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ABSTRACT

Arsenic and vanadium oxyanions are contaminant$ #ma toxic to humans, the
environment and other living organisms from natusald anthropogenic sources. The
Environmental Protection Agency (EPA) regulatedaximum arsenic level in drinking water of
0.010 mg/L, and vanadium is registered as a comi@mi candidate list (CCL). Both
contaminants have been removed using diverse twobsisuch as ion exchange, filtration,
precipitation, electrochemicals and others. Howetleese techniques are expensive and their
optimum conditions are not efficient for the remlowd these oxyanions. Based on this,
adsorption is considered as a removal techniqughiese contaminants at trace levels from
agueous solutions. The adsorbent used in ourestweds chitosan, which is a natural, non-toxic,

inexpensive, and effective material.

This study uses diverse beads/flakes consistinghdbsan for the removal of V(llI),
V(IV), V(V), As(lll) and As(V) oxyanions from aquers solutions at trace levels. PCF removed
a 99-100% for vanadium oxyanions, and 97% for Asg¢yanion during the first two hours of
contact when using 5 g/L of the adsorbent and &ralircontaminant concentration of 0.500
mg/L at pH 6.0. On the other hand, Fe(lll)-CB rem a 95 and 99% of As(lll) and As(V)
oxyanions respectively under the same conditidifsese oxyanions were removed efficiently in
presence of co-existing anions, such as chloridgebanate, sulfate and phosphate. The
adsorption of vanadium and arsenic species weiedfity Freundlich and Langmuir models,
with Langmuir isotherm as the best fit. The maximadsorption capacity @of the PCF were
12.22, 6.50, 2.58 and 5.43 mg/g for V(llI), V(IV)(V) and As(V), respectively. The
protonation of the amine group in chitosan is resjae for the adsorption due to the occurring

electrostatic attraction between the negative a@afgthe oxyanion and the positive charge of



the adsorbent. The?@angmuir parameters using Fe(lll)-CB as adsorfeamas(lll) and As(V)
were 1.48 and 2.72 mg/g. The As(V) oxyanion adsampis due to the formation of an inner
and outer-sphere complex via ligand exchange aectrebktatic attraction. On the other hand,
As(lll) oxyanion adsorption is due to the formatioh an inner-sphere complex via ligand
exchange. However, the adsorption of both arsgmecies is principally for the immobilization
of the ferric hydroxide onto the chitosan beaddasea:. Our results confirmed that PCF and
Fe(lll)-CB are simple, non-toxic, efficient, envimmentally-friendly, reusable and cost effective

adsorbents for vanadium and arsenic oxyanion rehabeace levels from aqueous solutions.



RESUMEN

Oxianiones de arsénico y vanadio son contaminadxésos a humanos, al ambiente y a
otros organismos vivientes provenientes de fuemddgrales y antropogénicas. La Agencia de
Proteccion Ambiental (EPA) regulé un nivel maxime arsénico en aguas potables de 0.010
mg/L, y vanadio est4 registrado en la Lista de @woimantes Candidatos a ser regulados por la
EPA. Ambos contaminantes han sido removidos pa@rdas técnicas tales como intercambio de
iones, filtracién, precipitacion, electroquimicatyos. Sin embargo, estas técnicas son caras y
sus condiciones Optimas no son eficientes parantecion de estos oxianiones. Basado en esto,
consideramos adsorcion como técnica de remocidestiess contaminantes a niveles traza de
soluciones acuosas. El adsorbente usado en nuesdtrdio fue quitina, cual es un material

natural, econémico y efectivo.

En este estudio usamos diversos cuencas/hojuelagitna para la remocién de los
oxianiones de V(III), V(IV), V(V), As(lll) y As(V)de soluciones acuosas a niveles traza. PCF
removié un 99-100% para los oxianiones de vanadrarde las primeras 2 horas de contacto
cuando usamos 5 g/L del adsorbente y una concemntriaicial del contaminante de 0.500 mg/L
en pH 6.0. Por otro lado, Fe(ll)-CB removio 88 y 99% de los oxianiones de As(lll) y
As(V), respectivamente bajo las mismas condiciondsstos oxianiones fueron removidos
eficientemente en presencia de aniones comuness tamlmo cloruro, carbonato, sulfato y
fosfato. La adsorcidon de las especies de vanadrsgnico fueron ajustadas por los modelos de
isotermas de Freundlich y Langmuir, logrando ejomajuste la isoterma de Langmuir. La
capacidades maximas de adsorciof) (@el PCF fueron 12.22, 6.50, 2.58 y 5.43 mg/g para
V(II), V(IV), V(V) and As(V), respectivamente. Lprotonacion del grupo amino en quitina es

responsable de la adsorcion debido a las atraccigleetrostaticas entre la carga negativa de el

v



oxianién y la carga positiva del adsorbente. Lagmetros de Langmuir usando Fe(lll)-CB
como adsorbente para As(lll) y As(V) fueron 1.48.y2 mg/g. La adsorcion del oxianién de
As(V) es debido a la formacién de un complejo d&erasinterna y externa a través de
intercambio de ligando y atracciones electrostaticBn cambio, la adsorcion del oxianion de
As(Ill) es debido a la formacion de un complejoaddera interna a través de intercambio de
ligandos. Pero, la adsorcibn de ambas especiesrsinico es principalmente por la
inmobilizacion del hidroxido férrico en la superficde las cuencas de quitina. Nuestros
resultados confirman que PCF y Fe(lll)-CB son dasiotes simples, no-toxicos, eficientes,
amigables al ambiente, reusables y costo efectiaoes la remocion de los oxianiones de vanadio

y arsénico de soluciones acuosas.
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1 INTRODUCTION

1.1 Motivation

Oxyanions released in the environment introduceiouar harmful metals and
metalloids and have attracted worldwide attentienanise of their toxicity to humans and
wildlife. Furthermore, they are strongly dependentaqueous solutions and redox potential
(Goh et al., 2008; Mahmudov and Pau, 2011). Oxyaof major environmental concern
are arsenic and vanadium. Arsenic is one of thet boag and carcinogenic metalloids that
is released into the environment through natural amthropogenic sources, which can be
dispersed widely and plays an important role in ¢batamination of soils, water and air
(Codling and Ritchie, 2005; Ansari and Sadaegh 26@&hmani et al., 2011). Both organic
and inorganic arsenic have been found in wateroasaminants, and the inorganic species
are generally more toxic than the organic. The maxn contaminant level (MCL) in
drinking water regulated by the Environmental Pebten Agency (EPA) and World Health
Organization (WHO) is 0.010 mg/L (WHO, 2001; Guoatt 2007;EPA, 200%. Another
contaminant of interest is vanadium, which can havéoxic effect to humans and the
environment after prolonged exposure. The most comoxidation states of vanadium are
V, IV and lll, where V is most toxic (Bhatnagaradt, 2008; Langmuir et al., 2003; ATSDR,
2012; Parks and Edwards, 2006). Vanadium is prseagistered on the contaminant
candidate list (CCL) by the EPA, with the possthiliof being listed as a regulated
contaminant in the future (Naeem et al., 2007; NAB®8; Parks and Edwards, 2006; Prathap

and Namasivayam 2009; EPA, 2009). Both contamieaise major health effects, such as



damage to the respiratory, cardiovascular, neuicéb@nd reproductive systems, skin and

cancer (WHO, 2001; IARC, 2006; NTP, 2008).

New and innovative methods are needed toovenirace levels of arsenic and
vanadium from natural and contaminated waters. pithéication methods for the proposed
species have to avoid generation of secondary weasteinvolve materials that can be
recycled and easily used at industrial scales. ads®rption process, which uses cheap and
nonpolluting adsorbent materials, may be a suittdalknology to remove contaminants from
polluted waters. Conventional water cleaning psses such as chemical precipitation, ion
exchange, solvent extraction, filtration, electrabgsis and activated carbon have been used
for the removal of the above mentioned species fommtaminated waters (EPA, 2000;
Namasivayam and Sangeetha, 2006; Yeom et alD9;Zeng et al., 2009; Sasaki et al.,
2009; Balasubramanian et al., 2009; Nguyen et2809; Martinson and Reddy, 2011;
Shinde et al., 2013; Shang et al., 2014); howewsing these options for the treatment of
large volumes of wastewater or industrial effluethi@ving extremely low content of
contaminants has become ineffective and expensrethis basis, the possibility of using a
novel adsorbent based on beads or flakes with @mimed surface to interact with As or V
species in water would result in an environment@igndly, simple, rapid, and cost-effective
solution to this problem. In this context, the a$deads or flakes of chitosan is convenient
since they are non-toxic, natural, biodegradabléeras that have the suitable mechanical

strength to assure their reusability after contamiradsorption/desorption cycles.



1.2 Literature Review

1.2.1 Arsenic Removal

Sivaraman (2004) evaluated the removal of inorgamgenic from aqueous solutions
using chitosan beads. In this experiment, chitdseads were functionalized with expensive
compounds such as dimercapto succinic acid (DM8ysteine, and penicillamine, and the thiol
groups, which have an affinity for As. In this sgusl0 g/L of adsorbent were used, with a time
equilibrium of 72 hours at pH 7. The maximum remosftained was using chitosan-DMSA
beads with a 63% removal of As(V) in an initial centration of 4.6 mg/L, and a 65% removal

of As(lIl) with an initial concentration of 1.6 mg/

Shevade and Ford (2004) investigated the removaAsilV) using zeolites as an
adsorbent. They were using 100 g/L of adsorbemt,th@ equilibrium time was reached after 24
hours at pH 10 and an initial concentration of 5¢/ttm The results obtained were a 90% for

As(V) while As(lll) had negligible results.

Pokhrel and Viraraghavan (2006) showed the argenmoval from aqueous solution by a
modified fungal biomass. They worked with high paratures, an equilibrium time of 6 days,
and multiple steps for the synthesis of the adsurldéhis study obtained a removal for As(V) of

95% and 75% for As(lll) in an initial concentratioh0.100 mg/L at pH 6 and 7, respectively.

Ansari and Sadegh (2007) studied the removal adnéesusing activated carbon as an
adsorbent. The experimental conditions were: 1Q00§adsorbent, equilibrium time of 1 hour

at pH 12 for As(lll) and pH 3 for As(V). They fouradremoval of 84% for As(V) and 95% for



As(lll) at initial concentration of 10 mg/L. To aelwe the removal of As(lll) they had to pre-

oxidize the As(lll) to As(V).

Chen et al. (2008) investigated the removal of racsespecies using molybdate-
impregnated chitosan beads (MICB). The experimeotaditions were 5 g/L adsorbent, an
equilibrium time of 24 hours, and a low temperat(26°C) at pH 5. The results showed a
maximum removal of 99.5% for As(V) and 99% for AB(lat an initial concentration of 10
mg/L. Also, they found that the presence of commaarons did not interfere in the arsenic

adsorption.

Gang et al. (2010) studied the removal of As(Ui§ing an iron-impregnated chitosan
adsorbent. The removal of As(lll) was achieved lonwverting it to arsenic hydride with
hydrochloric acid, using 0.2 g/L of adsorbent, &ldours were required to reach an adsorption
equilibrium at pH 8. The Langmuir maximum adsayptcapacity was 6.48 mg/g for an initial

concentration of 1.007 mg/L.

Sanchez et al. (2012) evaluated the removal oWAs(nd As(lll) using Ca-Fe(lll)
alginate beads as an adsorbent. The experimesnditions used were 5 g/L of adsorbent, 24
hours of equilibrium time, a range concentrationOdf00 to 2 mg/L at pH 6.0. The results
showed a most fits using Langmuir model with a mmaxn adsorption capacity () of 0.117

mg/g for As(lll) and 0.364 mg/g for As(V).



1.2.2. Vanadium Removal

Qian et al. (2004) investigated the removal of \thman(V) from aqueous solutions by
adsorption crosslinking chitosan-epichlorohydrirhe adsorbent concentration was 0.2 g/L with
an equilibrium time of 1 hour at pH 4. The resudtsowed a 97% removal for an initial

concentration of 0.300 mg/L.

Manohar et al. (2005) studied the adsorption of adamm(IV) using aluminum-pillared
bentonite (AI-PILC). The adsorption experimentahditions were: adsorbent dosage (4.2 g/L),
equilibrium time (24 hours), pH (5.0) and temperat(@0°C). They found a most fit using
Langmuir adsorption and their maximum adsorptigpac#ty (Qna) Was 24.16 mg/g for a range

concentration of 5- 400 mg/L.

Namasivayam and Sangeetha (2006) worked in ther@dso of Vanadium(V) using
ZnCl, - activated carbon. They were using 4 g/L as tsodbent dosage, reached an equilibrium
in 40 min, had a pH range of 4-9, a temperatur8s9€, and a range concentration of 0.020 to
0.100 mg/L. The Langmuir adsorption capacity,4p was 24.9 mg/g. They showed that the
addition of common anions such as nitrate, selenitelybdate, phosphate, sulphate, chloride
and perchlorate using concentrations between 200 mg/L decreased the vanadium

adsorption.

Bhatnagar et al. (2008) studied the Vanadium(V)aeah in water using waste metal
sludge and a post treatment of cement immobilimatidhey obtained a Langmuir adsorption
capacity for vanadate of 24.8 mg/g, once reachedilegqum of 10 hours at 25°C, and had an
initial concentration of 1.5xI0 to 9.5x10* M (10-50 mg/L). The preparation of waste metal

sludge and the post treatment with cement entailipte steps.



Sanchez (2013) evaluated the removal of Vanadiunafy Vanadium(lV) using CA-
Fe(lll) alginate beads and dried sludge as an adstr This study used 5 g/L (CA-Fe(lll)
alginate beads) and 10 g/L (dried sludge) of adsus) 24 hours equilibrium time at pH 6.0, and
a range concentration of 0.600 to 2 mg/L. The maxmadsorption capacity were 0.026 mg/g
for V(IV) and 0.365 mg/g for V(V) using dried sluelgas an adsorbent. When Ca-Fe(lll)
alginate beads were used a maximum adsorption itgpHc 6.77 mg/g for V(IV) and 0.799
mg/g for V(V) were obtained.

The previous works mentioned above used for theovaimof inorganic arsenic and
vanadium contaminants from agueous solutions haveral disadvantages. Several methods did
not present isotherm adsorptions (Sivaraman, 2@Wevade and Ford, 2004; Pokhrel and
Viraraghavan, 2006; Ansari and Sadegh, 2007; Chah,&008; Gang et al., 2010; Qian, 2008),
which are very important in the development of scap procedure or had multiple steps
(Sivaraman, 2004; Shevade and Ford, 2004; Pokhrel \draraghavan, 2006; Ansari and
Sadegh, 2007; Gang et al.,, 2010; Qian, 2008; Mand@@05; Namasivayan and Sangeetha,
2006; Bhatnagar et al., 2008), which is not coftetifve in the application of real scenarios due
to the consumption of energy and high costs. Mgggosome adsorbents are highly toxic
(Ansari and Sadegh, 2007; Manohar, 2005; Namasivayal Sangeetha, 2006), require high
doses (Sivaraman, 2004; Shevade and Ford, 2004rifarsd Sadegh, 2007), operate at acidic or
alkaline pH (Shevade and Ford, 2004; Ansari ance§ad2007; Chen et al., 2008; Gang et al.,
2010; Qian, 2008; Manohar, 2005; Namasivayan anty&stha, 2006), work in high or low
temperature (Pokhrel and Viraraghavan, 2006; Chexl.,e2008; Namasivayan and Sangeetha,
2006), need to be modified or functionalized (Sawaan, 2004; Pokhrel and Viraraghavan,

2006; Chen et al., 2008; Gang et al., 2010; Qi&©82 Manohar, 2005; Namasivayan and



Sangeetha, 2006; Bhatnagar et al., 2008), realdwaesjuilibrium adsorption (Sivaraman, 2004;
Pokhrel and Viraraghavan, 2006), and do not rembgecontaminants at trace levels (Shevade
and Ford, 2004; Ansari and Sadegh, 2007; Chen.,eR@D8; Manohar, 2005). Therefore, the
adsorption method is an easy, effective alternatorethe removal of arsenic and vanadium
oxyanions from aqueous solutions at trace leveds.thkis reason chitosan was used as part of
this research, since it can be considered an efficiscalable, non-toxic and cost-effective

adsorbent for the removal of As and V species.



1.3 Objectives

1.3.1 Main Objectives

 Many studies showed that chitosan beads are usead®orption of inorganic and
organic compounds of environmental interest. Howesegme of the published results
involving the use of chitosan have the followingilations such as lack isotherms
adsorptions, have multiple steps, have high eneagds, are highly toxic, require high
doses, operate at acidic or alkaline pH, work ghlor low temperatures, need to be
modified or functionalized, reach a slow equililbnitadsorption, or do not remove the
contaminants at trace levels. The main objectivéhis research project is to develop
novel, simple, efficient, reusable, low cost andiemmentally friendly adsorbent based
on chitosan polymeric beads or flakes for the remho¥ trace levels of As and V species

in aqueous solutions at pH near those found inraktaters.
1.3.2 Specific Objectives

* Determine optimum conditions for the synthesistofasan beads/flakes.

» Determine structural, morphological and analysesrental characterization of chitosan
beads/flakes.

» Determine optimum conditions for the efficient rerabof As(lll and V) and V(llI, IV
and V) oxyanions from aqueous solutions.

* Propose or provide insights of the adsorption meisiha of As(lll and V) and V(llI, IV
and V) oxyanions.

» Evaluate the reversibility of the adsorption in @rdo evaluate the re-use of the
adsorbent.



2 THEORETICAL BACKGROUND
2.1 Oxyanions and adsorbent

2.1.1 Arsenic

Arsenic (As) is a metalloid with an atomic numb&rahd atomic weight of 74.92. It is
the 20" element found on the earth’s crust and is a compbaf more than 200 minerals, such
as arseno-pyrite (FeAsS), arsenolite @8, cobaltite (CoAsS), realgar (AsS) and others
(Sanchez et al., 2013; Vasireddy, 2005; Sivarar®@d4). In the environment, arsenic exists in
organic and inorganic forms. The more common o@&émims are: monomethyl arsenic acid
(MMAA), dimethyl arsenic acid (DMAA), and arsenogaus (Vasireddy, 2005; Sharma and
Sogn, 2009). The most common oxidation states &8¢0, +3, +5 (Guo et al., 2007; Boyaci et
al., 2010; Gerente et al., 2010; Waéllstedt et 2010). The more stable forms in natural and
potable water are trivalent (As(lll)) and pentavléAs(V)) (Ansari and Sadegh, 2007; Boddu et
al., 2008). The chemical speciation depends orrédex potential (Eh) and pH value, where
arsenite exists assfsO; and HAsO;s, and arsenate asAs0;, HAsO;? and AsQ* (Boddu et
al., 2008; Boyaci et al., 2010; Couture and Capel®®11). Arsenite predominates in anaerobic
conditions whereas arsenate predominates in aeoamditions. Arsenite is more toxic than
arsenate in the environment (Guo et al., 2007; i@eret al., 2010; Duo et al., 2014). The figure

1 shows the As(lll) and As(V) oxyanions.

L8 ]
I
HO — As — OH HO — As — OH
I |
OH OH
Arsenic acid, As(V) Arsenious acid, AsllI

Figure 1: As(V) and As(lll) oxyanions in the environment.
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Arsenic is one of the most toxic and carcinogemigamions distributed in the water, soil, air,
sediments, food and living organisms as a resultnatural and anthropogenic activities
(Rahmani, 2011; Ansari and Sadegh, 2007; Liu et24l11; Pontoni and Fabbricino, 2012).
Arsenite and arsenate are generated from the digsolof specific As-bearing minerals and
rocks, such as components in wood preservativdsama ash, ores, crop desiccants, pigments,
insecticides, herbicides, pesticides, burning fdassls, metallurgical, semiconductor, ceramic
and electronics devices, among others (CodlingRitchie, 2005; Boyaci et al., 2010; Gerente
et al., 2010; Sanchez et al., 2012; Xia et al.,42@adilla et al., 2014, 2015b). Arsenic is
released to the atmosphere as particles and remtvwedigh wet and dry precipitation
(Sivaraman, 2004). Lately, it has been foundigee,rseafood, apple and grape juices, grown
chicken, among others (Codling, 2009; Rintala et 2014; Shraim, 2014; Xia et al., 2014;
Codling et al., 2014). In a near future, the Wardalth Organization (WHO) will have a
maximum allowed concentration in rice of 200-300y@onsumer reports magazine).

The United States Environmental Protection AgenEyA) and the World Health
Organization (WHO) have set regulations that esthbtl a maximum contaminant level in the
drinking water at 0.010 mg/L (WHO 2001; EPA 2007%y&ci et al., 2010; Gerente et al., 2010;
Wallstedt et al., 2010; Mondal et al., 2012).

The arsenic contamination of groundwater has beenrdented in many countries, such
as Argentina, Asia, Australia, Canada, Chile, ChiHlaSalvador, Spain, Japan, Mexico, Nepal,
Pakistan, Peru, Taiwan, Thailand, United Stated,\&etnam (Dambies et al., 2002; Chen and
Chung 2006; Pokhrel and Viraraghavan, 2006; Lakphthiraj 2010; among others). The
terrible consequences of arsenic contaminatioespecially seen in Bangladesh, where millions

have been diagnosed with arsenic poisoning. Famele, concentrations of 10-1000 pug/L have
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been reported in Bangladesh; in Argentina, conaéotrs higher than 1000 pg/L; in Chile,
concentrations higher than 50 pg/L; and in Chimacentrations higher than 800 pg/L (Sanchez
2013; Bocanegra et al., 2002; Nicolli et al., 20E8rreccio et al., 2006; Rodriguez et al., 2013).
Nine mg/L of arsenic in soil have been found in squarts of the U.S.A. (Langmuir et al., 2003;
Codling, 2009). In these countries the maximumtammant list have been exceeded, which
has promoted the dissemination of diseases likenenpeabdominal pains, nausea, cirrhosis,
gangrene, dermatitis, keratosis, respiratory problecardiovascular problems, nervous and
neurological conditions, reproductive and hematepoiproblems, and an increase in the risk of
cancer in the kidneys, liver, lung, bladder andnskir even terminal cancer (WHO, 2001,
Shevade and Ford, 2004; Pokhrel and Viraraghava®6;2Rahmani et al., 2011; Roy et al.,
2014, and among others). The most common routgbdoadsorption of arsenic are through the
gastrointestinal tract, skin and lungs.

Arsenic has a high affinity for thiol groups, inmpounds such as cysteine, glutathione
and DMSA (Sivaraman, 2004; Manahan, 2000). Thesa tomplexes with enzymes and act as
coagulating protein (Manahan, 2003). Another inguatr factor of arsenic toxicity is that it
biochemically inhibits the formation of adenosin@tiosphate (ATP) due to the fact that it has
similar properties to the phosphorus compounds. ASTBn essential substance in the body's
metabolism to release energy. In figure 2 we @mnlow As(lll) takes the place of phosphate
and adheres to the compound (Gliceraldehyde 3-plads) thus giving the formation of a
spontaneous hydrolysis and preventing the formatfoATP in the citric acid cycle (Manahan,

2003).
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Figure 2: Inhibition of the formation of ATP by arsenitearcitric acid cycle.

(Stanley E. Manahan, Toxicological Chemistry anddBemistry, 2003,@®d, p 241)

2.1.2 Vanadium

Vanadium(V) is a transition metal with atomic numlzend atomic weigh of 23 and
50.94, respectively. As with arsenic and others amsgtvanadium is distributed into the
environment as a potentially dangerous contaminganadium is registered in the Contaminant
Candidate List (CCL) (Naeemt al, 2007; NTP, 2008; Parks and Edwards, 2006; Poadimal
Namasivayam2009; EPA 2009; Padilla et al., 2015a). This elentas the possibility of being
included as a regulated contaminant in the nearrduby the United States Environmental
Protection Agency (EPA). The Occupational Safetg &ealth Administration (OSHA) have

determined that the exposure limit to vanadium @edde dust is 0.5 mg/fmand for vanadium
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fumes is 0.1 mg/thduring an ghour work day (IARC, 2006; NTP, 2008 TSDR, 2012). The
National Institute for Occupational Safety and HegdNIOSH) recommends that the expos
limit to vanadium dust or fumese 0.05 mg/rhfor a maximum ofL5 minutes (IARC 2006; NT,

2008; ATSDR, 2012).

In aqueous solutionshé most common oxidation states of vanadium ardV and V,
where Vanadium(V) is the most toxic (Bhatnagarle¢, 2008; Langmuir et 812003 Parks and
Edwards, 2006; Filik and Yez, 200; Liu et al., 2012). V(V) is most commorin oxidizing
conditions,and V(IV) and V(lll) in reducing conditionsNTP, 2008; Gorzs¢, 2005; Sanchez,
2013) Twelve species can exiin a solution , such as cationic, neutral and ani forms, for
example, V@', VO(OH);, V1gO2(OH)," \VO, ¥ (Guzman et al., 2002Naeem et &, 2007;
Bhatnagar et al., 2008). Tkanadiun species are oxidized in the waserd ai rapidly, going
from an oxidation state dfl and IV to state \. Thereforegvery vanadium species behavea
vanadate at neutral pH (NTRQO¢; Gorzsas, 2005; WHO, 200Padilla et al., 20Ja). Figure 3

shows the ¥@nadium(V, IV and Ill) species in the environm

3+
o H,0
Hzo: \‘lf :OHE
V..o~ H,0 OH
r-\_/v\ © +2 ’ (|:lH2 :
< o [V=0]
Vanadate, V(V) Vanadyl, V(IV) V(IIT)

Figure 3: V(V), V(IV) and V(lIl) species in the environment.

Vanadium is theesult of natural and industrial sourc It is found in approximately 8
minerals in the earth’s crust, acan be frequently found in fuel oil, fly astpal combustior
mineral ores, volcanic emissions, phosphorous ares food (Guidroz and Sneddon, 20(
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Garcia et al., 2004; Miyazaki et al., 2005; Naedralg 2007; Prathap and Namasivayam, 2009;
Zeng et al., 2009; Aydin et al.,, 2013; Tian et @&014; Ritcher et al.,, 2014). The major
anthropogenic sources are petroleum, combustiod, raptallurgic and electronic refining
(IARC, 2006). Vanadium is a component in the praiduc of stainless steel, catalysts, jet
engines, glass, paint, insecticide and ceramicar(Boet al., 2012; Yeom et al., 2009; Filix and
Yanaz, 2009; Chio et al., 2014; Hu et al., 2014;ddwal., 2014; and among others). It is also
used in the catalyst of sulfuric acid, where itdhzed the sulfur dioxide (IARC, 2006; Rout and
Sarangi, 2014). In many countries, vanadium comaftion in the environment has been
documented with concentrations higher than 100 BXRC, 2006). Vanadium is an essential
element in trace concentrations for the fixationnitfogen in plants, mammalian nutrition,
inhibition of enzymes, and in the insulin for ditdetreatment (Leonard and Gerber, 1994; Fan
et al., 2005; IARC 2006; Erdem et al., 20T0ian et al., 2014; Xie et al., 2014). High
concentrations and prolonged exposure to vanadiamade the integumentary, respiratory,
pulmonary, circulatory, skin, central nervous, gaistestinal and digestive systems, as well as
increase the risk of lung cancer and bronchial preua (Vega et al., 2003; Mukherjee et al.,

2004; IARC, 2006; NTP, 2008; ATSDR, 2012; Fortethl., 2014).

2.1.3 Chitosan

Chitosan is a natural polysaccharide obtained byd#mcetylation of chitin, which is the
second natural biopolymer most abundant after losiu(show in Figure 4) (Jansson-Charrier et
al., 1996; Gotoh et al., 2004; Kartal and Imamwas, Viswanathan et al., 2009; Aranaz et al.,

2009; Vincentini et al., 2014). This natural polyneentainsp (1—4)-2-acetamido-2-deoxfy-
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D-glucopyranose and 2-amino-2-dediyp-glucopyranose residues (Merrifield et al.,, 2004,
Bhatnagar and Sillanpaa, 2009; Dash et al., 20btiEAhady et al., 2012; Lertsutthiwang et al.,
2013). The chitosan has a pKa of 6.2 to 7, istmwa polymer and has a low specific area
between 2 and 30 7y (Boddu et al., 2008). Removing the acetyl gsoupakes it partially
soluble in dilute mineral acids, such as hydroab]amitric, and phosphoric acid (Bodw al,
2008; Crini, 2005; Guibal, 2004). The various ck&n molecular weights are: low molecular
weight (less than 50,000 Daltons), medium molecwight (50,000 to 150,000 Daltons), and
high molecular weight (greater than 150,000 Dalto(Blagg, 2012). It is a poly-N-
acetylglusosamine extracted from the exoskeletonra$tacean shells, algae, fungal biomass,
lobsters, insects and marine arthropods (Lu e2@00; Chen and Chung, 2006). Example of an

exoskeleton of crustacean shells is shown in thedi 5.

OH OH OH OH OH OH
0 HO 0 HO 0 HO —
O ] 0
e YT TR T S

i, 0 0 0=
Chitin HO D%\ HO ﬂ\?[g\ HO G%
NHAe OH NHAe OH NHAe  Lgy

OH™

. 0 HO 0 a0 HO 0 0 HO o
Chitosan HO O—Lr~0  Ho O—L~o  Ho 0L~

Figure 4: Cellulose, Chitin and Chitosan structure (KurikaControlled functionalization of

the polysaccharide Chitin. Prog-Polym. Sci 2001,1821-1971).
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Figure 5: Exoskeleton of crustacean shells for the prefmaraif chitosan.

Chitosan is a green adsorbent that has suitablaateaistics such as non-toxicity, a high
affinity for heavy metals and proteins, biodegraligh high availability, and metal ion
chelation. It is also antibacterial, forming gehshflexible structure on its polymeric chainssit i
biocompatible and cost-effective (Babiker 2002; @dboet al., 2004; Kartal and Imamura, 2005;
Yang and Hon, 2009; Liu et al., 2010; Xie et aQ1@; Zhang et al., 2011; Balan and Veristiuc,
2014, among others). This biopolymer presentgla adsorption capacity due to the presence
of the amino (-NH) and hydroxyl (-OH) groups that can be chemicatigdified (Qian et al.,
2004; Ngah and Fatinathan, 2008, 2010; Azlan ¢2809; Xie et al., 2010; Lv et al., 2014) to

interact with other species.

The specific applications for chitosan are focusedthe areas of biotechnology,
biomedical research, pharmaceutical research, dtelivery methods, dietetic research,
agriculture, residual waters, cosmetics, textilel dood industry (Albartogui et al., 2000;
Adriano et al., 2005; Silva et al., 2006; Tikhoretval., 2006; Liu et al., 2010; Cruz-Romero et
al., 2013). The mechanical properties of chitosam loe increasedsing a crosslinking agent,

such as gluteraldehyde (GLA), 1-(3-Dimethylamingpid-3-ethylcarbodiimide (EDAC),
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epichlorhydrin (ECH), thiols compounds, ethylengcgl diglycidyl ether (EGDE) and alginate
(Sivaraman, 2004; Gotoh et al., 2004; Kolaska, 2012; Viswanathan et al., 2009; Ngah and

Fatinathan, 2008; among others).

Chitosan has increasingly been studied for theratisa of inorganic and organic dyes
and anionic compounds, such as fluoride (Viswamatbiaal.,, 2009), perchlorate (Xie et al.,
2010; Lv et al., 2014), chromium (Liu et al., 201artal and Imamura, 2005), Copper(ll)
(Gotoh et al., 2004; Kolodigka 2012; Kartal and Imamura, 2005; Ngah and Rhtama 2008),
Cadmium(ll) (Gotoh et al., 2004; Kolotigka 2012), Cobalt(ll) (Gotoh et al., 2004), Lead(ll
(Kolodynska, 2012; Nagh and Fatinathan, 2010), arsenic Boet al., 2008; Kartal and
Imamura, 2005), nitrate (Chatterjee et al., 2008plybdate (Guibal et al., 1998), mercury
(Merrifield et al., 2004), tungsten (Qian et al002), amoxilin (Adriano et al., 2005) and others
(Bhatnagar and Sillanpaa, 2009; Guibal, 2004) faifoted solutions or wastewater due to

interactions with its functional groups (-Mldnd —OH).
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2.2 Conventional Technologies

Conventional technologies have been used for theoval of arsenic and vanadium
oxyanions in natural and drinking water, but soraeennot been sufficiently effective. Some of
these techniques are: ion exchange, filtration ggscchemical precipitation, electrochemical

process, nanoparticles remediation, and adsorplioese are discussed below.
lon exchange

lon exchange is a physical/chemical processithatives an exchange of ions between
the solid and liquid phase. This solid phase typiaansists of resins that adsorb contaminants
present in the water. There are three types ofamgdt cationic (positive ion exchange), anionic
(negative ion exchange) and amphoteric (simultam@xchange of cations and anions). In this
process the liquid phase is maintained in contisumantact with the solid phase until the ion
exchange is achieved. Common ions used in thisepsoare: hydroxide, chloride, hydrogen, and
sodium, among others (Fu and Wang, 2011; Awual.eP@12). This is a reversible process in
which resin can be regenerated by washing it wihitable regenerant. This process depends on
various parameters such as pH, type of resin, aonpetition, affinity and concentration of the
contaminant (Shevade and Ford, 2004; Oehmen €t(4lG; Yeom et al., 2009; Hu et al., 2009;

An et al., 2011; Awual et al., 2011).

Filtration process

In the filtration procesgshe membranes allow some components of interestighrwhile

blocking others to separate them from the watevef¢ of these membranes are classified by
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the size of the pore; these are: microfiltrationF)Multrafiltration (UF), nanofiltration (NF) and
reverse osmosis (RO). The membranes pore size®.&#0 um (MF), 0.01-0.1 um (UF),
0.001-0.01 um (NF) and 0.0001-0.001 pm (RO). MF dRdcheed low pressure, and NF and RO
need high pressure, which tends to remove moretitogrsts. The common materials used in the
membrane include sand, cellulose, and polyamid@ngnothers. These techniques depend on
the driving force, including pressure, electricaltential, concentration and temperature. The
different types of filtration processes have beppliad in the removal of heavy metals from
agueous solutions (Ning, 2002; Gecol et al., 2@4jcan et al., 2005; Saitta et al., 2005; Fu
and Wang, 2011; Yu et al., 2013; Kiani and Mous2@13; Shang et al., 2014; Reddy et al.,

2014).

Chemical Precipitation

Chemical precipitation is the process that occarsugh the addition of a chemical
reagent to the solution to form an insoluble conmabuCommon chemical reagents are: lime,
sodium carbonate, sodium hydroxide, aluminum aad hrydroxides, among others (Richmond
et al., 2004; Parks and Edwards, 2006; Sasaki,e2@09; Park et al., 210; Donmez and Akbal,
2011). This is a three-step process: coagulationctilation and sedimentation. In coagulation,
the contaminant particles are destabilized thrdaghagitation that promotes the agglomeration
of particles. Examples of coagulants include sodiwroxide, ferric sulfate, iron sulfide,
sodium sulfide, and ferric chloride, among othéflecculation is the formation of larger flocs
that occurs by a softer agitation. Finally, in seelntation, the flocs are completely separated

from the liquid, thereby forming two layers in teelution which can be separated easily. The
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disadvantages of this process are: pH dependeralabilgy, high coagulant quantity,

dependence on concentration of the analyte, spéciesemoval efficiency, and high cost.

Electrochemical process

An electrochemical process is a chemical reactitveres ions are transferred through
membranes by the movement of electrical currerttss hvolves the electron transfer between
the electrode and the species in a solution, a ¢ypexidation-reduction reaction. Most of the
studies used electrochemical cells for the remo¥aleavy metals and oxyanions (Anbari et al.,
2008; Balasubranian et al., 2009; Lakshmipathitale 2010). Some disadvantages are: routine

maintenance, instrument calibration, membrane cepi@nt, and high cost.

Nanoparticles remediation

The remediation with nanoparticles has been of tgregerest in the removal of
contaminants in water in recent years. Nanopastiale particles with a size between 1 and 100
nm. These have large surface areas, and atomicatetular properties, which are dependent
on the size of the patrticles. In previous works)aparticles have been used for the removal of
arsenic (Kanel et al., 2005; Rahmani et al., 20dartinson and Reddy, 2009). Although they
have had very good adsorption capacity, their disathges are the syntheses are complex, they
need high purity reagents, the materials are exypenand they are not feasible for water
treatment applications (Ge et al., 2012). Also,ytihngight be toxic to the environment and

humangMnyusiwalla et al., 2003).
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Adsorption process

Adsorption is a chemical process where the pmtiutadhered onto the surface of an
adsorbent. In general, the adsorbent is a sofid, the adsorbate is in liquid or gas phase.
Adsorption involves chemical forces (covalent baggihydrogen bonding, ligand exchange)
and physic forces (Van der Waals and electrostdtractions). The adsorbent most common is
activated carbon (Namasivayam and Sangeetha, 200&ri and Sadegh, 2007; Chen et al.,
2007; Israt Jahan et al., 2008; Asadullah eall3).

Adsorbents that have been used for the removabo&dium and arsenic are: natural
siderite and hematite (Guo et al., 2007), biomBsklirel and Viraraghavan , 2006; Haque et al.,
2009; Pennesi et al., 2013), iron coated mate(i€dgésoyiannis and Zouboulis, 2002; Li et al.,
2009; Mak et al., 2009; Zhao et al., 2009; Samtosal., 2012; Tang et al., 2013), polypirrole
(Eisazadeh 2008), waste rice husk (Ahim et al.,62080dium silicate (Boyaci et al., 2010),
nZVI1 (Kanel et al., 2005; Tanboonchuy et al., 20EHminum based in water treatment residual
(Makris et al., 2009), waste metal sludge (Bha&magt al., 2008), calcium hydroxyapatite
(CAP) adsorption (Vega et al., 2003), Fe(ll)/CiIIhydroxide waste (Prathap and
Namasivayam, 2009), aluminum-pillared bentonite riptear et al., 2005), silica gel (Fan et al.,
2011), zeoiltes (Xu et al., 2002), bauxite (Bhakatal., 2006), among others (Mohan and
Pittman, 2007; Martinson and Reddy 2009; Kumaid.e2811; Meng et al., 2012; Alagumuthu
and Sumathi, 2012; Sanchez et al., 2012; Sandhak, €013; Cui et al., 2013; Pan et al.,
2014). Also, chitosan derivates have been usetidmrémoval of these oxyanions (Dambies et
al., 2002; Sivaraman 2004; Chen and Chung 2006¢d8edtl al., 2008; Chen et al., 2008; Rana et
al., 2009; Gupta et al.; 2009, Boyaci et al., 20B&rente et al., 2010; Miller et al., 2011; Guibal

et al., 1998; Jansoon-Charrier et al., 1996; Qiaal.£2004; Xia et al., 2014; Du et al., 2014).
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These technologies or methods have several distayes) such as a high cost, the
consumption of high amounts of energy, the necedsit a high adsorbent dosage, acidic or
basic pH and high temperatures, and a slow equilibprocess. With respect to the adsorbent
presenting high toxicity, most need to be modifeedl represents a high cost. Among these,
chitosan, as an adsorbent, can be considerediaiemff simple, cost-effective alternative for the

removal of arsenic and vanadium oxyanions at tiagels from aqueous solutions.
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2.3 Isotherms

The adsorption isotherms models describe the éguitn and adsorption capacity of a
material on the surface of the adsorbent. Oncadserbate concentration does not change with
time in the adsorption process, equilibrium is ole#d. To describe the equilibrium of the
adsorbent with the adsorbate, the two isotherm lsadest commonly used in the adsorption

process are Langmuir and Freundlich.
2.3.1 Langmuir isotherm

The Langmuir isotherm model assumes that everyrptiso site of the adsorbent is
equivalent in energy and forms a saturated monolayehe surface of the adsorbent (Padilla et
al., 2014; Sanchez et al., 2012; Kannan and Simg&td 4; Saravanan et al. 2013; Murugan and

Ganapathy, 2012 he Langmuir equation was calculated from the lifieem shown below:

Ce
o R ®

Where,
Ceq = the concentration of adsorbate in solution afldgjium (mg/L)
Je= the adsorption capacity of the adsorbent at dxgjiwitn (mg/Q);
Q° = the maximum adsorption capacity for a monolayeil saturation (mg/g)
b = the affinity of the solute for the adsorbenin(y).

These parameters were calculated using the slapatarcept of the pla€eq/ge vs. Gq
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The Langmuir isotherm can determine the favorabdit the adsorption process, which
was expressed by the dimensionless constanafd calculated from the following equation

(Boddu et al., 2008; Saravanan et al., 2013; Rae€llhl., 2014, 2015a, 2015b):

1
Ry, = 1+bC, 2)

Where,
G, = the initial concentration of the adsorbate (mg/L
b = the Langmuir constant (mg/g)

The 1>R>0 value indicates that the adsorption is favoratile R> 1 value indicates
that it is unfavorable; the R1 value indicates that it is linear; the=f® value indicates that it is

irreversible.

2.3.2 Freundlich Isotherm

The Freundlich isotherm model assumes that therptiiso sites are heterogeneous in
energy and form a multilayer on the surface ofdtieorbent (Lépez et al., 2012; Boyaci et al.,

2010; Saravanan et al., 2013). The linear Freahdlquation is expressed as follows:

logq, = logKr + (%) logCeq (3)
Where,
0 = the adsorption capacity of the adsorbent atlibgiuim (mg/g)

Ceq = the equilibrium concentration of the solute (l)g/
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1/n = the adsorption intensity

Kr= a measurement of relative adsorption capacitg/giiL/mg)’)

The n value yields information of the adsorptiorogass, which is favorable at low
concentration (n>1), independent of the concemtnah=1) and favorable at high concentration
(n<1). The inverse of n (1/n) indicates how strgniffle adsorbate is attached to the surface; a
value between 0 and 1 indicates that the adsorptias a favorable process. These were

calculated from the slope and the intercept ofloélog ¢ vs. log Gq
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2.4 Instrumentation

2.4.1 Inductively Coupled Plasma- Mass Spectrometry (ICAVIS)

This is the principal technique used in @twudies. Figure 6 shows the ICP-MS
instrument used in our experiments. Inductivelypted plasma - mass spectrometry (ICP-MS)
is a technique for elemental analysis that is rapighly sensitive, simple, robust and multi-
elemental. It is used in various fields such asirenment, chemical, food, clinical, forensic,
metallurgy, physics, geology, and pharmaceutiaisong others. This technique has detection
limits for the analysis of trace elements at pplppb levels. The sample is ionized by the high
temperatures present in the argon plasma. Thesenitirbe separated by their mass/charge ratio
in a mass spectrometer and then guided to a detddie parts of the equipment are: sample
introduction (nebulizer and spray chambers), iamrasource (torch), interface extraction (cone
sampler and cone skimmer), collision cell/react{ontapole), ion lenses, mass spectrometer

(Quadrupole) and detector (electron multiplier).

Sample introductionThe liquid samples are injected into a nebultzgmeans of a peristaltic
pump in aerosol form. Then, the spray chamber atgmthe large droplets (greater than 10 um
in diameter) that have been formed and discard ti@mhy small droplets are transported to the

plasma.

lon Source The torch is made of concentric quartz tubes sumdounded by coils 2-4 turns,
which transmits argon current, and generates @ fagguency and electromagnetic field. Here

the plasma is generated and the ionization ofdh&pte occurs.

Plasma Plasma consists of ionized argon gaseous atombeirhigh temperature zones and
coexists in a mixture of ions, electrons, neuttalves and excited atoms. This is caused due a
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high voltage spark as a result of Aions and e- in the walls of the outer tube of ibreh. A
good temperature for argon discharge is about 6t06000,000 K, and the ions formed are

positive.

Vacuum SystenMass spectrometers operate at low pressure (raghium). There are three

systems of vacuum pumps (the interface area, #eparser, and analyzer area).

Plasma Interface/Emptylhe function of the interface is to extract tlas gplasma that was added
to the original sample to avoid collisions of tlems with the constituent molecules of air. The
interface has two metal cones (Ni or Pt) with alseentral hole through by which the analyte
ions are extracted into the mass spectrometer ghram increasing level of vacuum. The first
cone is called a "sampler" (sampling cone) ands#eond a "skimmer" (cone separation). The
sampler cone leads to a chamber with a vacuum ohliér and a rapid expansion of the gas,
which causes cooling. The skimmer cone reachesesspre of 18 mbar. There the gas is

separated from the positive ions and pumped out ¢Gations are focused on the mass

spectrometer through ion lenses.

lonic lensesThe ionic lenses are electrostatic plates tramisgpthe ion beam coming from the
skimmer to the mass spectrometer. They are alpmmegble for separating the ions and neutral

species of the photons through the electrostaiddicreated.

Reaction collision cellThe cell collision involves an Octopole Reactigrstem (ORS) in which
are eliminated the polyatomic interferences duthéocollisions effect of hydrogen (reactive gas
used to interact with some of the interferencespyrcollisions with helium (inert gas that
collides with interferences). The hydrogen gagicsic for eliminating interference polyatomic

argon. Helium gas eliminates multiple interferenaesioes not react with the matrix of the
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sample, whereby no new interference is not produbedng normal use the ORS in not active

and operates without gas and only acts as a gtithe ©on beam.

Mass analyzerThe principal is the quadrupole, which are fowetah bars that are parallel and
equidistant. These work under a continuous curpetential and a radio frequency source. This
separates the ions based on their mass to charggr@tio and then guide the selected mass to

the detector.

Detector The main detector is the electron multiplier, @hgenerates an electrical signal. This
is generated by the change in potential when tms icollide with the surface, secondary

electrons are moved to other regions where thdieand originate a cascade of electrons.

Figure 6: ICP-MS Agilent 7500ce used in our studies.
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2.4.2 Laser Ablation Inductively Coupled Plasma Mass Spdmmetry (LA-

ICP-MS)

In Laser ablation inductively coupled plasmass spectrometry, the solid sample is
directly analyzed by ablation with a pulsed lasesh. The created aerosols are transported into
the core of ICP, which generates high temperatuiidse plasma in ICP-MS is used to generate
ions that are then introduced to the MS, where Hreyseparated and collected according to their
m/z ratios. The selected elements of an unknowmkaoan be identified and measured. There

are no sample size requirements and no samplerptepaprocedures.

LA-ICP-MS can determine minor, major, andct elements as well as isotope-ratio
measurements, which offers superior technologylii@ct solid sampling in analytical, forensic,
trace mineral, geology, fossil, metals, semiconaigctand environmental chemistry analyses.
The advantages of LA-ICP-MS include direct analysfssolids, no chemical dissolution,
analysis of small sample mass, reduced risk of arpmation, and determination of spatial
distributions of elemental compositions (Trejosakt 2006; Mokgalaka and Gardea-Torresday,
2006; D’Oriano et al., 2008; Jackson, 2008). Tieadlvantage of LA-ICP-MS is that the
required optimization of laser parameters changgending on the matrix sample (Trejos et al.,
2006; Mokgalaka and Gardea-Torresday, 2006; D'@riat al., 2008) and the lack of
availability of standars for the different matriceSeveral parameters were optimized, such as
depth/pass, rep rate, light, output and spot sizthe laser beam passes over the sample. The
equipment used in our experiments consists of b pagrformance Nd:YAG deep UV 213nm
(UP213 Universal Platform) laser ablation systerd #re software is ELAN DRC II- ICP-MS

(Figure 7).
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Figure 7: Laser ablation (UP-213) used in our studies.

2.4.3 X-ray Fluorescence Spectrometer (XRF)

X-ray fluorescence (XRF) is an instrument sisting of a conventional X-ray tube, a
focussing LiIF monochromator, a rotating stage mgdhe sample on a petrographic microscope,
and a solid-state X-ray detector (Engi et al., 2002 primary X-ray beam illuminates the
sample, emits X-rays along a spectrum of wavelemytracteristics of the types of atoms
present in the sample. The atoms in the samplerlab&ray energy by ionizing and ejecting
electrons from the lower energy levels. The eppelectrons are replaced by electrons from the
higher energy orbital. This energy releases infone of X-rays which is unique to the type of
atom present. It is used for relatively non-degive chemical analyses of rocks, cements,
minerals, soils, metals, ceramic, glass, petrolearmd environmental studies. The XRF is
comparatively inexpensive, simple to operate, napa preparation, no chemical procedures,

non-destructive and reduces risks of analyte lossrass contaminations, and independent of
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sample geometry (Engi et al., 2002). Their linnitas are: standard is required for similar
composition, relatively large samples (typicallyl>gram powder), limited in precision and
accuracy measurements; the abundances of eleméhtZ#11, cannot distinguish variations
among isotopes of an element or ions of the saamaeasit in different valence states. Optimizing
of several parameters including: XRF primary filterollimator, voltage and base. The

instrument used in this study iSESHERSCOPE X-RAY XDALspectrometer (Figure 8).

Figure 8: X-Ray Fluorescence used in our studies.
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2.4.4 Mars Express Microwave

The microwave oven is a technique used mdstiydigesting organic, inorganic and
volatile samples. Microwaves are electromagneticesagenerated by a device of high potential
called a magnetron. To digest the samples, a s$eisalvent is used, in most cases acids. Several
advantages of using this technique are: fast, daésbreak chemical bonds, is not ionizing
radiation, and can be subjected to high temperatarel pressures. These are carried out in
closed vessels made of polymers (usually Tefloa) tesist high temperatures and pressures, do
not react with analyte, and allow no contaminaworvolatilization of the sample. All samples
are subjected to controlled and similar conditiombjch contributes to the precise analysis.

Figure 9 shows the Mars Express Microwave usediiregperiments.

Figure 9: Microwave Mars Xpress used in our studies.
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2.4.5 Scanning Electron Microscopy (SEM)

The SEM is an instrument that produces a largedgmified image of a sample surface
by using electrons to form an image. A beam of tebes is produced at the top of the
microscope by an electron gun, which follows aigattpath through the microscope in vacuum.
The beam travels through electromagnetic fields l@ndes, once the beam hits the sample,

electrons and X-rays are ejected from the samplecanvert them into a signal image.

For sample preparation, all the water must be remdrom the samples and it needs to
be conductive, therefore are covered with a thyerdaf conductive material. This is done by a
device called a sputter coater, which uses anraldald and argon gas, where the sample is
placed in a small chamber that is under vacuurf (@0L0° torr). Argon ions are attracted to a
negatively charged gold foil. These gold atoms &t settle onto the surface of the sample

producing a thin gold coating.

The technique is applied in many disciplines ofshience and is used as a research tool,
where is analyzed the state of the surface an@ghmation of morphology. The SEM permits
the observation and characterization of heterogenewganic and inorganic materials on a
nanometer (nm) to micrometenn)) scale (Kowalewska and Szwedo, 2009). Its aivelgt
simple to use, inexpensive equipment, has a laegehdof field and high resolution for clear

images (Wang et al., 2011).
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Figure 10: A) SEM Model JEOL JSM-6390 and B) Sputter co&tenton Vacuum Desk IV.

2.4.6 Fourier Transform — Infrared Spectroscopy (FT-IR)

FT-IR is a spectroscopic technique useddemtify functional groups in molecules or
organic compounds. The FT-IR spectra are the fprgdrof each compound, corresponding to
the vibrational modes of the absorption or trantmnde of electromagnetic radiation by the
organic molecules. The frequencies at which thetfanal groups absorb the electromagnetic
radiation are at a wavelength in the range of 4000000 crit. The Fourier Transform converts
the molecular motions into a computarized signahjctv is represented in a graph called
spectrum. This allows the analysis of solids, lifguor gaseous samples, either as a pure liquid or

gas, liquid solution, powder, or as potassium bdmnablets or oil mulls. Advantages of using
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this technique are that it is fast, easy to use@oslide accurate results. Figure 11 shows the

ATR-FT-IR used in our studies.

IRAffinity-1

T @sHmabzu

Figure 11:ATR-FT-IR Model IR Affinity-1 used in our studies.

2.4.7 Image Stacking Photography (ISP)

The stacking technique takes pictures fogusin different planes of the sample and a
digital image is obtained with a greater depthielidf This is done using dedicated software for
stacking. The ISP gives us information on the molpdpy of the sample and generates a digital
image. The fields that apply the ISP technique cremistry, physics, geology and biology.

Figure 12 shows the ISP used in our studies.
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Figure 12: Image Stacking Photography used in our studies.

2.4.8 Thermogravimetric Analyzer (TGA)

Thermogravimetry analyzer (TGA) is based on a mithd thermal analysis, which
measures the change in mass of a sample when tebjeca temperature change in a controlled
atmosphere. The loss or gain of mass will give nfermation about whether the sample
decomposes or reacts with other components asciidarof the increase in temperature or time.
With this technique it can be determined degradatiemperature, reaction rate, sample
identification, among others. TGA could be usedamjunction with other techniques such as
IR, allowing one to obtain additional information the thermal behavior of a sampkgure 13

shows the equipment used in our studies.
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Figure 13: TGA instrument used in our studies.

2.4.9 Brunauer, Emmet and Teller (BET)

Brunauer, Emmet, and Teller (BET) and Langmuir équaare methods to measure the
surface area of a material. BET is characteristisalids on which the superior layer is in
equilibrium with the gaseous molecules. It is daieed by the physical adsorption of gas
molecules on a solid surface. Langmuir method assutinat the adsorption is limited to one

monolayer.

37



3 METHODOLOGY

In this chapter the methodology is summarized ageats, materials and instrumentation;
synthesis of adsorbents; characterization of ad@swsh adsorption test; desorption tests; and

adsorption/desorption test.

3.1 Reagents, materials and instrumentation

3.1.1 Reagents

Only high purity and certified analytical chemicalsre used in all the experiments.

* Sodium hydrogen arsenate heptahydrate;,KIRaO,.7H,O ) (Alfa Aesar CO.,
ACS grade)*

» Sodium arsenite (NaAsp(Ricca Chemical Co., Reagent grade)*

*  Ammoniun metavanadate (N¥O3) (Sigma Aldrich Chemical Co.)*

* Vanadium(lV) oxide sulfate hydrate (VO%6H,0) (Sigma Aldrich Chemical
Co.)*

» Vanadium(lll) chloride (VG) (Sigma Aldrich Chemical Co.)*

* [ICP-MS standard solutions (Sigma Aldrich Chemical)€

*These were used for solutions preparation for gatgm process, and standards

solutions for the construction of calibration cusve

* Nitric acid (HNQ) (Fisher Co. Optima grade) was used to adjustdadorption
experiments and solid samples digestion. Also, ds wsed for the cleaning of
glassware and plastics, and in the preparatioheobtanks and calibration curves

for standard solutions for ICP-MS analysis.
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Sodium hydroxide (NaOH) (Fisher CO., ACS grade) wsad to adjust pH, and
desorption experiments. Also, it was used forcthitosan beads preparation.
Hydrochloric acid (HCI) (Fisher Co., trace metalade) was used for the
desorption experiments. Also, it was used to rtheechitosan beads.

Sulfuric acid (HSO;) (VWR Co., Reagent ACS) was used for the desamptio
experiments.

Glacial acetic acid (C¥COOH) (Fisher Co., Certified ACS) was used for the
dissolution of chitosan and chitosan solutions aratons.

Sodium chloride (NaCl) (Fisher Co., ACS grade),isodcarbonate monohydrate
(Na&COs. H0) (Alfa Aesar Co., 99.5% purity), sodium sulfaefSO,) (Fisher
Co., 99.5% purity), sodium phosphate monobasic @R&yH,0O) (Fisher Co.,
ACS grade) were used as co-existing anions forratlea process.

Chitosan Medium molecular weight degree of deaastih 75-85% (Sigma
Aldrich Co.) was used for the synthesis of chitosaads or flakes.
Meso-2,3-dimercapto succinic acid 98% (DMSA) (Frsh&O.), N-acetyl-L-
cysteine (NAC) (Fisher Co.) and gluteraldehyde sofuGrade |, 50% (GLA)
(Sigma Aldrich Co.) were used for the functiondiiaa of chitosan beads.

Sodium molybdate (N#0Q,) (Sigma Aldrich Co.) was used for the preparation
of DMSA and NAC solution.

Ferric chloride hexahydrate (Fe®H,0O) (Ricca Chemical Co.) was used for the
preparation of Fe(lll)-CB.

Deionized water 18.2 K and destilled water was used for all the studies.

Argon high purity gas (99.9%) was used for ICP-M&lgsis.
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3.1.2 Materials and equipment

* Peristaltic Pump

* Thermostated shaker bath

* pH meter (Oakton pH 510 Series)
* Filtration system

* Analytical balance

* Polyethylene bottles

* Centrifuge tubes

» Filters papers (Whatman #1, 90 mm)
* Magnetic stirrers

» Beakers

* Volumetric flasks

» Plastic flasks

* Volumetric pipettes

* Micropipettes

* Funnels

* Watch glasses

» Paper and plates weight

40



3.1.3 Instrumentation

Inductively Coupled Plasma- Mass Spectrometry (M¥P)

* Mars Express Microwave

* Scanning Electron Microscopy (SEM)

» Laser Ablation Inductively Coupled Plasma Mass 8petetry (LA-ICP-MS)
» X-ray Fluorescence Spectrometer (XRF)

* Fourier Transform — Infrared Spectroscopy (FT-IR)

* Image Stacking Photography (ISP)

» Thermogravimetric analyzer (TGA)

» Surface area analyzer (BET and Langmuir methods)
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3.2 Synthesis of adsorbents

In this session, the preparation of the various ifftadions or functionalizations of chitosan

beads are summarized.
3.2.1 Chitosan Beads (CB)

The chitosan beads were synthesized using chitpsarder medium molecular weight
dissolved in glacial acetic acid solution (5%) tbtaan a 2% w/v chitosan solution. The
resulting viscous chitosan solution was added dedpise using a peristaltic pump into a 1.0
M aqueous NaOH solution to form uniform chitosaadse The aqueous NaOH solution was
under a continuous stirring using a mechanicalestat 200 rpm. After gelling in 1 M NaOH
solution, the beads were rinsed with deionized mateemove the excess NaOH. The content
was filtrated and finally dried at room temperataret 60 °C. Figure 14 shows the schematic

for the synthesis of chitosan beads.

o~

10

Chitosan solution

Figure 14: Schematic for the synthesis of chitosan beads.
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3.2.2 Chitosan Beadssluteraldehyde (CB-GLA)

Oncethe formation of chitosan be¢ (CB) into 1M NaOH solution,they were rinsed
with deionized water teemove the NaOH excess. Thithe CB wereplacedin contact with
0.025 M GLA (show in figure 15 solution without agitation abom temperatu for 24 hours.

After crosslinking, the CE5SLA were rinsed with deionized water to remove &g GLA and
dried at room temperature or af’C.

PV

Figure 15: Gluteraldehyde (GLA) structure

3.2.3 Chitosan functionalized with DMSA and NAC (CE-DMSA and CF-
NAC)

A similar proceduras the on«escribed previously b8ivaraman (2004) was used
the functionalization of chitosan beads wdimercapto succinic acid (DM3Aand N-acetyl-L-
cysteine (NAC)Figure 16 shows the DMSA and NAC structtOnce, the chitosan beads w
in contact with 1 M NaOHand rinsed with deionized watto remove excess of Na(, these
were functionalized withNAC or DMSA solution for 48 hours withouggitation at roon
temperature. NAC oDMSA solution were prepared by dissolving g of DMSA or NAC
powder in 200 mL of 0.094 M sodium modate solution., which was uséal protect the thic
groups during the crosslinking process. Aftersshoking, the chitosan beawere rinsed with

0.1 M HCI to release the molyenum and expose the thiol groups. Alftards, the beads were
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rinsed with deionized water until it reached a raypH. Finally, the beads were dried at room

temperature or at 60°C.

A)

0 SH ® heo0

OH HN H
HO HS \Af\.

SH 0 OH
Figure 16: A) Dimercapto succinic acid (DMSA) and B) N-addtycysteine (NAC) structure

3.2.4 Protonated Chitosan Flakes (PCF)

After the chitosan beads were formed, theyewased with deionized water, followed
by a dilute HCI solution (0.1 M) until the adsorbasnspension solution reached a pH of 5.00
0.1. The PCF was rinsed with deionized water toonerthe HCI excess, and then it was filtered

and dried at room temperature or at 60° C.
3.2.5 Fe(lll)-Chitosan beads (Fe(ll1)-CB)

Once the chitosan beads were rinsed setver@ad with deionized water to remove NaOH
excess, these were placed in a beaker containiefCg solution (0.01, 0.05 or 0.1 M) at a pH
adjusted to 8.0 + 0.1 and kept under stirring (8/@) at 25°C for 24 hours of contact time. This
contact time allows for the ferric hydroxide cotlseiformation and its immobilization onto the
chitosan beads’ surface. The resulting Fe(lll)-C&evrinsed with deionized water to remove

excess iron and dried at room temperature or &.60°
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3.3 Characterization of adsorbents

3.3.1 Image Stacking Photography

The technique of Image Stacking Photography (Veigiigitals, BK Plus Lab System)

in CF4-P1magnification was used to determine tlezaye sizes of the beads or flakes.

3.3.2 Scanning Electron Microscope (SEM)

A scanning electron microscope (JEOL JSM&§3%vas used to determine the
morphology and shape of the beads or flakes arsbgemagnifications (30, 1500 and 7000X).
To improve the SEM image quality, all samples weoated with gold using a Gold Sputter

Denton Vacuum Desk IV.

3.3.3 Fourier Transform-Infrared (FT-IR)

FT-IR spectra were conducted using an IRne#§fil Fourier Transform Infrared
Spectrophotometer (Shimadzu) with Attenuated Td&aflectance (ATR) to determine the
presence of functional groups onto the beads surfAd the spectra were obtained by the
accumulation of one-hundred scans, a resolutio ofri* and a wavenumber range of 500
4000 cmi'. ATR was used in all the spectra because it alltve analysis of adsorbent without

the need for sample preparation.
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3.3.4 Inductively Coupled Plasma Mass Spectrometry (ICP-Np)

ICP-MS was used for elemental analysis of arsemit\anadium oxyanions during the
adsorption and desorption studies. Also, was tsatetermine the content and release of iron
from Fe(lll)-chitosan beads. The Fe(lll)-CB (10 pfin contact with concentrated nitric acid
were digested in duplicate using a Mars Expressdfiave with an irradiation of 20 min at
150°C. The iron content in the beads was determiiséth an Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS, Agilent 7500ce Series). didiaon, the potential release of iron from
the beads during adsorption tests were investightegerforming experiments varying the
solution pH (2, 4, 6, 8 and 10) for 26 hours ofteshtime at 25°C and 200 rpm in batch mode.
The total concentration of iron was determineddocoadance with the EPA method 200.8 rev.5.4
with a modification. The modification consistedtire use of the reaction cell in hydrogen mode
for the analysis of iron to eliminate polyatomiderierences. Scandium was used as an internal
standard. Method blank and matrix spikes wereyaedl to determine possible interferences and

contamination from solutions or containers.

3.3.5 Point of zero charge (pH.o)

The point of zero charge (piJ was obtained using a batch equilibrium technighgpel
et al., 2003; Faria et al.,, 2004). The beads (@JlL5vere contacted with 50 mL of sodium
chloride solution (0.01 M) in diverse pH range ofo212 by 48 hours at 200 rpm. Thegé&hd
pH: was measured to construct the graph of ppH: vs. pH (Faria et al., 2004; Lopez et al.,
2012; Rao et al., 201The pH,c was obtained by the curve intersect in the x-akithe graph.
This information shows that a pH below theypHhdicates an electrostatic attraction and the net
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surface charge is positive and will attract aniokiso, over this plg, indicates an electrostatic
repulsion with a negative net surface charge, aticatiract cations (Appel et al., 2003; Lopez et

al., 2012; Manahan, 2000; Rao et al., 2011).

3.3.6 Solubility and swelling effect

Solubility and swelling studies were perfodnesing a similar procedure described
previously (Ngah and Fatinathan, 2008). The divetséosan beads or flakes (50 g/L) were
immersed in different solutions individually in ¢gfuge tubes. These solutions were acetic acid
5% v/v, hydrochloric acid 0.1 M, sodium hydroxidel M and deionized water. The solubility
was determined after 24 hours of agitation as labd®, insoluble or partially soluble. The
swelling effect provided important information albahe nature of the adsorbent, where a high
percentage indicates that the adsorbent is vegildrand inadequate for the adsorption process.
The height of the solution in the centrifuge tulbess marked before and after the 24 hours of

immersion at 200 rpm. The swelling percentage vaésutated utilizing Equation 1,

% Swelling = hth;oho x 100 4)

where his the height level (cm) after 24 hours of immensiand b is the height (cm) measured

right after the beads were immersed.
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3.3.7 Laser Ablation-Inductively Coupled Plasma Mass Spdoometry (LA-

ICPMS)

Laser Ablation Inductively Coupled Plasmag¥léSpectrometry (LA-ICP-MS) spectra
were determined by a New Wave Research UP seri@gNd:YAG deep UV 213 nm) and an
ELAN DRC II-ICP-MS software. A 100 um spot size iagbed the sample following a
predetermined raster, the laser used an energyahld and a repetition rate of 20 Hz. ICP-MS
parameters used were as follows: plasma radiofreyugower, 1,400 W; plasma gas flow (Ar),
18 | min'*; Carrier (Ar) flow rate 1.3 L mirt; scanning mode peak hopping; dwell time, 35 ms;
1 sweeps, 1200 readings; and 1 replicates. Thesoffmameters used with laser ablation were
scan speed (50 um/s), depth/pass (10 pm), outpOeA4}L rep rate (20 Hz), and spot size (110
pum). The analysis time was 2 min per spot, inclgdinmin of background acquisition. The
oxyanions signal onto adsorbent was determinedlparing it with the carbon signal found in
the chitosan structure to obtain graphical repragem of element intensity as function of time

in seconds. Carbon was used as an internal sthivddre biological matrix.

3.3.8 X-ray Fluorescence (XRF)

X-ray fluorescence spectra were used to ohéter the presence of the oxyanions traces
onto the chitosan flakes using a FISHERSCOPE X-RAYAL. The parameters used in this
study were: a collimator of 0.60 Dm, high voltage50 eV, a non-primary filter, and as base

were used gold (Au) for vanadium oxyanions andhtitan (Ti) for arsenic oxyanions.
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3.3.9 Thermogravimetric analyzer (TGA)

TGA was used to determine the degradation of tinepkain function of temperature.
These measurements were evaluated on a Mettled@dl&A. The beads were analyzed in a

nitrogen atmosphere with a temperature ramp ofClthmute from 25 to 600 °C.

3.3.10 Surface area (BET and Langmuir Methods)

BET and Langmuir methods were used to determinesftexific surface area of the

beads/flakes under nitrogen atmosphere at 77 KyusMicromeritics 2020.

3.4 Adsorption tests

Adsorption experiments were conducted in atwde using 125 mL plastic sealed
bottles in a water shaker batch (Shown in Fig. 1&).experiments were carried out in duplicate
and agitated at 200 rpm to reach equilibrium atrdemperature (25°C). Agueous samples
were analyzed at different contact for 26 hours. the adsorption experiments, the oxyanions
solution were individually contacted with 5 g/L BCF or Fe(lI)-CB at initial pH 6.0 = 0.1.
Adsorption isotherms were studied at initial cortcation of Vanadium(lll) from 3 to 8.8 mg/L,
Vanadium(lV) from 1 to 6.3 mg/L, Vanadium(V) frohto 5.5 mg/L and Arsenic(V) from
0.075 to 5.0 mg/L using PCF as adsorbent. Fostilndies that used Fe(lll)-CB as adsorbent, the
range concentrations were of 0.1 to 5.0 mg/L fosehic(lll) and Arsenic(V) oxyanions. Lower

concentrations than those used for the isothernesraad a 100 removal percent.
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Several conditions were studied at an initial oxgas concentration of 0.500 mg/L, such
as the contact time (0-26 h), adsorbent conceatrdfi, 3, 5 and 10 g/L), the pH of the aqueous
solution (2, 4, 6, 8 and 10), pH adsorbent suspensolution (4, 5, 6, 7, 8, 10 and 12) and the
analysis of the co-existing anions. These co-axgséinions were carbonate, chloride, sulfate and

phosphate at concentration levels of 0.01 and Bu@®I| which were contacted independently.

All the samples were acidified with nitricid@ % v/v for preservation. The pH solution
was adjusted with diluted nitric acid or sodium kopdde solutions. The total oxyanions
concentration were analyzed in triplicate using@R-MS (Agilent ICP-MS 7500ce Series), in
accordance to the EPA method 200.8 rev.5.4. Thaaddilank and matrix spikes were analyzed

to determine possible interferences and contanaindtom solutions or containers.

Figure 17: Shaker Bath for adsorption experiments.
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3.5 Desorption tests

Desorption experiments were carried out inaéewshaker batch under the same conditions of
the adsorption process (200 rpm and 26 hours at temperature). The beads coming from the
adsorption tests were removed from the solutionfilization and finally dried at room
temperature. Then, 5 g/L of the beads or flakesewentacted individually with 0.1 M and 1 M
of hydrochloric acid, nitric acid, sulfuric acid @rsodium hydroxide. Samples were taken at
predetermined time intervals and diluted with oitdcid 2% v/v to analyze the oxyanions
concentration using ICP-MS. To determine possildatamination or interferences from the

solutions or containers, a blank of each eluentraattix spikes were analyzed.

3.6 Adsorption/Desorption tests

This process only was performed for the remhaf arsenic(V) and arsenic(lll) using
Fe(ll)-CB as adsorbent. Five cycles of adsorptiesbrption experiments were performed to
evaluate the reusability of Fe(lll)-CB using thendidions described in the adsorption and

desorption tests sections 3.4 and 3.5. All expartsweere performed in duplicate.
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4 RESULTS AND DISCUSSION

4.1 Characterization and selection of the adsorbén

In this section we discuss the characterizatiorihef diverse adsorbents containing chitosan.
Also, based on the percentage of removed oxyanwasselected the best adsorbent for the

adsorption tests.

4.1.1 Characterization

4.1.1.1 Image Stacking Photography Analysis

Figures 18A-18G show images of the diverse chitdseads/flakes analized with an
Image Stacking Photography. Figure 18A is theoslih powder and the images 18B-18G are
the chitosan beads/flakes. This showed the avesiageof each one. The CB showed an average
size of 1.87 = 0.40 mm, the CB-GLA was 1.13 = 0nd®, the CB-DMSA was 1.86 + 0.40 mm,
the CF-NAC was 2.09 + 0.68 mm, the PCF was 1.3838 éhm, and Fe(lll)-CB was of 1.70
0.30 mm. The PCF and CF-NAC showed an irregulapshand the other beads showed a

spherical shape with irregular edges.
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Figure 18: ISP images of (A) Chitosan powder; (B) CB; (C)-GBA; (D) CB-DMSA; (E) CF-

NAC; (F) PCF; and (G) Fe(lll)-CB.
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4.1.1.2 Scanning Electron Microscopy Analysis

Figures 19-25 show the SEM micrographs of Chitopawder, CB, CB-GLA, CB-
DMSA, CF-NAC, PCF, and Fe(lll)-CB at 1500X and 780@agnifications. The PCF and CF-
NAC show a non-porous surface. In addition, clatopowder, CB, CB-GLA, CB-DMSA, and

Fe(ll)-CB show a rough surface.

Figure 20: SEM images of CB at magnification A) 1500X and/BP0X.
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£1500 10 um %7000 2 um

Figure 21: SEM images of CB-GLA at magnification A) 1500XdaR) 7000X.

£1500 10 um x7000 2 um

Figure 22:SEM images of CB-DMSA at magnification A) 1500%deB) 7000X.

<1500 10 um

Figure 23:SEM images of CF-NAC at magnification A) 1500Xda8) 7000X.
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x1500 10 um

Figure 24: SEM images of PCF at magnification A) 1500X and’B00X.

Figure 25:SEM images of Fe(ll)-CB at magnification A) 150@nd B) 7000X.
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4.1.1.3 FT-IR Analysis
The functional groups of chitosan beadsétaére shown in figures 26A-26G. The FT-IR
spectra showed six important bands: a broad bar8B&1 crr_1l correspond to the stretching

vibrations of the -OH and —NH groups, a small band at 2877 '1crdue to the stretching
vibrations of —CH and -CHgroups, a band at 1647 'clri$ attributed to the stretching vibrations
of the -NH, group, 1377 cfr‘ll correspond to -CH symmetric bending vibrationshe —-CHOH

group, and finally 1064 c'r%and 1029 Cl:l‘ll are assigned to -CO stretching vibration in th©HC
group. The bands of —-NHand —OH stretching vibrations present an overlagppas is reported

in the literature (Viswanathan et al., 2009). Ak tbands are similar in every beads/flakes.
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Figure 26: FT-IR spectrum of A) Chitosan powder; B) CB; CB-GLA; D) CB-DMSA,

CF-NAC; F) PCF; and G) Fe(lll)-CB.
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4.1.1.4 Point of zero charge determination

The point of zero charge is shown in figuvef@r the diverse chitosan beads/flakes. The
pHpzc of chitosan powder and CB is 7.3. The beads fanatized with GLA and DMSA showed
a pHyc of 7.5 and 5.4, respectively. The PCF and CF-NAOwed a pl3,c of 6.3, and the
Fe(ll1)-CB a pH,c of 8.4. Electrostatic attraction occurs below pif,c due to the positive net
charge of the surface and negatively charged iéredsorbate. Above the pH is expected

electrostatic repulsion between oxyanions becawssurface of the adsorbent becomes negative

charged.
b
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Figure 27: Point of zero charge (pi#) of the diverses chitosan beads/flakes.
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4.1.1.5 Solubility and Swelling Analysis

The effect of solubility in diverse adsort®icbntaining chitosan is shown in Table 1.
The results showed that chitosan powder was sointé6 v/v acetic acid, partially soluble in
0.1 M HCI, and insoluble in deionized water and Bl INaOH. The CB-GLA, CB-DMSA and
CF-NAC were insoluble in all evaluated solutioneeTCB, PCF and Fe(lll)-CB were soluble in
5% v/v acetic acid, partially soluble in 0.1 M H®Wt insoluble in deionized water and 0.1 M

NaOH solution. The dissolution is due to the fédttthe chitosan is partially soluble in acidic

solution (Crini, 2005).

Table 1:Solubility effect of diverse chitosan beads/flake

Deionized  Acetic acid HCI NaOH

water 5% viv 0.1M 0.1M
Chitosan Powder Insoluble Soluble Partially soluble Insoluble
CB Insoluble Soluble Partially soluble Insoluble
CB-GLA Insoluble Insoluble Insoluble Insoluble
CB-DMSA Insoluble Insoluble Insoluble Insoluble
CF-NAC Insoluble Insoluble Insoluble Insoluble
PCF Insoluble Soluble Partially soluble Insoluble
Fe(lll)-CB Insoluble Soluble Partially soluble Insoluble
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The swelling effect is showed in Table 2.eTsults show that CB, CB-GLA and PCF
have 0% swelling once exposed to acidic, alkalineé aeutral media, therefore are stable and
potential candidates for the adsorption test. Mellsng percentage for Fe(lll)-CB was 15% in
all evaluated solutions. The CB-DMSA showed swgliwith every solution and the CF-NAC
showed swelling in deionized water and acidic sohg The beads that showed some swelling
were a few when compared to other adsorbents; firereghey were shown to be a stable
adsorbent with potential application for the adsorpprocesses (Ngah and Fatinathan, 2008).
The swelling factors in an adsorbent are affectgdthi® pH solution, ionic strength and
functionalization material (Gupta et al., 2006; i@et et al., 2010; Ninni et al., 2014; Gao et al.,

2014).

Table 2: Swelling Effect of diverse chitosan beads/flakes.

Deionized Acetic acid HCI NaOH

water 56viv 0.1M 0.1M
Chitosan Powder 0 5 0 0
CB 0 0 0 0
CB-GLA 0 0 0 0
CB-DMSA 5 25 5 35
CF-NAC 5 25 25 0
PCF 0 0 0 0
Fe(lll)-CB 15 15 15 15
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4.1.1.6 TGA analysis

Figure 28 shows the thermal degradation curve daoséan powder and the diverse
chitosan beads/flakes, which degradation tempersit(ey) between 242 to 293 °C. Table 3
shows the e (‘C) and weight loss (%) values of chitosan powdet e diverses chitosan
beads/flakes. These values show that chitosan powds a slightly higher degradation
temperature than the others, which is more stalfiese weight losses may be attributed to the

loss of water and the degradation of the main chathe polymers (Blagg, 2012; Boyaci et al.,

2010).
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Figure 28: TGA analysis of the diverses chitosan beads/flakes
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Table 3: Tgeq("C) and weight loss (%) values of the diverses shicbeads/flakes

Chitosan powder 293.05 29.32
CB 249.75 32.72
CB-GLA 267.67 32.61
CB-DMSA 242.08 41.27
CF-NAC 259.41 36.78
PCF 286.35 35.97
Fe(lll)-CB 271.89 36.51

4.1.1.7 Surface Area Analysis

Table 4 shows the BET and Langmuir surface areaegabf chitosan powder, CB, CB-
GLA, CB-DMSA, CF-NAC, PCF and Fe(lll)-CB. CB-GLA Hahe higher surface area with a
2.99 nf/g (BET) and 14.7 At g (Langmuir). CF-NAC presented O’/ for both because it did
not adsorb the nitrogen molecules at 77K; Non-psrsurface have limited access of nitrogen
molecules in the surface (Igbal et al., 2011). ®treer beads/flakes showed values between 0.27
to 1.15 ni/g for BET method and 0.28 to 4.4Z/mfor Langmuir method. These values are in
close agreement with what is reported in the literaand could have a low porosity (Ngah and

Fatinathan, 2008; Kamari et al., 2009; Feng etall2).
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Table 4: BET and Langmuir surface area values of the digetb@osan beads/flakes

Chitosan powder 0.53 1.13
CB 1.11 3.28
CB-GLA 2.99 14.7
CB-DMSA 1.15 4.42
CF-NAC’ 0 0

PCF 1.13 1.58
Fe(ll)-CB 0.27 0.28

" Note: Sample did not adsorb N2 @ 77K.

4.1.2 Selection of adsorbent for vanadium and are& removal

Figures 29 and 30 show the percent removalaobdium and arsenic oxyanions onto
Chitosan powder, CB, CB-GLA, CB-DMSA, CF-NAC, PCRdaFe(lll)-CB. Each oxyanion
was placed in contact with 5 g/L of adsorbent atgo®D + 0.1, individually. Figure 29 showed
the percentages of vanadium oxyanions, which theman removal was 99-100% using PCF
as the adsorbent. Figure 30, shows the percentageval of arsenic oxyanions, where the
maximum removal for As(V) was 97% and 99% using P& Fe(lll)-CB as adsorbent,
respectively. Also, showed an 95% for the As(tBjnoval using Fe(lll)-CB. The protonated

amine groups of PCF are responsible for highertgorgapacity than the original amine groups
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of chitosan for the removal of V(lll), V(IV), V(V),and As(V). The As(lll) removal was
achieved by the addition of ferric hydroxide intbetchitosan surfaces due to complex
formations. Hence, further studies were limitedyoto PCF for vanadium and arsenate

oxyanions and Fe(lll)-CB for arsenic oxyanions.
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Figure 29: Removal of vanadium oxyanions using diversesshit beads/flakes.
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Figure 30: Removal of arsenic oxyanions using diverses shitdeads/flakes.
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4.2 Adsorption of Vanadium oxyanions using PCF Rests

4.2.1 Synthesis and Characterization

4.2.1.1 Adsorbent synthesis optimization and Prot@tion Procedure

Figure 31 shows the pH adsorbent suspensautian for the protonation and
conditioning of chitosan beads/flakes to achieverttaximum removal of vanadium oxyanions.
The pHs evaluated were 4, 5, 6, 7, 8, 10 and X®imact with 5 g/L of adsorbent and at initial
vanadium concentration of 0.500 mg/L at room terapge. The maximum vanadium oxyanions
removals were of 99-100% at pH into 4.00-5.00 duthé protonation of amine group. Once the
pH increases, the concentration of kns decreases because the amine group is neutral.
Therefore, electrostatic repulsions may be occgrbatween the vanadium oxyanions and the
adsorbent at high pH values and electrostaticditrain acidic pH. In pH 4.00 the flakes start

dissolving, therefore the optimum pH was 5.00.

100 - il o

90 - 8
80 -
70 -

60 - s
50 -
40 -
30 -
20 -
10 -
0

[>>]s]
ompD

% Vanadium Oxyanions
Removal

300 400 500 600 7.00 800 9.00 10.00 11.00 12100
pH Chitosan Beads/Flakes suspension solution
s V(D) __eV(IV) AV()

Figure 31: pH of chitosan beads/flakes suspension solut@nttie removal of vanadium

oxyanions.
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4.2.1.2 Scanning Electron Microscopy Analysis

SEM images are shown in Figure 32 to 35wardes magnifications, A) 30X, B) 1500X,
and C) 7000X The figures showed the PCF surface before and aétradium oxyanions
adsorption. The PCF show surfaces without poresaich magnification. After the vanadium

oxyanions adsorption, the surface does not shagn#isant difference (Figure 33-35).

<1500 10 zm %7000 2 zm

Figure 32: SEM micrograph of PCF at magnification of A) 3@),1500X, and C) 7000X.

x1500 10 zm

Figure 33: SEM micrograph of Vanadium(lll) onto PCF at magration of A) 30X, B) 1500X,

and C) 7000X.
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Figure 34: SEM micrograph of Vanadium(lV) onto PCF at magrafion of A) 30X, B) 1500X,
and C) 7000X.

Figure 35: SEM micrograph of Vanadium(V) onto PCF at magaaiicn of A) 30X, B) 1500X,
and C) 7000X.

4.2.1.3 Infrared Spectroscopy Analysis

FT-IR spectra of PCF and the interactions/@fl), V(IV), and V(V) oxyanions onto
PCF are shown in Figure 36. The functional grooipthe adsorbent were discussed in section
4.1.1.3. Once the vanadium oxyanions are adsorhedhé® PCF adsorbent, the different
functional groups are similar to PCF bands (Figd88&). Therefore, no significant differences

are observed in the IR spectra. These results stiggechelation effect as a consequence of the
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adsorption process, which also suggest an eleatrosittraction between the PCF and the

vanadium oxyanions as the dominant mechanism.
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Figure 36: FT-IR spectrum of (A) PCF, and interactions of (Banadium(lll), (C)

Vanadium(lV) and (D) Vanadium(V) oxyanions onto RCF
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4.2.1.4 LA-ICP-MS Analysis

The presence of vanadium oxyanions traces BAtF were determined by LA-ICP-MS
(figures 37-40). The vanadium peak intensity wasioled by measuring the signal intensity at
the centre points of the PCF; the sample was tirectalyzed by ablating with a pulsed laser
beam. The signal intensity of vanadium oxyani@ngroportional to the concentration of analyte
(D’Oriano et al., 2008; Mokgalaka and Gardea-Tatags 2006).

The blue line on the figures 37-40 locatetha upper right of the graphs depicts where
the laser passed over the PCF's surface duringrtalysis. Also, the blue line in the spectra
represents the vanadium intensity of the chitosake$ and the red line indicates the carbon
intensity that was used as a base line due tadtsepce in the chitosan matrix. In this analysis,
we confirmed the presence of the vanadium oxyaoiothe surface of PCF after its exposition
to an initial concentration of 1.5 mg/L and compbvéth the unexposed PCF, which showed no

Vanadium signal (Figure 40).
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Figure 37: LA-ICP-MS spectra and image of Vanadium(lll)aracting with PCF.
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Figure 38 LA-ICP-MS spectra and image of Vanadium(1V) nateting with PCF.

72




Pulie

Intensity

Laser On

V=

Background

; i Analytes:
(

| _' |

0 100 =00

Time (zec)

Figure 39 LA-ICP-MS spectra and image of Vanadium(V) iateing with PCF.
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Figure 40: LA-ICP-MS spectra and image of PCF without contemt.
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4.2.1.5 XRF Analysis

The presence of Vanadium(lll, IV, and V) aryons traces onto PCF were shown in the
XRF spectra (Figure 42 to 44). Figure 41 showsRK# without the exposition to traces of
vanadium oxyanions. The circle on the image shdvws<-rays incidence point on the irradiated
samples. The peaks corresponding to the vanadignalsonto the PCF are those fluorescence
lines of Ka of 4.9 and Kb of 5.4 KeV. The other peaks belong to the PCFaignd the base
(Au) used in the analysis (Figure 42). The ovalad (Figures 42-44) is use to identify the
vanadium signal and one in blue without vanadiurgufe 41). Its clearly seen in figure 41 the

absence of the vanadium signal.
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Figure 41: XRF spectra and image of PCF without the contantinan
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Figure 42 XRF spectra and image of Vanadium(lll) interagtivith PCF.

10

15

20

LT SRS R
25 30
Energy (keV)

Figure 43 XRF spectra and image of Vanadium(lV) interagtivith PCF.
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Figure 44: XRF spectra and image of Vanadium(V) interactiith PCF.
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4.2.2 Adsorption Analysis

This section discusses the adsorption studieh®vanadium oxyanions removal, such as pH
agueous solution, concentration adsorbent, cotitaet co-existing anions competence, and

adsorption isotherms.

Effect of pH aqueous solution

The effect of pH in the aqueous solution removalvafhadium oxyanions is shown in
figure 45. The different pHs studied were 2, 48@&nd 10. The maximum percentage removal
for vanadium oxyanions was at pH 6, with a 100%\d@it1), 99.9% for V(IV), and 99.9% for
V(V). This is due to the amine group protonatiorPICF, which maintained a stable pH with the
vanadium oxyanions. The vanadium species waszeddn the water rapidly from an oxidation
state Il and IV to state V, therefore every vanadispecies behaves as, at pH 6.0-8.0 as
shown in figure 43 (Erdem et al.; 2011; NTP, 2088rzséas ,2005; WHO, 2001; Langmuir et al.,
2003). At pHs below 4, the removal of vanadium axgas decreases due to the formation of
VO," HVO* v*3 (NTP, 2008; Langmuir et al., 2003) generating tetestatic repulsion with the
positively charged chitosan matrix, however the aeed percentage is attributed to an inner-
sphere complex via hydrogen bonding. On the othadhthe removal at high pHs decreases due
to the formation of species H® (NTP, 2008; Langmuir et al., 2003), generatingutsion by
the negative charge in chitosan matrix above thgJuf 6.3. Hence, throughout the study the
optimum pH of the medium was at pH 6.0 + 0.1, whgcthe pH approximate of residual waters.
Therefore, once the adsorbent is protonated, ioisnecessary to add acid to the aqueous

solution.
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Figure 45: Effect of pH aqueous solutions on the adsorptibrvanadium(lll, 1V, and V)
oxyanions onto PCF. Experimental conditions: ihitiancentration of vanadium species = 0.500

mg/L; adsorbent concentration = 5 g/L; contact trri26 h; shaker speed = 200 rpm.

Effect of adsorbent concentration

Figure 46 shows the studies done to determine ptienom adsorbent concentration by
addingl, 3, 5 and 10 g/L of PCF to the vanadium oxyaniand verifying the maximum
tolerance limit. The removal percentage of Vanadlujnwere 89% (1 g/L) and 100% (3, 5 and
10 g/L). For Vanadium(IlV) were 81% (1 g/L), 99%dA.) and 100% (3 and 10 g/L). Also, for
Vanadium(V) were 89% (1 g/L) and 100% (3, 5 andgll)). As the adsorbent concentration
was higher that 1 g/L, the removal percentage viard®@% for every vanadium oxyanions.

This is due to the increase of available activeessittherefore the optimum adsorbent
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concentration was 5 g/L. These results demonsthatePCF represents an excellent alternative

for the removal of vanadium species in differentlakon states from contaminated water.

Vanadium Oxyanions Remowval (%)
LA
=
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Adsorbent Concentration

EVID mVIV) =V(V)

Figure 46: Effect of adsorbent concentrations on the adswrmf Vanadium(lll, IV and V)
oxyanions onto PCF. Experimental conditions:iahitoncentration of vanadium species =

0.500 mg/L; contact time = 26 h; shaker speed =rp@f pH aqueous solutions = 6.0 £0.1.

Effect of contact time
Figure 47 shows the variation of vanadiumamigns onto PCF found by varying contact
time, 0-26 hours. We can see that all the vanadmxganions reached equilibrium

approximately after 2 hours. The final concentratio equilibrium for V(llI), V(IV) and V(V)
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oxyanions were 0, 0.005 and 0.001 mg/L, respegtiveThese obtained excellent percentage
removal with a 100% for V(lll), 99.1% for V(IV) anfl9.9% for V(V). The higher adsorption

capacity is due to the protonated amine groupsG#,Rvhich interacts with the negative charge
of the oxyanions. The optimum contact time was @ér# in order to observe that it remained in

constant equilibrium.

0 i o O o il il il il il gil
Time (h)

—=V(Il) -e=V{V) -+-V(V)

Figure 47: Effect of contact time on Vanadium(lll, IV and Wxyanions onto PCF.
Experimental conditions: initial concentration adnadium species = 0.500 mg/L; adsorbent

concentration = 5 g/L; shaker speed = 200 rpm;@hadqueous solutions = 6.0 £ 0.1.
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Effect of co-existing anions competence

The effect of co-existing anions, such a®té, sulfate, carbonate and phosphate, (Cl
SO, COs% PQ®), which are normally present in residual watersrewstudied. The
concentration (0.01 and 0.02 mmol) of these anwere varied in a proportion 1:0, 1:10 and
1:20 (V:CA) by keeping 0.001 mmol as the initiaincentration of vanadium at pH 6.0 + 0.1
onto 5 g/L of PCF. The results do not show a casiole effect on the percentage removed of
vanadium oxyanions in the presence of these commoiosis (shown in Table 5). The removal
efficiency of vanadium oxyanions was 93-97% in gresence of chloride oxyanions at both
proportions. Also, in the presence of carbonatdatuand phosphate oxyanions were 95-97%,
95-98% and 91-100%, respectively. The PCF selggtiremoves the vanadium species even in
the presence of other common anions at differemtistrenghts. These values confirm that the
mechanism involved could be a combination of osfgrere and inner-sphere complex. The
results suggest that the PCF can be used to rewamaslium oxyanions in real effluents even in

the presence of common co-existing anions, whieHraquent in the environment.
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Table 5: Adsorption studies for Vanadium(lll, IV and V) cayions onto 5 g/L of PCF at

diverse co-existing anions (CA).

Ratio
V:CA
(mol:mol) % Removal = SD % Removal £ SD % Removal + SD
1:0 100.0 + 0 99.1+0.2 99.9+0.2
ol 1:10 96.5 + 0.2 94.5+0.3 96.1+0.1
1:20 94.7 + 0.4 93.2+0.2 95.3+0.5
CO5? 1:10 94.4 +0.03 95.1 +0.6 95.3+0.1
1:20 96.3+0.5 97.3+0.8 97.4+0.5
SO,? 1:10 97.1+0.1 97.4+0.1 96.5+0.7
1:20 97.6+0.9 95.3+0.6 95.7 + 0.004
PO, 1:10 100 + 0 97.0 2 99.9+0.1
1:20 92.1+0.4 90.7 0.5 98.9+1

Adsorption Isotherm

Table 6 shows examples of the initial vanadiaoncentrations used for adsorption
experiments using 5 g/L of PCF at pH 6.0. The neshpercentages were efficient for vanadium
oxyanions, however, the removal percentages dexrease the V(V) concentration increase.

The uptake capacity for all vanadium oxyanionseased once the initial concentration increase.
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Figures 48 and 49 show the Freundlich and Langmoatherm models for vanadium oxyanions,
and table 7 shows the isotherm parameters. Adsorpsiotherms were studied as the initial
concentration of Vanadium(lll) increased from 3t8 mg/L, Vanadium(lV) increased from 1 to
6.3 mg/L and Vanadium(V) increased from 1 to 5.5lmag a pH 6.0 + 0.1 with 5 g/L of PCF.
Lower concentrations than those used for the isptheobtained 100% removal. Langmuir
isotherms model show a better correlation coefiic{?) than Freundlich isotherms values for
vanadium with oxidation state Ill, IV and V, 0.9940.9601 and 0.9985, respectively. The
Langmuir @ parameters for the mentioned vanadium species e higher than the
Freundlich parameter, which were 12.22 mg/g for atham(lIl), 6.50 mg/g for Vanadium(IV)
and 2.58 mg/g for Vanadium(V). Also, the b paramdt@ Vanadium(lll) is 0.14 L/mg,
Vanadium(lV) is 0.22 L/mg and finally Vanadium(¥§ 0.11 L/mg shown that the process is
favorable because it requires less energy to ocahiso, the process is more energetically
favorable for the adsorption of Vanadium(lV). The\Rlues for vanadium oxyanions are shown
in table 8. These results suggest that the adsarptocess is favorable because it lies between
0 and 1.Table 9 compared our results with other adsorbemsrted in previous studies, such as
activated carbon, waste metal sludge, bentoniten@ar et al., 2005; Namasivayam and
Sangeetha, 2006; Bhatnagar et al., 2008; amongsdtidese previous works have a highér Q
however they do not remove vanadium in the diffe@adation states, are expensive, require
complex procedures and require low pH and high eotrations. Therefore, our adsorbent is
inexpensive, environmentally friendly, can remoamadium in the three oxidation states, which

are more commons at trace levels in the environment
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Table 6: Adsorption results for vanadium oxyanions usindl5af PCF at pH 6.0.

0.075 100 0.015 100 0.015 100 0.015
0.1 100 0.02 100 0.02 100 0.02
0.5 100 0.11 99.1 0.11 99.9 0.11
15 100 0.28 95.8 0.26 73.6 0.23

3 96.8 0.62 93.8 0.58 43.8 0.27
5 97 0.96 89.9 0.9 30.1 0.31

0.9 4

Log Cy, (mg/g)

1
1.9

V{IIT) ¥= 03126x-0.1811
R:=10.7957

0.5 Log C.q (mg/L) V(IV) ¥=0.5555x-0.1928
Ri= 0.9467

BV eVIV) aV(V) VV) w=00472x+03772
Br=036

Figure 48: Freundlich isotherm model for Vanadium(lll, IV@&W¥) oxyanions using 5 g/L of

PCF at pH 6.0.
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Figure 49: Langmuir isotherm model for Vanadium(lll, IV anf oxyanions using 5 g/L of

PCF at pH 6.0.

Table 7: Langmuir and Freundlich parameters using 5 g/L©FRt pH 6.0 for the removal of

Vanadium(lll, IV and V).

R? 0.9941 0.9601 0.9985
Langmuir Q" (mglg) 12.22 6.5 2.58

b (L/mg) 0.14 0.22 0.11

R? 0.7957 0.9467  0.5600

Ke((mg/g)(L/mg))  5.52 5.19 1.74
Freundlich N 3.2 1.8 21.18

1/n 0.31 0.55 0.05
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Table 8 R_ parameter for vanadium oxyanions using 5 g/L oFRECpH 6.0.

0.1 0.98 0.98 0.86
0.5 0.92 0.92 0.83
1.0 0.85 0.87 0.67
15 0.81 0.83 0.62
2.0 0.75 0.77 0.54
2.5 0.71 0.72 0.49
3.0 0.66 0.68 0.45
3.5 0.64 0.65 0.40
4.0 0.61 0.63 0.37
5.0 0.56 0.55 0.32
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Table 9: Comparison of &Langmuir parameters with other adsorbents repdrteutevious

studies for the removal of V(lll, IV and V)

PCF 12.22 6.50 2.58 Padilla et al., 2015a
Ca-Fe(lll)-AB - 6.77 0.79 Sanchez, 2013
Sludge - 0.03 0.36 Sanchez, 2013
PONF-g-GMA - - 14.60 Yeom et al., 2009

ZnCl,-activated

24.90 Namasivayam and Sangeetha 2006

carbon
Metal sludge - - 24.80 Bhatnagar et al.,2008
Aluminum- - 24.16 - Manohar et al., 2005

pillared bentonite

Adsorption Mechanism

The vanadium oxyanions are removed usingratiea due to electrostatic attraction
interactions between the positive charge of the RGd# the negative charge of the adsorbate.
This was confirmed by the study using the point@fo charge (phlo), which obtained a value
of 6.3 £ 0.05 (Figure 27). Therefore, the eledttis attraction between the positively charged
surface and negatively charged adsorbatgV(@4) facilitate the adsorption of vanadium

oxyanions. The possible mechanism for the remolvehoadium oxyanions using PCF is shown
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in Figure 50. The mechanism showed the protonaifaine amine functional group present in
chitosan when in contact with hydrochloric acid.cOrhe sorbent is protonated, it attracts the
vanadium oxyanions through electrostatic attracti@tween the protonated species and the
negative charge of the,MO,. To revert the process and recover the adsortleatPCF is
exposed to acid or alkaline solutions to extraet dtkyanions. The electrostatic mechanism is
also supported by the FTIR spectra, which did howsed displacement in the characteristic IR
band before and after the exposition to the vamadaxyanions (Shown Figure 36), thus

suggesting an electrostatic mechanism.

O—NH; ¢ HOyy — Y+ HNV0; — B
a H,VO,
PCF

CB V-PCF

HNO,, HCl or H.SO, & e
g . P 'I'*“'!;+ T ‘D:/on_*
‘ ’—NH{
H

PCF
:"'.0 1'

- NH, + HVO;

CB

O—NH; :the amine group in chitosan structure

Figure 50: Possible mechanism for vanadium oxyanions adsaerpindo PCF and its recovery.
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4.2.3 Desorption Analysis

Figure 51 shows the various eluent used in thergéea studies. These were 0.1 and 1
M of hydrochloric, nitric and sulfuric acid, anddsom hydroxide. Hydrochloric acid 1 M was
the best eluent for the recovery of the PCF witB%0for every vanadium oxyanions, which
suggests the formation of a more stable product. r@sults show that in acidic and alkaline
medium takes place repulsion between the oxyaramlsPCF, by destroying the electrostatic
attractions between the protonated amine functignalips in the adsorbent (shown in Figure
50). However, the basic solutions using NaOH gitlee most efficient desorption without
dissolution of the PCF. The desorption process rscloacause the amine is neutralized releasing

the oxyanions. A possible desorption mechanisshasved in Figure 50.

The studies of adsorption/desorption were not peréal with PCF because it is not
feasible and cost-effective. This is due to damtagthe flakes when using acids as eluents.
Also, when alkaline eluents are used, requiresuieof several rinses of the PCF to eliminate
the hydroxide excess. These additional procedordbe removal of the oxyanions are not cost-

effective.

It is important mentioning that the method of figa or stabilization could be applied
once these pollutants are desorbed of the adsodweface. The fixation process is standard
procedures, which involves the aggregation of adst (ie. Portland cement) to reduce the
hazardous nature of waste, its toxicity, or to mize the rate of migration of the contaminant in

the environment (Mohan and Pittman, 2007).
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Figure 51: Desorption of vanadium oxyanions using 0.1 M andl sodium hydroxide, nitric

acid, hydrochloric and sulfuric acids from PCF.
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4.3 Arsenic Adsorption using PCF Results
4.3.1 Synthesis and Characterization

4.3.1.1 Adsorbent Synthesis Optimization and Protwtion Procedure

The maximum percent removal of As(V) usingHP&s a function of pH adsorbent
suspension solution is shown in Figure 52. The pMsluated were 4, 5, 6, 7, 8, 10 and 12
when 5 g/L of adsorbent were placed in contath van initial arsenate concentration of 0.500
mg/L at room temperature and at 200 rpm. The adisorpf As(V) decreased when the pH for
the conditioning of chitosan beads/flakes was iawee. This is due to the lower concentration of
H* for protonation of the Nigroup and an increase in electrostatic repulséanpredicted by
the pH. (6.3). Instead, at acidic pH, the amine group fetgmated and therefore the
electrostatic attraction between the NHand the arsenate oxyanion predominates, thus
increasing the adsorption of As(V). The maximumoagson was at pH 5.00 with 97%, below
this pH, the beads/flakes will start dissolving aaddecrease in adsorption capacity was

observed.
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Figure 52: pH of chitosan beads/flakssispension solutiorsn the As(V) oxyanion adsorption
onto the chitosan. Experimental conditions: atittoncentration of As(V) = 0.500 mg/L;
adsorbent concentration = 5 g/L; contact time =h26haker speed = 200 rpm; and pH aqueous

solution =6.0 £ 0.1.

4.3.1.2 Scanning Electron Microscopy Analysis

SEM micrographs at A) 30X, B) 1500X, and@POX magnifications of PCF, and PCF in
contact with arsenate solution (Shown in Figuresab@ 54). The figures show that after the
arsenate oxyanion adsorption; the surface doeshmt a significant difference when compared

with PCF without the contaminant.
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Figure 54: SEM micrographs of As(V) onto PCF at magnificat®) 30X, B) 1500X and C)

7000X.

4.3.1.4 Infrared Spectroscopy Analysis

Figure 55 shows the FT-IR spectrum of PCF #edinteractions of As(V) onto PCF. The
functional groups of the PCF were discussed ini@eet.1.1.3. Once the As(V) oxyanion is
adsorbed by the PCF adsorbent, the different fonatigroups are similar to PCF bands. When
the PCF was used for the removal of As(V) no disptaent of the NE stretching vibration is
observed suggesting that the mechanism does notvanchelation with this functional group,

thus supporting an electrostatic interaction.
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Figure 55: FT-IR spectra of PCF, and PCF in contact with\As(

4.3.1.5 LA-ICP-MS Analysis

Figure 56 shows the presence of trace amountssehate (blue line) onto PCF using a LA-
ICP-MS. The surface of the PCF was directly aredyby ablating with a pulsed laser beam
where the intensity of the received signal is propoal to the concentration. A significant
increase in the blue line intensity is observed mwwhempared with the background line as a
result of the laser ablation process due to thenarssignal. The red signal is due to the carbon
present in the chitosan matrix. The inserted imadke upper right shows the incident laser path

during the ablation of the chitosan matrix. Cari®used as an internal standard.
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Figure 56: LA-ICP-MS spectra and image of As(V) interactingiwiPCF.

4.3.1.6 XRF Analysis

Figures 57 and 58 shows the comparison ofspfextra XRF between traces of arsenate
present onto PCF and PCF without arsenate. Afsocircle in the upper right of the inserted
image shows the point of incidence of the X-rayigure 57 shows, with the dark blue color,
where the characteristic K§10.5 KeV), Kk (11.7 KeV), La (1.28 KeV) and Lb(1.31 KeV)
fluorescence lines from As are expected. The @scence lines corresponding to the arsenic
signal onto the PCF are presents the distinctiveKag Kb; fluorescence peaks (Figure 57).
Figure 58 shows other peaks that belong to the B@irol signal and the Ti base used as
background to avoid interfere with the arsenic algthe dark red line shows Kand Kh from

the Ti XRF stage.
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Figure 57: XRF spectra and image of As(V) onto PCF.
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Figure 58: XRF spectra and image of PCF without As(V).
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4.3.2 Adsorption Analysis

This section discusses the adsorption studieshferarsenate oxyanion removal, such as pH
agueous solution, concentration adsorbent, corbae, co-existing anions competence, and

adsorption isotherms.

Effect of pH aqueous solution

The pH aqueous solution used in the adsorgirocess of As(V) (0.500 mg/L) by the
PCF (5 g/L) was studied at pHs 2, 4, 6, 8 andridDweere agitated at 200 rpm for 26 h. Figure
59 shows that the adsorption decreased in acidit akaline pH, showing the maximum
adsorption at pH 6.0. These results are consistétht those obtained for the pi of 6.3
(Section 4.1.1.4). Above the plddecreasing the adsorption process because o@puksion
between the negatively charge of beads/flakes saidad the negatively charged HAZGand
AsO,* species (shown in figure 59). At pH 6, generalestrostatics attractions due to the
formation of HAsO, species which is attracted by the positively chdryél;” thus increasing
adsorption. Below pH 2 neutral speciesABIO,) predominates and thus no interaction with the
NHs" groups and the PCF start to dissolve and the ptisorcapacity significantly degrades.
Also, a decrease in the adsorption is observeigatgHs because the formation of HAEGand
AsO;? species and the neutralization of the amines @bs#n structure leading to lack of
electrostatic attractions (Langmuir et al., 2003l the other studies were carried out in an
aqueous solution at pH 6.00 £ 0.1. It is importanpoint out that the pH of natural and potable
water is also near the optimum pH of the agueoligisn used for PCF and consequently it can

be used for field applications.
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Figure 59: Effect of pH aqueous solutions on the As(V) oxganadsorption onto PCF.
Experimental conditions: initial concentration/&$(V) = 0.500 mg/L; adsorbent concentration

=5 g/L; contact time = 26 h; and shaker speedG=rpt.

Effect of adsorbent concentration

Studies on optimum adsorbent concentratiorewarried out by adding, 3, 5 and 10
g/L of PCF at initial arsenate concentration of0Q.5ng/L, at room temperature, and pH of the
aqueous solution of 6.00 £ 0.1. These were stuttiegerify the maximum tolerance limit for
arsenate oxyanion removal. Figure 60 shows theepéage removal of arsenate, which was
67% (1 g/L), 65% (3 g/L), 97% (5 g/L) and 96% (1M)g It is evident that a higher adsorbent

amount will cause a greater removal of the oxyauwioa to the increase of available active sites,
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however 5 g/L of PCF showed approximately the sadsarption that 10 g/L and based on this,

all the studies were performed using 5 g/L of PE€fha optimum adsorbent concentration.
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Figure 60: Effect of adsorbent concentration on the As(V) axga adsorption onto PCF.
Experimental conditions: initial concentrationw@nadium species = 0.500 mg/L; contact time

= 26 h; shaker speed = 200 rpm; and pH aqueous@wu= 6.0 £0.1.

Effect of contact time
Figure 61 shows the variation of arsenateanign onto PCF found by varying contact

time between 0-26 hours. We can see that arsergémion reached equilibrium approximately

99



after 2 hours. The percentage of removal obtainasl a97% with a final concentration of 0.014
mg/L, which is very close of complying with the MQD.010 mg/L) of the EPA regulation.
Concentrations As(V) lower than 0.500 mg/L obtaiadithal concentration of 0 mg/L, thus fully
complying with EPA and WHO compliance. The ideahta@t time was 26 hours in order to

observe that it remained in constant equilibrium.
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Figure 61: Effect of contact time on As(V) oxyanion onto PCExperimental conditions: initial
concentration of arsenic(V) oxyanion = 0.500 mgédsorbent concentration = 5 g/L; shaker

speed = 200 rpm; and pH aqueous solutions = 6.0.£ 0
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Effect of Co-existing anions competence

The effects of co-existing anions were studied gigiarbonate, chloride, sulfate and
phosphate as common anions. The initial conceatrattof these competitive anions were 0.01
and 0.02 mmol at a proportion of 1:0, 1:20 and 1(A88:CA) by keeping 0.0007 mmol (0.5
mg/L) as the initial arsenate concentration at pH#0.1 onto 5 g/L of PCF. Table 10 shows the
percentage removal of arsenate with the additiorthef co-existing anions. The orders of
arsenate removal in the presence of common ani@ne 84-85% for carbonate, 81-82% for
chloride, 68-72% for phosphate and 67-68% for selfarhese results showed that the addition
of common anions slightly affect the removal ofeswate when in competition with chloride and
carbonate anions at both concentrations. Also,pireentage removal of arsenate showed a
modest decrease in both proportion for sulfate phdsphate, this can be attributed to the
competition for adsorption sites on the surfac®©F because they both have a similar chemical
structure to arsenic oxyanions (Bhakat et al., 2006la and Rangel, 2013; Sahiner et al.,

2011).
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Table 10: Adsorption studies for As(V) oxyanions onto 5 gl PCF at diverse co-existing

anions (CA).

Ratio As:CA
(mol:mol) % Removal £ SD

1:0 97.2+2
CI 1:20 81.6+0.1

1:30 80.5 + 0.04
CO3*? 1:20 83.5+0.1

1:30 84.8 +2
SO,” 1:20 66.8 + 0.1

1:30 67.8%3
PO, 1:20 67.9 £2

1:30 72.4+2

Adsorption Isotherm

Table 11 shows examples of initial As(V) camications used for adsorption studies using 5
g/L of PCF at pH 6.0. The uptake capacity for As@xyanion increased once the initial
concentration increased, and the removal percemtatprreased as As(V) concentration
increased. Langmuir and Freundlich isotherm poésshown in figures 62 and 63, respectively.

Langmuir isotherm showed a better fit, which is destrated by the value of the linear
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correlation coefficient (B, as shown in Table 12. Thé Ralues were 0.9740 and 0.9250 for the
Langmuir and Freundlich isotherm, respectively. Tlgmuir @ parameter for the arsenate
was 5.43 mg/g and K17.86 mg/g, indicating a good adsorption capaditye results of the b
constant of 0.15 L/mg show that the adsorption ggecis energetically favorable because it
needs less energy. The dimensionlegsspBameter fluctuates between 0.98 - 0.51 forahiti
arsenate concentration between 0.100 — 5 mg/L, whemonstrated that it is a favorable
adsorption process (shown in Table 13). Also, #mults showed the n and 1/n values, which
were 1.86 and 0.54, respectively. This indicated the adsorption process is favorable at low
concentrations and that the adsorbate has a g@indyafor the adsorbent. Thus it was observed
that the adsorption primarily occurred by electtstattraction between the As(V) oxyanion and
the PCF. Table 14 compares the maximum capacigsdrption (&, Langmuir parameter) with
other adsorbents reported in previous studies.éltebents showed inferior adsorption capacity
to our adsorbent (PCF), are expensive and presanplex procedures for their synthesis.
Therefore, PCF is cost-effective, easy to synthesid an environmentally friendly alternative to

remove As(V) oxyanion from aqueous solutions.
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Table 11: Adsorption Results for Arsenic(V) Oxyanion usig/L of PCF at pH 6.0.

Initial concentration
(mg/L)
0.075
0.1
0.5
15

% Removal
100
100
97.2
75.0
78.1
73.4

Uptake capacity

(mg/g)
0.01
0.02
0.11
0.23
0.49
0.74

1)

eqiqe(

1
—

C

R*=09748

v=12565x +0.1847

Ceq (mg/L)

Figure 62: Langmuir isotherm model for As(V) oxyanion adsaoptonto PCF.
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Figure 63: Freundlich isotherm model for As(V) oxyanion adsmnp onto PCF.

Table 12: Langmuir and Freundlich parameter using 5 g/L oFREpH 6.0 for the removal of

As(V).

R 0.974

Langmuir Q" (mgl/g) 5.43
b (L/mg) 0.15

R 0.925

Freundlich  Kg((mg/g)(L/mg)n) 17.86
n 1.86

1/n 0.54
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Table 13: R_ parameter for As(V) oxyanion using 5 g/L of PCHpHit6.0.

0.1 0.98

1.0 0.83

2.0 0.72

3.0 0.63

4.0 0.55
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Table 14 Comparison of & Langmuir parameters with other adsorbents repdrteatevious

studies for the removal of As(V).

PCF 5.43 Padilla et al., 2015b
Activated carbon 1.22 Yurim et al., 2014
F400-M 0.847 Vitela and Rangel 2013
O-CAB’ 1.9 Garlaschelli 2013
Dried sludge 0.133 Sanchez et al., 2013
Fe-AC 1.322 Asadullah et al., 2013
TICB® 2.540 Miller et al, 2011
Siderite and hematite 0.202 Guo et al., 2007
Iron oxide 0.66 Jeong et al. 2007
Aluminum oxide 0.17 Jeong et al. 2007
Zero-valent iron 2.47 Kanel et al., 2006

®Activated carbon with iron(hydroxide) nanoparticle.
b Industrial waste entrapped in alginate beads.
¢ TiO>-impregnated chitosan bead.

Adsorption Mechanism

The removal of As(V) oxyanion in contact WRCF is attributed to the interaction with
the positive charge of Nfipresent in the PCF and the negative charge ddrgenate (bAsOy)
which causes electrostatic attraction. The poinzef charge (pkd) obtained in our study
(pHpzc = 6.3) confirmed that below this pH, the net chasgeface of the PCF is positive and
above this pH, it is negative. Figure 64 shows pbesible mechanism of removal of As(V)
oxyanion using PCF as an adsorbent (Padilla e2@ll5b). The amine group of chitosan is
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protonated by adding diluted HCI. In this mechaniPCF removed the As(V) oxyanion
through coulombic forces. To recover the adsorlt@etPCF is exposed to an acid (HCI, HINO
H,SO,) or alkaline (NaOH) solution to extract the As(@kyanion. Figures 52 and 59 also
support the proposed mechanism. In figure 52, dhbiserved that the maximum adsorption for
As(V) is obtained when the adsorbent pH is below pit},,c and above this pH electrostatic
repulsion decreases the adsorption. Also, it iglwpointing out that when the pH is decreased
to a point when the HAsG and AsQ™ species are protonated a significant decreases{i)A
adsorption is also observed. Figure 59 also shtiessame behavior and that the maximum
adsorption is obtained when the aqueous solutiomsp#0 and above this pH also electrostatic

repulsion decreases the adsorption of As(V).

O—HH;.}. HQ,, —— @—HH} + HAs0, NH3
HoAsOy
PCF

CB
As - PCF
HNO, HQ or HSO, -
O—HH;
HZAE.O‘,' PCF
As . PCF NaOH O*NH: + HuAs0,

B

O—HH;  the amine group i chitosan structure

Figure 64: Possible mechanism for As(V) oxyanion adsorptinoto PCF and its recovery.
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4.3.3 Desorption Analysis

Figure 65 shows the desorption efficiency@fF using acidic and alkaline eluents, such
as hydrochloric acid (HCI), nitric acid (HNY sulfuric acid (HSO;) and sodium hydroxide
(NaOH) at 0.1 M and 1 M. The results of the peragatof arsenate desorption were in the
following order: HNQ 1 M (91%), NaOH 0.1 M (86%), NaOH 1 M (78%),$0, 1 M (63%),
HCI 1 M (59%), HNQ 0.1 M (51%), HSO, 0.1 M (47%) and HCI 0.1 M (40%). The maximum
percentage of desorption was obtained when usigHINO3; which suggests the formation of a
more stable product. Our results showed a goodeperaf arsenate desorption when using
eluents with a concentration of 1 M because atapél, the As(V) species exists as a neutral
form, which is more easily released from the dosot, due to lack of electrostatic attraction.
However, the best desorption was achieved using-Nsdutions due to the neutralization of the
protonated amine and a disruption of the electtiastateractions between the oxyanions. The
possible desorption mechanism is showed in Figude Bs in section 4.2.3, the
adsorption/desorption tests were not performedhersame reasons. The method of fixation or

stabilization can be applied as explained in tlotice 4.2.3

109



100 -

80 | }
60 - 1 T

5
40 - . T

|:|._ 2 e L -

HNO; HNO; mHC  HCl  H8O; H;80; NaOH NaOH
0IM  IM  0IM  IM 0IM  IM 0IM M

An(Y) Oxyanion Desorption (%)

Eluents

B As(V)

Figure 65: Desorption of As(V) oxyanion using 0.1 M and 1bdaim hydroxide, nitric acid,

hydrochloric and sulfuric acids from PCF.
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4.4 Arsenic Adsorption using Fe(lll)-Chitosan Bead Results
4.4.1 Synthesis and Characterization

4.4.1.1 Adsorbent Synthesis Optimization

Figure 66 shows the arsenic oxyanions remavaliverse concentration of iron in the
chitosan beads. The initial concentrations of (Honwere 0.01, 0.05 and 0.1 M using an
optimum pH of 8.0 for the formation of ferric hyaide. The results showed a removal of a
90% (0.01 M), 95% (0.05 M), and 94% (0.1 M) for Ag(oxyanion. As(V) oxyanion showed a
86% (0.01 M), 99% (0.05 M), and 100% (0.1 M) of maral. Once the concentration increased,
the percent removal of the As(lll) and As(V) spsciacreased, however 0.05 M showed
approximately the same adsorption that 0.1 M. Alable 15 shows the iron concentration onto
the Fe(ll)-CB after digestion process. The resulere 2.7 £ 0.1 (0.3%) for 0.01 M, and 6.3
0.3 mg/g (0.6%) for 0.05 and 0.1 M. These resshiswed the addition of more iron onto the
chitosan beads synthesis did not show an increiséte arsenic oxyanions adsorption. This
could be due to the saturation of iron on the daitobeads surface. Therefore, the optimum
concentration of iron(lll) was 0.05 M (0.6%) whiglas capable of removing a 95% for As(lll)

and a 99% for As(V) oxyanions.
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Figure 66: Percentage Removal Comparison of 0.500 mg/L at IRhs@nd As(V)

Oxyanion using 5 g/L of the Fe(lll)-CB (0.01, 0.ahd 0.1 M) at pH 6.0.

Table 15: Iron release from 0.01, 0.05 and 0.1 M Fe(lll)-@fBer digestion process.

0.01 27+0.1

0.05 6.3+0.3

0.1 6.3+0.3

112



Figure 67 shows the comparison of arseni@oions removal using CB, pure Fe(QH)
and Fe(lll)-CB. Our results showed that CB remo®8s and 26% for As(lll) and As(V)
oxyanions, respectively. Therefore, it's necesgarylisperse iron onto the beads surface to
increase the adsorption. The dispersed iron wakiated in the form of ferric hydroxide at pH 8
to obtain a good adsorption of arsenic oxyaniofitie pure Fe(OH)showed a removal for
As(Il) of 99% and 96% for As(V). Finally, the REJ-CB shows a 95% and 99% for As(lll)
and As(V) oxyanions, respectively. Therefore, ¢hessults suggest that the immobilization of
ferric hydroxide on the chitosan beads surfaceesponsible for the adsorption of arsenic
oxyanions. We did not use pure Fe(@Hgcause it's a more complex process more due to it

need to be filtered, centrifuged, sedimented, arwt 1 practical for its recovery.
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Figure 67: Percentage Removal Comparison of 0.500 mg/L atlliAs@gnd As(V)

Oxyanion using 5 g/L of the Fe(O#CB and Fe(lIl)-CB at pH 6.0.
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4.4.1.2 Image Stacking Photography Analysis

Figure 68 shows the image stacking photograypi®) Fe(OH), B) CB washing, and C)
Fe(ll1)-CB groups. The Fe(lll)-CB showed a sphafighape and irregular edges, and an average

size of 1.7 £ 0.3 mm (Refer section 4.1.1.1).

Figure 68: ISP images of (A) Fe(OH)(B) CB; and (C) Fe(lll)-CB.

4.4.1.3 Scanning Electron Microscopy Analysis

Figures 69-73 show SEM micrographs at A) 3BX1500X and C)7000X magnification
of Fe(OH}, CB washing, Fe(lll)-CB, and Fe(ll)-CB in contawtith Arsenic(lll and V)
oxyanions solution. The Fe(lIl)-CB shows a roughfate. The images shown than after of the
arsenic oxyanions adsorption, the surface doeshmt a significant difference compared with

Fe(111)-CB without contaminant.
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Figure 71: SEM micrograph of Fe(lll)-CB at magnification of) B0X, B) 1500X, and C)
7000X.
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Figure 72: SEM micrograph of As(lll) onto Fe(lll)-CB at madication of A) 30X, B) 1500X,

and C) 7000X.
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Figure 73: SEM micrograph of As(V) onto Fe(lll)-CB at mague#ition of A) 30X, B) 1500X,
and C) 7000X.

4.4.1.4 Infrared Spectroscopy Analysis

FT-IR spectrum of CB, Fe(lll)-CB and the FB{CB in contact with As(lll) and As(V)
oxyanions is shown in figure 74. The identified dtianal groups in the spectrum were discussed
in section 4.1.1.3. Figures 74C and 74D shows #redd of Fe(lll)-CB once exposed to the
As(lll) and As(V) oxyanion solutions, which showstnilar bands in Fe(lll)-CB without As

oxyanions. No significant differences are obseivetiveen the exposed and unexposed beads.
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Figure 74: FT-IR images of (A) Chitosan beads, (B) Fe(lll)-Gid Fe(lll)-CB in contact with
(C) As(lll) and (D) As(V).

4.4.1.5 ICP-MS Elemental Analysis

The iron concentration onto the 0.05 M Fg(@B was of 6.3 + 0.3 mg/g (0.6%) (Refer
section 4.4.1.1). In the pH range of 4-10 in aggesnlution, the Fe(lll)-CB did not show release
of iron into the solution during the adsorption ggses (Shown in Table 16). Only at pH 2, the
Fe(lll)-CB showed small release of iron (1.67 mgbgcause it was exposed to a very acidic

solution that caused dissolution of iron from thet@san matrix. These results show that the
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beads are stable at diverse pH conditions and rareffactive adsorbent for the adsorption

process.

Table 16: Elemental Analysis of Fe(ll)-CB.

2.00 1.67
4.00 0
6.00 0
8.00 0
10.00 0
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4.4.2 Adsorption Analysis

Discussed in this section is the adsorption stuidiethe Arsenic(lll and V) oxyanions removal,
such as pH aqueous solution, concentration adsprlmEmtact time, co-existing anions

competence, and adsorption isotherms.

Effect of pH aqueous solution

Figure 75 shows the removal percentages @liAand As(V) species (0.5 mg/L) when
using chitosan beads immobilized with 0.6% Fe &snation of pH. The removal varied from
85% to 95% for As(lll) oxyanion, and from 89-99% fas(V) oxyanion in a pH range of 4 to
10. The obtained results can be attributed to teetrestatic attraction between the positively
charged surface of Fe(lll)-CB and the anionic As@pecies (HAsO; or HAsQ?), and by
ligand exchange. The negative character of thedbsadace was confirmed by determining the
point of zero charge (pf) of 8.4 for the Fe(lll)-CB adsorbent (Refer sewctit1.1.4). Below
the pH.c (8.4) the surface of the beads would be positicelgrged. The low removal (34%) of
As(V) at pH 2 would be due to the formation of maltspecies (HASO,), which do not
electrostatically interact with the positively chad beads surface, and the dissolution of ferric
hydroxide from the chitosan beads surface. Theselts suggest that As(lll) removal in the pH
range of 2-10 was due to the formation of an irsprere complex via a ligand exchange
mechanism. As(lll) exists as a neutral speciegA8fs;) at pH< 9.2 and FAsO; at pH> 9.2
(Langmuir et al., 2003; Couture and Capellen, 20Ih)e maximum adsorption for both species
was obtained at pH 6.0 with a 95% removal for As(@#nd a 99% for As(V), which is an

approximate pH for applications in natural and ptgavater systems.
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Figure 75: Effect of pH aqueous solutions on the As(lll) ans) oxyanions adsorption onto
Fe(ll)-CB. Experimental conditions: initial comatration of arsenic species = 0.500 mg/L;

adsorbent concentration = 5 g/L; contact time sh2énd shaker speed = 200 rpm.

Effect of adsorbent concentration

The optimum adsorbent concentration studies wemgedaout by addind, 3, 5 and 10
g/L of Fe(lll)-CB to the As(lll) and As(V) oxyani@nsolutions of 0.500 mg/L to verify the
maximum tolerance limit. Figure 76 shows the renhgeacentages of As(lll) and As(V) as a
function of increased adsorbent concentration. Asgfl), the results were 60% (1 g/L), 82% (3
g/L), 95% (5 g/L) and 100% (10 g/L). Also, the mral percentages of As(V) were 86% (1

g/L), 95% (3 g/L), 99% (5 g/L) and 100% (10 g/L)oshng a similar pattern. As the
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concentration of the adsorbent was increased, éneept removed of the As(lll) and As(V)

species increased showing a maximum removal &t.5Te optimum adsorbent concentration

was 5 g/L at pH 6 which was capable of removing @8%s(l1l) and 99% for As(V) oxyanions.

These results demonstrate that Fe(lll)-CB represantexcellent alternative for the removal of

As(Ill and V) species from contaminated aqueousuefits. Our method yielded superior

removal percentages than those reported by AnedriSadegl{2007), which used a high dose

(100 g/L) of activated carbon (the industry staddlat pH 3 and only achieved a removal of As

species up to 60%, thus demonstrating that it tsamoefficient and cost-effective method for

arsenic removal.
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Figure 76: Effect of adsorbent concentration on the As(lildaAs(V) oxyanions adsorption

onto Fe(ll)-CB. Experimental conditions:

initi@bncentration of arsenic species = 0.500

mg/L; contact time = 26 h; shaker speed = 200 rgumd; pH aqueous solutions = 6.0 £ 0.1.
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Effect of contact time

The variation of As(lll) and As(V) oxyaniomsito Fe(lll)-CB found by varying contact
time, between 0-26 hours, is shown in figure 77e Tasults show that arsenic oxyanions
reached equilibrium approximately after 12 hourshv@5% and 99% for As(lll) and As(V)
oxyanions, respectively. The final concentratiamgquilibrium were 0.02 mg/L for As(lll) and
0.005 mg/L for As(V). Lower concentrations obtainadfinal concentration of 0.00 mg/L
complying with the regulations of the EPA and WHI@e higher sorption capacity is due to the
immobilized iron onto the chitosan beads surface. observe a constant equilibrium, the

optimum contact time was of 26 hours.
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Figure 77: Effect of contact time on As(lll) and As(V) oxyans onto Fe(lll)-CB.
Experimental conditions: initial concentration ofsenic species = 0.500 mg/L; adsorbent

concentration = 5 g/L; shaker speed = 200 rpm;@hadqueous solutions = 6.0 £ 0.1.
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Effect of co-existing anions competence

The effect in the removal of As(lll) and A9(¥xyanions in the presence of co-existing
anions that are commonly present in natural watsgsshown in table 17. The common anions
were carbonate, chloride, phosphate and sulfate.r@moval percentages of As(lll) in presence
of chloride were 91%, 92-95% for carbonate, 86-88%gphosphate and 92-93% for sulfate at
the evaluated As:CA ratios of 1:20 and 1:30, respely. The removal efficiency for As(V) in
the presence of all co-existing anionic speciebph evaluated As:CA ratios, was 100%. These
results show that the co-existence of selectednanispecies did not affect the removal of
arsenic oxyanions; on the contrary, their presémoeased the As removal efficiency from 98.8
to 100%. These results suggest that the adsorptimeess for As(lll) and As(V) proceeded by
different mechanisms as discussed above; the seshibwed that the removal efficiency
improved to 100% for As(V) and on the other handlightly decreased (95% to 86%) for the
removal of As(lll), thus suggesting a different neodf action. It also demonstrated that the
Fe(lll)-CB adsorbent can be applied to remove aoimtants from natural waters containing

similar anionic species.
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Table 17: Adsorption studies for As(lll) and As(V) oxyan®monto 5 g/L of Fe(lll)-CB at

diverse co-existing anions (CA).

Ratio As:CA % Removal £ SD % Removal £ SD
(mol:mol)

1:0 95.2 + 2 98.8+0.1

Cr 1:20 90.6 + 0.6 100.0 + 0
1:30 90.9+0.2 100.0 + 0

CO5*? 1:20 94.5+0.1 100.0+0
1:30 92.3+1 100.0 +0

SO,? 1:20 92.5+0.1 100.0+0
1:30 91.8+0.9 100.0 + 0

PO, 1:20 88.4+1 100.0 £ 0
1:30 86.0 1 100.0 + 0

Adsorption Isotherms

Table 18 shows examples of initial arsenicosmtrations used for the adsorption studies
using 5 g/L of Fe(lll)-CB at pH 6.0. The removatrpentages were efficient for arsenic
oxyanions, these decreased once the initial coratént increased. The uptake capacity for all
arsenic oxyanions increased once the initial cotmagon increased.

Figure 78 and 79 show the Langmuir and Freundkcihierm plot and Table 19 shows
the results of the isotherm parameters. These shatrhe isotherm model that best fitted the
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adsorption data was the Langmuir model. As ithev in Table 19, the linear correlation
coefficient () for the Langmuir isotherm was 0.9858 and 0.9687 As(Ill) and As(V),
respectively. The adsorption capacity’Y@r As(lll) was 1.48 mg/g and for As(V) it was72.
mg/g, indicating a better adsorption capacity fseaate. The Langmuir constant (b), which
obtained a value of 0.36 and 0.23 L/mg for As(Ahd As(V), respectively shows that the
adsorption process is energetically favorable b&zatineeds less energy to occur. Table 20
shows the dimensionless. Bparameter, which fluctuated between 0.98 - 0.54tle initial
concentration between 0.100 - 5 mg/L for both gecdemonstrating that it is a favorable
adsorption process. The removal of As(lll) and\Asgxyanions in contact with Fe(lll)-CB is
attributed to the interaction of the ferric hydmbisurface onto chitosan beads. Table 21 and
Table 22 report the adsorption capacity of diveadsorbents containing chitosan, and other
adsorbents, respectively in comparison with ounltes Our Fe(lll)-CB showed superior
adsorption capacity than the majority of publistaedorbents including activated carbon based
adsorbents. Only two of the 20 published studiesnvshin tables 21 and 22 are capable of
removing As(lll) and As(V) and have adsorption aapes that exceeded our Fe(lll)-CB (Gupta
et al., 2011; Martinson and Reddy, 2009). For eXxamgopper oxide nanoparticles exhibited
superior adsorption capacities, but due to the sind possible impact on the environment are
not feasible for water treatment applications.adidition, these types of adsorbents are also very
expensive, toxics and present complex proceduredhfgir synthesis (Turk and Alp, 2014;
Sankararamakrishnan et al., 2014; Martinson andlRe2D09; Raven et al., 1998). Fe(lll)-CB
is cost-effective, reusable, and an environmenthaigndly alternative for removing arsenic

oxyanions from aqueous solutions.
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Table 18: Adsorption results of As(lll) and As(V) oxyanionsing 5 g/L of Fe(lll)-CB at pH

6.0.
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Figure 78: Langmuir isotherm model for As(lll) and As(V) oxyians adsorption onto Fe(lll)-

CB.
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Figure 79: Freundlich isotherm model for As(lll) and As(V) ayions adsorption onto Fe(lll)-

CB.
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Table 19: Langmuir and Freundlich parameters using 5 g/lFeflll)-CB at pH 6.0 for the

removal of As(lll) and As(V).

R? 0.9858 0.9637
Langmuir Q° (mglg) 1.48 2.72
b (L/mg) 0.36 0.23

R’ 0.2181 0.6229
Kr(mg/g)(L/mg)' 1.68 2.28
Freundlich n 4.58 2.73
1/n 0.22 0.37
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Table 20: R_ parameter for As(lll) and As(V) oxyanions using/& of PCF at pH 6.0.

0.1 0.98 0.98

1.0 0.87 0.87

2.0 0.75 0.73

3.0 0.67 0.63

4.0 0.60 0.60
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Table 21: Comparison of our results in°Qangmuir parameters with diverse chitosan based

sorbents.

Fe(lll)-CB 1.48 2.72 Padilla et al., 2014
CTS Resins 3.70 - Liu et al., 2012
Chitosan sand 17 23 Gupta et al., 2011
CH-Fe 2.78 - Santos et al., 2011
Iron impregnated chitosan 2.0 - Gang et al., 2010
Chitosan - 0.730 Gérente et al., 2010
ICB* 2.32 2.24 Gupta et al, 2009

*ICB (Iron chitosan beads)
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Table 22: Comparison of our results i""@Qangmuir parameters with other reported sorbents i

previous studies.

Fe(lll)-CB
M-FeHT®
MWCNT®
FA00-M

IAC-Fe(ll)*
IAC-Fe(lI1)®
Fe(ll)-CAB

Fe;04 nanopatrticle

p(4-VP)-HCI bulk hydrogel
Iron activated carbon
Cupric oxide nanoparticle
Granulated activated carbo
Magnetite alginate beads
Siderite and hematite
Activated carbon

Ferrihydrite

1.48
0.121
0.124

26.9

0.0811

0.21

0.58

2.72
1.28
0.373
0.847

2.023

3.009

0.364

0.400
23.26

0.024

22.6

0.2624

6.75

0.202

0.16

Padilla et al., 2014
Turk and Alp 2014

Sankararamakrishnan et al., 2014

Vitela and Rangel 2013
Tuna et al., 2013
Tuna et al., 2013

Sanchez et al., 2012

Akin et al., 2012
Sahiner et al., 2011

Ghanizadeh et al., 2010
Martinson and Reddy 2009
Mondal et al., 2008
Lim and Chen 2007
Guo et al., 2007
Budinova et al., 2006

Raven et al., 1998

®Fe-hydrotalcite-supported magnetite nanoparticles

PMultiwalled carbon nanotubes
“Activated carbon with iron(hydroxide) nanoparticle
9 oaded Activated carbon-Fe(ll), LoadedActivatedbear-Fe(lll)



Adsorption Mechanism
The results suggest that the main mechanismAg(lll) and As(V) oxyanions is

adsorption onto the ferric hydroxide surface ot thitosan beads (shown in Figure 80). Thus,
the adsorption occurred with the formation of ateosphere complex which primarily involved
the electrostatic attraction interactions of the\Asoxyanion with the adsorbent and inner-
sphere complex via ligand exchange. The adsorgtors(lll) occurred by an inner-sphere
complex which involved the ligand exchange mechani3he outer-sphere complexes involve a
water molecule between the metal ion and ligandsunface. Van der Waals forces and
electrostatic interactions are including in outeheare complexes. On the other hand, an inner-
sphere complex involves ligand exchange mechargsnglent bonding and hydrogen bonding.
These do not form a water molecule between thelnogtand ligand or surface. Both can occur
simultaneously and various environmental factotd, (@nic strenght, type of adsorbent, and
another) can affect the system. Outer-sphere eomplare weaker and are a far more rapid
process compared to inner-sphere complexes (Sp20ks). Figure 81 show an example of

outer and inner-sphere complexes (Cheng et al9)200

3H,AsO, (5o + Fe(OH),,) —» Fe(H,AsO,),.)+ 30H"

3H,A80,,9 + Fe(OH), —» Fe(H,AsO,),.+3H,0

Figure 80: Mechanism of the interactions of Fe(lll)-CB walsenic oxyanions
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Figure 81: A) Inner-sphere and B) Outer-sphere complexearfeenate.

(Cheng et al., 2009)
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4.4.4 Desorption Analysis

Figure 82 shows the results for the desanppiercentages of As(lll) and As(V) in the
Fe(1l1)-CB when using 0.1 and 1 M of HNCHCI, H,SO, and NaOH. The desorption results for
As(IIl) were 52% for 0.1 M HN@73% for 0.1 M HCI, and a 100% for 1 M HCI and ®4land
1 M H,SO, and NaOH. In addition, As(V) showed a desorptiercpntage of 60-75% for 0.1 M
HNOs; and a 100% for 0.1 M and 1 M HCI,$0, and NaOH. The NaOH was the only eluent
that maintained the integrity of the Fe(lIl)-CB. @re other hand, when acids were used for the
desorption tests, 100% of the original acid wasaséd in the solution leaving the surface of the
chitosan beads free of iron and therefore not bdador reuse. The method of fixation or
stabilization could also be used once the contaisiae@ desorbed for the adsorbent as explained

in the section 4.2.3.
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Arsenic Oxyanion Desorption (%o)

BASII)  BAs(V)

Figure 82: Desorption results of As(lll) and As(V) oxyaniocinem Fe(l11)-CB.

*Percentage determined on the total adsorptioh®fs species.
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4.4.5 Adsorption/Desorption Cycles Analysis

Figures 83 to 86 show the adsorption and desorgeynentages of As(lll) and As(V)
using sodium hydroxide (0.1 and 1M) as the eluentringg five consecutive
adsorption/desorption cycles. As(lll) removal igcle 1-3 was approximately 96% and
decreased to 89% from cycle 4-5 when using 0.1M MaOn contrast, when using 1 M of
NaOH, the As(lIl) removal percentage for cycle 1sv@%% and decreased during cycles 2-5 to
approximately 80%. Desorption removal of As(l1) svB00% for both concentrations of sodium
hydroxide. As(V) removal in cycle 1 was 95%, butcessively decreased approximately to
73% for 0.1 M NaOH and to 44% for 1 M NaOH. Theatesion removal of As(V) was 100%
for 1M NaOH in all cycles and it was 100% for 0.1NMOH in cycle 1-4 and decreased in cycle
5to 82%. The decreased efficiency of adsorptibthe Fe(lll)-CB is attributed to the partial

loss (0-0.1%) of Fe from the Fe(ll)-CB matrix.

The desorption of As species from the Fe@B matrix is probably due to the
displacement of As ions to form Fe(QHnside the bead matrix. When the pH of the sotuts
adjusted back to 6.0, the Fe(QH dissolved and the Fe(lll)-CB is regeneratedhese results
show that Fe(lll)-CB is an effective reusable sotbmaterial to remove arsenic oxyanions from
agueous solutions at a trace levels especially wisgmg 0.1M NaOH as the eluent (shown in

figures 83 and 84).
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Figure 83: Adsorption/Desorption cycles of As(lll) from FdJHCB using NaOH 0.1 M as

eluent for desorption.
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Figure 84: Adsorption/Desorption cycles of As(V) from Fe(HDB using NaOH 0.1 M as eluent

for desorption.
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Figure 85: Adsorption/Desorption cycles of As(lll) from FdjHCB using NaOH 1 M as eluent

for desorption.
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Figure 86: Adsorption/Desorption cycles of As(V) from Fe(HDB using NaOH 1 M as eluent

for desorption.
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5 CONCLUSIONS

The general conclusions of this study are desciistalw:

The different adsorbent containing chitosan sucilEBs CB-GLA, CB-DMSA, CF-
NAC, PCF and Fe(lll)-CB were synthesized succelsfulSP and SEM analysis confirmed
that the PCF and CF-NAC morphology displays amgirtar shape and are non-porous. CB,
CB-DMSA, CB-GLA and Fe(lll)-CB showed to be morpbgically spherical and slightly
roughened. FT-IR measurements confirmed the fonati groups present in chitosan

structure such as -OH, -NH-CH, -CH, and -CO groups. TGA analysis showed that the

beads or flakes are stable in high temperaturestou80GC. BET and Langmuir
measurements showed that the beads or flakes Imaseesage surface area of 0.27 to 2.99
m?/g and 0.28 to 14.7 ffy, respectively. The swelling effect showed ttia different

chitosan beads/flakes are stable for the adsorptiocess.

PCF showed be an efficient adsorbent for the remol&/(ll1), V(IV), V(V) and
As(V) oxyanions at trace levels from aqueous sohgidue to the electrostatic attraction
between the positively charged PCF and the nedgatolearged oxyanions. The optimum
conditions for all the oxyanions were at pH 6.0 &g/L adsorbent concentration reaching
equilibrium at approximately 26 hours. LA-ICP-M®ida XRF techniques qualitatively
confirmed the presence of V(IlIl), V(IV), V(V) andsfV) onto the PCF surface. The removal
percentage of the vanadium oxyanions onto PCF wasdf to be 99-100% at optimum
conditions, while the CB showed only 4-18% at alitoncentration of 0.500 mg/L. Also,
for As(V) oxyanion was a 97% using PCF, while witB was only 1% of removal at initial

concentration of 0.500 mg/L. PCF removed V(l11) WY and V(V) oxyanions selectively in
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the presence of co-existing anions (chloride, caabm sulfate and phosphate) without a
considerable effect in the percentage removal, kewAs(V) was slightly affected by the
addition of co-existing anions. The Langmuir isotheshowed the best fit for V(lIl) &
0.99), V(IV) (R= 0.96), V(V) (R= 0.99), and As(V) (B 0.97) oxyanions using PCF as
adsorbent. The maximum adsorption capacif}) (@re 12.22, 6.50, 2.58 and 5.43 mg/g for
v(iy, v(v), V(V) and As(V), respectively. Desption studies have shown that the
vanadium species are more easily recovered bydtigi@ of hydrochloridic acid 1 M and
for As(V) species using nitric acid 1 M due to flmemation of neutral species. The best
desorption for all oxyanions species (V(lIIl), V(IW(V) and As(V)) was achieved using
sodium hydroxide due to the neutralization of timeiree, thus destroying the electrostatic

interactions.

Fe(ll)-CB was an excellent adsorbent for the reatoef As(lll) and As(V)
oxyanions from aqueous solution with a 95% and 9%@éspectively at initial arsenic
concentration of 0.500 mg/L. The optimum conditierese at pH 6.0 and 5 g/L of adsorbent
concentration by 26 hours. Fe(lll)-CB removed aisexyanions selectively in the presence
of other common anions (chloride, carbonate, silémd phosphate) without a considerable
effect in the percentage removal. The Langmuithision was the best model for fitting the
adsorption data for As(lll) (& 0.99) and As(V) (B 0.96) using Fe(lll)-CB as adsorbent.
The maximum adsorption capacity jQuere 1.48 and 2.72 mg/g for As(lll) and As(V),
respectively. The main mechanism of adsorptiorAf&(V) were electrostatic attractions and
ligand exchange with the adsorbent; and for thdlAs{ was the complex formation in a
ligand exchange between the As(lll) and the Fe@B. The desorption studies showed that

the arsenic oxyanions using Fe(lll)-CB as an ad=urhre easily recovered by basic eluents
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or acids and have the capability to be reuseddwveral cycles if basic solutions are used as
eluents.

In general, PCF and Fe(lll)-CB are an effectivdedéve, inexpensive, stable, non-
toxic and environmentally friendly material for MY, V(IV), V(V), As(lll) and As(V)
oxyanions removal at trace levels from aqueousti®ols and can be used to remove other

anions with great potential to be used to remediataral and drinking water.
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7 APPENDIX: Related Results Internship Summary

Effect of turbidity of wastewater in Sewage/Wastewtr at the Treatment Plant

located in Aguada, Puerto Rico

By Abigail Padilla Rodriguez

University of Puerto Rico at Mayagtiez

Abstract

Chitosan is a natural polymer that serves as aorbelst of contaminants from water,
which can also be used as an agent coagulantdaetiuction of turbidity in wastewater.
In this study, chitosan was used for the reductibaffluent and effluentt turbidity in a
wastewater treatment plant at sewage/wastewatetsplacated in Aguada, Puerto Rico.
Turbidity removal was evaluated utilizing diversisarbents containing chitosan, such as
chitosan powder, protonated chitosan flakes, chitosith immobilized iron, chitosan
solution, column packed with chitosan, chitosarhwiite AF-501 polymer, and compared
with the traditional AF-501 polymer. Chitosan sadat was the best in reducing the
turbidity of affluent wastewater with 99% removah&ved. Also, using columns packed
with chitosan powder was effective, showing a 96%d 82% for affluent and effluent
wastewater, respectively. The chitosan outperforntee AF-501 polymer at all
concentrations, which was especially noticeablwtconcentrations in the jar test for
affluent wastewater. The results showed that caitos an excellent, non-toxic and
inexpensive coagulant for turbidity removal fromskeavater, with great potential to be

applied for the reduction of turbidity of afflueintwastewater treatment plants.
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1.

Introduction

The quality of the water from wastewater et plants that is to be discharged into
the sea/ocean or into rivers is of great importammw@ronmentally. Several parameters
should be monitored to maintain good levels in wafeailty, these are: total solids
suspended (TSS), chemical oxygen demand (COD)dityland pH. TSS is a measure
of the combination of inorganic and organic sokddstances contained in wastewater.
COD is a measure of the amount of oxygen requoetkidize the organic and inorganic
compounds in water; it's typically measured in mg#thich indicates mass of oxygen
consumed per liter of solution. The turbidity isisad by individual particles, suspended
solids, organic and inorganic matter and other misyas which present cloudiness or are
sometimes invisible to the naked eye. Finally, piteis a measure of the basicity or
acidity in aqueous solutions. The pH value indisathe relative amount of hydrogen
ions (H) and hydroxyl ions (OB present in water, which are essential to thethesl
ecosystems.

A method used for the removal of turbidity is colafjon then flocculation,
followed by sedimentation. In coagulation, the et are destabilized and
agglomerated; in flocculation the formation of kargflocs occurs. Finally, in
sedimentation, the flocs are completely separatech the liquid, thereby forming two
layers in the solution which can be easily sepdratéost common coagulants used are
ferric sulfate, ferric chloride, aluminum sulfathe disadvantages of these coagulants
are that they generate secondary products whichheaangerous to the environment and
humans. Therefore, it is recommended to use a oxion;t inexpensive and

environmentally friendly coagulant for the reduatiof particles and turbidity in water.
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Chitosan is a natural poly-N-acetylglucosamineaoted from the exoskeleton of
crustaceans’ shells, algae, fungal biomass, inskfisters and marine arthropod. It is
obtained by the deacetylation of chitin, which e tsecond natural biopolymer after
cellulose. Chitosan is a polymer cationic andiphytsoluble in dilute acidic solutions.
Chitosan has excellent properties, such as, nap;tdtodegradable, biocompatible,
availability, antibacterial, affinity for heavy na¢ and proteins, and inexpensive. It has
been used for the removal of organic and inorgaaitaminants from water. Chitosan
has been applied in the areas of biomedical, bwi@ogy, pharmaceutical, dietetic, food
industry, biocompatible, agriculture and residuatevs.

In the present work, chitosan is used as coagttarthe effect of the turbidity and
pH of wastewater at a Sewage Plants located in daguRuerto Rico, which belong to the
Puerto Rican Aqueduct and Sewer Authority (PRASA). environmentally friendly,
inexpensive and simple procedure for the preparadiothe chitosan beads/flakes and
chitosan solution was developed. These achieve®% Emoval of turbidity from
wastewater at an initial NTU which ranged from 3®6 841 without the need of
wastewater pretreatment, thus resulting in simpté efficient process. On this basis, the
work presented here represents a viable optiondmg a simple and non-toxic coagulant
based on chitosan for the removal of turbidity iastewater, thus resulting in a solution

to an environmental problem faced in many parthefworld.
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2. Objectives
The internship at the sewage plants (PAS) tookepfemm September 2013 to February
2014 in Aguada, Puerto Rico. The main objectivesew
(1) Training in process control in a wastewateatirent plant (WWTP) for
monitoring total solids suspended (TSS), chemica&ygen demand (COD),
turbidity and pH.
(2) Evaluate the effect in the turbidity and pH erbe chitosan polymer is added

to the wastewater.

3. Experimental Procedure
3.1 Water Sample Collection
Water samples were taken at discharges afeaftland effluent sampling points. The
wastewater that reaches the treatment plant areewthe affluent samples were taken
and the effluent samples were the ones that weate by different processes to then be
discharge in the sea or rivers, ie the affluerthesraw water and the effluent is treated

water. The turbidity and pH were measured inathgles.

3.2 Turbidity and pH
The turbidity and pH were measured in evefluant and effluent sample. Studies
were conducted simulating the jars tests. The ditsoand pH were measured in every
affluent and effluent sample. The chitosan or AR-S@lutions were added to water,
volume of 100 mL (affluent or effluent), in a 250.nbeaker and agitated. The initial

velocity for agitation was 100 rpm for 1 min, theas decreased to 35 rpm for 10 min to
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promote coagulation and flocculation, and finaly bm for 10 min for sedimentation.
At the beginning and at the end of the process,ptHe(pH meter, Hach, USA) and
turbidity (Turbidimeter, Hach, USA) levels were maeed.

The polymers added to the samples were cimtosdiverse forms: chitosan powder
(CP), protonated chitosan flakes (PCF), chitosatih wnmobilized iron (Fe(lll)-CB),
chitosan solutions and columns packed with chitos@dhese were compared with the
traditional AF-501 polymer used in PAS Aguada; aaldo in conjunction with
chitosan/AF-501 polymer.

Various procedures were performed with edcthe different adsorbents consisting
chitosan. First, the adding of 12, 14, 16 and {6 f AF-501 polymer individually
Second, the adding of 5 g/L of CP, PCF or Fe(lIB46 contact with wastewater. Third,
CP, PCF or Fe(lll)-CB in conjunction with AF-501lpmer in contact with wastewater.
Fourth, a column packed with chitosan powder, PCH-e(IIl)-CB. Fifth, chitosan
solution (1 and 2 % wi/v diluted in 1% and 5% acata) added to affluent wastewater.
Some samples were filtered before and after thegs Others were filtered at only the

start or at the end of the process. All experim&dre performed in duplicate.

4. Results and Discussions
4.1 AF-501 polymer

The AF-501 is the industrial polymer used in thev&ge/Wastewater Treatment Plant in
Aguada, Puerto Rico, the location under evaluatidh-501 is a cationic polymer that

permits the coagulation and flocculation of affluarastewater to decrease the turbidity and
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consisted of polyaluminum chloride and polydimetligllylammonium chloride. The
polymer concentrations used to determine the e¥fectosage to decrease the turbidity were
12, 14, 16 and 18 ppm. Table 1 shows the initidl famal turbidity of affluent; the optimum
concentration used, was 14 ppm, which reachedah NiTU of 13.1 from an initial 538.0
NTU. For effluent samples, the best concentratiseduvas 12 ppm with a final value of 4.1
NTU (Shown in Table 1) from an initial concentratiof 286.5 NTU. Also, the percentages
of turbidity removal, which ranged between 77 t&®®r affluent samples and from 50 to
92% for the effluent samples were shown. The optimeoncentration of AF-501 that
worked best for the removal of turbidity in bothstewater types was 12 ppm with a 93 and
92% removal for affluent and effluent, respectively

Table 1 shows the pH values for affluent and effttsamples, which obtained a final pH
between 6.5 to 7.7 units. These pH readings aranrange allowed (pH 6-9) for the
wastewater treatment plants. Internal documents) ftibe treatment plant (not published)
indicate that the particles causing the turbidity megatively charged, thus it is suggested
that the removals of turbidity from these wastewatamples were due to electrostatic
attraction between the negatively charged particidbe wastewater and the positive charge

of the polymer.
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Table 1: Turbidity values from affluent and effluent samplies contact with AF-501

polymer.
[ Poymer [ Type [ initial |  Final | %RemovalAvg [  pn |
NTU stdv NTU stdv S%eNTU stdv Initial Final
AF-50112 ppm | Affluent | 286.5 0.7 21.7 0.3 92.4 0.1 7.0 74
Effluent 5.3 0.9 4.1 0.1 92.4 0.2 1.0 7.0
AF-50114 ppm | Affluent| 538.0 2.8 13.1 0.3 97.6 0.1 6.9 1.3
Effluent 41.5 0.3 10.8 0.1 73.8 0.3 71 1.3
AF-50116 ppm | Affluent| 538.0 28 22.3 0.3 95.9 0.1 6.5 1.3
Effluent 41.5 0.3 20.7 0.6 50.0 1.8 1.2 74
AF-50118 ppm | Affluent| 277.0 4.2 63.7 0.8 77.0 0.1 6.5 1.7
Effluent 49.9 0.5 9.7 0.5 80.5 0.9 1.2 1.5

4.2 AF-501 polymer in conjunction with chitosan

Tables 2 to 5 show turbidity values from affluentdaeffluent samples in contact with
AF-501 (12 to 18 ppm) mixed with chitosan polymésg/L of CP, PCF or Fe(lll)-CB),
individually. AF-501 12ppm showed a decrease 6632 82% for affluent wastewater and
92% to 28% for effluent wastewater (shown in te)le Table 3 shows a decrease of 98% to
58% and 74% to 37% for affluent and effluent wastan respectively, using AF-501
14ppm. AF-501 16 and 18 ppm show a decrease oft6®8% and 83% to 28% for affluent
and effluent wastewater using AF-501 16ppm, and 8% % for affluent wastewater using
AF-501 18 ppm. On the other hand, effluent wastemiacrease from 66% to 80% and 66%
to 70% using AF-501 18ppm when combined with Fe@B and CP, respectively.

AF-501 mixed with chitosan polymer showed a de@easemoval of turbidity in all the
concentrations (12 — 18 ppm). This could be todabempetition of the sites actives of both
polymer for removal the turbidity of wastewaterurihg the study, the pH of the wastewater

weas between 6 and 9, complying with the dischezgalations (pH 6-9).
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Table 2: Values of turbidity from affluent and effluent salep in contact with AF-501
12ppm mixed with CP, PCF or Fe(lll)-CB individually

Affluent Initial 287.0 1.4 289.5 2.1 279.0 1.4 304.0 8.5
Affluent Final 21.9 0.6 46.8 0.5 30.1 6.8 55.6 0.2

% Removal Affluent 02.4 0.2 83.9 0.1 80.2 2.5 81.7 0.6
Effluent Initial 4.5 1.2 57.3 0.3 51.7 0.2 50.6 0.5
Effluent Final 4.2 0.0 6.1 0.1 21.6 0.6 36.7 0.2

% Removal Effluent 092.2 0.1 89.3 0.1 58.3 1.1 27.5 0.3

Table 3: Values of turbidity from affluent and effluent salep in contact with AF-501
14ppm mixed with CP, PCF or Fe(lll)-CB individually

Affluent Initial 538.0 2.8 282.5 134 282.5 134 282.5 134
Affluent Final 131 0.4 4.3 0.2 23.2 0.4 113.5 0.7

% Removal Affluent 97.6 0.1 98.3 0.2 01.8 0.5 571.7 1.8
Effluent Initial 41.5 0.3 22.0 3.0 22.0 3.0 22.0 3.0
Effluent Final 10.9 0.1 18.5 0.4 8.0 0.0 13.7 0.4

% Removal Effluent 73.9 0.3 15.0 134 63.1 51 371 10.3

Table 4: Values of turbidity from affluent and effluent salep in contact with AF-501
16ppm mixed with CP, PCF or Fe(lll)-CB individually
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18ppm mixed with CP, PCF or Fe(lll)-CB individually

Affluent Initial 216.0 14 216.0 14 216.0 14 216.0 14

Affluent Final 6.5 0.1 22.9 0.9 23.0 0.3 42.7 4.2

% Removal Affluent | 96.9 0.1 89.4 0.5 89.4 0.2 80.2 18

Effluent Initial 33.8 0.1 33.8 0.1 33.8 0.1 33.8 0.1

Effluent Final 2.6 0.04 2.0 0.04 8.7 0.7 24.2 0.3

% Removal Effluent 83.3 0.1 83.3 0.1 14.3 2.3 28.3 1.3
Table 5: Values of turbidity from affluent and effluent salep in contact with AF-501

Affluent Initial 362.5 3.5 274.5 0.7 273.5 0.7 274.5 0.7
Affluent Final 40.8 0.6 510 1.4 48.0 11 83.3 0.3

% Removal Affluent 23.8 0.1 21.4 0.5 82.8 0.3 76.7 0.3
Effluent Initial 85.3 0.1 40.8 0.3 41.9 0.2 43.8 0.4
Effluent Final 22.6 0.4 12.2 0.3 21.2 0.2 10.0 1.0

% Removal Effluent 65.7 0.7 70.2 1.4 49.5 0.2 79.9 1.8
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4.3 Chitosan polymer

Figure 1 shows the unfiltered affluent and effluenbidity using 5 g/L of CP, PCF and
Fe(ll)-CB. The results show a 57% (CP), 57% (P@ryl 54% (Fe(lll)-CB) for affluent
turbidity. For the effluent turbidity the resultsegented a 18%, 20% and a 52% using CP,
PCF and Fe(lll)-CB, respectively. These resultscaig that the best polymer for affluent
tests were CP and PCF, and for effluent, Fe(lll)-CBhis removal occurs because chitosan
is a cationic polymer that removes negative chafga®m wastewater. Once exposed, the
chitosan polymers to wastewater, the pH values Wweteeen 6-8.

Figures 2 to 4 present the turbidity of wastewétered at the beginning, filtered at the
end, and filtered at the beginning and at the €fae best results were when the wastewater
was filtered at the beginning and at the end, ainsdd a 94% removal using PCF for affluent
and a 78% removal using CP for effluent. The lEgtface area of PCF could be responsible

for the turbidity removal of wastewater.
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4.4 Chitosan solution polymer

Figure 5 shows the affluent and effluent turbidity wastewater using 2% chitosan
solution diluted in 5% acetic acid. The wastewatas unfiltered, filtered at the beginning,
and filtered at the beginning and at the end. Téws besults were found when filtered at the
beginning and at the end for affluent samples, filtketed at the beginning for effluent
samples, with a 99.2% and 80% of turbidity remoxedpectively. The results were excellent
due to the fact that chitosan solution permitsdbagulation/flocculation and sedimentation
of affluent wastewater, as showed in figure 6. Phis of both ranged between 6.0 to 7.5,

complying with the regulations of the treatmentnpla
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Figure 6: Affluent and effluent samples of wastewater PAS @dm a) before and b)

after contact with chitosan solution.

Table 6 represents the removed turbidity from afiluwastewater using diverse
volumes (between 100 — 1000 pL) of chitosan satuioagitation for six hours. The
results showed excellent values of final turbidityth an 11.4 (800 pL), 14.5 (250 ul)
and 16.5 (120 pl) NTU. However, the best removaturbidity was using 120 pl of
chitosan solution, with a 96.3% result. All the elise volumes of chitosan solutions
removed the turbidity below the parameter of PASidda (84 NTU). The pH values did
not show significant change. The results were éswceldue to the fact that chitosan

solutions permit the coagulation/flocculation aedimentation of affluent wastewater.

176



Table 6: Removed turbidity from affluent wastewater usingedse volumes of chitosan

solution.
[ [ nitial [ Finl | %Removal |  pH |
Sol. (uLl) | NTU STDV NTU STDV | % NTU  STDV Initial Final
100 129.5 10.6 38.3 4.7 70.5 1.2 7.0 7.0
120 441.0 21.2 16.5 0.0 96.3 0.2 7.0 7.0
150 129.5 10.6 33.6 1.3 74.1 3.2 7.0 7.5
250 129.5 10.6 14.5 0.2 88.8 0.8 7.0 6.7
500 129.5 10.6 28.9 1.3 77.7 2.8 7.0 7.1
200 144.0 15.6 11.4 1.3 92.1 0.0 7.0 7.0
1000 144.0 15.6 81.1 1.5 43.7 7.2 7.0 7.1

4.5 Column packed with chitosan

Chitosan polymers (1g) were added to the columen thO mL of affluent or effluent
unfiltered water were added to the column. The ayerturbidity was measured at the
beginning and at the end of process. Figure 7 shin@scolumn packed with chitosan
powder, PCF and Fe(lll)-CB. The results show a bestoval of turbidity using CP with a
96% and 92% for affluent and effluent wastewatespectively. This is because the water
has a longer retention in the chitosan powder, tArgdallows it to adsorb more suspended
particles from the wastewater. The pH values &f Wastewater after the process were

between 6-8.
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Table 7: Values and removed turbidity from affluent and wdfht wastewater using CP, PCF

and Fe(ll)-CB packed onto column.

MNTU stdv NTU stdv %NTU stdv Initial Final
Chitosan Powder | Affluent| 105.5 0.3 4.3 1.0 95.9 0.1 6.9 7.9
Effluent 47.8 0.1 3.8 0.01 92.0 0.1 6.8 7.5
PCF Affluent | 105.5 0.3 47.2 5.2 £5.2 51 6.9 6.7
Effluent 47.8 0.1 20.2 1.7 L71.8 3.3 6.8 6.9
Fe(lll)-CB Affluent | 105.5 0.3 70.0 5.8 33.6 5.9 6.9 7.0
Effluent 47.8 0.1 28.5 13 40.3 2.5 6.8 6.9

Figure 7: Column packed with a) Fe(lll)-CB, b) PCF and c)tGsan powder.

4.6 Jar Test

The jar test was used to simulate when the polysapplied to the affluent from the
wastewater treatment plant in order to determireoibtimum dosage to reduce the turbidity
of wastewater. In this case, 2L of wastewater agaed to a jar and then agitated for 1 min
to a maximum 100 rpm, then for 10 min down to 3&rgp promote coagulation and
flocculation, and finally 10 min at 10 rpm for sedintation. Figure 8 shows the turbidity

removal percentage from wastewater using diversgepeages of chitosan solutions in acetic
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acid (2% wi/v diluted in 5% acetic acid, 2% w/v ddd in 1% acetic acid, 1% w/v diluted in
1% acetic acid) and AF-501. The results showedahatoncentrations in the range of 0.5 to
36 ppm were effective for the turbidity removaltbé affluent samples. The initials turbidity
values ranged between 275 to 841 NTU for all expents, and the finals turbidity obtained
ranged between 8.4 to 115 NTU. The percentagesnobval obtained were between 81 to
98%, 81 to 99%, 86 to 99% and 57 to 93% using shitp 2% diluted in 5% acetic acid,
chitosan, 2% diluted in 1% acetic acid, chitosé, diluted in 1% acetic acid and AF-501,
respectively. The most effective concentrationr tfee removal of turbidity using a 2%
chitosan solution diluted in 5% acetic acid weredltl 18 ppm, which achieved a 97%
removal (18 NTU final from an initial of 516.0 NTW@hd 98% (14 NTU final from an initial
of 841.0 NTU). For the chitosan 2% solution ditlta 1% acetic acid, 14 and 16 ppm were
most effective concentrations with 99% (9-10 NTbafi from an initial of 841.0 NTU) for
both concentrations. The most effective conceiotnat using a 1% chitosan solution diluted
in 1% acetic acid, were 12-16 ppm with 99% (8-9 Niithl turbidity from an initial of
705.5 NTU) removal. On the other hand, using AF;508& best concentration found was 18
ppm with a final NTU of 32 from an initial 427.5 NIT Most effective for the removal of
turbidity was the Chitosan solution (1% w/v dilutéd 1% acetic acid) of the affluent
samples with a maximum removal of 99% and a fiadbitity which ranged between 8 and

9 NTU from an initial 705.5 NTU.

Table 8 shows the pH final values of the affluestnples using chitosan solution and
AF-501 polymers. The initials pHs of the wastewaitsnged between 6 to 7, which did not
show a significant difference with the final pH, st also ranged between 6 and 7. The pH

prior to discharge must be near neutral due tdatiethat acidic or alkaline pHs’ are harmful
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to the environment, our health and are corrosivequipment used in the treatment plants.
The results showed pH values between 6 and 7. Nasges are neutrals and will not have

environmental implications.

Finally, the results showed that both polymersexeellent for the removal of turbidity
from wastewater because both are cationic polyrmedsare viable alternatives for removing
the negatives charges present in particulates reguiie turbidity in wastewater. The
coagulant used in Sewage/Wastewater Treatment Rlakguada (AF-501) can be toxic to
marine arthropods due to the fact that it containsninum salts. These aluminum particles
generate products that are toxic to humans andriieonment, and at high concentration in
water might be carcinogenic and or have been ctlatéh Alzheimer disease. In
comparison with AF-501, chitosan is non-toxic, ipersive and a natural polymer. Chitosan
removes the turbidity of the affluent samples un8érNTU, while maintaining the pH

between 6 to 9, as required by the treatment pladtregulatory agencies.
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Figure 8: Effects of chitosan solutions (x % diluted in »xé@etic acid) and AF-501 solutions on
turbidity removal of affluent samples during jastt@xperiments using concentrations between

0.5 to 36 ppm.
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Table 8. Final pH values of affluent samples using chitosand AF-501 solutions.

Concentration Chitosan Solution (x % w/v diluted in x % acetic acid)
(ppm) 2% in 5% 2% in 1% 1% in 1% AF-501

05 7.16 7.34 7.03 7.29
1 7.14 7.15 7.08 731
2 724 7.20 7.12 7.32
4 722 7.20 7.12 7.18
6 7.20 7.17 7.11 7.21
8 7.19 7.18 7.12 7.23
10 7.17 7.35 7.01 7.25
12 7.00 7.10 7.01 7.25
14 7.02 7.10 7.01 7.26
16 6.99 7.04 6.96 7.28
18 7.00 7.03 7.02 7.20
20 6.99 7.00 7.15 7.20
24 6.86 6.96 7.18 7.23
28 6.87 6.99 7.21 7.33
32 698 7.00 722 7.37
36 6.97 6.98 722 7.30

5. Conclusions

Chitosan is an excellent coagulant for the remadaturbidity from wastewater in
treatment plants. Experiments were conducted umgidiverse forms of chitosan, such as
chitosan powder, protonated chitosan flakes, caitosimobilized with iron, column packed
with chitosan and chitosan solution, and compareth VAF-501 polymers, which is
commonly used in PAS Aguada. The results show a@elkext turbidity removal capacity
from wastewater when utilizing chitosan as coaguldhe polymer most effective for the
turbidity removal of affluent samples was chitosalution in concentration between 12-

18ppm with a 97-99% of turbidity removal. Also, tsan achieved lower turbidity
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parameters required by the Sewage/Wastewater Teeattant in Aguada (84 NTU) and the
pH was neutral as required by the regulating agsnciFinally, chitosan showed to best
performance in reducing turbidity, when comparethwhe coagulant used actually in use in

wastewater treatment plant (AF-501).
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