
the electrochemical cell which, in turn, is mainly influenced by
the electrode material resistance. Thus, the lower is the cell
resistance, the lower is the energy consumption of the treat-
ment. In order to reduce the energy demand of these electro-
chemical technologies, novel electrode materials should be
researched, aiming to reduce the ohmic losses while maintain-
ing the oxidation efficiency.

The development of more conductive supports for the
coating of BDD electrodes could be a key alternative to reduce
operative costs. A previous work has reported the use of
different support for the coating of BDD electrodes, evaluating
their influence on the generation of oxidant species.? It was
found that the substrate of BDD electrodes has low influence
on the production of oxidants when the characteristics of the
diamond coating are similar (even that, some differences were
found). Nevertheless, the oxidation efficiency and the energy
consumption of these systems were not assessed, as in that
case it was considered not relevant, because the energy was
supplied by a conventional power supply and the system was
operated in galvanostatic mode. Nonetheless, important differ-
ences were found in the cell potential needed to reach the
desired current densities, being these potentials lower when
using metallic supports. These important differences in the cell
resistance due to the diverse nature of the electrode substrates
bring up us the idea that, perhaps, this input can influence on a
system in which the power comes from an energy storage
device such as a conventional battery or a redox flow battery,
because of the different use of the energy stored. These
systems are typically used to accumulate the surplus of energy
coming from wind turbines or photovoltaic (PV) panels and,
hence, this has a direct application in the powering of electro-
lyzers with renewable energy.

In view the previous statements, the main aim of this work
is to study the performance of electrolyzers equipped with
electrodes consisting of the same coating on different supports
(and hence with different electric resistances) when they are
powered with the same charged battery. To do this, three BDD
anodes with the same diamond coating and different substrate
materials were tested (silicon, niobium and tantalum) to electro-
lyze a synthetic waste polluted with a model pollutant,
comparing the degree of treatment achieved in each case and
the way in which the battery was discharged. As far as the
authors know, this is the first time that this type of study has
been made and results can be very relevant for the design of
novel treatment systems integrated with renewable energies, as
these systems typically needs for an energy storage stage which
helps to fit the production and demand of energy.

2. Results and Discussion

As aforementioned, the main aim of this work is to evaluate the
different behavior of electrolyzers equipped with the same

ChemeElectroChem 2020, 7, 1-9 www.chemelectrochem.org
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2

diamond coating on different substates when they are powered
with the same fully charged battery.

In order to evaluate the performance of these electrodes, a
first electrochemical characterization was developed using
1.0gL™" of Na,SO, as supporting electrolyte. Figure 1 shows the
lineal sweep voltammograms and the Nyquist plots of each
BDD electrode. In addition, Table 1 collects the theoretical
electric conductivity of the substrate materials and the ohmic

10

Current (A)
. L .

o

7' ()

4 6 8 10
Zu (Q)

Figure 1. Linear sweep voltammograms (a) and Nyquist plots (b) for different
BDD electrooxidation cells. Nb-8DD (M), Ta-BDD (@) and Si-BDD (4.).
[Na,SO]=1gL"".

Table 1. Theoretical electric conductivity of substrate materials and ohmic

resistance of the BDD electrodes.

Material Electrical conductivity Ohmic resistance
of the substrate material of the BDD electrodes
[Sm-1] Q]

Nb 6.93-10° 0.78

Ta 7.61-10° 1.03

Si 435.10* 4.27

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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resistance of the different BDD electrodes. As seen in the
voltammograms, there is a higher slope for the BDD electrode
supported on Si, as compared to Nb- and Ta-BDD electrodes.
Regarding oxygen evolution potentials (OEVs), the higher
overpotential exposed by Si substrate could turn into a higher
oxidation efficiency.*"> Nb and Ta substrates show almost the
same tendency at lower potentials. Nevertheless, the electrode
supported on niobium exposes a lower slope at potential over
6V, despite of the lower electric conductivity of this material as
compared with Ta. Those results could be explained in terms of
the coating film and its contact with the supporting material.
The three electrodes were doped with the same concentration
of boron (2500 ppm) which provides the electrode of a semi-
metallic conductivity."” Despite the same amount of boron was
deposited in the three cases, the coating films reached different
thicknesses which can affect the conductivity of the electrodes.
Results noticed that thinner coating films led to higher
resistance. According to LSV data, over 38.2 mAcm™, Ta-BDD
electrode could attain higher removal efficiencies than Nb due
to the higher overpotential reached by this electrode at higher
current densities.

As the coating is the same, the slope of LSV analyses curves
should be directly related to the ohmic resistance that the
support materials offer. Thus, the lower is the slope, the lower is
the ohmic resistance of the BDD electrode, as Figure 1b shows.
The Si-BDD electrode shows an ohmic resistance four times
higher than that of Nb- and Ta-BDD electrodes. Considering
that the lower is the ohmic resistance, the lower is the energy
consumption, the energy cost of an electro-oxidation treatment
using Si-BDD electrodes would be much higher, taking into
account the same removal efficiency for the three BDD electro-
des, especially if there is not a significant influence on the
oxidation progress attained."”

In view of the electrochemical characterization results
exposed previously, the electrochemical oxidation treatment
working under the same operational conditions (galvanostatic
mode) and using Si-BDD electrodes should reach the best
remediation efficiency. Nevertheless, keeping in mind the
different ohmic resistances showed by each electrode, the
powering of the electrochemical treatment under a constant
power supplied by an energy storage system, should supply
different current and potential values to each electrode, which
can turn into different removal efficiencies that expected under
a traditional powering mode. Consequently, it is important to
confirm this point and hence, to evaluate the electro-oxidation
performance of each electrode in order to determine the best
substrate for BDD electrodes in terms of pollutant removal and
energy consumption.

Thus, with this objective, the electro-oxidation of 100 ppm
of clopyralid using BDD electrodes supported on three different
conductive materials and powered by a fully-charged lead-acid
battery was carried out. The potential and current applied to
the electrochemical treatment varied depending on the cell
resistance and charge accumulated in the battery (fully charged
in all cases). Figure 2 shows the potential recorded, the current
applied to the cell and the total charge passed throughout the
electrolyzer over 12 h of electro-oxidation treatment carried out
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Figure 2. a) Potential recorded and b) current (solid line) and electric charge

applied (dished line) to the electrooxidation treatment powered by a lead-
acid battery. Theoretical potential =12V, theoretical capacity=17 Ah.

with each cell. Furthermore, Table 2 shows a data review which
collects the average potential and current and the total electric
charge and energy applied to each electrolytic treatment.

As expected, huge differences were found in terms of
potential and current supply when different electrolyzers are
powered by a lead-acid battery. Thus, the applied electric
charge and the energy consumption of a particular electro-
oxidation treatment depend highly on the electrolyzer resistan-
ces. As Figure2a shows, the electrolyzers worked under a
different range of potentials. At 120 minutes, the potential
applied to the Si-BDD electrolyzer was almost the double than
the potential supplied to Nb- and Ta-BDD electrodes. Those
results are in line with the previous electrochemical character-
ization of each electrolyzer. As expected, the higher the ohmic

Table 2. Average potential and current, total electric charge and energy
for the complete electrooxidation treatment.

Electrode Average Average Electric Energy
material potential [V] current [A] charge [Ah] [Wh]
Nb-BDD 4.88 132 15.89 77.70
Ta-BDD 555 1.28 15.26 84.78
Si-8DD 9.67 1.09 1311 126.89

3
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resistance of the electrodes, the lower the current applied to
the electro-oxidation reactor. Regardless of the applied current,
in the first few minutes, the current increased until reaching a
maximum value around 14.34, 13.12 and 2.06 A for Nb, Ta and
Si electrode substrates, respectively. After that, the current
dropped slowly until the battery was discharged. Furthermore,
it can be observed that the lower the applied current, the
higher the discharge time. Thus, the electrolytic treatment using
Si-BDD electrodes can work for a longer time until reaching the
full discharge of the battery. Conversely, Nb- and Ta-BBD
electrodes showed a closer tendency in terms of current values
and treatment time, which could be explained by their similar
ohmic resistances. If LSV analyses and discharge current values
are compared for Nb and Ta electrodes, both results follow the
same tendency. The lower slope exposed by Nb electrodes at
higher potential values turn into higher current as shown
Figure 2b at the first time of the treatment. Conversely, its
slightly higher slope at lower potential lead to lower current
values after 1 h of treatment. In contrast to Si-BDD electrode,
the higher current values supplied to those electrodes lead to a
faster battery discharge. Regarding the current charge passed
throughout the electrolyzers, again higher differences were
obtained with the cell equipped with Si-BDD, which shows a
more progressive passing of charge, reaching a lower value
(13.1 Ah). Those results expose different battery states of charge
(SOC) after twelve treatment hours. Once the electro-oxidation
treatment performed with Si-BDD electrolyzer finished, the
battery still had a 23% of its theoretical capacity (17 Ah), energy
that could be used to attain a higher mineralization. By contrast,
only a 6.53 and 10.23% of capacity remained in the battery
after the electro-oxidation treatment developed with Nb and Ta
electrolyzers, respectively.

Regarding the energy consumption, as expected, the huge
resistances showed by the Si-BDD electrode lead to a high-
power demand. Consequently, the use of a Si-BDD electrolyzer
could be related with lower energy efficiency. Nevertheless, it is
important to evaluate the behavior of these electrodes in terms
of removal of organic compound to determine which is the
best substrate material for BDD electrodes.

Figure 3 shows the changes in the clopyralid concentration
over 12h of electro-oxidation treatment for each electrolytic
test (carried out with cells equipped with BDD electrodes
supported on different substrate materials) as a function of
reaction time and electric charge passed. The three tests
attained almost the same removal of pesticide at the end of the
treatment (12 h), achieving at least an 85% of removal in all
cases. Nevertheless, a slightly better removal of clopyralid was
attained with the Ta electrolyzer, 88.6%. Besides, it is important
to note that the degradation of pesticide exposes a different
tendency depending on the substrate material. Nb-BDD electro-
des showed a faster removal at the first treatment hours.
However, when almost a 50% of pollutant was removed, a
slowly removal rate was observed. At a treatment time of
90 min, the higher removal of pesticide was attained by the
BDD electrodes supported on Nb (51.8%). Conversely, 3.5h
later, the Ta-BDD electrolyzer had removed a 72.3 % of pollutant
in contrast to the 66.2% removed with Nb-BDD electrodes. As
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Figure 3. Clopyralid concentration profile under an electrooxidation treat-
ment powered by a lead-acid battery. Theoretical potential =12 V, Theoret-
ical capacity =17 Ah. Electrode material: Nb-BDD (M), Ta-BDD (@) and Si-
BDD (A). [Clopyralid], =100 ppm.

expected, the higher is the applied current density, the higher
is the rate of pollutant degradation.**%™ |n this case, the
lower removal rate observed by the Si-BDD electrode can be
directly related to the lower current densities applied to this
electro-oxidation reactor during the first hours of electrolytic
treatment. The higher removal achieved by the Ta-BDD electro-
lyzer regarding the Nb-BDD electrolyzer could be related to the
higher current applied to this electrode after 80 min of treat-
ment. On the other hand, if the removal of clopyralid is studied
in terms of applied electric charge (Figure 3b), the results
release information about the efficiency of the electrolysis
treatment. In this case, the higher removal of pesticide per
applied electric charge was attained for the Ta-BDD electrolyzer,
followed by the BDD electrodes supported on Nb and Si
substrates

In order to determine the best available support for BDD
electrodes, the ratio mg of removed pollutant/Wh was calcu-

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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lated. Si-BDD electrolyzer got the lowest removal of pesticide
per energy unit, 1.95 mg removed clopyralid/Wh, while Ta-BDD
electrodes showed the highest removal ratio, 2.14 mg removed
clopyralid/Wh. Furthermore, it is important to evaluate the
amount of total organic carbon that remained in the water
effluent after 12 h of electro-oxidation treatment. In contrast to
the pesticide removal results, the higher removal of TOC was
achieved by the Nb-BDD electrolyzer, reaching a removal of
78.9% within the experimental time. As noted above, the
electro-oxidation carried out using Si-BDD electrodes showed
the lower removal of total organic carbon (67.3%).

Furthermore, the mineralization attained with Ta-BDD
electrodes was slightly lower than that achieved by the electro-
lyzer equipped with Nb-BDD electrodes, 77.2 %. The differences
observed between the removal of pesticide and organic carbon
are directly related to the generation of intermediate species as
a result of secondary reactions between oxidants species and
the pollutant in the bulk solution. Figure 4 shows the total
chromatographic areas of intermediate species generated along
the electro-oxidation treatment for the three studied electro-
lyzers.

As expected, the higher production of intermediate species
corresponds to the electrolyzer that showed a lower removal of
TOC, Si-BDD electrolyzer. Thereby, the total chromatographic
areas of the intermediate species generated along the electro-
oxidation treatment were 704.4, 11758 and 1940.1au. (3-
chloropilinic and chloropicolinic acids) for Nb-, Ta- and Si-BDD
electrodes, respectively. Consequently, those results help to
explain the differences observed between the removal of
clopyralid and TOC for the Nb and Ta electrolyzers.

In order to clarify the difference between each substrate,
the generation of oxidant species was measured throughout
the electrooxidation treatments. Figure 5 shows the generation
of total oxidants by each electrolyzer. Contrary to expectation
according to changes observed in the organic pollutant
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Figure 4. Total chromatographic area of intermediate species generated
under an electrooxidation treatment powered by a lead-acid battery.
Theoretical potential =12V, theoretical capacity =17 Ah. Electrode material:
Nb-BDD (M), Ta-BDD (@) and Si-BDD (A). [Clopyralid],= 100 ppm.
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Figure 5. Total oxidants generated along an electrooxidation treatment
powered by a lead-acid battery. Theoretical potential =12 V, theoretical
capacity=17 Ah. Electrode material: Nb-BDD (M), Ta-BDD (@) and Si-BDD
(A). [Clopyralid],= 100 ppm.

concentration, huge differences were observed between the
oxidant generation, despite attaining almost the same removal
regardless of the used electrode substrate. Results are in line
with previous studies that evaluated the generation of different
oxidants using chloride and sulphate solutions as supporting
electrolyte working at galvanostatic mode."”” The higher
oxidant generation was attained by the Ta-BDD electrode
despite of the lower electric charge applied within a long
treatment time regarding Nb electrolyzer. The high potential
applied to the CDEO coupled with BDD-Ta after 1h of
treatment regarding the BDD-Nb could explain the higher
generation of oxidant in those electrodes. Besides, those results
are in line with the exposed by the LSV analyses for those
electrodes. At higher current densities, Ta-BDD electrodes
noticed huge overpotential values. It is worth to mention that a
decomposition of oxidants could be carried out at very large
cells potential values induced by the interactions of oxidants
formed in the system, in particular by the action of hydroxyl
radicals, which may promote the decomposition of stable
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oxidants to unstable radicals. These interactions have a low
probability of being generated on Nb- and Ta-BDD electrodes
surface because after one treatment hours the cell potential
dropped below 6V. Nevertheless, Si-BDD electrode worked
along the 12 treatment hours over 8 V which could explain its
low oxidant generation.

With the aim of quantifying the performance of each system
in terms of total oxidant generated, the ratio energy con-
sumption per unit of generated oxidant was calculated. Thus,
Si-BDD electrode got the higher ratio, 14.34 Wh/mmol oxidant
generated, that is, the highest energy cost to generate the
same amount of oxidant. On the contrary, Ta-BDD electrolyzer
showed the lowest energy cost per unit of generated oxidant,
3.36 Wh/mmol oxidant. Despite the higher generation of
oxidants and the lower energy consumption exposed by Ta-
BDD electrode, 86.78 mmol of oxidants must be generated in
order to remove a gram of pesticide. Conversely, 30.57 mmol
should be generated with the Si-BDD electrode to attain the
same removal. This could be explained in terms of the oxidant's
strengths and the previously commented decomposition to
radicals, which act immediately over the organics once formed.
Some oxidants can be powerful for the oxidation of a specific
pollutant, attaining higher and faster removal at lower concen-
trations. Among them, it is worth to mention sulphate radicals,
which are one of the strongest oxidant species that can arise in
the oxidation of sulphate solutions at an oxidation potential of
28V, doser to the oxidation potential of hydroxyl radicals
(2.7 V)! These sulphate radicals can generate -OH radicals at
basic pH values. Conversely, persulfate ions could generate
more sulphate radicals at acid pH values" Thus, the non-active
persulfate ion can become in a strong oxidant agent. Besides, it
is important to note that many other secondary reactions can
take place in the bulk solution rising other oxidant species. -OH
radicals can be combined arising the production of H,0,.%% At
same time, O, can be generated in the bulk solution due to
secondary reaction between oxygen and hydroxyl radicals.*”

Regarding the relation of the electrochemical character-
ization of the different tested substrates and the oxidant
species generation reached by each electrode, the higher
oxygen evolution potential showed by the BDD electrode
supported on Si substrate should be turned into a huge
hydroxyl radical generation beside Nb and Ta substrates.
Contrary to expectation, this electrolyzer showed the lower
concentration of oxidants.

Keeping this in mind, pH and conductivity analyses were
carried out over the treatment tests (Figure 6). Nb- and Ta -BDD
electrodes show an increase of pH values the first hours of
treatment, attaining almost constant and neutral pH at the end
of the study. Conversely, the use of Si-BDD electrodes showed
low pH values along the complete treatment, leaving an
effluent with acid properties. These differences could be related
to the intermediate and oxidant species generation and their
nature. In view of the previous arguments, those results could
explain the higher removal attained by the Si-BDD electrolyzer
in terms of oxidant's strengths despite the lower number of
oxidant species measured. Concerning conductivity, significant
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Figure 6. pH (a) and conductivity (b) profile along an electrooxidation
treatment powered by a lead-acid battery. Theoretical potential =12V,
theoretical capacity =17 Ah. Electrode material: Nb-BDD (M), Ta-BDD (@)
and Si-BDD (A). [Clopyralid],= 100 ppm.

differences were not observed throughout the treatment
regardless of the used BDD electrode.

Once all results have been exposed, it is worth to mention
that metal substrates with higher conductivity (Ta and Nb) and
lower ohmic resistance were supplied by higher current density
under a powering with a fully-charging battery. As a conse-
quence, the huge current densities applied to both electrolyzers
turned into faster removal rates and a higher oxidant gener-
ation, attaining huge removal efficiencies with a lower energy
consumption. Furthermore, in terms of mineralization, the
electrode supported on Nb substrate exposed the higher TOC
removal and a lower generation of intermediate species. Thus,
the huge amount of oxidant species generated during the
electro-oxidation treatment performed with this electrode
should be directly related to oxidized organic matter to CO,
and the remediation efficiency of the treatment. In view of the
previous results, it can be claimed that Nb and Ta substrates
exposed better remediation results than the electrooxidation
developed using traditional Si-BDD electrodes. Furthermore,
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these results expose an important and relevant breakthrough in
terms of novel substrate materials for BDD electrodes and it
helps to understand better how energy has to be dosed from
renewable energy devices, when the powering of the treatment
technology is carried out directly from an energy storage
device.

3. Conclusions

From this work, the following conclusion can be drawn. BDD
electrodes supported on Silicon substrate exposed the highest
ohmic resistance and consequently, the higher energy con-
sumption for an electro-oxidation treatment powered by an
energy storage system as power supply. Results suggested that
BDD electrodes supported on Ta and Nb substrates showed a
faster removal rate regarding the Si-BDD electrolyzer. After 12 h
of treatment, the Ta-BDD electrolyzer attained a highest
removal (88.56%). Nevertheless, the electrolyzer fitted with Nb-
BDD electrodes exposed the higher TOC mineralization and the
lower generation of intermediate species. Regarding the use of
energy, around 1.98 mg of pesticide/Wh were removed in the
electrolyzers equipped with anodes supported on Nb and Si,
while 2.14 mg were removed using Ta-BDD electrodes. Never-
theless, a lower energy consumption must be done in order to
generate a mmol of oxidant using Si-BDD electrodes
(1434 Whmmol ™). In terms of strength of oxidants, almost
30 mmol of oxidant must be generated in order to remove a
gram of pesticide using silicon as support of BDD electrodes.
Conversely, a 35% of oxidant more must be generated by the
Ta-BDD electrodes to remove the same amount of pesticide.

Experimental Section

Chemicals

Clopyralid supplied by Zymit Quimica (Spain) was selected as
organochlorinated pesticide model. A synthetic effluent was
prepared with 100 mgdm~ of pesticide and 3.0 gL' of Na,SO, as
supporting  electrolyte (Panreac). Milli-Q water (Resistivity:
182 MQcm at 25°C) was used was used to prepare the synthetic
wastewater effluent.

Experimental Setup

The electro-oxidation of 40 L of a synthetic effluent polluted with
dopyralid (an organochlorinated pesticide) was studied using a
bench scale experimentation setup working in batch mode. BDD
electrodes (78 cm?) were used as anodic and cathodic electrodes.
The degradation was carried out in a commercial conductive
diamond electrochemical oxidation (CDEO) reactor, DiaCell® 101,
provided by Adamant Technologies (Switzerland) using BDD
electrodes (WaterDiam, France) consisting on the same boron
doped diamond coating film supported on different materials:
Niobium (Nb), Tantalum (Ta) and Silicon (Si). The three electrodes
were doped with 2500 ppm of boron leading to a coating film of
7.7, 7.3 and 59 pum of thickness for Nb, Ta and Si -BDD electrodes,
respectively. The electrooxidation was powered using a lead-acid
battery (DSK, India) of 12V and 17 Ah of capacity.
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These are not the final page numbers! 72

7

Characterization Procedures and Analytical Techniques

Each electrolyzer was characterized using lineal sweep voltammetry
(LSV) and electrochemical impedance spectroscopy (EIS) measure-
ements using an Autolab potentiostat/galvanostat (PGSTAT-302N)
coupled with a FRA32M module. Clopyralid concentration, oxidants
production, pH and conductivity were measured during the
electrolysis. The concentration of clopyralid was measured by high
performance liquid chromatography, HPLC (Agilent 1260 Infinity) as
reported elsewhere."™ Oxidants production were quantified by an
iodometric titration with thiosulfate as reported elsewhere.'”! The
pH and conductivity were measured using CRISON pH25+ and
CRISON CM35 + instruments.
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4.4. Resultados no publicados y discusion general

En esta seccion se colocaron los resultados que no fueron publicados en el articulo.

4.4.1. Caracterizacion fisicoquimica

En el mes de marzo del 2017 se realizé una caracterizacion previa, antes de empezar el set de

experimentos de EC, para conocer las caracteristicas de la muestra del agua residual mostradas en

la Tabla 10.

Tabla 10. Caracterizacion fisicoquimica previa realizada en marzo del 2017

Parametro Unidades Valor | Parametro | Unidades Valor
pH - 4.52 CE pS/cm 785.8
Color Pt-Co g7o | CONOrmes | op y1gomy | 24000000

totales 0
Sulfato | SOs2mg/L o | Coliformes | ~ry/100mL | <2000000
fecales
DQO mg/L 4993 Cloruros Cl'mg/L 238.44
DBOs mg/L 1526 Fe mg/L 3.32

DBOs/DQO 0.31 Cu mg/L 0.11
TOC mg/L 560 Na mg/L 67.14

Nitrogeno +

Amoniacal NH4" mg/L 16 K mg/L 17.52

Nitritos N-NO2 mg/L | 0.79 Mg mg/L 12.48

Fosforo total P mg/L 11.57 Al mg/L 0.48

Turbiedad NTU 1323 Ca mg/L 26.86
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4.4.2. Analisis de Fluorescencia de los electrodos de trabajo

Este andlisis fue realizado para los electrodos que se usaron en la EC, antes y después del
tratamiento con sus mejores condiciones, para conocer que se encuentra en la superficie de los

electrodos.

En la Tabla 11 el electrodo de aluminio muestra una superficie irregular, pues presenta
predominantemente aglomerados o estructuras granulares intercaladas con las marcas de
maquinado (estrias longitudinales a lo largo del electrodo). En el caso de los electrodos de Cu y
Zn, la superficie presenta estrias longitudinales de manera homogénea a lo largo de todo el

electrodo, siendo mas definidas y profundas en el electrodo de Zn.

Una vez realizado el proceso de electrocoagulacién, tanto el &nodo como catodo de Al y Zn, se
observa la presencia de depositos de lodo (incremento considerable de fluorescencia) en la

superficie de estos:

o Parael Al, el &nodo presenta rastros de degradacion debido a la perdida de los aglomerados
y/o estructuras granulares que presentaba inicialmente, observandose de forma mas
definida las estrias de maquinado, propias de la fabricacion de los electrodos. Por el
contrario, en el caso del catodo, se forma una capa mas gruesa en la superficie de electrodo.
Esto se observa, ya que se rellenan por completo los surcos de las estrias del catodo y
ademas se presentan dos tipos de texturas, distribuidas de forma aleatoria y alternada. Una
textura suave y algodonosa que recubre la mayor parte del electrodo, la cual se intercala en
menor proporcidn con una textura organizada de forma semicircular con aspecto rugoso y

aspero la cual cuenta con una sefial de fluorescencia de mayor intensidad.

o Para el Zn, el &nodo donde se observa una mayor cantidad de depdsitos de lodo en la
superficie. Estos depdsitos se organizan como puntos de nucleacion, los cuales presentan
una mayor intensidad de emision de fluorescencia, distribuidos de manera homogénea a lo
largo del electrodo y aparentemente tienen preferencia por acumularse en las regiones

profundas de las estrias, ya que estas siguen siendo claramente visibles. En el catodo
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también se observa el depdsito de los lodos recubriendo por completo el electrodo con
presencia de aglomerados con una distribucién heterogénea y en mucha menor proporcion

que en el &nodo correspondiente.

o En el caso del Cu, se observa la presencia de un recubrimiento en la superficie de los
electrodos, mostrandose en mayor cantidad en el catodo que en el anodo, sin embargo, la
fluorescencia de estas capas distan por completo de las caracteristicas de florescencia
presentes en los electrodos de Al y Zn, lo cual sugiere que el depdsito tiene una
composicion diferente a los otros electrodos pues presenta sefiales de fluorescencia
especifica en longitudes correspondientes a 425 nm y 590 nm (azul y rojo
respectivamente), estas sefiales se emiten de estructuras pequefias, posiblemente trazas de
metales y/o estructuras semi-cristalinas. Otra caracteristica del deposito es que no se esta
incorporando el material que compone principalmente a los lodos ya que la fluorescencia

en la longitud de 515 nm (verde) caracteristica de estos (Tabla 12) es practicamente nula.

Respecto a los lodos, en la Tabla 12, se muestra una comparativa en campo claro, por microscopia
de fluorescencia y por microscopia confocal, a los mismos aumentos. Aqui se observa que los
lodos con electrodos de Al y Zn poseen mayor indice de fluorescencia, que los obtenidos con
electrodos de Cu.

Los lodos de Al y Zn estan organizados en su mayoria por estructuras granulares de tamafo
homogéneo, mientras que los obtenidos con Cu tienen forma de hojuelas de tamafio variable, ya

que presentan bordes irregulares, son planas y de mayor superficie.

En el caso de la muestra de lodos de Cu, se presenta un mayor nimero de fibras y sobre todo
granulos o estructuras semi-cristalinas, con una marcada emision de fluorescencia distinta a la

verde.

Con las imagenes de confocal de los mismos lodos (es en las mismas zonas que las imagenes
tomadas para fluorescencia y campo claro) se confirma la baja sefial de fluorescencia de los lodos
obtenidos con los electrodos de Cu.
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Tabla 11. Superficie de los Electrodos por microscopia de Fluorescencia con longitudes de onda
de 405, 488, 532 y 635 nm.

Muestra Blanco Anodo Catodo
Experimental Experimental
Al
Cu
Zn
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Tabla 12. Micrografias por microscopia de Fluorescencia de muestras de Lodos con longitudes
de onda de 405, 488, 532 y 635 nm.

Muestra Campo Claro Fluorescencia Confocal

Al
10X

Al
40X

Cu
10X

Cu
40X

Zn
10X
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Zn
40X

Los lodos resultantes de la electrocoagulacion con electrodos de Al y de Zn genera una mayor
fluorescencia, lo que podria ser resultado de una mayor precipitacion de elementos organicos
(desechos organicos, bacterianos entre otros), considerando que son producto de aguas residuales
y que usualmente presentan indices altos de autofluorescencia. En el caso del proceso realizado
con el cobre, la precipitacion de estos elementos es mucho menor, debido a la baja presencia de
fluorescencia verde, caracteristica del lodo correspondiente, sin embargo, se observa que incorpora
otros materiales, probablemente semi-cristalinos (por la sefial intensa y definida), ya que estos

emiten en longitudes diferentes a 515 nm (verde) y la sefial es muy puntual.

Los electrodos de Al y Zn presentan una mayor captacion de lodos en su superficie, a diferencia
del Cu donde se observa que tanto el &nodo como el catodo presentan un recubrimiento homogéneo

con una fluorescencia en verde notablemente inferior.

En los electrodos de Al, se observa un importante desgaste del electrodo y también pequefios
depdsitos de lodo a lo largo del mismo, y en el catodo se observa la generacién de un recubrimiento
homogéneo y grueso formado por los lodos resultantes. Se menciona que la capa es gruesa, debido
a que dejan de observarse las estrias de pulido mecanico del electrodo, por lo que se asume que
tanto las regiones profundas de las estrias como los valles, han sido recubiertos en su totalidad,
incluso generando puntos de alta densidad de material que destacan por el incremento de la

fluorescencia y que le dan un aspecto aspero o craguelado.

En los electrodos de Zn, se observa que, contrario a lo que se espera de un proceso electroquimico,
el anodo, ademas de presentar sefiales de incremento de corrosion, también cuenta con depdsitos
mas densos de lodo distribuidos en el electrodo homogéneamente, mientras que en el catodo la

capa es fina, ya que pueden observarse las estrias naturales del electrodo.
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4.4.3. Efecto del electrolito soporte en la EC: Sulfato de Sodio y Cloruro de Sodio

La CE de la muestra es muy pequefia (785.8 puS/cm) para introducirle corrientes altas a los
electrodos por eso se le suministro sulfato y cloruro de sodio 1M para subir la CE hasta 1680
uS/cm, a esta CE se puedo llevar cabo la EC con corrientes altas. Se realiz6 la EC con los tres
diferentes materiales de electrodos con una corriente de 1A. En al Figuras 11-13 se realizd una
comparacién con respecto al Sulfato de Sodio y Cloruro de Sodio.

Cuando se realizaron los tratamientos con esas caracteristicas no existio ninguna diferencia con

los electrodos de Al 'y Cu para los diferentes medios electroliticos (Figura 11-12).
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Figura 11. EC con electrodos de Cu implementando un 1A con diferente medio conductor
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Figura 12. EC con electrodos de Al implementando un 1A con diferente medio conductor

Con respecto a los electrodos de zinc (figura 13), se ve una diferencia significativa entre usar

sulfato sodio y cloruro Sodio.
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Figura 13. EC con electrodos de Zn implementando un 1A con diferente medio conductor
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4.4.4. Electrocoagulacion en continuo

El tratamiento se realiz6 en contindo durante 10 minutos, a un Qv igual 0.06 L/s, 6 L y 3.16 A,
debido a que fueron las mejores condiciones en el tratamiento en batch con recirculacion.

Donde todos los parametros analizados (tabla 13) tiene una remocion por que la materia organica
e inorganica de esta removiendo por el coagulante que se forma en este proceso.

El Unico pardmetro analizado que no disminuyd fue la concentracion de Al en la solucion por esa
razén se aument6 el pH a 9 para promover su precipitacion. La remocién de la DQO fue

Unicamente del 25% mediante el sistema en flujo continto.

Tabla 13. Caracterizacion antes del tratamiento y después del tratamiento en continto

Después de la EC %

Parametros | Unidades | Antes EC - .,
en Continuo remocioén

pH - 6.4 7.1 -
Turbidez NTU 512.4 90 82.4
Color Pt-Co 1560 1030 34.0
Coliformes |\ 1on/100mL | 1.7x10° 700 -
Totales
Colifomes |\ \on/100mL | 1.4x108 <200 -
Fecales
DQO mg/L 1732 1299 25
DBOs mg/L 1399.8 330.9 76.4
CE usS/cm 1680 1600 4.8
Sulfatos SOZmg/L | 711.4 683.8 3.9
Nitritos N-NOZ 0.9 0.5 47.2
mg/L
Nitratos N-NO5 14 1.2 143
mg/L
Nitrogeno N- NH3
Amonical mg/L 10 2 80
Fosfato | POs*mg/L | 26.9 19.5 27.5
Fluoruro F mg/L 0.3 0.1 66.7
Choruros Cl'mg/L 169.7 141.4 16.6
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Fe mg/L 1.4 0.7 50
Cu mg/L 0.6 0.6 0

Na mg/L 251.2 210.6 16.2
K mg/L 10.4 10.2 1.9
Mg mg/L 14.7 11.6 21.1
Al mg/L 1.6 23.7apH 9 (1.13) -

Ca mg/L 30.3 25.0 17.5
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Una muestra de aguas residuales industriales de la industria del chocolate se caracteriz6 de acuerdo
con las normas mexicanas. Se identificaron altos contenidos de nitrégeno y fdsforo, esto podria
causar eutrofizacion si tales aguas residuales se vierten sin un tratamiento previo. Se propuso un
sistema de electrocoagulacion solar fotovoltaica para su tratamiento, utilizando Al, Cu'y Zn como
materiales anddicos. Se estudio el efecto del pH (4.38 y 7), la densidad de corriente (1.781 mA /
cm?y 0.356 mA / cm?) a los 60 minutos de tratamiento. El sistema de aluminio exhibid los mejores
resultados para parametros organicos. La eliminacién de DQO maxima alcanzada fue del 50% y
la DBOs se redujo un 39%. El IB se incrementd considerablemente de 0.49 a 0.59. El COT se
redujo solo 26.65%. El sistema de cobre también mostr6 un comportamiento prometedor en la
eliminacién de compuestos organicos: 43% de DQO, 53% de DBOs, 30.7% de COT y el IB fue
de 0.4. Se descubri6 que el sistema de zinc es ligeramente menos eficiente que los sistemas de Cu
y Al. La eliminacion lograda fue 39% DQO, 30% DBOs, 19% COT. El IB muestra un aumento de
0.49 a 0.56, mejorando la biodegradabilidad de las aguas residuales. El color y la turbidez
presentaron una reduccion de 89.5% y 73.86%, respectivamente. EI consumo de energia de los
tres tratamientos es bajo, si se utilizara la red eléctrica. En este caso, el costo real con respecto al

consumo de electricidad es nulo porque se utilizé energia solar.

Teniendo en cuenta que se obtiene una mayor remocion con los electrodos de Al, se realizé el
tratamiento de la misma muestra con un volumen de 6L, en un reactor electroquimico mediante
una columna de flujo descendente con recirculacion. La electricidad con la que se energizaron los
electrodos provenia de paneles solares. Se concluyd que las variables que tienen el mayor impacto
en la DQO vy la eliminacion del color son la corriente eléctrica y el caudal volumétrico del liquido.
El primero debido a la dosis de aluminio, mientras que el segundo determina el tiempo de contacto
de los electrodos y la efectividad del contacto entre las especies de Al generadas y los
contaminantes. La materia inorgénica y organica se eliminé mediante el coagulante producido, y
simultaneamente se produjo y acumuld hidrégeno en la parte superior de la columna. En las
condiciones estudiadas y después de un tiempo de tratamiento de 30 minutos, la eliminacién de
DQO fue del 63% y 96.9% del color, cuando el caudal volumétrico de recirculacion (QL) fue de
0.06 L/s, la corriente eléctrica fue de 3.16 A a pH 6.4. El costo de este tratamiento se analizd

tomando en cuenta la energia consumida (la bomba y el electrodo), el lodo generado y el desgaste
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de los electrodos dio un consumo de 4.01 USD/m®. El efluente tratado cumple con el estandar
mexicano NOM-02-SEMARNAT-1996. Los datos resultantes se ajustaron a un modelo
Behnajady-Modirshahla-Ghanbery (BMG).

Con el trabajo realizado en la estancia, se concluye lo siguiente, que los electrodos de DDB
soportados en sustrato de silicio expusieron la mayor resistencia 6hmica y en consecuencia, el
mayor consumo de energia para un tratamiento de electrooxidacion alimentado por un sistema de
almacenamiento de energia que se usé como fuente de alimentacién. Los resultados sugirieron que
los electrodos DDB soportados en sustratos de Ta y Nb mostraron una tasa de eliminacion mas
rapida con respecto al electrolizador Si-DDB. Después de 12 h de tratamiento, el electrolizador
Ta-DDB alcanzo la mayor remocion (88.56%). Sin embargo, el electrolizador equipado con
electrodos Nb-DDB expuso la mayor mineralizacion de COT y la menor generacion de especies
intermedias. Con respecto al uso de energia, se eliminaron alrededor de 1.98 mg de pesticida/Wh
en los electrolizadores equipados con anodos soportados en Nb y Si, mientras que 2.14 mg se
eliminaron usando electrodos Ta-DDB. Sin embargo, se debe hacer un menor consumo de energia
para generar un mmol de oxidante usando electrodos Si-DDB (14.34 Wh/mmol). En términos de
resistencia de los oxidantes, se deben generar casi 30 mmol de oxidante para eliminar un gramo
de pesticida utilizando silicio como soporte de los electrodos DDB.

Por el contrario, los electrodos Ta-DDB deben generar un 35% mas de oxidante para eliminar la

misma cantidad de plaguicida.
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En la tabla 14 se muestran los congresos, coloquios, curso y estancia de investigacion que se

realizaron en el periodo del doctorado

Tabla 14. Productividad académica

Congreso

Fecha

XXI11I Congreso de la sociedad Iberoamericana de Electroguimica- SIBAE
Nombre del trabajo presentado: Analisis comparativo de cobre contra
aluminio, como anodo y catodo para el tratamiento de electrocoagulacion
hacia la industria chocolatera

3 al 8 de junio 2018

XXXIV Congreso Nacional de la Sociedad Mexicana de Electroquimica y.
el 12th Meeting of the Mexican Selection of Electrochemical Society
Nombre del trabajo presentado: Electrocoagulacion en un reactor batch con
recirculacién para aguas residuales de una industria chocolatera

2 al 6 de junio 2019

Coloquios

ler Coloquio de Investigacion en Ingenieria y el 10° Curso-Taller “Temas
Actuales en Ciencias del Agua”.

Nombre del trabajo presentado: Energia fotovoltaica como fuente
alternativa de suministro para sistemas de electrocoagulacion

24 al 26 de octubre del 2018

Cursos

Electrosintesis organica, una herramienta ecolégicamente compatible de la
Quimica Organica

8 al 12 de octubre del 2018

Taller de Microscopia Confocal: Fundamentos y aplicaciones.

20 al 23 de noviembre del
2018

Espectrometria de Masas: Fundamentos e Interpretacion.

9 al 30 de octubre del 2018

Espectroscopia de infrarrojo: fundamentos e interpretacion

24 al 28 de septiembre del
2018

Anélisis de Datos por Statgraphics Centurion

21 al 25 de enero de 2019
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Capitulo de libro

Taépicos en Ciencias Ambientales 2020
Nombre del capitulo: Aceptado el 21 de enero del
Oxidacion de fenolftaleina por un sistema electroquimico acoplado con|2020

0zono

Estancia de investigacion

Lugar: Laboratorio de Ingenieria Electroguimica y Medioambiental,
Universidad de Castilla-La Mancha, Cuidad Real, Espafia.

Investigador: Dr. Manuel Andrés Rodrigo Rodrigo 1 de septiembre del 2019 al
Proyecto: “Tratamiento electroquimico de aguas contaminadas con 31 de enero del 2020
compuestos

organoclorados”
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