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ABSTRACT

An autopsy of hollow fiber (HF) PVDF membrane samples at different ages from a full-scale
drinking water treatment was performed to investigate the membrane aging impact on membrane
structures and properties. Scanning electron microscopic images indicated the fouling occurred
on membrane surface; diameter of membrane lumen and pore size decreased with an increase in
membrane aging. Membrane aging decreased membrane porosity and breaking strength. Clean
water test showed the membrane permeability decreased within aging. Contact angle values
decreased with an increase in membrane age, and hypochlorite cleaning resulted in a more
hydrophilic membrane surface. Chemical cleaning could partially restore membrane permeability
and porosity but negatively impact the breaking strength. Organic foulants dominated in

membrane fouling.

Natural organic matter (NOM) in all surface and groundwater can be problematic during the
drinking water treatment and vary spatially and temporally. It can be quantitatively expressed as
the concentration of dissolved organic carbon (DOC). By characterizing bulk NOM in feed
samples between 30/11/2016 and 29/03/2017, the peak NOM content in raw water occurred on
December 7, 2016, and reduced afterward in March 2017 over the sampling period. By
separating the NOM using XAD resins into hydrophobic, hydrophilic, transphilic fractions,
NOM type of most raw water, membrane permeates, and concentrates is dominated by the
hydrophilic fraction (HPI). The DOC concentrations in water samples in Nov and Dec 2016 were
generally higher than that from March 2017. NOM removal in this treatment plant seemed to be

inefficient.
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ABBREVIATIONS AND NOTATION

AFM Atomic force microscopy

ATR-FTIR Attenuated total reflectance-Fourier transform infrared spectroscopy
BSA Bovine serum albumin

DBP Disinfection by-product

DOC Dissolved organic carbon

DOM Dissolved organic matter

ED Electrodialysis

EDS Energy dispersive X-ray spectroscopy

FA Fulvic acids

GAC Granular activated carbon

MF Microfiltration

MWOC Molecular weight cut off

NF Nanofiltration

HA Humic acids

HAAs Haloacetic acids

HANs Haloacetonitriles

HF Hollow fibers

HPI Hydrophilic

HPLC High-performance liquid chromatography
HPO Hydrophobic

HPSEC High-performance size exclusion chromatography
M mol/L
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Chapter 1. Introduction

1.1 Background

Despite the world spread utilization of ultrafiltration membranes, inevitable membrane fouling
and membrane aging threaten the drinking water production industry. Membrane fouling is
somehow well-understood recently. Researchers investigated the fouling mechanisms and
behavior in relation to membrane surface and types. Using multiple cleaning procedures to
control fouling are still recommended in the first place in lab studies and field operations
especially to maintain long-term membrane performance. The produced water quality and
economic cost must reach a balance in the real applications. During the operation time, the
membrane structure is going to change, due to changes in operating and environmental
conditions and chemical cleaning. Researchers simply defined it as membrane aging (Regula et
al. 2014; Robinson et al. 2016). Apart from the operational factors to the membrane aging,
seasonal changes in temperature and water quality in cold regions, like the City of Thunder Bay,
cannot be ignored for its geographic location. Membrane samples within longer service time tend
to experience a distinct variation in feed water temperature. Plus, the fluctuation in the feed

water characteristics has some impacts on the drinking water production.

Natural organic matter (NOM) is a mixture of organic compounds occurs universally in waters
(Goslan 2003). It could cause problems such as increasing coagulant demands and forming

disinfection by-products although itself is harmless (Piper 2010).

Therefore, the objectives of this study were to: 1.) characterize the impact of membrane aging on
membrane structure by collecting membrane samples from a full-scale membrane drinking water
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treatment plant; 2.) fractionate and characterize NOM of raw water, membrane permeate and

concentrates in relation to seasonal changes.

1.2 Thesis plan

This thesis is composed of five chapters. The research background and study objectives are
presented in this chapter. In the following Chapter 2, a comprehensive literature review will be
presented. Chapter 3 to 4 will present assessments of membrane aging problems and NOM
characterization. Finally, Chapter 5 will summarize the results and provide suggestions for

further work.
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Chapter 2. Literature Review

2.1 State-of-art in the membrane aging for drinking water treatment

2.1.1 Introduction

Membrane performance deterioration has been a ubiquitous topic since it plays a crucial role in
the potable water treatment. Membrane systems stand out for universal treatment capabilities,
competitive costs, consistent produced water quality and small footprint (Farahbakhsh and Smith
2006). Four widely used membrane filtration applications are microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF) and reverse osmosis (RO). Fig. 2.1 shows the membrane filtration

applications in the water treatment industry based on different water sources.

Water treatment
!
| |
Water source Surface water Wastewater Seawater Groundwater
| | | |
Membrane type MEF/UF MF/UF +RO MF/UF +RO NF /RO
v ¥ v ¥
. Removes solids Removes solids Removes solids Removes salts,
Function . .
and pathogens and pathogens and pathogens divalent ions, and
+ + organics
Removal of salts Removal of salts,
and divalent ions  divalent ions, and
organics

Fig. 2.1 Typical membrane filtration applications in the water treatment industry (adapted from

Tng et al. 2015).

A membrane is a barrier to the flow of suspended, colloidal, or dissolved species in any solvent
(Duranceau et al. 2011). UF instead of MF removes viruses. Their pore sizes range from 0.1 to

10.00 pm (MF) and 0.001 to 0.1 um (UF). Both MF and UF require a relatively low applied



pressure at 0.7-1.7 atm (MF) and 1.7-10.2 atm (UF) (Chen et al. 2011), respectively. Hence, they
are known as low-pressure membranes. NF membrane is ideal for divalent cations, constitutes
within molecular weight above 1000, and disinfection by-product (DBP) precursors removal
which improves the efficiency of disinfection processes (Chen et al. 2011). RO membrane is a
pressure-driven membrane process for dissolved substances removal such as inorganic salts and
charged organics (Duranceau et al. 2011). Its exceptional ability to concentrate dilute solutions
for salts and chemicals recovery could result in the higher potential of fouling (Chen et al. 2011).
Among them, UF and MF are the most cost-effective processes for removing large particles, and
it is reported that about 50% of the plants have used UF in surface water treatments (Chen et al.
2011). Its satisfied virus retention and high selectivity have made it the most commonly used

technology in worldwide for drinking water production.

Membrane materials can influence the membrane characteristics, for example, membrane
selectivity, permeability, mechanical stability, chemical resistance, and thermal stability
(Rautenbach and Albrecht 1989). The membrane can be made of organic (polymeric) or
inorganic (ceramic or metallic) materials based on the composition (Chen et al. 2011). 80-90% of
the membranes installed are polymeric membranes because their prices are far below those of
mineral membranes (Regula et al. 2014). Polyvinylidene fluoride (PVDF) hollow fiber
membranes have been attracted the most attention, due to its high mechanical strength, flexibility,
thermal stability, chemical resistance and good processability among the industrial-scale
membrane process applications (Khaye et al. 2002; Wang et al. 2010; Kang and Cao 2014). But
they are highly hydrophobic, which tends to experience more severe fouling in the water

treatment than hydrophilic materials as many foulants in raw water are hydrophobic (Hilal et al.



2005; Pezeshk and Narbaitz 2012; Robinson et al. 2016). Hydrophilic materials are added to
those membranes to enhance the filtration performance (Hilal et al. 2005; Mu et al. 2010;
Pezeshk et al. 2011). Still, within the “service time’, retained contaminants from feed solution
can adsorb at and/or in the membrane despite the above modifications. Membrane aging is long-
term changes in membrane structure during water production. More specifically, it is the
deterioration of the surface layer and sublayers of composite membranes due to irreversible
deposition of foulants or by frequent exposure to chemical cleaning agents (Antony et al. 2010;
Benavente and Véazquez 2004). Applying routine cleanings including physical or hydraulic
cleaning and chemical cleaning to maintain long-term performance has become the standard
operating protocol. Chemical cleaning agents such as sodium hypochlorite (most commonly used
in cleaning) could exacerbate membrane aging (Gaudichet-Maurin and Thominette 2006).
Membrane aging could trigger the membrane failure to reach the end of its lifespan resulting in
an undesirable economic loss (Prulho et al. 2013). From the manufacturers’ and water treatment
plants’ point of view, the paramount operating objective is to avoid any failure causing
compromised water quality and reduced capacity or productivity of membrane modules.

Therefore, assessing PVDF membrane aging is worth to be discussed.

2.1.2 Membrane characterization

Because membrane aging also presents as changes in its characteristics over long-term use,
combined multiple techniques are applied intensively in membrane characterization (Robinson et

al. 2016). Fig. 2.2 shows the assessment tools based on five membrane characteristics.



Membrane aging assessment
tools & techniques

-

Fig 2.2 Membrane aging assessment tools and techniques (adapted from Tng et al. 2015).

2.1.2.1 Filtration characteristics

Filtration Surface Mechanical Morphological
characteristics characteristics characteristics characteristics
Membrane flux Contact angle Membrane Morphological
measurement measurement || mechanical microscopy (SEM)
properties
Solute rejection Streaming Thermogravimetric
&MWCO potential | analysis

In general, lab-scale, bench-scale and full-scale aging studies using pure water during the

filtration test. Membrane permeability and resistance are direct measurements of the membrane

flux. Pure water permeability test is usually performed at the very beginning of a virgin or fouled

membrane and then after a cleaning cycle. If the flux restored greater than the initial flux, the

membrane considered having undergone degradation (Yadav and Morison 2010). Resistance is a

membrane’s impedance to fluid flow which indicates the intrinsic membrane resistance under the

clean water test (Robinson et al. 2016). The value of the intrinsic resistance can be determined

either by parameters of filtration test or the physical features of a membrane (Eq. (2.1); Eq. (2.2))

(Crittenden et al. 2005):

_AP
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__ 81LA
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Eq. (2.1)

Eq. (2.2)



Where AP is operating transmembrane pressure; W is the fluid viscosity; J is the permeate flux; t
is the tortuosity correction factor; L is the membrane pore length; A is the membrane area; n is

the number of pores and r is the pore radius.

Lab-scale studies reported that membrane pore size increased positively with the membrane age
because the chain scission was removed during cleaning, which “opens” the pore structure
leading to higher permeability (Jung et al. 2004; Arkhangelsky et al. 2007; Do et al. 2012a;
Pellegrin et al. 2013). Yet some research showed the opposite. They observed a decreasing
permeability trend with membrane aging and attributed the results to the disintegration of the
membrane surface or degradation in membrane surface chemistry resulting in pore collapse
(Arkhangelsky et al. 2008; Do et al. 2012b; Liang et al. 2013; da Costa et al. 2015). It is more
interesting to figure out that the operational data in full-scale membrane systems gave another
story. They witnessed the increase in membrane resistance within membrane aging (He et al.
2014). They suggested irreversible fouling were severe. Raw water characteristics and cleaning
agent exposure also had advert impact (Causserand et al. 2008; Wang et al. 2010; Hajibabania et

al. 2012).

Solute rejection is designed to probe membrane rejection capacities which associate with the
pore size (Abdullah and Bérubé 2013). In many studies, this often performed on membranes
before and after chemical cleaning to see if cleaning agents’ impact on membrane physical
characteristics. A range of molecular weight markers or molecules with known molecular
weights (i.e., PEG, dextrans) as in the feed solution, the fractional rejection of them is to

determine pore size or molecular weight cut-off for the membranes based on membrane



selectivity (Jung et al. 2004; Arkhangelsky et al. 2007). Increased pore size would see a decrease
in rejection. Arkhangelsky (et al. 2007) using known MWCO eight polyethylene glycol
molecules and three polyethylene oxide polymers performed rejection tests on the pristine and
chlorine-treated membrane at a constant pressure. They found a significant increase in polymer
retention after chemical cleaning, and after a specific molecular weight, polymer rejection
reached 100% for the chlorine-treated membrane. This tendency was consistent with Qin et al.
(2005) and Wienk et al. (1995). Thus, they agreed that a considerable narrowing of membrane

pores and tight pore size distribution occurred after the hypochlorite treatment.

2.1.2.2 Surface characteristics

Membrane hydrophilicity and surface charge reveal membrane fouling. Surface properties are
thought to alter after multiple cleaning cycles of frequent exposure to harsh chemicals (Tng et al.
2015). Contact angle measurements via sessile drop technique are widely used to quantify
membrane hydrophobicity (Cho et al. 1998). The angle obtained determines the nature of a
membrane surface. A high contact angle means higher membrane hydrophobicity, while a lower
angle indicates a more hydrophilic surface. In the study of Abdullah and Bérubé (2013), to
investigate the sodium hypochlorite exposure on changes in the physical/chemical characteristics
of blended PVDF hollow-fiber membranes, they were using a virgin commercial membrane with
hydrophilic additives. Results showed a considerably increased contact angle after chemical
cleaning. These results are attributed to the removal of hydrophilic additives by sodium
hypochlorite, which is agreed with Zhao et al. (2008); Mu et al. (2010) and Puspitasari et al.
(2010). In another typical study from Levitsky et al. (2011), they focused on understanding
sodium hypochlorite changes in membrane hydrophilicity. They artificially fouled clean PVDF
membranes with bovine serum albumin (protein) solution followed by scheduled sodium
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hypochlorite (NaClO) cleaning at different concentrations to compare the contact angles of
virgin and cleaned membrane. Results were more complex. At low NaOCl concentrations, PVDF
membranes became more hydrophilic, and surface charge increased due to the gradual
elimination of the surface preservation residues (Flosch et al. 1992; Momtaz et al. 2005;
Arkhangelsky et al. 2008). In the later stage, with the higher concentration, the complete removal
of the residues resulted in increased contact angle values (Neumann and Good 1972). However,
Richard and Doneva (2000), Hajibabania et al. (2012) discussed the limitation of sessile drop for
measuring contact angle. They pointed out the membrane roughness and pore size could affect
the contact angle test. Larger pore size and rougher surface can be responsible for the changes in

contact angle values (Richard and Doneva 2000).

Streaming potential measurement can be used to quantify surface charge. Shao and Zydney
described the general procedure in 2004. The method summarized as a fluid passing over the
membrane at different pressures, the voltage difference or streaming potential measured as a
function of the pressure driving force; zeta potential has a linear relationship with steaming
potential (Tella et al. 2014). The membrane’s surface charge increases with chlorine exposure

(Kwon and Leckie 2006; Arkhangelsky et al. 2007; Tella et al. 2014).

2.1.2.3 Chemical and structural characteristics

Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) is widely used
to assess the membrane’s chemical and structural properties. This surface technique could easily
and rapidly identify the presence of specific functional groups, and shifts in transmission peaks
would indicate the alteration in the membrane chemical structure (Tng et al. 2015). Like in the
study of Abdullah and Bérubé (2013) mentioned before, by the reduction in the size of the

10



dominant peak, they proved the additives in PVDF membranes are degraded to sodium
hypochlorite exposure. In another study of Puspitasari et al. (2010), they found the carbonyl-peak
disappeared during the cycled hypochlorite cleaning and aging with NaOCI, respectively. The
carbonyl group (C=0) has been found to increase membrane hydrophilicity when added to
PVDF membranes (Kang et al. 2003; Marchese et al. 2003). Similar results were reported by
Wang et al. (2010); Hajibabania et al. (2012) and He et al. (2014). Moreover, Wang et al. (2010)
also mentioned if the sodium hypochlorite cleaning cannot completely remove the foulants, the
residues would weaken the infrared absorption of the membrane. Overall, it is a qualitative
measurement of change when comparing the results from the virgin and aged membranes or
post-NaOCl cleaning. This would provide whether the membrane was missing certain functional

groups.

X-ray photoelectron spectroscopy (XPS) can be quantitatively measured the elemental
composition and chemical binding of the membrane surface (Tng et al. 2015). This technique can
detect C, F, O, N, S atoms that are common in PVDF membrane materials (Robinson et al. 2016).
Because alteration of functional groups causes changes in the elemental character of surface
layers, this technique is always associated with ATR-FTIR; they are complementary to one

another (Puspitasari et al. 2010; Teella et al. 2014).

2.1.2.4 Mechanical characteristics

Mechanical properties of the membrane such as ultimate elongation, tensile strength, yield
strength and elasticity can evaluate the aging in membrane physical characteristics (Robinson et

al. 2016). Additionally, the estimation of membrane lifetime could be done by examining the
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mechanical properties of the membrane after its contact with chemicals (Arkhangelsky et al.

2007).

The ultimate elongation is the tensile strain at break. Membranes exposed to NaOCl showed a
significant decrease in ultimate elongation (Hajibabania et al. 2012; Rabuni et al. 2015). The
ultimate tensile strength is the stress (force per unit cross-sectional area) that the material can
handle before fractured. Arkhangelsky et al. (2007), Wang et al. (2010) and Hajibabania et al.
(2012) reported a sharp decrease after exposing to NaOCIl in tensile strength. These two
decreasing trends were attributed to the rearrangement of the molecular structures in the
polymeric chains during membrane aging (Hajibabania et al. 2012). Yield strength is the stress at
which the material begins to deform permanently. Abdullah and Bérubé (2013), in their
assessment of effects of sodium hypochlorite exposure on the characteristics of PVDF based
membranes, observed a reduction in the yield strength after exposure. Combined with Scanning
Electron Microscopy (SEM) images, they suggested the increase in porosity leading to a
reduction in membrane cross-sectional area, thereby affecting the yield strength. Young's
modulus, also called the elastic modulus, has a linear relationship with the collapse pressure of
thin-walled hollow fiber membranes, which are required to withstand high transmembrane
pressure (TMP) without collapsing (Arkhangelsky et al. 2007). It is believed to decrease with
membrane aging which demonstrates a decreased membrane rigidity because of the chain

breaking of polymer materials treated with NaClO (Arkhangelsky et al. 2007).

PVFD membrane aging experienced a decrease in its mechanical properties. It is related to the

chain scission or cross-linking by a dehydrofluorination reaction (Hashim et al. 2011). The
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breaking of polymeric functional groups by contact with cleaning chemicals inducing a gradual
deformation of the membrane structure and declination in mechanical strength will lead to the

potential membrane embrittlement (Lovinger 1982).

Thermogravimetric analysis (TGA) is to weight the material while being gradually heated (Lobo
and Bonilla 2003). Each polymeric material has a different degradation temperature; at that
temperature, it breaks down into shorter-chain components that are volatile; this would indicate
the alteration to the mechanical properties (Yadav et al. 2009; Robinson et al. 2016). However,
general conclusions cannot be made since both an increase and a decrease in temperature were
observed for aging (Regula et al. 2014). Not only the relationship between polymer molecular
weight and degradation temperature is not direct, but additives of membranes interference the

changes in a polymer that influence the degradation temperature (Lobo and Bonilla 2003).

2.1.2.5 Morphological characteristics

Microscopic visualization techniques like atomic force microscopy (AFM), scanning electron
microscopy (SEM) can provide accurate, high-resolution images of many membrane
characteristics (Tng et al. 2015). By comparing micrographs of virgin and aged membrane,
changes in morphological characteristics are detected. More often, these techniques used to

support other characterization results.

AFM determines surface morphology and roughness by scanning the surface with a probe. It
used to support the contact angle trends. Surface roughness increased after chemical cleaning and
post-cleaning fouling, which resulted from a gradual elimination of the preservation residues in
the study of Levitsky et al. (2011).
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SEM provides more information such as membrane pore size and thickness. Abdullah and
Bérubé (2013) observed an increase in pore size due to aging which was consistent with the
decreased resistance result. More importantly, SEM equipped with energy dispersive X-ray
spectroscopy (EDS) can characterize the chemical composition of the foulant on or in the
membrane (Tng et al. 2015). That can indicate an organic fouling or inorganic fouling occurred
to the membrane, which would further show the chemical cleaning efficiency by comparing the
images before and after cleaning. It should be noted that related software estimates the pore size

instead of directly measuring actual pore sizes.

2.1.3 Conclusions

Membrane aging is complicated and linked with filtration performance (i.e., flux, permeability,
resistance), chemical membrane characteristics (i.e., surface charge, hydrophobicity, polymer
molecular weight), physical membrane characteristics (i.e., pore size, porosity) and mechanical
properties (i.e., tensile strength, yield stress). Multiple techniques have to be employed, and
changes in those characteristics are often supported by each other in a study. This literature
review narrowed the topic to the PVDF-based membrane aging caused by NaClO exposure as it
is the most widely used membrane in drinking water industry. Most lab-scale studies we
reviewed artificially aged membranes by soaking in particular concentrations of NaClO.
Moreover, studies associated aging phenomena with fouling and chemical cleaning also
artificially interfered to accelerate the procedures. Results obtained from these studies could be
possibly beyond reality - membrane systems operating under full-scale factory conditions. A lack
of data from full-scale membrane filtration plants calls for studies of membrane samples from
full-scale membrane plants at different ages. The effect of membrane aging on naturally fouled
and protocol-based cleaned membranes from full-scale plants and membrane aging caused by
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other chemical cleaning agents (acids, enzymes, hydroxide and chelating agents) exposure need

further studies.
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2.2 State-of-art in the fractionation of natural organic matter

2.2.1 Aquatic Natural Organic Matter

Natural organic matter (NOM) is defined as an extremely intricate mixture of organic
compounds that is ubiquitous in aquatic systems. NOM can be classified into pedogenic NOM
that leached from soils or peat bogs and aquagenic NOM that diffused from sediments or
released by plankton and bacteria (aquagenic NOM) (Aiken et al. 1985). Furthermore, Crou¢ et
al. (2000) described NOM generated by biological processes in a water body (autochthonous)
and the surrounding watershed (allochthonous). Due to its complexity, researchers reached a
consensus that concentrations of NOM and its sub-groups are reported as the concentration of
total organic carbon (TOC) or dissolved organic carbon (DOC) measured in milligrams per liter

(mg/L) (Suffet and MacCarthy 1989; Croué¢ et al. 2000).

NOM plays a significant role in the aquatic system. It causes aesthetic concerns such as colour,
taste, odour; leads to the binding and transport of organic and inorganic contaminants; mediates
photochemical processes; serves as carbon and energy source for biota which can influence
levels of dissolved oxygen, nitrogen, phosphorus, sulfur, trace metals, and acidity (Leenheer and
Croué¢ 2003). During drinking water treatment, it can react with chlorine disinfectants to produce
disinfection by-products (DBPs) such as trihalomethanes (THMs), haloacetic acids (HAAs), and
haloacetonitriles (HANs) which are notorious for probable human carcinogens (Krasner et al.
1989; Singer 1999). Coagulation with alum or ferric and flocculation, granular activated carbon
(GAC) adsorption, membrane filtration or biological degradation are conditionally operated in
water treatment plants to treat NOM, which also contributes to the problems like coagulant
demand and membrane fouling potential (Jarvis et al. 2005; Lee et al. 2004; Zularisam et al.
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2006). Understanding the type and concentration of NOM is beneficial to the water production

industry.

NOM should be regarded as a dynamic combinatorial system because of the degradation and
synthesis (Melton et al. 2007). Most NOM 1is strongly associated with themselves through
hydrogen-bonding, non-polar interactions and polyvalent cation interactions (Leenheer 2009);
Elsewhere, findings pointed out that some NOMs consist of supramolecular aggregates with a
relatively low molar mass (Simpson et al. 2002; Sutton and Sposito 2005). Leenheer and Croué
(2003) conclude that NOM is a complex mixture of aromatic and aliphatic hydrocarbon
structures attached amide, carboxyl, hydroxyl, ketone and other minor functional groups. The
composition of NOM in natural waters can vary regionally and seasonally due to the origination

of organic compound. Thus, it is unrealistic to identify the structure of bulk NOM.

2.2.2 Bulk characterization of NOM

Practically, NOM is commonly represented by the value of TOC, DOC, UV adsorption spectra
(UV2s4). Colour could also indicate NOM only when the water is brownish yellow (Uyguner et al.
2007). Those ready-to-test techniques require very easy pretreatment, or none yet provide limited

information only on the amount of NOM.

2.2.2.1 Total organic carbon (TOC) / Dissolved organic carbon (DOC)

TOC and DOC are quantitative parameters for the NOM. TOC contains all the C atoms which
are covalently bound in organic molecules including particulate matter as carbon black and
negligible volatile organic carbon (VOC) (Eq. (2.3)) (Wilderer 2011):

TOC = DOC + POC + VOC Eq.(2.3)
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TOC and DOC can be separated by a 0.45 um pore size membrane filter because DOC is smaller
than 0.45 pum in diameter. POC (particulate organic matter) usually is retained on the filter and
represents less than 10% fraction of the TOC (Thurman 1985). VOC is very low in concentration
and normally lost. Also, DOC is biologically stable which is a steady-state TOC concentration in
various aqueous phases; so that in most cases DOC is used synonymously with TOC (Wilderer

2011).

2.2.2.2 Ultraviolet (UV) absorption spectroscopy

The absorption of ultraviolet (UVA) lights by surface waters is contributed to the aromatic
chromophores that comprised NOM (Leenheer and Croué¢ 2003). The UV adsorbance of NOM
dissolved in water increases exponentially as the wavelength decreases (Hur et al. 2006;
Leenheer 2009). A wavelength range from 220 to 280 nm considers being favorable for NOM
measurement while a wavelength above 230 nm believes insignificantly adsorbed by inorganic
compounds presented in fresh waters (Weishaar et al. 2003; Matilainen et al. 2011). It has been
found an approximately linear correlation between NOM concentration (reported as DOC) and
the UV adsorbances of waters at 254 nm thereby UV Azs4 acting as a surrogate parameter for
NOM (Korshin et al. 1997; Goslan 2003; Leenheer and Croué 2003; Piper 2010). A comparison
of DOC and UV A»s4 data collocated from 119 water sources in 15 references in Fig. 2.3 supports
above statements (Krasner et al. 1996; Siddiqui et al. 2000; Volk et al. 2000; Lee et al. 2004;
Uyak and Toroz 2007; Fabris et al. 2008; Kim et al. 2011; Spencer et al. 2012; Diemert et al.
2013; Kent et al. 2014; Hong et al. 2015; Chon and Cho 2016; Kimura et al. 2017; Linge et al.

2017; Zhai et al. 2017):
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Fig. 2.3 Relationship between DOC and UV A2s4 according to 119 waters

Another useful surrogate for NOM is specific UV Azss (SUVA»s4) defined as the UV adsorbance
of a water sample measured in inverse meters (m™!) divided by the DOC concentration measured
in milligrams per liter (mg/L) (Weishaar et al. 2003). SUV A»s4 is an “average” absorptivity for
all molecules of DOC in waters and particularly stands for DOC aromaticity (Traina et al. 1990).
Aromaticity can affect the reactivity of NOM with oxidants like chlorine (Reckhow et al. 1990;
Li et al. 2000) to form DBPs; the interaction with coagulants (Randtke 1999), inorganic species
as mercury (McKnight et al. 1992; Hoch et al. 2000; Waples 2001). The higher SUVA obtain for

water, the more aromatic content present in NOM (Goslan 2003).
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By measuring two bulk parameters, it could gain some insight on the nature of NOM in waters.
However, the linear relationship between DOC and UV2s4 or SUV A»s4 largely depends on NOM
types. For example, Piper (2010) found out waters with lower hydrophobic content has a very
weak relationship between DOC and UV Aass (R? =0.59). A full understanding of the specific

reactivity or behavior of water requires separation of the NOM.

2.2.3 Variability of Bulk NOM

NOM varies temporally and spatially because of molecular weight, solubility, hydrophobicity,
charge density and functional group composition (Sharp et al. 2006). The concentration of DOC
ranges from 0.5 to 50 mg/L in streams and rivers and is linked to climate and watershed
characteristics (Mulholland 2003). Worrall and Burt (2004) reported that changes in land use, for
example, disturbance of peat or vegetation damage, increase the decomposition and production
of loosely bound NOM. Hurst et al. (2004) reported that changes in climate and waterbody, such
as a rainfall event or snowmelt runoff, lead to high levels of pedogenic NOM because the surface

layer of soils is flushed into surrounding aquatic environment (Bishop et al. 2003).

2.2.4 Fractionation of NOM

Because NOM contains countless chemical compositions, evaluation of its character based on
the individual compounds is far beyond reality (Leenheer and Crou¢ 2003). Instead, researchers
have managed to cha