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Glossary

UNESCO. The United Nations Educational, Scientific and Cultural Organization
(UNESCO) is a specialized agency of the United Nations (UN) based in Paris..

BTEX. Acronym BTEX stands for Benzene, Toluene, Ethylbenzene, and Xylene
(volatile organic compounds).

EBCT. Empty Bed Contact Time. The time takes to the influent go through the bed
[min].

V. Breakthrough volume at a concentration of 0.02 [mL].
Vc. Breakthrough volume at a selected or establish concentration [mL].

Hwmtz. Height MTZ. The rate of removal of de adsorbate by the biosorbent in the
bed [cm].

Fractional capacity (¢). The fractional capacity of the column in the adsorption
zone at breakpoint to continue to remove solute from a solution.

Rwmtz. The rate of movement of the Mass Transfer Zones (MTZ). The affinity of the
adsorbate by the adsorbent. Related to the kinetic rate [cm/min].

Sto.02. Specific throughput. Volume treated per mass adsorbent at a Ct/C0O = 0.02
[mL/g].

Stobj. Volume treated per mass adsorbent at the concentrations defined by US-
EPA [mL/g].
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Resumen

Macroalgas marinas, polimeros naturales y 6xido de grafeno como
materiales adsorbentes parala remocion de hidrocarburos solubles

Actualmente la liberacion de hidrocarburos (HC) al medio acuatico (> 6000
toneladas en 2016), es uno de los problemas emergentes de mayor impacto al
ambiente. Una de las principales fuentes de emision son los derrames de HC por
actividades de la industria petroquimica. De acuerdo a estudios, los HC mas
solubles son los més téxicos para organismos acuaticos. Las principales estrategias
de respuesta contemplan el uso de tecnologias de adsorcion. En afios recientes, las
investigaciones se han orientado a la blusqueda de materiales alternativos que
permitan la remocion de contaminantes con capacidades de remocién similares a
los adsorbentes comerciales.

En este trabajo se evalu6é la capacidad de biosorcion de tres especies de
macroalgas (pardas, verdes y rojas), a diferentes fuerzas idnicas. En los estudios
de caracterizacidon se detecto la presencia de los principales compuestos quimicos
presentes en la pared celular de los biomateriales. El incremento de la fuerza i6nica
a un valor hasta un valor de 0.5 M, no tiene un efecto detectable en la carga
superficial de los biosorbentes, sin embargo la concentracion de los grupos
funcionales acidos se mantuvo constante. La capacidad de adsorcion de HC es
mayor en biomasa del alga parda (M. pyrifera), donde el principal mecanismo se
debe a la particion en la fase lipidica y compuestos de carbono no hidrolizable. La
capacidad de adsorcién de benceno por M. pyrifera disminuye a | > 0.45 M por la
competencia de moléculas de agua por sitios activos en los biomateriales.
Adicionalmente, mediante el uso de disefio de experimentos, se sintetizaron
compositos a partir de la biomasa de M. pyrifera, quitosano (CS) y pectina. Los
biomateriales fueron analizados en experimentos en lote y en continuo donde se
demostré su factibilidad como biosorbentes para la remocion de los contaminantes
de estudio.

Por ultimo, el 6xido de grafeno (OG) es un al6étropo de carbono con potencial
aplicaciébn en la remocion de contaminantes organicos en solucion acuosa.
Actualmente, su aplicacién se ha visto limitada debido a su aglomeracion y baja area
especifica (Sser). Ante esta problematica, la sintesis de solidos laminares pilareados
representa una alternativa al incrementar el area de adsorcion y los sitios activos
disponibles. El propdsito principal de este estudio fue determinar el efecto de la co-
precipitacion de quitosano entre los espacios interlaminares del 6xido de grafeno, y
su afinidad por los principales hidrocarburos (HC) solubles en agua (benceno,
tolueno y naftaleno). La proporcion CS/OG = 0.1 empleando quitosano de bajo peso
molecular, registré el mayor incremento del Sger (47 m?/g). Con el fin de elucidar los
mecanismos de adsorcion involucrados, se evalud la afinidad por los HC de estudio
a diferentes condiciones de pH, temperatura y presencia de materia organica.

PALABRAS CLAVE: algas marinas, biosorcion, compositos, hidrocarburos, 6xido
de grafeno.
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Abstract

Application of seaweed, natural biopolymers, and carbon-based materials as
a wastewater treatment of water-soluble hydrocarbons

Nowadays the recovery of low-molecular aromatic hydrocarbons (HC) released into
natural bodies of water continues to be a challenging task. These contaminants
cause severe consequences to the environment and the human health. The oil spill
cleanup strategies are primarily designed to deal with HC heavy fractions
accumulated in the water surface. Unfortunately, insufficient information is available
regarding the treatment of dissolved fractions.

Biosorption on macroalgae (Ma) biomass seems to be a potential alternative to
overcome disadvantages associated with expensive costs and complexity of
activated carbon production. Three representative samples of brown, green and red
macroalgae seaweeds (Macrocystis pyrifera, Ulva expansa and Acanthophora
spicifera, respectively) were evaluated to remove benzene and toluene from water,
which is the most soluble hydrocarbons. To accomplish this objective, the influence
of temperature and ionic strength on biosorption rate were also determined. Raw
biomasses were characterized by different physical and chemical techniques to
assess their potential as biosorbents and the mechanisms involved. Despite these
advantageous properties of seaweed biomass, the physical characteristics (small
particle size, low strength, and density) of such biomaterials are not viable for
continuous process operation and make biomass challenging to apply. Therefore,
the development of innovative low-cost techniques of immobilized biosorbents with
particular attention to increasing their effectiveness in the biosorption process is
mandatory. The objective of this research was to explore the performance of different
biosorbent aggregates through different proportions of brown seaweed-chitosan-
pectin on biosorption capacity of the three main soluble hydrocarbons (benzene,
toluene, and naphthalene) in water. The biocomposite synthesis was optimized by
application of the factorial design and response surface methodology. Moreover, a
detailed chemical and physical characterization analysis, by textural properties,
potentiometric titrations, elemental content, chemical stability, KBr-FT-IR, and TGA
analysis, were performed to explain the adsorption mechanisms. Also, an optimized
Ma-Pe-Ch biocomposite was used for BTEX and naphthalene removal in a fixed-
bed column under different experimental conditions.

Finally, alternative methods to functionalized graphene oxide with a water-
dispersible material are needed to create GO composites for adsorption applications.
By introducing molecules or other carbon-based components between GO sheets
(pillared agents), an increase in the surface area of the material could be observed.
The synthesis of different CS-GO composites achieved an optimized surface area
of 47 m?/g (ratio CS/GO = 0.1). Various characterization techniques verified the
presence of chitosan molecules between the GO sheets, creating grooves and high
energetic adsorption sites. The hydrophobic effect and 1r-11 interactions of the GO
structures also with the chitosan (-OH) functional groups determined the favorable
adsorption capacity in comparison with the un-modified GO.

KEYWORDS: Adsorption, biosorption, composites, graphene oxide, seaweed
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GENERAL BACKGROUND

According to reports, the annual world production of liquid petroleum products such
as gasoline, kerosene and heating oils is more than 3 billion metric tons, so we can
infer that the use and processing of these hydrocarbons have a reasonable
probability of producing major environmental issues. Thus, not only great oil spill

accidents could be sources of these pollutants.

Although these pollutants share the same source, it is a fact that not all of them
behave in the same way. Some molecules tend to partition from water to air, and
others form water to solids; some have moderate toxicity, and others are known to
possess a carcinogenic nature. In general, hydrocarbons (HC) could be classified
into two main types: (a) BTEX, and (b) PAHs. Recently reviews of the toxicological
properties of this pollutant have been presented [1,2]. The presence of HC in water
could cause severe eco-toxicological effects to the environment and human health.
To attend this problem, many revisions concerning produced HC water technologies
are available [3,4]. Adsorption technologies possess remarkable advantages due to
competitive treatment costs, high efficiency, and selectivity. Nowadays, the process
of passive HC binding by using dead biomass is growing attention as an alternative
to traditional adsorbents due to the remarkable surface area, high sorption capacity
and surface reactivity. In this case, the process is called biosorption, and the
biological components are called biosorbents. The main advantages of biosorption
are that the precursors are available in large quantities with quite a little processing
for treatment processes, generating low-cost alternatives for the removal of organic
pollutants [5-8]. Dead plant biomass is composed mainly of cellulose and
hemicellulose, for that reason, are the central studied biomass in biosorption studies.
The reviews of Abdolali, et al. and Huber et al. present the complete revisions in the
research field [9,10].

One of the main areas in biosorption research is the granulation of the precursor
materials. This step is necessary for subsequent scale-up evaluations. The most-

effective way to manufacture composites based in biosorbents is through the use of
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entrapment, encapsulation and bonding methodologies. Moreover, the removal of
hydrocarbons by composites is only available for dyes and metals [156—-158].

On the other hand, the study of fixed-bed columns packed is mandatory to scale-up
biosorption applications. The packed bed should be constituted with porous
particles, which allows the diffusion of the pollutants, and the mechanical strength to
resist the pressure drop in the bed.

As mentioned above, the synthesis of composites with natural polymers, represent
a valuable tool to improve a wide-range performance or obtain a synergetic effect in
the final material. Further changes of the precursors include the use of crosslinkers
to enhance the mechanical properties of the composites. Additionally, the
manufacture of composites would not involve hazardous reaction steps or secondary
effects on the environment. For that reason, the formation of composites with
carbon-based materials, and extensively with graphene oxide (GO) has registered a
relevant increase on environmental studies. [11]. The addition of chitosan between
the graphene oxide sheets could increase its surface area and hydrophobicity,

making the final material suitable for sorption processes.

Regarding the pillared effect of chitosan on graphene sheets, just a couple of studies
present the surface area (m? g1) value, probably because of the negligible surface
area of the final composite. For that reason, further characterization of GO-CS

composites as adsorbent is needed to elucidate a possible pillared effect.
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MOTIVATION OF THIS RESEARCH

Nowadays the recovery of low-molecular aromatic hydrocarbons (HC) released into
natural bodies of water continues to be a challenging task. These contaminants bring
severe consequences to the environment and the human health. The oil spill cleanup
strategies are primarily designed to deal with the heavy fractions accumulated in the
water surface. Unfortunately, insufficient information is available regarding the
treatment of dissolved fractions. Harmful pollutants as aromatic hydrocarbons, such
as benzene, toluene, benzene, ethylbenzene, and xylene (the BTEX group);
polycyclic aromatic hydrocarbons (PAH), such as naphthalene are considered as

priority pollutants and must be removed from water bodies.

Biosorption on macroalgae (Ma) biomass seems to be a potential alternative to
overcome disadvantages associated with expensive costs and complexity of
activated carbon production. Three seaweeds of a representative sample of brown,
green and red macroalgae were evaluated to remove aromatic hydrocarbons from
water, which is the most soluble hydrocarbons. Additionally, low-cost techniques for
biomass granulation must be evaluated to improve the physical and effectiveness
characteristics of such biomaterials for a continuous process application. Thus,
chitosan and pectin were employed in conjunction with the algae biomass for the
synthesis of a biocomposite for the removal of the pollutants above.

Finally, the improvement of a carbon-based nanomaterial with a natural polymer like
chitosan may enhance the affinity towards the same aromatic pollutants. The
diffusion of a polycationic polymer like chitosan may function as a pillaring agent,
resulting in an increment on the surface area and subsequent affinity for the

pollutants under study.
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STRUCTURE OF THE THESIS

The present thesis dissertation is structured in the following sections:

Chapter 1 includes a general review regarding the available technologies for the
removal of water-soluble hydrocarbons in aquatic media with an emphasis in
adsorption technologies. At the end of the chapter, the general and specific
objectives are presented.

Chapter 2 summarizes the physicochemical characterization of three-seaweed
biomass under study and evaluates the biosorption capacity of benzene and toluene
at different pH, temperature, and ionic strength conditions. According to the results,
the primary presence of lignin, alginic acids, and lignocellulose fractions, increased
the affinity of the biomass for the pollutants under study. Brown biomass registered
the highest removal capacities for benzene and toluene, respectively. It was found
that the hydrocarbons biosorption affinity was not affected up to an ionic strength of
0.6 M, due to the biosorbents pore occlusion by water clusters. For benzene and
toluene nonpolar solutes, the biosorption mechanism is an addition of simultaneous
interactions between the sorbents and the chemical constituents of the cell wall,
presumably by London (dispersion) forces onto —OH and —NH active sites from
polysaccharides and proteins and hydrophobic interactions from lignin and lipid

fractions.

Chapter 3 contains the synthesis of macroalgae, chitosan and pectin composites to
optimize the uptake of benzene on the modified adsorbent. The biocomposite
synthesis was optimized by application of the factorial design and response surface
methodology. Moreover, a through chemical and physical characterization analysis,
by textural properties, potentiometric titrations, elemental content, chemical stability,
KBr-FT-IR and TGA analysis, were performed to explain the adsorption
mechanisms. Batch systems analyzed the effect of pH, ionic strength, and dissolved

organic matter in the biosorption mechanism.
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Chapter 4 is aimed to employ pillared graphene oxide produced by using chitosan
at a ratio of CS/GO = 0.1 corresponding to a surface area of 47 m? g. Evidence of
pillared effect is characterized through various physicochemical tests. An enhance
of the adsorption affinity for benzene, toluene, and naphthalene was registered.
Adsorption kinetics and isotherms were performed and fitted by rate and adsorption
models. Low diffusivity constant values (k1) were observed. These results show the
feasibility of chitosan as a precursor in the development of a surface area of CS-GO

composites for the removal of soluble hydrocarbons in water.

Chapter 5 presents the final experimental section where the previously synthesized
biocomposite was employed for dynamic experiments. The results showed an
evident selectivity for the aromatic molecules is based on their hydrophobicity
degree; the removal efficiency increased with a lower influent flux. The experimental
results stated the feasibility of macro-algae based composites for continuous

processes.

Chapter 6 discusses the primary results in the previous 2-5 chapters followed by a
summarized of the main conclusions in Chapter 7 in addition to the future work and
perspectives. Finally, a list of scientific products and scientific congress is also

presented
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1.1 Water pollution control: An approach to the
contamination by organic compounds

The society is facing a global water quality challenge. Water pollution concerns have
risen in the international agenda because it is intrinsically associated with
environmental, social and economic problems. Sustainable development goals
(SDGs) proposed by the United Nations (UN) establish the necessity of reliable
supplies of clean water, calling for advances to all countries by 2030 [12]. As a result,
governments and international organizations intensify water policies to reduce health
hazards and improve wastewater management. The most recent water assessment
report by the United Nations Educational, Scientific, and Cultural Organization
(UNESCO) addressed in 2016 that an estimated 90% of sewage in developed
nations is discharged without previous treatment to water bodies [13]. Also, 300-400
megatonnes of industrial wastewater are released into the environment [13]. Point
and non-point sources include several contaminants in wastewater (e.g., pathogens,
nutrients, suspended solids, inorganic pollutants, among others), with organic
pollutants playing a significant role [14]. The presence of organic compounds is
crucial because interacts with biologic systems with high bioaccumulation,
carcinogenic, teratogenic and mutagenic potential [15]. Many kinds of toxic organic
compounds include dyes, phenols, pesticides, polycyclic hydrocarbons (PAHS),
phenols, polychlorinated biphenyls (PCBs), halogenated aromatic hydrocarbons,
crude oil, surfactants, and so forth. In addition to these, hydrocarbons and other
compounds (e.g., alcohols, aldehydes, ketones, pharmaceutical or BTEX) also
discharge in the wastewater. These pollutants remain either in solvated, colloidal or
suspended form [16]. Due to this, organic molecules could be transported long
distances to different bodies of water [17], and are even detected in the effluent of
wastewater treatment plants [18]. With a growing demand for energy and supplies,
the petrochemical industry is considered one of the most profitable activities, but at
the same time, one of the primary organic wastewater producers [19]. The
challenges associated with increasing onshore and offshore oil production from
newly explored or deeper reservoirs correlate with the number of incidents and

accidental oil spill risks [20]. In 2014, the reported oil spills >1 barrel resulted in the
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release of an estimated total of 6,667 tons [21]. Minor spills account for 90 % of
hydrocarbon discharges up to a quantity of two million tonnes [20]. Most of the crude
oil range in its relative constitution from 55 % to 97 % of hydrocarbons [22]. The
hydrocarbons present in oily effluents could be found in four categories according to
its physical form in water [23]:

1. Free (floating) fraction: It rises quickly to the surface of water because of the
high molecular weight of the components (Dp > 150 um).

2. Dispersed fraction: It is an array of fine droplets stabilized by their electrical
charges without surfactants (Dp: 20 - 150 pm).

3. Emulsified fraction: This fraction has a similar distribution as dispersed oil, but
the stability is enhanced by the interaction with emulsifiers present in the
oil/water interface (Dp< 20 pm).

4. Dissolved fraction: Truly dissolved HC or dispersed in extremely fine droplets
(Dp< 5 um).

Low molecular aromatic compounds like BTEX and a sort of PAHSs, are of present
significant solubility and bioavailability than other oil hydrocarbon contents, and for
this reason, are classified as priority pollutants [24]. BTEX and PAHs are compounds
built on benzene ring which molecular structures contempt all carbon atoms in a
plane with and have an almost linear relation between molecular weight and the

aqueous solubility [7].
11.1 BTEX

The BTEX compounds (benzene, toluene, ethylbenzene and the three-xylene
isomers) are common water pollutants. BTEX are volatile, monoaromatic
compounds that are widely used in industry as solvents and starting materials for
numerous chemical synthesis and processes [25]. Several pathways of BTEX
contaminants are continuously introduced in the environment because of the
disposal of industrial effluents, and accidental events such as oil spills or pipeline
leakages in distribution networks [26,27]. The presence of BTEX in the environment
is higher than their poly-aromatic counterparts because of their high solubility rates
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(Table 1.1), which could be noticed by the octanol-water partitioning coefficient as
an indicator of the hydrophobicity of an organic molecule [28]. On the specific case
of BTEX and hydrocarbons compounds, the hydrophobicity has a linear relation with
the molecular weight and indirect relationship with solubility.

Once these compounds are released into a water column, they undergo elaborate
physical, chemical and biological transformations including spreading, drifting,
dispersion and weathering), due to the relatively high water solubility and low Kow
(Table 1.1). This hydrophilic character allows higher transportation and exposition
for marine and freshwater environments, producing adverse effects to organisms
and human health (i.e., chronic effects on kidneys, heart, lung and nervous system)
[29]. For this reason, BTEX compounds are classified as priority pollutants (Table
1.2) [30].

Table 1.1 Physicochemical properties of BTEX molecules.

Mole _ Boiling Water  Molecular
) Density ) N _
Compound  weight (g point solubility diameter Log Kow
moety @M g moly @
Benzene 78.1 878 80.1 1800 30.5 2.1
Toluene 92.1 865 110.6 515 34.4 2.7
o-Xylene 106.2 880 144.5 178 36.8 3.1
m-Xylene 106.2 864 139.1 161 37.9 3.2
p-Xylene 106.2 861 138.3 165 37.5 3.2
Ethylbenzene  106.2 867 136.2 170 38.0 3.2

Water pollution with aromatic compounds and oil droplets includes reservoirs,
surface and underground water bodies of fresh or saline water (Table 1.3) [31-33].
The predicted median lethal concentrations for marine organisms are 48, 19 and
2.14 mg L* for benzene, toluene, and naphthalene, respectively [34]. For that
reason, the cost-effective technology for the removal of these pollutants is

mandatory.




CHAPTER 1
[

—

Table 1.2 Acceptable limits for BTEX in water according to various regulatory
institutions (all values are in pg/L).

NOM-127-
WHO DWG!? US NPDWS? BNEC*
SSA3
Benzene 10 5 10
Toluene 700 1000 700 2
Ethylbenzene 300 700 300 90
Xylene 500 10,000 500 300

1World Health Organization Drinking Water Guidelines [30].

2United States National Primary Water Standards (US EPA, 2003) [24].
3Mexican normative (NOM-127-SSA-1996) [35].

4Brazilian National Environment Council [26].

Table 1.3 Reported concentrations of benzene, toluene, ethylbenzene, and xylene.
All the values are in ppb or pg/L*.

Benzene Toluene Ethylbenzene Xylenes
Surface water <01-21 <1-15 <0.1-1.8 <01-12
Contaminated surface water Up to 100 NA Upto 15 Up to 32
Groundwater <01-18 <1-100 <01-11 <01-05
Contaminated groundwater Upto 330 Upto 3500 Up to 2000 Up to 1340
Drinking water <0.1-5 <1-27 <1-10 <0.1-12

*All the data reported in Table 3 was found in a previous report [36], and collated from ATSDR 2000,
2007a, 2007b and 2007c; IPCS 1985, 1993, 1996 and 1997; NTP 2005; WHO 2008; and NHMRC
2004.

1.1.2 PAH’s

Water pollution by organic compounds has bio-accumulative, persistent,
carcinogenic, mutagenic and detrimental effects on aquatic organisms, flora, fauna
as well as human health. Polycyclic aromatic hydrocarbons (PAHS), possess two or
more fused benzene rings and represent a relevant environmental concern because
of the documented carcinogenicity and the widespread occurrence of several bodies
of water [16]. A total of 100 polycyclic molecules are identified by the U.S.
Environmental Protection Agency (EPA), and 40 have been listed as prioritized
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pollutants [24]. Therefore, their distributions in the environment and potential human
health risks have become the focus of much attention. The introduction of PAHSs into
the aquatic media varies from natural and anthropogenic processes. Anthropogenic
sources include automobile exhaust and incomplete combustion of coking coal,
domestic heating emissions from coal, oil, gas, and wood, refuse incineration and
biomass burning [5]. Additionally, crude oil contains high levels of PAHs, but the
relative concentration of each compound depends mostly on the type and origin of
oil. Crude oil contains around 0.2 to 7% PAHSs, with configurations ranging from to
two to six rings; PAHs content increase with the specific gravity of the oil [37]. In
general, PAHs have low solubility in water (low Kow = 3-8), high melting and boiling
points, and low vapor pressures. Naphthalene is the PAH with the higher solubility
rate (31.5 mg/L), therefore, is commonly reported in the dissolved aromatic fractions
of oil spills, unusually, in deep water sources. For example, the Deepwater Horizon
oil spill in 2011, reported the presence of naphthalene as the third principal
component in the dissolved fraction in four sample stations [38]. PAHs affect the
productivity and growth of benthic organisms that are generally the main altered

organisms by oil pollution in water [39].

1.1.3 Removal of hydrocarbons from aqueous media with an
emphasis in the adsorption process

The primary objective of all the wastewater treatment processes is to reduce the
wastewater pollution according to the permissible quality standards. The quality
standards of treated water are usually designed according to the reuse of the treated
water or discharging into water stream [13]. Wastewater treatment process has to
consider many factors such as the reliability and efficiency of the process, external
equipment, quality of treated water, scale-up conditions, construction space for
treatment facilities, waste disposal standards, implementation, and maintenance.
Physical, chemical, and biological processes are widely used for the wastewater
treatment process of hydrocarbon in aqueous media [23,39-41]. These

methodologies are employed in two crucial treatment stages. The first stage consists




CHAPTER 1
[

—

of mechanical and physicochemical treatment followed by a second, advanced
treatment to polish the physicochemical characteristics of the effluent.

1.1.3.1 First treatment step

A first step is essential because allows the maintenance and well operation of the
advanced stages. In this part of the treatment process, the primary target is the
considerable reduction of various components like suspended solids (SS),
immiscible liquids (emulsions), solids particles (colloids) [18]. In the refinery industry,
this is mechanically achieved by gravity in API separators or separation tanks [42].
The mechanical step is followed by the physicochemical steps (Fig.1.1), in which the
presence of heavy metals is decreased with small sizes of particulate solids through
agglomeration, sedimentation or flotation [43].

1.1.3.2 Advanced treatment step

In this second stage, the main purpose in the second stage is to diminish the
concentration to the target limits for discharge of reuse. Physical, chemical, and
biological processes are available for this treatment process (Table 1.4) [44].
Biological methodologies include a wide variety of active metabolic biomass
including fungi, bacteria, yeast, and algae [45-47]. Anaerobic and anaerobic
systems were tested were addressed with the aim to transform or degrade an
extensive list of recalcitrant contaminants [48]. The significant drawbacks of these
technologies include the uncertainty of reproducibility at al full scale due to the
dependence of the process in many variables (e.g., the chemical properties and the
homogeneity of conditions of the consortia. Fluidized bioreactors (FBR) have been
shown to be useful for toxic pollutants degradation regarding their higher biomass

concentration and mass transfer [49].




CHAPTER 1

-

Treatment chain Objectives
i Oil — water separation —>  Separate oil from water
i Estabilization — 5 Decrease organic load and
l ! salt shock

prnnne—— T Agglomeration of dispersed
. Coagulation / Floculation | ———  panicles, remove turbidity

”””””” L S and organic load abatement

' Dissolved Air Flotaton | ——> Remove suspended organic

solids, dissolved oils & further
l clarification

' Biological / Adsorption / AOP s Removal or.mineralization of
S l 7777777777777 organic pollutant

Fig. 1.1 Schematic diagram of a generic sequence for treating hydrocarbon
wastewater effluent

Chemical methodologies consist of the use of one or more chemical reactions for
water treatment. The most listed procedures include ozonation, precipitation, ion
exchange, electrocoagulation, among others. Physical treatment processes are
based on the physicochemical characteristics of the pollutants and are generally
cheapest forms of treatment. The main types include coagulation, filtration, reverse

osmosis and sorption technologies [50].

As indicated in Table 1.4, different methodologies have been evaluated having a
varying degree of success. However, sensible disadvantages including high-energy
requirements, long periods of treatment, and expensive equipment. Sorption
including different adsorbent media such as carbonaceous materials, natural
products, and wastes have proven to be an efficient, rapid and feasible alternative

for hydrocarbons removal and decolorization of wastewater [51,52].
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Table 1.4 Advantages and drawbacks for the removal of hydrocarbons in water.
Adapted from Gupta et al., (2018) [53].

Methods Advantages Disadvantages
Physical
Adsorption on activated High removal efficiency Regeneration of_support,
carbon cost-effective

Adsorption on bagasse

Utilization of waste to
treat another waste

Post-treatment disposal

Adsorption on peat

Effective adsorbent, no
activation required

Lower surface area than
activated carbon

Adsorption on fly ash

Simple and effective
adsorption, no activation
required, inexpensive

Regeneration of support
is difficult, highly toxic

Membrane filtration

Effective removal of a
wide range of colorants at

Required high dissolved
oxygen, ineffective for

low volumes light-resistant colorants
. , Low-cost, High surface Low surface area and
Biosorption . . . .
active sites mechanical properties
Chemical
. Effective for azo dye Unsuitable for dlspers_e
Ozonation dyes, releases aromatic

removal

amines

Sodium hypochlorite

Low-temperature
requirement

Cost-intensive process

Coagulation and
precipitation

Short detention time, low
capital costs, good
removal efficiencies

The high cost of
chemicals for pH
adjustment, problems of
dewatering and sludge
handling

Biological

Aerobic process

Color removal along with
biological oxygen demand
(BOD) and chemical
oxygen demand (COD)
removal

Long retention time, low
efficiency for removal of
recalcitrant pollutants

Anaerobic process

Resistant to a wide
variety of complex
colorants, produced
biogas used for steam
generation

Long acclimatization
phase

Emerging technologies

Advanced oxidation
processes

High mineralization,
effective pretreatment in
integrated systems,

High consumption of
oxidants
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biodegradability, and
removal of toxics
Decolorization of an Sludge disposal problem
Electrochemical extensive range of and
oxidation wastes, no alternation in the requirement of low
volume pH values
— Highly effective for Relatlv_e_ly new method,
Sonication . awaiting full-scale
integrated systems SO
application
Effective for specific
compounds, unaffected Cost of enzymes,
Enzymatic treatment by shock loadings, enzyme stability, product
required shorter contact inhibition
times
Easily available, The mediator may give
enhancement of the I
: . . antagonistic effect and
Redox mediators process by increasing . .
depend on the biological
electron transfer -
- activity of the system
efficiency
. Cost-effective technology, ngh |nstallat|o_n cost,
Engineered wetland . requires expertise, and
applicable for vast e
systems difficult to manage
volumes of wastewater :
during monsoon

1.14 Sorbent media

Adsorbents are available as irregular granules, extruded pellets, or formed spheres,
depending on the employed production technology. However, could be either of
natural origin [8]. Typical adsorbents include carbon-based adsorbents minerals,
zeolites, oxides or biopolymers. Polymeric adsorbents are made by
copolymerization reactions, showing adsorption properties similar to activated
carbon [54], but production costs hinder their widespread application. Zeolites and
oxides possess a predominantly hydrophilic character with a naturally negative
charge and are widely used in detergent manufacture, petroleum industry and
adsorbents for carbon dioxide and hydrogen sulfide wastewater [55,56]. A growing
interest in the literature is characterized by the use of natural material occurring in
nature because of their high availability of precursors, surface active sites and low

cost in comparison with carbon-based adsorbents.

10
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1.15 Carbon-based materials

Most of the sorbents used nowadays included engineered adsorbents, known as
activated carbons (ACs), manufactured by pyrolysis of carbonaceous materials (e.g.,
coal, wood, and fruit bones, and shells) followed by physical or chemical treatments
to increase the surface area and active sites of the material [57]. Activated carbons
usually have a remarkable porous internal structure with a different range of pore
diameters. The porosity range includes macro- (> 50 nm), meso- (2- 50 nm) and
micro- (< 2 nm) which in conjunction could bring values of surface area up to 2500
m? g [58]. For this reason, the number of available sites for pollutant interaction is
superior to most of the adsorbents. The precise textural characteristics of the final
produced activated carbon depends on the precursor, the activation process and

any following chemical modification [59].

The chemical structure of activated carbon makes it an efficient material for the
removal of organic compounds due to the aromatic assembly of graphitic sheets with
aromatic functionalities. Adsorption of organic compounds in the liquid phase is
complicated because the orientation of the molecules is something to be considered
[60]. Even the solvation phenomenon of aromatics is an actual research topic. Based
on the literature, benzene molecule generates Van der Waals interactions and, in
minor proportion hydrogen bonds, with water [61]. Adsorption mechanisms include
TT-T interactions between the adsorbate and the surface of AC. However, hydrogen
bonding and Van der Waals interactions could happen with specific functional groups
of the pollutants [62]. Different variables affecting adsorption on AC were reported
as pH, ionic concentration, temperature, the competition of other species, which

would have different effects regarding the nature of the organic adsorbate [62].

1.1.6 Graphene oxide

Besides adsorbents, graphene, as a relatively new type of carbon nanomaterial, has
opened an extensive interest in different research fields due to its notable properties

such as high transport of charge carriers, mechanical elasticity, thermal and
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chemical stability [63]. Related to adsorption, graphene has a large specific surface
area (2630 m? g1), but could only offer van der Waals force to bind the adsorbents
because of the only presence of sp? carbon on the sheet surface [64]. The adsorption
capacity of graphene could be enhanced by including functional groups or other
components (pillared agents). Graphene oxide, which is one of the graphene
derivatives, is characterized by having oxygen groups on the sheet surface in the
form of epoxy, hydroxyl, and carboxyl groups [65]. These oxygen groups are capable
of binding metal ions and positively charged organic compounds by coordination and
electrostatic interaction [66]. However, its negative surface charge exhibits a low
affinity for anionic dyes due to electrostatic repulsion. Moreover, graphene and its
by-products tend to stack together due to strong van der Waals interactions [67].
Furthermore, when these 2D sheets are made into powders by dehydration, a
considerable part of the surface area would be lost. Thus, how to overcome this
issue should be considered when developing graphene-based adsorbents [68].

Epoxide Hydroxyl Carbonyl Carboxylic

Fig. 1.2 Chemical structure of GO

1.1.7 lon-exchange resins

Significant use of synthetic resins as sorbents for the removal of organic compound
in water is available in the literature [69]. Advantages associated with the use of
these materials included regeneration in-situ, regeneration with nonaqueous
solvents or solutions of bases, acids or salts. Both the nonaqueous solvents and the
resins could be regenerated with adsorptive characteristics similar to carbon-based

materials. The resins are constituted mainly by polystyrene-divinylbenzene
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copolymers or polymethacrylates cross-linked with a non-aromatic material [70]. The
pore size distribution is controlled in this highly porous material. An important
characteristic is the absence of ionic functional groups in the structure which makes
feasible to remove hydrophobic compounds through van der Waals interactions [70].
The polymeric adsorbent has been successfully applied in the concentration of
molecules for following analytical techniques. Adsorption of hydrocarbons includes

phenol, carboxylic acids, alkyl benzene sulfonates, among others [71].

1.1.8 Inorganic materials and minerals

The main commercial inorganic adsorbents in use include silica gel, activated
alumina, and zeolites. Silica gel is (SG) divided into three classes based on their
density: (a) regular, (b) intermediate and (c) low density. Regular density SG
possess a high surface area (around 750 m? g1). Intermediate and low-density silica
gels possess lower surface areas (100 — 300 m? g?). It is a widely used adsorbent
employed in the industry. A recent report of mesoporous silica with large specific
areas (up to 2370 m? g1) reviewed the results on the removal of numerous organic

pollutants [72].

Activated alumina contains several forms of moderately hydroxylated alumina oxide,
Al20s. In general, this adsorbent is prepared by heating the precursor hydrous
alumina to remove hydroxyl groups, and the result is a porous structure. The final
surface area range for 200 to 300 m? g and is extensively applied for the uptake of
organic pollutants like gasoline, kerosene, and aromatic hydrocarbons [52].

Zeolites are mainly microporous adsorbents that occur naturally in the environment
and are synthesized for a particular target of pollutants showing ion exchange
properties. Natural zeolites generally show low surface area, but some synthetic
zeolites could be as high as 700 mg g*. Zeolites are commonly used to remove

organo-chlorinated pesticides due to the low cost and regeneration ability [55,73].
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1.1.9 Biosorbents

Biosorption can also be an attractive alternative for hydrocarbon removal from dilute
industrial wastewater [74]. It implies the use of inactive or dead biomass and their
derivatives. Many studies have been carried out for the capacities of adsorption of
organic molecules on various types of biomass. Biosorption processes constitute a
remarkable alternative because it was reported in the last years that this technology
could be from 20 to 36 % less expensive in comparison with conventional systems
respectively [75]. Biosorption involves the passive binding to metabolic inactive
materials [76,77]. Another field of research consists in the immobilization of biomass
in a matrix or easily recoverable support. The most common immobilization agents
or matrices include alginate, polyacrylamide, polysulphone, silica-gel, cellulose, and
chitosan [78].

The advantages of inactive metabolic biomass include an easier store for extended
time periods, and it is not subject to hydrocarbon toxicity limitations. Administration
of nutrients is not required, and the loaded biomass could be reused [79]. However,
in most of the reports, the use of non-living biomass in powdered form has some
drawbacks as difficult separation of the sorption system, mass loss after
regeneration, reduced mechanical strength and operation difficulties in continuous
operations. However, these issues could be overcome by using the appropriate

immobilization method [80].

1.1.10 Seaweed biomass

The seaweed or macroalgae are considered photosynthetic organisms with
chlorophyll A and accessory pigments. They could be founded in marine or
freshwater. The cell structure possesses cellulose [72] typically. The morphology
could be unicellular (microalgae) or multicellular (macroalgae). One of the standard
classification was made by color, and are classified into three main groups: green,
brown and red. The seaweed biomass is suitable for its application as a biosorbent

due to their widespread distribution and easy access [81,82].
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Algae are known as a rich source of bioactive compounds, and the properties of
these compounds are used in various sectors of the industry including chemical,
pharmaceutical, human food, and fertilizers [83]. In 2008, aquaculture of macroalgae
reached cultivation of 15.8 tons (by weight) and USD 7.4 billion value. The value of
cultivated seaweed increased from the US $ 1,768 million in 2001 to US$ 4,143 in
2010 with brown and red types as the main cultivated types [83]

1.1.11  Chitin and chitosan

Among the available biosorbents, chitosan (CS), the Ilinear -cationic
aminopolysaccharide composed of a-D-glucosamine, is a partially acetylated
glucosamine biosorbent and extracted by a deacetylation procedure from chitin, the
most abundant biopolymer after cellulose. Chitosan contains 2-acetamido-2-deoxy-

B-D-glucopyranose and 2-amino-deoxy- B-D-glucopyranose residues.

In recent years, the application of chitosan for the removal of hydrocarbons in water
has been increasing exponentially due to remarkable properties as nontoxic,
hydrophilic, antibacterial activity and ability to crosslink other precursors for the
synthesis of composites [84]. The amine and two hydroxyl groups act as adsorption
sites and junction sites, especially the amine groups that are strongly reactive.
However, the applications of chitosan are limited for adsorption applications for its
solubility in acidic media [85].

1.1.12  Microorganisms and fungi biomass

Criniand Aksu [78,79] have revised the application of biosorption using yeasts, fungi,
and bacteria for the removal of organic pollutants. Recently, the biosorption of
pollutants by bacteria and fungi have been growing, especially metals removal, due
to their remarkable performance, low cost, and broad availability. A high amount of

chelating active site are the main features of this biomass.
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1.1.13 Lignocellulosic materials

Probably any imaginable plant-based material could be studied relative to its
potential use as an adsorbent of organic compounds. Lignocellulosic biomass is
mainly constituted by cellulose, hemicellulose, and lignin in conjunction with other
molecules like acetyl groups, minerals and phenolic functional groups [86].

However, a sum of several conditions must establish full filled for selecting an
available material, (a) there must be broad availability of the precursor with easy
access for harvesting. (b) The precursor should resolve an environmental issue (e.g.,
the approach of industrial byproducts or the presence of alien species the
ecosystem), and finally, it has to register a noticeable affinity for the target pollutants
in comparison with carbon-based materials. Several reviews are present in the
literature regarding the evaluation of lignocellulosic precursors often called in the
literature as low-cost adsorbents [7,8,87—89]. The adsorption mechanisms are well
correlated to the content of hydrophobic structures like lignin, cellulose, and
hemicellulose. Hydrogen bonding, electrostatic and van der Waals forces were
reported in a lesser degree depending on the particular functional groups of the

pollutant under study [90].

1.1.14 Synthesis of composites

The aim of the synthesis of composites consists of overcoming some limits for
extensive application in comparison with the separate adsorbents. The development
of composites produces adsorbents with an improvement in the process separation
and concentration of the adsorbents. Many inorganic and organic polymers and
fibers have been employed such as lignocellulose extracts, polyethylene, and
hydrogels, among others [91,92]. The main synthesized composites regarding the

removal of hydrocarbons are briefly discussed in the following sections.
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1.1.15 Polymeric composites based on natural fibers

Natural fibers are naturally occurring polymers in our environment, which appear in
grasses, leaves or stalks of plants. They are also referred to as lignocellulosic fibers
since lignin (5 - 20 %) and cellulose (60 - 80 %) are the main components. There are
six main types of fibers including bast fiber, leaf fibers, fruit fibers, grass fibers, straw
fibers and other types (wood and roots). The research work of Tsai [93] shows that
the mechanical properties of chitosan solutions such as viscosity, and turbidity

increase with a higher presence of pectin contained as a reinforcement.

1.1.16 Cellulosic-based composites

Cellulose, the most abundant natural polymer in nature is a homopolymer consisting
of B-1,4-glycosidic linked D-glucopyranose units. The basic unit of cellulose is
cellobiose (Fig. 1.3). Every glucose unit consists of three hydroxyl groups positioned
at the C2, Cs and Ce carbons [94]. The substitution of the primary position at Cs is
more thermodynamically stable than for the secondary positions at C2 and Cs. The
least favored reaction for the hydroxyl group is a reaction at Cs, due to more steric
favored C2 [95].

cellobiose unit

A
4 N
OH OH
OH
O HO
H o |HO oH @) OH
OH OH "
%_J
non-reducing end anhydroglucose unit reducing end

(AGU)

Fig. 1.3 The cellulose polymer with the basic unit of cellobiose
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The cellulose molecule has been extensively employed with several precursors in
the removal of organic dyes in water such as sodium montmorillonite, FeOs,
hydrogels, graphene oxide, quaternary ammonium salts, chitosan, bentonite,
titanium oxide, silica, among others. Unfortunately, no data was founded for the

removal of soluble hydrocarbons in water.

1.1.17 Graphene-based polymer composites

Many GO-based composites have been employed for the removal of anionic and
cationic dyes and many organic compounds. Some reports include composites with
metal oxides, carbon derivatives or polymers synthesized by solvothermal reactions
[96], microwave-assisted route [97], one step sonochemical route [98],
coprecipitation [99] and ultrasonication route [100], among others. The recovery of
adsorbent after use has always been a challenge. A probably way to overcome this
is by the synthesis of magnetically active graphene-based composites [101]. The
recent increment of research into graphene-based hybrid materials is due to their

higher surface area and porosity.

1.1.18 Pillaring of Graphene Oxide

In the past few years, graphene oxide has gained considerable attention due to the
potential capability for use as adsorbents related to its theoretical surface area (2630
m? g1) [102]. Nevertheless, the main inconvenient GO is the agglomeration during
storage or application, which results in the reduction of the adsorption capacity in
batch systems. To solve this issue, physical [103] or chemical modifications
[104,105] of GO sheets have been proposed (Fig. 1.4), but continuous efforts are
still necessary to improve the surface area of GO sheets. Also, limited works have
published about dealing with adsorption of organic pollutants or toxic metals
[106,107].
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Fig. 1.4 Pillared precursors reviewed in Isi Web of Knowledge database
(December 2017).

1.2 GENERAL REVIEW

1.2.1 Biosorption of hydrocarbons by seaweed biomass
1.2.1.1 Surface properties and potential uses

Macroalgae as a biosorbent have appeared as a potential alternative in comparison
with commercial products for the removal of metals and organics [88]. Natural
precursors like seaweed are considered safer, cheaper and efficient. The biosorption
main characteristic features in the literature are related to rapid, reversible,
economical, and eco-friendly processes. Macroalgae-based biosorbents offer
several advantages as (a) diverse of functional groups in the surface, (b) generally
uniform distribution of binding sites on the surface, (c) requires minimal preparation
processes, (d) any or considerable less chemical modifications, (e) high availability
all the year, (f) remarkable removal capacity and biodegradability. Numerous reviews
recompiled successful application of this biosorbent for the removal of organic

pollutants and hydrocarbons in water [7,87]
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1.2.1.2 Characterization of biosorbents

The chemical, structural, and elemental composition of any adsorbents plays
undoubtedly crucial role and has paramount significance in the adsorption process.
Characterization analysis is pretty similar to carbon-based materials [62], but
additional tests should be considered for a complete chemical characterization like
the content of lignocellulosic fractions, sulphated polysaccharides and fiber content
[79]. The following sections give a review in the characterization of three macroalgae
biosorbents of interest.

1.21.21 Physicochemical properties of seaweed

Algal divisions according to which have cell walls include red, green and brown
seaweed [108]. The cell walls are a complex network of biopolymers which consist
in a skeleton of crystalline and fibrous parts (e.g., cellulose, hemicellulose) and an
embedding matrix of specific polysaccharides, proteoglycans and others molecular
components for each division [109]. The red algae possess sulphated galactans like
carrageenan and share xylan or mannan fibrils with green algae which also
encompass mixed-linkage glucans or ulvans [110]. Sulfated fucans and alginates
enclose the main parts contained in brown algae [111]. Detailed analysis of cell-wall
(Fig 1.5, Table 1.5) components is an actual research topic [47,112]. A comparative
table for the physicochemical constitution of three macroalgae of interest is
presented in Table 1.6.

Table 1.5 Main types of macroalgae and chemical constitution of the cell wall.

Division Example Common name Cell wall constitution
Principally cellulose, glycosides,
Chlorophyta  U. expansa Green
xylenes, and mannan
Macrocystis Cellulose, acidic alginate,
Phaeophyta _ Brown _ _
pyrifera mucopolysaccharides (fucoidan)
Acanthophora Cellulose, xylenes, sulfated
Rhodophyta . Red _
spicifera polysaccharides (galactans)
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a) (b) (c)

Fig. 1.5 Schematic representation: (a) Macrocystis pyrifera, (b) Acanthrophora
spicifera y (c) Ulva expansa.

Table 1.6 Review of the chemical composition of three representative types of
seaweed. Data compiled from previous reports [76,113-116].

Macrocystis Acanthophora Ulva expansa
pyrifera spicifera
Organic matter (%) 84.4 NR NR
Ash content (%) 41.6 30 32.2
Total carbohydrates (%) 22.3 30 17.1
Proteins (%) 0.2 7.49 8.8
Alginates (%) 10-40 NR NR
Lipids (%) 7 g/kg 2.7 5.1
Water content (%) 84.7 NR 86.1
Surface area (m?/g) 0.2 NR NR

ND =Not determined

The presence of Macrocystis pyrifera is recognized in all the continents, but in the
particular case of Mexico, it could be founded in the entire Pacific coast. Raw
biomass is industrially employed for the production of fertilizers and alginic acid
products [76]. In the case of Acantrophora spicifera, this red seaweed is widely
distributed in tropical and subtropical oceans [117]. Finally, the green macroalgae U.
expansa, also known as U. fasciata, have a worldwide distribution with a primary

presence on the Pacific coast. Nowadays in many regions of the world control plans
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are focused on avoiding the spread of these three types of seaweed because they
are considered alien species in many ecosystems [118].

1.2.1.3 Modification of sorbent media

Marine macroalgae contain a noticeable amount of light-metal ions and salts pass
to the liquid medium after the use of this biomass [79]. This chemical species are not
toxic but inevitable become dissolved in the aqueous solutions during the biosorption
process. The molecules include carbohydrates, proteins, and pigments. Itis common
to observe that water after biosorption becomes with a slightly brown or green color.
Previous studies on Sargassum biomass revealed a Total Organic Carbon (TOC)
around 24 mg Lt in a fixed-bed column. Other values are as high as 55 mg mL™.
The organic leaching could lead to secondary pollution that would retard the
application of biosorption composites [119]. On the other hand, poor mechanical
properties, especially for powder samples, require the necessity to modify the raw
biomass for an extensive application in biosorption process. To face this problem,
there are two main options: encapsulation (active or inactive entrapment) and
surface modification [120]. Regarding the encapsulation, various supporting
materials of organic and inorganic nature have been evaluated. Through this
strategy, the leaching is reduced but, at the same time, the mass transfer would be
reduced. The chemical modification approach could be less expensive than

entrapment materials with no affections in the mass transfer [78].

1.2.1.4 Biosorption capacity of hydrocarbons

The biosorption capacity in this work is defined as the plot of the equilibrium
concentration in aqueous media versus the hydrocarbon adsorbed in the biomass,
biosorption data is obtained in batch runs with a fixed value of temperature,
electrolytes, and pH [121]. The plot receives the name of biosorption isotherm. Data
from biosorption isotherm constitute a valuable tool for predicting and comparing the

biosorption efficiency of various biomass sorbents. A few reports regarding the
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removal of hydrocarbons could be found in the literature. The primary results are

presented in Table 1.7.

Table 1.7 Comparative summary of adsorption capacities achieved by a diverse of
algae biomass and biosorbents in other studies.

Biosorption Initial
Specimen Pollutant Capacity  Concentration Reference
ng-g* mg/L
Sargsa;)ssum Phenanthrene 430-460 1.00 [119]
Spirulina  Phenanthrene 4800 1.29 [119]
BIOWN  ppenanthrene 2300 1.29 [122]
algae
Porphyra  Phenanthrene 9178 1.29 [122]
: Benzene 520 ND
Rice bran Toluene 690 [l
Horseradish Benzene 620 ND [9]
pods Toluene 830
Activated
carbon fiber Benzene 300-375 ND [9]
cloth
Gran. active i ND
carbon bed Toluene 163-267 [9]
Activated ND
carbon bed Benzene 650 [9]
Activated Toluene 260 ND [9]
carbon

12141 Main biosorption models

There are two-, three- and even four- parameter of empirical equations to correlate
the biosorption isotherm data. The simpler two parameters models (Langmuir and
Freundlich) are usually preferred. There is no strong reason to employ complex
adsorption isotherm models because both equations well-fit most of the biosorption
data. However, recent works have used three-parameter models such as the
Redlich-Peterson and Sips models to describe the biosorption isotherm [79]. Sips
adsorption isotherm equation could commonly offer a good fit because it was

optimized for heterogeneous systems like most of the biosorbent constituents.
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An extended description of biosorption models will be presented in the following
chapters.

1.2.1.5 Factors affecting hydrocarbon biosorption

1.2.15.1 lonic strength

The ionic content in the aqueous solution produced a significant effect in the sorption
performance in aquatic media. In most of the cases, a lower biosorption capacity
was registered at moderate to high ionic strength values (I > 0.6 M). This
phenomenon is because the biosorption interaction included, but is not limited to
sorbent — solvent, sorbent — container surface; salt — solvent, salt — solvent and salt
— sorbate. The elevated concentration of ions in the solution is expected to interact
more strongly with water molecules that the HC — water interaction, therefore,
reducing the solubility of the aqueous solubility of HC and forcing the adsorbates to

interact with other surfaces such as the biosorbent [119].

1.2.1.52  pH

Some of the robust evidence supporting a significant role of ionic interactions and
repulsions come from studies of the pH effect. Previous reports on the biosorption
of phenols and other weakly acidic compounds found that difference on the removal
capacity was strictly related to the difference between the pH values and the pKa
value of the organic compounds. In the case of non-polar hydrocarbons like BTEX
and naphthalene, the molecular form does not suffer changes in the whole range of

pH, because dispersive and hydrophobic interactions are dominant [123].

1.2.1.5.3  Temperature

Temperature is also an important parameter influencing the biosorption process.
Change in temperature alters thermodynamic parameters, resulting in a variation of
the sorption capacity. The thermodynamic nature of adsorption could be exothermic

or endothermic. In endothermic biosorption, an increase in the temperature produces
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an increase in the uptake. Contrary, an increase in temperature hinders biosorption
capacity in the case of exothermic sorption processes [124]. A previous study on the
removal of phenanthrene onto Sargassum biomass an endothermic process was
elucidated [119].

12154 Agitation

A few studies incorporate the effect of speed of agitation in biosorption of HC. The
relevant study of Chung [119] verified the increase of the kinetic constant (k) in
concordance with the increase of the agitation rate. Regardless the revolutions per

minute (rpm), the adsorption capacity in equilibrium remain almost the same.

1.2.155 Competition for adsorption sites

In past studies, the adsorption of phenol and pyrene registered competitive behavior
in biomass but not in the case of activated carbon [9]. The relevant report of
Rodriguez-Hernandez [125] on the equimolar competition of BTEX in Macrocystis
Pyrifera biomass reported that the affinity followed the next order E> X >T > B in
deionized water and dissolved organic matter solutions, showing an affinity for more

hydrophobic compounds.

1.2.1.6 Biosorption kinetics

Biosorption kinetics shows the rate of solutes bonding on the surface of particular
biomass. The description of the kinetic phenomenon is complicated due to many
stages of happening the process. Kinetic studies provide relevant information about
the possible mechanisms of biosorption that consists in (a) diffusion (bulk, external
al intraparticle), and (b) the actual biosorption process [126]. In general, it is
assumed that sorbate transport occurs in the following steps: (a) the first involves
external diffusion of the adsorbate to bulk and the internal parts of the biosorbent;
(b) the second step involves the transport of the sorbent from the solution to the solid

phase. Numerous kinetic models are available to fit the kinetic data, which provides
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information regarding the controlling step of the process and the probable binding
mechanism [45]. In a vast number of biosorption studies founded in the literature,
kinetic data was adjusted to kinetic models based in chemical reactions, especially
pseudo-first and pseudo-second-order, (also known as Lagergren and Ho model,
respectively). The primary assumption of these models is that the rate of biosorption
Is proportional to the number of free sites on the surface of the sorbent, depending

on the power of the equation [127].

1.2.16.1 Empirical and diffusional models

Dynamic of the biosorption processes could also be evaluated by using diffusion
models [128]. These models established that the step that limits the rate of
biosorption is related to the diffusion of the molecules. [129]. The Weber-Morris
intraparticle diffusion model is the most extensively reported correlation. Authors
argued that its application is only suitable for the first stage of adsorption. Other
models like Chrastil diffusive model allows the calculation of the kinetics in systems
limited by diffusion, and the Reichenberg model permits the calculation of the phase
that limits diffusion that takes place in the boundary film and the pores of the sorbent
[130].

1.2.1.7 Biosorption mechanisms

Biosorption processes of nonpolar hydrocarbons include a combination of several
mechanisms including mainly dispersive, hydrophobic, cation-r, and van der Waals
attractions [125], which are briefly described in Table 1.8. In the case of dyes,
chelating and ionic interchange binding should be considered [40]. Previous studies
point out the role of certain salts (sodium, potassium, calcium, and magnesium)
along the ion exchange interaction. The probable mechanisms could be
hypothesized by the characterization of surface structure and functional groups by
different methodologies like FT-IR (Fourier Transform Infra-Red), SEM (Scanning
Electron Microscopy), Raman microscopy, XPS, potentiometric titration, among
others [131].
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Table 1.8 Possible seaweed components capable of interacting with aromatics.

Cellular Type of

. . Observations Reference
component interactions
Proteins NH-p  Frimaryamine, Van der [132]
Walls interactions
Ca, Na and K ions
Ashes Cation—Tr produced by cellular [133]

lysis and dissolved

organic matter
Lipids Hydrophobic Lipid fraction [122]
—OH groups point to

Alginates OH— the aromatic ring. [132]
Polysaccharides
(Carrageennan, OH—T1r, Active sites available by [109]
ulvans and CHs-1r cellular lysis
fucoidans)
CHs— (metil);
Van der :
Cellulose Walls CHs Ob R (Im?:tfér_]y)’ [112]
interactions (carbonyl) e
OH- (hydroxil)
Nonhydrolysable Hydrophobic Long chaln_alkyls, [111]
compounds waxes, lignin

1.2.1.8 Flow-through adsorption experiments

The most critical aspect of the scale-up of adsorption processes involves the
determination of the effluent concentration profile as a function of throughput effluent
(volume or time) [124]. This profile, commonly known as the breakthrough curve,
represents the specific combination of equilibrium and rate factors than control
process performance for a specific objective. The breakthrough curve can be
obtained by passing through an adsorption column an inlet with the solute and
registering the concentration of the outlet as a function of either volume of effluent
or time [23]. The modeling of the shape of the breakthrough curve is very complex
and include several models as Thomas, Bed Depth Service Time (BDST), among
others, with the porpoise to obtain the necessary parameters for scale-up of
adsorption systems [135]. A few studies have reported the use of different

biosorbents for continuous adsorption of organic dyes. For that reason, more efforts
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are necessary to assess the performance of biosorbents for extended HC

applications.

1.2.2 Adsorption of hydrocarbons by composites of
chitosan/graphene oxide composites

Graphene oxide (GO) has a sum of features to become a potential adsorbent such
as remarkable mechanical properties, impermeability, electrical conductivity and a
broad theoretical surface area [64]. However, one of the main limiting factors is the
irreversibility of the graphene sheets aggregation due to the strong intermolecular
van der Waals interactions, which can even reduce the surface to non-detectable
values.

Chitosan (CS) is a natural polymer derivate from the deacetylation of chitin, and for
that reason possess a large quantity of hydrophilic functional groups (amino and
carboxylic groups). For the previous reason, this molecule is readily protonated. CS
molecules have been extensively used as a binding agent for the synthesis of
composites and immobilization of microorganisms. The recent available literature
related synthesis of graphene oxide and chitosan composites has registered a
relevant increment along the time. The primary fields interested in these materials
are chemistry and medical development. The active sites of GO can interact with the

CS polymer by hydrogen bonding and electrostatic interactions.

1.2.2.1 Methodologies for composite synthesis

Preparation of composites by chitosan is driven by amino features, which are
obtained by the dissolution of CS in acidic media. GO-CS composites have
demonstrated peculiar properties, which would be useful for practical application in
many research fields [136]. The primary synthesis procedures contempt: (a) wet
spinning and electrospinning for the production of fibers, (a) manufacture of
hydrogels and aerogels and (c) formation of composites by in-situ polymerization
and solution mixing. In the specific case of adsorption applications, the strategies
above (in-situ polymerization and solution mixing) are the main reported synthesis

procedures, and are described as follows [137]:
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e Solution mixing: Is a process in which graphene and second component are mixed
in a form that the second component is inserted in the graphene via a solvent. In
a later stage, the composite is formed with a reducing agent. Li et al. [58], prepared
a magnetic chitosan graphene oxide (MCGO) and employed ionic liquids to
complete the synthesis procedures for the removal of Cr®-.

¢ In-situ polymerization: In this methodology, graphene and monomers are mixed,

and monomers aggregate between the layers of graphene by an initiator.

A summarized previous synthetized GO-CS composites for the removal of organic

pollutants is presented in Table 1.9.

12211 Optimization procedures

One of the primary goals of the adsorption studies is to find a suitable material with
a high affinity for the adsorbate(s) of interest. In the case of CS-GO composites,
many combinations could be added from the precursors for the synthesis of the final
material. When a study involves a large number of variables, it is useful to identify
the optimal combination of factors and interactions among factors that would bring
close to the goal [138]. The defined goal is achievable by using statistical-based
multivariate design methods such as factorial design and response surface
methodology (RSM), which reduces the number of experiments, cost, and the time
consumption, needed for the research and provides an appropriate model for
process optimization [139]. The first step is to identify the primary variables (factors)
involved and their impact on the result (response). This step could be defined by a
factorial design procedure which would define the variables and interactions with
higher significance in the process. In the following step, a maximum or minimum in
the response could be founded by RSM methodologies [140]. A valuable activity
before any procedure is to perform previous tests to verify the interval of interest of
the variables that would generate the desired response. The development of
optimization procedures is well described in the literature [138,141]. Previous reports
performed these methodologies for the synthesis of composites and evaluation of

removal capacities [139,142].
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Table 1.9 Selected reports for the synthesis of GO-CS composites.

Target Graphene  Crosslinking Composi Particular Chitosan
\ . . Reference
pollutant synthesis agent te shape analysis properties
FT-IR, XRD,
Only : EDS, TGA, )
characterizati  Hummers Tﬁg:grglgggs' Film SEM, DIE\)A\A7/$IC_>V\?5 [92]
on mechanical '
strength
. FT-IR, XRD
Methyl violet . ' '
Alizarin Hummers glutaraldehyde Film /. EDS, TGA, DD: 78 [143]
magnetite SEM,
yellow
temperature
Methylene FTIR, XPS.
blue dimethylformami SEM, DD:96
Methyl Hummers y Film titration, pH MW: 6.36 X [144]
de -
orange effect, 10
Cr (VI) recycle
FTIR, XRD.
. . SEM
Acid red GR Film / Lo
redX-5GN Hummers glutaraldehyde Drop titration, pH ND [66]
effect,
kinetics
DD:96
Methylene Hummers None Drop / BET, FT-IR,  \w: 6.36 X [145]
blue Magnetite XRD 105

DD: Deacetylation dergree (%);
MW: Molecular weight (Da);
ND: No data presented

1.2.2.2 Determination of physicochemical properties

Chitosan biopolymer has been combined with GO sheets with a significant difference
on methodological procedures and intrinsic properties (e.g., molecular weight,
concentration and GO/CS synthesis ratio). Examples are detailed in Table 1.9. The
viscosity of CS solutions is a function of the molecular weight and determine the
binding performance with GO sheets. On the other hand, the increase of the
deacetylation degree is correlated with its biodegradability. In the case of
electrospinning procedure, structural conditions are limited regarding the factors
above (e.g., concentration, molecular weight and degree of acetylation), behind an
absolute limit, a crosslinker is necessary to maintain structural integrity [93]. As
would be shown in chapter 5, the molecular weight of chitosan determines its
diffusivity into the GO sheets registering a hindering effect as the molecular weight

increases.
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On the other hand, different chemical modifications could be realized on GO sheets
such as oxidations, reductions, use of polymers, cationic surfactants, alkylamines or
silylating reagents. More research efforts would be needed to assess the effect of

physicochemical modifications in the structural properties of the final composites.

1.2.2.3 Binding mechanisms

Studies related to the adsorption of organic pollutants by graphene oxide establish
the existence of defects, edges and groove areas with high energetic sites. Aromatic
molecules would tend to interact with these high energetic sites in conjunction with
flat surfaces [146]. Additionally, the hydrophobic effect in the case of HC should be
considered. The textural properties of graphene may be modified with the
introduction of chitosan molecules, which probably create a higher presence of
surface crumples and grooves with a high adsorption energy sites. In the case of
chitosan, hydroxyl groups could generate van der Waals interactions, particularly in
the C-3 position, between chitosan chains and aromatic molecules. Remaining
carboxylic groups could also be involved. In the case of anionic and cationic
colorants, electrostatic interactions and hydrogen bonding should also be
considered between the oxygenated groups of graphene oxide and chitosan, and

the substituents groups within dyes structure.

Hydrophobic effects

N
P

n- it ;__a.g_i;jog' ocrﬂa{:shﬂaces

Nanosheet
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| electrostatic attraction

hydrogen bond 7-7 interaction

Fig. 1.6 a) Adsorption mechanisms between nonpolar hydrocarbons and GO
sheets, b) Adsorption interactions between GO-CS composite and an azo-dye.
Adapted from[146,147].

1.2.2.4 Main characterization procedures

The physicochemical characterization of GO-based composites share the same
conventional carbon and oxygen spectroscopic analyses The most regular
procedures to identify GO-CS matrix involves [148-150] :

e FT-IR. It is common to evaluate signals related to hydroxyl (OH), epoxy (C-
O-C) and ketone (C=0) groups. The vibrational frequencies for the stretching
3400 cm, 1090 cm™ and a doublet at 1700 cm™, respectively. The spectrum
of CS show two characteristics at 1651 and 1596 cm, corresponding to the
C=0 stretching of -NHCO-, and the —NH- bending of -NHz, respectively.

e Raman. The spectra of GO consists of two broaden peaks which correspond
to the G and D band. The first band around 1580 cm™ is attributed to the
ordered crystal structure while D band (approx. 1350 cm?) is assigned to the

disordered structure. The DD band is characteristic of chitosan corresponds
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to 20 = 10.7 ° and 20.3°, usually attributed to the anhydrous crystals (Forms
| and I1), respectively

e UV-Vis. The characteristic spectra for GO shown an adsorption signal of 190-
900 nm. The maximum absorbance is found around A = 230 nm attributed to
n — w* vibrations.

e XRD. X-ray diffraction shows an only peak around 11°. The peak
corresponds to the interlayer distance depending on the GO solvent type.
Chitosan reports crystalline reflections in the 26 from 10 to 80°.

e SEM/TEM. The morphology of GO appears like packed layers with a
corrugated surface. TEM is often employed to visualize the number of layers.

e AFM. This technique can visualize the thickness and lateral size of a sample.

e Thermogravimetric Analysis (TGA). GO mass loss starts at a temperature of
around 60 °C. A loss of around 60 % of the total weight is usually registered
at values up to 300 °C.

e Differential Scanning Calorimetric (DSC). The primary signal of GO appears
over 200 °C corresponding to an enthalpy value of 1600 J g*.

1.2.2.5 Comparison of utilized isotherms

Isotherms can describe how the adsorbate interact with a particular adsorbent.
Linear isotherms are not conventional in adsorption of hydrocarbons on GO-CS
composites but are the initial section of isotherms for homogeneous surfaces [60].
Langmuir and Freundlich represented the most selected adsorption isotherm
equation for adsorption data. As a general characteristic for GO-CS composites, a
very sharp initial rise is followed by a plateau [92,96,144,145,147]. For that reason,
three-parameter models like Sips would represent a good model to fit the adsorption
data of GO-Cs sheets, because it combines both Langmuir and Freundlich

characteristics [151].
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1.2.2.6 Adsorption kinetics

For almost all the studies, three conventional kinetics models were only considered
pseudo-first-order, pseudo-second-order, and intraparticle diffusion models. A
particular high adsorption rate of adsorption is registered in the initial adsorption time
for the majority of systems [152]. As a summary, most of the systems registered the
presence of three stages of adsorption: (a) external surface adsorption, (b)
intraparticle diffusion as the rate-limiting stage, and (c) adsorption phenomenon.
Furthermore, a more significant part of reports showed that the chemical adsorption
was the rate-limiting step as a result of a better adjust of the kinetic data to the

pseudo-second-order kinetic model [153,154].

1.2.2.7 Adsorption thermodynamics

Based on the literature review, thermodynamic parameter included Gibbs free
energy change (AG®), enthalpy change (AH®), and entropy (AS°) as follows:

_ %
Ko =2 (Eq. 1)

AG° = —RTInK, (Eq. 2)
AS° AH®
InKe = ———— (Eq.3)
Where R (8.3145 J mol?! K1) is the ideal gas constant, T (K) is the absolute
temperature, and K is the thermodynamic equilibrium constant. The values are
calculated from the slope and the intercept of the Van't Hoff linear plots of log K¢ vs.
1T.

As a summary, negative values of AG° confirmed the natural character of adsorption.
With an increase in temperature, an increase of AG® is registered, thereby the
adsorption capacity with temperature rises. The positive values of AH° defined an
endothermic process. Finally, positive values of AS° refers to an increment in the

randomness of the system [153,155].
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1.2.2.8 Adsorption mechanisms

1.2.28.1 Van der Waals and hydrophobic interactions

The London dispersion component of Van der Waals does not consist in the polarity
of the molecules rather than the polarizability of the outer electrons of the adsorbate
molecule. In this sense, higher forces of attraction are expected from molecules or
surfaces with a less capability to share electrons, like those from iodine or bromide
ion, or molecules with aromatic rings. —OH and —NH2. Since GO and hydrocarbon
present an hydrophobic character, and nonpolar adsorbates are in the same
molecular state along experimental conditions, is convenient to suggest van der
Waals forces an essential mechanism of interaction [9].

Hydrophobic forces consider the self-association of molecules with an in intrinsic
hydrophobic nature (like carbon base materials). The energy of interaction is higher
than hydrogen bonds [52].

1.2.2.8.2 TT-1T interactions

This type of interactions is commonly referred to in the adsorption of organic
molecules by carbon-based materials. Consist in the overlapping of the electron
density of the aromaticity of GO sheets, and the aromatic rings of adsorbate
molecules. An increase of the strength of 1r-11 interactions by the presence of primary
sites is well-documented. The interaction could have a “Y” or “T” shape, depending

on the orientation of the electron density and the surface or the counterpart.

1.2.2.9 Recyclability of the biomaterials

The use of graphene nanomaterials has shown promising results for the adsorption
of hydrocarbon molecules. Limited information is available for the reusability cycles
and desorption mechanisms. Previous studies confirmed a reuse rate of 5 times
without losses in the removal capacity for dyes and BTEX [156—158]. Moreover, in
the case of GO-CS composites, a magnetic B-cyclodextrin-chitosan/graphene oxide

material (MCCG) and a magnetic-cellulose graphene oxide composite reported a
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lifetime of 5 cycles for the removal of dyes at a concentration of 30 mg L with a
washing process with ethanol and NaOH [147,159]. A reusability rate of five times
was also confirmed for a GO-CS composite for various dyes and heavy metals, with

a slight loss of 10% in the affinity for the target pollutants [144].
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1.3 GENERAL OBJECTIVE

The purpose of this research is to analyze the biosorption capacity and mechanisms
involved in the main soluble-water hydrocarbons (benzene, toluene, and
naphthalene) on different types of bio-based adsorbents.

Also, this research focuses on developing and easy method for the synthesis of
pillared graphene oxide to generate an adsorbent with high affinity toward the same

pollutants.

1.4 SPECIFIC OBJECTIVES

To determine the physicochemical characteristics of three seaweed biosorbents by
acid-base titrations, FT-IR analysis, surface area, fiber and proximal content.

To elucidate the biosorption mechanisms involved in the biosorption of water-soluble

hydrocarbons at different ionic strength, and pH media.

To determine the production conditions to synthesized a microalgae-based

biocomposite for the removal of water-soluble hydrocarbons.

To perform batch biosorption experiments evaluating the effect of pH, ionic strength
and dissolves organic matter to analyze the adsorption mechanisms.

To determine the pillared effect of chitosan into graphene oxide to increase the

surface area of GO sheets.

To evaluate the batch affinity of a GO-CS composite toward benzene, toluene, and

naphthalene y in different adsorption systems.

To study the dynamic adsorption behavior of BTEX and naphthalene by a

microalgae-based biocomposite at equimolar conditions and different inlet flows.
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1.5 HYPOTHESIS

The biosorption mechanism of benzene, toluene, and naphthalene on macroalgae-
based materials will be based on hydrophobic interactions with lignocellulosic
fractions and in less degree by London/ van der Waals bonding with oxygen-
containing sites of the biosorbents constituents.

The pillared effect of chitosan onto graphene oxide would increase the available

surface area, and at the same time, the affinity for the pollutants above.
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2.1 Abstract

The release of low—molecular aromatic hydrocarbons (HC) into natural waters brings
severe consequences to our environment. Unfortunately, insufficient information is
available regarding the treatment of these pollutants. This work evaluated the use of
brown, green and red macroalgae biomass as biosorbents of benzene and toluene,
two of the most soluble HC. Raw seaweed biomasses were wholly characterized,
then evaluated under different temperatures and ionic strengths to assess their
potential as biosorbents and to elucidate the biosorption mechanisms involved.
Brown macroalgae registered the highest removal capacities for benzene and
toluene (112 and 28 mg-g™?, respectively), and these were not affected at ionic
strength < 0.6 M. Langmuir and Sips isotherm equations well-described biosorption
data, and the pseudo-second-order model provided the best fit to the kinetics rate.
Hydrocarbons are adsorbed onto the diverse chemical components of the cell wall
by London forces and hydrophobic interactions.

2.2 Introduction

Water pollution by oil spills is a severe problem in petrochemical activities, with a
total volume of oil lost to the environment in 2015 of approximately 7,000 tonnes
[19]. It has been calculated that around 1 to 3% (sometimes up to 15%) of crude oil
can pass into the dissolved state [160], although low molecular aromatic compounds
like benzene and toluene, present higher water solubilities and bioavailabilities than
other petroleum hydrocarbon components and, as a consequence, have been
classified as a risk to the environment [161]. In—situ removal of these pollutants by
adsorption onto activated carbon has been considered a more suitable technology
than aeration or photocatalysis, mainly due to the hydrophobic nature of the
adsorbent, its high surface area and high affinity to a broad type of pollutants [124].
However, the advantages of activated carbon could be restricted for remediation
purposes because it has been associated with secondary ecotoxicological effects in
sediments [162]. Another viable option is the usage of macroalgae utilized as

biosorption matrix, a process that constitutes a low cost and environmentally friendly
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alternative for the removal of the dissolved fractions of petroleum [9]. Biosorption
involves the passive binding to metabolic inactive materials derived from, i.e.,
industrial or agricultural by-products, forestry, marine or terrestrial biological
materials and microbe biomass [76,163,164]. For the particular case of macroalgae
biomass, it is widely available (15.8 million tons harvested in 2010), occurs in a wide
variety of habitats (ranging from marine to freshwater), and contains different active
sites in its cell structures that are accessible for organic biosorption, i.e. hydroxyl,
carboxyl and amine [83,165].

There are three types of macroalgae: red, green and brown [108], but all have cell
walls that are complex networks of biopolymers consisting in a skeleton of crystalline
and fibrous parts (cellulose, hemicellulose, etc.) and an embedding matrix of specific
polysaccharides, proteoglycans and others molecular components that depend on
the type of seaweed. Red algae possess sulfated galactans (i.e., carrageenan), and
xylan or mannan fibrils (also presented in green algae), which also include mixed
glucan or ulvan linkages. Brown algae are comprised mainly of sulfated fucans and
alginates [109].

Seaweeds, especially brown algae, have been effectively used as biosorbents for
heavy metals [108], dyes [9] and polyaromatic hydrocarbons [119]. Preliminary
studies have shown that seaweed biomass can be successfully used to remove
many organic pollutants like phenanthrene, phenol, and nonylphenol [119,166].
Unfortunately, the number of studies on water-soluble hydrocarbon fraction is low,
with a knowledge gap relative to the ionic strength and temperature effects on
benzene and toluene removal. The potential of this technology can be further
improved by evaluating the biomass removal capacity for the most water—soluble
hydrocarbons (benzene and toluene) under controlled laboratory conditions to
increase our knowledge of its use for remediation purposes.

The primary objective of this work was to investigate the influence of ionic strength
on the benzene and toluene biosorption capacity of three different types (brown,
green and red) of macroalgae biomass. The studies were also conducted at 4 and
25 °C to simulate temperature variations that could be registered along the water
column in oil-contaminated waters [167]. Additionally, the chemical and physical
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characterization of algae was conducted to provide insights into the hydrocarbons
biosorption mechanisms. All samples were thoroughly dehydrated, milled and mixed

to avoid any metabolic bioactivity and to assure homogeneous determinations.

2.3 Biosorbents and reagents

Samples of the macroalgae Macrocystis pyrifera, Ulva expansa, and Acanthrophura
spicifera (brown, green and red seaweed, respectively) were collected in La Paz,
Baja California Sur, Mexico and Ensenada, Baja California, Mexico. The seaweed
samples were rinsed with plenty of deionized water (< 11 uS/cm) and dried in an
oven at 50 °C during 72 h. Algae biomass was sieved to a particle size of 0.8 — 1
mm with a Mini-Cutting Mill (Thomas Wiley) before used in characterization and
sorption experiments. The model soluble HC were represented by benzene and

toluene (Sigma—Aldrich, 99% purity).

The adsorption capacities of the inert biomass were determined in different ionic
strength solutions: (1) deionized water as control; (2) NaCl solutions with
concentrations from 0.3 — 0.75 M; and (3) artificial seawater solution Instant Ocean®
(33gL™) ~0.76 M.

2.4 Physical characterization

Surface area (m?-g™) and pore size distribution of the macroalgae were calculated
by BET isotherms and DFT (Density Functional Theory), respectively, using a
Micromeritics ASAP 2020 instrument at 77 K [168].

Proton binding curves and the point of zero charges (pHpzc) were determined by
potentiometric titrations (Mettler Toledo model T50) following the established
protocol by [62]. A series of 0.1 g biomass samples were placed in 50 mL NacCl
solutions with different ionic strengths (I = 0.01, 0.15, 0.3 and 0.45 M). The system
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was allowed to equilibrate for 16 h, and then the experiment initiated. The pH solution
was adjusted to pH three by adding 0.1 N HCI.

During the titration, the solution was continuously stirred in the N2 atmosphere to
avoid the interference of CO2. NaOH standard (0.1 N) was used as titrant. The
titration curves consisted of about 50-70 experimental points between pH values of
3 to 11 because of the buffering effect of water at pH <2 and > 12 [169]. The resulting
titration curves were transformed into proton binding curves Q (pH) using the
numerical procedure SAIEUS (Solution of the Adsorption Integral Equation Using
Splines) which indicates the total amount of protonated sites [170]. Raw biomass
was ground with KBr pellets and studied by a Thermo Nicolet 6700 in transmittance
mode in the range of 600 — 4000 cm™, with a four cm™ resolution and 64 scans. The
ash content of samples was determined by a TGA-Thermo Cahn
thermo—gravimetric analyzer under an air flow rate of 2 mL- min%, at a heating rate
of 5 °C- min™%, up to a final temperature of 900 °C. The degree of swelling (Sw) was
determined in triplicate runs by weighing a precise mass of 0.5 g of dry
biocomposites which was placed in a beaker at 25 °C with 20 mL of distilled water.
The swollen materials were removed from the water and weighted (W) after 24 h.
The Sy value was computed by the following equation: Sw = ((Wi— Wo) / W,)*100,
where, Wo is the mass weight of the dry biomass (t = 0), and W: is the weight of the

swollen material at time t.

2.5 Chemical characterization

An extensive chemical analysis of algae was made to characterize the main
molecular structures associated with the HC biosorption. The total nitrogen content
in crude protein was determined by the Kjeldahl method [171], using a conversion
factor of 6.25 to calculate protein content [172]; crude fat and total sugars were
estimated through the fatty acid hydrolysis and by the Fehling — Soxhlet extraction
procedure [172,173]. Cellulose, hemicellulose, and lignin were determined by a
semiautomatic fiber analyzer (ANKOM Technology, Macedon, NY, USA), which is
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based on the use of a neutral and acid detergent methodology reported by Van Soest
et al. (1991) [174]. Alginate extraction was carried out using the sequence of
ion—exchange reactions proposed by [175]. Sulfated polysaccharides constitute an
essential fraction of algal biomass. It was for this reason that the main sulfated
polysaccharide (fucans) present in brown algae were characterized according to
[138]. The biomass soluble fraction was estimated using a TOC-meter (Shimadzu
Co. Model TOC-VCSN), conducted by placing 0.1 g of dry macroalgae in contact
with deionized water during 48 h and then filtering it through a 0.22 um pore size
filter. The concentration of inorganic elements in the biomass structure was
determined through acid digestion of the ashes (previously obtained by 5 g of
biomass in a muffle at 550 °C) during three h using ten mL of a 1:1 (v v'1) mixture
HNOs and HSO4 solution. The concentrations of Zn, Ca, Fe, K, Cu, Cr, Ni, Mn, Mg,
and Na were determined by inductively coupled plasma-optical emission

spectroscopy (ICP-OES) by a Varian 730-ES spectrophotometer.

2.6 Uptake experiments

The benzene and toluene capacity of the raw biomass was determined in deionized
water and saline solutions of different concentrations [176,177], including the
maximum solubility of each compound (Table 2.1). The salting coefficients ks of the
hydrocarbons were calculated according to the Setchenov equation log(S,/S) =
ksC, where S, is related to the solubility of benzene and toluene in water, and is equal
to 1800 and 515 mg L™, respectively [178].

An amount of 0.1 g of each biosorbent was added to 35 mL of an aqueous solution
that contained different concentrations (non-competitive) of the organic compound.
All experiments were performed at least in duplicate. Amber glass flasks with Teflon
taps were used leaving no headspace to avoid volatilization. Once sealed, the flasks
were placed in a shaker set at 120-130 rev min for 48 h at 25 °C. The initial and
equilibrium concentrations of the adsorbates were determined by an UV-Vis
(Thermo Aguamate) spectrometer set at a wavelength of 254.5 and 261 nm for

benzene and toluene, respectively. At least five blanks with the same amount of
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biomass (no HC added) were run simultaneously as controls to correct the final HC
concentration for the desorbed organic matter in solution. Hence, the final HC
concentration was calculated by subtracting the average value of the blank samples
to the value of the equilibrium hydrocarbon concentration in batch systems. The
amount of HC uptake ge (mg g™'), was calculated by the following mass balance

equation:

qe = —(Co = Ce) (Eq. 2.1)

Where Co and Ce are the initial and equilibrium concentrations (mg L™), V is the
volume of the solution (L), and m is the mass of the adsorbent (g). Experimental
values were fitted to Freundlich, Langmuir, and Sips adsorption isotherm equations
to determine the extent of uptake in the adsorption process. The Langmuir model
[179] has the following form:

maxbce
qe = Imaxe (Eq. 2.2)

1+bC,

where Ce (mg-L™) is the residual (equilibrium) concentration in the liquid, ge (mg-g™)
is the amount of hydrocarbon adsorbed in the solid phase, gmax is the maximum
monolayer cover capacity (mg-g™'), and b is the Langmuir isotherm constant
(L-mg™).
The Freundlich model is represented by the following equation [180]:

I (Eq. 2.3)
where K is the Freundlich isotherm constant (mg'-(/" LY g=1), which is related to
adsorption capacity of HC and n is an equilibrium constant related to the adsorption
affinity of the binding sites for the pollutants.
The Sips model can fit data by both Langmuir and Freundlich type sorption effects

and has three parameters: b, gmaxand 1/n [151] and is included next:

b maxC;/n
q = mexze (Eq. 2.4)

1+bC,
Computations were made by using the STATISTICA software, and the parameters
estimation was achieved using a nonlinear estimation method (Rosenbrook and

quasi—-Newton). The best-fit correlation model was selected verifying the best
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regression correlation coefficient (R?) and the least sum square error (SSE) based

on the following equation:
2

i

Z?:l(qe,calc - Qe,meas) (Eq 2-5)
Where Qe.cac, and Qgemeans are the calculated and measured sorption capacities at

equilibrium (mg g™2), respectively.

Temperature effect on sorption and desorption experiments

The effect of temperature on the benzene and toluene biosorption capacity was
studied at 4 and 25 °C in under different ionic strength solutions (1= 0.3, 0.45, 0.6,
0.75), as well as with a synthetic seawater solution (= 0.76 M). The hydrocarbon
biosorption capacities of these experiments were calculated using equation (1).
Desorption experiments were also conducted using hydrocarbon-loaded
adsorbents which were filtered, rinsed with three mL deionized water to remove
contaminant excess and subsequently immersed into 35 mL of a solution with the
same ionic strength and temperatures at which the biosorption experiments were
conducted. Next, the system was stirred at 120 rpm for 48 h and the benzene and
toluene leached were determined by UV-Vis spectrophotometry, as already

explained in section 2.6.

Table 2.1 Maximum concentration of hydrocarbons used in the biosorption
experiments.

Maximum solubility [mg/L]

D.I. NacCl NacCl NacCl NaCl Instant
H-O! 03M 045M 06M 0.75M Ocean?
Benzene 1800 1573 1470 1375 1285 1391
Toluene 515 445 414 385 358 379

Solvent

1 Deionized water
2 Instant Ocean solution (33 g-L™) ~ 0.76 M
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Biosorption kinetic experiments

To elucidate the potential rate-limiting steps of biosorption, kinetics studies were
carried out using 0.1 g of the biosorbent which was placed in contact with the initial
benzene and toluene concentrations in deionized water solutions as indicated in
Table 2.1. A total of 15 bottles were prepared for benzene and toluene solutions
respectively, which were kept at a constant temperature of 25 °C and stirred at
120-130 rev/min. At pre-set time intervals, a sample was collected to determine the
concentrations of benzene and toluene. The constant rates of adsorption were
determined by the pseudo-first, pseudo-second, and intra—particle diffusion
equations. The pseudo-first-order kinetic equation is given by:

In(qe — q¢) = In(ge — k1)t (Eq. 2.6)
Where g: and ge are the adsorption capacities at time t (h) and equilibrium,
respectively, and ki (h™) is the pseudo-first order rate constant calculated from the

slope obtained by plotting In (ge — qt) vs .t.

The pseudo-second-order-kinetic equation can be represented by:
t 1

1
q—t = ol + (I_et (Eq 2.7)

Where k is the pseudo—second order rate constant of sorption (mg-g™* h™), ge is
the amount of pollutant adsorbed at equilibrium (mg™ g™1), and q: is the amount of
pollutant adsorbed at any time t (mg™t-g™%). The intraparticle diffusion equation
describes the influence of diffusion on the solute uptake mechanism by a linear plot
of the form:

qe = kst 2+ C (Eq. 2.8)

Where ks (mg-g~1-h'?) is the intraparticle diffusion rate constant, and C is the

intercept of equation (8).
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2.7 Characterization analysis

The chemical composition of the biomaterials is affected by seasonal, temporal and
spatial variations of environmental factors like water temperature, salinity, light, and
nutrients availability [173]. This study reveals that carbohydrates represent the main
structural component of the macroalgae biomass reported herein (15.9, 16.02 and
11.8% for the brown, green and red macroalgae, respectively, Table 2.2), followed
by hemicellulose (13.57, 9.30 % in the green and red macroalgae samples). The
protein content in brown seaweeds was the second highest component with 13.4 %,
whereas a lower content was measured in green and red seaweeds (2.8-7.1 % dry
weight). These results are comparable with those reported in the literature and
compiled in Table 2.3.

Table 2.2 Chemical composition of the seaweeds used in the experiments (% dry
weight).

Macrocystis Ulva expansa Acanthophora
pyrifera (brown) (green) spicifera (red)
Total
carbohydrates 15.9 16.02 11.8
Proteins 134 7.1 2.8
Lipids 0.5 0.44 0.40
Hemicellulose 5.56 13.57 9.30
Cellulose 1.44 1.85 1.30
Lignin 9.67 8.53 7.99
Alginates 9.1 2.4 1.8
Fucans 2.66 ND ND

ND= Not determined.
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Table 2.3 Proximate comparative results from the biosorbents of study.

Sample Carbohydrates Lipids Proteins Reference
Macrocystis 223 " 021 [76]
rife¥a ND 3.02 7.17 [113]
by 15.9 0.5 13.4 This study
Ulva expansa ND 0.5 14.7 [113]
16.02 0.44 7.1 This study
Acinfgi?grgora 30 2.7 7.49 [115]
b 11.8 0.4 2.8 This study

ND Not determined

The total carbohydrate sources differ according to the species. The typical
constituents of the brown algae are integrated by cellulose fibrils and two main types
of matrix polysaccharides: alginates and fucans. In the case of Ulva expansa (green
algae), there are three main polysaccharide constituents: amorphous cellulose,
polysaccharides containing sulfated groups (mainly ulvans) and starch. Finally, red
macroalgae possess cellulose, mannan or xylan fibrils and sulfated galactans (agars
and carrageenans) as their principal constituents [109]. Data on cellulose,
hemicellulose, and lignin show considerable variation in content in the three
seaweeds, which are probably related to environmental conditions affecting
macroalgae growth [173]. No comparative data were available in the literature for A.
spicifera; however, the absence of lignin for some species of brown algae was
previously reported [181]. Lignin, one of the most relevant fractions, is an amorphous
heteropolymer composed mainly by phenolic propylbenzene skeletal units that
exhibit an aromatic nature especially suitable for the removal of aromatic
hydrocarbons. This hydrophobic character is shared with hardly hydrolyzable
polymers like cellulose and hemicellulose [182]. Because of the complexity of most
macroalgae biopolymers, it is very probable that several interactions can passively

take place in the system between HC and active sites at the same time.
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Textural properties of the biosorbents

The BET surface area of all the biosorbentes was less than 0.3 m?:g™ with a
considerable percentage (> 85 %) associated with micropores and mesopores.
Similar values of 0.2 and 0.3 m? g'* were obtained earlier [76] for M. pyrifera and U.
pinnatifida. The extent of the biosorption capacity of our biosorbents could be limited
by the narrow micropores volumes (Table 2.4), which may produce diffusional
restrictions due to the small cross-section area of the adsorbates (25.3 and 28.5 A2
for benzene and toluene, respectively) plus the solvation shell hydration complex
[183].

Table 2.4 Textural properties of the biosorbents.

ABET ATmicro1 Ameso2 Amacro3 Vimicro Vmeso Vmacro
(mz.g- (mz.g-l) (mz.g-l) (m2.g-l) (Cm3g-l) (Cm3g-1) (Cm3.g-l)

D)
Macrocystis 156 0.030 0.020 4.7x10% 2.1x10°5 1.7x10°* 2.7x10%
pyrifera

Ulva expansa 0.169 0.049 0.033 0.020 1.1x10° 3.1x10™* 6.4x10™

Acanthrophora 515 5055 0.042 0019 2.3x10°5 4.9x104 9.3x107
spicifera
At = Surface area.
Vi = Pore volume.

123 micro—, meso—, and macropores, respectively.

FT-IR analysis

An indirect chemical determination of the different biopolymers constituting the cell
wall of macroalgae was conducted with FT-IR spectroscopy, and potentiometric
titrations techniques (Table 2.5) showed that the significant bands identified by
FT-IR were between 4000 cm™t and 500 cm™. The FT-IR analysis also showed, in
all the spectra, broad bands at 3800-3000 cm™ that correspond to hydroxyl (~OH)
and amine (—-NH) groups which can be associated to different polysaccharides and
amino acids, respectively. The bands found in the interval 2848 — 2855 cm™ could
be attributed to aliphatic chains of lipids [122], whereas the band 2908 - 2915 cm™
can be assigned to hydrocarbon (—CH) stretches. The bands at 1638, 1645 and 1648
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cm™ could correspond to antisymmetric carboxylate groups (—-RCOO") associated
with alginate carboxylate but are also related to the presence of primary amides in
amino acids. Polysaccharides of the biomass were identified by the C-O-C group
found between 1145 and 1160 cm™. Finally, sulfated polysaccharides and amino
acids were also observed at the broadband located between 1155 and 980 cm™
[184].

Table 2.5 FTIR characteristic bands of the macroalgae Macrocystis pyrifera
(brown), Ulva expansa (green) and Acanthophura spicifera (red). Symbols: q,
stretching; B, bending.

Brown  Green Red Vibration assignment Possible source
3800 — 3000 (a) H-O; (a) N-H Sugars and amino acids
2915 2908 2913  (a) C-H (sp®) Mainly sugars
2848 2855 2849 (B)C-H Aliphatic chains; Lipids
1638 1645 1648 (B) N-H; (a) CO: amino acid side chains;
antisymmetric alginate and proteins
1407 1417 1410 (a) CO2 symmetric; (B) Alginate and aminoacids;
O-H cellulose
1367 (a) O=S=0 antisymmetric =
: ucans
in sulfonate
1338 1340 (a) COH Mainly sugars
1244 1248 (a) C-H Mainly sugars; Hemicellulose
1155 1145 1148 (a) C-0O-C Polysaccharides
1074 1066 1068 (a) C-O-C symmetric; Mainly sugars; fucans, amino
(a)S-0O; (a) C-N acids
1020 1022  (a) C-O stretching ring Cellulose and hemicellulose
822 830 813 (a) C-0O-C; (B) N-H Mainly sugars; proteins
592 595 597 (a) C-0-C; (B) O=S=0 Mainly sugars; fucans

Potentiometric titrations

A wide interval of point of zero charges (pHpzc) values (3—-8) have been reported
(Table 2.6) for different species of brown, green and red seaweed [185,186]. The
high pHezc of 9.7 observed in A. spicifera may be a consequence of the presence of
amines (i.e., lysine and methionine amino acids), and secondary by phenolic groups
present in the galactans and carrageenans which are active during alkali conditions
associated to the NaOH titration [187,188]. Potentiometric titrations were conducted

in 1 < 0.5 M because of deviations in the reproducibility of the Davies equation at
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higher 1 [170]. It is no possible to elucidate the location of the acid functional groups
in dehydrated biomass because plasmalemma permeability allows the titration of
inner and outer groups [189]. However, all detected pKa values could be associated
with the composition of the cell wall (Table 2.6) based on previous reports [189,190].
In all three samples, pKa titrations above eight could be associated to amines (pKa
8.0-11.0), sulfhydryl (thiol) (pKa 8.0—10.0) and hydroxyl groups (pKa 9.5-13) [191].

Table 2.6 Acid dissociation constants (pKa) and point of zero charge (pHpzc)
determined by potentiometric titration with 0.1 M NaOH. The probable structures
associated with the pKa constants are also included.

Possible associated

Sample pHpzc pPKa Acid Group compounds
41,56 Carboxylic Alginates, proteins, and
glycoproteins
Macrocystis 6.9 Fosfonate Phospholipids
pyrifera 8.2 8.3 Amine Amino acids
(brown algae) phenolic, Polysaccharides, proteins,
10.3 sulfhydryl and glycoproteins
(thiol) glycop
3.8,5.5,7.5 Carboxylic  Uronic acid, Amino acids
Ulva expansa 6.6 Amine,
(green algae) ' 11.0 hydroxyl or Amino acids
sulfhydryl
4.3 Carboxylic ~ Uronic acid, Amino acids
Acanthrophora 6.1 Imidazole Amino acids
spicifera 9.7 9.4 Amino Amino acids
(red algae) 11.0 Sulfhydryl Amino acids
(thiol)

About brown seaweed, the carboxyl groups of alginate were reported more abundant
than any other carboxyl or amine from proteins [113]. For green algae, its different
pKa's values are comparable with those reported for Spirulina species, D. tertiolecta
and Ulva lactuca species [189]. The pKa values between 4 and 6.5, were attributed
to either a separate carboxyl or adjacent to hydroxyl in ortho—position, and also to a
hydroxyl with carbonyl or the second hydroxyl in ortho—position [189]. In the
particular case of A. spicifera, similar pKa results have been observed in other red
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algae species, like Polysiphonia lanosa and Palmaria Palmata [192]. On the other
hand, the proton binding curves (Fig. 2.1a-c) corresponding to the three biosorbents
showed that an increase in the ionic strength (from 0.01 to 0.45 M) did not
significantly alter their surface charge distribution (Table 2.6). It has been reported
that at ionic strengths higher (I 2 5 M) than the ones used in our experiments, the

number of protons adsorbed in U. lactuca increased [189].

Ash content

The inorganic matter of the biomass provides vital functions such as control of
osmotic pressure and the acid-base equilibrium. This mineral content is related with:
(1) water soluble salts in the cultivation environment, and (2) minerals and mineral
microelements, like calcium and magnesium, associated with proteins and several
sulfated and branched polysaccharides [193]. A high ash value (> 30 wt. %) was
detected in the samples, where the concentration of minerals followed the next order
(Table 2.7): K> Ca> P= Na for brown algae and K > Na > Ca for green and red
biomass.

The most abundant inorganic elements in the sample under study (mg gmacroalgae™>)
were Sr (0.05 to 0.279), Fe (0.258 to 0.684), Al (0.110 to 0.723) and Mn (0.005 to
0.075). These results are comparable with those reported by Mohammadi M. et al.
(2013) [115].

Finally, dissolved organic carbon (DOC) was used as a measure of organic biomass
leaching to the liquid phase, representing all covalently bonded carbon in the organic
molecules present in the biomass and dissolved in water. DOC value represents 5,
6 and 7 % of the total dry weight for the brown, green and red macroalgae,

respectively.
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Table 2.7 Ash composition of the biosorbents used in this study.

Elemental content (mg-g macroalgae™)

M. pyrifera U. expansa A. spicifera

Element (brown) (green) (red)

K 36.72 28.86 18.91

Ca 3.86 2.21 2.94

P 3.14 0.96 1.29

Na 2.80 3.36 3.91

.Mg 0.70 0.74 0.72

Si 0.32 0.21 0.06

Sr 0.28 0.03 0.05

Fe 0.26 0.68 0.54

B 0.12 0.07 0.12

Al 0.11 0.48 0.72

Mn 0.01 0.08 0.01
Total Ash

(Wi%) 43.2 31.7 52.5

2.8 Biosorption isotherms

Adsorption isotherms were carried out without controlling the pH to avoid
volatilization of the HC. The maximum concentrations evaluated were those located
near the aqueous solvation limit of benzene and toluene. The parameters of the
adsorption equations in addition to the R? and the error functions are shown in Table
2.9. In all the cases, the Langmuir and Sips equations were ones that best fitted the
experimental data with the minimum SSE (Fig. 2.1d). To predict the affinity between
the sorbate and the sorbent, a dimensionless constant known as separation factor
was computed according to the equation:

_ 1
T (1+4bCy)

(Eq. 2.9)

R,
where b (L-mg™) is the Langmuir or Sips constant. The R. value indicates if the
sorption process is irreversible (R. = 0), linear (R. = 1), unfavorable (R.> 0), or

favorable (0 < R < 1). Our Ry values (0.02-0.85) indicate that biosorption of

hydrocarbons on brown, green and red seaweeds is favorable. All n values from the
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Langmuir—Freundlich (LF) equation were found to be in the range of 0.1-10

suggesting physical biosorption that is favorable [194] as it is described below.

a) b)
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Fig. 2.1 (a) Surface charge curve of Ulva expansa at different ionic strengths as a
function of pH; (b) Surface charge curve of A. spicifera at different ionic strengths;
(c) Surface charge curve of M. pyrifera at different ionic strengths; (d) Adsorption
isotherm of benzene at initial pH 6 — 8.7, and 25 °C. The lines represent the
Langmuir isotherm equation.

The observed high fit to the LF isotherm is related to the saturated concentrations of

stock solutions: at low concentrations, the LF isotherm is reduced to the Freundlich
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equation, but at high sorbate concentrations, the LF isotherm approximates the
Langmuir features [120].

Biosorption of aromatic compounds is a complex phenomenon because the
orientation of the molecule should be accounted for [60]. Moreover, preliminary
assays showed that benzene molecules generate Van der Waals interactions, and,
in minor quantity, hydrogen bonding with water [61].

Table 2.8 Parameters of the isotherm equations, correlation coefficients (R?) and
error function values of the models for organic compounds adsorption.

M. pyrifera U. expansa A. spicifera
Benzene Toluene Benzene Toluene Benzene Toluene

Langmuir
Qmax(mg-g') 164.76 47.49 63.39 28.89 38.71 45.99
b (L-mg™) 0.0013 0.002 0.003 0.026 0.0001 0.0011

RL 0.30 0.22 0.16 0.02 0.85 0.34
SSE® 756.30 19.88 50.15 12.64 5.97 13.79
R? 0.94 0.97 0.99 0.98 0.99 0.95
Freundlich

n 0.485 0.70 0.37 0.28 0.69 0.81
Kr 3.14 0.36 3.64 5.21 0.12 0.11
SSE 516.38 30.20 93.53 53.47 12.48 16.79
R? 0.96 0.96 0.97 0.94 0.97 0.94
Langmuir - Freundlich

b 0.001 0.0001 0.004 0.019 0.003 0.002
Qmax (Mg-g?) 130 28.07 67.24 28.06 18.56 22.84
n (L-mg™) 1.12 1.69 0.95 1.10 0.99 1.49
RL 0.36 0.85 0.12 0.03 0.16 0.22
SSE 303.16 8.15 50.11 12.11 10.12 9.01
R? 0.97 0.99 0.98 0.98 0.98 0.97

B SSE= Sum of squared error

A good fit of the data to the LF isotherm equation (r? 2 0.97), allowed to calculate the
maximum removal capacities of adsorbed HC per m? of biosorbent (assuming that
adsorption occurs on a monolayer). These calculations assumed an equilibrium
concentration Ce of 1400 mg L™, and a cross-sectional area of the adsorbates of
25.3 and 28.5 A2 for benzene and toluene molecules, respectively [183]. These

maximum removal capacities were compared with the maximum coverage capacity
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of the biomass. According to our calculations, the maximum contribution of HC
monolayer on the biosorbent does not exceed 1 % in all the cases, suggesting the
formation of HC multilayers on the macroalgae. However, this calculation presents
limitations that should be taken into consideration because the swelling (Sw) degree
of the biomass (557, 270 and 857 for brown, green and red samples, respectively),
should produce a noticeable increase in surface area and, therefore, a more active

physical and chemical biosorption.

In this work, the biosorption capacity decrease in the order M. pyrifera > U. expansa
> A. spicifera, for benzene and toluene, respectively. The differences in HC sorption
may be related to different cellular components among the species. Brown algae
have proved to contain fucans, cellulose and high quantities of alginate [195] as
previously indicated. Active groups of macroalgae compounds, especially lignin and
alginate, have been reported to have high affinity to HC and metals [196]. This sum
of binding affinities may explain the superior biosorption capability of benzene by
brown algae in comparison to other samples. In the case of toluene, the biosorption
capacities reached similar values, probably because of diffusional restrictions of
toluene present in the pores of the brown macroalgae, which showed a low surface
area. It is possible that the higher ash content of M. pyrifera promotes cation — 1T
interactions that diminish the diffusion of toluene to the pores of brown seaweed.
There are no available reports concerning A. spicifera, but probably the biosorption
mechanism is mainly related to the presence of hydrophobic structures, as
previously reported [109]. Also, the low biosorption capacity of A. spicifera would be
related to the higher ash content (> 50%) and the lower content of protein, lipid and
cellulose fractions compared to brown and green biomass.

In this regard, the constituents of the cell wall provide a diversity of functional groups
capable of binding hydrocarbons [132-134] and, as a consequence, many
biosorption mechanisms could be involved in the overall process (Table 1.8).
Furthermore, due to the complexity of biomass constitution, many of these
interactions probably co-occur at multiple degrees [197]. The biosorption

mechanism of aromatic hydrocarbons is a current and relevant research topic.
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Recent studies [122,166] that evaluated the partition of phenol, nonylphenol and
phenanthrene pollutants among different macroalgae fractions found that the initial
concentration, lipid fraction, ionic strength, H/O atomic ratios and poly(methylene)

carbon were the main factors influencing the sorption capacity of seaweeds.

Effect of ionic strength and temperature on biosorption

The presence of dissolved salts can modify the biosorption capacity of seaweeds.
Considering that salinity in natural waters can reach values of up to 0.7 M [167], it is
important to evaluate the performance of biosorbents as a function of this variable
simulating conditions from fresh to saline waters. The presence of salts modified the
biosorption capacity of seaweed (Fig. 2.2a,c,e). In the case of benzene and toluene
the biosorption capacity changed little until salinity reached | = 0.45 M. As shown by
our potentiometric titrations, the increase in | produced no change on the surface
charge of the material, results supported by [189], who reported that acid functional
groups were stable under a wide ionic strength interval (I = 0.01 — 5 M). However,
when the systems reached a value of | = 0.6 M, an important decrease in biosorption
capacity was observed primarily for Instant Ocean solutions, probably because this
solution includes different ions (I = 0.76 M) and organic matter that may block pores,
preventing the diffusion of the adsorbate to the active sites. Also, hydrophilic
interactions from inorganic content may be enhanced by the increase of |, generating
biosorption competition by water clusters [119]. Also, higher salt content resulted in
a lower biosorption capacity of a metal-complex dye by fungi biomass [198].
Furthermore, it was observed that desorption increased with an increase in the ionic
strength of the solution (Fig. 2.2b,d,e). We can speculate that high salt
concentrations promote more interactions between electrolytes and water, forcing
the sorbed pollutants to interact with other surfaces and, hence, overcoming most of
the unspecific interactions with the biomass [119]. Finally, a slight decrease of
biosorption was observed when the temperature decreased from 25 to 4 °C, possibly
due to the reduced molecular mobility and probability of interaction between the
active sites and the pollutants [124]. This phenomenon due to less mobile of
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molecules was previously reported from activated carbons from low-cost
biomaterials [8]. In the case of toluene, low desorption values were observed, this
could be explained by its high reactivity and molecular area, that enhance

interactions as reported to activated carbon [199].

2.9 Kinetic experiments

The experimental data of the relative concentration of benzene and toluene as a
function of time (Fig. 2.3) were fitted to the pseudo—first, pseudo—second and
Weber-Morris kinetic equations (Table 2.10). Generally, green and red biomass
showed two different stages of biosorption, with the first stage showing high sorption
uptake (50% of the total biosorption capacity), during the first minutes of the
experiment, followed by a much lower rate and essentially constant after 60 min. The
samples reached steady states within 1 — 6 h. The overall removal rate in the case
of brown seaweeds included an additional second phase showing a slow rate of
uptake attributed to competition for the surface active sites of the biomaterial. Half

of the overall removal was achieved within 4 h.

The calculated correlation coefficients (R?) indicate that the experimental data can
be better fitted to a pseudo—second order reaction (corroborated with minor values
of SSE). The rate constants of sorption (k2) were between 0.003 — 0.25 mg g™t h™,
suggesting that the removal rate of benzene and toluene is a function of the square
concentration of the aromatic molecules [186]. Based on the above results, 6 h was
selected as the optimal equilibrium contact time for U. expansa and A. spicifera
samples and, 30 h for M. pyrifera biomass.
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Fig. 2.2 Effect of the temperature and ionic strength on the sorption capacities of
benzene by M. pyrifera, Ulva expansa and A. spicifera, respectively (a, c, e); Effect
of the temperature and ionic strength on the biodesorption capacities of benzene
by M. pyrifera, Ulva expansa and A. spicifera, respectively (b, d, f).
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Our results indicate that the removal capacities of the fresh macroalgae biomaterials
are comparable with other studies that employed cellulosic-based materials (Table
2.11). Based on benzene removal results, and making a comparison at an
equilibrium concentration of 1400 mg-L™* we can conclude that biosorption capacity
represents 20 - 30 % of the maximum adsorption capacity of different carbon-based
materials reported in the literature [9]. It is reasonable to conclude that macroalgal
biomaterials could offer promising possibilities as biosorbents of soluble HC, not only
in fresh water but also in a wide range of saline systems and seawater. Also, these

biomaterials have unique features that can make them attractive regarding cost and

availability.
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Fig. 2.3 Toluene biosorption rate onto biosorbents under study at an average initial
concentration of 530 mg-L* at 25°C, 120-130 rev/min.

Table 2.9 Pseudo-first order, pseudo-second order and Weber-Morris rate
eguation parameters for removal of hydrocarbons by biosorbents in different
solutions.

M. pyrifera U. expansa A. spicifera
Benzene Toluene Benzene Toluene Benzene Toluene
Pseudo-first order

ki (1) 0.089  0.06 0.03 0.07 0.09 0.04
e (Mg-g?) 91.42 5.78 13.13 1872  10.82  10.99
SSEP 13580 3904 14176 1789 1806 274
R? 0.89 0.52 0.85 0.85 0.89 0.66

Pseudo-second order
k2 (mg-g*-h?) 0.01 0.11 0.13 0.08 0.04 0.76
ge (Mg-g?) 103.9 27.23 70.51 27.17 20.79 17.73

61




CHAPTER 2

(o

SSE 543 181 11 59 186 22
R? 0.98 0.95 0.99 0.98 0.96 0.98
Weber-Morris model

ks (mg-g*-h¥?)  23.16 7.43 73.21 11.83 4.06 8.05
C 16.12 10.03 11.48 4.49 4.88 0.93
SSE 756 184 186 167 163 43
R? 0.97 0.63 0.82 0.73 0.66 0.81

SSEP=Sum square of errors

Table 2.10 Comparative summaries of adsorption capacities achieved by a diverse
of algae biomass and biosorbents in other studies.

Biosorption Initial
Specimen Pollutant Capacity = Concentration Reference
ug-g* mg/L
Sargsa;ssum Phenanthrene 430-460 1 [119]
Spirulina  Phenanthrene 4800 1.29 [122]
Brown 5 cnanthrene 2300 1.29 [122]
algae
Porphyra  Phenanthrene 9178 1.29 [122]
Biosorption Initial
Biosorbent Pollutant Capacity =~ Concentration Reference
mg-g?! mg-L?
: Benzene 520 ND
Rice bran Toluene 690 [l
Horseradish Benzene 620 ND [9]
pods Toluene 830
Activated
carbon fiber Benzene 300-375 ND [9]
cloth
Gran. active i ND
carbon bed Toluene 163-267 [9]
Activated ND
carbon bed Benzene 650 [9]
Activated Toluene 260 ND [9]
carbon
M. pvrifera Benzene 112 1800
Py Toluene 28.07 515
Benzene 55 1800 ,
U. expansa Toluene 28.06 515 This study
A spicifera Benzene 20 1800
- SP Toluene 16 515

ND = No data reported
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2.10 Conclusions

The ionic strength effect on the benzene and toluene biosorption capacity of three
representative species of macroalgae was evaluated. No significant effects on the
seaweeds surface charge and their biosorption capacity were observed at least up
to an | of 0.6 M. The biosorption mechanism involves hydrophobic interactions with
lipids and lignocellulose fractions and, to a lesser degree, nonspecific van der Waals
interactions with carbohydrates and proteins. The biosorbents under study remove
soluble HC in water and could be considered as an alternative to diminish the toxic

effect of soluble hydrocarbons in aquatic ecosystems.
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Chitosan-based composites as
potential water-soluble hydrocarbons
biosorbents.

This chapter is adapted from: Chitosan-macroalgae biocomposites as potential adsorbents
of water-soluble hydrocarbons: Organic matter and ionic strength effects, 2018, 197, 633-
642.
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3.1 Abstract

Nowadays the recovery of low-molecular soluble aromatic hydrocarbons (HC)
released into natural bodies of water continues to be a challenging task. These
contaminants bring severe consequences to the environment and the human health.
Biosorption on macroalgae (Ma) biomass seem to be a potential alternative to due
to low costs and high availability, but the low strength and density are essential
drawbacks to handle, start up and operate continuous biosorption units. In this study,
chitosan (Ch) and pectin (Pe) were employed as precursors to synthesize a new
Ma-Ch-Pe composite enhancing the stability and applicability of macroalgae
biomass towards the removal of soluble HC pollutants. The biocomposite synthesis
was based on a factorial design and a posterior response surface methodology. The
optimized biocomposite (75.4%, 19.8 and 4.8% for macroalgae biomass, chitosan,
and pectin, respectively), was characterized and evaluated under different ionic
strengths, pH values, and organic load to determine their potential as biosorbents
and to elucidate the adsorption mechanisms involved. Removal capacities were
58.68, 16.64 and 6.13 mg g~* for benzene, toluene, and naphthalene, respectively.
The adsorption capacity was slightly influenced by the pH (3-9) and diminished with
ionic strength values up to | > 0.6 M. The presence of dissolved organic matter
(DOM) enhanced the removal of HC by providing hydrophobic sites to the
biosorbents. Moreover, the biosorption data was well-described by Sips adsorption
isotherm, and the pseudo-second-order equation represented the best fitting model
for the biosorption kinetics. The biosorption mechanisms included hydrophobic effect
by the algae fraction and London forces between the HC and the diversity of

functional groups present offered by the precursors.
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3.2 Introduction

Crude oil is one of the three primary fossil fuels, along with coal and natural gas
[200]. When operational or accidental oil spills occur on bodies of water, even after
applying clean-up technologies, water-soluble aromatic compounds from oil may
persist and continue to produce adverse effects on the ecosystem and human health
[29]. Around 1 to 3% (sometimes up to 15%) of crude oil can pass into a dissolved
state [160]. Data from oil production have shown that the main aromatic compounds
(> 96 %) in produced water are BTEX (benzene, toluene, ethylbenzene and xylene),
followed by 2- and 3- ring polyaromatic hydrocarbons (PAHSs) as naphthalene (3%),
and at the end larger PAHs (<0.2 %) [201]. Different methodologies have been
suggested for soluble hydrocarbon removal and involve filtration, aeration,
biodegradation, and photocatalysis [45,161,202,203]. These techniques have a
different degree of success, but sensible disadvantages including high-energy
requirements, long periods of treatment, and expensive equipment. Sorption
including different adsorbent media such as carbonaceous materials, natural
products, and wastes have proven to be an efficient, rapid and feasible alternative
for soluble hydrocarbons removal in water [51,204,205]. Remarkable importance is
noted for biosorption over the last few years because it was reported that this
technology could be from 20 to 36% less expensive in comparison with conventional
systems respectively [75,206]. Macroalgae (Ma) biosorption processes constitute a
cost-effective and environmentally friendly alternative for the removal of petroleum-
based soluble compounds [9,79]. Furthermore, seaweed can be farmed in water by
avoiding any competition with food production [207,208]. M. pyrifera is a broadly
distributed macroalgae (Pacific and Southern oceans) and is the largest algae which
size ranges from 70-80 m with an annual growth rate of 50 m in suitable conditions
[208]. Regardless of these promising outcomes, the physical characteristics (small
particle size, low strength, and density) of such biomaterials are not viable for
continuous process operation and make biomass challenging to manage [380].
Therefore, the biomass immobilization techniques are one crucial issue to improve

the practical application of macroalgae biomass on biosorption processes. The use
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of flocculant agents as an active immobilization technique has received special
attention, in particular, polysaccharides as chitin and its derivate chitosan, a highly
available food processing by-product [209]. Chitosan is a linear polymer with a
predominant amount of positively charged amino groups and a well-known affinity
toward pollutants like metal ions and colorants. On the contrary, pectin (Pe) is a
polyanionic compound composed predominantly by galacturonic acid units linked
through a-(1-4) chain [85,210]. Pectin molecule is extensively used in the food
industry for its well-known thickening, stabilization and gelling properties [211], and
also known for its decisive health-related role with numerous pharmaceutical uses
[212]. The biopolymer-biopolymer interactions between the two oppositely charged
polymers (chitosan and pectin) could increase the compatibility and stability of the
biosorbents. This mechanism creates new structures that are called polyelectrolyte
complexes. Though there are numerous publications on the formation of composites
with chitosan for metals and nutrients biosorption purposes [213], it is still of interest
to further integrate Ma—Ch—-Pe composite via precipitation method to enhance their
capabilities for practical applications on water-soluble hydrocarbons removal.

The primary objective of this research was to determine by a factorial design, and by
a response surface methodology, the proportion of M. pyrifera, chitosan, and pectin
that confer to the synthesized composites a greater ability to remove aromatic
hydrocarbons. Later, the capacity of these composites to remove benzene, toluene,
and naphthalene under different scenarios of ionic strength, pH and dissolved
organic matter in natural water was determined. Complete physicochemical
characterization of the biosorbent was performed to establish the adsorption

mechanisms.

3.3 Materials and Methods

Chitosan (Ch) (with a molecular weight of 50,000 - 190,000 Da and a = 75 % degree
of deacetylation) and pectin (Pe) (galacturonic acid = 74 %) were purchased from
Sigma-Aldrich Co. Ltd. Other reagents, namely, acetic acid (HAc), NaOH and NaCl

were obtained from J.T. Baker Co. Ltd. The macroalgae sample Macrocystis pyrifera
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(Ma), was collected in La Paz, Baja California Sur, Mexico and Ensenada, Baja
California, Mexico. Dried biomass was rinsed with plenty of deionized water (<11 uS
cm?) at 50 °C. Finally, the sample was sieved to a particle size of < 250 uym with a
Mini-Cutting Mill (Thomas Wiley) before used in sorption experiments and
characterization. The model organic pollutants included in this work were benzene,

toluene, and naphthalene (Sigma—Aldrich, 99% purity).

Preparation of Ma-Ch-Pe biocomposite

The Ma-Ch-Pe biocomposites were prepared by dissolving a definite amount of
pectin (Pe) powder (up to 2 g) in deionized water. At the same time, 3 - 5 g of
chitosan were suspended in the pectin solution. Then, 50 mL of HAc 5% (v/v) were
added to the mixture and stirred continuously for 30 min. The synthesis was followed
by the addition of a specific amount of the macroalgae biomass (Ma), and the final
composite was stirred for another 12 h. The homogeneous (Ma-Ch-Pe) solution
was fully poured through a drop system (Fig. 3.1a) into a 25% NaOH solution for
hydrogelation, according to a previous methodology [214]. The obtained hydrogels
were washed with distilled water to neutral pH and dried at room temperature for 48
h. The average particle size could be controlled from 3 — 6 mm by changing the tip

of the syringe.

3.4 Optimization approach

Factorial design

A screening experiment involving a three-factor two-level full factorial design (23
runs) was employed. Preliminary experiments were conducted to select the suitable
high and low levels (Table 3.1). Moreover, Table 3.2 shows the design matrix for the
total ten experiments, and the gqe measured in each run, with the low and high levels
as specified in Table 3.2. The design included two center points to have an estimate
for the experimental error [139]. Benzene was selected as aromatic hydrocarbon
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model, its removal by the composite was the response variable. All determinations
were replicated at least twice. The results were examined with Design Expert

software v.6.0 to determine the central interactions and effects.

Table 3.1 Experimental intervals and levels used in the factorial design.

Factors Coded symbol Low level (-1) High level (+1)
Chitosan (g) A 3 5
Pectin (g) B 0 2
Algae biomass (g) C 2.7 54

Response surface design (RSD)

Response surface methodology (RSM) is a mathematical and statistical approach
used for working with specified ranges of the input variables to find the factor settings
capable of improving the performance of a process, for example, to maximize the
capacity of adsorption of an adsorbent [215]. RSM is often employed after a thorough
screening using full or fractional factorial experiments [141]. Therefore, to achieve
the highest amount of benzene adsorbed by a Ma-Ch-Pe biocomposite, a non-
replicate face-centered cube central composite design was used. Initial amounts of
Ch (20 - 40%) and Ma (60 — 80%) were selected as independent input variables.
Regardless of the non-significant effect of pectin observed in the factorial design,
five wt % of this polymer was added to the Ma/Ch mixture to increase the solution
viscosity and mechanical strength [93]. Finally, the hydrogelation procedure was

performed as described above.

Five central points were established to provide a reasonably stable variance of the
predicted response [216]. The range, levels, and responses of the researched
variables are presented in Table 3.1. Treatments were performed randomly, and the
results were analyzed using the statistical program Design Expert® v.6.0. The
significance of the models was tested by variance analysis (test F), R? coefficient

and significance of the independent variables were also calculated (a = 0.05).
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Biosorption properties testing

The selected Ma-Ch-Pe composite was evaluated by several physicochemical
analysis as follows: surface area (m? g*) and pore size distribution of the samples
were calculated by BET isotherm and DFT (Density Functional Theory), respectively,
with a Micromeritics ASAP 2020 apparatus at 77 K [168,217]. Potentiometric
titrations were performed in an automatic titration system (Mettler Toledo T70) for
proton binding curves and point of zero charges (pHrzc) determinations. A mass of
0.1 g was placed in 50 mL of a 0.1 NaCl solution. The proton binding curves were
generated through the transformation of the experimental titration data (50-70 points)
by using the SAIEUS program.[169,170]. Interactions between biocomposite
precursors were studied by using a Thermo Nicolet 6700 FT-IR in transmittance
mode within the range of 600-4000 cm, with a 4 cm* resolution and 128 scans.

The X-ray diffraction (XRD) patterns of the biocomposite were obtained with a step
time of 10 s and 26 of 0.01° with an XRD D8 Advanced-Bruker Axs (Cu Ka radiation

A = 1.546 A). Powder samples were employed in the analysis.

The degree of swelling (Sw) was determined in triplicate runs by weighing a precise
mass of 0.5 g of dry biocomposites and placed in a baker at 25 °C with 25 mL of
distilled water. The swollen materials were removed from the water and weighted
(W) after 24 h. Sy value was computed by the following equation: Sw = (W:— Wo) /
W,)*100). Where, Wo is the mass-weighted of the dry biocomposite (t = 0), and W:
is the mass weight of the swollen material at time t.

Chemical stability was determined by contacting the solids in acidic water, which is
based on a previous methodology [209]. Briefly, a specific mass of biocomposite
was placed in acidified water (pH = 5) at 25 °C. The mixture was shaken at 120 rpm
until the pH of the solution has no change. The solids were separated by filtration
and dried at 70 °C for 48 h. The chemical stability was the percentage of mass loss

at the initial and final stage.
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3.5 Equilibrium experiments

For experimental design essays, benzene was selected as the model pollutant, but
in the case of the selected biocomposite, toluene and naphthalene were also tested.
The removal capacity of the optimized Ma-Ch-Pe biocomposite was determined
under deionized water including the maximum solubility of each compound [177]. In
all the cases, evaluations were conducted by adding 0.1 g of each sorbent to a series
of 35 mL amber glass flasks that contain a specific amount of benzene, toluene or
naphthalene, specified in Table 2.1. The experiments were carried out at 90 - 100
rev min't and 25 °C. The concentrations of benzene, toluene, and naphthalene in
solutions were determined using a UV-Vis (Thermo Aquamate) spectrometer at a
wavelength of 254.5, 261 and 284 nm, respectively. At least two blanks with the
same amount of biocomposite (no HC added) were run simultaneously as controls
along the sorption samples to correct the final HC concentration and ultraviolet
adsorption for the desorbed organic matter. The adsorption capacity ge (mg g*) of

the aromatic compounds was computed by the following Eq. (3.1):
14
ge = = (Co — C) (3.1)

where Co and C. are the initial and equilibrium concentrations (mg L), V is the
volume of the solution (L), and m the mass of the adsorbent (g). The equilibrium data
for adsorption was evaluated with the Langmuir, Freundlich, and Sips isotherm
models described elsewhere [62]. Quasi-Newton algorithms were employed to
compute equation parameters using the STATISTICA software V.10. Model
selection was based on the statistical values of the correlation coefficient (R?) and

the sum of the sum of the squares error (SSE), according to the following:

2

Z?:l(Qe,calc - qe,meas)- (3-2)

1

Where (ecaic and ge,meas are the estimated and actual sorption capacities values at

equilibrium (mg g).
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Effect of the pH and ionic strength

The effect of ionic strength was studied under different ionic strength solutions (I =
0.3, 0.45, 0.6 and 0.75 M), as well as with a synthetic seawater solution Instant
Ocean® (I = 0.76 M). The salting coefficients ks of the hydrocarbons were calculated
to determine the organic dissolution rates at different NaCl solutions (Table 1.8).
Calculations were performed according to the Setchenow equation log(S,/S) = k,C,
where S, is related to the solubility of benzene, toluene and naphthalene in water
[178]. Additionally, desorption tests were performed for saline solutions as follows:
The 0.1 g pre—adsorbed Ma-Ch-Pe biocomposites were filtered by decantation,
rinsed with deionized water to remove contaminant excess and subsequently
immersed into 35 mL of water at the same | as the previous biosorption runs (100
revmint and 12 h). The organic leached was determined by an UV-Vis
spectrophotometer as already mentioned. The amount of desorbed HC was
determined by the difference between the HC concentration in the initial solution and
that remained in the agitated solution.

The effect of the initial pH in the biosorption of aromatic hydrocarbons was also
investigated in deionized water at pH values from 3.0 to 9.0. under the conditions

above. The pH of the solutions was adjusted with HCI and NaOH solutions.

Biosorption kinetics

To determine the effect of contact time, a 0.1 g of the selected biocomposite were
placed into amber bottles with deionized water at the initial concentration previously
specified for benzene, toluene, and naphthalene, respectively. The kinetics were
obtained from batch experiments (timescale: 0 to 50 h), containing 35 mL of HC
solution stirring at 90 - 100 rev mint and 25°C. At given time intervals, the sample
was collected for analysis, and the HC remaining concentration was determined by
UV-Vis spectrophotometer as mentioned above. An approach to describe the
biosorption rate was determined by the pseudo-first-order, pseudo-second-order

and Weber Morris rate equations as previously reported [218,219].
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Effect of dissolved organic matter (DOM)

To evaluate the effects of DOM on the rate of removal of benzene, toluene, and
naphthalene, experiments were carried out by using natural water from a reservoir
containing 19.3 mg-L* of DOM. The natural water collected from a reservoir located
in San Luis Potosi, Mexico, was filtered through Millipore 0.22 uM nylon filters and
was chemically characterized; total organic carbon was measured using a Total
Organic Carbon Analyzer (TOC-VCSN Shimadzu), metals concentration was
determined by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-
OES, Varian 730-ES).

To verify the aromaticity and humic acids content of the sample, the Chromophoric
DOM (CDOM) was measured through UV-Vis spectrophotometric analyses at two
specific wavelengths (250 and 350 nm) for the computation of E2: E3 ratio and the
specific ultra-violet absorbance (SUVA2s4) described elsewhere [220]. Absorption
spectra of DOM solution are shown in Fig. 3.1. Finally, anions concentration was
analyzed by capillary electrophoresis (Agilent 1600). The summary of the
characterization is shown in Table 3.1. Sorption kinetics studies using natural water
were carried out, and the data were analyzed under conditions indicated in the

following sections.
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Fig. 3.1 Adsorption spectra of DOM in the sample solution.

Table 3.1 Chemical characterization of natural water used in experimental
biosorption procedures.

Parameter Concentration Parameter Concentration
(mg-L?Y) (mg-LY)

DOM 19.26 Ba 0.04
Na 18.95 Co 0.02

Ca 17.34 Mn 0.01

K 8.15 S04% 285

Mg 3.22 NOs 594

Al 1.18 CO3z> 513

Fe 0.55 PO43 3.42

S 0.1 pH 7.2
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3.6 Optimization results

Design of experiments

A factorial experiment design in conjunction with an analysis of variance was the first
approach in optimizing the conditions for benzene removal capacity onto a diverse
of Ma—-Ch-Pe compositions. The range studied was between 3 and 5 g for chitosan,
up to 2 g for pectin, and between 2.7 and 5.4 g for macroalgae biomass. The
experimental tests are given in Table 3.2. Based on the previous information, an
analysis of variance (ANOVA) and Pvaie significant levels were calculated to check
the significance of the effect on benzene biosorption. The statistical parameter Pvaiue
(more than 0.05) suggests that the model was not significant if we include the overall
(Ma—-Ch-Pe) interactions. However, in the case of Ma, Ch, and Ma—Ch interaction,
significant model terms with more than 95% confidence level were estimated. Based
on this, the content of pectin (Pe) was negligible. This finding indicates that the
amount of chitosan and macroalgae biomass parameters had the most significant
effect in the benzene biosorption capacity. Because of this, the model reduction was

suitable leaving only the significant model terms (Ma-Ch interaction).

Table 3.2 Analysis of variance for the factorial model describing the adsorptive
capacity (ge) with the estimate effect and coefficients.

Sum of Mean .
Source d.f.2 F-ratio pP
squares square
Model 1008.02 3 336.01 31.73 0.0011
A-Ch 501.57 1 501.57 47.37 0.0010
C—-Ma 368.08 1 368.08 34.76 0.0020
AC 138.37 1 138.37 13.07 0.0153

a d.f.. degree of freedom.
a p: probability for F-ratio test
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After the main parameters were identified, subsequent experiments were performed
to analyze the nature of interactions among them by a response surface
methodology (RSM). The Ma/Ch ratio is critical to the performance of the
biocomposite. For an extensive application, it is desirable to use more Macrocystis
pyrifera in the production of a biosorbent as it plays a crucial role in biosorption and
represents the more accessible precursor of the biocomposite [195]. Hence, an
upper Ma/Ch ratio was used for the surface response design experiment. Pectin was
established to a minimal value (5 % w/w) since this did not have a significant
influence on benzene removal but enhanced the mechanical properties of the final
material as also reported by Wan Ngah et al. (2011) [210,213].

The design matrix and the corresponding experimental data of the central composite
design (CCD) are given in Table 3.3 after tests. The CCD results were fitted to an
elliptical second—order polynomial equation: Benzene removal (mg g*) = 49.05 +
3.31A + 0.54B - 7.55A? - 7.35B2? - 4.79AB. The fit of the model was evaluated by
the correlation coefficient, R2, which was 0.989, indicating that 98.9% of the
variability in the response could be explained by the model (Table 3.3). The statistical
significance of the second—order model equation was evaluated by an F—test, which
reveals that this regression was statistically significant (P < 0.0001) at the 99 %
confidence level. The factorial design showed that Chitosan (A), Macroalgae (B) and
the Chitosan-Macroalgae (Ch—Ma) interaction, had a highly significant effect (P <
0.0001) on benzene removal.

The contour plot described by the benzene removal is represented in Fig. 3.1b,
which shows that the maximum benzene removal capacity was approximately 50
mg-g~, which corresponds to the central point within the highest contour levels [215].
The optimal concentration for the two precursors obtained from the maximum point
of the model was 20.8 % (w/w) for Ch (A) and 79.2 % (w/w) for Ma (B). The model
predicts a maximum response of 49.42 mg-g~! at this point. Therefore, the final
biocomposite composition was 75.4%, 19.8%, and 4.8% for macroalgae biomass,
chitosan, and pectin, respectively.
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Table 3.3 Design matrix for the central composite design, levels and responses.
Factor A Factor B Response
No. . Benzene
: Chitosan  Macroalgae
Experiment ) biomass(g) removal
(mg/g)
1 0.3 1.5 25.17
2 0.3 1.7 36.16
3 0.3 1.6 38.55
4 0.4 15 40.88
5CP 0.4 1.6 48.49
6 CP 0.4 1.6 49.93
7CP 0.4 1.6 49.16
8 cP 0.4 1.6 49.74
gcP 0.4 1.6 49.19
10 0.4 1.7 41.29
11 0.5 15 42.36
12 0.5 1.7 34.18
13 0.5 1.6 43.22
a) b)
-
-«
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k3
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Ma/Ch/Pe biocomposite
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Fig. 3.2 (a) Drop system for biocomposite synthesis; (b) Response surface contour
plot of benzene removal (mg g) showing the interactive effect of macroalgae
biomass (g) and chitosan ().
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3.7 Characterization experiments

FT-IR and XRD analyses

The FT-IR spectrums between 4000 cm™ and 600 cm™ for Ma, Pe, Ch, Ch-Pe and
the optimized Ma—Ch-Pe biosorbents (Table 3.4), were compared to elucidate the
chemical structure and reaction mechanisms occurring on the biocomposites. The
FT-IR spectra of Ch is close to a previous work reported in the literature [99]. The
major peaks of Ch were registered at 3352 cm™, 1654 cm, 1590 cm, 1424 cm?,
and 1068 cmt, which corresponds to the N-H stretching vibration, C=0 stretching
vibration of —NHCO- (acetylated section), N-H deformation of primary amides
(formed during deacetylation), -CH bending and C-O stretches, respectively. FT-IR
spectra of pectin show bands at 1730 and 1600 cm™ assigned to methyl esterified
and vibrations of the O=C-O structure, respectively [221]. The IR spectra of
macroalgae biomass indicated a broadband between 3800-3000 cm™ which
corresponds to hydroxyl (-OH) and amine (-NHz) groups, which could be associated
to polysaccharides and amino acids, respectively [122]. Moreover, the band intensity
at 2848 cm! represents the aliphatic chain of lipids, whereas the peak at 1638 cm™
could be related to the presence of carboxylate groups (-RCOQO") associated to
alginate and primary amides of amino acids. Finally, the band at 1155 cm™ was

attributed to sulfates polysaccharides and amino acids [79].

In the Ma—-Ch-Pe spectrum, the peaks at 2940 cm™ and 1366 cm™ were assigned
to C-H from Ma sulfated fucans, and COO- groups from Ch-Pe. These peaks were
downshifted compared to Ch—Pe due to a possible hydrogen bonding between Ma
and Ch functional groups. The FT-IR spectrum of Ma—Ch-Pe material indicated that
the intensity of the peaks at about 2021 cm, 1650 cm?, 1593 cm, 1309 cm and
1064 cm! changed and even some of them disappeared compared to the peaks of
Ch-Pe. These results may suggest that in the Ma-Ch-Pe samples, different
interactions could occur between functional groups such as N-H, C=C, C-O-C, S-0O,
and C=N.
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The XRD patterns of the Ma-Ch-Pe biocomposite are reported in Fig. 3.2. The XRD
profile of Ma-Ch-Pe composite presented two broad peaks at 206 = 14.69 and 22.8°,
which correspond to the presence of amorphous cellulose [222]. However, the
reported peaks for chitosan are closer to cellulose values (11.3 and 23°), and both

peaks would be overlapped [223].

Table 3.4 FTIR characteristic bands of Ma, Ch, Pe and Ma—-Ch-Pe biocomposites.

Ma Ch Pe Ma-Ch-Pe Vibration
(cm™) (cm?)  (cm?) (cm?) assignment
3338 3352 3354 3309 H-O; N-H
2915 2916 2918 2940 C-H (sp?); N-H
2848 2863 - 2863 -CH2; N-H

i 1748 1730 1764 C=0 (-COOH)
1638 1654 - - N-H; C=0

- 1590 1600 1597 C=C; C=0
1407 1424 - 1420 -CHO; CH3:S0O2

- 1381 - - -CH; -S0Oz2; -CO2
1338 1313 1222 1316 -CO; SO2; -CO; -OH
1155 1147 - - -CO; C-0-C
1074 1068 1094 - C-0-C; C-N
1020 1032 1012 1025 Cc-O
822 892 830 895 C-0-C; SO C-N;

C-H

592 676 - 680 Cc-0O

Many processes are involved in the biocomposite synthesis reported herein.
Chitosan solubilization (pH < 6.5) occurs by protonation of the —NH2 group (R-NH:
+ H* ¢ R-NH3") on the C-2 position of the D-glucosamine repeat unit, transforming
the polysaccharide to a polyelectrolyte in acidic media [224]. Chitosan in solution
can form electrostatic interactions with the negative unesterified uronic acid residues
of pectin ( ~COO~ *NH3s), allowing the creation of junction zones to form a network

[225]. Numerous interactions are involved in the gelation process such as
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electrostatic repulsion, “ionic crosslinking,” hydrophobic effects (by — CHs group),

and hydrogen bonding interactions (groups involved are —OH, -NH, and —C=) [226].

Intensity (counds/sec)

10 20 30 40 50 60 70 80 90
20 (deg)

Fig. 3.3 X-ray diffraction pattern of Ma-Ch-Pe biocomposite.

Potentiometric titrations

The surface charge of the biosorbents was determined through potentiometric
titrations as a function of pH (Fig. 3.3). Acid dissociation constants were calculated
from potentiometric data (Table S8). The titration curve of pristine chitosan shows
that under low acidic conditions, the surface registered positive values, but with an
increase in pH, the surface charge changed to negative values. The two main basic
sites detected from Ch were amine (-NH2) (pKa 8-11) and hydroxyl groups, confirmed
by previous reports [74]. The point of zero charge was located at pHpzc=8.2. On the
other hand, a marked presence of carboxyl groups (pKa 3-5) and hydroxyl groups,
lowered the surface charge of pectin to negative values, in accordance with previous
reports [227].
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Fig. 3.4 Surface charge Ma—-Ch-Pe, Ch-Pe and the precursors Ma, Ch, and Pe as

a function of pH.

Table 3.5 Quantity of acidic groups for the sorbents under study determined at an
ionic strength of 0.1 M NacCl.

Quantity of acidic groups (mmol-g1)

Strong Weak oH
Biosorbent Very weak Total

pH<4 oH > 7 4<pH<7 PzC
Ma2 b 0.46 0.51 0.97 7.6
Ch b 1.90 b 1.90 8.2

Pe 1.36 1.25 0.04 2.65 ¢
Ch-Pe b 0.66 0.17 0.83 8io
Ma-Ch-Pe b 1.52 0.70 2.22 7.0

a Data from a previous report (Flores-Chaparro et al, 2017)
b Functional group not observed.

¢ No pHpzc observed

The neutralization of the surface charge by Ch-Pe, was probably due to the synthesis

of the ion pair (-COO~ —-NH3*) as mentioned above. Moreover, a decrease of the

negative surface charge could be associated to the formation of hydrogen bonds

between the —OH groups of Ch, and the oxygen atom (-O---HO) from the D-
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galacturonic acid unit of pectin [228]. Related to the macroalgae, the carboxyl groups
of alginate were the more abundant in the cell wall, and the pHpzc above 8 could be
associated with amines (from proteins), sulfhydryl (pKa 8-10) and hydroxyl groups
(pPKa 9.5-13) from alginates, proteins, phospholipids, and polysaccharides,
respectively [189]. The dominant presence of weak acidic (i.e., carboxylic and
lactonic) functional groups in the Ma—-Ch-Pe biocomposites could be related to the
presence of lactone and alkaloid groups from Ma polysaccharides, and the dimeric
repeating unit of Ch. Moreover, the reported quantity of very weak functional groups
(pKa > 7) suggested a structural re-arrangement of hydroxyl and amine groups
probably derived from hydrogen bond or London chemical interactions between Ch

and Ma during the synthesis process.

3.8 Biosorption studies

The benzene, toluene, and naphthalene adsorption capacity of the selected
biocomposite was determined in deionized water at the maximum solubility of each
compound (Table S4). Fig. 3.4 shows the nonlinear fitting of the experimental data
to Sips adsorption isotherm equation by STATISTICA software v.10. Table 3.6
presents the resulting maximum adsorption capacities (gmax) and isothermal
parameters. According to the regression coefficient (R2) and the sums of squares
error (SSE), the biosorption process best fits the Sips isotherm. Sips adsorption
isotherm equation can describe both Langmuir and Freundlich characteristics for
heterogeneous surface systems like in the case of biosorbents. The exponential
character of Freundlich equation can only accurately describe the lower
concentration ranges by an exponential rise in the amount adsorbed with increasing
concentration, while at high sorbate concentrations it shows an asymptotic behavior

distinctive of the Langmuir isotherm [229].
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Fig. 3.5 Adsorption isotherm of (®) benzene, (B) toluene and () naphthalene at
initial pH 6 = 7, and 25°C. The lines represent the Sips adsorption isotherm
equation.

A good fit of the data to the Sips adsorption isotherm (R2> 0.98) allowed to calculate
the maximum removal values (assuming that adsorption occurs on a monolayer) of
58.68, 16.64 and 6.13 mg g for benzene, toluene, and naphthalene, respectively
(Table 3.6). The exponent n value represents the underlying affinity distribution for
heterogeneous systems, which can vary from 0 to 1 [129]. The registered (n > 1)
values for the three molecules under study means that the physical biosorption is
more related to Langmuir adsorption behavior in comparison with Freundlich
equation, which was also confirmed by the SSE value of Langmuir and Freundlich
isotherm equations listed in Table 3.7. A dimensionless constant derived from Sips
isotherm known as separation factor (Ry), was computed to predict the affinity
between the sorbate and sorbent, indicating a favorable biosorption process. The
textural properties of the biosorbent do not present steric limitations for the pollutants
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diffusion (Table 3.6). The low surface area of the biosorbents does not entirely
explain the affinity of non-polar hydrocarbon, for that reason the adsorption capacity
is severely influenced by the biosorbent chemical composition, resulting from the
precursors. Former studies established that many acid dyes molecules with one or
more benzene aromatic rings are attached in a parallel manner to the amine groups
of chitosan, then tend to form subsequent complexes and interactions [85,90].
Otherwise, hydroxyl groups could generate van der Waals interactions and Yoshida
hydrogen bonding, particularly in the C-3 position, between chitosan chains and
aromatic molecules [230]. Pectin also possesses additional ~OH active sites in
conjunction with carboxylic groups that contribute to dispersive interactions with the
pollutants [211]. The HC biosorption mechanism in the brown macroalgae biomass
involves the sum of the interactions occurring with the diversity of chemical
components, including hydrophobic effect between lipids and lignocellulosic
fractions (cellulose, hemicellulose, and lignin) [127], and to a lesser degree,
nonspecific van der Waals interactions with carbohydrates (in particular with
alginates) and proteins [132]. The loaded biosorbent with benzene and toluene was
lyophilized and characterized by FT-IR in the range of 600 and 4000 cm, and the
results suggest that all functional groups are involved in the biosorption process,
however the —OH and C-O chemical groups registered the main changes,
suggesting the primary role of cellulose and hemicellulose in the biosorption process
(Fig 3.5).

To elucidate the contribution of the Ch-Pe fraction to the total removal capacity of
the Ma—-Ch-Pe biocomposite, additional biosorption essays were performed for the
three HC under study at the same conditions described in section 2.5. The
biosorption was 7.35, 3.83, and 0.94 mg g%, for benzene, toluene, and naphthalene,
respectively, which represents the 15, 24 and 22 % of the total removal capacity of
the pollutants above. Therefore, the macroalgae fraction contributes more to the
removal of the hydrocarbons, compared to chitosan and pectin immobilizing agents.

These results agree with our previous ANOVA analysis where the P-value of pectin
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and chitosan factors were higher than 0.05 in the factorial and the response surface

methodologies.

Table 3.6 Textural properties of the biosorbents.

ABET ATmicro1 Ameso2 Amacro3 Vmicro Vmeso Vmacro
(m?g?) (m2g?) (m?g?) (m?g?) (cm®g?) (cm®g?) (cm®g?)
Ma-Ch-Pe 119 N0 0003 1.49x102 N°  1.0x105 2.0x10-
biocomposite
Macrocystis 196 0.030 0.020 4.7x10° 2.1x105 1.7x10"* 2.7x10-*
pyrifera

Chitosan 0.953 0.383 0.201 0.395 ND 1.9x10™* 4.5x107*

AT = Surface area; V*= Pore volume;
1.2.3 micro-, meso- and macropores, respectively.
ND = Not determined

——— T-loaded
—— B-loaded
Raw biocomposite

% Transmittance

T T T T T T

4000 3500 3000 2500 2000 1500 1000

Wavenumber (nm'l)

Fig. 3.6 FTIR spectra of the loaded toluene (T) and benzene (B) and the Ma-Ch-Pe
biocomposite.

Effect of ionic strength

The effect of competing ions was investigated (Fig. 3.6a). A progressive decrease in

the removal capacity was registered from an ionic strength value of 0.6 M. It is
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supposed that a high concentration of salts promotes a partial neutralization of the
surface charge, followed by the reduction of the electrical double layer by the Na*
cation. Moreover, the solvated CI- anions (radii of 0.202 nm) could improve
interactions with the biosorbent surface promoting pore occlusions and avoiding
many of the unspecific interactions related to a lower swelling degree (%) about the
SW in deionized water. Preliminary studies have shown similar results for different
brown macroalgae biomass [231]. Instant Ocean® is a particular case of study
because this solution also contains different ions (I = 0.76 M) and organic matter that
may block pores, preventing the diffusion of the adsorbate to the active sites. Also,
hydrophilic interactions from the mineral content of the artificial seawater solution
may be enhanced by the increase of I, generating biosorption competition by water
clusters [121]. It was observed a slight increase in desorption capacity for all the
pollutants (Fig. 3.6) because the high ionic concentration of ions also with a low
surface area (0.9 and 0.2 m? g~* for chitosan and macroalgae biomass respectively)
overcome some of the dispersive adsorbed molecules [119]. However, 88, 76 and
69% of benzene, toluene, and naphthalene, respectively, remained adsorbed to the

composites after 12 h exposure to deionized water.

60 60

a) b)

10 | 40 4 —&— Benzene
T T —(O— Toluene
o —=&— Benzene 0 —¥— Naphthalene
5 30 A —— Toluene E 30 4

—w— Naphthalene
F ’ &

2 | Q/Q\D\Q\Q 2 | WM@
— | 5 v

0.3 0453 0.6 0.75 Instant Ocean 2 3 4 5 6 7 8 9 10

Ionic strength (mol/L) pH

Fig. 3.7 (a) Effect of the ionic strength on the biosorption capacities of benzene,
toluene and naphthalene by Ma—Ch—Pe biocomposite; (b) pH effect of benzene,
toluene and naphthalene uptake by Ma—Ch—Pe biocomposite.

86



CHAPTER 3

-

—&— Benzene
—O— Toluene

5 4 —w— Naphthalene

qe (mg/g)

0.3

T

0.45

Ionic strength (mol/L)

0.6

0.75

T

Instant Ocean

Fig. 3.8 Effect of the ionic strength on the desorption capacities of benzene,
toluene, and naphthalene by Ma—Ch—Pe biocomposite.

Table 3.7 Parameters of the isotherm equations, correlation coefficients (R?) and
error function values of the models for organic compounds adsorption.

Ma—Ch—-Pe composite

Benzene Toluene Naphthalene
Langmuir
gmax (Mg-g7') 67.71 20.45 8.80
b (L-mg™) 0.002 0.008 0.255
RL 0.207 0.186 0.121
SSE 72.10 11.57 2.57
R2 0.979 0.964 0.973
Freundlich
n 0.446 0.421 0.516
Kr 2.08 1.25 2.01
SSE 208.11 28.92 5.52
R2 0.942 0.911 0.887
Sips
b 0.0004 0.0007 0.227
gmax (Mg-g™') 58.08 16.64 6.13
n(L-mg™) 1.35 1.61 2.096
RL 0.587 0.719 0.134
SSE 42.47 4.69 0.35
R? 0.988 0.985 0.992
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3.9 Effect of pH

Fig. 3.6b shows that the pH of the system (5-9) has no significant effect on the
removal ratio of the adsorbates. The biosorption capacity minimally changes and is
maintained at approximately 50, 20 and 8 mg g™ for benzene, toluene, and
naphthalene, respectively. The reinforced Ma-Ch-Pe biocomposite was tested by
quantifying its mass loss after being placed in contact with water at a slightly acidic
pH (5) during 24 h. Mass loss between 1.2- 2.9 % from the chemical stability essays
reflect that the polymeric matrix of Ch covered and strengthened the macroalgae
biomass. This data is by the swelling degree (380) of the biocomposite, which is
lower than the value of the fresh macroalgae biomass of 570, reported previously
[79].

The hydrolytic stability was tested to assess the effect of temperature on the
biosorbent constitution (Fig. 3.8). Two samples were stored at 25 and 35 °C for 100
h at neutral pH. Thermal degradation was negligible between the two temperatures,
with a mass loss percent of around 15 % in both samples. The water stability of the
biocomposites could be associated with hydrophobic polymers like cellulose and
chitosan, but higher temperatures may increase inter-chain mobility and the
hydrophilic character of the biosorbents.

During the synthesis process, there are remnants of amino groups and carboxylic
groups that are not associated by columbic forces in the polyelectrolyte complexes.
Free -NH2 and —-COOH active sites may form hydrogen bonding with —-OH and
—COOCHs from pectin. These interactions are sensible to dissociate in acidic and
alkaline mediums, respectively [232]. It was previously reported that in Ch-Pe
composites, the swell behavior is limited when 3< pH <8, however, this values
significantly increase when pH < 3 and pH> 8 due to the weak intermolecular forces
through the dissociation of the hydrogen bonding [93]. These polymers were
reported not to precipitate or solubilize until extreme conditions of pH and
temperature [233]. However, this phenomenon could explain the lower biosorption
values in acidic (3-4) solutions in the present work (Fig. 3.6). Thus, although there
was a decrease in the adsorption capacity under the conditions analyzed, compared
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to the previously reported capacity for pristine algae [79], Ma—Ch—Pe composites
have a significant advantage over previous ones considering the strengthening of
their physical properties, which allow them to be applied on a larger scale (e.qg. pilot
or industrial).

The influence of the surface charge in electrostatic interactions between adsorbate
and adsorbent should be observed in organic ionizable compounds (i.e., dyes), but
the molecules under study were in the non-ionizable form in the whole ranges of pH
[123]. In this case, hydrophobic interactions between the adsorbates and the lignin
and lignocellulosic fraction of the macroalgae biomass would remain the main

significant fraction for biosorption.

25°C  25% aen 257 8% 3 BC B¢, 5%

Fig. 3.9 Hydrolytic stability test at 25 and 35°C from 0 to 100 h.

3.10 Biosorption kinetics

To evaluate the effects of DOM on the removal rate of benzene, toluene, and
naphthalene, experiments were carried out by using natural water from a reservoir
containing 19.3 mg L of DOM. The adsorption of HC in the presence of DOM (Fig.
3.9a,b) could be divided into two steps: external diffusion and surface adsorption.
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Both were promptly achieved through the former step, and the equilibrium was
gradually reached in the second step. These results suggest that except M. pyrifera
biomass, the biosorption capacity is mainly limited by external diffusion. The kinetic
data were found to fit better the pseudo-second-order kinetic equation (Table 3.8),
except benzene, which has reported a slightly better approach to the pseudo-first-
order equation. HC rate removal increased (Fig. 3.9¢) in natural water (NW)
compared to deionized water (DW). In this sense, the biosorption capacity increased
33, 61 and 47 % for benzene, toluene, and naphthalene, respectively.

Based on the literature, the natural organic matter may promote a covalent bond with
chitosan through carboxylic acid functional groups [234]. The same kind of
interaction could be expected from pectin, and the macroalgae biomass, because
these fractions share the same surface active sites. Moreover, humic acids, which
are present in DOM, have a significant degree of aromatic polymers, chemical
compositions, functional groups (aliphatic and alicyclic) and charge density [235].
The light absorbing a fraction of DOM (CDOM) corroborated a high aromaticity
degree (SUVA2s4 = 0.976 L mg* m?), and the presence of higher molecular weight
components like humic acids (E2: E3 ratio = 5.03). Humic acids are hypothesized to
have an open network forming aggregates with voids that could join to the Ma-Ch-
Pe composites, promoting hydrophobic and 11 interactions between the biosorbents

and the aromatic hydrocarbons, explaining the increase on the removal capacity.

A comparison of the biosorption capacities of the HC understudy on different
adsorbent surfaces and cellulosic precursors is presented in Table S11. The
Ma-Ch-Pe composite in this study exhibited comparable biosorption capacities and
even higher than other natural materials like wood chips or bagasse [9,62,62,236—
239]. Additionally, the biosorbent offers all the properties to be used in subsequent
flow-through biosorption studies. Additionally, the biosorbent offers all the properties
to be used in subsequent flow-through biosorption studies. Further research
regarding the effective biosorption of aromatic pollutants by the Ma-Ch-Pe
biocomposite and the effect of multi-solute systems will be subject of future
publications.
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Fig. 3.10 (a) Benzene biosorption rate onto (®) macroalgae biomass, (®)
Ma-Ch-Pe, (O) Ma-Ch-Pe and dissolved organic matter (DOM); (b) Effect of
DOM in the rate of adsorption of (®) toluene, (O) toluene + DOM, (V)
naphthalene, (V) naphthalene + DOM,; (c) Adsorption capacity of benzene, toluene
and naphthalene in the presence of organic matter.
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Table 3.8 Pseudo-first order, pseudo-second order and Weber-Morris rate
equation parameters for removal of benzene, toluene, and naphthalene.

MA-CS-Pe Composite.
Benzene B + DOM Toluene T+DOM N N +DOM
Pseudo-first order

ki (ht) 1.86 0.60 2.69 1.07 0.58 0.33
ge (Mg g1) 51.4 65.4 15.8 25.7 395 575
SSEP 204.5 666.3 38.4 67.4 2.36 4.32
R2 0.94 0.91 0.91 0.94 0.92 0.93

Pseudo-second order
k2 (mg gt-h?) 0.06 0.014 0.22 0.06 0.22 0.08

ge (Mg g?1) 52.9 69.5 16.6 270 4.17 6.25
SSE 247.1 423.4 20.2 34.5 1.67 2.70
R? 0.93 0.94 0.95 0.97 0.94 0.96

Weber-Morris model
ks (mg gt h'?) 485 8.77 1.68 3.38 053 0.87

C 26.3 21.72 7.80 863 117 1.25
SSE 1686 1987 190 3128 7.71 11.7
R? 0.53 0.73 0.53 073 0.73 0.83

SSEP=Sum square error, calculated by the formula: ¥~ (qe car — qe,meas)?, where

Je.cal @and Qe meas are the calculated and measured adsorbate concentrations at any
specific time in the case of adsorption kinetics (mg g1).
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3.11 Conclusions

A factorial experiment design in conjunction with a surface response methodology
was applied to find the optimal conditions (75.4%, 19.8, and 4.8% for macroalgae
biomass, chitosan, and pectin, respectively), to remove the highest benzene
concentration from water, as an aromatic hydrocarbon model. The chitosan and
algae biomass content were the main factors involved in the process. The
biosorption mechanism is a sum of interactions between the diversity of chemical
components of the composite precursors and involves mainly hydrophobic effect
between lipids and lignocellulosic fractions (cellulose, hemicellulose, and lignin) and
non-specific van der Waals interactions with carbohydrates, proteins, chitosan, and
pectin contents. The pH of the system (3-9) has no significant effect on the removal
capacity because of the non—ionizable character of the HC. The hydrocarbons
affinities were not affected at least up to | = 0.6 M, but at higher concentrations, there
was a decrease in the adsorption capacity by pore occlusion by water molecules and
competition for surface active sites of the biocomposite. The presence of dissolved
organic matter enhanced the biosorption capacity by the stimulation of hydrophobic
interactions between the biosorbent and the adsorbates. Moreover, the results
reported in the present work showed the potential of the synthesized composites to
be applied in the removal of benzene, toluene, and naphthalene from polluted natural
water in batch processes. Future work to assess the feasibility of the biosorbents will
include the setup of a continuous system and incineration technologies of saturated
materials. The experiments in the following study will also consider multicomponent

systems, the bioavailability, and toxicity to aquatic organisms.
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This chapter is adapted from: Pillared graphene oxide biocomposite as a potential
adsorbent of water-soluble hydrocarbons: Effect of pH, organic matter and ionic strength.
In revision.
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4.1 Abstract

Graphene oxide (GO) is characterized by containing oxygen groups, and intrinsic
properties which make it a potential candidate for many applications through
chemical functionalization. However, has a significant disadvantage as low
dispersibility in water, causing the surface area to decrease, and therefore, limiting
its applications as an adsorbent. Therefore, alternative ways to functionalized
graphene oxide with water-dispersable materials are needed to create GO
composites for further applications. By introducing molecules or other carbon-based
components between GO sheets (pillared agents), an increase in the surface area
of the material could be observed. Also, a pillared GO composite may represent an
improvement in the removal capacity of the main-soluble hydrocarbons in water
(benzene, toluene, and naphthalene). This work is aimed to employ pillared
graphene oxide produced by using chitosan at a ratio of CS/GO = 0.1 corresponding
to a surface area of 47 m?/g. The affinity toward benzene, toluene, and naphthalene
was evaluated at different systems varying pH, and organic matter content of 19.3
mg L. Adsorption data was well-described by Sips and Langmuir adsorption
isotherm models. Different pH values in the aqueous media did not influence
adsorption performance. Also, in the case of dissolved organic matter, low diffusivity
constant values (k1) were observed. These results show the feasibility of chitosan as
a precursor in the development of a surface area of CS-GO composites for the

removal of soluble hydrocarbons in water.

4.2 Introduction

The mono-aromatic hydrocarbons benzene, toluene, and the poly-aromatic
naphthalene are common pollutants found in gasoline and widely used for numerous
industrial applications [239]. These pollutants are a matter of significant concern
regarding their high solubility and bioavailability to aquatic organisms [34]. Recent
research efforts have been conducted in this field including physicochemical and
biological approaches such as advanced oxidation processes, membrane filtration,

thermal processes and so on [240-243]. Despite these methods, adsorption
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technologies are the most widely applied treatment due to its flexibility, high
efficiency, and cost-effective characteristics. Different types of organic [7] and
inorganic [73] media were evaluated as adsorbents for water treatment of aromatic
compounds. Among all of them, carbon-based materials possess comparatively high
surface area, availability of adsorption sites and chemical stability. Moreover, the
evaluation of new carbonaceous nanomaterials has grown as potential alternatives
to conventional activated carbon (AC) and included carbon nanofibers, carbon

nanotubes, fullerene among others [202].

In this sense, graphene, which is a relatively new class of carbon allotrope, and
specifically, graphene oxide (GO) has generated numerous scientific reports related
to the removal of a wide range of pollutants in water [244]. It is well known that the
superior properties of graphene are associated with its single layer. However, GO
tends to form irreversible agglomerates or restack to graphite in aqueous solutions
through strong 1r-11 stacking and Van der Waals interactions [65]. As with many
nanoscale materials, the self-agglomeration of GO particles has restricted its
application in large-scale processes [245]. Hence, modification and functionalization
of graphene sheets is a critical challenge in the synthesis and control of the
aggregation process. This phenomenon can be reduced by the attachment of other

small molecules or polymers to the graphene sheets.

The use of flocculant agents as an active immobilization technique could be applied
to both problems above, improving the interfacial interaction between adsorbate and
the macroalgae biomass or GO sheets. Moreover, the application of polysaccharides
as chitin and its derivate chitosan (CS), has received particular attention because
possess a remarkable quantity of amine and hydroxyl groups that interact with
negatively charged substances and high affinity toward pollutants like metals and
dyes [85,210].
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In the literature, previous adsorption studies by CS/GO composites employed pre-
establish ratios of both precursors for methodology synthesis of the final adsorbent.
However, a specific amount of chitosan soluble polymer may promote a pillaring
effect in the GO sheets resulting in a noticeable increase in the final CS/GO surface
area. Finally, this approach possibly will enhance the affinity toward water-soluble

aromatic molecules.

In summary, this investigation will be focused on the synthesis of a pillared GO by
chitosan molecules (CS-GO), which will be used for the removal of three of the main
soluble hydrocarbons in water (benzene, toluene, and naphthalene). These studies
will include the effect of pH and organic matter on adsorption, in conjunction with the
physicochemical characterization of the composites to explain the adsorption

mechanism(s).

4.3 Material and methods

Chitosan (Ch) (with a molecular weight of 50,000 — 190,000 Da and a =2 75 % degree
of deacetylation). GO was prepared according to modified Hummers method [246]
including the pre-oxidation treatment. A two-step acid-acetone further purified the
GO sample—acetone to remove the salt by-products [67]. The GO was further
dispersed in water at a final concentration of 2.3 mg/L. The model pollutants will be

benzene, toluene, and naphthalene (Sigma—Aldrich, 99% purity).

Synthesis of GO-CS adsorbents

Preparation of chitosan-graphene oxide (CS-GO) composites was made according
to previous studies [99]. Briefly, chitosan aqueous was prepared by mixing 0.12 g
chitosan powder into 2.5% (v/v) acetic acid solution, then different ratios of GO (25,
50 and 75 % wi/w), were dispersed in 10 mL distilled water with sonication to for 10
minutes to form the mixture. Then, the different GO ratios were slowly added to the
chitosan solution. The resulted mixture was stirred for at least 12 h and dried in a
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vacuum oven for 60 °C. Three types of chitosan were evaluated, a low, medium and

high molecular weight samples provided by Sigma-Aldrich.

GO-CS characterization

Quantachrome Autosorb-1 instrument was used to obtain Nz isotherm at 77 K, from
which surface area (m? g™t) and were calculated by BET isotherms equation. Surface
morphology of graphene oxide, chitosan, and graphene oxide/chitosan composites
were characterized using a field emission Scanning Electron Microscope LEO-SEM
1530 VP operating at 5.0 kV for all ranges of resolution. Before imaging, the samples
were coated with a layer of AuPd (~2 nm). X-ray diffraction spectrometry was
performed with a Bruker AXS D8 with Cu KR radiation, A = 1.5418 A. Raman
spectroscopy was performed on a Witec Alpha 300 Confocal Raman Microscope.
FTIR spectroscopy was performed on a Jasco Instruments FT/IR-4100 with an ATR
attenuated total reflectance mode. The zeta potential was evaluated using dynamic

light scattering on Malvern Zetasizer Nano — ZS.

Adsorption experiments

The hydrocarbons uptake by pillared CS-GO will be determined in diluted solutions
and also in the maximum solubility concentration of each pollutant in water [247]. In
brief, 14 mL of a specific hydrocarbon concentration and 5 mg of the GO-CB-CS
biocomposite was added into amber glass flasks. Flasks will be sealed and placed
in a shaker at 25 °C, at 120-130 rev/min for 4 h. Adsorption kinetics will be studied
by adding the mass above of adsorbent to a series of the solution at the same initial
concentration of hydrocarbons. The bottles will be incubated, and the samples will
be taken at the different time to determine the remaining concentration of HC. The
initial and equilibrium concentrations of adsorbates will be determined by a UV-Vis
spectrometer at a wavelength of 254.5, 261 and 284 nm for benzene, toluene, and

naphthalene, respectively.
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4.4 Results and discussion

4.4.1 Physicochemical characterization

Characterization results

Different ratios of chitosan were evaluated to find a pillared effect in the final surface
area of the graphene oxide/chitosan composite. After different tests (Fig 4.1a), a
CS/GO ratio of 0.1 with unmodified low-molecular-weight chitosan represented the
best approach (47 m? g1) in the improvement of the surface area of GO. The pore
size distribution was characterized by macro- and mesopores (Fig. 4.1b) In
comparison to the surface area value of the precursors (< 2.6 m? g1), this CS/GO
ratio represents a significant improvement with adequate adsorbent characteristics.
The surface morphology of the GO and CS-GO structures are presented in Fig. 4.2a.
GO sheets usually form aggregated structures and typical ripples because of the
presence of intermolecular forces (Fig.4.3a) [153]. The introduction of CS molecules
certainly enhance the surface area, but a considerable portion of the interlayer
surface of GO sheets is still lost (Fig 4.3b,). These results give evidence relevancy
of the ratio of a precursor for pillaring porpoises. It was previously reported that a
good dispersion of GO sheets enhances the probability of interactions in the
suspension [67]. Moreover, the opposite charges within the work solution (pH ~ 4),
promote charge stability through the opposite charge of the precursors. Chitosan
can be seen inside the graphene oxide layers with an average size of the particles
between 3-4 nm.
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Fig. 4.1 Surface area (m?/g) of different Cs/GO ratios. The Cs/GO ratio of zero
means 100% GO, and a Cs/GO ratio of 1 means 100 % CS.
The zeta potential versus pH profiles of the composites used in this study is shown
in figure 4.2b. Zeta potential is a powerful tool for electrical properties and colloidal
stability characterization. The zeta potential of the chitosan went from highly positive
at pH 3 to slightly negative at pH 10, which can be attributed to the presence of
cationic amino groups along the polymer backbone [248]. Graphene oxide presented
a negative zeta potential consistent with previous studies [249]. The highly negative
value indicates the stability of the suspension [250]. Because of their opposite
electrical properties, chitosan can strongly attract negatively charged GO sheets
through electrostatic interactions and form multiple hydrogen bonds, increasing the
bonding force between GO sheets [136]. Two CS/GO composite profiles are shown
in the figure. The zeta potential of the CS/GO 0.25 went from highly positive at pH 3
to highly negative at pH 10. The zeta potential of the CS/GO 0.1 went presented
negative values that are consistent with graphene oxide zeta potential [249]. This is

an evidence of the well-distributed chitosan inside the graphene oxide layers.
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Fig. 4.2 a) SEM image of CS/GO composite; b) zeta potential of GO, CS, and
CS/GO composites; ¢) X-ray diffraction pattern of GO, CS and CS/GO composites,
and d) Raman spectra of GO and CS/GO at its optimum ratio

The X-ray diffraction pattern of pure GO has a peak of 26 = 10.54 (figure 4.2c). The
corresponding interlayer spacing is 0.843 nm, which is similar to previously reported
for stacked graphene oxide sheets [223]. The interlayer spacing is calculated using
Bragg’s Law [251]. The chitosan diffraction pattern has two peaks, one at 26 = 20.5
and a broad peak at 26 = 10.7. These peaks can be attributed to hydrated and
anhydrous crystals, respectively [68]. The CS/GO composite does not present any
peaks related to chitosan, which indicates the chitosan is well distributed inside the
graphene oxide sheets. The peak at 26 = 9.7 in the diffraction pattern of the CS/GO
corresponds to an increased interlayer spacing of 0.915 nm. The increased interlayer
spacing can be associated with the uniform distribution of the chitosan on the

graphene oxide layers.
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Raman spectroscopy is a useful technique to characterize carbon composite
materials. The Raman spectra for the composites in the present study are shown in
Figure 2d. The spectrum of GO sheets shows three bands at 1592, 1352, and 2682
cm™, which can be assigned to the G, D, and 2D bands, respectively. The G band
is a result of a C-C bond stretch, being typical for all sp? carbon forms [252]. This
band is formed from first-order Raman scattering [9]. The D peak is related to
vacancies defects and oxidized domains in graphene oxide. Furthermore, it is also
well known that the D/G peak intensity ratio can determine the sp? area size of
graphene sheets containing sp® and sp? bonds [253]. In the present case, the results
indicate that the D/G ratio value changes from 0.98 to 1.03 after the self-assembly

of chitosan on graphene oxide layers, as seen in Figure 2d.

The interaction between the amino polysaccharide of chitosan (CS) and GO sheets
have been reported through (1) The aforementioned electrostatic interactions of the
negative surfaces of GO in solution with the cationic character of CS, and (2) the
formation of an amide bond between the amide group of CS and the carboxylic
groups of GO [247]. FT-IR spectroscopy and potentiometric titrations confirmed
these interactions. Changes in the absorption peaks at 1720 and 1056 cm
corresponding carboxylic and amide groups, respectively were identified (Fig. 3).
Furthermore, a decrease in the peaks of carboxylic and phenolic groups (mention

the specific pKa and concentrations) were detected.
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Fig. 4.4 (a) FTIR spectra of the CS/GO composite and the precursors; (b) pKa
distribution for GO and GO-CS composite
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4.5 Adsorption experiments

Adsorption points were realized at the maximum solubility value in water (1800, 515
and 31.5 mg/L for benzene, toluene, and naphthalene, respectively) at 25 °C. The
CS-GO adsorption data isotherm was described better by Sips isotherm model,
however, GO adsorption data registered a best-fit to Langmuir adsorption isotherm
equation (Table 5.1). This result is in accordance with previous reports [23].

Table 4.1 Parameters of the isotherm equations, correlation coefficients (R?) and
error function values of the models for organic compounds adsorption.

CS-GO GO
composite
B T N \ B T N
Langmuir
Qmax (Mg-g~?) 278.7 75.77 9.705 34.36 19.02 6.560
b (L-mg™) 7x10* 0.018 0.149 0.003 0.008 0.026
RL 0.442 0.097 0.176 0.156 0.195 0.550
SSE 204.6 29.41 0.359 4.320 2.560 0.044
R? 0.993 0.992 0.994 0.993 0.987 0.994
Freundlich
n 0.664 0.274 0.432 0.329 0.346 0.719
Kr 1.169 1.169 1.960 2.573 1.808 0.257
SSE 529.7 529.7 1.230 19.50 8.099 0.101
R? 0.982 0.982 0.981 0.970 0.961 0.988
Sips
b 3x10* 0.020 0.149 0.013 0.010 0.041
Qmax (Mg-g~) 260.2 76.83 9.636 41.44 19.23 4.764
n (L-mg™) 1.124 0.961 1.011 0.703 0.957 1.032
Rc 0.649 0.088 0.176 0.041 0.163 0.436
SSE 100.1 29.09 0.360 9.840 2.826 0.097
R? 0.997 0.993 0.995 0.985 0.986 0.988

The characteristic features of the Langmuir and Freundlich adsorption models
describe Sips equilibrium approach of CS-GO isotherm data at saturation and low
concentrations. The close difference of heterogeneity constant (n) from unity
denotes and homogeneous adsorption on the surface of the adsorbent which was
also noted to decrease with the hydrophobicity of the HC. On the other hand,
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according to the Langmuir model, the GO isotherm data described homogeneous
adsorption with a finite number of identical sites [254].

Comparative adsorption values between the CS-GO composite and GO sheets
(Fig.4.5) revealed that the pillared effect of CS between GO sheets resulted in a
positive affinity (around 2 to 4-fold increase of the removal capacity) for the pollutants
under study. Studies related to the adsorption of organic pollutants by graphene
oxide establish the existence of defects, edges and groove areas. Aromatic
molecules would tend to interact with these high energetic sites [153]. Additionally,
the hydrophobic effect and 1r-11 interactions should be considered. The graphene
morphology was modified with the introduction of chitosan molecules, which
probably create a higher presence of surface crumples and grooves with high
adsorption energy sites. The presence of these new high adsorption sites promote
a significant affinity for the hydrocarbons and promoting more typical adsorption
mechanisms. In the case of chitosan, recent studies established that benzene
aromatic rings are attached in a parallel manner to the amine groups of chitosan,
then tend to form subsequent complexes an interactions [85]. Otherwise, hydroxyl
groups could generate van der Waals interactions, particularly in the C—-3 position,

between chitosan chains and aromatic molecules [234].
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451 Adsor

ption kinetics

Concerning kinetics tests, a high adsorption rate for the first period of adsorption was

revealed in the system (Fig 4.6), reaching the equilibrium in less than 15 min.

According to correlation coefficients (R? and SSE values), the pseudo-first-order

model registered the best fit to the kinetic data in all the systems. This evidence

suggests that the kinetics are governed by the rate of surface reactions at the first

period, and the system approaches the equilibrium, a change in the mechanisms in

registered from surface reaction to intraparticle diffusion. In other words, the quick

adsorption at the initial stage revealed a significant number of available sites with a

high affinity for the aromatic pollutants.
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Dissolved organic matter (DOM) was the fraction of organic substances in a natural
water sample that passes a 0.22 pm filter, and is composed of three primary sources:
a) terrestrial matter from soils, b) phytoplankton occurring in surface water, and c)
synthetic substances of anthropogenic origin. The organic and inorganic fraction was
fully characterized and reported elsewhere [125]. The summary of the
characterization analysis is presented in Table 4.2. The kinetics results showed a
diminish of the adsorption rate of the pollutants with a slight increase in the overall
adsorption capacity. This observation was reflected in the comparative lower

pseudo-first kinetic constants (ki).

Table 4.2 Pseudo-first order, pseudo-second order and Weber-Morris rate
equation parameters for removal of benzene, toluene, and naphthalene.

CS-GO Composite.
B+ T+

B¢ DOME TY DOM N© N +DOM
Pseudo-first order
ki (h?) 21.77 16.24 15.94 16.36 10.12 4.483
ge (Mg-gh)  148.6 1754  73.01  98.89  6.577 11.01
SSEP 11.80 155.9 187.2 82.06 4177 8.330
R? 0.999 0.994 0.966 0.991 0.910 0.936
Pseudo-second order
l(<r2;19-g'1-h'1) 0.236 0.129 0.259 0.229 1.819 0.295
ge (Mmg-g?) 157.7 190.8 80.79 108.4 7.390 14.08
SSE 206.1 815.3 374.3 42.78 5.182 12.16
R? 0.988 0.970 0.931 0.995 0.888 0.905
Weber-Morris model
l((r;g-g'l-hm) 119.9 150.4 69.18 98.47 6.574 12.41
C 57.01 59.03 21.60 27.20 1.436 0.126
SSE 7217 1088 1920 2614 13.31 25.03
R? 0.779 0.779 0.648 0.850 0.714 0.807

@ = Benzene; P = Dissolved Organic Matter; Y = Toluene; ® = Naphthalene

Based on the literature, dissolved organic matter may promote a covalent bond with
chitosan through carboxylic acid functional groups [234]. Moreover, humic acids,

which are present in DOM, have a different hydrophobic as well as hydrophilic
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character, chemical compositions, functional groups and charge density [235].
Through these sites, DOM could join to CS-GO composite adding hydrophobic sites,
promoting the hydrophobic and 1r- 1 interactions between CS-GO composite and

the aromatic hydrocarbons, explaining the increased on the removal capacity.

45.2 pH Effect

Fig. 4.7 shows that the pH of the system (3-11) has a significant effect on the removal
ratio of benzene at acidic values (pH = 5). On the contrary, pH effect was lower for
toluene and naphthalene. One possible explanation is that in acidic media, the CS-
GO composite suffered two main changes: (1) a significant quantity of amino groups
would be available due to the less amount of epoxy and hydroxyl groups (Fig 3b).
The lower capacity could be related to the chitosan dissolution tendency at acidic
conditions, or (2) the formation of amido groups after the interaction of the GO
carboxyl groups with the chitosan amino groups, which have a highly polar
characteristic. However, in the case of toluene and naphthalene, a minor effect was
registered possibly by the high energy of adsorption between the CS-GO surface
and the molecules under study due to their more hydrophobic character (higher Kow

values).
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4.6 CS-GO as an adsorbent of aromatic hydrocarbon

Different pillared agents for graphene and graphene oxide were analyzed in the
literature, which mainly included carbon-bases materials like carbon nanotubes,
nanocarbon fibers, carbon black and fullerenes [67]. Another type of agents included
polymers, metallic cations and in minor proportion organic polymers. For that reason,
it is difficult to establish a clear comparison of the pillared capability of chitosan.
However, the most similar CS/GO composites reported in the literature, and the
target pollutants are presented in Table 4.3.

In the present study, the experimental data confirmed the capability of chitosan, as
a soluble polymer to join the interspaces of graphene oxide (0.335 nm). More
research in this field would be needed to improve the pillaring methodologies, and
to enhance the chemical interaction of the precursors through chemical

modifications, and optimum ratios of synthesis.

Table 4.3. Compilation of the main studies regarding the synthesis of CS-GO for
the removal of organics in water.

Removal

Composite precursors Target pollutants capacity (mg/g) Reference
. Methylene blue 320
CS; GO Eosin Y 240 (Chen, 2013)
CS; GO;
FesOu Methylene blue 180.83 (Fan, 2012)
CS; GO; FeCls-6H20; (Traviou
FeCl2-4H20; Reactive black 5 221 ’
2013)
gluteraldehyde
CS; GO; FeCls:6H20;
FeCl,-4H20; :
gluteraldehyde: EPC: B- Methylene blue 50.12; 84.32 (Fan, 2013)
ciclodextrin
Cellulose; GO Methylene blue 70.63 (Shi, 2013)
. . _ (Shesmani,
CS; GO; FeCl3-:6H20 AO7 42.7 2014)
CS; GO; FeCls-6H20; . .
FeClo-4H50: Fuchsine 75.31 (Leilei, 2014)
. . . Acid red and 40
CS; GO,; Fly ash; cationic red 60 (Sheng, 2016)
Benzene 147
CS/GO ratio=0.1 Toluene 60 This study
Naphthalene 8
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4.7 Conclusions

The synthesis of different CS-GO composites achieved an optimized surface area
of 47 m?/g (ratio CS/GO = 0.1). Different characterization techniques verified the
presence of chitosan molecules between the GO sheets, creating grooves and high
energetic adsorption sites. The hydrophobic effect and 1r-11 interactions of the GO
structures also with chitosan (-OH) functional groups determined the favorable

adsorption capacity in comparison with the un-modified GO.
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5.1 Abstract

This study aimed to investigate the adsorption capacity of a microalgae-based
biocomposite as a biosorbent of water-soluble hydrocarbons like BTEX compounds
(benzene, toluene, ethylbenzene, and xylenes), and naphthalene on fixed bed
experiments. The effects of the feed flow rate (0.3 - 1.1 mL/min) and equimolar
selectivity on the breakthrough characteristics of the biosorption system were
determined. The biosorption data was fitted to five well established fixed-bed
adsorption models known as Thomas, Clark, Yoon-Nelson, Dose-Response, and
BDST. Selectivity on the removal of hydrocarbon was observed based on the
molecular weight (hydrophobicity) of the molecules. The biosorption data well-fitted
the BDST and Dose-Response models with coefficients of correlation R2> 0.95 in
different conditions. The macroalgae-baed biocomposite shows to be satisfactory for

the biosorption water-soluble hydrocarbons.

5.2 Introduction

One of the significant sources of water-soluble hydrocarbons (WSH) is related to
petrochemical activities that impact with polluted water and oil spillage [201].
Different approaches have been suggested for WSH such as filtration, aeration,
biodegradation and photocatalysis [202,203]. Although these techniques have a
different degree of success, they were found to be: (a) energy and chemical-
consuming, (b) demands long periods of treatment, and (c) involve expensive costs
for equipment and maintenance. Sorption technologies by inactive macroalgae
biomass (Ma) have been effectively used for the removal of WSF in previous studies
due to its high availability and chemical constitution [10,255,256]. Moreover, during
this research, the physical properties of a brown biomass sample were improved
through an immobilization technique with chitosan and pectin biopolymers. A design
of experiments methodology optimized the final composition of the new biomaterial.
Finally, the affinity of the biomaterials for the pollutants under study was evaluated

through batch systems at different conditions.
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In the literature, many biosorbents were tested in batch systems for different organic
molecules. However, the design of an industrial process involves the achievement
of additional fixed-column experiments to evaluate the effectiveness of the materials
at dynamic conditions [135]. The main objective of this research was to determine
the operational parameters of a fixed-bed column packed with our formerly reported
macroalgae-based composite. For this purpose, the effect of key design parameters
(influent concentration and bed depth) was performed. Moreover, Thomas, Dose-
Response, Bed Depth Service Time (BDST), Clark and Yoon-Nelson models were

applied to assess the agreement to experimental data.

5.3 Materials and methods

All the reagents used for analysis were of analytical reagent grade supplied by
Sigma-Aldrich. The natural water employed in this study was collected from a basin
located in San Luis Potosi, Mexico (22° 9' 00" N 101° 3' 15" W), and filtered through
Millipore 0.22 uM nylon filters and was chemically characterized by total organic
carbon, metals and anions concentrations as specified in Table 3.1. The inert
biomass selected in this study was M. pyrifera previously rinsed with abundant
deionized water (< 11 uS cm), dried at 60 °C for 72 h, milled to powder texture and

stored in a free moisture environment.

Synthesis of the biosorbent

The composites were prepared by dissolving a specific amount of pectin (Pe) powder
in deionized water. On the other hand, a weighted mass of chitosan (Ch) was
suspended in a slightly acidic media (acetic acid 5% v/v). The synthesis was followed
by the mixing of both solutions in conjunction with the addition of a precise amount
of macroalgae biomass (Ma). A factorial experiment design in conjunction with a
surface response methodology was applied to find the optimal doses (75.4%, 19.8,
and 4.8% for macroalgae biomass, chitosan, and pectin, respectively), for the
biocomposite composition. The homogeneous (Ma-Pe-Ch) solution was entirely
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dispensed through a drop system into a 5 % NaOH solution for hydrogelation,
according to a previous methodology [226]. The final biomaterials were thoroughly

washed with distilled water until neutral pH and then dried at 60 °C for 48 h.

Continuous adsorption experiments

The experimental set-up for a continuous system consisted of a 0.15 m long column
with an inner diameter of 25 mm as shown in Fig 5.1. A total mass of 1.4 g of Ma-
Pe-Ch biosorbent (600-800 um of particle size) mixture was uniformly packed into
the column with a respective bed height of 5 cm. A disk with 150 ym pore was
constructed on the bottom of the glass column to support the biosorbent and also
prevent any loss. The continuous experiments were performed under controlled
conditions to prevent any hydrocarbon loss. Two primary systems were performed:
(1) In the first case, naphthalene was selected and different empty bed contact time
(EBCT) were tested. The EBCT refers to the time required for a fluid to pass through
the volume equivalent of the media bed and it is expressed by

EBCT = VFH/Q (Eq 5.1),

where Ve is the volume occupied by the biosorbent media (m?), and Q is the flow
rate of the adsorbent, m3h. The influent agueous solution containing a known
concentration Co (2.6 mg/L) was passed in the column bed in a downward manner
at a constant flow rate of 1.1, 0.41, and 0.3, and EBCT values of 4, 15 and 20
respectively. (2) In a second system, the equimolar removal rate of BTEX and
naphthalene biosorption was performed in the presence of deionized and surface
natural water. The effluent solution was collected as a function of the time, and the
concentration of each BTEX and naphthalene C; (mg/L) were determined by HPLC
after dilution as previously reported [125]. The breakpoint was considered as the
point where effluent concentration reaches 10 % of the influent concentration (C/Ct
= 0.1). The time corresponding to this point is the breakthrough time (tv). When the
effluent concentration reaches 95 % of the influent concentration, it is considered the

saturation point (referring to saturation time (ts)).
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Fig. 5.1 Schematic diagram of the experimental fixed-bed column setup.

53.1 Dynamic adsorption models

Thomas model

The theoretical background of the Thomas model [257] implies no mass transfer and
axial dispersion. A Langmuir adsorption equilibrium and second-order reversible
reaction kinetics determine the adsorption process. This expression is also applied
when external and internal diffusion limitations do not limit the sorption phenomenon.

The Thomas model is expressed by Eqg. 5.2:

Co _ 1 1

P k - krymq
Ci 1+e[(%)(mQTH_CiV)] M—kTHCit)

(5.2)
el

Where krx is the Thomas rate constant, and qrw+ is the maximum adsorption capacity

for the hydrocarbons under study (mg/g).
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Clark model
This model considers the use of a mass-transfer coefficient in conjunction with the
Freundlich adsorption isotherm equation [258], determined by the following

expression.
1

=2 = l—l ] - ith A= (—i _1) e’ctp (5.3)
. —kct wi ng—1 .
C; (1+Ae~kct) C,

Where nris the Freundlich constant (determined for previous equilibrium studies), k¢
(min‘t) is the adsorption rate constant and C, (mg/L) the solute concentration at the

breakthrough time.

Yoon-Nelson
Yoon-Nelson model [259] identifies that the rate of reduction in the chance of
adsorption of adsorbate molecule is proportional to the solute adsorption and the

adsorbate breakthrough on the adsorbent. The equation is given as follows (Eq 5.4):

Co e(kyNt—kyNts00)

= 54
C;  1+e(kynt—kyntsom) ®-4)

Where kvyn is the Yoon-Nelson adsorption rate constant (min-t), and tsoe (min) is the

time required for retaining 50% of the initial hydrocarbon concentration (C/Ci=0.5).

Dose-Response model
The Dose-Response model is an empirical equation that diminishes the error
resulting from the use of the Thomas models, especially at low and high periods of

the breakthrough curve [260], which can be estimated by (Eq 5.5):

Cs Cs
G _C_ & _G_ G _ 55)

- ¢4
AT T )
Vs0% t50%

Where Cs is the solute concentration at ts and a is the constant of the Dose-

Response model.
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Bed Depth Service Time (BDST) Model
This model assumes that an external reaction between the solute and the unused

fraction of the biosorbent [256] governs the sorption process.

Co _ 1

. N
Ci 1+e[kBDSTCi< B;.?USTL—t)]

(5.6)

Where NgpsT is the biosorption capacity (mg/L), v is the linear-flow velocity of the
adsorbates along the bed (cm/h), kepsr is the adsorption rate constant that describes
the mass transfer from the liquid to the solid phase (L/mg h), and L is the height (cm).
The significance of the models was tested by the statistical values of the correlation
coefficient (R?) and the sum of the squares error (SSE), according to the following

expression (Eq. 5.7):

2

i

7i1=1(ye,meas - ye,calc) (5-7)
Where Yemeas and Ye,cac are the measured and theoretically calculated dependent

variable.

5.4 Results and Discussion

Main biocomposite results

The methodology of synthesis of the biocomposite was previously described. A
factorial experiment design in conjunction with a surface response methodology was
applied to find the optimal conditions (75.4%, 19.8, and 4.8% for macroalgae
biomass, chitosan, and pectin, respectively), for the benzene removal capacity, used
as aromatic hydrocarbon model. The chitosan and algae biomass content were the
main factors involved in the adsorption process as described below. The biosorption

mechanism is a sum of interactions between the diversity of chemical components
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of the composite precursors and involves mainly hydrophobic effect between lipids
and lignocellulosic fractions (cellulose, hemicellulose, and lignin) and nonspecific
Van der Waals interactions with carbohydrates, proteins, chitosan, and pectin

contents.

Dynamic adsorption of WSF by macroalgae-based biocomposites

All the breakthrough curves followed the typical S-shape curve ratio of outlet solute
concentration to inlet solute concentration (C¢/Cj) in the fluid as a function of time (t
in min). At the first stage of adsorption, the HC was rapidly adsorbed on the surface
due to the high availability of active sites. When the feed water is introduced through
the inlet of the column, the solute is adsorbed most rapidly and effectively by the
upper few layers of the fresh biosorbent during the initial stage of the experiment. As
the polluted solution continues to flow into the column, the top layers of the sorbent
become saturated with the incoming solute and become less useful for further
sorption. The process continues until the saturation point reached 95% of the inlet

concentration value [261].

Effect of flow rate

The breakthrough curves at three different fluxes 1.1, 0.3 and 0.41 mL/min for EBCT
values of 4, 15 and 20 are shown in Fig 5.2. The superficial velocity (v) was 0.99,
0.26 and 0.19 for the aforementioned EBCTs values, respectively. The bed height
was constant at 4 cm, and the initial concentration was established at 2.6 mg/L.
Breakthrough time reaching saturation was increased with a decrease in the flow
rate [255]. At low influent flow, naphthalene had more time to be in contact with the
adsorbent, which resulted in a higher removal of adsorbate molecules in the fixed-
column. These results are by previous systems for the continuous removal of organic

and inorganic pollutants by using biosorbents [255,262].
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Dynamic behavior of Ma-Pe-Ch biocomposite beds was calculated using a
previously described methodology [263], and the main parameters are compiled in
Table 5.1. In this table, Vs is the breakthrough volume at a relative concentration of
0.02 (which was arbitrarily selected). Hurz is the height of the mass transfer zone,
which gives information about the rate of adsorbate removal by the adsorbent. The
faster the adsorption rate, the lower is the height of the mass transfer zone. The
fractional capacity, @, is a measure of the efficiency of the biosorbent located within
the mass transfer zone. The value St express the specific throughput of the
adsorbent, which means the mass necessary to treat a specific volume bed beyond
an established concentration (0.02). Stonj has the same principle, but in this case,
the reference is given by values suggested by the US-Environmental Protection
Agency [24]. In the literature, a quick and sharp breakthrough curve usually show
high ¢ values. On the other hand, gradual, flat breakthrough curves register low ¢
values. Rwrz is the rate of movement of Hwrz. This parameter is functioned on the
affinity of the adsorbate for the biosorbent and is a relevant value for scale-up design
because it indicates the rate at which the adsorbent will be exhausted. The results
listed in Table 1 shows an increase of Vg and Hwmrz, which means that the
breakthrough occurs faster at a higher flow rate, by the reduction of the Rutz. No
significant differences were found for ¢ values, meaning that the removal efficiency

is only delimited by the flow-rate.

Figure 5.2 shows a slowing down tendency to reach the saturation value with a
decrease in the flow rate. A possible explanation could be related to a decrease of
the mass transfer parameter values, which prevent an efficient diffusivity into the
internal surface active sites. Low flux values promote an eventual intraparticle
diffusion resistance. The linearized Thomas model at different slopes could lead to
the computation of different rate constants krq (mL min-t mg?) to identify an overall
change in the mass transfer rate. In all the cases, two main steps where identified.
For example, an EBCT value of 15 registered two different slopes: At the first time
period (Fig 5.3), a constant slope is noticeable in the system, especially at intervals
below the breakthrough time. At greater times, the slope suddenly change to notable
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lower values probably because the internal surface area is completely occupied and

the final step of biosorption is only in the external active sites.
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Fig. 5.2 Breakthrough curves for naphthalene at onto Ma-Pe-Ch biocomposite at
different flow rates of 1.1, 0.41 and 0.3 mL/min for EBCT values of 4, 15 and 20,

respectively.
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Fig. 5.3 Thomas rate constant for naphthalene removal on Ma-Pe-Ch at an EBCT
value of 15.

1.3.2.1 Equimolar experiments

Among the evaluated dynamic adsorption models (Table 5.2 — 5.4), the fitting value
of R?2 and SSE for Dose-Response and BDST models were the highest for the given
experimental conditions. Thus, it could be suggested that an external reaction with
no mass transfer and axial dispersion, following a Langmuir adsorption equilibrium,
and second-order reversible reaction kinetics [135]. These assumptions are in

agreement with our previous batch studies.
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Table 5.1 Breakthrough curve parameters of naphthalene removal by Thomas, Dose
Response, BDST, Yoo-Nelson and Clark models onto Ma-Ch-Pe biocomposite
column (pH = 8, particle size = 800 ym, room temperature).

EBCT

4 15 20
Thomas model
KtH 0.04 0.01 0.008
[mL(mg/min)]
gih [Ma/g] 60.60 125.43 176.09
R? 0.98 0.97 0.95
SSE 0.02 0.07 0.14
Dose-Response model
go [mg/q] 54.61 120 179.32
a 2.52 3.60 4.25
R? 0.98 0.99 0.99
SSE 0.02 0.02 0.03
Bed Depth Service Time
KepsT [L/(mg h)] 0.04 0.009 0.005
Ns [mg/L] 17.09 26.62 42.35
R? 0.98 0.97 0.97
SSE 0.02 0.07 0.06
Yoon Nelson Model
Ky [min] 0.107 0.025 0.015
R? 0.97 0.97 0.95
SSE 0.04 0.09 0.12
Clark model
Kc [min] 0.061 0.014 0.01
R? 0.98 0.99 0.92
SSE 0.03 0.02 0.17

Table 5.2 Characteristics of biosorbents for the removal of naphthalene of
hydrocarbons at 25 °C.

VB Vc Hmtz 6 Rmtz Sto002 ST obj
(mL) (mL) (cm) (cm/min)  (mL/g) (mL/g)

EBCT4 517 6.47 353 0.79 0.09 4.23 5.29
EBCT 15 31.00 34.10 3.08 0.79 0.01 23.15 25.46
EBCT 20 52.83 56.43 2.72 0.80 0.01 37.72 40.29

The results of the equimolar experiments of BTEX and naphthalene through
deionized and natural water are presented in Fig. 5.4. In general, the experimental
data registered a better fitting to D-R, and BDST mentioned earlier. Additionally, the

velocity constants of the BDST model (Ks) were higher in the presence of organic
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matter because of the competition for adsorption sites (Fig 5.3a). For the same

reason, a lower removal capacity was registered as well as the breakthrough time

compared with the system in deionized water. This result was corroborated by the

removal capacity value of the D-R model. A linear relation was founded between the
removal rate (ge), and the hydrophobicity of the molecules, which has a direct

relationship with the partition coefficient of the aromatic hydrocarbons.
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Fig. 5.4 (a) Breakthrough experiments of an equimolar 0.064 mM hydrocarbon
mixture of BTEX and naphthalene compounds in deionized water and, (b) natural
water on a 15 cm column filled with Ma-Pe-Ch biocomposite. Flow of 0.34 mL/min

and empty bed contact time of 17.9 min
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Table 5.3 Breakthrough curve parameters of benzene, toluene, naphthalene,
ethylbenzene and xylene removal by Thomas, Dose Response, BDST, Yoo-Nelson
and Clark models onto Ma-Ch-Pe biocomposite column (pH =8, particle size = 800
pgm, room temperature) in deionized water.

Pollutant
Benzene Toluene  Ethylbenze Xylene Naphthale

ne ne
Thomas model
KtH 0.005 0.004 0.004 0.003 0.002
[mL(mg/min)]
gih [Ma/g] 165.90 166.31 209.18 222.05 408.35
R? 0.95 0.94 0.96 0.94 0.95
SSE 0.07 0.10 0.09 0.11 0.07
Dose-Response model
go [mg/g] 157.41 154.60 200.13 198.03 384.18
a 3.09 2.51 3.15 2.70 3.47
R? 0.98 0.99 0.98 0.97 0.96
SSE 0.03 0.02 0.03 0.05 0.05
Bed Depth Service Time
Ks [L/(mg h)] 0.005 0.004 0.004 0.002 0.002
Ns [mg/L] 39.93 39.85 50.34 79.36 98.28
R? 0.95 0.94 0.95 0.94 0.95
SSE 0.07 0.10 0.09 0.11 0.07
Yoon Nelson Model
Ky [min] 0.057 0.03 0.042 0.02 0.0184
R? 0.91 0.94 0.94 0.91 0.88
SSE 0.14 0.01 0.10 0.16 0.15
Clark model
Kc [min] 0.013 0.014 0.018 0.017 0.022
R? 0.89 0.98 0.98 0.95 0.75
SSE 0.17 0.03 0.03 0.08 0.32

The shape of the equimolar breakthrough curves (Fig. 5.4) shows that benzene is
preferentially adsorbed in comparison to the rest of the evaluated molecules. This
could be explained by the diffusion coefficients values in free solution [264], which
follows a linear trend in base of their molecular weight. For that reason, it is possible
that simple aromatic molecules (benzene or toluene) reach quicker the available
active sites, avoiding at the same time, the adsorption of larger molecules (e.g.,
naphthalene). This phenomenon is enhanced by the presence of dissolved organic
matter due to the competence of active sites at the bottom of the fixed bed column.
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The DOM constituents may attach to the first layers of the fixed column, probably
producing diffusional restrictions for larger molecules which registered a slowing
down tendency reaching the saturation value of the breakthrough curve (Fig 5.5).
According to the literature, the dissolved organic matter contain a significant degree
of aromatic polymers, chemical compositions, and functional groups promoting
hydrophobic interactions with large molecular aromatic compounds.

Table 5.4 Breakthrough curve parameters of benzene, toluene, naphthalene,
ethylbenzene and xylene removal by Thomas, Dose Response, BDST, Yoo-Nelson
and Clark models onto Ma-Ch-Pe biocomposite column (pH = 8, particle size = 800
um, room temperature) in dissolved organic matter (DOM = 19.4 mg L) media.

Pollutant
Benzene Toluene Ethylbenz Xylene Naphthale
ene ne
Thomas model
Kth 0.022 0.01 0.006 0.007 0.003
[mL(mg/min)]
qth [Ma/g] 85.57 108.19 117.17 144.27 221.92
R? 0.99 0.99 0.96 0.98 0.91
SSE 0.007 0.013 0.04 0.02 0.10
Dose-Response model
ao [mg/g] 85.10 106.02 111.70 141.15 212.13
a 8.50 4.03 3.10 4.75 3.02
R? 0.99 0.99 0.99 0.99 0.98
SSE 0.006 0.003 0.012 0.006 0.035
Bed Depth Service Time
Ks [L/(mg h)] 0.022 0.08 0.006 0.007 0.003
Ns [mg/L] 22.15 27.80 30.32 37.33 57.43
R? 0.99 0.99 0.96 0.98 0.94
SSE 0.01 0.01 0.04 0.02 0.10
Yoon Nelson Model
Ky [min] 0.220 0.068 0.057 0.07 0.036
R? 0.94 0.98 0.96 0.95 0.91
SSE 0.16 0.02 0.04 0.06 0.15
Clark model
Kc [min] 0.08 0.04 0.014 0.024 0.04
R? 0.97 0.99 0.97 0.96 0.98
SSE 0.03 0.01 0.05 0.05 0.03
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5.5 Conclusions

In this study, an optimized Ma-Pe-Ch biocomposite was used for BTEX and
naphthalene removal in a fixed-bed column under different experimental conditions.
Results showed that the naphthalene adsorption increases by increasing the contact
time between the effluent and the adsorbent. The most extensive removal capacity
was for naphthalene by the hydrophobicity of the molecules and the partition
coefficient to active sites. It has been found that Thomas and Dose-Response
models successfully predicted hydrocarbons breakthrough curves obtained under
various experimental conditions. Adsorption mechanism revealed by the D-R models
suggest a Langmuir and a second order-rate kinetic equation as verified in batch
experiments. The presence of dissolved organic matter decreases the removal

capacity and increase the kinetics phenomenon due to competition for active sites.
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6.1 GENERAL DISCUSSION

The presence of water-soluble hydrocarbons (like BTEX and naphthalene) in water
is related with detrimental effects to the environment. Just a minor fraction of their
solubility capacity could produce toxic effects in aquatic organisms and human
health. The necessity to treat these pollutants is because of its capability to
overcome primary and secondary treatments in a wastewater plant. Beyond the
extensive list of available technologies to remove these pollutants, the
physicochemical strategies of sorption and adsorption are the most selected
because of its short periods of treatment with high efficiency. Activated carbon is the
most selected adsorbent, but the drive for improved precursors created the field to
look for new adsorbents. The use of unemployed resources such as seaweeds
represents a potential precursor because there is no competition with food
resources. Cultivation and harvesting of seaweed biomass at large scale is a well-
establish technology. In this dissertation, one of the main contributions was to found
that macroalgae biomass is a competitive biosorbent for the removal of the main
soluble hydrocarbons. According to the results, hydrophobic and dispersive
interactions govern the biosorption mechanisms, for this reason, proximal and
lignocellulosic determinations should be considered as the first step to consider a

particular biomass. Brown biomass registered the higher removal capacities.

A crucial analytical aspect is the presence of a dissolved fraction of biomass
inevitable release to the aqueous system. A robust technique like high-performance
liquid chromatography (HPLC) or gas chromatography (GC) would easily overcome
this limitation, but in the case of UV-Vis spectroscopy, the presence of multiple
blanks is mandatory. An interesting observation of this fraction is that increases with
ionic strength and with temperatures, which is related to the lower stability of the

functional compounds within the biomass at extreme conditions.

The appreciable disadvantage of the dissolved fraction in conjunction with low
mechanical properties represent the main drawbacks of this technology. For that
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reason, in this work, a granulation approach by biomass entrapment was conducted
with chitosan and pectin. The biopolymer-biopolymer interactions between two
opposite-charge macromolecules enhanced the compatibility and stability of brown
biomass. Despite the low surface area, the final material (0.12 m? g?!) had a
biosorption capacity of 58.68, 16.64 and 6.13 mg g for benzene, toluene, and
naphthalene, respectively employed. A removal capacity of around 50 % less than
the previously tested brown seaweed was registered. This could be related to the
immobilization methodology. Improvements in the entrapment techniques would be

necessary to increase the availability of surface active sites in the raw biomass.

Finally, the use of natural polymers such as chitosan for the removal of soluble
hydrocarbons was applied to attend a well-known agglomeration inconvenient of a
carbon-based nanomaterial. The pillared effect of chitosan between graphene oxide
sheets was evidenced by an optimal CS/GO ratio. The main advantage of chitosan
is its solubility in an acidic media where it can diffuse between some of the GO sheets
as could be noted in Fig. 6.1. A clear result was the detrimental effect on the surface
area by employing a medium or high molecular weight of CS polymer. The analytical
determination of textural properties in CS-GO composites is a challenging task
because low masses and volumes may hinder an appropriate pressure difference
during the performance of Nz isotherms. Related to the adsorption tests, the
hydrophilicity reduction by the GS-GO composite was traduced in a significant
increase of the affinity towards the pollutants under study. A very high uptake rate
(less than 10 min) describe a kinetic phenomenon of two main stages: (a) diffusion
from the bulk solution to the pores and (b) adsorption process. This means that the
separation of the GO was only produced in the edges of GO as shown in Fig. 6.1.
Finally, the presence of dissolved organic matter improves the uptake of the
pollutants by the attachment of the aromatic fraction of DOM with the basal planes
of GO. The presence of humic acids in a 3D forms could increase the number of

active sites in the CS-GO composite.
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Fig. 6.1 Hypothetical distribution of chitosan between GO sheets during synthesis
and final process.

The final section of this thesis dissertation presents the dynamic adsorption
evaluation of the previously synthesized biocomposite. The results showed an
evident selectivity for the aromatic molecules based on their hydrophobicity degree.
A preferential biosorption was observed for light aromatic molecules, which is
probably associated with their higher diffusion coefficient values in solution. This
phenomenon was more evident in the presence of dissolved organic matter. In this
case, DOM components may occlude the transport of large aromatic molecules by

the accumulate presence of humic acids in the first layers of biosorbent.

l Inffluent

First
bounda ry ©© @ DOM structures

CHs 4 atfirstlayers
¥
naphthalene b

enzene
Effluent toluene

Fig. 6.2 Preferential adoption mechanism of lighter molecules in packed columns
with DOM.
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On the other hand, the removal efficiency of naphthalene increased with a lower
influent flux. The experimental results stated the feasibility of macro-algae based
composites for continuous processes, but further test is necessary to analyses the
desorption capacity and the effect of increasing DOM along the experimental time.
The slowing down effect at different flow rated could be related to the diffusion
resistivity generated by an increase in the external mass transfer coefficient. Related

to equimolar concentrations,

Comparative results

The data shown in Table 6.1 compiles the information related to the previously
described adsorbents. It is noted that significant removal capacity was achieved by
the CS/GO composite. These values confirm the higher affinity of the graphitic layers
for the pollutants under study. However, the closer biosorption capacity of M. pyrifera
(a reduction around 20%) highlights the potential use of brown biomass for future
applications, even with a significant diminution of the surface area in comparison
with the CS/GO composite.

Table 6.1 Comparative results regarding the removal capacity of soluble aromatic
hydrocarbons in batch studies. Initial concentration values were 1800, 515.5 and
31.5 mg L for benzene, toluene, and naphthalene, respectively.

Biosorption

Biosorbent Pollutant Capacity deellmg S””a‘;e _zil)rea
1 egree (m?g
mg-g
. Benzene 112
M. pyrifera Toluene 28.07 557 0.13
Benzene 55
U. expansa Toluene 28 06 270 017
- Benzene 20
A. spicifera Toluene 16 857 0.21
Benzene 58.68
bi@?&gh}; . Toluene 16.64 380 012
P Naphthalene 6.13
. Benzene 147
CS/ES(())lratlo Toluene 62 N/D 47
e Naphthalene 7.8
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The macroalgae-based biocomposite shares a similar affinity with U. expansa (green
seaweed) biomass, and at the end is located the red macroalgae biomass (A.
spicifera). The red macroalgae biomass registered poor affinity due to its minor
lignocellulosic composition and higher mineral content (almost 50%).

Based on these results, one of the main contributions of this research is the highlight
capacity of brown biomass M.pyrifera for soluble aromatic compounds. Moreover,
the biocomposite synthesis with the brown macroalgae biomass leads the possibility
of scale-up applications due to its higher stability and mechanical properties. Finally,
the synthesis of biocomposites also contributes to a lower desorption capacity of the
pollutants under study.

The application of graphene nanomaterials to water treatment has a valuable
potential if a methodology to obtain exfoliated graphene with a few layers is
developed. The research about natural polymers as pillaring agents is a relevant
field to enhance the mechanical and the available surface area of GO without
adverse effects to organisms and human health. The development of pillared
composites has a widespread interest in catalysis, medicine, and environmental

issues.
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7.1 GENERAL CONCLUSIONS

The present dissertation deal with the use of alternative adsorbents for the removal
of the main water-soluble hydrocarbons in batch and continuous systems. According
to the results, the macroalgae biomass is feasible for the removal of this kind of
pollutants and at the same time promote the consumption of a worldwide available
resource. Related to the characterization analyses, it was determined that the main
constituents of the macroalgae biomass are carbohydrates, lignin, and proteins. The
biosorbents surface charge does not change with ionic strength. In relation with the
biosorption tests, removal experiments using different macroalgae biomass followed
the next order: M. pyrifera = U. expansa > A. spicifera. Additionally, the

hydrocarbons affinities were not affected at least up to I = 0.6 M.

For the subsequent synthesis of biocomposites, the optimum content for maximum
benzene removal onto Ma-Ch-Pe biocomposites were 20.8% (Chitosan), and
79.2% (Algae biomass), but a 5 % w/w was considered to improve the mechanical
properties.  The biosorption mechanisms include London and hydrophobic
interactions between the sorbents and the diversity of chemical components of the
cell wall in addition to chitosan and pectin functional groups. The optimized
biocomposites were employed on a fixed-bed column for the computation of column
parameters. Finally, the dynamic tests demonstrated the selectivity of the BTEX
removal by the hydrophobic character of the molecules.

Finally, the synthesis of pillared GO composite at a CS/GO ratio = 0.1, improved the
surface area of GO with a subsequent reduction of its hydrophilic character.
Characterization experiments demonstrated the presence of chitosan in the spaced
between the GO sheets. Electrostatic interactions and amide bonds are the main
mechanisms of synthesis. The presence of dissolved organic matter had a positive
effect in the removal of HC, but high acidic conditions hindered the removal capacity
attributed to chitosan dissolution.
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7.2 FUTURE WORK

Numerous works related to biosorption of pollutants could be found in the literature,
but the main drawback in most of the cases is the worldwide unavailability. Seaweed
responds in a positive way to this challenge. As shown in the results, brown seaweed
possesses remarkable characteristics for biosorption technology. As perspective, it
would be useful to search and select a seaweed with a higher lignocellulosic content,
and at the same design and effective cultivation and farming for biosorbent

production in large scale.

Macroalgae-based composites are the key for scale-up processes, but there is still
the necessity to find an optimum immobilization technique that ensures a synergy
removal of the organic pollutants. Another important aspect of the synthesis of
composites is the research on the mechanical properties, especially in dynamic
studies. One remaining test is the to determine the effect of size reduction on
sorption capacity and the feasibility of loaded biomass for calorimetric

determinations

Related to the pillaring of graphene oxide sheets, following modification may include
the chemical modifications of the precursors (chitosan and graphene oxide) to
increase the hydrophobic character of the final material and the chemical stability at
high acidic conditions. The pillared effectiveness of GO by other natural polymers is
an emerging research field.
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APPENDIX A
Table A.1. Full factorial experimental design matrix 2.
No. Factor 1 Factor 2 Factor 3 Response
Experiment  Chitosan (g) Pectin () Algae biomass Benzene
(9) removal (mg/qg)

1 3 2 0 58.59

2 3 2 5.4 51.71

3 3 0 0 50.92

4 3 0 54 47.31

5CP 4 1 2.7 45.34

6 ¢P 4 1 2.7 44.18

7 5 0 5.4 22.83

8 5 2 0 47.76

9 5 0 0 46.74

10 5 2 5.4 27.88

@ The factors and combinations listed in this table are in chitosan preferred order.
CP Center point

Table A.2. Analysis of variance for the factorial model describing the adsorptive
capacity (ge) with the estimate effect and coefficients.

Sum of Mean

Source d.f.a F—ratio pP
squares square
Model 1008.02 3 336.01 31.73 0.0011
A-Ch 501.57 1 501.57 47.37 0.0010
C—-Ma 368.08 1 368.08 34.76 0.0020
AC 138.37 1 138.37 13.07 0.0153

a d.f.: degree of freedom.
a p: probability for F—ratio test
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Table A.3. Analysis of variance for a response surface quadratic model for

biosorption of benzene.

Source Sum of DF Mean F Value Prob_>. F
Squares Square P Statistics
Model 654.53 5 130.91 136.50 < 0.0001
A 65.87 1 65.87 68.69 < 0.0001
B 1.73 1 1.73 1.80 0.2214
A? 157.36 1 157.37 164.09 < 0.0001
B2 149.14 1 149.14 155,51 < 0.0001
AB 91.87 1 91.9 95.80 < 0.0001
Residual 6.71 7 0.967
Lack of Fit 5.43 3 1.81 5.67 0.0635
Pure Error 1.28 4 0.32
Correlation 661.27 12
Total
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