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Abstract

Excessive and cumulative release of toxic metals from industrial effluents due to rapid
industrialization has posed hazard to aquatic ecosystem integrity and environmental/
human health. The inadequacy and high cost of traditional metal treatment
technologies coupled with the imposition of stricter environmental regulations and
guidelines for industrial point source discharges have increased the demand for

economically feasible alternative methods.

Application of natural and abundant sorption material known as biosorbents
comprising microbial biomass, agriculture waste, and industrial waste biomass, has
gained international attention in scientific world as a low-cost and effective method for
removal of heavy metals from aqueous solutions. However, this method has not been

able to gain the attention of industry for large-scale applications thus far.

This research was aimed to further evaluate the potential of biosorption technique in
more realistic conditions appealing to industry by exploiting locally available
biosorbents undergoing minimum pretreatment steps, combining living and non-living
microbial biosorbents without any heat-inactivation, employing continuous-flow
systems, and regenerating the used biomass for recovery of the mixture of heavy

metals.

The toxic metals of interest for biosorption in this work were copper, lead, and zinc,
and biosorbents selected were cells of Saccharomyces cerevisiae as a microbial
biomass and Acer saccharum tree leaves as an agro-waste. Sorption performances of
the biosorbents were evaluated through classical adsorption equilibrium isotherms and
Kinetics in batch systems, and supplemented by dynamic continuous flow studies,
which may serve as a basis for equipment sizing and scale up of the biosorption

systems.



Batch sorption studies revealed that pseudo-second order and Langmuir isotherm
models were suitable to describe the metals sorption Kinetics and equilibrium,
respectively. Evaluation of biosorption performance and selection of best biosorbent
using the Langmuir isotherm constants correctly were thoroughly discussed based on

dynamic equilibrium between the metal species and biosorbents active sites.

Design of experiment technique was used to determine model equations describing the
removal efficiencies of mixture of the target metals by Saccharomyces cerevisiae with
respect to operating conditions such as pH, metal concentration, and biomass dose.
The selectivity order of Pb**> Cu®*> Zn** was achieved by yeast cells with Pb>* ions
removal efficiencies reaching up to 98%. Process optimization helped to evaluate the
simultaneous effects of pH, initial metal concentration, and biomass dose on
competitive biosorption of metals by yeast cells. Characterization of metal-biomass
interactions responsible for biosorption was studied employing zeta potential, BET,
FT-IR, and SEM-EDX techniques. The results suggested the involvement of
electrostatic interactions, ion exchange, interaparticle sequestration, and a weak

surface binding in adsorption of the metals by the selected biosorbents.

The use of unmodified yeast cells in a self-contained continuous system was shown to
be an effective metal biosorption method by minimizing biomass pretreatment and
preparation steps as well as achieving an on-line and concurrent biosorbent production

and metal biosorption within the same system.

Biosorptive performance of maple leaves in multiple column sorption-desorption
cycles showed no degradation on metal capacity of the biomass (18.3 mg Cu/g) with
increasing cycles despite shortening breakthrough times. Biomass regeneration
efficiencies up to 98% were achieved using a weak acid as eluent. The presented
simplified mass transfer model based on rapid local equilibrium and an apparent
dispersion coefficient well simulated the dynamic operation of the packed bed

biosorption column.



Research conducted in this thesis can be of value to industries searching for efficient,
simple, and green alternative metal treatment methods to meet the regulatory limits for

the heavy metals discharges at a lower cost.

Keywords: Heavy metals; Biosorption; Saccharomyces cerevisiae; Acer saccharum;
Langmuir isotherm; Sorption Kinetics; Batch and column studies; Continuous

bioreactor-biosorption system
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Chapter 1

Introduction
(Literature Review and Objectives)



1.1. Metals in the environment: threats

Metals are a natural part of the environment and an important part of our daily lives.
About 600 kg/person of metals including iron-steel, aluminum, copper, lead, zinc,
manganese, cadmium and many others are used annually in United States (Jeffery,
2001) to sustain the high standard of living. Metals are used in many simple things we
see around us such as batteries, clothes, cars, computers, paints —in short, everywhere
in the modern world. This high demand requires a large quantity of metal production

through ore mining industries.

The report by Nriagu (1996) shows that metal production and also metal emissions to
the environment by human activities has been dramatically increased during the 20"
century’s Industrial Revolution. For instance, mine productions of Cu and Zn have
reached to 80 and 65 million metric tons/year, respectively, by the last decade of 20"
century. Consequently, annual anthropogenic emissions of Cu and Zn to the

atmosphere have reached up to 0.5 and 2.7 million metric tons, respectively.

Cumulative anthropogenic release of heavy metals into the environment has disrupted
the natural biogeochemical cycles of metals causing increased deposition of heavy
metals in soils and aquatic ecosystems. On the other hand, release of these metals from
industrial waste streams to the environment without proper treatment has become of a
great global environmental concern today (Alluri et al., 2007). Toxic metals persist in
the environment and through a process of bioaccumulation, they can further enter into
the food chains and pose adverse effects on human and environmental health (\Volesky,
2004).

From the environmental point of view, presence and accumulation of those metals that
can have a toxic or inhibitory effect on living things are of greatest concern. In global
scale, heavy metal ions are detected in the waste streams from mining operations and
ore processing, smelters, manufacturing processes such as tanneries, electronics,
electroplating and metal-finishing, refineries, power generation, and other metal

processing industries (Volesky, 2007; Mishra et al., 2010; Kazemipour et al., 2008).



Pollution from these anthropogenic sources and also natural point sources of metals

can easily disperse into different environment compartments and create local

conditions of elevated metal concentrations causing disastrous effects on human and

environmental health (Nriagu, 1990; Wang, 2010). The predominant sources of natural

and anthropogenic metal emissions to the atmosphere, and also the ratio of these

emissions (Anthropogenic/Natural) have been summarized

comparison.

Table 1.1.

in Table 1.1 for

Primary natural and anthropogenic sources of metals in the earth's
atmosphere (Nriagu, 1990).

Emission Ratio Natural Anthropogenic

Element | Anthropogenic/ Natural | Primary Source % Primary Source %

Sb 1.3 Wind-born soil 5, Smelting and refining 41
particles

As 1.6 Biogenic 33 Smelting and refining 65

Cd 6 Volcanoes 59 Smelting and refining 71

Cr 0.7 Wmd—b_orn soil 63 | Manufacturing processes 55
particles

Co (Only Natural is Wlnd-b_orn soil 84 (Not reported) )
reported) particles

Cu 1.2 Volcanoes 34 Smelting and refining 66

Pb 28 Wind-born soil 4 Transportation, Batteries 75
particles

Mn 0.12 Wlnd-b_orn soil 70 | Manufacturing processes 39
particles

Hg 14 Biogenic 56 Energy Production 63

Mo (Only Natural is Wlnd-b_orn soil 43 (Not reported) )
reported) particles

Ni 1.7 Volcanoes 48 Energy Production 81

Se 0.6 Biogenic 84 Energy Production 61

Th (Only Anth. is reported) (Not reported) - Manufacturing processes 78

Sn (Only Anth. is reported) (Not reported) - Energy Production 64

\Y; 3 Wind-born soil ¢ Energy Production 98
particles

Zn 3 Wind-born soil -, Smelting and refining 55
particles

Among the metals listed in Table 1.1, Pb has the highest anthropogenic to natural ratio

(28) implying that Pb has the maximum share of anthropogenic fluxes to the

atmosphere (Nriagu, 1990). This was mainly because of the leaded gasoline which was



not completely phased out by the time that the data were collected for this report. As
shown in Table.1.3, atmospheric fallout is one of the sources of polluting aquatic

ecosystems with metals.

Heavy metal pollution in the aquatic ecosystems has also become a serious threat and
of great environmental concern (Srivastava & Goyal, 2010), while strict environmental
regulations are being implemented all over the world to reduce pollutions. Therefore,
the importance of applying inexpensive metal remedial technologies will be increased.
This requires a comprehensive research in this field at the moment to find economic

solution to metal pollution.

1.2. Toxicity of heavy metals

The term “heavy metals” is widely used in the literature to categorize the group of
metals that have potential toxicity (Duffus, 2002). At least 20 out of 70 metals in the
periodic table are classified as toxic and half of these are emitted into the environment
in guantities that have an environmental adverse effect (Jeffery, 2001). The damaging

effects of heavy metals on human being and other habitants are well known.

According to Goldschmidt’s geochemcial classification of elements (Goldschmidt,
1954), most of the elements that have toxic properties belong to a group termed as
‘Chalcophiles’ that have affinity to sulfur. This property causes adverse effects in
human as the protein molecules in the living things that contain sulfur can bind with
these metals so that can prevent replication of DNA and cell divisions (Alluri et al.,
2007). Therefore, the toxicity of heavy metal ions mostly owing to their affinity to
sulfur, and the metals in Chalcophile group can be considered as heavy metals, or toxic
metals (Pb, Hg, Cd, As, Sb, Tl, Zn, Cu, etc.).

The central nervous system is one of the main parts of the human body that can be
affected by the presence and accumulation of most of toxic metals (Wang, 2010).
Among these elements, mercury, lead and cadmium are termed as ‘the big three’ due

to their severe toxicity and their adverse impact on the environment health (\VVolesky,



1994). Heavy metals that pose risks to environment and human health are also listed in
two groups by Wase and Forster (1997): black and grey. Black list contains elements
that are very toxic (Hg, Cd) and priority should be given for their elimination from
wastewater. The grey list (Pb, Cu, Zn, Ni, Cr) contains metals that are toxic but less
harmful than black group.

We chose Pb, Cu, and Zn for this research based on high toxicity and high degree of
anthropogenic discharge of Pb into the environment (Tables 1.1, and 1.3), toxicity and
high amount of release of Cu to the environment from mining operations in Canada,
and Zn for its toxicity and being among the top 10 substances released to water in
Canada (Environment Canada, 2011) as well as its high global inputs in aquatic
systems (Table 1.3). The maximum allowable concentrations of the 3 heavy metals
considered for this study in drinking water in Canada, as well as their concentration
limit in metal mining effluents in Canada are presented in Table 1.2. The effects and
risks of accumulation of these metals on human health are also summarized in Table
1.2.

Table 1.2. Permissible levels of heavy metals in drinking water and mining effluents,
and adverse health effects of metals on human health.

Acceptab|e Metal Mlnlng
Metal Effects on Human Health Level* Effluent

(mg/l) Limit (mg/l)**

Can deposit and damage brain, skin, liver,
Cu | pancreas and myocardium, convulsions, 1 0.2
vomiting, cramps.

Corrosive effects on skin, damage to
Zn | nervous membranes, stomach cramps, 5 0.5
vomiting, nausea and anemia.
Encephalopathy, seizures and mental
Pb | disturbances (memory loss), reproductive 0.01 0.3
disorders, kidney and liver damage.
*Health Canada’s drinking water guidelines (2014).
** Environment Canada (2012).

Sources: Fu and Wang (2011), Igwe & Abia (2006), Alluri et al. (2007), Nordberg
(2009), Wang (2010).




1.3. Global toxic metal emission inventories

The fact that man has become the most important agent perturbing natural systems
modifying atmosphere, hydrosphere, biosphere, crust, and mantle in a large scale has
been very well emphasized by many pioneer researchers such as Fyfe (1981) long time
ago. The first inventories of metal emissions, metal sources, and their dispersions into
different environmental compartments (air, water, and soils) in global scale were made
by Nriagu and Pacyna (1988). Pollution from anthropogenic or natural point sources
can easily accumulate and create local conditions of elevated metal concentrations,
which could lead to disastrous effects on human and environmental health (Wang,
2010). Table 1.3 shows the inventories of man-made and natural emissions of Cu, Zn,
and Pb into the aquatic systems. Coal burning in power plants is one of the major
sources of metal emissions to the atmosphere as coal is rich in heavy metals, even

more than that in Earth’s crust.

Table 1.3. Global inputs of heavy metals into aquatic ecosystems (Nriagu, 1990).

Metals (thousand tons per year)

Sou rce Cu Zn Pb

Electric power plant 13 14 0.72

Domestic wastewaters 28 48 6.8
Metal mining and smelting 14 29 7
Manufacturing processes 34 85 14

Atmospheric fallouts 11 40 100

Sewage discharges 12 17 94

Total 112 237 138




1.4. Conventional metal decontamination technologies: demerits

Removal of heavy metals from industrial effluents is usually achieved by using
conventional adsorbents, such as activated carbon, polymer resins, synthetic
coagulants, and other materials in processes such as chemical precipitation, chemical
oxidation or reduction, electrochemical treatment, evaporation, filtration, reverse

0smosis, ion exchange, and membrane technologies (Das et al., 2008).

Although very effective, the major disadvantage of precipitation and synthetic
coagulants is large volume of sludge production. lon exchange has high operational
costs even though it is often preferred by the industry. Need for resin replacements,
membrane clogging, need for special handling and regular cleaning, and periodic
replacements are some other disadvantages of this exciting technology for metal
removal (Srivastava and Goyal, 2010). A summary of advantages and disadvantages of
some metal treatment technologies is presented in Table 1.4. It shows that alternative
methods such as biosorption could be a promising substitute to physico-chemical

methods for removal of heavy metals.

1.5. Biosorption — Benefits and Gaps

Biosorption is defined as the property of certain biomaterials to bind and concentrate
selected ions or other molecules from aqueous solutions (Volesky, 2007), and it can
occur in both living and dead biomass (Tobin et al, 1994; Zouboulis et al.; 2004,
Machado et al.,, 2009). Metal uptake is a combination of a rapid metabolism-
independent process, followed by a slower one, associated to metabolism dependent-
processes known as bioaccumulation (Wehrheim and Wettern, 1994). Therefore,
biosorption of heavy metals can be defined as metal removal by passive linkage in live
and dead biomasses from aqueous solutions in a mechanism that is not controlled by
metabolic steps. Biosorption process is known as an attractive biotechnological
process which employs naturally abundant or waste biomass for removing most types

of heavy metals from aqueous solutions. The biosorption is a bioremediation emerging



tool for wastewater treatment that has gained attention in the scientific community

over the past three decades.

Table 1.4. Technology comparisons for heavy metal treatment.

Technology Strengths Weaknesses

Commercially available, Effective  Resin regeneration and replacement is

lon Exchange ©n co-occurring contaminants, costly, Not effective on all metals,
Well- understood, Well-accepted ~ Produces metal-laden waste brine,
by metal industry Overall, high capital and

operational/maintenance costs

Reverse Effective removal method, Capital intensive, Low throughput,

Osmosis Accepted benchmark technology ~ Produces Metal-laden waste,
Membranes expensive, Easily foul up,
Elevated pressure, sensitivity to
suspended solids, organics

Chemical Effective, Low capital cost, Inadequate, Requires tight operational
Precipitation Simple operation controls, Post-treatment needs,
Secondary sludge generation

Inexpensive, Metal selectivity,
Easy operation, High Efficiency,

Biosorption High versatility, Tolerance to Not very well understood, difficulty in
contaminants, Results in low developing generic technologies
volumes of high-concentration
wash solutions suitable for
subsequent metal recovery

Sources: Fu and Wang (2011), Volesky (2001), Zouboulis et al (2004), Kurniawan et al.
(2006), Babel and Kurniawan (2003), Aklil et al. (2004), Kurniawan et al. (2006), Mohammadi
et al. (2005), Barakat et al. (2004), Kajitvichyanukula et al. (2005), Volesky (2003).

The closest analogy for biosorption is represented by ion exchange resins, and
biosorbents can be referred to as natural ion exchangers (Volesky, 2004). Biosorption
process involves a solid phase biomaterial (sorbent or biosorbent) and a liquid phase
(solvent) containing dissolved species like metal ions to be sorbed (sorbate). In

biosorption, like every sorption process, binding of sorbate species to biosorbent



continues until equilibrium establishes between the sorbate species in liquid and solid
phases. Biosorbents contain some molecular groups that have affinity to sorbates such
as metal ions. This technology employs various types of biomass to remove heavy

metals from contaminated waters.

The overall incentives of biosorption development for industrial processes are: (a) low
cost of biosorbents, (b) great selectivity and efficiency for metal removal at low
concentration, (c) potential for biosorbent regeneration and metal valorization, (d) high
velocity of sorption and desorption, (e) limited generation of secondary residues, and
(F) more environmental friendly life cycle of the material (Robson et al., 2011).

So far, an industrially relevant method for removal of toxic metals has not been
achieved yet (Wang and Chen, 2006; Volesky and Naja, 2007; Lesmana et al., 2009).
Biosorbents with different degrees of metal adsorption capacities, availability, and
selectivity have been shown to be promising for metal removal from aqueous solutions
in batch laboratory scale, but it is their applicability in continuous mode that makes
this treatment method attractive to industry.

One of the characteristics of a good and useful biosorbent is to be utilized in a
continuous system for removing metal ions in aqueous solutions (Lokeshwari and
Joshi, 2009; Amirnia et al., 2015). On the other hand, one of the challenges of
applying biosorption process for heavy metal removal lies with the separation process
of biomass from the metal solution after biosorption is occurred (Tsezos, 1990). We

aim to address these issues in this research.

A comparison of biosorption technology with existing methods for metal removal is
presented in Table 1.4. In overall, biosorption has been known as a biotechnological
innovation as well as a cost effective excellent tool for removing all types of heavy

metals from aqueous solutions.



1.6. Biosorbents

Generally, biosorbents are prepared from naturally abundant or waste biomass. Few
examples of the types of biomaterials that have been tested in different laboratories for
metal adsorption are: brown algae, almond hulls, sugarcane bagasse, maize and rice
husks, sunflower stalk, tree sawdust, seaweeds, pine barks, wheat bran, shea butter
seed husks, banana pith, coconut fiber, sugar-beet pulp nut shells, tea leaves, plant
tissues, date stones, activated sludge, and even human hair, etc. Most of these
biosorbents are of plant origin and mainly agricultural by-products. Also, many other

biosorbents of algal, fungal and bacteria biomass have been employed as biosorbents.

All these biomaterials have been examined for their biosorptive properties and
different levels of metal uptakes have been obtained that are high enough yet low-cost,
which added to the pool of non-tested biomaterial in the world, warranting further
research on biosorption. Recently, there is a great deal of interest in harnessing non-
pathogenic microorganisms as a powerful resource in cleaning up of toxic metals from
water and wastewater. Yeasts are so far the most commonly used organisms in
bioprocess engineering. Of these, Saccharomyces cerevisiae strain (studied in Chapter
2 of this work) is recognized by high fermentation rates, wide use in food and
beverage production, easy cultivation by inexpensive media, and being by-product or
industrial fermentation waste in large quantities that can be used in biosorption

processes (Wang and Chen, 2006).

So far, numerous types of biomaterials have been examined by researchers for their
metal adsorptive properties and different types of biomass have shown different levels
of metal uptakes. A comparison of selected metals uptake with various raw biosorbents
on the basis of maximum uptake capacity is summarized in Table 1.5. The results
obtained in this research are also listed. The focus of this research was on metal

biosorption with minimum pretreatment steps.
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It should be noted that the uptake values reported in Table 1.5 represent a typical
sorption capacity for the selected biosorbents, and the uptake comparisons would be
more meaningful if biosorbents were tested in the same environmental conditions (e.g.
pH, biomass and metal concentration range, particle size, temperature, mixing rate,
type of metal-biomass contactor, etc.), and they were from the same origin undergoing
similar pretreatment steps. For instance, for wheat bran in Table 1.5, copper
biosorption capacities between 6.85 to 51.5 mg/g were reported by different studies
conducted in different conditions (Farooq et al., 2010).

A wide range of biosorption capacities for S. cerevisiae has been reported which
implies that high adsorption capacities for metal removal by yeast cells can be
achieved using different growth and experimental conditions, sorption surface
alterations etc. Studies by Volesky (1994) and Wang and Chen (2006) on metal
adsorption properties of S. cerevisiae indicate that yeast biomass is a mediocre
biosorbent due to fermentation broth residues adhered to the surface of the cells that
affects metal uptakes. However, other studies such as Bashar et al. (2003) and Volesky
(2003) report high affinity of yeast cells for some cations such as Cd and Pb up to 10%

of weight of biomass.

All biosorbents can be manipulated for better efficiency and multiple re-use to increase
their economic attractiveness (Vieira and Volesky, 2000). According to Bailey et al.
(1999), a biosorbent is assumed as low-cost if it is abundant, or an industrial waste by-
product, and requires little processing. Biosorption results in literature show that
pretreatment may enhance the sorption capacity of the biosorbents. Biosorbents in
both forms of normal grounded or activated carbon have been used by researchers.
For instance, activated carbon form of palm shell showed an adsorption capacity of
30.8 mg Cul/g (Issabayeva et al., 2010) and 95.2 mg Pb/g (Issabayeva et al. 2006) at
pH 5.

Wan Ngah and Hanafiah (2008) listed the advantages of using untreated plant wastes

vs. chemically modified biosorbents as low-cost, selective for metals, simplicity of
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process, and easy regeneration, and the disadvantages as mediocre adsorption

capacities and release of some soluble organic compounds presented in the plant,

which may affect the COD or BOD of the treated water.

Table 1.5. Typical biosorption capacities of different unmodified natural biomass types

for metals.
Max
Metal |Biosorbent Uptake| Reference
(mg/g)

Pomegranate peel 13.87 | El-Ashtoukhy et al. (2008)
\Wheat bran 62 | Farajzadeh and Monji (2004)
Sawdust (walnut tree) 15.9 | Bulutand Tez (2007)

Pb [Myriophyllum spicatum 55.12 | Yan etal. (2010)
Lichen (Cladonia furcata) 12.3 | Sari et al. (2007)
Macrofungus (Amanita rubescens) 38.4 | Sar1 and Tuzen (2009)
Pine bark (Pinus brutia Ten.) 76.8 | Gundogdu et al. (2009)
Cells of Streptomyces ciscaucasicus 42.75 | Lietal. (2010)

7n Cocoa pod husk 14.07 | Njoku (2014)
Rapeseed waste 13.858 | Paduraru et al. (2015)
Bacillus cereus 66.6 | Joo et al. (2010)
Potato peels 0.3877| Aman et al. (2008)
Pomegranate peel 1.3185| El-Ashtoukhy et al. (2008)
Turkish tea waste 8.64 | Cayetal. (2004)
Chestnut shell 12.56 | Yao et al. (2010)
\Wheat bran 15 | Farajzadeh and Monji (2004)
\Waste yeast biomass (fermentation ) 4.93 | Bakkaloglu et al. (1998)

cu Commercial yeast biomass (dried at 105°C)| 2.59 | Cojocaru et al. (2009)
Free living cells of S. Cerevisiae 23.41 | Al-Saraj et al. (1999)
Maple wood sawdust 9.51 | Rahman and Islam (2009)
Maple wood sawdust 1.79 | Yuetal. (2000)
Cellulose pulp waste 4.98 | Ulmanu et al (2003)
Garden grass 58.34 | Hossain et al. (2012)
Tree fren 11.7 | Ho (2003)
Sphagnum moss peat 16.4 | Hoetal. (1994)

Minamisawa et al (2004) compared the adsorption capacities of biosorbents such as

coffee residues and tea leaves with conventionally used adsorbents such as activated
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carbon and zeolite for Cd** and Pb?*. The amounts of metals removed by biosorbents
were comparable with of those by activated carbon and zeolite; however, the
processing of biosorbents was less costly compared to conventional adsorbents and
preferable for the economic treatment of wastewater. Despite having much less
specific surface areas than activated carbon, biosorbents have the competitive
advantage of low-cost and re-usability over activated carbon in remediation of metals

from waters (Farooq et al., 2010).

1.7. Research Objectives

Removal of toxic metals from industrial effluents to safe levels is an expensive process
although several competing technologies exist for such an operation. Searching for
cost-effective and environmentally-sound means of toxic metal removal is a
continuous need for the industries with wastewater effluent with metals. Biosorption
process has been known as an attractive and feasible alternative to physico-chemical
methods for removal of heavy metals from various wastewater streams, and multitude
of biosorbents have been examined by researchers for their metal removal
performances. However, application of biosorption as a solution to heavy metal
pollution has still many challenges to overcome for large scale application.

Although there are many studies in literature involving biosorption, comprehensive
studies dealing with environmental conditions for removal of a mixture of metals and
continuous-flow operation, which are more applicable to industry, are limited. The
purpose of this work is to implement an inexpensive and effective method that uses
waste biomass as adsorbent for the removal of mixture of toxic metals from aqueous

solutions, and address the issues related to large scale applications of the process.

For commercialization, the main criteria that industry is looking for in selection of any
metal clean-up process are (Eccles, 1995): cost effectiveness, compatibility with
existing operations, flexibility to handle fluctuations in quality and quantity of effluent
feed), reliability to be able to operate continuously, robustness that minimizes

supervision and maintenance, selectivity to contaminants (heavy metals), and
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simplicity. Thus, comprehensive research is necessary to select the best metal removal
method and optimize the process to meet these criteria. The main objective of this
work is to implement a method that uses inexpensive waste material, such as
fermentation residues or agro-waste, as metal adsorbent and evaluate and optimize the
adsorptive performance of the selected adsorbent and the selected system against the
above criteria. Overall, the problem formulation and the offered solution in this work
are based on the challenges associated with heavy metals in the environment and their

proper remediation methods as summarized below:

e Anthropogenic activities have disrupted the natural biogeochemical cycles of
metals in the environment.

e If untreated, accumulated levels of toxic heavy metals in the environment can
poison the biosphere and threaten our water resources.

e Heavy metals such as lead, copper, and zinc are toxic.

e More stringent environmental regulations are being in force to reduce metal
discharge in the environment and avert the adverse health impacts.

e Environmental process costs usually add up to overall costs and minimizing
such costs are always desirable.

e Although effective, the traditional metal removal methods appear to be costly
and inadequate.

e A preponderance of biosorption data reported in the literature refers to results
from batch experiments.

¢ An industrially relevant biosorption method for removal of toxic metals has not

been achieved thus far.

Therefore, economical and efficient removal of heavy metals from industrial effluents
before being released to the environment is crucial at the moment. To address the
above problems and the associated challenges listed above in removal of heavy metals
from aqueous solutions, biosorption was selected and the following steps were taken in
implementing this solution to the problem: 1) select waste biomass or species that are

locally abundant and test their metal-binding capacities; 2) find out the best
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environmental/operational conditions for biosorption; 3) employ innovative and
suitable biosorption process designs that are more likely to be used in industrial
applications; and 4) apply the sorption equilibrium and dynamic experimental data for
modeling of biosorption for possible scaling up. To attain the full potential of
biosorption in environmental protection, chemical/biochemical engineering aspects of

the process are also taken into account.

1.8. Experimental Methodology and Configuration

In this research, the following biosorption processes were investigated: 1) single and
ternary metal solutions removal with non-living cells of S. Cerevisiae in a batch
system. For this purpose, the capacity of yeast cells to adsorb metal ions was studied
with respect to process parameters, namely, pH, sorbent dose, and initial metal
concentration; 2) Cu?* and Pb?* ions treatment by a mixture of living and non-living
yeast cells in a self-contained novel continuous system, where biomass generation and
metal adsorption are combined; and 3) Cu?* ions removal by Acer saccharum leaves in

a flow-through packed-bed column.

Batch biosorption system in phase (I) of this study provided the basis for tackling the
continuous mode systems in the subsequent phases. Large-scale applicability of
biosorption relies mostly on the results of continuous-flow systems offered in phase
(1) and (1) of this research. In the last chapter of the thesis, conflicting and confusing
reports in the literature on the use and interpretation of the Langmuir model constants
for quantifying and contrasting the performance of biosorbents were addressed, and
Langmuir isotherm was derived based on a dynamic equilibrium between the metal

species and biosorbent’s active sites for adsorption.

In all experiments, MINEQL+ speciation modeling was used for the tested metals to
find out their solution chemistry at different environmental conditions. This ensured us
that metal removal was predominantly due to biosorption but not due to any metal
precipitation. The optimum process parameters for multi-metal removal were

determined using statistical tools such as design of experiment technique (academic
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version of Minitab-16). Applying design of experiment in biosorption studies helped to
reduce the number of experimental runs considering the interactions among the
process parameters (variables), and evaluate the individual and relative importance of
the parameters as well as their cumulative effects.

For biomass characterization, the FTIR analysis, EDX spectra, and zeta-potential
measurements were performed on untreated and metal-treated biomass, which revealed
the chemical environment responsible for biomass-metal interactions. In the column
studied in phase (I11) of experiments, modeling of biosorption was essential for process
design and optimization due to dynamic nature of column sorption where sorption

equilibrium, diffusion, and bulk flow coexist.

Figures 1.1 and 1.2 show the biomaterials chosen for biosorption work in this research.
High surface-to-volume ratio of the cells of S. cerevisiae (Baker’s yeast) provided a

large metal-biomass contact interface for biosorption.

electron micrograph of the dried yeast biomass.
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Figure 1.2. Fallen roadside maple tree leaves collected and used for biosorption studies
as a locally available waste.

The experimental set-up used in phase (1) of experiments is shown in Figure 1.3. The
ability of yeast cells to remove copper and lead ions from aqueous solutions was
examined in a continuous system, where biomass is produced using inexpensive
medium in a bioreactor to perform on-line metal biosorption in an airlift fluidized
column. The unique specification of this set-up was that the biomass production and
the metal biosorption were performed in the same system where they were connected

in series, and yeast cells were used without any pretreatment of heat-inactivation steps.

Figure 1.4 shows the experimental set-up for the phase (I11) of biosorption work using
maple tree leaves as biosorbent. Maple tree wood and sap are of high economical
value, but maple tree leaves are of none or low economical value (e.g. composting) till
now though they have created waste management issues for municipalities.

In this study, we make use of waste maple leaves by evaluating their capability to
adsorb heavy metal ions from aqueous solutions. The use of packed-bed columns is
one of the most suitable ways for heavy metal treatment as it allows more effective
utilization of the biomass capacity by making the best use of concentration difference
between sorbent and sorbate known to be the sorption driving force (Sag et al., 2001;
Aksu and Gonen, 2004). The outcome of the dynamic performance evaluation of a

continuous-flow column packed with biosorbent - similar to ion-exchange columns
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packed with synthetic resins — to remove heavy metals can be correlated to design and

scale up of the process.

Figure 1.3. Experimental set-up used for continuous-flow bioreactor-biosorption

system for removal of heavy metals: (a) bioreactor system, (b) nutrients tank for

biomass production, (c) biosorption vessel, (d) pH-controller, () settling tanks.
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Figure 1.4. Experimental set-up for removal of heavy metals by maple leaves biomass
in packed-bed columns.

Generally, biomass recovery is an uneconomical method as the fresh biomass is
abundant and inexpensive. Also, the number of times that the biomass can be reused
could be limited. However, recycling biomass is a useful option and may increase the
process economy by recovering adsorbed metals. Biomass regeneration was
investigated in continuous-flow column packed with maple leaves for removal of
copper ions. Recovery of the desorbed metals from the concentrated eluent solutions is
another step to enhance the process economy and reduce the environmental footprint
of biosorption. Electrowinning (electroextraction) is often the feasible potential metal
recovery method (Volesky, 2001), which was not the focus in this research.
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Chapter 2

Adsorption of Toxic Metals Mixture
Using Non-Viable Cells of
Saccharomyces cerevisiae
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ABSTRACT

The use of waste biomaterial for heavy metal adsorption is an economically appealing
alternative to conventional metal removal methods. In this work, biomass of S.
cerevisiae was capable of simultaneously removing more than 98% of Pb**, 60% of
Zn**, and up to 55% of Cu®* ions from aqueous solutions in the concentration range of
10-50 mg/l. Model equations describing the removal efficiency of each metal were
determined using Response Surface Methodology with respect to operating conditions
such as pH, metal concentration, and biomass dose. Characterization of metal-biomass
interactions responsible for Bio-adsorption was studied employing Zeta potential,
BET, FT-IR, and EDX techniques, which indicated that the uptake of metals by non-
living yeast is a surface adsorption phenomenon. The results proved the involvement
of an ion exchange mechanism on the cell walls by the adsorbing metals. In the
presence of all metals, yeast cells were more selective for Pb®* ions.

2.1. Introduction

The first global inventories of metal emissions into the environment made by Nriagu
and Pacyna (1988) revealed that release of heavy metals from industrial activities
without proper treatment has disrupted metals’ natural biogeochemical cycles causing
increased levels of heavy metals in atmosphere, soils, and aquatic ecosystems. Toxic
metals are non-biodegradable and persist in the environment, and through a process of
bioaccumulation in plants and animals, they can enter into the food chains and pose

adverse effects on human and environmental health (Srivastava and Goyal 2010).

While many methods of metal removal including ion-exchange, chemical
precipitation, adsorption, etc. are available, biosorption processes based on adsorbent
derived from waste and natural bio-materials exhibit significant cost and
environmental benefits (Volesky 2003). Although, biosorption has long been known as
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an inexpensive and promising method for heavy metal removal from wastewaters
(Volesky 1990; Kotrba et al. 2011), industrially relevant method for removal of toxic
metals has not been achieved yet (Volesky and Naja 2007; Lesmana et al. 2009)
mainly due to perceived performance inconsistency and lack of in-depth process
models. For the treatment of high volume and low concentration complex wastewaters
with a mixture of toxic metals, comprehensive studies using conditions relevant to real

wastewater streams are needed (Sengil and Ozacar 2009).

So far, many low-cost sorbents have been investigated for single metal adsorption, but
the most effective biomaterials for competitive multi-metal removal have not yet been
identified. Yeasts are one of the most commonly used organisms in bioprocess
engineering. Of these, S. cerevisiae strain is more recognized due to its high
fermentation rates and easy cultivation using inexpensive media (Kordialik-Bogacka
2011). It is also readily available in large quantities as industrial fermentation waste

that can be employed in biosorption processes.

Among the various heavy metals that are abundant in environment, Pb, Cu and Zn are
well-recognized for their toxicity (Naja and VVolesky 2009; Alluri et al. 2007; Igwe and
Abia 2006) and their high inputs into the aquatic ecosystems from different sources
such as electric power plants, metal mining and smelting, manufacturing processes,
and atmospheric fallouts. The emissions of these metals are among the highest with
global rates of 138, 237, and 112 thousand tons per year for Pb, Zn, and Cu,
respectively (Nriagu 1990). The objective of this work was to evaluate both the single
and multi-component adsorption performance of S. cerevisiae as adsorbent for toxic

metals including Pb®*, Cu®*, and Zn®* ions from aqueous solutions.

The solution pH is probably the most dominant factor in biosorption of metals (Wang
and Chen 2006). Marques et al. (2000) observed a pH shift from 4-5 to 7-8 for Cu?*
biosorption by brewery waste biomass of S. cerevisiae, which caused metal
precipitation. However, most biosorption studies considered only the initial pH of

metal solutions, and the change in pH during adsorption was not monitored (Ghorbani
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et al. 2008). Thus, another objective of this work was to investigate the adsorptive
performance of S. cerevisiae in absence of any chemical precipitation employing the
chemical equilibrium data obtained from MINEQL+ database and by adjusting pH
during the biosorption process to ensure that the metals are removed by biosorption

only.

In this study, the optimum conditions of process parameters such as pH, initial metal
concentration, and biomass dose on the multi-metal removal efficiency were
determined using statistical tools such as Response Surface Methodology (RSM).
Applying RSM in biosorption studies allows to reduce the number of experimental
runs considering the interactions among the variables, and evaluate the individual and
relative importance of parameters as well as their cumulative effects (Ghorbani et al.
2008; Preetha and Viruthagiri 2007; Ferreira et al. 2009; Cojocaru et al. 2009).
Although the metal removal capabilities of biomaterials such as yeast cells are well
established, the mechanism of metal biosorption is not yet fully known (Wang and
Chen 2006). Therefore, this work also investigated the possible retention mechanisms

of metal ions on yeast cell walls using different surface characterization technigues.

2.2. Materials and methods

2.2.1. Biomass preparation

The medium for the growth of S. cerevisiae (Baker’s yeast from Fleischmann’s Co.)
was prepared using 20 g/l commercial molasses solution as hydrocarbon source, 1g/I
(NH4),SO4, and 1g/l KH,PO,4 (Aksu and Donmez 2003). Inoculum preparation was
conducted by aseptically transferring the active dry yeast to a 500 ml flask containing
the medium after being autoclaved at 121°C for 21 minutes. Then, the flask was
incubated at 30°C in a shaker at 250 rpm for 16-20 hours. The bioreactor was a 15-litre
vessel equipped with two series of flat blade Rushton turbine impellers. Fermentation
was started by introducing the prepared inoculum to the bioreactor at an aeration rate

of 1vvm and 250 rpm mixing at room temperature. After a period of 20 h (the end of
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log-phase of the growth), yeast biomass was separated from the liquid medium by
centrifuging at 4000 rpm for 15 minutes. Biomass was then washed several times with
distilled water (Milli-Q Fisher Scientific) and then centrifuged until the supernatant

was clear.

Bayrock and Ingledew (1997) reported that D value (a measure of the heat resistance
of a microorganism) of S. cerevisiae yeasts heated at 80°C is typically in the order of
seconds, which means at this temperature 90% of cells are destroyed in a matter of
seconds. Since biosorption is mainly a passive process employing the dead biomass as
adsorbent (Volesky 2007), yeast cells were inactivated using heat in this work. Based
on the earlier heat treatment methods (Cojocaru et al. 2009; Padmavathy et al. 2003,
Ozer and Ozer 2003; Machado et al. 2009), the yeast biomass were dried in a hot air
oven at 65°c for 24h.

2.2.2. Biosorption experiments and metal analysis

Analytical grade Pb(NOs),, Cu(NOs), and Zn(NOs), were used (Alfa Aesar) for Pb*",
Cu?*, and Zn?* stock solutions, respectively. Nitrate was chosen as the counter ion for
metal ions because of its low tendency to form metal complexes (Ma and Tobin 2004).
Biomass samples of concentrations from 1-7 g/l were contacted with single and
ternary metal solutions of concentration between 10-50 mg/l. The pH of the metals
and biosorbent solutions was adjusted to desired values by adding 0.5N HCI/NaOH at
different stages of biosorption. Although addition of NaOH for pH adjustments
increases Na" ions in the solutions, it has been shown that Na™ ions have little effect on

heavy metals biosorption (Ansari et al. 2011).

Adsorption batch experiments were conducted in a 500 ml flask with a magnetic stirrer
(200 rpm) at room temperature. The supernatant from aqueous samples was assayed
for metals using an inductively coupled plasma spectrophotometer (Varian ICP-OES)
with the capability to scan for all elements simultaneously with very low detection
limits (10 ppb) allowing rapid and precise sample processing. Metal uptake and

removal efficiency were calculated based on the mass balance in the form of:
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g (mg metal/ g biosorbent) = (Cr;q_/\(/:e) Q)

RE (% Removal Efficiency) = (Ci;_ce)xloo (2)

where C; and C, are the initial and equilibrium metal concentrations, respectively, in

mg/l, m is the amount of dried biomass in g, and V is the solution volume in 1.

2.2.3. Single metal solution chemistry (chemical equilibrium)

For metal treatment studies by biosorption, it is very important to know the chemical
equilibrium of the ions to make sure that the biosorption is the only responsible metal
removal process in absence of any chemical precipitation of metal species (Wang and
Chen 2006). For this purpose, chemical equilibrium of Pb*, Cu®*, and Zn?* ions in
Pb(NO3),, Cu(NO3),, and Zn(NOs), solutions were calculated by chemical equilibria
program, MINEQL+ version 3.0 (Schecher and McAvoy 1994). The general solution

chemistry of these ions for concentrations 45 mg/l is shown in Figure 2.1.
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Figure 2.1. Pb®*, Zn**, and Cu®" solution chemistry in single-metal solutions obtained
by MINEQL+ version 3.01 (initial metal concentration= 45 mg/I).

33



Cu?*, Pb*, and Zn®* ions completely precipitated at pH around 6.5, 7, and 8.2 in the
forms of tenorite (CuO), Pb(OH),, and zincite (ZnO), respectively. Conversely, at pH
below 5.65, 6.00, and 7.40, the metal ions Cu®*, Pb®*, and Zn**, respectively, were

100% in aqueous solution (aqua ion).

2.2.4. Characterization of yeast surface

BET (Brunauer-Emmett-Teller) test was performed using Accelerated Surface Area
and Porosimetry analyzer (ASAP2010 Micromeritics) to measure the surface area and
porosity of yeast biomass. A surface area of 1.59 m?g indicates that dried yeast
biomass is not a porous material in comparison to other adsorbents such as activated
carbon. To identify the elements on the cell walls of yeast, Hitachi Scanning Electron
Microscope SEM (S-4800) in conjunction with EDX (Energy Dispersive X-ray)
analyzing system was employed. EDX spectrums of yeast biomass before and after
exposure to metals were also obtained. Surface charge analysis of the yeast cells
before and after biosorption was conducted by zeta potential analyzer (ZetaPlus)
provided by BIC Brookhaven Instruments. Infrared spectrum of yeast biomass was
obtained using a Fourier Transform Infrared Spectrometer (FTIR- Bruker) to identify

the functional groups present on the yeast cells.

2.2.5. Response surface methodology (RSM) for biosorption optimization

In this study, influence of pH, initial metal concentration, and biomass dose on
removal efficiency of yeast cells was characterized. The objective of using RSM was
to find out an optimum operation in the design space for multi-metal biosorption. A
Central Composite Design (CCD), a type of response surface design, was used
(Anderson and Whitcomb 2005) which was capable of regression analysis of the
experimental data and evaluating influence of each variable. A design of 20
experimental runs in five levels (coded values: -a, -1, 0, +1, and +a) including 4
factorial design points (+/-1), and 4 star points (o = 2) representing the axial design

points (+/-a) with 6 replicated center points were formulated (Table 2.1).
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Table 2.1. Experimental design for multi-metal (Pb, Cu, and Zn) biosorption.

Levels
Factors

-a -1 0 1 o
pH 4 45 5 55 6

Biomass Conc. (g/l) 1 25 4 55 7
Metal Conc. (mg/l) 10 20 30 40 50

The range of variables was selected based on the initial single metal experiments
presented in the next section. Coded values of the input variables (or factors) were
calculated by Design Expert program using eqn (3), and the behaviour of the system in
this study for competitive metal biosorption with N input factors was estimated by an

empirical quadratic model shown in eqgn (4):

x = 2% ©)
AX
N N N-1 N
Y =by+ D B X + DB X7+ D Y XX, (4)
i=1 i=1 =1 j=2

Where X; and X; ... X are the variables (or factors), X is the value of X; at the center
point, x; are the coded levels of factors, AX is the step change value, Y is the response,

b,.b,,b;, andp, are the coefficients of terms of the regression equation. All the batch

experiments in this work were carried out in triplicate and the mean values of three

data sets are presented.

2.3. Results and Discussion

2.3.1. Multi-metal speciation modeling

Metal solution chemistry depends on the solution pH, temperature and ionic strengths.
In biosorption processes, pH affects the site dissociations of biomass as well as
chemical speciation of metallic ions. Different metals precipitate at different pH

values, which consequently affects their removal efficiencies from aqueous solutions.
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To investigate the metal removal efficiency by only biosorption without the influence
of precipitation, it was very important to understand the multi-metal solution
chemistry. Chemical equilibrium data obtained by speciation modeling software
(MINEQL+) at pH range from 3 to 7 and metal concentrations between 5 to 100 mg/|
for ternary metal system (Pb, Zn, and Cu) are presented in Figure 2.2. Using these
data, the pH values were selected in a way to ensure that no precipitation of any metal
in the mixture occurred. Speciation modeling data showed that no precipitation occurs
in the solutions containing a mixture of Pb(NOs3),, Zn(NO3),, and Cu(NO3), at pH 5.50
or lower when equal concentrations of each metal of 50 mg/l or lower are present in
the solution. From the estimates of the chemical speciation of the studied metals
present simultaneously in the solution, it was concluded that insignificant amounts of

complex compounds were formed in metal-nitrate solutions (data are not shown).

Zn(ll) pH=3-7

cu(ll) pH3-5
Cu(ll) pH=5.5
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| Pb() pH=7
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Figure 2.2. Percentage of Pb?*, Zn**, and Cu®" ions in the solutions of 3-metal systems
at different metal concentrations.
2.3.2. Single metal biosorption

Figure 2.3 presents the zeta potential curves of both metal-loaded and unloaded

biomass as a function of pH. The isoelectric point, at which the cells carry zero net
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charge, was found to occur at pH around 2.0, below which the cells are positively
charged. The negative charge on the surface increases with increasing pH and reaches
a plateau between pH 7-8. The surface charge of the untreated cells is probably due to
adsorption of protons or hydrogen ions (H") on the surface at pH<2 causing positive
charging, and adsorption of OH™ ions at higher pH values leading to negative surface
charges. Higher negative charge implies better interaction with the positively charged
metallic species. The change in zeta potential profile for metal-adsorbed biomass
suggested that upon cation adsorption, the surface charges were becoming less
negative. The surface charge reversal occurred in presence of metal ions at pH between

2.2 to 4 instead of the sharp change that occurred in the absence of metal ions at pH 2.

=—f— with metal
—&— no metal

Zeta potential (mV)

Figure 2.3. Zeta potential vs. pH for yeast cells before and after metal biosorption. 1g/I

of biomass and 45 mg/l of each metal in ternary metal solution were used.

Figure 2.4 shows that the removal capacity of yeast biomass to adsorb Pb%*, Zn®*, and
Cu?* ions depends on the solution pH. It can be observed that metal removal
efficiencies increased with an increase in pH values from 3 to 5.5, 6, and 5 for Pb?*,
Zn**, and Cu* ions, respectively. This increase is due to the presence of higher
negative charges that are responsible for metal binding on the surface of the biomass at
around pH 5 (refer to Figure 2.3). The results suggested that bio-adsorption is based on

electrostatic interactions of the metal ions with the negatively charged surface of the
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biomass. Metals precipitation zones are also marked in Figure 2.4 to indicate the

biosorption and metal precipitation regions.
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Figure 2.4. Changes in the capacity of yeast cells to retain single metal ions with

solution pH (concentration of each metal: 45 mg/l).

2.3.3. Effect of nutrient composition on biosorption

Biosorption performances of 2 types of yeast biomass obtained from aerobic
cultivation of yeast cells using two different nutrient recipes were compared for single
metal (Cu) adsorption. As described before most of the biomass used in this work was
obtained using molasses as hydrocarbon source. A second nutrient solution consisted
of 20 g/l dextrose, 5 g/l peptone, 3 g/l yeast extract, and 3 g/l malt extract (\Volesky
and May-Phillips 1995; Bueno et al. 2008) was also used in some experiments. The
results of this experiment (Figure 2.5) showed that nutrient composition for the growth
of yeast cells did not affect the adsorption capacity of yeast biomass for metal
adsorption, although slightly lower equilibrium concentration of Cu?* occurred using

molasses as the hydrocarbon source.
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The effects of nutrients on uptake of metals can be as a result of different fermentation
broth residues on the surface of the cells caused by different nutrients. For practical
purposes, the effect of growth medium on biosorption is insignificant; however, the
cost implication for using different media can be significant. The cost of the
fermentation nutrient medium is an important consideration of the total biosorption
process costs in real applications. The cost of dextrose is an order of magnitude more
than the use of molasses for yeast growth. Thereafter, molasses was used as the growth

medium for S. cerevisiae for all the experiments presented in this work.

2.3.4. Biosorption kinetics and isotherms

In biosorption, like any adsorption processes, binding of sorbate species from liquid to
biosorbent continues until equilibrium is established between them. Kinetics study of
biosorption process is necessary to determine the time required to achieve equilibrium.
In this work, the first sample was taken within the few seconds of metals exposures to
biomass; however, considering the centrifuge time, the first sample was actually taken
within the first 3 minutes of biosorption.

Figure 2.5 indicates a rapid adsorption of metals by the biosorbent, in which, residual
concentration of metal in the solution is almost constant after the first sample (3
minutes). Rapid metal biosorption is desirable for continuous operation as it
determines the size of the biosorption equipment. As it is shown in Figure 2.5, the
uptake rate was very fast that within less than 3 minutes more than 95% of the metal

uptake was completed.
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Figure 2.5. Cu®* Biosorption using yeast cells cultivated in different nutrient

compositions (pH=5.50, biomass conc. 4 g/l, initial Cu** concentration 45 mg/l).

To analyze the biosorption equilibrium data and biosorption performance, the linear
form of Langmuir sorption model (eqn (5)) was used:

i1, 1 (5)
q qmax quafo

where (max IS the maximum metal uptake in mg of metal per g of biosorbent (mg/g),
and b (I/mg) is the equilibrium constant related to sorption affinity. gmax is the total

number of binding sites available for biosorption.

Table 2.2. Parameters of Langmuir isotherm for single metal biosorption.
Omax b R?

(mg/g)  (L/mg)

Zn 9.3 0.028 0.991

Pb 192.3 0.011 0.990

Cu 13.3 0.017 0.994

Metal
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Table 2.2 shows that Langmuir isotherm exhibits a good fit to the equilibrium data.
From the values of ma in Table 2.2, Pb?* adsorption by S. cerevisiae is more
favorable than Cu** and Zn?*. Although, electropositivity of the tested metals follows
the order: Zn?*> Cu** >Pb®*, adsorption of Zn?* is less favorable than Pb** due to its
higher hydrated radius than that of Pb (4.30 A for Zn vs. 4.01 A of Pb) (shown in
Table 2.5).

2.3.5. Ternary metal biosorption system

In this study, the central composite design (CCD) was used to optimize the metal
removal efficiency of yeast cells. Three independent variables, namely pH (X1),
biomass dose (X2), and metal concentration (X3) were studied with six replicates at
the central point and a total of 20 runs. The experimental design data are shown in
Table 2.3. For each of the 3 factors, high (coded as +1) and low (coded as —1) points
were selected according to the preliminary results obtained for single-metal
biosorption (Figure 2.4) in absence of precipitation. The behavior of yeast biomass to
adsorb metals was investigated and the significance of each variable as well as the
possible interactive effects of these variables on percentage removal of metals was
evaluated by variance analysis (ANOVA). A quadratic model was established on the
basis of ANOVA to describe the metal capacity of biomass as a function of

experimental variables for each metal in ternary metal system.

The empirical egns (6-8) are developed based on the regression eqn (4) to generate
response surface plots and contour maps for the analysis of the effects of test variables

on the capacity of yeast biomass for multiple metals:

Cu RE (%) = 44.05 +1.51x; +3.71x, -2.74x; -3.04x1X; +1.87X;X3 -0.37X,X5 -1.87x,% -0.72x,°
+0.73x4° (6)

Pb RE (%) = 92.23 +9.22x; +1.87x, +3.77x5 -2.94X;X; -1.33X1X5 +1.76X,X5 -3.58x;% -0.28%,” -
0.80x5° (7

41



Table 2.3. Central composite design with codified (X1, X2, X3), real values (Xz, Xz, X3),
and responses for the ternary metal biosorption system.

Experimental factors Responses

Orthogonal Cu Pb Zn
Run Real values

values removal removal removal

X1 X2 Xz X1 Xz X3 (%) (%) (%)

o 0 0 5 4 30 44.1 92.0 16.4
1 1 1 55 55 40 44.0 98.1 44.9
0 0 -a 5 4 10 55.3 79.7 21.4
1 55 25 40 441 97.8 26.8
6 4 30 * 97.9 60.4
4 4 30 34.0 57.0 4.6
5 7 30 48.9 94.3 26.1
45 25 40 30.4 76.9 5.5
5 4 30 44.2 921 16.4
45 25 20 36.9 72.9 6.7
30 44.0 92.0 16.5
30 44.2 92.1 16.5
55 25 20 41.8 96.6 29.2
1 45 55 40 43.7 915 9.9
-1 55 55 20 44.5 92.3 37.6
45 55 20 50.5 77.9 13.6
30 441 92.0 16.4
30 33.9 87.1 34
50 39.1 97.5 13.6
20 0 0 O 5 4 30 44.1 92.3 17.1

* Cu precipitates at this solution condition, so it has been ignored in the
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experimental design.

Zn RE (%) = 16.81 +13.39x; +5.20X, -0.97x5 +1.89x;X, +1.22X;X3 +0.88X,X5 +4.12x, -0.32x,>
+0.38x5° (8)
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where RE is the predicted removal efficiency (%) and X, X2, and X3 are the coded
values of pH, biomass dose, and initial metal concentration, respectively, and XXz,
X1X3, and XoX3 represent the interactions between pH- biomass dosage, pH-initial metal

concentration, and biomass dosage-metal concentration, respectively.

The 3-D graphical representations of the response surfaces and contours for removal
efficiency of each metal are shown in Figure (2.6 - 2.14) based on the model eqns (6 -
8). The results for analysis of variance (ANOVA) for the response surface models are
also shown in Table 2.4. The F-values (the test for comparing the variance associated
with that term with the residual variance) implies that all models are significant.
Values of probability (P-value) less than 0.0500 indicate model terms are significant,

and values greater than 0.1000 indicate the model terms are not significant.

Table 2.4. Statistical analysis ANOVA (analysis of variance) results for the
experimental design models.

Mean ) .
Response F-value p-Value R Adj-R
square
Cu Removal
o 66.60 20.79 <0.0001 0.954 0.908
Efficiency
Pb Removal
o 231.06 78.62 <0.0001 0.986 0.974
Efficiency
Zn Removal
o 42549 81.67 <0.0001 0.987 0.974
Efficiency

ANOVA resutls indicated that for removal of all metals, X1, Xa, X1X,, and X, are
significant model terms, which means that pH (X1) and biomass dose (X;) as well as
their combination are dominant factors affecting the removal efficiency of all three
metals by yeast biomass. As shown in the contour plots in Figures 2.7 and 2.9, initial
metal concentration-pH and biomass-pH ineractions were found to have signifacent
model terms for Cu?* and Pb?*, respectively.
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As can be seen in Figures 2.6 and 2.9, an increase in pH (from 4 to 6) and biomass
dose (from 1 to 7 g/l) led to an increase followed by a slight decrease in removal of
Cu?* and Pb** from aqueous solutions. But, Zn?* adsorption had an increasing trend in
the studied pH and yeast cell concentration ranges (Figure 2.12).

With increasing biomass dose, higher binding sites or greater surface area for metal
adsorption are available. As mentioned earlier, changes in solution pH affects solution
chemistry, available functional groups for biosorption, and surface charges. A
combination of these factors determines the overall effect of pH on biosorption of
metals. As the pH lowers, the hydrogen ions compete with the metal ions for the
sorption sites and restrict the metal cations’ approach to the wall ligands (Volesky

2003; Ozer and Ozer 2003).
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Figure 2.6. Response surface and contour curves showing the interactive effect of pH
and biomass dose on percentage removal (RE) of Cu®*, keeping initial metal
concentration at its centre level (30 mg/l).

The variations of removal efficiencies of Cu®* and Pb*" ions with initial metal
concentration in terms of pH and biomass dose are shown in Figures 2.7, 2.8 and

Figures 2.10, 2.11 for each metal, respectively. Cu®** removal slightly decreased with
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increase in initial metal concentration in the solution for any combinations of pH and

biomass dose.
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Figure 2.7. Response surface and contour plots showing the interactive effect of pH
and initial metal concentration on removal efficiency (RE) of Cu?*, keeping biomass
dose at its centre level (4 g/l).
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Figure 2.8. Response surface and contour plots showing the interactive effect of
biomass dose and initial metal concentration on percentage removal (RE) of Cu®,
keeping pH at its centre level (pH=5.0).
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For Pb?* ions, it was found that initial metal concentration has a direct effect on Pb?*
removal. However, metal concentration from 10 to 50 mg/l has no significant effect on
Zn?* removal efficiency having vertical lines in counter plots of both biomass vs. metal

concentation and pH vs. metal concentration as shown in Figures 2.13 and 2.14.
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Figure 2.9. Response surface and contour curves showing the interactive effect of pH
and biomass dose on percentage removal (RE) of Pb®*, keeping initial metal
concentration at its centre level (30 mg/l).
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Figure 2.10. Response surface and contour plots showing the interactive effect of pH
and initial metal concentration on removal efficiency (RE) of Pb*, keeping biomass
dose at its centre level (4 g/l).
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Figure 2.11. Response surface and contour plots showing the interactive effect of
biomass dose and initial metal concentration on percentage removal (RE) of Pb*,

keeping pH at its centre level (pH=5.0).
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Figure 2.12. Response surface and contour plots showing the interactive effect of pH
and biomass dose on percentage removal (RE) of Zn?*, holding initial metal
concentration at its centre level (30 mg/l).
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For Zn* ions, X1, X5, X1X,, and X, are the only significant model terms with F

values less than 0.05 without any significant interative terms between initial Zn®*

concentration and other variables.

In RE(%)

o
o

o
o

&

Zn RE(%)
=

20
Zn Cone. (ma/l)

10 400

Figure 2.13. Response surface and contour plots showing the interactive effect of pH
and initial metal concentration on removal efficiency (RE) of Zn**, holding biomass

dose at its centre level (4 g/l).
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Figure 2.14. Response surface and contour plots showing the interactive effect of
biomass dose and initial metal concentration on removal efficiency (RE) of Zn*",

holding pH at its centre level (pH=5.0).
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The fit of the models to experimental data are evaluated by R-squared and adjusted R-
squared coefficients. As shown in Table 2.4, R? of 0.954 — 0.987 and Adj-R? of 0.908
— 0.974 were obtained for model eqns. (6 - 8) predicting removal efficiency of Pb?",

Cu?*, and Zn** in multi-metal system.

The experimental and predicted responses for biosorption of Pb?*, Zn** and Cu* in
multi-metal system are compared in Figure 2.15 showing a good fit between them.
Overall, it was found that Pb>* removal can reach up to a maximum of 98% (RE) at pH
5, biomass dose 5.5 g/l, and initial metal concentration of 40 mg/l. Cu** maximum
removal efficiency was 55% at pH 5, biomass concentration 4g/l, and Cu?*
concentration of 10 mg/l. For Zn?* ions, maximum removal capacity of yeast cells was
60% at pH 6, biomass dose 4 g/I, and 30 mg/l of metal. The results indicate that Pb?*
ions have the greatest affinity to the binding sites on the walls of S. cerevisiae in both
single-metal and ternary metal systems. In the following sections simultaneous effects
of environmental factors on removal capacity of yeast cells for ternary metal system
will be reported using response surface optimization and solving the model equations

for removal efficiency of metals.
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Figure 2.15. Experimental vs. predicted data for removal efficiency (RE) of Pb?*, Zn*",
and Cu®" in ternary metal system.
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2.3.6. Competitive metal uptake (ternary metal system of Pb, Cu, and Zn)
of metal ions from a multi-metal system reduces compared to those obtained from

Most of the reported results for competitive biosorption of metals show that the uptake
single metal solutions (Ansari et al. 2011). To evaluate this, the extent of competition

d metal

in a mixe

tes of yeast cells

ing si

d

in
solution was tested and the results are demonstrated in

and Zn** ions for bi

cu®

among Pb*

Figure 2.16, which shows a

(from 13.4 to 14.9 mg/g) in presence of equal

ions

take of Pb%*

concentrations of Cu?* and Zn?*

minor increase in up

ions.

In ternary metals mixtures, uptake capacity of Cu®* and Zn?* slightly decreased; but,
the sum of accumulated metals on the metal affinity sites of yeast cells did not change
for each system (single-metal vs. 3-metal systems). Therefore, though the yeast cells of
S. cerevisiae were found to be more selective for Pb* ions in multi-metal biosorption,
presence of a mixture of three metal ions (Pb, Zn, and Cu) in biosorption solution did
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not affect the overall biosorptive capacity of yeast biomass.
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Figure 2.16. Comparison of uptake of single metals (metal concentration: 50 mg/I

pH

5.50; biomass dose: 4g/l) with uptake of metals in a ternary metal system (Pb*":

50mg/l, Cu®*: 50mg/l, Zn*": 50mg/l; pH 5.50, biomass load: 4g/l).
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This finding is consistent with the observations of Ferraz and Teixeira (1999) for co-
ion effects on the metal uptake by the use of brewer's yeast. Sengil and Ozacar (2009)
observed a decrease in the biosorption of Pb** ions in presence of Cu?* and Zn*" ions.
However, in binary metal system of Pb-Zn, presence of Zn®* ions in different

concentrations did not have any effects on Pb?* ions uptake.

Considering a finite number of binding sites on yeast biomass and the competition
between metal ions for occupying the available sites in the multi-element biosorption
system, it can be concluded that adsorptive behaviour of yeast cells may vary with
sequence of introducing the metals to the system. When metals are dissolved in water
to form diluted solutions, metal ions are surrounded by water molecules and create

hydrated species:
M(i) + H,O —> M"(aq.) (9)

where M™(aq.) represents hydrated metal ion, and (i) is the charge of the cation. As
shown in Table 2.5, all three studied metal ions have the same covalent charges. lonic
radii of Cu and Zn are very close as they have atomic numbers of 29 and 30,
respectively. But, Pb has a larger ionic radius and hence lower hydrated radius
compared to Cu and Zn. Consequently, Pb has lower enthalpy of hydration and higher

electronegativity than other two metals.

It has been reported that ions with higher hydrated radius possess stronger hydration
enthalpy, which means the energy required to detach water molecules from those
cations to make them available for binding sites on adsorbents is comparatively higher
than ions with lower hydrated radius (Sengil and Ozacar 2009; Motsi et al. 2009).
Ozer and Ozer (2003) also observed different affinities of Pb, Ni, and Cd onto yeast

cells in the order of metals atomic radius as well as electronegativity of the atoms.
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Table 2.5. lonic properties of tested metals in biosorption by yeast cells.

lonic Hydrated Enthalpy of
Cation Charge radius radius Electronegativity hydration
(A) (nm) (kJ/mol)
Pb 2+ 1.19 0.401 2.33 -1481
Cu 2+ 0.73 0.419 1.90 -2100
Zn 2+ 0.74 0.430 1.65 -2046
Sources: Sengil and Ozacar (2009), Motsi et al.(2009), Amarasinghe and Williams

(2007).

According to the hydration radii and electronegativity, the magnitude of adsorption
should be Pb?*>Cu?* >Zn®* and also according to the hydration enthalpies the sequence
of biosorption should be Pb*>Zn**>Cu?®*. These orders of metal adsorptions are
consistent with the experimental results of the present work for biosorption of metals
by yeast cells for different environmental conditions. For instance, as shown in Figure
2.4 for single metal biosorption and Table 2.3 for tri-metallic combinations, metal
removal capacity of yeast biomass follows the opposite order of changes in the
hydration radius of the metals (Pb?*>Cu?" >Zn?*), whereas for pH around 6, which is
more favorable for Zn?* ions, the order changes to the sequence of enthalpy of

hydration (Pb%*>Zn**>Cu?*) assuming that no metal precipitation occurs.

2.3.7. Characterization of yeast-metal interactions (mechanism of
biosorption)

As mentioned earlier, the BET results revealed that yeast cells are not porous.
Therefore, most of the metal interaction occurs only on the surface of the non-living
biomass. FTIR spectroscopy was used to determine the functional groups on the yeast
cells involved in the metal binding process. Elemental analysis of the cells by EDX

spectroscopy was used as a surface characterization technique to provide qualitative
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and quantitative information of the elements presented on the surface of the cells
(Michalak et al. 2010).
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Figure 2.17. FTIR spectra of dried yeast cells (a) before and (b) after metal adsorption.

Figure 2.17 depicts the FT-IR spectrum of unloaded yeast cells in the range of 600—
4000 cm™. The spectrum shows a distinct peak at 3286 cm™ indicating the existence of
hydroxyl (-OH) and (-NH) groups. The doublet peaks at 2923 cm™ and 2854 cm™
may represent C-H stretching vibrations, while peak at 1640 cm™ can be considered as
C=0 stretching vibration of a carboxylic acid, peak at 1537 cm™ represents amide I
bond, 1239 cm™ can be assigned to P=0 bond, and the absorption band at 1076 cm™
can be due to —CN or —C-O stretching vibrations (Bueno et al. 2008; Choi and Yun
2006; Minamisawa et al. 2004).
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The observed changes in the spectrum of the metal-loaded cells with respect to
unloaded cells are the shifts in wavenumbers, which are mainly pertaining to -COOH,
—OH, and —NH bonds on the cell walls (Table 2.6). Similar changes have been
observed for cadmium loaded sewage sludge by Choi and Yun (2006); and by Akar et

al. (2005) for fungal biomass of Botrytis cinerea.

Table 2.6. FT-IR adsorption bands and suggested corresponding groups of control and
Cu-loaded yeast cells.

Wavenumber (cm™)

Functional group
Unloaded Metal-loaded

(possible)
biomass biomass

(-OH and -NH groups) 3286 3274
C-H stretching 2932 2924
C-H stretching 2854 2855
C=0 stretching (COOH) 1640 1634
Amide Il band 1537 1517
C=0 stretching 1454 1453
CH; bending vibrations,

carboxylate stretching 1397 1385
P=0, C-N stretching 1239 1230
CN stretching 1031 1034

Sources: Bueno et al. (2008), Choi and Yun (2006),
Minamisawa et al. (2004), Akar et al. (2009).

EDX spectrum of in situ chemical composition of yeast cells before and after metal
uptake is shown in Figures 2.18(a),(b). Comparing the peaks for untreated and metal-
adsorbed biomass that has appeared at 2.3426, 1.0118, and 0.9297 kev (kilo electron
volt) for Pb?*, Zn?*, and Cu®" ions, respectively, confirms that biosorption is mainly a
surface adsorption that occurs onto the cell walls of yeast cells. The EDX spectra also
show the peaks of potassium (K) at 3.3129 kev have disappeared after biosorption.

This observation suggests the possibility of replacement of metal ions with K™ ions on
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the cell walls of yeast, which implies that an ion exchange mechanism is also involved

between metal ions in the solution and the ions on the yeast cell surface.
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Figure 2.18. Elemental analyses for (a) untreated yeast cells; and (b) metal-treated
yeast cells in simultaneous adsorption of Pb?*, Cu®*, and Zn?*.

ICP metal analysis results for the supernatants of dissolved biomass solutions before
and after metal biosorption showed increased levels of K*, Mg?*, and Na'
concentrations after biosorption (data are not shown). Increase in Na* concentration
was mainly because of NaOH additions for pH control; but, the substantial increase in

the concentration of K* ions confirmed the EDX results for ion exchange mechanism.

55



2.3.8. Biosorption process optimization

In previous sections, individual maximum removal efficiencies of yeast for Pb**, Zn**,
and Cu”* were obtained based on design experiment results. For real applications, any
changes in the environmental conditions for metal removal, such as pH of the
biosorption column, would lead to different percentage removals of each metal in the
mixture. The second degree polynomial regression eqns (6-8) were solved by Design
Expert7 to obtain the optimum conditions in the experimental design space that
ensures a combined maximum percentage removal in biosorption process involving

three metals in absence of any chemical precipitation.

Table 2.7. Optimal conditions for removal of a mixture of Pb%*, Zn®*, and Cu®* ions by
biosorption using S. cerevisiae to reach the target of 90% Pb®* removal in a ternary
metal wastewater stream.

Input parameters Model outputs (optimum values)
Pb Removal Efficiency (%) 90 | pH 5.52
Initial metal load (mg/l) 20 | Biomass dose (g/l) 6.15

Cu percentage removal (%) 45
Zn percentage removal (%) 44

The optimum values of the biosorption variables in this study to reach a maximum
removal of 90% of Pb?* ions of an industrial waste stream containing 20 mg/I of Pb*",
Zn**, and Cu®* ions (as an example) are summarized in Table 2.7. Depending on the
concentration of heavy metals in an industrial effluent, and the target removal for each
metal, the model equations can be solved and the optimum conditions corresponding to
the desired metal removal by biosorption can be obtained.

2.4. Conclusions

Biosorption studies were carried out with both single metal and ternary metal solutions
of Pb?*, Zn?*, and Cu®*. The non-living cells of S. cerevisiae adsorb Pb®* ions more
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than copper and zinc ions both in single and multi-metal solutions. In ternary metal
system, yeast cells retained its overall metal uptake capacity, although, a slight
increase in Pb*" ions uptake and a slight reduction in Zn** and Cu®" ions uptake
occurred.

The FTIR analysis on the spectra of untreated and metal-treated biomass revealed their
chemical environment responsible for biomass-metal interactions. Comparing the EDX
spectra of the dried biomass before and after metal exposure, and the ICP results of
their supernatant solutions (mainly for K* ions) suggested the involvement of an ion
exchange mechanism in adsorption of metals by yeast cells. Additionally, changes in
the electrokinetic (Zeta potential) properties of S. cerevisiae in presence of metals
suggested that the mechanism of bio-adsorption can be based on electrostatic
interactions of the metal ions with the negatively charged functional groups of the

biomass surface.

The regression analysis by RSM was used to predict the performance of simultaneous
adsorption of Pb**, Cu**, and Zn** on the yeast cells. The resulted model equations for
metal removal efficiency fitted well with quadratic equations with statistically
significant model F ratios (<0.0500) and the Adj-R? values of greater than 0.91.
Process optimization helped to evaluate the simultaneous effects of pH, initial metal
concentration, and biomass dose on competitive biosorption of metals by yeast cells.
Since biosorption of heavy metals is a highly pH-dependent process, pH control was
imperative during the adsorption process to ensure that biosorption was the only
mechanism responsible for metal removal. Nevertheless, a combination of biosorption
and chemical precipitation might be useful for practical applications in commercial
scale. The results obtained in this work provide the framework for further study on

biosorption of metals in continuous systems.
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Chapter 3

Removal of Heavy Metals from Aqueous
Solutions Using Saccharomyces
cerevisiae in a Continuous Bioreactor-
Biosorption System

62



Abstract

The adsorption behaviour of unmodified yeast cells of Saccharomyces cerevisiae to
remove Pb* and Cu?* ions from aqueous solutions in continuous mode was studied.
Yeast biomass showed mediocre capacity for Cu** ions compared to that of Pb* ions
in the metals concentrations range of 10 — 180 mg/l. Metal-binding capacity of yeast
cells reached to a maximum of 29.9 mg/g and 72.5 mg/g for Cu** and Pb*" ions,
respectively, under similar experimental conditions. The rate of biosorbent production
in the continuous bioreactor, governed by dilution rate equal to maximum specific
growth rate of the cells, was the limiting factor of the biosorption system. At low
metal concentration, Cu** removal by yeast cells was higher than previously studied
heat-deactivated yeast biomass suggesting involvement of both intracellular and
surface-based sequestrations. The removal efficiencies of the test metals decreased as
the initial metal concentrations increased. Equilibrium adsorption of the metals by
yeast cells was well described by the Langmuir isotherm model. The adsorption
kinetics data fitted to diffusion-based and chemical reaction-based models showed
intracellular diffusion as the rate controlling step at low metal loads. The results
obtained suggest that the use of live yeast cells in a self-contained continuous
adsorption system is an effective method for removal of heavy metals from industrial
effluents reducing biomass pretreatment and preparation steps as well as achieving on-

line adsorbent production, biosorption, and effluent treatment.

3.1. Introduction

Biosorption is an attractive method for heavy metal removal from metal-laden
effluents due to low cost and high efficiency of the process. Despite increased
understanding of biosorption phenomenon and abundance of research in this field, an

industrially relevant method for biosorption technology has not been fully realized yet
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(Wang and Chen, 2006; Volesky and Naja, 2007; Lesmana et al., 2009; Wang and
Chen, 2009; Fomina and Gadd, 2014). Most of the studies in the field deal with batch
equilibrium studies relating adsorbate, adsorbent, and operating conditions.

Although biosorption is defined as the property of certain non-living biomaterials to
bind and concentrate selected ions or other molecules from aqueous solutions
(Volesky, 2007), it can occur in both living and dead microorganisms (Tobin et al.,
1994; Fomina & Gadd, 2014). Metal uptake is a combination of a metabolism
independent physical process, followed by a metabolic step known as bioaccumulation
(Wehrheim and Wettern, 1994). To the best of our knowledge, no studies have been
reported on the use of yeast cells in a combined continuous bioreactor-biosorption
system for the removal of heavy metals from aqueous solutions.

Removal of heavy metals in continuous mode was earlier reported as a preferred
choice in some metal adsorption studies. For instance, Kapoor and Viraraghavan
(1998) used immobilized cells of A. niger in a continuous operation for the removal of
metal solutions containing cadmium, copper lead, and nickel. Marques et al. (2007)
used a fixed-bed reactor for Cd removal using immobilized cells of an industrial strain
of Saccharomyces cerevisiae. There are certain potential limitations of continuous
fixed bed adsorption: low density of fungal biomass reported to be problematic in
fixed-bed operation due to clogging and subsequent release of biomass in the treated

wastewater.

Immobilization of biomass also causes mass transfer limitations by hindering the
access of the metals to the biosorbent sites compared to suspended biosorbents
(Tsezos, 1990; Cassidy et al., 1996). Moreover, since the regeneration capacity of
immobilized cells is limited, biomass needs to be frequently replaced, which is a costly
process. However, continuous operation is the only viable way of treating large
volume of wastewater in a reasonable time, and this is where most of the bench scale
batch biosorption studies are limited in their scope. Biosorbents with different degrees

of metal adsorption capacities, availability, and selectivity have been shown to be
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promising for metal removal from aqueous solutions in batch laboratory scale, but it is
their applicability in continuous mode that makes this treatment method attractive for

industrial application.

Based on our earlier work (Amirnia et al., 2012) on the removal of Cu?*, Pb** and Zn**
by S. cerevisiae in a batch system, continuous metal adsorption using S. cerevisiae in
an air-lift vessel was attempted in this work. Very little information is available in
literature on the use of unmodified live and resting cells for biosorption (Gonen and
Aksu, 2008).

The main objective of this work was to examine the ability of yeast cells to be
produced and utilized in a continuous fashion for removing metal ions in water. This
is regarded as one of the desirable characteristics for a good and useful biosorbent
(Lokeshwari and Joshi, 2009). The yeast cells produced in the continuous bioreactor
system provided continuously fresh surface for adsorption of the metals without the
need for costly pretreatment steps, such as harvesting, separating, heat-killing, drying,
and storage of biomass. Copper and lead ions were chosen as the model metals for
biosorption due to their widespread use in metal industry and their toxicity for humans
and environmental health (Health Canada, 2013; Reisman et al., 1987).

3.2. Material and Methods

A schematic of the continuous biosorption system is shown in Figure 3.1. A 1.2 liter
plexiglass double draft fluidized vessel was used as the adsorption column whereas
yeast biomass as biosorbent was produced in a 1.5 liter stirred tank bioreactor. The
sampling points, biosorbent and metal solution flow lines, adsorption and biomass

separation sections are illustrated in Figure 3.1.

3.2.1. Biomass Preparation

Yeast inoculum was prepared by aseptically transferring the active dry yeast

(Fleischmann’s Co) to a 500 ml flask containing the sterile medium. The flask was
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incubated at 25 °C in a shaker at 200 rpm and the bioreactor was inoculated with the
yeast suspension harvested at its late exponential phase of batch growth (~16-20 hours

of incubation).
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Figure 3.1. Schematic process flow diagram of the continuous biosorption system
(sampling points are shown on the diagram).

The bioreactor was agitated at 200 rpm and aerated with an air flow of 1vvm (1.5
liter/min) at room temperature. The liquid medium was comprised of 20 g/l dextrose, 5
o/l peptone, 3 g/l yeast extract, and 3 g/l malt extract, similar to the nutrients used by
Volesky and May-Phillips (1995). A steady exponential growth phase was maintained
in the bioreactor by altering the liquid medium volumetric flow rate into the reactor

and the outflow of biomass from the reactor.
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3.2.2. Analytical method

Copper and lead were used as model metals for biosorption. Stock solutions of Cu?*
and Pb?* ions were prepared using copper (11) sulfate pentahydrate (CuSO4.5H,0) and
Pb(NO3),, respectively. Samples were regularly collected from the feed tank, airlift
vessel’s sampling port (C), liquid outlet from the airlift column (F), and the overflow
of the 2" settling tank (details illustrated in Figures 3.1 and 3.2). Metal concentrations
of the samples were analyzed using inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES, Varian Varian, Inc., Vista-Pro Axial) after centrifugation and
removal of biomass.
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Figure 3.2. Schematic diagram of the 2-L double draft airlift adsorption column: (A)
liquid level, (B) head space, (C) sampling ports, (D) air jet orifices, (E) air inlet, (F)
liquid outlet, (G) jacket (adapted from Bashar et al., 2003).
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Metal uptake capacity, g, (mg/g) and removal efficiency, RE (%) of biomass were

obtained based on mass balance in the following forms:

(CO — Ct)
= Lo ") 1
qt CBiomass ( )
RE (% Removal Efficiency) :@xloo 2)

0

where C, (mg/l)was the initial metal concentration at the bulk solution, C, (mg/I)

outlet metal concentration at time t, and C the concentration of biomass (g /1) at

Biomass

time t. At equilibrium, C,=C,.
3.2.3. Maximum specific growth rate of yeast cells

The growth curve of S. cerevisiae (Figure 3.3) was determined by taking samples from
the bioreactor and measuring the optical density and dry weight of S. cerevisiae cells.

The exponential phase represented the cells maximum specific growth rate ( z,,, ). The

value of .. was obtained from the slope of the plot of In xvs. time.

The rate of biomass production in batch system during the exponential phase is
expressed as (Walker, 1998);

dx

-y, 3

bR 3)

In(i) =ut or, x=xe" (4)
X ,

In continuous system, fresh medium for yeast growth was supplied in a steady rate into
the bioreactor; therefore, there was no depletion of nutrients, and yeast cells
experienced prolonged period of exponential growth without entering into deceleration
and stationary phases (Walker, 1998). The change in biomass concentration in

continuous culture system is described as:

E:'UX_DX (5)
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where Dis the dilution rate (h™). At steady state, the yeast growth rate remained

constant (dx/dt =0) and the growth rate of the cells (D = «) was dictated by dilution
rate. According to Eq. (5), for dilution rates more than ... , the biomass concentration

in the bioreactor will decrease with time as the cells will be washed out from the
bioreactor.

Optimized biomass productivity required for biosorption with maximum surface area
possible necessitates that the specific growth rate in the bioreactor be as high as
possible. As shown in Figure 3.3, yeast cells attained a specific growth rate of 0.0994

h™, so the biomass discharge flowrate from bioreactor for an operating volume of 1.5
liter was adjusted to be 2.49 ml/min. The biomass concentration in the bioreactor
was examined by taking periodic samples from the bioreactor and measuring the

optical density.

3.2.4. Continuous biosorption operation

As illustrated in Figure 3.1, the bioreactor-biosorption system was operated in a
continuous mode. A constant cell population size and a constant level of liquid culture
in the bioreactor were maintained by keeping D = 2. A one-time batch incubation was
required before cells inoculation in the bioreactor containing liquid medium reached

steady state.

When biomass concentration reached around 3 g/l in the bioreactor, feed and liquid
culture pumps (pump 1, and 3 in Figure 3.1) were started simultaneously to deliver the
nutrients to bioreactor and the biomass solution to the airlift adsorption column,
respectively. Metal solution was fed into the adsorption column by pump 2 co-current
to the biomass flow. When the liquid level reached to a point that air bubbles
circulation was complete in the adsorption column (Level A in Figure 3.2), the

discharge valve was opened to keep the liquid level constant in the adsorption column.
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Gravity flow was used to transfer the metal-loaded biomass from adsorption column to
settling tanks. Biomass was separated from liquid using two settling tanks in series.
Separated biomass was periodically discharged from the settling tanks to be used in
batch desorption process, which was not used in the present work. The stable and
steady state operation of the continuous system ran for 8 weeks in a row until all the

required data were collected.
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Figure 3.3. Yeast growth curves in batch and continuous culture. In the continuous
system, the growth curve became constant at the biomass concentration of 3 g/l at the
end of exponential growth phase.

3.2.5. Adsorption column

A double-draft airlift column was used for biosorption experiments, in which, air
bubbles through the draft tubes concentrically located inside the column mix the
contents of the column. Figure 3.2 shows the column dimensions and air bubbles
circulation pattern which created a good mixing and suspension of biosorbents in the

system. The air orifices were located in the annular region between the outer and inner
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draft tubes. This type of contactor was used to create a low shear mixing without the
use of an agitator to allow settling of the agglomerated bioparticles in the adsorption
column. Scaled up airlift system would also be less energy intensive compared to a
stirred tank.

White and Gadd (1990) showed that an airlift bioreactor can remove thorium by fungal
biomass more effectively than a stirred tank. Pilkington et al. (1998) also found that
gas lift draft tube systems are attractive for large scale industrial applications as these

systems provide good mixing, consume low power, and are of simple construction.

3.2.6. Adsorption surface area

Total yeast cell count in the column was measured using a Neubauer hemocytometer.
The diluted cell suspension was placed in the counting chambers including 25 squares
(each square has an area 0.025 mm? and depth of 0.1 mm) and the number of cells was

counted using an optical microscope with a 40X objective. The total cells per unit
volume or the concentration of the cells were 57.6x10°(+ 15%) cells/ml, and the

number of cells per unit mass of biomass was calculated to be 19.2x10°(+ 15%)

cells/mg dry wit.

Figure 3.4. Size of yeast cells observed under optical microscope with 100X

magnification
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The size of yeast cells in the bioreactor varied from 5 — 9 um (Figure 3.4). Considering
a prolate spheroid shape for yeast cells with polar diameter of 7.5 zmand equatorial
diameter of 6 um, the surface area of cells, S , available for adsorption of metals can be

calculated as (Selby, 1969);

S =2za’ (1+ b Sinlej (6)
a.e

Where a is the equatorial radius, 1" the polar radius, e*=(1—a*/b?), and arcsine
value is in radians. Using Eq. (6), the external surface area of each cell is 132.4 pm?.

Therefore, considering the above calculated cell population, the estimated total area

available for mass transfer was ~2500 (% 15%) m?/g dry wt. cells.

3.3. Results and Discussion

3.3.1. Optimal physicochemical conditions

Environmental conditions such as solution pH, biomass concentration, and metal
concentration are important factors affecting the biosorption of metals. Among them,
solution pH is of paramount importance as it affects metal ion speciation in solution,
surface charge of the biomass, and chemistry of biomass binding sites (Amirnia et al.,
2012).

In the continuous biosorption system used in this study, the biomass concentration in
the bioreactor was constant (3 g/l). However, biomass and metal concentrations varied
in the adsorption column based on the feed concentration and the metal/biomass
flowrate ratio. The mass balance results in the biosorption column for metals are

summarized in Table 3.1.

All experiments were conducted at the ambient temperature of 22 °C. Solution pH was
automatically controlled with a pH-controller connected to acid and base pumps with
variable speeds (Figure 3.1). The optimal biosorption pH for each metal (namely, pH=

5.5 for Cu and pH=5.0 for Pb) was used based on our earlier results obtained from
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batch adsorption experiments (Amirnia et al., 2012). At steady state, the sugar content
in the bioreactor’s discharge was monitored using DNS method and was

approximately 0.1 g/l.

Table 3.1. Metal and biomass concentration

fluctuations in the inlet of biosorption tank affected

by the flowrate ratio of metal over biomass.
Biomass Conc. (g/l)

2.5 1.5 0.75
Flowrate Ratio
(Metal/Biomass)
Metal Feed 0.2 1 3
Concentration C,, Initial Metal Concentration

(mg/l) in Adsorption Column (mg/l)
10 - - 8
20 - 10 15
30 - 15 22.5
60 10 30 45
100 16.7 50 75
120 20 60 90
140 23.3 70 105
180 30 90 135
240 40 120 180

360 60 180 -
720 120 - -
1080 180 - -
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3.3.2. Mixing time

Mixing times of the airlift fluidized column and a same size stirred tank equipped with
one set of 45° pitched turbine 6-blade impeller were evaluated in different airflow rates
and RPM, respectively.

12

—&— 3 LPM Air (Airlift Contactor)
10 —— 200 RPM (Stirred Contactor)

16
Mixing Time (sec)
Figure 3.5. Mixing time comparisons for the airlift and stirred contactors of same

volume.

Mixing time was measured by adding 5 ml of 2M HCI and 2M of NaOH to each
system and monitoring the rate of change of pH by a pH-meter connected to LabTech
software, which had the ability of recording 60 pH values per second. Airflow of 2 to
8 LPM (Std L.min™), and mixing rates of 150 to 350 rpm were used and the mixing
times were compared. This experiment confirmed that mixing time does not improve
beyond 3 LPM and 200 rpm for the same volume airlift column and stirred tank,

respectively (results not shown). Test results also showed that mixing times for the
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airlift fluidized contactor at 3LPM airflow is equivalent to a 200 rpm stirred tank
(Figure 3.5).

3.3.3. Continuous adsorption studies

Figure 3.6 shows the adsorption test results for Cu** and Pb?* ions with yeast cells in
the continuous system at steady state. The amount of metal ions adsorbed per unit
mass of biomass at equilibrium increased with increase in initial metal concentrations.
Yeast cells had good adsorption capacity for Pb* ions, exceeding 20 and 74 mg of Pb
per g of biomass for the 5 and 40 mg/l equilibrium concentrations of Pb*,
respectively. For Cu?* ions, the uptake of metals by cells at the same biomass and

metal equilibrium concentrations reached to about 4 and 16 mg Cu®*/g, respectively.

The increase in adsorption capacity for metals by the increase in initial metal
concentration from 10 to 180 mg/l can be attributed to increase in concentration
difference as driving force for mass transfer of metals between the liquid phase and the
adsorbent yeast biomass. Metals removal efficiencies were also influenced by the
initial concentration of the metals in the liquid phase (Figure 3.6). Steady state removal
of metals decreased with the initial metal concentration due to fixed amount of
biosorbent available for biosorption. On the other hand, equilibrium adsorption

increased with the increased concentration due to higher values of the numerator in Eq.

D).

3.3.4. Continuous vs. batch sorption

Batch studies for metal biosorption by yeast cells are widely reported. The studies by
Volesky (1994) and Wang and Chen (2006) indicated that yeast biomass is a mediocre
biosorbent due to fermentation broth residues adhered to the surface of the cells that
affects metal uptakes. Other studies such as Bashar et al. (2003) and Volesky (2003)
reported high affinity of yeast cells for some cations such as Cd and Pb up to 10% of
the mass of biomass. On the other hand, VVolesky and May-Phillips (1995) observed a

3-fold increase in copper uptake by live cells of Baker’s yeast compared to dead yeast
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S. cerevisiae. However, the study by Machado et al. (2009) indicated that for Cu?*

ions, live and dead brewer’s yeast cells have similar accumulations.

In this work, as depicted in Figure 3.7, live yeast cells showed 25.2%, 21.3%, and
11.3% higher adsorption capacities for Cu?* ions than previously reported for non-
living cells (Amirnia et al., 2012) at initial metal concentration of 10 mg/l, 15 mg/I,
and 30 mg/Il, respectively, and at a biomass dose of 1.5 g/l. However, metal removal
percentage for living cells was almost the same as non-living cells at metal
concentration of 50 mg/l, and 14.3% lower at metal concentration of 60 mg/I.
Biosorption of metals on non-living cells is known to be a passive phenomenon (Wang
and Chen, 2006; Volesky, 2007).
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Figure 3.6. Metal uptake (mg/g) and percentage removal (%) plots for biosorption of
test metals at different initial concentrations and biomass dose of 1.5 g dry wt./l in
continuous biosorption system (data represents an average of three independent

experiments).
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The higher binding capacity of living yeast cells for copper implies an involvement of
an active and dynamic copper-binding mechanism. On the othe hand, an average
decrease of 9.5% was observed for the percentage removal of Pb?* ions at the same
range of metal concentrations. The lower Pb binding capacity of live yeast cells than
that of non-living cells could be explained by live cells’ toxicity and metal tolerance
mechanisms impeding the excessive Pb** bindings on the cells. Suh et al. (1998)
observed that Pb®* ions penetrate into the inner cellular parts of live S. cerevisiae after
24 h exposure to the metal, which may result in a higher accumulation of Pb?* ions by
live cells than that of non-living cells. However, they showed a lower initial Pb*
accumulation rates (< 24 h) for live cells in comparison to dead cells, which is in
agreement with our findings in this work having a limited contact time in the

biosorption column.

[l Cu - Continuous System M Cu - Batch System (Amirnia et al, 2012)
O Pb - Continuous System M Pb - Batch System (Amirnia et al, 2012)
100
90
80
70
S
w
o

10 15 30 50 60
Metal Concentration, C, (mg/l)

Figure 3.7. Batch vs. continuous adsorption performance comparisons for Cu?* and
Pb®* ions under similar environmental conditions (e.g. biomass dose; 1.5 g/l, pH 5.5
for Cu?*, and 5.0 for Pb?* adsorption). Heat-dried non-living cells used in previously

studied batch experiments (Amirnia et al., 2012).
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The results for adsorption of Cu?* and Pb®* ions shown in Figure 3.7 indicated that live
yeast cells may control the intracellular and surface uptake of the metals based on the
possible level of toxicity of the aqueous phase surrounding the cells. The degree of
toxicity in this work was related to the type of the essential metal Cu®* vs. non-

essential Pb?* and their concentration level in the liquid.

3.3.5. Retention of metal-loaded biomass

For continuous adsorption, it is important to separate the spent biomass followed by
regeneration, a practice seldom is followed in biosorption due to low cost of
biosorbents. In this work, the potential of regeneration of the exhausted yeast was
evaluated. As shown in Figure 3.1, two overflow settling tanks in series are used for

biomass separation after biosorption.
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Figure 3.8. Comparison of biomass separation efficiency for metal-free biomass and

metal-loaded biomass.
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The good flocculation capability of brewing yeast cells is one of the major factors
when brewers select strains for beer production. Yeast flocculation is facilitated in
presence of heavy metals, for example, cells usually settled in presence of Ca®" ions,
which allows binding of specific cell wall proteins of neighboring cells, called as
‘lectins’ (Machado et al., 2008; Soares and Mota, 1997). Machado et al. (2008)
showed that more than 95% of the brewer’s yeast biomass was settled after 5 minutes

at the presence of heavy metals acting as flocculants similar to Ca**ions.

In this work, settling time for copper-loaded biomass was faster than lead-loaded
biomass. About 50% of biomass was settled naturally in 30 minutes after copper
adsorption; however, Pb ions did not accelerate the settling time of the biomass after
biosorption (Figure 3.8). Similarly, Gouveia and Soares (2004) showed that flocculent
cells of S. cerevisiae remained dispersed in the presence of Pb®" ions, while they were
able to flocculate in the presence Cu*, Ni**, Zn®*" and Cd**ions. Allowing higher cell-
to-cell contact by decreasing the negative electrostatic charges in the yeast cell walls,
such as lowering the pH, can cause cells flocculation (Stratford, 1992).

Metal binding on the cell surface can also lower the negative cell surface charge and
therefore enhance the potential for cells’ flocculation. Since we were using baker’s
yeast strains of S. cerevisiae, the cells agglomeration was more likely to be the
responsible mechanism for facilitating the separation of Cu-loaded biomass. The
adsorption capacity for Pb* was much higher than the Cu®* for S. cerevisiae;
therefore, it was possible to have a charge reversal of the yeast biomass in presence of
surface adsorbed Pb** causing lower agglomeration of the yeast cells.

3.3.6. Effect of mass flowrate

The continuous system’s response to changes in metal mass flowrates is shown in
Figure 3.9. Increase in metal mass flowrates resulted in a decrease in the uptake of
metals and percentage removal due to decrease in biomass dose and contact time in the

airlift biosorption column. As shown in Table 3.1, with the change of metal/biomass
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flowrate ratio from 0.2 to 3, biomass concentration in the adsorption column decreased

from 2.5 g/l to 0.75 g/l.

Figure 3.9 shows the equilibrium isotherm sorption plots (C. vs. ge) for different
biomass concentrations in the continuous system. It was observed that, with the
increase in the concentration of adsorbent, the amount of uptake of metals also
increased, which can be attributed to greater surface area and the availability of greater
adsorption sites at higher amounts of biomass. Metal uptake values gradually achieved

a plateau at higher metal equilibrium concentrations.

35
L O |
. 30 ¢
%‘; g
€ 25 ¢
- [
T 20 ¢
g y
it
2 [
© i
] 10 [ 00.75 g/l Biomass
2 s £ © 1.5 g/l biomass
- 4 2.5 g/l Biomass
O [ ' ' ' ' : ' ' ' ' : ' ' ' ' :
0 50 100 150 200
C. (mg/1)

Figure 3.9. Comparison of sorption performance of yeast cells for Cu (Il) at different
biomass concentrations obtained at different metal inlet flowrates into the biosorption

vessel.

The influence of metal inlet concentration on percentage removal of ions by yeast cells
at initial metal concentrations between 10 — 180 mg/l is presented in Figure 3.10.
Increase in metal inlet concentration and also a decrease in biomass concentration led

to a decrease in metal percentage removal of ions by yeast cells.
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3.3.7. Adsorption isotherms

The effectiveness of metal-biomass interactions can be evaluated by sorption isotherm
models, which can be utilized for optimization of adsorbent use (Malamis and Katsou,
2013). The Langmuir model (Langmuir, 1918) is the well-known monolayer sorption
isotherm that relates the sorbate’s equilibrium concentration to sorbent’s capacity. The
Langmuir equation may be rearranged as,

be,

7
1+DbC, ()

0 = Qe

where g, (Mg/g) represents the maximum capacity of adsorbent for metals and b
(I/mg) is the Langmuir equation coefficient, and C,is the equilibrium metal

concentration. The data shown in Figure 3.11 indicate that the Langmuir isotherm

suited well for Cu** and Pb** adsorption by yeast cells.
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Figure 3.10. Effect of biomass dose, controlled by metal-biomass flowrates ratios, on

percentage removal of Cu®* by yeast biomass in continuous system.

The Langmuir model values (q,,,.b) calculated by fitting the model to the equilibrium

adsorption data and the model correlation coefficients are shown in Table 3.2. The
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maximum sorption capacity of yeast biomass for Cu?*ions decreased from 42.5 mg/g
to 21.9 mg/g as the metal-biomass flowrate ratio decreased from 3 to 0.2 (Tables 3.1,
3.2) in the continuous system. At the same biomass doses, yeast cells showed a higher

biosorption capacity for Pb®* ions than of that for Cu®* ions from the values of g,

presented in Table 3.2.

0.5 7

@ Cu (0.75 g/l biomass)
M Cu (1.5 g/l biomass)
A Cu (2.5 g/l biomass)
OPb (1.5 g/l biomass)

0.4

0.3

1/q,

0.2

0.1

0 0.2 0.4 0.6 0.8 1 1.2
1/C,
Figure 3.11. The linearalized Langmuir isotherm plots for the adsorption of Cu®* and

Pb?* ions onto yeast cells in continuous mode.

To identify the favorable adsorbents and adsorption process, Hall et al. (1966)

introduced the following dimensionless equilibrium parameter R _based on the

Langmuir isotherm coefficientb ;

1

R, = 8
“1+bC, ®)

Eq. (8) was used by Ho et al. (2005) and Chen and Wang (2010) to predict whether a

sorption process is favorable (0 <R, < 1), or unfavorable (R_> 1). The lower the value

of R, is, the higher the affinity of adsorbent to the adsorbed species. From Table 3.2,
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Pb?* ions have lower R, values (0.061 - 0.537) than Cu®* ions (0.155 - 0.768) at

similar environmental conditions; thus, yeast biomass has higher affinity for Pb%* ions.

By increasing biomass dose in the biosorption tank from 0.75 g/l to 2.5 g/l, R, values

of Cu?* ions slightly decreased suggesting more favorable adsorption of metals at

higher biomass concentrations. However, for all studied test conditions in Table 3.2,

the values of R was less than one (0 <R < 1) indicating favorable adsorption

processes for both metals.

Table 3.2. Langmuir isotherm model parameters for biosorption of metals in

continuous system

Biomass Omax b
Metal Conc. (mg/l) Conc. (g/l) (mg/l) (I/mg) RL R?
cu” 10- 180 0.75 426 0.0269 0.171-0.788 0.997
cu® 10- 180 15 29.9 0.0303 0.155-0.768 0.995
cu* 10- 180 2.5 219 0.0322 0.147-0.756 0.995
Pb* 10- 180 15 725 0.0861 0.061-0.537 0.995

3.3.8. Adsorption kinetics

Figure 3.12 shows the time profile of Cu®" adsorption by yeast biomass at four
different metal concentrations. Metal biosorption process took place in two steps: 1)
rapid stage which represented a surface adsorption mechanism; 2) slow stage until the
biomass saturation was achieved, which was controlled by an intracellular diffusion
process. Kinetics of adsorption of Cu®* on yeast cells was tested by the first-order and
second-order kinetic models. First-order kinetic equation presented by Lagergren

(1898) based on the capacity of solid is in the following form;

d
% =k,(d, —q,) 9)
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where k; is the rate constant of first order adsorption, g, is the amount of metals
taken-up by the adsorbent at equilibrium (mg/g), and q,(mg/g) is the amount of
metals adsorbed at any given time t (min).

The integrated expression of Eq. (9) by applying boundary condition of g, =0at t=0

can be written as follows;

In(g, —q,) =-kt+Ing, (10)
The pseudo-second-order kinetic model is given as (Ho and McKay, 1999; Ho, 2006);
dg

Pl AR (11)

where k,is the rate constant of pseudo-second-order adsorption (g/mg.min). By
integrating Eq.(11) over the boundary conditions of g, =0at t=0, and g, =q,at t =t,

and rearranging the following linear form of the pseudo-second-order kinetic model is

obtained;
t 1 1
G 0, kg’ (12

4 L J
——10mg/l —=m—30mg/l
—A—60mg/|l —e—120mg/I

4 A

L i

4 \ 4

O 2 2 2 2 : 2 2 2 2 : 2 2 2 2 : 2 2 2 2 : 2 2 2 2 : :
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Time (min)

Figure 3.12. Time course of Cu®" ions uptake by yeast cells at different metal

concentrations (biomass concentration: 1.5 g/l).
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The rate constants k; and ko, the predicted metal uptake values (Qecany) are presented in
Table 3.3. It can be seen that the second order kinetics equation fitted the
experimental data much better than the first order. For many adsorption systems, the
pseudo-first order model found to fit the experimental data for an early stage of

sorption (Ho and McKay, 1999), which was the case in this work.

As shown in Figure 3.13, pseudo-second order kinetics equation found to fit well in
the whole range of metal-biomass interaction time as the values of Qe(cary Obtained from
these plots correlated well with the values measured experimentally with high
correlation coefficients R? > 0.99 (Table 3.3). Similar results were reported by Chen
and Wang (2010) for the removal of metals by biomass of S. Cerevisiae, as well as in
studies by Gupta and Bhattacharyya (2011), and Malamis and Katsou (2013).

Table 3.3. Copper adsorption rate constants associated with pseudo-first-order and

the pseudo-second-order Kinetics equations.

Metal Pseudo-second-order Pseudo-first-order
Conc Ge@e) k q q
. mg/g 12 . e(Cal) R2 k1 (min'l) e(Cal) Rz
(mg/l) (g.mg".min~) mg/g mg/g
10 3.67 0.2625 3.70 0.9999 0.1709 243 0.9455
30 9.03 0.1934 9.07 1 0.2446 5.82 0.9411
60 15.90 0.1779 15.95 1 0.3110 956 0.9242
120 23.65 0.1712 23.70 1 0.4202 9.73 0.9668

The rate constant values obtained from the plots varied between 0.1712 to 0.2625
g.mg ".min'for 120 and 10 mg/l Cu** concentrations, respectively. The decrease in
the rate constant k, indicated that the biomass saturation time is slightly longer for the

higher initial metal concentration (Gupta and Bhattacharyya, 2011). This can be due to
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active adsorption by live yeast cells that can hinder the intracellular accumulation of
metals at higher metal concentrations for survival. This may lead to the hypothesis of
surface adsorption at all metal concentrations, which occurs during the initial fast

adsorption stage, followed by an intracellular adsorption at lower metal concentration

(<50 mg/L).
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Figure 3.13. A pseudo-second-order kinetic model applied to examine the effect of

initial metal concentration on rate constant (biomass dose 1.5 g/l).

3.3.9. Diffusion-based kinetics

The kinetic results were further analyzed by using Weber and Morris (1963)
intraparticle diffusion model as in Eq. (13);

q =kt +1 (13)
where Kk, is the inter-particle diffusion rate constant(mg/g.min®®), and | is the

equation constant related to thickness of diffusion layer. Generally, as illustrated in
Figure 3.14, there are three steps involved in adsorption of species from liquid phase
on a solid phase adsorbent (Ofomaja, 2008; Kumar and Gaur, 2011) dictating the rate
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of sorption process : (1) bulk diffusion; (1) external diffusion through liquid film layer

around the sorbent particles; and (111) intraparticle diffusion.

External Diffusion

Bulk Liquid

\ Membrane
— )
|~ Adsorption

Intercellular \
Diffusion _

N\

Figure 3.14 Schematic of the transfer of metals from the bulk liquid phase to a yeast

cell.

In the metal-biomass contactor used in this work, the mass transfer step (I) was very
rapid, attributed to a well-mixed biosorption system, and thus steps (11) and (11) played
important role in overall mass transfer rate of metals from aquous solution into the
yeast cells. In order to evaluate the relative importance of these two steps, metal
sorption Kkinetics were evaluated using the intraparticle (Eg. 13) and external mass

transfer models.

At stage (I1) of sorption, metals are diffused from the liquid phase through the external
diffuion layer (Figure 3.14). The change in the adsorbate’s concentration in lquid
phase at this stage, which is the initial rate of sorption, is given by the following
equation (McKay et al., 1988);

dC
= ke(©-C) (14)
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wehre k. (min~')is the external mass transfer rate constant, and C_ (mg/l) is the metal
concetration at the surface of sorbate. Applying boundary conditions of t=0; C, =0

and C, =C,, Eq.(14) becomes;

d(C,/C,) o
(TL‘ e 1)

Figures 3.15 and 3.16 are the plots of g, vs. t?, and the k, and | parameters of Eq.

(13), the intraparticle diffusion model, obtained from Figure 3.16 are listed in Table
3.4.
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Figure 3.15. Intraparticle diffusion model for Cu (Il) biosorption on yeast cells at
different metal concentrations. Multi-linearity of plots (three distinct regions) was

observed for metal uptake as the metal-biomass contact time increased.

As shown in Figure 3.15, the uptake of copper by yeast biomass at all metal
concentrations followed three distinct stages. The metal uptake increased quickly at
the beginning (0-5 min), which could represent the negligible bulk diffusion and start
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of surface adsorption step. Then, the change in the adsorption capacity ¢g; slowed
down (5- 20 min), which could be due to intraparticle diffusion, film diffusion, or
both. Film diffusion could came into play when metal concentration difference (or
mass transfer rate) between the bulk liquid and the surface of the adsorbent decreased
as the contact time increased, which denoted that the number of remaining adsorption
sites on the biomass surface for binding of metals became limited. Saturation of

sorbent particles with metals occurred as the final plateau stage.

Values of | in Eq. (13) varied from 2.11 to 17.99 mg/g for 10 mg/l and 120 mg/I initial
metal concentrations, respectively (Table 3.4). Low value of I (1 — 0) at low metal
concentrations indicates that the g, vs. t°° plots should pass through the origin (Figure
3.16) and intracellular diffusion would control the adsorption of metals by yeast cells.
On the contrary, the larger values of | means the greater boundary layer effect and
therefore, the greater the contribution of the surface sorption in the rate controlling
step. Furthermore, if the plots of Eq. (13) in all stages of adsorption do not go through
the origin, it is an indicative of imprecision of the postulated intraparticle diffusion
mechanism (Weber and Morris, 1963; Poots et al., 1976).

The second stage of biosorption in Figure 3.15 was used to obtain the intraparticle
diffusion rate constant, k;. The slopes of this stage are illustrated in Figure 3.16, and
the k; values with their correlation coefficients R? (0.9328 - 0.9894) are tabulated in
Table 3.4. Intra-particle diffusion rate constant of Cu®* increased as the concentrations
of metal in the liquid phase increased. This suggested that the intraparticle diffusion
model (Eq. 13) predicts an increase in internal mass transfer of Cu?* ions; however,
due to active adsorption behaviour of live yeast cells, the natural resistance of the cells

for internal uptake would be increased at higher metal concentrations.

In this study, the plots of metal uptake q; against t°° were linear in the second stage
(Figure 3.16), in which, the departure from the origin is larger at increasing metel
concentrations. This reveals possible involvement of some other mechanism along

with intraparticle diffusion in controling the rate of sorption process. Such complex
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mechanism have also been reported for biosorption processes by other researchers
(Ahmad and Rahman, 2011; Deniz and Karaman, 2011).
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Figure 3.16. Slopes of second stage intraparticle diffusion plots (1 < t** < 4) to
calculate the K| coefficient values.

Graphical representations of Eq. (15), the external mass transfer model in liquid phase
at different initial copper concentrations, are presented in Figure 3.16. At time zero,
Ci/Co = 1, and then started to decrease with increasing the contact time. The slope of
these plots was calculated for the initial external mass transfer period (0 —2 min), and
the external mass transfer rate constants Kg for the tested metal concentrations (0.96 <
R? < 0.99) are listed in Table 3.4.

The external diffuion rate Ke of Cu?* ions decreased with increasing metal
concentration in the solution. Overall, the diffusion-based kinetics study revealed that
the biosorption of Cu®* ions with live yeast cells tended to follow both external and the
intraparticle diffusion models, whereas intracellular diffusion was the presumptive

dominant mean of adsorption at lower metal concentrations.
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Table 3.4. External mass transfer and intraparticle diffusion parameters

for biosorption of Cu ions on yeast cells (biomass concentration: 1.5 g/l)

Intraparticle diffusion External diffusion
Metal
Ki 2 -1 2
Conc. 1. o5 1(mg/g) R Ke (Min™) R
(mg.g~.min"?)
(mg/1)
10 0.3406 2.11  0.989%4 0.1925 0.9906
30 0.7731 593  0.9893 0.1742 0.9927
60 1.1321 11.66  0.9472 0.1623 0.9874
120 1.5906 17.99  0.9328 0.1245 0.9633

3.3.10. Biosorption mechanism — further insights

Fermentation processes are relied on viable yeast cells; however, biosorption of metals
can be carried out by both living and non-living cells. A simple cell viability count
method was performed using methylene blue stain to determine the viability of the
cells in the continuous system before and after being exposed to metals (non-viable
cells do not have the metabolic capability to degrade the intruding methylene blue so

they are stained dark blue).

The test results showed that there was no significant difference in viability for cells
within first hour of exposure to the metals. The results were in agreement with findings
of Liang and Zhou (2007). They showed that yeast S. cerevisiae cells death under
extracellular Cu stress starts at around 6 mM level, which was quite higher than
concentrations used in the present study (< 2.9 mM). Thus, the biosorption process in

this work was accomplished by live yeast cells.
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Figure 3.17. Time profile of Cu*" ions dimensionless concentration C,/Cy at different
initial solute concentrations (biomass dose: 1.5 g/l). The external mass transfer
constant (Kg) for Cu adsorption on yeast cells was obtained from the initial slopes of

the plots.

The metal biosorption mechanism is complicated and not fully-understood (Wang and
Chen, 2006). The analysis of the FTIR spectra of yeast biosorbent showed the presence
of several functional groups, such as carboxyl, hydroxyl, amino and carbonyl groups
on the cell walls and their interaction with metal ions was responsible for metal
binding (Amirnia et al. 2012; Wang 2002). Results of this work confirmed that
biosorption of Cu ions by yeast cells was a combination of both intracellular metal
accumulation and a metabolic-independent surface phenomenon. In contrast,
comparison of passive biosrption results (Amirnia et al. 2012) with this work indicates
that a non-metabolic biosorption occurred for Pb** (Figure 3.7) due to high toxicity of
lead and the active defense mechanism of the cells prevented the intake of toxic lead,
and reduced the amount adsorbed on the cell surface.

92



Although, the removal of Pb®* in the continuous system was lower than that of in the
batch system (Amirnia et al. 2012), maximum adsorption capacity of Pb*" was still
better than that of Cu?*. This is probably due to the lower steric hindrance of Pb?* due
to smaller hydrated ionic radii of Pb* ions as compared to hydrated ionic radii of Cu®*
(Sengil and Gzacar 2009). Cu®* ions with higher free enthalpy of hydration than Pb?*
ions prefer to stay in the liquid rather than adsorbing onto the solid phase (Malamis
and Katsou, 2013).

3.3.11. Large-scale applicability

Assessing the potential of biosorption process by live yeast cells for removal of heavy
metals in a continuous system, similar to conventional technologies such as ion
exchange, is of paramount importance for large-scale design of this technology. The
commercial development of this system can only be considered if its cost and
efficiency are reasonably better than commercially available ion-exchange resins. In
the lab-scale system, the major cost of the process was related to the nutrition feed
used for growth and production of yeast cells. Replacing the nutrients with an
inexpensive waste stream containing sugar used for the growth of the cells would

improve the economic feasibility of the system.

The study by Machado et al. (2008) on cell separation after biosorption of metals by
brewer’s yeast strain of Saccharomyces Cerevisiae showed that the yeast strain was
able to sediment in the presence of heavy metals acting as flocculants. Since the
biosorption process is also rapid, removal of the heavy metals and cell separation can
be simultaneously achieved. The concept that heavy metal adsorption facilitates

separation of biomass could be used in large scale continuous systems.

The challenges of industrial application of biosorption process was addressed by Wang
and Chen (2009) proposing the development of hybrid technologies for removal of
pollutant, especially using living cells. In this study, an application of a continuous
system for cell growth and metal biosorption combining physical adsorption and
metabolic uptake of metals was demonstrated. This approach has a potential for
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commercial application of biosorption as it may lead to simultaneous removal of

organic pollutants and other inorganic impurities including heavy metals.

If biosorption is to be used in treatment of industrial wastewater effluents containing
heavy metals ions, the regeneration process of biomass needs to be investigated to
keep the operating costs down by opening the potential of metal recovery from
biomass. Although, recovery of metal was not attempted in this work, due to low cost
and abundance of biomass, recovery of metals from the spent biomass by acid wash is

economically feasible.

3.4. Conclusions

In this work, the possibility of using a continuous system for simultaneous production
of yeast S. cerevisiae and removal of Cu?* and Pb®* ions from aqueous solutions by the
produced biomass was investigated. The yeast cells showed a higher binding capacity
for Pb** than Cu® ions. The biosorption data fitted Langmuir adsorption isotherm
model and the kinetics of Cu®* removal followed the pseudo-second-order model. The
use of an air-lift bioreactor promoted efficient mixing and effective contact between
the metal solution and the biomass. Though live cells were used, the biosorption on the
cell surface was the major metal separation mechanism. Intracellular metal uptake
represented < 10% of the overall metal binding capacity for copper ions. The
diffusion-based kinetics models suited well to the time-course metal adsorption by live
yeast cells suggesting involvement of both extracellular and intracellular diffusion
processes. The main finding of this work was that the continuous system is a practical,
inexpensive, and self-contained method for removal of metals, where the adsorbent
can be continuously produced and used for metal adsorption. Yeasts have minimal
nutritional needs and they grow easily in simple medium; therefore, the cost associated
with nutrient medium can be overcome by the use of waste agricultural material such
as molasses as a hydrocarbon source. The large-scale application of continuous metal
biosorption by yeast cells would be improved if the separation of metal-loaded

biomass from solution is accelerated using a flocculent strain of S. Cerevisiae.
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Chapter 4

Copper lons Removal by

Acer saccharum Leaves in a Regenerable
Continuous-flow Column
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Abstract

Potential of waste Acer saccharum (Maple tree) leaves (MTL) for continuous removal
of Cu (1) ions from aqueous solutions in a flow-through packed-bed was investigated.
The effects of metal concentration (15 — 110 mg/!l) and flowrate (5 - 30 ml/min) on
breakthrough curves were investigated using the effluent concentration of 1mg/l
stipulated by the Canadian drinking water guidelines. Eight consecutive adsorption—
desorption cycles were carried out with regeneration efficiencies of up to 98% using
0.1N H,SO,. Although the metal capacity of the biosorbent in the column remained
constant at around 18.3 mg/g, shortened breakthrough times from 262 to 197 min was
an indication of reduced column sorption performance with increasing cycles. Metal
adsorption equilibrium data followed the two-constant isotherm models, Freundlich
and Langmuir, and three-constant Sips model, and the Kinetics data fitted well to a
pseudo-second-order rate expression. Dynamic performance of the biosorption column
for Cu (I1) removal by MTL was predicted by numerically solving the second-order
partial differential material balance equation of the developed non-linear local
equilibrium model. The model breakthrough curves closely agreed with the column
experimental data but overestimated the breakthrough times. The model dispersion
coefficient was increased at higher metal flowrates and concentrations. The non-linear
equilibrium model constants obtained from fitting the model to column sorption data
conformed to the batch sorption values. The results showed that MTL as a local,
abundant, and low cost biosorbent can easily be employed for metals removal from

wastewaters in a packed bed column.

4.1. Introduction

Discharge of heavy metals into the environment from anthropogenic activities has
resulted in adverse environmental and human health impacts (Volesky, 1994; Fu and

Wang, 2011). Several technologies are in place to remove metals from wastewaters
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before being released to the environment, but most of them are associated with high
costs and inadequate efficiencies. Among the emerging technologies, biosorption of
metals using natural biomass or agro-industrial wastes and by-products is known to be
a feasible and efficient alternative (Volesky, 2003a; Abdolali et al, 2014).

Variety of biosorbents has been tested for their metal removal capacities; nevertheless,
biosorption as a remediation process has not been utilized yet by metal industries for
their effluents treatment (Wang and Chen, 2009; Park et al., 2010; Fomina and Gadd,
2014). A necessary aspect in success of biosorption technology for metal treatment is
to be tested in continuous-flow mode similar to its competitive technologies such as

ion exchange resins (Zang and Banks, 2006; Amirnia et al., 2015).

Another important factor for successful application of biosorption is selection of the
best biomass type for metal adsorption, in which, other than effectiveness, easy
availability and cost, and toxicity of the biosorbents should be taken into consideration
(Kim et al., 2015). For this purpose, maple leaves as an agro-waste biomaterial found
in abundance in temperate regions like Canada were selected. The main objective of
this work was to examine the applicability and efficacy of MTL to remove metal

cations in a flow-through column in continuous mode.

Maple trees are of deciduous tree species losing the leaves with the onset of fall
season. Sugar maple or Acer saccharum is native to Canada and one of the most
common maple trees in North America. Wood and sap from the tree are commercially
valuable; however, fallen leaves, which are considered as yard waste in urban areas,
are of none or low economic value and usually collected and dumped into the landfills.
Centralized composting programs are being implemented in some communities across

Canada for organic waste management including leaves and yard wastes.
In this study, we aim to evaluate the possibility of utilizing fallen maple leaves for

metal adsorption as an environment-friendly waste management method. Copper

removal from industrial wastewaters is of great importance as it is non-biodegradable
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and toxic at high doses (Yu et al, 2000). It is also one of the most abundant hazardous
metals found in the effluents of metal industry sources (Hossain et al., 2012), such as

mining operations effluents in Canada.

So far, batch metal biosorption data have been extensively reported in the literature,
which provides the basis for complex biosorption studies. Batch adsorption studies
involving heavy metals and maple tree waste residues, such as maple wood sawdust
and leaves have been studied, but their performance in continuous configurations was
never evaluated. For instance, batch experiments were performed for chromium
adsorption with maple sawdust by Yu et al. (2003); Rhaman and Islam (2009) studied
the biosorption of copper (1) by maple wood sawdust; and Krishan and Gilbert (2014)
tested maple leaves for removal of Ni (1) from aqueous solutions. Furthermore, batch
biosorption of cationic dyes with Norway maple leaves was investigated by Witek-
Krowiak et al. (2010). For practical applications in large scale, however, these

biosorption systems need to be tested in continuous mode.

Use of a continuous-flow packed bed column for metal biosorption was reported as an
effective and economic process engineering method for utilization of the maximum
capacity of sorbents, and for design and scale up of the system (Volesky and Holan,
1995; Aksu and GoOnen, 2004; Ramirez et al., 2007). To our knowledge, this is the first
study where maple leaves are used for copper ions removal in a fixed-bed flow-
through sorption column. In this work, we aimed to gain understanding of adsorption
of copper to untreated MTL and quantify the dynamic operation performance of MTL
in a continuous-flow column. The recovery of Cu (Il) ions from exhausted MTL
biomass by weak acid was also examined, which was an added value to the biosorption
process economy allowing both the biomass and metals reuse in multiple sorption-

desorption cycles.
Performance estimation, design, and optimization of a fixed-bed biosorption column

for heavy metal removal can be conducted by an appropriate mathematical modeling

and solving a series of nonlinear partial differential equations (Volesky, 2003b; Borba
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et al, 2006). Such modeling approach for column biosorption is normally complicated;
therefore, to achieve an analytical solution, it is desirable to use simplified
assumptions and explicit mass transfer expressions (Aksu and Gonen, 2004; Chen and
Wang, 2004). In this work, a mathematical model was developed to describe the
column biosorption process based on material balance equations, involving solute

movement by bulk flow, diffusion, and non-linear local equilibrium sorption.

4.2. Experimental

4.2.1. Sorbent preparation and analysis

Fallen native Acer saccharum (maple tree) leaves (MTL) were collected and washed
twice with tap and distilled water to remove dirt, and dried in a convection oven
(45°C) overnight. The biomass was subsequently ground and sieved to MTL particles

between =180 um to 2.36 mm for biosorption studies.

4.2.2. Sorbate analysis

Cu (1) solutions were prepared using CuSO,4.5H,0 in distilled water. Solution pH was

adjusted before biosorption experiments by adding 0.5M HCI/NaOH. Metal analysis
was carried out by ICP-OES (Varian Inc.). Biosorbent metal retention capacity d,

(mg/qg), and removal efficiency RE (%) at time ‘t’ were calculated based on mass

balance:
C,-C
g (mglg) = =) (1)
Biomass
RE (%) =& =% 1100 @)

0

where C, (mg/1)and C, (mg/l) are the initial metal concentration at the bulk solution

and metal concentration at time t, respectively, and C;,..the concentration of
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biomass(g/l). At equilibrium, C,=C, and q; = g.. In continuous system, samples

were collected from the outlet of the column to analyze for metal concentration.

4.2.3. Biosorption column set-up and operation

The experimental arrangement of the continuous biosorption system is shown in
Figure 4.1. It included three parallel plexiglass columns with 27 cm length and 3.4 cm
inner diameter, tanks containing metal feed stock and regenerant solutions connected
to peristaltic pumps. Metal solution was pumped into the sorption columns from the
bottom in an upward fashion providing higher bed utilization and uniform distribution
of liquid with no channeling compared to downflow operation (Ko et al, 2001). The
columns were packed with 40 g of dried maple leaves of the same size distributions.
Foam stoppers were placed at the top and bottom of the column to screen and hold the

biomass particles in the column, and for better flow distribution.

In continuous mode, although three columns were used, each column was operated
sequentially as a single unit: when the first column was saturated with metals, the
second column was put into operation with influent metal solution, while regeneration
of the first column was carried out. Similarly, when the breakthrough occurred in the
2" bed, the metal solution flow was diverted into the last column and the second
column was put in regeneration mode, and so on. Each cycle ended with rinsing the
column with DI water to remove the remaining of the regenrant acid in the bed, and
also to stabilize the column pH to =~ 5 measured by the wash water pH in the column

outflow.

In column experiments, metal concentration at the column discharge contained very
low amount of residual metals until the point that the exit concentration reached to the
pre-defined allowable metal concentration, which is usually considered 1-5% of the
inflow concentration. Duration of this step was represented as breakthrough time (¢;),
which is the basis for packed-bed adsorption column optimization under different

operating conditions (Volesky, 2003b). In this work, breakthrough time (t,) was set to
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be when the copper outflow concentration reached 1 mg/l to comply with the limit in
the guidelines for maximum allowable copper concentration in Canadian drinking
water (Health Canada, 2014). Samples were taken for metal analysis until the point in
time that when the sorbate concentration in column outflow reached to 96% of that in

column inflow (column exhaustion time, t,).

4.2.4. Column bed void fraction

Bed void fraction g, of the column was measured following the work of Borba et al.
(2006): biomass was loaded into the bed volume (V) of 248 cm3 and DM water was
passed through the bed to wet the packed sorbent. Then, the water was completely
drained from the column for 24 h and the volume of water to fill up the void area

Vywas measured. &, or wet-biomass porosity was calculated as follows;

& =57 ®)

Vp

4.2.5. Bed density

Density of the bed (p;,) is defined as ps(1 — &) in which, p, is the dry density of
maple leaves. The bed density was obtained based on biosorbent mass packed in the
column (m,) per unit bed volume. The MTL bed volume was the difference in
volume of water needed to fill the column packed with dry biomass up to the bed
height and empty bed volume (V},). It required 40 g of biomass to be packed into the

column of volume 248 cm3 without changing the bed depth.

4.2.6. Column biosorption capacity

Eq.(1) represented the metal sorption capacity (q.) of biomass when equilibrium had
reached in batch systems. In column studies, the total bed biosorption capacity
qp(mg/g) was calculated by mass conservation law from the area above the
experimental breakthrough curve C; vs. t, which is the mass ratio of the metal adsorbed

to the biomass used (mg adsorbed/g biomass);
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_ F[y(Co=Cpat
b = " To00m, (4)

where C, (mg/l) is the metal feed concentration, C; the metal concentration at the
column outlet at time t, F the volumetric flow rate of metal solution (ml/min), and
m,, is the dried g of packed biomass. Numerical integration of Eq. (4) was done using

the trapezoidal rule in MATLAB and the experimental breakthrough data.

The percentage removal of metal (RE), was calculated by dividing the amount of
metal ions removed by biomass in the column by total amount of the metal entered
into the column (CyF.t/1000) until the time t;

1000qp.mp

(RE)b%: W %100 (5)

-1

Metal
recovery

Metal-free
Effluent

Metal Stock

)

Eluent

Figure 4.1. Schematic of triple column continuous-flow biosorption system (columns

dimensions: 27 cm height and 3.42 cm base diameter).
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The length of the adsorption zone (L,45) between t, and t, which is also called as the
critical bed length (Volesky et al, 2003) was calculated by the following equation
(Ruthven, 1984);

Laas = Lb(l _i_z (6)

where L, (cm) is length of the bed.

The sorbent usage dose (g/l) up to the breakthrough time in the packed-bed column
was defined as g of biomass loaded in the column (m;) per volume of the metal
solution treated. The volume of the treated metal solution was calculated by

multiplying the column breakthrough time by the inlet volumetric flow rate (F).

As mentioned earlier, natural form of crushed maple leaves was used without
performing any pre-treatment or modification of biomass. Other than cost saving and
environmental benefits, use of naturally abundant maple leaves without any pre-
treatment steps yielded in simple continuous-flow column operation with mechanically
stable adsorbent particles that can be easily packed in adsorption column without any
immobilization techniques. Biomass immobilization techniques are generally applied
on microbial biosorbents to improve packing and biomass separation from the effluent
after adsorption. However, immobilization causes mass transfer limitations and

reduces regeneration efficiency (Cassidy et al, 1996).

4.2.7. Characterization of biosorbent

Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) pore size and
volume tests were performed on maple leaves using Accelerated Surface Area and
Porosimetry analyzer (ASAP2010 Micromeritics) to measure the surface area and
porosity of the biomass. Hitachi Scanning Electron Microscope SEM (S-4800) in
conjunction with EDX (Energy Dispersive X-ray) was employed to analyze the

structure of the leaves. Fourier Transform Infrared (FTIR) spectra of the leaves were
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recorded using a FTIR- Bruker Spectrometer to identify the functional groups present

on the surface of biomass.

4.2.8. Modeling error analysis

To measure the degree of goodness-of-fit of the models to the experimental data used
in this work, apart from the coefficient of determination (R?), the residual root mean
square error (RMSE) and the sum of squares due to error of the fit (SSE) were also

employed as follows (Ho et al., 2005);

1
RMSE = \/; 2?:1(Qe,pred.i — Ge,expi )2 (7)

SSE = Z?:l(qe,pred.i - qe,exp.i )2 (8)

where g, ., is the experimental uptake capacity of biomass, and q, .4 is the uptake

predicted from the model, and n is the number of measurements.

The models parameters were calculated by non-linear regression using Matlab. R?
values closer to 1 was an indicator that a greater proportion of variance was accounted
for by the model , a SSE value closer to zero indicated a better fit, and RMSE closer to
zero implied a fit that was more useful for prediction.

4.3. Results and discussion

Adsorption performance evaluation of any adsorbents relies on classical batch
isotherm and Kkinetics experiments under controlled environmental conditions,
supplemented by dynamic continuous-flow studies. The combined resulting data
serves as a basis for the scale-up and sizing of the sorption contact systems (Volesky
and Holan, 1995). In this work, the biosorption of copper by MTL were carried out in
two parts: batch and column operations. The equilibrium and kinetics experiments
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followed by breakthrough curves experiments and modeling of the fixed-bed column

system.

4.3.1. Batch Studies

Adsorption of metals by biosorbents, in general, is a pH-dependent process as the
surface charge of biosorbents is affected by the pH of solution and consequently their
metal-retention performances. The variation of Cu (IlI) percentage removal and
equilibrium uptake capacity of maple leaves with pH investigated (figure not shown).
Copper biosorption increased with increase in solution pH, and maximum adsorption
was achieved at pH 5.0. Low uptake values at lower pHs was possibly due to positive
surface charge and of competition due to abundant hydrogen ions in the solution. The
pH range was chosen according to our previous study of solution chemistry involving
Cu (1) (Amirnia et al, 2012) to avoid metal precipitation at pH>6) so that biosorption

remained the dominant removal mechanism, instead of surface precipitation.

4.3.1.1. Effect of particle size

Efficiencies of MTL with different particle sizes to remove Cu(ll) ions from aqueous
solutions are plotted in Figure 4.2. It was observed that as the particle size increased,
the percentage removal decreased due to lower surface areas available for biosorption,

however, the effect was not that significant.

All batch experiments were conducted with MTL particle sizes between 180 — 710 pm.
For column biosorption studies, particle sizes < 500 pum was not selected to attain
minimum biomass wash-out from the column due to attrition of fine MTL particles in

water during the sorption-desorption cycles.

4.3.1.2.  Biosorption equilibrium isotherms

Correlation of isotherm data (g, vs.C,) by sorption isotherm equations are important
for equilibrium modeling of biosorption systems and describing sorbate-sorbent

interactions (Aygin et al., 2003). As summarized in Table 4.1, the equilibrium data of
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Cu®* ions by MTL were fitted using three commonly used isotherm models;
Freundlich (1906), Langmuir (1916), and Sips (1948).

60
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Figure 4.2. Influence of particle size on removal efficiency of Cu (Il) ions by MTL
biomass (dose: 1 g/l).

The isotherm parameters for 15 — 150 mg/l copper adsorption onto 1 — 8 g/l MTL
given in Table 4.1 were determined by nonlinear regression analysis using CFtool in
Matlab. For each biomass dry weight in isotherm experiments, initial Cu (Il)
concentrations were varied and equilibrium metal concentrations were analyzed. As
expected, copper removal capacity was higher at higher MTL loading for the same
initial concentration of Cu (Il) due to a larger surface area being available for
adsorption. Graphical observations of predictive performances of isotherm models in
Figure 4.3 and fit quality parameters in Table 4.1 showed that although all three
isotherms are suitable for predicting the Cu®* equilibrium by the MTL biomass
(R®>>0.98, RSME<1.4, and SSE<5.4), the data were best fitted by the monolayer
Langmuir isotherm model in the studied concentration range as the other models had
relatively higher RSME and SSE values.

According to R? values, the Sips and Freundicih heterogeneous sorption models were
found to be mathematically appropriate for describing the Cu** adsorption equilibrium
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results. Similar results were reported by Hossain et al (2012) for copper sorption onto
the palm oil fruit shells. Sips constant N was quite close to unity, which implied that
biosorption of Cu®* onto MTL could be reasonably described by the Langmuir model
(Apiratikul and Pavasant, 2008).The dependence of adsorption data to different
isotherms was related by Pierce and Moore (1982) to involvement of both strong and
weak binding sites on the biomass surface for adsorption of metal ions at different

environmental conditions.
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Figure 4.3. Cu (Il) biosorption equilibrium data compared to of those predicted by

isotherm models.

4.3.1.3.  Biosorption kinetics

4.3.1.3.1. Effects of MTL dose and Cu(ll) concentration

The time profiles of Cu (Il) adsorption by MTL at different metal concentrations
(Figure 4.4) showed that copper biosorption took place in three distinct stages: a rapid

step within the first few minutes (< 2 min) of sorbent-sorbate contact time representing
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a negligible bulk mass transfer resistance and a surface adsorption mechanism,
followed by a slow stage (2-10 min) which possibly is either controlled by an inter-
particle diffusion or film diffusion, or both. A final plateau stage achieved when
biomass binding sites became saturated with the metal ions. First biosorption Kinetics
stage (t < 2 min) accounted for 82%, 85% and 90% of of sorption uptake in the studied

metal concentrations of 15, 50, and 150 mg/I, respectively.

Table 4.1. Parameters in the isotherm equations for biosorption of copper with MTL.

Isotherm Equation Initial Metal Parameters Biomass Conc. (g/l)
Conc. (mg/l) 1 4 8
b (I/mg) 0.0039 0.0103 0.0119
_ Qmax (MQ/Q) 126.2 271.77 15.67
Langmuir bqmasxC )
q= 15-150 R 0.9993 0.9944 0.9979
(1916) 1+bC
RSME 0.4412 0.4364 0.1539
SSE 0.584 0.5712  0.07105
K 0.815 0.5719 0.3654
n 1.214 1.423 1.438
Freundlich 5
(1904) q= Kfcl/” 15-150 R 0.9936 0.9819 0.9875
RSME 1.331 0.7843 0.3769
SSE 5.315 1.845 0.4262
bs 0.00399 0.00686 0.00956
Qmax 84.71 19.39 11.93
_ bsGmaxC N 1.136 1.281 1.192
Sips (1948) q=——7—5 15-150 5
1+ bsC R 0.9975  0.9977  0.9995
RSME 1.013 0.3429  0.09341
SSE 2.053 0.2352  0.01745
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The copper-MTL sorption Kinetics was tested using a first-order equation (Lagergren,

1898) and a pseudo-second order rate equation developed by Ho and McKay (2000):

In(g, —q,) =—kt+Ing, 9)
t 1 1
G % kg’

where k; (min™) and k, ( g.mg™.min") are the rate constants of first order and pseudo-
second-order equations, respectively, q. is the metal uptake at equilibrium (mg/g),

and q.(mg/g) is the amount of metal adsorbed at any given time t (min).

Pseudo-second order - - - - First-order

A 150mg/l m 50mg/l & 15mg/l

—_ & g
'-9-5 8 u
%.O O . PS Q-Q—I—O—O—I" * *
— t1/2(min0.5)
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T 6 - 0. - 5
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Figure 4.4. Influence of Cu (II) concentration on the kinetics of biosorption by MTL
(biomass dose = 4 g/l). The slopes of the second stage of biosorption (q; vs. t°°) was

used to obtain the intraparticle diffusion rate constants in Eq.(11).
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Sorption Kinetics data were also obtained when the MTL dosage was varied (Figure
4.5). The values of rate constants k; and k», the predicted equilibrium sorption values,
Qecaly and the experimental uptake values Oeexpy for different initial Cu (II)
concentrations and MTL doses are given in Table 4.2. Based on the degree of
agreement between the predicted and experimental uptake values and from the
correlation coefficients (R?), it can be seen in Figure 4.4 that the pseudo-second order

kinetics rate equation fitted the experimental data better than the first order.

The data in Table 4.2 and Figures 4.4 and 5 also showed that the MTL sorption
capacity increased for the higher initial Cu (Il) concentrations, and decreased with an
increase in MTL dose. The increase in the rate constant k., by increasing the MTL dose
indicated that the biomass saturation time was slightly faster at higher biomass loads
due to availability of more adsorption sites. On the contrary, slower uptake process
with the decrease in k, values at higher metal concentrations for the same biomass
dose was not yielded from the experimental data. This may lead to the hypothesis of
surface adsorption of metals at all concentrations, which is faster at higher

concentration differences between the bulk and the biomass surface.

4.3.1.3.2. Diffusion-based kinetics

The batch kinetics data were also analyzed by intraparticle diffusion (Weber and
Morris, 1963), and external mass transfer (McKay et al., 1988) models as in Egs. (11
and 12):

g =kt +1 (11)
d(C, /Co)j

—L00 =k (12)
( dt t—0 -

where K;(mg.g.min®°) and Kz(min™) are the inter-particle diffusion and external
mass transfer rate constants, respectively, and I is a constant related to the thickness of

diffusion layer. Slopes of the second stage intraparticle diffusion plots (1.4 < t? < 3.2)
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Table 4.2. Rate constants and parameters associated with chemical sorption and diffusion-based kinetics for biosorption of Cu (1) ions onto MTL.

illustrated in Figure 4.4 was used to caluclate the K; coefficent values in Eq.(11).

External mass transfer coefficient Kz was derived from the initial slopes of the C/C,

vs. t plots shown in Figure 4.5.

The large values of | indicated that the plots of Eq. (11) shown in Figure 4.4 did not

go through the origin, and therefore, minimal contribution of intraparticle diffusion
exists in biosorption of Cu (II) onto MTL (Weber and Morris, 1963; Poots et al.,

1976) due to low pore area of MTL. Higher values of I denoted a greater boundary

layer effect at higher metal concentrations and lower MTL doses, and therefore, a

greater contribution of the surface sorption. Increase in the intra-particle diffusion rate

constant k; with the increase in concentration of Cu (I1) in the liquid phase suggested

an increase in the intraparticle diffusion of Cu (Il) ions.

Interaparticle diffusion External diffusion  Experiment Pseudo-second-order Pseudo-first-order
Biomass  Metal
dose Con. K - I 5 l-(E 5 Ce(exp) 9] _ Ce(cal) R? |-<1 Ce(cal) 5
(mg.g™.min®%)  (mglg) (min) (mg/lg)  (g-mg™.min”)  (mglg) (min?)  (mg/g)
9/  (mgll)
1 50 1.8027 9.14  0.9818 0.1812  0.9622 14.83 0.1752 14.90 1 0.3969 9.68  0.9583
1881 09
4 15 0.1836 1.32 0.947 0.3188  0.9625 1.86775 1.6899 8 99 0.4904 1.1667 0.9588
4 50 0.6423 417 09413 0.2964  0.9489 5.85 0.8873 5.86 1 0.782 4.67 0.989
4 150 1.4135 10.17  0.9292 0.249 0.941 13.49125 0.4655 13.55 1 0.9389 10.334 0.9417
8 50 0.2118 2.86 0.9865 0.3549  0.9509 3.37 2.2256 3.37 1 1.1064 291 0.9739
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Fig. 4.5 Plot of dimensionless concentration vs. time for obtaining the external
diffusion constant in Eq.(12) from the initial slopes for adsorption of Cu (Il) ions onto
MTL at different biomass doses (metal concentration 50 mg/l).

4.3.1.4. Regeneration of MTL (Desorption of Copper form MTL)

Regeneration of separated MTL was conducted using a simple chemical treatment
after adsorption. Five types of eluents, namely 0.1 N H3POy, 0.1 N H,SO,4, 0.1 N HCI,
0.1 N CH3COOH and DI water were used to test the reusability of MTL as shown in
Figure 4.6. MTL was easily regenerated for copper with low concentrations of acids
(0.1N) and the maximum desorption happened with 0.1 N H,SO4 solution (at pH 1.55).
A 20% desorption with DI water (pH 6) was even occurred, which implies a weak

biosorption mechanism.
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Figure 4.6. Regeneration of maple leaves with five types of eluents. Concentration of
Cu (II) in the biomass (to be desorbed) was 25 ppm for all eluents (contact time 1

hour).

In column studies, the adsorbed Cu?* ions were eluted from the biomass in eight cycles
of adsorption-desorption using 0.1N sulphuric acid pumped upflow into the column.
For regeneration, it was important to maximize the ratio of concentration between the
initial metal-laden effluent and the final eluate (Tobin et al, 1994). The biomass
regeneration produced small volumes of concentrated metals, which is potentially

suitable for conventional metal reclamation processes (Kratochvil and VVolesky, 1998).

4.3.2. Column Studies

In column operations, in addition to the surface sorption and diffusion mechanisms
discussed earlier, the process of metal biosorption is also influenced by macroscopic
fluid flow pattern (e.g. advection and dispersion). The concept of breakthrough curve
obtained from the operation of the fixed-bed biosorption column was used in
describing the performance of the column (Volesky et al, 2003; Aksu and Gonen,
2004). All these factors were considered in simulating the dynamics of the fixed-bed

column used in this study.

118



4.3.2.1. Modeling (Modeling of biosorption process in a packed-bed column)

Batch sorption kinetics data in this work showed that a rapid metal equilibrium with
MTL was achieved at the studied environmental conditions. This fact was applied for
mathematical modeling of biosorption process in the packed-bed column. The
principle of advection-dispersion-reaction (ADR) differential mass balance equation
(Weber Jret al., 1991) for transport of a solute from liquid phase to the solid phase
was employed as the basis for modeling the column biosorption with the governing

partial differential equation (PDE) as;

_ 9C _ ppoq
=Dy a2 %25, T g, ot (13)

where D; is axial dispersion coefficient, u, interstitial velocity, p;, is the bed density, C
is the concentration of metal in the bulk liquid phase, and &, is the bed void volume
calculated by Eq. (3).

The interstitial velocity of the bulk flow (u,) with a flowrate of F passing through the
MTL particles with a diameter d,, packed in the column with a diameter of d. was

estimated using the following equation;

4F
wd2ep

u, = (14)

Eq.(13) is the one-dimensional and non-steady state mass balance expression for a
single sorbate being removed from a solution by a sorbent through diffusion, bulk
movement, and sorption processes comprising the first, second, and third term in the
right hand side of the equation, respectively. Such non-linear mathematical models
representing the breakthrough curves and the dynamics of packed-bed columns are
often complex and a general analytical solution is impossible to achieve without

making some simplified assumptions (Hatzikioseyian et al., 2001; Borba et al, 2006).

119



The premise of a rapid local equilibrium derived from batch kinetics experiments
implied that dq/dt at any point z, is reflected by the rate of change of the solute

concentration in the liquid phase;

0q _ 04, 0C

3t ~ac ot (15)
Therefore, a rapid sorption reaction resulted in plausibility of negligible mass transfer
resistances assumed in the liquid and solid phases. Similar modeling approach was
used by Hatzikioseyian et al. (2001), with a difference that the axial dispersion
coefficient, which is a key modeling parameter, was determined in this work by fitting

the model data with the experimental data (Chen and Wang, 2004).

As batch experiments revealed (Table 4.1), the Langmuir isotherm adequately
represented the biosorption of Cu (Il) ions onto MTL. Therefore, for the rate of solute

uptake term (dq/0C) in Eq.(15), the derivative of Langmuir model was used;

a_q _ bqmax
ac ~ (1+bC)2 (16)

where, q is the equilibrium uptake value, g,,4, iS the total number of binding sites
available for biosorption, C is the unadsorbed metal ion concentration in solution, and

b is the Langmuir model constant. Substituting dC/dt in Eq.(13) by Egs.(15, 16), we

have;

ac _ 9%C aC  pp bqmax 9C

at Dy 922 Y2%; T & (1+b0)? ot (17)
ac 2%c ac bppAmax

o = DL —uz )/ (L + Fb(1+bC)2) (18)

The boundary and initial conditions used to solve the ADR Eq.(18) are:
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0 t=0, 0<z<L

C=lc, t>0 z2=0 (192)
ac
X_o £>0, z=1 (19b)

The first and second spatial derivatives in the above PDE system (Eq.(18)) were
discretized using forth-order finite difference method (for boundary points, second-
order forward and backward finite difference approximation were used), and the
subsequent method of lines system of ordinary differential equations (ODE) was
solved numerically in MATLAB for the given initial and boundary conditions. All
model parameters were known based on column geometrics and operating conditions
except for the dispersion coefficient D; and the Langmuir constant b, which were

determined by least square fitting of experimental data points using MATLAB.
4.3.2.2. Column biosorption performance (multiple sorption-desorption cycles)

Figure 4.7 and Table 4.3 display the breakthrough data for eight biosorption cycles
carried out with MTL particle sizes of 500 um — 1 mm, and inlet copper solution
flowrate of 21 ml/min containing 55 mg/l Cu (Il) at pH 5. The column void fraction
(gp) and bed density (p;,) for 40 g of MTL was measured to be 0.2621 and 555.2 g/,
respectively. Column service time t;, and exhaustion time t,, when Cu (Il) ions were
detected at 1 mg/l in the column effluent and at 96% of the breakthrough curves,

respectively, are given in Table 4.3.

Breakthrough curves in the 2" and 8" cycles were plotted in Figure 4.7. Generally, a
steeper breakthrough curve is more favorable, indicating the effective utilization of
biomass inside the column, whereas a flat curve shows long mass transfer zone in the
column (Kratochvil and Volesky, 1998; Aksu and Goénen, 2004). The slopes of the
subsequent curves at tsqe, (Table 4.3) varied slightly from 0.0863 to 0.0883 mg/I/min
up to the cycle#6, after which it slightly flattened until the 8" cycle which had the
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lowest slope of 0.0727 mg/l.min. As shown in Table 4.3, the changes in the slopes yet

were not significant over the first 6 cycles.

1.0

¢ Cyclel m Cycle3
[ A Cycled ¢ Cycle5
0.8 + ® Cycleb 0O Cycle7
—8—Cycle2 —a&—Cycle 8

0.6
o [
Ll
© [ 1.0
0.4 4 .
[ =
[-T4]
£
0.2 4 £ o b
B o Vo 0.2 U S T S S -
----------------- 80 140 200 260
0.0 4 . A
0 ~300 400 600 800 1000 1200 1400

Time (min)
Fig. 4.7. Concentration profile of Cu (Il) at the column outlet as a function of time for
eight biosorption cycles (Cy= 55 mg/l , F= 21 ml/min). Effluent concentration of 1

mg /l was used to obtain the column breakthrough time.

The breakthrough times (t,) were 248 min and 197 min in the first and last cycle,
respectively. However, the maximum breakthrough time of the column was associated
with the 2™ cycle (262 min), after which, there was a decreasing trend in t, in average
8 min steps. It is possible with increasing cycles; there is a difference in metal

biosorption mechanism between cycle 1 and the rest of the cycles.

As shown in Figure 4.8, during the first sorption cycle, some ions such as Ca(ll) and
Mg(I1), K(I) and Na(l) were released from biomass to the liquid phase, which were
significantly higher than leaching these ions to liquid phase without the presence of
copper ions. Some trace amounts of Mn, Fe, and P were also released during the
biosorption. This suggests that ion exchange could participate in sorption mechanism

of Cu(ll) ions by the MTL biomass. However, since the regeneration was performed
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by acid (0.1N H,SO,), the desorbed metal ions in the 1% desorption cycle were not
replaced by the same ions indicating that Cu(ll) sorption mechanism after first cycle
was less dependent on ion-exchange and was mainly based on adsorption on free
binding sites of the biomass. Similar ion exchange mechanism was reported by
Apiratikul and Pavasant (2008) for release of Ca(ll), Mg(ll), and Mn(Il) from algal

biomass C. lentillifera during biosorption of metals.
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Figure 4.8 Metal ions released during the 1% and 2" cycles of column biosorption.

After the 2™ cycle, no significant amount of metal ions release was observed.

The breakthrough time enhancement in the 2™ cycle compared to the first cycle could
also be due to the removal of all impurities from the surface of MTL particles after
first acid wash acting as an involuntary biomass pretreatment step. The overall
decrease in breakthrough times in each cycle with the increase in the cycle numbers
(after cycle#2) could be because of not achieving 100% desorption efficiencies in the
preceding cycle (Table 4.3).
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The column biosorption capacity and removal efficiency were calculated for each
cycle by solving Egs.(4) and (5) and the results are summarized in Table 4.3. It was
found that decreasing the breakthrough times showed no negative effect on column
sorption capacity throughout the cycles. Similar results were reported by Volesky et al.
(2003) for column biosorption of Cu (I1) using seaweed S. filipendula biomass. The
column overall adsorption rate even slightly elevated in the 2" and last cycles,
probably as a result of biomass acid wash in regeneration cycles. The average
biosorption capacity and removal efficiency of MTL for Cu (l1) ions were 18.3 mg/g

and 53.5%, respectively.

Deterioration of sorption performance over multiple sorption-desorption cycles maybe
caused by changes in chemistry and structure of adsorption sites on biomass surface as
well as change in packed-bed density due to biomass weight loss during the cycles.
After 8" cycle, the dry weight of biomass was measured and a weight loss of 5.4% was
obtained, although there was no noticeable change in the bed length. However, some
agglomeration of MTL particles was observed during the last sorption-desorption
cycles causing unequal bed density.

Table 4.3. Column biosorption breakthrough parameters for eight sorption-desorption cycles

(particle size 500 um - 1 mm; g, = 0.2621)

Cycle Sorption Desorption
No. tp t. ab (RE)p  ts00 dc/dt Lags D, b E Con
(min)  (min)  (mg/g) (%) (min)  (mg/l.min)  (cm) (cm?min)  (I/mg) (%) (mgll)
1 248 1124 17.9 55.11 574 0.0863 21.0 50.05 0.010 95.36 34.52
2 262 1167 187 55.38 606 0.0873 20.9 40.33 0.010 9452 30.04
3 246 1156 18.1 54.15 580 0.0862 21.3 53.71 0.011 96.93 28.54
4 234 1132 18.1 55.28 583 0.0868 21.4 55.59 0.011 98.21 24.25
5 223 1180 17.3 50.69 560 0.0883 21.9 63.30 0.012 94.03 16.51
6 212 1182 17.6 51.42 561 0.086 22.2 81.32 0.014 98.15 8.03
7 202 1242 19.0 52.92 601 0.0792 22.6 89.47 0.015 95.97 14.85
8 197 1285 19.8 5345 638 0.0727 229 95.85 0.019 93.95 9.24
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The length of adsorption zone defined in Eq.(6) for each cycle is presented in Table
4.3. It increased from 21 to 22.9 cm (~9%) from the 1% cycle to the 8" cycle reflecting
a longer mass transfer zone at a higher cycle number. In each cycle, as the loading of
metal solution to the column continued, the adsorption zone moved along the column
until the breakthrough time that Cu (Il) concentration at the column outlet began to
increase constantly. From this point onward, although the bed is not fully saturated and
the adsorption still kept occurred, the useful life of the bed was over (Kratochvil and
Volesky, 1998). The results showed that a shorter length of sorption zone was
associated with longer breakthrough times.

4.3.2.3. Desorption

The elution curves for four consecutive cycles are shown in Figure 4.9, and desorption
parameters of each respective cycle are summarized in Table 4.3. All desorption cycles
conducted with 0.1IN H,SO, at 35 ml/min for 2h. As depicted in Figure 4.9,
maximum desorption concentration of Cu (I1) ions was reached within first 10 minutes
of elution cycle. The highest elution peak of 2554 mg Cu/l was achieved for the cycle
#5. The residual effluent concentrations at the end of desorption cycle (C,,) was

between 34.52 and 9.24 mg Cu/l from desorption cycle#1 to cycle #8 (Table 4.3).

The elution efficiency E (%) was calculated based on the ratio of the metal mass

desorbed (mg,) to the mass of metal adsorbed (m,qs):

E(%) = 1’% x 100 (20)

Maes = F, [, C;.dt (21)

where F, is the flowrate of the regenerant, and m,,, is obtained based on column
uptake capacity (mgqs = qp-my). The trapezoidal rule was used for numerical
integration of Eq.(21). As illustrated in Table 4.3, elusion efficiencies up to 98% were

achieved similar to batch desorption experiments.

125



4.3.2.4.  Effect of process parameters

The effects of fluctuations in column inlet metal flowrate and concentration on
breakthrough profiles are illustrated in Figures 4.10 and 4.11. The respective predicted
breakthrough curves for different operational scenarios are also presented. The
position of breakthrough curves changed along the time axis with respect to the
influent concentration and flowrate: at higher flowrates, the column was saturated
earlier resulting in relatively earlier breakpoint and exhaustion times as well as a wider

adsorption zone (Lags), and a steeper breakthrough curve.
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Figure 4.9. Cu (Il) desorption concentration profile for regeneration cycles 3 to 6
(elute: 0.1N H,SOy, flowrate: 35 ml/min).

As shown in Table 4.4, the adsorption capacity of the column (g;,) showed an increase
up to 17.89 mg/g for flowarate of 21 ml/min, and then slightly declined to 16.57 mg/g
as the flowrate increased to 30 ml/min. However, the highest metal concentration (110

mg Cu/l) at a constant feed flowrate of 21 ml/min produced the highest column uptake
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capacity (28.64 mg/g). Lower inlet metal concentrations and lower flowrates resulted
in delayed breakthrough and exhaustion times due to slower saturation of binding sites
of the surface of biomass particles at lower metal flowrates and concentrations.
Likewise, a shortened mass transfer zone (L,4s) Was observed at lower inlet flowrates
and metal concentrations. Similar results in column performance were reported by
Gokhale et al (2009), Vijayaraghavan et al. (2005), and Zumriye et al (2002).

The sorbent usage in the column was increased from 5.7 to 13.0 g/l by increasing
metal load from 15 to 110 mg/| at a constant flowrate of 21 ml/min indicating a higher
amount of biomass was consumed per liter of effluent treated when column inlet metal

load was higher.

The dispersion coefficient (D,) obtained from modelling were significantly increased
from 6.89 to 147.45 ¢m?/min as the feed flowrate increased from 5 to 30 ml/min.
Higher metal concentration also resulted in higher dispersion coefficient. The values of
D, are consistent with those reported by Chen and Wang (2004) for similar flowrates.
It should be noted that the dispersion term in Eqg. (18) estimated by best-fitting, was
assumed to compensate for the flow non-idealities in case the metal biosorption is slow
and mass transfer resistances are present in the liquid and solid phases, as noted earlier
by Hatzikioseyian et al. (2001).

It can be seen in Tables 4.1 and 4.4 that the variations in b (Langmuir constant) values
were matched to those obtained from batch experiment at similar operating conditions
(e.g. at equivalent sorbent dosage vs. biomass dose, and similar metal concentrations),

which validated the accuracy of the proposed model.

Vijayaraghavan et al. (2004) reported that a slower flowrate results in higher sorption
capacity when the biosorption process is controlled by intraparticle mass transfer rate,
while a higher flowrate would favor the sorption when the sorption is controlled by

external mass transfer rate.
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Figure 4.10. Experimental breakthrough curves and the simulated model results for

different feed flowrates (Cu concentration at the inlet = 55 mg/l).

In this work, as shown in Table 4.4, there was no clear correlation between the
sorption capacity and feed flowrates. Likewise, lower flowrates not always favored the
biosorption. Hence, assuming a fast local equilibrium of the sorbate concentration with
the sorbent due to negligible film and interaparticle resistances in modeling the column
sorption seems to be reasonable. Batch diffusion kinetics results (Table 4.2) are also in

tandem with rapid local equilibrium assumption.

Table 4.4. Column performance data at different flowrates and inlet metal concentrations.

Operating parameters Breakthrough analysis

Flowrate  Feed Conc. t, t. b Lads Sorbent D, b Predicted At

(ml/min) (mgl/l) (min) (min) (mg/g) (cm) Usage (¢/l) (cm*min) (I/mg) t, (min) (%)
5 55 488 1700 7.46 19.2 16.4 6.89 0.009 556 13.9
10 55 372 1321 1181 194 10.8 14.89 0.009 420 12.9
21 15 336 1438 6.18 20.7 5.7 85.59 0.054 387 15.2
21 55 248 1124 1789 21.0 1.7 50.05 0.01 254 24
21 110 147 988 28.64 23.0 13.0 110.19 0.008 155 54
30 55 137 665 16.57 214 9.7 147.45 0.016 139 1.5
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As shown in Figures 4.10 and 4.11, the developed model predicted the experimental
sorption data well. Although the robustness and flexibility of the model were tested in
simulating the column sorption performance at different operating conditions, the

model overestimated the experimental breakthrough time by 2.4 — 15.2% (Table 4.4).

Comparing batch and column operations for Cu (Il) biosorption by MTL, it is worth
noting some of the process differences: in terms of metal concentration profiles in the
liquid phase, it continuously decreased with time in batch system whereas
continuously increased in the column system. The column adsorption system was also
at non-steady-state in terms of metal concentration in liquid and solid phases, although

a rapid equilibrium was reached at any point along the column length.
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Figure 4.11. Plots of normalized Cu (Il) concentration at the column outlet vs. time

and simulated results at different metal concentrations in the column influent

(flowrate: 21 ml/min).
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4.3.3. Characterization of MTL

Biosorption of metals is based on several mechanisms depending on the type and
origin of the biomass, as well as the biomass processing methods (VVolesky and Holan,
1995). The surface characterization of biomass is then of paramount importance in
search for the dominant mechanism involved in biosorption. The BET test results
(Table 4.5) provides information on pore size, area and volume of the MTL biomass.
BET surface area of 11.59 m?/g (pore diameter 37.4 A ) indicated that MTL biomass is

not a highly porous material.

Table 4.5. BET surface properties and BJH pore size and

volume of MTL (particle size < 250 pum)

Method Value
Area BET 11.95
(m?/g)  External surface 13.17
Pores BJH adsorption cumulative 9.5
surface (17 A < dimameter < 3000 A) '
Pores BJH desorption cumulative 10.19
surface (17 A < dimameter < 3000 A) '
Volume Pores BJH adsorption cumulative
s _ 0.031641
(cm°/g)  volume (17 A < dimameter < 3000 A)
Pores BJH desorption cumulative
_ 0.032366
volume (17 A < dimameter < 3000 A)
Pore size Adsorption avg. Pore diameter 37.40
(A) BJH adsorption avg. Pore diameter 136.90
BJH desorption avg. Pore diameter 126.99
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Infrared spectra of MTL can be seen in Figure 4.12(a, and b) for the metal-free and the
metal-loaded biomass. The changes in absorption peaks were representative of a metal
binding process on the surface of the biomass. The intense band peak at 1028 cm™
changed to 1032 cm™ may suggest involvement of phosphate or C-O groups in the
biomass (C-O stretch between 1000 — 1320 cm™ for alcohols, carboxylic acids, esters,
ethers), and the shift in the peak position from 3342 to 3362 cm™ could be attributed to
the binding of Cu (1) with amino or hydroxyl groups (Pradhan et al., 2007; Rahman
and Islam; 2009, Ramrakhiani et al., 2011; Gorgievski et al., 2013). Therefore, the
identified functional groups of hydroxide, phosphorous, and carboxyl etc. present in

the biomass contributed in Cu(ll)-MTL interactions in addition to other biosorption

mechanisms.
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Figure 4.12. FTIR spectra of MTL (a) before and (b) after Cu (I1) ions adsorption.
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The SEM image of MTL in (Figure 4.13 a, and b) showed that biomass surface
structure is irregular and rough containing open pores, which may promote the metal
adsorption. Comparing the images of MTL before and after Cu (Il) adsorption in
Figure 4.13, Surface morphology of metal-loaded MTL became more homogenous
containing dense pores, which may influenced by the presence of metal ions (Xiao-jing
et al., 2014; Annadurai et al., 2002; Rahman and Islam, 2009).

Leaves are composed of variety of organic and inorganic compounds such as
chlorophyll, carotene, anthocyanin, and tannins containing a variety of functional
groups which can contribute to metal biosorption (Volesky, 2003a). As discussed
earlier (Figure 4.8), MTL also contains Ca, K, Mg, and Na ions in the structure of
these compounds in leaves, which can exchange with Cu (I1) ions.

i
o SRS - SRS
5.0k 4:8mm x1.00k SE(M)4/29/2013 18:07.# <5

Maple leaves contain a large amount of tannins as a natural organic materials, which
altered the colour of the treated water after batch biosorption and caused an aesthetic
water quality problem by giving it a brownish tea colour. However, this happened with
only the first cycle of column operation, and the effluent colour from the 2" sorption-
desorption cycle was clear. Therefore, if biosorption of metals by maple leaves was
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used for drinking water treatment in batch systems, some chlorination/filtration or

ozonation/filtration must be used to remove tannins from water.

4.4. Conclusions

Plant wastes, such as maple tree leaves (MTL), are inexpensive and of low economic
value, locally abundant and readily available in Canada. In this work, Cu (Il)
adsorption capacity of waste MTL was explored in a fixed-bed flow-through column.
Ability of MTL biomass to be regenerated and reused was also examined. Multiple
sorption-desorption cycles without reducing efficiency of MTL for metal biosorption
was possible due to easy regeneration of MTL and resulted in low-volume high-
concentration solutions ready for a conventional metal recovery operation. The
shortening column service times did not coincide with altering the adsorption capacity
of the column implying available but less accessible sorption sites throughout the

sorption-desorption cycles.

The results of the kinetics experiments showed that the Cu (Il) sorption process by
MTL followed a pseudo-second order rate model. Chemical and diffusion-based
kinetics data showed that intracellular diffusion did not control the adsorption of Cu
(1) on MTL, and surface adsorption was the main mechanism of metal removal by the

biomass.

Prediction of characteristic breakthrough curves is necessary for a successful design of
a packed-bed sorption column. A theoretical model was developed based on the
concept of rapid local equilibrium to describe the operation of the biosorption column.
The breakthrough data was adequately described by the developed model. The
column’s deteriorating sorption performance with increasing number of sorption-
desorption cycles was described by shortening breakthrough times, broadening mass
transfer zones, changing chemistry of sorption sites of the aging biomass, and unequal

packed-bed density for the last sorption runs.
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Results in this work confirmed that biosorption of Cu (II) using MTL is a feasible
method of heavy metal removal as the process is capable to be operated continuously,
can handle fluctuations in operational flow rates, and a simple yet robust operating
system. The selected column length was a representative of a lab-scale column studies
and longer packed beds also could be tested. It is obvious that the increase in bed depth
results in higher sorption capacity of the bed, and hence in a longer breakthrough time.
Investigating MTL’s selectivity to different types of metals in a packed-bed column
would be worthwhile to discover the full potential of MTL biomass for heavy metals
treatment. The presented model in this work for column biosorption of Cu (1l) could
serve as a basis for developing models for more complex metal biosorption processes

involving multi-metals and other impurities in industrial effluents.
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Chapter 5

Evaluation and Selection of Biosorbents
Based on the Use of Langmuir Isotherm
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Abstract

Evaluating and comparing metal adsorption performance of different biosorbents in
terms of their metals capacities and relative affinity to metals are important for
selecting an adsorbent for large scale application. Majority of the biosorption
equilibrium data have shown to be well-represented by Langmuir isotherm model.
However, there are conflicting reports in the literature on the use and interpretation of
the Langmuir model constants as a measure of selecting the most appropriate
biosorbent. We aim to address this issue in this critical review. Dimensionless metal
uptake 0 was used to better describe the Langmuir constants based on a dynamic

equilibrium between the sorbate and biomass active sites for adsorption.

5.1. Introduction

Quantifying biomass-metal interactions is essential for biosorbents comparisons in
adsorbing metals. Like any other adsorbate-adsorbent systems, isotherms are regularly
used to describe the metal biosorption data. Among them, Langmuir model (Langmuir,
1918) is commonly used by many researchers, and the adsorption equilibrium of metal
ions is usually very well-described by this model. However, the challenge lies with
identifying the most desirable biosorbents based on the information obtained from the

Langmuir adsorption isotherm.

The biosorption performance comparisons can be accomplished in two ways: 1) which
biosorbent is a better adsorbent for a selected metal; and 2) what is the relative
performance of a biosorbent in adsorbing different types of metals (e.g. one
biosorbents, different types of metals). The Langmuir isotherm is frequently applied to

answer these two questions.
The essential assumption in Langmuir model which sets it apart from other

equilibrium models is that a monolayer of adsorbate covers the surface of the

adsorbent. Other assumptions are: each adsorption site accepts only one molecule, all
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sites are energetically equivalent, and that there are no interactions between the sorbed
molecules (Give references, although known). The mathematical expression of

Langmuir equation is:

’ 1)
+

where, q is the equilibrium value of metal uptake (mg metal/ g biosorbents), q,.,, the
total number of binding sites available for biosorption (mg/g), C,equilibrium or

unadsorbed metal ion concentration in solution (mg/l), and b is the Langmuir model
constant, which is often called affinity coefficient. Langmuir sorption model was
originally derived for adsorption of gases to activated carbon (Langmuir, 1918) and is
based on simplistic assumptions, such as finite number of homogeneous binding sites
with uniform affinity for adsorption to take place, which seems to be unrealistic for a
biosorption system, where both physical and chemical sorption and ion-exchange may
occur. Nevertheless, biosorption data usually fit the Langmuir model with a high rate

of accuracy as can be seen with numerous publications in the field.

Generally, according to Langmuir model, a good adsorbent has a high number of
monolayer sorption sites denoting a highest achievable metal adsorptive capacity, q,,
(mg/g), at a given environmental condition. This is known as the saturation isotherm
plateau as shown in Figure 5.1. The Langmuir coefficient b is known to be a measure

of bonding affinity between adsorbate and adsorbents. This concept is directly applied

to biosorption systems.

Many studies reported the lowest values of bas an indicator of the highest affinity
between the biosorbent and the metals (Kratochvil and Volesky, 1998; Jalili et al.,
2002; Volesky, 2003; Qaiser et al., 2007; Narasimhulu and Rao, 2009; Shetty and
Rajkumar, 2009; Patil and Shrivastava, 2010; Dawodu et al., 2012; Akpomie et al.,
2013; Amegrissi et al., 2013). On the other hand, several other publications, reported
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that a good biosorbent should have a higher value of b (Donmez et al., 1999; Sag and
Kutsal, 2000; Aksu, 2001; Lodeiro et al., 2005; Aksu and Dénmez, 2006; Zhou et al.,
2009; Vijayaraghavan and Yun, 2008; Naeem et al., 2009; Liu et al. 2009; Bertagnolli
et al., 2014). Furthermore, there is uncertainty as to the possible physical meaning of
this constant that could be used to quantify the metal-biomass affinity.

Other studies by Volesky’s group (Davis et al., 2003; Davis et al., 2000) quantified the
biomass-metal interactions using the Langmuir constant b, where higher b values
indicated higher metal affinity. Vijayaraghavan et al. (2005) used a corrected
definition of a steep initial isotherm slope (e.g. high b) to characterize biosorbents
performances, whereas Kratochvil and Volesky (1998) have used the opposite

definitionof b .

The main aim of this study is to offer an accurate interpretation of the shape of the
Langmuir biosorption isotherm at a wide range of equilibrium sorbate (metal)
concentrations used for biomass selection by quantifying and contrasting the
performance of different biosorbents.

5.2. Discussion

As described earlier, the adsorption isotherm models, such as Langmuir model, have
been widely used to determine the performance of an adsorbent. However, Kratochvil
and Volesky (1998) demonstrated that this approach may not be relevant unless the
equilibrium metal concentration is known (under the same environmental conditions).
In other words, to predict different biosorbents behaviour with respect to a model

metal, the sorption capacity (mg/g) of biosorbents for the metal must be compared

only at the same metal equilibrium concentrations.
Figure 5.1 shows the Langmuir isotherm plots for four different hypothetical

biosorbents with the same maximum adsorption capacity of 100 mg/g for a metal.

Different values of Langmuir constant b are presented by varying initial slope of the
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adsorption isotherms. The biosorbent with lowest b (0.01 I/mg) represents a gradual
increase in metal uptake by increasing metal equilibrium concentration until reaching
the maximum adsorption capacity. By increasing the b values from 0.01 to 5 I/mg, the
initial slope of the isotherm curve becomes steeper, where at b= 5, the maximum

uptake capacity is reached at very low metal equilibrium concentrations.

Comparing the plots for the highest and lowest values of b in Figure 5.1, it can be

inferred that biosorbents with higher b values (e.g. b> 0.5 I/mg) reach to the full
saturation metal capacity d,,, (100 mg/g in this example) at lower equilibrium metal
concentrations (C. < 50 mg/l), whereas biosorbents with lower b values (b < 0.5 I/mg)

reach to g, at much higher residual metal concentrations.
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Fig. 5.1. Langmuir equation plots of metal uptakeq versus equilibrium metal

concentration with varying coefficient b (0.01 — 5 I/mg) and constant g, = 100 mg/g.
Therefore, deduced from the Langmuir model’s underlying assumptions, biosorbents

with constant q,,, and higher b values have higher efficiencies in adsorbing metals as

their adsorption sites on the biomass surface are easily accessible. Nevertheless,
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Langmuir equation does not offer any mechanisms for adsorption of metals and it is

just reflecting on the experimental data.

As shown in Figure 5.1, when b is low (b < 0.05 I/mg), g, may not be well-defined
as extrapolation is needed to obtain q,, if a limited range of experimental data is

available (e.g. limited metal concentrations tested).

Figure 5.2 shows the Langmuir isotherm curves generated by using Eq.(1) for different

hypothetical biosorbents with varying maximum metal capacity d,,,, but the same

Langmuir constant of b= 0.05 I/mg. The graph also depicts the performance of a
single biosorbent for different types of metals. It is obvious that the biosorbent with
highest possible g, is desirable as it represents the practical limiting amount of
sorbate that can be adsorbed per unit mass of biosorbent ( mg metal/ g biomass) where

the adsorption sites on the biomass surface is fully covered by the metals.
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Fig. 5.2. Langmuir isotherm model plots for hypothetical biosorbents with constant b

(0.05 I/mg) and varying q,,, (50 — 200 mg/g). The dashed line values shown on the
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secondary vertical axis is the dimensionless metal uptake 6, which overlaps for all

range of q,,, (50 — 200 mg/qg).

One interesting point in Figure 5.2 is that, although all four biosorbents have different

practical max capacity for the metal, their dimensionless metal uptakes, 6=q/q,,,

values, surface coverage fractions, are exactly the same for all the biosorbents for the
same equilibrium metal concentration. Surface coverage degree is the surface occupied
with metal over total surface available for metal adsorption. Therefore, when the
Langmuir constant b values are the same for different biosorbents, their dimensionless
uptake capacity is constant regardless of having different maximum adsorption

capacities. This implies that they have similar degree of affinity for the sorbate (metal).

5.2.1. Derivation of Langmuir Equation Constant

To better understand the Langmuir equation and its applicability in modeling of
biosorption processes it is necessary to examine what happens when a biosorbent is
brought into contact with metal solution. Unlike the Freundlich empirical equation, the
Langmuir equation is based on the theoretical principle that sorbates are
chemically/physically adsorbed on the adsorbent surface at a fixed number of vacant
adsorption sites (Sag and Kutsal, 1995), and there is a dynamic equilibrium between
the adsorbed and un-adsorbed species,

M*+B = MB (2)

where k., is the equilibrium constant for forward reaction and Kk, represents

des
equilibrium constant for backward reaction, M is the un-adsorbed metal or sorbate,

and B~ represents the biosorbent or unoccupied binding site, and MB is the adsorbed
metal. At equilibrium, rates of forward and backward reactions are equal, and therefore
the equilibrium constant K can be calculated based on the kinetic theory,

Forward reaction rate = k. ,[M "][B"] 3)
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Backward reaction rate = k,.[MB] 4)

des

At equilibrium,
— [MB] — kads (5)
[MTIIB] Ky

where [B7]is the empty binding site concentration, [M™] bulk concentration of
sorbate, [B,] total binding sites available, which defines the maximum adsorption
capacity, (,.., and [MB] is the amount of metal retained by the biomass at
equilibrium, which is equilibrium adsorption capacity q. Thus, [B ]Jwill be equal to

Oax — 9 (the number of unoccupied sites at equilibrium),

[B,]1=[B"]+[MB]=constant = q,,, (6)

[B"]= Onx — 4 ()

As defined above, to derive Langmuir equation, we use the surface coverage fraction,

0, and the fraction of surface unoccupied by sorbate as ‘1—-6’. Using Eqgs. (6) and (7),

we have,
g9 _ [MB] ©)
qmax [BO]
1 = Gme =9 _ [B] ©
qmax [BO]
According to Eq.(6) at equilibrium,
kads[M+][B_]: kdes[MB] (10)
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By dividing both sides of Eq.(10) by [B,], and using Eq.(5) we get,

(MI[B T _ [MB] a
(B [B]

Using Egs.(8) and (9), Eq.(11) becomes,

K[M*](1-6) =0 (12)

Now, we can solve Eq.(12) to write it in terms of &,

KIM*]=K[M*10+6 (13)

KM *]=6@+K[M]) (14)

__KIM'1 (15)
1+K[M ]

Eq.(15) is the same as Langmuir isotherm expression given by Eq.(1), where [M*] is
equal to C, or bulk concentration of sorbate, and K is the adsorption-desorption
equilibrium constant k_, /K, defined by Eq.(5). Comparing Egs.(1) and (15), we can

conclude that this is actually the Langmuir equation constantb ,

b — kads (16)

Similar definition for the Langmuir rate constant b has been reported elsewhere by
Chong and Volesky (1995) and Lee (2014) as well. Therefore, according to Eq.(16),
higher values of b is associated with higher values of Kor higher ratio of the

adsorption rate constant to desorption rate constant; and thus, the biosorbent has higher
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affinity to adsorption of metals. Langmuir model has also been reported using

dissociation coefficient (K, =1/ K') in the following form (Lu et al., 2006),

0,..C
— max e 17
q K, +C, (0

Figure 5.3 shows the isotherm plots of the biosorbents A, B,C and D in contact with

metal solutions at different equilibrium concentraions, and compares the cases that
selected biosorbents have not yet reached their full saturation capacity in a biosorption

expriment. In such cases, biosoption performance needs to be compared at qvalues

less than g, (0 <1).

The answer to the question that “which biosorbent should be selected” depends on
what we want to achieve in a biosorption process. If interest is in reaching highest

practical metal removal capacity, then the biosorbent with the highest values ofq,,,

should be chosen, and the favorable biosorbents in Figure 5.3 would be in the order of
C>D>B>A.

However, if biosorbent selection criterion is the adsorption performance in terms of

level of metal uptake capacity q, where the surface saturation of metals has not yet
reached, the judgement should be at the same metal equilibrium concentrations for all

biosorbents (e.g. vertical lines in Figure 5.3). For instance, atq,., , the sequence of the
best biosorbent order is the same as those ofq,, . But, forq,,, the favourability
sequence would be D>C >B> A. At(y,0,, g5, the desirable biosorbent sequences

wouldbeD>B>C>A, D>B>A>C, D>A>B>C, respectively.
Therefore, if the goal in biosorbent selection is to achieve highest possible metal

uptake irrespective of final residual metal concentration, the biosorbent with highest

0, ShOuld be selected regardless of the b values. On the contrary, if only the residual
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metal concentration in the solution after biosorption is important (e.g. environmental
application for regulatory compliance of the metal concentration in effluents), the

selected biosorbent should have a highq,, as well as a highb .

160
Omax= 220
g 20 30 60 (mg/1)
120 + | ; D
b
o
580
(=2
Omax= 50 mg/g
a0 ||
O T 1 1 i
0 50 100 150 200
Ce(mg/l)

Fig. 5.3. Performance comparisons of 4 biosorbents in different residual metal

concentrations where some biosorbents have not reached their full saturation (6 < 1).

Lodeiro et al. (2005) studied the ability of five different brown seaweeds to remove
cadmium from aqueous solutions and their equilibrium data fitted well with the
Langmuir model. The Langmuir isotherm constants were estimated to compare the

metal adsorption performances of algae (Figure 5.4). As shown in Table 5.1, the

lowest and highest values of g, correspond to L. ochroleuca and S. polyschides,

respectively (64 and 95 mg/g), wheras S. polyschides had the lowest b value.

The maximum sorption capacity followed S. polyschides > A. nodosum > P. caniculata
> B. bifurcata > L. ochroleuca; however, the Langmuir affinity constat b followed a
different order: A. nodosum > P. caniculata > L. ochroleuca > B. bifurcate > S.
polyschides conforming to the initial slopes of isotherm curves in Figure 5.4.

Nevertheless, in low cadmium equilibrium concentration of 10 mg/l, A. nodosum,
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which has the maximum value of b, showed the highest cadmium uptake (g0 = 38

mg/qg) followed by P. caniculata (32 mg/g).

S0
80 +
70 -+
60
oo
® 50 -
E
T a0
30 | —e—S. polyschides
) —— A, nodosum
20 |4 —— P, caniculata
—=—B. bifurcata
10 + ——L. ochroleuca
O 1 1 1 1 1 1
0 30 60 S0 120 150 180 210
Ce (mg/1)

Fig. 5.4. Cadmium equilibrium fitted to Langmuir isotherm for five types of algae (2.5
g/l). Data adopted from Lodeiro et al. (2005).

The lowest q,,belonged to B. bifurcate (24 mg/g), as opposed to the order of
biosorbents compared at the uptake values in higher metal equilibrium concentrations
(9200 andq,,, ). Therefore, depending on the process goals for cadmium removal, the

desirable biosorbent choices can differ amongst the 5 Algae biosorbents shown in
Figure 5.4.

While many investigators have used Langmuir adsorption constant b as a measure of
affinity of biosorbents for metals, there is a large number of publications on
biosorption, in which a dimensionless number, R _, referred to as separation factor or
dimensionless equilibrium parameter, was derived based on the Langmuir constant b

to work out the degree of favorability of the metals to biosorbents.
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Table 5.1. Langmuir model parameters for Cd adsorption by 4 types of algae reproduced

from Lodeiro et al. (2005). g,,and q,,,are equilibrium uptake values at 10 and 200 mg/I

Cd, respectively.

qu q200 qmax b

Algae
Algae (mg/g) (mg/g) (mg/g) Algae (L/mg)
A. nodosum 38 S. polyschides 83 95 A. nodosum 0.094
P. caniculata 32 A. nodosum 75 79 P. caniculata 0.075
S. polyschides 25 P. caniculata 70 75 L. ochroleuca 0.06
L. ochroleuca 25 B. bifurcata 67 74 B. bifurcata 0.048
B. bifurcata 24 L. ochroleuca 60 64 S. polyschides 0.036

Hall et al. (1966) introduced the factor R, for the first time, which was based on the
Langmuir isotherm constant b and the initial metal concentration C;to identify the

favorable adsorption process,

1

R = 18
- 1+bC, (18)

Eqg. (18) was used by Kiran et al. (2006), Chen and Wang (2010), Ahmad and Rahman
(2011), Meitei and Prasad (2013), Gorgulu Ari and Celik (2013) and several other
researchers to predict whether a sorption system is favourable (0 <R < 1), or
unfavourable (R, > 1). However, since band C, are both positive numbers (e.g.

negative experimental values of b may imply that adsorption equilibrium data do not

conform to a Langmuir isotherm), the R, values seem to be always less than 1 (R, <1)

since 1+bCy > 1. Therefore, from Eq. (18), we can only come to the conclusion that the

lower the R, values (R, — 0) the more favorable metal biosorption process is.
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5.2.2. Estimation of biosorption thermodynamics by Langmuir isotherm

constant

The Langmuir constant b has also been used by some researchers, such as Tewari et
al, 2005; Kiran et al., 2006; Padmavathy, 2008, to calculate the thermodynamic
parameters associated to metal-biosorbent interaction processes. The rate of adsorption
and desorption in Eq.(2) are related to the energy of adsorption and desorption through
the Arrhenius equation (Chong and Volesky, 1995). The Gibbs free energy change AG
is the activation energy differences of adsorption-desorption reaction equilibrium. The
relation between AG and the biosorption reaction constant K in Eq.(2) is given by the

following equation,

AG=-RT InK (19)

with Rbeing the gas constant and T is the temperature. The dependence of the
equilibrium constant K to temperature can be used to determine the biosorption
thermodynamic parameters using following equations,

AG =AH —TAS (20)

As shown in Eq. (16), K corresponds to Langmuir constantb ,

—RT Inb=AH —-TAS (22)
or Inb:—ﬁl—A—S (22)
RT R

The slope and intercept of the plot of Inbvs.1/T give AHand AS values,
respectively. Entropy decreases during the biosorption as the metal ions are being
adsorbed on the solid surface from the aqueous solution (AS <0). Negative Enthalpy

of biosorption reaction (AH < 0) suggests that the biosorption process is exothermic
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and thermodynamically plausible, and the negative values of AG also implies that the

biosorption of metals occurs spontaneously.

5.3. Conclusions

Although Langmuir model was originally derived based on adsorption of gases to
activated carbon using simplistic assumptions, it has been widely used for modeling of
complex biosorption processes as the metal adsorption equilibrium data shown to
usually conform to it without describing any specific adsorption mechanism. In this
study, Langmuir equation was characterized based on dynamic equilibrium between
adsorbed and un-adsorbed metal ions, and the Langmuir equilibrium constant b was
shown to be the ratio of the adsorption/desorption rates; therefore, the higher the b

values of an adsorbent-adsorbate, the better the adsorption rate.

It seems that most of the papers using wrong interpretation of Langmuir constant have
used the Kratochvil and VVolesky (1998) as their reference, in which low values of b are
connected with a desirable high affinity (or steep initial slopes of Langmuir isotherm
curves), without attending this group’s succeeding works (Davis et al., 2003; Davis et

al., 2000) with corrected definition of Langmuir parameters.

The shape of the Langmuir isotherm curves was used to compare the biosorptive
performance of different biosorbents when exposed to metal solutions. A high value of
b was shown to be an indicator of strong bonding between the metal and biomass, but
its magnitude solely did not provide sufficient and reliable information to select a
highly desirable biosorbent for metal removal as it is rather a fitting parameter than an
adsorption constant. The quality of a biosorbent is mainly judged based onq values
which was defined as how much adsorbate could be practically adsorbed and retained
at a given equilibrium metal concentration where the surface coverage fraction was

less than 1 (8 < 1). This could be delineated by the Langmuir parameter g,,,, When all

active sites available on the biomass surface for metal adsorption are saturated with
metal ions (8 = 1). Selection criteria in general for the most appropriate biosorbent

could vary based on the application of the biosorbent and the process priorities, e.g. if
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the priority is to reduce the effluent metal level to a standard range before being

discharged to the environment, large values of b and g, are desirable.
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6.1. Conclusions

The adverse effects of heavy metals on human and environmental health are well

known. Water quality and biological community in surface water are being affected by

thousands of tons of toxic metals every year released by polluting industries. In the

light of searching for effective, low-cost, and easily available alternative adsorbent for

metal removal, the use of waste maple leaves and cells of S. cerevisiae was proposed

and tested in batch and continuous systems.

The main conclusions drawn from this thesis are:

Biosorbents used in this research showed external large surface areas with
intrinsic functional groups which provided mass transfer of toxic metal ions
from aqueous solutions to their surfaces due to chemical, physical and
biochemical metal-biomass interactions in batch and continuous biosorption

processes.

Easy restoration of metals from the biomass after contact with weak acid
suggested the adsorption of the metal ions onto the binding sites at the biomass

surfaces is reversible.

Although the continuous bioreactor-biosorption system had its own drawbacks
(e.g. mass flowrate of biosorbent limited by growth rate of cells and long
separation times), it was unique in showing that combined (on-line) biomass

generation and metal biosorption is practical.

This study confirmed that yeast cells are very efficient in removing Pb?* ions
from lead-bearing solutions with a capacity of adsorbing more than 98% of
Pb?* in optimum conditions. Removal efficiencies of Cu®* and Zn?* reached
around 55% and 60%, respectively in the studied environmental conditions. In

ternary metal system, yeast cells retained its overall metal uptake capacity,
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although, a slight increase in Pb?* ions uptake and a slight reduction in Zn**

and Cu®* ions uptake occurred.

The yeast biomass used in this study was obtained from aerobic cultures and
collected from the log phase of their growth. In all experiments, more than 90%
of the adsorption capacity reached within first minutes of adsorption, which
was an indication of fast adsorption kinetics, and the equilibrium data exhibited

a good fit to Langmuir adsorption model.

The yeast cells produced in the continuous bioreactor system provided
continuously fresh surface for adsorption of the metals without the need for
costly pretreatment steps, such as harvesting, separating, heat-killing, drying,

and storage of biomass.

The biosorbents tested in this study did not undergo any chemical or physical
alterations, making them suitable for removal of metals from wastewaters.
Other realistic aspects, such as employing continuous-flow biosorption
systems, testing the removal of mixture of metals, using locally abundant
biosorbents, combining living and non-living microbial biosorbents, and
regenerating the used biomass, were addressed and tested in this research
project as a step forward in improving the applicability of biosorption

technology.

Biosorption of heavy metals was a highly pH-dependent process, and pH
control was imperative during the adsorption process to ensure that biosorption

was the only mechanism responsible for metal removal.
Surface adsorption, ion exchange, chemisorption, complexation, and

interaparticle sequestration were found responsible mechanisms in biosorption

of metal ions in the tested biosorbents.
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« Waste maple tree leaves were used in mutiple sorption-desorption cycles
without reduction in their sorption efficiency due to easy and highly efficient
regeneration for multiple reuse, offering the metal recovery possibility from

low-volume and high-concentration wash solutions.

Research performed in this work can serve as a potential incentive for promoting

biosorption as a promising alternative to conventional metal treatment methods.

6.2. Recommendations for Future Work

Biosorption is gaining increasing attention as a promising metal remediation method.
More work is needed to improve our understanding of biosorption process, its complex
mechanism, and its applicability in large-scale systems. The following

recommendations are made for future work:

e In this study we found that using a continuous system for simultaneous
production of yeast biomass and biosorption of metals by the produced biomass
within the same system is possible. A waste stream containing necessary food
source and nutrients can be used to cultivate the biosorbents, thereby reducing
the environmental footprint of the process by resource recovery and waste

reduction.

e The results of this research project showed that the yeast cells adsorb Pb** ions
more than copper and zinc ions both in single and multi-metal solutions. We
found a promising Pb?* biosorption potential for yeast cells, which was quiet
encouraging to be tested in pilot-scale continuous systems using real industrial

wastewater.

e The challenge of applying yeast biomass for continuous removal of heavy
metals in this work lied with the efficient separation of metal-loaded biomass
from the solution. The biotechnological application of continuous metal

biosorption by yeast would be possible if the separation of biomass after the
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metal biosorption is accelerated using a flocculent strain of S. cerevisiae.

Additional work is recommended to be undertaken to determine this.

e What entice the industry to switch to Biosorption technology? To answer this
questions, metal industry’s perceived disadvantages or barriers for biosorption
adoption needs to be evaluated, biosorption competitors needs to be identified -
need to know who owns this market space, and if they have a strong position in
the market. These market search criteria need to be analyzed to find out the
potential opportunities for biosorption technology.

e This research showed that biosorption of metal-contaminated waters offers an
inexpensive and environmentally-friendly technique that can have enormous
advantages over traditional treatment methods. However, despite the
advantages of biosorption method, its potential in treatment of real industrial
wastewaters is yet to be fully discovered. Future research will require focus on

removal of mixture of organics and metals using biosorption process.

Each of the chapters in thesis corresponded to a paper either published or submitted for
publication.
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