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Abstract

An increase in pollution from mining, industries and agriculture has decreased the
quality of fresh water in South Africa. Contaminated water is unsafe for animals to
drink and for plants to absorb. Synthetic flocculants are extensively used in water and
wastewater treatment due to their effectiveness and low cost. These flocculants
consist of a flexible chain of high molecular weight to create a bigger surface area for
biochemical reactions to take place and are documented to flocculate well in small
amounts. However, these flocculants are known to be carcinogenic, neurotoxic and
hazardous to the environment. Moreover, natural polymers (bioflocculants) are not
toxic and are biodegradable. Nevertheless, these flocculants need to be suitably
controlled because biodegradability reduces their shelf-life. Through grafting synthetic
polymers onto a backbone of natural polymers, the best properties of synthetic and
natural flocculants are merged. When grafted copolymers are successful, the dangling
grafted chains have easy access to contaminants in wastewater. In literature it has
been reported that grafted polysaccharides provide efficient, shear stable and
biodegradable flocculants. This study aimed at synthesizing and applying a grafted

bioflocculant produced from marine Alcaligenes faecalis HCB2 to wastewater.

Extraction and purification of the bioflocculant was obtained through using the solvent
extraction method. Chains of polyacrylamide (PAM) were grafted onto the backbone
of bioflocculant TKT extracted from Alcaligenes faecalis HCB2 using a microwave
initiated method. Various grades of TKT-g-PAM were synthesized and the one with
the highest percentage grafting was used throughout this study. Physicochemical
analyses of the grafted bioflocculant (TKT-g-PAM) were attained by scanning electron
microscopy (SEM), Zetasizer Nano, Thermogravimetric Analyzer (TGA) and Fourier
Transform Infrared (IR) Spectrophotometry. A diphenyl tetrazolium bromide (MTT)
assay was used to determine the biosafety of the grafted bioflocculant. The effect of
dosage size on flocculating activity was evaluated. The pH and thermal stability of
TKT-g-PAM were assessed spectrophotometrically. The removal efficiencies of TKT-
g-PAM on chemical oxygen demand (COD), biological oxygen demand (BOD),
nitrogen and sulfur on wastewater from Tendele Coal Mine were performed using

different test kits.
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The bioflocculant yield obtained after extraction and purification was 4.0 g/l. TKT-g-
PAM6 was the preferred grade with the highest percentage of 62% and a weight of
0.8 g. The images provided by SEM revealed changes in bioflocculant structure from
a blocky to a granular structure after grafting. This confirmed that the grafting of PAM
chains was successful on the TKT backbone. The zeta potential of grafted
bioflocculant (-12.6+0.1) and bioflocculant (-17.1+0.65) had a negative charge. IR
observations indicated hydroxyl, carboxyl and amine groups. TKT-g-PAM6 showed
less cytotoxic effect on HEK293 cells (retained 82% of cell viability after it was treated
in high concentration) while CaCO2 cells (retained 64% of cell viability after it was
treated in high concentration). TKT-g-PAM6 was cation and pH dependent and
optimally flocculated kaolin clay suspension at a dosage of 0.2 mg/ml with 74% of
flocculating activity in the presence of Ba?*. TKT-g-PAM6 was more stable at acidic
pH 3-5 with the highest flocculating activity (93%) observed at pH 3. TKT-g-PAM6 was
thermostable and retained more than 90% of its flocculating activity after being heated
at 100 °C for 1 hour. The pyrolysis properties of the grafted bioflocculant confirmed
their thermal stabilities, the IDT has been found to 215 °C (29% weight loss) and FDT
to be 571 °C (36% weight loss). Flocculating efficiencies were: 87% on COD, 92%
BOD, 91% N and 93% S, respectively. TKT-g-PAM6 was effective and has the

potential to be used in wastewater treatment.
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Chapter 1

1.1 Introduction

Industrialization is still increasing due to its contribution to economic growth and it is
accepted as desirable based on its contribution to economic activity (Sarkar et al.,
2006). This causes increased pollution, particularly from industrial sources (Cosa et
al., 2014). The disposal of effluents without appropriate management could result in
longstanding undesirable negative impacts on the environment and human health (Lin
et al., 2011). To combat these challenges, the flocculation process can be employed
to reduce the total amount of effluents disposed into the environment. Flocculation is
the process in which colloids aggregate together from suspension to form larger
particles that can be easily removed either by filtration or sedimentation (Bhunia et al.,
2012).

Chemical and synthetic flocculants such as iron and polyacrylamide have been widely
used industrially because of their effectiveness and low cost (Okaiyeto et al., 2013).
However, these flocculants are reported to be linked to cause human neurological
disorders such as dialysis encephalopathy (Zheng et al., 2008). In addition, they are

identified to be hazardous to the environment (Ugbenyen et al., 2014).

Biomolecules such as amylase, starch, amyl pectin and xanthan gum are natural
polymers which act as good flocculating agents (Adhikary et al., 2004)). They are
referred to as bioflocculants. Bioflocculants are inexpensive, fairly shear stable and
easily produced. However, high dosage sizes are required for their high removal
efficiencies in wastewater treatments (Mishra et al., 2012). Moreover, bioflocculants
have a low shelf life and form weak floccules that easily break (Singh et al., 2003).
Thus, great attention has been revealed towards the chemical alteration of natural

polymers in order to enhance their flocculating properties (Kumar et al., 2012).
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Recently, many studies have focused on the search for flocculants that are highly
effective, ecofriendly and safe as alternatives to conventional (chemical and synthetic)
and natural flocculants (Pal et al., 2012). This has led to development of the grafted
flocculants. Grafted flocculants combine the desirable properties of natural and
synthetic polymers (Lee et al., 2014). They have high efficacies, shear stabilities and
intermediate biodegradability. Moreover, they are nontoxic and easily synthesized
(Renault et al., 2009).

The increase of the cationic charge and the ratio of effective components of the
flocculants during graft polymerization often results in improved flocculation (Wang et
al., 2008). When the grafting of copolymers is successful, the dangling grafted chains
have easy access to wastewater pollutants. At low dosages, grafted bioflocculants are
reported to have high efficacy (Bolto and Gregory, 2007; Singh et al., 2000).
Flocculation efficiency can be improved through the hybridization of natural and

synthetic polymers.

In this study, Alcaligenes faecalis BCH2 was obtained from the Laboratory stock room
in the Department of Biochemistry and Microbiology at the University of Zululand. It
was used to produce bioflocculant under the known optimum conditions (Maliehe,
2018). The purified bioflocculant was then grafted to acrylamide. Thereafter the
synthesised grafted bioflocculant was characterized and applied for the treatment of
Tendele Coal Mine wastewater Mtubatuba (RSA).

1.2 Rationale of the study

Pollution of water bodies has harmful consequences on human well-being such as
being neurotoxic, carcinogenic and resulting in Alzheimer disease (Serdar et al., 2011;
Ahmad et al., 2015). The existence of contaminants in aquatic sources can be
problematic for aquatic life and to potable water use. Physical, chemical and biological
methods have been applied in the reduction of water pollution. Flocculation is one of

the most effective methods used in fresh water and wastewater treatment.
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Chemical and synthetic flocculants are widely used because of their low cost and
effectiveness. However, they are environmentally unfriendly and impose health threats
to humans. Natural flocculants-bioflocculants thus are being used as an alternative to
chemical and synthetic flocculants. However, natural flocculants have low flocculating
activities, short shelf life and form weak flocs that break easily (Singh et al., 2003).
These challenges of both conventional and natural flocculants have further
necessitated a search for alternative flocculants that are highly effective, safe for
humans and eco-friendly (Nwodo and Okoh, 2013).

The hybridization of natural and conversional polymers known as graft polymerization
has been seen as a promising way to improve flocculation efficiency and lowering of
hazardous effects from chemical and synthetic flocculants. Grafted bioflocculants are
the result of the chemical combination of natural and synthetic polymers. By increasing
the cationic charge and the ratio of effective component of the flocculants through graft
polymerization, improved flocculation (Wang et al., 2008). Moreover, these grafted
flocculants have high safety and shear stability. Thus, the study aimed to synthesize
and characterize grafted bioflocculant using a bioflocculant from Alcaligenes faecalis

BCH2 and polyacrylamide for treatment of coal mine wastewater.

1.3 Area of study

The study was done at the University of Zululand (UZ) KwaDlangezwa campus, under
the Department of Biochemistry and Microbiology. It is located in KwaZulu-Natal,
South Africa.

1.4 Aims

To synthesize and applied a grafted bioflocculant from Alcaligenes faecalis BCH2 and

polyacrylamide in wastewater

Page | 3



1.5 Objectives

Extraction and purification of the bioflocculant Alcaligenes faecalis BCH2
Synthesis of the grafted bioflocculant
Characterization of the grafted bioflocculant

0N PF

Application of the grafted bioflocculant on wastewater treatment

1.6 Hypothesis

1. Bioflocculant can be hybridised with polyacrylamide to produce effective

grafted bioflocculant.
2. Grafted bioflocculant has improved removal efficiency of colloids in

wastewater.

1.7 Value to the Body of Knowledge

This study produced novel grafted bioflocculant (TKT-g-PAM) that can be applied on

wastewater treatment.
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Chapter 2: Literature

A literature survey presents a relatively large body of research on grafted flocculation.
Much of this literature is devoted to areas of water pollution, wastewater treatment,
flocculation and grafted flocculation processes, in particular. Major factors effecting
flocculation are also discussed.

2.1 Importance of water

In the bionetwork water is a valued commodity for the existence of all life forms
(Ogunlana et al., 2010). The search for new water sources has become the key factor
(Bhatnagara and Sillanpaa 2010; Rani et al. 2013). Freshwater makes up less than 3
percent of earth's water and is the source of virtually all potable waters (Pielou et al.,
1998). The aquatic environments occupy more than 71% of the earth’s surface.
Theoretically water can cover the earth’s surface to an average depth of approximately
4 km (Mclntyre, 2010). The aquatic environments include the following: oceans, rivers,
lakes, springs, streams, estuaries and aquifers. Over 99% of the hydrosphere is
located in oceans. Marine water is characterized by salinity of about 33-37% and is
therefore not potable. Twenty percent of the global population is assumed to be living
in countries with water scarcity while 67% of the population is predicted to live under
water stress by the year 2025 (UN-Water, 2007). Excessive extraction of ground and
surface water are contributing to the drying up of aquifers, rivers and wetlands. Water
is important for many purposes that include domestic (drinking, cooking, washing and
bathing), industrial (mining and other construction), agricultural (irrigation, transport)

and waste disposal (Kumar et al., 2005).

Urbanization and growth in industrialization has increased the demand for potable
water. The demand for water has exceeded its availability and this has pushed RSA
to even import water from other nearby countries such as Lesotho. Therefore, RSA is
declared as a water scarce country due to its mean annual rainfall of 450 mm, which
is far below the world average of 860 mm (Turton et al., 2008). Therefore, water
conservation should be the main focus in RSA. Poor agricultural practices such as

over irrigation have also contributed to water scarcity. The effluent from industry,
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mining and agriculture are life threatening due to the toxic effects imposed by heavy
metals and pathogens.

2.2 Water pollution

Pollution is the introduction of foreign substances into the biosphere. Water pollution
is caused by substances introduced into the aquatic surroundings. These substances
threaten ecosystems, cause environmental pollution and result in poisonous effects
on human health (Pulles et al., 2005). The discharge of contaminants from different
sources could result in water contamination (Li et al., 2013). Freshwater polluted
surroundings have a harmful effect on human well-being (Yang et al., 2012). Drinking
water contamination can be caused by human contact to heavy metals.
Industrialization is one of the main causes of aquatic pollution. The development of
industries has led to increased emission of pollutants into ecosystems (Saleh et al.,
2010). Diseases, poisoning and even death to biota can be caused by environmental

contamination, absorption and the accumulation on different biological tissues.

An important biomedical problem is the absorption of heavy metals and various
biological tissues on pollutants (Wan et al., 2013). Any metallic chemical element that
is toxic and has a relatively high density can be labeled as a heavy metal. Cadmium
(Cd), arsenic (As) and mercury (Hg) are some examples of heavy metals. They cannot
be degraded or destroyed. Heavy metals are natural trace components of the aquatic
environment, but their levels have been increasing due to industrial waste, agricultural

and mining activities (Sprocati et al., 2006).

Uptake of heavy metals through the food chain of aquatic organisms may cause
various pathological disorders such as hypertension, sporadic fever, renal damage
and cramps in humans (Gabriel at al., 2006). Exposure and eating of polluted seafood
can cause health problems in humans and animals including neurological and
reproductive problems (Allen et al., 2004). Accumulation of heavy metals in various

fish organs may cause structural lesions and functional disturbances (Barbara et al.,
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2006). Living organisms require variable amounts of heavy metals. For example, the
human body requires trace metals such as cobalt, iron and zinc, but excessive levels
can cause damage to organs. The fetotoxic, neurotoxic, teratogenic and nephrotoxic
effects are systemic toxins caused by heavy metals (Saxena et al., 2005).
Neurotransmitter production and utilization can be influenced by heavy metal behavior,
impairing and altering numerous mental and metabolic body processes and
neurological functions (Nava et al., 2013).

2.3 Coal mine wastewater

A major environmental problem relating to the mining industry is uncontrolled release
of contaminated water from abandoned mines (Banks et al., 1997, Pulles et al., 2005).
Mine wastes are generated in huge quantities. Waste water from mines contains
heavy metals which are capable of contaminating local rivers, streams and
groundwater. Coal washing generates similar waste problems (Keating et al., 2001).
Raised levels of toxic heavy metals, high levels of salinity, low pH, high concentration
of sulphate, manganese, aluminium and iron is the major cause of acid mine drainage
(AMD). The generation of AMD from coal mine waste poses a familiar threat to the
environment due to high dissolved metal concentrations (Larsen and Mann, 2005).
High concentrations of AI®*, Mn?* and Fe3* precipitates have been proposed to be the
main cause of plant damage and extinction (Elberling et al., 2007). A major concern
of operating mine sites is the prevention and control of AMD. The groundwater
effluence can be associated with AMD. Acid mine drainage allows heavy metals to
seep into the surroundings leading to alarming environmental conditions for aquatic
habitats and soil quality (Adler and Rascher, 2007). Mining plays an important role in
South Africa's economy by contributing about 12% of the GDP and about 59% of the
total value of exports. The mining industry uses only 4.2% of the total water utilized in
RSA. However, the pollution loads carried in mine effluents can impose limitations on

the usefulness of the fresh water resources.
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2.4 Pollutants of water

In wastewater treatment, the most important water quality parameters are: biological
oxygen demand (BOD), chemical oxygen demand (COD), phosphate, nitrogenous
species and heavy metals (Torres-Guzman et al., 2010). In wastewater, high
concentrations of these parameters are considered unacceptable (Akpor and Muchie,
2011).

2.4.1 Biological oxygen demand (BOD) and chemical oxygen demand (COD)

The reduction of organic and inorganic materials is the main goal in wastewater
treatment (Manahan, 2011). The efficiency of wastewater treatment is often calculated
in terms of reduction in biological oxygen demand (BOD) and chemical oxygen
demand (COD) (Kabuk et al., 2015). The relative amount of dissolved oxygen
consumed mainly by microorganisms to completely oxidise all matter in wastewater is
called BOD. High BOD can result from high levels of oxidisable materials (Madigan
and Martinko, 2006). To assess the extent to which effluents promote anoxic
conditions when deposited into water, BOD is used as a measure (van Loon and Duffy,
2005). The amount of oxygen required to oxidise all organic carbon to carbon dioxide
and to water is called COD (Weiner, 2013). In the presence of silver and sulfuric acid,
COD is measured by oxidation of potassium dichromate. A ratio of BOD/COD with a
value of 0.5 in water indicates that a large amount of non-degradable materials are
present in wastewater (Choi et al., 2017). Anaerobic conditions are often caused by
high concentrations of oxidisable materials, stagnant waters and bad odours that do

not support life (Mihelcic and Zimmerman, 2010).

2.5 Nutrients

The continuous addition of excess nutrients in water bodies is called eutrophication
(Lilley et al., 1997). The main nutrients responsible for eutrophication are nitrogen,
phosphorus and sulphur (WEF, 2011). The generation of toxic algae, dinoflagellate
and cyanobacteria are the main challenges that result from eutrophication (Sigee,

2005). The toxins arising during eutrophication are often concentrated in the food
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chain. Skin irritation, amnesia, liver damage, paralytic shellfish poisoning and
diarrhoea often result from algae toxins (WHO, 2006). The generation of “dead zones”
and erosional habitats are also promoted by eutrophication (Bowen et al., 2014). The
interference of humans in both phosphorus and nitrogen cycles from fertiliser is in
excess of levels of safety, according to UN Department of Economic and Social Affairs
(2012).

2.5.1 Phosphorus

In freshwater basins phosphorus is also a limiting nutrient (Chin, 2013). However,
excreta from livestock, drainage from fertilised agricultural land, industrial discharge
and atmospheric deposition results in excessive phosphorus in freshwater basins (Gulf
of Maine, 2012). These high concentrations greatly contribute to eutrophication (WEF,
2011).

2.5.2 Nitrogenous species

Nitrogen forms part of the building blocks of life such as amino acids (Hazen et al.,
2005). However, water pollution and eutrophication may result from the excessive
deposition of nitrogenous species (ammonia and nitrates) in an oceanic or terrestrial
ecosystem (Raboni et al.,, 2015). Furthermore, the effectiveness of chlorine
decontamination is hindered by the presence of ammonia and nitrates in drinking
water treatment because they have a high affinity for chlorine (Raboni et al., 2015). In
water bodies, the reduction of oxygen and toxicity to aquatic fauna are the poisonous
effect of ammonia (Weiner, 2013). In wastewater treatment the removal of
phosphorus is inhibited by the presence of nitrates and nitrites (Drysdale et al., 2000).
Some health related issues often caused by excessive nitrogen concentrations include
the following: methemoglobonemia, trihalomethane formation in chlorinated drinking
water and nonHodgkin lymphoma (Weiner, 2013). Global warming is promoted by the

increase of emissions of nitrous oxide (greenhouse gas) (Reilly et al., 2003).
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2.6 Flocculation

Flocculation is the process in which colloids aggregate or come together from the
suspension to form larger particles called flocs (Bhunia et al., 2012). During the
flocculation process (Figure 1) floccules formed can be efficiently removed by filtration,
flotation and sedimentation processes (Edward, 2011).

" Flow
® .. direction

m

Figure 1: Flocculation process (Department of Water and Sanitation (DWS),
2002)

2.7 Flocculants

Flocculants can be applied to different processes including downstream processing,
wastewater treatment and food and fermentation processes (Mabinya et al., 2011).
The speed of flocculation is often increased by the addition of flocculants. This
increases the weight and strength of the floc in order to remove floccules; which
improves the floccule propensity for breaking under fluid shear (Edward, 2011;
Spellman, 2014). Flocculants are categorized as organic, inorganic, naturally
occurring and grafted flocculants (Salehizadeh and Shojaosadati, 2001; Yim et al.,
2007).

2.7.1 Inorganic flocculants

Inorganic flocculants such as aluminium sulphate (alum) are normally used because
of availability, low price and simplicity of use. Drawbacks to alum include the following
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issues: high sensitivity to pH, inefficiency towards very fine particles and applicable to
only selected dispersed systems (Sharma et al., 2006). In addition aluminium sulphate
is reported to be neurotoxic, carcinogenic and result in Alzheimer’s disease (Serdar et
al., 2011; Aljuboori et al., 2015). The by-products of conventional flocculants are
nondegradable and mostly toxic and thus environmentally unfriendly. Therefore, there

is a need for new and safe flocculating agents.

2.7.2 Organic polymeric flocculants

Polyacrylamide is an example of an organic flocculant which is important in treating
wastewater. Polyacrylamide has the capability to be effective even when added in
small amounts (Sharma et al., 2006). Elongated chains with high molecular weight
polymers are absorbed on particles with loops and tails spreading into solution. This
give the possibility of accessory of these droopy polymer segments onto extra
particles, thus bridging particles together (Bolto et al., 2007). Therefore, the floccules
formed are stronger, larger and heavier with appropriate settling characteristics (Singh
et al., 2000). They are not sensitive to pH, produce lower sludge volume and
immediately soluble in aqueous systems (Renault et al., 2009). Organic synthetic
flocculants are widely used in biotechnological fields due to their flocculation efficiency
and economic friendliness. However, these flocculants monomers have resistance to
biodegradability, thus causing environmental pollution (Tripathy and De, 2006).
Furthermore, most commercial polymers are produced from petroleum-based
compounds which have a very low margin of safety to the environment and humans

(Suopajarvi et al., 2013). These drawbacks have limit their use in many industries.

2.7.3 Naturally occurring flocculants

The limitations of inorganic and organic flocculants have necessitated more research
into biological flocculants (Nwodo et al., 2016). These flocculants are usually assumed
to be harmless to humans and animals (Nwodo et al., 2016), nontoxic in nature
(Chopra and Ruhi, 2016) and they lack secondary pollution (Mishra, 2016).
Microorganisms, plants and animals were used to produce and extract many natural

flocculants (Garcia-Fayos et al., 2015). These flocculants are found to be safe, eco-
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friendly and environmental friendly. They can be applied in different processes
including pharmaceutical, cosmetic, downstream processing, food and fermentation
processes and wastewater treatment. Chitosan, cellulose and bioflocculant have been

investigated by researchers.

Essential polymers that are produced by microorganisms during growth are defined
as microbial bioflocculants (Cosa et al., 2011). Carbohydrates, proteins, lipids, nucleic
acid and humic substances are the main microbial flocculant components (Marvasi et
al., 2010). Many bioflocculants are produced from different microorganisms such as
actinomycetes, bacteria and fungi according to literature reports (Sheng et al., 2006).
Bioflocculants are biodegradable and environmentally friendly (Liu et al., 2010). Low
flocculating efficiency and low yield can be limiting issues that hamper their industrial

application and large scale production (He et al., 2010).

2.7.4 Grafted flocculants

All polymers whether synthetic or natural have disadvantages. Due to these
shortcomings, several strategies have been considered for the development of more
effective and inexpensive flocculants which contains natural polymers. Many attempts
have been made to combine the desirable properties by grafting synthetic polymers

onto the backbone of natural polymers (Ghimic et al., 2012).

Grafted flocculants (Figure 2) comprise of a long sequence of one polymer (natural)
with one or more branches of another polymer (synthetic) (Odian et al., 2004). Grafted
flocculants have appeared as novel tools that constitute remarkable opportunities in
wastewater treatment. Grafted flocculants have distinctive properties compared to

synthetic flocculants (Lee et al., 2012).

Chemical alteration of natural polymers with those of synthetic polymers has been
discovered as a technique of integrating the best attributes of both types. Therefore,
by improving the aggregating power of flocculants, and by increasing the positive

electric charge of flocculants the ratio of effectiveness is improved (Wang et al., 2008).
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The grafted flocculants consists of fewer and lengthier droopy polymer chains with
high molecular weight and a high branched structure. Therefore, such features provide
easy accessibility to pollutants in effluent. At small dosages, these flocculants are
asserted to be more effective (Bolto and Gregory, 2007; Singh et al., 2000). The simple
accessibility model of flocculation revealed that the existence of polyacrylamide
grafted chains would improve the hydrodynamic volume (radius of gyration) of a
polymer in solution and by that increase its flocculation ability (Brostow et al., 2007,
Singh et al., 2000).

Several grafted flocculants including poly(2-hydroxyethylmethacrylate) grafted agar
(Rani et al., 2013), polyacrylamide grafted starch (St-g-PAM) (Mishra et al., 2014),
hydroxypropyl methyl cellulose grafted with polyacrylamide (HPMC-g-PAM) (Das et
al., 2013) and polyacrylamide grafted carboxymethyl guar gum (CMG-g-PAM) (Pal et
al., 2011) have been successful synthesized. The flocculating properties of the grafted
flocculants were tested in kaolin suspension and various types of wastewater
treatment (municipal sewage wastewater, pulp mill wastewater, raw mine wastewater
and textile effluent wastewater). The positive outcome of these flocculants proves that

they can be applied in wastewater treatment.

Colloidal attachment
Graft

copolymerization

Polyacrylamide
branches

Limear polymer (polysaccharide) Polysaccharide
backbone Grafted copolymer

Figure 2: Linear polymer and graft copolymer structural configuration (Singh et
al., 2003)
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2.8 Bioflocculation

A natural process whereby microbial flocculants (bioflocculants) are used to flocculate,
settle and remove particles, suspended solids and dyes in solution is called
bioflocculation (Cong-Liang et al., 2012). Microbial flocculants are macromolecules
produced by microorganisms through interaction with their environment as a result of
substrate metabolism, microbial growth and degradation of microorganisms or
microbial chemical components (Komilis et al., 2016). According to the nature of their
association with the cells or the method of extraction, bioflocculants are defined as
capsular, slime, loosely bound and tightly bound compounds (Hendric, 2006).

2.9 Grafting techniques

The most effective technique of modifying the properties of natural polymers is by
grafting. This can lead to the production of highly efficient grafted copolymers. The
absence of commercial techniques of synthesis is the main problem for developing
grafted copolymers (Mishra et al., 2011). Graft co-polymerization can be obtained by
conventional and non-conventional techniques, with or without the presence of
different initiator systems (Singh et al., 2000). High energy radiations (gamma and X-
ray), conventional techniques (chemical free radical initiator) and microwave based
techniques are the major methods involved in the synthesis of grafted

polysaccharides.

A chemical free radical initiator (ceric ammonium nitrate or CAN) is used in the
conventional method of synthesis. On the backbone polymer, this initiator generates
free radical sites to allow the monomer to bind and structure the graft chain (da Silva
et al.,, 2007; Sen et al., 2009). Due to low reproducibility, this technique is not

appropriate for commercial scale.

High energy radiation (gamma rays or electron beam) is used as a free radical
generator. This is a superior technigue of synthesizing graft copolymer (Vahdat et al.,
2007; Wang et al., 2008). However, the polysaccharide backbone can be destructed
by this technique.
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Microwave radiation is a better technique for graft copolymer synthesis. In this
technique, on the polymer backbone, free radical sites are generated (Mishra et al.,
2011). However, this technique is expensive for production. More investigations are
required to obtain an economic, feasible and eco-friendly technique for synthesis of

high grade grafted flocculants.

In this study, a microwave radiation technique was used to synthesize a grafted

bioflocculant.

2.10 Factors effecting the activities of a grafted flocculant

The effectiveness of grafted flocculant is affected by many factors. Dosage size,
chemical functionalities (functional groups and chemical components), electrical
charge, molecular weight, degree of purity and the structure of flocculants are among

the factors that affect flocculating activity and mechanisms.

2.10.1 Dosage size

Dosage size is one of the significant factors in the flocculating activity of bioflocculants.
A poor flocculation process is often caused by insufficient bioflocculant concentration.
This has the tendency of not neutralizing negative charges on colloids in suspension
(Li et al., 2007). Over dosage of bioflocculant concentration can lead to a decrease in
the settling of the flocculated colloidal particles in a suspension due to high viscosity
(Wang et al., 2011). Therefore, an optimal bioflocculant concentration is required for

effective flocculation.

2.10.2 Functional groups and chemical components

Bioflocculant functional groups provide adsorption sites for multiple colloids in
suspension (Xiong et al., 2010). The ability of bioflocculants to bind depends on the
number of functional groups present in the chain of the bioflocculant. Flocculating

activities can be influenced by chemical composition of the bioflocculant. In previous
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studies, it was reported that bioflocculants were predominantly composed of
polysaccharides, fatty acids, nucleic acids and proteins (Salehizadeh and
Shojaosadati, 2003).

2.10.3 Electric charge of flocculants

The bioflocculants’ surface electric charge plays an important role in flocculating
activity. A bioflocculant electric charge is significantly influenced by the proportion of
its components (Walker and Wilson, 2005). In most cases, bioflocculants bear a
negative charge (Levy et al., 1992; Okaiyeto et al., 2016). This allows the bioflocculant

to bind to positively charged colloids in a suspension.

As a result of cation exchange potential, this may occur and be obtainable through
electrostatic interaction (Esparza-Soto and Westerhoff, 2003). A higher hydrophobic
character is shown in bioflocculants with a net negative surface charge. These
hydrophobic constituents form bonds with positively charged colloidal particles such

as dyes and metal ions in suspension (More et al., 2010).

2.10.4 Molecular weight of flocculants

The flocculating ability of bioflocculants can be affected by the molecular weight of
bioflocculants (Liu and Cheng, 2010). The bioflocculant’s molecular weight varies
mostly between 10° and 2.5 X 10° Da (More et al., 2014). The molecular size of
bioflocculants is related to the efficiency of the bridging mechanism in flocculation. The
higher the molecular weight of a bioflocculant, the higher the flocculating activity in

contrast to bioflocculants with low molecular weight (Zhang et al., 2010).

2.10.5 Purity of flocculants

Bioflocculants are seldom produced by microorganisms in their pure state. The crude
extract may contain a large range of impurities including microbial cells. Even though
it is challenging to purify microbial flocculants, purity is important for their effective use
(Walker and Wilson, 2005). The degree of purity of a bioflocculant affects its

functionality in the flocculation process (Smith, 2009). Poor flocculating ability of the
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bioflocculant may be caused by contaminants which may compete with colloidal
particles on the adsorption sites in a suspension (Singha, 2012). It is usually stated
that the higher the purity, the greater the efficacy in flocculation. Purification
techniques that are mostly used to remove cells or their debris are centrifugation,
chromatographic methods, heat treatment and precipitation methods (Sutherland
1990; Morin, 1998; Zhang et al, 2007).

2.10.6 Structure of flocculants

In flocculation processes, the surface morphological structure of a bioflocculant plays
a vital role (zZzhang et al.,, 2007). Effectiveness or poor flocculating activity of
bioflocculants may be caused by the surface morphological structure (Okaiyeto et al.,
2015). In literature most bioflocculants are reported to have an amorphous, porous or
crystal-like structure (Cosa et al., 2013, Okaiyeto et al., 2015). A scanning electron
microscope (SEM) uses electrons in a raster scanning grid pattern to image the
sample surface. The electrons react with the atoms to produce signals containing

information regarding the structure of the sample (He et al., 2010).

2.11 Biosafety

Biosafety standards are based on international acts and relevant legislation. These
aim to prevent risk to human health and the environment which result from activities
that involve the use of products or bioproducts (Smith, 2009). Bioflocculants are
confirmed to be non-toxic compounds according to Devi et al. (2015). As confirmation
of this, bioflocculants must be tested for toxicity before any application (Spellman,
2014). Pandemic diseases along with allergenic, cytotoxic and neurotoxic effects can

be caused by bacterial secondary metabolites (Smith, 2009).

In this study, an MTT assay was used to test the cytotoxic effects of a grafted
bioflocculant on different cell lines. This method uses a colourimetric assay that is
based on the change of tetrazolium salt (MTT) to formazan by mitochondrial

dehydrogenases. This assay is usually used to ascertain cell viability (Mosman, 1983).
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2.12 Flocculation mechanisms of grafted flocculants

An increase in chain extent and molecular weight contributed to an increase in
flocculation efficacy for grafted bioflocculants (Agarwal et al., 2002). Both organic and
inorganic matter in wastewater convey low positive or negative charges. In nature
polyacrylamide grafted polysaccharides are usually anionic or nonionic (Ghosh et al.,
2011). In a polymer bridging mechanism, the bridges between adjacent particles are
formed when the sectors of a polymer chain are absorbed against different particles
surfaces. For this reason grafted flocculants have superior flocculation features
compared with pure bioflocculant (ungrafted).

High radius of rotation, high molecular weight and extended polymer chains are
characteristics of grafted flocculants. Therefore, the adsorbed polymer molecules
have a way of accepting additional extended configuration for interacting with many

particles from floccules (Das et al., 2013).

Polymer bridging was accountable for the superior flocculating property in grafted
copolymers over a linear polymer (Ghosh et al., 2010). Due to the polymer chain,
sectors were adsorbed onto diverse particles, thus connecting together the particles
(Mishra et al., 2004).

In other studies, an ideal dosage size was determined for maximum flocculation
efficacy. Over dosage of the grafted bioflocculant caused the flocs to redisperse and
reduce particle settling in a suspension and resulted in low flocculation. The bridging
mechanism involved is responsible for this phenomenon and was reported to link with

the behaviour of the flocculation curve (Sen et al., 2012).

Other studies stated that through the bridging effect the colloidal particles come
together and form larger net like floccules. This formation develops as a result of the

flexibility of polyacrylamide graft chains. The larger floccules with net-like structure can
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further grab remaining particles from water. This occurs via a sweeping effect with the
help of improved accessibility of the polyacrylamide chains (Yang et al., 2013). Lastly,
the compressed aggregated particles are formed and then settle out.

Grafted flocculants are applied in wastewater treatment in most of the reported
studies. The study of flocculation mechanism is very limited. The molecular weight and
chain length are the significant factors for determining the chief flocculation
mechanism of grafted flocculants. To identify the accountable flocculation mechanism,
dynamic light scattering techniques with observation of floccule formation and the
measurement of molecular weight could be applied for both grafted and ungrafted
bioflocculants.

2.13 Alcaligenes faecalis

More information is offered for microbial flocculants produced in different habitats by
different bacteria. However, rich biodiversity of bacteria remains largely unknown in
marine surroundings (Kumari et al., 2014). Alcaligenes faecalis is a rod-shaped, gram-
negative bacterium and was first discovered in faeces but was later found to be
common in soil, water and environments in association with humans (Phung et al.,
2012). This bacterium is normally non-pathogenic (Kavuncuoglu et al., 2010). Due to
the production of useful biopolymers, Alcaligenes strains have been used in research
recently and have gained more attention in industry. It is also commonly used in
bioremediation of hydrocarbon pollutions (Bharali et al., 2001). Enzymes that degrade
organic contaminants are produced by some of these bacterium strains and can be
applicable in wastewater treatment and biodegradation of organic pollutants (Kong et
al., 2014).

For this study, Alcaligenes faecalis HCB2 was used to produce bioflocculant through

an extraction method.
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2.14 Acrylamide (AM)

Acrylamide is an unsaturated amide used to produce polyacrylamides (Ruiz et al.,
2012). Acrylamide is a white or colourless, odourless crystalline solid (Mustatea et al.,
2015). It is soluble in water, acetone and alcohol and insoluble in heptanes and
benzene (Charoenpanich et al., 2013). Acrylamide is used as a flocculant, in paper
production, as an additive for water treatment, as a thickener, in enhanced olil
recovery, as a soil conditioning agent, in sewage and waste treatment, for permanent-
press fabrics and in ore processing (Edition et al., 2011). In the construction of drinking
water reservoirs and wells, acrylamide is also used as a grouting agent (Edition et al.,
2011). Acrylamide is mostly found in foods that are dense with carbohydrates such as
fried potatoes, breads, coffee, and breakfast cereals (US-FDA, 2014). Starchy foods
that are cooked at high temperatures also contain acrylamide.

Water utilities tightly control the level of acrylamide in drinking water and it is reported
not to be a health hazard (Backe et al., 2014). For potable water, polyacrylamide used
should not contain more than 0.05% residual monomer (Edition et al., 2011). Bio
concentration of acrylamide is unlikely because it is degraded easily by
microorganisms (Edition et al., 2011). Polyacrylamide (PAM) is efficient in water
purification (Lee et al., 2011). PAM also produces dense floccules which are generally

helpful for easy sedimentation in water treatment (Yang et al., 2013).

In this study, acrylamide was combined with a bioflocculant to produce a

polyacrylamide grafted bioflocculant.
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Chapter 3: Materials and methods

3.1 Production medium

Chemicals and reagents bought from Sigma-Aldrich (St Louis, MO, USA) and distilled
water were used. The production medium for grafted bioflocculant was prepared using
the Zhang et al. (2007) method.

Briefly, KH2PO4 (2.0 g), glucose (20.0 g), K2HPO4 (5.0 g), NaCl (0.1 g), (NH4)2S0O4 (0.2
g), yeast extract (0.5 g), MgSOa4-7H20 (0.5 g) and urea (0.2 g) were dissolved in a 1L
of distilled water and sterilized by autoclaving at 121°C for 15 min. The medium was

allowed to cool after autoclaving and inoculated with fresh culture.

3.2 Determination of flocculating activities

A loopful of bacterial species was inoculated into a 250 mL flask containing 50 ml of
the sterilized production medium. The mixtures were placed at 30°C in a shaking
incubator at 165 rpm for 72 h. At 8000 rpm the culture broths were centrifuged to
remove cells for 30 min at 4°C. At an optical density (OD) of 550 nm, the UV-visible
spectrophotometer was used to determine the flocculating activity (Kurane et al.,
1994). One hundred millilitres (100 ml) of kaolin solution (4 g/l) was measured into 250
ml flasks and was mixed together with 2 ml of the attained cell free supernatant and 3
ml of 1% w/v calcium chloride (CaCl.). The mixtures were agitated for 60 sec and then
poured into a 100 ml measuring cylinder. The sediment as well as the control medium,
was left to stand for 5 min at 25°C (room temperature). A control was prepared in a
comparable way, but TKT-g-PAM was replaced with un-inoculated culture medium.

The flocculating activities (FA) were evaluated by using the following formula:
FA (%) = [(X = Y/X)] x 100

Where X at 550 nm was the optical density of kaolin suspension and Y at 550 nm was

the optical density of the sample.
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3.3 Extraction and purification

The bioflocculant was extracted and purified using the method of Chang et al., (1998).
The culture medium was centrifuged (8,000 x g, 30 min, 4°C) after incubation for 72
h. To the supernatant, a unit volume of distilled water was added and centrifuged
(8,000 x g, 4°C. 30 min) to eliminate insoluble materials. Two 2 L of ethanol were
added to the supernatant and agitated. The mixture was allowed to stand to precipitate
at 4°C for 12 h. The precipitate was vacuum-dried and 100 ml of distilled water was
added to dissolve the bioflocculant. A mixture of chloroform and butanol (5:2 v/v) was
added (1 volume), agitated and placed at room temperature for 12 h to settle down.
The supernatant was centrifuged to remove any debris at 4,000 x g, 30 min, 4°C and

vacuum-dried.

3.4 Synthesis of the graft copolymer using the “microwave initiated” method

Microwave irradiation (Figure 3) was used to generate the free radical sites on the
polysaccharide backbone (Sen et al., 2009). In 40 ml of distilled water, 1.0 g of the
bioflocculant was dissolved. Five grams (5.0 g) of acrylamide was dissolved in 10 ml
of distilled water and added to the bioflocculant solution. The two solutions were mixed
well and transferred to 100 ml borosilicated beaker. The mixture was placed in a
microwave turntable oven (25 | LG Microwave oven Model: MG-577B). A temperature
probe was also incorporated. Microwave irradiation was set to 900W of power and for
a preferred amount of time ranging from 1 to 4 min. The microwave irradiation was
stopped periodically to cool the reaction mixture by placing the reaction mixture beaker
in cold water to avoid excessive formation of dangerous reaction vapours and to
prevent damage to the polymer backbone. The temperature of the reaction mixture
was not allowed to exceed 70°C.Once the intended amount of time was completed for
microwave irradiation, the reaction beaker and its contents were cooled and kept
undisturbed at room temperature for 24 h. This allowed enough time for the grafting
reaction to be completed. A saturated solution of hydroquinone (20 mg) was added to
terminate the reaction. Excess acetone (25 ml) was added into the gel like mass. A
hot air oven was used to dry the mixture resulting in precipitation of the grafted

copolymer (60°C, 6 h). Subsequently, it was pulverized and sieved.
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3.5 Purification of graft copolymer by solvent extraction method

To remove the homopolymer, the precipitated grafted polymer was dried and then
extracted using a formamide acetic acid mixture with a 1:1 ratio (v) (Rani et al., 2012).

The percentage grafting was calculated by using the following formula:

% G = (weight of graft copolymer — weight of polysaccharide)/weight of polysaccharide
x 100.

_ Graft Copo|ymer

(Reaction was terminated
by saturated solution of
hydroquinone, precipitated
in acetone and dried)

Polysaccharides + Acrylamide >

Temperature < 70 °C

Occluded PAM is
removed by solvent
extraction with
formamide-acetic
acid mixture (1:1)

Pure Graft copolymer

Figure 3: Schematic representation for the synthesis of TKT-g-PAM using

microwave-initiated method (Pal et al., 2012)

3.6 Physicochemical characteristics of the grafted bioflocculant

3.6.1 Morphological surface of the flocculants

The purified bioflocculant and grafted bioflocculant morphological surface structures
were studied using a scanning electron microscope (SEM) (Karthiga devi and

Natarajan, 2015). A small amount of the bioflocculant and grafted bioflocculant were
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spread and fixed on an iron stub. The fixed specimens were sputter coated with gold

and examined.

3.6.2 Charge characterization

The grafted bioflocculant flocculation mechanism was proposed after the zeta potential
was measured. The zeta potential of the kaolin particles, mixture of kaolin particles
and BaCl», kaolin particles flocculated by the grafted bioflocculant in the presence of
BaCl, and the grafted bioflocculant were measured, (Aljuboori et al., 2015). Charge
characterization of the grafted bioflocculant and the pure bioflocculant was
determined. This was done using a Malvern Zetasizer Nano (Malvern, UK), at 25°C
(Aljuboori et al., 2015).

3.6.3 Functional groups

The functional groups were assessed using a Fourier Transform Infrared (FTIR)
Spectrophotometer (Perkin EImer System 2000, England). The dried bioflocculant as
well as the grafted bioflocculant powder were mixed with potassium bromide salts
(KBr), ground at 25°C and compressed into pellets for FTIR spectral measurement.
The setting ranged between 4000-370 cm™ (Luo et al., 2014).

3.6.4 Cytotoxicity assay of the grafted bioflocculant

The cell cytotoxicity of the grafted bioflocculant was measured according to the
method by Mosman, (1983). Human embryonic kidney 293 cells (HEK 293) and
human colorectal adenocarcinoma cells (CaCOZ2) were both grown to confluency in
25 cm? flasks. The cells were then trypsinised and plated into 48 well plates and
incubated at 37 °C for 24 h. Then, the old medium was supplemented with a new
medium (MEM + Glutmax + antibiotics). The grafted bioflocculant was added in
triplicate and incubated for 4 h. Thereafter, the medium was substituted with a new
medium (MEM + Glutmax + antibiotics +10% Fetal bovine serum). After 48 h, the cells
were subjected to 200 pl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium

bromide) (MTT) medium with a concentration of 5 mg/ml of phosphate buffered saline
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(PBS). In addition, 200 pl medium was added to each well and incubated at 37°C for
4 h. Thereafter, the medium with MTT was aspirated from the wells and the resulting
formazan crystals were solubilized in 200 pl of dimethyl sulfoxide (DMSO). The optical
density of the solutions was read at 570 nm using a micro plate reader. The cell viability

was expressed as a percentage with control using the following equation;
Cell viability (%) = (K1/K0) x 100

Where K1 and KO are the initial and final values obtained before and after treatment

with the bioflocculants, respectively.
K1= values before treatment

K2= values after treatment

3.7 Evaluation of flocculating activity of the grafted bioflocculant

3.7.1 Effect of grafted bioflocculant concentrations

Grafted bioflocculant concentrations (0.2, 0.4, 0.6, 0.8 and 1.0 mg/ml) were set in
distilled water. Their flocculating activities were assessed for the determination of the

optimum concentration (Luo et al., 2014).

3.7.2 Effect of cations on flocculating activity

Various cations (LiCl, KCI, NaCl, BaCl,, CaClz, MnClz, and FeClz) were used with the
grafted bioflocculant to evaluate their effect on flocculating activity. A standard cation
(3 ml of 1% w/v CaCl) was replaced with the above mentioned cations (Nwodo et al.,
2016). A kaolin solution was used as a control without addition of a cation. The

flocculating activities were determined as shown previously.

3.7.3 Grafted bioflocculant’s pH stability

The effect of pH on the flocculating activity of grafted bioflocculant was determined by

adjusting the pH of the kaolin clay suspension (4 g/l) in a range between pH 3 to 11
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with 0.1 M KOH and 0.1 M HCI (Nwodo et al., 2016). The flocculating activities were
determined as indicated in 3.2.

3.7.4 Grafted bioflocculant thermal stability and pyrolysis profile

Temperatures starting from 50 to 100°C were used (Okaiyeto et al., 2013). The grafted
bioflocculant solution was placed for 60 min in a water bath and the flocculating
activities were determined as indicated in 3.2. A thermogravimetric analyser (Perkin
Elmen Pyris 6 TGA) was used to evaluate the pyrolysis profiles of both grafted
bioflocculant and bioflocculant. The purified flocculants (10 mg) were heated within a
range of 22 to 900°C at an increased rate constant of 10°C mitn* under constant flow
of nitrogen gas (Okaiyeto et al., 2016).

3.8 Removal efficiency of the grafted bioflocculant using coal mine wastewater

The chemical oxygen demand (COD), biological oxygen demand (BOD), total nitrogen
(N) and sulfur (S) were determined in wastewater from Tendele Coal Mine wastewater
plant (RSA). The spectrophotometer with Spectro-quant (Merck Pharo 100) was used
to measure these parameters both before and after treatment with the grafted

bioflocculant.

The jar test was performed using the method described by Okaiyeto et al. (2016). Two
millilitres of the optimum dosage size (0.2 mg/ml) of grafted bioflocculant and 3 ml of
1% (w/v) BaClz solution were both transferred into a 100 ml wastewater sample. The
mixture was shaken for 3 min at high speed (200 rpm). Then the speed was decreased
to 40 rpm for 5 min. The depletion efficacies of BOD, COD, N and S by the grafted
bioflocculant were determined using the following formula:

Removal efficiency (%) = (B — M/ B) x 100

Where B and M were the original and last values achieved in earlier and later treatment
with the grafted bioflocculant, respectively. Bioflocculant, alum and ferric chloride were

used as controls.
B= values before treatment
M= values after treatment
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3.9 Statistical analysis

Using the one-way analysis of variance (ANOVA) using Graph Pad prism™ 6.1. The
information was performed in triplicates and the error bars in the figures that follow
show the standard deviations of the data. P values <0.05 were considered as
significant. Values with different letters along the same row are significantly different
(p<0.05).
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Chapter 4: Results

The results obtained during extraction of the bioflocculant TKT, synthesis of grafted
bioflocculant, characteristics and application of the grafted bioflocculant are shown in
this section.

4.1 Bioflocculant yield

The purified bioflocculant (4.0 g) was obtained from 1 L of fermentation broth of

Alcaligenes faecalis HCB2.

4.2 Microwave initiated synthesis (using 900 w microwave radiation)

Table 1 shows a sequence of six graft copolymers that have been synthesized by
microwave irradiation. For the first four evaluations of graft copolymers, the
concentration of the bioflocculant and acrylamide was fixed with only the exposure
time being varied. Only the acrylamide concentration was varied for the second set of
three grafted copolymers (3, 5-6) while keeping the other parameters constant. By

varying the reaction parameters, various grades of TKT-g-PAM have been developed.

Table 1: Synthetic details of TKT-g-PAM

Grafted Amount of Amount of Time in (min) % Grafting

bioflocculant  bioflocculant acrylamide

9) (9)
TKT-g-AM 1 0.5 5.0 1 19
TKT-g-AM 2 0.5 5.0 2 35
TKT-g-AM 3 0.5 5.0 3 51
TKT-g-AM 4 0.5 5.0 4 39
TKT-g-AM 5 0.5 6.0 3 57
TKT-g-AM6 0.5 7.0 3 62
TKT-g-AM 7 0.5 9.0 3 59

Note: Bolded values imply optimized grade synthesized by the processes.

Page | 28



Figure 4 shows the effect of irradiation time. The percentage grafting increased up to

3 min (which is optimized) with increases in irradiation time (1-4) after which it was

decreased.
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Figure 4: Effect of irradiation time and the percentage grafting (keeping other

factors constant)

Figure 5 shows the effect of monomer concentration. With an increase in the monomer
concentration of acrylamide from 5.0 to 7.0 g, the grafting ratio also increased. Further
increases in monomer concentration beyond 7.0 g, indicates the percentage grafting
decreased. Thereby, a homopolymerization reaction was initiated and low graft yield
was observed beyond optimum monomer concentration. The highest percentage of

the purified grafted bioflocculant was 62% with a weight of 0.812 g.
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Figure 5: Effect of monomer concentration and the percentage grafting (keeping

other factors constant)

4.3 Physico-chemical composition of the bioflocculant

4.3.1 Morphological surface

Figure 6a and 6b show the scanning electron microscopy (SEM) surface image of the
bioflocculant (TKT) and grafted bioflocculant (TKT-g-PAM6). The particles were
examined in powdered form. It is evident from the SEM micrographs of TKT and its
grafted product that morphological changes had taken place because of grafting of

PAM chains on TKT. It is clear that the original morphology of the TKT was lost after
grafting.
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Figure 6: SEM surface images of TKT (6a) and TKT-g-PAMG6 (6b)

4.3.2 Zetapotential of samples

Table 2 shows the zeta potential of TKT, kaolin particles, kaolin particles with Ba?*,
kaolin particles flocculated with TKT in the presence of Ba?*, TKT-g-PAM6, kaolin
particles flocculated with TKT-g-PAM6 in the presence of Ba?* and kaolin particles
flocculated with acrylamide in the presence of Ba?*. The electrical charges of the TKT-
g-PAMG6, TKT and kaolin particles were negative -12.6+0.1, -17.1+£0.65 and -6.59+3.0.
The grafted bioflocculant used a bridging mechanism facilitated by Ba?* to flocculate
kaolin suspension. In accordance, the results show that the chain length contributed

to an increase in flocculation efficiency.
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Table 2: Zeta potential of various samples

Samples Zeta potential (mV)
TKT (bioflocculant) -17.1+0.65
Kaolin particles -6.59+3.0
Kaolin particles with Ba®* -7.01+1.0
Kaolin particles flocculated with TKT in -4.41+0.72

the presence of Ba?*

TKT-g-PAM6 -12.6+£0.1
Kaolin particles flocculated with TKT-g- -11.5+0.9

PAMS6 in the presence of Ba?*
Kaolin  particles flocculated  with -10.2+0.7

acrylamide in the presence of Ba?*

4.3.3 Functional groups

To confirm that grafting is performed, the presence of different functional groups of
TKT (Fig. 7), PAM (Fig. 8), and TKT-g-PAM6 (Fig. 9) were revealed by using IR
spectrum. In Figure 7, the broad absorption band seen in bioflocculant (TKT) at 3261
cm-! is due to the stretching frequency of the O-H groups. The bands around 1059
and 1159 cm-! are assigned to C-O stretching as well as bridge-O- stretching

respectively.
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Figure 7: The IR spectrum of TKT

Figure 8 shows the FTIR spectrum of acrylamide (AM). A broad absorption band at
3343 cm-! is for the NH stretching frequency of the NH2 group. Around 1670 cm-!
and 1611 cm-! two strong bands are due to CO stretching and NH bending. The band
around 1424 cm-! is for the C-N stretching vibrations.
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Figure 8: The IR spectrum of AM
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Figure 9 shows the optimized grafted TKT. In the spectrum of TKT-g-PAM6 few
differences have been observed where O-H stretching band of hydroxyl group of
bioflocculant and N-H stretching band of amide group of acrylamide overlap with each
other and lead to a broad band, which appear at 3275 cm-! for grafted bioflocculant
(TKT-g-PAMBG). The CO stretching occurred at 1651 cm—! and NH bending occurred
at 1612 cm-1. The C-N stretching of acrylamide appeared at 1427 cm-! and this
confirms the grafting of PAM chains onto the polysaccharide backbone was
successful.
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Figure 9: The IR spectrum of TKT-g-PAM6

4.3.4 Biosafety of TKT-g-PAM6

Figure 10 illustrates the cytotoxicity of the grafted bioflocculant on HEK293 cell lines.
The grafted bioflocculant showed less toxic effects on HEK293 cell lines. The cell lines
on HEK293 exhibited 82% viability after it has been treated with the highest
concentration (200 pg/pl) of the grafted bioflocculant.
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Figure 10: In-vitro cytotoxicity of different grafted bioflocculant concentrations
on HEK293

Figure 11 illustrates the cytotoxicity of the grafted bioflocculant on CaCO2 cell lines.
The grafted bioflocculant showed less toxic effects on CaCO2 cell lines. The cell lines
on CaCO2 exhibited 64% viability after it has been treated with the highest
concentration (200 pg/pl) of the grafted bioflocculant.
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Figure 11: In-vitro cytotoxicity of different grafted bioflocculant concentrations
on CaCO2
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4.4 Effect of grafted bioflocculant dosage on flocculating activity

The highest flocculating activity (79+9.23%) was observed at the concentration of 0.4
mg/ml in Table 3. There was no statistical difference (p< 0.05) observed between the
lowest concentration of 0.2 mg/ml and 0.4 mg/ml. Thus, 0.2 mg/ml was the most
preferred concentration with a flocculating activity of 74+10.01%.

Table 3: Dosage size and cation effect on flocculating activity of the grafted

bioflocculant produced Alcaligenes faecalis HCB2 and acrylamide

Dosage FA(%)£SD Cations FA(%)£SD

size

(mg/ml)

0.2 74.3+2.822 Li* 50.3+2.313¢

0.4 78.6£1.532 Na* 51.3+4.73a¢

0.6 71.0+1.732 K* 47.3+5.122

0.8 50.6+1.52 Ba?* 85.0+1.73

1 62.0+5.192 Ca?* 60.6+9.54acd

Fes* 63.6+1¢d

Control 68.6+2.52¢

Note: Percentage flocculating activity with different letters (a, b, ¢, and d) are

significantly (p<0.05) different.

4.5 Effect of cations on flocculating activity of grafted bioflocculant

Table 3 displays the cation effect on flocculating activity of grafted bioflocculant. Ba**
was the preferred cation with a flocculating activity of 85.6% and K* showed the lowest

flocculating activity of 47%.

4.6 pH stability of the purified grafted bioflocculant

The effect of pH on flocculating activity of grafted bioflocculant is displayed in Figure

12. The flocculating activity in the acidic conditions was above 80% and 93% was
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optimum at pH 3.0. The flocculating activities were high for acidic conditions and much
lower under alkaline conditions. The grafted bioflocculant will be more effective in

acidic mine wastewater.
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Figure 12: pH stability of TKT-g-PAM6

4.7 Thermal stability of purified grafted bioflocculant

The thermal stability of the grafted bioflocculant is an important property for its
commercial exploitation. Thermal stability of the purified grafted bioflocculant was
examined at 100°C for a 1 h period. Figure 13 shows the thermal stability of the grafted
bioflocculant. The grafted bioflocculant retained 90% flocculating activity after 1 h
incubation at 100°C.
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Figure 13: Thermal stability of TKT-g-PAM6

4.8 Pyrolysis' properties of TKT and TKT-g-PAM6

In Figure 14, the thermal degradation of the bioflocculant and grafted bioflocculant is
shown. In the case of the bioflocculant TKT, the initial decomposition temperature
(IDT) was found to be 50°C (4% weight loss) and final decomposition temperature
(FDT) to be 200°C (25% weight loss).

In the case of the grafted bioflocculant, the IDT has been found to be 215°C (29%
weight loss) and FDT to be 571°C (36% weight loss). The deterioration temperature
(Td) of 100°C was detected and it confirmed the thermal strength of TKT and TKT-g-
PAMS6.
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Figure 14: Thermal gravimetric analysis of TKT and TKT-g-PAMG6

4.9 Removal efficiency of the grafted bioflocculant on wastewater

The initial characteristics of wastewater were determined before each of the
parameters was measured. By using this value, the characteristics before and after
treatments were compared. Table 4 displays the initial and final characteristics of
wastewater (BOD, COD, N and S) from Tendele Coal Mine. The grafted bioflocculant
had removal efficiencies of 92, 87, 91 and 93% on BOD, COD, N and S respectively.
TKT-g-PAM6 was effective in removal efficiencies when compared to the bioflocculant

and conventional flocculants.
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Table 4. Removal efficiency of the grafted bioflocculant and inorganic flocculants in coal mine wastewater

Type of Water quality before Water quality after Removal efficiency
flocculants treatment (mg/l) treatment (mg/l) (%)

BOD coD N S BOD coD N S BOD COD N S
TKT-g-PAM 6.4+0.0 1557+0.0 5.6£0.0 4.1+0.0 0.5+3 206x0.0 0.5+0.0 0.3£1.2 92 87 91 93
TKT 6.4+0.0 1557+0.0 5.6x0.0 4.1+0.0 2.5%#1.2 589+1 1.3+1.2 1.2+#4 61 62 77 71
Alum 6.4+0.0 1557+0.0 5.6£0.0 4.1+0.0 2.4+35.2 934+l 1.9+2 1.7¢4.5 63 40 66 59
FeCls 86.4+0 1557+0.0 5.6+0.0 4.1+0.0 1.9+1.2 896%#0.6 2.0£3.6 1.4+7.1 70 42 64 66

Values represent mean + standard deviation of triplicate readings.
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Chapter 5: Discussion

5.1 Yield of the bioflocculant

A bioflocculant total yield of 4 g after purification was obtained from 1 L culture broth.
This yield is higher than the yields obtained mostly from single bacterial strains.
Maliehe et al. (2016) obtained 2.4 g of refined bioflocculant TMT-! from single bacterial

strains.

5.2 Microwave initiated synthesis (using 900 w microwave radiation)

The optimized grade (TKT-g-PAM6) has been determined through its higher
percentage grafting from Table 1 (P. 28). It is obvious that the grafting is optimized at
a monomer concentration of 7.0 g and at an irradiation time of 3 min, when the

microwave power is fixed at 900W.

In Figure 4 (P. 29), the decrease in percentage grafting may be because of the
prolonged exposure of microwave irradiation which may have degraded the
polysaccharide backbone beyond exposure time of 3 min. The results were similar to
those of Sen et al. (2009), whereby CMS-g-PAM V had a maximum of 50% grafting

for 3 min.

In Figure 5 (P. 30), the availability of more monomer may be responsible for the
increase in grafting. This increase may be caused by the formation of more
homopolymer. The accumulation of monomer free radicals in close proximity to the
backbone gave rise to graft copolymerization. However, the primary radicals attacked
the monomer instead of reacting with the backbone polymer at higher monomer
concentration. In a similar report Pal et al. (2010) found that with an increase in
acrylamide concentration from 0.14 to 0.21 mol, percentage grafting efficiency
increased and reached the maximum concentration of 0.17 mol. Afterwards, the

percentage grafting efficiency decreased.
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5.3 Morphological surface

The bioflocculant surface morphological structure plays a vital role in the process of
flocculation (Zhang et al., 2007). The effectiveness or poor flocculating activities of
bioflocculants may be due to surface morphological structure. Bioflocculants with
porous, amorphous or crystal-like structure have a high level of flocculation (Cosa et
al., 2013, Okaiyeto et al., 2015). The information obtained from the structures of the
samples occurred when the electrons react with the atoms to produce signals (He et
al., 2010). In Figure 6 (P. 31), differences can be observed among the bioflocculant
and grafted bioflocculant samples. In Figure 6, SEM revealed the physical change
from a blocky structure of a bioflocculant to a granular structure of a grafted
bioflocculant because of grafting of PAM chains on TKT. Therefore, itis clear that the
original morphology of TKT is lost after grafting indicating that the grafting was

successful.

5.4 Zeta potential of grafted bioflocculant

Flocculant charge properties exerts great influence on the flocculation efficiency (Yang
et al.,, 2012). In Table 2 (P. 32), the zeta potential of grafted bioflocculant and
bioflocculant had a negative charge. This facilitates binding to positively charged
colloidal pollutants. This may be due to cation exchange potential offered via

electrostatic interaction (Esparza-Soto and Westerhoff, 2003).

5.5 Functional groups

The functional groups of grafted bioflocculants were responsible for adsorption sites
of different colloids in suspension (Xiong et al., 2010). Multiple functional groups in
TKT-g-PAM6 were indicative of many adsorption sites available for colloidal particles.
Figure 9 (P. 34), IR observation was done on TKT-g-PAM6 and showed the presence
of hydroxyl, carboxyl and amine groups. These groups were the main adsorptive
forces of TKT-g-PAM6 and were important for the flocculation process (Wang et al.,
2011). Furthermore, the carboxyl groups were responsible for binding sites of the

cations to improve flocculation. The OH, COO™ and COOH groups on the bioflocculant
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interacted with the hydrogen ions and hydroxyl ions available on the surface of the
particles. This forms hydrogen bonds which permit build-up of big floccules (ABD-EL-
Haleem et al., 2008; Tang et al., 2014).

5.6 Biosafety of grafted bioflocculant

In Figures 10 and 11 (P. 35), MTT cell proliferation assay was used to assess cell
viability of HEK293 cells and CaCO2 cells after being treated with different
concentrations of the grafted bioflocculant. The grafted bioflocculant showed less
cytotoxic effects. Few adjustments must be made to affirm their safe utilization in
different industrial applications.

5.7 Effect of grafted bioflocculant dosage on flocculating activity

Table 3 (P. 36) showed the effect of dosage and cations on flocculating activity of
grafted bioflocculant. Dosing and mixing conditions achieved can affect the degree of
flocculation (Yu et al., 2010). It was reported that flocculation occurs quickly for low
polymer doses and high solids concentrations (Okaiyeto et al., 2016). The flocs can
be broken at a moderate settling rate because they are not stable. When half the area
of solids is covered with polyelectrolytes, optimum flocculation occurs (Harif et al.,
2012). From Table 3, it was observed that the degree of flocculation decreases at high
concentrations. This may be due to the absorbed polymer layer which completely
covers the particles. Mostly, insufficient dosage or overdosing would result in low
flocculation (Cosa et al., 2013). Consequently, it turns out to be vital to institute the
optimum grafted bioflocculant dose. Thus, could help to lessen costs and achieve
superior performance in the treatment processes. Liang et al. (2010) suggested that
the flocculation deterioration phenomenon may be accountable for a decline in
flocculating activity. This occurs when some colloidal particles were enclosed by the
concentrated flocculant and a colloid protection function occurred, leading to low
flocculating activity. The TKT-g-PAM6 can therefore be economically viable in

industrial applications as it gave high flocculating activity at low concentrations.
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5.8 Effect of cations on flocculating activity

Cations have a significant effect on flocculation (Liu et al., 2010). Commonly, cations
are used as a coagulant aid in achieving high flocculating activity. It neutralizes both
negatively charged functional groups of bioflocculant and colloidal kaolin particles in a
mixture (He et al., 2010). The grafted bioflocculant without cation addition flocculated
better than the monovalent cations used in the study in Table 3 (P. 36). Both divalent
and trivalent cations stimulated flocculating activity to a greater degree compared to
the monovalent cations. Ba?* effectively neutralized the negative surface charge on
the grafted bioflocculant and kaolin suspension. The shortened distance between
particles and the grafted bioflocculant, led to high flocculating activities. Similarly
Okaiyeto et al. (2015) reported that Ba®* was the most active cation, with the highest
flocculating activity of 96%.

5.9 pH stability of the purified grafted bioflocculant

The effective species in inorganic flocculants can be solvated metal ion which disturbs
flocculation through Schulze-Hardy effects and double-layer compression (Borchate
et al., 2014). The variation of pH might change the flocculant charge status and
physiognomies of dissolved materials consequently affecting the flocculating activity
(Li et al., 2016). Figure 12 (P. 37), illustrates that the flocculating activity of grafted
bioflocculant was above 80% in acidic conditions with a maximum of 93% flocculating
activity at pH 3. The decrease in flocculating activity for the alkaline conditions, may
be due to OH ions which might have inhibited the formation of floccules of kaolin
particles and grafted bioflocculant in the mixture. Furthermore, decrease in flocculating
activity in alkaline condition suggested the alkaline degradation of the bioflocculant.
This could have resulted from changes that included molecular rearrangements of the

polysaccharide chain fragmentation of the bioflocculant (Bathe et al., 2010).

5.10 Thermal stability of purified grafted bioflocculant

The thermal stability of the grafted bioflocculant is an important property for its
commercial exploitation. Thermal stability of the purified grafted bioflocculant

produced by Alcaligenes faecalis HCB2 and acrylamide was examined at 100°C for 1
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h period. In Figure 13 (P. 38), there is a notable decline in flocculating activity with
time. This may be due to the partial denaturation of the protein component in
bioflocculant structures. The high flocculating activity and thermal stability may be
attributed to the nature of the bioflocculant, which is mainly polysaccharides and the
interaction within. The grafted bioflocculant was more stable.

5.11 Pyrolysis' properties of TKT and TKT-g-PAM6

Thermogravimetric analysis (TGA) was used to study the pyrolysis properties of the
TKT and TKT-g-PAM6. Thermogravimetric analysis of TKT and TKT-g-PAM®6 is shown
in Figure 14 (P. 39). Thermal behaviour of both TKT and TKT-g-PAMG6 was studied as
a function of the percent weight of the residue with the increase in temperature.

In the case of bioflocculant TKT the initial decomposition temperature (IDT) may
correspond to the loss of adsorbed and bound water while the final decomposition

temperature (FDT) may be due to the degradation of the bioflocculant.

In case of the grafted bioflocculant (TKT-g-PAM) the initial decomposition temperature
(IDT) may be caused by the degradation of part of the ungrafted bioflocculant final
decomposition temperature (FDT) attributed to the degradation of grafted polymer.
Both TKT and TKT-g-PAM6 were thermal stable as they retained more than 60% of

weight loss even after exposed to high temperatures above 500°C.

5.12 Flocculation mechanism of the grafted bioflocculant

Charge neutralization bridging and bridging mechanisms are the two main
bioflocculation mechanisms normally proposed (Li et al., 2009). When the
bioflocculant is oppositely charged as compared to the colloids under treatment, then
charge neutralization takes place. In this mechanism the surface charge density is
condensed by adsorption on the bioflocculant and the colloids, so they can efficiently
approach each other. When the bioflocculant extends into the mixture in a distance

greater than the distance over which the colloids repulsion can act, then a bridging
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mechanism occurs. To form floccules, the bioflocculant can bind with colloids in this
case. To assist in determining the flocculation mechanism of the grafted bioflocculant

zeta potential analyses were done.

The zeta potential of TKT-g-PAM and kaolin particles were all negative. The addition
of Ba?* to kaolin suspension and kaolin suspension plus grafted bioflocculants resulted
in the increase of zeta-potentials. The repulsion forces become terminated when the
negative charge is reduced and particles easily agglomerate (Hadgson et al., 2004).
By decreasing the negative charge on the grafted bioflocculant, Ba?* increased the
adsorption of grafted bioflocculants onto the surface of colloidal particles and kaolin
particles. Therefore, the attraction forces were capable of weakening and overcoming
the electrostatic repulsion force, reducing the distance between grafted bioflocculant
and kaolin particles by increasing the adsorption of grafted bioflocculant while
compacting the double layer of kaolin particles on the colloidal kaolin particles. When
the zeta potential is below 20 mV, flocculation increases (Mines, 2014). Therefore, it
was concluded that Ba?* stimulated flocculation rapidly by neutralizing and stabilizing
residual negative charges of the grafted bioflocculant, forming the bridges that bind

kaolin particles to each other as the big floccules were initiated.

A combination of polymer bridging and charge neutralization is the mechanism of
flocculation used by the grafted flocculants in wastewater treatment (Pal et al., 2011;
Song et al., 2011; Yang et al., 2012). At the beginning of the flocculation process,
charge neutralization predominates and quickly produces numbers of insoluble
complexes. The insoluble complexes aggregate and form larger net like floccules via
a bridging effect owing to the versatile polymeric graft chains. Lastly, the condensed
floccules are formed and quickly settle down (Yang et al., 2013). A bridging
mechanism was discovered as the leading flocculation mechanism (Pal et al., 2011;
Das et al., 2013). Owing to polymer bridging mechanism, the grafted bioflocculant
flocculate better than linear polymers (bioflocculant, alum and FeCls) in this study.
Sections of the polymer chain adsorbed onto different particles surfaces creating
bridges amongst adjacent particles and lastly connected all the particles together.

Grafted flocculants have high radius gyration and longer polymer chains. Therefore,
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the adsorbed polymer molecules gravitate to receive more elongated configuration for
interacting with many particles.

5.13 Removal efficiency of the grafted bioflocculant on wastewater

The grafted bioflocculant (TKT-g-PAM6) was applied to wastewater collected from
Tendele Coal Mine. As expected, the grafted bioflocculant showed much better
removal efficiencies in all of the tested parameters compared to other flocculants in
Table 4 (P. 40). The improved flocculation efficacies of TKT-g-PAM6 compared to TKT
is attributed to their structural differences. TKT consists of a linear structure while TKT-
g-PAM6 consists of a comb like structure. Generally, the removal efficiencies of the
grafted bioflocculant were owed to the functional groups and to the surface structures
of the grafted bioflocculant.

The results were similar to those obtained by Brostow et al. (2007), whereby the
optimized ‘microwave irradiation’ based CMS-g-PAM renders into higher flocculation
efficacy. Also, the optimized microwave-assisted based TKP-g-PAM was reported to
be superior to TKP in flocculation tests (Ghosh et al., 2010). The grafted bioflocculant

removal efficiencies implied that they have great potential in industrial applications.
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Chapter 6

6.1 Conclusions

The bioflocculant yield was higher than other single strains. Grafted copolymers of a
bioflocculant and polyacrylamide were successfully synthesized using a microwave
initiated method as hypothesized. The reaction parameters such as power, monomer
concentration and reaction time were optimized to obtain the maximum grafting. TKT-
g-PAM6 was water soluble, effective at low dosage sizes and cation dependent. The
functional groups that were responsible for flocculation process were indicated. TKT-
g-PAM6 was effective in acidic pH and was thermal stable. TKT-g-PAM6 further
showed a side of safety as they exposed less cytotoxic effects. Few adjustments must
be made to affirm their safe utilization in different industrial applications. The
flocculation process resulted in the presence of the dangling longer branches of PAM
onto the rigid bioflocculant backbone and bridging mechanisms which leads to better
approachability towards contaminants. Again the optimized best grade of the
microwave irradiation based TKT-g-PAM6 is found to have superior flocculation
efficacy over conventional flocculants as hypothesized. The grafted bioflocculant is a

suitable alternative to substitute conventional flocculants.

6.2 Current challenges and future direction

The complexity of the synthesis process could be improved and simplified. Firstly the
process of synthesizing grafted bioflocculant is energy intensive if compared with
ungrafted bioflocculant production. Therefore, the development of suitable synthesis
techniques with a high efficacy must be pursued. The study would be conducted at the
wastewater plant and not at the laboratory. Further characterization of the flocculant

would need to be done.
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Appendix

Appendix 1: Effect of dosage size on flocculating activity of TKT-g-PAM6

Dosage (ml) Absorbance at 550 nm

Tube 1 Tube 2 Tube 3
0.2 0.876 0.767 0.748
0.4 0.630 0.640 0.697
0.6 0.867 0.964 0.876
0.8 1.469 1.378 1.686
1 0.999 1.258 1.265

Appendix 2: Effect of cations on flocculating activity of TKT-g-PAM6

Cations Absorbance at 550 nm
Tube 1 Tube 2 Tube 3

Li* 1.468 1.577 1.586
Na* 1.469 1.686 1.378
K* 1.733 1.640 1.531
Ba?* 0.422 0.434 0.531
Ca?* 0.902 1.406 1.419
Fed* 0.918 0.641 0.893
Control 0.974 0.890 1.049
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Appendix 3: Zeta potential of the samples

Samples Mv
Reading 1 Reading 2 Reading 3
TKT-g-PAM -11.98 -12.88 -12.79
TKT -17.7 -17.1 -16.4
Kaolin particles -9.24 -7.21 -3.33
Kaolin particles with Ba?* -6.04 -8.03 -6.96
Kaolin particles flocculated with TKT in the | -3.73 -4.34 -5.17
presence of Ba?*
Kaolin particles flocculated with TKT-g-PAM in -11.15 -10.89 -12.4
the presence of Ba?*
Kaolin particles flocculated with acrylamide in -9.06 -9.19 -12.4
the presence of Ba?*
Appendix 4: pH stability of TKT-g-PAM6
pH Absorbance at 550 nm
Tube 1 Tube 2 Tube 3

3 0.245 0.139 0.329

4 0.232 0.379 0.309

5 0.345 0.504 0.692

6 1.136 1.226 1.253

7 0.872 0.964 1.358

8 0.867 0.964 0.876

9 1.013 1.498 1.492

10 0.902 1.406 1.419

11 0.974 0.890 1.049
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Appendix 5: Thermal stability of TKT-g-PAM6

Temperature (°C)

Absorbance at 550 nm

Tube 1 Tube 2 Tube 3
50 0.016 0.017 0.017
60 0.101 0.103 0.120
70 0.074 0.065 0.1
80 0.116 0.132 0.109
90 0.209 0.139 0.111
100 0.379 0.232 0.309

Appendix 6: In-vitro cytotoxicity of TKT-g-PAM6

TKT-g-PAM (ng/ml) HEK293

Reading 1 Reading 2 Reading 3
50 1.085 1.077 1.108
100 1.028 1.049 1.004
150 1.021 1.063 1.003
200 1.001 1.037 1.013
Control 1.163 1.228 1.324
TKT-g-PAM (pg/ml) CaC02

Reading 1 Reading 2 Reading 3
50 0.901 1.003 1.001
100 0.975 0.937 0.947
150 0.897 0.868 0.798
200 0.749 0.761 0.833
Control 1.274 1.183 1.241
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Appendix 7: Removal efficiency of the four (4) flocculants

Flocculants parameters Water quality before Water quality after

treatment Treatment

Tube 1 Tube 2 Tube 3 Tube 1 Tube 2 Tube 3
TKT-g-PAM BOD 6.4 6.4 6.4 0.5 0.3 0.7
TKT BOD 6.4 6.4 6.4 2.5 2.4 2.5
Alum BOD 6.4 6.4 6.4 1.1 1.1 5.0
FeCls BOD 6.4 6.4 6.4 1.9 1.8 1.9
TKT-g-PAM COoD 1557 1557 1557 203 201 198
TKT COoD 1557 1557 1557 586 575 602
Alum COoD 1557 1557 1557 952 933 918
FeCls COoD 1557 1557 1557 896 891 902
TKT-g-PAM N 5.6 5.6 5.6 0.5 0.5 0.5
TKT N 5.6 5.6 5.6 13 1.2 1.3
Alum N 5.6 5.6 5.6 1.9 2.0 1.8
FeCls N 5.6 5.6 5.6 2.1 2.2 1.8
TKT-g-PAM S 4.1 4.0 4.1 0.3 0.3 0.2
TKT S 4.1 4.0 4.1 1.1 1.1 14
Alum S 4.1 4.0 4.1 1.9 1.7 1.5
FeCls S 4.1 4.0 4.1 1.1 1.7 1.3
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