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ABSTRACT

Biosorption of Chromium (lll) by agro-waste materials: characterization,
sorption—-desorption studies, mechanism, and adsorption kinetic
experiments

Metal-containing effluents must be treated before discharge to avoid pollution of
water sources and, consequently, health hazards associated to metal
contamination. Some of the major toxic metal ions hazardous for humans, as well
as other forms of life, are mercury, cadmium, lead, chromium, nickel, zinc and
copper. These metals are of particular concern due to their toxicity, bio-
accumulation, and persistence in nature. In particular, chromium is suspected of
being carcinogenic and may affect the immune system of human beings. In
addition, it has been recently reported that trivalent chromium (Cr (lll)) affects
human erythrocyte membranes in a higher extent in comparison with chromium
(VI). Chromium effluents are generated from industries such as leather tannery,
metal plating, textile, finishing, among others. Biosorption can be used to remove
metals ions (e.g. Cr (lll)) from aqueous solutions. Indeed, many low-cost
biosorbents have been investigated for sequestering metals from water. Some
examples of these materials include seaweed biomass, chitin and chitosan,
microorganism biomass, lignocellulosic materials, etc. These biosorbents have a
reasonable metal adsorption capacity and are widely available in many countries
around the world. This thesis focused on the application of agro-waste materials
such as sorghum straw (Sorghum bicolor), oats straw (Avena monida), and agave
bagasse (Agave salmiana), as biosorbents of Cr (lll) from aqueous solutions.
These biosorbents were chemically and physically characterized by techniques
such as infrared spectroscopy, acid—base titrations, sequential fiber extraction,
surface area, pore volume, pore width distribution, and solid density.
Sorption/desorption studies were conducted in batch systems and a sorption
mechanism of Cr (lll) was proposed. Also, adsorption kinetic studies of Cr (lll) were
performed by using a rotating basket reactor.

The agro-waste materials studied herein have a Cr (lll) sorption capacity (5.3 to
22.4 mg/g at pH 4 and 25°C) similar to commercial ion exchangers. Quelating
agents such as EDTA seem to be a promising alternative to regenerate chromium-
loaded agro-waste materials (8 to 100%) without apparent loss of the biosorbents,
in contrast to either acid or alkaline eluting-agents which produce a weight loss
(1% to 43%). This loss may be attributed to the hydrolysis of the biopolymer
components. The sorption mechanism of Cr (lll) is coupled with the release of
calcium or hydrogen ions. Nevertheless, complexation of metals also takes place
on oxygen-containing groups (i.e. carboxyl and hydroxyl). Based on our results we
proposed that carboxyl groups on agro-waste materials are the main binding-sites
on Cr (lll) removal. However, hydroxyl groups are capable of complexing metal
cations as well. Among all structural polymers of agro-waste materials involved in
metal adsorption, hemicelluloses and lignin are the major contributors to the
removal of Cr (lll) from aqueous solutions. In addition, cellulose apparently does
not participate to the removal of metal cations. These later findings also support

Xix



the idea of adsorption of metal cations on carboxyl groups. The adsorption kinetics
of Cr (Ill) on agro-waste biosorbents were predicted by using empirical or diffusion
kinetic models. However, the film diffusion model seems to be the most appropriate
based on the low deviation (0.5-5.8%) between the experimental and the predicted
data. The physical properties (low porosity (0.004—0.007), low surface area (0.6—
1.2 m? g) and low pore volume (0.003—-0.004 cm™ g™")) of the selected agro-waste
materials support the idea that intraparticle diffusion may be neglected and that the
adsorption of Cr (lll) is mainly limited by the film resistance surrounding the
adsorbent particle. Furthermore, the external mass transfer coefficient estimated
with the film diffusion model has a physical meaning that helps to explain the
diffusion of solutes across the film resistance in agro-waste biosorbents.

Finally, biosorption of heavy metals by using agro-waste materials is a promising
way of treating wastewater of several industries such as leather tannery, finishing,
metal plating, mining, textile, organic chemicals, among others. In addition, these
biosorbents may be available at an accessible cost and have a comparable or
higher sorption capacity than commercial adsorbents even at low metal
concentrations.

Keywords: Functional groups, equilibrium constants, ion exchange, sequential
fiber extraction, biopolymers, film diffusion, intraparticle diffusion.
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RESUMEN

Biosorption of Chromium (lll) by agro-waste materials: characterization,
sorption—desorption studies, mechanism, and adsorption kinetic
experiments

Los efluentes que contienen metales deben ser tratados antes de descargarlos a
cuerpos receptores para evitar la contaminacion de fuentes de agua y, por
consiguiente, el riesgo a la salud humana asociado a la contaminacion por
metales. Algunos de los metales mas tdxicos y peligrosos para los humanos, asi
como también otras formas de vida, son mercurio, cadmio, plomo, cromo, niquel,
zinc y cobre. Estos metales son de interés particular debido a su toxicidad,
tendencia a bioacumularse, y persistencia en la naturaleza. En particular, el cromo
es cancerigeno y puede afectar el sistema inmune de los seres humanos.
Ademas, recientemente se reportd que el cromo trivalente (Cr (lll)) afecta la
membrana de los eritrocitos de los seres humanos en mayor proporcion que el
cromo (VI). Los efluentes de cromo son generados de industrias tales como
tenerias, recubrimientos metalicos, textil, acabados, entre otras. La adsorcion
puede ser utilizada para remover iones metalicos (e.g. Cr (lll)) de soluciones
acuosas. De hecho, muchos biosorbentes de bajo costo han sido investigados
para remover metales del agua. Algunos ejemplos de estos materiales incluyen
biomasa de algas marinas, quitina y quitosano, biomasa de microorganismos,
materiales lignoceluldsicos, etc. Estos biosorbentes tienen una capacidad de
adsorcion de metales razonable y estan disponibles ampliamente en muchos
paises alrededor del mundo. Esta tesis se enfocd en la aplicacion de desechos
agricolas tales como paja de sorgo (Sorghum bicolor), paja de avena (Avena
monida), y bagazo de agave (Agave salmiana), como biosorbentes de Cr (lIl) de
soluciones acuosas. Estos biosorbentes se caracterizaron quimica y fisicamente
por medio de técnicas tales como espectroscopia de infrarrojo, titulaciones acido—
base, extraccion secuencial de fibras, area especifica, volumen de poro,
distribucion de tamano de poro, y densidad. Se realizaron estudios de
adsorcion/desorcion en sistemas en lote y se propuso un mecanismo de adsorcion
de Cr (lll). También se desarrollaron estudios de cinética de adsorcién en un
reactor de canastilla rotatoria.

Los desechos agricolas estudiados en esta investigacién tienen una capacidad de
adsorcion de Cr (lll) (5.3 to 22.4 mg/g at pH 4 and 25°C) similar a la de
intercambiadores i6nicos comerciales. Los agentes quelantes (tales como EDTA)
parecen ser una alternativa prometedora para regenerar los desechos agricolas
saturados con cromo (8 to 100%) sin aparente pérdida de los biosorbentes en
contraste con los agentes eluentes acidos o alcalinos los cuales producen una
pérdida de peso (1% to 43%). Esta pérdida puede ser atribuida a la hidrélisis de
los componentes de los biopolimeros. EI mecanismo de adsorcion de Cr (lIl) esta
asociado a la liberacion de iones calcio o hidrégeno. Sin embargo, la
acomplejacion de los metales también se lleva a cabo en grupos funcionales que
contienen oxigeno (i.e. carboxilo e hidroxilo). Basados en nuestros resultados
proponemos que los grupos carboxilo en los desechos agricolas son principales
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sitios de enlace en la eliminacién de Cr (Ill). Sin embargo, los grupos hidroxilo son
también capaces de acomplejar cationes metalicos. De todos los componentes
estructurales de los desechos agricolas involucrados en la adsorcion de metales,
la hemicelulosa y la lignina contribuyen en mayor proporcion en la eliminacién de
Cr (lll) de soluciones acuosas. Ademas, al parecer la celulosa no participa en la
eliminacién de cationes metalicos. Estos ultimos resultados soportan la idea de
adsorcion de cationes metalicos en los grupos carboxilo. La cinética de adsorcion
de Cr (Ill) en desechos agricolas se predijo por modelos cinéticos empiricos y
difusionales. Sin embargo, el modelo de difusién en la pelicula parece ser el mas
apropiado basado en la pequefia desviacion (0.5-5.8%) entre los resultados
experimentales y predichos. Las propiedades fisicas de los desechos agricolas
(baja porosidad (0.004-0.007), baja area especifica (0.6-1.2 m?g™") y volumen de
poro (0.003-0.004 cm™ g)), soportan la idea de que la difusién intraparticular
puede ser despreciada y que la adsorcion de Cr (lll) esta limitada principalmente
por la resistencia de la pelicula alrededor de la particula del adsorbente. Ademas,
el coeficiente de transferencia de masa externo estimado con el modelo de
difusién en la pelicula tiene un significado fisico que ayuda a explicar la difusién de
solutos a través de la resistencia en la pelicula alrededor de los desechos
agricolas.

Finalmente, la biosorcion de metales pesados por desechos agricolas es una
forma prometedora de tratar aguas residuales de varias industrias tales como
tenerias, acabados, recubrimientos metalicos, mineria, textil, y compuestos
quimicos organicos, entre otras. Ademas, estos biosorbentes pueden estar
disponibles a un costo accesible y tienen una capacidad de adsorcion comparable
0 mayor que la de adsorbentes comerciales, incluso a bajas concentraciones de
metales.

Palabras clave: Grupos funcionales, constantes de equilibrio, intercambio ionico,

extraccion secuencial de fibras, biopolimeros, difusion en la pelicula, difusion
intraparticular.
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Chapter 1

1.1 INTRODUCTION

Water is an essential resource for human living and enables industrial activities.
According to the Fourth World Water Forum, to produce food for one person
seventy times more water is required than for domestic use. This fact helps to
understand the importance of keeping water supplies clean and safe from pollution,

for example free of heavy metals.

1.1.1 Water contamination with metals

The major toxic metal ions hazardous for humans, as well as other forms of life,
are mercury, cadmium, lead, chromium, nickel, zinc, copper, etc. These metals are
of particular concern due to their toxicity, bio-accumulation tendency, and
persistence in nature [1-6]. For example chromium is suspected of being
carcinogenic and may affect the immune system of human beings (see Table 1.1)
[3, 7-18]. In addition chromium (lll) has been recently reported to affect human
erythrocyte membranes to a higher extent than chromium (VI) [16]. Also, exposure
to Cr (VI) causes nausea, diarrhea, liver and kidney damage, dermatitis, internal
hemorrhage, and respiratory problems.

Several organizations around the world, namely World Health Organization (WHO),
U.S. Environmental Protection Agency (EPA), Secretaria de Medio Ambiente y
Recursos Naturales, México (SEMARNAT), and Secretaria de Salud, México
(SSA) among others have set the maximum allowed concentrations for the
discharge of toxic metals in the aquatic systems and also for drinking water. These
limits and the possible health hazards associated to various heavy metals are
given in Table 1.1.

Diverse industries discharge metal-containing wastewater; for example chromium
effluents are generated from industries such as leather tannery, metal plating,
textile, finishing, among others [9-14, 18-21]. Further details of heavy metals in

various major industries are shown in Table 1.2. Although control technologies



have been applied to many industrial and municipal sources of metals, it was
reported in 1988 that the global discharges of chromium to the environment were
142000, 30000, and 896000 metric tons/year to water, air, and soil, respectively
[22].

1.1.2 Removal of metals from aqueous solutions by adsorption processes
Metal-containing effluents must be treated before discharge to avoid pollution of
water sources and, consequently, health hazards associated to metal
contamination. A number of treatments can be applied for metal removal from
aqueous solutions, for instance chemical precipitation, coagulation—flocculation,
chemical/oxidation reduction, membrane—based methods, etc. Nevertheless, the
high cost of chemicals and membranes make these conventional treatments less
viable. In addition, the sludge production is the major shortcoming in the removal of
metals by either chemical precipitation or coagulation—sedimentation systems.
Moreover the recommended discharge concentration (RDC) of metals is not
always achieved by chemical precipitation or coagulation—sedimentation systems
because metals are present at higher concentrations than those indicated in the
RDC. In these cases, another separation operation, such as adsorption, can be
applied to accomplish the RDC of metals.

Adsorption is a mass transfer operation in which substances present in a fluid
(liquid or gas) are accumulated on a solid phase and thus removed from the fluid.
The constituent that undergoes adsorption is referred to as the adsorbate, whereas
the solid onto which the constituent is adsorbed is referred to as the adsorbent
[23]. In the adsorption process, the driving force is the concentration gradient and
the adsorbates are transported to the adsorbent by diffusion until the equilibrium is
reached (i.e. in batch equilibrium studies, at least three successive measurements

in three days are similar).



Table 1.1. Permissible limits (mg/L) and health effects of various toxic heavy metals [24].

SEMARNAT SSA
NOM-001- NOM-002- NOM- d e
Metal SEMARNAT- SEMARNAT- 127-SSA- WHO" EPA Health hazard
1996° 1994° 1994°

Corrosive to skin, eyes and muscle membrane,

Mercury 0.005-0.020 0.01 0.001 0.001 0.002 dermatitis, anorexia, kidney damage and severe
muscle pain.

Cadmium  0.05-0.10 0.50 0.005 0003 0005 Carcinogenic, causes lung fibrosis, dyspnea and
weight loss.
Suspected carcinogen, loss of appetite, anemia,

B muscle and joint pains, diminishing 1Q, cause

Lead 0.20-5.00 1.00 0.025 0.010.005 sterility, kidney problems and high blood
pressure.
Suspected human carcinogen, producing lung

Chromium 0.50-1.00 0.50 0.05 0.05 0.10 tumors, allergic dermatitis, and affects immune
system activity.

Nickel 200 4.00 B B B Causes chronic bronchltlls, reduced lung function,
lung cancer and nasal sinus.

Zinc 10.00 6.00 B B B Caus,fas short-term illness called “metal fume
fever” and restlessness.
Long-term exposure causes irritation of nose,

Copper 4.00 10.00 5.00 - 1.30 mouth, eyes, headache, stomachache, dizziness,

and diarrhea.

®Norma Oficial Mexicana NOM-001-SEMARNAT-1996, que establece los limites maximos permisibles de contaminantes en las descargas de aguas
residuales en aguas y bienes nacionales [25].

®Norma Oficial Mexicana NOM-001-SEMARNAT-1996, que establece los limites maximos permisibles de contaminantes en las descargas de aguas
residuales a los sistemas de alcantarillado urbano o municipal [26].

°Norma Oficial Mexicana NOM-127-SSA1-1994, "Salud ambiental, agua para uso y consumo humano-limites permisibles de calidad y tratamientos a que
debe someterse el agua para su potabilizaciéon" [27].

YWHO Guidelines for drinking-water quality [28].
°U.S EPA 40 CFR Parts 141, 142 and 143, National Primary Drinking Water Regulations [29].



Adsorption can be classified as physical adsorption or chemical adsorption,
depending on the nature of forces between adsorbate and adsorbent. Physical
adsorption involves only relatively weak forces, whereas in chemical adsorption a
chemical bond is formed. Table 1.3 shows the differences between these two kinds
of adsorption [23]. Physical adsorption is a rapid process caused by a nonspecific
binding mechanism such as van der Waals forces (i.e. electrostatic interaction),
and is the most common mechanism by which adsorbates are removed in water

treatment.

Table 1.2. Heavy metals in various major industries [30].

Industry source Mercury Cadmium Lead Chromium Nickel Zinc Copper
Automobile X X X X X
Petroleum refining X X X X X
Pulp and paper X X X X X X
Textile X

Steel X X X X X
Organic chemicals X X X X X
Inorganic chemicals X X X X X
Fertilizers X X X X X X X
Leather tanning and

A X

finishing

Steel power plants X X

Mining X X X X
Acid mine drainage X X
Metal plating X X X X
Glass

Coal and gasoline X

To select the adsorbent that has the highest adsorbate sorption capacity,
equilibrium adsorption experiments are required. Two different batch techniques
can be chosen. In the first one, the adsorbent mass is fixed and the initial
adsorbate concentration is varied in every batch experiment. In the second
technique, the initial adsorbate concentration is fixed and the quantity of adsorbent
added to each batch experiment is varied. Regardless of the technique selected,
the mass of adsorbent as well as the initial and final adsorbate concentrations must

be recorded to determine the adsorption capacity of the material. The amount of



solute adsorbed per unit mass of adsorbent is obtained by using the mass balance

expression:
Qe:V(Co_Ce) (1)
m

where Qg is the solute adsorption capacity (mg/g), C, and C. are the initial and

equilibrium concentrations (mg/L), m the dry mass of adsorbent (g) and V is the

volume of solution (L).

Table 1.3. Differences between the two kinds of adsorption [23].

Parameter Physical adsorption Chemical adsorption
Forces of Weak intermolecular forces where Chemical bonding between
adsorption interactions between adsorbate and adsorbate and adsorbent
adsorbent surface are due to surface via electron transfer.
Columbic, van der Waals or dipole
forces. No electron transfer or dipole
forces.
Energy of Less than 10 kcal/mol. Varying between 20-100
adsorption kcal/mol.
Nature of Both monolayer and multilayer Only monolayer exists.
adsorbed adsorption may occur on the surface
phase of the adsorbent. Adsorbed  species  may
No dissociation of adsorbed species. (issociate.
Specificity Non-specific in terms of site for Highly specific. Molecules or
adsorption. ions are attached at specific
Molecules or ions are free to cover Sites.
the entire surface.
Reversibility Rapid and fully reversible. May be slow and irreversible.
Temperature Significant at relatively low Possible over a wide range

temperature.

of temperature. Often occurs
at high temperatures.

It is important to mention that the conditions (at least solution pH and temperature)
at equilibrium must be specified in order to compare the sorption capacity of

different adsorbents for certain adsorbates.



Once the solute adsorption capacity is obtained, different isotherm models could
be used to adjust the experimental data. The most commonly used models include
Freundlich and Langmuir isotherms.

The Langmuir adsorption isotherm describes the surface as homogeneous
assuming that all the adsorption sites have equal adsorbate affinity, that adsorption
at one site does not affect adsorption at an adjacent site, and that adsorption
allows accumulation only up to a monolayer. The Langmuir isotherm can be
represented by the following expression:

Q... bC
Q — max e 2
° 1+bC, @)

where Cq is the equilibrium concentration of the adsorbate in solution (mg/L), Qe is
the equilibrium loading of adsorbate on adsorbent (mg/g), Qmax is the maximum
adsorption capacity (mg/g), and b is the relative energy of adsorption (L/mg).

The Freundlich adsorption isotherm describes the equilibrium on heterogeneous
surfaces and does not assume monolayer capacity. The Freundlich isotherm is
represented as:

Q. =kC," (3)
where Q. is the amount adsorbed (mg/g), Ce the equilibrium concentration of the
adsorbate (mg/L), and k and n are the Freundlich constants related to the
adsorption capacity and adsorption intensity, respectively.

A great variety of adsorbent materials may be used for water treatment and the

most important ones are discussed in the subsequent section.

1.1.3 Adsorbent materials

Adsorbents commonly used in the removal of pollutants from water include
activated carbon (the adsorbent generally preferred worldwide), zeolites, and
polymeric resins. Also, in the last decades, biosorbents have been extensively
investigated to be used in water treatment. Details of the main characteristics of

these adsorbents are discussed in the following sections.



1.1.3.1 Activated carbon

Activated carbon (AC) is a crude form of graphite with a random or amorphous
structure, which is highly porous, exhibiting a broad range of pore sizes, from
visible cracks, crevices and slits of molecular dimensions [31]. Natural or synthetic
precursors have been used to manufacture AC. Natural carbonaceous precursors
consist of wood, coal, lignite, peat, coconut shells, rice hulls, bone char, sawdust,
etc., whereas synthetic precursors employ fabrics made from several polymeric
materials such as nylon, rayon, cellulose, phenolic resins, polyacrylonitrile, etc.

The manufacture of AC starts with the pyrolytic carbonization of the raw material.
In this step, the volatile components are released and graphite is formed. Parallel
or subsequent to carbonization, activation is required to develop a highly porous
structure. Physical or chemical activation are the two options for activating
carbons.

Physical or thermal activation involves carbonization at 500—-600°C to eliminate the
bulk of the volatile matter followed by partial gasification usually conducted
between 800°C and 1000°C in the presence of an oxidizing gas (e.g. steam,
carbon dioxide, air or mixtures of these) to develop the porosity and surface area.
The activation mechanism consists of two stages; firstly the disorganized carbon
on the surface is burned off, and in the second stage the carbon of the aromatic
sheets starts burning, producing active sites, wider pores and thus new porosity
[32].

Chemical activation involves the incorporation of inorganic additives, metallic
chlorides such as zinc chloride or phosphoric acid into the precursor before the
carbonization [33], generally at temperatures (400—-600°C) lower than physical

activation.
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Figure 1.1. Acidic groups chemisorbed at the edges of graphene layers in

activated carbon [34].

The AC surface chemistry depends on the starting material, the activation method,
the activation conditions and temperatures employed, among others. Surface
groups on AC are classified as acidic and basic functional groups. Oxygen-
containing groups chemisorbed on the edges of graphene layers (see Figure 1.1),
give acidic properties to AC and allow cation exchange properties [34]. It has been
reported that an increase in carboxylic groups, by chemical modification of AC with
nitric acid or air at high temperature, enhance the metal cations adsorption

capacity [32].

Pyrone Chromene

Figure 1.2. Possible basic groups on activated carbons [34].



Basic functional groups on AC can be associated to a chromene type structure [35]
or more likely to y-pyrone-like structures [36’ 37] (see Figure 1.2). Basic groups can

be used as adsorption sites of anionic species.

1.1.3.2 Zeolites

Zeolites are crystalline, hydrated aluminosilicates of alkali and alkaline earth
cations (i.e. sodium, potassium, and calcium) and are represented by the chemical
composition [34]:

Myn[(AlO2)x(SiO2)y]  zH.0 (4)
where x and y are integers with y/x equal to or greater than 1, n is the valence of
cation M, and z is the number of water molecules in each unit cell. The primary
structural units of zeolites are the tetrahedra of silicon and aluminum, SiO4 and
AlO4. These units are assembled into secondary polyhedral building units such as
cubes, hexagonal prisms, octahedra, and truncated octahedra. The silicon and
aluminum atoms, located at the corners of the polyhedra, are joined by shared
oxygen. The final zeolite structure consists of assemblages of the secondary units
in a regular three-dimensional crystalline framework. The tetrahedral can be
arranged in numerous ways, resulting in the possibility of some 800 crystalline
structures, less than 200 of which have been found in natural deposits or
synthesized in laboratories around the world [38].

Zeolites have received increasing attention for pollution control. There are more
than 30 natural zeolites known. Only seven (mordenite, clinoptilolite, chabazite,
erionite, ferrierite, phillipsite, and analcime) occur in sufficient quantity and purity to
be considered exploitable. A review of natural zeolite utilization in metal effluent
treatment applications has been published [39]. The removal of metal cations from
water by zeolites is due to ion exchange mechanism. Alkali or alkali earth cations
(such as Na, K, Ca, Mg, etc.) are exchanged by contaminant metals. Nevertheless
the major shortcoming in using zeolites as adsorbents is that these materials can

be dissolved by relatively acid or basic solutions.



1.1.3.3 Polymeric resins

Most commercial macroreticular polymers are based on synthetic polymers (Figure
1.3) such as styrene crosslinked by divinylbenzene (M1), phenol-formaldehyde
(M2) and acrylic ester (M3). Cross-linking provides high surface area as well as the
rigidity and mechanical strength. These polymeric matrices can be functionalized
with a variety of functional groups which give cation or anion exchange properties
to the resins. For example, polystyrene can be sulfonated with sulfuric acid
resulting in a —SO3-H" group attached to the benzene ring, and the proton can be
easily exchanged with other cations. Likewise, attaching ammonium or amine
groups results in anion exchange resins. Several matrices and ion exchange
functional groups are shown in Figure 1.3.

lon-exchange resins have been used for water treatment. lonized pollutants are
exchanged with ions that neutralize the charge of functional groups in the
polymeric resins. For example, chromium (lll) ions are exchanged with protons in
strong acid sulfonate or weak acid carboxyl resins (see Figure 1.3 C1), whereas
arsenate anions exchange with chloride anions in strong-base anion-exchange
resins (see Figure 1.3 A1 and A2). In contrast, organic pollutants could be
adsorbed by means of TT—T interactions with aromatic rings of the polymeric resins.
Among the ion exchange resins, those based on weak bases and weak acids
exhibit higher ion-exchange capacities than those based on strong bases and
strong acids [34, 40]. However, regeneration of strong-acid or strong-base resins is
easier than for the weak-acid or weak-base resins. This could be due to the
formation of covalent coordinated bonds between the contaminants and the

chelating resins functionalities (e.g. weak base secondary amine groups).
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Figure 1.3. Polymeric resin matrices and ion exchange functional groups [34].

1.1.3.4 Biosorbents
Biosorption can be defined as the removal of substances (organic or inorganic)
from aqueous solution by biological materials such as living or dead biomass [1]. In

this thesis, the term biosorption will be used to describe any system where an

11



adsorbate (i.e. ions and/or molecules) interacts with a biosorbent resulting in an
accumulation at the solute-biosorbent interface, and a consequent reduction in the
adsorbate concentration in solution.

In recent years, many low-cost biosorbents have been investigated to remove
pollutants from aqueous solutions, for example: seaweed biomass, chitin and
chitosan, living or dead microorganism biomass, lignocellulosic materials, etc. The

main characteristics of these biosorbents are discussed in the following section.

1.1.3.4.1 Seaweed biomass

Among all biosorbents, brown seaweed biomass seems to be the most effective
and promising substrate to remove metal cations from aqueous solutions.
Nevertheless, the low availability of seaweed biomass limits their use at an
industrial scale.

The cell wall of algae is composed of at least two different layers. The innermost
layer consists of a microfibrillar skeleton that imparts rigidity to the wall. This layer
is made up of a cellulose polymer (B 1—4 linked unbranched glucan) in brown
algae, whereas in green and red algae it is composed of cellulose, xylan
(principally a B(1—4)-linked D-xylose) and mannan (a (1—4)-linked D-mannose).
The outer layer is an amorphous embedding matrix that contributes to the strength
of the cell wall of brown algae in addition to imparting flexibility. The main
components of this embedding matrix are predominately alginic acid or alginate
and a sulfated polysaccharide (fucoidan). These two components occur in the
matrix and also within the inner cell wall [41].

Alginic acid or alginate, the salt of alginic acid, is the common name given to a
family of linear polysaccharides containing 1,4-linked 3-D-mannuronic (M) and a-L
guluronic (G) acid residues arranged in a non-regular, blockwise order along the
chain. Fucoidan is a branched polysaccharide sulfate ester with 1-fucose-4-sulfate
building blocks as the major component: these are predominantly a(1—2)-linked.
Figure 1.4 shows the chemical structure of alginate and fucoidan biopolymers.

The adsorption of metals in brown seaweed biomass has mainly been attributed to

the carboxyl groups of alginate biopolymer and to a lesser extent to the sulfonic

12



groups contained in fucoidan polymer (see Figure 1.4) [43]. The maximum metal
adsorption capacity is obtained at pH values around 5 because at this condition
most of the carboxyl groups are ionized and sulfonic groups are fully dissociated.
In addition, the importance of carboxyl groups in metal adsorption has been
assessed by means of FTIR analyses [18] and, indirectly, by chemical modification

of these groups [43].

Alginate

-0350

Fucoidan

Figure 1.4. Structure of alginate acid and fucoidan polymers [42].
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1.1.3.4.2 Chitin and chitosan

Chitinous biomass is the second most abundant biopolymer around the world.
Chitin can be obtained from fungi, insects, lobster, shrimp and krill, although the
most preferred commercial source is the exoskeletons of crab. These wastes are
obtained from seafood industrial processing. In crab shells, chitin is associated to
proteins, inorganic materials (e.g. CaCOs), pigments and lipids. In order to obtain
chitin from crab shells, it is required to dissolve the inorganic materials by acid
solutions, to extract proteins by alkali solutions, and to remove pigments with
solvents such as alcohol or acetone. Chitosan, a derivative of chitin, can be
obtained under strongly basic conditions aided by heating.

Chitin is a natural homopolysaccharide consisting of (1, 4) 2-acetamide-2-deoxy-D-
glucose units (acetyl glucosamine). Chitosan (glucosamine) is the deacetylated

form of chitin. Figure 1.5 shows the repeating units of these two biopolymers.

_ Chitin - — Chitosan —
CHZOH CHZOH CH-OH
o 0
~0 OH . OH “ KD ©
) ™ ] OH s
. . ™
C
D{F\_\_EHB I:I,_-_:, ~, CHy NH2
L -n

Figure 1.5. Repeating units of chitin and chitosan biopolymers.

The acid dissociation constant (pK;) of chitosan is 6.5 and <3.5 for chitin.
Protonated amine/amide groups of chitinous biosorbents are the binding sites to
remove anions from aqueous solutions such as arsenate [44], fluoride [45, 46],
chromate [47], etc. To enhance the adsorption of anions, the solution pH must be
below the pK, values of the binding sites (i.e. amine/amide). In contrast, if metal
cations are going to be removed, the solution pH should be above the pK, of the
binding sites since an electrons pair is available to form complexes with metals

such as lead, cadmium, zinc, copper, etc. In summary, amine and/or amide
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functional groups of chitinous biomass play an important role in adsorption of
pollutants from aqueous solutions. Nevertheless, the major shortcoming of using
chitin/chitosan biosorbents is that can be dissolved in acidic solutions;
consequently, regeneration with acids is not adequate because of the biosorbent

loss.

1.1.3.4.3 Microorganism biomass

Bacterial and fungal biomasses can be inexpensive and are available from the
wastes of some industries. These biosorbents are effective in removing
contaminants from aqueous solutions. However, the raw materials may contain
residual chemicals that affect the metal adsorption performance and a variable
biosorbents quality may be obtained due to the process where these are collected
[41]. Moreover, it is sometimes required to immobilize microorganism biomass
before these can be used in reactors, which increases the cost of these
biosorbents.

Adsorption of cations and anions may be due to the nitrogenated and phosphated
biomolecules contained in the cell wall of fungi and bacteria [41]. Nitrogenated
biomolecules include chitosan, chitin, and peptidoglycan, whereas phosphated
biomolecules include teichoic acid, lipopolysaccharides, and phospholipids.
Carboxyl and phosphate groups are the major contributors to the removal of
cations from aqueous solutions since these functional groups are negatively
charged at an appropriate pH. On the contrary, protonated amine groups create a
positive charge in the microorganism biomass, allowing the removal of anions from
aqueous solutions at certain conditions. Nitrogen-containing groups can also form

complexes with metal cations because of the free electron pairs of these groups.

1.1.3.4.4 Lignocellulosic materials

The removal of pollutants by lignocellulosic materials has been widely investigated
in the past decades. These biosorbents have a reasonable adsorption capacity and
are widely available in many countries around the world. The functional groups

(e.g. carbonyl, phenolic, amide, amine, sulfate, etc.) present in agricultural waste
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biomass have affinity for heavy metal ions, forming metal complexes or chelates.
The mechanism of biosorption process includes complexation, electrostatic
interaction as well as ion exchange.

This thesis focuses on the application of agro-waste materials sorghum straw
(Sorghum bicolor), oats straw (Avena monida), and agave bagasse (Agave
salmiana), locally available in Mexico as biosorbents of chromium (lll) from
aqueous solution including their chemical and physical characterization,
sorption/desorption studies, sorption mechanism and adsorption kinetic
experiments.

In the following sections, an extensive review of the removal of metals from water
by using biosorbents materials is presented. The topics discussed next include the
components and functional groups of  lignocellulosic materials,
adsorption/desorption studies in both batch and continuous operation, and kinetic

experiments.

1.2 GENERAL REVIEW

The selection of a proper adsorbent to remove certain contaminants is a complex
problem. For example, if adsorption is chosen for removing metals from water,
various details should be known such as the solute chemistry and physical—-
chemical properties of the adsorbent material [34]. Indeed, the chemical
composition of biosorbents is a key factor to understand the possible functional

groups able to sequester metals from aqueous solutions.

1.2.1 Components of lignocellulosic materials

The plant cell wall is a dynamic compartment that changes throughout its life. The
new primary cell wall (Figure 1.6) is born in the cell plate during cell division and
rapidly increases in surface area during cell expansion, in some cases by more
than a hundred-fold. The middle lamella forms the interface between the primary
walls of neighboring cells; it is a polysaccharides—rich matrix. Middle lamella
maintains primary cell walls together. In older cells, middle lamella is sometimes

degraded and an air space forms. Finally, multilayered secondary cell walls (Figure
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1.6 S1, S2, S3) are developed within the primary wall when plants have achieved
their final size and shape, building complex structures uniquely suited to the
function of the cell [48].

The plant cell wall is a highly-organized composite of many different
polysaccharides, proteins, and aromatic substances [49]. Some structural
molecules act as fibers, others as a cross-linked matrix, analogous to the glass-
fibers and plastic matrix in fiberglass. The molecular composition and
arrangements of the wall polymers differ among species, tissues of a single
species, individual cells, and even among regions of the wall around a single

protoplasm.

Secondary
wall layers

53
4

Middl

lamella

Primary wall

Figure 1.6. Schematic representation of the plant cell wall [49].

Most plant tissues are mainly made of such structural carbohydrates as cellulose,
hemicelluloses, pectin, lignin, proteins, suberines, cutines, mineral salts and waxes
[48-50]. Structural and functional properties of the cell wall mainly depend on the
chemical composition and the physical and chemical interactions among all the
structural and amorphous constituents [51]. Cell wall components are linked
together by covalent bonds, ionic bonds, hydrogen bonding and hydrophobic

interactions. These interactions are essential to join neighbor cells, to resist
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chemical and/or enzymatic attacks, and to give a net surface charge to the
lignocellulosic matrix. Figure 1.7 shows a schematic model of the primary plant
cell wall, showing major structural polymers and their likely arrangement in the
wall. These chemical constituents are the most abundant natural compounds
available on earth. In addition, they are the most important renewable natural
resource, and will be used intensively both as a source of energy and as raw

materials for industrial processes [48].
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Figure 1.7 Schematic model of the primary plant cell wall,
showing major structural biopolymers and their likely

arrangement in the wall [52].

1.2.1.2 Cellulose

Cellulose is the most abundant plant polysaccharide in the world. This biopolymer
is naturally found as arrays of microfibers, with variable length (0.2-2 um) and
diameters (5—30 nm). Also smaller fibers (length of 0.2—-2 um, and diameters of 3-5
nm) named elemental fibers can be observed which are arrayed in parallel

positions to form microfibers [50]. By means of X-ray diffraction analyses, it has
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been demonstrated that each microfiber is composed of 40-70 linear chains
ordered in parallel position. Every biopolymer chain is a cellulose molecule
constituted of a number (500-5000) of glucose residues linearly polymerized by
means of (-(1-4) glycosidic bonds. Besides this linkage, biopolymer chains are

linked together by hydrogen bridges (Figure 1.8).

CH,OH CH,OH CH,OH
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Figure 1.8. Chemical structure of the building blocks of cellulose biopolymer.

1.2.1.3 Hemicelluloses

Hemicelluloses can be any of several heteropolymers (matrix polysaccharides)
present in almost all plant cell walls along with cellulose. While cellulose is
crystalline, strong, and resistant to hydrolysis, hemicellulose has a random,
amorphous structure with little strength. It is easily hydrolyzed by dilute acid or
base as well as some enzymes. Hemicelluloses are a complex heteropolymers of
glucose, mannose, xylose, galactose, rhamnose, arabinose, among others [50].
Hemicelluloses also contain most of the D-pentose sugars, and occasionally small
amounts of L-sugars as well. Xylose is the sugar monomer always present in the
largest amount, but mannuronic acid and galacturonic acid also tend to be present.
These components contain carboxyl groups which could be used as adsorption
sites of positively-charged species (i.e. metal cations). Because xyloglucans are
longer (50-500 nm) than the spacing between cellulose microfibrils (20—40 nm),

these have the potential to link microfibrils together (see Figure 1.7) [52].
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1.2.1.4 Pectin

Pectin is a complex mixture of polysaccharides found in the middle lamella of the
cell wall (see Figure 1.6 and Figure 1.7), gradually decreasing as one passes
through the primary wall toward the plasma membrane [53]. The structure of pectin
is very difficult to determine because this can change during isolation of plants,
storage, and processing of plant material [54]. In addition, impurities can
accompany the main components. At present, pectin is thought to consist mainly of
D-galacturonic acid units [55], joined in chains by means of a-(1-4) glycosidic
linkage. These uronic acids have carboxyl groups (possible sorption sites for metal
cations), some of which are naturally present as methyl esters depending on the
degree of esterification. In addition to the galacturonic segments, neutral sugars
are also present. Rhamnose is a minor component of the pectin backbone and
introduces a kink into the straight chain and other neutral sugars such as
arabinose, galactose and xylose [54]. Hydrogen bonding, a long neutral or acid
polysaccharides, as well as calcium bridges in carboxyl moieties link adjacent

pectin chains.

1.2.1.5 Lignin

Lignins are complex racemic aromatic heteropolymers derived mainly from three
hydroxycinnamyl alcohol monomers differing in their degree of methoxylation, p—
coumaryl, coniferyl, and sinapyl alcohols [49, 50]. These monolignols produce,
respectively, p-hydroxyphenyl, guaiacyl, and syringyl phenylpropanoid units when
incorporated into the lignin polymer [56]. Lignin deposition is one of the final stages
of xylem cell differentiation and takes place mainly during secondary thickening of
the cell wall [49]. Generally, secondary cell walls consist of three layers: the outer
(S1), middle (S2), and inner (S3) (see Figure 1.6). Lignin deposition proceeds in
different phases, each preceded by the deposition of carbohydrates, and starts at
the cell corners in the region of the middle lamella and the primary wall when S1
formation has initiated. When the formation of the polysaccharide matrix of the S2
layer is completed, lignification proceeds through the secondary wall. The bulk of

lignin is deposited after cellulose and hemicelluloses have been deposited in the
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S3 layer. Generally, lignin concentration is higher in the middle lamella and cell
corners than in the S2 secondary wall [49]. However, because it occupies a larger
portion of the wall, the secondary wall has the highest lignin content. The amount
and composition of lignins vary among taxa, cell types, and individual cell wall
layers and are influenced by developmental and environmental conditions [49, 50].
Lignin is crucial for the structural integrity of the cell wall as well as stiffness and
strength of the stem. In addition, lignin waterproofs the cell wall, enabling transport
of water and solutes through the vascular system, and plays a role in protecting

plants against pathogens [50].

1.2.2 Techniques used to identify and quantify functional groups

To identify functional groups on lignocellulosic materials various techniques have
been used, for example: Fourier transform infrared (FTIR) spectroscopy to identify
surface functional groups [4, 19, 20, 57-60], X-ray absorption spectroscopy (XAS,
XANES, EXAFS, XPS) to determine the electronic configuration of metal species
adsorbed as well as possible sorption sites [4, 61-65], acid-base titrations to
quantify functional groups and their equilibrium constants [18, 20, 58, 66], and
chemical modifications to indirectly corroborate if carboxyl-binding sites are
responsible for metal adsorption [43, 62, 65], among others.

The use and the principal characteristics of these techniques as well as the

findings by using these strategies are discussed in detail in the following sections.

1.2.2.1 Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy is of great interest because it could be used in conjunction with
other techniques to determine the molecule structure. Infrared radiation is
absorbed and converted by an organic molecule into energy of molecular vibration
[16]. The frequency or wavelength of absorption depends on the relative masses of
atoms, the force constants of the bonds, and the geometry of atoms. In the

spectrum, each wavenumber can be related to a particular vibration of a functional

group.
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Functional groups identified on lignocellulosic materials by Fourier transform
infrared analyses [4, 19, 20, 57-60] include hydroxyl, carbonyl, carboxyl, nitrogen-
containing groups (i.e. amine, amide), etc. The characteristic absorbance peaks of
these groups correspond to those reported in literature [67, 68]. Moreover these
groups are associated to the components (cellulose, pectin, hemicelluloses, lignin,

and glycoprotein) of the lignocellulosic materials [48-50].

1.2.2.2 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is useful to speciate and quantify the form of
metals in structurally and chemically complex heterogeneous matrices such as
soils, sediments, and various wastes [64]. This technique provides information on
the coordination environment of the absorbing element, for instance the nearest
neighboring atoms and the ligands involved in the binding of metals [63-65].
Results from XAS revealed that metal cations are preferentially bound to oxygen-
containing groups. For example, in soils contaminated with alkyl-tetravalent lead
compounds, lead was found to be divalent and complexed to salicylate and
catechol-type functional groups of humic substances [64] and near a smelter, lead
was found to be divalent and coordinated to O and OH ligands. In other studies, it
was reported that aqueous Cr (VI) is reduced to Cr (lll) on rice husk [63], saltbush
biomass [65], and seaweed biomass [61] through a reduction and adsorption

combine mechanisms on carboxyl and hydroxyl groups.

1.2.2.3 X-ray photoelectron spectroscopy (XPS)

XPS is a quantitative spectroscopic technique that measures the elemental
composition, empirical formula, chemical state and electronic state of the elements
that exist within a material.

Krishnani et al. [4] used XPS to determine the speciation of Cr, Cd, and Hg loaded
on treated rice husk. The XPS spectrum of chromium-treated biomatrix revealed an
extensive reduction of Cr (VI) sorbed onto biomatrix to its trivalent form. Likewise
XPS spectra indicated that the Cr (VI) bound to brown seaweed biomass was

completely reduced to Cr (lll) under various tested conditions [61].

22



1.2.2.4 Acid-base titrations

Functional groups of adsorbents are dissociated or protonated in function of the
solution pH. Potentiometric titrations are used to determine the quantity and
equilibrium constants of the functional groups. Potentiometric titrations of seaweed
biomass revealed that biomass contains at least four types of functional groups:
sulfate, carboxyl, hydroxyl and other functional groups (i.e. phosphoryl, amine, and
imidazole group) having pK, values around 7.2 [18, 43]. These functional groups,
except sulfate groups, were also found in heterogeneous organic matter, dead
fungi and bacteria [69] and lignocellulosic materials (further details are given in

Chapter 2 of this thesis) [20] by potentiometric titrations.

1.2.2.5 Chemical modifications

There is another way to indirectly confirm if carboxyl groups on lignocellulosic
adsorbents are the binding sites of metals. Some of the most important results are
given herein. Partial esterification of carboxyl groups on seaweed biomass [43],
alfalfa shoot biomass [62], and saltbush biomass [65] decreased the metal
adsorption capacity. In contrast, oxidation with HNO3; and chemical modification
with citric acid of corncob increased considerably the metal adsorption capacity
[66]. These findings evidently demonstrate that carboxyl groups play a major role in
metal cations adsorption. In the case of seaweed biomass, sulphates also
contribute to a lesser extent, to heavy metal binding by electrostatic interaction,

particularly at low pH [43].

1.2.3 Biosorption of heavy metals on lignocellulosic materials

Several researchers have used lignocellulosic materials as biosorbents to remove
heavy metals from aqueous solutions [2-5, 9, 15, 17, 19, 20, 60, 62, 66, 71-74].
The advantages for using these types of biosorbents are their low-cost, availability,
and competitive metal adsorption capacity. Moreover, lignocellulosic materials, by-
products of various industries or agricultural residues, are produced in large
quantities as wastes, creating environmental problems if these are burned or

disposed of inappropriately. However the major disadvantages of lignocellulosic
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adsorbents of metals are their degradability and that their use in sorption columns
is limited since the characteristics of the particles introduce hydrodynamic
limitations and column fouling [75].

As previously mentioned, adsorption processes depend on the physical-chemical
properties of the adsorbent and also of the experimental conditions, for instance
the solution pH that affects the ionization of surface functional groups on the
adsorbent and the speciation of solutes in aqueous solutions. However, due to the
heterogeneity of the lignocellulosic biosorbents, it is necessary to conduct
equilibrium, kinetic and flow-through column experiments in order to select an
appropriate adsorbent as well as the optimal conditions of operation. These topics

are going to be discussed in the following sections.

1.2.3.1 Equilibrium adsorption studies

The adsorption of metals at equilibrium has been extensively explored. For
example, Krishnani et al. [4] reported that the maximum uptake of divalent metals
(Pb, Cd, Co, Zn, Hg, Cu, Mn, Ni) on alkali-treated rice husk at 32°C took place at
pH 5.5-6.0. Maximum adsorption capacities ranged from 5.5 to 58.1 mg/g which
increased in the order: Ni<Zn<Mn<Co<Cu<Cd<Hg<Pb. At pH 2, lower adsorption
capacities (1-13 mg/g) were achieved in comparison with the optimal pH value (pH
5.5-6.0). At pH 6.0, Dang et al. [76] determined Qmax of Cd (14.61 mg/g) and Cu
(11.44 mg/g) on acid- and alkali-washed wheat straw (Triticum aestivum) biomass,
which are similar to the reported values by Krishnani et al. [4] (16.7 mg/g for Cd
and 10.9 mg/g for Cu). Riaz et al. [59] studied the adsorption of Pb on water-
washed Gossypium hirsutum (Cotton) waste biomass, they found that the
adsorption capacity increases as pH rise from 3 to 5 achieving Qmax at pH 5
(196.07 mg/g). Parab et al. [72] used water-washed coir pith to adsorb Co (Il) and
Ni (I); the optimum pH values for maximum metal-ion adsorption were determined
as 4.3 for cobalt (7.22 mg/g), and 5.3 for nickel (11.40 mg/g). In another study,
Reddad et al. [5] used water-washed sugar-beet pulp for sequestering various
divalent metal ions (Pb, Cu, Zn, Cd, and Ni) from aqueous solutions. The maximum

sorption capacities, at initial pH of 5.5 and 20°C, predicted by the Langmuir model
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varied from 11.86 to 73.76 mg/g (higher than the base-treated rice husks) in the
next order: Ni<Zn<Cu<Cd<Pb. It is important to note that lead ions have a high
affinity towards adsorption groups of lignocellulosic adsorbents.

The removal of metals by using chemically modified biosorbents has been also
tried; for example, Leyva-Ramos et al. [66] demonstrated that the maximum
adsorption capacity of cadmium, at pH 6 and 25°C, was increased 10.8 to 3.8
times (Qmax Of natural corncob equal to 5.09 mg/g) when the corncob was modified
with citric acid and oxidized with nitric acid, respectively. Tiemann et al. [62]
studied the adsorption of Ni (II) on acid-washed, esterified with acidic methanol
and hydrolyzed with 0.1 N NaOH alfalfa biomass at pH 5.0. The Ni (Il) adsorption
capacity of acid-washed biomass was 12.3 mg/g, whereas the esterification of the
biomass caused a reduction of 91% of the binding of Ni (ll), and the hydrolysis of
the biomass increased 29% the adsorption capacity of Ni, compared to the results
of non-treated biomass. In general, chemically modified plant wastes (with citric
acid, base-hydrolysis or both) exhibit higher adsorption capacities than unmodified
biosorbents [58, 62, 66, 73, 77]. Various review articles are available in the
literature [14, 24, 58, 78, 79] that collect metal adsorption results from many
investigations.

Finally, although the adsorption capacity of metals of lignocellulosic materials is
lower than or similar to commercial ions exchangers (i.e. polymeric resins) the
main advantages of using these biosorbents are the low-cost and availability of

these materials.

1.2.3.2 Effect of pH on metal adsorption by biosorbents

Most research studies reported in the literature have evaluated the influence of pH
on the adsorption capacity. These results have demonstrated that the removal of
metal ions is highly dependent on pH [5, 18, 20, 66, 72]. This can be explained
since the solution pH affects both the surface charge of the adsorbent (i.e. the
degree of ionization of surface functional groups) and the speciation of metals in

solutions.
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As an example, to evaluate the properties of carboxyl groups on biomass (R-
COOH) in function of the solution pH, their reaction with a proton and their

equilibrium constant (K;) can be defined as follows:

_[rR-coo" |1}

R-COOH <> R-COO™ + H* K, = (5)
[R-COOH]

The total concentration ([R-COOH]y) of the functional group is equal to the sum of
the protonated [R-COOH] and ionized [R-COO7 configurations. After some
arrangements, the concentration of the ionized group can be expressed as a
function of the total concentration of the sites and of the proton concentration:

- R-COOH
[R_COO]:£+FFPKJ (6)
The concentration of protonated groups [R-COOH] is calculated as the difference
between the total concentration ([R-COOH]y) and ionized [R-COO7] groups. Figure
1.9 shows the effect of pH on the ionization of carboxyl groups that have pK,

values of 4.0 and density of 0.5 mmol/g.

[R-COOH] [R-COO]

Carboxyl groups (mmol/g)
o
w

Figure 1.9 Effect of pH on the ionization of carboxyl groups ([R-COOH]}+=0.5
mmol/g and pK, 4.0). Black line represents the protonated carboxyl groups [R-

COOH] and gray line represents the ionized carboxyl groups [R-COOT].
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At pH=pK,, the number of ionized and protonated groups is the same. As pH
increases (pH>pK,), the quantity of ionized groups increase, for example: at pH 6,
99% of the total carboxyl groups are ionized and metal adsorption will achieve the
highest capacity (see Figure 1.9). In contrast, as pH decreases (pH<pK,) the
quantity of protonated groups increases, for instance: at pH 2, 99% of the total
carboxyl groups are protonated, consequently the adsorption of metal cations is
less (see Figure 1.9).

Furthermore, above the point of zero charge (pHy.c), the adsorbent surface charge
is predominantly negative and therefore could adsorb positively-charged species
(metal cations or H*). When increasing the solution pH, the metal adsorption
capacity increases because more ionized groups (e.g. carboxyl) are available to

adsorb metals.

Table 1.4. Equilibrium reactions of the solubility of Cr(OH)s.

Reaction log K(1=0) logK (I=0.01)

Cr(OH)3 5y <> Cr** + 30H -30.0 -29.4
Cr** + OH < CrOH* 10.0 9.8

Cr¥" + 20H <> Cr(OH)," 18.3 17.9
Cr¥" + 30H <> Cr(OH)s* 24.0 23.7
Cr¥" + 40H <> Cr(OH)y 28.6 28.1
3Cr¥ + 40H <> Cr3(OH),>* 47.8 47.5
H* + OH < H,0 14.0 13.9

Equilibrium constants (25°C) were taken from Baes and Messmer [80].

Regarding metal species in aqueous solutions, the solution pH determines the
dissolution and precipitation of metal species. The extent of dissolution or
precipitation reaction for systems that attain equilibrium can be estimated by
considering the equilibrium and solubility constants. For example, Stumm and
Morgan [81] estimated the solubility of Cr (lll) hydroxide as a function of pH. These

authors considered the reactions given in Table 1.4, associated to their equilibrium
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constants, in calculating the metal species in solution. It was concluded that the
solubility of Cr (lll) hydroxide is markedly affected on the acid side (pH<6) by the
polynuclear species Crs(OH)4°*. In addition, various softwares such as VMINTEQ
and PHREEQ [82, 83] are available free of charge on the web that can be used to
compute speciation diagrams of metals in aqueous solutions. Further details about
the Cr (lll) species present in aqueous solutions are shown on Figure 2.3 in
Chapter 2.

1.2.3.3 Adsorption kinetics of metals on various biosorbents

Besides equilibrium adsorption data of solutes, adsorption kinetics is also required
to select an adsorbent and to design an adsorber. Although its known that mass
transfer is limited by diffusion of solutes into porous adsorbents, most adsorption
studies have reported that adsorption kinetics follows pseudo-first order model [84]
or pseudo-second order model [85]. However these models only predict the overall
adsorption rate and do not help to understand physically the mass transfer in
adsorption processes. On the contrary, diffusion models [66, 86, 87] consider
various resistances along the solute movement to the adsorbent particle. Such
resistances are film diffusion and intraparticle diffusion (pore-volume diffusion
and/or surface diffusion). Film diffusion resistance is related to the layer
surrounding the adsorbent particle and intraparticle diffusion is associated with the
transport of solutes into the pores of the adsorbent. Figure 4.1 in Chapter 4 shows
a schematic representation of these resistances in adsorption processes.

This section will address the process of diffusion and its influence on the overall
adsorption rate. Empirical and diffusion models developed to predict the adsorption
kinetics of metals are briefly described in the following sections. More details are

given in Chapter 4.
1.2.3.3.1 Empirical models

The overall rate of adsorption of various heavy metals has been predicted by using

empirical models. This rate can be considered to follow pseudo-first order [84] or
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pseudo-second order [85] reactions based on the quantity of solute adsorbed by
the adsorbent.

The adsorption kinetics of dyes on orange peel wastes [88], organic compounds on
chitin [89] and metal ions on sheep manure waste [90] was predicted with the
pseudo-first order reaction model. Nevertheless, the pseudo-second order rate
equation was most commonly used to describe the adsorption rate of metals on
various biosorbents such as sphagnum moss peat [85], water-washed sugar-beet
pulp [5], wheat straw [76], and coir pith [72].

1.2.3.3.2 Diffusion models

Only some research studies have reported the use of diffusion models in predicting
the adsorption kinetics of metals on lignocellulosic materials and activated carbons.
These models explain the mass transfer of solutes from solutions to the solid
adsorbents.

The adsorption kinetics of cadmium, copper, and dyes on peat, lignite and
activated chars was investigated [93] and the film diffusion models [91, 92] were
successfully applied to predict the adsorption rate in batch reactors. At high
sorbent doses, intraparticle diffusion can be neglected and the external resistance
is the rate-controlling step. However, when lower masses of adsorbent are
involved, the influence of intraparticle diffusion becomes apparent. These
behaviors are quite different when dyes are adsorbed on peat and lignite: a single
resistance model cannot predict well the adsorption process and intraparticle
diffusion becomes important. Research studies have confirmed the importance of
intraparticle diffusion in controlling the adsorption rate of Cd (ll) and Zn (ll) on
activated carbons [66] and the adsorption of pentachlorophenol on activated
carbon fibers [87].

Although empirical models are commonly used to predict metal adsorption kinetics,
it is believed that diffusion models help to understand the mass transfer
phenomena as occurs on adsorption of solutes in porous and non-porous

materials. Readers are referred to Chapter 4 where more details are given
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regarding the use of diffusion models in predicting and explaining the adsorption of

Cr (ll) on agro-waste materials.

1.2.3.4 Desorption of metals previously adsorbed by biosorbents

A small number of biosorption studies have reported desorption of metals from
lignocellulosic materials. Sawalha et al. [60] conducted batch desorption
experiments of Cd (Il) bound to saltbush biomass. About 85% of the bound Cd was
recovered using only 0.1 mM concentration of either HCI or sodium citrate. Diniz
and Volesky [94] studied the desorption of La, Eu, and Yb from seaweed biomass
(Sargassum polycystum) by using various eluting agents including nitric and
hydrochloric acids, calcium nitrate and chloride salts, EDTA, oxalic acid and
diglycolic acid at several concentrations. For all metals, desorption of individual
metals with 0.3 M HCI varied from 95% to 100%. Similar desorption percentages
were obtained by using HNO3. Lower desorption percentages were attained by the
other eluting agents. They also found that the use of either acid, HCI or HNOs,
resulted in a weight loss between 27-30%. A slightly lower weight loss, compared
to the other results, was observed when 0.1 M HCI was used; consequently the
authors recommended 0.2 M HCI for metal desorption to decrease the biomass
loss. Leyva-Ramos et al. [66] conducted desorption batch experiments of Cd (ll)-
loaded corncob. It was found that Cd (ll) desorbs almost completely from the
corncob when the pH of the solution was reduced to 2.

All given results showed strong evidence that mineral acids are preferred as eluting
agents in metal recovery from biosorbents. Nevertheless it is important to note that
strong acid conditions highly affect some components of the biosorbents matrix,

which can significantly reduce their adsorption capacity.

1.2.3.5 Adsorption mechanisms of metals on various biosorbents
The biosorption mechanism of metals is not easily elucidated since biosorbents
have a complex structure. The building blocks of this complex structure have

several binding sites which in turn can participate in different adsorption
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mechanisms. Figure 1.10 shows the most probable adsorption mechanisms of

metals and these are briefly analyzed in the following sections.

Electrostatic
attraction

Complexation
and chelation

Possible
lon exchange adsorption
mechanisms |

Entrapment “

Precipitation

Figure 1.10 Most probable adsorption mechanisms of metals on adsorbents.

1.2.3.5.1 Electrostatic attraction

As previously mentioned, the solution pH affects the surface charge of biosorbents
(i.e. the degree of ionization of surface functional groups). lonized or protonated
functional groups can interact with positively or negatively-charge adsorbate
species to be adsorbed. For example, metals cations (M") can be adsorbed by
electrostatic attraction with any ionized carboxyl [4, 13, 17-20, 43, 60-62, 66, 74,
94], sulfonate [43] or phosphate groups as:

n[E R-COO7] + M™ <« [ R-COO],—M (7)
[E R-OP05*] + M™ <> [= R-OPOs}-M"? (8)
n[= R-SO57] + M™ <« [= R-SO3],—M (9)

In the same way, electrostatic attraction of protonated amine groups with anionic

species (A") has been already reported as follows:

n[E R-NH,'] + A™ > [= R-NH,]—A (10)
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1.2.3.5.2 Complexation or chelation

Ligands of the biomass (e.g. carboxyl, nitrogen-containing groups) can form
complexes (or coordination compounds) or chelates with metal species. The
electron pairs of ligands (donor atoms) are shared with metals (acceptor atoms) to
form a coordinated bond. Metal chelates are metal complexes where there is an
organic compound bound to the metal by two or more donor atoms. The adsorption
mechanism of metal cations (M™) on carboxyl and nitrogen-containing [95] sites

could be:
n[= R-COOH] + M™ < [=R-COO],-M + nH" (11)
n[= R-NH;] + M™ < [= R-NH].—M (12)

1.2.3.5.3 lon exchange

It has also been reported that metal cations are exchanged with calcium or
magnesium ions on lignocellulosic and seaweed biosorbents [4, 5, 20]. Calcium
and magnesium ions are linked to carboxyl moieties associated to hemicelluloses
and pectin biopolymers in lignocellulosic materials and alginates in seaweed
biomass. Metal cations have a higher affinity for carboxyl groups than calcium and

magnesium; consequently these ions are exchanged as follows:
[E R-COO],-Ca + M?* <> [ R-COOQ]-M + Ca?* (13)
[E R-COO],-Mg + M?* & [ R-COO],-M + Mg? (14)

1.2.3.5.4 Precipitation

Microprecipitation may occur if the solution pH is not controlled. Depending on the
solubility of metal cations which is highly dependent on the solution pH and
available ligands, these metal species can be in solution or precipitated.
Shashirekha et al. [96] did not set the solution pH and may be the reason for
obtaining Cr (lll) sorption capacity as high as 125 mg/g which is approximately 5
times higher than other similar adsorbent (28 mg/g) [97]. The precipitation of

metals cations (M"") as metal hydroxides (M(OH), (s)) can be represented as:

M™ + nOH" <> M(OH)n (¢ (15)
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1.2.3.5.5 Entrapment

The removal of metal species can also be by entrapment in the polysaccharides
complex network. There are some free spaces in the biosorbents structure that
accumulate pollutants as a result of the concentration gradient (diffusion through
the pore-volume biosorbents). Nevertheless, the contribution of this mechanism to
the removal of metals seems to be minor due the low pore volume of biosorbents.
In summary, understanding the adsorption mechanism of metals allows modeling
of the adsorption process. These models can be applied to predict the influence of
certain parameters such as ionic strength and pH [18, 98] on the metal adsorption
capacity. Furthermore, the eluting agent can be chosen based on the adsorption
mechanism. For instance, metals adsorbed on acidic functional groups can be
recovered by lowering the solution pH; acidic groups protonate and metals are

released to the solution [20].

1.2.3.6 Continuous flow-through adsorption experiments

A packed-bed flow-through column is the configuration commonly preferred in
continuous adsorption processes. The performance of packed-bed adsorbers is
analyzed using the breakthrough curves and the elution curves. Both curves are a
function of the column flow parameters, sorption equilibrium and mass transport
factors [99].

In this thesis, the adsorption process of Cr (lll) on continuous operation was not
explored; however it is important to mention some studies reported in literature.
Several heavy metals were removed by using packed-bed columns with rice husks
biomass (Pb, Cd, Al, Cu, and Zn) [74], silica-immobilized sorghum biomass [71]
and Agave lechuguilla biomass (Cr (lIl)) [100], rice husk biomass (Pb, Hg, Cd, Ni,
Co, Mn, and Zn) [4], and seaweed biomass (Cu) [99]. Regeneration of metal-
loaded biosorbents was conducted with mineral acids (HCI) [71] or a mixture of
CaCly and HCI [99]. The adsorption capacity as well as the desorption of metals
decreased every sorption—desorption cycle suggesting biomass hydrolysis and
mass loss [71, 99]. Nevertheless, a continuous biosorption operation seems to be

feasible.
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Finally, it is important to mention that more continuous operations (i.e. adsorption
and desorption cycles) are required by using either raw or immobilized biomass in

order to demonstrate the effectiveness of this promising technology.

1.3 BACKGROUND

1.3.1 Removal of Cr (Ill) by biosorbents in aqueous solutions

For removing Cr (lll) from aqueous solutions, a number of adsorbents have been
tested. For example polymeric resins [11, 12, 101], activated carbon [95, 102, 103],
seaweed biomass [10, 18, 21, 104], microorganism biomass [96, 97], raw and
chemically modified lignocellulosic materials [9, 15, 19, 20, 60, 62, 65, 71, 72, 100,
10%5], etc.

Regardless of the adsorbent selected for the removal of Cr (lll), to preserve Cr (Ill)
species in aqueous solution instead of being precipitated as Cr(OH);, adsorption
experiments of Cr (Ill) must be conducted at pH values lower than 4.6 based on
the speciation diagram (see Figure 2.3 in Chapter 2) [18, 20].

It has been demonstrated that adsorption of Cr (lll) on lignocellulosic materials is
highly influenced by the solution pH; the adsorption capacity of Cr (lll) increases
with increasing solution pH [20, 57, 65, 71, 72, 106]. This can be explained since
lignocellulosic materials contain carboxyl functional groups, previously identified by
FTIR analyses [19, 20, 57, 60], which are able to be ionized or protonated in
function of pH (see Figure 1.9). As pH increases (at pH>pK,) more than 50% of the
carboxyl groups are being ionized; therefore more metal cations are able to be
adsorbed on it increasing the metal sorption capacity. To the contrary, as pH
decreases (pH<pK,), more carboxyl groups are protonated and metal sorption
capacity decreases because H* ions compete for the same sorption sites.
Moreover the role of carboxyl groups on the adsorption of Cr (lll) on lignocellulosic
materials has been demonstrated direct or indirectly. Direct analysis of metal-
loaded lignocellulosic materials by X-ray absorption spectroscopy suggested that
Cr (ll) binding mostly occurs through coordination with oxygen ligands [62, 63, 65].
Similar results have been reported by using seaweed biomass [61]. Indirectly, the

importance of carboxyl groups on the lignocellulosic materials for binding metal
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cations has been assessed because the esterification of carboxyl groups
decreased the Cr (lllI) sorption capacity [60, 62, 65]. In addition, the adsorption of
Cr (Ill) on agro-waste materials was coupled to the release of calcium ions or
protons to the solution [20]. Ibafiez and Umetsu [13] also reported an ion exchange
mechanism between Cr (Ill) and H* ions when protonated dried alginate beads
were used as adsorbents. Furthermore it has been reported that hemicelluloses
and lignin (which have carboxyl groups) of agro-waste materials are the main
contributors to the removal of Cr (lll) from aqueous solutions [19]. These results
clearly suggest that carboxyl groups on lignocellulosic adsorbents are the binding
sites of Cr (lll) ions (further details are given in Chapter 2 and 3).

Lignocellulosic materials used to remove Cr (lll) and their maximum adsorption
capacity include: water-washed alfalfa biomass (10.7 mg/g at pH 5.0) [62], acid-
washed sorghum straw biomass (10 mg/g at pH 4.5-5.0) [71], acid-washed
saltbush biomass (16.3, 22.7, 27.0 mg/g for steams, leaves and flowers,
respectively, at pH 5.0) [65], water-washed coir pith (11.56 mg/g at pH 3.3) [72],
acid-washed agave lechuguilla biomass (11.3 mg/g at pH 4.0) [15], and acid-
washed plant biomass (28 mg/g at pH 5.0) [57] (further details are given in Table
2.2 in Chapter 2).

Tiemann et al. [62] reported that esterification of alfalfa biomass caused a
reduction of 100% of the binding of Cr (lll), whereas hydrolysis of the biomass
increased 111% in comparison to non-modified acid-washed biomass (10.7 mg/qg).
In contrast, Sawalha et al. [65] reported dissimilar results; the maximum average
sorption capacity of Cr (lll) on native, esterified and hydrolyzed biomass was 22.0,
6.0 and 25.0 mg/g, respectively. In this case, Cr (lll) adsorption capacity decreased
72% due to esterification of the biomass, while increased 13% by basic hydrolysis.
Nevertheless, these results confirmed that carboxyl groups play an important role
on the adsorption of Cr (Ill) on lignocellulosic materials.

In order to make a biosorption process more attractive, desorption of metal-loaded
biosorbents are needed. Cano-Rodriguez et al. [71] conducted sorption—desorption
cycles of Cr (lll) in a flow-through column packed with immobilized sorghum straw.

Desorption of the Cr (lll)-loaded biomass, by using 0.1 N HCI, achieved 82% and
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decreased 6% in each consecutive cycle reducing the life time use of the column.
Sawalha et al. [60] also conducted batch desorption of Cr (lll)-loaded saltbush
biomass. Concentrations of 0.1 M, 0.5 M, and 1.0 M HCI desorbed more than 72—
74% of the Cr (lll); however, the Cr recovery did not exceed 40% when using
sodium citrate. Garcia-Reyes et al. [20] tested several eluents (HNO3;, NaOH and
EDTA) at various concentrations and temperatures to desorb Cr (lll) from agro-
waste materials. Readers are referred to Chapter 2 for further information.

Parab et al. [72] reported that the adsorption rate of Cr (lll) on coir pith can be
predicted by a pseudo-second order model. At C,=50 mg/L, the initial sorption rate
of Cr (lll) was 0.029 mmol/(g min). Oliveira et al. [106] obtained lower initial
sorption rate of Cr (lll) on water-washed rice bran (0.001 mmol/(g min)) at pH 5.0
and C,=5 mg/L. Besides these two reported studies, to the best of our knowledge,
adsorption kinetics of Cr (lll) on lignocellulosic materials are not reported in
literature. Furthermore diffusion models have not been explored to predict the
adsorption rate of Cr (lll) on agro-waste materials. Comparison of the empirical
models (i.e. pseudo—first and pseudo-second order equations) and diffusion

models are discussed in Chapter 4.

1.4 MOTIVATION OF THIS RESEARCH

Lignocellulosic materials are generated in considerable amounts in agricultural
countries throughout the world. These residues or by-products include rice husks,
sugar-cane bagasse, rice straw, sorghum straw, oats straw, peanut hull, etc. In
Mexico, sorghum (Sorghum bicolor) and oat (Avena sativa) are produced to obtain
grains; however the residues (straw) are used for livestock or disposed of in the
same place where these are produced. Besides these residues, agave bagasse
(Agave salmiana) is a lignocellulosic waste generated in the industry of mezcal that
produces ecological problems because it is burned or disposed of inappropriately.
These lignocellulosic materials have the advantage of being readily available and
could provide value-added products that otherwise would be considered as waste.
For instance, the intensive use of lignocellulosic materials as adsorbents in

removing heavy metals from aqueous solutions has been reported.
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Taking the advantage that agro-waste biosorbents such as sorghum straw, oats
straw, and agave bagasse are accessible in Mexico, and on the other hand that
chromium (lll) is a contaminant that has recently been reported to affect human
erythrocyte membrane in a higher extent compared with Cr (VI), this research
studied in detail the adsorption capacity performance of this biosorbents to remove
Cr (lll) from aqueous solutions, the sorption—desorption mechanism, and the
contribution of the structural components (hemicelluloses, cellulose and lignin) of

agro-waste materials to the removal of Cr (lll).

1.5 GENERAL OBJECTIVE

The purposes of this research are to propose a sorption mechanism of Cr (lll) on
agro-waste materials (sorghum straw, oats straw, and agave bagasse), to
determine the contribution of the major components (hemicelluloses, cellulose, and
lignin) to the removal of Cr (lll), and to assess the effect of external mass transfer

and intraparticle diffusion on the overall rate of adsorption of Cr (llI).

1.6 SPECIFIC OBJECTIVES

a) To chemically and physically characterize agro-waste materials by acid-
base titrations, FTIR analyses, sequential extraction methods, surface area,
pore volume, pore width distribution, and solid density.

b) To conduct batch adsorption experiments to determine the effect of pH and
temperature on the chromium (lll) sorption capacity.

c) To perform batch desorption studies of partially saturated biosorbents with
HNO3;, NaOH, and EDTA at different concentrations and temperatures.

d) To determine the quantity of Cr (lll) adsorbed and the quantity of other ions
(such as calcium, magnesium and hydrogen) released when agro-waste
materials are used as adsorbents.

e) To quantify the agro-waste materials main components (hemicelluloses,

cellulose, and lignin) by sequential extraction methods.
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f) To identify the functional groups of agro-waste materials, their fractions
(residues remaining after sequential extraction methods), and commercial
standards (pectin, cellulose, and lignin) by ATR-FTIR analyses.

g) To determine the Cr (lll) sorption capacity of agro-waste materials, their
fractions and commercial standards by carrying out batch experiments at
selected pH and temperature.

h) To conduct adsorption kinetic experiments of chromium (lll) on agro-waste
materials at different initial concentrations and several stirring speeds.

i) To estimate the parameters of the empirical and diffusion kinetic models.

j) To predict the adsorption kinetics of Cr (lll) on agro-waste materials by

means of empirical and diffusion models.

1.7 HYPOTHESIS

The adsorption mechanism of chromium (lll) on agro-waste materials will be based
on ion exchange with calcium and also on complexation with oxygen-containing
sites of the biosorbents constituents. Complexation of chromium on agro-waste
materials will prevent the desorption of this contaminant when regenerating the
exhaust biosorbents with acid eluents, fact that will be improved when using metal-

complexing agents such as EDTA.

1.8 STRUCTURE OF THE THESIS

First of all, a review of the components present in lignocellulosic materials and
biosorption studies of metals is presented in this chapter. The following chapters
are distributed as follows:

In Chapter 2 the chemical characterization of agro-waste materials, batch sorption
experiments of Cr (lll), desorption of biosorbents with several eluting agents at
different temperatures and concentrations, and the Cr (lIl) sorption mechanism are
reported.

In Chapter 3 the content of the main components (hemicelluloses, cellulose, and

lignin) of agro-waste materials, the functional groups of each fraction, and the
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contribution of the main components on the chromium (lll) removal from aqueous
solution are discussed.

In Chapter 4 the adsorption kinetics of Cr (Ill) on agro-waste materials by empirical
and diffusion kinetic models, and the effect of external mass transfer and
intraparticle diffusion on the overall rate of adsorption are compared and
discussed.

In Chapter 5 discussion of the main results of this work is presented.

Finally, Chapter 6 includes the main conclusions of this study as well as future

work.
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Chapter 2

CHROMIUM (Ill) UPTAKE BY AGRO-WASTE BIOSORBENTS:
CHEMICAL CHARACTERIZATION, SORPTION-DESORPTION
STUDIES, AND MECHANISM

ABSTRACT

Within their complex structure, agro-waste materials such as sorghum straw (SS),
oats straw (OS) and agave bagasse (AB) have functional groups (i.e. carboxyl and
phenolic) that play a major role in metals sorption. The advantages of these
materials include availability, low-cost, and a reasonable metal sorption capacity.
These agro-waste materials were chemically characterized by acid-base titrations
and ATR-FTIR analyses in order to determine their functional groups, equilibrium
constants, and surface charge distribution. Batch experiments were conducted at
pH 3 and 4, at 25°C and 35°C to determine the biosorbents chromium (lIl) sorption
capacity. Partially saturated biosorbents were desorbed with HNO3;, NaOH, and
EDTA at different concentrations and temperatures (25°C, 35°C, and 55°C).
Finally, the chromium (lll) sorption mechanism was discussed.

Agro-waste materials functional groups are associated, in part, to carboxyl and
hydroxyl groups these oxygen-containing sites play an important role in the
chromium (ll1) removal. The maximum chromium (lll) sorption capacity was 6.96,
12.97, and 11.44 mg/g at pH 4 for acid-washed SS, OS, and AB, respectively. The
chromium (lll) sorption capacity decreased at pH 3 because H* ions competed for
the same functional groups. On the other hand, an increase in temperature
enhanced both the biosorbents chromium (lll) sorption capacity and their
desorption by EDTA. The most probable chromium (lll) sorption mechanisms were

ion exchange and complexation.
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The agro-waste materials studied herein efficiently remove chromium (lll) from
aqueous solution and, most importantly, EDTA can efficiently desorb Cr (lll) from
agro-waste materials at 55 °C.

Keywords: Agricultural residues; functional groups; equilibrium constants; ion

exchange; complexation.

Adapted from: Garcia-Reyes Refugio Bernardo, Rangel-Mendez Jose Rene, and
Alfaro-De la Torre Ma. Catalina (2009), Chromium (lll) uptake by agro-waste
biosorbents: chemical characterization, sorption-desorption studies, and
mechanism, Journal of Hazardous Materials, 170(2-3) 845-854.
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2.1 INTRODUCTION

Heavy metal pollution is of great concern due to the human health problems that
heavy metals cause when present in drinking water. In addition, heavy metals are
non-biodegradable and can be bio-accumulated by organisms. Non-treated
effluents from industries such as metallurgical, electronic, tannery, electro-plating,
water cooling systems, among others can contaminate water systems with
chromium, and other heavy metals.

This element is present in aqueous solutions mainly in the trivalent and hexavalent
oxidation states. It is well known that trivalent chromium (Cr (lll)) is an essential
nutrient at trace concentration, and hexavalent chromium (Cr (V1)) is highly toxic
and carcinogenic, but recently Suwalsky et al. [1] demonstrated that Cr (lll) ions
cause more structural perturbation in human erythrocyte membrane than Cr (VI).
This structural perturbation, induced by Cr (lll) ions, changes the biological
membrane permeability affecting the functions of ion channels, receptors, and
enzymes immersed in the erythrocyte membranes. In humans, Cr (lll) can
decrease immune system activity.

In Mexico, the maximum allowed concentration of chromium in drinking water is
0.05 mg/L [2]. In wastewater effluents, the allowed chromium concentration, on a
monthly average, range from 0.05 to 0.1 mg/L depending on the final discharge
site (i.e. river, lake, sea, etc.) [3]. Finally, wastewater discharges into municipal
drainage can not exceed 0.5 mg/L (monthly average) measured as Cr (V1) [4].

Due to the toxic effects of chromium, it is necessary to eliminate it from the
contaminated effluents. Several alternatives to remove Cr (lll) from effluents have
been reported; for example, chemical precipitation, chemical oxidation-reduction,
electro-chemical treatment, membrane separation processes, evaporation,
adsorption, ion exchange, biosorption, among others [5-8]. In general, the first five
treatment processes have considerable disadvantages such as incomplete metal
removal, high priced equipment and/or expensive monitoring systems, high
reactive requirements and/or energy, and toxic sludge production that needs to be
confined [9-11].
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Biosorption processes have advantages such as low-cost and widely available
materials in many countries, although these materials are sensible to pH and
temperature changes. Some factors that influence the biosorbents metal sorption
capacity are electric charge, type and quantity of chemical groups, pore size,
surface area, temperature, and solution pH. Various biosorbents used to remove
metals in aqueous solution are microorganism biomass [8, 9, 12], marine seaweed
[7, 13-18], agricultural by-products [19-24], chitin and chitosan [25-27], among
others.

Agro-waste materials are mainly formed by such natural polymers as cellulose,
hemi-cellulose, pectin and lignin. These components contain carboxyl functional
groups linked together by calcium bridges which can play an important role in
metal adsorption. For instance, researchers have found that divalent metal ions are
exchanged by calcium ions present in agro-waste materials [28, 29].

Mexico is a producer of sorghum (Sorghum bicolor) and oat (Avena sativa). The
grains are used to prepare balanced food and sometimes the agro-waste materials
(straw) are used for livestock. On the other hand, agave bagasse (Agave salmiana)
is a waste generated in the industry of mezcal that produces ecological problems
because it is burned or disposed of inappropriately. These agro-waste materials
are locally available and could be used in adsorption processes, for example to
remove Cr (lll) from aqueous solution, although desorption studies are required to
determine if these biosorbents can be regenerated and reused in order to make
their application more attractive.

Therefore, the objectives of this research are to chemically characterize sorghum
straw (Sorghum bicolor), oats straw (Avena sativa), and agave bagasse (Agave
salmiana), and also to explore their application for removing chromium (lll) from
water by sorption/desorption studies. An additional objective is to propose a

sorption mechanism based on ion exchange.
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2.2 MATERIALS AND METHODS

2.2.1 Biosorbents

Sorghum straw (SS), oats straw (OS) and agave bagasse (AB) were tested as
biosorbents to remove Cr (lll) from aqueous solution. Previous to the sorption
experiments, the agro-waste materials were ground to obtain particles of about 1
mm, and then washed with de-ionized water (W) or hydrochloric acid (A) 0.01 N to
remove soils from biosorbents and, in the case of the acid washing step, to
protonate the surface of the biosorbents. After the acid treatment, the biosorbents
were washed with de-ionized water until obtaining a neutral pH. Finally, the
biosorbents were dried in an oven at 50°C for 24 h, and then stored in desiccators
until the experiments were conducted.

Capital letters were used throughout the document to identify each biosorbent; for

example, acid-washed agave bagasse is represented as AAB.

2.2.2 Chemicals

A stock solution of 500 mg/L was prepared by using Cr(NO3)39H,O (A.C.S.,
Meyer). Appropriate dilutions were prepared to conduct sorption experiments with
initial concentration of Cr (lll) ranging from 5 to 100 mg/L. An EDTA salt (disodium
salt, dehydrate cystal, A.C.S., J.T. Baker) was used to prepare 0.1 M and 0.05 M
eluent solutions. In addition, 1.0 N HNO3; and 1.0 N NaOH (both A.C.S., Fermont)
solutions were used to regenerate chromium-loaded biosorbents. De-ionized water
was used to prepare all solutions. Finally, chromium, calcium, and magnesium
concentrations were measured by using an atomic absorption spectrophotometer,
AAS (Perkin Elmer, AAnalyst 400).

2.2.3 Surface charge distribution, functional groups, and equilibrium
constants

Potentiometric titrations were conducted to determine the materials surface charge
distribution. First, 125 mg of biosorbent were placed in 50 mL polyethylene vials.
After that, 20 mL of 0.1 N NaCl (A.C.S, Caledon) were added to the vial containing
the biosorbent. Then a different volume of 0.1 N NaOH or 0.1 N HCI (both A.C.S.,

54



J.T. Baker) was added into each vial. Finally, 0.1 N NaCl solution was used to
complete 25 mL. Carbon dioxide free-solution was obtained by stripping with
nitrogen gas. In the same way, a blank experiment (without biosorbent) was
conducted. Solutions were kept at 25°C and were manually shaken twice a day for
a period of 5 days. Finally, the equilibrium pH of each experiment was measured
(Thermo, Orion 4 STAR).

Additionally, to estimate the biosorbents functional groups and their equilibrium
constants, the experimental data obtained from potentiometric titrations were

processed according to the method proposed by Yun et al. [18].

2.2.4 Functional groups identification

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) analyses
(Thermo-Nicolet, Nexus 470 FT-IR E.S.P.) were used to identify the biosorbents
functional groups, before and after the sorption-desorption processes.

Previous to ATR-FTIR analyses, biosorbents were dried at 50°C for 24 hours.
Then, the spectra were obtained in the range from 650 to 4000 cm™ with 4 cm™
resolution. The resulting spectra were the average of 32 scans. Finally, the spectra
were used to identify the functional groups based on the characteristic

transmittance peaks.

2.2.5 Chromium species in aqgueous solution
The chromium speciation diagram was computed with the software Visual MINTEQ
2.51 [30]. This diagram was obtained for a chromium concentration of 100 mg/L

and 357 mg/L of nitrates.

2.2.6 Adsorption experiments

The biosorbents Cr (lll) sorption capacity (Qe) was determined at different
temperatures (25° and 35°C) and pH values (3 and 4) in duplicate and the average
values are presented. Samples of 100 mg of biosorbents were added to 100 mL of
Cr (Ill) concentrations of 5 to 100 mg/L. These experiments were continuously

stirred at 180 rpm. The solution pH was adjusted daily to pH 3 or 4 by adding 0.1 N
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NaOH and/or 0.1 N HNO3 until the equilibrium was achieved. The equilibrium was
considered to be reached when at least 3 consecutive measurements of the Cr (lll)
concentration were similar in the batch experiments. Aliquots (10 mL) were taken

to measure the initial and the equilibrium chromium concentrations (C¢) by AAS.

2.2.7 Metal ions adsorbed and released

It is well known that heavy metal ions are exchanged by other ions (such as
calcium, magnesium or H") in biosorption processes. To understand the Cr (lll)
sorption mechanism, batch experiments were conducted in triplicate to determine
both the chromium adsorbed and the ions released (such as calcium, magnesium,
and H") from the agro-waste materials.

Samples of 100 mg of biosorbent were added to 100 mL of Cr (lll) solutions (initial
concentration 20 mg/L) contained in Erlenmeyer flasks at 25°C. These flasks were
closed and continuously stirred at 180 rpm. For experiments with pH control, the
solution pH was adjusted daily to pH 4 by adding 0.1 N NaOH and/or 0.1 N HNO3
until the equilibrium was achieved. For experiments without pH control, the initial
pH was fixed to 4 and the final pH was measured at the end of the experiment.
Finally, 10 mL aliquots were taken to measure the initial and final (at equilibrium)
chromium, calcium and magnesium concentrations by AAS. The H® desorption
capacity was calculated based on the initial and final pH measurements. In the
same way, blank experiments (without chromium) were conducted to measure

calcium, magnesium, and H released.

2.2.8 Desorption experiments

To determine the Cr (lll) desorption from agro-waste materials, batch experiments
were carried out in duplicate and the average values are reported. Biosorbents
were previously exposed to 20 mg/L of Cr (lll) at pH 4 and 25°C. Then 5 mL
aliquots were taken to determine the initial and final (at equilibrium) concentrations.
After that, chromium-loaded biosorbents were filtered and slightly rinsed with de-
ionized water (at pH 4) to remove the excess of chromium solution. Then the
biosorbent was added to 100 mL of HNO3 (1.0 N or 0.1 N), NaOH (1.0 N or 0.1 N)

56



or EDTA (0.1 M or 0.5 M) solutions. Regeneration experiments were continuously
stirred at 180 rpm at selected temperatures (25°C, 35°C, or 55°C) for 24 hours.
Finally, 5 mL aliquots were taken to measure the equilibrium chromium
concentration by AAS.

Regenerated biosorbents were filtered, rinsed with de-ionized water (100 mL),
dried at room temperature for 5 days, and weighed to obtain the mass loss after
the regeneration step.

2.3 RESULTS AND DISCUSSION

2.3.1 Chemical characterization

Biosorbents have functional groups that play a major role in metal sorption. These
groups can be dissociated or protonated depending on the solution pH. Yun et al.
[18] developed a physical-chemical-based method to estimate the functional
groups (b, measure as mmol/g) and their equilibrium constants (pKi). The
experimental data obtained from potentiometric titration were processed according
to this method (details are given in Appendix A). In most cases, the determination
coefficient (R?) was greater than 95% indicating that the estimated parameters (b
and pK,) agreed with the experimental results. Table 2.1 shows the functional
groups (b) and their equilibrium constants (pKa). In general, the biosorbents
functional group types were similar, although these were present in different
amounts.

The functional group with pK; ranging from 3.6 to 4.1 can be associated to
carboxyl groups [18], which can be verified since it is well known that agro-waste
materials contain pectin and hemi-celluloses which have carboxyl groups in their
chemical structure [29]. The latter was corroborated by ATR-FTIR spectra (Figure
2.1 (A) and Appendix B) since these provided transmittance peaks of around 1745,
1650, 1260, 1160, and 1060 cm™ attributed to carboxyl groups [31-33].

Groups with pK, varying between 6.6 and 7.2 cannot be associated to a specific
group because there are several types of functional groups such as amine,
phosphoryl, amide, imidazol, etc., that have pK; values in this range. The analysis
of the ATR-FTIR spectra (see Figure 2.1 (A) and Appendix B) suggested that the
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agro-waste materials have amine groups related to transmittance bands at 1610
cm™ [31, 33].

Table 2.1 Functional groups (b, mmol/g) quantity and equilibrium constants (pKa).

. Functional b

Biosorbent group pKa (mmol/g)
WSS Unknown 7.00 (0) 1.12 (0.3)
Hydroxyl 10.63 (0) 1.15 (2.0)

ASS Unknown 6.61 (0) 1.03 (0.2)
Hydroxyl 10.28 (0) 1.29 (0.1)

WOS Unknown 7.04 (0) 0.91 (0.2)
Hydroxyl 9.41 (0) 1.12 (0.3)

Carboxyl 3.79 (0.4) 0.17 (0.2)

AOS Unknown 6.33 (0) 0.09 (0.2)
Hydroxyl 9.86 (0) 1.20 (0.2)

Unknown 6.90 (0) 0.98 (0.5)

WAB Hydroxyl 9.06 (0) 0.22 (0.5)
Hydroxyl 12.58 (0) 0.45 (0.6)

Carboxyl 4.12 (0.1) 0.31(0.2)

AAB Unknown 7.05 (0) 0.58 (0.2)
Hydroxyl 10.97 (0) 0.57 (0.2)

Standard errors are given in parenthesis.

Finally, a third functional group can be associated to hydroxyl groups (pKas 9.06 —
12.58), which are present in the agro-waste materials components (e.g. cellulose,
hemicelluloses, pectin, lignin, etc.). These groups were confirmed by ATR-FTIR
analyses (Figure 2.1 (A) and Appendix B) at transmittance peaks of about 3350
and 1060 cm™ [31-33].

Figure 2.2 shows the surface charge distribution curves of agro-waste materials
that are related to the type and quantity of surface functional groups. The slope
changes of these curves indicated the dissociation of carboxyl, nitrogen-containing,
and hydroxyl groups which is directly related to their pK, value. Figure 2.2 also
shows that the acid treatment applied to the biosorbents changed the pHpzc (point
of zero charge) to acid values. For instance, the water-washed SS, OS, and AB

had a pHpzc of 6.0, 6.0, and 5.0, respectively, whereas the pHpzc of acid-washed
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SS, OS, and AB was 5.5, 3.2, and 3.5, respectively. If the sorption experiments
were conducted at a pH higher than the pHpzc (where the net surface charge is
negative) of the agro-waste materials, then positively-charged metals ions would

easily interact with the biosorbents surface.
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Figure 2.1. (A) ATR-FTIR spectra of water-washed (grey line) and acid-washed
(black line) agro-waste materials. (B) Acid-washed oats straw (AOS) spectra
before and after being regenerated with EDTA, HNOs3, and NaOH.
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On the other hand, AOS and AAB contained fewer groups that have pK, values
between 6.6 and 7.2 (see Table 2.1) in comparison with water-washed materials,
suggesting salts dissolution. This fact was supported by the ATR-FTIR spectra of
the water and acid treated biosorbents (see Figure 2.1 (A) WOS, AOS, WAB, AAB)
because changes were observed between them at 1740 cm™. These can also be
related to lower slope at pH 6 to 8 of the surface charge distribution curve (Figure
2.2) of both OS and AB at pH 6 to 8. The acid treatment applied to SS did not
significantly affect the slope at pH 6.5 to 7.5 (Figure 2.2) and the ATR-FTIR spectra
(Figure 2.1 (A) WSS, ASS).
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Figure 2.2 Surface charge distribution curves of water-washed (gray) and acid-

washed (black) agro-waste materials. The ionic strength was fixed with 0.1 N NaCl.
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2.3.2 Chromium species in aqueous solution

The chromium speciation diagram (Figure 2.3) shows the concentration of
dissolved species and the pH at which hydrolysis occurs. At pH 3 the estimated
dissolved species are Cr** (87%), CrOH** (11%) and Crx(OH),*" (2%), whereas at
pH 4 the distribution of these species changes as follows: Cr** (30%), CrOH?*
(40%), Cry(OH)2** (26%), and Cr3(OH),>* (4%). It is important to note that Cr (Ill)
precipitates at pH 4.6 when the total concentration is 100 mg/L. In order to

preserve the metal in solution, adsorption experiments were conducted at pH 3 and
4.
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Figure 2.3 Chromium (lll) species in aqueous solution computed with
VMINTEQ 2.51. This diagram was obtained for a chromium concentration of
100 mg/L and 357 mg/L of nitrates as Cr(NOs3)s.
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2.3.3 Adsorption experiments

Both Langmuir and Freundlich isotherms fitted the experimental data adequately
(see Appendix C Table C1). In this case Langmuir isotherm, shown as a
continuous line on Figures 2.4 and 2.5, was selected to model the experimental
results since this model gives useful information such as the maximum chromium
sorption capacity (Qmax) and the isotherm constant (b) that is related to the affinity

of the binding sites for metal ions.
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Figure 2.4 Adsorption isotherms of chromium (lll) onto agro-waste materials at
25°C, pH 4 (solid symbols), and pH 3 (open symbols). Symbols represent the

experimental measurements and the line the Langmuir model.
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Figure 2.4 shows the Cr (lll) adsorption isotherms onto agro-waste materials at
25°C, pH 4, and pH 3. At pH 4, Qmax obtained by the Langmuir model was 5.33 and
6.96 mg/g for WSS and ASS, respectively. Cano-Rodriguez et al. [19] reported that
protonated sorghum biomass adsorbed 10 mg of chromium (lll)/g at pH 4.5-5.0,
which is 30% higher than the maximum chromium adsorbed by the ASS (6.96
mg/g) used in this study. This difference could be due to the pH at which the
chromium adsorption experiments were conducted. For instance, at pH 5 the
biosorbent possesses more dissociated functional groups that can participate in
the chromium sorption (i.e. carboxyl sites). In addition, according to the chromium
speciation diagram (shown in Figure 2.3) at pH 5, a solid phase would be formed in
solution (Cr(OH)3) and hence contribute to the chromium removal.

On the other hand, the maximum chromium sorption capacity for WOS and AOS at
pH 4 and 25°C was 10.55 and 12.97 mg/g, respectively. These results
demonstrated that chromium sorption capacity was higher for AOS (12.97 mg/qg)
than ASS (6.96 mg/g). This difference could be due to the presence of available
carboxyl groups in AOS (see Table 2.1). These functional groups have been
broadly studied and results reported in literature have demonstrated that metal
cations have a high affinity for carboxyl sites [18, 23, 34, 35].

In addition, the maximum chromium sorption capacity for WAB and AAB at 25°C
and pH 4 was 10.84 and 11.44 mg/g, respectively. Romero-Gonzalez et al. [21]
reported a sorption capacity of 11.31 mg of chromium (lll)/g of protonated Agave
lechuguilla biomass at pH 4 and 22°C, which agrees with our results although it is
a different species.

Comparing the chromium sorption capacity (Q.) among the agro-waste materials in
this study, it is clear that AB and OS have higher Q. than SS (see Figure 2.4),
which is related to the concentration of carboxyl groups (see Table 2.1). Also the
ATR-FTIR spectra obtained from AB and OS (Figure 2.1 (A)) showed stronger
transmittance bands associated to carboxyl and amine groups (at 1750 and 1620
cm’') that are likely to be involved in the Cr (l1I) sorption.

In addition, the chromium sorption capacity of the acid-washed biosorbents was

lower at pH 3 than at pH 4 (see Figure 2.4), most probably due to the lower
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availability of active sites and the competition between H* and Cr (lll) ions for the
same sorption sites on the materials. This competition has been previously
demonstrated in other studies [18, 36].

Several research groups have tested a variety of adsorbents for the chromium (ll1)
removal from aqueous solution, for instance seaweed biomass, agro-waste
materials, and ion exchange resins (Table 2.2). Cossich et al. [13] reported that the
water-washed seaweed Sargassum sp. biomass had very high chromium (lIl)
sorption capacity (68.1 mg/g at pH 3.5) because all functional groups were kept in
the biomass after being water washed. In contrast, Yun et al. [18] reported a lower
chromium (lll) sorption capacity (20.5 mg/g at pH 3.5) for protonated seaweed
biomass that could be due to the acid treatment (2.0 N H,SO,4). The water-washed
or acid-washed agro-waste materials studied herein did not show strong
differences in the chromium sorption capacity as the aforementioned seaweed
biomass. This was probably due to the mild conditions used in the acid treatment
applied (25°C and 0.01 N HCI) in this research.

As shown in Table 2.2, the agro-waste materials have a lower chromium sorption
capacity than ion exchange resins and seaweed biomass, but those are locally
available and cheaper than ion exchange resins. For example, the cost of agro-

waste materials locally is approximately 0.20 USD/kg.
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Table 2.2 Maximum

chromium (lll) sorption capacity (Qmax, mg/g) of various

adsorbents.
Adsorbent Conditions Qumax Reference

(mg/g)

Sorghum biomass pH 4.5-5.0 10.00 [19]

anve lechuguilla oH 4, 22°C 11.31 21]

iomass

Wheat straw R _ 6.75

Grass pH 4, 20°C, C,=200 mg/L 7 31 [20]

Coir pith pH 3.3, 27°C, C,=20 mg/L 9.82 [35]

Brown seaweed pH 3.0, C,=0 — 500 mg/L 11.00

Biomass pH 3.5, C,=0 — 500 mg/L 20.50 [18]

(Ecklonia sp.) pH 4, C,=0 — 500 mg/L 34.10

Seaweed biomass _

(Sargassum sp.) pH 3.5, C,=104 — 624 mg/L 68.12 [13]

Lewatit S 100 pH 3.8, 25°C, C,=5.2-52mg/L  20.28 [37]

Chelex-100 PH4.5,25°C, Co=5.2— 52 mglL 1208 [36]

Lewatit TP207 17.73

Sorghum straw o _ 1.55

Oats straw p(xc:?c’:l-zvSagﬁe%O)_S — 100 mg/L 8.32

Agave bagasse 9.06

Sorghum straw pH 4, 25°C, Co=5 — 100 mg/L 5.33 This

Oats straw (Water-washed) 9.93 stud

Agave bagasse 10.84 y

Sorghum straw o _ 6.96

Oats straw ?:cifj’-vzvzs%eg;_s — 100 mg/L 12.97

Agave bagasse 11.44

Figure 2.5 shows the effect of temperature in the sorption capacity of chromium on
acid-washed agro-waste materials. In general, an increase in temperature from
25°C to 35°C enhanced the sorption capacity of the acid-washed agro-waste
materials. In the case of AOS, the chromium sorption capacity did not increase at
lower concentration than 40 mg/L. Romero-Gonzalez et al. [21] demonstrated the
endothermic nature (AH°=52.77 kJ/mol) of chromium adsorption onto Agave
lechuguilla biomass which could explain the increasing chromium sorption capacity

by raising the temperature.
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Figure 2.5 Adsorption isotherms of chromium (lll) onto acid-washed agro-waste
materials at pH 4, 25°C (black), and 35°C (grey). Symbols represent the

experimental measurements and the line the Langmuir model.

2.3.4 Adsorption mechanisms

The chromium (lll) sorption mechanisms have not been clarified due to the
complex nature of the biosorbents. Methodologies such as chemical modifications,
FTIR (Fourier Transform Infrared), XPS (X-Ray photoelectron spectra), among
others, have been used to determine functional groups and at the same time to
elucidate the biosorbents metal sorption mechanism [18, 23, 28, 35, 37]. Some of
the functional groups that have been identified in biosorbents include: carboxyl,
carbonyl, acetamide, amine, sulfonate, phosphate, phenolic, hydroxyl, etc., and the

cations adsorption mechanisms that have been proposed for biosorbents include:
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chemical adsorption (complexes formation), ion exchange with cations such as
calcium or magnesium, and physical adsorption by electrostatic interaction. For
example, Yun et al. [18] demonstrated, by using potentiometric titrations and FTIR
analyses of protonated brown seaweed Ecklonia sp. biomass, that carboxyl groups
were the chromium-binding sites. In the same way Sawalha et al. [35] showed
more evidence, by FTIR analyses, that the trivalent chromium adsorption was
mainly due to carboxyl groups of chemically-modified saltbush biomass (Atriplex
canescens). On the other hand, Ibafiez and Umetsu [34] demonstrated that the
uptake of trivalent chromium by protonated dry alginate beads was coupled with a
release of protons from the carboxyl groups, and the following ion exchange was
proposed as the chromium sorption mechanism:

3{= R-COOH} + Cr* « {=R-COO};—Cr + 3H* (1)
2{= R-COOH} + CrOH* < {= R-COO},—CrOH + 2H* (2)
Moreover, when poly-nuclear chromium species are present at pH 4, reaction (3)
has to be considered:

n{= R-COOH} + Cry(OH),*" — {= R-COO},—[Cry(OH),]*™ + nH* (3)
In contrast, Krishnani et al. [28] found that such divalent metals as Cd**, Pb®*, Zn*",
Cu?*, Ni**, Hg?*, Co®", and Mn?" can be adsorbed onto previously treated rice
husks and that the metal adsorption capacity can be explained, in a high
percentage, as ion exchange with calcium and, in the case of Cd**, Pb?*, Hg?* with
both calcium and magnesium. Also, Reddad et al. [29] demonstrated that the
predominant sorption mechanisms for Pb?*, Cu®*, and Zn** onto sugar beet pulp
are both ion exchange with calcium and complexation. However, this ion exchange
mechanism has not been studied for trivalent metal ions such as Cr (lll).

In order to understand the chromium (lll) sorption mechanism, as a whole, on agro-
waste materials, batch experiments were conducted to determine the chromium
(1) sorption capacity and the concentration of ions released (such as calcium,
magnesium and H") as a consequence of the ion exchange mechanism.
Poly-galacturonic and hexuronic acids (present in pectin and hemi-celluloses)

contain carboxyl groups linked together by calcium bridges, but once calcium is
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released to the solution, the carboxyl groups could be used by chromium (lll) ions
as adsorption sites.

Figure 2.6 (I) shows the chromium (llI) adsorbed and the calcium released by agro-
waste materials. Calcium released from AAB (0.211 mmol/g) was similar to the
amount of Cr (lll) adsorbed (0.207 mmol/g). These results suggested that calcium
is released from the carboxyl moieties once chromium (lll) species were adsorbed
on it. In contrast, the calcium released/chromium (lll) adsorbed (as a molar ratio) is
about 0.64 when WSS, ASS and WOS are used as adsorbent which means that
chromium was bound not only to carboxyl groups. The possible chromium (lll)

sorption mechanism that involves calcium release from carboxyl groups could be:

3{= R-CO0},-Ca + 2Cr*" « 2{= R-COO}s-Cr + 3Ca*' (4)
{E R-COO0},-Ca + CrOH** & {= R-COO0},-CrOH + Ca** (5)
2{= R-CO0},-Ca + Cry(OH)* < {= R-COO},~Cry(OH), + 2Ca* (6)

However, the amount of chromium (lll) adsorbed onto AOS can not be explained
as ion exchange with calcium (molar ratio 0.15). In order to quantify other ions
released (e.g. Ca®**, Mg*, H*, etc) when chromium is adsorbed onto AOS,
experiments in triplicate without pH control were conducted and the results are
presented in Figure 2.6 (ll). The equilibrium pH was around 3.48 for these
experiments. The molar average ratio between H® released/chromium (lll)
adsorbed is 1.95 which could suggest that CrOH?* was preferentially adsorbed
onto AOS because of the release of 2 mol of H* to the solution according to
reaction (2). In these experiments, calcium and magnesium ions were not

detected.
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Figure 2.6 Metal ions adsorbed and released when agro-waste materials are used
as adsorbents. (I) Chromium adsorbed and calcium released from water-washed
and acid-washed agro-waste materials at pH 4, 25°C, and C,=20 mg of Cr (lll)/L.
(I Chromium adsorbed and H* released from acid-washed oats straw (AOS)
without pH control at 25°C, initial pH 4, and C,=120 mg of Cr (lll)/L. Symbols
represent the average values and bar errors were built with a confidence interval of
95%.
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Some studies have confirmed that oxygen-containing groups (e.g. carboxyl and
phenolic) are involved in metal adsorption. For example, Manceau et al. [38]
demonstrated that lead in contaminated soil was complexed to salicylate and
catechol-type functional groups of humic substances. In another study, Park et al.
[17] established that carboxyl and phenolic groups play a major role in the binding
of the Cr (lll) resulting from the abiotic reduction of Cr (VI) by the seaweed
biomass. Yu et al. [24] proposed that H* ions (present in carboxyl and phenolic
groups of maple sawdust) can be exchanged with metal cations (species such as
M™ and M(OH)™*) in solution: when carboxyl groups are involved, the
mechanisms are similar to reaction (1) and (2), whereas sorption on phenolic
groups was reported as:

{E R-CgHs-OH} + M™ & {= R-CgH5-O}-M"V* + H* (7)
{E R-CeHs-OH} + M(OH)™"* & {= R-C¢Hs-O}— M(OH)™2"* + H* (8)

2.3.5 Desorption experiments

Metal desorption from biosorbents has not been well explored and for that reason it
is necessary to study this process more in detail. In this research the chromium-
loaded agro-waste materials were regenerated. Solutions of HNO3z;, NaOH, and
EDTA were used as eluents at different concentrations and temperatures (25°C,
35°C, and 55°C). These eluents were selected aiming at an ion exchange process,
between H* and Na* with Cr (Ill) species, or complexation (EDTA-Cr (Ill)). Figure
2.7 and Figure 2.8 show the chromium (lll) desorption from water-washed and
acid-washed agro-waste materials, respectively.

It was thought that if Cr (lll) was adsorbed on carboxyl-binding groups by
electrostatic interaction, then acid solutions (e.g. HNO3) would regenerate the
chromium-loaded biosorbents since the concentration of H* increases (pH
decreases and oxygen groups protonates) giving way to ion exchange with the

chromium adsorbed as follows:

{E R-COO}—Cr +3H" « 3{= R-COOH} + Cr** 9)
{E R-COO},~CrOH +2H" — 2{= R-COOH} + CrOH?* (10)
{E R-COO}—Cry(OH); +4H* « 4{= R-COOH} + Cry(OH)* (11)
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However, the low Cr (lll) desorption from agro-waste materials at 25°C (lower than
46% for WOS when 1.0 N HNO3; was used) suggested that chromium ions form
more stable chemical bonds (i.e. covalent coordinated bonds) with the biosorbents.
This could be related to the increase in sorption capacity when the temperature

rises (see Figure 2.5).

For instance, chromium desorption from AAB with 1.0 M HNO3 was 43%, 47%, and
68% at 25°C, 35°C, and 55°C, respectively (see Figure 2.8). However, the
regeneration of AAB with 1.0 M HNO3 at 55°C caused 30% of weight loss (see
Figure 2.9), which suggested that the acid eluent hydrolyzed part of hemi-
celluloses and dissolved some salts like calcium present in the agro-waste
materials.

Conversely, the chromium desorbed with NaOH (1.0 N) at 25°C varied from 18% to
71% depending on the agro-waste material (see Figure 2.7 and 2.8). However, the
weight lost when 1.0 N NaOH was used as eluent was higher (22% to 42%)
compared to the regeneration with 1.0 N HNO3 (see Figure 2.9). These results
suggested that some components (mainly lignin and hemicelluloses) present in the
biosorbents could be hydrolyzed in an alkaline solution.

The most probable mechanism that could explain the chromium desorption with
NaOH is illustrated in the following reactions:

2{= R-COO}5—Cr + 6Na" + 70H «<6{= R-COO}-Na + Cr(OH)4 + Cr(OH); (s (12)
2{= R-COO0},~CrOH + 4Na" + 50H «4{= R-COO}-Na + Cr(OH)s + Cr(OH)3 () (13)
{= R-COO0}4—Cry(0OH), + 4Na" + 50H «4{= R-COO0}-Na + Cr(OH)s" + Cr(OH)s)(14)
The main species formed by alkaline regeneration is Cr(OH)s () due to the high
concentration of OH" (see Figure 2.3), although Cr(OH)4 is also formed but to a
lesser extent at high pH values. It is important to note that Cr (lll) desorption by
NaOH may be underestimated due to the presence of chromium precipitate as

Cr(OH)s (s) (more experiments are needed to clarify this issue).
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Figure 2.7 Chromium (lIl) desorption after 24 hours from water-washed agro-waste
materials for several eluents and temperatures tested.
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Figure 2.8 Chromium (lll) desorption after 24 hours from acid-washed agro-waste
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Moreover, it is important to mention that the regeneration effect is lessened when
the eluent is diluted. For instance chromium (lll) desorption was less than 10% by
using mild acid (pH 2 or 3) or alkaline solutions (pH 11 or 12). These findings
indicated that the Cr (lll) desorption mechanism is not an easy task due to the
agro-waste materials complexity.

Solutions of EDTA (0.1 M and 0.05 M) were used to regenerate the chromium-
loaded agro-waste materials. This eluent was chosen because it is well known that
chromium (Ill) and EDTA ligand have the highest stability constants for the
formation of complexes [39].

From Figure 2.7 and 2.8, it is clearly observed that the regeneration with EDTA
was affected by both temperature and the eluent concentration. For instance, the
AOS regeneration with 1.0 M EDTA at 25°C and 35°C was 51% and 74%,
respectively, but at 55°C this biosorbent was completely regenerated (see Figure
2.8). The higher chromium desorption with 1.0 M EDTA obtained at 55°C
suggested that the interaction Cr (llI)-EDTA involved a chelate formation and an
increase in temperature facilitated the chemical interaction between EDTA and Cr
(1l1). Also when EDTA concentration was 0.05 M, the regeneration was reduced to
70% at 55°C.

The possible chromium desorption mechanism by EDTA (where M* represents
either Na* or H") could occur as follows:

{E R-COO}s—Cr + EDTA* + 3M* & 3{= R-COO}-M + {Y-Cr}" (15)
{E R-CO0},—CrOH + EDTA* + 2M* < 2{= R-COO}-M + {Y-CrOH}* (16)
{E R-COO}4—Cry(OH); + EDTA* + 4M* — 4{= R-COO}-M + {Y-Cry(OH)z} (17)

In addition, the weight loss of acid-washed materials due to the regeneration with
0.1 M EDTA was much lower (0-9%) than that obtained when 1.0 N HNO3 or 1.0 N
NaOH was used as eluent (see Figure 2.9). This fact suggested that EDTA
solutions produced fewer structural modifications in the biosorbents than the acid
or the alkaline solutions; for example Figure 2.1 (B) shows that acid and alkaline
solutions attacked the carboxyl groups (1740 cm™) conversely to EDTA solutions.
In addition, alkaline and acid regeneration produced hydrolysis of the agro-waste

materials confirmed by the weight loss, and the biosorbents color change.
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Therefore, based on the chromium desorbed and the weight loss, EDTA was the

best option to regenerate the chromium-loaded agro-waste materials.
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Figure 2.9 Initial weight lost after the regeneration of agro-waste materials at the

highest desorption temperature shown in Figure 2.7 and 2.8.

These results have demonstrated that the agro-waste materials studied herein
have functional groups capable of removing Cr (lll) from water. In addition, these
materials will likely remove other heavy metal ions from aqueous solution (e.g.

Pb%*, Cu®*, Cd**, etc.). Besides batch sorption/desorption experiments, sorption
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kinetics studies and sorption-desorption cycles in fixed-bed columns must be
conducted to explore the feasibility of using these biosorbents in water treatment

systems.

2.4 CONCLUSIONS

Functional groups such as carboxyl and hydroxyl are able to bind chromium (lll)
from aqueous solution. At concentrations below 20 mg of Cr (lll)/L, agave bagasse
has higher sorption capacity than oats and sorghum straw, which decreases at pH
3 since H* and Cr (lll) ions compete for the biosorbents sorption groups. In
addition, an increase in temperature from 25°C to 35°C enhances the chromium
sorption in agro-waste materials because of the endothermic nature of the sorption
process. Conversely, partially saturated agro-waste materials can be efficiently
regenerated by an EDTA solution at 55°C without apparent modifications on the
biosorbents. Finally, based on the chromium sorption-desorption experiments, the
possible chromium (lll) sorption mechanisms onto agro-waste materials are ion

exchange and complexation.
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Chapter 3

CONTRIBUTION OF AGRO-WASTE MATERIALS MAIN
COMPONENTS (HEMICELLULOSES, CELLULOSE, AND LIGNIN)
TO THE REMOVAL OF CHROMIUM (lil) FROM AQUEOUS
SOLUTION

ABSTRACT

BACKGROUND: Agro-waste materials can be used as biosorbents of heavy
metals in aqueous solution. However, it is necessary to further study the
contribution of agro-waste materials components (i.e. hemicelluloses, cellulose,
and lignin) to the heavy metal ions removal from aqueous solution to better
understand the biosorption mechanism, and also based on the biosorbents main
components to predict their potential to remove heavy metals.

RESULTS: Cellulose is contained in major proportion (greater than 46%) in the
agro-waste materials reported herein compared to hemicelluloses (from 12% to
26%), lignin (varying from 3% to 10%), and other compounds (22% to 30%) that
were removed after the neutral detergent fiber procedure. The identified functional
groups in agro-waste materials and their fractions included hydroxyl, carboxyl, and
nitrogen-containing compounds. Lignin contributed in higher proportion than
hemicelluloses to the Cr (lll) adsorption capacity on both sorghum straw and oats
straw. On the other hand lignin was the main responsible fraction for Cr (lll)
adsorption on agave bagasse.

CONCLUSION: Hemicelluloses and lignin mainly contributed to the chromium (ll1)
removal from aqueous solution, and cellulose contained in the agro-waste

adsorbents studied herein did not seem to participate.
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Adapted from: Garcia-Reyes Refugio Bernardo and Rangel-Mendez Jose Rene
(2009), Contribution of agro-waste materials main components (hemicelluloses,
cellulose, and lignin) to the removal of chromium (lll) from aqueous solution,
Journal of Chemical Technology and Biotechnology, 84(10) 1533-1538.
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3.1 NOTATIONS
ATR-FTIR Attenuated Total Reflection Fourier Transform Infrared

AAS Atomic absorption spectroscopy

ADF Acid detergent fiber (cellulose and lignin)

ADL Acid detergent lignin (lignin)

b Langmuir isotherm constant, L mg™

Ce Equilibrium chromium (I1l) concentration, mg L™

k Freundlich isotherm constant, mg g™ L""mg"""
n Freundlich isotherm constant (dimensionless)
NDF Neutral detergent fiber (hemicelluloses, cellulose and lignin)
Qe Chromium (1l1) sorption capacity, mg g'1

Qmax Maximum chromium (Ill) sorption capacity, mg g™
r? Correlation coefficient (dimensionless)

WAB Water-washed agave bagasse

WOS Water-washed oats straw

WSS Water-washed sorghum straw

3.2 INTRODUCTION

In recent decades, industrial activities have increased and these have enabled an
important economic growth in different countries around the world. However,
industrial effluents and their level of contamination have also increased.
Wastewater from industries such as tannery, metal-plating, electronic, pigments
and paints, among others, contain heavy metals such as trivalent chromium (Cr
(111)). Recently, it has been established that Cr (lIl) affects to a greater extent than
Cr (VI) the human erythrocyte membrane; this perturbation could decrease the
immune system activity [1].

Metal-containing effluents are commonly treated by chemical precipitation [2],
coagulation—sedimentation [3], membranes systems [4], etc. Nevertheless, the
high cost of membranes and chemicals make these processes less viable.
Furthermore, the recommended discharge concentrations (RDC) are not always

reached by chemical precipitation and coagulation—sedimentation processes

83



because heavy metals in solutions have a higher minimum solubility than the RDC.
For this reason, it is necessary to apply another treatment like adsorption in order
to achieve the RDC of heavy metals.

Adsorbents commonly used to remove heavy metals from aqueous solution include
activated carbon [5], polymeric ion exchanger resins [6], zeolites [7], etc. But
recently some researchers have successfully used biosorbents for removing
heavy-metal ions from aqueous solution, for example: seaweed biomass [8, 9],
chitin and chitosan [10], alginate beads [11, 12], agro-waste adsorbents [13-18],
etc. The main advantages of using biosorbents in adsorption processes are the low
cost and the local availability.

In Mexico, agro-waste materials such as sorghum straw (Sorghum bicolor), oats
straw (Avena sativa), and agave bagasse (Agave salmiana) can be used to treat
metal-containing wastewater. The low cost of these agro-waste materials (< $2
USD/Kg), compared with commercial resins (< $17 USD/Kg), increases the
possibility of using biosorbents in adsorption processes.

As already mentioned, several studies have demonstrated the potential of using
agro-waste materials for removing heavy metal ions from aqueous solution [13-18].
However, it is important to understand and explain more in detail the contribution of
the agro-waste materials main components (hemicelluloses, cellulose, and lignin)
to the removal of contaminants (e.g. Cr (lll)) from aqueous solution in order to
elucidate the sorption mechanism and also to predict the potential of these
residues as adsorbents based on the content of the components. For this reason
the aim of this research is to determine the Cr (lll) adsorption capacity of agro-
waste materials and their main components to quantify their contribution to the

sorption process.

3.3 MATERIALS AND METHODS

3.3.1 Biosorbents

Sorghum straw (SS), oats straw (OS) and agave bagasse (AB) were tested as
biosorbents to remove Cr (lll) from aqueous solution. Previous to the sorption

experiments, the agro-waste materials were ground to obtain particles of about 1
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mm, and then washed with de-ionized water (W). Finally, the biosorbents were
dried in an oven at 50°C for 24 h, and then stored in desiccators until the
experiments were conducted.

To identify the biosorbents, capital letters were used throughout the document; for
example, water-washed sorghum straw (WSS), water-washed oats straw (WOS),
and water-washed agave bagasse (WAB).

It is important to mention that the agave bagasse used as starting material had
being thermally and mechanically processed to produce an alcoholic beverage

called ‘mezcal’.

3.3.2 Chemicals

A stock solution of 500 mg L™ was prepared by using Cr(NO3);39H,0 (A.C.S.,
Meyer). Appropriate dilutions were prepared to conduct sorption experiments with
initial concentration of Cr (I1l) ranging from 5 to 100 mg L. De-ionized water was
used to prepare all solutions. Finally, chromium concentrations were measured by

atomic absorption spectroscopy (AAS) by a Perkin Elmer, AAnalyst 400.

3.3.3 Fiber analyses

Agro-waste materials main components (hemicelluloses, cellulose, and lignin) were
quantified by difference after obtaining neutral detergent fiber (NDF), acid
detergent fiber (ADF), and acid detergent lignin (ADL) by the filter bag technique
using an ANKOM 200 Fiber Analyzer [19]. These procedures are based on the
sequential extraction methods first proposed by Van Soest [20].

Although the fiber extraction procedures are no totally selective, residues that
remain can be related to certain structural biopolymers. For instance, the residues
remaining after the NDF procedure consist principally of hemicelluloses, cellulose,
and lignin. In the case of the ADF procedure, the residues that remain are rich in
cellulose, and lignin. Finally, a fraction rich in lignin is obtained after the ADL

procedure. These fractions were used in adsorption experiments.
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3.3.4 Functional groups in the agro-waste materials

Attenuated Total Fourier Transform Infrared (ATR-FTIR) spectra were obtained by
a Thermo-Nicolet, Nexus 470 FT-IR E.S.P., for agro-waste materials, their
fractions, and commercial standards (pectin, cellulose, and lignin). Functional

groups were identified based on their characteristic transmittance peaks.

3.3.5 Adsorption experiments

The Cr (Ill) sorption capacity (Q.) of the biosorbents was determined at 25°C and
pH 4. Samples of biosorbent (10 mg) were added to 10 mL of Cr (lll) solutions
containing 5 to 100 mg L™ of Cr (). These experiments were continuously stirred
at 180 rpm. The solution pH was adjusted daily to pH 4 by adding 0.1 N NaOH
and/or 0.1 N HNOs3 until the equilibrium was achieved. Aliquots were taken to
measure the initial and the final (at equilibrium) chromium concentrations (C.) by
AAS. Adsorption isotherm models (Langmuir and Freundlich) were used to adjust

the experimental data.

3.4 RESULTS AND DISCUSSION

3.4.1 Fiber analyses

Agro-waste materials are formed of such structural biopolymers as cellulose,
hemicelluloses, pectin, and lignin. In addition, these residues contain some waxes,
salts, water, starch, tannin, proteins, etc. [21]. The percentage content of main
components varies according to the plant age and from one species to another.
Sorghum and oats crops require 3 to 4 months to become an adult plant. In
contrast, agave plants require about 5 to 8 years. This age difference suggests
dissimilar fiber content in the selected agro-waste materials.

Figure 3.1 shows the percentage of the main components of the agro-waste
materials. As can be seen, cellulose is present in major proportion (greater than
46%) compared with hemicelluloses (from 12% to 26%) and lignin (varying from
3% to 10%) for all the biosorbents studied herein. It is important to note that the

cellulose percentage is approximately the same for the three agro-waste materials.
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The percentage of compounds lost (extractives) after NDF was around 22% for
WSS and WOS, but in the case of WAB it was about 30%. This behavior can be
due to the thermal and mechanic treatment previously applied to WAB to extract
sugars that are fermented to produce mezcal. Additionally, because of this same
treatment, WAB hemicelluloses are approximately half (12.8%) of those in WSS
and WOS (both about 26%) which were just water washed and dried before being
used as adsorbents.

Finally, WAB contained a higher lignin quantity (10.1%) than WSS (3.7%) and
WOS (5.7%), which could be attributed to its age. As mentioned the lignin

percentage in agro-waste materials increases with age.
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Figure 3.1. Agro-waste materials main components.

3.4.2 Functional groups in agro-waste materials

Structural biopolymers that are present in agro-waste materials have functional
groups which are able to link biopolymer chains by hydrogen and calcium bridges
to give structural support. Moreover, these functional groups can play a major role
in heavy metals adsorption processes. For this reason, it is important to identify
these functional groups in order to predict the potential of agro-waste materials for
use as adsorbents of heavy metals present in aqueous solution.

Figure 3.2 (A), (B), and (C) show ATR-FTIR spectra of agro-waste materials and
their fractions (NDF and ADF). Figure 3.2 (D) shows ATR-FTIR spectra of lignin
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obtained from agro-waste adsorbents. Finally, Figure 3.3 shows ATR-FTIR spectra
of commercial standard compounds.

Agro-waste materials main components (cellulose, hemicelluloses, pectin, and
lignin) have hydroxyl groups [21] that can be confirmed by ATR-FTIR analyses
(see Figure 3.2-3.3) at around 3350 cm™ and 1050 cm™ [22, 23]. Broader and
more intense peaks appeared around 3350 cm™ after digesting agro-waste
materials using the ADF procedure (see Figure 3.2 (A), (B), and (C)). This
suggests that cellulose and lignin (which contain a higher density of hydroxyl
groups) were more freely vibrated by infrared energy because some compounds
were removed (hemicelluloses, pectin, and extractives) from the agro-waste
materials. In the case of lignin spectra (Figure 3.2 (D)) obtained for agro-waste
materials, the hydroxyl-corresponding band was shifted from 3350 cm™ to 3220
cm™, and this signal decreased after the ADL procedure suggesting that cellulose
was efficiently hydrolyzed. On the other hand, nitrogen-containing groups were
identified in lignin residues (see Figure 3.2 (D)) at characteristic peaks around
3060 cm™ [22, 23].

Hemicelluloses, pectin, and lignin contain carboxyl groups [22, 23] that have
characteristic infrared bands at around 1740 cm™ and 1660 cm™ when these are
associated to aliphatic and aromatic compounds, respectively [22, 23]. These two
characteristic bands were observed in both water-washed agro-waste materials
and their fractions (see Figure 3.2 (A), (B), (C), and (D)), which can be attributed to
pectin and lignin of the agro-waste materials since the infrared spectra of these
standards (Figure 3.3) clearly showed carboxyl groups at 1740 cm™ and 1650 cm™,
respectively. Once the agro-waste materials were digested by the ADF procedure,
the intensity of the carboxyl-corresponding bands decreased in comparison to
those of the water-washed materials. This behavior can be attributed to the pectin
and hemicelluloses hydrolysis.

Regarding the lignin spectra obtained from agro-waste materials (see Figure 3.2
(D)), the carboxyl characteristic bands (1740 cm™ and 1650 cm™) were more
intense than those obtained for water-washed agro-waste materials and their
fractions (NDF and ADF) as shown on Figure 3.2 (A), (B), and (C). These carboxyl-
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corresponding groups could be formed due to the strong acid digestion carried out
by H,SO4 (24 N) to obtain lignin fraction.

Nitrogen-containing functional groups (e.g. amine and amide) show infrared
characteristic bands around 1610 cm™ [23]. These functional groups were
identified in agro-waste materials and their fractions (see Figure 3.2 (A), (B), (C),
and (D)). However, the signal in this band was stronger for lignin (Figure 3.2 (D))
which suggests higher density of nitrogen-containing groups. Nevertheless it
should be considered that part of this behavior could be attributed to the ADF
procedure since acid detergent (cetyl trimethyl ammonium bromide, CTAB)
contains amines. Likewise, proteins contain amide groups that can be associated
to lignin biopolymers: these proteins can increase the characteristic bands around
1610 cm™.

Finally, methyl groups regularly present characteristic bands at around 2962 cm
and 2872 cm™ for asymmetrical and symmetrical vibrations, respectively [22]. Such
bands were detected in the spectra shown on Figure 3.2 ((A), (B), (C), and (D)). In
addition, methylene groups show characteristic bands at about 2926 c¢cm™ and
2853 cm™ for asymmetrical and symmetrical vibrations, respectively [22]. These
methylene groups were confirmed in lignin fraction of agro-waste materials spectra
(see Figure 3.2 (D)), which suggests that the acid treatment (24 N H,SO,) to obtain
the lignin fraction favored the appearance of the methylene group. This acid
digestion also increased the content of sulfate groups on the lignin fraction and can
be identified around 1450 cm™ in the ATR-FTIR spectra (Figure 3.3 (D)). Sulfate

groups can be used as adsorption sites of metal cations.
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Figure 3.2. ATR-FTIR spectra of agro-waste materials and their fractions: (A)
WSS, (B) WOS, (C) WAB, and (D) ADL.
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Figure 3.3. ATR-FTIR spectra of commercial standards.

3.4.3 Adsorption experiments

Chromium (ll1) adsorption isotherms of agro-waste materials and their fractions are
shown on Figure 3.4. Although the Freundlich model fitted the experimental
adsorption data better than the Langmuir model (see Table 1), based on the
correlation coefficient (r?), these models are used only to predict the tendency of
the experimental results and to compare the isotherm estimated parameters
between adsorbents for a given metal. The maximum Cr (lll) sorption capacity
(Qmax) of both agro-waste materials and their fractions calculated by the Langmuir
model was in the range of 5.6-14.5 mg g (see Table 1). Some of these Qmax
values are similar to those reported for polymeric resins namely Lewatit S-100
(20.3 mg g") and Chelex-100 (15.1 mg g") [6]. Moreover, the Langmuir isotherm
constant (b) is related to the affinity of the binding sites for the metals. The low
values of parameter b (0.02—-2.82 L mg™') indicate that both agro-waste adsorbents
and their fractions have high affinity for Cr (lll). Nevertheless these values are
higher than those reported for Chelex-100 resins (0.002 L mg™') and Lewatit S-100
(0.001 L mg™) [6].
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3.4.4 Adsorption experiments on NDF residues (hemicelluloses, cellulose,
and lignin)

Chromium (lIl) adsorption capacity of NDF residues both from WSS (Figure 3.4 (1)
o) and WOS (Figure 3.4 (Il) o) was 9.8 and 12.2 mg g™, respectively, for an initial
Cr (11l concentration of 100 mg L™ and pH 4. As can be observed on Figure 3.4 (1)
and (ll), NDF residues had a higher Cr (lll) sorption capacity than both water-
washed biosorbents (¢) and the ADF fraction (A: cellulose and lignin). The latter
suggests that the NDF procedure removed some compounds from WSS and WOS
that decreased the Cr (lll) sorption capacity of NDF residues. Such compounds
hydrolyzed during the NDF procedure could be waxes, inorganic salts, starch,
tannin, among others.

In contrast, Figure 3.4 (lll) (¢) shows that WAB had higher Cr (lll) adsorption
capacity (14.8 mg g™ for an initial Cr (Ill) concentration of 100 mg L™ at pH 4) than
their fractions (cNDF, AADF, and oADL). This suggests that the fiber sequential
extraction procedures applied to the WAB materials caused stronger structural
modifications, as can be seen in the corresponding ATR-FTIR spectra (around
1650 cm™") presented on Figure 3.2 (C). These structural modifications reduced the

Cr (lll) sorption capacity probably due to carboxyl group hydrolysis.

Table 3.1. Isotherm parameters estimated from experimental data at pH 4 and 25°C.

Bi bent LANGMUIR FREUNDLICH
ijosorpen Qinax b r2 k n r2
WSS 11.60 0.02 0.89 0.73 1.97 0.94

WSS NDF 9.30 0.11 0.82 2.02 2.93 0.93
WSS ADF 9.12 0.02 0.96 0.40 1.67 0.97
WSS ADL n.a. n.a. n.a. 4.13 -90.42 0.45

WOS 6.26 0.67 0.85 3.47 6.93 0.90
WOS NDF 12.18 0.10 0.75 3.03 3.32 0.92
WOS ADF 10.41 0.02 0.99 0.44 1.66 0.99
WOS ADL 5.93 2.16 0.59 412 10.25 0.80

WAB 12.08 0.74 0.93 5.00 4.23 0.97
WAB NDF 5.64 2.82 0.84 3.61 8.13 0.91
WAB ADF 14.48 0.01 0.91 0.35 1.48 0.93
WAB ADL 8.05 0.05 0.84 1.25 2.65 0.94

n.a.=not avalaible; Qmax (Mg g™"); b (L mg™"); k (mg g”' L' mg"™"™); b, r* (dimensionless).
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Figure 3.4. Chromium (lll) adsorption isotherms of water-washed () agro-waste
materials [(I) WSS, (Il) WOS, and (lll) WAB], their fractions (0ONDF, AADF,

OADL), and commercial standards [(1V): ® Cellulose, O Pectin, and ALignin] at pH
4 and 25°C. The lines represent the Freundlich model. The contribution of
hemicelluloses in chromium adsorption capacity is shown on (1), (I1), and (lll) as a

gray line.
3.4.5 Adsorption experiments on ADF residues (cellulose and lignin)

The Cr (lll) adsorption capacity of ADF residues for both WSS (Figure 3.4 (I) A)
and WOS (Figure 3.4 (II) A) decreased in comparison to NDF residues (o). Similar
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results were obtained for ADF residues of WAB (Figure 3.4 (lll) A) but at lower Cr
(111 initial concentrations than 80 mg L™". This behavior is likely due to the removal
of hemicelluloses from the NDF residues after the ADF procedure. As was
mentioned, hemicelluloses and pectin have carboxyl groups (as hexuronic and
poly-galacturonic acids, respectively) that play an important role in adsorption of

positively-charged heavy metal ions in aqueous solution [9, 11, 18].

3.4.6 Adsorption experiments on ADL residues (lignin)

Regarding the Cr (lll) adsorption capacity of ADL residues of WOS (Figure 3.4 (Il)
o), a lower Qe than NDF residues of WOS (Figure 3.4 (Il) o) but higher than ADF
residues of WOS (Figure 3.4 (ll) A) was obtained. This suggests that the
hemicelluloses and lignin of WOS were major contributors to Cr (lll) removal.
These results are supported by the Cr (Ill) adsorption capacity of pectin and lignin,
commercial standard compounds, shown on Figure 3.4 (V).

Based on the results shown on Figure 3.4 (lll) (o), the Cr (lll) adsorption capacity
of ADL residues of WAB was approximately equal to that found for ADF residues of
WAB (Figure 3.4 (lll) A) which indicates that cellulose did not participate in the Cr
(Ill) adsorption capacity, and that lignin was mainly responsible for the Cr (lll)
removal. Figure 3.4 (IV) (e) also demonstrates that cellulose did not contribute in
the removal of Cr (lll). These results are in agreement with those reported in the
literature which have demonstrated that lignin plays an important role in heavy
metal removal [24] and that cellulose does not adsorb heavy metal ions [25].

On the other hand, Cr (lll) sorption capacity of ADL residues of both WSS and
WOS, (Figure 3.4 (1) o, and (Il) o), remained approximately constant at low initial
Cr (lll) concentration which means that chromium ions had a high affinity for
functional groups on lignin fractions. Nevertheless this behavior is quite different for
ADL residues of WAB (Figure 3.4 (lll) o) perhaps because of its high lignin content
(see Figure 3.1), which enhanced the sorption capacity as the initial chromium
concentration increased.

In addition, 40% and 55% of the Cr (Ill) adsorption capacity at Ce=100 mg L™ of
NDF residues of WSS and WOS, respectively, could be attributed to the lignin
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fraction. On the other hand, at the same equilibrium concentration, the lignin

fraction of WAB was mainly responsible for Cr (lll) adsorption.

3.4.7 Adsorption capacity of hemicelluloses in agro-waste materials

Figure 3.4 ((I), (II), and (lll)) shows the hemicelluloses contribution to the Cr (lIl)
adsorption capacity (represented as a gray line) at pH 4 and 25°C. This Cr (lll)
adsorption capacity was calculated from the difference between NDF residues and
the ADF residues adsorption capacity predicted by the Freundlich model.

Figure 3.4 (1) and (ll) clearly show that hemicelluloses of agro-waste materials
contributed in high proportion to the Cr (lll) adsorption capacity. For example, the
Cr (Ill) adsorption capacity of hemicelluloses from WSS (Figure 3.4 (1)) was in the
range of 1.6 to 3.4 mg g'1 for Cr (lll) initial concentration of 1 to 100 mg L
respectively. In contrast, the Cr (lll) adsorption capacity attributed to
hemicelluloses from WOS was in the range of 2.6 to 5.2 mg g~ depending again
on the Cr (lll) initial concentration. From these results it can be deduced that 35%
and 43% of the Cr (lll) adsorption capacity of NDF residues (at Cc=100 mg Cr (lll)
L™") could be attributed to the hemicelluloses from WSS and WOS, respectively.
For WAB (Figure 3.4 (lll)), at C¢>65 mg Cr (Ill) L™, hemicelluloses did not seem to
contribute to Cr (Ill) removal. In addition, at Ce>65 mg Cr (Ill) L™, the Cr (Il
adsorption capacity can be attributed to the lignin fraction. This suggests that
chromium (lll) is preferentially bound to the lignin fraction of WAB. The higher
percentage of lignin in WAB (see Figure 3.1) could explain why Cr (lll) was
preferentially bound to this fraction contrary to the other agro-waste materials
studied.

Due to the complex composition of the agro-waste materials, it is difficult to assign
the contribution of their main components (cellulose, hemicelluloses, and lignin) to
the chromium (1) removal. Nevertheless it can be concluded that hemicelluloses
and lignin in agro-waste materials are the major contributors to the removal of Cr

(111) from aqueous solution.
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3.5 CONCLUSIONS

The agro-waste materials studied have the following contents: cellulose (greater
than 46%), hemicelluloses (from 12% to 26%), lignin (varying from 3% to 10%),
and compounds removed after NDF (22% to 30%).

Functional groups identified on agro-waste materials and their fractions include
hydroxyl, carboxyl, and nitrogen-containing compounds. These functional groups
are affected by the procedure applied in order to separate the agro-waste materials
main fractions (NDF, ADF, and ADL).

NDF fraction (residues rich in cellulose, hemicelluloses, and lignin) from both WSS
and WOS has higher Cr (lll) adsorption capacity than water-washed biosorbents
which means that the removed compounds (waxes, inorganic salts, starch, and
tannin, etc.) restrict the interaction between NDF fraction and the Cr (lll) species in
aqueous solution. In contrast, WAB has higher Cr (lll) adsorption capacity than its
fractions (NDF, ADF, and ADL) probably to fiber extraction procedures, source,
composition, and treatment of this biosorbent.

Chromium (Ill) adsorption capacity decreases after the ADF procedure on WSS
and WOS because hemicelluloses are removed from the NDF residues; this
biopolymer contains carboxyl groups that play an important role in adsorption of
positively-charged heavy metal ions from aqueous solution.

Hemicelluloses and lignin contribute in higher proportion in Cr (Ill) adsorption
capacity on WSS and WOS. For example, the contribution of hemicelluloses and
lignin of WSS to the Cr (lll) adsorption capacity was 35% and 40%, respectively.
Lignin is the major constituent responsible for the removal of Cr (lll) in WAB.

In summary, lignin was more important than hemicelluloses in the removal of Cr
(Ill) from aqueous solution, and cellulose contained in all the agro-waste materials

studied does not seem to participate in Cr (lll) adsorption capacity.
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Chapter 4

ADSORPTION KINETICS OF CHROMIUM (lil) IONS ON
AGRO-WASTE MATERIALS

ABSTRACT

Besides equilibrium studies, adsorption kinetics of pollutants onto adsorbents are
very important to design appropriate packed columns to be used as adsorbers and
to determine the rate-controlling step in the mass transfer process. A number of
models are available to predict the concentration decay curves. The aim of this
research is to compare the empirical (pseudo-first and pseudo-second order
models) and diffusion models (film diffusion, film — pore volume diffusion, and film —
surface diffusion models) in predicting the adsorption kinetics of chromium (lIl) (Cr
(ll1)) on water-washed agro-waste materials (sorghum straw, SS; oats straw, OS;
and agave bagasse, AB).

These biosorbents were physically characterized by calculating the solid density,
surface area and pore volume distribution. Equilibrium adsorption experiments of
Cr (lll) on agro-waste materials were conducted in batch systems at pH 4 and
25°C. A rotating-basket reactor was used to obtain the adsorption kinetics of Cr (lll)
on agro-waste materials at initial pH of 4, 25°C, two initial Cr (lll) concentrations
and different stirring speeds.

The equilibrium adsorption results were adequately predicted by both Langmuir
and Freundlich isotherm models. The maximum Cr (lll) sorption capacity,
calculated by the Langmuir models was 9.4, 12.1, and 22.4 mg/g for SS, OS, and
AB, respectively; these biosorbents have a great potential for removing metal
cations from aqueous solutions even at low metal concentrations. The adsorption
rate of Cr (lll) on agro-waste materials studied herein increased when increasing
the initial Cr (Ill) concentration or the stirring speed. The concentration decay

curves can be predicted by using either empirical or diffusion kinetic models.
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However, the film diffusion model seems to be the most appropriate one based on
the low deviation between the experimental and the predicted data, and the
physical properties (low porosity (0.004—0.007), low surface area (0.6-1.2 m?g™)
and low pore volume (0.003—-0.004 cm™ g') of the selected agro-waste materials,
which support the idea that intraparticle diffusion may be neglected. Furthermore,
the external mass transfer coefficient estimated with the film diffusion has a
physical meaning that helps to explain the diffusion of solutes across the film
resistance in agro-waste biosorbents.

The film diffusion model predicted adequately the concentration decay curves of Cr
(Ill) on agro-waste materials suggesting that the adsorption of Cr (lll) is mainly

limited by the film resistance surrounding the adsorbent particle.

Keywords: Diffusion models, film resistance, intraparticle diffusion, adsorption,

chromium, biosorbents.
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4.1 NOTATIONS

A
AAS
AB

K+
ka2
KL

0S

O

Qe

Qe

Outer surface area of particle per unit mass of adsorbent (cm? g™)
Atomic absorption spectroscopy

Agave bagasse

Langmuir isotherm constant (L mg™)

Concentration of solute in solution (mg L")

Initial concentration of solute in solution (mg L™)

Equilibrium concentration of Cr (lll) (mg L™)

Experimental Cr (l1l) concentration in solution (mg g™)
Predicted Cr (l1l) concentration in solution (mg g™)

Equilibrium concentration of solute at the surface of adsorbent (mg L)
Concentration of adsorbate in pore volume at distance r (mg L™)

Effective pore diffusivity (cm?s™)

Average pore diameter calculated by the N>-BJH method (nm)

Surface diffusivity (cm?s™)

Average absolute percentage deviation (dimensionless)

Initial sorption rate calculated with parameters of the pseudo-second order
model, h=kqe? (mg g™ min™)

Freundlich isotherm constant (mg g”' L""mg"™"")

Rate constant of the pseudo-first order model (min™")

Rate constant of the pseudo-second order model (g mg™ min™)
External mass transfer coefficient (cm s™)

Mass of adsorbent (g)

Freundlich isotherm constant (dimensionless)

Number of experimental data (dimensionless)

Oats straw

Average adsorbate concentration in the adsorbent particle (g g™

Amount of metal ions adsorbed at equilibrium of the pseudo-second order
model (mg g™)
Cr (11l) sorption capacity (mg g™)
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Qmax  Maximum chromium (ll1) sorption capacity of the Langmuir model (mg g™')

(ot Amount of metal ion adsorbed at time t of the pseudo-second order model
(mgg”)

r Radial co-ordinate (cm)

R Radius of adsorbent particle (cm)

r? Correlation coefficient (dimensionless)

S Surface area determined by the No-BET method (m? g™")

SS Sorghum straw

t Time (s or min)
v Volume of solution (cm?)
Vo Average pore-volume calculated by the N2-BJH method (cm® g™)

WAB Water-washed agave bagasse
WOS Water-washed oats straw

WSS Water-washed sorghum straw

X Adsorption capacity at equilibrium of the pseudo-first order model (mg g™')
X Adsorption capacity at time t of the pseudo-first order model (mg g™)
€ Void fraction or porosity of the adsorbent (dimensionless)

Pp Density of the adsorbent particle (g cm™)
Ps Solid density of adsorbent (g cm™)

4.2 INTRODUCTION

Heavy metals pollution is of great concern because of the human health hazards
associated with this kind of contaminants. Due to their persistence in nature, these
pollutants could be dispersed in water, accumulated in plants and animals, and
finally in human beings through the food chain or by consumption of contaminated
water, causing serious health hazards [1]. Non-treated effluents from industries
such as leather tannery, metal finishing, electroplating, stainless steel production,
textile industries, etc., could contaminate water with chromium and other heavy
metals.

Chromium mainly exists in the environment in its hexavalent (Cr (V1)) and trivalent
form (Cr (lll)). Although it is well known that Cr (VI) is more toxic than Cr (lll),
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prolonged exposure to Cr (lll) species could also cause skin allergies and cancer in

human beings [2]. In addition, Cr (lll) can under certain conditions be oxidized to

the state of more carcinogenic and mutagenic Cr (VI) by some bacteria or

manganese oxide present in the environment [3].

Several research studies have demonstrated that heavy metal ions can be

removed from aqueous solutions by adsorption processes in a full treatment facility

as a polishing step. Adsorbents commonly used to remove Cr (lll) include activated

carbons [4], ion exchangers (i.e. polymeric resins) [5, 6], and biosorbents [1, 2, 7-

13], among others. Biosorption is an emerging technology that uses biological

materials as adsorbents of heavy metal ions, for example: seaweed biomass [2, 7,

10, 11], chitin/chitosan wastes [14, 15], microorganism biomass [8, 11, 16],

lignocellulosic materials [1, 9, 12, 17-24], etc.

The agro-waste materials have a Cr (lll) sorption capacity [25] similar to

commercial ion exchangers and hence these residues can be used as adsorbents

of heavy metals from aqueous solution. Nevertheless, it is necessary to conduct
adsorption kinetic experiments, by using agro-waste materials, in order to design
appropriate packed columns to be used as adsorbers. In addition, adsorption
kinetic experiments can be used to better understand the rate-controlling step of
the mass transfer process. The overall rate of adsorption on adsorbents can be

described by a mechanism of three consecutive steps [26-29]:

(i) External mass transfer of solutes from bulk solution through the boundary
layer to the surface of the adsorbent (film diffusion), which is commonly
identified as an external mass transfer resistance.

(i) Diffusion of solute through the adsorbent solid matrix (intraparticle diffusion),
associated to intraparticle mass transfer resistance (pore volume diffusion or
surface diffusion).

(iii) Adsorption of solute molecules at the active sites. This step evaluates the
overall rate of adsorption of a solute by an adsorption reaction model.

According to Helfferich [26] the third step is very fast and the solute adsorption rate

is limited by diffusion in porous materials. Steps (i) and (ii) are shown schematically

in Figure 4.1.
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The main objective of this research is to compare the empirical and the diffusion
kinetic models in predicting the adsorption kinetics of Cr (lll) on agro-waste
materials. In addition, it is important to assess the effect of external mass transfer
and intraparticle diffusion on the overall rate of adsorption to determine the

controlling-rate step of this process.

421 MODELING OF ADSORPTION KINETICS OF METALS IN BATCH
SYSTEMS

In designing adsorption processes, information of adsorption kinetics is required.
As mentioned, the adsorption rate-controlling step may be due to various mass
transfer resistances (film diffusion, intraparticle diffusion, and reaction in the
adsorption sites). Several authors have proposed different models for describing
adsorption kinetics based on those mass transfer resistances, for example:
empirical adsorption rate models (pseudo-first order [30] or pseudo-second order
[31] reaction models), film diffusion models [32, 33], intraparticle diffusion models
[27, 28, 34] or a combination of these last two models (flm and intraparticle
diffusion models) [33].

Empirical adsorption rate models have been widely used, however the major
shortcomings of these models are that film and intraparticle diffusion are neglected
even though these steps are very important in mass transfer processes as occurs

in adsorption.
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Figure 4.1. Schematic illustration of mass transfer resistances on porous
adsorbents [29]. Upper image shows the external resistance due to the boundary
layer. Lower image depicts intraparticle diffusion due to a gradient concentration

(pore-volume diffusion) or hopping mechanism (surface diffusion).
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4.2.1.1 Empirical adsorption rate models

Several researchers have predicted the overall rate of adsorption of a solute by an
empirical adsorption reaction model. This rate can be considered to follow pseudo-
first order or pseudo-second order reactions based on the amount of solute
adsorbed on the adsorbent. The adsorption kinetics of several metals follow the
pseudo-second order model, for instance: Co (ll), Fe (ll), and Cu (IlI), on modified
and unmodified maize cob [19]; Cr (lll) on both Leersia hexandra Swartz biomass
[1] and blue green algae (Spirulina platensis) [35]; Pb (II), Cu (ll) and Ni (Il) onto
sphagnum moss peat [31]; Pb (ll), Cu (ll), Zn (llI), Cd (llI), and Ni (ll) on water-
washed sugar-beet pulp [36]; Cd (ll) and Cu (Il) on acid- and alkali-washed wheat
straw [37]; Co (Il), Cr (lll) and Ni (ll) on coir pith [9], etc.

4.2.1.1.1 Pseudo-first order reaction model
The kinetics equation proposed by Lagergren [30] has been used to describe the
adsorption of an adsorbate from an aqueous solution. The pseudo-first order

reaction equation for the liquid-solid adsorption system has been expressed as

follows:

dx

— =k, (X-x 1
o = Ki(X-x) (1)

where X and x (mg g”') are the adsorption capacities at equilibrium and time t,
respectively, and ki (min'1) is the rate constant of this adsorption model. Integrating
equation (1) with the boundary conditionst=0tot=tand x = 0 to x = x it gives:

|n[ X j:kt 2)

X-X

Rearranging Eq. (2) to the linear form gives:
In(X - x) =In(X)+kt (3)
A straight line of In (X - x) versus t suggests the applicability of this empirical

model. The values of X and k4 are calculated from the intercepts and the slopes of
the straight line.
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4.2.1.1.2 Pseudo-second order reaction model

Ho and Mckay [31] proposed an expression of pseudo-second order rate for the
adsorption kinetics of divalent metal ions on sphagnum moss peat. This biosorbent
contains polar functional groups (P~ and HP) which could be involved in chemical
bonding and are responsible for the cation exchange capacity of peat. Therefore,

the peat-copper reaction may be represented in two ways [38]:

2P~ + Cu** < CuP, (4)
and
2HP + Cu®* <> CuP, + 2H" (5)

To represent the adsorption of divalent metals onto peat during agitation, it was
assumed that the process may be second-order and that chemisorption occurs
involving valence forces through sharing or the exchange of electrons between
adsorbent and adsorbate as covalent forces [31]. The rate of second-order reaction
may be dependent on the amount of divalent metal ions on the surface of the peat,
and the amount of divalent metal ions adsorbed at equilibrium. The rate

expressions for the reactions shown in Eq. (4) and (5) are:

P [Pl - @) ®)
and
W) HP), - (4P ] )

where (P); and (HP); are the number of active sites occupied on the peat at time t,
and (P)o and (HP), are the number of equilibrium sites available on the peat.

The driving force, (qe — Qt), is proportional to the available fraction of active sites,
then the kinetic rate equations can be rewritten as follows [31]:

ddqt‘=kz(qe -q,)° 8)
where k; (g mg™" min™) is the rate constant of sorption, ge and q; are the amount of
divalent metal ion (mg g') sorbed at equilibrium and at any time, respectively.
Integrating equation (4) with boundary conditionst=0tot=tand q;: =0 to q; = qx,

gives:
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1 1

— =—+k.,t (9)
@.-a) a, °

which has a linear form of:

o1 Ty (10)
qt kZQe qe

The parameters of this model (ko and qe) can be determined experimentally by
plotting t/q; against t. The initial sorption rate is given as h=kxq.*> (mg g~ min™); h
represents the amount of metal adsorbed per unit mass of adsorbent and unit of
time. This value (h) can be used to compare the initial sorption rate of metals on
various adsorbents at similar conditions (pH, solid/liquid ratio, initial metal

concentrations, etc.).

4.2.1.2 Film diffusion model
To evaluate the external mass transfer coefficient, two models are commonly used:
Furusawa and Smith model [39] and Mathews and Weber model [40]. The first
model is limited to the linear region of the Langmuir isotherm model and the
second one takes into account the first two points of the decay curve when time
tends to zero. Although these models give a rough estimated value of the external
mass transfer coefficient (k_), these could still be used to determine whether the
adsorption of solutes is limited by the film resistance surrounding the adsorbent
particle (see Figure 4.1).
Allen et al. [32, 33] reported that the film diffusion model [39, 40] predicted very
well the experimentally obtained concentration decay curves of metal cations on
peat, particularly at high solid/liquid proportions. Under these conditions, film
diffusion seems to be the rate-controlling step in the adsorption of metal ions (such
as Pb?*, Cd**, Cu**, Zn** and AI’*) by peat. However, the effect of internal mass
transfer resistance is more important at low biosorbent doses.
When using the mathematical equations for film diffusion model, the following
assumptions must be considered:

a) External mass transfer is the only controlling adsorption process,

b) Adsorbent particles are spherical,
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c) The concentration of the solute in the adsorbent and mass of adsorbate in
the adsorbent are not dependent on the radial position,
d) Adsorption rate at an active site is instantaneous, and
e) Average mass of solute adsorbed on adsorbent can be represented by the
Langmuir isotherm equation.
The movement of solute from the liquid phase to the adsorbent particle is given by:
m(jjil:mAkL(C-Cs) (11)
The right side of Eq. (11) is related to the accumulation of adsorbate in the outer
surface of the adsorbent particle. The left side of Eq (11) indicates the rate of mass

transfer leaving the solution and entering the adsorbent. The initial condition is

given by:

t=0,C=Cy (12)

The mass balance for the batch system is represented by the following equation:

v _mdd (13)
dt dt

Because local equilibrium exists between the solute concentration on the surface
of the adsorbent (Cs) and the amount of solute adsorbed on the external surface of

the adsorbent (q), the Langmuir adsorption isotherm provides the mathematical
relationship involving Csand q as follows:

_ Q,.,bC
q — max S (14)
1+bCyq

To obtain the external mass transfer coefficient (k.), the film model equations (Eq.
11-14) must be simultaneously solved by numerical methods (see Appendix E).
The value of k. that adequately fits the experimental data is considered as a mass

transfer coefficient for that particular experiment.

4.2.1.3 Intraparticle diffusion models
According to Al-Duri and McKay [41], the mechanism of intraparticle diffusion
depends on several factors including the structure of the adsorbent, chemical and

physical properties of solute and adsorbent, equilibrium behavior and conditions of
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adsorption systems. Intraparticle diffusion in liquid-porous solid systems may be
governed by pore volume diffusion or surface diffusion or a combination of both.

Pore volume diffusion refers to diffusion of solute molecules through the liquid filled
pores to the adsorption sites (Figure 4.1). Moreover, solid diffusion refers to the
adsorption that occurs at the outer surface of the adsorbent and at the inner pore

wall through a surface-hopping mechanism (Figure 4.1).

4.2.1.3.1 Pore-volume diffusion model with external mass transfer resistance
Although pore volume diffusion plays an important role in the adsorption rate of
metal ions in porous adsorbents, it has not been well explored and more detailed
studies are required for better understanding of intraparticle diffusion by using
biosorbents. Leyva-Ramos et al. [27, 28, 34] have developed and applied a
diffusion model in order to determine the effective pore volume diffusivity of
cadmium and zinc on activated carbon and pentachlorophenol on activated carbon
fibers. This model considers the following assumptions:

e Intraparticle diffusion is only due to pore volume diffusion,

e Adsorbent particles are spherical,

e Adsorption rate at an active site is instantaneous, and

e Average mass of solute adsorbed on the adsorbent can be represented by

the Langmuir isotherm equation.

The model was derived by making a mass balance in the liquid solution and in the
adsorbent as previously shown in Eq. 11-14. In addition, a mass balance of

adsorbate in a differential element of an adsorbent particle [27] gives:

aCSr aq 1 a 2 aCSr
My = |} D, 15
T et e 8r{r[ @ or (15)

The two terms on the left in Eq. (15) represent the accumulation of adsorbate on
the pore volume and the pore surface. The term on the right represents the

effective pore volume diffusion. The initial and boundary conditions are:
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Cs, =0 t=0 O=r=R (16)
oCq, (17)
or

r=0
8CS,r
P or

-k, (c-C.) )

r=R

The ordinary and partial differential equations (11-18) of this model were
numerically solved (see Appendix E) and further details about the solution have
been reported [27, 42].

4.2.1.3.2 Homogeneous solid diffusion model (HSDM) with external mass
transfer resistance

This model considers a dual mass transport mechanism across the hydrodynamic
boundary layer surrounding the adsorbent particle and intraparticle resistance
within the particle in the form of surface diffusion [27]. Mathematical equations are
similar to (11)-(14), although a mass balance of adsorbate in a differential element

of an adsorbent particle is required:

oq 10| aq
S %y p, A 19
Peat ~ 12 ar{r( Sarﬂ (19)

The term on the left in equation (19) represent the accumulation of adsorbate on
the pore surface. The term on the right represents the surface diffusion. The initial

and boundary conditions are:

t=0 0sr<R =0 (20)
(21)
t>0 r=0 @:0
or
t>0 r=0 ppDS(gq) =k (C-Cy) (22)
r r=R

The liquid-phase surrounding the adsorbent particle is considered uniform and the
equilibrium between liquid phase and solid phase is assumed to occur at the
surface of the adsorbent particle. The above equations need to be solved
simultaneously (see Appendix E). The values of k. and Ds can be determined by

best fit correlation of the dynamic model with the experimental data [27].
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4.3 MATERIALS AND METHODS

4.3.1 Biosorbents

Sorghum straw (SS), oats straw (OS) and agave bagasse (AB) were tested as
biosorbents to remove Cr (lll) from aqueous solution. Previous to the equilibrium
and adsorption kinetic experiments, the agro-waste materials were ground to
obtain particles in the range of 0.25 to 0.50 mm, washed with de-ionized water (20
g of biosorbents per liter of water for 24 h at 25°C and 150 min'1), filtered off,
rinsed, and dried in an oven at 50°C for 24 h, and then stored in desiccators until
the experiments were conducted.

To identify the biosorbents, capital letters were used throughout the document; for
example, water-washed sorghum straw (WSS), water-washed oats straw (WOS),

and water-washed agave bagasse (WAB).

4.3.2 Physical properties of agro-waste materials

Physical characteristics of adsorbents are indispensable in predicting the
adsorption kinetics of metals by diffusion models. Table 4.1 shows the physical
properties of the selected agro-waste materials. The surface area (S) was
determined by the N, BET method, the average pore-volume (V) and the average
pore diameter (D,) was determined by the N, BJH method by using a surface
analyzer (Micromeritics ASAP 2020). The solid density (ps) of agro-waste materials
was calculated by the helium displacement method by using a Helium Picnometer
(Micromeritics Accupic 1330).

The apparent density (p,), the void fraction or porosity (g,), and the outer surface
area of particle (A) of the biosorbents are also required for predicting the
adsorption rate of metals by using diffusion models. These parameters (pp, €, and

A) were estimated as follows:

P

_ s 23

P, 14V, p. (23)
Vv

e =P (24)

PV +1p,
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A= ~3m (25)

pp R(1-¢,)

Table 4.1. Physical properties of agro-waste biosorbents.

. pS pp S Vp Dp sp
Biosorbent 3 3 9 A 3 1
(gem™) (gem™) (m"g') (cm~g') (nm) )
WSS 1.5319 1.5216  1.2047 0.004428 13.542 0.0067
WOS 1.5362 1.5294 0.9399 0.002905 11.688 0.0044
WAB 1.5131 1.5216  0.5823 0.003133 19.590 0.0047

ps: Solid density; p,: Particle density; S: BET Surface area; V,: BJH average pore volume;

D,: BJH average pore width; €,: Porosity (dimensionless).

4.3.3 Chemicals

A stock solution of 500 mg L™ was prepared by using Cr(NO3);39H,0 (A.C.S.,
Meyer). Appropriate dilutions were prepared to conduct equilibrium adsorption
experiments with an initial concentration of Cr (Ill) ranging from 5 to 100 mg L™.
Deionized water was used to prepare all solutions. Finally, chromium concentration
was measured by atomic absorption spectroscopy (AAS) by using a Perkin Elmer

spectrometer, AAnalyst 400.

4.3.4 Equilibrium adsorption experiments

The Cr (lll) sorption capacity (Q.) of agro-waste materials was determined at 25°C
and pH 4. Samples of 50 mg of biosorbent were added to 50 mL of Cr (lll)
solutions containing 5 to 100 mg L. These experiments were continuously stirred
at 150 rpm. The solution pH was adjusted daily to pH 4 by adding 0.1 N NaOH
and/or 0.1 N HNOs3 until the equilibrium was achieved. Aliquots were taken to
measure the initial and the final (at equilibrium) chromium concentrations by AAS.
Adsorption isotherm models (Langmuir and Freundlich) were used to adjust the

experimental data.
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4.3.5 Adsorption kinetic experiments

A rotating basket adsorber was used to carry out the adsorption kinetic
experiments. The adsorber was equipped with four equally spaced baffles for
complete mix. The adsorber was partially immersed in a 25°C water bath to keep
the temperature of the working adsorption solution constant. Figure 4.2 shows the
components of the rotating basket adsorber.

Previous to the kinetic experiments, samples of biosorbents (2501 mg) were
hydrated in deionized water (100 mL) at initial pH of 4.0 for 24 h. After that,
hydrated biosorbents were filtered off and slightly rinsed with deionized water at pH
4. Next, hydrated biosorbents were transferred to the basket and it was attached to
the shaft of the stirrer in the adsorber. Afterwards, 750 cm?® of deionized water (at
pH 4) were poured into the adsorber, the stirrer was turned on, at 400 rpm for 30
minutes, and the pH was adjusted to 4. Then the stirrer was turned off, 250 cm? of
a solution of known concentration of Cr (lIl) (80 or 200 mg L™ at pH 4) were added
rapidly, and the timer and the motor of the stirrer were turned on immediately.
Once the experiments were initiated, the contents were mixed at the chosen
stirring speed (200, 300, or 400 min™'). Samples of the solution were taken at
selected intervals of time and the solution pH was also measured: the total volume
withdrawn was less than 2% of the initial volume solution. The collected samples
were analyzed to determine the Cr (lll) concentration by AAS.

It is important to mention that the configuration and dimensions of the reactor
(Figure 4.2) are based on the appropriate design parameters namely basket/vessel
diameter ratio, baffle dimensions, vessel height/basket depth ratio, etc. This
configuration seems to be adequate in order to obtain adsorption kinetic curves
which, in turn, are useful to determine film or intraparticle diffusion parameters. A
few studies have successfully used this reactor configuration [28, 42-44] to predict

adsorption kinetics of metals on various adsorbents.
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Figure 4.2. Schematic representation of the rotating basket adsorber used to

conduct adsorption kinetic experiments.

Most of the published research has not used this reactor configuration and some
mistakes have been made in determining diffusion kinetic parameters. Rangel-
Mendez [43] conducted adsorption kinetic experiments of Cd (Il) on activated
carbon under the same conditions, but using a rotating-basket adsorber and only
just an impeller for mixing the suspension (i.e. liquid and adsorbent). He reported
that a higher sorption rate was obtained with a rotating-basket adsorber than when
only just an impeller was used. In the first two minutes, 58% of the sorption
capacity at equilibrium was attained with a rotating-basket adsorber while only 12%
was obtained using an impeller [43].

Besides the reactor configuration, it is difficult to compare the results of adsorption
kinetics for a given metal because of the experimental conditions (e.g.
temperature, pH, solid/liquid ratio, particle size, initial concentration, stirring speed,
etc.) and the physical-chemical properties of adsorbents (i.e. porosity, density,
surface area, pore size and volume, functional groups, etc.). Nevertheless some
comparisons could be made but still taking into account the previously exposed

facts.
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4.3.6 Error analysis

To compare how far the predicted values are from the experimental results and to
select also the best parameters in diffusion models, the average absolute
percentage deviation (%D) was calculated for each model according to the
following equation:

1N
%D: NZ

i=1

C CPred

Exp

C

J*mo (25)

Exp

where N is the number of kinetic data points, C.,and C., ., is the experimental

Exp

and predicted Cr (Ill) concentration (mg g™"), respectively.

4.4 RESULTS AND DISCUSSION

4.4.1 Equilibrium adsorption experiments

Both Langmuir and Freundlich isotherms predicted the experimental data well,
based on their correlation coefficient (r%). The equilibrium data of Cr (lll) adsorption
onto WSS and WOS were predicted very well with the Langmuir isotherm (for WSS
and WOS, r? was 0.96 and 0.99, respectively). However, the Freundlich isotherm
fitted better (r*=0.98) than the Langmuir isotherm (r?=0.93) the equilibrium results
obtained by using WAB. This dissimilarity could be attributed to the differences
between the agro-waste materials. WAB had being thermally and mechanically
processed to produce an alcoholic beverage called ‘mezcal’, contains less
hemicelluloses and lignin than WSS and WOS [45]. Table 4.2 shows the estimated
isotherm parameters of these models. Langmuir isotherm parameters are going to
be used in diffusion models to predict the adsorption kinetics of Cr (lll) because the

Langmuir model fitted well two of the three agro-waste materials.
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Tabla 4.2. Isotherm parameters estimated from experimental data of

Cr (Ill) adsorption on agro-waste materials at pH 4 and 25°C.

_ Langmuir Freundlich
Biosorbent > >
Qmax b r k n r
WSS 9.35 0.12 096 230 3.32 0.90
WOS 12.10 0.10 099 266 3.05 0.97
WAB 22.38 032 093 791 395 098

1/n 1—1/n)

Qmax (Mg g™); b (Lmg™); k (mg g™ L"" mg :n, r* (dimensionless).

The maximum adsorption capacity (Qmax) of Cr (lll) on agro-waste materials,
calculated by the Langmuir model, varies from 9.35 to 22.38 mg g~ (see Table
4.2). The Qmax value obtained for WAB is higher than for WSS, WOS and those
reported for coir pith (11.6 mg g™') [9], alfalfa biomass (10.7 mg g™') [46], aquatic
weeds (reed mat, 7.18 mg g™ [7], lignin (17.9 mg g™ [47], but lower than other
biosorbents such as plant biomass (Leersia hexandra Swartz, 28.6 mg g™') [1],
seaweed biomass (Ecklonia sp., 34.1 mg g™') [2], etc. Nonetheless, the agro-waste
materials reported herein have a reasonable Cr (lll) adsorption capacity which
suggests that these biosorbents could be used for the removal of metals from
water.

Figure 4.3 shows the adsorption isotherms of Cr (lll) onto agro-waste materials at
pH 4 and 25°C. At equilibrium concentration (Ce) of 20 mg L™, the adsorption
capacity of Cr (lll) on WSS, WOS, and WAB, predicted by the Langmuir model,
was 6.5, 8.2, and 19.3 mg g™, respectively, whereas at C.=50 mg L™ reached 8.0,
10.2, and 21.5 mg g, respectively. These results indicate that at Cc>50 mg L™, the
sorption capacity of Cr (lll) on the agro-waste materials studied remained almost
constant (see Figure 4.3). These results also suggest that agave bagasse
contained more functional groups for metal adsorption compared with both
sorghum straw (WSS) and oats straw (WOS). Garcia-Reyes et al. [25] reported
that agave bagasse contains almost two times more carboxyl groups in

comparison to oats straw: this may be the reason for a higher sorption capacity.
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Figure 4.3. Adsorption isotherms of Cr (lll) on agro-waste
materials at pH 4 and 25°C (¢ WSS, = WOS, and A WAB).
Symbols represent the experimental data and the lines indicate

the Langmuir model.

The removal of Cr (lll) ions from water has been also reported using polymeric
resins namely Lewatit S 100 and Chelex-100 [5]. Lewatit S 100 is a strongly acidic
gel-like cation-exchange resin, with sulfonic acid groups as adsorption sites, and
beads of uniform size based on crosslinked polystyrene. Chelex-100 is a weakly
acidic cation-exchange macroporous resin based on polystyrene-divinylbenzene
with carboxyl groups (i.e. iminodiacetic acid) as the exchange site. The Qnax of Cr
(I11) on Lewatit S 100 and Chelex-100, calculated by the Langmuir model, was 20.3
and 15.1 mg g, respectively [5]. These Qmax Values are 9.3% and 32.5% lower
than the Qmax obtained with WAB. In addition, all agro-waste materials presented in
this study had a greater sorption capacity for Cr (lll) compared to polymeric resins
at low metal concentrations. For example, the sorption capacity of WAB at C.=20
mg L', predicted by the Langmuir model, was 19.3 mg g’ (see Figure 4.3)
whereas for Lewatit S-100 it was 0.48 mg g™ [5].
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These findings evidently suggest that the agro-waste materials evaluated in this
research (in particular WAB) have a great potential for removing metal cations from
aqueous solutions even at low metal concentrations. However, to select the most
appropriate biosorbent, adsorption kinetic experiments are needed to design
appropriate packed columns to be used as adsorber. This topic is going to be

discussed in the following section.

4.4.2 Adsorption kinetic experiments

Just a few diffusion models had been previously applied to describe the adsorption
rate of metals on biosorbents. Most of the research studies reported in literature
have used the empirical rate models (pseudo-first or pseudo-second order reaction
models) to predict the overall rate of adsorption, although these models do not
consider the mass transfer resistances (namely film and intraparticle diffusion) that
control the adsorption rate of metals in any of the adsorbents. Results and
discussion of the empirical and the diffusion kinetic models are presented in the

subsequent section.

4.4.2.1 Empirical rate models

Both the pseudo-first (Eg. 1) and the pseudo-second (Eq. 8) order reaction models
were used to predict the adsorption kinetics of Cr (lll) on agro-waste materials.
Table 4.3 shows the adsorption rate constants of the pseudo-second order reaction
model and Table D1 (Appendix D) shows the parameters of the pseudo-first order
model.

The pseudo-first order reaction model did not adequately predict the experimental
results based on the percentage average deviation (0.6<%D<6.6). In contrast, the
pseudo-second order reaction model did predict well (0.8<%D<2.3) the adsorption
kinetics of Cr (lll) at different stirring speeds and concentrations (see Table 4.3).
Similar results have been reported: the adsorption kinetics of Cr (lll) on
lignocellulosic materials (such as Leersia hexandra Swartz biomass, coir pith, and
rice bran) followed a pseudo-second order model instead of a pseudo-first order
model [1, 9, 48].
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As an example, Figure 4.4 shows the experimental results of the adsorption
kinetics of Cr (lll) ions on WAB and the predicted values with the pseudo-second
order model. The Cr (lll) removal increased with time and attained equilibrium at
about 600 minutes, except at stirring speed of 200 min™ that required twice the
time (Figure 4.4 A). A higher adsorption rate is presented in the beginning of the
experiments; this may be due to the greater number of adsorption sites in the
external surface of the adsorbent. Afterwards, the adsorption rate decreased
suggesting intraparticle diffusion of metal ions to the adsorption sites.

As previously mentioned, although it is difficult to directly compare the adsorption
kinetic results with those reported in the literature because of the reactor
configuration, adsorbent characteristics and experimental conditions, some
comparisons still could be made. For instance, the initial adsorption rate of Cr (lll)
on the agro-waste materials selected in this study was higher (0.22<h<5.09 mg g™
min™) than those reported on various lignocellulosic biosorbents (0.074<h<1.523
mg g” min™") [1, 9, 48]. Nevertheless, this conclusion could be due to the use of the
rotating basket adsorber which enhanced the mass transfer to the adsorbent
particles as reported by Rangel-Mendez [43].

It is important to mention that the initial metal concentration and stirring speed
played an important role in the adsorption of metals. The initial metal
concentration, determines both the equilibrium concentration and the adsorption
rate of metal ions, whereas stirring speed only affects the adsorption kinetics. In
this research, an increase of the initial metal concentration from 20 to 55 mg L’
reduced by three times the time to achieve 90% of the adsorption capacity of Cr
(1) on WAB (Figure 4.4 B). It is well known that the concentration gradient (the
driving force) facilitates the film and intraparticle diffusion of Cr (lll) ions to the
adsorbent particles resulting in an increase in the adsorption rate. Likewise, to
achieve 90% of the adsorption capacity of Cr (lll) on WAB, the time was reduced
3.5 times by increasing the stirring speed from 200 to 400 min™", both at C,=20 mg
L™ (Figure 4.4 A). This result may be due to the reduction of the external
resistance: metal ions are transferred faster to the film or inside the adsorbent

particles to be adsorbed. Consequently the time required to reach the 90% of the

121



equilibrium sorption capacity is reduced. It is also important to note that similar
adsorption kinetics of Cr (lll), on all agro-waste biosorbents studied in this
research, were obtained at 400 min™ and 300 min™' for C,=20 mg L™". These results
suggest that the film resistance was reduced to a minimum and therefore a further
increase in the stirring speed was not necessary to improve the adsorption kinetics.
For this reason, adsorption kinetics of Cr (lll) at C,~53 mg L™ was only conducted
at a stirring speed of 400 min™.
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Table 4.3. Empirical and diffusion model parameters estimated by using experimental data of the adsorption kinetics of Cr (lll) on

agro-waste materials at pH 4 and 25°C.

Film — Pore-volume

Film — Surface

c. Stirring Pseudo-second order Film diffusion diffusion diffusion
Biosorbent (Mg L'1) sple(:d % % K kL Des k. D.

(min”) (gmg”' min"y  (mgg™") %D (cms™) %D (cms™) (cm?s™) %D (cms™) (cm?s™) %D

22.05 200 0.0057 6.139 163 | 0.003 160 | 0.05 25E-06 238 | 0.01 5.0E-04 215

21.69 300 0.0337 6.752 1.01| 0.005 131 | 0.05 20E-06 244 | 001 1.5E-03 218

WSS 20.52 400 0.0142 7.728 112 | 0.005 1.05| 0.05 3.5E-06 1.67 | 0.01 1.0E-03 1.32
53.00 400 0.0669 8718 091 | 0.005 0.82 | 0.05 6.5E-06 1.09 | 0.01 1.0E-03 2.31

21.77 200 0.0452 7.077 0.85| 0.003 174 | 0.05 3.0E-06 234 | 0.01 1.0E-05 2.91

22.74 300 0.0493 9.107 0.95| 0.006 045 | 0.05 7.0E-06 261 | 0.01 8.0E-05 2.93

Wos 22.86 400 0.0085 8547 209 | 0006 199 | 0.05 7.0E-06 348 | 0.01 2.0E-05 266
52.26 400 0.0068 10.142 0.83 | 0.0007 0.82 | 0.05 7.5E-05 0.70 | 0.001 3.0E-06 0.58

19.75 200 0.0011 14.045 1.92 | 0.0005 4.04 | 0.05 5.0E-07 3.15| 0.002 1.0E-08 1.72

19.57 300 0.0034 14925 232 | 0.003 584 | 0.05 25E-06 298 | 0.005 1.5E-07 1.02

WAB 20.02 400 0.0044 13.889 1.44 | 0.003 533 | 0.05 3.0E-06 2.72 | 0.005 1.5E-07 1.03
55.25 400 0.0096 22989 1.08| 0.005 0.88 | 0.05 1.5E-05 0.91 | 0.005 2.0E-07 1.07

C,: Initial metal concentration; %D: Percentage average deviation (dimensionless).
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Figure 4.4. Adsorption kinetics of Cr (lll) ions on WAB at pH 4, 25°C, using 250
mg of biosorbent in 1 L and different stirring speed and initial Cr (Ill) concentration
(0 200 min™ and 19.8 mg L™"; m 300 min™ and 19.6 mg L™"; A 400 min™" and 20.0
mg L"; e 400 min™ and 55.3 mg L"). Dashed square in (A) is enlarged in (B) for
better clarity. Symbols represent the experimental results and the lines the
predicted values by the pseudo-second order reaction model.
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4.4.2.2 Film diffusion model

Table 4.3 also shows the external mass transfer coefficient (k.) of the film diffusion
model (see section 4.2.1.2) estimated with the experimental data of the adsorption
kinetics of Cr (Ill) on agro-waste materials. It can be observed that this parameter
(kL) is affected by both the stirring speed and the initial metal concentration. For
example, in the adsorption of Cr (Ill) on WAB at C,~19.8 mg L™, an increase in the
stirring speed from 200 min™ to 400 min™, increased the k_ value up to 83% (for
WSS and WOS, k. increased up to 40% and 50%, respectively). In addition, it is
important to note that there is no difference in the k_ value estimated at 300 min™
and 400 min” (see Table 4.3). This means that the external mass transfer
resistance was reduced as much as possible; therefore a further increase in stirring
speed is not expected to enhance the external mass diffusion. Similar results were
reported by Allen et al. [33] in the adsorption of copper onto peat: the external
mass transfer coefficient increased as the stirring speed increased and remained
constant at the higher stirring speed.

Regarding the effect of the initial metal concentration on the external mass transfer
coefficient, it can be seen that the ki value increases 40% with increasing the initial
Cr (Ill) concentration from 20 to 55 mg L™ for WAB, whereas for WSS it remained
constant (see Table 4.3). A quite different behavior is observed for WOS: k. value
was reduced around 88% with increasing the initial concentration from 23 to 52 mg
L™, This opposing result may be attributed to the heterogeneity of this biosorbent;
therefore more experiments with this biosorbent are needed to clarify this issue,
since the external mass transfer coefficient should have increased or remained
constant when the stirring speed or the initial concentration increases.

A single resistance model predicted adequately (0.5<%D<5.8) the concentration
decay curve, at the initial concentrations and stirring speed tested, for some
experiments even better than the pseudo-second order reaction model
(0.8<%D<2.3). The best predicted curve, with the film diffusion model, was
obtained with the highest initial concentration (around 53 mg L) compared with
the lowest initial concentration (= 21 mg L™). For example, when predicting the

concentration decay curve of WAB at C,=19.8 mg L™, the film diffusion model had
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high deviation (%D=5.3) opposite to that obtained at C,~55.3 mg L™ (%D=0.9),
both at 400 min™ (see Figures 4.5 and 4.6, in Appendix D Figures D1, D2, D3 and
D4). Similar behavior was observed in the other agro-waste materials: low
deviation at the high initial concentration (for WSS, %D=0.9; for WOS, %D=0.8) in
comparison with the low initial concentration (for WSS, %D=1.1; for WOS,
%D=2.2). This behavior could be attributed to the fact that the film diffusion model
depends on the isotherm parameters (for the Langmuir model: b and Qmax)- In this
research, equilibrium concentrations in the region of the asymptote (or plateau)
show less deviation from the experimental data (see Figure 4.3). Consequently, as
expected, less deviation is obtained by using the film diffusion model.

Summarizing, it is clear from these results that a film diffusion model predicted
adequately the adsorption kinetics of Cr (lll) on agro-waste materials for the
several experimental conditions tested in this research (see Table 4.3 and Figures
4.5 and 4.6, in Appendix D Figures D1, D2, D3 and D4). Moreover this model helps
to understand the mass transfer rate from the solution to the adsorbent. The results
obtained by using this model suggested that the adsorption of Cr (lll) is limited by
film resistance surrounding the adsorbent particle. This conclusion is not surprising
due to the low surface area (0.58<S<1.21 m? g'), the low porosity
(0.004<¢,<0.007), low pore volume (0.003<V,<0.004 cm™ g”'), and average pore
width (mainly consisting of mesopores and macropores) of these biosorbents (see
Table 4.1, and in Appendix D Figure D5). Absolute average deviations might be
due to both the heterogeneity of the biosorbents and the deviations of the
experimental data and estimated values of the isotherm models (see Figure 4.3)
since this model depends on the isotherm parameters to estimate the external

mass transfer coefficient.

4.4.2.3 Film — Pore-volume diffusion model

To describe the adsorption kinetics of Cr (lll) on agro-waste materials, a two
resistance model was also applied. This model considers that the mass transfer is
limited by two resistances: external (film diffusion) and intraparticle (pore volume

diffusion) resistances (see section 4.2.1.3.1).

126



For all the experimental conditions and biosorbents tested (see Table 4.3), the
external mass transfer coefficient remained constant (k.=0.05 cm s™'). This result
suggests that the external film diffusion can describe the first minutes of the
adsorption kinetics of Cr (lll) on agro-waste adsorbents (see Figures 4.5 and 4.6, in
Appendix D Figures D1, D2, D3 and D4). Afterwards, the adsorption rate is limited
by the effective pore volume diffusion (D¢ p) which is highly affected by the stirring
speed and the initial metal concentration. For example, the D, of Cr (Ill) on WAB,
increased around 80% with increasing either the stirring speed from 200 min™ to
400 min™ or by rising the initial concentration from 20 mg L™ to 55 mg L. This
could be explained based on the reduction of the external film resistance by
increasing the stirring speed and also because the concentration gradient
determines the intraparticle diffusion towards the adsorbent.

Similar to the film diffusion model, film — pore-volume diffusion model also depends
on the isotherm model parameters; consequently errors of experimental and
theoretical results of the isotherm model affect the performance in predicting the
adsorption kinetic curves. Nevertheless, the film — pore-volume diffusion model
predicted satisfactorily (0.7<%D<3.5) the concentration decay curves of Cr (lll) on
agro-waste materials. In general and similar to the film diffusion model, at high
initial concentration (C,=55.3 mg L) the lowest deviation (0.7<%D<1.1) was
obtained. On the contrary, at low concentration (C,~21.2 mg L) it was obtained
the highest deviation (1.7<%D<3.5).

In conclusion, these results suggest that the concentration gradient (the driving
force) as well as the stirring speed play an important role in the adsorbate mass
transfer. Moreover, although these biosorbents have a low surface area and low
porosity (see Table 4.1), both film and intraparticle diffusion seem to contribute to

the adsorption kinetics of Cr (lll).

4.4.2.3 Homogeneous solid diffusion model (HSDM) with external mass
transfer resistance
Two resistances are considered in this model: external fiim and intraparticle

diffusion (see section 4.2.1.3.2). The first resistance is due to the external mass
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transfer and the second resistance is due to a surface-hopping mechanism (see
Figure 4.1). Table 4.3 shows the parameters of this model (k. and Ds) estimated by
using the experimental results of the adsorption rate of Cr (lll) on agro-waste
biosorbents.

For WAB, the stirring speed affected the parameters of this model (k. and Ds). The
k. value increased up to 60% with increasing the stirring speed from 200 min™ to
300 min™". Nonetheless, k. remained constant (0.005 cm s™) above 300 min™
regardless of the initial metal concentration (see Table 4.3). In addition, Ds
increased 93% when the stirring speed was changed from 200 to 300 min™ at
Co=19.8 mg L', whereas at 400 min™, D increased 95% due to a change in C,
from 19.8 to 55.3 mg L. These findings also suggested that film and intraparticle
diffusion are greatly affected by the stirring speed and the concentration gradient
as expected and concluded with the other diffusion kinetic models.

The homogeneous solid diffusion model (HSDM) with external mass transfer
resistance predicted very well the adsorption kinetics of Cr (lll) based on the low
deviation (0.6<%D<2.9) between the experimental and predicted values (see
Figures 4.5 and 4.6, in Appendix D Figures D1, D2, D3 and D4). Two slopes are
clearly identified by using this model: the first slope is associated to the external
mass transfer and the second slope is related to the surface diffusion. The external
mass transfer coefficient, estimated with this model for WAB, predicted adequately
the concentration decay curves the first 20 minutes, although the subsequent time
had a higher deviation associated to the surface diffusion. The HSDM model with
external mass transfer resistance did not improve the prediction of the adsorption

kinetics of Cr (lll) on the agro-waste materials selected in this research.
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Figure 4.5. Adsorption kinetics of Cr (lll) ions on WAB at pH 4, 25°C, using 250
mg of biosorbent in 1 L, 400 min”, and C,=20 mg L. Dashed square in (A) is
enlarged in (B) for better clarity. Symbols represent the experimental results and
the lines the predicted value by the models. Percentage deviations are given in

parentheses.
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Figure 4.6. Adsorption kinetics of Cr (lll) ions on WAB at pH 4, 25°C, using 250
mg of biosorbent in 1 L, 400 min™', C,=55.25 mg L. Dashed square in (A) is
enlarged in (B) for better clarity. Symbols represent the experimental results and
the lines the predicted values by the models. Percentage deviations are given in

parentheses.
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4.4.3 Comparisons of empirical and diffusion models for predicting the
adsorption kinetics of Cr (lll) on agro-waste materials

Among all the existing models (i.e. empirical and diffusion) to describe adsorption
kinetics of pollutants onto any adsorbent, empirical models are the most often used
because these are easily applied. In contrast, diffusion models are not commonly
used in part because these models require more effort in solving the differential
equations. Nevertheless, diffusion models are helpful to understand the adsorbate
mass transfer to the adsorbent particle contrary to empirical models.

For predicting the adsorption kinetics of Cr (lll) on agro-waste materials, the film
diffusion model seems to be the most appropriate among all the models tested.
This conclusion is based on various facts. Firstly, the low deviation between the
experimental and predicted concentrations indicated that this model fits adequately
the concentration decay curve (Table 4.3). Secondly, the physical properties (i.e.
low porosity, surface and pore volume area) of these biosorbents (see Table 4.1)
suggested that the contribution of intraparticle diffusion is lower than the film
diffusion. Moreover, by using two-resistance models (i.e. film — pore-volume
diffusion or film — surface diffusion) did not significantly enhance the prediction of
the concentration decay curve. Finally, and not less important, the external mass
transfer coefficient (k.) of the film diffusion model has a physical meaning that

helps to explain the diffusion of solutes throughout the film resistance.

4.5 CONCLUSIONS

The maximum Cr (lll) sorption capacity of agro-waste materials, calculated by the
Langmuir model, varies from 9.3 to 22.6 mg g™. WAB has higher sorption capacity
(22.6 mg g') than WSS (9.4 mg g”'), WOS (12.1 mg g"), and polymeric resins
(Lewatit S-100 (20.3 mg g™') and Chelex-100 (15.1 mg g')). Moreover WAB could
be used to remove metals because of the high Cr (lll) adsorption capacity (even at
low metal concentration) as well as the low cost and availability.

The external film resistance is reduced to a minimum at the highest stirring speed.
On the contrary, the external mass transfer coefficient increases with increasing

the initial concentration. Therefore, when increasing the stirring speed or the
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concentration gradient, metal ions are transferred faster to the film or inside the
adsorbent particles to be adsorbed; consequently the adsorption rate increases.

In summary, the adsorption kinetics of Cr (lll) on the agro-waste materials studied
herein can be described by using either empirical or diffusion kinetic models.
However, the film diffusion model seems to be the most appropriate based on the
low deviation between the experimental and the predicted data, and the physical
properties (low porosity, low surface area and low pore volume) of the agro-waste
materials, which support the idea that intraparticle diffusion may be neglected.
Moreover, a single resistance model (i.e. film diffusion model) has a physical
meaning that explains the mass transfer process towards the adsorbent particle as

well as the effects of stirring speed and the initial concentration.
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Chapter 5

5.1 GENERAL DISCUSSION

Agro-waste materials are able to sequester metal ions such as chromium (l1l) from
agueous solution. Furthermore these biosorbents can also be used to remove
other metal cations such as lead (Il), cadmium (ll), zinc (Il), nickel (II), copper (I1),
etc., from water.

The chromium (lll) sorption mechanisms are not easily elucidated due to the
complex nature of the biosorbents. Methodologies such as chemical modifications,
acid-base titrations, FTIR (Fourier Transform Infrared), XPS (X-Ray photoelectron
spectroscopy), among others, have been used to determine functional groups and
at the same time to elucidate metal sorption mechanism of biosorbents. Some of
the functional groups that have been identified in biosorbents include: carboxyl,
carbonyl, acetamide, amine, sulfate, phosphate, phenolic, hydroxyl, etc., and the
adsorption mechanisms of cations that have been proposed for biosorbents
include: chemical adsorption (complexes formation), ion exchange with cations
such as calcium or magnesium, and physical adsorption by electrostatic
interaction. In this thesis, it has been demonstrated that the sorption mechanism of
Cr (Ill) is coupled with the release of calcium or hydrogen ions (see Figure 2.6).
Poly-galacturonic and hexuronic acids (present in pectin and hemicelluloses)
contain carboxyl groups linked together by calcium bridges, but once calcium is
released to the solution, the carboxyl groups could be used by chromium (1) ions
as adsorption sites. In the same way, protonated carboxyl groups of poly-
galacturonic and hexuronic acids could exchange hydrogen ions by Cr (lll) ions.
Nevertheless, complexation of metals could also take place on oxygen-containing
groups (i.e. carboxyl and hydroxyl). Carboxyl groups on agro-waste materials are
the main binding-sites on chromium (lll) removal. However, hydroxyl groups are
capable of complexing metal cations too.
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Metal desorption from biosorbents has not been well explored and for that reason it
IS necessary to study this process more in detail. In this thesis, desorption of
chromium-loaded agro-waste materials with solutions of HNO3, NaOH, and EDTA
at different concentrations and temperatures (25°C, 35°C, and 55°C) is reported
(see Figure 2.7 and 2.8). These eluents were selected by aiming at an ion
exchange process, between H* and Na® with Cr (lll) species, or complexation
(EDTA-Cr (ll)). It was thought that if Cr (lll) was adsorbed on carboxyl-binding
groups by electrostatic interaction, then acid solutions (e.g. HNOj) would
regenerate the chromium-loaded biosorbents since the concentration of H*
increases (pH decreases and oxygen groups protonates) giving place to ion
exchange with the chromium adsorbed. However, the low Cr (lll) desorption from
agro-waste materials at 25°C (lower than 46% for WOS when 1.0 N HNO3; was
used) suggested that chromium ions form more stable chemical bonds (i.e.
covalent coordinated bonds) with the functional groups of biosorbents. An increase
in temperature enhanced the amount of desorbed metal for instance the chromium
desorption from AAB with 1.0 M HNO3; was 43%, 47%, and 68% at 25°C, 35°C,
and 55°C, respectively (see Figure 2.8). Nonetheless, the regeneration of AAB with
1.0 M HNOg3 at 55°C caused 30% of weight loss (see Figure 2.9), which suggested
that the acid eluent hydrolyzed part of hemi-celluloses and pectin present in the
agro-waste materials. Conversely, the chromium desorbed with NaOH (1.0 N) at
25°C varied from 18% to 71% depending on the agro-waste material (see Figure
2.7 and 2.8). However, the weight lost when 1.0 N NaOH was used as eluent was
higher (22% to 42%) compared to the regeneration with 1.0 N HNO3 (see Figure
2.9). These results suggested that some components (mainly lignin and
hemicelluloses) present in the biosorbents could be hydrolyzed in alkaline
solutions. The main species formed by alkaline regeneration is Cr(OH)3) due to
the high concentration of OH" (see Figure 2.3), although Cr(OH), is also formed
but to a lesser extent at high pH values. It is important to note that Cr (Ill)
desorption by NaOH may be underestimated due to the presence of chromium
precipitate as Cr(OH)s sy (more experiments are needed to clarify this issue).

Solutions of EDTA (0.1 M and 0.05 M) were also used to regenerate the chromium-
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loaded agro-waste materials. This eluting-agent was chosen because it is well
known that chromium (lll) and EDTA ligand have the highest stability constants for
the formation of complexes. Regeneration with EDTA was affected by both
temperature and the eluent concentration. For instance, the AOS regeneration with
1.0 M EDTA at 25°C and 35°C was 51% and 74%, respectively, but at 55°C this
biosorbent was completely regenerated (see Figure 2.8). The higher chromium
desorption with 1.0 M EDTA obtained at 55°C suggested that the interaction Cr
(IN-EDTA involved a chelate formation and an increase in temperature facilitated
the chemical interaction between EDTA and Cr (lll). Also when the EDTA
concentration was 0.05 M, the regeneration was reduced to 70% at 55°C. In
addition, the weight loss of acid-washed materials due to the regeneration with 0.1
M EDTA was much lower (0-9%) than that obtained when 1.0 N HNO3 or 1.0 N
NaOH was used as eluent (see Figure 2.9). This fact suggested that EDTA
solutions produced apparently fewer structural modifications in the biosorbents
than the acid or the alkaline solutions; for example Figure 2.1 (B) shows that acid
and alkaline solutions attacked the carboxyl groups (1740 cm™) conversely to
EDTA solutions. In addition, alkaline and acid regenerations produced hydrolysis of
the agro-waste materials confirmed by the weight loss, and the color change of
biosorbents. Therefore, based on the chromium desorbed and the initial weight
loss, EDTA seems to be a promising alternative to regenerate chromium-loaded
agro-waste materials without apparent modifications of the biosorbents in contrast
to either acid or alkaline eluting-agents which hydrolyze the biopolymer
components to a greater extent. However, more experiments are required to
confirm that regeneration with EDTA do not affect the Cr (lll) binding sites of agro-
waste materials.

Several studies have demonstrated the potential of using lignocellulosic materials
for removing heavy metal ions from aqueous solution. In this thesis, for the first
time, the contribution of the main components (hemicelluloses, cellulose, and
lignin) of the agro-waste materials to the removal of contaminants (e.g. Cr (1))
from aqueous solution is reported. This knowledge will help to understand and

explain more in detail the sorption mechanism and also to predict the potential of
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these residues as adsorbents based on the content of the components. It was
found that cellulose is present in greater proportion (>46%) compared with
hemicelluloses (from 12% to 26%) and lignin (varying from 3% to 10%) for all the
biosorbents studied herein; it is important to note that the cellulose percentage is
approximately the same for the three agro-waste materials selected (see Figure
3.1 in Chapter 3). The percentage of lost compounds (extractives) after procedure
of neutral detergent fiber was around 22% for WSS and WOS, but in the case of
WAB it was about 30%. This behavior can be due to the thermal and mechanical
treatment previously applied to WAB to extract sugars that are fermented to
produce ‘mezcal’. Additionally, because of the same treatment, WAB
hemicelluloses are approximately half (12.8%) of those in WSS and WOS (both
about 26%) which were just water-washed and dried before being used as
adsorbents. WAB contained a higher lignin quantity (10.1%) than WSS (3.7%) and
WOS (5.7%), which could be attributed to its age: the lignin content in agro-waste
materials increases with age and time of storage. Functional groups identified on
agro-waste materials and their fractions by ATR-FTIR analyses include hydroxyl,
carboxyl, and nitrogen-containing compounds (see Figure 3.2). These functional
groups are affected by the procedure applied in order to separate the agro-waste
materials main fractions (NDF, ADF, and ADL). It was also found that the NDF
procedure removed some compounds from WSS and WOS that decreases the Cr
(1) sorption capacity of NDF residues (hemicelluloses, cellulose, and lignin). Such
compounds hydrolyzed during the NDF procedure could be waxes, inorganic salts,
starch, tannin, among others. In contrast, chromium (lll) adsorption capacity
decreases after the ADF procedure on WSS and WOS because hemicelluloses are
removed from the NDF residues; this biopolymer contains carboxyl groups that
play an important role in adsorption of positively-charged heavy metal ions from
aqueous solution. Furthermore, the Cr (lll) adsorption capacity of ADF (cellulose
and lignin) and ADL (lignin) is not significantly different which suggests that
cellulose does not contribute to the removal of Cr (lll). Similar results were found
by using a standard of cellulose and lignin (Figure 3.4). Among all the structural

components of agro-waste materials involved in metal adsorption, taking into
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account that sequential extraction methods are not totally selective and may affect
the composition of biopolymers on agro-waste biosorbents, in general
hemicelluloses and lignin are the major contributors to the removal of Cr (Ill) from
agueous solutions. In addition, cellulose apparently does not participate in the
removal of metal cations. These findings also support the idea of adsorption of
metal cations on carboxyl groups of agro-waste biosorbents. However, metal
cations can also be adsorbed by electrostatic interaction with ionized sulfate
groups (due to the acid digestion) attached to the lignin fraction of the residues
(cellulose and lignin) that remain after the ADF procedure. Likewise, metal cations
can also form coordinated bonds with hydroxyl groups in lignin.

On the other hand, although empirical models have been extensively used in
predicting the adsorption kinetics of metals, diffusion models can adequately
predict the concentration decay data of Cr (lll) on agro-waste materials and also
help to explain the mass transfer process occurring in the adsorption phenomena.
The film diffusion model (a single-resistance model) predicts very well the
adsorption kinetics of Cr (lll) on agro-waste adsorbents for some experiments even
better or similar to the pseudo second order reaction model (see Table 4.3 in
Chapter 4). These results clearly demonstrate that adsorption of metal cations on
agro-waste biosorbents is limited by an external mass transfer resistance since the
agro-waste materials have a low porosity, low surface area and low pore volume
(Table 4.1) and hence the intraparticle diffusion may be neglected. The complexity
to solve two-resistance models (film-pore volume diffusion and HSDM) increases
since a system of ordinary and partial differential equations must be simultaneously
solved. On the contrary, a single-resistance model is easy to solve and can be
used to predict the concentration decay curves of adsorption of metals on low
porous adsorbents such as agro-waste materials.

To determine diffusion kinetic parameters adequately and also to compare
adsorption kinetics for a given metal, it is necessary to conduct adsorption rate
experiments by using a rotating-basket reactor as the one used in this research
(Figure 4.2). Nevertheless, some differences can be found due to the experimental

conditions (e.g. temperature, pH, solid/liquid ratio, particle size, initial

142



concentration, stirring speed, etc.) and the physical-chemical properties of
adsorbents (i.e. porosity, density, surface area, pore size and volume, functional
groups, etc.).

Among all agro-waste materials studied herein, agave bagasse has a sorption
capacity of Cr (Ill) as high as polymeric resins, even at low metal concentrations. In
addition agave bagasse is cheaper than other adsorbents (i.e. activated carbons,
polymeric resins, etc.). Therefore, this agro-waste material is a promising
biosorbent for the removal of metals from water.

Finally, biosorption of heavy metals by using agro-waste materials is a promising
way of treating the wastewater of several industries such as leather tannery,
finishing, metal plating, mining, textile, organic chemicals, among others. In
addition, these biosorbents are affordable throughout the world and have a

comparable or even higher sorption capacity than commercial adsorbents.
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Chapter 6

6.1 GENERAL CONCLUSIONS

Agro-waste materials are able to sequester metal ions such as Chromium (lll) from
agueous solution. Furthermore these biosorbents can also be used to remove
other metal cations such as lead (Il), cadmium (ll), zinc (Il), nickel (II), copper (I1),
etc. from water.

The sorption mechanism of Cr (lll) is coupled with the release of calcium or
hydrogen ions. Nevertheless complexation of metals also takes place on oxygen-
containing groups (i.e. carboxyl and hydroxyl). Carboxyl groups on agro-waste
materials are the main binding-sites on chromium (llI) removal. However, hydroxyl
groups are capable of complexing metal cations as well.

Low desorption percentages of chromium-loaded biosorbents are obtained by
using various eluting agents at 25°C. However, gquelating agents (such as EDTA)
seem to be a promising alternative to regenerate chromium-loaded agro-waste
materials without apparent weight loss of biosorbents in contrast to either acid or
alkaline eluting-agents which hydrolyze the biopolymer components to a greater
extent.

Among all the structural components of agro-waste materials involved in metal
adsorption, but taking into account that sequential extraction methods are not
totally selective and may affect the composition of biopolymers on agro-waste
biosorbents, in general hemicelluloses and lignin are the major contributors to the
Cr (1) removal from aqueous solutions. In addition, cellulose apparently does not
participate in the removal of metal cations. These findings also support the idea of
adsorption of metal cations on carboxyl groups. However, metal cations can also
be adsorbed by electrostatic interaction with ionized sulfate groups attached to the
lignin fraction. Likewise, metal cations can also form coordinated bonds with

hydroxy! groups of lignin.
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On the other hand, although empirical models have been extensively used in
predicting the adsorption kinetics of metals, diffusion models can adequately
predict the concentration decay data of Cr (lll) on agro-waste materials and also
help to explain the mass transfer process occurring in the adsorption phenomena.
The film diffusion model (a single-resistance model) predicts very well the
adsorption kinetics of Cr (Ill) on agro-waste adsorbents for some experiments even
better or similar to the pseudo second order reaction model. These results clearly
demonstrate that adsorption of metal cations on agro-waste biosorbents is limited
by an external mass transfer resistance since the agro-waste materials have a low
porosity, low surface area and low pore volume and hence the intraparticle
diffusion may be neglected.

Finally, biosorption of heavy metals by using agro-waste materials is a promising
way of treating the wastewater of several industries such as leather tannery and
finishing, metal plating, mining, textile, organic chemicals, among others. In
addition, these biosorbents are affordable throughout the world and have a

comparable or even higher sorption capacity than commercial adsorbents.
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6.2 FUTURE WORK

Biosorption is an emerging technology that has been explored in the last decades.
The findings reported in this thesis intended to clarify and explain more in detail the
fundamentals of the biosorption of chromium (lll) on agro-waste materials.
Nonetheless, there are future works that can be conducted for a better
understanding of the biosorption processes. Many of these studies are listed and
briefly discussed below.

First, it has been reported that the sorption mechanism of Cr (Ill) on agro-waste
materials is associated in part to an ion exchange process with calcium (see
Chapter 2), but it is required to determine the cation exchange capacity and the
density of carboxyl groups of these biosorbents. These experiments will help to
elucidate accurately the contribution of carboxyl groups to the metal cation
adsorption capacity. Moreover, since calcium ions neutralize carboxyl groups on
agro-waste adsorbents, results reported on Chapter 2 in this thesis may be
underestimated (Table 2.1). The acid-base titrations conducted to estimate the
functional groups on agro-waste materials is based on pH variations; however the
release (if any) of calcium ions does not modify the solution pH contrary to the
release of protons associated to carboxyl groups. For the aforementioned reasons,
density of carboxyl groups of agro-waste adsorbents must be more accurately
estimated.

Second, desorption of metals previously adsorbed on agro-waste materials was
significantly improved by using eluting agents such as EDTA at 55°C without
apparent damage of functional groups (see Chapter 2). Adsorption and desorption
cycles can be conducted to determine the adsorption capacity loss due to the
regeneration step with several eluting agents such as mineral acids (i.e. HCI,
HNOs;, etc.) and chelating agents (e.g. EDTA and citric acid). Acid-base titrations,
FTIR analyses as well as the reducing sugars in solution may help to identify the
functional groups damaged by the sorption/desorption cycles. Desorption kinetics

of Cr (lll) can also be performed to determine the optimal conditions (time,
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solid/liquid proportion, concentration of eluting agent, temperature, etc.) in the
desorption process.

Third, hemicelluloses and lignin are the main contributors to Cr (Ill) removal from
agueous solutions (see Chapter 3). Another opportunity to complement this
research is to determine the density and equilibrium constants of the functional
groups on each fraction to verify the contribution of carboxyl and sulfate groups to
the metal adsorption on the fractions of agro-waste materials. Similarly, the neutral
detergent fiber procedure seems to be a promising treatment to improve the metal
adsorption capacity of oats straw and sorghum straw; therefore more equilibrium
and kinetic adsorption experiments can be carried out to assess the applicability of
this treated fraction to the removal of metal cations from aqueous solutions. In
addition, because lignin fraction is more recalcitrant than the other structural
components of agro-waste adsorbents, more adsorption studies are required by
using lignin to determine its feasibility of use in adsorption processes.

Fourth, adsorption kinetics of Cr (lll) on agro-waste adsorbents (see Chapter 4)
can be predicted adequately with the film diffusion model. This model can also be
applied to describe the desorption kinetics of calcium due to the adsorption of Cr
(1) ions on agro-waste adsorbents. In addition, it is necessary to conduct once
again adsorption kinetic experiments of Cr (Ill) on water-washed oats straw at 400
min™ and initial Cr (Ill) concentration of 50 mg L™ because of the contradictory
results found under these conditions. These results will help to corroborate that the
gradient concentration affects the external mass transfer coefficient as reported
with the other agro-waste materials (WSS and WAB).

Finally, a fixed-bed column is the most preferred configuration in a real adsorption
process. Therefore the next step in developing a biosorption continuous operation
is to granulate the biosorbents materials. Such particles should be as small as
practical to minimize the pressure drop across the column and should be
mechanically and chemically resistant to be used in a packed column. Moreover,
reinforcement of biosorbents should allow the metal ions diffusion towards the

binding sites of the adsorbent particles.
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In summary, because of the complexity of these biosorbents, there are many
challenges to fully understanding and developing a biosorption process in a real
application. The results presented as well as the future work listed herein may
contribute to meet the main challenge: to make biosorption a cost-effective

technology for treating metal containing wastewaters.
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Appendix A

To estimate the quantity of functional groups (b;) and their equilibrium constants
(pKa) of agro-waste adsorbents, the experimental data obtained from
potentiometric titrations were processed according to the physical-chemical
method proposed by Yun et al. (2001). Briefly, this method considers the functional
group dissociation reaction and the equilibrium constant as:

bH< b +H" ka:%ﬁ (1)

J
Then, the number of total groups is equal to the sum of the protonated and

dissociated functional groups as follows:
o, =loH]+[o7 | 2)
In potentiometric titrations experiments, the electro-neutrality condition must be

satisfied:
Na Lyges + 7] iﬂbf]* [oH-] 3)

Finally, combining all equations (1-3), the model to estimate the functional groups

quantity and their equilibrium constant is obtained:

[OH_] added = Zn: bj *>f
=1 1+ _H J
k

a

] @

Results of the acid-base titrations experiments by using AAB (Table Al second
and fourth column) were fitted with a nonlinear regression to determine b and pKj,
by using equation (4).

Table A2 shows the functional groups (b) of agro-waste materials and their
equilibrium constants (pK,) obtained by using equation (4) with 1, 2 or 3

parameters.
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Figure Al shows the experimental and the predicted values of the potentiometric
titration experiments. The titrations curve was described adequately with a model

with 3 parameters (black line in Figure Al).
Readers are referred to section 2.2.3 in Chapter 2 for detail of the acid-base

titration procedures.
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Table Al. Results of the acid-base titration experiments by using AAB.

Added ) [OHT (mol/L)

volume of 0.1 ccfndccjeiotlrgﬁon Equilibrium  [H] Model with  Model with  Model with

N NaOH/HCI (mol/L) pH (mol/L)  Experimental 1

solution (mL) parameter 2 parameters 3 parameters
22,50 20.99E-03 214 724E-03  -9.99E-03 724E-03  -7.23E-03 __ -7.23E-03
-2.00 -7.99E-03 2.19 6.46E-03  -7.99E-03 6.46E-03  -6.44E-03  -6.44E-03
-1.00 -4.00E-03 256 275E-03  -4.00E-03 22.75E-03  -2.71E-03  -2.71E-03
-0.50 -2.00E-03 2.84 1.45E-03  -2.00E-03 1.44E-03  -1.37E-03  -1.37E-03
-0.25 -0.99E-04 3.14 7.24E-04  -9.99E-04 7.23E-04  -583E-04  -578E-04
-0.10 -4.00E-04 331 4.90E-04  -4.00E-04 4.88E-04  -2.88E-04  -2.83E-04
-0.05 -2.00E-04 3.44 3.63E-04  -2.00E-04 361E-04  -1.02E-04  -9.64E-05
0.00 0.00E+00 3.47 3.39E-04  0.00E+00 3.37E-04  -6.20E-05  -5.65E-05
0.05 1.99E-04 3.56 2.75E-04  1.99E-04 -2.73E-04 5.30E-05 5.78E-05
0.10 3.99E-04 371 1.95E-04  3.99E-04 -1.91E-04 2 35E-04 2.37E-04
0.15 5.08E-04 3.89 1.29E-04  5.98E-04 -1.23E-04 4.48E-04 4.43E-04
0.20 7.98E-04 4.02 9.55E-05  7.98E-04 -8.81E-05 6.01E-04 5.88E-04
0.30 1.20E-03 453 2.095E-05  1.20E-03 -5.62E-06 1.16E-03 1.08E-03
0.45 1.79E-03 6.18 6.61E-07  1.79E-03 8.87E-04 1.91E-03 1.86E-03
0.50 1.99E-03 6.39 407E-07  1.99E-03 1.30E-03 2.04E-03 2.04E-03
0.60 2 39E-03 6.81 1556-07  2.39E-03 2.43E-03 2.48E-03 2 58E-03
0.70 2.79E-03 6.98 1.05-07  2.79E-03 2.93E-03 2 75E-03 2 85E-03
0.80 3.19E-03 7.14 724E-08  3.19E-03 3.38E-03 3.04E-03 3.12E-03
0.85 3.39E-03 7.21 6.17E-08  3.39E-03 3.56E-03 3.18E-03 3.23E-03
0.90 3.59E-03 751 3.09E-08  3.59E-03 4.21E-03 3.81E-03 3.67E-03
1.00 3.99E-03 7.61 245E-08  3.99E-03 4.38E-03 4.01E-03 3.79E-03
1.10 4.39E-03 934  457E-10  4.39E-03 5.17E-03 5.36E-03 4.50E-03
1.30 5.18E-03 1054  2.88E-11  5.18E-03 5.51E-03 5.72E-03 5.55E-03
1.50 5.08E-03 1057  2.69E-11  5.98E-03 5.53E-03 5.75E-03 5.61E-03
2,50 9.97E-03 1152  3.02E-12  9.97E-03 8.47E-03 8.69E-03 9.98E-03

For each experiment, 125 mg of agro-waste material were added to 25 mL of solutions. lonic strength was fixed with 0.1 N NacCl.
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Table A2. Functional groups (b, mmol/g) of AAB and their
equilibrium constants (pKa).

Model with  Model with 2  Model with 3

1 parameter parameters parameters
bl 1.03 0.73 0.57
pKaz 6.86 7.38 10.97
b2 - 0.34 0.58
pKa; - 4.19 7.05
b3 - - 0.31
pKas — — 412

1.0E-02 »
¢ Experimental

8.0E-03 1 ----1 parameter
60E03 | "7 2 parameters
—— 3 parameters

4.0E-03 -
2.0E-03

0.0E+00

4

-2.0E-03 Equlibrium pH

[OH-] added (mol/L)

-4.0E-03 +

-6.0E-03 +

-8.0E-03 e

-1.0E-02 —&

Figure Al. Potentiometric titrations data by using AAB. Symbols
represent the experimental measurements and the lines represent the

predicted values with the titration model shown in equation 4.
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Appendix B

To identify functional groups of agro-waste materials, ATR-FTIR analyses were
conducted and the main characteristic bands are shown in Table B1 and Figure 2.1
(A) in Chapter 2.

Table B1. Wavenumber (cm™) of the major characteristic peaks of the

infrared spectra of agro-waste biosorbents.

Functional group

Biosorbent
O-H C=0 N-H C-O
WSS 3357 1739, 1657 1609 1243, 1163, 1037
ASS 3350 1740, 1670 1615 1246, 1163,1038
WOS 3357 1749, 1650 1612 1242,1163,1041
AOS 3354 1741, 1657 1612 1240, 1061, 1034
WAB 3346 1738, 1635 1608 1246, 1159, 1038
AAB 3343 1739, 1630 1602 1245, 1162, 1031
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Appendix C

Both Langmuir and Freundlich isotherm models fitted reasonable well the
experimental data based on the correlation coefficient (0.85<r’<0.99). The
estimated isotherms parameters are given on Table C1.

Table C1. Isotherm parameters estimated by using the experimental

data of the chromium (lll) adsorption on agro-waste biosorbents.

. o Langmuir Freundlich
Biosorbent Conditions > >
Qmax b r K n r
WSS 5.329 0.233 0.95 2.047 4.604 0.97
WOS 10.551 0.091 0.92 2.157 2.860 0.99
WAB pH 4 10.837 0.271 0.99 4.006 3.997 0.95
ASS 25°C 6.958 0.112 0.90 1.656 3.173 0.98
AOS 12.974 0.136 0.94 3.297 3.163 0.98
AAB 11.437 0.772 0.95 5.727 5.843 0.93
ASS DH 3 1.553 0.069 0.91 0.273 2.764 0.85
AOS 250 8.316 0.051 0.99 0.993 2.254 0.96
AAB 9.064 0.150 0.98 2.800 3.895 0.92
ASS OH 4 11.728 0.092 0.97 2.457 2.968 0.98
AOS 35°C 18.951 0.046 0.95 2.120 2.158 0.98
AAB 18.807 0.891 0.99 7.959 4.609 0.97

Qumax (Mg/g); b (L/mg); k (LY"/ mg*™" g™); n, I (dimensionless).

157



Appendix D

The pseudo-first order reaction model (Eg. 1 in Chapter 4) was used to predict the
adsorption kinetics of Cr (Ill) on agro-waste materials. Table D1 shows the
parameters of the pseudo-first order model estimated from the experimental data
of the adsorption kinetics of Cr (lll) on agro-waste materials.

The pseudo-first order reaction model did not adequately predict the experimental
results based on the percentage average deviation (0.6<%D<6.6). In contrast, the
pseudo-second order reaction model did predict well (0.8<%D<2.3) the adsorption
kinetics of Cr (lll) at different stirring speeds and concentrations (see Table 4.3 in
Chapter 4).

The predicted and the concentration decay results for WSS and WOS are shown in
Figures D1, D2, D3 and D4. The film diffusion model predicted adequately the
adsorption rate of Cr (lll) on WSS and WOS based on the low deviation
(0.8<%D<2.0) between the experimental data and the predicted values. In addition
the physical properties of the agro-waste materials (low surface area, low pore
volume, and pore size of mesopores and macropores (see Figure D5 and Table
4.1 in Chapter 4)) support the idea that intraparticle diffusion may be neglected and
that the adsorption of Cr (lIl) is limited mainly by the film resistance surrounding the

adsorbent particle.
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Table D1. Pseudo-first order model parameters estimated by using the
experimental data of the adsorption kinetics of Cr (Ill) on agro-waste materials at
pH 4 and 25°C.

Pseudo-first order

Co Stirring speed

Biosorbent (Mg L'l) (min'l) l.<1_1 X . %D
(min™) (mg g”)

22.05 200 0.0009 2.011 4.04

WSS 21.69 300 0.0009 1.509 5.38
20.52 400 0.0223 4.932 2.63

53.00 400 0.0166 2.613 1.83

21.77 200 0.0155  3.490 3.68

WOS 22.74 300 0.0056 2.471 6.60
22.86 400 0.0047 3.606 4.78

52.26 400 0.0196 7.922 0.62

19.75 200 0.0005 9.823 5.93

WAB 19.57 300 0.0075 9.591 6.30
20.02 400 0.0103 9.136 5.19

55.25 400 0.0130 6.899 5.80

Co: Initial metal concentration; k;: Adsorption rate constant; X: Adsorption capacity at

equilibrium; %D: Percentage average deviation (dimensionless).
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Figure D1. Adsorption kinetics of Cr (lll) ions on WSS at pH 4, 25°C, using 250 mg
of biosorbent in 1 L, 400 min™, C,=20.52 mg L™. Dashed square in (A) is enlarged

in (B) for better clarity. Symbols represent the experimental results and the lines

the predicted values by the models. Percentage deviations are given
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Figure D3. Adsorption kinetics of Cr (Ill) ions on WOS at pH 4, 25°C, using 250
mg of biosorbent in 1 L, 400 min™, C,=22.86 mg L™. Dashed square in (A) is
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162



(A) A Experimental
- - - -Pseudo second order (0.83%)
— - - Film diffusion (0.82%)
— — Film-Pore volume diffusion (0.70%)
—— Film-Surface diffusion (0.58%)

1
w
e - —

)]
N

Concentration decay (mg L'l)

1

1

1
51 1

1
50 . AN ‘

: \_.:.ng‘-_—--:—--r—---—----—---—ll'l—lII'-l—-----—l-'\.

| | ——

N T e
49 :_ ________ : T T T T

0 200 400 600 800 1000 1200

Time (min)
54
A Experimental
(B) P

- - = - Pseudo second order (0.83%)

— - - Film diffusion (0.82%)

— — Film-Pore volume diffusion (0.70%)
—— Film-Surface diffusion (0.58%)

Ul
w
!

~ - m
-------

Concentration decay (mg L'l)

N
©

0 40 80 120 160 200
Time (min)
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Appendix E

To obtain the diffusion model parameters, the model equations (see section 4.2.1.2
and 4.2.1.3) must be simultaneously solved by numerical methods. It is important
to mention that model equations were programmed in PDESOL 2.0 to be solved.
The programs required the experimental conditions, physical properties of the
adsorbents (Table 4.1 in Chapter 4), and the isotherm parameters (Table 4.2) to
predict the concentration decay curves.

As an example, the programs used to estimate the diffusion models parameters
that predict adequately the adsorption kinetics of Cr (1ll) on WAB at pH 4 and 25°C

are shown in the following sections.
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El. Film diffusion model

‘Experimental conditions
‘Initial concentration (g/cm®)
C0=0.00005525

‘Mass of adsorbent (g)
m=0.251

‘Volume of the solution (cm®)
V=1000

‘Physical properties of the adsorbents
‘Average radius of adsorbent particle (cm)
R=0.0375

‘Average pore-volume (cm®/g)
Vp=0.003133

‘Density of the adsorbent particle (g/cm®)
rho=1.5216

‘Porosity (dimensionless)
E=Vp/(Vp+1/rho)

‘Outer surface area of particle (cm?)
Area=3*m/(rho*R*(1-E))

‘Dimesionless variable

Alpha=rho*V/m

‘Isotherm parameters

‘Maximum adsorption capacity (g/g) estimated with the Langmuir isotherm
gm=0.02238

‘Langmuir isotherm constant (cm®/g)

b=320000

‘Adsorption capacity (g/g) calculated by using the Langmuir isotherm
go=gm*b*Co/(1+b*Co)
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‘Dimesionless variable

w=rho*qo/Co

‘Parameter of the film diffusion model
‘External mass transfer coefficient (cm/s)
k=0.005

‘Initial conditions
phi@t0=1
Qave@t0=0

‘Differential model equations to be simultaneously solved by numerical
methods

eta=Qave/((gm/go-Qave)*b*Co)

Qave_t=Alpha/w*(phi-eta)

phi_t=-w/Alpha*Qave_t

‘Real time (s)
Realtime=V*t/(Area*k)

‘Concentration of solute in solution (mg/L)
C=phi*Co*1E6

‘For each value of k, a concentration decay curve is obtained. The deviation
between the experimental and the predicted data is used to select the k that
represents the adsorption kinetics of adsorbate on the adsorbent for a particular

experiment.
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E2. Pore-volume diffusion model with external mass transfer resistance

‘Experimental conditions
‘Initial concentration (g/cm®)
C0=0.00005525

‘Mass of adsorbent (g)
m=0.251

‘Volume of the solution (cm®)
V=1000

‘Physical properties of the adsorbents
‘Average radius of adsorbent particle (cm)’
R=0.0375

‘Average pore-volume (cm®/g)
Vp=0.003133

‘Density of the adsorbent particle (g/cm®)
rho=1.5216

‘Porosity (dimensionless)
E=Vp/(Vp+1/rho)

‘Dimesionless variable

Alpha=rho*V/m

‘Isotherm parameters

‘Maximum adsorption capacity (g/g) estimated with the Langmuir isotherm
gm=0.02238

‘Langmuir isotherm constant (cm*/g)

b=320000

‘Part of the Langmuir isotherm

AL=1+b*Co

‘Dimesionless variable

w=rho*qm/Co
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‘Parameters of the pore-volume diffusion model with external mass transfer
resistance

‘External mass transfer coefficient (cm/s)

k=5E-2

‘Effective pore volume diffusivity (cm?/s)

Dep=1.5E-5

‘Smith number
Nsh=2*k*R/Dep

‘Initial conditions
phi@t0=1
Qave@t0=0

‘Boundary conditions
Qave_x=dx(Qave)

Qave x@xL=0
Qave_x@xU=(Nsh/2)*(phi-Qave@xU)

‘Differential model equations to be simultaneously solved by numerical
methods

“Dimensionless mass balance

FPQave=AL/(1+(AL-1)*Qave)"2

phi_t=-((3*Nsh)/(2*Alpha))*(phi-Qave @xU)

‘Diffusion equation
Qave_t=1/(E+w*FPQave)*(1/(x>1e-2)"2)*dx(x"2*Qave_Xx)

‘Real time (s)
Realtime=(t*R"2)/Dep
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‘Concentration of solute in solution (mg/L)
C=phi*Co*1E6

‘For each value of k and Dep, a concentration decay curve is obtained. The
deviation between the experimental and the predicted data is used to select the k
and Dep values that represent the adsorption kinetics of adsorbate on the
adsorbent for a particular experiment.
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E3. Homogeneous solid diffusion model (HSDM) with external mass transfer

resistance

‘Experimental conditions
‘Initial concentration (g/cm®)
C0=0.00005525

‘Mass of adsorbent (g)
m=0.251

‘Volume of the solution (cm®)
V=1000

‘Physical properties of the adsorbents
‘Average radius of adsorbent particle (cm)
R=0.0375

‘Average pore-volume (cm®/g)
Vp=0.003133

‘Density of the adsorbent particle (g/cm®)
rho=1.5216

‘Porosity (dimensionless)
E=Vp/(Vp+1/rho)

‘Dimesionless variable

Alpha=rho*V/m

‘Isotherm parameters

‘Maximum adsorption capacity (g/g) estimated with the Langmuir isotherm
gm=0.02238

‘Langmuir isotherm constant (cm*/g)

b=320000

‘Adsorption capacity (g/g) calculated by using the Langmuir isotherm
go=gm*b*Co/(1+b*Co0)
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‘Dimesionless variables
beta=gm*qo
w=rho*qo/Co

‘Parameters of the HSDM with external mass transfer resistance
‘External mass transfer coefficient (cm/s)

k=5E-3

‘Surface diffusivity (cm?/s)

Ds=2E-7

‘Initial conditions
phi@t0=1
Qave@t0=0

‘Boundary conditions

Qave_x=dx(Qave)

Qave x@xL=0
eta=Qave@xU/((beta-Qave@xU)*b*Co)
Qave x@xU=k*Co*R*(phi-eta)/(rho*Ds*qo)

‘Differential model equations to be simultaneously solved by numerical
methods

'‘Diffusion equation

Qave_t=(1/(x>1e2)"2)*dx(x"2*Qave_x)

‘Dimensionless mass balance
phi_t=-3*w/Alpha*Qave_x@xU

‘Real time (s)
Realtime=(t*R"2)/Ds
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‘Concentration of solute in solution (mg/L)
C=phi*Co*1E6

‘For each value of kand Ds, a concentration decay curve is obtained. The deviation
between the experimental and the predicted data is used to select the k and Ds
values that represent the adsorption kinetics of adsorbate on the adsorbent for a

particular experiment.
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