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ABSTRACT

Blooms of cyanobacteria are of emerging concern in the United States as well as
other parts of the world. These cyanobacteria can make drinking water smell and taste
poorly, and the cyanotoxins released from harmful cyanobacteria may cause mass
mortalities of wild and domestic animals and result in human sickness. Microcystins are
well known to be one of the most dangerous and most commonly occurring classes of
cyanotoxins in the drinking water supplies. When consumed or in contact with skin,
microcystins can lead to skin irritation or liver and kidney damage as well as may initiate
liver cancer. Due to adverse health effects, the World Health Organization (WHO) set a
guideline level of 1 part per billion (ppb) for microcystin. However, current water
treatment facilities may not specifically treat drinking water for microcystin.

The overall goal of this research was to develop an advanced and effective
process for the removal of microcystins from drinking water. To achieve this goal,
powdered activated carbon (PAC), iron oxide nanoparticles, and ultrafiltration (UF)
membranes were explored as promising treatment technologies. Laboratory-scale

experiments were performed to examine the effectiveness of each treatment process,
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determine the optimum operational conditions, and explore the mechanisms controlling
toxin removal.

The use of ultrafiltration (UF) was investigated for the rejection of microcystin-
LR from drinking water. Adsorption dominated rejection for most UF membranes, at
least at early filtration times, while both size exclusion and adsorption were important in
removing microcystin-LR by the tight thin-film (TF) membranes with a molecular weight
cutoff (MWCO) of 1-4KDa. The extent of membrane adsorption was generally related
to membrane hydrophobicity. The initial feed concentration had a significant influence
on the adsorption capacity of TF membranes for microcystin-LR, resulting in a linear
adsorption isotherm. Higher permeate flux resulting from increasing water recovery or
operating pressure, led to greater adsorption of microcystin-LR on the polyethersulfone
and thin-film membranes and a decrease in size exclusion.

The application of ultrafiltration coupled with powdered activated carbon (PAC-
UF) was also investigated as a drinking water treatment process for microcystin-LR
removal. The influence of different operating factors such as activated carbon type and
dosage, membrane composition, and mixing time was examined to define optimum
operational conditions for effective removal of microcystins from drinking water. Of the
two different PAC materials, wood-based activated carbon was more effective at
removing microcystin-LR than coconut-based carbon due to greater mesopore volume.
The PAC-UF system had the highest removal efficiency among the three processes (i.e.,
PAC adsorption, ultrafiltration, and PAC-UF) for both hydrophobic polyethersulfone
(PES) and hydrophilic cellulose acetate (CA) membranes. When PAC was coupled to
UF using PES membranes, greater removal of microcystin-LR occurred compared to
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when CA membranes were used, due to sorption of the toxin to the PES membrane
surface.

In further studies, Suwannee River Fulvic Acid (SRFA) was used to examine the
effect of natural organic matter (NOM) on the removal of microcystin-LR during
ultrafiltration, either as a stand-alone process or in combination with PAC. When PES
membranes were previously fouled by SRFA, increased size exclusion and reduced
adsorption of microcystin-LR were observed, probably due to pore blockage and fewer
available adsorption sites as a result of SRFA sorption. However, simultaneous addition
of both microcystin and SRFA resulted in no change in microcystin-LR adsorption since
microcystin molecules are apparently able to adsorb before significant amounts of SRFA
associated with the PES membrane. The presence of SRFA reduced microcystin-LR
removal by PAC-UF, primarily due to competition between SRFA and microcystin-LR
for adsorption sites on the PAC surface.

Finally, an adsorption study was performed on microcystin-LR using iron oxide
(maghemite) nanoparticles. Factors influencing the sorption behavior examined included
microcystin-LR and maghemite concentration, pH, ionic strength, and the presence of
SRFA. The results indicated that adsorption was primarily attributed to electrostatic
interactions, although hydrophobic interactions may also play a role. The adsorption of
microcystin-LR decreased with increasing pH, primarily due to a decrease in surface
charges of maghemite and subsequently, reduced electrostatic attraction. The ionic
strength (i.e. NaCl concentration) affected microcystin adsorption by screening the
electrostatic interactions. The presence of SRFA strongly influenced microcystin
adsorption; the extent of microcystin-LR adsorption decreased with increasing SRFA
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concentration (above 2.5 mg/L) due to the preferential adsorption of SRFA over
microcystin-LR.

This laboratory-scale work is an initial step in developing an advanced treatment
system that could be easily incorporated into drinking water treatment facilities. It is
expected that this research can provide both practical and fundamental information for
more efficient process design, leading to effective removal of harmful cyanotoxins and

improved water quality and safety.
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CHAPTER 1

INTRODUCTION

1.1 Problem Statement

The presence of cyanobacteria (blue-green algae) in surface water is of increasing
concern in the United States as well as other parts of the world. Cyanobacteria naturally
produce deleterious compounds, called cyanotoxins, due to cell lysis during
cyanobacterial blooms. These toxins may cause mass mortalities of wild and domestic
animals and farmed fish and shellfish, as well as human sickness such as nervous system
damage or liver injury, and in extreme cases, death [1].

Microcystins are the most frequently occurring class of cyanotoxins, of which
microcystin-LR is known to be one of the most toxic cyanotoxins in water resources [2].
When in contact with skin or consumed, microcystin-LR can lead to skin irritation or
liver damage and may initiate liver tumor-promoting activity [3]. Due to these adverse
health effects, the World Health Organization (WHO) established a provisional guideline

of 1 part per billion (png/L) for microcystin-LR in drinking water [4], and the United



States Environmental Protection Agency (USEPA) has placed microcystins on the
Drinking Water Contaminants Candidate List [5].

A number of technologies such as coagulation, chlorination, activated carbon
adsorption, and ozonation have been investigated for the removal of microcystins from
drinking water, but typically, these processes are not effective to meet the WHO
guideline [6] or result in other treatment challenges (e.g., disinfection by-products).
Therefore, other effective approaches for the removal of microcystins during drinking

water treatment are needed.

1.2 Research Objectives

The overall objective of this research was to develop an effective technology for
the removal of microcystins from drinking water. To achieve this goal, powdered
activated carbon (PAC), iron oxide nanoparticles, and ultrafiltration (UF) membranes
were used. Activated carbon effectively adsorbs microcystins on their surfaces [7], and
ultrafiltration membranes can separate PACs from the water due to the small pores of the
membranes [8]. Membrane processes are being used increasingly for the production of
drinking water. In combination, it was expected that PAC-UF can eliminate microcystins
from drinking water. It was also hypothesized that iron oxide nanoparticles can adsorb
microcystin-LR because metal oxides have a great ability to interact with dissolved
organic compounds in water, especially negatively charged species. Since iron oxides
(Fe,03) are naturally occurring minerals, and ubiquitous in soils and sediments [9,10], the
adsorption of microcystins onto iron oxide particles may also play an important role in
the fate and transport of microcystins in natural environments.

2



The specific tasks of this research can be summarized as follow:

1. Investigate the application of ultrafiltration for the rejection of microcystin-LR
and elucidate the rejection mechanisms.

2. Determine the optimum operational condition of a PAC-UF system for the
effective removal of microcystin-LR from drinking water.

3. Investigate how natural organic matter (NOM) influences the removal of
microcystin-LR by ultrafiltration, either as a stand-alone process or in
combination with powdered activated carbon.

4. Examine the interaction between microcystin-LR and iron oxide nanoparticles in
water in order to determine the applicability of metal oxide adsorption as an

efficient removal technology.

1.3 Dissertation Organization

The dissertation is composed of six chapters including an introduction (Chapter 1),
literature review (Chapter 2), three main chapters (Chapters 3, 4, and 5), and conclusions
and future work (Chapter 6). Two of three main chapters (Chapters 3 and 4) are based on
manuscripts published in peer reviewed journals and the other (Chapter 5) is a manuscript

in preparation for submission.

Chapter 3: “Effect of Process Variables and Natural Organic Matter on Removal of
Microcystin-LR by PAC-UF”

This chapter is largely based on a manuscript published in Environmental Science
and Technology (2006), volume 40, 7336-7342 by Jungju Lee and Harold W. Walker. In
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this chapter, ultrafiltration coupled with activated carbon adsorption (PAC-UF) was
developed and tested for the removal of microcystin-LR from synthetic source water.
Laboratory-scale experiments were performed for different operating conditions to
evaluate the effect of activated carbon type and dosage, membrane composition, and
mixing time on microcystin-LR removal. Two types of activated carbon (e.g., wood-
based carbon, coconut-based carbon) in the range of 0—5 mg/L and two ultrafiltration
membranes (e.g., cellulose acetate, polyethersulfone) were used.

In addition, this chapter describes how natural organic matter influences the
removal of microcystin-LR by PAC-UF. Commercial Suwannee River fulvic acid
(SRFA) was chosen as a representative natural organic matter (NOM). To examine the
effect of NOM properties on the toxin removal by PAC-UF, additional experiments using

Suwannee River humic acid (SRHA) and Lake Erie whole water were conducted.

Chapter 4: “Mechanisms and Factors Influencing the Removal of Microcystin-LR
by Ultrafiltration Membranes”

This manuscript was published in Journal of Membrane Science (2008), volume
320, 240-247 by Jungju Lee and Harold W. Walker. This chapter describes how
ultrafiltration membrane properties (e.g., material and pore size) influence the extent of
adsorption, and subsequently microcystin removal. The physical and chemical
interactions between microcystin and UF membranes are explored. Experiments were
conducted using a cross-flow ultrafiltration system and seven different commercial UF
membranes to elucidate the rejection mechanisms of microcystin-LR by ultrafiltration.
Other factors governing the removal of microcystin-LR by ultrafiltration were also

4



examined, including system operating parameters (e.g., water recovery and operating

pressure) and solution conditions (e.g., feed concentration).

Chapter 5: “Adsorption of Microcystin-LR onto Iron Oxide Nanoparticles”

This manuscript is in preparation for submission to Water Research by Jungju Lee
and Harold W. Walker. Chapter 4 describes experimental results conducted to examine
the adsorption of microcystin-LR on nano-sized iron oxide particles using batch
adsorption experiments. Various factors such as iron oxide dosage, microcystin-LR
concentration, solution pH and ionic strength were examined to understand microcystin-
LR sorption behavior. The effect of natural organic matter (i.e., SRFA) on microcystin-
LR adsorption to iron oxides was also investigated over a wide range of SRFA

concentration (0-25 mg/L).
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CHAPTER 2

RESEARCH BACKGROUND AND LITERATURE REVIEW

This chapter provides background and a review of literature regarding the
removal of microcystins from drinking water. First, the occurrence, characteristics, and
fate of microcystins are identified. Next, the current technologies available for
microcystin treatment are reviewed and documented. Finally, the processes used in this

research such as membrane filtration, PAC-UF system, and iron oxide adsorption are

described.

2.1 Blooms of cyanobacteria

Cyanobacteria, more commonly known as blue-green algae, are a type of
photosynthetic bacteria living in surface water (e.g., lakes, rivers, and oceans) [1].
During warm-weather and in slow-moving and nutrient-enriched water their population
can rapidly increase to form a mass large enough that is visible to the naked eye. This

phenomenon is called a “cyanobacterial bloom”. Recently, blooms of cyanobacteria have



more frequently occurred worldwide as a result of increasing temperature and nutrient
levels [2].

Blooms of cyanobacteria are of increasing concern in the production of drinking
water in the United States, as well as other parts of the world. Cyanobacterial blooms
impair drinking water quality by producing tastes and odors [3]. Water affected by a
bloom may be unappealing for recreational activities due to its unsightly appearance and
its pungent smell. More significantly, certain species of cyanobacteria naturally produce
deleterious compounds (i.e., cyanotoxins), and release these toxins into the surrounding
water through cell lysis.

The concentration of cyanobacterial cells was reported up to 250,000 cells/mL
during blooms, which is approximately 300 mg/L cyanobacterial biomass [ 4 ].
Cyanobacterial cells have been shown to contain an average of 0.2 pg of toxin per cell [5],
ranging from 4 to 605 pg toxin/g dry weight of biomass [6]. Nicholson et al. [7] reported
that total concentration of cyanotoxins in highly contaminated waters is 130—300 pg/L.

Cyanotoxins lead to serious health problems for humans such as irritation of the
skin (dermatotoxins), cell damage (cytotoxins), liver damage (hepatotoxins), and damage
to the nervous system (neurotoxins) [8]. The consequences of cyanobacterial blooms
have been reported in the United States as well as other parts of the world. For example,
exposure to cyanotoxins has been linked to increased liver cancer in China, the death of
76 dialysis patients in Brazil, and elevated kidney failure and liver injury in Australia
[9,10]. Recently, harmful cyanobacterial blooms have resulted in health alerts in New
York, Florida, and Nebraska [11,12]. In the Great Lakes, cyanobacterial blooms have

emerged as a serious problem in the last decade [13].
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2.2 Characteristics of Microcystin-LR

Microcystins, released from Microcystis, Anabaena, Oscillatoria, and Nostoc are
the most ubiquitous class of cyanotoxins [14]. A recent study found that 82% of 181
samples of Canadian and U.S. utility waters tested were positive for the presence of
microcystins [15]. More than 60 structural variants of microcystins have been identified
[2], of which microcystin-LR has shown to be the most commonly occurring and one of
the most toxic congeners [14,16].

The chemical structure of microcystin-LR is shown in Figure 2.1. Microcystin-
LR is a monocyclic heptapeptide containing five amino acids invariant in all
microcystins, and two specific amino acids, Leucine and Arginine, designated “L” and
“R”, respectively [17]. The size of microcystin-LR is approximately 3 nm in diameter,
with a molecular weight of 995.2 [18]. Microcystin-LR is an amphiphatic molecule
[18,19]. Hydrophilic functional groups include carboxyl groups on glutamic acid and
methylaspartic acid and the amino group on arginine, while the ADDA residue is
hydrophobic (see Figure 2.1). The net charge of microcystin-LR is negative (—1) at most
pH values (3 < pH < 12), as the net result of the dissociation of two carboxyl groups and
the single positive charge of the amino group [2].

Since microcystin-LR is the most widely distributed cyanotoxin, humans may
easily come into contact with the toxin. A major route of human exposure to
microcystins is the consumption of contaminated drinking water. Recreational contact
via swimming in contaminated lakes and rivers can be oral and dermal. Adsorption
through skin contact is unlikely since microcystin-LR is not cell permeable [20].
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Recently, exposure to the toxin through the food-chain (e.g., freshwater mussels and fish)

has been widely investigated [21,22].

Methyl-dehydro-
alanine

3-amino-9-methoxy-2,6,8-
trimethyl-10-phenyldeca-4,6- Leucine
dienoic acid (ADDA)

Arginine I Methylaspartic acid
HN NH,

Fig. 2.1 General molecular structure of microcystin-LR (after Sielaff et al. [23])

Microcystin-LR is an extremely acute toxin. The lethal dose (LDsy) by the
intraperitoneal route ranges from 25 to 150 pg/kg and the oral LDsy is 5000 pg/kg in
mice [24]. The toxicity of microcystins is associated with the inhibition of protein
phosphatases 1 and 2A, which are important regulatory enzymes [25,26]. Ingestion of
microcystins primarily leads to severe liver damage and the promotion of liver tumors
[27,28], as well as attacks other organs such as the kidney and lungs [29]. High doses of

microcystin-LR may cause liver hemorrhage and death [30]. Due to these adverse health
10



effects, the World Health Organization (WHO) established a provisional guideline of 1
part per billion (ug/L) for microcystin-LR in drinking water [1]. The United States
Environmental Protection Agency (USEPA) has also placed microcystins on the Drinking
Water Contaminant Candidate List (CCL) which may require a national drinking water

regulation in the future [31].

2.3 Fate of Microcystins in Aquatic Systems

Once released into surrounding waters, microcystins go through a variety of
biochemical and geochemical processes in aqueous environments. Five pathways
contribute to microcystin detoxification [32]: (1) dilution by uncontaminated water
masses, (2) thermal decomposition aided by temperature and pH, (3) photolysis, (4)
biological degradation, and (5) adsorption on particulate materials.

Thermal decomposition does not significantly contribute to the decomposition of
microcystins in natural aquatic environments [32] since microcystins are non-volatile and
relatively stable compounds due to their cyclic structure [26]. Microcystins are known to
be resistant to pH extremes and temperatures up to 300°C [33].

Microbial degradation has been a possible way to eliminate microcystins, but a
lag period of several days to weeks was required before biodegradation is initiated [34].
The photolysis of microcystins by sunlight alone was very slow, though the presence of
dissolved natural organic matter, such as cyanobacterial pigments and humic substances,
enhanced the degradation due to the formation of highly oxidizing species [34,35]. At
least 30 days are needed to achieve 90% degradation of microcystin-LR by indirect

photolysis in lake water [4].
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Recent studies document that microcystins are strongly adsorbed on soils,
sediments and clay particles in natural environments [36,37,38,39,40]. Clay minerals, in
particular, adsorb microcystins effectively, and are proposed as a removal technology for
microcystins from drinking water and for mitigation of toxins in natural waters [37]. For
example, Miller et al. [40] examined the effect of soil properties on the adsorption of
hepatotoxins such as microcystin-LR and nodularin. They observed significant positive
correlations between toxin adsorption and clay and silt contents of the soils. Morris et al.
[37] found that clays in marine sediment, such as kaolinite and montmorillonite, played
an important role in removing microcystin-LR from water. Suspended particulate matter
(SPM) from lake sediment also significantly adsorbed both microcystin-LR and -LW,

likely due to hydrophobic interactions [41].

2.4 Current Treatment Technologies for Microcystin-LR

Various treatment technologies have been investigated to inactivate, degrade, and
remove microcystin-LR from drinking water. These include conventional technologies
(e.g., coagulation, sand filtration, chlorination, and activated carbon adsorption) as well
as advanced technologies (e.g. ozonation, Fenton oxidation, and UV photolysis). The

removal of microcystin by various treatment processes is discussed below.

Coagulation, Flocculation, and Sedimentation

Coagulation, flocculation, and filtration are frequently used in drinking water
treatment. These technologies are effective in removing particulate cyanobacterial cells,
but not effective for the dissolved toxins like microcystins [17,42,43]. Rositano and

12



Nicholson [44] used three different coagulants, including ferric sulphate, alum, and
polyaluminium chloride, to remove microcystins, but no toxin removal was observed.
Shumidt et al. [45] reported that chemical treatment and mechanical agitation may cause
damage to the cyanobacterial cells, and result in an additional release of the toxin. The
management of the sludge containing cyanobacterial cells and toxins may be a serious

concern in this process [14].

Sand Filtration

Direct rapid filtration was not effective in removing cyanobacterial cells, while
slow sand filters can remove 99% of the cells [46]. In addition, slow sand filtration
possibly develops a biofilm on the top of the filter, due to its lower loading rate, resulting
in biodegradation of microcystins [14]. Grutzmacher et al. [47] found that more than
90% of microcystins were removed during slow sand filtration, primarily due to the
biodegradation on or inside the filter bed. However, plugging of the filter and toxin
release from the lysed cyanobacterial cells entrained in filter beds are significant

problems [14].

Activated Carbon Adsorption

Activated carbon is produced by steam or chemical activation of carbonaceous
materials such as wood, coal, peat and coconut shell [48]. Activated carbon has a high
porosity and a large surface area, typically ranging from 600 to 1200 m*/g, which enables

activated carbon to adsorb contaminants from water [48]. Activated carbon consists of
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pores of varying sizes, which are classified according to their diameter; micropores (< 2
nm), mesopores (2-50 nm), and macropores (> 50 nm) [49].

Activated carbon, in both granulated and powdered form, has been applied for the
removal of microcystins, and has shown successful performance [14]. Pore size
distribution was the most important physical property of activated carbon when
considering adsorption performance [42]. Donati et al. [50] found that the capacity of
powdered activated carbons (PAC) to adsorb microcystin-LR was directly related to the
mesopore volume. Since molecular size of microcystin-LR is around 2 nm, it is too large
to enter micropores while can easily adsorb in mesopores. Of various activated carbon
types, wood-based PAC was shown to be the most effective in removing microcystins
due to a higher fraction of mesopores [50,51,52].

Even though activated carbon adsorption can effectively remove microcystins,
there are some drawbacks. High dose of PAC is required to meet the WHO guideline
[53,54,55]. Also, competition with natural organic matter reduces PAC adsorption
capacity for microcystins [14,50]. In granular activated carbon (GAC) filtration, GAC
efficiency dropped from over 90% to 49-63%, probably due to saturation of the GAC

with dissolved organic carbon [56].

Oxidizing Chemicals

The use of chlorine [7,17,42,43,57] has been investigated to remove microcystins
from contaminated water. Microcystins were easily decomposed by chlorination, and the
decomposition depended on the free chlorine dose, contact time, and pH [7,57]. Rositano
et al. [58] observed over 70% of microcystin-LR (1 mg/L) was removed with 2 mg/L of
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chlorine and a contact time of 10 minutes. The toxin destruction decreased with
increasing pH above 8, due to decreasing concentrations of hypochlorous acid [7].
However, the use of chlorination on cellular material can lead to the release of toxins
from cyanobacterial cells. The formation of chlorinated by-products can be more
harmful for human health than the toxin itself [17,42,57].

With regard to other oxidizing chemicals, monochloramine, chlorine dioxide, and
hydrogen peroxide were ineffective for treating microcystins. Potassium permanganate
was shown to be more effective than chlorine in oxidizing microcystin-LR [42]. Fawell
et al. [52] found that potassium permanganate effectively reduced microcystin
concentration to below detection limit when applied to both raw and clarified water. It is
reported, however, that permanganate induces some cell lysis and increases levels of

cyanotoxins [45]. Also, little is known about the possibility of harmful by-products.

Advanced Oxidation Processes

Ozonation is a very efficient process for the rapid and complete destruction of
microcystins from water [43,44,58]. Microcystin removal by ozonation can be attributed
to the breaking of double bonds in the ADDA group in microcystins since they are very
susceptible to ozonolysis [2]. Rositano et al. [58] reported that nearly 100% of
microcystin and nodularin in natural water was oxidized by ozonation (0.22 mg/L ozone)
within a short treatment time (15 seconds). However, the potential problem of ozonation
is the generation of by-products due to incomplete oxidation [17,42,43,59]. It is
necessary to characterize the intermediates formed during oxidation. Also, most drinking
water treatment plants currently do not utilize ozone.
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UV photolysis is effective for the destruction of microcystins, but high UV
radiation dosage (1530—-20000 mJ/cm?) is required for the successful UV photolysis of
microcystins, which is impractical for full-scale water treatment [14,42].

Fenton (i.e., hydrogen peroxide with iron) [60,61] and titanium dioxide (TiO;)
photocatalysis [62] were recently studied for the degradation of microcystin-LR. These
advanced oxidation processes effectively removed microcystin-LR due to the generation
of extremely reactive hydroxyl radicals. Despite the high removal efficiency, these
processes suffer from drawbacks that limit their applicability in municipal water
treatment such as the creation of excess iron sludge from the Fenton process [14] and low

mineralization efficiency (<10 %) by UV-TiO; [17].

2.5 Membrane Filtration

Membrane filtration is a physical separation process. For a cross-flow system, an
influent water stream fed into the filtration module is divided into two fractions; (1) a
permeate containing any material passing through the membrane, which is purified water,
and (2) a retentate (or concentrate) containing the materials that have been separated out.

The pressure-driven membrane filtration processes most commonly used in
drinking water treatment are microfiltration (MF), ultrafiltration (UF), nanofiltration (NF),
and reverse osmosis (RO). Low-pressure membranes such as microfiltration and
ultrafiltration are alternative methods of conventional filtration. MF and UF membranes
are primarily used for the removal of turbidity, pathogens, and particles from fresh waters
[63]. Nanofiltration is used to soften fresh waters and to remove synthetic organic
contaminants (e.g., pesticides) and disinfection by-product precursors [63]. Reverse
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osmosis is mainly used for desalination. RO membranes are also very effective in

removing aqueous salts and metal ions as well as synthetic organic compounds. The

relative size of common contaminants and associated membrane processes are shown in

Figure 2.2.
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2.5.1 Rejection mechanisms for organic solutes
Possible rejection mechanisms of organic compounds during membrane filtration
include size exclusion, electrostatic interaction, diffusion, and adsorption [64]. The main

rejection mechanisms in membrane filtration processes are shown in Figure 2.3.

Electrostatic
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. Adsorption
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Size
exclusion Ditfuston

Figure 2.3 Principle mechanisms for separation in membrane filtration.

Size exclusion

The major rejection mechanism for organic compounds is size exclusion (physical
sieving) [64]. The pore size of membranes and molecular size of solutes are important
factors that influence the extent of size exclusion. For particles equal to or larger than the
pore size of the membrane, 100% rejection is predicted. However, no significant

rejection occurs for particles much smaller than the pore if size exclusion is the only
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means of rejection. A molecular weight cut-off (MWCO) for a membrane is defined as
the molecular weight of a certain solute which corresponds with a rejection of 90% [65].
This MWCO value can provide a rough estimate of the sieving effect for the membrane

[65, 66].

Electrostatic interaction

Electrostatic interactions may affect the rejection of charged compounds by
charged membrane surfaces [66,67,68]. Electrostatic repulsion can lead to higher
rejection by decreasing the proximity of solutes to the membrane surface, while attraction
can decrease rejection. The surface charge of membranes and solutes as well as solution
conditions (e.g., pH and ionic strength) strongly affect rejection through electrostatic
interaction. Kimura et al. [69] investigated the rejection of disinfection by-products
(DBPs), endocrine disrupting compounds (EDCs), and pharmaceutically active
compounds (PhACs) by negatively charged NF and RO membranes. They found that
negatively charged compounds were always effectively rejected (>90%) regardless of
either molecular weight of the compound or MWCO of membranes, due to electrostatic
repulsion between the anionic compounds and the negatively charged membranes. For
non-charged compounds, size exclusion was most likely the driving mechanism for
rejection. The rejection was influenced mainly by the molecular weight of the

compounds, leading to varied rejection efficiency (12—99%).
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Adsorption

Previous research found that some membranes could adsorb organic molecules,
subsequently resulting in an initially high retention [70,71,72,73,74]. Yoon et al. [74]
studied the removal of EDCs and PhACs by NF and UF membranes. They observed that
NF removed the compounds by both size exclusion and adsorption, while UF removal
was mainly due to adsorption. Physico-chemical interactions between the membrane
polymer and organic solutes play an important role in governing adsorption. For example,
Jones and O’Melia [71] reported that bovine serum albumin (BSA) was adsorbed on UF
membranes through hydrophobic interactions with the membrane polymer. Adsorption
of steroid hormones to NF membranes occurred by specific interactions such as hydrogen

bonding or hydrophobic interaction [72,73].

Diffusion across the membrane

Diffusion across membranes is one of the main driving forces for permeation of
organic compounds [75]. Adsorption or partitioning onto membranes and the resulting
diffusion through the membrane polymer matrix resulted in lower rejection [76]. RO and
tight NF membranes (Na' rejection > 90%) only allow the diffusion of water and certain
ionic solutes (monovalent ions) and restrict the transport of large organic solutes through
diffusion limitations [64]. Diffusion limitations, as well as size exclusion, can play a key

role in the rejection of organic compounds by these membranes.
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2.5.2 Factors affecting membrane performance
Characteristics of the membranes

Intrinsic properties of membranes affecting membrane filtration performance
include pore size (MWCO), membrane surface charge, hydrophobicity, morphology (e.g.,
surface roughness), and porosity [77,78]. Increased surface charge can lead to increased
electrostatic repulsion. A more hydrophobic membrane can more strongly sorb organic
compounds due to increased hydrophobic interaction between organic solutes and
membranes. Membrane morphology (e.g., physical structure, porosity, roughness,
tortuosity, and thickness) also influences attachment of organic molecules [78,79,80,81].
For example, membranes with greater surface roughness cause higher colloid fouling due

to increased particle deposition in “valleys” on rough membranes [78].

Physicochemical Properties of the Solutes

Rejection generally increases with increasing molecular size of solutes. Larger
molecules are more easily rejected by the membrane through physical sieving. Moreover,
they have lower diffusion than smaller molecules, resulting in slow transport through the
membrane polymer matrix [64]. Chemical structures or properties of organic molecules
such as solute charge, hydrophobicity, and polarity can also significantly influence
rejection. For example, an increase in the octanol-water partition coefficient (Kqy) of
organic molecules enhanced adsorption to the membrane, resulting in higher rejection
[74]. High polarity (dipole moment) of organic molecules decreased rejection by NF

since electrostatic attraction between the molecular polar centers and charge groups on
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the membrane surfaces can direct the molecule toward the membrane pores, leading to

permeation [65,82].

Solution Chemistry

Solution conditions such as pH and ionic strength significantly influence the
rejection of charged organic compounds. Solution pH changes membrane surface charge
as well as molecular charge (expressed by the pK,). For example, Hong and Elimelech
[83] observed a decrease in rejection of NOM by NF membranes with decreasing pH.
This can be explained by the reduced electrostatic repulsion due to the less negative
membrane surface charge at lower pH. Ozaki and Li [84] reported the rejection of acetic
acid increased at pH values above the pKa, likely due to the increased electrostatic
repulsion by the deprotonation of acetic acid. Jones and O’Melia [71] studied the effects
of solution chemistry on the adsorption of a protein (BSA) and humic acid onto a
regenerated cellulose UF membrane. A decrease in solution pH resulted in higher
adsorption of both compounds, probably due to the decreased electrostatic repulsion
between the adsorbing compound and the membrane surface. Increased ionic strength
reduced electrostatic repulsion between like-charged materials (increasing adsorption),
but decreased electrostatic attraction between oppositely charged materials (decreasing

adsorption).

Operating Conditions
Membrane operating conditions such as feed pressure and water recovery (i.e.,
ratio between the permeate and feed flow rate) may influence the rejection of organic
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solutes. For example, Chellam and Taylor [75] reported that rejection of DBPs by NF
membranes decreased with increasing recovery. This is because higher water recovery
increased the concentration differential across the membrane, leading to greater diffusion
(i.e., low rejection). Tang et al. [85] observed that an increase in initial flux and/or
applied pressure enhanced accumulation of perfluorooctane sulfonate (PFOS), probably
due to increased hydrodynamic permeate drag that moves PFOS molecules towards

membrane surfaces.

Natural Organic Matter (NOM)

The presence of NOM in the feed water can affect the performance of membrane
filtration for other target compounds through the formation of larger complexes in the
bulk solution or through NOM fouling or accumulation on the membrane surfaces. NOM
possibly adsorbs in the pores or deposits on the membranes surface, which causes
membrane fouling. The fouling can increase or decrease the rejection of organic solutes,
which depends on the type of fouling formation (pore adsorption or deposition on
membranes) and the nature of the foulants [86]. Adsorption in pores and pore blocking
may increase solute rejection due to increased physical sieving whereas cake-enhanced
concentration polarization (i.e., accumulation of solutes at the membrane surface) may
decrease rejection through increased diffusion [86,87].

A build-up of a layer of high NOM concentration at the membrane surface can
increase complexation and precipitation of aggregates. This enhanced fouling causes

increased pressure and/or permeate flux decline during operation [83].
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2.5.3 Application to Microcystin Removal

Pressure-driven membrane filtration is a promising treatment process to
effectively remove cyanobacteria and cyanotoxins [88]. However, only a few studies
have examined the application of membrane filtration for the removal of cyanobacteria
and cyanotoxins [53,88,89,90,91].

RO and NF membranes are effective for rejecting microcystins via size exclusion
since the pore size of these membranes (MWCO ~100 Da for RO, 150—200 Da used for
NF) is smaller than the molecular weight of microcystins (<1000 Da). For example, Hart
and Stott [53] found that nanofiltration reduced microcystin-LR level from 5-30 pg/L to
less than 1 pg/L. Neumann and Weckesser [91] observed over 95% and 99% rejection
for microcystin-LR and —RR using RO membranes, respectively. Despite high rejection
for microcystins, RO and NF processes require a high level of maintenance to prevent
membrane fouling by NOM and cyanobacterial cells during cyanobacterial blooms.
[38,42].

Low-pressure membrane filtration, such as UF and MF, is adequate for removing
cyanobacterial cells, but theoretically unable to reject dissolved toxins due to the high
MWCO of these membranes [42,88]. Chow et al. [92] used flat-sheet MF and UF
membranes to remove the cells and toxins of a Microcystis aeruginosa bloom. These
membranes removed more than 98% of the cells, but not for the toxins. Gijsbertsen-
Abrahamse et al. [89] observed high rejection (>99%) of microcystis cells by the UF
membranes with MWCO of 100 KDa, but a maximum of 2% of the cell-bound

microcystins was released from the cells due to the shear of the feed pump.
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2.6 PAC-UF System

PAC-UF is a combination of powdered activated carbon adsorption and
ultrafiltration membrane separation. Typically, PAC is added to the feed water upstream
of the membranes. Activated carbon suspended in feed water adsorbs taste and odors as
well as a variety of other organic chemicals, which are too small to be removed by UF
alone. Ultrafiltration is then able to retain these PAC particles consistently and
efficiently from the feed water since PAC is considerably larger than the UF membrane
pores.

Coupling activated carbon to ultrafiltration is an emerging technology for the
treatment of organic micropollutants in drinking water. Previous research showed an
effective removal of turbidity and bacteria as well as dissolved organic contaminants (e.g.,
atrazine, phenol and dichlorobenzene) by the PAC-UF system [93,94,95,96].

The PAC-UF system provides several benefits. It is possible to maintain the
desired quality of the treated water because the removal can be controlled by varying
PAC dosage according to water quality [97]. PAC can be recycled to the feed water by
using a cross-flow membrane filtration system or by using submerged membranes. This
recirculation can increase PAC contact time with organic contaminants, lower PAC doses
[98], and subsequently, reduce sludge volume [99] and cost. Moreover, membrane
fouling caused by natural organic matter (NOM) may be reduced since activated carbon
adsorbs at least a fraction of NOM before ultrafiltration [95,99]. This enhances the
permeate flux, reduces the frequency of chemical cleanings, and prolongs the life of the
membranes [99]. No studies, however, have examined the use of PAC-UF for the
removal of cyanotoxins.
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2.7 The Use of Nanoparticles for Water Treatment

The use of nanoparticles as an adsorbent is an innovative technology for efficient
water treatment. Nanoparticles are extremely small in size (1-100 nm), which can
provide higher surface area per unit mass and more available sites for chemical reaction
than conventional adsorbents such as activated carbon [100]. Generally, carbonaceous
nanomaterials (i.e., carbon nanotubes), metal oxide nanoparticles, zeolites, and
dendrimers are four classes of nanoscale materials that are being evaluated as functional
materials for water purification [101].

Iron oxides have been widely used for adsorption since they are naturally
occurring minerals and chemically interactive with many organic and inorganic species
dissolved in aqueous environments [102]. A number of studies addressed the adsorption
of NOM, particularly humic substances, onto iron oxides [103,104,105,106,107].
Interaction between NOM and iron oxide minerals occurs through various adsorption
mechanisms such as electrostatic interaction, ligand exchange, hydrophobic interactions,
hydrogen bonding, and cation bridging [104]. Water chemistry strongly influenced the
adsorption behavior of NOM. For the adsorption of humic acid on positively charged
minerals, it was observed that adsorption increased with decreasing pH and increasing
ionic strength [103].

Recently, nanoscale iron oxides have been used for separation and removal of
organic and inorganic contaminants [100,108,109]. Various iron nanoparticles such as
nanostructured ferric oxides, magnetite, maghemite, and mackinawite have been
investigated as an adsorbent for a targeted compound [110]. For example, nanoscale
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magnetite (Fe;O4) or maghemite (y-Fe,O3) showed high removal efficiency for heavy
metals [111,112]. Liu [108] observed that nano-ferric oxide (Fe,03) effectively removed
both organic (e.g., humic acid) and inorganic compounds (e.g., molybdenum, arsenic).
Peng et al. [113] examined the adsorption of protein (BSA) on nanosized magnetic
particles (Fe;O4) for magnetic separation processes. They found that adsorption was
primarily attributed to electrostatic interactions, and affected greatly by the pH due to
changes in the surface charge of iron oxide and BSA. No research, however, has yet

explored the use of nanoparticles for the removal of cyanotoxins.
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CHAPTER 3

EFFECT OF PROCESS VARIABLES AND NATURAL ORGANIC MATTER ON

REMOVAL OF MICROCYSTIN-LR BY PAC-UF

Environmental Science and Technology 40 (2006) 7336-7342

3.1 Abstract

The release of cyanobacterial toxins, such as microcystin-LR, in drinking water
supplies is of increasing concern. In this study, we investigated the use of ultrafiltration
(UF) combined with adsorption on powdered activated carbon (PAC) for the removal of
microcystin-LR from drinking water. Process variables examined included PAC type,
PAC dosage, membrane characteristics (material and pore size), and the presence of
natural organic matter (NOM). Due to greater mesopore volume, wood-based activated
carbon was up to 4-times more effective at removing microcystin-LR than coconut-based
carbon, depending on contact time. Cellulose acetate (CA) membranes with a molecular
weight cutoff (MWCO) of 20,000 Da did not reject or adsorb microcystin-LR.
Membranes composed of polyethersulfone (PES) of similar pore size, on the other hand,
adsorbed microcystin-LR presumably through hydrophobic interactions. A PES

membrane with a MWCO of 5,000 Da sorbed microcystin-LR, and also rejected 8.4% of
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the toxin through a size exclusion mechanism. When PAC was coupled to UF using PES
membranes, greater removal of microcystin-LR occurred compared to when CA
membranes were used due to sorption of the toxin to the PES membrane surface. The
presence of Suwannee River Fulvic Acid (SRFA) reduced microcystin-LR removal by
PAC-UF, primarily due to competition between SRFA and microcystin-LR for sites on

the PAC surface.

3.2 Introduction

The presence of cyanobacteria (e.g., Anabaena, Aphanizomenon,
Cylindrospermopsis, Lyngbya, Microcystis, Nodularia, and Planktothrix) and associated
cyanotoxins in surface water is of increasing concern [1]. Microcystins are the most
frequently occurring class of cyanobacterial toxins, of which microcystin-LR is the most
toxic and frequently detected congener [2,3,4]. Microcystin-LR is a cyclic heptapeptide
containing five amino acids invariant in all microcystins, and two additional amino acids,
Leucine and Arginine, which are designated “L” and “R”, respectively [3].

Recently, blooms of Microcystis have resulted in health alerts in Nebraska and
other parts of the Midwestern United States [5]. Ingestion of microcystins can lead to
liver damage and may initiate liver tumor-promoting activity [6]. Contamination of
drinking water by microcystins has been linked to cases of primary liver cancer in China
and the deaths of 76 patients undergoing dialysis in Brazil [4,5,6,7]. Due to adverse
health effects, the World Health Organization (WHO) established a provisional

concentration limit of 1 pg/L for microcystin-LR in drinking water [8] and the United
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States Environmental Protection Agency (USEPA) has placed microcystins on the
Drinking Water Contaminant Candidate List [9].

A number of approaches have been investigated for the removal of microcystins
from drinking water.  Conventional treatment technologies such as coagulation,
flocculation, and sand filtration are effective for the removal of particulate cyanobacterial
cells but not the dissolved toxins [3,10,11]. Activated carbon adsorption can remove
microcystins, but may require high carbon doses to meet the WHO guideline, and
competition with natural organic matter reduces adsorption capacity [12,13,14].
Chlorination and ozonation are effective for removing microcystins, but the high dosage
required may result in the formation of disinfection by-products [3,11,15].

Powdered activated carbon coupled to ultrafiltration (PAC-UF) is an emerging
technology for the removal of organic micropollutants from drinking water. PAC-UF is
effective at removing turbidity and bacteria as well as a host of dissolved organic
compounds, such as atrazine, phenol and dichlorobenzene [16,17,18,19], to name a few.
It can lower powdered activated carbon (PAC) dosage [20], and hence reduce sludge
volume [21]. Moreover, membrane fouling caused by natural organic matter (NOM) is
decreased since activated carbon adsorbs at least a fraction of NOM before ultrafiltration
[18,21]. No research, however, has been carried out to examine the effectiveness of
PAC-UF for the removal of microcystins from drinking water. In this study, we
investigate the removal of microcystin-LR from drinking water using a bench-scale PAC-
UF system. We examine the effect of PAC type and dosage, membrane characteristics,

and NOM on the removal of microcystin-LR by this process.
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3.3 Experimental Section
3.3.1 Materials

Microcystin-LR with a molecular weight of 995.2 Da was purchased from
Spectrum (New Brunswick, NJ) and was used as received. Two different PACs obtained
from PICA (Columbus, OH) were used; the properties of which are shown in Table 3.1.
PAC size and surface zeta potential were measured using a Malvern Mastersizer
(Southborough, MA) and a zeta potential analyzer (Brookhaven Instruments Corp.,
Holtsville, NY), respectively. Specific surface arecas were obtained from BET
measurements (Micromeritics, Norcross, GA). Prior to use, both PACs were washed
with Milli-Q water (18.2 MQ cm), filtered, and then dried overnight in an oven at 125°C.
Suwannee River Fulvic Acid (SRFA) and Suwannee River Humic Acid (SRHA) were
purchased from the International Humic Substances Society (St. Paul, MN) and used as
received. Other chemicals such as acetonitrile, ammonium acetate, and sodium
bicarbonate were HPLC grade (Fisher Scientific). Polyethylene glycol (PEG) molecules
of size 1000, 2000, 4000, 6000, 10000, 20000 Da were purchased from Fisher Scientific
for pore size characterization using a previous developed method [22]. All solutions

were prepared in Milli-Q water.

3.3.2 UF Membranes

Flat sheet ultrafiltration membranes with an effective surface area of 155 cm?
were supplied by GE Osmonics (Minnetonka, MN); one cellulose acetate (CA)
membrane and two polyethersulfone (PES) membranes were selected for use. CA and

PES membranes of similar pore size, 20KDa, were used to examine the effect of
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membrane composition. The two PES membranes with 20KDa and 5KDa pores were
used to study the effect of membrane pore size on the rejection of microcystin-LR. The
characteristics of the membranes are shown in Table 3.2. Prior to use, all membranes
were soaked in Milli-Q water for 3 days to remove the glycerin preservative, washed with
Milli-Q water for 2 hours, and soaked again in Milli-Q water until use. The membrane
zeta potential was determined using an Electro Kinetic Analyzer (EKA) with a clamping
cell (Anton Paar, Inc., Austria). The zeta potential of the clean membranes was measured

in 10~ M KCl solutions at pH 7.0 + 0.2.

3.3.3 PAC Adsorption

50 pg/L of Microcystin-LR and 2 mg/L of wood-based or coconut-based activated
carbon were added to a 1 L mixing tank and continuously mixed with a magnetic stirrer
for four hours. Samples were filtered through 0.45 pum PVDF membrane syringe filters
(Millipore, Bedford, MA). The concentration of microcystin-LR was determined at 238
nm using high performance liquid chromatography (Hewlett Packard Series 1100 HPLC)
with a diode array detector and a 4.6x150 mm CI8 analytical column (Agilent
Technologies, Wilmington, DE). The HPLC was operated under isocratic conditions
using a mobile phase consisting of 28% acetonitrile and 72% 10 mM ammonium acetate
buffer adjusted to pH 7.0 at a flow rate of 0.4 ml/min, as modified from previous methods
[23,24]. The pH and ionic strength of all samples were fixed at pH 7.0 = 0.2 and 5 mM,
respectively, using sodium bicarbonate buffer and HCI. Experiments were conducted at a

temperature of 23 + 1 °C.

39



3.3.4 Membrane System Operation

The cross-flow, flat-sheet ultrafiltration system used in this study (Sepa CF) was
obtained from GE Osmonics. Prior to each experiment, membranes were run with Milli-
Q water for at least 2 hours to obtain a steady permeate flux (3.87x10”° m*/m?-sec). Once
a steady permeate flux was obtained, each filtration run was operated under constant-
pressure mode. Different pressures were used for each membrane in order to achieve the
same initial flow rates of feed (1.2x10~ L/sec) and permeate (6.0x10™ L/sec), which
were 2515 psi, 2012 psi, and 55£2 psi for the CA-20KDa, PES-20KDa, and PES-5KDa
membranes, respectively.

The membrane filtration system was operated in the batch-recirculation mode in
which both permeate and retentate were recycled back to the feed tank. This batch
recycle membrane system has been used in numerous previous studies of membrane
fouling by NOM and proteins [25,26,27,28]. Operation in the batch recirculation mode
was necessary to conserve feed solution composition throughout operation and to
quantify membrane adsorption and rejection by size exclusion. Nevertheless, this is quite
different from the actual operation in a membrane treatment plant and hence the
experimental results obtained in this study vary compared to that expected in a
continuous flow treatment system.

Experiments were conducted with a feed volume of 1 L containing an initial
concentration of microcystin-LR of 50 pg/L at pH 7.0 + 0.2, 5 mM ionic strength, and a
temperature of 23 + 1 °C. SRFA (5 mg/L) or SRHA (5 mg/L) was added to the feed tank

with microcystin-LR in select experiments. The amount of microcystin-LR was

40



measured in the feed, permeate and retentate using HPLC as described previously.
Desorption experiments were conducted by switching the feed solution containing
microcystin-LR with NaHCOs3 solution (pH 7.0 £ 0.2, 5 mM ionic strength, temperature
=23 £ 1 °C) free of microcystin.

To examine the effect of membrane fouling on microcystin-LR removal, SRFA or
SFHA was added to microcystin-free feed water and the ultrafiltration system was run for
4 hours to allow for deposition of organic matter onto the membrane. The membrane was
then rinsed with Milli-Q water and the system run with a feed solution containing 50

pg/L microcystin-LR for another 4 hours as described above.

3.3.5 PAC-UF System

To study PAC-UF, the cross-flow membrane filtration system was coupled to a
PAC reactor, as shown in Figure 3.1. The initial concentration of microcystin-LR in the
feed tank was 50 pg/L. Various concentrations of wood-based carbon were added
directly to the PAC reactor. The feed solution in the reactor was continuously mixed
with a magnetic stirrer and fed to the membrane cell with a pump. Prior to each run, the
initial flow rates of feed and permeate were adjusted to 1.2x10° L/sec and 6.0x10™
L/sec, respectively, using Milli-Q water in all experiments. Once a steady permeate flux
(3.87x10” m*/m*-sec) was obtained with Milli-Q water, each filtration run was operated
under constant-pressure mode. During ultrafiltration, both permeate and retentate were
recycled back to the PAC reactor. The pH and temperature of the feed solution were kept
constant at 7.0 = 0.2 and 23 + 1 °C, respectively, and the ionic strength was fixed at 5

mM. Samples taken from the feed, permeate and retentate at various time intervals were
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filtered with 0.45 um PVDF membrane filters and analyzed for microcystin-LR by
HPLC. The percent removal was calculated from the change in feed concentration of

microcystin-LR by the following equation:

(Cfeed,O - Cfeed,t) >
Cfeed,O

% Removal = 100

where Creeq 1S the microcystin-LR concentration in the feed tank at time zero and Creeqy 1S
the microcystin-LR concentration in the feed tank at various times. SRFA (5 mg/L) or
SFHA (5 mg/L) was added to the feed tank with microcystin-LR and wood-based carbon

in select experiments, and the system was operated as described above.

3.4 Results and Discussion
3.4.1 Adsorption of microcystin-LR on PAC

Initial experiments examined the adsorption of microcystin-LR on two different
activated carbons. Wood-based activated carbon adsorbed approximately 80% of
microcystin-LR from solution while coconut-based carbon adsorbed only about 20% after
4 hours contact. Previous research reported that the capacity of PAC to adsorb
microcystin-LR is directly related to the pore volume in the mesopore region, which is
dependent on the starting material [29,30,31]. Pore size distribution of the activated
carbon plays an important role in microcystin-LR adsorption because the toxin, with an
estimated diameter of 3 nm [2], is too large to enter micropores (diameter less than 2.0
nm) but adsorbs in mesopores (diameter between 2 and 50 nm). The wood-based carbon
used here had significant mesopore volume, while the coconut-based carbon was

dominated by micropores [30,31]. Total available surface area was not an important
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factor given that the wood-based carbon had a slightly lower specific surface area than
the coconut-based carbon (see Table 3.1). Also, Pendleton et al. demonstrated that PAC
surface chemistry does not play a significant role with respect to microcystin-LR
adsorption [31]. Therefore, wood-based carbon was more effective at removing
microcystin-LR than coconut-based carbon primarily due to greater mesopore volume.

Wood-based carbon was subsequently used in PAC-UF experiments.

3.4.2 Ultrafiltration of microcystin-LR

Figure 3.2 shows the feed, retentate, and permeate concentrations of microcystin-
LR for the three different UF membranes listed in Table 3.2. The cellulose acetate
membrane with a MWCO of 20,000 Da (CA-20KDa) did not reject or adsorb
microcystin-LR (Figure 3.2a). The microcystin-LR concentrations in feed, permeate and
retentate did not change over the duration of the experiment. For the polyethersulfone
membrane with a similar pore size (PES-20KDa), the concentration of microcystin-LR
initially decreased in the feed and retentate and increased in the permeate until reaching
steady-state after approximately 60 minutes (Figure 3.2b). Because the retentate and
permeate were recycled back to the feed tank, this loss of mass indicates that
microcystin-LR adsorbed to the surface of the PES-20KDa membrane or other
components of the system. Control experiments verified that microcystin-LR did not
adsorb to other components (e.g., tubing and membrane housing) of the UF system. No
additional decrease in feed concentration of microcystin-LR occurred after 60 minutes,

presumably due to the limited adsorptive capacity of the membrane.
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Microcystin-LR is composed of amino acids possessing hydrophobic properties in
aqueous media, especially the highly hydrophobic ADDA residue [31,32]. Contact angle
measurements [33] indicated that PES membranes are more hydrophobic than
membranes made of cellulose acetate (Table 3.2). Therefore, the adsorption of
microcystin-LR on PES membranes, and lack of sorption to CA membranes, can be
explained by the different hydrophobicities of these two materials. Microcystin-LR is
negatively charged over most of the pH range due to deprotonation of carboxylic groups
[2] and both CA and PES membranes were negatively charged at the pH used in this
study (Table 3.2). The negatively charged microcystin-LR adsorbed on the PES
membranes despite the fact that this material was more negatively charged than the CA
membrane. This further supports the idea that hydrophobic interactions were the primary
driving force leading to the adsorption of microcystin-LR to the PES membranes. It
should be noted, however, that the limited adsorption capacity of PES suggests that
sorption of microcystin-LR to the membrane surface will not provide long-term removal
of the toxin in practice. Previous studies also reported that adsorption of trace
contaminants on membranes is a temporary effect that occurs in the initial stages of
filtration since breakthrough is observed once membrane adsorptive sites become
saturated [34,35].

The feed, retentate and permeate concentrations for the PES membrane with a
MWCO of 5,000 Da (PES-5KDa) are shown in Figure 3.2c. In the first 120 minutes, the
feed and retentate concentrations of microcystin-LR dropped, and the permeate
concentration increased, similar to observations for the PES-20KDa membrane. This
indicates that the adsorption of microcystin-LR onto the PES-5KDa membrane was again
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an important removal mechanism at the early stage of the filtration run. Unlike PES
20KDa, however, PES 5KDa rejected 8.4% of microcystin-LR at the later stages of
filtration, as demonstrated by the slightly lower permeate concentration compared to the
feed after 120 minutes. Even though this apparent rejection rate of 8.4% may not be
statistically significant, this percent rejection was quite close to the 7.7% rejection of
polyethylene glycol (PEG) with a molecular size of 1000 Da, determined in a separate
UF test (see Table 3.3). Microcystin-LR is only weakly charged [36] and sorbed to PES,
suggesting that repulsive charge interactions between the toxin and the membrane were
of secondary importance. Thus, size exclusion was the dominant rejection mechanism
after 120 minutes of filtration.

We also examined whether the sorption of microcystin-LR to the PES membrane
was reversible. After a 3-hour contact time with microcystin-LR, the feed was replaced
with microcystin-free NaHCOj3 solution and the system was run for another 3 hours. In
this desorption experiment, the permeate and retentate were wasted and not recycled back
to the feed tank. A sharp increase in the permeate concentration of microcystin-LR
occurred within 2 minutes of replacing the feed solution (Figure 3.3a), indicating that the
toxin was quickly desorbed from the PES membrane surface. As the surface coverage of
microcystin-LR decreased, the rate of desorption also slowed, which is in agreement with
a previous study on surfactant desorption [37]. A mass balance indicated that nearly all
of the microcystin-LR (83%) was released from the PES membranes by the 3-hour water
rinse (Figure 3.3b). As mentioned previously, microcystin-LR was likely adsorbed on
PES membranes through hydrophobic interactions. Because of the low activation energy
(~15 kJ/mol) of these interactions [38], water flushing can easily disrupt the sorbed
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complexes. For example, the adsorption of proteins on some hydrophobic surfaces is
attributed to hydrophobic interactions and is reversible [39,40]. Balannec et al. found that
the deposition of negatively charged proteins on membranes was reversibly removed by a

flush with tap water under pressure [41].

3.4.3 Removal of microcystin-LR by PAC-UF

Figure 3.4 compares the removal of microcystin-LR by three processes (e.g., PAC
adsorption, ultrafiltration, and the PAC-UF system). Testing of PAC adsorption was
performed in the PAC-UF system without membranes installed, while UF was tested in
the same system without the addition of activated carbon. The PAC-UF system had the
highest removal efficiency among the three processes for both the PES and CA
membranes. The removal profiles, however, differed for the two membranes. As shown
in Figure 3.4a, UF using CA membranes without PAC addition did not remove
microcystin-LR while the PAC-UF system resulted in 70% removal of the toxin. The
removal of microcystin-LR by the PAC-UF system as a function of time followed a
similar trend as PAC adsorption alone, which suggests that PAC adsorption was the
dominant removal mechanism. In the case of the PES membrane (Figure 3.4b), the PAC-
UF system removed microcystin-LR more effectively than membrane filtration or PAC
adsorption alone, since both activated carbon and the PES membrane adsorbed
microcystin-LR. At the early stage of the PAC-UF process, microcystin-LR was
removed quickly by adsorption on the membrane surface. Later, wood-based carbon

adsorbed microcystin-LR and ultrafiltration separated out these PAC particles.
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Subsequently, microcystin-LR was removed to a greater extent than the maximum
adsorption capacity of the PES membrane.

Activated carbon dose significantly affected the removal of microcystin-LR by
PAC-UF (Figure 3.5). Removal of microcystin-LR increased as the dosage of wood-
based activated carbon increased. When 5 ppm of activated carbon was added to the feed
solution, more than 95% of microcystin-LR was removed by PAC-UF using either CA or
PES membranes and less than 1 pg/L of microcystin-LR, which is the WHO guideline,
was detected in feed tank and permeate channel. The use of CA membranes in the PAC-
UF system was more affected by PAC dose than when the system was run with PES

membranes due to lack of sorption of microcystin-LR on the CA membrane surface.

3.4.4 Effect of SRFA on microcystin-LR removal

Natural organic matter (NOM) may compete with microcystins for available PAC
sites and block or narrow membrane pores, leading to a negative effect on process
performance. Therefore, it is important to examine how organic matter existing in
natural waters influences the removal of microcystin-LR by PAC adsorption, membrane
filtration or PAC-UF. SRFA was used to examine the effect of natural organic matter on
the removal of microcystin-LR. SRFA was chosen given that fulvic acid has been used
as a model organic compound in numerous previous studies. Table 3.4 shows the effect
of SRFA on microcystin-LR removal by three the processes. In ultrafiltration, initial
experiments were carried out by running a 5 mg/L SRFA solution through the system for
4 hours, followed by a 50 png/L microcystin-LR solution for another 4 hours. While CA

membranes were not affected by SRFA (i.e., constant permeate flux was observed), flux
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measurements suggested PES membranes were fouled by SRFA. SRFA associated with
the membranes blocked membrane pores, which was evident in a greater rejection of
1000 Da-PEG and the 6~11% decrease in permeate flux, as shown in Table 3.3. The
removal of microcystin-LR decreased by 21.3% and 13.0% for PES-20KDa and PES-
5KDa, respectively, when PES membranes were previously fouled by SRFA (see the
sequential adsorption data in Table 3.4). This reduction in removal was attributed to
fewer available adsorption sites in the membrane pores and external surfaces for
microcystin-LR as a result of the association of SRFA with the PES membranes. Jucker
and Clark reported that, based on contact angle measurements, membranes coated with
SRFA were more hydrophilic [42], which also may contribute to the decrease in the
adsorption of microcystin-LR to the fouled PES membrane surface.

However, when SRFA and microcystin-LR were added to the feed tank
simultaneously, the removal of microcystin-LR was not reduced for either the CA or PES
membranes (see the simultaneous adsorption in Table 3.4). Microcystin-LR molecules
are apparently able to adsorb before significant amounts of SRFA associate with the
membrane and block available surface sites.

The presence of SRFA reduced the removal of microcystin-LR in the PAC-UF
system using either CA or PES membranes, as shown in Table 3.4. In these experiments,
microcystin-LR and SRFA were added to the feed tank simultaneously. Because
microcystin-LR removal was not affected when SRFA was added simultaneously with
the toxin during UF without PAC addition, the primary cause of the reduced removal in
the PAC-UF experiments was a result of competitive adsorption between microcystin-LR
and SRFA for available adsorption sites on the activated carbon surface. In the testing of
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PAC adsorption alone using the PAC-UF system without membranes installed, the
adsorption of microcystin-LR was reduced by 11.3% in the presence of SRFA (Table
3.4). Both microcystin-LR and SRFA compete for similar mesoporous sites due to the
similar molecular size of the two compounds. Donati et al. reported that the maximum
adsorption of microcystin-LR on activated carbon was lower for river water compared to
Milli-Q water due to the presence of natural organic matter [30]. Table 3.4 also
demonstrates that PAC-UF using the CA membrane was affected more significantly by
SRFA compared to when PES membranes were used. The greater performance of PAC-
UF with PES membranes in the presence of SRFA was likely due to the potential for

sorption of microcystin-LR to the membrane surface.

3.4.5 Effect of NOM type on microcystin removal by UF or PAC-UF

To examine the effect of NOM characteristics on microcystin-LR removal by UF
or PAC-UF, additional experiments using Suwannee River humic acid (SRHA) were
conducted. Table 3.5 shows the characteristics of SRFA and SRHA. Based on both
High-Pressure Size Exclusion Chromatography (HPSEC) and X-ray scattering, it was
previously reported that the molecular weight (MW) of SRHA is larger than that of
SRFA. The higher molecular size of SRHA resulted in a greater rejection by both CA
and PES membranes (Figure 3.6). SRHA also showed higher aromaticity and lower
density of acidic functional groups, which can make SRHA surfaces less negatively
charged and more hydrophobic than SRFA. UV absorbance of SRHA was higher than

that of SRFA, due to larger molecular weight and higher aromaticity [43].
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As shown in Table 3.6, CA membranes were little affected by SRHA, while
SRHA associated with the PES membranes likely blocked or narrowed membrane pores,
causing the decrease in permeate flux and greater rejection of 1000 Da-PEG molecules as
well as microcystin-LR. It can be seen that SRFA more seriously fouled PES membranes
than SRHA, since SRFA-fouled membranes showed approximately twice higher
increases in the rejection of both PEG molecules and microcystin-LR. It is possibly
explained that SRFA may be easier to penetrate into the pore structure and deposit on the
pores, due to smaller molecular weights. Subsequently, deposition of smaller SRFA
molecules within the membrane pores decreased pore diameter and the effective MWCO
[43]. Taniguchi et al. [44] also suggested that low MW species of NOM contributed to
pore blockage and were difficult to remove, causing irreversible fouling.

Figure 3.7 shows the comparison between SRFA and SRHA for their effect on
microcystin-LR adsorption to the membranes. Overall, the effect of SRHA on the
removal of microcystin-LR was similar to that of SRFA. The simultaneous addition of
SRHA did not influence the adsorption of microcystin-LR on the PES membranes. The
association of either SRFA or SRHA with the membranes, however, reduced
microcystin-LR removal due to fewer available sorption sites in the membrane surfaces.
The removal of microcystin-LR decreased by 21.3% and 8.5% when PES membranes
were previously fouled by SRFA and SRHA, respectively (see the sequential adsorption
data in Figure 3.7). Greater reduction by SRFA-fouled membranes may be attributed to
reduced available sites for microcystin-LR in external membrane surfaces as well as in
the pores. Since SRFA contains more acidic functional groups (Table 3.5), more
negative charged and hydrophilic surfaces of SRFA-fouled membranes may also
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contribute greater decrease in the adsorption of microcystin-LR. Jucker and Clark [42]
also observed, based on zeta potential analysis, the membranes coated with SRFA were
more negatively charged than SRHA-coated membranes.

Figure 3.8 shows the effect of NOM type on microcystin removal by PAC
adsorption alone and PAC-UF. Adsorption of microcystin-LR by PAC adsorption alone
was reduced in the presence of SRFA or SRHA, due to competitive adsorption between
microcystin-LR and humic substances. Since PAC adsorption was the dominant removal
mechanism during the PAC-UF process, a reduction of microcystin removal by PAC-UF
in the presence of NOM followed a trend similar to that by PAC adsorption alone (see
Figure 3.8). Type of NOM had little effect on microcystin-LR removal by PAC-UF.
Newcombe et al. [45] reported that competitive adsorption to activated carbons was
strongly dependent on the relative size of the NOM and the target compounds. Both
SRFA and SRHA are suitable to adsorb in mesopores (diameter between 2 and 50 nm)
despite of larger molecular weight of SRHA. Thus, similar to SRFA, SRHA competed
with microcystin-LR for mesoporous sites on the activated carbon, resulting in a similar
reduction of microcystin removal.

In addition to humic substances (HS), whole water samples from Lake Erie were
also used to examine how natural lake affects microcystin removal by PAC-UF. (Note
that the Lake Erie water was prefiltered using a Watmann filter paper and 0.45 pm
groundwater filter before use to remove suspended particles and minimize contributions
to flux decline. The pH of all feed solutions was adjusted to pH 7 using HC1.) As shown
in Figure 3.8, the removal of microcystin-LR by PAC alone or PAC-UF was lower for

Lake Erie water compared to Milli-Q water (i.e. without NOM), which was probably
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attributed to the presence of organic matter dissolved in the natural Lake Erie water.
Organic carbon content of whole water samples (3.0 mg OC/L) was quite similar to that
of 5 mg/L SRFA solution (3.3 mg OC/L) (see Table 3.5 and 3.7), which probably
resulted in a removal trend similar to 5 mg/L of HS. The effect of dissolved metal ions
was negligible since the total concentration of ions, shown in Table 3.7, would not be
much different with feed conditions for HS tests (5.0x10™ mol/L of NaHCO3). Also, the
ionic strength did not significantly affect the removal of microcystin-LR by PAC-UF, as

shown in Figure 3.9.
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Table 3.1 Characteristics of PACs

Characteristics PICASORB 16
PAC Source Material Wood
Dominant pore volume * Micro/Mesoporous
BET surface area (m®/g) 640.0
Geometric mean size (um) 17.0
PH (zero zeta potential) 3.02
" Ref. 30, 31.

GX 203
Coconut Shell
Microporous
752.8
9.6
2.04
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Table 3.2 Characteristics of ultrafiltration membranes

Characteristics CA-20KDa PES-20KDa
Membrz}qe Cellulose Acetate  Polyethersulfone
composition
MWCO (Da) * 20000 20000
Contact angle (°) 17.0 49.5

Zeta potential at pH 7

(mV) 9.3 -13.2

* Nominal value reported by the manufacturer.
® Ref. 33.

PES-5KDa
Polyethersulfone
5000
49.5

-13.0
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Table 3.3 The permeate flux and PEG rejection of clean and SRFA-associated
membranes

Permeate flux (m3/m2-sec) PEG rejection (%) *
Membranes
clean fouled clean fouled
CA-20KDa 3.87x107 3.87x107 - -
PES-20KDa 3.87x107 3.35x107 0.4 3.6
PES-5KDa 3.87x107 3.64x107 7.6 9.8

* Rejection for 1000 Da-PEG molecules, which is the closest in molecular weight
(MW) to microcystin-LR (MW=995.2 Da).
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Table 3.4 The effect of SRFA on the removal of microcystin-LR by PAC
adsorption, UF process, and the PAC-UF system

Removal of microcystin-LR (%)*

Processes without SRFA with SRFA
simultaneous sequential
Ultrafiltration
CA-20KDa 0.9 1.2 1.1
PES-20KDa 78.0 76.2 56.7
PES-5KDa 66.8 67.3 53.8
PAC adsorption 97.3 86.0

PAC-UF system

CA-20KDa 97.4 71.7
PES-20KDa 95.3 88.7
PES-5KDa 98.8 89.6

* Percent removal was determined by the feed concentration of microcystin-LR
after 4 hours compared to the initial feed concentration using the equation:

C -C
% Removal = (C et = € pasanr) x100.

Cfeed ,0
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Table 3.5 The characteristics of SRHA and SRFA.

Characteristics
HPSEC
Molecular at 280 nm*
weight X-ray

scattering

Acidic functional
groups °

3C NMR estimates of
carbon distribution €

UV absorbance for 5 mg/L
humic substances (HS)

Concentration of dissolved
organic carbon (DOC)
for 5 mg/L HS ¢

Specific UV Absorbance
at 254 nm (SUV Ajss)
for 5 mg/L HS °©

2 Ref. 46; ° Ref. 47; © Ref. 48

Suwannee River
Fulvic Acid

2290 Da
1-1.5 kDa

- Carboxyl group: 11.44
meq/g carbon

- Phenolic group: 2.91
meq/g carbon

Aromatic: 24 %
Aliphatic: 33 %
254 nm: 0.09 cm™
280 nm: 0.06 cm™

3.3 mg/L

2.7 L/mg-m

4 Measured by a Total Organic Caron (TOC) analyzer
¢ Calculated by dividing the UV absorbance at 254nm by the DOC of the sample

Suwannee River
Humic Acid

3759 Da
5-10 kDa

- Carboxyl group: 9.59
meq/g carbon

- Phenolic group: 4.24
meq/g carbon

Aromatic: 31 %
Aliphatic: 29 %

254 nm: 0.12 cm™
280 nm: 0.09 cm’!
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Table 3.6 The permeate flux, PEG rejection, and microcystin-LR rejection of clean,
SRFA-associated, and SRHA-associated membranes

Membranes Permeate flux  PEG rejection Microcystin

(m*/m*-sec) (%) * rejection (%)
Clean 3.87x107 - 1.8
CA-20KDa  SRFA-fouled 3.87x107 - 0.9
SRHA-fouled 3.87x107 — 0.6
Clean 3.87x107 0.4 0.0
PES-20KDa  SRFA-fouled 3.35x107 3.6 9.1
SRHA-fouled 3.42x107 2.1 49

* Rejection for 1000 Da-PEG molecules, which is the closest in molecular weight
(MW) to microcystin-LR (MW=995.2 Da).
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Table 3.7 The characteristics of Lake Erie water composition.

pH

7.97

TOC: 3.0 mg OC/L
UVysa: 0.026 cm™

Organic carbon

UVzgoI 0.015 Cl’l’l_1

SUVA254Z 0.87 L/mg-m

Ca 26.8 mg/L
Na 5.0 mg/L
Mg 9.5 mg/L
K 1.5 mg/L

6.7x10™ mol/L
2.2x10™ mol/L
3.9x10™ mol/L
3.8x10™ mol/L

" Concentrations of cations were measured by ICP-OES.
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Figure 3.1 A schematic diagram of the bench-scale PAC-UF system.
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Figure 3.3 (a) The change of microcystin-LR concentrations in permeate, retentate, and
feed during adsorption and desorption for the PES-20KDa membrane, (b) The amount of
microcystin-LR (pg) sorbed on the PES-20KDa membrane per membrane surface area
(cm?). Feed solution contains 50 pg/L of microcystin-LR for the adsorption period
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Figure 3.4 Comparison of the microcystin-LR removal by PAC adsorption, ultrafiltration,
and the PAC-UF system; (a) CA-20KDa membrane, (b) PES-20KDa membrane.
Experimental conditions: microcystin-LR = 50 pg/L, wood-based activated carbon = 2
mg/L, initial permeate flux = 3.87x10” m*/m?-sec, pH = 7.0 + 0.2, ionic strength = 5
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Figure 3.5 The removal of microcystin-LR using (a) CA-20KDa membrane and (b) PES-
20KDa membrane with various doses of wood-based activated carbon. Experimental
conditions: microcystin-LR = 50 pg/L, initial permeate flux = 3.87x10” m*/m*-sec, pH =

7.0 £ 0.2, ionic strength = 5 mM, and temperature = 23 = 1 °C.
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Figure 3.7 Comparison between the effects of SRFA and SRHA on the adsorption of
microcystin on UF membranes. Experimental conditions: microcystin-LR = 50 pug/L,
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temperature = 23 + 1 °C.

69



120 N without NOM

1 with S5ppm SRFA
with 5ppm SRHA
| with Lake Erie
100
S
= 807
3
g
et 4
g ®
17
>
5}
.g 40 -
=
20 1
0

PAC alone PAC-CA20 PAC-PES20
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CHAPTER 4

MECHANISMS AND FACTORS INFLUENCING THE REMOVAL OF

MICROCYSTIN-LR BY ULTRAFILTRATION MEMBRANES

Journal of Membrane Science 320 (2008) 240-247

4.1 Abstract

In this study, we investigate the application of ultrafiltration (UF) for the removal
of the cyanotoxin, microcystin-LR, and determine the dominant removal mechanisms.
System variables examined included membrane characteristics, feed concentration, water
recovery and operating pressure. While adsorption dominated rejection for most UF
membranes, at least at early filtration times, both size exclusion and adsorption were
important in removing microcystin-LR by the tight thin-film (TF) membranes.
Adsorption was primarily attributed to hydrophobic interactions, although hydrogen
bonding and physical surface properties such as surface roughness, thickness, and
porosity may also play a role. Polysulfone membranes, the most hydrophobic membrane
examined, significantly adsorbed microcystin-LR (~91%), whereas the more hydrophilic
cellulose acetate membranes adsorbed little or no microcystin-LR. The initial feed

concentration had a significant influence on the adsorption capacity of TF membranes for
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microcystin-LR, which could be described based on a linear adsorption isotherm. An
increase in water recovery and/or operating pressure led to an increase in the adsorption
of microcystin-LR, probably due to increased convective transport. On the other hand,
microcystin-LR rejection through size exclusion was reduced for higher water recovery

and/or applied pressure.

4.2 Introduction

The prevalence of harmful cyanobacterial blooms in drinking water reservoirs is
of increasing concern. Cyanotoxins produced by cyanobacteria may cause serious health
problems for humans, such as irritation of the skin (dermatotoxins), cell damage
(cytotoxins), liver damage (hepatotoxins), and damage to the nervous system
(neurotoxins) [1]. Human exposure occurs via recreational contact in surface water, or
from ingestion of drinking water that uses a surface water source contaminated with
cyanotoxins [2].

Microcystins are the most frequently occurring class of cyanotoxins, of which
microcystin-LR is the most toxic and frequently detected congener [3]. As shown in
Figure 4.1 [4], microcystin-LR is a cyclic heptapeptide containing five amino acids
invariant in all microcystins, and two specific amino acids, Leucine and Arginine,
designated “L” and “R”, respectively [5]. Microcystin-LR is an amphiphatic molecule
[6,7]. Hydrophilic functional groups include carboxyl groups on glutamic acid and
methylaspartic acid and the amino group on arginine, while the ADDA residue is
hydrophobic (see Figure 4.1). The net charge of microcystin-LR is negative (—1) at most
pH values (3 < pH < 12) as a result of the dissociation of the carboxyl groups.

73



Microcystins are approximately 3 nm in diameter and have a molecular weight of
900—1100 Da [15,18]. Ingestion of microcystin-LR can lead to liver damage and the
promotion of liver tumors [8,9]. The World Health Organization (WHO) established a
provisional concentration limit of 1 pg/L for microcystin-LR in drinking water [10] and
the United States Environmental Protection Agency (USEPA) has placed microcystins on
the Drinking Water Contaminant Candidate List [11].

Conventional drinking water treatment processes are either ineffective at
removing dissolved cyanotoxins, or have other drawbacks. Coagulation, flocculation,
and sand filtration are effective for the removal of particulate cyanobacterial cells but not
the dissolved toxins [17,12]. Activated carbon adsorption can remove microcystins, but
may require high carbon doses to meet the WHO guideline, and competition with natural
organic matter reduces adsorption capacity [13,14,15]. Chlorination and ozonation are
effective for removing microcystins, but the high dosage required may result in the
formation of harmful by-products [17,16].

Recently, pressure-driven membrane filtration has emerged as a promising
treatment process to effectively remove microcystins from drinking water. Nanofiltration
(NF) or reverse osmosis (RO) remove microcystins via size exclusion given the
molecular weight of microcystins is around 1000 Da [17,18,19]. Previous studies
reported that microfiltration (MF) and ultrafiltration (UF) with a molecular weight cut-off
(MWCO) of 100 KDa rejected cyanobacterial cells but not the cyanotoxins [19,20]. Our
previous research, however, found that UF membranes were able to remove dissolved
microcystins mainly by adsorption [21], at least at the early stages of filtration. The

adsorption of microcystin-LR was not influenced by natural organic matter (NOM) when
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both occurred together in feed water since microcystin molecules are apparently able to
adsorb before significant amounts of NOM associated with the membrane. When
membranes were previously fouled by NOM, however, a decrease in the adsorption of
microcystin-LR was observed. Despite these studies, little is known regarding how
ultrafiltration membrane properties (material and pore size) influence the extent of
adsorption, and subsequently, microcystin removal. Membrane properties as well as
system operating parameters will also influence rejection of microcystin-LR, and their
effects are not well understood.

In this study, we investigated how membrane characteristics influence the
rejection of microcystin-LR during ultrafiltration. Experiments were conducted using a
cross-flow ultrafiltration system and seven different commercial UF membranes to
elucidate the rejection mechanisms of microcystin-LR. Other factors governing the
removal of microcystin-LR by ultrafiltration such as system operating conditions (e.g.,
water recovery and operating pressure) and solution conditions (e.g., feed concentration)

were also examined.

4.3 Materials and methods
4.3.1 Chemicals and solution chemistry

Microcystin-LR with a molecular weight of 995.2 Da was purchased from
Spectrum (New Brunswick, NJ) and was used as received. Other chemicals such as
acetonitrile, ammonium acetate, and sodium bicarbonate were HPLC grade (Fisher

Scientific). All solutions were prepared in Milli-Q water (resistivity 18.2 MQ-cm) and
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stored at < 4°C. The background electrolyte consisted of 5.0x10° M NaHCO; and

solution pH was adjusted to pH 7.0 £ 0.2 with 2.0 M HCI.

4.3.2 Ultrafiltration membranes

Flat sheet ultrafiltration membranes with an effective surface area of 140 cm’
were supplied by GE Osmonics (Minnetonka, MN). Seven ultrafiltration membranes
were selected for this study, as shown in Table 4.1. Prior to use, all membranes were
soaked in Milli-Q water for 3 days, washed with Milli-Q water for at least 2 hours, and
soaked again in Milli-Q water until use to remove any preservatives.

Each membrane was characterized according to molecular weight cut-off
(MWCO), membrane hydrophobicity (i.e., contact angle), surface charge (i.e., zeta
potential), and pure water permeability (PWP). The characteristics of the membranes are
shown in Table 4.1. The nominal MWCO values of membranes were provided by the
manufacturer (GE Osmonics). The contact angle of the membranes was determined
using the conventional sessile drop technique with Milli-Q water [22]. The membranes
were washed with Milli-Q water and then dried in an oven at 70°C for 1.5 hours prior to
contact angle measurements. Zeta potential was determined by a streaming potential
measurement using an Electro Kinetic Analyzer (EKA, Anton Paar, Austria) equipped
with an asymmetric clamping cell. The zeta potential of clean membranes was measured
in a solution of 5.0x10° M NaHCOs at pH 7.0 + 0.2. Details on the instrument and
measurement procedure can be found elsewhere [23,24,25]. The pure water permeability
of each membrane was measured using Milli-Q water following stabilization of water

flux through the membrane.
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4.3.3 Membrane filtration system

The cross-flow ultrafiltration system used in this study was the commercially-
available, stainless-steel Sepa CF II membrane system from GE Osmonics (see Figure
4.2). Prior to introducing microcystin-LR, membranes were equilibrated in the
ultrafiltration system with Milli-Q water for at least 2 hours until a steady permeate flux
was achieved. Once a steady permeate flux was obtained, each filtration run was
operated under constant-pressure mode.

Experiments were conducted with an initial feed concentration of microcystin-LR
of 50 pg/L, unless otherwise stated. The pH and temperature of the feed solution were
kept constant at 7.0 = 0.2 and 23 + 1 °C, respectively, and the ionic strength was fixed at
5 mM. The membrane filtration system was operated in the batch-recirculation mode, in
which both permeate and retentate were recycled back to the feed tank, as shown in
Figure 4.2. Operation in the batch recirculation mode was necessary to conserve feed
solution and to quantify membrane adsorption and rejection by size exclusion.

Samples were taken from the feed, permeate and retentate at various time
intervals for analysis. The concentration of microcystin-LR was determined at 238 nm
using high performance liquid chromatography (Hewlett Packard Series 1100 HPLC)
with a diode array detector and a 4.6x150 mm C18 analytical column (Agilent
Technologies, Wilmington, DE). The HPLC was operated under isocratic conditions
using a mobile phase consisting of 28% acetonitrile and 72% 10 mM ammonium acetate
buffer adjusted to pH 7.0 at a flow rate of 0.4 ml/min, as modified from previous methods

[26,27].
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The rejection of microcystin-LR, including both size exclusion and sorption, was
calculated as:
_ C
% Rejection = ——21x100 [1]
¢
where C, and Cr are microcystin-LR concentrations in the permeate and feed tank,
respectively.
Microcystin removal by adsorption alone was calculated from the change in feed

concentration as:

0 . C/,o B Cf,t
% Adsorption = ———=x100 [2]
/50

where Cgis the microcystin-LR concentration in the feed tank at time zero and Cg; is the
microcystin-LR concentration in the feed tank at time, t. The retentate and permeate
were recycled back to the feed tank, therefore, the amount of microcystin-LR adsorbed

on the membranes could be determined by mass-balance:
CroVyo= A0, +C, V,  +> CY, [3]

where A is the membrane surface area, Qy, is the adsorbed amount of microcystin-LR per
surface area of membrane, Cgo and Cgr are the initial and final feed concentrations of
microcystin-LR, V¢o and V¢ are the initial and final volumes of the feed tank, and C, and
V, are concentration and volume of samples taken for the analysis, respectively. Control
experiments verified that microcystin-LR did not adsorb to other components of the UF

system (e.g., tubing and membrane housing).
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4.4 Results and discussion
4.4.1 Adsorption of microcystin-LR on membranes

The extent of microcystin-LR adsorption was examined for a variety of
membranes with varying composition.  Figure 4.3 shows the concentrations of
microcystin-LR in the permeate and feed tank during filtration using five different UF
membranes listed in Table 4.1. For the cellulose acetate (CA) membranes, the
microcystin-LR concentrations in the feed and permeate did not change over the duration
of the experiment. For other membrane types, however, the microcystin-LR
concentrations in the permeate increased with time while the concentration in the feed
tank decreased, until reaching steady-state. This observed loss of microcystin-LR in the
feed tank could be attributed to adsorption on the membrane surface since both permeate
and retentate were recycled back to the feed tank. No loss of microcystin-LR to other
components of the filtration system was observed, as verified in control experiments.

In our previous research, we found that microcystin-LR adsorbed to
polyethersulfone (PES) membranes, presumably due to hydrophobic interactions since
microcystin-LR is composed of amino acids possessing hydrophobic properties in
aqueous media, especially the highly hydrophobic ADDA residue [21]. Comparing the
data in Figure 4.3 and Table 4.1 suggests that greater membrane hydrophobicity results in
higher adsorption of microcystin-LR. As summarized in Table 4.2, nearly all of the
microcystin-LR  (91%) was adsorbed on the most hydrophobic polysulfone (PS)
membrane, while the most hydrophilic CA membranes adsorbed little or no microcystin-

LR.
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However, membrane hydrophobicity does not completely explain the adsorption
behavior of microcystin-LR. For example, polyvinylidene fluoride (PVDF) membranes
had a lower adsorptive capacity than thin-film (TF) membranes, despite their greater
hydrophobicity (see Table 4.1 and 4.2). In addition to hydrophobicity, other factors must
also influence the adsorption behavior of microcystins. Previous studies suggest that
membrane morphology (e.g., physical structure, porosity, roughness, tortuosity, and
thickness) influences attachment of organic molecules [28,29]. For example, thin-film
composite membranes exhibited large-scale surface roughness [30], which may lead to an
increase in microcystin-LR adsorption, due to the larger surface area and greater contact
opportunities for the toxin with the TF membrane surfaces. This explanation is consistent
with Elimelech et al. [31] who attributed higher colloid fouling for TF composite
membranes to surface roughness.

The lower adsorption of microcystin-LR on the hydrophobic PVDF membranes
may also be related to the physical structure and higher porosity of this membrane. The
PVDF membranes used in this study were quite hydrophobic but very thin due to the lack
of supporting layers (according to the manufacturer). As a result of the thin PVDF layer,
the adsorptive sites on the membrane may become quickly saturated, and consequently,
rapid breakthrough was observed within 5 minutes (see Figure 4.3a). Also, as shown in
Table 4.1, PVDF membranes had a pure water permeability (PWP) twice that of the PS
membranes with a similar pore size. This difference may be due to the smaller thickness,
as well as higher porosity of the PVDF membrane, since the PWP is related to pore size,
porosity, and membrane thickness [32]. Muller and Davis [33] found greater deposition
of protein aggregates for membranes with lower surface porosity and larger thickness.
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These studies suggest that the high porosity and thin PVDF layer limit adsorption of
microcystin-LR to this membrane.

The adsorption of microcystin-LR on the hydrophilic TF membranes may also be
influenced by more specific interactions such as hydrogen bonding. As can be seen in
Figure 4.1, microcystin-LR has a number of carbonyl and amino functional groups,
which make it capable of participating in hydrogen bonding with membrane functional
groups. Even though microcystin-LR is negatively charged over most of the pH range, it
is only weekly charged [34] and significantly sorbed to negatively charged TF
membranes. Previous studies reported that hydrogen bonding was an important
mechanism for the adsorption of organic contaminants on polyamide TF membranes
[35,36].

Based on our previous research [21], microcystin-LR was easily desorbed from
PES membranes by water flushing, likely due to the low activation energy of the
hydrophobic interactions between microcystin-LR and membranes. This is consistent
with previous research examining the release of cyanobacterial cells, proteins and
polyssacharides using water or caustic [37,38,39]. Therefore, UF membranes should be
cleaned and regenerated by backwashing or chemical/oxidant cleaning after blooms of

cyanotoxins, to minimize the risk of toxin release to the permeate.

4.4.2 Effect of feed concentration on microcystin-LR adsorption
The effect of the initial feed concentration on microcystin-LR adsorption to TF
membranes was studied with feed solutions ranging from 10 pg/L to 100 pg/L. Figure

4.4a shows changes in permeate concentrations for various initial feed concentrations.
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As the feed concentration of microcystin-LR increased, the time to breakthrough reduced,
and the permeate concentration at steady-state increased. The adsorptive capacity of the
TF membrane also increased with increasing feed concentration. Figure 4.4b shows the
amount of microcystin-LR adsorbed per unit membrane surface area as a function of the
final feed concentration. By assuming that the final feed concentration after reaching
steady-state was equal to the equilibrium bulk concentration, the adsorbed amount of
microcystin-LR is plotted as an adsorption isotherm. As can be seen in Figure 4.4b, a
linear isotherm with a constant partition coefficient of 0.018 L/cm® was observed.
Similar adsorption isotherms were obtained in previous studies for estrogenic hormone
[40] and protein adsorption [41]. The linear adsorption isotherm suggests an initial
surface adsorption of microcystin-LR followed by deposition of more microcystin
molecules on the adsorbed microcystin monolayer, forming a multilayer of microcystin-
LR. Previous research also reported that the deposition is influenced by the feed
concentration and concentration gradient at the membrane-solution interface. Martinez et
al. [41], for example, reported that protein was deposited on membranes mainly by
adsorption at low concentration, while accumulation and cake layer formation occurred at
high concentration. Gowman and Ethier [42] found that higher initial concentration
increased the thickness of the concentration polarization layer, resulting in greater
amount of hyaluronan loaded on to the UF membrane.

The constant partition coefficient resulted in rejection values that were relatively
independent (15-23%) of feed concentration. This is consistent with previous research
demonstrating no significant influence of feed concentration on the rejection of organic
compounds (e.g., endocrine-disrupting compounds or pesticides) by NF membranes
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[22,43,44].

4.4.3 Size exclusion by thin-film membranes

The pore sizes of CA-20KDa, PS-30KDa, and PVDF-30KDa membranes were at
least 20 times greater than the molecular weight of microcystin-LR. Therefore, size
exclusion or cake formation was not likely under these conditions, and permeate
concentrations were equal to the feed concentrations at steady-state (see Figure 4.3). To
examine the importance of size exclusion for tight UF membranes, additional
experiments were conducted using thin-film membranes with smaller MWCOs. In
Figure 4.5, it can be seen that permeate concentrations of microcystin-LR stabilized at
levels below the feed concentrations. The difference between permeate and feed
concentration decreased with increasing pore size, indicating some degree of rejection
due to a sieving mechanism. Microcystin-LR is very weakly charged [34] and easily
sorbed on TF membranes, which suggests that rejection by charge repulsion can be
ignored.

Figure 4.6 shows the percent rejection, which considers both adsorption and size
exclusion, of microcystin-LR by the three TF membranes. Microcystin-LR transport was
retarded across the membrane layer due to the adsorptive effect, and consequently, this
resulted in an initially high rejection of microcystin-LR by the TF membranes. Because
the adsorptive capacity of the membranes is limited, the percent rejection stabilized when
equilibrium between microcystin-LR and the membrane was established. Microcystin-
LR rejection was lower at this later filtration time (> 480 min) and size exclusion played
a dominant role. Table 4.3 demonstrates that the average rejection of microcystin-LR at
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steady-state followed the order: TF-1KDa > TF-2KDa > TF-4KDa. These rejection
trends are consistent with the MWCOs of the membranes used (Table 4.1), which further
supports the idea that microcystin-LR was mainly rejected through a size exclusion
mechanism after reaching steady-state. As can be seen from Table 4.3, the adsorbed
amount of microcystin-LR was quite similar for the three TF membranes, indicating that
adsorption of microcystin-LR by these UF membranes is independent of pore size.

The results presented here suggest that molecular weight and hydrophobicity (i.e.,
octanol-water partition coefficient) of cyanotoxins provides an indication for the potential
for size exclusion and adsorption by UF membranes, respectively. For example, other
alkaloid cyanotoxins such as anatoxin-a and cylindrospermopsin have lower molecular
weights (MW) of 166 and 415, respectively, compared with microcystins. UF
membranes are not theoretically able to reject these toxins through size exclusion. We
also expect greater adsorption for congeners more hydrophobic than microcystin-LR,
such as microcystin-LL, -LF, -LV, and —-LM [45]. Since nodularin has similar chemical
and physical properties to microcystin-LR [46], it would have a similar adsorption
behavior as microcystin-LR during membrane filtration. Cook and Newcombe [47] also
observed similar adsorption characteristics of nodularin to powdered activated carbon as
microcystin-LR. Further research, however, is needed to examine the removal of other

cyanotoxins during membrane filtration.

4.4.4 Effect of operating conditions
The influence of system operating parameters, including water recovery and
operating pressure, on microcystin-LR rejection was investigated. PES-5KDa or TF-
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4KDa membranes were selected for use since they exhibited both adsorptive effects and
size exclusion of microcystin-LR. Figure 4.7a shows the adsorption of microcystin-LR
by PES membranes as a function of time at water recoveries of 17%, 50%, and 87%. The
water recovery is defined as the ratio between the permeate and feed flow rate. An
increase in water recovery resulted in an increase in permeate flux since feed flux was
fixed at 7.74x10° m’/m’-sec. As shown in Figure 4.7a, higher water recovery (i.c.,
permeate flux) resulted in a more rapid and greater adsorption of microcystin-LR onto the
membranes. Examining adsorption as a function of accumulated permeate volume rather
than time (Figure 4.7b), it was found that the adsorption curves for each recovery were
identical. This indicates that the increase in adsorption with increasing water recovery
was attributable to the increased permeate flux. Table 4.4 presents the effect of water
recovery on size exclusion of microcystin-LR. Interestingly, rejection by size exclusion
slightly decreased with increasing water recovery. Chellam and Taylor [48] reported that
rejection of trihalomethanes (THMs) by NF membranes decreased as feed water recovery
increased due to the increasing concentration gradient across the membrane. A negative
impact of water recovery on NF performance was also observed by Reiss et al. [49] for
natural organic matter (NOM).

Figure 4.8 shows the effect of operating pressure on microcystin-LR rejection by
PES and TF membranes. Each membrane filtration test was conducted at two different
pressures to obtain two fixed permeate fluxes of 1.29x10° m’/m?-sec and 3.87x107
m’/m*-sec. As shown, a higher applied pressure increased permeate flux and caused a
more rapid and greater decrease of microcystin-LR concentration in the feed tank,
indicating increased adsorption of microcystin-LR. These results are consistent with
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Kimura et al. [50] who reported that NF/RO membrane saturation by hydrophobic
organics was achieved more quickly at higher pressure. Tang et al. [51] also found that
perfluorooctane sulfonate (PFOS) accumulation was promoted at greater initial flux
and/or applied pressure, likely due to increased hydrodynamic permeate drag. On the
other hand, the increase in pressure resulted in a drop in size exclusion from 35% to 23%
for TF-4KDa, and from 13% to 8% for PES-5KDa membrane, mainly due to the
decreased feed concentration. A decrease in size exclusion with increasing pressure was

also observed by previous researchers for estrogenic hormone [52] and chloroform [53].

4.5 Conclusions

Microcystin-LR rejection by UF membranes was investigated to determine the
effect of membrane surface properties and operating conditions. The dominant rejection
mechanism of microcystin-LR by UF membranes at early stages of filtration was
adsorption, presumably due to hydrophobic interactions or hydrogen bonding.
Membrane surface morphology, such as porosity, surface roughness, and thickness may
also play a role in controlling the extent of adsorption. For tight TF membranes, with
similar MWCOs to the molecular weight of microcystin-LR, size exclusion was the
dominant rejection mechanism once adsorption reached equilibrium. Higher permeate
flux resulted from increasing water recovery or operating pressure, led to greater

adsorption of microcystin-LR on the membranes and a decrease in size exclusion.
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Table 4.1 Characteristics of ultrafiltration membranes

Membranes Membrane MWCO Contact angle Zeta potential (L /rig&-[ga i
surface material (Da) (deg) atpH 7 (mV) kPa) Y
CA-20KDa Cellulose 20,000 33 -9.6 21.5
Acetate
PES-5KDa Polyethersulfone 5,000 49 -14.2 6.6
TF-1KDa Polyamide 1,000 38 -23.0 1.2
TF-2KDa Polyamide 2,000 37 -21.8 2.0
TF-4KDa Polyamide 4,000 37 -18.8 4.2
PS-30KDa Polysulfone 30,000 64 -17.8 20.7
PVDE-30KDa Tolyvinylidene 5 55 51 -15.3 413
Fluoride
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Table 4.2 Adsorption of microcystin-LR to various UF
membranes

Adsorbed amount

Membranes Adsorption (%) * (mg/m?)
CA-20KDa 09 0.1
PES-5KDa 66.8 2.2
TF-4KDa 74.7 2.5
PS-30KDa 91.2 3.0
PVDF-30KDa 35.1 1.4

* Average percent adsorption of microcystin-LR at steady-state
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Table 4.3 Effect of pore size on the rejection of microcystin-LR using TF
membranes

Membranes Adsorption (%) * Adso(rrlr)leg(/lrzgr)l ount Size exclusion (%) °
TF-1KDa 69.9 24 69.5
TF-2KDa 75.9 2.6 55.4
TF-4KDa 70.3 2.5 34.8

* Average percent adsorption of microcystin-LR at steady-state
Average percent rejection by size exclusion of microcystin-LR at steady-state

94



Table 4.4 Effect of water recovery on the rejection of
microcystin-LR using PES membranes

Water recovery (%) Size exclusion (%) *
17 % 11.7 (6°=1.2)
50 % 8.4 (6=0.9)
87 % 4.3 (6°=0.5)

* Average percent rejection by size exclusion of
microcystin-LR at steady-state
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Figure 4.1 General molecular structure of microcystin-LR (after Sielaff et al. [4])
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Figure 4.8 Concentration of microcystin-LR in permeate flow and feed tank for (a) PES-
5KDa at 28 psi and 56 psi and (b) TF-4KDa at 43 psi and 135 psi. Permeate fluxes were
1.29x107° m*/m*-sec for 28 psi and 43 psi, and 3.87x10™ m*/m*-sec for 56 psi and 135

psi. Water recovery was set at 50%.
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CHAPTER 5

ADSORPTION OF MICROCYSTIN-LR ONTO IRON OXIDE

NANOPARTICLES

To be submitted to Water Research

5.1 Abstract

In this study, the effectiveness of iron oxide (maghemite) nanoparticles for the
removal of microcystin-LR from water was examined. Factors influencing the sorption
behavior were examined, including microcystin and maghemite concentration, pH, ionic
strength, and the presence of natural organic matter. Adsorption of microcystin-LR was
strongly affected by pH. The adsorption increased with decreasing pH, with a maximum
adsorption around pH 3. Adsorption of microcystin-LR on maghemite was primarily
attributed to electrostatic interactions, although hydrophobic interactions may also play a
role. The extent of microcystin-LR adsorption onto maghemite increased with increasing
ionic strength at pH 6.4, since salt ions screened the electrostatic repulsion between
adsorbed microcystin molecules. Adsorption of microcystin-LR was not significantly

affected in the presence of Suwannee River Fulvic Acid (SRFA) below 2.5 mg/L.
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However, adsorption decreased at higher SRFA concentrations (2.5-25 mg/L) due to

competitive adsorption between SRFA and microcystin-LR for limited sorption sites.

5.2 Introduction

Microcystins are the most frequently occurring class of cyanobacterial toxins [1].
When consumed or in contact with skin, microcystins can cause serious health problems
to humans such as nausea, liver damage, and in extreme cases, liver cancer or death [2,3].
For example, exposure to microcystins has been linked to increased liver cancer in China,
the deaths of 76 dialysis patients in Brazil, and elevated kidney failure and liver injury in
Australia [4,5]. Due to these adverse health effects, the World Health Organization
(WHO) established a drinking water guideline of 1 pg/L for microcystin-LR (L and R
stand for Leucine and Arginine, respectively (see Figure 5.1) [6], which is one of the
most toxic and frequently detected microcystin congeners [7].

Recently, nanoscale iron oxides such as nanostructured ferric oxides, magnetite,
maghemite, and hematite have been used for separation and removal of organic and
inorganic contaminants [8,9,10,11,12,13]. Compared with conventional adsorbents such
as activated carbon, nanoparticles are extremely small in size (1-100 nm), which can
provide large surface area per unit mass and more available sites for chemical reaction
[13,14]. For example, Ganesh et al. [8] and Liu [9] reported that nano-ferric oxide
(Fe,03) effectively and rapidly removed humic substances and inorganic contaminants
(e.g., molybdenum, arsenic). Hagare et al. [10] used nanoscale hematite to remove
natural organic substances from water. Nanoscale magnetite (Fe;O4) or maghemite (y-

Fe,03) showed high removal efficiency for arsenic and hexavalent chromium [11,13].
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Peng et al. [12] found that the adsorption of bovine serum albumin (BSA) to nanosized
magnetite was significantly affected by the solution pH, and maximum adsorption
occurred at the isoelectric point of BSA. However, the adsorption of cyanotoxins to
nanoscale iron oxides has not yet been explored.

It is also expected that the adsorption of microcystins onto iron oxide particles
may play an important role in the fate and transport of these toxins in aquatic
environments. Natural waters contain a host of particles including clay, aluminum/iron
oxides and hydroxides, and silica. Iron oxides and hydroxides are important components
influencing the mobility of organic and inorganic compounds since they are naturally
occurring minerals, ubiquitous in soils and sediments, and chemically interactive with
many aqueous dissolved species [15,16]. A number of studies addressed the adsorption
of natural organic matter (NOM), particularly humic substances, onto iron oxides
[17,18,19,20,21]. To date, a few studies have found that microcystins are strongly
absorbed on clays and other particulate matter [22,23,24,25,26]. For example, Morris et
al. [23] observed that kaolinite and montmorillonite effectively adsorbed microcystins.
They proposed clays as a removal technology for microcystins from drinking water. Liu
et al. [27] reported that suspended particle matter (SPM) occurring in lake sediments
significantly adsorbed microcystins, likely due to hydrophobic interactions between
microcystins and organic matter in SPM. No research, however, has been carried out to
examine the interaction of microcystins with metal oxides and hydroxides.

In this study, we investigated the adsorption of microcystin-LR on maghemite (y-
Fe,03) nanoparticles from aqueous solution. The influence of various factors, such as

pH, ionic strength, microcystin and maghemite concentration, and the presence of NOM,
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was examined to better understand the adsorption behavior of microcystin-LR on

maghemite surfaces under various conditions.

5.3 Materials and methods
5.3.1 Chemicals

Microcystin-LR was purchased from Calbiochem (San Diego, CA) and was used
as received. Microcystin-LR is approximately 3 nm in diameter [7] and has a molecular
weight of 995.2. A standard Suwannee River fulvic acid (SRFA) obtained from the
International Humic Substances Society (IHSS) was used as a representative natural
organic matter. The average molecular weights of 1150 and 2310 were reported for
SRFA, measured by field flow fractionation (FFF) [28] and high-performance size
exclusion (HPSEC) [29], respectively. Other chemicals such as acetonitrile, ammonium
acetate, and sodium chloride were analytical or HPLC grade (Fisher Scientific). All

solutions were prepared in Milli-Q water (resistivity 18.2 MQ-cm).

5.3.2 Iron oxide (Maghemite) nanoparticles

A commercial iron oxide nanoparticle was obtained from Sigma-Aldrich (St.
Louis, MO) and used in this study without further purification. Iron oxide solutions of 10
g/l were prepared and acidified to pH 3.5 and stored in the dark prior to use. The
identity and purity of the commercial iron oxides were verified by X-ray diffraction
(XRD, Scintag PAD-V). The sample’s XRD pattern matched standard maghemite (y-
Fe,03). Transmission electron microscopy (TEM) (CMI12, Philips) showed that

maghemite was composed of roughly spherical particles with a diameter of 10—30 nm.
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Surface zeta potentials of maghemite were measured by a zeta potential analyzer
(ZetaPlus, Brookhaven Instruments Corp.) at 0.1 M NaCl. The isoelectric point of
maghemite was approximately 7.9, as shown in Figure 5.2a. Specific surface area was

determined by N,-BET analysis (Micromeritics), which was 192 + 0.2 m*/g.

5.3.3 Batch adsorption experiments

Batch adsorption experiments were conducted over the pH range 2—9 and at
background electrolyte concentrations of 0.001-1 M NaCl. Each batch sample was
prepared by transferring an aliquot of a stock maghemite suspension (10 g/L) to a 50 mL
polycarbonate ultracentrifuge tube to give a final maghemite concentration of 0.3 or 2.3
g/L.  Microcystin-LR and NaCl were added to achieve the desired microcystin
concentration and ionic strength, respectively. Solution pH was adjusted to a value
between 2 and 9 using standardized HCl or NaOH. The sample tubes were then slowly
agitated at room temperature using an end-over-end rotator for 48 hours to reach
equilibrium. Kinetic experiments indicated that approximately 95% of the adsorption
was complete within 24 hours (data not shown). Once equilibrium was reached, the final
pH of each batch sample was measured. Prior to quantitative adsorption measurement,
the samples were centrifuged for 20 min at 12,000 rpm, and the supernatants were filtered
through 0.45-pum polyvinylidene fluoride (PVDF) membrane syringe filters.

For the SRFA adsorption tests, SRFA ranging from 0 to 50 mg/L was added to the
centrifuge tubes containing 0.3 g/L. of maghemite and 0.01 M NaCl. Solution pH was
adjusted to 4.4 or 6.4. To examine the effect of SRFA on microcystin-LR adsorption,

various concentrations of SRFA (0—25 mg/L) were simultaneously added to the
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centrifuge tubes along with 0.5 mg/L of microcystin-LR and 0.3 g/L of maghemite in
0.01 M NaCl over the pH range 2—9. The concentrations of microcystin-LR and SRFA
in the supernatant were analyzed at 238 nm and 254 nm, respectively, using high
performance liquid chromatography (Hewlett Packard Series 1100 HPLC) with a UV
diode array detector and a 4.6x150 mm C18 analytical column (Agilent Technologies,
Wilmington, DE). The HPLC was operated under isocratic conditions using a mobile
phase consisting of 28% acetonitrile and 72% 10 mM ammonium acetate buffer adjusted
to pH 7.0 at a flow rate of 0.4 ml/min, as modified from previous methods [30,31]. The
retention times for SRFA and microcystin-LR were 2.5 and 6.4 min, respectively,
indicating good peak separation. The standard calibration curves for microcystin-LR and

SRFA showed a strong linear relationship between the peak area and concentration.

5.4 Results and discussion
5.4.1. Effect of maghemite concentration

The adsorption capacity of maghemite nanoparticles for microcystin-LR was
initially measured at pH 4.4, with 0.3 g/L or 2.3 g/L of maghemite and varying
microcystin-LR concentration (0.1-2.5 mg/L). Figure 5.3 shows the percent adsorption
of microcystin-LR as a function of initial microcystin concentration at two different
maghemite concentrations. Microcystin-LR was effectively removed from the aqueous
solution using iron oxide nanoparticles. The percent adsorption decreased almost linearly
with increasing initial concentration of microcystin-LR, from 0.1 mg/L to 2.5 mg/L, as
the number of available sorption sites became saturated with the toxins. Higher

maghemite concentration (i.e., solid-liquid ratio) resulted in greater removal of
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microcystin-LR, probably due to the increased surface area available for adsorption. For
example, the adsorption of microcystin-LR at the initial concentration of 100 ug/L was
found to be 73 % and 94 % using 0.3 and 2.3 g/L of maghemite, respectively. The
maximum adsorption capacities for 0.3 and 2.3 g/L of maghemite were 0.014 and 0.005

pmol/m?, indicating greater sorption density at a lower solid-liquid ratio.

5.4.2 Effect of pH

Figure 5.4 shows the adsorption isotherms of microcystin-LR on maghemite at pH
44 and 6.4. The sorption isotherms were nonlinear over the range of microcystin
concentrations tested. In both cases, the slope of the isotherm was relatively steep at low
microcystin concentrations (below 0.25 mg/L) and approached a plateau at higher
concentrations. This experimental data was fitted using a Langmuir adsorption isotherm
model, which can be described as ¢ = ¢u,.KC/(I+KC), where g is the amount of
microcystin adsorbed per unit surface area at equilibrium (mg/m?), gy is the maximum
amount of microcystin that may be adsorbed (mg/m?), K is a Langmuir constant (L/mg),
and C is the microcystin concentration in the aqueous solution at equilibrium (mg/L).
Table 1 shows Langmuir model isotherm parameters for each pH value.

As can be seen in Figure 5.4, microcystin-LR sorption behavior was influenced by
solution pH. Greater adsorption of microcystin-LR was observed at pH 4.4 compared to
pH 6.4. As shown in Table 1, the maximum adsorption capacity (qmax) at pH 4.4 was
approximately four times greater than at pH 6.4. The K value was also greater at pH 4.4.
The K value is related to the adsorption affinity, indicating that the lower the solution pH,

the higher the affinity between microcystin-LR and maghemite.
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Additional experiments examined microcystin-LR adsorption over the pH range
2-9 for two different microcystin concentrations of 0.05 mg/L and 0.5 mg/L. All
experiments were performed with 0.3 g/ maghemite suspensions using 0.01 M NacCl as
a background electrolyte. Figure 5.5 shows the adsorption of microcystin-LR onto nano-
sized maghemite as a function of final pH in terms of adsorbed amount (Figure 5.5a) and
percent adsorption (Figure 5.5b). As shown, microcystin adsorption was strongly pH
dependent for both concentrations. The adsorption behavior of microcystin-LR was
similar to that observed for other anionic sorbates interacting with oxide surfaces, namely
a maximum sorption at low pH and decreasing sorption as pH increased [32].

The surface charge of both microcystin-LR and maghemite changes as a function
of pH, which plays a significant role in adsorption of microcystin-LR onto maghemite.
The charge of maghemite can more strongly influence the adsorption since microcystin-
LR is negatively charged (—1) at most pH values (3 < pH < 12) (see Figure 5.2b). As
shown in Figure 5.2a, maghemite surfaces exhibited a strongly positive charge at lower
pH. A strong electrostatic attraction occurred between the highly positively charged
maghemite surface and the negatively charged microcystin-LR at this low pH. As the pH
increased, the number of available adsorption sites decreased due to deprotonation of the
surface hydroxyl groups, leading to a decrease in the surface charge of maghemite. The
decreasing electrostatic attraction between microcystin-LR and maghemite resulted in the
decrease in microcystin adsorption on maghemite with increasing pH values. Little
adsorption was observed for pH values close to or greater than the measured isoelectric
point of maghemite (=<7.9) where electrostatic interactions are unfavorable for the
adsorption of microcystin-LR on maghemite with neutral or negative charge.
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Adsorption at pH 2.9 was slightly higher than at pH 2.3, as shown in Figure 5.5.
The maximum adsorption observed around pH 3 was likely related to the surface charge
of microcystin-LR. Microcystin-LR contains two ionizable carboxyl groups on glutamic
acid and methylaspartic acid, and one ionizable amino group on arginine (see Figure 5.1).
The pK, values of the carboxyl in methylaspartic acid and glutamic acid and the amino
group in arginine are 2.09, 2.19, and 12.48, respectively [33]. The different species of
microcystin-LR as a function of pH are shown in Figure 5.2b. The charge of
microcystin-LR is positive at pH<2.09 (i.e., all functional groups are protonated,
R—(COOH),NH;"), neutral at a narrow pH range between 2.09 and 2.19 due to loss of a
proton from the carboxyl group in methylaspartic acid (R—(COO )(COOH)NH,"), and
negative at pH>2.19 due to deprotonation of two carboxylic groups (R—(COO ),NH,").
At pH 2.9, near 90% of microcystin-LR was in anionic form with -1 charge, while only
50% was ionized at pH 2.3. Thus, the maximum adsorption observed around pH 3 was
consistent with the known, surface charge behavior of maghemite and microcystin-LR.

The results above suggest that electrostatic interactions are important in
controlling the adsorption of microcystin-LR onto iron oxide nanoparticles. Microcystin-
LR sorption to iron oxide is also potentially influenced by specific chemical interactions
between the carboxylic functional groups of the toxin and surface hydroxyl groups, such
as ligand exchange or hydrogen bonding. A number of studies on the adsorption of NOM
onto metal oxides have addressed that ligand exchange between surface hydroxyl groups
and organic functional groups, especially carboxyl groups, is an important adsorption
mechanism, and resulted in an increase in adsorption with decreasing pH.
[17,18,19,34,35,36]. Yoon et al. [37] observed, based on ATR-FTIR analysis, SRFA was
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predominantly adsorbed on aluminum oxyhydroxide surfaces in an outer-sphere
complexation mode (electrostatic and hydrogen bonding) while inner-sphere complexes
by ligand exchange were formed at low pH. Oliva et al. [38] suggested that the
adsorption of protein (human serum albumin) onto TiO, particles occurred through ligand
exchange, hydrogen bonding, as well as electrostatic interactions.

Hydrophobic interactions may play a minor role in microcystin adsorption on iron
oxide nanoparticles since microcystin-LR contains an aromatic ring in the ADDA residue
and seven peptides exhibiting hydrophobic properties in aqueous media [39]. According
to Evanko and Dzombak [32], hydrophobic interactions can be an important mechanism
in sorption of aromatic organic acids, such as humic substances, onto iron oxide surfaces.
Gert-Jan de Maagd et al. [33] observed that the octanol-water distribution ratio (Doy) of
microcystin-LR decreased with increasing pH. When the pH is higher, two carboxyl
groups are deprotonated around pH 2—3, causing an increase in microcystin water
solubility. This greater solubility, or reduced hydrophobicity, may lead to a decrease in
the affinity of microcystin-LR for the iron oxides, as well as other adsorbed microcystin
molecules. Liu et al. [27] speculated that the increase in microcystin-LR adsorption on
suspended particulate matter with decreasing pH probably resulted from the pH-
dependent hydrophobicity of the toxin. Pendleton et al. [39] reported that an increase in
microcystin-LR affinity for activated carbon at low pH was due to the decreased water

solubility of the toxin.
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5.4.3 Effect of ionic strength

The effect of ionic strength on microcystin-LR adsorption to iron oxide
nanoparticles was studied with background electrolyte (NaCl) concentrations ranging
from 0.001 M to 1 M. Figure 5.6 shows the percent adsorption of microcystin-LR onto
maghemite at pH 3.9 and 6.4 as a function of NaCl concentration. As can be seen, little
change in microcystin adsorption with NaCl concentration was observed at pH 3.9, while
adsorption of microcystin-LR at pH 6.4 slightly increased as the NaCl concentration
increased from 0.001 to 1 M.

The change in microcystin adsorption with NaCl concentration is consistent with
the electrostatic and hydrophobic interactions discussed above. For example, at low pH
the screening of both attractive and repulsive electrostatic interactions resulted in little
change in microcystin-LR with increasing NaCl. At the high pH of 6.4, however, an
increase in NaCl appears to screen the electrostatic repulsions between adsorbed
microcystin-LR molecules, allowing for greater adsorption. Compared to the absence of
NaCl, the amount of microcystin-LR adsorption increased by 175.4 % at pH 6.4. This is
consistent with the adsorption behavior of other large molecules on iron oxides. An
increase in adsorption of natural organic matter with increasing ionic strength on
goethite, hematite, and aluminum oxides was observed in many previous studies
[19,21,40,41]. For example, adsorption of humic substances (HS) was enhanced with
increasing NaCl concentrations since salt ions screened the electrostatic repulsion

between the adsorbed HS molecules [19,21].
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5.4.4 NOM effects on microcystin adsorption to iron oxides

Natural organic matter (NOM) is ubiquitous in aquatic systems and is strongly
associated with metal (oxy)hydroxide minerals (e.g, aluminum and iron oxide)
[19,21,37,40,41]. The presence of NOM can affect the performance of iron oxide
adsorption for other target compounds by competing for adsorption sites [42], enhancing
the solubility of the compounds binding to NOM [43], and changing physicochemical
properties of mineral surfaces [37]. Here, we examined how microcystin-LR interacts
with iron oxide nanoparticles in the presence of NOM using Suwannee River fulvic acid
(SRFA) as a representative NOM compound.

Figure 5.7 shows the adsorption isotherm of SRFA for 0.3 g/L of maghemite at
two pH values (4.4 and 6.4) in 0.01 M NaCl. The adsorption isotherms showed an initial
high affinity character at low SRFA concentration and continued to increase with
increasing SRFA concentration. Compared with microcystin-LR (Figure 5.4), SRFA
exhibited higher adsorption affinity and capacity for maghemite than microcystin-LR.

Figure 5.8a shows microcystin-LR sorption to iron oxide particles in the presence
of various concentrations of SRFA. At SRFA concentrations greater than 2.5 mg/L, the
amount of microcystin-LR adsorption decreased with increasing SRFA concentration.
Previous research reported that the larger size, more hydrophobic, and more aromatic
fractions of NOM were competitively adsorbed on iron oxides or displaced smaller sized
hydrophilic NOM fractions that had been previously adsorbed, due to their higher
adsorption affinity [21,37,42,44,45]. For example, Vermeer and Koopal [20] studied
adsorption kinetics and competition for a mixture of purified Aldrich humic acid (PAHA)
and Laurentian fulvic acid (LFA). They found the large PAHA molecules were adsorbed
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more strongly and displaced small LFA molecules from hematite surfaces. Following the
same logic, it is expected that SRFA preferentially adsorbed on maghemite surfaces over
microcystin-LR in the mixed system, due to its higher affinity for the maghemite surface.

At SRFA concentrations below 2.5 mg/L, adsorption of microcystin-LR increased
slightly with increasing SRFA concentration. Perhaps at these low SRFA concentrations,
the majority of binding sites were still available for microcystin-LR adsorption, even
though microcystin-LR is less competitive than SRFA. Moreover, as the maghemite had
at least a partial surface coating of hydrophobic SRFA, microcystin-LR can be further
adsorbed though enhanced hydrophobic interactions.

Changes in adsorption of microcystin-LR in the presence of SRFA were
examined over the pH range of 2 to 10. As shown in Figure 5.8b, microcystin-LR
adsorption for each pH was little affected by 1 mg/L of SRFA, but reduced in the
presence of 10 mg/L of SRFA. This observation is similar to and consistent with the
previous studies on competitive adsorption. Gu et al. [42] found that adsorption of
phthalic acid increased with increasing total concentrations of phthalic acid and
polyacrylic acid (PAA) until surface adsorption sites became saturated, although PAA
was more competitively adsorbed than phthalic acid. A further increase in total
concentration led to decreased adsorption of phthalic acid due to limited sites available to
phthalic acid with lower affinity. De Laat and van den Heuvel [46] also observed that
both polyvinylalcohol (PVA) and a polyacrylic acid (PAA) were adsorbed from mixtures
as long as the amount of more competitive PAA was not enough to reach adsorption
saturation, but no adsorption of PVA occurred if excess amounts of PAA were added to
the mixtures.
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5.4 Conclusions

In this study, we used iron oxide nanoparticles (y-Fe,Os3) to investigate the
adsorption of the hepatotoxin microcystin-LR from aqueous solution. Electrostatic
interactions played an important role in controlling microcystin adsorption. The
adsorption of microcystin-LR decreased with increasing pH, likely due to a decrease in
the surface charges of maghemite and subsequently, reduced electrostatic attraction.
Changes in hydrophobicity of microcystin-LR as a function of pH may also contribute to
the pH-dependent adsorption behavior. The ionic strength also affected microcystin
adsorption by screening electrostatic interactions. Microcystin-LR adsorption was
strongly influenced by the presence of NOM. Sorption of microcystin-LR decreased with
increasing SRFA concentration higher than 2.5 mg/L due to competition between SRFA

and microcystin-LR for surface sites.
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Table 5.1 Langmuir model isotherm parameters for microcystin-LR adsorption on
maghemite at pH 4.4 and 6.4

pH Jmax (mg/mz) K (L/mg) R>"
44+0.1 0.0142 2.96 0.989
6.4+0.1 0.0034 2.18 0.995

" The correlation coefficient R? describes the goodness of fit to the linearized Langmuir
model by Sigma Plot.
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Figure 5.1 Molecular structure of microcystin-LR (after Sielaff et al. [47])
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Summary and Conclusions

In this dissertation, an investigation of adsorption by activated carbon or iron
oxide nanoparticle, as well as membrane filtration, was conducted for the effective
treatment of source water contaminated with harmful cyanotoxins. The major

observations from this research are given below.

Objective 1. Investigate the application of ultrafiltration for the rejection of
microcystin-LR and elucidate the rejection mechanisms (Chapter 4).

Microcystin-LR rejection by ultrafiltration (UF) membranes was investigated in
Chapter 4. Membrane properties (e.g., material and pore size) strongly influenced the
extent of adsorption, and subsequently microcystin removal. The main rejection
mechanism of microcystin-LR by UF membranes at early stages of filtration was
adsorption, presumably due to hydrophobic interactions or hydrogen bonding. However,

the sorption of microcystin-LR to the membranes was reversible due to the low activation
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energy of the hydrophobic interactions. In addition to hydrophobicity, membrane
morphology may also influence the extent of microcystin adsorption. Once adsorption
reached equilibrium, size exclusion was a dominant mechanism in controlling rejection,
especially for tight TF membranes, with similar pore sizes to the molecular weight of
microcystin-LR. An increase in water recovery and/or operating pressure led to an
increase in the adsorption of microcystin-LR and a decrease in size exclusion, which was

attributable to the increased permeate flux.

Objective 2. Determine the optimum operational condition of PAC-UF system for the
effective removal of microcystin-LR from drinking water (Chapter 3).

The removal efficiency of the PAC-UF system proposed in Chapter 3 was greater
than that of either individual membrane filtration or activated carbon binding alone. Of
two types of activated carbon (e.g., wood-based carbon, coconut-based carbon) tested,
wood-based activated carbon was more effective at removing microcystin than coconut-
based carbon. In addition, of the two ultrafiltration membranes tested, the membrane
composed of more hydrophobic polyethersulfone was found to attach microcystins on its
surfaces and hence had better removal of microcystins than the hydrophilic cellulose
acetate membrane. The removal of microcystin-LR by the PAC-UF system as a function
of time followed a similar trend as PAC adsorption alone, which suggests that PAC
adsorption was the dominant removal mechanism during the PAC-UF process. When we
increased the amount of activated carbon to 5 mg/L, PAC-UF systems using either

membrane removed nearly all of the microcystin toxin (above 95%) from the water and
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microcystin concentrations less than the WHO guideline were detected in the treated

water.

Objective 3. Investigate how natural organic matter (NOM) influences the removal of
microcystin-LR by ultrafiltration or PAC-UF (Chapter 3)

The effect of organic matter existing in natural waters on the removal of
microcystin-LR by ultrafiltration alone or PAC-UF was examined. From the study using
Suwannee river fulvic acid (SRFA) in Chapter 3, it was found that the presence of SRFA
in the water negatively affected either UF or PAC-UF process performances. When
SRFA and microcystin-LR were added to the feed tank simultaneously during UF stand-
alone process, the removal of microcystin-LR was not reduced for either the CA or PES
membranes. For the sequential addition, on the other hand, the association of SRFA with
the PES membranes resulted in a decline of permeate flux due to blocking membrane
pores as well as a decrease in removal of microcystin-LR due to fewer available
adsorption sites in the membrane pores and external surfaces for microcystin-LR. The
presence of SRFA inhibited microcystin binding to activated carbon, thus reducing
removal of microcystin-LR by a PAC-UF system. Similar trends were observed when
either Suwannee River humic acid (SRHA) or Lake Erie water was used. This result
suggests that the level of NOMs in the water must be monitored, if the level is high,
additional activated carbon must be added to the treatment process to maintain optimum

removal of cyanotoxins.
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Objective 4. Examine the interaction between microcystin-LR and iron oxide
nanoparticles to determine the applicability of metal oxide adsorption as an efficient
removal technology (Chapter 5).

The application of iron oxide (maghemite) nanoparticles for the removal of
microcystin-LR was investigated under various conditions in Chapter 5. The results from
this chapter elucidated the adsorption mechanisms and important factors influencing the
adsorption of microcystin-LR by nano-scale maghemite. The dominant mechanism of
microcystin-LR adsorption onto maghemite was electrostatic interactions, although
hydrophobic interactions may also play a role. The adsorption decreased with increasing
pH, which was primarily attributable to a decrease in the positive surface charge of
maghemite. An increase in ionic strength (NaCl concentration) led to increased
microcystin adsorption onto maghemite at pH 6.4, due to the screening effect by salt ions.
SRFA exhibited higher adsorption affinity and capacity for the iron oxides than
microcystin-LR.  Adsorption of microcystin-LR decreased with increasing SRFA
concentration ( > 2.5 ppm) due to the preferential adsorption of SRFA and limited sites

available to microcystin-LR with a lower affinity.

6.2 Recommendations for Future Research

Results of this research suggest that advanced treatment technologies, such as
adsorption process using activated carbon or metal oxide nanoparticles and membrane
filtration (either stand-alone or combination with adsorbents), could effectively treat the

source water contaminated with cyanotoxins. However, further investigations are needed
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to address the following aspects before the application of these technologies to drinking
water treatment facilities.

(1) In this research, only one individual compound of microcystin-LR was used
for each treatment process. During cyanobacterial blooms, however, cyanotoxins exist as
mixtures with other cyanotoxins rather than as a single compound. Therefore, it would
be interesting to examine the removal of other cyanotoxins such as anatoxin-a,
cylindrospermopsin, and other microcystin congeners, by both adsorption and membrane
filtration processes. Further studies on the competition between microcystin-LR and
other cyanobacteria toxins would be also valuable. It is expected that the properties of
cyanotoxins such as molecular weight and hydrophobicity would provide an indication
for the potential for the toxin removal.

(2) One of most important results from this research was a significant influence of
NOM on process performance during either adsorption (PAC, maghemite nanoparticle)
or membrane filtration processes. It was suggested that the concentration and
composition of NOMs would be key factors affecting microcystin removal by these
advanced processes. Further studies are still required such as the information relating the
concentration, composition and molecular weight distribution of NOMs to microcystin
removal to provide reliable prediction for system performance.

(3) It would be necessary to investigate the influence of traditional treatment
processes such as coagulation and softening on microcystin removal during the advanced
processes proposed in this research. Coagulation and lime-soda softening are widely
practiced in the water utilities for reducing levels of organic matter and hardness,
respectively. These processes might be used as a pre-treatment prior to PAC-UF. Thus,

134



the effect of these pre-treatment processes on microcystin removal during PAC-UF
should be examined to ensure successful incorporation of this advanced process into
current water treatment facilities. Moreover, it would be interesting to assess the
feasibility of iron oxide nanoparticles as a coagulant aid and optimize the operating
conditions. The concentration of iron oxide nanoparticles can be reduced if they are used
to aid other coagulants.

(4) As suggested in Chapter 5, metal oxide nanoparticles could be used as an
effective adsorbent to remove microcystins from drinking water. In this research,
however, only one type of metal oxides (maghemite) was used to evaluate this process
effectiveness. Thus, it would be required to examine the adsorption of microcystins onto
other metal oxide nanoparticles, such as magnetite, hematite, and aluminum/titanium
oxides, under various conditions, and determine the most effective process configurations.
It is expected that the properties of metal oxides (e.g., surface charge, particle size) would
significantly influence the microcystin removal. Comparison with the adsorption
efficiency of either nano-scale clay minerals or carbonaceous materials (PAC or carbon

nanotube) would be also interesting.
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