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RESUMEN

En la presente tesis se reporta el desarrollo de metodologias electroanaliticas
basadas en electrodos confeccionados con una estructura hibrida de
nanomateriales de carbono y oro para el analisis de contaminantes
electroactivos con diferente naturaleza quimica: los isomeros organicos 1,4-
dihidroxibenceno o hidroquinona y 1,2-dihroxibenceno o catecol en agua
potable, agua de rio y en un RIL vitivinicola; y por otro lado se logro la
determinacion de arsenito en un efluente secundario de una planta de
tratamiento, el cual fue tratado mediante electrocoagulacion para la remocion
de este contaminante y donde fue posible realizar el seguimiento del
tratamiento utilizando la metodologia desarrollada.

Experimentos realizados mediante espectroscopia UV-visible, dispersién
dindmica de luz (DLS), microscopia electronica de transmision (TEM)
confirmaron la sintesis de las nanoparticulas utilizadas en la confeccién de
los sensores utilizados. Posteriormente, analisis de voltametria ciclica (VC)
y microscopia electronica de barrido (SEM) permitieron confirmar el
aumento del area electroactiva de los electrodos nanoestructurados.

Mediante VC se caracteriz6 la sefial electroquimica de los analitos,
obteniendo sus potenciales y corrientes de pico correspondientes a los
procesos anddicos estudiados que sustentan la deteccion electroquimica de
los analitos mediante voltametria de pulso diferencial (DPV), técnica
electroanalitica en la cual se basaron ambas metodologias desarrolladas en
esta tesis doctoral. También fue posible comprobar mediante estas técnicas
la actividad electrocatalitica de las nanoparticulas de oro sintetizadas. Se
utilizaron como técnicas de referencia cromatografia liquida de alta
eficiencia (HPLC) y espectrometria de absorcion atdmica con horno de
grafito (GFAAS) para validar las metodologias electroanaliticas
desarrolladas para hidroquinona-catecol y arsénico, respectivamente.
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En ambas metodologias fue posible el anélisis directo de los contaminantes
en matrices medioambientales estudiadas, utilizando un electrodo
heteroestructurado de nanoparticulas de oro soportadas en nanotubos de
carbono aminados de pared multiple.
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ABSTRACT

This thesis reports the development of electroanalytical methodologies based
on electrodes modified with a hybrid structure of carbon and gold
nanomaterials for the analysis of electroactive pollutants with different
chemical nature: the organic isomers 1,4-dihydroxybenzene or hydroquinone
and 1,2-dihroxybenzene or catechol in drinking water, river water and in a
viticultural liquid industrial waste; on the other hand, the determination of
arsenite was achieved in a secondary effluent of a wastewater treatment plant,
which was treated by electrocoagulation for the removal of this contaminant
and where it was possible to monitor the treatment using the developed
methodology.

Experiments carried out using UV-visible spectroscopy, dynamic light
scattering (DLS), and transmission electron microscopy (TEM) confirmed
the synthesis of the nanoparticles used to make the sensors. Subsequently,
cyclic voltammetry (CV) and scanning electron microscopy (SEM) analysis
confirmed the increase in the electroactive area of the nanostructured
electrodes.

Using CV the electrochemical signal of the analytes was characterized,
obtaining their peak potentials and currents corresponding to the anodic
processes studied that support the electrochemical detection of the analytes
by differential pulse voltammetry (DPV), electroanalytical technique on
which both methodologies developed in this doctoral thesis were based. It
was also possible to check the electrocatalytic activity of the synthesized gold
nanoparticles by means of these techniques. High performance liquid
chromatography (HPLC) and graphite furnace atomic absorption
spectrometry (GFAAS) are used as reference techniques to validate the
electroanalytical methodologies developed for hydroquinone-catechol and
arsenic, respectively.
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In both methodologies it was possible to directly analyze the pollutants in the
studied environmental matrices, using an heterostructured electrode of gold
nanoparticles supported on multi-walled aminated carbon nanotubes.
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1. INTRODUCCION

En las ultimas décadas ha sido posible la sintesis, analisis y manipulacion de
materiales a escala atbmica, molecular o macromolecular para el estudio y
desarrollo de nuevas aplicaciones, donde la sintesis de nuevos nanomateriales
es de particular interés debido que estas nanoestructuras presentan
propiedades que las diferencian de sus versiones macromeétricas: i) poseen
una gran relacion area-volumen vy ii) presentan mejoras en sus propiedades
fisicas y quimicas debido a que sus efectos cuanticos son mas relevantes a
escala nanométrica (RSC Publishing, 2013), entre sus principales

propiedades a destacar.

Los nanomateriales basados en carbono han sido de especial interés para
estudios realizados en la ultima década debido a que se han desarrollado
métodos de sintesis mas eficientes como chemical vapor deposition (CVD),
ademas de que estos materiales poseen variedad de estructuras micro y

nanométricas como carbono vitreo, fibra de carbono, nanotubos, nanoesferas,



diamante y grafeno, por mencionar algunos, que han popularizado el uso de
materiales de carbono (Alshahrani et al., 2018; Masoum et al., 2014; Nigovi¢
et al., 2018; Tashkhourian et al., 2016a; Wong et al., 2018). Las propiedades
de los nanomateriales de carbono son conocidas hace afos, donde el grafeno
ha destacado por sus prometedoras aplicaciones en electronica, ciencia de
materiales y en biotecnologia destacando su alta resistencia mecanica y su
buena capacidad de conducir la electricidad (Anuar et al., 2018; Lawal, 2018;
Lee et al., 2018; R. Li et al., 2018; Rao et al., 2018; M. Wang et al., 2018;
Wong et al., 2018), o los nanotubos de carbono (CNT) que han sido utilizados
en biomedicina, remediacion ambiental y en electroanalisis por su buena
capacidad como adsorbente debido a su gran relacion area-volumen,
presentan disminuciones en los sobrepotenciales obtenidos en los procesos
redox mediados por este tipo de nanoparticulas, presentan gran estabilidad
fisicay quimicay pueden ser funcionalizados y enlazado covalentemente con
otras moléculas y nanoparticulas para modificar sus propiedades quimicas
(Gupta et al., 2018; Hou et al., 2016; M. Kooshki, Abdollahi, et al., 2011; L.
M. Peng et al., 2014; Punetha et al., 2017; Thirumalraj et al., 2017; H. Yang

etal., 2012; Q. Zhou et al., 2006).



Por otro lado, las nanoparticulas metalicas son nanoestructuras que poseen
didmetros menores a 100 nm, las cuales han sido sintetizadas en variedad de
formas y morfologias, como en nano flores, nano anillos, nanobastones, nano
hojas, nano cilindros o nanoesferas metélicas, entre otras formas logradas
sintetizar con éxito, presentando mejoras en la relacion area-volumen vy en la
conductividad eléctrica (Afrooz et al., 2016; Bansal et al., 2016; Feng et al.,
2018; K. Liu et al., 2017; Lépez-Lorente, 2014; Pu et al., 2014; Wu et al.,
2017; Y. Xiao et al., 2017; Y. Zhou et al., 2018). Entre los primeros estudios
realizados para la sintesis de coloides de oro puro via reduccion de cloruros
de oro fueron realizados por Faraday. En los ultimos 20 afios se ha logrado
el dominio de la forma de la nanoestructura sintetizada y el tamafio de la
nanoparticula, con un bajo costo relativo de sintesis (Afrooz et al., 2016;
Bansal et al., 2016; M. Kooshki, Abdollahi, et al., 2011; Ldpez-Lorente,
2014), presentando mejoras en las eficiencias cataliticas en procesos redox
(Belghiti et al., 2016; Feng et al., 2018; Zhai et al., 2013), han sido utilizadas
en el encapsulamiento y transporte selectivo de farmacos (RSC Publishing,
2013), produce aumentos en las corrientes obtenidas por procesos redox (M.
Kooshki, Abdollahi, et al., 2011; Tashkhourian et al., 2016a; L. Xiao et al.,

2008) y ademas son resistentes a la deformacion mecanica y a la corrosion.



Historicamente, el desarrollo de metodologias analiticas para el control de
especies peligrosas en el ambiente y el ser humano ha sido determinante tanto
para comunidades, organizaciones ambientalistas y  agencias
gubernamentales que legislan y regulan la presencia de especies peligrosas
en el ambiente y alimentos, ademas de organizaciones internacionales que
vigilan el impacto de contaminantes en el medioambiente y también la
sociedad se ha involucrado directamente en los ultimos afios, donde la
problematica medioambiental ha tomado mas importancia respecto a los
problemas climéaticos derivados de la contaminacion y también por las
especies peligrosas que se podrian consumir en alimentos y aguas de origen
natural (Avila & Garcia, 2015; Jrog Feldmann et al., 2009; Hussain &
Kharisov, 2017). Entre las familias de contaminantes a abordar en este

trabajo y que mas alerta han generado en los Gltimos afios se encuentran:

Metales pesados y metaloides: En los ultimos afios se han reportado
diversos casos de contaminacion en suelos, aguas y alimentos con Cd, Cu,
Cr, Zn, As, Pb, Ni, Cd, Co y Fe en niveles de traza y ultra trazas producidos
principalmente por la actividad industrial, minera y agricola (Beckers &

Rinklebe, 2017; Kroukamp et al., 2016; Maet al., 2014; Mestrot et al., 2013).
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Estas especies pueden ser acumuladas en diversos organismos vivos como
algas, peces, moluscos, plantas, insectos y en el ser humano, provocando
problemas al sistema inmune, sistema nervioso central, sistema digestivo,
ademas algunas especies como Cd, Pb, Cr o As presentan alta toxicidad a
niveles de ultra trazas presentando actividad mutagénica, cancerigena y
siendo letal en bajas dosis (Skaldina et al., 2018). Estas especies son
usualmente determinadas usando métodos volumétricos, métodos analiticos
basados en fotometria de absorcién atémica con llama (FAAS),
espectrometria de emision atdmica acoplado a ionizacion con plasma (ICP-
OES) y espectrometria de masas acoplado a ionizacion con plasma (ICP-MS)
en procesos productivos; y por difraccion de rayos X (DRX) o fluorescencia
total de rayos X (TXRF) en el andlisis prospectivo en terreno de muestras
minerales solidas (Jrog Feldmann et al., 2009; Hussain & Kharisov, 2017,

Suvarapu & Baek, 2016).

Contaminantes organicos emergentes (COE): Son contaminantes
organicos no reconocidos como tales o especies que previamente eran
desconocidas y que en los dltimos afios han sido detectadas en el medio

ambiente gracias al desarrollo de técnicas analiticas méas sensibles y
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selectivas. Los principales vectores de contaminacion de COEs son
principalmente: el uso domestico e industrial de drogas, farmacos, productos
de cuidado e higiene personal. La contaminacion por COEs genera diversos
problemas en el medio ambiente, como la acumulacion de estos
contaminantes en diferentes sistemas ambientales, promoviendo
interacciones de estas especies con los diferentes sistemas y seres vivos con
los que interactlan, generando en algunas especies la prevalencia de
enfermedades de tipo cancer o problemas metabdlicos debido al contacto de
estas especies con disruptores del sistema nervioso y endocrino (Candia-
Onfray etal., 2017; Cui et al., 1999; Donini et al., 2018; Hussain & Kharisov,
2017; Taheran et al., 2018). Los métodos clasicos para la determinacion de
especies organicas en matrices ambientales o en alimentos se basan en la
extraccion y preconcentracion de los analitos desde la matriz y el posterior
analisis mediante cromatografia gaseosa (GC) o cromatografia liquida de alta
eficiencia (HPLC), utilizando una estrategia analitica adecuada segun la
naturaleza quimica del analito y de la matriz estudiada. (Electrochemical

Strategies in Detection Science, 2015; Hussain & Kharisov, 2017).



Contaminantes organicos persistentes (COP): Son contaminantes
organicos y productos de degradacion obtenidos por la interaccién de
contaminantes con los diferentes componentes del medioambiente, estas
especies son resistentes a la foto y biodegradacién, debido a esto existen
dificultades para el abatimiento de estas especies con los tratamientos
aplicados convencionalmente (Alharbi et al., 2018; Avila & Garcia, 2015; Y.
Jin et al., 2017). Cabe destacar que existen contaminantes emergentes que
también presentan problemas de resistencia a la biodegradacion, por lo que
existen COEs y resistentes que presentan como vectores de contaminacion el
uso cotidiano e industrial de farmacos, productos higiénicos, domesticos y
agricolas, donde finalmente terminan con la descarga de estos contaminantes
en el alcantarillado o a cuerpos de agua natural, similar a los COEs (Alharbi
et al.,, 2018). En general presentan toxicidad a bajas concentraciones,
acumulandose en tejidos de seres vivos provocando alteraciones al sistema
endocrino, inmunoldgico, cancer o problemas al sistema nervioso central.
Usualmente la determinacion de COPs es realizada por HPLC o GC segun
diversos metodos de referencia presentados en normas ambientales chilenas

e internacionales (Avila & Garcia, 2015).



En la literatura se han publicado diversidad de métodos para la
determinacion de metales pesados, COE y COP, basados en ICP-OES o
FAAS principalmente en el caso del analisis de HM (J Feldmann, 2002; Jrog
Feldmann et al., 2009; Kamyabi & Aghaei, 2016; Kroukamp et al., 2016) y
en HPLC en el caso del analisis de COE y COP (Alharbi et al., 2018; Cui et
al., 1999; Patel et al., 2014; Toothaker et al., 1987). Si bien estas técnicas
permiten una determinacion analitica confiable en matrices ambientales
complejas como aguas naturales y suelos, estas metodologias presentan
algunos desafios a superar para un monitoreo medioambiental agil: i)
requieren un prolongado tratamiento previo de muestra, como digestiones o
extracciones para separar el analito de la matriz, ii) en el caso de las
metodologias basadas en HPLC, estas generan altos volimenes de residuos
contaminantes, iii) requieren operaciones preanaliticas para preconcentrar el
analito de interés y tiempos de analisis de varios minutos para una unica
determinacion, iv) son metodologias que requieren la alteracion o destruccion
de la muestra y v) requieren profesional técnico calificado para la aplicacion
de la metodologia y materiales desechables de un solo uso para una Unica

determinacion.



El uso de nanomateriales en electroanalitica se ha enfocado
principalmente en la construccién de electrodos nanoestructurados para
construir sensores con caracteristicas mejoradas respecto a electrodos
macromeétricos, donde se han reportado distintas propiedades, entre las que
se encuentran: (i) una mayor area electroactiva, (ii) un mejor transporte de
masa hacia el electrodo, (iii) actividad electrocatalitica (iv) mejor
sensibilidad y selectividad en la determinacion de compuestos electroactivos,
al comparar con las metodologias de andlisis clasicas para estos analitos
(Gupta et al., 2018; Lopez-Lorente, 2014; RSC Publishing, 2013).
Especificamente, las nanoparticulas de oro (AuNS) con diferentes
morfologias han sido ampliamente utilizadas para aumentar la sensibilidad
de la corriente de pico en determinaciones electroanaliticas y para mejorar la
transferencia de carga, logrando mejorar la selectividad de determinaciones
realizadas respecto al uso de electrodos tradicionales de oro, logrando
sensibilidades comparables a las obtenidas por métodos basados en HPLC o
ICP-OES (M. Kooshki, Abdollahi, et al., 2011; Lopez-Lorente, 2014; RSC
Publishing, 2013). Por otro lado, se han reportado trabajos donde el grafeno
y los nanotubos de carbono de pared maltiple (MWCNT) han sido utilizados

en la modificacion de electrodos convencionales y también en compositos
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con grafito, nanotubos de carbono y nanoesferas de oro destacando
interesantes propiedades como: i) mejoras en la sensibilidad y robustez en las
determinaciones realizadas sobre matrices complejas, ii) presentan bajas
corrientes capacitivas en una amplia ventana de potenciales, permitiendo
mejor relacion sefal-ruido, iii) mejoras en la selectividad y robustez en la
deteccion electroquimica de especies electroactivas con naturaleza quimica
similar o en presencia de interferentes propios de la matriz analizada, iv)
poseen una buena capacidad de funcionalizacion, permitiendo usar
nanomateriales de carbono como soporte de otras nanoparticulas para la
obtencion de superficies nanométricas heteroestructuradas con propiedades
nuevas Yy v)ha sido posible detectar multiples analitos de forma rapida en una
Unica determinacion utilizando estos nanomateriales (Lawal, 2018; J. Li et

al., 2018; L. M. Peng et al., 2014; RSC Publishing, 2013; Wong et al., 2018).

Los métodos de calibracion clasicos como la adicion estandar, curva
de calibracién o patrén interno poseen como principal ventaja la simplicidad
del método de minimos cuadrados para lograr evaluar la relacion entre una
sefial instrumental y la concentracion de analito, ademas entregan una gran

cantidad de informacion analitica relevante y permite una facil interpretacion
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de la informacién entregada por la regresion. Sin embargo, estos métodos
requieren una alta calidad de los datos para entregar un resultado confiable,
ya que son poco robustos al tener datos con sefiales interferidas o al realizar
medidas en matrices reales complejas (N. Kumar et al., 2014; Lopez et al.,
2015; Pomerantsev & Rodionova, 2010). Los métodos multivariados de
analisis de datos son utilizados hace décadas en disciplinas como la fisica,
ingenieria 0 economia (N. Kumar et al., 2014), sin embargo, presentan como
principal complejidad la necesidad de un sistema computacional con
capacidad de procesar grandes volumenes de informacidn ya que trabajan en
modelos de regresion multivariantes sobre toda la informacion instrumental
obtenida en el analisis, permitiendo la determinacién simultanea de diferentes
analitos de interés, al realizar la calibracion en presencia de interferentes
conocidos en la matriz a analizar, como en el caso de los métodos de
calibracion de orden 1, donde se pueden mencionar como ejemplos modelos
de regresion basados en minimos cuadrados parciales (PLS), regresion lineal
maultiple (MLR) o regresion por componentes principales (PCR) (Diez et al.,
2015; Escandar et al., 2014; Escandar & Olivieri, 2017; Gholivand et al.,
2014, 2015; Lo6pez et al., 2015), por lo que la aplicacién de estos métodos al
analisis de matrices complejas medioambientales ha aumentado debido al
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amplio acceso a computadores capaces de trabajar con una alta densidad de
datos, lo que permitiria la reduccion de tiempos de analisis y los costos
asociados al tratamiento de la muestra para aislar o separar el analito de la
matriz y al desarrollo de nuevos modelos de calibracion cada vez mas
variados que podrian aplicarse a datos electroanaliticos (Cavanillas et al.,
2012; Diez et al., 2015; Gholivand et al., 2014; M. Kooshki, Abdollahi, et al.,
2011; M. Kooshki, Diaz-Cruz, et al., 2011; N. Kumar et al., 2014; Masoum
et al., 2014; Mohammadi et al., 2018; Ni & Kokot, 2008; Pravdova et al.,

2002).

Teniendo en cuenta la informacién presentada, el uso de electrodos
modificados con materiales nanoestructurados de oro (Au) y carbono (C)
seria adecuado para el desarrollo de metodologias electroanaliticas que
permitan el andlisis de especies contaminantes en matrices ambientales
complejas como aguas naturales o de interés medioambiental, ya que en las
metodologias electroanaliticas reportadas en los ultimos afios se han
presentado avances en la aplicacion de estas metodologias a matrices
ambientales, donde destacan el aumento de sensibilidades y selectividades

analiticas comparables con los métodos utilizados segin la normativa
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vigente, disminucion de los tiempos de analisis y costos operacionales al
comparar con las técnicas de referencia. También, se propone que la
informacion analitica obtenida por técnicas electroquimicas acopladas a
andlisis factorial y calibraciébn multivariante podrian resultar en una
aplicacion optimizada de la técnica en sistemas que presentan un alto grado
de interferencia quimica o un alto grado de interferencia debido al efecto
matriz, pudiendo determinar selectivamente un analito en matrices

ambientales complejas con minimo tratamiento de muestra.
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2. HIPOTESIS Y OBJETIVOS

Hipdtesis

“La interaccion entre nanotubos de carbono funcionalizados y AuNP
permitira obtener electrodos modificados con mayor area electroactiva y
sensibilidad en la determinacion de arsenito y dihidroxibencenos en matrices

acuosas de interés ambiental

Objetivo principal

Desarrollar metodologias analiticas confiables basadas en electrodos
modificados con nanomateriales de carbono y oro, que permitan determinar

arsenito y dihidroxibencenos en matrices acuosas de interés medioambiental.

Obijetivos especificos

e Sintetizar y caracterizar de nanoparticulas de oro (AuNP) mediante

diferentes técnicas.
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e Estudiar y caracterizar electrodos de carbono vitreo modificados con
materiales nanoestructurados de C y Au.

e Desarrollar y optimizar una metodologia electroanalitica para la
determinacion de arsenito y dihidroxibencenos en agua de grado
analitico.

e Desarrollar una metodologia electroanalitica confiable que permita la
determinacion de arsenito y dihidroxibencenos en matrices

ambientales reales.
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3. ESTRATEGIA ANALITICA
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Figura 1: Resumen gréfico de la estrategia analitica utilizada en el

desarrollo de esta investigacion.
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4. RESULTADOS

4.1.Glassy carbon electrode modified with C/Au nanostructured
materials for simultaneous determination of hydroquinone and

catechol in water matrices

En esta primera seccion, se presentan los resultados publicados en la revista
Chemosensors, en el trabajo titulado “Glassy Carbon Electrode Modified
with C/Au Nanostructured Materials for Simultaneous Determination of
Hydroquinone  and  Catechol in  Water  Matrices” (DOI:
https://doi.org/10.3390/chemosensors9050088), publicado en mayo del

2021, donde se presentan resultados de esta tesis doctoral.
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4.1.1. Introduction

In recent years, a large number of analytical methods have been developed
based on the use of nanomaterials. These methods have a wide variety of
applications in bioanalysis, clinical analysis, pharmaceutical analysis, food
safety and environmental analysis (Gupta et al., 2018; H. Kooshki et al.,
2018; Lawal, 2018; Qin et al., 2018). In particular, the use of nanomaterials
for the modification of electrodes has generated great interest in
environmental analytical chemistry. This is because, in general, these
materials can significantly improve the conductivity and electrocatalytic
activity of an electrical surface for a wide range of redox reactions, in
addition to having broad potential window and low electrochemical reactivity

(Govindasamy et al., 2018; Y. Li et al., 2019; C. Peng et al., 2018).

Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical
nanostructure, in which a carbon-carbon link has a sp2-sp? hybridization.
Usually, CNTs have a nanometric-scale diameter and a micrometer-scale

length, which gives them attractive chemical, mechanical and electronic
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properties. In general, CTNs are divided into two groups: 1) Single-walled
carbon nanotubes (SWCNT), and 2) multi-walled carbon nanotubes
(MWCNT) (Odom et al.,, 1998; Wildgoose et al., 2006; Zakaria &
Leszczynska, 2019). SWCNTSs have a cylindrical nanostructure, formed by
the winding of a graphite sheet in the form of a tube. In contrast, MWCNTSs
comprise several layers of concentrically ringed graphene, with a layer gap
of 3.4 A (Joseph Wang, 2005). CNTs have been widely used to modify
electrode surfaces due to their unique properties, such as high electrical and
thermal conductivity, high chemical and mechanic stability, high area-
volume ratio and high adsorption capacity. In addition, their properties
increase the sensibility of electrochemical sensors to detect organic and
inorganic compounds (Nugent et al., 2001; Sedghi & Pezeshkian, 2015;
Wong et al., 2015; Zelechowska et al., 2017). Moreover, the ease of
immobilization and stability of proteins on CNTs have been widely used to

manufacture electrochemical biosensors (Mendes et al., 2018).

Furthermore, the use of metallic nanospheres has also become widespread in
electroanalysis (Campbell & Compton, 2010) due to their: i) high effective

superficial area, ii) high mass transport, and iii) catalytic activity (Katz E &
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Wang, 2004). Specifically, the study of gold nanospheres (AuNS) has been
of interest because when they are deposited on the electrode surface, an
increase in the charge transference and in the superficial area is observed, and
high sensibility and selectivity is achieved when analyses are performed
(Sebarchievici et al., 2016). One of the main ways of synthetizing AuNS is
reducing a gold salt (generally HAUCI,) in the presence of a stabilizing agent
like citrate, through which the size and shape of AuNS can be controlled

(Turkevich et al., 1951; Xia et al., 2010).

The determination of phenolic / polyphenolic compounds is a hot topic in the
environmental, food and industrial fields (Ya Zhang & Zheng, 2007).
Dihydroxybenzene compounds such as hydroquinone (HQ) and catechol
(CT) are toxic (100 uM in lymphocyte/human) and persistent in the
environment (W. Liu et al., 2012; Omar et al., 2016; Vilela et al., 2018). For
this reason, it is important to develop simple and fast analytical methods that
allow the determination of HQ and CT, which generally coexist in
wastewater because they have a similar molecular structure and chemical
properties. The determination of HQ and CT s carried out by

spectrophotometric or chromatographic methods after separation
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pretreatment processes, which requires long analysis times and large volumes
of reagents. HQ and CT are electroactive compounds that can
electrochemically oxidize on the surface of an electrode. The main difficulty
in the simultaneous determination of both isomers lies mainly in the
overlapping of the oxidation peaks, together with the loss of linearity in the
voltametric response due to competition between the two compounds for the
electrode surface. Both problems can be solved by modifying the working
electrode. In the last years, many efforts have been devoted to develop
modified electrodes able to increase the separation between both peaks
together with the subsequent application of chemometric tools (Arago et al.,

2016).

The modification of electrodes using different nanomaterials has resulted in
improved sensitivity for the determination of organic compounds in different
matrices (Ghoreishi et al., 2012; Govindasamy et al., 2018) and has led to
electroanalytical methodologies with detection limits at UM and even nM
concentration levels (Bounegru & Apetrei, 2020; W. Jin & Maduraiveeran,
2017; Vyttas et al., 2018). Several methods have been reported for the

quantitative determination of organics in water, such as gas and liquid
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chromatography (Cui et al., 1999; Moldoveanu & Kiser, 2007), UV-Vis
spectrophotometry (Elghobashy et al., 2016) and fluorescence (Patil et al.,
2017). In these methods, detection limits between 0.1 and 1.0 uM have been
achieved, but they exhibit some disadvantages such as complex pre-treatment
of the sample and use of high volumes of organic solvents. In this sense,
electrochemical methods have sensitivities comparable with those of
spectrophotometric and chromatographic methods, can be miniaturized to
perform on-site determinations of contaminants of interest, require
inexpensive equipment for their implementation and enable the
quantification of several analytes simultaneously in a short time (Ahammad

et al., 2018; Karim-Nezhad et al., 2017; C. Peng et al., 2018).

In the present work, we studied the simultaneous determination of HQ and
CT in real water using glassy carbon electrodes modified with three different
multi-walled carbon nanotubes: i) non-modified carbon nanotubes (CNT)), ii)
carbon nanotubes modified with -COOH (CNT-COOH) and iii) carbon
nanotubes modified with -NH; groups (CNT-NH), and decorated with gold
nanospheres (AuNS). CNT-COOH and CNT-NH, produce better dispersion

and increase the electrical conductivity of the modified electrode surface.
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Amino group of CNT-NH, can interact with different materials and has an
excessive reactivity. Among these nanomaterials AUNSs have been used as
electrode materials due to their special properties in electrocatalysis of

organic and inorganic compounds.
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4.1.2. Materials and methods

Reagents and materials.

HQ and CT employed were of analytical grade, provided by Sigma Aldrich
and used as received. Analytical grade water was used to prepare the
solutions and dispersions. Boric acid EMPROVE®, glacial acetic acid

EMSURE® and ortophosphoric acid EMSURE® were provided by Merck.

Glassy carbon electrodes (GCE, model CHI104) were modified using
different multi-walled carbon nanotubes separately: carbon nanotubes
without functionalization (CNT) and functionalized with -COOH and -NH,
groups (CNT-COOH and CNT-NH,, respectively), all of theme provided by
Dropsens. CNT dispersions were prepared in an EIma S 10 Elmasonic ultra-
sonic bath with a concentration of 1.0 g L™ using water MilliQ as a dispersive
agent. GCE were pre-cleaned by poolishing using alumina powder of 0.3 and

0.05 um consecutively, and then washed with abundant Milli-Q water.

Gold nanospheres (AuNS) were synthesized using citrate as stabilizing agent

following the Turkevich methodology using HAuUCI, as precursor (Turkevich
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et al., 1951). AuNS dispersions were prepared and then used to modify the
GCE adding 10 pL on the electrode surface and then dried with nitrogen flux.
AUNS were characterized by VIS-NIR spectroscopy using a Perkin Elmer
Lambda 25 UV-VIS spectrometer, by Dynamic Light Scattering (DLS) using
a NanoSizer-ZS Malvern Instruments, and by Transmission Electronic
Microscopy (TEM) with a Philips Tecnai 12 Biotwin microscope. The
mixture of the CNT and AuNS was characterized by SEM ina LEO 1420VP
instrument with a coupled Oxford 7424 dispersive energy analysis instrument

at an acceleration voltage of 25 kV.

For the simultaneous determination of HQ and CT, solutions at different
concentrations of both compounds were prepared in a 0.1 M buffer Britton-

Robinson solution at pH 2.0.

Electrochemical Measurements

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
experiments were performed on a CH Instrument potentiostat CHI1140C. For

the qualitative and quantitative electrochemical analysis, 10 mL of the
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solution were used in a traditional three-electrode electrochemical cell
system. GCE with a geometric area of 0.126 cm? provided by CH
Instruments were used as woeking electrode, Ag/AgCls: as a reference
electrode (CH Instruments) and platinum wire was used as counter electrode.
In order to obtain the highest current response, different accumulation times
were studied. Cyclic voltammograms were recorded between -1.0 and 1.0 V
at a scan rate of 50 mV s, under constant stirring at room temperature. The
determination of HQ and CT performed based on their oxidation signal
obtained by DPV with the following conditions: Step potential 4 mV, pulse
amplitude 50 mV, pulse width 0.2 s, pulse period 0.5 s and deposition time
of 30 s at 0.4 V as accumulation potential. The potential was scanned from
0.2 to 0.6 V. Electrodes do not need an activation and washing step previous

to the DPV analysis.

Simultaneous determination of HQ and CT in different aqueous

matrices by univariate and multivariate calibration
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Four water samples of different types were obtained: i) MilliQ water, ii)
drinking water, iii) industrial wastewater from a winery industry, and iv) river
water. Subsequently, these samples were spiked with 50.0 uM of HQ and CT
in the presence of 0.1 M Britton-Robinson buffer at pH 2. All the analyses were
performed by DPV (10 mL of each solution) using standard addition method
and a multivariate calibration by Partial Least Squares (PLS). PLS was
developed by Hermans and Svante Wold applying pattern recognition
methods to instrumental data obtained from chemical systems. The algorithm
is based on a bilinear model that uses Single Value Decomposition (SVD) in
matrix X that groups the voltamograms of each sample in relation to its
concentration vector Y. Both matrices are decomposed into smaller matrices

according to (Otto, 2017):

X=TPT+E Eqg. (1)

Y=UQT+F Eg. (2)

Where X and Y are the matrices of independent and dependent variables

respectively, T and U are the matrices of scores containing orthogonal rows
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to each other, P contains the loadings of matrix X and E is the matrix of
(residual) errors of matrix X, Q corresponds to the loadings of matrix Y, and
F is the error matrix of the vector Y. The B regression coefficients for the

model are obtained according to:

B=w/P'w) 1 Eg. (3)

Where matrix W contains the weights obtained by PLS, and it is constructed

by relating the values of each value of the vector Y (y,=u) according to:

In PLS, the variables that show greater correlation with the response have an
extra weight because they are more efficient in prediction. In this way, linear
combinations of the predictor variables are chosen that are highly correlated
with the response variables and that are able to explain the variation of the
response as a function of the predictor variables. The decomposition of

matrix X is independent from matrix Y, where the direction of each latent
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variable of matrix X is modified until reaching the maximum covariance

between this matrix and the concentration vector Y (N. Kumar et al., 2014).

Since the highest current response was obtained using the glassy carbon
electrode modified with CNT-NH, and gold nanospheres (GCE/CNT-NH.-

AUNS), this electrode was used as working electrode for the DPV analyses.
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4.1.3. Results and discussion

Determination of HQ using GCE modified with different CNTs

Cyclic voltammetry (CV) was used to characterize and studied towards HQ
using the different CNTs in aqueous media. In order to obtain the highest
current response, a previous pH study was performed in the range of 2.0 -
12.0 (data not shown), indicating that the highest current for both species is
achieved at pH 2.0, so further analyses were carried out at this pH. Fig. 2A
shows the voltammograms recorded using the different materials in absence
of the HQ. An increase of the capacitive current was observed when a
modified electrode was used. This increase was higher using the systems
GCE/CNT-COOH and GCE/CNT-NH,, followed by GCE/CNT. This change
is related to the increase of the area of the modified electrodes and the better
dispersion in water of the functionalized CNTs (Hu et al., 2019; Nagvi et al.,
2020). Furthermore, in Fig. 2A several faradaic processes between -0.5t0 0.5
V can be observed in the CV profiles of electrodes modified with carboxylate
CNTs. These signals have been reported in the literature and are due to the
presence of electroactive functional groups, such as ketones or aldehydes,
which are generated in the functionalization process of carbon nanotubes.
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The intensity of these signals may interfere in the analyte detection process,
generating the distortion of the peaks obtained by CV or DPV, especially in

the reduction step. Fig. 2B shows the voltammograms recorded.
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Figura 2. Cyclic voltammograms in the A) Absence, and B) in the presence

of 0.1 mM of HQ using different electrodes (Inset: Cyclic Voltammogram of
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bare GCE). Experimental conditions: electrolyte buffer Britton Robinson 0.1

M, pH 2.0, scan rate 50 mV s, accumulation time 60 s.
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In the presence of 0.1 mM HQ, an oxidation and reduction peaks
corresponding to the formation of quinone (Q) and HQ can be seen (Eq. 5)
using all the electrodes, however the intensity current for both oxidation and
reduction peaks depends on the CNT used (Ganesh & Kumara Swamy, 2015)

(Fig. 2B).

HQ 2 Quinone + 2H" + 2e~ Eq. (5)

Additionally, the same figure shows a significant increase in the current peak
for both oxidation and reduction peaks when CNTs are used; and this increase
is higher when the CNTs are functionalized with -COOH and -NH, groups.
An increase of 10.5 times and 13 times in the oxidation peak current
compared to the GC electrode was observed using the GCE/CNT-COOH and
GCE/CNT-NH; electrodes, respectively. However, there is a decrease in the
resolution of the signals obtained with GCE/CNT-COOH, which may be
attributed to the presence of sp® carbon that forms the bond between the
functional group and the CNT wall, thereby affecting the electron transfer
(Tserpes & Silvestre, 2014; Yang Zhang & Kang, 2018). The current and

potential values for the redox process of HQ are summarized in Table 1.
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System Oxidation Reduction AEp (V)

Ep (V) Ip (WA) Ep (V) Ip (MA)
GCE 0.471 2.31+0.04 0.139 -1.12£0.03 0.332
GCE/CNT 0.328 23.26 +2.06 0.294 -19.99 +2.15 0.034
GCE/CNT-COOH 0.348 24.18 +2.36 0.286 -28.08 +2.41 0.062
GCE/CNT-NH: 0.336 29.57 +2.44 0.281 -30.33 £2.35 0.055

Tabla 1. Current and potential values for the oxidation and reduction of HQ

using the different systems of CNT. (Scan rate: 50 mV)

Table 1 also shows the AEp values. In the case of the electrode without
modification, AEp is 0.332 V, which indicates that the process is irreversible.
By modifying the electrodes with CNTs, the redox process becomes
reversible, obtaining smaller AEp values close to the theoretical slope of
Nernst (59.16 mV) (Compton, Richard G. Batchelor-McAuley & Dickinson,
2012). There are considerable differences in the AEp of the unmodified
electrodes when compared to the electrodes modified with CNTSs. First, a
drastic decrease of the AEp can be observed when using electrodes modified

with CNTSs; therefore, the redox process becomes more reversible when using
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nanotubes of carbon and shows an electrocatalytic effect on the reaction of
HQ with the electrode surface. This could be attributed to the adsorption of
HQ due to the functional groups present on the surface of CNTs (C. Yang et
al., 2015).. Besides, the currents obtained by using electrodes modified with
functionalized CNTs are higher than the currents obtained by using

electrodes modified with CNTSs.

Since the GCE/CNT-COOH and GCE/CNT-NH; systems present a higher
current response, the following analyses were performed using only these

systems.

Accumulation time effect on the oxidation of HQ

The effect of accumulation time on the current intensity was studied for the
systems GCE/CNT-COOH and GCE/CNT-NH; (Fig. 3). For both systems,
an increase of the current was achieved with the accumulation time, until
reaching a maximum value and then, the current decays. The maximum
current was achieved at 180 and 30 s for GCE/CNT-COOH, and GCE/CNT-
NH, respectively. During the accumulation time, large amounts of HQ
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molecules are rapidly adsorbed to the surface of the carbon nanotubes due to
strong electrostatic forces at the start of the adsorption process. The decrease
in current obtained after the optimal accumulation time can be explained due
to the gradual occupation of the CNT surface by the HQ molecules, where a
competitive adsorption is inevitable. The HQ molecules that are not absorbed
diffuse from the outer Helmholz plane towards to the bulk of the solution,
increasing the adsorption resistance and decreasing the adsorption rate of
HQ. Furthermore, it can be seen that under the same conditions, CNT-NH,
present a higher adsorption capacity, indicating that the conditions are
favorable for HQ adsorption. This property would improve the migration of
the analyte to the electrode surface, in addition to provide a larger surface for
the accumulation and formation of double electrical layers, resulting in more
sensitive electrochemical signals for the detection of these species in aqueous
matrices. Accordingly, the following studies were performed using an
accumulation time of 180 s and 30 s for the systems GCE/CNT-COOH and
GCE/CNT-NHo,, respectively. Similar results were observed for the oxidation

of CT under the same experimental conditions.
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Figura 3. Effect of accumulation time on the oxidation current intensity of
0.1 mM HQ for the GCE/CNT-COOH and GCE/CNT-NH, systems.
Working conditions: Scan speed 50 mV/s, Electrolyte: Buffer Britton-

Robinson 0.1 M, pH 2.0.

Determination of HQ using GCE modified with different CNTs and

AUNS

Before to use AuNPs in the electrochemical system, they were characterized
by TEM, UV-Vis-NIR spectroscopy and Dynamic Light Scattering. TEM

analyses (Fig. 4A) showed that AuNS present a homogeneous and quasi-
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spherical shape, and their size is between 12-13 nm with an average size of
12.7+ 2 nm. The size was confirmed by UV-VIS-NIR (inset Fig. 3A)
analysis, which shown a maximum of the band at 518 nm. This value
corresponds to a symmetric surface plasmon absorption and quasi-spherical
particle of 12-18 nm (Alim et al., 2018a; Turkevich, John; Cooper, 1951).
DLS analyses (Fig. 5) agrees the AuNS size with a 12.7 £ 2 nm value. The
CNT-NH; and AuNS mixture was characterized using SEM (Fig. 4B), and
images shown that AuNS are dispersed homogeneously on the CNT-NH,
surface, which indicates a good interaction between the nanospheres and the
amino groups present in the nanotubes, enabling the electrostatic deposition

of the AuNS on the rough surface of the functionalized CNTSs.

38



Figura 4. A) Transmission Electron Microscopy (TEM) and AuUNS
characterization, (Inset) VIS-NIR spectroscopy made for AuNS solution.
Experimental conditions: Zeta potential: -20.3 mV. B) Scanning Electron

Microscopy (SEM) made to GCE/CNT-NH,-AuNS.
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Figura 5. Size distribution of AuNS obtained using DLS.

The effect of the AuNS towards the HQ detection using CNT-COOH and
CNT-NH; was studied using cyclic voltammetry (Fig. 6A and Fig. 6B
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respectively). An increase of faradaic current was observed using AuNS and
the different CNTs, however a more reversible and defined current peaks
were obtained for the HQ/Q couple using GCE/CNT-NH,-AuNS. As seen in
Fig. 6B, a good interaction between AuNS and CNTSs were assessed, which
would create a synergistic effect on the HQ detection, thereby generating an
increase in the current due to a better electronic transfer attributed to the
contribution of both materials. The different peaks potentials and currents for
the HQ oxidation using both systems are summarized in Table 2. A poor
signal was observed using only GCE/AuUNS (Inset Fig. 6B), which could be
attributed to i) the incapacity of the surface of the GCE of adsorb AuNS due
to the lack of functional groups that promote the electrostatic interaction
between the nanoparticles and the surface of the electrode, and ii) AuNS
present an smaller surface area compared to the electrodes modified with

CNTs.
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Figura 6. Cyclic voltammograms in the presence of 0.1 mM HQ using the
different systems of CNT and AuNS. A) CNT-COOH (Inset: Cyclic
Voltammogram of bare GCE modified with AuNS) with an accumulation
time of 180 s, B) CNT-NH, with an accumulation time of 30 s. Experimental
conditions: electrolyte buffer Britton Robinson 0.1 M, pH 2.0, scan rate 50

mV s7.
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System Ep (V) Ip (WA) System Ep (V) Ip (WA)

GCE/CNT-COOH 0.345 20.62 £2.41 GCE/CNT-NH: 0.333 40.75 £ 2.47

GCE/AuUNS 0.473 2.77 £0.03 GCE/AuUNS 0.474 222 +0.04

GCE/CNT-COOH- 0.347 2477 £4.11 GCE/CNT-NH:z- 0.343 45.47 + 3.06
AuNS AuUNS

Tabla 2. HQ oxidation peak potentials and currents obtained using the

different AUNS and CNT systems.

Since the highest current was obtained using GCE/CNT-NH2-AuNS, the

following experiments were performed using only this system

Simultaneous determination of HQ and CT using CNT/NH2-AuNS

To assess the interference in the simultaneous determination of HQ and CT,
we proceeded to study the oxidation of both analytes by DPV, considering
that HQ and CT have an oxidation peak separated by 100 mV when analyzing
each analyte alone using DPV. Fig. 7A shows the voltammograms of
different HQ concentrations with a constant concentration of CT 50 uM. The

peak current is increased linearly when increasing the concentration of HQ
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I (uA)

inarange of 4.5 - 150.0 uM with R?=0.996 and a F value = 0.0004 (F critical
= 1.53, o = 0.05), with a linear equation of Ip (nA) = -0.278 + 0.154 [HQ)]
(uM). The same procedure was followed for the CT calibration curve,

keeping a constant HQ concentration of 50.0 uM.
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Figura 7. Oxidation voltammograms and calibration curve of A) HQ in the

presence of 50.0 uM CT and B) CT in the presence of 50 uM of HQ Working
conditions: Medium Britton-Robinson pH 2.0 Swept speed: 0.004 V s7,

Accumulation time: 30 s.

In the differential pulse voltammograms in Fig. 7B, the peak current is
observed to increase as the concentration of CT rises. In addition, the signal
corresponding to HQ does not significantly affect the current intensity or the

oxidation potential value in the measurements, having a separation peak of
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>100 mV, approximately. The calibration curve for CT shows a good linear
relationship in the presence of HQ, with a linear range between 4.0 - 150 uM
and R2=0.998 and a F value = 0.0026 (F critical = 1.53, a=0.05) according
to equation Ip (pA) = - 0.514 + 0.107 [CT] (uM). In oxidation, the
voltammograms of HQ and CT show a peak separation of 120 mV, which
allows the differentiation of the compounds using the CNT-NH2-AuNS
electrode. A decrease in sensitivity during simultaneous determination can
be observed when comparing the calibration curve of separated species. For
HQ, the decrease in sensitivity is 0.531 pA pM?, and determination has an
initial value (in the absence of CT) of 0.685 pA uM? (corresponding to a
decrease of 77.5%). In the CT case, sensitivity decreases in the simultaneous
determination of the analyte in the presence of HQ. Initially, without HQ,
sensitivity was 0.677 pA pM™; however, when the solution contained 50 uM
of HQ, a sensitivity of 0.107 pnA uM™* was achieved for CT, decreasing to
84.5%. Although peak potentials diverge above 100 mV, an overlap is seen
between the signals when the HQ faradaic process ends and the CT oxidation
process begins (between 0.400 and 0.420 V), which could decrease the
sensitivity in the simultaneous determination of both isomers. The great

decrease in CT sensitivity in the presence of HQ could be because HQ
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oxidizes at lower potentials than CT. This redox process would interfere in
the beginning of the oxidation of catechol. The experimental analytical
parameters of the method were determined, and the results obtained from the

validation are presented in the Table 3.
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Lineal
LD/ | LQ/ | AEp (HQ-
Material Analyte | Sensitivity range / Technique pH Ref
UM UM CC)/ mV
UM
Graphene HQ 1.3221 uM n.d. 2.7 9.1
(Arago et
screen-printed 105 DPV 7.0
cc 1.5825 uM n.d. 1.7 5.6 al., 2016)
electrodes
HQ 0.9997 uM 0.5-300 0.11 n.d. (Zheng et
NDSBAC! 112 DPV 6.5
cc 1.0662pM | 05-300 | 0.09 | n.d. al., 2020)
164.4 pA
HQ 0.008-1 | 0.002 n.d. (Jinshou
WBC/Au-850- HM™em™
1128 DPV 6.0 Wang et
15% 132.0 pA
cc 0.01-1.0 | 0.004 | nd. al., 2020)
UM tem
10.0 -
HQ n.d. 12 n.d. (Tashkhour
1000.0
AUNPs-MPS% 123 SWV 7.0 ian etal.,
30.0 -
cc n.d. 1.1 | nd. 2016b)
1000.0
HQ n.d. 0.5-300 0.16 n.d. (X. Zhou
GR-GO 102 DPV 7.0 etal.,
ccC n.d. 0.5-300 0.2 n.d.
2014)
HQ nd. 10 - 500 25 nd. (Zhao et
NiO/CNT ~110 DPV 7.0
cc n.d. 10-400 | 25 | nd. al., 2018)
0.01 -
HQ n.d. 0.035 | n.d. (Han et al.,
GO-TT-CNT 200 n.d. DPV 7.4
2014)
cC n.d. 0.5-200 | 0.049 | n.d.
0.154 pA 45 -
HQ 1.3 4.3
CNT-NH,- HM 150.0
100 DPV 2.0 This work
AuNS 0.107 pA 4.0 -
cC 11 3.9
pMt 150.0

Tabla 3. Comparison of different sensors reported for the simultaneous

determination of HQ and CT.

1 Nitrogen-doped activated carbon derived from sugarcane bagasse.

2 Gold nanoparticles decorated the seedling of white myoga ginger-derived biochar.
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The limit of detection (LD) and the limit of quantification (LQ) were
calculated using the modern definition of IUPAC (Currie, 1995; Olivieri,
2015), which considers type o and B errors based on the residual error of the
calibration curve and the instrumental error (pure error) with a LD = 1.0 uM
and LQ = 4.0 uM. The linear range selected for the determination of analytes
ranges between 4.00 - 150.00 uM. We studied accuracy of the CNT-NH,-
AUNS electrode in n = 15 determinations, obtaining a coefficient of variation
of 2.2% for HQ and 2.1% for CT, which showed similar precision in a

succession of repeated measurements for both analytes.

Comparing the results for the simultaneous determination of HQ and CT with
electrodes modified with other materials reported in the literature (Table 3),
the electrode modified with GCE/CNT-NH,-AuNS achieves a higher
sensitivity, good lineal range and a comparative AEp in comparison with

those obtained with electrodes modified with similar materials.

3 Gold nanoparticles mesoporous silica modified carbon paste electrode
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Considering the conducted studies and the electroanalytical response
obtained with the GCE/CNT-NH2-AuNS electrode, we worked on the
simultaneous determination of these dihydroxybenzene isomers in a real

matrix.

Determination of HQ and CT in different aqueous matrices

HQ and CT were determinate in different aqueous matrices which are from
natural: drinking water, winery wastewater and river water. Standard addition
analyses were performed since this type of calibration strategy is used for the
analytical determination in matrices that have a considerable matrix effect
and an external calibration is not allowed. A comparison of the standard

addition results obtained in each matrix was conducted.

In this case, DPV was employed for the analysis of aggregated hydroquinone
using the methodology developed in this work. The method developed was
applied to the deter- mination of hydroquinone in different aqueous matrices,

which are both of natural origin and water treated for consumption. The
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determination of hydroquinone and catechol were performed by differential
pulse voltammetry, obtaining the results shown in Table 4. The linear range
of the analyte in the matrices studied was smaller than the working range
obtained using standard MilliQ water. In addition, a reduced slope can be
observed when determining the analyte in all the matrices. Recovery values
under 88.4% were obtained in all the studied matrices, except for winey
water, which has a very low recovery rate (less than 53.0%). The low
recovery for fortified winery wastewater can be attributed to the effect of the
matrix on determination, and there may be species that are consuming the
hydroquinone added in the sample. In addition to this, all the matrices present
a high amount of unidentified interferents, such as inorganic ions, chlorides,
polyphenols and organic species that could interfere with the electrochemical
oxidation of the dihydroxybenzenes studied in this work. In this way,
analyzing hydroquinone and its isomers would be possible, as well as
molecules that have dihydroxy-benzenes groups present in their structure,

with low accuracy.
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Matrix Analyte Concentration (UM) Obtained concentration (UM)  Recovery (%)

HQ 48.6 £0.7 88.4
Drinking water 55.0
CT 453 +0.5 82.4
HQ 75.8+0.8 52.3
Viticultural wastewater 145.0
CT 71504 49.3
HQ 80.3+0.5 80.3
River water 100.0
CT 84.2 £0.6 84.2

Tabla 4. Standard addition determination of hydroquinone (n = 10) in
different aqueous matrices by differential pulse voltammetry, recovery

coefficients and experimental t (oo = 0.05) for each determination made.

Considering the obtained results, it was proposed to use the wine wastewater
for the application of a multivariate strategy for the quantification of
hydroquinone and catechol since this matrix is the one that presents the
lowest recovery levels, and the matrix has a greater quantity of interferents

that hinder the determination of analytes.
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Reproducibility study of the modified electrode area with

nanostructured material

Reproducibility assays were performed for GCE/CNT-NH2 and GCE/CNT-
NH2-AuNS In addition, the response of an unmodified GCE was studied as
a control. For the study of reproducibility, ten electrodes (n = 10) were
modified independently to analyze a concentration of 50.0 uM of HQ in the
same day. Table 5 resumes the current values and the variation coefficients
for the analyses. A variation coefficient of 3.12, 9.03 and 13.51% was
obtained for GCE, GCE/CNT-NH2 and GCE/CNT-NH2-AuNS respectively.
This variability in the current measured could be attributed to the differences
in the electroactive areas of the electrodes modified with the nanomaterials.
CNTs are hydrophobic and, therefore, present difficulties to be scattered in
water, despite the dispersions were sonicated in an ultrasound bath during
one hour to minimize the agglomeration of the material. These agglomerates
generate two effects: i) different agglomerates sizes, which implies that not
always will be the same amount of nanomaterial on the electrode surface, and
I1) reduced efficiency in current, due to the loss of nanomaterial behavior and

prevails of the macrometric properties of carbon materials.
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Electrode 1 (LA) CV%

GCE 1.31£0.04 3.12
GCE/CNT-NH: 27.0+2.43 9.03
GCE/CNT-NH2-AuNS 22.6 £3.06 13.51

Tabla 5: Current values obtained for independently modified electrodes (n =
10) for the oxidation of 50.0 uM hydroquinone by differential pulse

voltammetry.

Evaluation of multivariate calibration method for simultaneous

determination of HQ and CT

A model based on PLS was built for the determination of HQ and CT in
industrial residues of the wine industry. Best results were obtained by
applying a baseline correction and log10 to compensate the dispersion of the
baseline current between each measurement made due to the reproducibility
of the electrodes. VVoltammograms were preprocessed, and a mean center was

applied to avoid variation of the oxidation potential of HQ and CT between
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the measurements for the fortified samples. Two latent variables were
selected for the HQ model and 3 latent variables for the CT model. This
number of variables exhibits the lowest validation errors by cross validation
allowing a more accurate determination because this number of components
delivers a lower residual error. In addition, the analytical figures of merit
were obtained for each model based on the PLS model obtained. These results
are presented in Table 6. From the information obtained from the
multivariate model, HQ and CT can be determined simultaneously in a range
of 1.0 - 126.0 uM for HQ and from 7.0 — 177.0 uM for CT, with calibration
and validation errors close to 20% obtained by cross validation. The PLS
model was evaluated using an 8-sample validation set for wine industry

wastewaters, fortified with known analyte concentrations.
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Analyte modeled
Data Transformation
Data Preprocessing
Latent variables (k)
% Explained variance
Ncalibration
Range (UM)
SEC
SEV
Ival
Ieal
Nvalidation

SEP

IMprediction

HQ CT
Baseline correction + Log10

Mean Center

2 3
87.4 93.9
21 21
1.2-125.9 6.7-176.9
19.7 21.6
21.74 23.51
0.869 0.884
0.910 0.921
8 8
9.9 8.4
0.758 0.950

Tabla 6. Analytical figures of merit of the PLS models constructed for the

simultaneous determination of HQ and CT.
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Standard prediction errors (SEP) of 9.9% were obtained for HQ
quantification and 8.4% for CT in simultaneous quantification of both
analytes in the wastewater. The charts with the values of SEP, and the HQ
and CT real concentration versus predicted concentrations of both analytes
are presented in Fig. 8. This figure shows graphically the correlation between
the known analyte concentrations (Y observed) and the concentrations
predicted by the model (Y predicted), where the line represents the predicted
ideal values when evaluating the voltammogram obtained by DPV in the
vector of regression B, where a greater proximity of the points to the line
indicates a good accuracy in the prediction of the concentration. According
to the results obtained, the values predicted by the PLS model are concordant
with the concentrations added to the real sample having a low prediction

error.
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Figura 8. Plot of A) HQ and B) CT predicted concentrations as a function of
the nominal values in validation samples for determination in wine industry

wastewater by PLS calibration model.

Finally, the built model has high SEC and SEV values. This indicates,
preliminary, that the model is not very robust for the simultaneous
determination of HQ and CT. Nevertheless, a good correlation is observed
between the values predicted by the models and concentrations used in
sample fortifications when compared with standard addition in studies with
real samples. To compare simultaneously the predictive capability of the
studied methods, the predicted values obtained on this work are shown in Fig.

9. Elliptical Joint Confidence Region (EJCR) is employed to analyze the
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performance of standard addition and PLS quantification in terms of
normalized values of 1 for slope and O for intercept of each calibration
methodology presented in this work and can include their confidence ranges
around the means. The amplitude of the ellipse acts as a precision indicator,
where a wide ellipse implies larger confidence intervals and a lower
precision, and a small ellipse indicates a higher precision for that calibration
method. Additionally, if the ellipse contains the normalized value (point
located at {x,y}=1,0), it indicates graphically how accurate is the calibration

method used.

Fig. 9 shows that the low accuracy and precision of standard addition makes
it not suitable for the real samples. Instead, standard addition to analytical
grade water combined with the PLS model yield more accurate predictions.
The effect on bias is present in the ellipse obtained for the simultaneous
quantification of HQ and CT in standard addition applied to real samples.
Therefore, it can be inferred that there is an error produced by the matrix
effect exerted by electroactive species that can interfere with the
electrochemical determination, or by species present in the sample that can

inactivate the electrode. This error would prevent the electronic transfer from
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the analyte to the electrode and generate interference in the electrochemical
signal from the redox process of HQ and CT. Regarding the precision of the
methods, both the standard addition to MilliQ water and the determination
via PLS are more accurate and precise than the simultaneous analysis of both
dihydroxy-benzene isomers using standard addition in real samples.
According to the results obtained, a multivariate methodology would be more
suitable for the analysis of real samples, as they reduce the matrix effect on
the determination of both analytes simultaneously and result in accurate and

precise electrochemical determinations.

Intercept

o

0 ! ! 1 ! L !
02 0 02 04 06 08 1
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Figura 9. Elliptical joint region (at 95% confidence level) for the slope and
intercept of predicted vs. nominal concentrations predicted by standard
addition and PLS model developed in this work. The green cross marks the

theoretical (intercept=0, slope=1) point.

The results obtained in this work indicate that chemometric multivariate
calibration tools like PLS are adequate and better than classical calibration
methods used in electrochemistry like standard addition for the direct and
electrochemical simultaneous determination of HQ and CT in real samples,
even in the absence of interference considered in the development of the
methodology, which achieved errors lower than 10% in the quantification of

the analytes.
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4.1.4. Conclusions

The electrochemical oxidation of HQ in aqueous media showed a higher
current response and lower AEp when using electrodes modified with
multiple wall carbon nanotubes (CNT), oxidized multiple wall carbon
nanotubes (CNT-COOH) and amino carbon nanotubes (CNT-NH,),
compared to the unmodified carbon electrode. The redox response of HQ
presented a signal of higher current intensity when using electrodes modified
with oxidized multiple-walled carbon nanotubes (CNT-COOH) and amine
multiple-walled carbon nanotubes (CNT-NH,), however the latter presented
a more defined signal. The redox response of HQ increased by
simultaneously modifying the electrodes with CNT-NH, and gold
nanospheres (AuNS), further allowing separation with their structural

isomers in the same solution.

An electroanalytical methodology was developed that allows the
determination of HQ and CT in nanopure water, with a LOD of 1.0 uM in a

working range of 4.0 to 150.0 uM, and an approximated error of 2.0%.
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In real samples, the simultaneous determination of HQ and CT presented
recoveries over 90% in drinking water and winery wastewater. A multivariate
model was constructed by PLS, achieving prediction errors at 9.9% for HQ

and 8.4% for CT with minimal sample treatment.
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4.2 .Electrochemical monitoring and removal of arsenic from

secondary effluents through the electrocoagulation process

En esta segunda seccion, se presentan los resultados de la investigacion
resultante como parte de esta tesis doctoral, trabajo enviado a la revista
Chemosphere, el cual se titula “Electrochemical monitoring and removal of
arsenic from secondary effluents through the electrocoagulation process”,

sometido en marzo de 2022.
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4.2.1. Introduction

Arsenic (As) is a toxic substance with a high environmental prevalence. It is
estimated that more than one hundred million people around the world are
exposed to unsafe levels of As or its compounds (Rodriguez-Lado et al.,
2013). Arsenic can be found in the environment as: i) Organic As species,
where arsenobetaine, monomethylarsonic acid (MMA), and dimethylarsinic
acid (DMA) stand out. These species have low toxicity, but they tend to
bioaccumulate in plants, cereals, algae, and animals (Jrog Feldmann et al.,
2009; Promchan et al., 2016), and ii) Inorganic As species, predominantly
pentavalent arsenic (arsenate, As®*) and trivalent arsenic (arsenite, As").
Arsenite is one hundred times more toxic than arsenate in human beings (Jain
& Ali, 2000) and it can also bioaccumulate as organic species (Abid et al.,
2019; Antonova & Zakharova, 2016; Raab et al., 2016). Many international
organisms, such as the World Health Organization (WHO), the United States
Environmental Protection Agency (US-EPA), and the Directive of the
European Environment Agency (EEA), have listed arsenic as a toxic

substance of priority concern (EEA, 2013; Gorchev & Ozolins, 1984; US-
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EPA, 2001). Therefore, a permissible limit of 10 pg L? of inorganic As in

drinking water is highly recommended.

Anthropogenic contribution of arsenic in soil and underground water bodies
is caused by mining, dye manufacturing, and agriculture (Garcia-Costa et al.,
2021; Montefalcon et al., 2020),while naturally occurring arsenic
contamination in water bodies derives from the dissolution of As-minerals
like arsenopyrite, enargite, realgar, or tennantite (Guo et al., 2010; Xie et al.,
2013). In this sense, the elimination of inorganic As species in water is
mandatory. Different methodologies such as adsorption, membrane filtration,
chemical coagulation, and electrocoagulation (EC) have been studied for this
purpose (Asere et al., 2019; Sandoval et al., 2021; Syam Babu & Nidheesh,

2021).

In recent years, EC has proved to be an efficient process to treat groundwater
and wastewater (Goren & Kobya, 2021; Nidheesh & Singh, 2017). Several
advantages such as low sludge production, easy system set-up and operation,
as well as inexpensive operating costs have increased the interest in it. In

addition, EC can be applied directly in contaminated water if it has adequate
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conductivity and pH values (Nidheesh & Singh, 2017; Sandoval et al., 2021).
EC uses two metal electrodes immersed in the polluted water, which are
connected to an external power source. An electric current is applied to the
system which promotes the oxidation process at the anode generating metal
cations (M"). Simultaneously, H,O molecules are reduced to hydroxide ions
(OH") at the cathode. Pollutants are neutralized by coagulating agents
[M(OH), type], which collide promoting the formation and growth of flocs
that induce the removal of pollutants such as arsenic species (Sandoval et al.,

2021).

Several studies have dealt with the depletion of arsenic in
groundwater/wastewater using aluminum or iron as sacrificial electrodes

(Goren et al., 2020; Goren and Kobya, 2021; Sandoval et al., 2021).

In turn, a variety of analytical methods has been developed to detect and
quantify organic and inorganic arsenic species at low concentrations
(Petursdottir et al., 2015; Urgast et al., 2014). For instance, inductively
coupled plasma (ICP) allows for performing multi-element analyses,
achieving trace and ultra-trace detection limits (Jr & Township, 2016). ICP

has been compared to flame atomic absorption spectrometry coupled with
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hydride generation or graphite furnace as a standard technique for
environmental As control (Hung et al., 2004; Jain & Ali, 2000), However,
ICP-based methods have some disadvantages (Hung et al., 2004; Ma et al.,
2014), which makes it difficult to study numerous samples and to perform
real-time and on-site analyses. In recent years, the use of electrochemical
sensors not only has allowed for conduct in-situ but also limit of detection
(LD) analyses with an order of magnitude of as high as pg mL™* and ng mL"
! (Buffa & Mandler, 2019; Bullen et al., 2020; Trachioti et al., 2019; L. Xiao

et al., 2008).

In this study, an electrochemical sensor based on a heterostructure built with
aminated multiwalled carbon nanotubes (MWCNT-NH,) and decorated with
gold nanospheres (AuNP) is developed to assess and validate a new
electroanalytical methodology for determining arsenite concentration in real
effluents. Moreover, the removal of arsenic from municipal wastewater was
studied through an electrocoagulation process fitted with aluminum and iron

as sacrificial electrodes.
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4.2.2. Materials and methods

Reagents

All chemicals used in this study were of analytical reagent grade. Arsenite
trioxide, potassium chloride, potassium ferrocyanide, potassium
ferricyanide, tetrachloroauric acid solution, sodium citrate dihydrate, sodium
hydroxide, and boric acid were purchased from Sigma-Aldrich® (Santiago
de Chile, Chile). Glacial acetic acid and orthophosphoric acid of EMSURE®
grade were provided by Merck® (Santiago de Chile, Chile). Pure and
functionalized multiwalled carbon nanotubes (MWCNT) and alumina
polishing dispersion were supplied by Dropsens® (Asturias, Spain). All
solutions were made using ultrapure water obtained from a Millipore Milli-

Q system.

Fabrication of MWCNT-NH»/AuUNP sensor
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A glassy carbon electrode (GCE) provided by CH Instruments® (Austin,
Texas) was modified with pure NH2/COOH functionalized multi-walled
carbon nanotubes. MWCNT dispersions were sonicated in an Elma S10
Elmasonic ultrasonic bath for 30 minutes at 25.0 £ 0.1 °C, with a 1.0 mg
mL* MWCNT concentration. Subsequently, gold nanoparticles were
synthesized in a reflux system; 100 mL of 1.0 mM HAuCI, at 190 °C were
reduced with 5 mL of 77 mM sodium citrate under constant stirring during
30 min until obtaining a deep red AuNP solution due to the Au®* — Au°
reduction. Finally, the AuNP solution was filtered through 0.45 um PVDF

filter. The pH solution was adjusted to 8.0 using sodium hydroxide 0.1 M.

The hybrid material dispersion was performed by the addition of 1.0 mg
of MWCNT in 1.0 mL AuNS solution. Then, it was sonicated during 2 h
at 25.0 °C. It is worth mentioning that, in this phase, the red color of the
AUNP solution disappears, which indicates the formation of a nanometric
MWCNT/AUNS heterostructure. Before the deposition of 10.0 pL

MWCNT/AUNS dispersion drops on the GCE surface, the electrode was
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polished using 0.3 and 0.05 um of alumina suspension, and then washed

with Milli-Q water. Finally, the GCE was dried at 30.0 °C.

AUNP analyses were performed by UV-Vis spectroscopy using a Perkin
Elmer Lambda 25 UV-Vis spectrometer was used to evaluate the
respective spectrum of the synthesized nanoparticle; dynamic light
scattering (DLS) and zeta potential were determined using a NanoSizer-
ZS Malvern Instrument and were used to determine the size distribution
and surface charge of the gold nanoparticles; and transmission electronic
microscopy (TEM) was performed in a Philips Tecnai 12 Biotwin
microscope, and used to examine the morphology of nanoparticles. The
surface modified with the MWCNT/AUNP mixture was analyzed by
scanning electron microscopy (SEM) in a LEO 1420VP instrument
coupled to an Oxford 7424 dispersive energy analysis instruments, the
resolution was improved by increasing the acceleration voltage (25 kV),
this technique was used to examine the hybrid surface of the

electrochemical sensor.
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Electroanalytical measurements

All electroanalytical experiments were carried out ina 15 mL non-divided
amber glass cell with constant stirring at 25 + 2 °C. A Britton-Robinson
buffer solution was used as supporting electrolyte, the solution was
prepared using, in a specific order, boric acid, glacial acetic acid, and
orthophosphoric acid at 0.1 M. Cyclic and differential pulse voltammetry
were performed using an Autolab (Metrohm, Herisau, Switzerland)
Potentiostat/Galvanostat PGSTAT 204 system. A glassy carbon electrode
acquired by CH Instruments® (Austin, Texas) was used as working
electrode (0.19 cm? geometrical area); a saturated Ag/AgCl (1.0 M)
acquired from CH Instruments® (Austin, Texas) was used as reference
electrode, and a platinum wire was used as counter electrode. The cyclic
voltammograms were recorded from -1.0 to 1.0 V at 10 mV s. The As®*
electrochemical determination consisted in a preconcentration stage that
was performed at a working potential of -600 mV during 200 s (optimized
conditions); afterwards, a differential pulse voltammetry phase was

performed from -600 to 300 mV at 0.005 V, 0.05 V, 0.05 s, 0.2 s of step
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potential, pulse amplitude, pulse width, and pulse period, respectively. It
is important to highlight that the MWCNT-NH2/AuNP sensor does not

need to be washed or activated before the determination stage.

Municipal wastewater treatment

The secondary effluent samples were collected from two wastewater
treatment plants “Aguas Andinas, Mapocho Trebal” (33°32°82°’S,
70°50°08°W) and “Aguas Andinas, La Farfana” (33°28'32.0"S,
70°47'30.6"W) located in Santiago de Chile (Chile). The sampling was
performed in July 2021. Wastewater samples were characterized in a
previous work (Calzadilla et al., 2021). Their physicochemical parameters,
namely color, turbidity, conductivity, total organic carbon, sulfates and
nitrates are showed in Table 7. The samples were fortified with a 1000 mg
L arsenic trioxide standard. As concentrations were measured using a
Graphite Furnace Atomic Absorption Spectrometry (GFAAS) (Thermo
Scientific, Model iCE3000) at A = 193.6 nm of selective hollow-cathode

arsenic lamp.
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Parameters Unit Initial Value

Color Light yellow
Odor Strong
Turbidity (NTU) 7.72
Total
Dissolved mg L 1202
Solid

Conductivity (nS) 2402

Absorbance at
280 nm (UA) 0.375

Chemical
Oxygen -1
Demand (mg mg L 353
L")

Total Organic

Carbon (mgL~ mgL’ 22.68
1
)

Total Chlorine mg L' 0.06
Nitrate mg L 7.7
Sulfate mg L 8.17

Ammonium mg L'1 42.5

Tabla 7: Characterization of seccondary effluent, values taken from

previous work of Calzadilla et al., 2021.



The electrocoagulation tests were carried out in a 300 mL electrochemical
cell with slow constant stirring at 25 £ 2 °C. Initial arsenite concentration
was 250.0 pug L. EC tests were performed using iron and aluminum as
electrode materials. The bare geometrical area and electrode gap were 6.0
cm? and 1.0 cm, respectively. EC experiments were performed at current
densities (j) of 5, 6, and 7 mA cm2 for each electrode material during 60

min.

Flocs characterization

SEM analyses were carried out in a high-performance JEOL JSM-6010
PLUS/LA analytical scanning electron microscope. The energy dispersive
analysis of X-rays (EDA-X) was conducted using a JEOL detector, which
was integrated into the SEM microscope. A small portion of the samples
was deposited on a graphite tape that was supported on an aluminum
sample holder. The analysis of the samples was carried out in vacuum. The

elemental concentrations were also determined using energy dispersive X-
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ray fluorescence (EDXRF). All measurements were carried out under
vacuum conditions using a Rigaku Nex CG X-ray fluorescence
spectrometer, and an X-ray tube with Pd anode. The X-ray diffraction
analyses (XRD) of aggregates formed during EC process were carried out
using a Rigaku Ultima IV X-ray Diffractometer. XRD patterns were
measured using Cu Kay radiation, applied at 30 kV and 30 mA of voltage
and current, respectively. Each pattern was collected for a diffraction angle
range of 5° < 20 < 80° and scanned at 2.0° min~*. The Fourier Transform
Infrared Spectroscopy (FTIR) analysis of precipitates was carried out
using a Thermo Scientific Nicolet iS10 FTIR Spectrometer with diamond
Attenuate Total Reflectance (ATR) sampling accessory and OMNIC

Software.

Statistical analysis

Statistical analyses were performed with Origin software (2015 version,

OriginLab, Northampton, USA). Factorial optimization studies were
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performed with Modde software (7 wversion, Sartorius, Gottingen,
Germany). The points in figures represent the average of four replicates
and error bars correspond to the sample standard deviation of the mean (n
= 4) with a statistical significance of p <0.05. All voltammograms were
preprocessed in Autolab (Metrohm, Herisau, Switzerland) NOVA 1.1
Software, using a Savitzky-Golay smoothing algorithm. Subsequently, the
voltammogram was derived to improve the signal-to-noise ratio and

resolution of the oxidation peak obtained.
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4.2.3. Results and discussion

Electrochemical studies of MWCNT/AuNP-modified electrodes

Cyclic voltammetry studies were carried out using MWCNT, MWCNT-
COOH, and MWCNT-NH,-modified glassy carbon electrodes to define the
adequate electrochemical performance for the determination of arsenite. Itis
important to note that an electrochemical preconcentration stage was
previously conducted by means of the application of a -500 mV potential
during 100 s. A pH analysis was performed between 2.0 and 7.0 to find the
highest current response. This study was performed using a 0.1 M Britton-
Robinson buffer as a supporting electrolyte with an initial pH value of 2.0;
then, the pH value was adjusted using 1.0 M NaOH. The observed current
variation as a function of pH value is shown in Fig. 10. The greatest current
response was reached at pH 2.0, which is consistent with values reported by
other similar works in which carbon materials were used to study the
electrooxidation of As® to As®* in aqueous media (Lalmalsawmi et al., 2020;

Pereira et al., 2016a). When the pH value was increased, a rapid decay in the
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current peak was observed due to the oxidation from As®** to the non-
electroactive compound As®*. According to this study, a pH 2.0 was selected

to carry out the cyclic voltammetry studies of 1.0 mg L™ As®*,

| (MA)

Figura 10: Observed arsenic cyclic voltammetry current variation as a

function of pH value. As®" 1.0 mg Lt in Britton-Robinson buffer

Figure 11 shows the cyclic voltammogram of the blank. In this figure, an

increased capacitive current is observed for all modified GCEs as a
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consequence of their good electron transfer. MWCNT-COOH-modified
GCE exhibited a wide anodic and cathodic faradaic signal between -500 and
300 mV, which is attributed to different functional groups present in
nanotubes such as carboxyl groups, like non-selectively aldehyde and

ketones groups produced during the functionalization of MWCNT.

The voltammograms performed with 1.0 M As®** are displayed in Figure
11B. As it may be seen, they show a well-defined anodic signal when using
GCE modified with MWCNT and MWCNT-NH,, at 125 and 160 mV,
respectively. The faradaic peak obtained with the MWCNT-NH,-modified
GCE was 1.88 times greater than MWCNT-modified GCE signal. The
voltammogram of GCE modified with carboxylated MWCNTS presented
anodic and cathodic faradaic peaks that correspond to the electroactivity of
its oxidized groups. Therefore, the anodic signal obtained by arsenite
oxidation was probably interfered by these electroactive carboxylated

groups.

Finally, the electroactive area of all MWCNT-modified electrodes was

studied using the Randles-Sevcik equation (Eg. 6):
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I, = 2.69x10° n3/2v1/2p1/2AC Eq. (6)

where 1, is the peak current (A), n is the number of exchanged electrons in
[Fe(CN)e]*"* redox pair (n = 1), v is the scan rate (5.0-500.0 mV s*), D is
the diffusion coefficient of [Fe(CN)g]*’* (D = 6.8x10° cm? s1), A is the
electroactive area (cm?), and C is the concentration of redox pair (mol cm3).
The experimental A values obtained for unmodified GCE, MWCNT,
MWCNT-NH,, and MWCNT-COOH-modified GCEs were 0.08, 0.21, 0.35,
and 0.39 cm?, respectively. The augment of the electroactive area was

between 4 and 5 times compared to the naked GCE.

Based on these results, aminated MWCNTS were selected to support the gold
nanoparticles for the following studies, since they showed i) a better signal-
to-noise ratio, ii) a better-defined faradaic peak during the oxidation of pre-
concentrated As® to As®**, and iii) a highlight increase in the electroactive area
respect to naked GCE, unfunctionalized MWCNT, and MWCNT-COOH

modified GCE.
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Cyclic voltammograms of aminated MWCNT performed in As®** 1.0 mg mL-
1 showed a well-defined faradaic peak at 76 mV when the MWCNT-
NH,/AuUNP electrode was used (Fig. 11C). An improvement in current
intensity of 24.3 times compared to MWCNT-NH,-modified was observed,
which is attributed to the excellent electron transfer produced by the
dislocation of surface electrons of AuNP. In addition, elemental arsenic
forms stable amalgams with metallic gold and, therefore, the
preconcentration stage should be more efficient when using the MWCNT
electrode decorated with AuNP compared to one that has only a MWCNT

nanostructure.
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Figura 11: (A) Cyclic voltammograms of Britton-Robinson buffer pH 2.0
with a naked GCE (a) and modified GCE with MWCNT (b), MWCNT-NH,
(c) and MWCNT-COOH (d); (B) cyclic voltammograms of As®* 1.0 mg L™
in pH 2.0 Britton-Robinson buffer with a naked GCE (a) and modified GCE

with MWCNT (b), MWCNT-NH, (c) and MWCNT-COOH; (C) cyclic
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voltammograms of As®* 1.0 mg L in pH 2.0 Britton-Robinson buffer with
AuUNP modified GCE (a) and MWCNT-NH2/AUNP (b) and MWCNT-NH,

(c) modified GCEs.

The morphology of the synthesized AuNPs was studied using TEM, DLS,
and UV-VIS spectrophotometry. Figure 12A shows the TEM micrographs
of synthesized AuNPs, which exhibited spherical morphology and
homogeneous size with an average diameter of 12.6 £ 1.0 nm. The size of the
nanoparticles was corroborated by a DLS analysis, obtaining a hydrodynamic
diameter of 17.1 + 1.8 nm. The difference in nanoparticle size is attributed to
the fact that DLS allows for the measurement of the hydrodynamic diameter
(Stokes diameter) of a hydrated and solvated nanoparticle. Therefore, the
nanometric diameter size obtained by TEM corresponds to the net size of a
gold nanoparticle, while that obtained by DLS corresponds to the size of a
gold nanoparticle plus the solvation shell (citrate ion molecules) thickness of
AuNP. Finally, UV-VIS spectrophotometry analysis showed a maximum

absorption band at 518 nm which agrees with the surface plasmon of 12-18
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nm quasi-spherical AuNPs (Alim et al., 2018b; Turkevich, John; Cooper,

1951).

SEM was used to examine the nanostructure obtained by modifying the GCE
with aminated MWCNT (Figure 12B) and aminated MWCNT/AuUNP
(Figure 12C). The modified surface with aminated MWCNT exhibited a
three-dimensional nanostructure of interconnected carbon nanotubes
distributed on the modified surface in a random and homogeneous manner.
This last confirms the increase of the electroactive area. A SEM micrograph
of MWCNT/AuUNP showed a distribution of carbon nanotubes like that
obtained with aminated MWCNT. AuNPs were dispersed over the entire

studied surface.
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Figura 12: TEM micrography of AuUNP (A); SEM micrographs of MWCNT-

NH, (B) and MWCNT-NH,/AuNP (C) modified GCEs.
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Univariate and multivariate optimization studies of preconcentration

stage

The electrochemical As detection is based on two steps: (1) a pre-
concentration stage of inorganic As dissolved in a matrix that corresponds to
the secondary effluent, which is carried out applying a fixed electric potential
for a certain period of time, (2) a redissolution stage in which As is
redissolved by monitoring the current obtained from the application of a
potential sweep. The electrochemical reactions for both electroanalytical

stages are presented in the following equations:

H3ASO3 (q¢) + 3H(e) + 3e™ = AS(yuq) + 3H,0( Eq. (7)

AS(pas) + 3H,0(y = H3AsOs3 (q¢) + 3H(e) + 3€” Eq. (8)

Figure 3 displays the univariate studies of two experimental factors at the
optimization of preconcentration stage: accumulation time (ti) and
accumulation potential (Eacc). These studies were carried out using an initial

concentration of 300 pg L* As®* in Britton-Robinson pH 2.0 media.
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Differential pulse anodic stripping voltammetry (DPASV) was used to
evaluate the effect of such studied parameters on the resulting anodic current
from electrochemical oxidation of accumulated As® on a MWCNT-
NH2/AUNP surface. Figure 13A shows the influence of t,c on the peak
current of As®* at -500 mV from 30 to 350 s. The anodic current increased
rapidly during the first three minutes; then, the augment began to stabilize.
This behavior was attributed to the As®* present in solution which was
electro-accumulated through two different mechanisms: i) the formation of
Au-As nano-amalgams at the metallic nanoparticles surface and ii) the
electroadsorption of AsC in the aminated nanotubes network. The former
mechanism is kinetically favored due to the electrocatalytic activity of the
AuNPs (30-180 s), while the latter mechanism is slower, but possible, due to
the large area-volume relationship, achieving the adsorption of analyte once
the surface AuNPs are saturated and unable to amalgamate additional As®.
Figure 13B shows the effect of E,c on the peak current in the interval
between -700 and -400 mV using an accumulation time of 200 s. It was found
that the optimal accumulation potential was -600 mV. However, by applying

more negative potentials, the reduction of accumulated arsenic to arsenic
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hydride, a non-electroactive compound, could be promoted, thus reducing the

expected anodic signal of the oxidation from As° to As®*,
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Figura 13: Monovariate studies of preconcentration factors ta.c (A) and Eqcc
(B) effect on arsenic peak current response obtained by DPASV in Britton-

Robinson 0.1 M pH 2.0 media.

To determine the optimized conditions, a multivariate study was carried out
using a Central Composite Face design (CCF), which allows for
simultaneously analyzing both t,.c and E,. variables with a low number of
experiments. In addition, it is possible to detect interactions between the
studied factors, which allows for optimizing the current response based on
the applied quadratic model. Table 8 shows the coded matrix of the CCF

design used in this work. According to the experimental methodology of
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multivariate analysis, multiple regression analyses were performed to

calculate the polynomial equation that adjusts the studied variables with the

current response.

*

Entry X, X*2 X, X, Y
1 -1 -1 100 -0,7 0,356
2 1 -1 200 -0,7 0,627
3 -1 1 100 -0,5 0,303
4 1 1 200 -0,5 0,746
5 -1 0 100 -0,6 0,352
6 1 0 200 -0,6 1,325
7 0 -1 150 -0,7 0,649
8 0 1 150 -0,5 0,523
9 0 0 150 -0,6 1,164
10 0 0 150 -0,6 1,129
11 0 0 150 -0,6 0,816
12 -1 -1 100 -0,7 0,345
13 | -1 200 -0,7 0,750
14 -1 1 100 -0,5 0,318
15 | 1 200 -0,5 0,841
16 -1 0 100 -0,6 0,416
17 1 0 200 -0,6 0,814
18 0 -1 150 -0,7 0,439
19 0 1 150 -0,5 0,450
20 0 0 150 -0,6 1,103
21 0 0 150 -0,6 0,978
22 0 0 150 -0,6 0,814

Tabla 8: Coded and operating variables for CCF model used for RSM

optimization analysis of electrochemical preconcentration stage of As** on

88



MWOCNT-NH,/AUNP sensor. X; corresponds to ta, X, corresponds to Ex,
and Y corresponds to the peak current (1) in A. The response was obtained at
DPASYV stage (-600 to 300 mV range) corresponding to the peak current of

electrochemical detection of arsenite (in HA)

The initial regression model was adjusted to include only significantly

correlated coefficients, obtaining the following equation (p <0.05):
Y (A) = 0.8911 + 0.2510X; + 0.0012X, — 0.3303X% Eq. (9)

where Y corresponds to the peak current (1) in A, and X; and X, are the coded

variables related to tac. and Eacc, respectively.

To corroborate the significance of the obtained model, regression coefficient
(R?) and Fisher's distribution (F-test) tests were performed. A R? value of
0.731 and an F value of 16.325 were obtained, which confirmed that the
registered current responses were well fitted to the CCF model. The
interaction X3X, was not significant, P value = 0.555; therefore, the
interaction was eliminated from the regression model. The weight of each

parameter (Figure 14) studied in decreasing order as a function of the
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regression coefficient values was tic >>>Ea., which means that
accumulation time is the principal factor in the electrochemical

preconcentration stage.
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Figura 14: Coefficient plot of CCF model with confidence intervals in
function of current response for 300 pg L™ As** in Britton-Robinson pH 2.0.

The data was centered and scaled to make the coefficients comparable.

Response surface methodology (RSM) has been used to determine the

optimized experimental conditions. The contour plot and the obtained
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response surface are exposed in Figure 15. In this case, the quadratic
coefficient of Eac becomes relevant at -600 mV from 30 to 300 s. The
optimized parameters were 200 s and -600 mV for taec and Eqcc, respectively.
At these conditions a predicted peak current of 1.14 pA was observed using
the MWCNT-NH2/AuUNP electrode for the analysis of As®** 100 pg L? in
Britton-Robinson 0.1 M at pH 2.0 media. This value was experimentally
corroborated by DPASYV obtaining 1.162 + 0.028 pA (n = 5), and subjected
to a t-test of statistical significance to evaluate if there is any statistical
difference between the experimental and predicted response. A t value of -
0.502 (t= 2.776, P = 0.05, 4 degrees of freedom). t-value is smaller than the
critical value, then, there is no statistical difference between the value
predicted by the RSM model and the experimental response obtained under
optimized preconcentration conditions. Considering these results, ta.c = 200
s and Eacc = -600 mV were used in the validation of the analytical

methodology for electrochemical arsenite quantification.
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Figura 15: Contour plot (A) and response surface (B) generated from CCF
design method using Eq. (9) for the peak current response optimization,

obtained by DPASYV after preconcentration stage.

External calibration studies for arsenite detection on real environmental

matrix

Under optimized conditions, arsenite linear range studies were carried out
using DPASV in fortified MilliQ water. As®** concentration was studied from
50 to 1000 pg L (Figure 16). A current response was obtained at -10 mV,

being proportional to arsenite concentration between 50 and 300 pg L™.
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Figura 16: Arsenite linear range studies were carried out using DPASV in
fortified MilliQ water. Working conditions: Britton-Robinson pH 2.0 media,
tacc: 200 s, Eacc: -600 mV, DPV step potential: 0.005 V, DPV pulse

amplitude: 0.05 V, DPV pulse width: 0.05 s and DPV pulse period: 0.2 s.

Figure 17A shows the DPAS voltammograms and the standard addition
curves of arsenite in synthetic and real WWTP effluents located in Santiago
de Chile, Chile. The following linear equation and coefficient of

determination were obtained: Y= 207.47 + 7.07X, R?= 0.998. Moreover, a
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detection limit (DL) of 0.98 pg L and a quantitation limit (QL) of 13.4 ug
L1 were found. DL and QL values were calculated with the Residual Sum of
Squares (RSS, 0.61 nA), according to the currently accepted definition by

IUPAC.

Using a real effluent, 8.0 mL were mixed with 2.0 mL of Britton-Robinson
0.5 buffer at pH 2.0 in an amber electrochemical cell of 15 mL volume.
Figure 17B shows two different areas that present a directly proportional
relationship between the anodic peak response obtained at 60 mV and As®**
concentration in the sample: i) from 50 to 170 pg L (Y = -417.73+ 19.58X,
R2 =0.997) and from 170 to 250 pg L (Y = 667.61 + 13.17X, R? = 0.997).
In addition, it was found that the determination of As®** by DPASV in the
effluent had a higher sensitivity than the same methodology studied by
external calibration in MilliQ water, being 2.77 times more sensitive in the
range between 50 and 170 pg L and 1.86 times more sensitive in the range
between 170 and 250 pg L. The increase in sensitivity is attributed to the
physicochemical characteristics of the real effluent, for example, higher
electrical conductivity results in higher detected currents. DL and QL were

calculated using RSS for the curve obtained from 50 to 170 pg L™, obtaining
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values of 0.39 and 42.89 ug L* for DL and QL, respectively. Predicted QL

value was verified by analyzing a fortified effluent sample with 43.0 pg L

of arsenite which produced a concentration of 43.13 + 0.47 ug L (n = 4),

obtaining a t-value of 1.02 (t = 3.18, P = 0.05, three degrees of freedom),

experimentally demonstrating the predicted QL.
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Figura 17: DPAS voltammograms (inset) and standard addition curves of

As** in MilliQ water (A) and As®* in real effluent water (B). Working

conditions: Britton-Robinson pH 2.0 media, tac: 200 S, Eaee: -600 mV, DPV

step potential: 0.005 V, DPV pulse amplitude: 0.05 V, DPV pulse width: 0.05

s and DPV pulse period: 0.2 s.
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To assess the stability of the MWCNT-NH,/AuNP sensor, 20 measurements
were performed by standard addition to an effluent sample fortified with 100
ug Lt of As®*, obtaining a relative standard deviation of 3.76%. Recovery
studies were carried out with 50.0 and 100.0 pg L™ of As®** and then assessed
by GFAAS. Results are showed in Table 9. In all cases, recoveries between

99.1 — 102.6 % were achieved with the MWCNT-NH,-AuNP sensor by

DPASV analysis.
DPASV GFAAS
Added
Matrix  concentration
-1
L Analyzed Analyzed
(g L) concentration ~ RECOVEIY  concentration ~ Recovery
-1 ((VO) 1 (%)
(MgL) (MgL")
51.30 = 48.15 +
50.0 051 102.6 006 96.3
Nanopure
water
100.24 + 100,14 +
100.0 036 100.2 0.02 100.1
49.55 + 49.38 =
50.0 131 99.1 008 98.8
Effluent
water
101.32 = 100.71 £
100.0 0.72 101.3 0.04 100.7
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Tabla 9: Recovery assays of arsenite in water samples with MWCNT-

NH./AuUNP sensor by differential pulse anodic stripping voltammetry

(DPASV) and reference technique (GFAAS).

Table 10 shows a comparison between the results of this study and results

reported with other nanostructured sensors. MWCNT-NH,/AuUNP electrode

used in this work achieved a wide linear range and low DL, showing good

analytical performance for arsenite quantification in a complex real matrix.

Considering the results obtained in the validation of the analytical method, it

Is possible to apply the MWCNT-NH2/AUNP sensor to the EC treatment

monitorization in a real contaminated effluent.

Electroanalytical Sensor Linear . .
] y .. DL Matrix Referencia
technique composition range
. River and
- 0.03
LSASV Au/SPCE 1 10? gL 1 agricultural (Pur;rg\; ;)t al.
gL waters
Zn organometallic 0.3
LSASV complex immobilized 1-4ug |_'1 _tlg Groundwater (Bullen etal,
. L 2020)
on polymeric beads
ionali 0.75-7.50 0.37
LSASV AUNPS functionalized Tap water (Salunke et al.,

polypyrrole nanowires ng L™ ng L™

2021)
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20.0-150.0 16.73 i i
SWASV AUNP in SPCE N > Commferleal (Sullivan et al.,
g L g L apple juice 2021)
LSASY Carbon paste and 3-180pg 0.lpg thrlijr:zli:nd (Pereiraetal.,
ThNP Lt Lt g 2016b)
waters
i 0.50-6.70 0.22 0
DPAASV Carbon paste with > g River water (Ndfez et al.,
carrageenan gel Hg L g L 2018)
0.5-12.0 0.22 ioti
DPASV AuSINP 1 1 Tap water (Trachioti etal.,
10.0-90.0 2.09
SWASV AUCUNP | ' MilliQwater (M- Yangetal,
1000 - 5000 500
cv GO/Nafion/leucine 1 _1ug Tap water (S Kumar et
o 0.75 - 0.75 (
Membrane . . Buffa &
LSASV CNT/AUNP 7S000pgL oy TR andier, 2019)
42.89 —
0.39 .
DPASV Water effluent This work

MWCNT-NH,/AUNP 170,00 ug L 1
1 hg L

Tabla 10: Comparison of different electrochemical sensors reported for

arsenite determination

Application of MWCNT-NH: sensor for tracking arsenite during

electrocoagulation treatment in real water effluents

Two electrocoagulation systems, based on aluminum and iron electrodes,

were used to evaluate arsenite removal from polluted effluents.
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A sample of 0.25 L of effluent (pH 7.8) contaminated with 250 pg L™ As®*
was treated using two aluminum electrodes (6 cm2 geometric area). Arsenite
removal was monitored by DPASV during 1 h of treatment; standard addition
was conducted every 20 minutes. Figure 18A shows the decay of As®*
concentration during the EC process at 15.0, 12.5 and 10.0 mA c¢cm™. In this
case, arsenite removal was not complete regardless of the current density
applied in the aluminum EC treatment. As shown in Figure 18A, after one
hour of treatment, a removal of 57.84 % of the arsenic present in the effluent
was achieved at 10.0 mA cm?, a 66.88 % removal with 12.5 mA cm? and the
best performance was obtained using a j of 15.0 mA cm?, removing 71.86 %

of the pollutant present in the effluent.

99



N
a1
o

N
o
o

150

100

As3+ concentration (ug L-1)

N
(6]
o

N
o
o

150

100

As3* concentration (ug L)

o

0 10 20 30 40 50 60
Treatment time (min)

Treatment time (min)

Figura 18: Arsenite abatement by EC of 0.25 L effluent sample contaminated

with As®* 250 pg L at 25.0 °C and initial pH 7.80 using a pair of aluminum

electrodes applying j of o 15.0 mA cm?, 0 12.5 mA cm? y A 10.0 mA cm?
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(A) and a pair of steel electrodes applying j of o 6.0 mA ¢cm?, 0 5.0 mA cm?

y A 4.0 mA cm? (B).

The main electrochemical reactions involved when employing aluminum

electrodes are the following:

At the anode: Al(s) — AlZ), + 3e” Eq. (10)

At the cathode: 3H,0(;y + 3e™ — 1.5H, gy + 30H 4, Eq. (11)

This kind of wastewater would promote the oxidation of arsenite to arsenate,
through the combined oxidation of hypochlorite, added in the effluent
treatment process, and by the applied current intensity during the EC process
(Goren et al.,, 2020). After various intermediate reactions, insoluble
aluminum oxyhydroxides species are formed. Then, the removal of arsenate

is mediated by coprecipitation and adsorption processes according to:

AL(OH)3 (5) + HASO; 4y = [AL(OH) 3 * HASOF ] s) Eq. (12)
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AlLyO3 () + HASOZ gy = [Aly05 * HASOZ | ) Eq. (13)

The best performance was achieved by applying a current density of 15.0 mA

cm (71.7%, final As®* concentration of 70.6 + 9.1 ug L™?).

Conversely, a second EC system using iron electrodes achieved a complete
elimination of arsenite, which was reached in less than 5 min of treatment at
all applied current densities as shown in Figure 18B. The best performance
for the abatement of As®* in this EC system was at j = 6.0 mA cm in 3 min
of treatment. Then, EC tests at j= 5.0 and 4.0 mA cm during 4 and 5 min,
respectively, reached a complete abatement. Iron electrodes had better
affinity to eliminate arsenic from wastewater compared with aluminum
electrodes as it is reported by several studies (Nidheesh & Singh, 2017;
Sandoval et al., 2021; Syam Babu & Nidheesh, 2021). This last is attributed
to a direct and fast charge transfer oxidation from As** to As® (Sik et al.,
2015; You & Han, 2016). The redox equations that represent the anodic

process are the following:

At the anode, Fe(s) — Felly + 2e” Eq. (14)
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The electrogeneration of Fe®* is favored by reacting with oxygen species in
solution (Eqg. (15) and (16)) to produce FEOOH and Fe(OH)s (Eqg. (17) and
(18)) which are the preferred species to remove arsenic species (Sandoval et

al., 2021; Syam Babu et al., 2021).
4Felty + 4H* + Oy > 4Fell) + 2H,0q, in acid media Eq.

(15)

4Fe(2az) + 2H,0() + Oz(g) = 4Fe(3a+q) + 40H™, in alkaline media

Eqg. (16)

Moreover, although rare, further oxidation from Fe?* to Fe** could influence
the oxidation of inorganic As®** and the generation of Fe** (Montefalcon et

al., 2020).

The coagulating hydroxylated Fe** species with high charge density form
insoluble flocs on which the adsorption of the As species occurs as can be

seen in Egs. (19-21). At the same time, at the cathode, the formation of
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gaseous hydrogen promotes the floating of electrogenerated solids and also
favors the mass transfer in the adsorption process of the inorganic As in the

flocs.

Fe(OH)3s + AsOf_(aq — Fe(OH); * AsOf_(S) Eq. (19)

)

ZFBOOH(S) + HZASOAI-_(aq) - (FQO)ZHASO4(S) + HZO(I) + OH_(aq)
Eq. (20)
3Fe00H ;) + HASO}™ o) — (Fe0)3AsOys) + Hy0q) + 20H (qq)

Eq. (21)

Furthermore, arsenite concentration is lower than QL (42.89 pg Lt As®)
after 2 min of treatment. Therefore, the residual arsenite concentration could
not be assessed because it was not statistically reliable if under that of QL.
Arsenic concentration was measured by GFAAS, which found a post-
treatment concentration of 64.91 ug L* (RSD 13.14%) when using Al
electrodes with a j of 15.0 mA ¢cm for 60 min, and 1.44 ug L (RSD 11.62%)
when employing Fe electrodes and 6.0 mA cm?, for 3 min of treatment.

Therefore, the concentrations measured with the electrochemical
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methodology developed in this work were contrasted with the reference

technique GFAAS.

Figure 19 (a) and (c) show SEM images obtained by aluminum electrodes
(15.0 mA cm?, 60 min) and iron electrodes (6.0 mA cm?, 5 min),
respectively. SEM images show flocs with an irregular morphology, with
micrometric sizes between 50 and 10 um for aluminum electrodes and sizes
less of 20 um for iron electrodes. These differences may be attributed to the
electrolysis time. As commented previously, aluminum EC treatment
required one hour before observing a decrease in arsenic concentration, while
using iron as a working electrode, the EC process required only 5 minutes for
the complete abatement. Then, longer electrocoagulation times promote
larger flocs. Figure 19 (b) and (d) display the FTIR spectra of aluminum and
iron flocs after EC treatment, respectively. The FTIR analyses were
performed in the 4000 — 450 cm* range to analyze the chemical bonds present
in the obtained flocs. Both infrared spectrums show a wide band at 3260 —
3280, which corresponds to the O-H stretching vibrations (Sandoval et al.,
2019). In the case of aluminum flocs, the peak located at 2981 cm

corresponds to Al-S-O bending, the 1120 cm™ peak corresponds to Na-Al,
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and Al-O may be represented at 1070 cm™. The arsenic bonds present in the
flocs may be represented by the peaks observed at 948 cm, which are O-As-
O bonds; the As-OH is located at 631 cm™ and the peak at 599 cm™, likely
corresponding to the As-O bond (Purenovi¢ et al., 2011). In turn, the iron
flocs analyzed by FTIR show a band at 595 cm™ corresponding to Fe?*Fe®"Q,
interactions, and a Fe-O bond represented by 470 cm™ band. The arsenic
interactions in the flocs are represented by different peaks: As-O bond are
showed in the band of 2854 cm, at 890 cm™ peak, representing the Na-As-
O bond, As-OH peak are present at 620 cm™ and finally, an iron-arsenic
interaction appeared at the 872 cm™ peak, which was attributed to Fe-O-As
and As>*-O interactions (Jia et al., 2007). Both FTIR spectra confirm the
removal of arsenic from the fortified effluent by the adsorption process (Di
lorio et al.,, 2018) and the formation of complex metallic compounds
(Nandiyanto et al., 2019). Other interactions with the metallic compounds

with Na and S can be observed due to the effluent composition.
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Figura 19: SEM micrographs (A) and FTIR spectra (B) of aluminum flocs
obtained from the EC process at 15.0 mA cm?and 60 minutes of treatment;
and SEM micrographs (C) and FTIR spectra (D) of iron flocs obtained from

EC process at 6.0 mA cm?and 5 minutes of treatment.

XRF analyses were carried out to confirm the presence of arsenic in the flocs
obtained through EC treatment, confirming the presence of the major
compounds present in the flocs. In the case of aluminum flocs, aluminum

(338000 ppm), sulfur (62600 ppm), chloride (40000 ppm), calcium (24400
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ppm), copper (186 ppm), sodium (68000 ppm) and arsenic (29.3 ppm) were
found in the samples. In turn, the principal compounds present in the iron
flocs are sulfur (22100 ppm), chloride (70800 ppm), calcium (32600 ppm),
iron (640000 ppm) and arsenic (13 ppm). Both analyses confirm the removal
of arsenite from the treated effluent and the concentration of the pollutants

on the flocs generated by EC treatment (Jia et al., 2007).

Finally, XRD analyzes were performed on the flocs obtained by the
electrocoagulation process. Figure 20A shows the X ray diffraction pattern
of the flocs obtained at j of 15.0 mA cm for 60 min. using aluminum
electrodes for EC. In this case, the diffractogram shows broad peaks due to
the overlapping of peaks of other unidentified crystalline compounds formed
during the treatment. Peaks corresponding to the following phases could be
identified: Boehmite AIO(OH), Halite (NaCl), Anhydrite (CaSQO,), and
Calcium Sulfate (CaSiQO,). On the other hand, Figure 20B shows the X ray
diffraction pattern of the flocs obtained at j of 6.0 mA cm for 5 min using
steel electrodes for EC. Peaks corresponding to the following phases could
be identified: Magnetite (FesO,), Halite (NaCl), Maghemite (Fes;0,),
Anhydrite (CaSQO,), and Wallastonite (CaSiO3). The XRD results presented
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could indicate that the removal of arsenic is carried out by adsorption and

trapping of the contaminant in amorphous structures, since no peaks are

observed in the diffractogram that reveal the formation of crystalline arsenic

compounds.

(@) $

Intensity a.u

H NaCl Halite
* ® AIO(OH) Boehmite
é A CaSO, Anhydrite
€ CaS0, Calcium Sulfate

25 35 45 55 65 Y&l
26 Degrees

(@)

Irtensity a.u.

Ek HEFe,0, Magnetite
®NaCl Halite
AFe,0, Maghemite

© CaSO, Anhydrite

b CaSiO; Wallastonite

35 45 55 65 75
26 Degrees

Figura 20: X ray diffraction pattern of the flocs obtained at j of 15.0 mA cm-

2 for 60 min. using aluminum electrodes (A) and X ray diffraction pattern of

the flocs obtained at j of 6.0 mA cm for 5 min. using steel electrodes (B).
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4.2.4. Conclusions

The new MWCNT-NH,/AUNP sensor developed in this work showed an
improvement in terms of signal-to-noise ratio, sensitivity, and selectivity
compared with functionalized MWCNTs-modified GCE or a non-
functionalized GCE. The application of an electrochemical methodology for
arsenite quantification in a complex environmental matrix showed a high
sensitivity (19.58 nA L pg?) and sufficient LD (0.39 pg L) when using the
MWCNT-NH,/AuUNP, confirming the possible use for
monitoring/controlling arsenite concentration. Furthermore, the developed
methodology was proved in monitoring the removal of arsenite in real

WWTP effluent spiked with of 250 pg L As®*.

This study act as a starting point to explore the use of nanostructured
electrodes for direct and on-site analysis of polluted groundwater and surface

water in rapid, sensitive, and easy setup procedure.
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5. CONCLUSIONES

e El uso de heteroestructuras conformadas por nanotubos de carbono
funcionalizados y AuNPs para la modificacion de electrodos de
carbono vitreo permite obtener electrodos modificados con mayor area
electroactiva que la de un electrodo de carbono vitreo o de electrodos
modificados solamente con nanotubos de carbono, lo que se evidencia
en el aumento de la sensibilidad y la relacion sefial-ruido al utilizar
métodos electroanaliticos para el analisis de matrices de interés
medioambiental como aguas naturales, agua potable, efluentes y riles,
de compuestos organicos electroactivos como dihidroxibencenos y

metales pesados como el arsenico.

e Independiente de la naturaleza quimica de los compuestos estudiados,
el potencial de pico obtenido se desplaza hacia potenciales menos
anodicos, debido al efecto electrocatalitico ejercido por las AuNP
utilizadas para la modificacion de los electrodos. Este desplazamiento
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de pico favorece la separacion de las sefiales anddicas obtenidas por
compuestos que pueden presentar un potencial de oxidacion similar.
En este caso, fue posible la determinacion simultanea de los isomeros
hidroquinona y catecol, logrando separar los picos de ambos isomeros
(AEp= 100 mV), enriles, aguas naturales y aguas de consumo humano
con alto efecto de matriz, pudiendo cuantificar ambos compuestos en

un rango de trabajo entre 10.0 a 150.0 uM.

El analisis de matrices ambientales reales fue posible mediante el uso
de adicion estandar en la mayoria de los casos, logrando minimizar el
efecto de matriz en la determinacion de los analitos estudiados. En el
caso del andlisis de dihidroxibencenos en riles vitivinicolas esta
metodologia de calibracion presento bajos indices de recuperacion
(>52.3%), por lo que se aplico un criterio de calibracion multivariado
basado en PLS, donde se construyd un modelo de calibracion de
manera prospectiva para evaluar la utilizacion de este tipos de
herramientas quimiométricas para lograr la cuantificacion de estos
analitos a pesar del elevado efecto de matriz con errores de prediccion
menores al 10%, segun los resultados obtenidos. En el futuro se
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propone explorar la aplicacion de este tipo de herramientas
quimiométricas a datos electroquimicos obtenidos por técnicas
cuantitativas, como DPV, donde se puede aumentar el numero de
muestras de calibracién para mejorar la robustez del modelo y
disminuir los errores de prediccion. También es posible la utilizacion
de métodos de preprocesamiento de los voltamogramas, como filtros
de suavizado de Savitzky-Golay y la derivacion de los voltamogramas
para superar los problemas de reproducibilidad que presentan este tipo
de técnicas y que dificultan la aplicacion de herramientas

quimiomeétricas de calibracion multivariada.

La aplicacibn de una metodologia electroquimica para la
cuantificacion de arsénico a niveles de pg L™ fue exitosa, logrando una
alta sensibilidad (19.58 nA L pg?) al utilizar MWCNT-NH,/AuNP
como superficie electrodica, donde fue posible el analisis de arsénico
en un rango de 42.89 — 170.00 pg L* en efluentes secundarios.
También se realizd el seguimiento de un tratamiento de
electrocoagulacion, utilizado para la remocién de arsénico de aguas
contaminadas, siendo esta aplicacion el punto de partida para explorar
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el uso de electrodos nanoestructurados para el analisis en terreno de
aguas contaminadas con arsénico o para el seguimiento de tratamientos
aplicados en plantas de tratamiento de aguas, donde este tipo de
técnicas tienen el potencial de uso para realizar analisis de tipo
“screening” y/o analisis  cuantitativo, mediante  técnicas
electroguimicas que entregan respuestas rapidas, sensibles y con

capacidad de portabilidad.
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