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ABSTRACT

Water pollution by toxic heavy metals is a severe socio-sanitary problem that requires
efficient, environmentally friendly, and economically viable solutions.

Typical pig diets have a high content of phytates, which reduces the availability of Zn and
Cu. Thus, to ensure animal health, welfare and productivity, pig diets are supplemented with
these elements that are partially released to the ambient through the urine and feces. These
residues represent an alarming problem nowadays, due to their high concentrations of carbon,
nitrogen, phosphorous, and, of course, heavy metals and pharmaceutical products. Therefore,
it is essential to develop an effective treatment of slurry generated in livestock facilities,
which not only prevents contamination but also allows the recovery of organic matter and
nutrients present in them, applying the concept of circular bioeconomy.

This work aims to provide a sustainable solution to this issue, using microorganisms to treat
and valorize wastewater from the food industry, in general, and livestock, in particular. The
study focuses on the elimination of two metals (Cu and Zn) that, although essential at low
concentrations, can be toxic when prolonged exposure to concentrations higher than required
takes place.

A bibliographic review has been carried out to evaluate the retention capacity of these
elements by microalgae, bacteria, and their consortia, the experimental conditions in which
metal retention takes place, and the predominant bioaccumulation mechanisms in each type
of biomass.

In the experimental part, a complete factorial design of 144 experiments has been applied to
evaluate the effect of six factors on the bioelimination capacity of copper and zinc and the
growth of the biomass. Three types of biomass were used: a pure Scenedesmus Almeriensis
strain, a bacterial sludge, and a consortium of Scenedesmus Almeriensis and bacteria grown
in slurry water. Furthermore, we selected other factors intending to study whether they
influenced the retention process or not, such as organic matter, the CO,, the initial
concentration of metals, the light, and the contact time.

After the statistical analysis of the results, it was determined that the most important factors
are the type of biomass (the pure microalgae showed the highest metal retention capacities),
the initial metal concentration (the higher the concentration, the higher the retention), and
stirring time (short times resulted in higher retention). For pure microalgae and slurry-grown
biomass, significant biomass growth was observed.

The results obtained from the retention capacities are promising since very high values were
reached for copper and zinc metals, which makes it possible to consider the treatment of
wastewater with high organic load and metals in photobioreactors as a promising method for
the elimination heavy metal.



RESUMEN

La contaminacion de las aguas por metales pesados toxicos es un grave problema
sociosanitario que requiere soluciones eficientes, respetuosas con el medio ambiente y
economicamente viables.

Tipicamente, las dietas porcinas tienen un alto contenido en fitatos, que reducen la
disponibilidad de Zn y Cu. Con el fin de asegurar su correcto desarrollo, los piensos que se
dan a los cerdos se suplementan con estos dos elementos. La mayor parte de esos metales se
expulsa con las heces, que suponen actualmente un problema medioambiental muy
importante debido a sus elevadas concentraciones de carbono, nitrogeno y fosforo y, por
supuesto de metales pesados y productos farmaceuticos. Resulta imprescindible, en la
actualidad, un tratamiento efectivo de los purines generados en las instalaciones ganaderas,
que no solo evite la contaminacion, sino que permita la recuperacion de la materia organica y
nutrientes presentes en los mismos, aplicando el concepto de bioeconomia circular.

Este trabajo pretende dar una solucion sostenible a este problema, usando microorganismos
para tratar y valorizar aguas residuales de la industria alimentaria, en general, y ganadera, en
particular. El estudio se centra en la eliminacion de dos metales (Cu y Zn) que, aunque
esenciales a bajas concentraciones, pueden resultar toxicos cuando tiene lugar una exposicion
prolongada a concentraciones superiores a la requerida.

Se ha llevado a cabo una revision bibliografica para evaluar la capacidad de retencion de
estos elementos por microalgas, bacterias y sus consorcios, las condiciones experimentales en
las que la retencion de metales tiene lugar y los mecanismos de bioacumulacion
predominantes en cada tipo de biomasa.

En este trabajo se ha aplicado un disefio factorial completo de 144 experimentos para evaluar
el efecto de seis factores sobre la capacidad de bioeliminacion de cobre y cinc y sobre el
crecimiento de la biomasa. Se hizo uso de tres tipos de biomasa: una cepa Scenedesmus
Almeriensis pura, un fango de bacterias, y un consorcio de Scenedesmus Almeriensis y
bacterias crecido en aguas de purin. Ademas, seleccionamos otros factores con la intencién
de estudiar si influian en el proceso de retencién, como la materia organica, el CO>, la
concentracion inicial de metales, la luz, y el tiempo de contacto con la disolucion.

Tras el andlisis estadistico de los resultados, se determind que los factores mas importantes
son el tipo de biomasa (la microalga pura mostro las capacidades de retencion de metales mas
altas), la concentracion inicial de metal (a mayor concentracion, mayores retenciones), y el
tiempo de agitacion (tiempos cortos resultaron en mayores retenciones). Para la microalga
pura y biomasa crecida en purin, se observé un crecimiento de biomasa significativo.

Los resultados que se obtuvieron de las capacidades de retencion son prometedores, pues se
alcanzaron valores muy altos para los metales cobre y cinc, que hacen que podamos
considerar el tratamiento de aguas residuales con elevada carga organica y metales en
fotobioreactores un método prometedor para la eliminacion de metales pesados.
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1 INTRODUCTION

1.1
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Water pollution as an environmental problem

When it comes to human progress and advancement, everyone agrees that
industrialization has had an unprecedented impact on our lives. However, we must
not ignore the fact that these improvements have taken place at the cost of
environmental quality [1]. In general terms, pollution refers to the occurrence of
troublesome substances (pollutants) in the environment above an acceptable limit,
which can harmfully affect life. Sources of pollution can be both natural (such as
geothermal, comets, or volcanic activities) and anthropogenic, which have arisen on
account of fast industrialization and extensive use of hydrocarbons, pesticides,
chlorinated hydrocarbons, and heavy metals [2].

According to the World Health Organization (WHO), "Safe and readily available
water is important for public health, whether it is used for drinking, domestic use,
food production or recreational purposes. Everyone has the right to sufficient,
continuous, safe, acceptable, physically accessible, and affordable water for personal
and domestic use" [3]. However, in 10 or 20 years ahead, the world will have a 40%
deficit of water, because of the increasing demand and contamination of the
resources available [4]. Moreover, the influence of climate change (higher
temperatures and changes to the water cycle), will provoke water issues and will
result in increased flooding, more severe droughts, and enhanced toxicity of chemical
contaminants [5]. At the same time, large amounts of wastewater are being generated
with a high concentration of several nutrients (eutrophication could occur), together
with a heavy load of toxic trace elements and toxic organic compounds (antibiotics,
dyes). Hence, sustainable ways to treat wastewater must be found.

Some primary sources of water contamination include the textile industry, mining,
pharmaceuticals, municipal wastewater, agriculture, farming, and food processing
[6]. Focusing on the food industry, as reported by the Institute of Mechanical
Engineers, the production of 1 kg of meat needs between 5000 and 15000 L of water
[7], which means that part of that clean water backup available is employed to feed
the animals, mostly pigs and cows. Additionally, most of the meat industry
wastewater returns to the environment as a high contaminant residue rich in ammonia
(urine), metals, antibiotics, and steroidal hormones.

Besides, this wastewater does not only contain toxic molecules, but it also restrains
various pathogenic organisms such as protozoan bacteria, helminths, viruses, which
can cause several diseases. Consequently, all those sources of contamination will
release pollutants to the environment (as a solid, liquid, or gaseous), which will enter
the food chain, and thus, they will have an effect on living organisms.
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Thus, efficient approaches to clean up wastewater are an urgent need, because the
surrounding media could be affected, leading to contamination and pollution of water
bodies, eutrophication, reduction in dissolved oxygen, alterations in the ecosystem,
and last but not least, it entails human health risks [8], [9]. Moreover, as stated
earlier, our reservoirs of water are limited, so we should assess whether the massive
consumption of water in meat production is worth it.

One straightforward solution would be to reduce our meat consumption (fewer
animals to feed will imply less water consumed). Nevertheless, this is not a realistic
future in the short run, as meat consumption is a pillar of our cultural background.

The ideal solution would be to treat the wastewater with the appropriate technology
and give a brand-new use for that water since some activities do not require a high-
water quality standard. Taking advantage of all the nutrients that are within the
wastewater, new fuels, or fertilizers could be synthesized. The problem comes in
deciding what the best way to face the issue successfully is. In the incoming sections,
we will look in more detail the strategies available nowadays.

Pollution by heavy metals

There is a wide range of different pollutants that can be found in wastewaters,
some organic compounds such as dyes, antibiotics, phenols, and hormones, but
also metals and metalloids.

Figure 1.1 exemplifies the different pollutants discharged by three primary
sources: agricultural, municipal, and industrial [10].

Organic compounds can undergo e —_— -
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Xenobiotica /Scales
(hormones, toxic;  / m?s!
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they persist in the ecosystem leading |  (iuron,
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% N-Sources |
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cause DNA damage, renal \\ (dbyes. phenolsj sugars,...)
abnormalities, organ failure, allergy, i
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e . . Figure 1.1
it is vital to reduce the concentration
of these toxic trace elements (TTES) Main sources of different pollutants.
in wastewater effluents [11]-[13].
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There is a bit of controversy and misunderstanding when it comes to defining what
is (or not) a metal. In agreement with inorganic chemistry, a metal is a species that
present lower electronegativities and non-directional interactions. Metals are good
reducing agents; they typically form basic oxides, and they have low ionization
energies (metals are commonly found in their oxidized states in nature). The non-
metals have higher electronegativities and tend to gain electrons (except for the
noble gases). In between those two, a small group called "metalloids™ appears,
which possess properties of both metals and non-metals. Figure 1.2 shows the
periodic table divided into the three groups mentioned [14], [15].

Figure 1.2

The periodic table of the elements, is divided into three regions: metals, metalloids and non-metals.

In the environmental argot, a heavy metal is defined as an element with metallic
properties having an atomic number greater than 20, and it usually includes metals
and metalloids with an atomic density five times greater than water [16], [17].
Thus, following this criterium, some of the heavy metals (HMs) which are usually
found in nature are Zn, Cu, Mn, Ni, Co, Hg, Pb, Cd, Cr, Fe, Ag, V, As, Sb, Sn
(these three last ones are formerly metalloids). Some of these HMs, such as V, Co,
Fe, Ni, Mn, Mo, Cr, Cu, and Zn, have functional roles that are crucial for diverse
physiological and biochemical activities in the body (they are essential parts of
enzymes, proteins, or have homeostasis roles). However, high doses can be
harmful to the body. Others, such as Cd, Hg, Pb, Ag, or As, in minimal quantities
have tremendous effects in the body, leading to acute and chronic toxicity in
humans [18].

Even though some heavy metals are typical
components of the Earth's crust, due to the

Metalliferous Mining and Smelting
(As, Cd, Pb and Hg)

industrial revolution, their concentration in [(As,cu.cr,'"ci‘f'éL‘,'Hg,m,sz I [ Amospherc Depostion
different environmental compartments has

increased. HMs are released into the \ /
environment  through  natural  and A
anthropogenic activities (rapid urbanization, / N
wastewater residues, industrial and mining [tﬁ-cafgﬂﬁb“i‘g’éﬂ-mﬂ ((As-c‘:-';:-'gfm's-m]
activities, and agricultural activities). Figure 1.3

Figure 1.3 displays the primary sources of
the most relevant HMs [15].

Main anthropogenic sources along with the more
common metals they release.
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As a result of these activities, soil, surface water, and groundwater can quickly
become contaminated by heavy metals. Due to their polarity, HMs may be
adsorbed, dissolved, or absorbed in many different ways [19].

The chemistry between the metals, Particulate Dissolved

. . M - durable M - dissolved
the aqu.atlc system, anq the organic organic matter ST T
matter is rather complicated. There oM \ /
. A . i M - humic acid
is an qu.umbrlu'm among free ions, @/O ~_, 2
organic/inorganic complexes, and o .

. : : | i
metal bound to organic/inorganic A ‘\norfamc
particles, which is shown in Figure d 2 MCI,

MCHO,*
14 [20] Mno - M 3
MCO,
FeO/OH-M | MSO,
Figure 1.4

Interactions a metal cation can undergo when is surrounded
by organic and inorganic matter

As heavy metals are hazardous species, the Environmental Protection Agency of
the United States (USEPA) sets a maximum contamination limit (MCL) for each
HM depending on its toxicity in different matrices. Table 1.1 shows the MCLG
and MCL for some metals in water. MCLG represents the level of a contaminant
in drinking water below which there is no known risk to health; MCL is the
highest level of a contaminant that is allowed in drinking water. In Spain, the
maximum concentration levels of water pollutants are compiled in RD 140/2003 of
7 of February, BOE of 21 of February, the values are similar to the ones of
USEPA.
Table 1.1

MCLG and MCL values established by USEPA for
heavy metals in water.

Contaminant | MCLG / ppm | MCL/ ppm

Sb 0.006 0.006
Cd 0.005 0.005

Cr (Total) 0.1 0.1
Pb 0 0.015
Hg 0.002 0.002
Cu 1.3 1.3
Zn 5 5
As 0 0.01

Thus, heavy metals present a significant threat to the environment and public
health. Due to numerous activities, they are discharged into water bodies through
wastes. If we aim to reduce the impact on the ecosystem, it is crucial to remove
them before their release, which is a challenge as they cannot be chemically or
biologically degraded [21].
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Figure 1.5 exemplifies the different pathways and mechanisms heavy metals can
follow, to finally reach humans (or living organisms, in general) [18]:
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Figure 1.5

Pathways through which metals can reach humans.
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To illustrate how HM lead to harmful effects in the organism, Figure 1.6 shows a
good scheme [18]:
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Figure 1.6

Different courses and mechanisms heavy metals can follow to damage living organisms metabolism.

Heavy metals produce stress and oxidation of biological molecules. They also are
known to generate free radicals, which may drive oxidative stress and cause other
cellular damages. The mechanism of free radical generation depends on the type of
heavy metal. Heavy metals can also induce carcinogenic effects, as they can target
signaling proteins that participate in apoptosis, cell cycle regulation, DNA repair,
or DNA methylation.

As this work is going to focus only on copper and zinc, we will study a bit deeper
about the chemistry of these elements in the following sections.
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1.1.1.1 Copper (Cu)
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Copper is the last transition metal of the first row. Its most common oxidation
states are 0, +1, and +II, although +I11, +1V, and +V have also been detected. In
biological systems, it usually presents +I, +1I, or +11I [14]. In Earth, copper is
found mainly as copper pyrite (chalcopyrite), CuFeS,, which accounts for about
50% of all Cu deposits. Other forms of copper are Cu.S (chalcocite), Cu20
(cuprite), and, Cu2CO3(OH)2 (malachite). The mean concentration of Cu on the
Earth's crust is around 68 mg/kg, and it has two stable isotopes, %3Cu, and %°Cu,
with a relative abundance of 69.09 and 30.91%, respectively [22].

Copper is used in industries to produce cables, wires, etc., due to its excellent
conductive properties. Copper is also used in a variety of biocidal products for
water disinfection, wood protection, or preventing fouling. Thus, copper can enter
the environment through waste dumps, domestic wastewater, timber treatment,
phosphate fertilizer production, wastewater from animal farms (as the feed is
often enriched with copper), and natural sources. Copper is found in plants and
animals because it is essential at low-level intakes for healthy development, but
high dosages of copper are toxic to living organisms [23], [24].

Cu works as a micronutrient. A few examples will exemplify this fact. For
instance, some invertebrate animals have proteins called hemocyanins, whose
function is equivalent to that of hemoglobin (but instead of iron, the metallic
center to which oxygen is bound is copper). It is less efficient than hemoglobin.
Figure 1.7 shows the equilibrium reaction of oxygen coordination, in which two
copper units in the protein start with an oxidation state of +I. They are close to
each other, and when a molecule of oxygen is around, a peroxide bridge is
formed, and the copper atoms are oxidized.

His 177. His 328 NH

s 7y RSN
|

His 328

I S
| +0, i 204 P0G
)\/‘ L A LU A His 324 [ N\> N [-\>,H\s 324
' 7 ) HNEN /?’ /[ B Sy
His 173 1 =/ . _ b -0 His 173N HE H
H His204 Lo 2 His 364
Deoxyhemocyanin Oxyhemocyanin
Figure 1.7

Equilibrium reaction of how oxygen interacts with the metal centres.

Copper is essential for all eukaryotes because it forms the cytochrome c oxidase,
a transmembrane protein localized in the mitochondria (the number of subunits
changes depending on the organism). It is the enzyme that closes the respiratory
electron transport chain (it transfers 8 electrons from the cytochrome c to the
oxygen, reducing it to water). Figure 1.8 shows how cytochrome c looks like
[25].

TITLE COURSE
FACTORS INFLUENCING THE BIOREMOVAL OF COPPER AND ZINC FROM 2019 - 2020
WASTEWATER USING MICROALGAE, BACTERIA, AND THEIR CONSORTIA

PAGE



Figure 1.8

Complex IV (Citochrome c oxidase). It has 13 subunits (in humans).

Cu is also found as part of the superoxide dismutase protein, which is responsible
for the elimination of the O2" anion, by converting it to O,. Other enzymes in
which copper is located are amine oxidases, ferroxidases, hephaestin, or
tyrosinases.

An average adult usually contains between 50-120 mg of copper [26]. Therefore,
copper is an essential micronutrient. Our metabolism is not capable of
synthesized it, so copper must be taken up from the diet. The absence of Cu in
people can lead to anemia, bone, and cardiovascular issues, weakening in mental
and sensory systems, defective keratinization of hair, a decrease in levels of
synapses, dopamine, and norephedrine, among others [24]. Although copper
excess usually does not occur (because absorption/excretion mechanisms prevent
that situation to happen), some people have the Wilson disease (copper
accumulation in specific tissues of the body), which is related to aggravated
symptoms of Alzheimer's disease. However, the cause is a genetic disorder [27].
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In acid media, copper is found as the divalent
cation Cu?* or as the acuo-complex, as can be
seen in the Eh-pH diagram of the Cu-O-H
system (Figure 1.9) [28].

When the pH rises, then its base-conjugates
may appear. However, in the water, they will
not be very favorable because parallel
reactions will take place between the ligands
of the proteins and sugars of the organic
matter and the Cu?* and Cu*, leading to
protein-metal interactions [29].

082 1 & 8 10 2 14
pH
Figure 1.9
Eh-pH diagram of Cu
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1.1.1.2 Zinc (Zn)
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Zinc is the second most abundant trace element in the human body. An average
adult has about 3 g of Zn, so it is not difficult to infer that zinc is vital to growth
and development, not only for humans but for all forms of life [30]. The mean
concentration of zinc in the Earth's crust is 76 ppm (a bit more abundant than
copper). Zinc occurs as carbonate, silicate, or phosphate. The significant ores of
zinc are ZnS (known as zinc blende) and ZnCOs (calamine). The most abundant
isotopes of zinc are %4Zn, %zn, and %Zn, although it has others less abundant.
Zinc has plenty of uses, e.g., anti-corrosion coating (immersion in molten zinc,
electrolytic deposition, or spraying with liquid metal). Also, some alloys are built
from Zn and sometimes Cu or Al [22], [24].

Zinc is much more reactive than copper (the redox potential is so low that it is
easily oxidized). It is not strictly considered a transition metal, because the
electronic configuration is d'® (only elements with partially filled d-orbitals are
transition metals). Like for copper, when going to the right in the first transition
element row, the d orbitals are stabilized, so the d-electrons are not likely to be
put into play. Thus, chemistries with a low oxidation number will prevail. The
chemistry of Zn is confined to Zn?* (in aqueous solution). Its chemistry is very
similar to that of Mg?*. However, the electronegativity is a bit higher, and the
energy gap between s and p orbitals is more significant in Zn, which favors the
formation of more covalent compounds [14], [22].

Since the d*° configuration does not have any crystal field stabilization, Zn is not
going to have any structural preferences. The geometry will depend on the Zn?*
cation and the steric requirements of the ligands. In most cases, 4-coordinate
tetrahedral complexes will be preferred, along with the octahedral configuration.
The energetic cost of changing the geometry is not going to be high either, so
dynamic exchanges and different Zn coordination may take place. Zn?* is not an
active redox center, so it will not take part in electron-transfer processes (as for
copper). However, it is a hard metal center -highly concentrated charge in
comparison to its relatively small ionic radius- so coordination by nitrogen and
oxygen donors is favored. As a hard metal center, it is going to be highly
polarizing, so the activity of Zn?* enzymes will depend on its Lewis acidity.

The predominant species in water will be Zn(OH2)e** (up to a pH around 9).
However, in a media with organic matter, Zn?* will be coordinated with carboxyl,
amino, and thiol groups of proteins, lipids, and sugars. As a Lewis center, Zn will
play a role in increasing the acidity of water when it is coordinated to Zn, and
also to enhance de electrophile of the carbonyl groups coordinated to Zn (+I
effect). Zinc is vital for virtually all cellular functions, as it is present in an
estimated 3000 human proteins. Moreover, it has additional functions in
regulation. Thus, Zn is not the only key to the correct function of a wide range of
enzymes, but it also has an essential structural and signaling functions.
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Figure 1.10 shows some Zn enzyme complexes found in essential enzymes, as it
has very similar functionalities; they look very similar (only differ on the
ligands).

His% His
Hls\‘g i Hisa % "
/Zn—OH;-_ /2n—0H2
His Glu
[NNNJZn"-OH, [NNO)Zn"-OH,
Carbonic Anhydrase Thermolysin
His His Cys
Hls\\\ I Cys\\\ 1 Cys\\\ 1
Zn— 2 /Zn— Hg ZI"I—_OH;_)
Cys Cys Cys
[NNS]Zn"-OH, [SSNJZn'"-OH, [SSS)Zn"-OH,
Bacteriophage T7 Liver Alcohol 5-Aminolevulinate
Lysozyme Dehydrogenase Dehydratase
Figure 1.10

Active sites coordination motifs in representative zinc enzymes

For example, human carbonic anhydrase Il (CAIl) is present in red blood cells
and catalyzes the reversible hydration of CO, (Reaction 1).

2H,0+C0, 2 H;0" + HCO3

Reaction 1

It is a way to liberate the CO> generated in our cells as a result of the aerobic
respiration process. A water molecule coordinates with the metal center and is
deprotonated by a molecule of histidine. The nucleophile HO™ attacks the
carboxylic center of CO., and finally, HCOs" is obtained. A scheme is shown in
Figure 1.11.
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N(His) N(His) N(His)
3 H,0
\
~ [HCO;]
}
Co,
H H H
0 ~0”
/i O ' Zat. ..
HigN~ \ N(His) H* transferred @~ \ NHis)
N(His) to His residue N(His)
(see text)
Figure 1.11

Mechanism of the anhydrase, and how the Lewis character of zinc is crucial for it.
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As was mentioned before, Zn is a vital constituent of a multitude of enzymes:
carboxypeptidases, cytidine deaminase, 5-Aminolevulinate dehydratase,
thermolysin, or neutral protease [31].

Moreover, Zn holds proteins together; for example, For instance, insulin is stored
in a hexameric form held together via Zn?* binding, and it is a critical component
in many transcription factors such as the so-called "zinc fingers” [32].

Like for copper, it is fundamental to know the zinc chemistry in water, and for
that porpoise, we need the Eh-pH diagram, which is shown in Figure 1.12, [28].

In brief, Zn is a fundamental micronutrient and 12 'SYST‘EM ‘ era-o—t-;—s—cﬁ
a less dangerous metal (compared to Cu and 10f 25°C, 1 bar |
As, because it is present at higher 2
concentrations in the organism). A deficiency '
in Zn can lead to several dysfunctions such as ' >
growth disorders, lousy wound healing, or %4}
immunological disorder. However, a high level
of Zn consumption, (breathing Zn vapors and
ingesting Zn-defiled foods and water) is also
dangerous, as it may cause liver failure,
pancreatic harm, bloody urine, lower levels of ¢
high-density lipoprotein cholesterol, nausea -os
and vomiting. However, this situation is
unlikely to happen because the tolerance limits oH °
for Zn are quite high. Zinc is discharged into Figure 1.12
the environment mainly due to the industrial
operations, [24].
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To end this section, for essential metals such as copper and zinc, there are dose-
response curves, which indicates the range within the dose of each metal is not
harmful: there is normal homeostasis (Figure 1.13) [33].
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Figure 1.13
Dose-response curve for a certain (unknown) compound.
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Methods to improve water quality: an overview

Many techniques have been tried for the treatment of contaminated water, and in
particular, for metal removal. They can be split into two big categories:

» Abiotic or Physicochemical (no organisms involved): precipitation, ion
exchange, adsorption, membrane filters, or electrochemical technologies.

> Biotic or Bioremediation (are based on biological materials):
phytoremediation, biotransformation, biomineralization, bioacummulation,
and biosorption.

Physicochemical techniques usually have low efficiencies (notably when metal
concentration is in the range of 1-100 mg/L), demand high costs of operation, and
generally produce contaminant byproducts [6], [24], [34], [35].

In the group of physicochemical methods for HM removal, we found:

e Chemical precipitation: hydroxide precipitation, carbonate precipitation,
and sulfide precipitation.

e Chemical oxidation or reduction (use of electrochemical techniques),
which include electrodeposition, and electro-dialysis.

e Lime coagulation.

e lon exchange (using resins, starch xanthate).

e Reverse osmosis.

e Solvent extraction.

e Evaporation recovery.

e Adsorption-based technologies, which either employ inorganic adsorbents
(natural minerals, ores, clay, and waste materials from industries or involve
organic adsorbents (like waste materials derived from plants or animals).

Most physicochemical water treatment technologies (chemical precipitation,
evaporation, electrodeposition, ion-exchange, membrane separation) suffer from
ineffectiveness and high cost in the treatment of wastewater when the
concentration of heavy metals is low (incomplete metal removal) [13], [36], [37].

However, adsorption and inorganic exchange have shown to be a practical
approach, and nowadays, it is the most used technology in water treatment
processes.

An overview of the physical methods is found in Figure 1.14 [38]. It exemplifies
the processes for the removal of chromate ions, although similar mechanisms will
take place for cationic species.
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Physical methods for HMs removal from wastewate.

New adsorbents for the removal of the organic and inorganic contaminants from
the wastewater have been investigated, such as nanocarbon, metals oxides,
polymers, clays, or waste materials (industrial and agricultural) [11], [17].

An entirely new branch of treatments arose a few years ago in the field of
magnetic materials (Figure 1.15). They can be used as adsorbents and, in contrast
to traditional adsorbents that are difficult to separate from the water after the
process, magnetic materials can be quickly and efficiently separated using a
magnet. Nevertheless, magnetism is not the only characteristic of their use. The
extraordinary surface charge and redox activity characteristics are prominent
reasons for their qualification when considering other materials [39], [40].

In recent years, researchers have
focused on waste biomass for the
removal of dyes and heavy metals
for water treatment, due to their
availability, renewable nature, and
low cost. Indeed, it is nothing else e
but applying the principles of *4?;'
adsorption but using biological ’

materials as adsorbents [5], [39], [41]. | Figure 1.15
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This new category of treatment methods -
wastewater treatment application.

is the so-called "biotic", and they will
be studied in-depth in the next section.
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Bioremediation as a solution to water pollution issues

Generally, efficient solutions can be found by attending to how nature behaves.
Bioremediation is the use of biological materials for the removal of pollutants. The
technique utilizes innate biological mechanisms to eliminate contaminants using
microorganisms and plants (or their products) to heal polluted environments.
Chemical and physical techniques are often more expensive and ineffective,
especially for low metal concentrations than bioremediation techniques. Also,
conventional methods generate significant amounts of toxic sludge [12], [42]-[44].

Five main processes are considered as bioremediation techniques [17], [39]:

e Phytoremediation: Use of natural organisms (algae and plants) to clean up
pollutants from the environment in situ. They have high uptake capacities.

e Biotransformation: Converting toxic compounds into less toxic species using
biological systems. It is an excellent method for organic pollutants, but as we
mentioned before, it is not suitable for heavy metals as they are not
biodegradable and are accumulated into the organisms.

e Biomineralization: Different organisms transform toxic compounds into their
less toxic mineral forms.

e Bioaccumulation: It is an active metabolic process, requires respiration to
remove pollutants, which break through the cell wall.

e Biosorption: It is a metabolically passive process in which pollutants are
retained on the cell surface.

Bioremediation has a promising potential in removing heavy metals from the
environment in an eco-friendly manner because they are genuinely low-cost, have
high efficiencies in HM removal from dilute solutions. Moreover, both living and
non-living organisms can be used, so the options available are very wide [17].

Nowadays, although phytoremediation is gaining some attention, it is an "in-situ”
method, so the scaling up of the processes seems rather tricky. However,
bioaccumulation or biosorption can be carried out ex-situ in a treatment plant.

Therefore, in the following sections, we will study bioaccumulation and biosorption
profoundly.
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1.2.1

UniversidaddeValladolid

Bioaccumulation

Bioaccumulation occurs when the absorption rate of the pollutant is higher than the
rate of losing it. Thus, the contaminant remains inside the organism. Organisms
can usually resist concentrations of chemicals up to certain levels, beyond which
these chemicals become toxic and endanger the organism. Therefore, the candidate
organisms should have a wide tolerance of one or more contaminants, and they
must demonstrate exceptional properties when transforming a toxic element into a
non-toxic form, which will allow them to keep the pollutants inside (thus, reducing

the toxicity in the outside).

Bioaccumulation is defined as the intracellular accumulation of the pollutant,

which occurs in two stages (Figure 1.16):

1. Fast stage (molecule/element is adsorbed). This stage matches the

biosorption process, which will be explained later.

2. The slow step that includes transport of sorbate into the inside of cells by

the active transport system.

Metal uptake

Figure 1.16

Stages for metal bioaccumulation.

Bioaccumulation is a non-
equilibrium process. Figure 1.17
illustrates a simple siderophore
mechanism through which the
heavy metal crosses the cell
membrane and reaches the
cytoplasm, where is going to be
kept in vacuoles [44].
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Figure 1.17

Heavy metal removal by a siderophore mechanism.
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The whole process is more complex, as can be seen in Figure 1.18, as there are
plenty of possible mechanisms of biosorption, and only when the heavy metal is
sorbed, it is going to be absorbed into the cell [45].
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Figure 1.18

Different biosorption mechanisms previous to the metal uptake.

The uptake of elements across the bilayer can be divided into three different
mechanisms: passive diffusion, facilitated transport, and active uptake [46].

The intracellular accumulation phase is produced when the extracellular
concentration of HM is higher than its intracellular concentration, which is going
to be valid until the saturation limit is reached [17].

In bioaccumulation, pollutants are transported across cell walls and membranes.
Inside the cells, they are bound to intracellular structures. Different organisms
have been used for bioaccumulation studies such as plants, fungi, fish, algae,
microalgae, bacteria, and microalgae-bacteria consortia, among others. To select
the best organisms, we must investigate the mechanisms and genes associated with
bioaccumulation as well as the genes that account for the tolerance towards the
concentrations of metals [47].

To that end, molecular biology has been used in such investigations. Techniques
such as mass spectrometry-based proteomics or genome sequencing of
microorganisms with potential bioaccumulation capacities have shed light on
investigating candidate genes to be targeted for improving the bioaccumulation
efficiency of the organism. Furthermore, bioinformatics and mathematical
modeling have gained importance in the investigation of the properties and
potential candidate organisms to predict the concentration of chemicals that can be
tolerated by them [44], [47].
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1.2.1.1 Bioaccumulation mechanisms

Scientists often describe three different mechanisms for bioaccumulation of metal
ions (Figure 1.19) [17], [46]:

A. Metal ions compete for binding to ion carriers, or they either enter the cell
after binding low-molecular-weight molecules (such as amino acids), via
endocytosis.

B. They could also penetrate by using ionic channels or intermembrane
proteins.

C. Via active transport, which can be either primary or secondary (then, it
will require the aid of another molecule).
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Figure 1.19

Summary of active and passive transport types across the cell membrane.

We assume that a charged ion could never cross a cell membrane via simple
diffusion (many repulsive forces to evade). Nevertheless, indeed, some of them
will go through the membrane by facilitated diffusion mechanisms (ion channels,
siderophores). However, it is unlikely that the microorganism we choose has the
appropriate channels for the ions we would like to remove (as they should be
concrete in size). Hence, the primary bioaccumulation mechanism will be active
transport. In physicochemical terms, in order to the bioaccumulation to be
produced, we need to overcome an electrochemical gradient.
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The transport across the membrane obeys the laws of thermodynamics.
Therefore, it will only take place if there is a release of Gibbs free energy:

AG <O

Besides, many ions will be inside and outside the cell (electroneutrality must be
kept), but this charge separation creates a transmembrane electrical gradient, in
short, a membrane potential. The flux of ions can be down or against the gradient,
and if it is against the gradient, then energy is consumed.

The Gibbs free energy for a metal ion crossing the membrane is shown below:

Inside

C
AG = AGchremical + AGEiectricar = RT - In + z-F - AVyembrane
Coutside

The electrical output of the Gibbs free energy takes into account the electric
potential energy (how much energy we must spend in transporting 1 mol of a
substance of charge z to a solution of a specific potential). F is Faraday constant.

The membrane potential (AVyempbrane) Produces a force opposing ion movements
that increase the electric potential, so it drives ion movement that reduces the
electric potential. Thus, a charged solute (a metal ion) tends to move
spontaneously depending on both the chemical gradient (the difference in solute
concentration) and the electrical gradient across the cell membrane. This agrees
with the second law of thermodynamics: molecules tend to spontaneously assume
the distribution of greatest randomness and lowest energy (because it is the one
most probable, as it has more microstates that lead to the same macrostate).

The process will go like this:

1. Water-ion interactions must disappear, and protein-ion or ion-channel
interactions may show off. The process needs energy in order to disrupt
dipole-ion interactions.

2. Then, the ion must diffuse about 3 nm (the usual thickness of a cell
membrane), repulsive interactions must be overcome.

3. The ion finally arrives at the inside of the cell and gets rehydrated.
Finally, it is stored in the corresponding organelle.

The activation energy for the translocation of a polar solute across the bilayer
is considerable (they are virtually impermeable). However, these "vehicles or
channels” reduce the activation energy for transportation, as they open an
alternative route for transportation and thus, facilitating the process [25].
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Even though practically all heavy metal accumulation follows an active
transport mechanism, some metals can form neutral complexes that can go
through the cell membrane via passive diffusion, although for metals, the
partitioning coefficient (Kow) is rather low. Kow is “the ratio of the
concentration of a chemical in n-octanol and water at equilibrium at a
specified temperature” [48]. Examples are shown in Table 1.2 [46].

Table 1.2

Partitioning coefficient values for different metal species.

Metal Inorganic Kow Ref. Organic Complexes Kow Ref.
Complexes
Hg HgCl, 33 [1 Hg(cysteine), 3.7 [2]
HgOHCI 1.2 [1] Hg(thiourea), 4.6 [2]
Hg(OH), 0.05 M
HgSHOH, Hg(SH), 26 13
Hg(S) 26 3]
Hg° -10° 71
4.2 [1]
CH;Hg CH;HgCl 1.7 [1 CH;Hg(cysteine) 50 [2]
CH;HgOH 0.07 [1 CH;Hg(thiourea) 630 [2]
CH;HgSH 28 [2]
(CH3).Hg 180 [1]
cd Cdcl, 0.002 [8] Cd(dithiocarbamate), 1000 [4]
Ag AgCl 0.09 [5] -
Cu — Cu(oxine), 400 4]
Cu(oxine), 70 [6]
Cu(chloroxine), 325 [6]
Cu(dichloroxine), 690 (6]
Cu(dibromoxine), 3715 [6]
Cu(dithiocarbamate), 630 (4]
Pb - Pb(dithiocarbamate), 10* [4]

References: 1: Mason et al. [9] and Morel and Hering [10] and references therein; 2: Lawson and Mason [8]; 3: Benoit et al. [11]; 4: Phinney
and Bruland [12]; 5: Reinfelder and Chang [13]; 6: Kaiser and Escher [14]; 7: Jay et al. [15]; 8: Gutknecht [16].

Both facilitated transport and passive diffusion do not require any energy
consumption. However, the cell (and thus, the organism) must be alive in
order to build and maintain the different proteins and channels that allow
metal ion transportation. For active transport, the situation is even worse, as it
needs energy before the transport, so it is never going to work. Hence, we can
conclude that when the cell dies, there is not going to be any bioaccumulation
of the metal. Nevertheless, that does not imply that the biomass is no longer
useful for bioremediation because other processes can take place even if the
cells are dead.

Additionally, it has been demonstrated that bioaccumulation promotes the
synthesis of proteins like metallothioneins (with thiol groups) that are meant
to coordinate with metal ions, preventing them from disrupting the metabolic
activity of the cell. They are usually generated in response to the presence of
metal ions in the growth medium, so it could be said that bioaccumulation is,
at least in some cases, a defense mechanism for the microorganism.

The main advantage derived from bioaccumulation is unit processes are
reduced: harvesting, drying, processing, and storage [47], [49]. The
disadvantage of this method is that a very high concentration of toxic metals
may cause the death of the cells, and thus, no more bioaccumulation will be
performed.
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1.2.1.2 Factors influencing bioaccumulation

The process is complicated and depends on several factors:

The growth medium used (in our case, the wastewater).
e The pH of the medium.
e The working temperature.

e The presence of other contaminants that, at the same time, can be
bioaccumulated, or can act as inhibitors for the growth of the organism,
which will affect the absorption of our pollutant/s of interest.

The last factor is the most problematic, as it makes it impossible to treat a
solution with a high load of pollutants. Moreover, it is necessary to supply
external source of energy to growing cells, although it is possible to keep alive
the organism used if the minimum nutrient requirements are supplied by the
medium in which they are living.

1.2.2 Biosorption

Before going deep into what biosorption is, it is good to compare it with
bioaccumulation (at the end, biosorption is just the first step of any
bioaccumulation process). Table 1.3 presents the comparison [47], [50].

Table 1.3

Comparison between bioaccumulation and biosorption.

UniversidaddeValladolid

Property Bioaccumulation Biosorption
Cost The process is costly because Low cost, most of the biosorbents are
Keep the suitable conditions for made from waste from the industry,
live cell is very difficult. and the costs of transportation and
operating costs are low.
Storage In order to maintain the culture Easy storage.
medium, it needs extra
metabolic energy.
Selectivity Better than biosorption. Weak and improved with chemical
modification.
Adaptation It does not have much flexibility Suitable linking sites are compatible

and is affected by high
concentrations of metal or salt.

with various ions.

The desire to
establish a link

Depending on the toxicity of the
pollutant.

In a favorable condition, the
likelihood is high

Recovery and

Since most toxic substances are

There is a possibility of proper

reuse of accumulated inside the cell, the absorption and reuse of it in
adsorbent possibility of regeneration and repeated cycles.

use is very limited.
Collect toxic Given the feasibility, there is no With appropriate selection, it is
substance possibility of using cells in the possible to collect toxic material. In

next cycle.

many cases, acid or alkaline solutions
are used to collect toxic substances.
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Biosorption differs from bioaccumulation in the way pollutants are bound, they get
only attached to the surface of the cell, but they do not undergo any accumulation.
Thus, no energy is depleted. It is a simple physicochemical process, analog to
traditional adsorption, but now the sorbent is biological-based, and the possible
binding sites are going to be more heterogeneous. Simply, bioaccumulation is what
traditionally is known as absorption, while biosorption is analog to adsorption
(Figure 1.20).

ABsorption Vs. ADsorption
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Figure 1.20

Visual difference between an absorption process
versus an adsorption process.

Biosorption does not depend on metabolism, and it is an equilibrium process.
Thus, when an equilibrium situation is reached, it can be shifted towards metal
desorption with the appropriate eluent and conditions.

The history of biosorption began in the 1990s, when Prof. Bohumil Volesky
(University in Canada) provided the first theoretical basis of the process, and
described some metal cations retained by the biomass, which was able to
concentrate the metal up to 1000 times. Moreover, the process showed to be
specific for certain metals. Since then, many metals have been tried successfully to
be sorbed by biological matrixes. Some biosorbents are bacteria, algae, fungi, the
skin of animals and fruits (and their residues), or biopolymers (chitosan, calcium
alginate) [51].

A diagram about how biosorption is applied in wastewater remediation is shown in

Figure 1.21 [47]:
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Scheme of a biosorption-based metal recovery process.
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A summary of how the biosorption process works is in Figure 1.22, we have
contaminated wastewater, and by using a biosorbent and a post-filtration step, we
get water cleaner (without the yellow pollutant) [39].

a Ci .

00° o Dl o
O

0] 00
Sorbate Biosorbent loaded

with sorbate
Figure 1.22

A simplified version of the biosorption process.

Once the biosorbent is loaded with the contaminants, it can be regenerated and
reused, and the medium that had been in contact with it is now free of toxic
elements. It is crucial to correctly choose the desorbing agent because we aim to
desorb all the pollutants attached to the sorbent with the lowest amount of volume
possible. Moreover, treatment with the wrong eluent may damage the sorbent (and,
therefore, its sorptive capacities). The eluted solution loaded with toxic elements
must be treated. Ultimately, if there are some useful metals (such as Cu or Ag),
they could be recovered. Another approach could be to burn the solid residue to
transform it into a compact solid or recover the metal from the ashes.

The advantages of this methodology are the low operational cost (as there are
plenty of biological sorbents that in theory will be reused) and the low quantity of
sewage sludge produced (conventional methods generate a more significant
amount of residues). The process has shown to be particularly useful in the
treatment of dilute effluents, such as wastewater. The disadvantage, when
compared with traditional sorbents, is that the lifetime of biosorbents is generally
shorter [47], [52].

There are many different types of biosorbents, but they can be split into two
categories:

I.  Low-Cost: Can be gathered directly from the environment (renewable
sources), and it includes waste or byproducts produced by the industry.

Il.  High-Cost: They are unique materials based on biological organisms, but
with some modification in order to enhance their sorption properties.
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Biosorbents applied in wastewater treatment should possess the following
properties [50]:

a. High biosorption capacity and proper kinetics.
b. The right size, shape, and physical properties.
c. The separation step from the solutions must be cheap, rapid, and complete.

d. Strong mechanical strength, thermal stability, and excellent chemical
resistance are required.

e. Available, and the preparation must be cost-effective.
f. Regenerable and reusable to decrease operation costs.

In Figure 1.23, a diagram of the whole process, from biosorbent selection to its
application to a real wastewater matrix, is shown [50]:
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Figure 1.23
Steps of a biosorption process for heavy metal removal.
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1.2.2.1 Biosorption mechanisms
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The mechanisms of biosorption are generally based on physicochemical
interactions between metal ions and the functional groups present on the cell
surface, which can trap several heavy metal ions. The most common organic
functions involved are carboxylate, hydroxyl, amino, and phosphoryl. They
usually are negatively charged and are part of sphingolipids, phospholipids,
sugars, and proteins, which are the essential components of all cell membranes.

In contrast with bioaccumulation, biosorption is usually fast and reversible; the
equilibrium can be reached within a few minutes, although it depends on the type
of biosorbent and matrix used. The activation energy required is up to three times
lower than for bioaccumulation (21 kJ/mol versus 63 kJ/mol). As a reversible
process, the metals can be desorbed, so regeneration and reuse of the biosorbent
are usually straightforward [51], [53].

The mechanism involves several processes, including electrostatic interaction, ion
exchange, precipitation, redox process, or surface complexation. An overview of
all possible processes is in Figure 1.24 [9]:

Physical
Adsorption

Bio-adsorption
Mechanisms

.
e,
o .

Bioaccumulation

Figure 1.24

Mechanisms of biosorption and bioaccumulation that can happen on a cell.

The actual mechanism involved in metal biosorption is not entirely understood.
Additionally, one metal can be sorbed due to more than one mechanism, so in
complex mixtures with more metals involved, it is impossible to know what is
happening in the solution accurately.
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Before introducing the two main types of biosorption, we have to set the typical
terminology used in this field. The adsorptive in our problem would be the metal
ions present in the wastewater, the adsorbent would be the alga, bacteria of their
consortia, and the adsorbate is the complex formed through the interaction of the
adsorptive with the adsorbent (depending on the nature of the interaction, we will
have chemical or physical adsorption) [54]. Sometimes the adsorptive is called
the adsorbate in order to simplify the terminology, although it is not the most
rigorous and the IUPAC recommends the use of adsorptive [55].

We can divide all the mechanisms showed above into two categories, depending
on the nature of the interaction:

A. Chemisorption: Strong interaction, similar to the covalent bonding. It is
a selective process which requires relatively high activation energy.
Complexation, ion exchange or chemical adsorption, are within this
category. The general reaction that describes this process is the following:

M™ +n(AB) 2 nA* + MB,

Where M™ is the metal ion, AB is the chemical form of the sites
available, and n is the number of available sites along the cell membrane.

As this is an equilibrium process, it will have an equilibrium
constant. Considering molar concentrations:

_[A*]"- [MB,]
~ [M™]-[AB]"

According to the reports, the ion- 4
exchange mechanism could lead
the biosorption process in some

microorganisms. =

Chemisorption increases with

temperature up to a specific >
value, from which it begins to T

decrease (Figure 1.25). z = amount of absorbate

m = amount of absorbent

Figure 1.25

Dependence de chemisorption capacity with
temperature.
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B. Physisorption: It is a labile interaction mostly due to Van Der Waals
forces. The activation energy is shallow (or it even does not exist), and the
process is not specific. Physisorption decreases with temperature (Van
Der Waals interactions are disrupted), as is shown in Figure 1.26.

The equation that describes this process is much simpler, as it only
depends on the metal ion and the sorbent VVan Der Waals interactions:

x M™ + B 2 (M,B)**

B stands for the unoccupied cell membrane sites of the biosorbent.

4

\
™ X
~—
\_____
T
Figure 1.26

Dependence of physisorption with temperature.

However, not all the possible mechanisms are equally probable. Some of them,
such as ion exchange, complexation/chelation, or chemical/physical adsorption,
have a more significant contribution to the amount of heavy metal adsorbed.
Thus, the more influential factors of the process must be utterly related to those
mechanisms. As cell membranes usually have a net negative charge, removal of
metal cations is going to be favored, although anion can also be removed by other
functional groups [47].

In order to study more deeply this process, there are three different stages in
which biosorption takes place (whether it is chemisorption or physisorption):

1. The metal ion must be transported from the aqueous phase to the interface
solution-cell membrane. Fick's diffusion law governs this step.

2. Then, the ion must go from the interface to the actual active sites of the
cell membrane.

3. Finally, fixation of the ion is done via physisorption or chemisorption.

Therefore, the biosorption process takes place in the liquid-solid interface.
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For specific pressure and temperature conditions, when the adsorption process is
progressing, the concentration of the ion in the aqueous phase decreases, while its
concentration on the surface will increase.

When all the active sites are occupied, or there is no more metal ion in the
solution, the process stops (saturation point). In these circumstances, it exists a
relationship between the amount of ion retained in the solid phase and its
concentration in the aqueous phase, which is commonly known as isotherms
(more details and information in Section 1.2.3).

Figure 1.27 shows the isotherms of two different biosorbents, both reaching the

saturation point, but one is better than the other because its maximum metal
uptake is higher [56].

EQUILIBRIUM SORPTION ISOTHERM
[mg/g]

BIOSORBENT “B”

10 200
FINAL METAL CONCENTRATION

Figure 1.27

Two isotherms for two different biosorbents, with different gmax.

1.2.2.2 Factors influencing biosorption
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It is not hard to find that the factors conditioning the process are going to be
firmly related to the cell membrane structures and aqueous chemistry. Thus, the
six most important factors are temperature, pH, reaction time, functional groups
available, presence of other competing ions, and biosorbent dose. However, the
agitation rate and the biosorbent size also contribute, but in a lesser way [50],
[57].

Since ion exchange is one of the primary mechanisms, protons present in the
media are going to compete with metal cations for the binding sites. Moreover,
the pH affects the form the metal cations are in the solution; if it is too high, they
may appear forming hydroxides, and if it is too low, then the metal can be kicked
off the cell membrane while protons occupy its place instead. Thus, pH
profoundly influences the process. This pH behavior is crucial when we want to
recover the metal cations and subsequent regeneration of the biosorbent.
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In the same way, the functional groups and biosorbent dose are intimately related
to each other: the higher the dose, the larger the number of functional groups
available, and depending on the nature of those groups, the binding is going to be
more or less effective. Concerning the presence of more than one ion, depending
on the different charge to volume ratio, they will have a particular affinity
towards the functional groups. Besides, the number of active sites is linked to
how the biosorbent is found; if it is immobilized, then the active surface is
reduced (although the following separation step is going to be more comfortable).

These factors are common for practically all types of organisms, as the chemical
composition of their cell wall is relatively similar. However, there are differences,
and for example, the fungi have a cell surface that can bind cations and anions
easily at the same time (typically, there is a preference for cation binding). We
will study the morphology of the bacteria and alga cells in their corresponding
sections.

As there is a wide variety of functional groups capable of performing ionic
exchange reactions, such as carboxyl, amido, sulfonate, imidazole phosphoryl, or
amino, the process of biosorption is highly favorable in the cell surface. Each
group has a specific acidity constant, which determines its binding capacity (pH >
pKa, then the groups are deprotonated and ready for binding metal ions).
Therefore, if we want to find a new sorbent with as high uptake as possible before
performing a set of experiments, it is a good idea to do a potentiometric titration
to determine the concentration of each group in the cell membrane. In Table 1.4,
some of the most common functional groups present in cells are related to its
pKa, the biomolecules where they can be found, and also the preference of the
metal nature (hard or soft) [56].

Table 1.4

pKa values of the binding groups that can be found in the cell surface. Hard/Soft indicates the charge to
radius ratio the functional groups prefer. The acronyms stand for: PS = polysaccharides; UA = uronic
acids; SPS = sulfated PS; Cto = chitosan; PG = peptidoglycan; AA = amino acids; TA = teichoic acid; PL
= phospholipids; LPS = lipoPS.

Binding group Structural formula PKa HSAB classif.  Ligand atom  Occurrence in selected biomolecules
Hydroxyl -OH 9.5-13 Hard (¢] PS, UA, SPS, AA
Carbonyl (ketone) >C=0 - Hard (o] Peptide bond
Carboxyl 1.7-4.7 Hard 0 UA, AA
-C=0
|
OH
Sulfhydryl (thiol) -SH 8.3-10.8 Soft S AA
Sulfonate o 13 Hard (¢] SPS
]
-$=0
]
0
Thioether >S - Soft S AA
Amine -NH, 8-11 Int. " Cto, AA
Secondary amine >NH 13 Int N Cti, PG, peptide bond
Amide - Int 2 AA
-C=0
|
NH,
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At the same time, the characterization of the biosorption sites can be done using
techniques such as IR/FTIR, Raman spectroscopy, X-Ray Photoelectron
Spectroscopy (XPS) or Electron Microscopy (SEM or TEM) [47], [50].

Also, affinity constants between a group and a sorbate can be determined, which
enables a better description of the selectivity of the biomass for different sorbates.

The adsorption process can be endothermic or exothermic. Usually, it is
exothermic because of the new bonds created to reduce the enthalpy of the
products. However, temperature affects the solubility and stability of metal ion
species, the functional groups, and their future complex. Temperature influences
the Kkinetics of the process lowering its activation energy, but it also can have a
down-side effect on the biosorbent. However, some researchers have suggested
that temperature affects less than the biosorbent dose or the pH.

In the case of live biosorbent, the organism used will have a specific range of
temperatures within it is going to develop better, so this factor directly affects the
amount of heavy metal sorbed. Moreover, higher temperature increases the mass
transfer coefficient (more collision rate between heavy metal ions and active
groups on the biosorbent surface). If the biosorption process is exothermic,
increasing the temperature will damage the biosorbent active sites and decreases
biosorption, the Gibbs free energy of adsorption will acquire a higher value so
that the process will be less favorable or not even spontaneous.

These factors are always present, but some novel approaches try to externally
modify the process, increasing the metal uptake as much as possible through
chemical or physical tools [58]:

v Biosorbent pretreatment, in order to increase the active sites. It can be
physical (heat or fragmentation), or chemical (acid-base, oxidant, organic
solvents).

v" Introduction of nanoparticles (similar to the example in Section 1.1.2),
Molecular Organic Frameworks (MOFs), and some biopolymers have also
been tried in combination with the biological material.

To sum up, there is yet a lot to know about the temperature effect in the whole
process, and studies have shown different results. What we can say with relative
confidence is that temperature does not play a determinant role in biosorption,
although it has some influence [50], [59].
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1.2.3

Thermodynamics and kinetics of Biosorption [54], [60]-[68]

We will try to tackle the problem of biosorption from a physicochemical point of
view. Such as any other problem, thermodynamics rules all the processes in nature,
and making use of it, we will obtain equations for final equilibrium, interfacial
energy, and isotherms. Also, kinetics plays a crucial role, as it is going to inform
about the rate at which the process takes place.

1.2.3.1 Thermodynamic equilibrium of Biosorption

UniversidaddeValladolid

The interface or phase boundary is the inhomogeneous region between the
homogeneous light or o phase (the aqueous solution were the pollutants are) and
the homogeneous dense or B phase (the biosorbent) (Figure 1.28 I, the real
situation). To simplify the mathematical formulation of the adsorption process,
Gibbs proposed an idealized model (Figure 1.28 I1), where the interphase volume
is equal to zero, but its thermodynamical properties (n, U, S) remain intact.

Guggenheim came up with an intermediate model, assigning an arbitrary but
specific thickness to the interface (Figure 1.28 111) [62].

I II I
A B A B A
nomogeneou pliie homogeneous phase homogeneous phase
(o) (o) (cuo)
‘inhomogencous region ;| E = F r homogencous
homogeneous phase homogeneous phase i~
(BB (BB) (GB)L ‘
& SRR ———— D ci. D C
Figure 1.28

Schematic conceptualization of the interface region in adsorption processes: |, real situation; Il, Gibbs model;
111, Guggenheim model. The authors used ther terminology ao and B when refering to the phases, but a and
will be used here instead.

The Gibb’s approximation will be adopted here to explain the adsorption
thermodynamics and to deduce the isotherms and equations used in most articles
dealing with this topic.

To describe the process, we need to use a state function. As the adsorption problem
is generally conditioned by pressure and temperature, we will use the general
expression for Gibbs free energy of a particular process with i number of
components (that represents the maximum non-expansive work the system can
perform at certain p and T). We must add an additional term that accounts for the
extra work needed to modify the surface (y - dA) .
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dG=V-dp—S-dT + z;zi-dni+y-dA

i=1

Where y is the surface tension coefficient, that can be measured via the Wilhelmy
or the Langmuir methods.

Thus, the different system properties of each phase and the interphase are set.

Properties without any sub or top mark account for the value of the system
globally, they can be calculated as the sum of the properties of each phase

n; =ni“+niﬁ+ni0 Vi
Where n, symbolize the number of moles, and o, B and o represent the upper

phase, the lower phase, and the interphase, respectively. At equilibrium conditions,
the chemical potential of a species i is the same in all the phases:

uE=pl =l Vi
As we are assuming Gibbs model, the number of moles (ni) in phases a and B can

be defined considering its concentration, c, in each phase and its volume, and the
moles of the interphase can be defined concerning those of o and .

TliU:Tll’—Tll’a—niﬁ:ni—cia-[/'a_ci_g.vﬁ

Dividing n;° by the surface area, a new magnitude called surface concentration or
interfacial excess, I, is obtained.

At constant p and T, the Gibbs free energy of the interphase is defined as:

G“=y-A+Z,ui-ni

=1

Differentiating the above equation:
dG° = (v -dA+A-dy) + Z(“" Cdn; + 1, - duy)
i=1

However, although the chemical potentials depend on the number of moles, at
constant pressure and temperature, the equation must be equal to the one at the
beginning:
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A-dy+Zni"-d/,ti=0
i=1

This is known as the Gibbs-Duhem condition equation, widely used in
thermodynamics. It is a need to give coherence to the macroscopic and
microscopic (differential) treatment, which must converge.

Reordering the equation:

A'd)/:_znio'd:ui

i=1

As we are interested in the surface concentration (how many moles of i are
retained in the ¢ phase):

dy = _ZFL’G - dy;
i1

The chemical potential of a component in a liquid phase follows the equation:

Ui = ,ul-o + RT - lnal-

As we want to solve the differential equation, we must differentiate it:

dai dCl'
du; = 0+ RT -dlna; = RT - — = RT - —
a; Ci

In the case of a binary mixture and considering that i=1 is the solvent (thus, its
surface concentration will be zero), after integration we obtain:

1 ay
e o ()
2 RT 2 \ac,

I,° > 0 would mean that there is a concentration of the solute 2 in the interface
(adsorption occurs). However, I,° < 0 means that the solute avoids the surface.

The above equation is the Gibbs isotherm equation for an adsorption process of a
solute i=2 with a specific solvent i=1. Considering the adsorption of two metals
(in this work Cu and Zn) the equation will look like:

dy = — 1-‘Cua “dpcy — ana ~duzy
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1 g ag
dy = — RT (Tey” - dlncey + T2,° - dincgy,)

However, there are several issues to be taken into account before applying these
equations to an adsorption problem:

1. In a liquid, the surface tension coefficient is easily measured. However,
when it comes to solids (biosorbents), it is a magnitude not easy to account
for. A straightforward solution is measuring the amount of metal that
remains in the solution, and the amount adsorbed.

2. The Gibbs equation derived is only valid for non-electrolyte adsorption, so
a different version of the equation, taking into account the electrochemical
potential, is required. Nevertheless, this is not simple because we do not
know exactly all the forms in which the metal may be present in the
solution.

3. The equation is only valid for liquid surfaces (reversible deformation); in
solids, elastic tensions have to be considered, so an additional term (yplas —
v)dA must be added, which difficult the differential equation solving.

4. 1t has not been considered that the adsorbent it charged (as it has multiple
functional groups, and it generally is considered to have a net negative
charge). Thus, the problem becomes even more complicated as now an
electric field has to be introduced, and different models are proposed to
describe its decay (Helmholtz, Gouy-Chapman, Stern).

Langmuir and Fowler were some of the first scientists to encounter this
experimental sorption problem. They follow a different approach than the one of
Gibbs, and they came out with a model that works quite well for a multitude of
different cases. Although they proposed it for a Gas-Solid system, its formulation
is analog to a Liquid-Solid problem and can be generalized. Several assumptions
are made:

» The adsorbent has a certain amount of active sites, and one solute species
can only occupy each active site.

» The energy of all the active sites is equal, i.e., the probability of a site being
occupied is the same.

» There is no interaction between the adsorbed species.

» A monolayer is formed (not multi-layer possibilities).
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It may seem that the approximations are exceedingly rough (it neglects quantum
mechanics, and we have atomic particles). However, the Langmuir-Fowler
isotherm surprisingly provides good fits and results for many adsorption problems,
and together with other isotherms (BET, Freundlich) is one of the most used.

In the end, we are looking for an expression that relates the amount of solute
adsorbed (in other words, the retention capacity ), with the concentration of the
solute in the solution (c) at a constant temperature.

q; = f(cp) T = constant

The retention capacity and the concentration follow these equations:

mfldsorbed mg
qi=———[=] 1
Madsorbent g
m__Solutlon mg

— l —
¢ = |/ Solution [=] T
When equilibrium is reached, q., and c., can be measured, which is much simpler
than measuring the surface tension coefficient.

We are going to use that equilibrium condition to derive the Langmuir isotherm
equation.

The general equilibrium reaction for an adsorption process of a species A,
regardless of whether it is physi or chemisorption, is the following:

A (free) 2 A (adsorbed)

The rate of A to get adsorbed will have a specific rate constant kags, while the
desorption process of A from the adsorbent will have a desorption rate constant,
kdes. Moreover, as the surface is finite, there must be a limit surface concentration
of A, which receives the name of saturated surface concentration, I;°. Langmuir
defined a typical parameter called 0 as the fraction of occupied sites (Figure 1.29):

<1 0=1
T Adsorbed l l
9 = A
= —1" <
A
I'<TIyg I'=T;
Figure 1.29
Two situations, where 0<1 (there are still free active sites), and when
0 =1 (all active sites are occupied).
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The rate of each process can be expressed as the product of kinetic rate constant
times the concentration of the species involved. For adsorption, we need the
concentration of sites available (1-0) and the concentration that remains in the
solution. For the desorption process, we only need the occupied sites:

Adsorption: Vags = kags - (1 —8) - cgotution
Desorption: vpes = kpes - 0
At the equilibrium, both rates must be equal, thus:
kags - (1= 0) - 300" = kpeg - 6

The equilibrium constant (Kc) is calculated as the quotient of adsorption and
desorption constant rates:

k
K=KC _ MAds

kDes

Clearing 0, we will get an equation that relates to the concentration of the solute in
the adsorbent, with the concentration in the solution.

I-AAdsorbed K - Cgolutlon

6 = FAS = 1+ K- Cjolution

That is the Langmuir-Fowler isotherm equation derived from a kinetic point of
view. The thermodynamic approach is more complicated for Liquid-Solid systems
(although for Gas-Solid systems, it is quite easy to demonstrate).

We can rewrite the Langmuir equation with the amounts defined at the beginning
(Geq and Ceg):

Geq K- Cegq qsaturation * K- Ceq

s = = eq(Ceq) =
qsaturation 1+ K- Cegq eatreq 1+ K- Ceq

Graphically, plotting 0 (or Qeq) against the concentration (Figure 1.30), it can be
seen that, at a particular concentration, the limit (6=1), which means that all the
active points of the adsorbent have been occupied, is reached. Furthermore, there
are two limit cases:

K- cqK1=> 0=K-c,q (Weakadsorbate)

K-ceg»1=>0=1 (Strong adsorbate)
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0 =K-ce

Figure 1.30 ¢

Biosorption plot.

Mathematically, this function has a horizontal asymptote, which coincides with the
saturation retention capacity:

Gsaturation * K * Ceq

. Gsaturation " K+ Ceq
lim

oo .
i o = IND () = lim

Ceoq—0 K- Coq = qsaturation
Thus, when we obtain gsat value, we will know that our graph has an asymptote in
Y = Qsat (When Qeq = Qsat, SO When 6 = 1).

The equation is most commonly used in its linear form, in order to obtain an
estimate of the true values of the parameters gsatand K.

Ceq 1 1
—_— + . Ceq
Qeq K- qsaturation qsaturation

From the linear regression analysis, K and the saturated retention capacity for that
species can be estimated. If K results in a large number, then adsorption is very
favorable, and the adsorbate will be highly organized. Both parameters should be
positive.

There are other isotherms such as Freundlich, BET, Dubinin—Radushkevich,
Elovich, Jovanovic, or Temkin, among others. The most used for metallic liquid-
solid adsorptions are the Langmuir and Freundlich isotherm, together with a
combination of them. We will briefly describe those two:

e Freundlich isotherm: It still is a biparametric equation, and it has no
physicochemical derivation, it is only a mathematical fit, so the parameters
are not going to have any physical meaning. It also has a linear form:

S|

1
Geq = Kr - Ceq =  Inqeq = InKp + ;lnceq
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1.2.3.2 Thermodynamic data
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Kr and n are the new parameters. Kg characterizes the adsorption (the
larger the Kr, the better the adsorption), while n is related to the energetic
homogeneity of the surface; low n values indicate that the adsorption is
favorable because at low ceq values the geq increases. It works better at
lower concentrations than the Langmuir isotherms, although it fails at
higher concentrations of adsorbed species.

Langmuir-Freundlich isotherm: Langmuir-Freundlich isotherm: It is a
mixture of both isotherms, and now it has three parameters. It assumes that
the surface is homogeneous (like Langmuir model), but admitting the
existence of some interactions between the adsorbed species; it can be seen
as a cooperative process, which reflects more accurately the real situation
[69]

14
eq

= — .
qs 1+ Zi=1 arr; - CeqYLi

Qeg _ ___ Kur:c

Now K;r a.r;, and y are the new parameters. y vary from O to 1, and
when it is equal to 1, this model converges to the Langmuir model.

All the isotherms explained are meant to be for only one solute adsorbed. For
multispecies adsorption processes, we have to generalize them, and the equations
get more complicated, as shown in Table 1.5:

Table 1.5

Isotherms for single and multi-adsorption

Isotherm

Single adsorption

Multi adsorption

Langmuir-Fowler

Geq K- Ceq

Geq K- Ceq

qsaturation 1+ K- Ceq

dsat B 1+ Z?I:1Ki : Ceqi

Freundlich

1
Qeq = Kp - Ceq™

N

1
qqu = Kp; - Z Ceqini

i=1

In the previous section, the biosorption equilibrium has been studied from a
thermodynamic point of view. However, any thermodynamic property that could
inform us about the nature of the biosorption itself has been mentioned.
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1.2.3.3
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To study the thermodynamics of the biosorption process, the Gibbs free energy,
enthalpy, and entropy of the system must be determined, making use of the Van't
Hoff equation.

AG® = AH® — TAS® = —RT - InK,

To determine if the biosorption of a heavy metal occurs spontaneously, we have
to consider the enthalpy and the entropy together. The negative value of the
Gibbs free energy (AG®) will indicate that the process is spontaneous at a specific
temperature.

A variation of AG® with temperature means that the entropy contribution is
playing an important role (as we mentioned, in some biosorption process, the
temperature did not affect too much).

To calculate entropy and enthalpy, the equilibrium constant is plotted versus the
inverse of the temperature. If it turns out that entropy is positive, that will indicate
that randomness between solids and solutions increased during the biosorption on
biosorbent active sites.

Moreover, depending on the value of the enthalpy obtained, it is possible to know
if an increase in temperature will favor the process. According to the Le Chatelier
principle, when the temperature of a system increases, it shifts to the endothermic
direction (in order to counter that temperature increase).

= AH° <0, if T increases, the adsorption process is going to be unfavorable
(adsorption will prefer to be conducted at lower T).

= AH° > 0, an augmentation in temperature will lead to a better adsorption
performance.

Kinetics of Biosorption [70]

Indeed, the thermodynamics of biosorption is vital to the process of taking place.
However, another critical aspect must be taken into account: the kinetics. In short,
thermodynamics will tell us how much metal is sorbed, while the kinetics will
inform us about how long is it going to take [12].
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In traditional kinetic problems, the rate of the process is related to the production
or consumption of a specie. In adsorption processes, now we will have the solute
uptake rate.

To establish a kinetic model, attention must be paid to the the critical steps of the
process. In general, four different stages can be distinguished in an adsorption
process (Figure 1.31):

1. Transport of the solute (in this work, the metal ions) to the beginning of
the interphase, the boundary layer.

2. Transport of the solute through that interphase to the surface of the
adsorbent (mass transfer diffusion step).

3. Transport in the surface to the active sites (pore-like diffusion).

4. Energetic interaction between the adsorbate and the adsorbent.

metal ions €

metal ions

Figure 1.31

The four stages of biosorption mechanism

By and large, the first and last steps are not the rate-controlling steps as the
adsorbent is not involved, and the energetic interaction is usually fast. Therefore,
one of the two intermediate stages are going to condition the overall Kinetics of
the process, and both are related to diffusion-like steps [71]. However, this may
change depending on the biosorbent and the conditions used.
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For a kinetic model to be built, the information of the concentrations of the solute
species is needed and can be obtained from the isotherms, so a proper scheme of
how this model is constructed can be the one showed in Figure 1.32:

_Adsorbent dose, Isotherm (maD;ZfL;}s;?'I;f or)
initial concentration parameters coefficient(s)

Y J |

(" Material balance ) Isotherm Diffusion
equation for the equation (mass transfer)
reactor ) L ) L equation(s) )
\i
L Kinetic model
Figure 1.32

Information needed to build an adsorption kinetic model.

There is a multitude of different kinetic models. Nevertheless, for biosorption
Kinetics, two are preferred above others: the pseudo-first and second-order
models since adsorption of metal ions generally agree with reversible first-order
Kinetics, which considers that the occupation of sorption sites is proportional to
the number of unoccupied sites

Both pseudo-first and second-order equations are similar. It is strange to assign a
specific reaction order (as it is always determined experimentally unless the
mechanism is perfectly known). There is no logical way by which biosorption can
be assigned either pseudo-first or pseudo-second order.

We can start by trying to set an expression for the effective concentration of the
number of sites available at a specific time t (ci/co). That must be equal to the
total amount available (1) minus the total amount of adsorbed at that time divided
by the theoretically amount of species adsorbed at equilibrium (qi/qeq).

Co Cqu
When q; = q.q then ¢, = 0 (the equilibrium is reached, no more active sites
available).

Now that we have a mathematical expression for the concentration of available
sites, we can get an expression for the rate of disappearance of those active sites:

dey

U:—E—kx'Ctx

Where x states for the unknown reaction order coefficient, ky is the rate constant.
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Pseudo-First order model: Assuming that x equals 1, and mixing the rate
equation with the previous one:

dct (qeq - qt)
v dt 1°Ct 1°Co Geq

It is a differential equation, and we can change ct for g:. The variable

change is done below:

dg, -1
dct=d<1—£>=0—i=—dqt

_ dCt_—l _1d _ 1 dqt
VST T de Geq e | =

Equalling that new expression with the old one:

1 dq; _ (Qeq - Qt) dq,
- ‘= — kl * CO * —

v = .
Qeq dt Qeq dt

= k1 * (Geq — 90)

The reason why it is called “pseudo-first-order” is the original rate
constant (ki) times the initial concentration (Co):

— .dq, =k, -dt
Qeq — 4t 1 !

The reason why it is called “pseudo-first-order” is that the rate constant is
included geq (which is a constant). Taking integrals in both sides, and
considering the integral limits from time and concentration cero, to a time
t and a concentration q:

n <q_> -
Qeq — 4t

Reordering the equation, the exponential expression is obtained:

qeq k '~t -k ,-t
—_— = e D g = (eg* 1— e ™1
Qeq — 4t ‘ e ( )
By converting the equation into its linear form, g, and k1' can be found.

ln(qeq - qt) =In Qeq — kll 't
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» Pseudo-Second-order model: It is applied when the adsorption
mechanism is the rate-controlling step, so it begins with low rates and
suddenly higher ones. We must pose the same equation, but with the
second-order (x=2).

dc;

o= 2 _qt)z_
ot 2

= kZ . Ctz = kZ . COZ . (qeq
"(egq

, kz'C()Z
k2 -
deq

kZ’ : (Qeq - Qt)z

Solving the differential equation, the integrated linear equation can be

obtained:
qt t
1 .
f—z'd‘h=j—k2 -dt
0 (Qeq - Qt) 0
1 1 ,
—=—+4k, -t
qeq qt qeq

In the experimental work, we will get q,, and t, so we will check which model
fits best according to the results. Other models describe the kinetics of the
biosorption (Table 1.6), although they are used to a lesser extent as they fit the
data worse than the previous. The two principal are:

e Elovich model: it is applied when biosorption is carried out at a
heterogeneous surface.

e Intraparticle diffusion model: it defines a diffusion rate constant, and it
describes better the diffusion process. The two equations depend on how
vital the diffusion is in the process.

Table 1.6

A summary of the different equations required for each kinetic model [50].

Model Parameters Equation
Pseudo-First eq and ky In (oq — q) = N qog — k1 t
, 1 1 ,
Pseudo-Second Geq and k, — = T + ky -t
Elovich a (initial value of biosorption rate) 4. = BIn(ap) + flnt

B (desorption coef ficient)

. K: (di ; q; = K;t°5 +C
Intraparticle ; (dif fusion rate constatnt) t i

C (intraparticle accumulation)

Diffusion qs
; 3 In(l——)=—-K;p-t
K;p (biosorption constant) q - ID
eq
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2 AIM OF THIS WORK

The general goal of the project in which this research is framed is the treatment of pig
manure wastewater with microalgae in photobioreactors to remove nutrients (N, C, and
P), heavy metals and antibiotics, and the valorization of the harvested biomass. More
precisely, it would be a fractional valorization, which consists of tracking the
concentration of heavy metals in the products obtained, in order to remove them during
the process.

Concerning the recovery of heavy metals, the goal is to retain the metal ions on the
biomass to obtain water free of heavy metals that can be used for irrigation, and later to
desorb the metals from the biomass before the valorization treatments to extract valuable
and non-toxic byproducts. Figure 2.1 shows the steps of the global process
schematically:

‘ Biosorbent |— HM Solution

A 4

Bi i Factors
10sorption e
P conditioning the
process
rocess

Solid Phase I——) Liquid |
separation

Amount of
metal retained

Analysis

Figure 2.1

Overall view of the whole bioremediation process to remove heavy metals from a HM solution.

The main objective of the research presented here is to investigate the factors influencing
the bioremediation of the most common and abundant toxic trace elements in piggery
wastewater, Cu and Zn, as well as their retention mechanisms on microalgae, bacteria
and their consortia. Due to COVID-19 pandemic, some experimental work was not
performed (for example, arsenic addition or mechanistic experiments were not
conducted).
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In order to give a broad view of the actual state-of-the-art of the three biomasses used, a
review including theoretical insights of each type of biomass, along with a collection of
several biosorption experiments on the removal of Cu and Zn has been carried out.

Regarding the experimental section, three different types of biomass are assayed with the
purpose to study their retention capabilities: (a) microalgal-bacterial biomass consortia
grown in a photobioreactor for treatment of pig slurry, (b) pure microalgae grown in a
photoreactor with a synthetic nutrient medium, and (c) sludge from biological
wastewater treatment (only bacteria).

The effect of several factors likely influencing the biomass growth and the metal
removal efficiency are investigated: metal concentration in the wastewater, stirring time,
with or without light intensity, and availability of inorganic and organic carbon. The
tested levels of the factors are combined in a full factorial experimental design with 144
experiments to investigate the significant main effects and factor interactions, and to
identify the factor levels yielding the maximum retention capacity for both copper and
zinc.

Due to de COVID-19 pandemic, only the Design of Experiments was completed, and no
further investigations in the retention mechanisms or lixiviation were done.
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3 BIOSORPTION OF HEAVY METALS

In this section, we will study three of the most used biomasses when leading with
bioremediation of heavy metals, and especially in biosorption techniques. This
biomasses are bacteria, microalgae, and a consortia bacteria-microalgae.

Finally, a review of several experiments using those biomasses will be displayed, in
order to see which factors usually provide the highest metal removals (which is our
experimental aim).

3.1 Bacteria as biosorbents

3.1.1

UniversidaddeValladolid

Bacteria are found everywhere (water, organic matter, living bodies of plants and
animals, or soil). They are essential for the degradation of chemical species and the
recycling of nutrients, such as nitrogen, sulfur, and phosphorus. Among the
microscopic organisms, the bacteria are the most important in wastewater treatment
plants because they grow using the nutrients available in the matrix [72], [73].

What are bacteria?

According to Carl Woese, terrestrial living organisms can be classified into three
domains:
I. Archaea Il. Bacteria I1l. Eukarya

For many years archaea and bacteria have been included in the same group, the
prokaryotes (not defined nucleus). However, due to ARN sequencing, and
genomic and proteomic studies, Woese found that archaea are as different from
bacteria as they are from eukaryotes. In the bacteria domain, there are only
unicellular organisms with simple morphologies, but with a great variety of
metabolisms. All complex living forms, together with other more simple (such as
microalgae or protozoans), belong to the Eukarya domain [74].

Bacteria are formed by 80% water and 20% dry material. Inside that 20%,
approximately 90% is organic, and only 10% corresponds to inorganic compounds.
A simple organic formula for a bacterial cell can be CeoHg7O23N12P [75]. Bacteria
have no defined nucleus and rarely present organelles with an envelope; their
genetic material is found dispersed within the cell. Most bacteria are 0.3-3.0 pm in
size and exist with four sorts of shapes determined by the cell wall, which
regulates the ability of bacteria to compete for substrate and nutrients, along with
its ability to swim and flocculate. The shapes are the following:

Rod (bacillus)
Sphere (coccus)
Spiral (spirillum)
Comma (vibrio)
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The other structural features of bacteria (apart from the nucleoide) are plasmids,
inclusions, and ribosomes, although some of them may also present vesicles that
may contain gas or enzymes (Figure 3.1) [76].

Plasma
Capsule Ribosomes Cell wall membrane

WA

\___,, -_1

/ (( | (/\ \&\}

Fi mbnae Chromosome Inclusmn Flagellum
(DNA)

Figure 3.1

Morphology of a typical bacteria cell.

Their reproduction is asexual, usually by binary fission, and it highly depends on
temperature. The genetic material is duplicated by dividing the DNA into two
equal parts when enough nutrients and size have been reached. The new two cells
formed are identical to the previous cell as the genetic material has not changed;
nevertheless, there can be genetic recombination between different bacteria strains.
The process is fast, and, as a result, colonies are formed [73].

The bacteria envelope is the structure involved in the biosorption/bioaccumulation
process. Unlike eukaryote cells, the bacteria envelope can be divided into three
different parts:

1) Bacteria capsule: It is the outer envelope, formed by glycoproteins and
polysaccharides. It confers mechanical resistance to the cell. It can also
have pilis, which are small protein prolongations that help the bacteria in
the sticking process to a substrate.

2) Bacteria wall: It is similar to one of the vegetal cells but more porous. It is
constituted by murine (peptidoglycan) and protects the cell from hypotonic
or hypertonic media.

3) Plasmatic membrane: It is comparable to those of the eukaryotes. It has a
lipid bilayer in which proteins are inserted in an irregular array. Here is
where biosorption/bioaccumulation is going to be produced.
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Based on the composition of the cell wall, there are two different types of bacteria:
gram-negative and gram-positive (the negative/positive refers to Gram’s stain test).
Gram-positive bacteria have a thick cell wall that contains many layers of
peptidoglycan and teichoic acids, which provide rigidity to the cell wall by
attracting and bonding to cations. Examples of gram-positive are
Corynebacterium, Bacillus, Clostridium, or Listeria. Gram-negative bacteria have
a thin cell wall that contains only a few layers of peptidoglycan surrounded by a
membrane of lipopolysaccharides and lipoproteins (examples are Escherichia,
Klebsiella, Pseudomonas or Salmonella). Figure 3.2 shows the two different cell
walls:

GRAM POSITIVE BACTERIA GRAM NEGATIVE BACTERIA
outside outside
Surface
Array @@W@ Protein @ Surface Array Lipopolysaccharide <;
Peptidoglycan o — i ; IC
Fibres uter ipoprotein
Cell Wall - = T Membrane L[z
5 5 eichuronic & ... . ol Wik 'ngel;doglycan S~
G Teichoic Acids el ibr
Plasma ?? ???? TT?? T?T? Phospholipid (L
. 8 f@.a WSTN,  rowia e SIS, oo &
inside inside
Figure 3.2

Cell wall structure and composition of Gram positive and Gram negative bacteria.

Their cell composition is going to be crucial because it determines which species
are better adsorbed, as the process highly depends on the surface involved.

Bacteria can be heterotrophic or autotrophic, although bacteria living in
wastewater media tend to be heterotrophs (that is, they degrade organic carbon
compounds to obtain energy). Most heterotrophs can tolerate a wide range of pH
values (6.5-9.0) and temperature values (4-35°C). Heterotrophic activity declines
rapidly below 4°C and stops at 1°C [73].

Depending on how they use oxygen, bacteria are divided into three groups:

e Aerobes: They can only use free molecular oxygen to survive (the
minority).

e Facultative aerobes: They usually use oxygen, but in oxygen absence, they
can also use nitrate or organic molecules to obtain energy.

e Anaerobes: They cannot use oxygen.

Bacteria are famous for producing unique cellular structures that protect them from
external danger, such as the presence of chemicals, desiccation, heat, and other
environmental factors -like pH-. The defense mechanisms are the formation of
endospores and capsules [72].
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Heavy metal retention mechanisms

Heavy metals may be attached to the functional groups that surround the cell
membrane and cell wall of the bacteria, or they can enter the cell by crossing the
lipid bilayer. As mentioned in Section 1.2.1, the layer is impermeable to charged
species, so transport mechanisms must exist.

All the biosorption and bioaccumulation mechanisms studied previously are valid
for bacteria, although now there are three primary mechanisms involved:
precipitation, complexation with nitrogen and oxygen ligands, and ion exchange
reactions with teichoic acids and peptidoglycan. While for bioaccumulation, the
mechanisms are: diffusion, facilitated diffusion, and active transport [77].

A scheme that summarizes the mechanisms through which heavy metals can be
retained by the bacteria (whether it is living or not) is shown in Figure 3.3. The

primary mechanism is adsorption, as it does not depend on energy metabolism
(and the activation barrier is much lower than for absorption) [12], [78].

Adsorption M+

Complex

. . ¢ M 4NH R
Non-living RN ) oM ==V
Ion exchange M . b . ]
1Croovia
M-/\ k it 2 - 2NH R
i Cell LN, #Na
< N ROCS:Na | 25:Cop
]
X+ M 3 3

Microbial
Cell

RNH2

ROCS:zNa |

Figure 3.3

Mechanistic overview to understand what may happen on a living cell, or on a dead cell.
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It is worth mentioning that metal removal capacity varies depending on the type of
bacteria (if it is gram-positive or gram-negative). Gram-positive bacteria have a
high content in teichoic acid polymers, alanine, glutamic acid, and glycerol. All the
latter compounds are good ligand donors, and together with many phosphate
groups, they will confer a strong negative charge on the surface of the cell wall.
On the other hand, the cell wall of gram-negative bacteria have lower amounts of
teichoic acid and contains more enzymes, glycoproteins, and phospholipids,
resulting in a lessened net negative charge.

Therefore, the interaction between the cell surface of gram-positive bacteria and
the metal ion is going to be stronger than that with gram-negative bacteria.
Consequently, it is reasonable to think that the heavy metal accumulation load by
gram-positive bacteria is more significant than that of gram-negative organisms
[79]

Biosorbent capacities

Most bacteria are 0.3-3.0 um in size. In comparison to eukaryote cells, they are
considerably smaller. Due to their tiny size, they possess a huge surface-to-volume
ratio and, therefore, a large surface area available for biosorption and
bioaccumulation processes, which is traduced in fastest removal rates and higher
metabolic rate and growth [75].

However, not only alive bacteria can act as biosorbents. Dead bacteria have even
higher biosorption capacities, and they usually outperform living cells of the same
strains. Additionally, using biotechnology techniques and genetic engineering, a
new world of opportunities is opened for the design of the perfect organism. For
example, new functional groups can be placed on the surface, or specific metal-
binding peptides can be added. These improvements will enhance the affinity and
selectivity for target compounds, such as metals [44].

The knowledge of the cell wall composition and its differences among bacteria
strains are vital to understanding their biosorption power. Peptidoglycan (in both,
although thicker layer in gram +) and teichoic acid (only in gram +) are essential
as they provide ion-exchange active groups in their structures [56].

Furthermore, the pili filaments coating the bacteria capsule, approximately 2-5 nm
long, also play adsorption roles retaining some metal ions from the bulk solution as
they have a net negatively charged surface that attracts and removes positively
charged soluble metals (Figure 3.4). From the pili, ions can be transported inside
the cell [73].
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Cell wall

Cell membrane - Bactatiiiii

Figure 3.4
Scheme of metal adsorption on bacteria pilis.

When dealing with heavy metals, as they are highly toxic for the cells, it is
necessary to make sure that metal concentration does not exceed the bacteria
tolerance, as an excess of metal will disrupt and kill the biomass. An exceptional
feature of bacteria as biosorbent is that most of them have a wide tolerance
towards one or more metals, even at high concentrations. For example, some
bacteria are capable of tunning their cell wall composition depending on the metals
that surround them [80].

Moreover, bacteria can grow almost everywhere, and some of them can develop
defensive mechanisms towards heavy metals intoxication. It is said that bacteria
are either resistant or tolerant toward a pollutant. Tolerance is defined as the ability
to survive in a polluted environment by itself, while resistance is the capacity to
survive in a highly concentrated medium via detoxication mechanisms. The
resistance of a bacteria is encoded in the genetic material of its plasmids (possibly
due to mutations), and the genes will only be expressed in the presence of certain
metals. In the case of tolerant bacteria, they have developed several mechanisms,
for instance, an efflux system that can pump toxic elements out if the concentration
starts to increase. Due to all of the above, bacteria are meant to have an excellent
sorption capacity [12], [77].

However, one of the main disadvantages of employing bacteria as biosorbent
(although this can be extended to the use of other microorganisms for
bioremediation) is their low mechanical strength -as they “break™ in centrifugation
processes, and they cannot be separated via decantation either- and low density -as
the bacteria solution has a similar density to the one of water-. These two
drawbacks keep bioremediation from being a real alternative for an industrial-scale
application. The solution lies in adopting immobilization techniques onto an inert
matrix. This approach will enhance the biosorbent renewability, and it will aid in
the separation of the “clean” water from the sorbent that retains the metals [13].
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3.1.4 Factors affecting bacteria biosorption

Notwithstanding, the efficiency of the removal technique will not only depend on
the type of bacteria used. There are other factors that have an influence when using
bacteria [13].

These factors can be grouped into two categories: biotic (if they come from a
response of the microorganism itself) or abiotic (if it is an external parameter), and
as they are crucial in this research, we will take a more in-depth look to them [1].

3.1.4.1 Biotic factors [1], [72]

Cell size and composition: As a response to the heavy metal presence, the
microorganism can change its cell size and composition, which plays a
defense mechanism role. That implies having less active sites available for
metal ion binding.

Biomass concentration: Is is a crucial factor. Generally, an increase in the
biomass concentration is related to the rise in the amount of solute sorbed
(as the number of active sites is boosted). The total amount of solute
biosorbed per unit of biosorbent tends to decrease when increasing
biosorbent dosage because there are more active sites, and they are not
going to be occupied (Langmuir isotherm). Additionally, higher biomass
concentration is meant to lead to cell aggregation, which will reduce the
active points availability. Thus, even though some results show an
increase in the removal efficiency by increasing the sorbent dosage,
chiefly, when the biomass concentration is reduced, the highest amounts
of metal are reported (per unit of biomass).

3.1.4.2 Abiotic factors [1], [71], [78]
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pH: Biosorption strongly depends on the pH. Firstly, because it conditions
microbial growth and enzyme activity. Secondly, as it is one of the
parameters that control the number of active sites (if they are protonated,
at low pH, biosorption is not going to be produced). Finally, because it
conditions the chemical form of dissolved heavy metals, as the pH affects
the hydration outer sphere of the metal ions and their mobility. As the
cell-membrane composition differs among species, the optimum pH value
must be found for each one, although the range within is usually located
between 5.5-7.0, with some exceptions.

lonic Strength: If many other ions are present in the medium, they may
disrupt the electrostatic interactions among the organic functional groups
and the heavy metal ions we aim to retain, leading to lower removal
capacities. The activity coefficient will also be altered.
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Initial metal concentration: If the maximum tolerated concentration is
surpassed, the bacteria metabolism is altered, thus decreasing metal
uptake. Nonetheless, using low concentrations may difficult the mass
transfer step (which is going to be more easily overcome with higher
concentrations). Thus, when dealing with non-living organisms, large
initial metal concentrations can be used, as the removal efficiency
increases. However, when using living microorganisms, an intermediate
concentration must be found in order not to disturb its metabolic
functions.

Effects of nutrients: Similarly to the initial metal concentration,
depending on whether we use living or non-living microorganisms, this
effect will have higher or minor importance. Each species will have an
optimum value of nutrients (if there is a lack of them, then vital metabolic
functions are not going to be fulfilled). Moreover, a good carbon source
can lead to a growth of biomass, thereby more active sites will be
available.

Contact Time: Commonly, biosorption increases with an enhancement of
the contact time, as the metal has more time to reach the active sites. In
practice, the saturation limit usually is achieved within the first 1-3 hours
so that more time will imply more energy consumption but no significant
increase in removal efficiency.

Stirring rate: Like in electrochemistry, a reasonable stirring rate is needed
to overcome external mass transfer resistance (because the diffusion layer
will narrow). Hence, an optimum stirring rate must be found, as it is
presumed to be different among species.

Temperature: The medium temperature directly affects both the rate of
heavy metal sorption and the growth of the microorganism, as the
metabolic activity relies on temperature. High temperatures can trigger
enzyme and protein denaturation so that the microorganism can reduce its
activity. On the other hand, low temperature may affect the membrane
fluidity, interfering with the transport systems and functional groups
involved with metal binding. We must find a compromise solution. As in
the case of pH, there is a range within 25-35°C that usually provides the
best removal efficiencies, although the specific temperature value must be
studied and will vary with the microorganism used. Nevertheless,
compared with the above factors, the temperature is meant to affect the
process to a lesser extent.
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3.1.5 Review of the bacteria used for heavy metal removal

An intensive revision of the literature has been carried out to demonstrate how
useful and important bacteria have become as a biosorbent, and to understand
better which strains and conditions provide the best performances (only concerning
Cu and Zn removal). As presenting all the conditions reviewed for each
experiment could be a bit messy, firstly, only retention capacities (expressed in mg
of the metal per g of biosorbent or either in % of removal) are going to be shown.
Later on, the best experiments will be selected, and their requirements will be
broken down. The number of metal ions retained per weight unit of biosorbent
(geq) and the removal percentage is described by these equations:

_ V(co— Ceq) _ (co— Ceq)

Geq

Msorbent Csorbent
Co — Ce Geq * Msorbent
%Removal = %R = ——=1.100 = q—V . 100
CO CO .

* Coq is the equilibrium concentration of the metal in the solution

The geq varies as a function of the final metal concentration in the solution.
However, most articles will give the gsa directly after the isotherm experiments
(that is, the maximum retention capacity for specific biomass).

The tables regarding zinc and copper are presented:

Table 3.1

Table with bacteria species, adsorption capacities, and percentages of removal for zinc.

Bacteria Ret Capacity | Removal | Reference
strain (moglg) (%) number
Pseudomonas putida 6.90 80.00 [81]
Pseudomonas aeruginosa AT 18 77.50 87.70 [82]
Pseudomonas jessenii 4.39 [83]
Pseudomonas putida 3.66 [84]
Rhodobium marinum NW16 24.05 [85]
SRB, Desulfovibrio 94.60 [86]
Bacillus firmus MS-102 722.00 61.80 [87]
Thiobacillus ferrooxidans 172.40 --- [88]
Pseudomonas putida CZ1 24.40 [89]
Pectobacterium sp ND2 34.27 68.54 [90]
Streptomyces rimosus 30.00 - 80.00 [91]
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Table 3.2

Table with bacteria species, adsorption capacities, and percentages of removal for copper.

Bacteria Ret Capacity | Removal | Reference
strain (mg/g) (%) number

Micrococcus luteus 408.00 [92]
Desulfo;/:cj)lriltoe izs:rjilgncans- . 98.20 [84]
Pseudomonas jessenii 10.22 [83]
Pseudomonas putida 5.52 [93]
Bacillus cereus FIT10 87.16 [94]
Rhodobium marinum NW16 --- 46.99 [85]
Rhodobacter sphaeroides HY01 > 96.00 [95]
SRB, Desulfovibrio 98.90 [86]
Bacillus sp 88.60 [96]
Bacillus firmus MS-102 860.00 74.90 [87]
GeobaciIlucs:éh&r?;éignitrificans 63.70 6.38 [97]
Pseudomonas putida CZ1 27.60 [89]
Enterobacter sp 32.50 [98]
Pectobacterium sp ND2 38.63 77.26 [90]
Eichhornia spp and SRB 90.00 [99]
Pseudomonas aeruginosa AT 18 86.95 95.00 [82]

Attending to the best values of the removal percentage and retention capacity,
three experiments for each heavy metal are selected in order to describe their
experimental conditions, such as pH, initial metal concentration, biosorbent dose,
contact time, temperature, and stirring rate.

Bacteria have been widely used in wastewater treatment due to its high
accessibility, low cost, high abundance in the environment, and due to its excellent
efficiency for organic matter oxidation.

On the next page, Table 3.3 shows the best experiments with their set up
conditions.
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Table 3.3

Experimental conditions of Cu(ll) and Zn(Il) removal by different bacteria strains

a: 2 g/L was found as the optimum biosorption dose.
b: Result after treatment with NaOH (1M).
c: Values refers to an experiment with a mix of four metals simultaneously: Cu, Zn, Mn and Cr. Individual experiments gave higher %Removal.
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H Initial Biomass | Agitation Max
Me(?t?ll Bacteria strain pH | Concentration | concentration rate Temperature | Time | Uptake | Removal | Reference
mg/L g/L rpm °C h mg/g %
Cu (1) Rhodobacter sphaeroides HY01 10.00 150 35 48 >96.00 [95]
Cu (IN) Eichhornia spp and SRB g'g’ 100.00 0.8-2.0° 150 30+ 2 24 | 3340 | 8500 [99]
Zn (1) Streptomyces rimosus 7.5 100.00 3.0 250 20 4 :;%%%b [91]
Zn (1) 6.0 1000.0 0.85 --- 25 0.17 722.0 61.80
Bacillus firmus MS-102 [87]
Cu (I 4.0 1000.0 --- 100 23 - 860.0 74.90
Zn (1) 5.00 94.60
SRB, Desulfovibrio [86]
Cu (Il 5.5 25.00 98.90
Zn (11 7.0 80.00 77.50° | 87.70°
Pseudomonas aeruginosa AT 18 05-1.0 150 72 [82]
Cu (1) 6.3 50.00 86.95¢ 95.00¢
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3.2 Microalgae as biosorbents

3.2.1

UniversidaddeValladolid

What are Microalgae?

Algae belong to the eukaryotic group of organisms. They are photosynthetic
organisms (can convert CO into biomass), and they mainly live in aquatic
environments. Attending to their size, they can be divided into two groups [100]:

e Macroalgae: They are around 1 cm in size (multicellular organisms).
e Microalgae: Size in the micrometers scale, unicellular organisms.

Microalgae are the first producers of O (they allowed the emergence of plant and
animal life on Earth). Furthermore, microalgae still play a crucial role in the food
chain as an elementary supply of biomass. They adapt themselves to several
environments and can be found in acidic media or saline waters. They either live
alone or via symbiotic interactions with other microorganisms. The difference
between plants and algae is that the later is more like “primitive” plantlike
organisms that contain chlorophyll a, and perform photosynthesis, but they are not
as complicated as traditional plants (embryophytes) [100], [101].

Microalgae are a very diverse group (the number of species ranges from 22,000 to
26,000). One typical classification is done based on their pigment composition,
which results in nine classes. The six more essential groups are [102]:

= Chlorophyceae (green algae).

= Phaeophyceae (brown algae).

= Pyrrophyceae (dinoflagellates).

= Chrysophyceae (golden-brown algae).
= Bacillariophyceae (diatoms).

= Rhodophyceae (red algae).

Depending on their pigments, the O> and CO balance will vary; for example,
green algae are meant to produce more O than the oxygen consumed, while red
algae behave the opposite.

Microalgae have a defined nucleus, a plasma membrane, and its cytosol contains
chloroplasts, amyloplasts, elaioplasts, and mitochondria. Along with chlorophylls,
they may contain other pigments such as carotenoids and phycobiliproteins.
Microalgae are predominantly photoautotrophic (inorganic carbon as a carbon
source), although they can be heterotrophic (organic carbon as a carbon source) or
mixotrophic (they can use both types of carbon). The molecular formula of
microalgae is approximately CiosH2630110N16P [4], [100].

Some of the properties related to the metal biosorption are going to be similar to
those studied for bacteria so that they are described more briefly.
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3.2.2
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Uses and applications of microalgae

Microalgae are not only a handy tool in wastewater remediation. Their biomass
can be transformed in biofuels due to their lipidic content (Figure 3.5) [8].
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Figure 3.5

Applications of whole biomass and by-products derived from microalgae.

Unlike bacteria, live microalgae produce polysaccharides and lipids. Thus, not
only they remove pollutants from the medium in which they grow, but their
biomass can be used later in other applications such as pigment, or protein
production, in the synthesis of bioactive compounds (such as biodiesel,
bioethanol), or even their biomass can be employed as a fertilizer (as it has almost
all nutrients needed).

As a bioremediation tool, microalgae have numerous benefits: they present simple
requirements for their development (water, light, CO2, and nutrients), and they can
live in many habitats, even at extreme conditions. Microalgae are an essential
alternative for contaminant removal, as they can effectively remove a wide variety
of pollutants while assimilating inorganic nitrogen and phosphorus due to their
metabolism (thus, reducing eutrophication). Employing microalgae to wastewater
remediation is a “green” solution, as microalgae may be benefited from the
nutrients present in the wastewater matrix, while they can remove heavy metal,
pharmaceuticals, or dyes. This association can be grouped as a life cycle
assessment (LCA) tool [103]. Once the wastewater has been cleaned, we can reuse
the biomass, or employ it in the production of the several valued products shown
in Figure 3.6, which will indeed reduce the overall operational cost of the process.
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The whole process for wastewater treatment using microalgae is condensed below
(Figure 3.6) [104]. Sometimes the microalgae can replace aerobic treatment.
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Example of a wastewater treatment process using microalgae

The most used species of microalgae for wastewater treatment are Chlorella sp.,

Arthrospira sp., Scenedesmus sp., and Nannochloropsis sp.,

their resistance to

growth in bacteria consortia at the stressing conditions existing in a wastewater

treatment photobioreactor [10].

3.2.3 Biosorbent capacities

Analog to bacteria, the biosorbent potential of microalgae is due to its membrane
and cell wall, as there will be a multitude of functional groups that will interact

with heavy metals.

Although the exact
composition of the wall and
the bilayer may vary among
microalgae (brown, green,
red), an example of a brown
type is shown in Figure 3.7,
in order to see the differences
concerning bacteria [56].
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3.2.4
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As stated earlier for bacteria, both living and non-living microalgae can be used.
However, if additional products such as proteins, lipids, or starch are wanted to be
obtained, then the non-living option gets depleted (as the process will be less
effective).

They do not have a high surface-to-volume ratio as bacteria. Nevertheless, it is
large enough to allow high removal efficiencies, together with its selectivity
towards a wide range of heavy metals. Moreover, living microalgae can tolerate
heavy metals easily [105].

Besides their outstanding removal capacities and their eco-friendly behavior, the
use of microalgae is a robust and straightforward process, which has no toxicity
hinders, has a fast growth rate, and can produce value-added products [11].

Heavy metal retention mechanisms

Like every living organism, microalgae need metals such as B, Co, Cu, Fe, or Zn,
which play a role in many enzymatic and metabolic processes. Nevertheless, at
high concentrations, they can be harmful. Microalgae have strategies of self-
protection against their toxicity, such as gene regulation, metal immobilization,
redox enzymes, or chelation/precipitation of metals. The cell wall of microalgae is
negatively charged, and along its surface, many reactive groups are placed, with
active binding sites that can interact with the metals present in the medium.

lon-exchange is meant to be the dominant mechanism, followed by complexation
and microprecipitation. One of the differences with respect to HMs retention by
bacteria is that heavy metals get encapsulated into vacuoles once they entered the
inside of the cell. Figure 3.8 shows the mechanisms that apply to microalgae
bioremediation [11], [57].
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Metal retention mechanisms occurring in the microalgae cell.
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3.2.5 Factors affecting microalgae biosorption

Besides metal-microalgal interaction, biotic and abiotic parameters directly affect
the removal of heavy metals by microalgae biomass [17], [105].

3.2.5.1 Biotic factors

Size and life stages: The size strongly affects the biochemical
composition, the metabolism, and the growth of the microalgae. For
instance, smaller microalgae performed photosynthesis with a higher
yield, together with fast growth rates. If the population size of the
microalgae increases, there will be better removal capacities. As
mentioned before, a smaller size also provides a higher surface-to-volume
ratio, which benefits the process of metal biosorption.

Species: Each microalgae species has a slightly different cell wall
composition, and having more content of some proteins may be crucial to
more efficient removal of certain heavy metals. Related to this is the
tolerance of the microalgae to the presence of toxic elements, which will
vary amongst the species and the genus.

Biomass concentration: Like in bacteria, a moderate increase in biomass
concentration can lead to a higher removal capacity (more active sites),
but if higher biomass concentrations are used, lower retention capacities
could be obtained.

3.2.5.2 Abiotic factors

UniversidaddeValladolid

pH: It is one of the most critical parameters affecting metal biosorption
because it affects both the metal chemistry in water, and the binding sites
of the microalgae. When pH is low, functional groups remain protonated
(hindering positively charged cations from binding due to repulsive
forces). As pH increases, more ligands (carboxyl, phosphate, amino, or
imidazole groups) will become deprotonated, acquiring a negative charge,
and allowing metal cation to bind. Studies [106], [107] suggest that zero-
point charge was found at pH 3.0 for the algal biomass, so above 3.0, the
algal cells would have a net negative charge. Depending on the functional
group, the pH range within which it is deprotonated changes. For
example, carboxyl groups predominate at pH 2-5. Thus, higher pH results
in the facilitation of metal uptake since the cell surface are more
negatively charged, while at higher pH levels, precipitation of most metals
tends to occur. Hence, it is necessary to determine the optimal pH for
algae—metal interactions. The influence of pH on metal accumulation by
algae is quite species-specific, and it also highly depends on the metal
species involved.
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lonic strength: When ionic strength increases, the active sites for the
heavy metals are reduced, as there will be competition with other cations.

Salinity and hardness: To some extent, it is related to ionic strength and
pH. Generally, higher salinity and hardness values are traduced in a
reduction of heavy metal toxicity (so lower removal capacities are
reported), because there are more competing ions for the active sites.

Contact time: Generally, an increase in contact time enhance the
biosorption efficiency. At 180 min, equilibrium is usually reached,
although the optimum value may vary among species.

Temperature: Higher temperatures promote the solubility of metal ions,
decreasing the biosorption. Nonetheless, the binding can be endothermic
or exothermic, so there will be an optimal temperature for each metal and
species. However, studies available about the effect of temperature upon
metal biosorption by microalgae are not entirely consistent. Usually, a
temperature range between 25-35°C is recommended.

Multimetal interaction: Real wastewaters usually contain a mixture of
metals: Cr, Ni, Cd, Hg, Na, K, and many others. Biosorption of metals is
usually inhibited by the presence of other metals in solution, due to
competitive interactions. Moreover, as we could be dealing with living
biomass, it is not the same for them to consider a special harmful effect or
combined toxic effects owed to several heavy metals. There are few
reports on combined effects, although it could be said that the preferential
binding is related to the relative strength of the interaction between types
of metal ions and the types of biomass (a metal cation with higher charge-
to-radius ratio will be more prone to bind than other with lower ratio).

Initial metal concentration: Like in bacteria, the total amount of metal
removed will depend on the initial concentration added. According to the
adsorption isotherms, there will also be a maximum sorption level, so
further increases in initial metal concentrations will not provide higher
removal capacities if that limit is surpassed.

Biomass pretreatment: Although biomass itself can bind metals, we can
enhance the metal biosorption by using reactants that change the
biorsorbent surface significantly. Hence, the goal is to facilitate contact
between metal and active sites or to create new binding points. The most
frequent pretreatment agents are:

(i) CaCly, it is the most economical method.

(if) NaOH, which increases electrostatic attraction to metal cations.

(iii) HCI, it displaces light metals by protons, and can also dissolve
polysaccharide compounds of the wall, creating new binding sites.
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3.2.6 Review of microalgae used for heavy metal removal

Similarly, as we did for bacteria, a revision of the literature on Cu and Zn removal
using microalgae has been carried out.

Table 3.4

Table with microalgae species, adsorption capacities, and percentages of removal for zinc.

a: Strange results, with all the data, the %R results in a value higher than 100, which is not possible.

Microalgae Ret Capacity | Removal | Reference
strain (mglg) (%) number
Chlorophyceae spp 88.00 [108]
Oscillatoria princeps 90.00 [109]
Chlorella vulgaris® 714.94 [110]
Chlorella pyrenoidosa 78.00 [111]
Chlamydomonas reinhardtii 55.00 [112]
Tetraselmis marina AC16-MESO 92.00 [113]
Heterochlorella sp. MAS3 43.00 [114]
Sargassum sp 1.14 ~90 [115]
Cladophora fascicularis 94.05 [116]
Dead Spirulina sp 389.0 [117]
e ey | | e |
Chlorella vulgaris 64.70

Scenedesmus spinosus 55.00 —
Chlorella pyrenoidosa 3.25 83.14 [120]

On the next page, the table for zinc results is shown (Table 3.5).
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Table 3.5

Table with microalgae species, adsorption capacities, and percentages of removal for zinc.

Microalgae Ret Capacity | Removal | Reference
strain (mg/g) (%) number
Chlorophyceae spp 91.90 [108]
Scenedesmus obliquus 836.50 [121]
Scenedesmus obliqus 80.00 [111]
Desmodesmus sp. MAS1 68.00 [114]
Sargassum sp 0.81 ~ 90 [115]
Desmodesmus pleiomorphus 360.00 [122]
Chlorella minutissima UTEX2341 123.46 ~ 96 [118]
Scenedesmus obliquus 6.67
[123]
Scenedesmus quadricauda 5.03
Chlorella vulgaris 105.29 [124]
Chlorella vulgaris 11.90 72.60 [125]

Nevertheless, for large-scale applications, pure microalgae, as described above, are
not usually used. Nowadays, there is an increasing interest in using swine or
wastewater (with some nutrients and metal) in order to remove the pollutants,
providing at the same nutrients for growth. The occurrence of bacteria is such
substrates that lead to the formation of microalgae- bacteria consortia.

The next table shows the most useful experimental conditions for the biosorption
of Cu(Il) and Zn(I1) with microalgae (Table 3.6).
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Compared to bacteria, sometimes microalgae are more interesting because it has higher growth rates, and low nutrient content is needed.
Additionally, in contrast to bacteria or fungi, it does not generate toxic substances.

Table 3.6

Best experiments (with their conditions) found in the literature, for the removal of Cu and Zn, using microalgal biosorbent.

UniversidaddeValladolid
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H Initial Biomass | Agitation Max
Megg Microalgae strain pH | Concentration | concentration rate Temperature | Time | Uptake | Removal | Reference
mg/L g/L rpm °C h mg/g %
Cu (1) Oscillatoria princeps 4.0 10.00 10.0 200 25 4 0.10 90.00 [109]
Cu (1) Chlorella pyrenoidosa 2.0 --- 96 78 [111]
Cu (1) Tetraselmis marina AC16-MESO 5.00 20.0 72 92.00 [113]
Cu (Il Chlorella pyrenoidosa 6.3 5.00 1.28 250 28 12 3.25 83.14 [120]
Zn (1) Scenedesmus obliqus E;(())/ 75.00 0.02 25 24 | 836.50 [121]
Zn (1) Scenedesmus obliqus - 48 80 [111]
Zn (1) Chlorella vulgaris 6.0 30-300 0.4 150 5 105.29 [124]
Zn (1) Desmodesmus sp. MAS1 35 20.00 100 23 68.00 [114]
Zn (1) 5.0 1 1.14 ~90
Sargassum sp [115]
Cu (I1) 5.5 0.81 =90
Zn () 6.0 123.46 ~ 96
Chlorella minutissima UTEX2341 4.0 140 28 3 [118]
Cu (11 4.0 16.16 ~ 98
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3.3

3.3.1
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Microalgae-Bacteria consortia as biosorbents

Algae form a large group of eukaryotes, which is one of the primary producers in the
food web. However, in nature, they are not found alone; in most of the cases, they
enlist with other microorganisms in a symbiotic relationship. Symbiosis is defined as
“living together”, and it can be harmful or beneficial [126].

In the following sections, the microalgae-bacteria consortia will be defined, along
with their inner interactions, mechanisms, and advantages concerning pure cultures.

What are microalgae-bacteria consortia?

It is well known that algae emerged from the association of a prokaryote
(cyanobacteria) with a eukaryote. Via endocytosis, the photosystems the
cyanobacteria possessed were retained by the new cell, although it followed
different evolutionary lineages, leading to the actual red, green algae, and
glaucophytes. Hence, photosynthetic eukaryotes born [127].

As microalgae are cells bigger than bacteria, it is usually considered that bacteria
get attached to microalgae via extracellular polymeric substances (a mixture of
polymers) that the microalgae produced, which is responsible for keeping the
microorganisms together. This process of consortia formation takes place on a
solid substrate, and when the growth reaches a stationary state (no more biomass is
created), then it gets detached spontaneously, obtaining the consortia biomass free
to use. Figure 3.9 exemplifies the process accurately [128].

(a) (b) (c) (d)
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Figure 3.9

Microalgae-bacteria consortia formation:

a) Microalgae is attached to the solid substrate.

b) Bacteria adhere to microalgae.

c) Growth of the consortia with nutrients (N and P).
d) Detached biomass from the substrate.

As we have seen, there is incredibly high biodiversity within the microalgae and
the bacteria, so their consortia will be even more complicated, and their
interactions will not be easy to study and understand.
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Why microalgae-bacteria consortiums?

Microalgae and bacteria both remove nutrients and pollutants from the medium in
which they are. However, they have several disadvantages: expensive biomass
harvesting, insufficient biomass productivity, or energy-intensive extraction. The
consortiums aid to overcome these issues by using symbiotic interactions between
microalgae and bacteria, which may spur the growth and will enhance the removal
efficiencies [129].

Polycultures are based in a mix of different microorganisms, and they can be
advantageous for nutrient and pollutant removal, as they combine different
metabolic activities. Additionally, they adapt themselves more easily to
environmental conditions, allowing them to create a robust system. Generally,
cooperative interactions are established between the microorganisms, which
facilitates this process, together with better removal efficiency [130]. Furthermore,
microalgae are more sensitive than bacteria towards specific compounds, which
include heavy metals that can be found in all environmental compartments.
However, when being part of a consortium, the strength, and tolerance of the
system increases [131].

Despite the advantages consortiums offer, most studies have focused on pure
cultures, so there is little information about the interaction mechanisms,
physiology, or diversity, which in part explains why this methodology has not been
employed at an industrial level. Nevertheless, the use of pure cultures is not
practical for large-scale applications yet, as it is challenging to maintain and keep
the optimal sorption capacity, given the different environmental conditions they
may encounter. Alternatively, consortiums emerge as an ideal solution [132].

Needless to say, the capacity of microalgae-bacteria as biosorbent is given by the
capacities of its constituents. Bacteria and microalgae have their retention
mechanisms, so the mixture of them will also have those properties, and the
mechanisms will be the same we have talked about previously, mainly biosorption
and bioaccumulation. Under the interactions between them, the system will have
more chances to prosper (Figure 3.10) [133].
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Figure 3.10
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A simplified view of how bacteria and microalgae interact and the applications of the resulting biomass.
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3.3.3
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Microalgae-bacteria interactions

The high biodiversity in the consortium leads to complex interactions between and
within the microalgae and bacteria. Depending on how the relationship is, there
can be three different types of associations from an ecological point of view.
Moreover, evidence suggests that the interactions are species-specific [127]-[129],
[134]:

A. Mutualism: Each microorganism provides some essential molecules or
stimulus to the other, so they get a net benefit from the interaction.
Microalgae provide O, and organic nutrients, while bacteria give inorganic
N, P, vitamins...For example, bacteria are known to supply Vitamin B> to
algae, in exchange for fixed carbon. Additionally, microalgae provide
organic carbon to bacteria and use the CO> for the photosynthesis, which
triggers an enhanced growth.

B. Commensalism: One microorganism benefits from the other, but without
damaging nor helping the other. It is very similar to mutualism; in fact,
studies relate one or the other depending on the environmental conditions
in which the consortium is.

C. Parasitism: In this case, one microorganism harms the other by releasing
harmful substances. Many bacteria have an algicidal effect, as well as some
microalgae, excrete some bactericide substances.

The main interactions are mutualism and parasitism, and commensalism is not as
well study as it is far less common. A summary with the primary interactions an
modes of interactions is shown in Figure 3.11:

(a) (b)

Light

Organic C (protein, carbohydrates), O Antibacterial metabolites, inhibition of QS

s

Cco

e \/ \/

Inorganic C, N, P, vitamins, auxins, minerals Antibiotics, algicidal metabolites

Figure 3.11

Representation of mutualistic or cooperative (a) and parasitic or competitive (b) interactions between bacteria
and microalgae.
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Together with nutrients exchange, there are more complex interactions, such as
gene transfer, or cell to cell communication via specific substances and receptors
such as phytohormones, or the indole acetic acid (which in the case of a marine
algae, is sent by bacteria in exchange for organosulfur compounds). Despite being
ecologically significant, antagonistic interactions are hidden by the overall
beneficial effect of the microalgae-bacteria relationship.

Nevertheless, there are not only interactions between the microorganisms, but also
between the consortium and the environment. Solar irradiance, temperature, pH,
salinity, or nutrient disposal greatly influences the microalgae-bacteria consortia
relationship.

3.3.4 Applications to wastewater treatment and limitations

Microalgae-bacteria consortiums are effective in nutrient and pollutants removal.
They inherently have other associated advantages for wastewater treatment, such
as the reduction of the cost related to oxygenation or the reduction of the
greenhouse gases, as the CO2 or CH4 can be metabolized.

There has been little research in microalgal-bacterial consortia for heavy metals
removal. The first step must be to choose appropriately the microorganisms that
are going to form the consortia, as the interaction between them will condition the
uptake capacities. Then, it could be interesting to carry out studies involving
biotechnology or genetic engineering, in order to improve the characteristics of the
initial system, such as keeping homeostasis in the long run, or the maintenance of
the effectiveness of the consortia in time.

Most of the studies related to microalgae-bacteria consortiums have been
performed in laboratory scale units, so they may not be representative of real
situations. Hence, further advances must be carried out, such as:

e Study of the effect of environmental conditions.

e Outdoor, or in situ experiments.

e Deep understanding of the microalga-bacteria interactions.

e Design of mathematical models describing the behavior of these consortia,
which will help in the scale-up of the process.

In brief, consortiums combine microorganisms with different metabolic capacities,
distinct metal-binding ability, and different affinities towards nutrients. In order to
apply them successfully, a profound understanding of their whole complexity must
be reached. If finally, this approach overcomes the drawbacks nowadays has, it can
be the best treatment for bioremediation.
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3.3.5 Review of microalgae-bacteria consortia used for heavy metal removal

The literature regarding microalgae-bacteria consortia for heavy metal removal is scarce. Nevertheless, there is more information about

consortiums applied to nutrient removal [135]. Table 3.7 compile the experiments found:

Table 3.7

Best experiments (with their conditions) found in the literature, for the removal of Cu and Zn, using microalgal-bacteria consortia as biosorbent.

Universidad deValladolid

WASTEWATER USING MICROALGAE, BACTERIA, AND THEIR CONSORTIA

H Initial Biomass | Agitation Max
Me;\;)ll Microalgae and Bacteria strains | pH | Concentration | concentration| rate Temperature | Time | Uptake | Removal | Reference
mg/L g/L rpm hE h mg/g %
Algae and bacteria from wastewater -
Cu (I treatment plant (biomass) 4.0 <100.0 0.4 0.33 | 18.36 ~ 80.0 [136]
cu iy | CMorellasorokintana and Ralstonia | 5 20.0 1.2 150 26 40 | 85 51.0 [137]
Sulfate-reducing bacteria-microalgae
Cu (1) (many types of microalgae and bacteria) 55 100.0 - - - 24 45.28 > 98 [138]
Enterobacter sp. AMDO1 and Chlorella
Cu(ll sp (sequential process) - 84.6 - - - 24 98.9 [139]
PRB-AB system (mixture of several
Zn (1) bacteria with Chollera Vulgaris) 8.5 o T o T 98.0 [140]
Zn (1) 0.01 90.0
Stichococcus and blue-green --- --- --- [141]
Cu (I Phormidium algae - 0.04 --- 62.0
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4 METHODOLOGY AND MATERIALS

4.1
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Experimental design

The design of experiments (DoE) is a statistical approach that allows us to determine
if specific factors have a significant influence on a process response (Figure 4.1). A
factor can be changed independently from the other factors, and every factor is
assayed at different values (factor levels) to investigate their effect on the response.
The ultimate purpose of an experimental design is to find the suitable combination of
levels of the control factors that maximize or minimize the response, or that keep it at
a given (nominal) value, using the fewer number of experiments to get the maximum
information about the process.

Dt

Figure 4.1
A simplified diagram of how factors influence the process and the response.

The fundamentals of DoE rely on the analysis of variance (ANOVA), which in short
is a hypothesis test based on the F-test (comparison of variances). With ANOVA, we
study how controllable factors influence the variability of the response, if this
variability is higher than the random variability inherent to the experimentation
caused by uncontrollable factors affecting the process, then we will say that the
factor affects the response [142]-[144].

The stages of DoE are:

1. Select the output variables to be optimized. In this study, the retention
capacity of the biomass towards metal ions Cu(ll) and Zn (I1) (mg metal per g
of biosorbent) is the parameter to be maximized, as the objective is to remove
these elements from wastewater.

2. Once the output variable is chosen, we must determine the potential
influencing factors -that can be controlled and tuned- along with their levels
and establish the combinations among factors to be assayed. According to the
literature review made, six different factors were considered, two factors at
three levels (the type of biomass, and the initial metal concentration in the
solution to be treated), and four factors at two levels (organic carbon,
included as pentone; inorganic carbon, added as CO; light, and contact time).
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In real wastewater samples, the metal concentration would be a noise factor,
as it is impossible to know precisely its amount. However, in this design, the
initial concentration of each metal is known. Control factors are displayed in
Table 4.1:

Table 4.1

Control factors and their levels assayed. In biomass factor, A represents pure
microalgae, S the activated sludge, and P microalgae-bacteria consortium grown in
piggery wastewater (pig slurry).

Level

Control Factors Symbol -1 0 1

Biomass B A S P

Organic Matter/mg peptone PEI L solution om 0 - 80
Light L No Yes

Time /h T 1 --- 72

co,/mlL Ic 0 20

Concentration Cu** -Zn** /mg-L ™ c 15 - 40 60-70 | 100-100

The election of the three biomasses is supported by the information given in
Chapter 3: they are the most common biomasses used for metal remediation.

Organic matter is very frequently present in wastewater. The levels chosen
were absence and presence. The absence of OM could negatively influence
the capacity of microorganisms to survive and grow, and therefore to cope
with heavy metals. Organic matter was added as pectone, a water-soluble
mixture of polypeptides and amino acids formed by the partial hydrolysis of
protein, which can be used by microorganisms as a source of carbon to grow.
The value was selected according to literature [145].

Microalgae need light to subsist. The levels used for this factor were: No
(ambient light in the laboratory), and Yes (high-intensity light supplied with
LED lamps in cycles on-off of 12 h).

The contact time affects the capacity of the microorganism to uptake metals.
Terse times can be insufficient to remove the metals effectively, whereas too
long times can lead to toxic effects on the organisms. Levels of 1 hour are
usually sufficient for significant uptake of heavy metals. The level of 3 days
was selected as it is the average stay time of microalgae in a photobioreactor
for piggery wastewater treatment.

Microalgae use carbon dioxide as a source of carbon. The availability of
abundant CO, may improve the growth and resistance of microalgae against
high concentrations of toxic elements. The two levels assayed were no supply
or supply of extra COa.

Copper and zinc are the major heavy metals always present in pig manure,
and therefore the factor metal was assayed mixing both elements.
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4.2
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The concentration range was selected based on the composition of the liquid
fraction of pig manure reported by the American Society of Agricultural
Engineers [146].

Taking all the factors into account, a full factorial design was selected in
order to have sufficient degrees of freedom to investigate not only the main
factors but also their possible interactions. Only first-order interactions will
be considered as higher-order interactions are not very likely to happen, and
thus they will be neglected in this work. The total number of experiments
required in a full factorial design of two factors at three levels and four
factors at two levels is 32 x 2* = 144 experiments. Due to the high number
of experiments, no replications were made. All the combinations of the factor
levels are displayed in Table A.1, Table A.2, and Table A.3, in the Appendix.

3. Select in which order the experimentation is going to be performed. By using
a random design, the influence of uncontrolled factors will be reduced.
However, this approach is more time-consuming. An intermediate technique
called random-blocks is used in order to optimize laboratory time. In our
case, we made blocks by biomass type in order to use homogeneous material
from the same batch, and sub-blocks by the factor OM.

4. Finally, the results of the experiments are interpreted using Analysis of
Variance, ANOVA, employing the Yates's algorithm to compute the
estimates of main effects and the interactions [142]. A significance level of
5% was selected, so significant effects were considered those with a p-value
below 0.05. Statistical calculations were performed using Statgraphics
Centurion 18 (Statgraphics Technologies, USA).

Biomass characterization

Biomass A (pure microalgae strain of Scenedesmus Almeriensis) was grown in a
photoreactor fed with a synthetic solution of nutrients (fertilizer). Biomass P
(microalgae-bacteria consortium with Scenedesmus Almeriensis as major microalgae
specie) was harvested from a photobioreactor for pig manure wastewater treatment.
Both microalgae biomasses were kindly provided by the University of Almeria
(Spain). Biomass S was the activated sludge collected from a biological wastewater
treatment plant, mainly formed by bacteria. The biomasses were stored in the dark at
4°C for quality assurance purposes, mainly to ensure a constant composition for
every 48 experiments.

It is essential to know how much water the biomass contains to calculate the
retention capacity accurately. Other parameters of the biomass such as volatile solids
(a measurement of the total organic matter), and the lipid and protein contents were
determined. All measurements were done in duplicate

TITLE COURSE
FACTORS INFLUENCING THE BIOREMOVAL OF COPPER AND ZINC FROM 2019 - 2020
WASTEWATER USING MICROALGAE, BACTERIA, AND THEIR CONSORTIA

PAGE
75



4.2.1

4.2.2
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Moisture and volatile solids analysis

The moisture content (or the dry weight) is calculated by drying a weighed amount
of fresh biomass of 1 g at 50 °C until constant weight:

m .
Moisture (%) = 100 — %Dry Weight = 100 - (1 _ Mpry Blomass)

My et biomass

For the calculations, it is more straightforward to use and calculate the %Dry
Weight (or total solids), as it directly gives the dry biomass used.

The dried mass (around 0.5g) was transferred to a porcelain crucible and
calcinated in a muffle furnace at 550 °C for 24 h, and the ashes cooled and
weighed. The mass loss, expressed as volatile solids, VS, is a measure of the
organic matter in the sample.

Mpry biomass — Mashes

VS (%) = 100

mDry biomass

Analysis of lipids

The Bligh and Dyer method was employed (as it was the one that was optimized
in the research group).

100 mg of a lyophilized sample is weighed in a glass tube and mixed with Al,O3
in a 1:1 ratio. The mixture is ground manually for 15 minutes.

Then 2 mL of chloroform:methanol 2:1 are added, the tube was shaken to mix
and centrifuged 3 min at 7800 rpm. The liquid phase is transferred to a Falcon
tube. The extraction step is repeated up to five times with 1 mL of
chloroform:methanol solution, collecting the liquid fractions until the supernatant
is clear, and the precipitate turns whitish (pigments are also extracted).

Next, 3 mL of 0.1 M HCI and 0.3 mL of 0.5 % MgCl, are added to the tube
containing the extract to separate proteins. After mixing and centrifugation in the
same conditions as referred before, three phases are obtained: an aqueous phase
on top, the precipitated proteins at the bottom and a lipidic intermediate layer that
is recovered with a Pasteur glass pipette and transferred to a dry pre-weighed
glass tube.

The lipidic layer is then dried by evaporating the solvents at room temperature, or
applying gentle heat, in a fume hood, until constant weight.
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The content of total lipids is calculated as follows:

Myipids .100

Lipids (%) =

mLyophilized biomass

4.2.3 Analysis of proteins

4.3
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The content of proteins was related to the organic N content of the samples, using
a conversion factor of f = 6.25. Organic N was determined by the Kjeldahl
method as it is detailed below:

An aliquot of 0.1-0.2 of dry biomass is accurately weighed on a filter paper. The
paper is wrapped like a little ball, and placed inside a digestion tube, together
with a dielectric piece, 6 mL of 96% H.SOs and one tablet of the Kjeldahl
catalyst. The tubes are placed in the digestor, assembling the fume collector, and
establishing a heating program with three stages: 20 min ramp-up to 150°C, other
20 min up to 270°C, and finally 1 h at 370°. Once finished, solutions are allowed
to cool down to room temperature.

The digests are then distilled with 6 M NaOH. The distilled ammonia is collected
into an Erlenmeyer flask containing an excess of the orthoboric acid solution and
an indicator (a mixture of methyl red and methylene blue), where ammonia reacts
to give a stoichiometric amount of borate ions (the solution turns green) that are
titrated with a standard solution of sulphuric acid (the solution turns purple at the
endpoint). The equations relating the percentage of nitrogen in the sample with
the mol of titrating solution spent are shown below:

mmol NH;(distilled) = mmol N = mmol H;0* = 2 mmol H,S0,

Proteins (%) = 6.25 2 mmol H,50, - 14.007
roteins (/o) = o. . .
1000 - Mpry sample(g)

Reagents

All the chemicals employen in this study were analytical grade (Sigma Aldrich,
Germany). Plastic and glass containers were washed in dilute HNO3 (10% v/v) for
24 hours and rinsed three times with Mili-Q water (R>18 MQ cm) before use.

The metal ions studied were introduced as CuCl,-2H,0 and ZnCl,.

The culture growth medium used was Bristol, whose composition is displayed in

Table 4.2:
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4.4
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Table 4.2

Different reagents and concentrations of the Bristol medium.

Compound Concentration / M
NaNO; 0.30
CaCl,:2H,0 0.02
MgS0,-7H,0 0.03
K,HPO, 0.04
KH,PO, 0.13
NacCl 0.04

The Bristol medium was not a single bottle, as there could be precipitation issues, six
different bottles for each salt were prepared in that specific concentration.

Analytical procedure for multimetallic biosorption
experiments

The 144 experiments consisting of all possible combinations of the factor levels were
carried out as follows:

Around 1gof A, S, or P fresh biomass is weighed and placed into a glass bottle of
500 mL, the actual weight depending on the moisture percentage, to achieve a final
biomass concentration between 0.5 and 1 g of dry biomass/L.

200 mL of the bimetallic solution containing the desired concentration of Cu(ll)
Zn(11), and the Bristol medium (the final concentration of each salt must be 10
mg/L) is introduced into the bottle together with a magnetic stir bar. For the
experiments containing organic matter, 16 mg of peptone are added to obtain a
concentration of 80 mg/L.

The pH is one of the most critical parameters in the biosorption experiments, it
must be kept between 5.5 and 8.0, for the reasons studied in Sections 1.2.2, 3.1.4,
and 3.2.5 [147]. Due to ionic-exchange reactions, the pH could vary during the
experiments, so we must ensure that it is within that interval. The initial pH for the
three biomasses was below 7.0 at the three metal concentration levels. The
microalgae-bacteria biomass (P) was the most acidic one. The pH was adjusted to
6-7 with 0.1 M NaOH. When inorganic carbon is required, 20 mL of CO; is
injected with a syringe through the septum, the addition of CO> did not show a
significant decrease in the pH. Bottles are covered with a septum. The suspensions
are then stirred with or without LED light (at 1000 pE-m2s?, and 12:12 h
photoperiod) during the desired time (1 or 72 hours).
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The suspensions pH stayed stable after 72 h (pH 6-7) for biomasses P, S, but it
rose to 8-9 for the pure microalgae biomass. This pH increase could be due to
photosynthetic reactions, as CO is consumed and there is not bacterial activity
(and CO2 production) in experiments with biomass A.

When the contact time is completed, the stirring is stopped, and the bottles are left
to stand and settle. The supernatant and the solid phase are then separated through
a decantation process, and the solid transferred to a 50 mL Falcon tube, which is
centrifuged at 4500 rpm for 7 min.

The supernatant is removed, and the biomass washed 2-3 times with Milli-Q water
in order to remove the remaining solution containing metals. The washing liquid is
removed after centrifugation as before (we check that metals did not remain in that
washing liquid by analyzing several samples via ICP-OES).

Then, the Falcon tube with the biomass is taken to an oven at 50°C for two days, to
eliminate the water embedded in the solid. Dry biomass was weighed to know the
biomass growth during the 72 h experiments . Biomass growth does not affect the
uptake capacity as it is expressed in mg metal per g of biomas, but this information
IS necessary in order to estimate the percentage of metal removal from solutions.

Once the residual biomass is dry, a portion of around 0.1 g is weighed into a PTFE
vessel, together with 5 mL of 68% HNOz. The mixture is heated in a microwave
oven at a constant rate from room temperature up to 180 °C for 10 min, and then
for 20 minutes at 180 °C.

After digestion, the resulting solution is transferred to a volumetric flask (50-100
mL, depending on the concentration level) and filled with Milli-Q water. The
concentration of the resulting solutions containing the biosorbed metals copper and
zinc are finally determined by inductively coupled plasma — optical emission
spectrometry using a Varian 725-ES ICP-OES instrument. The instrument was
calibrated with copper and zinc standards prepared by dilution in 3% nitric acid.
Plasma gas and auxiliary gas flows of 15.0 L Ar/min and 1.5 L Ar/min were used,
respectively, and the plasma potency was 1.3 kW. Nebulizer pressure was 180 kPa
and washing time, 10 s.

The characteristic wavelengths for copper and zinc, according to UNE-EN ISO
11885, are shown in Table 4.3. For this work, we have used the 202.548 nm
wavelength for Zn, while for Cu was the 324.754 nm wavelength. Despite the
small spectral interference that copper may originate in the line of Zn, this
wavelength was chosen due to its high intensity, compared to the one at 206.200
nm.
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Table 4.3

Most used lines (and their metal interferences) for Cu, and Zn.

Element | Wavelength /nm | Interferent elements
Cu 324.754 Cr, Fe, Mo, Ti
327.396 Co, Ti
202.548 Cr, Cu, Co, Ni
Zn 206.200 Cr
213.857 Cu, Fe, Ni

With the concentration obtained in the ICP-OES, the volume of the flask used, and
the dry biomass weighed the retention capacity (q) is calculated following the
equation below:

m
(mg metal i) ¢ (Tg) *Vriask (ML)
i -

g biomass Mpry Biomass * 1000

Figure 4.2 presents the typical set up used for the experimentation method explained
above:

Figure 4.2

Microalgae biomass (pure Scenedesmus almeriensis)
subjected to light conditions.
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5 RESULTS AND DISCUSSION

5.1

5.2

Universidad deValladolid

Biomass composition

Table 5.1 displays the average results (n = 2) of the compositional parameters
measured in the three types of biomass investigated in this work.

Table 5.1

Average results (n=2) of compositional parameters of the three different biomasses. The uncertainty of each
value is given by * the standard deviation (s).

A is the pure microalgae, S the activated sludge, and P the microalgae-bacteria consortia cultivated in pig slurry.

A S P
Moisture / % 85.17+£0.23 98.03 £0.01 84.85+0.14
Volatile Solids / % 75.0+0.9 56.26 £0.26 65.1+1.7
Lipids / % 9.1% 46201 85+1.4
Proteins / % 389+28 33.2+0.7 421+1.1

The water content of fresh biomasses ranged from 84.8 % (biomass from pig slurry
treatment) to 98.0 % (active sludge). The value of moisture for pure microalgae is
very similar to the one found in biomass grown in pig slurry.

The volatile solids results are referred to the dry biomass. From the results of total
and volatile solids, the organic matter contents can be derived. As volatile solids and
organic matter content are closely related, the activated sludge is the biomass with
the lowest amount of organic matter.

The results of lipids' contents show that P and A biomasses have a very similar
lipidic composition. For the pure microalgae (*) there is no uncertainty estimation as
only one replicate measurement could be made. The activated sludge has a
significantly lower lipid content, which is reasonable as the bilayer composition of
microalgae is richer in lipids.

Concerning the protein content, it was found that the activated sludge has the lowest
amount, which is feasible as eukaryotic cells usually have more proteins.

Multimetallic biosorption experiments

The combination of factor levels of the 144 experiments, and the results of the
retention capacity of copper and zinc, are displayed in Table A.1, Table A.2, and
Table A.3 of the Appendix. Furthermore, the results of biomass growth (for the 72-
hour experiments) are also shown in Table A.4 of the Appendix.

In the following sections, the statistical analysis of the results will be performed.
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5.2.1

Biomass growth experiments

It is expected that metal concentration affects to different extent the growth
capacity of bacteria and microalgae as copper and zinc are essential elements.
However, they can become toxic if the concentration exceeds a specific limit,
which depends on the organism.

Growth percentages above 100% indicate an increase in the amount of biomass in
the bottle and, therefore, the growth of the microorganisms during the 72 h
experiments. On the contrary, results below 100% are due to loss of biomass,
related to an insufficient or excessive amount of metals in solution. Other factors
(pH, nutrients availability, light) could also be influencing biomass development
and survival. These effects were investigated using analysis of variance.

5.2.1.1 One-Way ANOVA

Universidad deValladolid

For the three biomasses, one-way ANOVA was carried out in order to determine
whether the metal concentration significantly affects the growth of the
microorganisms and to identify the concentration yielding maximum biomass

production.

The factor will be significant if the p-value obtained is lower than the significant
level chosen, in our case, 0.05. Table 5.2 collects the p-values for the effect of
metal concentration factor on the growth of the three biomasses investigated. Full

ANOVA tables are displayed in the Appendix, Tables A.6-A.8.

Table 5.2

p-values for the effect of metal concentration on each biomass growth.. The values in red indicate that the

factor is significant.

S

] p-value 0.0000

0.0000

0.0000

The factor metal concentration significantly affected the growth of the three types
of biomass (p-values < 0.05), which means that at least one concentration level
yields a significantly different growth.

The least significant difference (LSD) test (see Tables A.9-A.11 in the Appendix)
in combination with the box-and-whisker plot allowed to identify the factor level
providing optimal biomass growth.

The LSD test compares the absolute difference between the mean responses of
two factor levels with a critical value calculated as:
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Where the MSr is the mean square of the residuals, and nj is the number of
replicates. If the experimental difference exceeds the critical value, then the
responses at those factor levels are significantly different.

Box-and-whisker plots show the median (blue line) and mean (red dot) values at
each metal concentration level; the length of the box and the whiskers provide
information on the shape (dispersion) of the distribution of the results.

Overlapping boxes indicate that there are no significant differences in the variable
at those factor levels.

Box-and-Whisker Plot
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Figure 5.1

Box-and-Whisker plot for the pure microalgae (A).

Box-and-Whisker Plot

Conc Level

" -
| -

78 88 98 108 118
“%Growth

Figure 5.2

Box-and-Whisker plot for the activated sludge (S).
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Figure 5.3

Box-and-Whisker plot for the biomass cultivated in pig slurry (P).
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Both statistical tools demonstrated that:

e Biomass A (cultivated with inorganic fertilizers in the absence of
bacteria), showed a relevant decrease of biomass amount in the solution
after three days for the lowest metal concentration (level -1), and only a
slight growth at the highest metal level (+1). However, the difference
between the higher two concentrations was no significant.

e In the case of biomass S (activated sludge), all the metal concentration
levels resulted in significant differences in biomass amount in solution
after three days. Growth was only observed at the higher metal
concentration used, level 1, whereas biomass loss was observed at the
lower concentrations.

e Biomass P (harvested from a photoreactor treating pig slurry), behaved
similarly to biomass A, the biomass amount in the solution decreased at
the lower metal concentration, level -1, and increased at the higher metal
concentrations. Only significant differences were found between the
lowest concentration, level -1, and levels 0 and 1.

e Biomass growth was obtained in all cases at the maximum metal
concentration assayed. The highest increase was observed for biomass P,
probably due to the symbiotic interaction.

5.2.1.2 Multifactor ANOVA

Universidad deValladolid

Multifactor ANOVA was performed to evaluate if other experimental factors
assayed (light intensity, presence of organic matter, OM) exert additional
influence on biomass growth and to verify if they interact with the metal
concentration factor.

The p-values derived from ANOVA calculations are gathered in Table 5.3. The
original tables are in the Appendix (Table A.12-A.14).

Table 5.3

p-values of experimental factors and their interactions for the three biomasses.

p-value
Factors A S P
Concentration 0.0006 0.0000 0.0000
(0l% 0.4068 0.0958 0.4565
Light 0.7331 0.1336 0.0000
Concentration-OM 0.9559 0.2812 0.2395
Concentration-Light 0.1641 0.7099 0.0095
OM-Light 0.2259 0.7922 0.4199
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Besides metal concentration, light intensity and its interaction with concentration
are significant, but only for biomass P (microalgae and bacteria consortia
cultivated in pig manure). The interaction is not very significant, but it indicates
that the biomass P grows better when only ambient light is provided, and the
concentration level is the highest. To demonstrate this, Figure 5.4 shows the
interaction plot between concentration and light:

Interaction Plot
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1 0 1
Concentration
Figure 5.4

Interaction plot between the factors light and concentration.

The blue line (ambient light) is always above the red line, which means that the
%Growth is always higher when no light is applied. However, growth increases
steadily with increasing concentration at the higher level of light, whereas at low
light exposure the average growth is similar at medium and maximum levels of
metal concentration. We expected that light was a significant factor for A and P
biomasses, as they both contain photosynthetic microalgae. Nonetheless, it
appears only to affect the growth of the pig slurry biomass. The activated sludge
is not affected by light, as it does not contain photosynthetic bacteria.

Finally, the ANOVA of the results of biomass growth percentage was repeated,
including the biomass type factor in the analysis to verify if the increase or loss of
biomass differs significantly between the three types of biosorbents when metal
concentration and other experimental factors vary.

Table 5.4

ANOVA table for multifactor analysis results.

Analysis of Variance for %Growth - Type lll Sums of Squares

Source Sum of Squares Df | Mean Square F-Ratio P-Value
MAIN EFFECTS
A'Biomass 3436,04 2 1718,02 48,95 0,0000
B:Concentration 9312,38 2 |4656,19 132,67 0,0000
C:OM 8,75014 1 8,75014 0,25 0,6197
D:Light 951,643 1 951,643 2711 0,0000
INTERACTIONS
AB 13045 - 326,125 9,29 0,0000
AC 60,4628 2 30,2314 0,86 0,4285
AD 1315,25 2 657,623 18,74 0,0000
BC 54,6511 2 |27.3256 0,78 0,4643
BD 148,448 2 (74224 21 0,1309
CD 466142 1 466142 0,13 0,7170
RESIDUAL 1825,03 52 |35,0967
TOTAL (CORRECTED) 184218 71
All F-ratios are based on the residual mean square error.
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To shed light on which factors and levels produce more growth, the Graphical
ANOVA for %Growth will help us (Figure 5.5). To the right, levels increasing
%Growth (positive residuals), and in the left levels that reduce
%Growth(negative residuals).

Graphical ANOVA for %Growth

Light 1 1 P = 0,0000
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Figure 5.5

Graphical ANOVA for %Growth.

The additional significant effect of biomass type was observed (p<<0.05),
indicating a different response of the three biosorbents to copper and zinc
concentration.

The ANOVA table, the LSD analysis for the biomass levels, and the Graphical
ANOVA for %Growth, demonstrated that:

e Metal concentration, biomass type, light intensity, and the interactions
Biomass-Light and Biomass-Concentration are significant.

e The LSD test results (Table A.15 of the Appendix) show that the activated
sludge and the pure microalgae have a comparable %Growth, while they
significantly differ from the pig slurry biomass, which shows higher
%Growth.

e Having no intense light, using the pig slurry biomass, and the highest
level concentration of metals, lead the maximum growth of biomass. Both
levels of the OM, along with the intermediate metal concentration level,
do not produce growth nor decay of the microorganisms
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5.2.2
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Metal retention capacity

In the following section, we will study how the factors influence heavy metal
retention capacity. Table 4.1 shows the different factor levels that are going to be
used from now on. It is worth to note that the retention capacity, expressed in mg
metal per g of dry biomass, does not depend on the growth of the biomass.

For the analysis, Pareto charts will be used. Pareto charts are a visual way to
express an ANOVA table, from which the effects that have a significant influence
will be derived. Pareto charts also indicate if the influence is positive or negative
towards the dependent variable (in our problem, the retention capacity).

An approach to start is with the global design of experiments, taking into account
all the factors (6 factors, 144 experiments). Tables A.1-A.3 in the Appendix show
all the combinations of control factors levels and the retention capacity values
obtained for each experiment. There will always be two Pareto charts, as we have
two response variables, the retention capacity of Cu and the retention capacity of
Zn. In the Pareto charts, the vertical blue lines account for the significance level,
a=0.05; if a factor surpasses that barrier is because its p-value is lower than 0.05

(thus, it is significant).

For the 144 experiments, the Pareto charts are shown in Figure 5.6 and Figure 5.7:

Standardized Pareto Chart for Ret Capacity Cu
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Figure 5.6

Pareto chart for the retention capacity of copper.
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Standardized Pareto Chart for Ret Capacity Zn
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Figure 5.7

Pareto chart for the retention capacity of zinc.

In order to simplify, the p-values of each factor (and the possible interactions) will
be displayed in tables. The cells in green will indicate that the effect has a
significant influence, and the sign inside the parenthesis will mark whether the
effect reduces (negative) or increases (positive) the retention capacity.

The p-values for the five factors assayed and the most relevant interactions are
collected in Table 5.5:

Table 5.5

Table of effects for both metals. The negative and positive, refers
the kind of influence the effect has on the response.

Cu Zn
Biomass 0.0000 (-) 0.0000 (-)
oM No No
Light No No
Time 0.0247 (-) 0.0040 (-)
EFFECTS co, No No
Concentration 0.0000 (+) 0.0000(+)
Biomass-Time 0.0147 (+) No
Biomass-Conc 0.0199 (-) No

No: Factor no significant (p-value > 0.05).

Attending to the results, it is clear that both copper and zinc retention capacities
are affected by the type of biomass used, the contact time with the metal solution,
and the initial concentration of the metal. Moreover, for copper interactions of
some factors with the biomass have resulted also slightly significant.
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The combination of factors that gives the optimum retention capacity is displayed
in Table 5.6, along with the maximum values of retention capacity for copper and
zinc obtained in those conditions:

Table 5.6

Optimum values for Cu?* and Zn?* removal.

Factors Level |Retention capacity Cu/ mg-g'1 Retention capacity Zn / mg-g'1
Concentration -1
om
Light
Time
co,
Concentration

93.95 103.99

INERK
Ll e e N

The polynomial functions that best fits the experimental values for copper and zinc
retention capacity were obtained by multivariate linear regression. Therefore,
coefficients for each factor will be provided, so if we tune the factor levels, we can
predict the retention capacity (gi) to be obtained.

Gcu =42.5—8.1-B+0.028-OM —1.46 - L —2.04-T —0.49 - IC + 27.8- C

qm =604—-111-B+052-O0M—-179-L—-394-T—-0.11-1C+253-C

In these equations B, OM, L, T, IC and C symbolize, respectively, the factors
biomass type, organic matter supplementation, light intensity, contact time,
inorganic carbon supplementation as CO; and Cu-Zn concentration. The
magnitude of the coefficient is related to the contribution of the factor to the
response, i.e., with the importance of the effect.

5.2.2.1 Effects of factors by time

Universidad deValladolid

As was seen in Section 5.2.1, the biomass grows during the 72-hour experiments,
at least for the high concentration experiments. Thus, the factor time could be
hiding other factor effects. For instance, OM or CO; can be depleted before the
72 hours. Therefore, to separate the effect of time from the others, we split the
full design into a smaller one, formed by the 72 experiments of one-hour duration
(assuming there is no significant biomass growth within that period).
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The p-values of the ANOVA are shown below (Table 5.7), and the full table with
all the factor level combinations at 1-hour time is shown in the Appendix (Table
A.5):

Table 5.7

ANOVA p-values for the factors effects of the 72 experiments of one hour.

EFFECTS
Biomass oM Light Co, Conc Biomass-Conc
Cu 0.0000 (-) No No No 0.0000 (+) 0.0013 (-)
Zn 0.0000 (-) No No No 0.0000 (+) No

From these results, we conclude that the biomass and the initial concentration of
copper and zinc have a significant influence on the retention capacity, and their
effect is not conditioned by the time.

To perform a full analysis, we made another six sub-designs, keeping the
concentration, and then the biomass constant, in order to see if the factors
biomass type or initial metal concentration are also “hiding” the remaining
effects. Keeping the concentration constant, the following p-values were obtained
using ANOVA (Table 5.8):

Table 5.8

ANOVA p-values of factors at the three different concentrations, and at 1-hour time.

EFFECTS
-1 Biomass oM Light Co, Biomass-OM Biomass-Biomass
Cu 0.0000 (-) No 0.0382 (-) No 0.0039 (+) 0.0001 (+)
Zn 0.0033 (-) No No No 0.0187 (+) 0.0000 (+)
EFFECTS
0 Biomass oM Light Cco, Biomass-CO2 Biomass-Biomass
Cu 0.0000 (-) No No No No 0.0000 (+)
Zn 0.0000 (-) No No No 0.0348 (+) 0.0000 (+)
EFFECTS
1 Biomass oM Light Co, Biomass-Biomass
Cu 0.0000 (-) No No No 0.0001 (+)
Zn 0.0004 (-) No No No 0.0000 (+)

The biomass, and the interaction with itself (something that has not many sense),
is the most significant effect when considering only the one-our experiments.
This means that no matter what other parameters we tune, the biomass (when the
time is kept constant) is going to condition our retention capacity output.

Considering the biomass constant, ANOVA was applied again obtaining the p-
values shown in Table 5.9:
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Table 5.9

ANOVA p-values of factors at the three different biomasses, and at 1-hour time.

EFFECTS
A(-1) oM Light COo, Conc Conc-Conc
Cu No No No 0.0000 (+) 0.0001 (-)
Zn No No No 0.0000 (+) 0.0004 (-)
EFFECTS
S (o) oM Light co, Conc Conc-Conc OM-Conc
Cu No No No 0.0000 (+) No No
Zn No No No 0.0000 (+) 0.0099 (-) No
EFFECTS
P (1) oM Light co, Conc
Cu No No No 0.0000 (+)
Zn No No No 0.0000 (+)

As before, the concentration appears again as the unique effect that influences the
response.

Effects of factors by concentration level

Now, we are interested in how the factors behave when the concentration is kept
constant. That gives three sub-designs of 48 experiments that were interpreted
with ANOVA (Table 5.10):

Table 5.10

ANOVA p-values of factors at the three different concentrations.

EFFECTS
-1 Biomass om Light Time co, Biomass-Light
Cu 0.0000 (-) No 0.0131 () No No 0.0207 (+)
n 0.0005 (-) No No 0.0111 () No No
EFFECTS
0 Biomass oM Light Time co, Biomass-Time |Biomass-Biomass| Biomass-CO, OM-Time
Cu 0.0000 (-) No No 0.0011 () No 0.0017 (+) 0.0000 (+) No No
n 0.0000 (-) No No 0.0000 (-) No 0.0008 (+) 0.0000 (+) 0.0251 (+) 0.0075 (-
EFFECTS
1 Biomass oM Light Time €0, Biomass-OM | Biomass-Time |Biomass-Biomass,
Cu 0.0000 () No No 0.0301 (4 No 0.0443 (4 0.0032 (+) 0.0000 (+)
In 0.0000(+) No No No No No No 0.0000 (+)

At all concentration levels, the biomass has a significant and negative influence,
which means that the lowest biomass level, labeled A, is providing the highest
retention capacity values. Then, time seems to be also a significant factor,
although depending on the concentration level, it affects one metal or both. There
are plenty of interactions that are not explained easily.
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5.2.2.3 Effects of factors by biomass type

Analog reasoning can be done when considering the biomass. To evaluate the
influence of the other assayed factors on the retention capacity of each biomass,
evaluated individually, new sub-designs were implemented, leaving out the
biomass as a factor, so that we will have three identical setups: for pure
microalgae, activated sludge, and microalgae-bacteria consortia from the
photobioreactor treating pig slurry.

Following the same reasoning, the concentration could be the next factor that
influences the most on the response so that we could remove this effect from each
of the biomass (we will have eight different Pareto charts for each biomass, four
concerning copper, and other four concerning zinc).

With the same data, we can build another type of plot: the mean’s plot, which
consists of representing the mean results obtained at each factor level to visualize
the variation produced in the Retention Capacity by each factor. As we want to
see differences in concentration, we will construct two plots (for the two metal) at
the three concentration levels. We calculate the global mean of each biomass, and
the corresponding means for the effects at their levels (e.g., the mean of all
experiments with no organic matter, at -1 initial concentration of copper). Each
graph will have three different horizontal lines (corresponding to each biomass
studied), and they will have several lines with a particular slope, the higher the
slope, the better the influence of the factor on the retention capacity at that
concentration level, and in that biomass.

Thus, we will first see which factors influence the retention capacity, and then
with the ANOVA results, we will determine which factors are statistically
significant.

However, first of all, the full DoE analysis for each type of biomass will be
displayed (Table 5.11):

Table 5.11

ANOVA p-values of the factors influencing the retention capacity in each type of biomass.

EFFECTS
A oM Light Time co, Concentration
Cu No No 0.0870 (-) No 0.0000 (+)
Zn No No 0.0181 (-) No 0.0000(+)
EFFECTS
S oM Light Time co, Concentration| OM-Conc OM-Time Conc-Conc Time-Conc
Cu No No 0.0000 (-) No 0.0000 (+) 0.0088 (+) 0.0068 (+) No 0.0000 (-)
Zn No No 0.000 0(-) No 0.0000 (+) No No 0.0008 (-) No
EFFECTS
P oM Light Time co, Conc Conc-Conc Light-Conc OM-Time Time-Conc
Cu No 0.0050 (-) No No 0.0000 (+) 0.0277 () No No 0.0096 (+)
Zn No No 0.0110 (-) No 0.0000 (+) No No 0.0105 (-) 0.0199 (+)
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From these results, some conclusions can be derived:

e For A, the contact time and the initial metal concentration are the main
parameters conditioning the removal of metal for both zinc and copper.

e For S, light does not influence at all (bacteria in the activated sludge do
not perform photosynthesis). Both copper and zinc retention capacities are
influenced by contact time and OM, which could be related to the
metabolism of the biomass. Some interactions appear, but they are not
easy to interpret.

e For P, we have a bit of controversy. On the one hand, it seems that light
influences only the retention capacity of copper, while contact time
behaves the same for the retention capacity of zinc. On the other hand, the
initial concentration significantly affects the retention capacity of both
metals. It is a bit weird that one factor influences exclusively to one metal;
more experiments should be done to clarify this situation.

e In all cases, longer contact time shows a negative influence on the
retention capacity. This could be due to the living microorganisms retain
metals faster at the beginning, but they can become resistant, thus
expelling the metals (as they could be harmful at higher concentrations).

Once we have studied the overall factors that affect the retention capacity in each
biomass, we can exclude the concentration factor (as it is the only one that is
statistically significant in all biomasses), to determine whether that great
influence could be hiding other possible factors.

In the Mean’s plots, the thinner lines indicate the global mean of each biomass,
while the thicker ones (and darker in their respective color) show how the
retention capacity changes when the level of the effect shifts. We will analyze the
Graphs (Figure 5.8 and Figure 5.9) and the p-value tables (Table 5.12):
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Figure 5.8
Mean’s plot for copper at -1 concentration level.
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For copper, the light shows an influence on the retention capacity of pure
microalgae, while the activated sludge is unaffected, and the pig slurry biomass
shows an opposite behavior than the pure microalgae regarding the light,
although it has no much slope. The rest of the factors present almost horizontal
lines (that means, no effects on the retention capacity due to the level change).
The pure microalgae shows the highest retention capacities.
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Figure 5.9
Mean’s plot for zinc at -1 concentration level.

For Zn, light is again the most critical parameter for pure microalgae, but it seems
that also time is influencing the activated sludge and the pig slurry. The activated
sludge gives the lowest values for the retention capacity of Zn, and it seems to be
influenced by the OM as well.

To check these observations, we attend to the p-values (Table 5.12):

Table 5.12

p-values for the effects at concentration -1, for each biomass.

EFFECTS
A oM Light Time co, Light-Time
Cu No 0.0064 (-) No No No
Zn No 0.0038 (-) No No 0.0381 (-)
EFFECTS
S oM Light Time co, OM-Time
Cu No No 0.0019 (+) No No
Zn 0.0207 (+) No 0.0000 (-) No 0.0205 (-)
EFFECTS
P oM Light Time co,
Cu No No No No
Zn No No 0.0170(-) No
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Attending both Mean’s plot and p-value table, we can conclude that:

For biomass A (microalgae), light has a significant effect on the retention
capacity of both copper and zinc, together with an interaction light-time.
Moreover, all those effects lead to lower retention capacities for both
metals. In other words, the light affects negatively to the removal of metal
ions and the interaction light-time (longer times with light, seems to
inhibit some retention mechanisms) also has an adverse effect. Despite all
of the latter, biomass A presents the highest retention capacity values.

For biomass S (bacteria), time affects both metals (although with distinct
sign), while the OM only influences the retention capacity of zinc (as was
seen before). Zinc also has a significant OM-Time interaction.

For biomass P (microalgae-bacteria consortium), only time seems to have
a significant effect on the retention capacity of zinc, according to its p-
value. Moreover, while for the retention capacity of copper, P gives
almost identical results as S, in the case of zinc removal, it provides the
highest retention capacity values.

We move to the intermediate concentration level, 0, so below are displayed the
Mean’s plot (Figure 5.10 and Figure 5.11):
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Figure 5.10

Mean’s plot for copper at 0 concentration level.

When the concentration level rises, for copper, the time starts to have a more acute
effect in pure microalgae, which remains as the more efficient biomass retaining
metals. The light and the remaining effects do not have a significant effect on the
retention capacity when changing their concentration levels.
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For zinc, OM and time are the most important factors for pure microalgae. Light
is no longer significant (horizontal line). Maybe Zn?* can be complexed better by
the organic matter than Cu?*, and that is the reason why the shift in the OM level

Ret Capacity / mg- g?
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Mean’s plot for zinc at 0 concentration level.

influences the retention capacity.

To statistically validate these observations, we attend to the p-value table (Table
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5.13):
Table 5.13
p-values for the effects at concentration 0, for each biomass.
EFFECTS
A oM Light Time co, OM-Time OM-Light
Cu No No 0.0030 (-) No 0.0088 (-) 0.0204 (-)
Zn 0.0421 (-) No 0.0024 (-) No Yes (-) 0.0476 (-)
EFFECTS
S oM Light Time co, Light-CO, OM-Time
Cu No No 0.0005 (-) No 0.0401 (-) 0.0008 (+)
Zn 0.0392 (+) No 0.0010 (-) No No No
EFFECTS
P oM Light Time co, OM-Time OM-Light
Cu 0.0063 (-) 0.0029 (-) No No 0.0062 (-) No
Zn No No No 0.0254 (+) 0.0052 (-) No
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Attending both Mean’s plot and p-value table, we can conclude that:

For A, the time has a significant effect on the retention capacity of both
copper and zinc, and light becomes a negligible effect. The OM
significantly influences the retention capacity of zinc, and there is an
interaction between OM-Light that affects both retention capacities
(although it is rather weak, as it is close to 0.05, our significance level).
As for the -1 concentration level, A is the biomass with the highest
retention capacity values (both for copper and zinc).

For S, time persists as a significant factor for the retention capacities of
copper and zinc. The OM only influences zinc, like in A. Light-CO: is
another weak interaction. Again, it is the biomass providing the lowest
retention capacity values.

For P, we do not have a factor that influences both metals. In contrast, we
have that for the removal of copper, the OM, the light, and the interaction
OM-Time affects significantly (and negatively), while for zinc only the
CO; and the OM-Time interaction have an influence.

Finally, we get to the highest concentration level, 1. The Mean’s plots are shown
in Figure 5.12 and Figure 5.13, and the p-value tables in Table 5.14:
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=@/ (Pure Microalgae)  ==@=P (Pig Slurry) === (Activated Sludge)

Figure 5.12

Mean’s plot for copper at 1 concentration level.

For copper, contact time seems to be a significant factor for all the biomasses,
although its effect is beneficial for the pig slurry biomass (more retention
capacity), but detrimental to the other biomasses. For pure microalgae, it seems
that OM has an influence not observed until now.
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Figure 5.13

Mean’s plot for zinc at 1 concentration level.

co2 Coz2

Unlike for copper, now it seems that no factor influences the retention capacity
towards zinc, all the effect lines are entirely horizontal (except the time for S, and
maybe CO; for A and P). Nonetheless, the ranking of the biomasses according to

their retention capacity remains the same.

Turning to the p-value table (Table 5.14), we obtain:

Table 5.14

p-values for the effects at concentration -1, 0 and 1.

EFFECTS
A oM Light Time Cco, OM-Time
Cu No No No No No
Zn No No No No No
EFFECTS
S oM Light Time Cco,
Cu 0.0306 (+) No 0.0001 (-) No
Zn No No 0.0028 (-) No
EFFECTS
P oM Light Time co,
Cu No No No No
Zn No No No No
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Attending both Mean’s plot and p-value table, we can resolve that:

e For A, although the slope for the CO2 had a certain slope, there is no
significant factor (at 0=0.05).

e For S, time persists as a significant factor for the retention capacities of
copper and zinc, as well as the OM, that only influences zinc

e For P, despite the slopes saw in the light and the CO; factors, like for A,
there is no significant effect (p-values below 0.05).

Additional conclusions that can be extracted from the Mean’s plots is that for the
retention capacity, the factors do not seem to have a considerable influence on it.
In fact, most of the time, the lines have no slope (they are entirely horizontal),
which means that the biomass is conditioning the retention capacity.

5.3 Isotherms

Paying attention to the data obtained, we realized that there were no enormous
variations in values of metal retention capacity of the investigated biomasses despite
the different conditions the samples were subjected to. Hence, we tried to fit the
retention capacity data to an isotherm. First of all, we need to select an isotherm
model (Langmuir is usually the most common), and then we should linearize it, in
order to make a quadratic regression model, and thus obtain the critical parameters,
the maximum retention capacity (or saturation capacity, qsgiuration ) and the
Langmuir constant, K.

Ceq _ 1 4 1
Geq K- sat  4sat

. Ceq

Ceq
deq
obtained, which allow to estimate the retention capacity of saturation (the maximum
amount of metal the biosorbent can take, according to the Langmuir model), and the

Langmuir constant K, which informs about the strength of the interaction.

Plotting VS c.q, and after the regression analysis, the slope and the intercept are

The data used to try to make the isotherms were the experiments of 72-hours. We
assumed their retention capacity was q.,. To calculate the concentration of metals in
the solution, we applied a mass balance, in which we take into account the initial
amount introduced, that must be either in the biosorbent (qeq - Cgiosorbent) OF in the
solution (c., - V), the equation we have is shown below:

Co 'V = Qeq * CBiosorbent T Ceq * |4
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Where ¢, is the initial concentration of the metal added, V is the solution volume,
deq the experimental value of the metal retention capacity of biomass, and
Cpiosorbent 1S the concentration of biomass in the solution after the 72-hour
experiment. The calculated ceq values are shown in Tables A.1-A.3 from the
Appendix, so the plot building is straightforward.

The isotherm is built as a function of different concentrations, so takings into account
the results obtained for the 48 experiments at the same time (72h) that could lead us
to an isotherm. Because of the graphs, the linear fit to the experimental data is not
satisfactory (R? obtained are below 0.8), however, giving the fact that those results
are not meant to be applied for an isotherm study, and all data points are different, as
they have a distinct combination of factor levels, this lack of fit could be explained to
the vast amount of noise the data introduces. Nevertheless, the signs of the Langmuir
parameters found are coherent (except for the copper in the pig slurry.

The results are shown in Table 5.15:

Table 5.15

Regression line parameters, and the Langmuir isotherm values for each metal for each biomass.

Regression parameters Isotherm Parameters
Slope Intercept g .ot (Mg/g) K (L/mg)
C 0,02 0,04 60,24 0,45
Pure Microalgae ‘Z): Cer 0,01 0,06 79,37 0,23
Activated Sludge Cc;;;:cer 8:8; 8:2421 lfg ’7030 8:8§
Pig Slurry Cc;’;: Cer glg::: 3'2(1) 1151 3’56 : 3'321

As an example, Figure 5.14 and Figure 5.15 present the plot for copper and zinc for
the pure microalgae. The other graphs are displayed in the Appendix (Figures A.1-
A.5):

Copper Isotherm for the Pure Microalgae

y=0,0166x+0,0371
1,20

1,00 ( ]
Ta 080 ®
= L
-i‘:‘i 0,60 Ty
£ 0,40 T e
o .h b
0,20 . hd
P
0,00
0,00 10,00 20,00 30,00 40,00 50,00 60,00
ceq/ mg'l--l
Figure 5.14
Copper isotherm (Qeqg/Ceq VErsus Ceg).
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Zinc Isotherm for the Pure Microalgae
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Figure 5.15

Zinc isotherm (Geq/Ceq VErsus Ceg).

The red values appearing in the pig slurry that may point biosorption is not the
primary mechanism, additional mechanisms are taking place, and thus it does not
follow the isotherm properly. To visualize why the Langmuir parameters should be
both positive, Desmos (https://www.desmos.com/calculator/r66ffma58p) will shed
some light. When K has a positive value, we have a function with a positive image,
while when it acquires negative values, we obtain a more complex function. To build
up these plots, the value for the tables above, gsat = 113.64 and K=0.01 were used,
and then we construct the plot with those values but negative (Figure 5.16 and Figure
5.17, respectively):

500 - - 1 I 500
0 500 1000 0 500 1000
-500 - - - 1 { ! -500
Figure 5.16 Figure 5.17
Representation of the function (Qeq VS Ceq) Representation of the function (Qeq VS Ceq)
when gsat = 113.64 and K = 0.01. For Cu in pig when gsat = -113.64 and K =-0.01. For Cu in
slurry. pig slurry.

The dotted red line is the horizontal asymptote whose value is y = qsq:. When
increasing the gsat, the asymptote will increase, which means that more adsorbate will
be adsorbed; therefore, it makes no physical sense, it acquires a negative value. The
K parameter tune how much concentration is needed to reach that limit (and a
negative value will mean that there is no interaction).
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6 CONCLUSIONS

Taking all the above into account, we can conclude several facts:

Universidad deValladolid

v' First of all, an extensive review of biosorption experiments on zinc and copper

removal was done. Some of the most used parameters are the same chosen for the
design of experiments, such as the pH range between 4-6, or biomass
concentration of 1 g/L. A couple of the most promising experiments was
highlighted, giving values for the removal percentage of the ions between 80 and
almost 100 percent.

Turning to the experimental section, the effect of six factors on the retention
capacity of biomass towards copper and zinc has been investigated: biomass type
(pure microalgae Scenedesmus Almeriensis, activated sludge containing bacteria
and microalgae-bacteria consortium cultivated in a photoreactor treating pig
sludge), the concentration of bimetallic solutions of copper and zinc (three
levels), contact time (1 and 72 h), light intensity (ambient and LED lamps) and
supplementation of organic matter (0 and 80 mg/L) and CO. (no or yes) have
been assayed using a complete factorial experimental design with 144
experiments.

The type of biomass and the metal concentration level are the factors that most
influence the retention capacity of both metals. According to the ANOVA results
and the mean’s plot, the pure microalgae is the biomass that provides the highest
retention capacity values, while maximum retention capacity was also achieved
when using the highest metal concentration levels. As in real wastewater
samples, the concentration would be a noise factor, the most critical parameter to
select for treating wastewater polluted with copper and zinc is the biomass; in our
case, the one that provided the best results was the pure microalgae (a
Scenedesmus Almeriensis strain).

The biomass grows better in the presence of high metal concentration. In other
words, the range of concentrations used does not have harmful effects on the
biomasses, or at least it does not reduce their retention capacities.

v' It is highly probable that some retention will take place in the inorganic part of the

biomass or that some metal precipitation occurs, as due to the biomass
characterization, the content of organic matter was rather low so to explain those
high values for the retention capacity the inorganic contribution can help. Thus,
as we are not sure if the process is exclusively biosorption, it would be more
appropriate to call the process “retention” or “removal” of metals. This is only a
hypothesis that should be checked in future research with new experiments, such
as metal speciation, to uncover the chemical forms in which copper and zinc are
present after the contact time.
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v The Langmuir isotherm did not provide very conclusive results for the pig slurry
data of retention capacity, although it seems to fit well with the pure microalgae
and the activated sludge data.

v From the mean’s plot, we can also conclude that the pig slurry is more similar (in
terms of retention capacity) to the activated sludge than to the pure microalgae.
This may be incongruent from a biological point of view, as the purine has more
percentage of microalgae than of bacteria. However, the results point in that
direction. Maybe an explanation could be that the pure microalgae uses some
retention mechanisms when it is alone, but in consortia with bacteria, the
interactions between the two microorganisms modify their behavior towards
heavy metals.

Therefore, promising results are hoped to be obtained by using the pure microalgae
biomass, with the combination of factor levels as follows: 1h contact time, OM
supplement, and preventing intense light nor CO> addition. That combination should
be first assayed in real wastewaters, in order to see whether it works or not, and then
another design must be planned, in order to optimize the process in wastewaters.
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APPENDIX

Table A.1

Design of experiments for the pure microalgae (A). All the combination levels along with the retention capacity results of copper and

zinc.

Label Biomass oM Light Time co, Concentration| RetCapCu/mg-g” | RetCapzn/mgg*
Al -1 -1 -1 -1 -1 -1 18,60 52,71
A2 -1 -1 -1 -1 -1 0 69,53 99,65
A3 -1 -1 -1 -1 -1 1 86,83 103,29
A4 -1 -1 -1 -1 1 -1 24,61 67,01
A5 -1 -1 -1 -1 1 0 55,36 79,65
A6 -1 -1 -1 -1 1 1 90,58 104,21
A7 -1 -1 1 -1 -1 -1 19,02 52,57
A8 -1 -1 1 -1 -1 0 65,44 98,68
A9 -1 -1 1 -1 -1 1 94,39 113,65
A10 -1 -1 1 -1 1 -1 18,25 49,65
All -1 -1 1 -1 1 0 68,84 97,31
Al12 -1 -1 1 -1 1 1 93,88 110,31
Al13 -1 1 -1 -1 -1 -1 16,52 46,16
Al4 -1 1 -1 -1 -1 0 79,70 102,11
Al15 -1 1 -1 -1 -1 1 94,22 110,89
A16 -1 1 -1 -1 1 -1 16,91 51,69
Al17 -1 1 -1 -1 1 0 78,32 99,24
A18 -1 1 -1 -1 1 1 96,89 113,22
A19 1 1 1 1 1 1 13,06 39,19
A20 -1 1 1 -1 -1 0 65,05 84,06
A21 -1 1 1 -1 -1 1 90,44 108,19
A22 1 1 1 1 1 1 17,07 50,35
A23 1 1 1 1 1 0 68,91 88,61
A28 1 1 1 1 1 1 86,27 102,46
A25 -1 -1 -1 1 -1 -1 21,27 60,92
A26 -1 -1 -1 1 -1 0 60,21 83,90
A27 -1 -1 -1 1 -1 1 71,55 112,14
A28 -1 -1 -1 1 1 -1 17,96 53,57
A29 -1 -1 -1 1 1 0 55,67 77,41
A30 -1 -1 -1 1 1 1 67,09 102,67
A31 -1 -1 1 1 -1 -1 13,95 34,77
A32 -1 -1 1 1 -1 0 68,90 91,16
A33 -1 -1 1 1 -1 1 67,66 101,28
A34 -1 -1 1 1 1 -1 13,03 36,19
A35 -1 -1 1 1 1 0 63,09 85,09
A36 -1 -1 1 1 1 1 76,16 113,80
A37 -1 1 -1 1 -1 -1 23,73 66,23
A38 -1 1 -1 1 -1 0 60,84 75,90
A39 -1 1 -1 1 -1 1 99,18 115,47
A40 -1 1 -1 1 1 -1 19,56 52,57
A4l -1 1 -1 1 1 0 46,94 59,50
A42 -1 1 -1 1 1 1 94,09 108,15
A43 -1 1 1 1 -1 -1 11,83 36,63
A4 a 1 1 1 1 0 40,96 61,38
A45 -1 1 1 1 -1 1 104,52 121,65
Ad6 -1 1 1 1 1 -1 11,85 36,71
A47 -1 1 1 1 1 0 52,81 74,47
A48 -1 1 1 1 1 1 50,88 66,58
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Table A.2

Design of experiments for the activated sludge (S). All the combination levels along with the retention capacity results of copper and

zinc.

The values in red were experiments that went wrong, so their values were not correct. In order to perform the DoE analysis, we

average experiments with similar conditions, as due to COVID-19 pandemic, we could not repeat those experiments.
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Label Biomass oM Light Time co, Concentration| RetCapCu/mg-g” | RetCapzn/mgg™
S1 0 -1 -1 -1 -1 -1 11,02 24,67
s2 0 1 1 1 1 0 39,62 49,08
S3 0 -1 -1 -1 -1 1 59,97 69,24
s4 0 1 1 1 1 1 11,86 25,21
S5 0 -1 -1 -1 1 0 39,71 49,74
s6 0 1 1 1 1 1 60,37 68,27
S7 0 -1 1 -1 -1 -1 11,38 24,32
s8 0 1 1 1 1 0 38,12 47,57
S9 0 -1 1 -1 -1 1 57,77 67,28
s10 0 B 1 1 1 1 10,36 23,90
S11 0 -1 1 -1 1 0 37,76 47,58
s12 0 1 1 1 1 1 58,56 68,43
S13 0 1 -1 -1 -1 -1 9,88 26,19
sia 0 1 1 1 1 0 34,22 50,32
S15 0 1 -1 -1 -1 1 62,07 60,87
516 0 1 1 1 1 1 10,22 27,05
S17 0 1 -1 -1 1 0 35,77 52,14
si8 0 1 1 1 1 1 61,80 61,27
S19 0 1 1 -1 -1 -1 10,42 27,95
520 0 1 1 1 1 0 35,66 53,73
S21 0 1 1 -1 -1 1 67,71 73,52
522 0 1 1 1 1 1 9,62 26,11
S23 0 1 1 -1 1 0 30,31 46,19
s24 0 1 1 1 1 1 59,92 64,99
525 0 1 1 1 1 1 12,52 16,52
26 0 B 1 1 1 0 27,51 36,39
S27 0 -1 -1 1 -1 1 47,79 58,49
s28 0 1 1 1 1 1 12,40 16,42
S29 0 -1 -1 1 1 0 30,04 38,78
30 0 1 1 1 1 1 48,00 60,94
S31 0 -1 1 1 -1 -1 11,59 15,73
32 0 1 1 1 1 0 29,65 38,92
S33 0 -1 1 1 -1 1 47,51 57,47
s34 0 1 1 1 1 1 11,76 16,58
S35 0 -1 1 1 1 0 27,40 36,55
36 0 1 1 1 1 1 46,37 57,17
S37 0 1 -1 1 -1 -1 12,46 16,47
s38 0 1 a1 1 1 0 32,40 39,06
S39 0 1 -1 1 -1 1 53,74 62,03
sS40 0 1 -1 1 1 -1 11,99 16,08
S41 0 1 -1 1 1 0 35,65 45,51
s42 0 1 1 1 1 1 49,40 57,90
S43 0 1 1 1 -1 -1 11,68 16,16
saa 0 1 1 1 1 0 32,49 40,64
S45 0 1 1 1 -1 1 49,77 58,37
S46 0 1 1 1 1 -1 12,11 16,53
S47 0 1 1 1 1 0 33,07 46,72
548 0 1 1 1 1 1 49,61 57,99
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Design of experiments for the pig slurry (P). All the combination levels along with the retention capacity results of copper and zinc.
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Label Biomass oM Light Time co, Concentration| RetCapCu/mg-g” | RetCapzn/mgg®
P1 1 -1 -1 -1 -1 -1 10,82 33,38
P2 1 1 1 1 1 0 42,85 56,31
P3 1 -1 -1 -1 -1 1 72,15 95,14
P4 1 -1 -1 -1 1 -1 13,75 52,67
P5 1 -1 -1 -1 1 0 46,90 65,71
P6 1 1 1 1 1 1 52,54 70,39
P7 1 -1 1 -1 -1 -1 8,18 24,87
P8 1 1 1 a1 1 0 36,08 47,00
P9 1 -1 1 -1 -1 1 57,64 68,80
P10 1 1 1 1 1 1 9,45 33,37
P11 1 -1 1 -1 1 0 37,46 51,29
P12 1 1 1 1 1 1 72,81 96,45
P13 1 1 -1 -1 -1 -1 13,95 49,93
P14 1 1 -1 -1 -1 0 41,67 58,19
P15 1 1 -1 -1 -1 1 68,79 94,80
P16 1 1 1 1 1 Bl 10,49 39,50
P17 1 1 -1 -1 1 0 43,22 69,84
P18 1 1 1 1 1 1 59,10 89,07
P19 1 1 1 -1 -1 -1 13,15 49,40
P20 1 1 1 1 1 0 37,83 53,22
P21 1 1 1 -1 -1 1 51,23 71,84
P22 1 1 1 -1 1 -1 10,45 37,11
P23 1 1 1 -1 1 0 40,63 69,06
P24 1 1 1 1 1 1 60,00 96,71
P25 1 -1 -1 1 -1 -1 9,23 26,13
P26 1 1 1 1 1 0 46,34 60,01
P27 1 -1 -1 1 -1 1 71,52 85,35
P28 1 -1 -1 1 1 -1 5,10 14,45
P29 1 -1 -1 1 1 0 48,03 65,58
P30 1 1 1 1 1 1 81,50 96,33
P31 1 -1 1 1 -1 -1 10,02 26,10
P32 1 1 1 1 1 0 44,44 66,23
P33 1 -1 1 1 -1 1 70,34 87,03
P34 1 1 1 1 1 1 9,41 23,59
P35 1 -1 1 1 1 0 43,30 65,69
P36 1 1 1 1 1 1 63,27 79,45
P37 1 1 -1 1 -1 -1 10,16 25,07
P38 1 1 a1 1 1 0 38,73 52,08
P39 1 1 -1 1 -1 1 72,24 84,34
P40 1 1 1 1 1 1 10,15 26,58
P41 1 1 -1 1 1 0 40,74 55,74
P42 1 1 1 1 1 1 75,32 86,47
P43 1 1 1 1 -1 -1 8,59 19,51
Paa 1 1 1 1 1 0 33,81 50,49
P45 1 1 1 1 -1 1 57,56 69,81
P46 1 1 1 1 1 -1 10,17 22,45
P47 1 1 1 1 1 0 37,54 51,94
Pas 1 1 1 1 1 1 60,58 75,34
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Table A4

Combination of factor and their levels for the 72-hour experiments (to study the growth of the biomass).

Label Biomass om Light co, Concentration| RetCapCu/mgg™ | RetCapZn/mgg™" | %Growth
A25 -1 -1 -1 -1 -1 21,27 60,92 84,8
A26 -1 -1 -1 -1 0 60,21 83,90 74,3
A27 -1 -1 -1 -1 1 71,55 112,14 84,9
A28 -1 -1 -1 1 -1 17,96 53,57 89,3
A29 -1 -1 -1 1 0 55,67 77,41 85,5
A30 -1 -1 -1 1 1 67,09 102,67 94,3
A31 -1 -1 1 -1 -1 13,95 34,77 96,0
A32 -1 -1 1 -1 0 68,90 91,16 92,8
A33 -1 -1 1 -1 1 67,66 101,28 99,6
A34 -1 -1 1 1 -1 13,03 36,19 103,9
A35 -1 -1 1 1 0 63,09 85,09 116,0
A36 -1 -1 1 1 1 76,16 113,80 96,6
A37 -1 1 -1 -1 -1 23,73 66,23 90,4
A38 -1 1 -1 -1 0 60,84 75,90 79,2
A39 -1 1 -1 -1 1 99,18 115,47 82,5
A40 -1 1 -1 1 -1 19,56 52,57 84,3
A41 -1 1 -1 1 0 46,94 59,50 96,2
A42 -1 1 -1 1 1 94,09 108,15 99,4
A43 -1 1 1 -1 -1 11,83 36,63 103,8
Ad44 -1 1 1 -1 0 40,96 61,38 87,5
A45 -1 1 1 -1 1 104,52 121,65 94,9
Ad6 -1 1 1 1 -1 11,85 36,71 96,8
A47 -1 1 1 1 0 52,81 74,47 90,8
A48 -1 1 1 1 1 50,88 66,58 101,5
S25 0 -1 -1 -1 -1 12,52 16,52 84,3
S26 0 -1 -1 -1 0 27,51 36,39 82,0
S27 0 -1 -1 -1 1 47,79 58,49 81,5
528 0 -1 -1 1 -1 12,40 16,42 80,6
S29 0 -1 -1 1 0 30,04 38,78 88,6
S30 0 -1 -1 1 1 48,00 60,94 91,2
S31 0 -1 1 -1 -1 11,59 15,73 94,5
S32 0 -1 1 -1 0 29,65 38,92 98,0
S33 0 -1 1 -1 1 47,51 57,47 112,7
s34 0 -1 1 1 -1 11,76 16,58 109,4
S35 0 -1 1 1 0 27,40 36,55 114,7
S36 0 -1 1 1 1 46,87 57,17 110,9
S37 0 1 -1 -1 -1 12,46 16,47 78,7
S38 0 1 -1 -1 0 32,40 39,06 79,0
S39 0 1 -1 -1 1 53,74 62,03 85,2
S40 0 1 -1 1 -1 11,99 16,08 78,1
S41 0 1 -1 1 0 35,65 45,51 92,6
S42 0 1 -1 1 1 49,40 57,90 91,0
S43 0 1 1 -1 -1 11,68 16,16 93,8
s44 0 1 1 -1 0 32,49 40,64 93,2
S45 0 1 1 -1 1 49,77 58,37 110,9
S46 0 1 1 1 -1 12,11 16,53 108,3
S47 0 1 1 1 0 33,07 46,72 108,8
S48 0 1 1 1 1 49,61 57,99 110,3
P25 1 -1 -1 -1 -1 9,23 26,13 90,2
P26 1 -1 -1 -1 0 46,34 60,01 101,0
P27 1 -1 -1 -1 1 71,52 85,35 90,8
P28 1 -1 -1 1 -1 5,10 14,45 82,0
P29 1 -1 -1 1 0 48,03 65,58 133,1
P30 1 -1 -1 1 1 81,50 96,33 123,3
P31 1 -1 1 -1 -1 10,02 26,10 141,3
P32 1 -1 1 -1 0 44,44 66,23 121,5
P33 1 -1 1 -1 1 70,34 87,03 133,0
P34 1 -1 1 1 -1 9,41 23,59 139,3
P35 1 -1 1 1 0 43,30 65,69 130,9
P36 1 -1 1 1 1 63,27 79,45 129,8
P37 1 1 -1 -1 -1 10,16 25,07 82,8
P38 1 1 -1 -1 0 38,73 52,08 84,4
P39 1 1 -1 -1 1 72,24 84,34 82,5
P40 1 1 -1 1 -1 10,15 26,58 79,7
P41 1 1 -1 1 0 40,74 55,74 94,3
P42 1 1 -1 1 1 75,32 86,47 99,0
P43 1 1 1 -1 -1 8,59 19,51 103,3
P44 1 1 1 -1 0 33,81 50,49 100,5
P45 1 1 1 -1 1 57,56 69,81 122,9
P46 1 1 1 1 -1 10,17 22,45 108,1
P47 1 1 1 1 0 37,54 51,94 111,3
P48 1 1 1 1 1 60,58 75,34 115,3
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Table A5

Combination of factor and their levels for the 1-hour experiments.

Label Biomass oM Light co, Concentration Cap Ret Cu Cap Ret Zn
Al -1 -1 -1 -1 -1 18,60 52,71
A2 -1 -1 -1 -1 0 69,53 99,65
A3 -1 -1 -1 -1 1 86,83 103,29
A4 -1 -1 -1 1 -1 24,61 67,01
A5 -1 -1 -1 1 0 55,36 79,65
A6 -1 -1 -1 1 1 90,58 104,21
A7 -1 -1 1 -1 -1 19,02 52,57
A8 -1 -1 1 -1 0 65,44 98,68
A9 -1 -1 1 -1 1 94,39 113,65
A10 -1 -1 1 1 -1 18,25 49,65
A1l -1 -1 1 1 0 68,84 97,31
A12 -1 -1 1 1 1 93,88 110,31
A13 -1 1 -1 -1 -1 16,52 46,16
Al14 -1 1 -1 -1 0 79,70 102,11
A15 -1 1 -1 -1 1 94,22 110,89
Al6 -1 1 -1 1 -1 16,91 51,69
A17 -1 1 -1 1 0 78,32 99,24
A18 -1 1 -1 1 1 96,89 113,22
A19 -1 1 1 -1 -1 13,06 39,19
A20 -1 1 1 -1 0 65,05 84,06
A21 -1 1 1 -1 1 90,44 108,19
A22 -1 1 1 1 -1 17,07 50,35
A23 -1 1 1 1 0 68,91 88,61
A24 -1 1 1 1 1 86,27 102,46
s1 0 -1 -1 -1 -1 11,02 24,67
S2 0 -1 -1 -1 0 39,62 49,08
S3 0 -1 -1 -1 1 59,97 69,24
S4 0 -1 -1 1 -1 11,86 25,21
S5 0 -1 -1 1 0 39,71 49,74
S6 0 -1 -1 1 1 60,37 68,27
S7 0 -1 1 -1 -1 11,38 24,32
S8 0 -1 1 -1 0 38,12 47,57
S9 0 -1 1 -1 1 57,77 67,28
$10 0 -1 1 1 -1 10,36 23,90
S11 0 -1 1 1 0 37,76 47,58
S12 0 -1 1 1 1 58,56 68,43
§13 0 1 -1 -1 -1 9,88 26,19
S14 0 1 -1 -1 0 34,22 50,32
S15 0 1 -1 -1 1 62,07 60,87
S16 0 1 -1 1 -1 10,22 27,05
517 0 1 -1 1 0 35,77 52,14
518 0 1 -1 1 1 61,80 61,27
$19 0 1 1 -1 -1 10,42 27,95
S20 0 1 1 -1 0 35,66 53,73
s21 0 1 1 -1 1 67,71 73,52
S22 0 1 1 1 -1 9,62 26,11
s23 0 1 1 1 0 30,31 46,19
S24 0 1 1 1 1 59,92 64,99
P1 1 -1 -1 -1 -1 10,82 33,38
P2 1 -1 -1 -1 0 42,85 56,31
P3 1 -1 -1 -1 1 72,15 95,14
P4 1 -1 -1 1 -1 13,75 52,67
P5 1 -1 -1 1 0 46,90 65,71
P6 1 -1 -1 1 1 52,54 70,39
P7 1 -1 1 -1 -1 8,18 24,87
P8 1 -1 1 -1 0 36,08 47,00
P9 1 -1 1 -1 1 57,64 68,80
P10 1 -1 1 1 -1 9,45 33,37
P11 1 -1 1 1 0 37,46 51,29
P12 1 -1 1 1 1 72,81 96,45
P13 1 1 -1 -1 -1 13,95 49,93
P14 1 1 -1 -1 0 41,67 58,19
P15 1 1 -1 -1 1 68,79 94,80
P16 1 1 -1 1 -1 10,49 39,50
P17 1 1 -1 1 0 43,22 69,84
P18 1 1 -1 1 1 59,10 89,07
P19 1 1 1 -1 -1 13,15 49,40
P20 1 1 1 -1 0 37,83 53,22
P21 1 1 1 -1 1 51,23 71,84
P22 1 1 1 1 -1 10,45 37,11
P23 1 1 1 1 0 40,63 69,06
P24 1 1 1 1 1 60,00 96,71
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Statistical tables from the Growth experiments

One-way ANOVA tables are shown for each type of biomass:

One-way ANOVA for pure microalgae.

Table A.6

One-Way ANOVA for concentration (Pure)
Source of variations SS DoF MS F carc p-value F crit
Concentration 1092,21 2 546,10 13,59 1,63E-04 3,47
Residual 843,78 21 40,18
Table A.7
One-way ANOVA for the activated sludge.
One-Way ANOVA for concentration (Sludge)
Source of variations SS DoF MS [ p-value [y
Concentration 3547,39 2 1773,70 281,26 6,91E-16 3,47
Residual 132,43 21 6,31
Table A.8
One-way ANOVA for the pig slurry.
Dne-Way ANOVA for concentration (Pig slurry,
Source of variations SS DoF MS F et p-value F crit
Concentration 5978,18 2 2989,09 18,50 2,33E-05 3,47
Residual 3392,37 21 161,54
LSD values are displayed in the following tables:
Table A.9 Table A.10
LSD values for the concentration in the pure LSD values for the concentration in the activated
microalgae. sludge
Contrast Sig. | Difference +/- Limits Contrast Sig. |Difference +/- Limits
-1-0 ’ -10,695 6,59111 -1-0 * -11.68 261298
-1-1 * -16,255 6,59111 < -29 565 261298
0-1 -5,56 6,59111 0-1 17,885 261298

* denotes a statistically significant difference.
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LSD values for the concentration in the pig slurry

Table A.11

* denotes a statistically significant difference.

Contrast Sig. |Difference +/- Limits
-1-0 . -27,8589 13,2159
-1-1 » -37,1419 13,2159
0-1 -9,28301 13,2159

* denotes a statistically significant difference.
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Multifactor ANOVA tables for each type of biomass (considering the remaining

parameters: concentration, OM, and light):

Table A.12

Multifactor ANOVA table for the pure microalgae.

Analysis of Variance for %Growth_1 - Type lll Sums of Squares

Universidad deValladolid

WASTEWATER USING MICROALGAE, BACTERIA, AND THEIR CONSORTIA

Source Sum of Squares Df | Mean Square F-Ratio P-Value
MAIN EFFECTS
A:Concentration 1092,06 2 |546,029 13,38 0,0006
B:OM 29,8597 1 |29,8597 0,73 0,4068
C:Light 494134 1 |4,94134 0,12 07331
INTERACTIONS
AB 3,69003 2 |1,84502 0,05 0,9559
AC 168,338 2 |84,169 2,06 0,1641
BC 65,5051 1 |[65,5051 1,60 0,2259
RESIDUAL 571,446 14 1408176
TOTAL (CORRECTED) 193584 23
All F-ratios are based on the residual mean square error.
Table A.13
Multifactor ANOVA table for the activated sludge.
Analysis of Variance for %Growth_1 - Type Il Sums of Squares
Source Sum of Squares Df | Mean Square F-Ratio P-Value
MAIN EFFECTS
A:Concentration 354769 2 177385 31142 0,0000
B:OM 18,1656 1 |[18,1656 319 0,0958
C:Light 14,446 1 (14,446 254 0,1336
INTERACTIONS
AB 15,8461 2 |7,92305 1,39 0,2812
AC 400093 2 |2,00047 0,35 0,7099
BC 0,410817 1 0,410817 0,07 0,7922
RESIDUAL 79,7427 14 [5,69591
TOTAL (CORRECTED) 3680,31 23
All F-ratios are based on the residual mean square error.
Table A.14
Multifactor ANOVA table for the pig slurry.
Analysis of Variance for %Growth - Type lll Sums of Squares
Source Sum of Squares Df |Mean Square F-Ratio P-Value
MAIN EFFECTS
A:.Concentration 5977,13 2 |[2988,56 8272 0,0000
B:OM 21,1876 1 121,1876 0,59 0,4565
C:Light 22475 1 122475 62,21 0,0000
INTERACTIONS
AB 114574 2 |57,2868 1,59 0,2395
AC 478,483 2 |239,241 6,62 0,0095
BC 24 9492 1 1249492 0,69 0,4199
RESIDUAL 505,805 14 |36,1289
TOTAL (CORRECTED) 9369,63 23
All F-ratios are based on the residual mean sauare error.
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Table A.15

Finally, the LSD test for the biomass levels is shown in the following table:

LSD of the different levels considering the biomass factor.

Multiple Range Tests for %Growth by Biomass

Method: 95,0 percent LSD

Biomass Count |LS Mean LS Sigma Homogeneous Groups
-1 24 92,7271 1,20928 X
24 94,9183 1,20928 X
1 24 108,354 1,20928 X
Contrast Sig. |Difference +/- Limits
-1-0 -2,19125 343174
-1-1 * -15,6267 343174
0-1 * -13,4354 343174

* denotes a statistically significant difference.

Isotherms graphs

To end the Appendix, the remaining graphs plotting geq/Ceq VErsus ceq are displayed
(Figures A.1-A.4):

y=0,01x+0,6175
Copper Isotherm for the Sludge

1,40
1,20 ? e®
— 100 S e
= 0,80
g ™ 4
£ 060
= ]
0,40
e
0,20
0,00
0,00 10,00 20,00 30,00 40,00 50,00 60,00
-1
ceq/ mg:L
Figure A.1

Copper isotherm (0eq/Ceq VErsUs Ceq).
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Zinc Isotherm for the Sludge
y =0,0205x +0,4393
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Figure A.2

Zinc isotherm (Qeg/Ceq VErsus Ceq).

Copper Isotherm for the Pig Slurry | _ .0 0.0002
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Figure A.3

Copper isotherm (Geq/Ceq VErsus Ceq).

Zinc Isotherm for the Pig Slurry y-o0,0066x+0,4098
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Figure A.4
Zinc isotherm (Cleq/Ceq VErsus Ceg).
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