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modified series resistance flux decline (MSRFD) constant with Langmuir
MSRFD constant with Langmuir
bulk organic concentration (ML)
bulk concentration (ML?)
equilibrium organic concentration (ML)
interfacial membrane concentration (ML™)
permeate concentration (ML™)
saturation organic concentration (ML)
flux decline kinetic constant (T™)
organic diffusion coefficient (L*T™)
equivalent hydraulic diameter (L)
surface diffusion coefficient of organic (L*T™)
adsorption constant, function of temperature
permeate flux at a given time of operation (MT™)
pure water permeate flux (MT™)
apparent photodegradation rate constant (T™)
Talu reaction constant
flux decline potential which is dimensionless
rate constant (T™)
external film mass transfer coefficient of organic (LT
Freundlich constant
series resistance flux decline (SRFD) constant with Freundlich constant
MSRFD constant with Freundlich isotherm constant
energy of adsorption
MSRFD constants with Sips
Boltzmann constant (ML*T? K ™)
channel length (L)
pure water permeability (MT'kPa™)
weight of the adsorbent (M)
11s an incrementing index over all MW present (Da)

number-average molecular weight (Da)
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coefficient

Flux,, =

simulated __
coefficient

u =

Pp =

weight-average molecular weight (Da)
z-average molecular weight (Da)

number of molecules having a MW

Freundlich constant

SRFD constant with Freundlich constant
MSRFD constants with Freundlich isotherm constant
polydispersivity

measured amount organic adsorbed (MM™)
sorption capacity (MM™)

sorption capacity with Sips

resistance due to strong adsorption (L)
resistance due to weak adsorption (L)
resistance due to concentration polarization (L™)
resistance due to the gel layer (L)

radius of adsorbent particle (L)

illumination (operation) time (T)

absolute temperature (K)

average velocity of the feed fluid (ML™)

volume of the solution in batch reactor (L*)

average adsorbed phase organic concentration (MM™)
duration of permeate production cycle (T)

duration of cleaning cycle (T)
experimental value of the flux decline

productivity of the cross-flow membrane system operating with periodic
cleaning

simulated flux values for different model coefficients

dynamic viscosity (kPaT™)

viscosity of the organic phase (L*N"'T™)

zeta potential (mV)

particle density of adsorbent (ML™)

concentration spreading parameter
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ABSTRACT

Wastewater reuse is increasingly seen as an essential strategy for making better use of
limited freshwater resources, and as a means of preventing deterioration of the aquatic
environment from wastewater disposal. Membrane processes are now being
successfully used to obtain water of recyclable quality. However, membrane fouling is a
critical limitation on the application of membranes to wastewater reuse. Pretreatment of
biologically treated sewage effluent (BTSE) prior to membrane processes will reduce
organic deposition and subsequent biogrowth on membranes due to dissolved organic
matter. Pretreatment also reduces the need for frequent chemical cleaning, which is a
major factor that impacts on membrane life. From these perspectives, pretreatment

offers significant potential for improving the efficiency of membrane processes.

The main objectives in this study are i) to evaluate different pretreatment methods of
removing effluent organic matter (EfOM) from BTSE and in reducing membrane fouling,
il) to investigate the variation in the ultrafiltration (UF) and nanofiltration (NF)
membrane foulant characteristics in terms of molecular weight (MW) distribution of
foulants and the characteristics of fouled membrane, iii) to examine the effect of semi
flocculation and semi adsorption (with partial doses of flocculants and adsorbents,
respectively) on the membrane filtration, iv) to study the phenomena of membrane
filtration and pretreatment using different fractions (hydrophobic (HP), transphilic (TP)
and hydrophilic (HL)) of BTSE, v) to assess the effect of hybrid hydrodynamic cleaning
with high rate crossflow and relaxation modes in comparison with pretreatment to
membrane, vi) to evaluate the merits/demerits photocatalysis hybrid system in
comparison with NF and UF with pretreatment and vii) to develop different flux decline

models to quantitatively compare different pretreatments.

The highest removal of organic matter was observed when flocculation followed by
adsorption was used as pretreatment. The flocculation and adsorption removed 68.5%
and 71.4% of hydrophobic organic matter. After the flocculation pretreatment, the
majority of large MW EfOM was removed. The pretreatment of the flocculation
followed by adsorption led to very high removal of both small and large organic matter.
Further, this pretreatment led to practically no filtration flux decline. The weight

averaged MW (M,,) of the organics in the foulant on the membrane surface was 510
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daltons (UF) and 190 (NF) without pretreatment and 350 (UF) and 180 (NF) after
pretreatment with flocculation followed by adsorption, respectively. The flux decline with
the HP fraction was high compared with the TP and HL fractions. It was observed that
a particular amount of flocculant and adsorbent to UF was necessary below which the
UF membrane became heavily fouled. The detailed analysis of My, indicated that the M,
values of organic matter in the synthetic wastewater and in the flocculated effluent
were 29800 daltons (initial), > 25000 (after flocculation with 40 mg/L FeCl; or less)
and < 1000 (after flocculation with 50 mg/L FeCl; or more). The My, values suggested
the reason why the permeate flux was decreased with 40 mg/L FeCls semi flocculation

followed by semi adsorption due to the remaining large M,.

A detailed investigation of the utilisation of two automated cleaning techniques to
reduce fouling problems was explored. The two cleaning techniques studied were
periodic membrane relaxation and a periodic high rate cross-flow. The study found that
an optimised usage of these two de-clogging techniques, with a 1 hour production
period followed by a 1 minute relaxation period and then a 1 minute high cross-flow
rate period resulted in a net productivity increase of 14.8%. Three different semi-
empirical mathematical models were investigated to partially quantify the effects of
different pressures and pretreatments. The three different models used were 1) empirical
flux decline (EFD) model, ii) series resistance flux decline (SRFD) model and iii)
modified series resistance flux decline (MSRFD) model. The flux decline coefficient
values determined from the EFD and SRFD models can be used as an index to assess
flux decline and compare different operating conditions and pretreatments. With the
MSRFD model, when flocculation of 21 mg-Fe/L was used as a pretreatment at a
pressure of 300 kPa, the values of the bulk concentration (Cy), the concentration on the
membrane surface (C,,) and adsorption resistance (R,) significantly decreased by 4.4,
3.1 and 12.9 times, respectively. After 0.1 g/L adsorption as a pretreatment, the values
decreased by 2.2, 2.0 and 1.8 times, respectively. Thus, pretreatment can significantly

decrease membrane fouling.
Although pretreatment reduces flux decline caused by membrane fouling, it cannot

completely prevent membrane fouling. Further, as time proceeds, membrane fouling by

organic matter is converted into biofouling and the concentration from the retentate
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constantly increases. To resolve these problems, this study recommends three near-zero

fouling systems with an integrated photocatalysis membrane hybrid system.
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1.1 Introduction

The need for wastewater reuse is becoming increasingly important as the population
of the world grows and industrialization increases around the world. Reuse of
wastewater will help maintain environmental quality, help relieve the unrelenting
pressure on natural freshwater resources. Although the effluent from the secondary
and tertiary wastewater treatment can be discharged into waterways, it cannot be
reused for domestic or industrial purposes without further treatment. An advanced
treatment technology is therefore required to remove various effluent organic matters
(EfOMs), pathogenic microorganisms and persistent organic pollutants (POPs) from

wastewater.

Membrane technology, namely reverse osmosis (RO), nanofiltration (NF) and
ultrafiltration (UF) can remove the majority of the pollutants including dissolved
EfOM. However, their operating costs are high because of high energy requirements.
These membranes are also easily fouled by EfOM present in biologically treated
sewage effluent (BTSE), and thus require an appropriate pretreatment prior to

membrane filtration.

To investigate performance of different pretreatments to alleviate or reduce
membrane fouling, a number of pretreatment systems have to be studied in terms of
their capability to remove a specific range of organic matter. A detailed
characterization of EfOM and membrane foulant layer is essential in optimizing the
pretreatment and the operating conditions associated with the membrane process. An
alternative to pretreatment is hydrodynamic membrane cleaning. A rational
hydrodynamic cleaning can prolong the operational life of membranes through

reducing the formation of irreversible foulant layer.

1.2 Structure of the Study

Figure 1.1 presents an outline of the scope for this study. To minimize membrane
fouling, different pretreatments, such as flocculation, adsorption, photocatalysis,

biofiltration and flocculation followed by adsorption, were employed. The
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characteristics of EfOM with different pretreatments and membrane filtration were
investigated in terms of molecular weight (MW) distribution, fraction (hydrophobic
(HP), transphilic (TP) and hybrophilic (HL) compounds), colloidal organic portion,
dissolved organic carbon (DOC) and specific UV absorbance (SUVA). Interaction
between pretreatment and membrane filtration was also identified by characterizing
clean and fouled membranes. They were studied in terms of contact angle, zeta
potential, functional group, organic fouling concentration and foulant layer thickness
using scanning electron microscopy. An alternative to pretreatment is cleaning. Using
an innovative combination of hydrodynamic cleaning methods was also investigated.

The performance of UF and NF in treating BTSE was also evaluated.
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Figure 1.1 Schematic of research scope conducted in this study

Chapter 2 (literature review) presents i) a detailed review of the constituents of
EfOM in BTSE, iii) concepts of different pretreatments and iv) their application in

water reuse.

The experimental investigation presented in Chapter 3 describes i) materials and
methods of pretreatment and membrane filtration, ii) experimental methodology
associated with organic characterization and iii) experimental procedures used to

characterize the clean and fouled membranes.
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Chapter 4 presents the influence of different pretreatments on UF and NF. The
experimental results presented in this chapter provide detailed information on
EfOM removal. The characteristics of clean and fouled membranes are also

discussed in terms of efficiency of different pretreatment methods.

The use of a large quantity of adsorbents and flocculants are not cost effective and
also lead to large sludge production. Thus, Chapter 5 discusses organic removal by
UF using semi flocculation (partial dose of flocculants) and semi adsorption (partial

dose of adsorbents).

It is important to identify the specific fraction mainly contributing to the fouling to
select the appropriate pretreatment method. Chapter 6 presents details on the effect

of different fractions (HP, TP and HL) on membrane fouling.

An appropriate hydrodynamic cleaning using a crossflow system is also expected to
reduce the reversible fouling caused by reversible foulants. Chapter 7 discusses the
effects of automated hydrodynamic cleaning consisting of a high rate crossflow and

relaxation mode in improving the membrane flux.

A simple flux decline model (SFDM) is believed to be useful in optimising pre-
treatment requirements, and compare different pretreatment methods in a quantitative
manner. Chapter 8 presents three simple flux decline models namely, i) empirical
flux decline, ii) series resistance flux decline and iii) modified series resistance flux
decline. The sensitivity of different coefficients in the models is discussed in detail

together with their capability of predicting the experimental data trends
Photocatalysis is an efficient way to degrade the effluent organic matter. Chapter 9
presents the effect of photocatalysis in a membrane hybrid system on organic

removal.

Chapter 10 presents the conclusions from the study with recommendations for future

work. A near-zero fouling system is proposed, which combines photocatalysis and
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membrane systems that efficiently removes EfOM from biologically treated sewage

effluents.

1.3 Objectives

The main objectives in this study are to:

Vi)

vii)

Evaluate EfOM removal by different pretreatments and their roles in
reducing membrane fouling (Chapter 4).

Investigate the membrane (UF and NF) foulant characteristics after the
BTSE has undergone different pretreatments (Chapter 4).

Examine the effect of semi flocculation and semi adsorption on the
membrane filtration in terms of MW distribution (Chapter 5).

Study the effect of pretreatment to membrane filtration using different
EfOM fractions (HP, TP and HL) in BTSE to identify those that cause
membrane fouling (Chapter 6).

Assess the effect of a hybrid hydrodynamic cleaning that has high rate
crossflow and relaxation modes as this procedure is an alternative to
pretreatment so as to reduce reversible fouling and to increase membrane
flux (Chapter 7).

Evaluate the capacity of different flux decline models in predicting the flux
decline over time and to quantitatively compare different pretreatment
methods (Chapter 8).

Study the efficacy of a photocatalysis hybrid system in comparison with

different pretreatments and nanofiltration (Chapter 9).
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2.1 Introduction

Wastewater treatment is envisaged as an action to protect the quality of limited
freshwater resources and therefore make it available for beneficial purposes. However,
achieving this objective remains elusive as the total discharge of biologically treated
sewage effluent (BTSE) is continually on the rise due to increasing population and
urbanization. Wastewater reclamation has been recognized as one of the most effective
ways of increasing the availability of limited freshwater resources. Wastewater
discharges can be diverted from polluting the water sources and at the same time, the
use of reclaimed water can reduce the demand for freshwater. Consequently, there is a
suitable motto about wastewater reuse, which is “My water today is your water
tomorrow”. For the purpose of wastewater reclamation/reuse, it is imperative to study
in detail the characteristics of effluent organic matter (EfOM) in the BTSE in order to

design effective treatment methods.

2.2 Wastewater Reclamation/Reuse in Australia

Reuse of wastewater from wastewater treatment plants (WWTPs) has been widely used
in Australia. Almost 10% of Australia’s BTSE is being recycled in one form or another
(Table 2.1). During 2000, 109 WWTPs in New South Wales used some of their effluent
for recycling, and 56 of these recycled more than half of their total effluent flow (Water
Directorate, 2000). The most significant uses of reclaimed water from the New South
Wales WWTPs are on golf courses and for pasture production. However, within the
major capital cities, there has only been limited recycling of water beyond that needed
for operation of the plants (Table 2.2). By 2010, most of the States of Australia will
increase their wastewater reuse rate by up to 20%. Some of the future activities are

highlighted in Figure 2.1.
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Table 2.1 Annual wastewater reuse from WWTPs in Australia, 2001 (adapted from
Radcliffe, 2003)

Region Effluent, GL/yr Reuse, GL/yr %
Queensland 339 38 11.2
New South Wales 694 61.5 8.9
Australian Capital Territory 30 1.7 5.6
Victoria 448 30.1 6.7
Tasmania 65 6.2 9.5
South Australia 101 15.2 15.1
Western Australia 126 12.7 10.0
Northern Territory 21 1.1 5.2
Australia (total) 1824 166.5 9.1

Table 2.2 Wastewater reuse in State capital cities expressed as a percentage of sewage

effluent treated, 2001 (adapted from Radcliffe, 2003)

State Capital % recycled water State Capital % recycled water
use use
Sydney 23 Adelaide 11.1
Melbourne 2.0 Perth 3.3
Brisbane 6.0 Hobart 0.1
Darling Downs: commitment
\ for more water
\ Brisbane: commitment to
improve water quality in
X Moreton Bay

Sydney:
commitments for
new dams

Melbourne: 20%

Vol

recycling by 2010
Perth:' 20% Adelaide: significant
recycling by investment in Hobart: commitment
2012 agricultural reuse J/ to new pipeline

Figure 2.1 Future recycling commitments (adapted from Kahn, 2004)
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2.3 Wastewater Characteristics

An understanding of the chemical composition of wastewater is important since this
allows an understanding of their reactions and interactions with the organic and
inorganic compounds (Roila et al., 1996). The organic chemistry and microbiology of
wastewater is a reflection of the reactions during water usage (such as industrial,
domestic and agricultural activities). Wastewater is treated, discharged to a receiving
water body, and withdrawn for reuse by a downstream population. Consequently, the
chemical and bacteriological composition must be monitored to ensure public health. In
addition, the oxygen consuming material in the wastewater must be minimized to
protect the receiving stream from low dissolved oxygen concentrations that can be

harmful to desirable aquatic species.

Nutrients, such as nitrogen and phosphorus, should be removed to prevent
eutrophication and subsequent siltation. Microbiological contaminants and other
pollutants should also be removed to protect downstream users. The organic
composition of wastewater is nearly 50 percent proteins, 40 percent carbohydrates, 10
percent fats and oils, and trace amounts of priority pollutants and surfactants. The
microbiological composition of domestic wastewater includes 10°-10° colony forming
unit (CFU)/mL of coliform organisms, 10°-10* CFU/mL fecal streptococci, 10'-10°
protozoan cysts, and 10'-10% virus particles. To protect public health adequately, the

safety of wastewater discharged to a receiving stream must be ensured (Ellis, 2004).

Fundamental information on specific organic matter is important in the optimization of
treatment processes used in WWTP. The chemical composition of the sediments,
organic macromolecules, or sewage sludge has been identified in many studies (Del

Rio et al., 1998; Réveillé et al., 2003).

Wastewater qualities can be classified into 3 groups: 1) physical, ii) chemical and iii)
biological characteristics. The principal physical, chemical and biological
characteristics of wastewater and their sources are shown in Table 2.3. It should be
noted that many of the parameters listed are interrelated. Tchobanoglous and Burton
(1991) observed that temperature, a physical property, affects both the biological

activity in the wastewater and the amounts of gases dissolved in the wastewater.
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Table 2.3 Physical, chemical and biological characteristics of wastewater and their

sources (adapted from Tchobanoglous and Burton, 1991)

Characteristic Sources
Physical ~ Color Domestic and industrial wastes, natural decay
properties of organic materials
Odor Decomposing wastewater, industrial wastes
Solids Domestic water supply, domestic and
industrial wastes, soil erosion,
inflow/infiltration
Temperature Domestic and industrial wastes
Chemical Carbohydrates, fats, oils Domestic, commercial and industrial wastes
properties and grease
Pesticides Agricultural wastes
Phenols Industrial wastes
Proteins, Surfactants Domestic, commercial, and industrial wastes
and volatile organic
matter
Alkalinity and chlorides Domestic wastes, domestic water supply,
groundwater, infiltration
Heavy metals Industrial wastes
Nitrogen Domestic and agricultural wastes
Phosphorus Domestic, commercial, and agricultural
wastes; natural runoff
Sulfur Domestic water supply; domestic,
commercial, and industrial wastes
Hydrogen sulfide and Decomposition of domestic wastes
methane
Oxygen Domestic  water supply, surface-water
infiltration
Biological Animals and plants Open watercourses and treatment plants
properties Eubacteria and Domestic wastes, surface-water infiltration,
archaebacteria treatment plants
Viruses Domestic wastes

The harmful contaminants in wastewater affect the aquatic environment and
groundwater. Suspended solid (SS) can lead to developing sludge deposits and
anaerobic conditions when untreated wastewater is discharged into on aquatic
environment. In addition, their biological stabilization can lead to depletion of oxygen
and to the increase of septic conditions. Nutrients, both nitrogen and phosphorus along
with carbon, are essential nutrients for bacterial growth. When discharged into the

aquatic environment, these nutrients can lead to the growth of undesirable aquatic life.
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When discharged in excessive amounts on land, they can lead to the pollution of

groundwater.

Many of the priority pollutants including pesticides, EDCs, and PPCPs are found in
BTSE. The problem is that they cannot be treated by conventional methods of
wastewater treatment. Typical examples include surfactants, phenols and agricultural

pesticides.

2.4 Typical Processes Used in Wastewater Treatment

Wastewater collected from municipalities, communities and industries contains a wide
range of pollutants from suspended, colloidal to dissolved solids. The treatment normally
adopted includes physical, chemical, and biological methods. WWTP is divided into 4
groups: 1) preliminary, ii) primary, iii) secondary, and 1v) tertiary treatment. Conventional
sewage treatment includes primary treatment to remove the majority of suspended solids,
secondary biological treatment to degrade the biodegradable dissolved organic matter and
nitrogen, and, tertiary treatment to remove most of the remaining organic and inorganic

solids and pathogenic microorganisms.

The primary process is called preliminary treatment in WWTP. The preliminary treatment
of wastewater is carried out to remove coarse and readily settleable inorganic solids with
the size range of more than 0.01 mm, such as sand and grit particles. Their removal is
carried out using screens and grit chambers, respectively. After coarse and floating solids
in preliminary treatment are removed, the primary treatment endeavors to remove
suspended solids in wastewater, which is carried out in sedimentation tanks or clarifiers.
In sedimentation, the contaminant of the size from 0.1 mm to 35 um including organic
and inorganic matters is removed. Out of the 70-90 percent of suspended solids, removed
by sedimentation, 30-40 percent reduction is oxygen-demanding suspended solids

(Tchobanoglous and Burton, 1991).
Secondary treatment is employed to remove oxygen-demanding organic pollutants which

are present mostly dissolved form in wastewater. This process utilizes biological

degradation mechanisms of microorganisms to remove the dissolved pollutants of all the
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ranges. At the same time, they produce SMPs and extracellular polymeric substances
(EPSs), which cause toxic compounds and inhibition to nitrification. Finally, the purpose
of tertiary treatment is to remove part of the remaining organic pollutants, and to reduce
the bacterial count. This is mainly adopted to avoid inferior-treated effluent quality and to
protect the receiving water. For example, chlorination is used as the final tertiary treatment

step to reduce the level of pathogenic organisms in wastewater.

2.5 Effluent Organic Matter (EfOM) in Wastewater

2.5.1 Overview

The systematic treatment of wastewater was started in the late 1800s and early 1900s
(Tchobanoglous and Burton, 1991). For the last two centuries, wastewater treatment
has continually been developed to meet strict disposal standards. Recently, wastewater
for reuse is being increasingly emphasized as a strategy for rational use of limited
freshwater resources and as a means of safeguarding the quality of aquatic

environments from deterioration caused by wastewater disposal.

Although many previous researchers have worked extensively on natural organic
matter (NOM) in surface waters, there have been few studies related to EfOM in
wastewater. This is probably due to the diverse characteristics of wastewater which
vary from place to place and season to season. However, as concern of wastewater in
the community increases, an interest in characterizing the EfOM has become more

important.

The characteristics of EfOM are the combination of those of NOM and soluble
microbial products (SMPs). Most of the NOMs come from tap water into wastewater,
while SMPs come from biological treatment and non-biodegradable organic matter
(persistent organic pollutants (POPs)). The trace harmful chemicals are also becoming
a major concern. Wastewater reuse may cause an adverse effect on human health if
compounds such as disinfection by-products (DBP), N-nitrosodimethylamines

(NDMA), pesticides, herbicides, and endocrine disrupting chemicals (EDCs) are
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present in recycled water. It may also cause ecological risks due to the presence of

hormone and pharmaceutical and personal care products (PPCPs).

2.5.2 Constituents of EfOM in BTSE

The presence of organic pollutant in wastewater has been the cause of public concern in
recent decades due to their potential health hazards. EfOM in wastewater consists of both
particulates and dissolved substances. EfOM can be summarized into three different

classes based on their origins:

1) refractory natural organic matter (NOM) derived from drinking water
sources,
i) synthetic organic compounds (SOC) produced during domestic use and

disinfection by-products (DBP) generated during disinfection processes of
water and wastewater treatment and
1i1) soluble microbial products derived during biological processes of

wastewater treatment (Drewes and Fox, 1999).

The constituents that are found in BTSE are shown in Figure 2.2. The fraction of
particulate organic material measured as suspended solids (SS) includes protozoa, algae,
bacterial floc and single cell, waste product and other miscellaneous debris. Dissolved
organic matter (smaller than 0.45 pm) are typically cell fragments, viruses, and
macromolecules. Thus, EfOM can be classified into two main groups by size:

1) particulate organic carbon (POC) above 0.45 um and

i1) dissolved organic carbon (DOC) below that limit. Both groups include a

wide variety of constituents (Figure 2.2).
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Figure 2.2 Typical organic constituents in BTSE and their size ranges (adapted from

Levine et al., 1985)

Painter (1973) and Levine et al. (1985) showed that contaminants of interest in wastewater
range in size from less than 0.001 pum to well over 100 um (Table 2.4). The major
macromolecules in BTSE are the polysaccharides, proteins, lipids and nucleic acids.
EfOM in the range from 1,000 to 1,000,000 daltons include humic acid and fulvic acids
present in drinking water. Wastewater compounds smaller than 10° daltons include
carbohydrates, amino acids (AA), vitamins, and chlorophyll. Persistent chemical
compounds such as dichloro-diphenyl-trichloroethane (DDT), polychlorinated biphenyl
(PCB) and other toxic substances of public health significance are also low molecular
weight (MW) compounds (Stull et al, 1996; Pempkowiak and Obarska-Pempkowiak,
2002). To remove these compounds, it is important to examine the interrelationship

between contaminant size ranges and wastewater treatment operations and processes.
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Table 2.4 Percentage composition of EfOM in BTSE (adapted from Painter, 1973)

Composition Dialysable Non-dialysable (i.e. MW>10 kDa)
(MW<10 kDa)
Ether extractables - -
Proteins - 1.7
Amino acids 4.6 -
Charbohydrates and 0.2 4
polysaccharides
Tannins and lignins 5.1 -
Alkyl benzene sulphonate - -
(ABS)
Anionic detergents 32 -
Non-ionic detergents 1.6 -
Humic, fulvic, and - -
hymathomelanic acids
Volatile acids 5.4 -
Non-volatile acids 11.8 -
Neutral volatile compounds 3.1 -
Steroids 0.8 -
Optical brighteners 0.5 -
Organo-chlorine compounds <0.001 -
Unidentified 3.7 54.3
Also identified in low (50 - Glucose, fructose, sucrose, mannose,

ug/L) concentrations

allulose, xylose, raffinose, formic acid,
acetic acid, propionic acid, butyric acid,
iso-butyric acid, iso-valeric acid, caproic
acid, wuric acid, pyrene, perylene,
benzpyrenes, DDT, BHC, dieldrin,
coprostanol and cholesterol

The POC includes zooplankton, algae, bacteria, and debris organic matter from soil and

plants. It can easily be removed by solid-liquid separation processes. However, the

DOC impart many adverse effects on water quality and therefore it remains a focus of

research in wastewater treatment. Figure 2.3 shows the most significant DOC

components in water in terms of different fractions.
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Figure 2.3 Different fractions of DOC and their constituents (adapted from Thurman,

1985; Cho, 1998)

2.5.3 Characteristics of EfOM from BTSE

EfOM includes many mixtures from NOMs, synthetic organic matters (SOMs) and
soluble microbial pollutants (SMPs). Most of NOM is from tap water (about 1.5 — 5
mg/L of DOC) and SOM and SMP (range from 4 — 10 mg/L of DOC) come from
industries and municipal wastewater treatment. The SMP is due to biological treatment
processes involved in removing nutrients (especially N and P) and organic matters from

wastewater.

Wastewater qualities can be classified into 3 groups: i) physical, ii) chemical and iii)
biological characteristics. The principal physical, chemical and biological
characteristics of wastewater and their sources are shown in Table 2.5. It should be

noted that many of the parameters listed are interrelated. Tchobanoglous and Burton
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(1991) observed that temperature, a physical property, affects both the biological

activity in the wastewater and the amounts of gases dissolved in wastewater.

Table 2.5 Physical, chemical and biological characteristics of wastewater and their

sources (adapted from Tchobanoglous and Burton, 1991)

Characteristic Sources
Physical ~ Color Domestic and industrial wastes, natural decay
properties of organic materials
Odor Decomposing wastewater, industrial wastes
Solids Domestic water supply, domestic and
industrial wastes, soil erosion,
inflow/infiltration
Temperature Domestic and industrial wastes
Chemical Carbohydrates, fats, oils Domestic, commercial and industrial wastes
properties and grease
Pesticides Agricultural wastes
Phenols Industrial wastes
Proteins, Surfactants Domestic, commercial, and industrial wastes
and volatile organic
matter
Alkalinity and chlorides Domestic wastes, domestic water supply,
groundwater, infiltration
Heavy metals Industrial wastes
Nitrogen Domestic and agricultural wastes
Phosphorus Domestic, commercial, and agricultural
wastes; natural runoff
Sulfur Domestic water supply; domestic,
commercial, and industrial wastes
Hydrogen sulfide and Decomposition of domestic wastes
methane
Oxygen Domestic  water supply, surface-water
infiltration
Biological Animals and plants Open watercourses and treatment plants
properties Eubacteria and Domestic wastes, surface-water infiltration,
archaebacteria treatment plants
Viruses Domestic wastes

The harmful contaminants in wastewater affect the aquatic and groundwater
environments. Suspended solid (SS) can lead to developing sludge deposits and
anaerobic conditions when untreated wastewater is discharged into an aquatic
environment. In addition, their biological stabilization can lead to the depletion of
oxygen and to an increase in septic conditions. Nutrients, both nitrogen and phosphorus
along with carbon, are essential nutrients for bacterial growth. When discharged to the

aquatic environment, these nutrients can lead to the growth of undesirable aquatic life.
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When discharged in excessive amounts on land, they can ultimately lead to the

pollution of groundwater.

Many of the priority pollutants including pesticides, EDCs, and PPCPs are found in
BTSE. The problem is that they cannot be removed by conventional methods of
wastewater treatment. Typical examples include surfactants, phenols and agricultural

pesticides.

2.5.4 Specific EfOM Components Present in BTSE

The contaminants in BTSE can be separated into four size fractions by successive
sedimentation, centrifugation and filtration (Ricket and Hunter, 1971). The four
fractions are classified by size range as settleable, supracolloidal, colloidal, or soluble.
The size range and the organic content of each fraction are summarized in Table 2.6.
An important conclusion from the early studies is that particles smaller than 1.0 um can

be degraded biochemically at a much more rapid rate than particles larger than 1.0 pm.

Table 2.6 Composition of organic materials in wastewater (adapted from Balmat, 1957;

Levine et al., 1985)

Classification

Soluble Colloidal Supracolloidal ~ Settleable
Size range (um) <0.08 0.08-1.0 1-100 > 100
COD (% of total) 25 15 26 34
TOC (% of total) 31 14 24 31
Organic constituents (% of total solids)
Grease 12 51 24 19
Protein 4 25 45 25
Carbohydrates 58 7 11 24
Biochemical
oxidation rate, kK, d! 0.39 0.22 0.09 0.08
(base 10)

The global characterization of EfOM and its apparent removal efficiency are also
presented in Table 2.7. Most of the EfOM of the treated water is found in the soluble
fraction (86% of the COD). The global elimination of EfOM by the biological
treatment is 90% for the soluble fraction and 96% for the bulk EfOM.
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Table 2.7 Global characteristics of EfOM in wastewater and BTSE (adapted from
Dignac et al., 2000)

TOC (mg/L) COD (mg/L)
Wastewater Total 318 967
(influent) Soluble 82 299
Soluble (%) 26 31
BTSE Total 35
Soluble 30
Soluble (%) 86

In a wastewater, about 75 percent of the suspended solids and 40 percent of the
filterable solids are organic in nature. These solids are derived from both animals and
plants as well as human activities. Organic compounds are normally comprised of a
combination of carbon, hydrogen and oxygen with nitrogen in some cases. Other
important elements, such as sulphur, phosphorus and iron, may also be present. The
principal groups of organic substances found in wastewater are proteins (40 — 60%),
carbohydrates (25 — 50%), and fats, oils, and grease (10%). Urea, the chief constituent

of urine, is another important organic compound found in wastewater.

The concentration of simple molecules measured in BTSE after hydrolysis is low
(Table 2.8). In wastewater, individually measured amino acids, carbohydrates, greases

and phenolic compounds together account for 46% of the organic carbon (Dignac et al.,

2000).

Table 2.8 Concentrations of specific organic compounds in the influent and BTSE

(adapted from Dignac et al., 2000)

Sugar Protein FA* Sterol Phenol
Wastewater Total 138 143 32 2 1.2
(influent) Soluble 24 46 5 0.6 0.3
BTSE Soluble 2.10 2.80 0.06 0.01 0.01
Removal Soluble 91% 95% 99% 99% 95%

* FA: fatty acid; all units: mg/L
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Along with protein, carbohydrate, fat, oil, grease and urea, wastewater also contains
small quantities of a large number of different synthetic organic molecules. Typical
examples include surfactants, organic priority pollutants, volatile organic compounds,
and agricultural pesticides. The number of such compounds is growing as organic
molecules are continually being synthesized. The presence of these substances has
complicated wastewater treatment because many of them either cannot be or are slowly

decomposed biologically.

2.5.4.1 Extracellular Polymeric Substances (EPSs) and Soluble
Microbial Products (SMPs)

During biological wastewater treatment, biomass not only consumes organic material
present in the wastewater, but also produces SMP and EPS (Parkin and McCarty, 1981;
Namkung and Rittmann, 1986; Noguera et al., 1994; Barker and Stuckey, 2001). EPS
and SMP appear to be cellular components that are released during cell lysis,
compounds that diffuse through the cell membrane and are lost during synthesis, or
compounds that are excreted for some other purpose (Rittmann and McCarty, 2001).
They are all important because they are always formed during biological treatment and

they constitute the majority of the effluent COD.

Most bacteria produce EPS of biological origin that takes part in forming microbial
aggregates. They grow in suspended cultures or in biofilms. The microbial biofilm
includes bacterial cells enveloped by a matrix of large polymeric molecules. By
definition, EPS are located at or outside the cell surface. Their composition may be
controlled by different processes, such as active secretion, shedding of cell surface

material, cell lysis and adsorption from the environment (Wingender et al., 1999).

SMP can be subdivided into two categories:
1) substrate-utilization-associated products that are produced directly

during substrate metabolism, and,
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1) biomass-associated products that are formed from biomass,

presumably as part of decay (Namkung and Rittmann, 1986).

Toxicity of SMP is of increasing concern. In other words, SMP may actually be more
toxic than the original organic compounds present in BTSE. Mutagenic response is
more in BTSE than in the primary effluent. Some SMPs have also been found to be
inhibitory to nitrification (Chudoba, 1985). More details on EPS and SMP can be found
in Rittmann et al., 1987 and Barker and Stuckey, 2001.

2.5.4.2 Protein

Proteins are the major constituents of animal organisms. Some SMPs also consist of
proteins and amino acids. Proteins are complex in chemical structure and unstable,
being subject to many forms of decomposition. Some are in soluble form in BTSE;
others are in insoluble form. All proteins contain carbon as well as hydrogen and
oxygen. They also contain a high and constant proportion of nitrogen (about 16
percent). In many cases, sulphur, phosphorus and iron are also constituents. Urea and
proteins are the chief sources of nitrogen in BTSE. When proteins are present in
wastewater, extremely foul odors are produced during their decomposition

(Tchobanoglous and Burton, 1991).

Table 2.9 shows the distribution of proteins in influent wastewater. Serine, glycine,
arginine, alanine, proline and tyrosine are relatively enriched in the BTSE compared to
influent wastewater. Their removal efficiencies range from 89% to 100%. The amino
acids that are preferentially lost during the biological treatment are the aspartic acid,

histidine, cysteine and valine, with removal efficiencies between 96% and 100%.
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Table 2.9 Comparison of the distributions of amino acids in the influent wastewater and

their efficiencies (adapted from Dignac et al., 2000)

Amino acids Total amino acids of the influent (%) Removal efficiency (%)
Aspartic acid 6 96
Serine 3 90
Glutamic acid 9 95
Glycine 5 89
Histidine 3 97
Arginine 4 88
Threonine 3 94
Alanine 5 89
Proline 17 86
Cysteine 15 97
Tyrosine 5 89
Methionine 5 92
Valine 1 100
Lysine 7 95
Isoleucine 3 92
Leucine 5 94
Phenylalanine 4 93

Amino acids and proteins are potential carbon and nitrogen sources for heterotrophs
and these have received significant attention because of their importance to protein
synthesis, bacterial metabolism and algal/bacterial interactions. Organic nitrogen
results in forming nitrogenous DBPs, which are of health and regulatory concern and

these are also known to cause membrane fouling.

2.5.4.3 Carbohydrate

Carbohydrates include sugars, starches, cellulose and wood fiber. All of these are often
found in wastewater. Carbohydrates contain carbon, hydrogen and oxygen. The
common carbohydrates contain six or a multiple of six carbon atoms in a molecule, and

hydrogen and oxygen in the proportions in which these elements are found in water.
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Some carbohydrates, notably the sugars, are soluble in water; others, i.e. the starches,
are insoluble. Sugars tend to decompose; the enzymes of certain bacteria and yeasts set
up fermentation thus producing alcohol and carbon dioxide. Starches, on the other
hand, are more stable but are converted into sugars by microbial activity as well as by
dilute mineral acids. From the standpoint of bulk and resistance to decomposition,
cellulose is the most important carbohydrate observed in wastewater due to its
particular decomposition. Wastewaters containing high-carbohydrate are often from
industries such as food processing and fermentation. These wastewaters can cause
serious pollution if released into the natural environment without proper treatment or
disposal. Kumar et al. (1998) and Pawar et al. (1998) discussed the treatment of high-

carbohydrate wastewater in detail.

Table 2.10 shows the distribution of different sugars in influent wastewater. Mannose is
the carbohydrate that is less affected by the biological treatment and this could either be
due to its protection or to the bacterial release of mannose during treatment. Fucose is
only decreased by 46% during the treatment. Rhamnose, ribose and glucose are also
relatively concentrated in the hydrolysate of the BTSE. The presence of N-acetylamino
carbohydrates is revealed in the wastewater (total and soluble fraction) and BTSE.
These compounds could contribute to the uncharacterized fraction of the EfOM and
nitrogen. DNA, another nitrogen-containing compound, is present in influent
wastewater and in activated sludge, but is not detected in the soluble fractions of
influent wastewater and BTSE. The EfOM percentage of monosaccharides follows the

order of glucose > mannose > xylose > rhamnose.
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Table 2.10 Comparison of the distributions of monosaccharide in the influent

wastewater and their efficiencies (adapted from Dignac et al., 2000)

Monosaccharides Total amino acids of the influent (%) Removal efficiency (%)
Rhamnose 6 80
Fucose 3 50
Ribose 5 83
Arabinose 26 96
Xylose 42 96
Mannose 3 3
Galactose 7 93
Glucose 8 82

The carbohydrates of the EfOMs lead to operational problems in the biological
treatment of activated sludge such as sludge bulking. Although some polysaccharides
such as lignin are difficult to degrade, in general carbohydrates provide a carbon source
to micro and macroorganisms. As such, they also have an important role in biological
treatment processes. Carbohydrates do not interfere significantly with traditional
treatment technologies but are recognized as major foulants in membrane separation

processes (Cho, 1998; Jarusutthirak, 2002; Shon et al., 2004).

2.5.4.4 Fat, Oil and Grease (FOG)

FOGs are the third most abundant component in BTSE. FOGs are in domestic
wastewater through materials such as butter, lard, margarine and vegetable FOGs. In
addition, some mineral oil can also enter the wastewater treatment plant. FOGs can be

measured after hydrolysis as fatty acids (FA).

Table 2.11 summarizes the percentage of different FAs in wastewater. Practically, all
FAs are eliminated during the biological treatment (98% to 100%) except for the
20:4w6, which is removed to a lesser degree (93%). This FA is not found in bacteria,
and more likely originates from non-degraded lipids of the wastewater. The profiles of

FAs in the influent wastewater and BTSE are not significantly different.
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Table 2.11 Comparison of the distributions of fatty acids in the influent wastewater and

their removal efficiencies (adapted from Dignac et al., 2000)

Fatty acids Total amino acids of the influent (%) Removal efficiency (%)
12:0 6 98
14:0 4 98
115:0 1 100
als:0 1 100
15:0 2 100
16:0 20 98
16:1 3 97
18:0 8 98
18:109 30 98
18:107 3 100
18:2 19 98
18:3m3c 1 97
20:0 0.5 100
20:406 0.5 92
22:0 0.5 96
24:0 0.5 97

FOGs in wastewater can cause many problems in both sewer pipes and WWTPs. If
FOGs are not removed before the discharge of the waste, it can interfere with the
ecology of the surface waters and create unsightly appearance due to floating matter

and films.

2.5.4.5 Surfactant

The term surfactant is an abbreviation for surface active agent. Surfactants lower the
surface tension of a liquid, allowing easier spreading. Surfactants are usually made of
organic compounds that consist of both hydrophobic and hydrophilic groups, which are
semi-soluble in both organic and aqueous solvents. Thus, they prefer neither to be in
water or in an organic phase. They are placed at the boundary between the organic and

water phases. In some cases, they will congregate together and form micelles. Both
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detergents and soaps are considered as surfactants. Surfactants that are not soaps are
considered as detergents. Detergents are also commonly known as cleaning mixtures
containing surfactants. Ionic detergents include sodium deoxycholate and sodium
dodecyl sulfate. Detergents are used in cleaning, such as dishwashing in our daily life.
Surfactants are an important source of pollution and are often transferred to waterways
by industrial and domestic effluents. Most household products such as toothpastes,

shampoos, shaving foams and bubble baths contribute to surfactants in wastewater.

Before 1965, the type of surfactant present in synthetic detergents, called alkyl-
benzene-sulfonate (ABS), was especially troublesome because it resisted
biodegradation (White et al., 1994). As a result of legislation, ABS in detergents has
been replaced by linear-alkyl-sulfonate (LAS), which is biodegradable. Surfactant has
always been used even though there is still a potential danger. For instance, degradation
products from the widely used alkylphenol polyethoxylate (APE) surfactants, which are
contaminants in BTSE, have been shown to be estrogenic and bioaccumulative. Table

2.12 summarizes the composition of general surfactants found in wastewater.

Table 2.12 Composition of a soapless washing powder (adapted from Tchobanoglous

and Burton, 1991)

Function Characteristic Classification
Surfactant detergent  Cleaning Sodium alkyl benzene
sulphonate

Builder Softening water, floating a pollutant ~ Sodium tripolyphosphate

Conditioner Maintaining alkalinity and protecting Anhydrous sodium silicate
machine

Filler Breaking a particle Anhydrous sodium silicate

Bleaching agent Removing stain and contaminant Sodium perborate

Bleach precursor Possible  bleaching at  lower Tetra acetyl ethylene diamine
temperature (TAED)

Anti-redeposition Floating a pollutant Sodium  carboxy  methyl

agent cellulose

Foam stabilizer Improving foaming Ethanolamide

Fluorescing agent Improving whitening

Perfumes and dyes ~ Improving smell and color

Enzymes Removing protein-like substance
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The impacts caused by detergents in the water are,

1) propagation of algae due to phosphate; it inhibits carbon dioxide gas
from leaving the water and at the same time inhibits oxygen from
dissolving in the water (not favorable for biodegradation),

i) selection of microorganisms (anaerobic prevalence), and,

iii) foam formation and aquatic toxicity.

2.5.4.6 Priority Pollutant

As the use of SOC increases, more and more contaminants have been found in BTSE.
Pesticides and herbicides widely used to control weeds and insects in urban environments
are classified as priority pollutants. Industrial wastewater also discharges these
compounds to wastewater treatment plants. The U.S. Environmental Protection Agency
has identified approximately 129 priority pollutants even as early as 1981 as

persistently harmful compounds to aquatic environment.

Priority pollutants (both inorganic and organic) are selected on the basis of their known
or suspected carcinogenicity, mutagenicity, teratogenicity or high acute toxicity. Most
priority pollutants affect liver and kidney and raise the risk of cancer. Details of each
compound can be found on the website of USEPA. The majority of these compounds
are volatile organic compounds (VOCs). VOCs are of great concern since;

1) once such compounds are in the vapor state they are much more
mobile and, therefore, more likely to be released to the environment;
and;

i1) the presence of some of these compounds in the atmosphere may pose

a significant public health risk.

2.5.4.7 Endocrine disrupting chemicals (EDCs) and pharmaceutical
and personal care products (PPCPs)

Until the beginning of the 1990s, nonpolar hazardous compounds (i.e. persistent
organic pollutants (POPs) and heavy metals) were the focus of interest as priority

pollutants. Nowadays, these compounds are less troublesome in the industrialized
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countries, since a dramatic reduction of emissions has been achieved through the
adoption of suitable measures and the elimination of the dominant sources of pollution.
However, in recent years, the presence of trace concentrations (below pg/L) of various
compounds in wastewater has become a concern due to their potential to disrupt the

endocrine system of humans and animals.

This class of chemicals is referred to as endocrine disrupting chemicals (EDCs),
pharmaceutical and personal care products (PPCPs), polyaromatic hydrocarbons,
plasticizers, hormones (e.g. estrogen) and pesticides. Metabolites of all of these may
also act as endocrine disruptors. Naturally occurring compounds, such as
phytoestrogens and their metabolites, may also contribute to this effect. The EDC and
PPCP are toxic to most life-forms. These chemicals are not common constituents of
domestic wastewater but result mostly from surface runoff from agricultural, vacant,
parklands, etc. The detailed molecular structure of these compounds can be found in

Vanderford et al. (2003).

It is generally accepted that there are the three major classes of endocrine endpoints:

1) estrogenic (compounds that mimic or block natural estrogens),
i1) androgenic (compounds that mimic or block natural testosterone) and
1i1) thyroidal (compounds with direct or indirect impacts to the thyroid).

Most research has focused only on estrogenic compounds; however, disruption of

androgen and thyroid function may be of greater or equal importance biologically.

More recently, PPCPs have been discovered in WWTPs, some of which have been
linked to ecological impacts at trace concentrations. Most of the EDCs and PPCPs are
more polar than traditional contaminants and the majority of them have acidic or basic
functional groups. These properties, coupled with occurrence at trace levels (i.e. < 1
png/L), create unique challenges for both analytical detection and removal processes

(Snyder et al., 2003). Table 2.13 presents the removal of EDCs and PPCP in WWTP.
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Table 2.13 Concentration and removal of EDC and PPCP in WWTP (adapted from
Snyder et al., 2003)

Compound Influent (ng/L) Effluent (ng/L)  Removal (%)
Nicotine 7560 274 96.4
Caffeine 58400 393 99.3
Carbamazepine 3230 471 85.4
DEET 2540 357 85.9
Phenacetin 3850 ND >99
Oxybenzone 3460 253 93
BPA 1730 511 70.5
Estrone 108 38.5 64.4
Coprastanol 46400 155 99.7
Acetominophen 17700 ND >99
Diphenhydramine 3860 855 77.8
Cocaine 1230 ND >91
Codeine 1710 447 73.9
Octylphenol 1390 15 99
Nonylphenol 78000 1060 98
Nonylphenol- 28900 1790 94
monoethoxylate

Nonylphenol-diethoxylate 13400 2410 82
Monobutyltin 1153 ND >96
Dibutyltin 950 7 99
Tributyltin 94 4 96
Tetrabutyltin ND ND

Daughton and Ternes (1999) reviewed the occurrence of over 50 individual PPCP
(metabolites from more than 10 broad classes of therapeutic agents or personal care
products in environmental samples) in BTS. Acidic drugs are comprised of the major
group of PPCP detected in municipal WWTP and, among them, bezafibrate, naproxen
and ibuprofen are most plentiful (concentrations up to 4.6 pg/L in municipal WWTP).
Tixier et al. (2003) also found that carbamezapine presented the highest daily load from
WWTP into Lake Greifensee (Switzerland), followed by diclofenac and naproxen.
Their elimination during their passage through WWTP was usually found to be quite
low in the range 35-90%. Carbamazepine showed an extremely low removal (only 7%).
Thus, through WWTP effluent discharge, PPCPs can enter receiving surface waters and
thus present a risk to drinking water obtained from these surface waters. For example,
clofibric acid, a metabolite of three lipid regulating agents (clofibrate, etofibrate and
fenofibrate), has been identified in river and groundwater and even in drinking water at

concentrations of up to 165 ng/L.
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Reports of EDC and PPCP in water have raised significant concern among the public
and regulatory agencies; however, little is known about the fate of these compounds
during wastewater treatment. Many studies have shown that conventional WWTP
cannot completely remove most of the EDCs and PPCPs (Ternes, 1998; Ternes et al.,
1999a and b; Snyder et al., 2003). Thus, it is important to study the fate of these

compounds, especially when wastewater is recycled.

One of the major limitations in the analysis of emerging contaminants remains the lack
of methods for quantification of low concentrations. The prerequisite for proper risk
assessment and monitoring of the quality of waste, surface and drinking waters is the
availability of multi-residual methods that permit measurement at the low ng/L level
(or even below that). So far, however these compounds have received little attention
because they are not on regulatory lists as environmental pollutants. Analytical
methodology for different groups of emerging contaminants is being developed and an
increasing number of methods are reported in the literature. The analysis of this group
of contaminants still requires further improvement in terms of sensitivity and selectivity,

especially for complex matrices, such as wastewater.

Presence of these chemicals can result in fish kills and can cause problems in water
supplies. Many of these chemicals are classified as priority pollutants. Evidence of the
increased prevalence of endocrine disruptors in the environment includes physiological
changes in human and animal populations, for example, increased birth defects,
alterations in sexual development and functioning (such as decreased sperm counts,
diminished sexual organs, and hypospadias), and other neurological effects. While
drinking water is only a minor contributor to the total exposure to endocrine disrupting
compounds, their prevalence and persistence in the environment is a concern (Ellis,

2004).

As synthetic compounds in household and industry increase, many synthetic
compounds are emerging in WWTP. Table 2.14 presents classes of emerging
compounds. Emerging contaminants correspond mostly to unregulated contaminants,

which may be candidates for future regulation depending on research on their potential
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health effects and monitoring data regarding their occurrence. The characteristic of
these groups of contaminants is that they do not need to persist in the environment to
cause negative effects since their high transformation/removal rates can be
compensated for by their continuous introduction into environment (Barceld, 2003).
For most of these emerging contaminants, occurrence, risk assessment and

ecotoxicological data are not available and it is therefore difficult to predict their health

effects.

Table 2.14 Classes of emerging compounds (adapted from Barcelo, 2003)

Compound class Examples
Pharmaceuticals

Veterinary and  human Trimethoprim, erythromycin, lincomyin
antibiotics suffamethoxazole
Analgesics and anti- Codein, ibuprofen, acetaminophen, acetylsalicylic
inflammatory drugs acid, diclofenac, fenoprofen
Psychiatric drug Diazepam
Lipid regulators Bezafibrate, clofibric acid, fenofibric acid
B-blockers Metoprolol, propranolol, timolol
X-ray contrast media Lopromide, iopamidol, diatrizoate
Steroids and hormones Estradiol, estrone, estriol, diethylstilbestrol
(contraceptives)

Personal care products
Fragrances Nitro, polycyclic and macrocyclic musks

Sun-screen agents

Insect repellents

Antiseptics

Surfactants and surfactant
metabolites

Flame retardants

Industrial  additives and
agents

Gasoline additives
Disinfection by-products

Benzophenone, methylbenzylidene camphor
N,N-dimethyltoluamide

Triclosan, chlorophene

Alkylphenol ethoxylates, alkylphenols (nonylphenol
and octylphenol), alkylphenol carboxylates
Polybrominated diphenyl ethers (PBDEs), Tetrabromo
bisphenol A, Tris(2-chloroethyl)phosphate

Chelating agents (EDTA), aromatic sulfonates

Dialkyl ethers, methyl-4-butyl ether (MTBE)
Iodo-THMs, bromoacids, bromoacetonitriles,

bromoaldehydes,  cyanoformaldehyde,  bromate,
NDMA

2.6 Adverse and Benign Effects of EFOM

EfOM affects essentially all chemicals and biological processes in aquatic environments.

It has a stabilizing effect, opposite to that of metal ions. The EfOM in WWTP:
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1) produces precursor for disinfection-by-products (DBPs) formation,
i) exerts higher coagulant and oxidant demands,

ii1) fouls adsorbents and membranes,

iv) causes aesthetic and corrosion problems, and

v) supplies substrate for biomass growth in water distribution networks.

The presence of EfOM in BTSE can also be helpful in some instances, for example,
EfOM substances can react with metals and many compounds to reduce toxicity. Some
treatment processes implicitly benefit from the physico-chemical effects of EfOM on

colloids. Humic acids can be used as direct means to extract pollutants (Yates and Von

Wandruszka, 1999).

2.7 Typical treatment processes of EfFOM

2.7.1 Introduction

Treatment processes for EfOM were initially developed in response to the concern for
public health and the adverse conditions caused by the discharge of organic matter.
From about 1900 to the early 1970s, treatment objectives were only concerned with 1)
the removal of suspended and floating material and ii) the elimination of pathogenic
organisms (Tchobanoglous and Burton, 1991). However, as the use of various
chemicals has increased, the pollutants of EfOM have become more numerous, such as

complex organic compounds, EDC including pesticides and PPCP.

One of the main sources of emerging contaminants is untreated urban wastewaters and
WWTP effluents (Figure 2.4). Most current WWTPs are not designed to treat these
types of substances and a high portion of emerging compounds and their metabolites

escape elimination in WWTP and enter the aquatic environment via sewage effluents.
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Figure 2.4 Components of a closed water cycle with indirect potable reuse (adapted

from Petrovi¢ et al., 2003)

In sewage treatment processes, EfOM in BTSE is removed by physical, chemical, and
biological means. Treatment methods where the application of physical force
predominates are known as physical unit operations. Physical treatments consist of
flocculation and filtration. Chemical treatments mean that the removal or conversion of
contaminants is brought about by the addition of chemicals or by other chemical
reactions. Flocculation, precipitation, ion exchange (IX), adsorption, and disinfection
are the most common chemical treatment methods. Biological treatment involves with
the biodegradation of organic matter using microbes. It is therefore important to select
an appropriate treatment to remove different compounds found in EfOM. In order to
treat these compounds, it is necessary to understand the roles and mechanisms of

different treatment methods with respect to EfOM removal.

In this review, treatments such as flocculation, adsorption, biofiltration, ion exchange
(IX), advanced oxidation process (AOP) and membrane process are discussed. The
efficiency of different treatment processes is evaluated in terms of TOC/DOC removal,
EDC/PPCP removal and MW distribution because:

1) TOC indicates the general information for removal by treatments used,
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1) EDC and PPCP represent removal of the small MW compounds (about
150 — 500 daltons) which cannot be removed using a conventional
treatment process and

1ii) MW distribution gives information on the removal in terms of different

MW ranges.

The effectiveness of specific processes in treating EfOM is strongly influenced by the
size (or MW) of EfOM. The main treatment methods used are: 1) flocculation, ii)
adsorption, iii) IX, iv) AOP, v) filtration and vi) membrane technology. The size ranges

of EfOM removed by different treatment methods are shown in Figure 2.5.

Reverse osmosis Flocculation
and nanofiltration

Microfiltration

Activated carbon adsorption Filtration

Ultrafiltration

Ion exchange

Advanced oxidation
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Figure 2.5 Size ranges of the applied treatments in treating EfOM

2.7.2 Removal of EfOM by Flocculation

2.7.2.1 General

Since about 1970, the need to provide more complete removal of the organic
compounds and nutrients (nitrogen and phosphorus) contained in wastewater has
brought about renewed interest in chemical flocculation (Tchobanoglous and Burton,
1991). Most colloids in wastewater carry a negative charge, but a colloidal dispersion
does not have a net electrical charge. The primary charges on the particles are
counterbalanced by charges in the aqueous phase, resulting in an electrical double layer

at every interface between the solid and water. The forces of diffusion and electrostatic
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attraction spread the charge around each particle in a diffuse layer. Repulsive electrical
forces and attractive van der Waals forces interact between the particles in the solution,
producing a potential barrier that prevents aggregation. The process of overcoming the
repulsive barrier and allowing aggregation to occur is called coagulation (DeWolfe et

al., 2003).

Coagulation consists of four distinct mechanisms: 1) compression of the diffuse layer
(van der Waals interaction), ii) adsorption to produce charge neutralization
(destabilization), iii) enmeshment in a precipitate (sweep coagulation) and iv)
adsorption to permit interparticle bridging (complex between particle and polymer with
synthetic organic coagulant). Rapid mixing leads to the charge neutralization of
colloids/particles through uniform and immediate disposal of chemicals with water.
Flocculation which follows the rapid mixing results in the aggregation of particles.
Flocculation can occur through three major mechanisms: i) Brownian movement of
fluid molecules (perikinetic flocculation), ii) velocity gradient in the fluid (orthokinetic
flocculation) and iii) differential settling of different sizes of particles in the water

(Vigneswaran and Visvanathan, 1995).

Coagulants are classified into three groups in practical applications: 1) aluminium
sulfate (alum), ii) ferric salts, and iii) polyaluminum chlorides (PACI). Alum sulfate is
the most common coagulant. The use of ferric chloride and PACI for water treatment

has been increasing over the last few decades.

2.7.2.2 Flocculation for EfOM removal

It is possible to obtain a clear effluent, substantially free from suspended and colloidal
solids by flocculation. FeCl; flocculation can remove 80 to 90% of the total suspended
solids, 40 to 70% of BOD, 30 to 60% of COD, and 80 to 90% of the bacteria. However,
the organic matter (DOC) removal depends on the characteristics of BTSE (Table 2.15).
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Table 2.15 EfOM removal by flocculation

Researcher Flocculant Removal Wastewater

Adin et al., 1998 FeCl; 99% (TPC) Dan region BTSE,
Tel Aviv, Jerusalem

Abdessemed and FeCl; (Jar test) 77% (COD)  Staoueli BTSE,

Nezzal, 2002 Algeria

Chapman et al., FeCl; (Floating medium 45% Olympic park

2002 flocculator) BTSE, Australia

Choo and Kang, FeCl; followed by PAC 88% (COD)  Gyeongsan BTSE,

2003 adsorption Korea

Shon et al., 2004  FeCls 57.6% Gwangju BTSE,
Korea

FeCl; followed by PAC 91%
adsorption

Table 2.16 presents the removal of EDC and PPCP by flocculation (Snyder and
Westerhoff, 2005). The concentrations of ferric chloride and alum used in this study
were 30 mg/L and 28 mg/L. The water was stirred at 100 rpm for 2 min and at 30 rpm
for 20 min. Then, it was settled for 1 hr. The compounds which consist of aromatic ring
such as benzo[a]pyrene, benzo[g,h,l]|perylene, benzo[k]fluoranthene, mirex,
benzo[b]fluranthene, and benzo[a]anthracene showed a high removal of more than 85%.
However, the compounds such as diazepam, diclofenac, and meprobamate, indicated
the lowest removal (less than 10%). Alum as a coagulant resulted in better removal
compared to ferric chloride coagulants. EDCs or PPCPs are removed by partially
adsorbing on particles in water and metal hydroxide particles formed during

flocculation (Snyder et al., 2003).
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Table 2.16 Removal efficiency (%) of EDC and PPCP with different flocculants
(adapted from Snyder and Westerhoff, 2005)

EDC/PPCP Ferric Alum EDC/PPCP Ferric Alum
chloride chloride
Acetaminophen 0 0 a-BHC 5 16
Androstenedione 0 17 Acenephthene 0 7
Atrazine 0 0 Acenapththylene 0 11
Caffeine 0 3 a-Chlordane 28 30
Carbamzepine 0 7 Aldrin 50 51
DEET 0 6 Anthracene 0 0
Diazepam 0 5 b-BHC 12 27
Diclofenac 0 0 Benz[a]anthracene 26 29
Dilantin 0 0 Benzo[a]pyrene 66 67
Erythromycin-H20 0 2 Benzo[b]fluoranthene 59 61
Estrodiol 0 12 Benzo[k]fluoranthene 62 64
Estriol 0 4 Chrysene 28 32
Estrons 0 d-BHC 8 22
Ethynylestradiol 0 16 DDD 24 26
Fluoxetine 0 20 DDE 57 57
Genfibrozil 2 20 DDT 45 46
Hydrocodone 0 Diedrin
Ibuprofen 0 Endrin 0
Iopromide 0 12 Fluoranthene 3 12
Meprobamate 0 Fluorene 3 8
Naproxen 0 Galaxolide 15 18
Oxybenzone 0 g-BHC 5 22
Pentoxifylline 0 g-Chlordane 38 37
Progesterone-APCI 0 20 Heptachlor 30 30
Progesterone-ESI 0 Heptachlor epoxide 7 13
Sulfamethoxazole 0 Methoxychlor 29 32
TCEP 0 Metolachlor 9 26
Testocterone 0 16 Mirex 62 65
Triclosan 0 13 Musk keton 0 18
Trimethoprim 0 Naphtalene 20 29
Phenanthrene 0 4

Flocculation can remove moderate amounts of HP organic contaminants that have a
strong affinity for adsorbed EfOM. Most of these compounds are relatively polar (log
Kow values less than 3) and as a result, only a few EDC and PPCP (e.g., nonylphenol,

fluroanthene, pyrene) are removed during this treatment. Adams et al., (2002) also
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demonstrated that flocculation with alum and iron salts or excess lime/soda ash did not
result in significant removal of antibiotics (i.e., carbadox, sulfachlorpyridazine,
sulfadimethoxine, sulfamerazine, sulfamethazine, sulfathiazole, and trimethoprim).
Sacher et al., (2000) found that ferric chloride flocculation did not remove several
pharmaceuticals (diclofenac, carbamazepine, bezafibrate, and clofibric acid). Certain
pesticides were not effectively removed by flocculation and approximately 50% of the
PAHs, pyrene, fluoranthene, and anthracene were removed through hydrophobic
interactions (Rebhun et al., 1998). In summary, EDCs and PPCPs that are associated

with colloidal or particulate material are removed by flocculation

2.7.3 Removal of EfOM by Adsorption

2.7.3.1 General

Adsorption is a physical and surface phenomenon by which molecules of organics
(adsorbates) are attracted to the surface of adsorbent by intermolecular forces of
attraction. Physical adsorption is mainly caused by van der Waals forces and
electrostatic forces between adsorbate and adsorbent molecules. In principle, any
porous solid can be an adsorbent, however for an efficient and economical adsorption
process, the adsorbent must have a large surface, long life, and a well-defined

microcrystalline structure to possess high adsorption selectivity and capacity.
Adsorption is the process of collecting soluble substances that are in solution on a
suitable interface. As EfOM in BTSE mainly constitutes of organic matter from about

250 to 3500 daltons, they can be successfully removed by adsorption.

The main factors that affect the adsorption of EfOM are:

1) the characteristics of adsorbent: surface area, particle size, and pore
structure,
i) the characteristics of adsorbate: solubility, molecular structure, ionic

or neutral nature and
iii) the characteristics of the solution: pH, temperature, presence of

competing organic and inorganic substances.
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Other factors affecting adsorption of organics are related to specific chemical affinities
between functional groups on the adsorbate and on the adsorbent. Table 2.17 shows the
classes of organic compounds that are easily or poorly removed by activated carbon in
general. The compounds that are poorly removed are highly soluble (hydrophilic) and
have low MW. In the case of organic acids and bases, adsorption is strongly dependent

on pH because of the preference for removal of neutral species from aqueous solution.

Table 2.17 Classes of organics adsorbed onto activated carbon (adapted from

Montgomery, 1985)

Classes Compounds
Readily Aromatic solvents Benzene, toluene, nitrobenzenes, etc.
adsorbed
Chlorinated aromatics PCB, chlorobenzenes,
chloronaphthalene
Phenol and
chlorophenols
Polynuclear aromatics Acenaphthene
Pesticides DDT, Aldrin, chlordane, BHCs,
heptachlor, etc.
Chlorinated Carbon tetrachloride, chloroalkyl ethers,
nonaromatics hexachlorobutadiene, etc.
Large MW hydrocarbons Dyes, gasoline, amines, humics
Poorly adsorbed  Alcohols Low MW ketones, acids, and aldehydes
Sugars and starches
Very-high-MW Colloids

Low-MW aliphatics

2.7.3.2 Adsorption for EfOM removal

Previous studies have shown that activated carbon can adsorb EfOM in significant
quantities and produce high quality effluent (Summers and Roberts, 1984; Najm et al.,
1990). Since BTSE contains different types of organic and inorganic substances, it is
possible that physical and chemical adsorption takes place when it comes in contact
with activated carbon. However, for simplicity reasons, only physical adsorption is

considered since most of the adsorption-separations are due to physical adsorption.
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The adsorption process is competitive in nature. The extent of competition depends on
the strength of adsorption of the competing molecules, the concentration of these
molecules and the characteristics of the adsorbent (activated carbon). In a competitive
adsorption environment, desorption of a compound may take place by displacement by
other compounds, as the adsorption process is reversible in nature. It results in an
effluent concentration of EfOM greater than the influent concentration in some cases
(Snoeyink, 1990). Past experimental results on EfOM removal by adsorption is

summarized in Table 2.18.

Table 2.18 EfOM removal from BTSE by adsorption

Researcher Process Removal Wastewater

Arana et al., 2002 PAC adsorption 53% (DOC) BTSE from Universidad de
Las Palmas de Gran Canaria,
Spain
Abdessemed and PAC adsorption 71% (COD) Staoueli BTSE, Algeria
Nezzal, 2002
Shon et al., 2004  PAC adsorption 60 - 71.4% Gwangju BTSE, Korea
(DOC)

Table 2.19 presents the removal of EDC and PPCP by adsorption. Compared to
flocculation, adsorption removes EDC/PPCP in significant quantities. PAC which has
hydrophobic characteristics interacts with nonpolar organic compounds of EDC/PPCP.
Snyder et al. (2003) suggested that PAC adsorption is effective in removing
nonylphenol, nonylphenol ethoxylates, triclosan, dilatin, bisphenol A, and octylphenol
(about 60 - 80% removal).
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Table 2.19 Removal of EDC and PPCP from BTSE by PAC adsorption (adapted from

Snyder et al., 2003)
EDC/PPCP Removal EDC/PPCP Removal EDC/PPCP Removal
(%) (%) (%)
Acetaminophen 87 a-BHC 0 Fluorene 96
Androstenedione 58 Acenephthene 90 Galaxolide 63
Atrazine 54 Acenapththylene 95 g-BHC 67
Caffeine 19 a-Chlordane 82 g-Chlordane 0
Carbamzepine 55 Aldrin 92 Heptachlor 88
DEET 0 Anthracene 77 Heptachlor epoxide 35
Diazepam 53 b-BHC 77 Methoxychlor 0
Diclofenac 64 Benz[a]anthracene 91 Metolachlor 57
Dilantin 0 Benzo[a]pyrene 94 Mirex 90
Erythromycin- 44 Benzo[b]fluoranthene 90 Musk keton 73
gszt?()diol 2 Benzo[k]fluoranthene 91 Naphtalene 96
Estriol 54 Chrysene 93 Phenanthrene 94
Estrons 79 d-BHC 23 Meprobamate 0
Ethynylestradiol 67 DDD 52 Naproxen 87
Fluoxetine 92 DDE 93 Oxybenzone 93
Genfibrozil 0 DDT 80 Pentoxifylline 65
Hydrocodone 72 Diedrin 52 Progesterone-APCI 45
Ibuprofen 48 Endrin 14 Progesterone-ESI 91
Iopromide 33 Fluoranthene 91 Sulfamethoxazole 43
Testocterone 35 Trimethoprim 40 TCEP 71
Triclosan 93 Pyrene 85

2.7.4 Removal of EfOM by Biofiltration

2.7.4.1 General

Any type of filter with attached biomass on the filter-media is called a biofilter. It can
be a trickling filter used in a wastewater treatment plant, a horizontal rock filter used in
a polluted stream, granular activated carbon (GAC) or slow sand filter used in a water

treatment plant.

Biofilter has been successfully used to treat organic pollutants from air, water and

wastewater. The biofilter (in the form of trickling filter) was first introduced in England
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in 1893 (Metcalf and Eddy, 1991), and since then, it has been successfully used for the
treatment of domestic and industrial wastewater. Originally, this biofilter was
developed using rock or slag as filter media, however at present, several types and
shapes of plastic media are used. There are a number of small package treatment
systems with different brand names that are currently available in the market where

different shaped plastic materials are packed as filter media.

In a biofiltration system, the pollutants are removed by biological degradation rather
than physical straining as is the case in normal filter. With the progression of the
filtration process, microorganisms (aerobic, anaerobic and facultative bacteria; fungi;
algae; and protozoa) are gradually developed on the surface of the filter media and
form a biological film or slime layer known as biofilm. The development of biofilm
may take few days or months depending on the influent organic concentration. The
crucial point for the successful operation of a biofilter is to control and maintain a
healthy biomass on the surface of the filter. Since the performance of the biofilter
entirely depends on the microbial activities, a constant source of substrates (organic
substance and nutrients) is required for its consistent and effective operation. There are
three main biological processes that can occur in a biofilter: i) attachment of
microorganism, 1ii) growth of microorganism and ii1) decay and detachment of
microorganisms. As the success of a biofilter depends on the growth and maintenance
of microorganisms (biomass) on the surface of filter media, it is necessary to
understand the mechanisms of attachment, growth and detachment on the surface of the

filter media.

The parameters that can affect the performance of a biofilter are the characteristics of
filter media, hydraulic and organic loading rate, and filter backwash techniques. Other
factors that can influence the performance of a biofilter are temperature and the
presence of oxidants, i.e. O3, H,O,, Cl,, and NH4Cl etc. in the influent (Urfer et al.,
1997, Goel et al., 1995). These factors should be carefully studied when designing a
biofiltration system. Typical design values of biofilter for water and wastewater

treatment are presented in Table 2.20.
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Table 2.20 Typical biofilter design parameters used in tertiary wastewater and surface

water treatment (adopted from Rachwal et al., 1996)

Parameter Slow sand Sand or multi- Granular activated
filter media Rapid filter carbon Rapid filter
Filtration rate (m/h) 0.1-0.3 5-30 5-15
Media effective size (mm) 02-04 0.5-2 0.5-1
Media depth (m) 03-1.5 0.6-2.5 0.6-3.5
Media contact time (h) 1-15 0.07-0.2 0.1-0.5
Specific Media surface area (m*/m?) 10,000 4400° 4600, 5 x 108"

* based on assumed spherical media, # based on manufacturers quoted molecular scale

adsorption surface area

2.7.4.2 Biofiltration for EfOM removal

A biofilter can be employed either as a primary treatment unit or as secondary unit in
the wastewater treatment system. In advanced wastewater treatment, biofilter can be
used along with conventional physico-chemical processes such as coagulation-
flocculation, filtration and sedimentation. The conventional filter and the biofilter units
can be combined depending on the suspended solid concentration. Since the main
purpose of the biofilter is to remove the dissolved organics, the suspended particles are
removed in conventional filter before the entry of the wastewater to the biofiltration

system.

Adsorption of organics and biological degradation of the organic matter adsorbed onto
the activated carbon are two major mechanisms for the consistent removal of organics
in the GAC biofiltration system. A summary of past research on DOC and EDC/PPCP
removal by biofiltration is presented in Tables 2.21 and 2.22.
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Table 2.21 Lists of the DOC removal by filtration with BTSE

Researcher Process Removal Wastewater
Kim et al., 2002 - Dual media + GAC biofilter 64% BTSE,
- Dual media + GAC biofilter 75% Singapore
with a flocculant
Shon et al., 2003 - GAC biofilter 60% Gwangju BTSE,
Korea

Table 2.22 Removal of EDC and PPCP with full scale GAC biofilter in ppt unit
(adapted from Snyder and Westerhoff, 2005)

Compounds Raw After GAC GAC GAC
water coagulation influent effluent Removal (%)
Caffeine 7.1 2.7 17 3.1 81.8
Erythromycin- 1.4 1.9 1.8 <1.0 <44.4
H,O
Sulfamethoxazole 1.2 1.6 6.0 <1.0 83.3
Meprobamate 2.0 2.0 1.2 <1.0 <16.7
Dilantin 1.4 2.2 1.8 <1.0 <44.4
TCEP 2.0 1.7 2.0 1.3 35
Carbamazepine 2.5 2.4 2.2 <1.0 <54.5
DEET 4.0 3.6 1.8 <1.0 <44.4
Atrazine 571 571 650 6.1 99.1
lopromide 2.2 2.4 33 <1.0 <69.7
Ibuprfen 24 2.9 1.1 <1.0 <9.1
Gemfibrozil 4.8 4.5 1.2 <1.0 <16.7
Metolachlor 122 121 122 <1.0 <99.2

2.7.5 Removal of EfOM by Ion Exchange

2.7.5.1 General

Wastewaters containing low MW EfOM are difficult to be treated by
coagulation/flocculation processes, as this process is less effectively in removing the
smaller MW species. Ion exchange (IX) is claimed to be more economical than
activated carbon, carbonaceous resins or metal oxides in removing EfOM if on-site
regeneration of ion exchanger can be performed. The charged impurities in water and
wastewater can be easily removed by IX. Since EfOM has a negative charge at neutral

pH, basic anion exchange resins are commonly used in wastewater applications. The IX
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in treating EfOM from BTSE can be divided into two groups: 1) strongly basic anion

exchange and ii) weakly basic anion exchange.

The quaternary ammonium resins are generally used as strongly basic anion exchange
in the chloride form. The following reaction occurs with charged DOC (which is

represented by R and anion exchange resins):
Resin-NMe; 'Cl +R ™ <> Resin—-NMe; R +CI~ (2.1

The resins used in treating EfOM can be regenerated with an excess of brine or caustic
brine. A strongly basic resin requires salt and alkali well in excess of the stoichiometric
amounts. On the other hand, weakly basic resin requires lower amount of chemicals.
The chemicals used in latter case are lime and mineral acid at only slightly above
equivalent levels:

Resin-NHMe, R +OH —Resin—-NMe,+R +H,0 (2.2)
Resin-NMe,+H +Cl"—Resin-NHMe, C1 (2.3)
Thus, weakly basic resins have cost advantages in terms of regenerated usage. The
calcium salts of humic and fulvic acids are obtained in the regenerated liquid.
Regeneration can be achieved without salt, which can simplify the disposal of the waste
(Bolto et al., 2004). The properties of resins that are used in the removal of EfOM are
listed in Table 2.23.
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Table 2.23 Characteristics of resins used in the treatment of BTSE

Researcher
Brattebo et
al., (1987)

Meyers
(1995)

Symons et
al., (1995)
and
Gottlieb,
(1996)

Kunin and
Yarnell,
(1997)

Frederick,
(1997)

Remarks
- Strongly basic resins in the chloride form remove EfOM better than their
hydroxide forms.

- Resins with a smaller particle size are more efficient.

- Better EfOM removal with an IX of polyacrylic skeleton than styrenic
resin.

- More flexible acrylic skeleton enables resins to adsorb more water and

swell, making them less prone to fouling.

- The acrylic skeleton facilitates the removal of HL organic acids in
addition to more abundant HP acids (humics).

- Macroporous resins with a moderate to high porosity are more suited to
stresses in a continuous process compared to gel resins.

- Macroporous resins are more physically stable than gel resins under
aggressive conditions including hydraulic pressures and presence of
chlorine.

- The smaller average particle diffusion distances within the smaller resin
beads result in an improvement to regeneration (and loading) kinetics.

- The same property also results in reductions of rinse times required to
remove regenerant from the beads.

In water and wastewater applications, magnetic ion exchange resin (MIEX") is

increasingly being used. The MIEX" resin was originally developed in Australia (Orica

Watercare Ltd.) for the removal of DOC. The DOC removal from water minimizes the

formation of DBP in drinking water supplies. The name MIEX® comes from magnetic

ion exchange, because the adsorption is achieved by means of IX and the resin particles

contain a magnetized component within their structures (Figure 2.6). MIEX® has been

developed to enable the adsorption of dissolved organic matter. This process occurs in

a stirred contactor, similar to a flash mixer in a conventional water treatment plant. The

negatively charged DOC is removed by exchanging with a chloride ion on active sites

on the resin surface.
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Figure 2.6 DOC removal mechanisms by MIEX" resin (adapted from Bourke et al.,
1999)

@CI

Several bench-scale and pilot-scale studies have proved its capability in removing
negatively charged EfOM (Bourke et al., 1999). Preliminary experiments indicate that
MIEX® and enhanced coagulation can effectively remove small MW organic matter
and large MW organic matter, respectively. The process was developed on the
following recognized premises (Fearing et al., 2004)

1) resins with quaternary ammonia functional groups are more effective,

i) resins with a polyacrylic skeleton are the best for EfOM removal,

ii1) macroporous resins are more suited to continuous processes than gel

resins,

1v) resins need a high specific IX capacity and

V) smaller sized resin particles are more efficient.

2.7.5.2 Removal of EfOM by MIEX® Process

In the MIEX® process, the removal of EfOM is achieved by IX. On average, 70-80 %
of the EfOM are weak organic acids that are found in ionized form in the pH range of 6
to 8. These polydispersed anions have a carboxyl content of 11 to 15 meq/g TOC which
makes them good candidates for IX (Symons et al., 1995).
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In terms of MW of organic matter, smaller EfOM (MW 1000-10000 daltons) are
exchanged rapidly both during resin loading and regeneration. On the other hand, large
EfOM (MW > 10000 daltons) have been found to have slower exchange kinetics but
form stronger ionic bonds with the resin. As a result of this, they are harder to extract
during resin regeneration and have potential to foul the resin. The smallest EfFOM (MW
< 1000) is neutral, and thus not removed by resin. In addition, the effectiveness of
EfOM removal by IX varies from one source water to another depending not only on
the composition of EfOM but also on pH, temperature and presence of other anions,
especially sulphate. Efficiency of the EfOM removal in an IX process can be improved
by optimizing resin characteristics and/or process conditions. Both of above factors

have been utilized in the MIEX® DOC process (Slunjski et al., 1999).

A pilot plant study treating raw water received from a water treatment plant revealed
the following: MIEX" resin reduced the raw water THM formation potential (THMFP)
by 69.5% (from 167 g/L to 51 g/L) and the HAA formation potential (HAAFP) by 61%
(from 94 g/L to 37 g/L) (AWWA, 2004). MIEX" treatment reduced the raw water
DOC by an average of 71% (from 11.8 mg/L to 3.4 mg/L), which allows compliance
with the EPA DBP standards. Table 2.24 presents the removal of EDC and PPCP by
MIEX® treatment. Some EDCs/PPCPs (triclosan and diclofenac are effectively
removed, while most EDCs/PPCPs cannot be removed this this treatment. The DOC
removal by MIEX" was 60 to 70% in BTSE. Zhang et al. (2005) reported that MIEX®
resin can easily be regenerated and even after several regenerations with a similar

removal with Gwangju BTSE, Korea.
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Table 2.24 Removal of EDC and PPCP by different concentrations of MIEX® (adapted
from Snyder and Westerhoff, 2005)

EDC/PPCP (5§ mL of MIEX)/(L of water) 10 mL/L  15mL/L 20 mL/L
Triclosan 84 90 93 94
Sulfamethoxazole 0 0 0 4
Oxybenzone 4 24 36 40
Naproxen 18 20 44 53
Ibuprofen 0 2 16 20
Gemfibrozil 0 0 13 20
Ethynylestradiol 0 0 20 20
Estradiol 0 0 3 3
Dilantin 0 0 21 22
Diclofenac 68 81 88 90

2.7.6 Removal of EfOM by Advanced Oxidation Process (AOP)

2.7.6.1 General

Although the number of refractory substances found in BTSE is increasing, it is not
possible to achieve a complete removal of EfOM by the conventional treatment
processes. Photocatalytic oxidation is relatively a new technology that can be used to
mineralize the refractory EfOM. During the past 10 years, there has been considerable
research and commercial interest in the use of AOP for the treatment of organic

contaminants in wastewater.

AOP is typically characterized by the generation of the highly reactive hydroxyl radical
(-OH) that can mineralize dissolved organic pollutants into CO, and H,O. They are: 1)
ozonolysis, i) UV/ozone, iii)) UV/H;O, iv) irradiation with electrons and v)
combinations of the above methods. This process has shown considerable potential in
the treatment of a number of recalcitrant organic pollutants such as humic substances,
EDC, PPCP, textile dye waste and sewage sludge. In addition, this process has been
tested with alternative disinfectants to disinfect protozoa such as Cryptosporidium. In
the recent years, this technique has also been coupled with membrane systems to obtain

better results (Molinari et al., 2001; Tang and Chen, 2001).
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Oxidative hydroxyl radical (HOe) is generated by photochemical and non-
photochemical pathways (Table 2.24). The oxidative potential (OP) of species indicates
the power of an oxidant, with a higher value indicating higher reactivity. For example,
the OP for OHe is +2.8 volts, compared to ozone at 2.07 volts. The hydroxyl radical is a
strong and non-specific oxidant and therefore able to rapidly oxidize a large number of
recalcitrant molecules. Many of the AOPs utilize the chemical hydrogen peroxide as
oxidant. The oxidizing strength of hydrogen peroxide alone is relatively weak (OP
+1.76 volts), but the addition of UV light enhances the rate and strength of oxidation
through production of increased amounts of hydroxyl radicals. Hydrogen peroxide
(even in low concentrations) will enhance other AOPs, as the molecule easily splits into
two hydroxyl radicals. Fenton's reagent has been proven to be very effective in the
treatment of organic molecules. However, this is expensive as a complicated sludge
matrix is produced that requires disposal. It requires continuous supply of feed

chemicals.

Table 2.25 Advanced oxidation processes used in water treatment

Reagents Used Main Chemical Reactions

Fenton's Fe’™ + H,0, — Fe’" + OH + HOe (wavelengths < 580 nm)
reagent/hydrogen  Fe’™ + H,0, — Fe*" + H™ + HOO»

peroxide

Ozone/hydrogen 205 + H,O, — 2HOe + 30,
peroxide or

hydroxide
Ozone/UV 03+ UV + H,O — 2HOe + O,
Hydrogen H,0, + UV — 2HOe
peroxide/UV HOe + H,O, — HO,* + H,O
HO,e + HO,* — H,O;, + O,
Ti0,/UV TiO,+ hv — TiO; (e+h") (wavelengths < 390 nm)
photocatalysis h"+ OH — HOe
e + 0y — 0O,
(h"... holes = wvalence band electron vacancies

e ... conduction band electrons)

The TiO,/UV photocatalytic process is also one of the attractive AOPs as its reactive
species is the HOe radical as in all other AOPs. Degradation of waste compound

proceeds via oxidative (electrophilic) attack of HOe and leads to complete
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mineralization to yield innocuous CO; and mineral acids, taking advantage of the
extremely high redox potential (2.8 volts) of the HOe. This process is based on the
electronic excitation of a molecule or solid caused by light absorption e.g. UV light that
drastically alters its ability to lose or gain electrons and promote decomposition of
pollutants to harmless by-products (Molinari et al., 2002). Photoinduced electrons (e”)
and positive holes (h") are produced from TiO, with UV light. These charged species
can further generate free radicals. The highly oxidizing positive hole (h") is considered
to be the dominant oxidizing species contributing to the mineralization process
resulting from the TiO, photocatalysis (Chu and Wong, 2004). The principal
advantages of the TiO,/ UV process compared to other AOPs are:

1) suitable in wastewater treatment without the addition of large amounts of

chemicals,

i1) no follow-up treatments (filtration, etc.) are necessary and

1) applicability over a wide range of pH values.

There are also some limitations of UV/oxidation (Gogate and Pandit, 2004).

(1) The aqueous stream being treated must allow good transmission of UV light
(high turbidity causes interference on the passage of UV light). Free radical scavengers
can inhibit contaminant destruction efficiency. Excessive dosages of chemical oxidizers
may act as a scavenger.

(i1) The aqueous stream to be treated by UV/oxidation should be relatively free
of heavy metal ions (less than 10 mg/L) and insoluble oil or grease to minimize the
potential of fouling of the quartz sleeves.

(i11) When UV/O; is used on volatile organics, the contaminants may be
volatilized (e.g., stripped) rather than getting destroyed. They would then have to be
removed from the off-gas by activated carbon adsorption or catalytic oxidation.

(iv) Costs may be higher than competing technologies because of energy
requirements. Pretreatment of the aqueous stream may be required to minimize ongoing
cleaning and maintenance of UV reactor and quartz sleeves.

(v) Handling and storage of oxidizers require special safety precautions.
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2.7.6.2 AOPs for EfOM removal

Typical AOPs use ozone, hydrogen peroxide and UV radiation to generate the hydroxyl
radicals in treating EfOM in BTSE. One of the more recent and more practical methods
of producing hydroxyl radicals is the use of UV along with a suspended TiO, catalyst.
This method is believed to have the advantage of better control in terms of producing
the hydroxyl radicals while avoiding or minimizing the formation of the potentially

toxic DBP (Al-Bastaki, 2003).

Table 2.26 presents removal of EfOM from BTSE by different AOPs. The use of
03/H,0,/UV results in a shorter reaction time and requires less oxidant than the other
AOPs (Ito et al., 1998). When photocatalysis was combined with FeCls, the removal of
DOC increased by up to 90%. This may be due to the decrease of organic loading

and/or increase of Fenton reaction (Shon et al., 2005).

Table 2.26 Comparison of DOC removal with different AOP in BTSE

Researcher Condition Processes DOC
Removal
(%)
Itoetal., 1998 O; dosage: 2.86 mg O3 min'l, 05/H,0,/UV 55
(Hiroshima HQOQ:' less than 200 mg/L, U\_g 03/H,0, 20
BTSE, Japan) 1n'ten31.ty _1(25.3..7 nm): 2.6*10 H,0,/UV 45
Einstein s, air: 100 mL/min
Shon et al., EfOM initial concentration = 6.65 TiO,/UV 50
2005 mg/L; TiO, concentration = 2 g/L; Os3/Ti0O,/UV 75
(Gwangju air = 25 L/min, PAC = 1 g/L, H,0,/ TiO,/UV 80
BTSE, Korea) FeCl; = 1 mM, H,O, = 1 mM, O3 FeCl;/TiO,/UV 90
=0.1 L/min PAC/TiO,/UV 80

Practically any organic contaminants that are reactive with the hydroxyl radical can
potentially be treated. A wide variety of organic and explosive contaminants are
susceptible to destruction by UV/oxidation, including petroleum hydrocarbons;
chlorinated hydrocarbons that are used as industrial solvents and cleaners. In many
cases, chlorinated hydrocarbons that are resistant to biodegradation may be effectively
treated by UV/oxidation. Typically, easily oxidized organic compounds, such as those

with double bonds (e.g., trichloroethylene and vinyl chloride), as well as simple
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aromatic compounds (e.g., toluene, benzene, xylene, and phenol), are rapidly destroyed

in UV/oxidation processes (Table 2.27). More details can be found elsewhere (Gogate

and Pandit, 2004; Pirkanniemi and Silanpéd, 2002).

Table 2.27 Easily oxidized organic compounds by photocatalytic processes (adapted

from Pirkanniemi and Sillanpaa, 2002)

Compounds Catalyst Spectral range and
oxidant
Chlorinated  4-chlorophenol - TiO, on S10, UV and H,0,
organics and  Tetrachloroethene, - Pt-TiO; on uv
phenolic trichloroethene, cis- ambersorb
compounds  dichloroethene, (and
toluene, ethylbenzene,
xylene),
2,4-Dichlorophenol - Fenton on Nafion  Visible light and
membrane H,0O,
Pentachlorophenol - TiO; (sol-gel) uv
4-Chlorophenol - TiO; on silica uv
fiber glass
Phenol and ortho- - TiO, uv
substituted phenolic
compounds: 2-
chlorophenol, guaiacol,
catecol
Others Salicylic acid (formic acid) - TiO, UV and sonolysis
Nitrotoluenes - TiO, UV and O,
Formic acid - Fe on TiO; uv
Benzamide - TiO; on fiberglass UV
Dithiocarbamate - TiO; on fiberglass UV

Tables 2.28 and 2.29 present the removal of EDC/PPCP by different AOPs. The
processes between conventional oxidation (chlorination) and AOP (ozone and ozone-
H,0;) are compared in terms of individual removal. Chlorination removes the
EDC/PPCP compounds such as
triclosan and benzo[a]anthracene by up to 90%, whereas the removal of the EDC/PPCP

17B-estradiol, oxybenzone, sulfamethyoxazole,

compounds such as androstenedione, DDT, progesterone and mirex is less than 40%.
The breaking point of each molecule is different by chlorination. Single aromatic bond
is broken from double bond by chlorination. The removal of DOC by ozonation shows
better results compared to chlorination. The details on the removal of EDCs and PPCPs
by chlorination, chlorine dioxide, ozonation, and UV irradiation can be found in Snyder

et al., 2003.
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Table 2.28 Removal of EDC and PPCP with chlorination at pH 5.5 (adapted from

Snyder and Westerhoff, 2005)

EDC/PPCP

Acetaminophen
Androstenedione
Atrazine
Caffeine
Carbamzepine
DEET
Diazepam
Diclofenac
Dilantin
Erythromycin-H20
Estrodiol

Estriol

Estrons
Ethynylestradiol
Fluoxetine
Gemfibrozil
Hydrocodone
Ibuprofen
lopromide
Meprobamate

Naproxen

Removal
(%)
96

40
15
58
98
16
71
96
32
95
98
98
98
98
20
98
98
44
7
16
93

EDC/PPCP

a-BHC
Acenephthene
Acenapththylene
a-Chlordane
Aldrin

Anthracene
b-BHC
Benz[a]anthracene
Benzo[a]pyrene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Chrysene

d-BHC

DDD

DDE

DDT

Diedrin

Endrin
Fluoranthene
Fluorene
Galaxolide

Removal
(%)
26

92
92
28
50
91
16
91
71
71
86
89
21
24
34
25
28
22
94
30
39

EDC/PPCP

g-BHC
g-Chlordane
Heptachlor
Heptachlor epoxide
Methoxychlor
Metolachlor

Mirex

Musk keton
Naphtalene
Phenanthrene
Oxybenzone
Pentoxifylline
Progesterone-APCI
Progesterone-ESI
Sulfamethoxazole
TCEP

Testocterone
Triclosan
Trimethoprim

Pyrene

Removal
(%)
21

30
39
21
43
32
8

25
46
68
96
86
50
50
97
4

52
97
98
53
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Table 2.29 Removal of EDC and PPCP with ozone/H,O, (adapted from Snyder and

Westerhoff, 2005)

EDC/PPCP

Acetaminophen
Androstenedione
Atrazine
Caffeine
Carbamzepine
DEET
Diazepam
Diclofenac
Dilantin
Erythromycin-H20
Estrodiol

Estriol

Estrons
Ethynylestradiol
Fluoxetine
Gemfibrozil
Hydrocodone
Ibuprofen
lopromide
Meprobamate

Naproxen

Removal
(%)
96

98
52
98
98
83
85
96
88
96
98
98
98
98
98
98
98
88
60
61
93

EDC/PPCP

a-BHC

Acenephthene
Acenapththylene
a-Chlordane

Aldrin

Anthracene

b-BHC
Benz[a]anthracene
Benzo[a]pyrene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Chrysene

d-BHC

DDD

DDE

DDT

Diedrin

Endrin

Fluoranthene
Fluorene

Galaxolide

Removal
(%)
16

&9
92
0
50
91
0
88
71
89
87
92
9
75
62
61
0
93
93
93
&9

EDC/PPCP

g-BHC
g-Chlordane
Heptachlor
Heptachlor epoxide
Methoxychlor
Metolachlor

Mirex

Musk keton
Naphtalene
Phenanthrene
Pyrene
Oxybenzone
Pentoxifylline
Progesterone-APCI
Progesterone-ESI
Sulfamethoxazole
TCEP

Testocterone
Triclosan

Trimethoprim

Removal
(%)
13

0
54
8
91
86
23
33
88
94
93
96
98
98
98
97
15
98
82
98

2.7.7 Removal of EfOM by Membrane Technology

2.7.7.1 General

Membrane technology has been found to be a successful technology in wastewater

reuse. Microfiltration (MF) and ultrafiltration (UF) membrane systems have already

proven their advantages in terms of superior water quality and economics.

Nanofiltration (NF) and reverse osmosis (RO) membranes are used in wastewater

reclamation. NF membranes can reject smaller size molecules that cannot be removed

by MF and UF membranes. However, it requires much higher energy consumption
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during the operation. Therefore, low-pressure driven type of NF has been investigated

for the removal of organic matter (Thanuttamavong et al., 2002; Shon et al., 2004).

There are many references regarding on the boundary of applications of different
membranes (Vigneswaran et al., 1991; Mulder, 1996; Fane, 1996; Schafer, 2001).
However, since the boundary of each membrane is uncertain, many researchers have
used different definitions for the choice of membranes. Hence, it is necessary to put
forward a detailed and clear definition for the pore size of the membrane. Table 2.30
presents the classification of different membranes, and this would avoid overlapping of
the definition of pore sizes for different membranes in terms of the tight and loose

membranes.

Table 2.30 Size range of membrane separation process (adapted from Cho, 2005)

Membrane RO NF UF MF
Process Tight Loose Tight Loose Tight Loose
Molecular <150 150 300 1000 10000 100000  0.01 um

Weight Cutoff to to to to to to
(daltons) 300 1000 10000 100000 0.01 pm  0.05 um

MF is the membrane process with the largest pores. It can be used to filter suspended
particulates, large colloids and bacteria. The MF is also used as a pretreatment for NF
and RO processes. Since the pore size of the MF is relatively large, air backflush or
permeate backwash can be used to clean the deposits from the pores and the surface of
the membrane. Physical sieving is the major rejection mechanism in MF. The deposit
or cake on the membrane also acts as a self-rejecting layer, and thus MF can retain even

smaller particles or solutes than its pore size (Chaudhary, 2003).

UF should be able to remove virus and this results in the partial removal of color. It
enables the concentration, purification and fractionation of macromolecules such as
proteins, dyes and other polymeric materials. It is widely used in the industrial
wastewater treatment where recycling of raw materials, products and by-products are of
primary concern. For example, it can be used to recover paints in the electrophoretic
painting industries, lignin and lignosulforates from black liquor in the pulp and paper

industry. UF is also used as a pretreatment to NF and RO processes (Schafer, 2001).
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NF is a membrane process located between UF and RO. Simpson et al. (1987) has
defined NF as charged UF. Sometimes it is referred to as a low pressure RO. The NF
can remove 60-80% of hardness, more than 90% of color causing substances and
almost all turbidity. The NF has the advantage of low operating pressure compared to
RO and has a high rejection of organics compared to UF. Both charge and size are
important in NF rejection. At a neutral pH, most NF membranes are negatively
charged, whereas at lower pH are positively charged (Zhu and Elimelech, 1997).
Physical sieving is another dominant mechanism in removing colloids and large
molecules. However, for the removal of ions and lower MW organics, chemical

interactions between the solutes and membrane play an important role.

RO was the first membrane process to be widely commercialized. Reverse osmosis is
the reversal of the natural process of osmosis in which water from a dilute solution
passes through a semi-permeable membrane into a more concentrated solution due to
osmotic pressure. In reverse osmosis, an external pressure greater than osmotic pressure
is applied so that the water from concentrated solution passes into the diluted solution.
Thus it can be used to separate salts and low MW pollutants from water and wastewater

(Chaudhary, 2003). RO is used as the polishing treatment in water reclamation projects.

2.7.7.2 Membrane technology for EfOM removal

EfOM represents a complex matrix of organics with different sizes, structure and
functional groups. Important characteristics that control the interactions with membrane
include MW distribution, hydrophobic (aromatic) and hydrophilic (aliphatic) nature of
EfOM, and (acidic) functional groups of EfOM. Similarly, molecular weight cutoff
(MWCO), hydrophobicity and surface charge are important properties of membrane
that can affect the interaction with EfOM. Three types of possible interactions between
EfOM and membrane have been reported in the literature: i) adsorption (fouling), ii)
electrostatic exclusion (rejection) and iii) steric exclusion (rejection) (Mulder, 1996). A
number of researchers reported that for the negatively charged UF and NF, the
characteristics of EfOM contributing to rejection include high MW and negative charge
density. The other factors that can affect the EfOM rejection and membrane fouling are

pH, 1onic strength and calcium content in the solution (Amy and Cho, 1999).

2-52



The EfOM removal by different membranes is shown in Table 2.31. In general, UF
removes EfOM up to 40 — 60% and NF removes more than 80%. Tables 2.31 and 2.32
also show the removal of EDC and PPCP by UF and NF. The UF used in this study had
8000 daltons cutoff and -32.2 mV =zeta potential (from Desal/Osmonics (GM
membrane)). The pore size and the zeta potential of NF were 200 daltons and -11.1 mV
(from Hydranautics (ESNA)). Since, the compounds of EDCs and PPCPs consist of the
smallest MW from 150 to 500 daltons, MF and UF could not remove these compounds.
However, NF and RO can remove more than 90% (Huang and Sedlak, 2001). Snyder et
al. (2003) found that when polar and charged compounds were combined with other
organic and inorganic compounds, these compounds led to better removal compared to
less polar or neutral compounds. For instance, the removal of low MW increased at
higher pH due to electrostatic repulsion and the removal of neutral compounds
improved linearly with MW. Table 2.34 presents the removal of organic matter (in
terms of DOC) by membrane processes with different pretreatments prior to membrane

applications.
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Table 2.31 DOC removal by different membrane processes

Researcher Process DOC removal Wastewater
Duin et al, UF 10% (COD) Driebergen
2000 NF (spiral wound) 75-80% (COD) BTSE, The
Netherlands

Jarusutthirak UF (NTR 7410, 20000 Da) 40% Boulder BTSE,
and Amy, UF (PM10, 10000 Da) 25% USA
2001 UF (GM, 8000 Da) 30%

NF (ESNA, 200 Da) 92%
Lee et al, UF (T-8000,8000 Da) 38% Gwangju BTSE,
2003 UF (GM, 8000 Da) 58% Korea

NF (T-1000, 1000 Da) 40%

NF (ESNA, 250) 95%
Emst et al., NF (DKS5, 200) 96% Ruhleben BTSE,
2000 NF (MP 35, 1000) 73% Germany

NF (NF-PES10, 1000) 67%

NF (CS5F, 5000) 42%
Kishino et al., SMBR  (with  activated 98% (BOD, from Shinyodogawa
1996 sludge) activated sludge) BTSE, Japan
Ahn and Song, MBR with hollow fiber 92.8% (COD) KIST dormitory
1999 membrane (0.1 um, with BTSE, Korea

activated sludge)
Gander et al., SMBR* (0.3-0.1 pm with 86-97% (COD) Porlock, UK

2000 activated sludge)

Side stream (0.1 um)

Side stream (50000 Da)
Shon et al., UF (NTR 7410, 17500 Da)
2003 NF (NTR 729HF, 700 Da)

NF (LES 90, 250 Da)
NF (LF 10, 200 Da)

98.7% (COD)
88-94.5% (COD)

44%
79%
91%
91%

Gwangju BTSE,
Korea

* SMBR: submerged membrane bioreactor
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Table 2.32 Removal of EDC and PPCP by UF (adapted from Snyder and Westerhoff,

2005)

EDC/PPCP Removal (%) EDC/PPCP Removal (%)
Acetaminophen 63 Genfibrozil 0
Androstenedione 0 Hydrocodone 20
Atrazine 6 Ibuprofen 30
Caffeine 0 Iopromide 37
Carbamzepine 0 Meprobamate 0
DEET 0 Naproxen 72
Diazepam 7 Oxybenzone 83
Diclofenac 50 Pentoxifylline 0
Dilantin 0 Progesterone-APCI 0
Erythromycin-H20 0 Progesterone-ESI 77
Estrodiol 0 Sulfamethoxazole 23
Estriol 0 TCEP 32
Estrons 14 Testocterone 0
Ethynylestradiol 98 Triclosan 93
Fluoxetine 0 Trimethoprim 0

Table 2.33 Removal of EDC and PPCP by NF (adapted from Snyder and Westerhoff,

2005)

EDC/PPCP Removal (%) EDC/PPCP Removal (%)
Acetaminophen 82 Genfibrozil 15
Androstenedione 65 Hydrocodone 82
Atrazine 66 Ibuprofen 78
Caffeine 32 Iopromide 92
Carbamzepine 61 Meprobamate 32
DEET 58 Naproxen 89
Diazepam 75 Oxybenzone 97
Diclofenac 74 Pentoxifylline 66
Dilantin 19 Progesterone-APCI 62
Erythromycin-H20 80 Progesterone-ESI 93
Estrodiol 0 Sulfamethoxazole 72
Estriol 63 TCEP 82
Estrons 65 Testocterone 50
Ethynylestradiol 77 Triclosan 97
Fluoxetine 92 Trimethoprim 43
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Table 2.34 DOC removal by membrane technology with pretreatment

Researcher Process DOC Wastewater
removal

Jarusutthirak et MF + UF (GM, 8000 Da) 75% St.  Julien [D’Ars

al., 2002 MF + NF (ESNA, 200 Da) 92% and Naintre

Abdessemed Flocculation + adsorption + UF 96% (COD)
and  Nezzal, (15000 Da)

2002

Lopez- Flocculation + sand filter + UV  88% (COD)
Ramirez et al., ray + RO (4040-MSY-CAB2,

2003 Hydranautics)

Kim et al, UF + RO (spiral wound, Fluid 79%

2002 systems, USA)
Dual media + GAC + RO 76%
Dual media + GAC with a 64%
coagulant + RO

Alonso et al., MF (0.2 pm) + UF (50000 Da) 50% (COD)
2001

Tchobanoglous Media filter + Hollow fiber UF 79% (COD)
et al., 1998 (100000 Da)

Chapman et Floating medium flocculator + 50%
al., 2002 MF (0.2 um, CFMF*)

Shon et al., Flocculation + UF (NTR 7410, 72%
2005 17500 Da)
Adsorption + UF (NTR 7410, 78%
17500 Da)
GAC biofiltration + UF (NTR 84%
7410, 17500 Da)
Flocculation + adsorption + UF 90%
(NTR 7410, 17500 Da)
Flocculation + adsorption + NF 92%
(LES 90, 250 Da)

BTSE, France

Staoueli BTSE,
Algeria

La  Barrosa ,
Chiclana de Ia
Frontera  BTSE,
Spain

Local BTSE,
Singapore

Seville BTSE,
Spain

Davis BTSE, USA

Olympic park
BTSE, Australia

Gwangju BTSE,
Korea

* CFMF: crossflow microfiltration
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2.8 Comparison of Different Treatment Methods used in EfOM

Removal

The removal of EfOM from BTSE depends significantly on the treatment processes
used (Figure 2.7). The organic matter was considered in terms of DOC. The DOC was
measured after filtration of the sample through 0.45 pm mixed cellulose ester
membrane. A Sievers-820 analyzer (Sievers-820, Sievers, Co., USA) was used to
measure the DOC of the filtered sample. Ammonium persulfate was used as a chemical
oxidizer. PAC adsorption, GAC biofiltration, NF1 (700 daltons) and NF2 (200 daltons)
relatively resulted in high DOC removal of EfOM compared to that of flocculation, IX,
AOP and UF. This suggests that EfOM consists mainly of small MW organic matter in
the BTSE used.

100

80 1

(=)
(=
1

DOC removal (%)
&

20 A

T
FeCB PA IX Aop GAC UF NFI NE>
ﬁoccu[at S"Ipnon biog; filtray;,, (700 1, Dy) (200 Dy)

Different treatments
Figure 2.7 DOC removal by different processes (FeCl; flocculation, PAC adsorption,
IX with MIEX®, AOP (photocatalysis) with TiO,, GAC biofiltration, UF (with 17500
daltons MWCO membrane), NF1 (with 700 daltons MWCO membrane) and NF2 (with

200 daltons MWCO membrane)) in biologically treated sewage effluent from a
wastewater treatment plant (adapted from Shon et al., 2004 and 2005)
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Removals of different fractions are helpful to determine the efficiency of different
treatments in removing HP, TP and HL fractions. The XAD-8 and XAD-4 resins were
used for fractionating EfOM into hydrophobic (HP) EfOM (XAD-8 adsorbable; mostly
hydrophobic acids with some hydrophobic neutrals; humic and fulvic acids), transphilic
(TP) EfOM (XAD-4 adsorbable; hydrophilic (HL) bases and neutrals) components. The

remaining fraction escaping the XAD-4 was the hydrophilic component.

Table 2.35 shows the removal of HP, TP and HL fractions with different treatments.
PAC adsorption removed a large amount of the HP compounds. FeCls flocculation
removed higher amount of HL fraction. This is probably due to the ionic effects of EfOM.
The flocculation removes the HL fraction when the pollutants are more negative charged.
In general, flocculation and adsorption are used mainly to remove HP of large and small
MW organics. The removal of HL by flocculation (in this case) may be due to the large
dose of FeCls used (through sweep flocculation mechanism). The removal of HL by
adsorption could be attributed to the physical affinity between HL organic molecules and
PAC (through Vander Waals, electro static forces and chemisorption). Ion exchange with
MIEX® also exhibited very high removal rates of hydrophilic compounds.

Table 2.35 Efficiency of different treatment processes in the removal of different

fractions from BTSE

Initial  MIEX"” (mg/L) PAC adsorption Flocculation Photocatlysis

(mg/L) (mg/L) (mg/L) (mg/L)
HP 1.645 0.715 (56.5%) 0.460 (72.0%) 0.999 (39.3%) 0.802 (51.2%)
TP 1.034 0.705 (31.8%) 0.282 (72.7%) 0.802 (22.4%) 0.703 (32.0%)
HL 3.822 1.180 (69.1%) 1.258 (67.1%) 1.540 (59.7%) 2.810 (26.5%)

MW distribution of EfOM is very important in the understanding of the removal of
different size ranges of pollutants by different treatment methods. The MW distribution
was measured using high pressure size exclusion chromatography (HPSEC, Shimadzu
Corp., Japan) with a SEC column (Protein-pak 125, Waters Milford, USA). The
separation ranges are from 1000 to about 50000 daltons. The effluent was made of pure
water with phosphate (pH 6.8) and NaCl (0.1 M). The detection limit of UV was 0.001
per cm. Standards of MW of various polystyrene sulfonates (PSS: 210, 1800, 4600,
8000, and 18000 daltons) were used to calibrate the equipment. The details of these

experiments are given elsewhere (Her, 2002)
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Figure 2.8 presents the MW distribution of EfOM after different treatments. The MW
distribution of EfOM in the BTSE used is comprised of small (263 daltons, 580 and
865) and large (43110 daltons) MW compounds. Flocculation removed mainly the
large MW compounds and did not remove the majority of small MW (263 daltons, 330
and 580). Adsorption mainly removed the small MW compounds, however, NF
removed practically all MW ranges of EfOM.

Tnitial MW. 263
~~~~~~~~~~~~~~~~~~ After flocculation
g |~ After adsorption
[ After MIEX
S
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S MW: 330
a MW: 865 MW: 580
2
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Figure 2.8 MW distribution of the influent BTSE and effluents from different
treatments (flocculation, adsorption, GAC biofiltration, photocatalysis, MIEX®, UF and
NF)
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It is difficult to remove EDCs and PPCPs in EfOM within the range from 100 to 500
daltons. Removal of EDCs and PPCPs thus is considered as the decisive parameter in
determining the suitability of a particular treatment. With the treatments of flocculation,
adsorption and oxidation, the removal of these compounds showed different trends
(Table 2.36). Some of them are removed by up to 90%, while the others can only be
partially removed. This suggests that removal of the emerging contaminants requires
the careful selection of treatment methods depending on the individual EDC and PPCP

compounds.

Table 2.36 Unit processes and operations used for EDC and PPCP removal in WWTP
(adapted from Barcelo, 2003)

Treatments Compounds

Flocculation >50%  removal of:  benzo[a]pyrene,  benzo[g,h,l]perylene,
benzo[k]fluoranthene, mirex, benzo[b]fluoranthene,
benzo[a]anthracene

<10% removal of: diazepam, diclofenac, meprobamate,
sulfamethoxazole, trimethoprim

Adsorption >90% removal of: triclosan, fluoxetine, oxybenzone, mirex, DDT
<50% removal: meprobamate, sulfamethoxazole, iopromide,
trimethoprim, gemfibrozil

Chlorination >90%  removal of: 17B-estradiol, oxybenzone, triclosan,
sulfamethoxazole, benzo[a]anthracene
<40% removal of: androstenedione, progesterone, DDT, tri(2-
chloroethyl) phosphate, mirex

Ozonation >90% removal of: 17B-estradiol, fluoxetine, carbamazepine,
progesterone, trimethoprim
<50% removal of: lindane, musk ketone, iopromide, TCEP,
meprobamate

Table 2.37 presents the performance of different unit processes in removing specific
classes of EDC and PPCP. The RO and NF membranes remove the majority of the
EDC and PPCP. However, the removal of these compounds by different treatment

methods depends on the characteristics of each compound.
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Table 2.37 Unit processes and operations used for EDC and PPCP removal (adapted
from Snyder et al., 2003)

Group Classification AC 05/AOP ClL,/C10, Flocculation NF RO

EDC Pesticides E L-E P-E P G E
Industrial chemicals E F-G P P-L E E
Steroids E E E P G E
Metals G P P F-G G E
Inorganics P-L P P P G E
Organometallics G-E L-E P-F P-L G-E E

PPCP Antibiotics F-G L-E P-G P-L E E
Antidepressants G-E L-E P-F P-L G-E E
Anti-inflammatory E E P-F P G-E E
Sunscreens G-E L-E P-F P-L G-E E
Antimicrobials G-E L-E P-F P-L G-E E
Surfactants/detergents E F-G P P-L E E

AC, activated carbon; E, excellent (>90%); G, good (70-90%); F, fair (40-70%); L, low
(20-40%); P, poor (<20%)

2.9 Concluding Remarks

Although a number of previous studies have dealt with characteristics of natural
organic matter (NOM) in surface waters, there have not been many studies of effluent
organic matter (EfOM) in biologically treated sewage effluent (BTSE) having diverse
characteristics of EfOM. EfOMs consist of NOMs, soluble microbial products (SMPs),
persistent organic matters (POPs) and emerging pollutants such as endocrine disrupting
chemicals (EDCs) and pharmaceuticals and personal care products (PPCPs). Most of
NOMs come from tap water into wastewater and SMPs are a by-product of biological
treatment. In addition, POPs, EDCs and PPCPs are from the use of synthetic organic
matter (SOM) in our daily life.

Extracellular polymeric substances (EPSs) and SMPs obtained after biological

treatment are important because they constitute the majority of EfOMs. Toxicity of

2-61



SMP is of increasing concern due to a lack of information. Priority pollutants should be
also considered due to their known or suspected carcinogenicity, mutagenicity,
teratogenicity or high acute toxicity. Proteins, carbohydrates, fat, oil and grease are also
the major constituents of EfOM which are often found in wastewater. These
compounds lead to disinfection by-products (DBPs) upon disinfection, membrane
fouling, sludge bulking in activated sludge (biological treatment), clogging of sewer

pipes, floating matter and films in waterways.

The efficiency of different treatments (flocculation, adsorption, biofiltration, ion
exchange (IX), advanced oxidation process (AOP) and membrane technology) has been
investigated in terms of dissolved organic matter (DOC) removal, fraction removal
(preferential removal of hydrophobicity), EDC/PPCP removal (representation of
smallest MW compounds) and MW distribution (different MW sizes). PAC adsorption,
GAC biofiltration, NF with 700 daltons MWCO and NF with 200 daltons MWCO
resulted in high DOC removal of EfOM compared to that of flocculation, IX, AOP and
UF. This suggests that EfOM consists mainly of small MW organic matter in the BTSE
used. In terms of hydrophobic (HP), transphilic (TP) and hydrophilic (HL) fraction,
FeCl; flocculation removed relatively high amounts of the HL fraction. PAC adsorption

preferentially removed HP fraction.

It is difficult to remove EDCs and PPCPs in EfOM in the range from 100 to 500
daltons with conventional treatments. The removal of these compounds with the
treatments of flocculation, adsorption and oxidation shows different trends. Some of
them were removed by up to 90%, while the others showed minor removal. The RO
and NF membranes removed the majority of the EDC and PPCP. The removal of these
compounds by different treatment methods also depended on the characteristics of
individual compound. This proposes that the removal of the emerging contaminants
requires the careful selection of treatment methods and this depends on the individual

EDC and PPCP compounds in BTSE.

MW distribution of EfOM was investigated before and after different treatments.
Flocculation mainly removed the large MW compounds and did not remove the
majority of small MW (263 daltons, 330 and 580). Adsorption essentially removed the
small MW compounds. However, NF removed practically all MW ranges of EfOM.
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Thus, MW distribution can give useful information in the selection of appropriate

treatment methods.

Harmful trace chemicals such as POPs, EDCs and PPCPs are becoming a major
concern. Nonetheless, the efficiency of removing the majority of these compounds by
different treatment processes is still unknown due to the lack of sensitive analytical
methods. In addition, the investigation of the toxicity of these compounds is becoming
an important and urgent issue and therefore, this review recommends the development

of sensitive analysis of specific compounds and their toxicity.
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3.1 Introduction

In this chapter, the experimental materials and methods used in this study are
introduced in detail. Furthermore, fundamental information on EfOMs and membranes

is characterized in terms of various experimental methods.

3.2 Experimental materials

3.2.1 Wastewater

In this study, two kinds of wastewaters were used; in the majority of theoretical
experiments, synthetic wastewater was used and the real wastewater (biologically
treated sewage effluent (BTSE)) from domestic wastewater treatment plant was used in
the other experiments. The following details of the wastewaters used in the study are

presented.

3.2.1.1 Synthetic Wastewater

The majority of experiments using synthetic wastewater were conducted in the
laboratories of the University of Technology, Sydney (UTS), Australia. The
composition of the synthetic wastewater used in this study is presented in Table 3.1.
This synthetic wastewater represents effluent organic matter (EfOM) generally found in
the biologically treated sewage effluent (BTSE) (Seo et al., 1997). Tannic acid, sodium
lignin sulfonate, sodium lauryle sulfate, peptone and arabic acid contributed to the large
molecular weight (MW) size organic matter, while the natural organic matter (NOM)
from tap water, peptone, beef extract and humic acid consisted of the small MW
organic matters. The MW of the mixed synthetic wastewater ranged from 290 to about
34100 daltons with the highest fraction at 940 — 1200 daltons. The weight-averaged
MW of the wastewater was approximately 29500 daltons.
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Table 3.1 Constituents and characteristics of the synthetic wastewater

Compounds Concentration ~ Main molecular Fraction by
(mg/L) weight (dalton) DOC
Beef extract 1.8 298, 145, 65 0.065
Peptone 2.7 34265, 128, 80 0.138
Humic acid 4.2 1543, 298 0.082
Tannic acid 4.2 6343 0.237
Sodium lignin sulfonate 24 12120 0.067
Sodium lauryle sulfate 0.94 34265 0.042
Arabic gum powder 4.7 925,256 0.213
Arabic acid (polysaccharide) 5.0 38935 0.156
(NH4)2SO4 7.1 - -
K>;HPO4 7.0 - -
NH4HCO; 19.8 - -
MgSO04+7H,0 0.71 - -

3.2.1.2 Real Wastewater

Real wastewater was drawn from Gwangju domestic wastewater treatment plant, South
Korea (Figure 3.1). A number of experiments were conducted with BTSE in Gwangju
Institute of Science and Technology (GIST), South Korea. The wastewater treatment
facility is a medium size activated sludge unit (25000 m’/d). The characteristics of the
BTSE used are presented in Table 3.2. The hydraulic retention time (HRT) and the
sludge age were 6 hours and approximately 8 days, respectively. The MW of the BTSE
ranged from 250 to about 30000 daltons with a large fraction ranging from 250 to 520
daltons. In general, the MW distribution of this BTSE ranged from 200 to 50,000
daltons in winter season and from 200 to 3000 daltons in summer. This also varies from
place to place, with the characteristics of the sewage and with the operational
conditions of the sewage treatment plant. For example, the range of MW of the BTSE
was 300 to 40000 daltons (with a peak between 300 and 3,000 daltons) in Gwangju
(Shon et al., 2004a), whereas it was 100 — 50000 daltons in Hawaii (USA) with a peak
between 900 and 20,500 daltons (Her, 2002).



Combustion Gassibmge  Gulfir  Boder

Fuel tank

Figure 3.1 Schematic of treatment processes in Gwangju wastewater treatment plant

Table 3.2 Characteristics of biologically treated sewage effluent during one year

(adapted from GCHERI, 2005)

Jun

Oct

Dec

Ave.

BOD

SS
Colority
Turbidity
Residual
Chlorine
T-N

T-P

Mn

Fe
Hardness
Cr
Temp.
pH
Cond.
E-Coli

1.6
9.6
16
0.32
0.1

16
1.1
0.03

85
52
23.4
6.9
520

5.6
2.4
22
0.56
0.4

20
1.6
0.09

95
80
23.8
6.8
678

23
0.5
14
0.61
0.7

0.8
0.01

34
58
16.0
7.4
784

58
44
225
0.95
0.2

16
1.1
0.03
0.1

65
18.3
6.9
512
270
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3.2.2 Membranes

The membranes used in this study were NTR 7410 (UF), NTR 729HF (NF), LES 90
(NF), and LF 10 (NF) (Nitto Denko Corp., Japan). The detailed characteristics provided
by the manufacturer are given in Tables 3.3 and 3.4. All the membranes used in this

study were made from polymer.

Table 3.3 Skin-layer functional groups of membranes (adapted from Thanuttamavong,

2002)

Code Material Skin-layer materials
NTR Sulfonated SO,H
7410 polysulfones
X -
, X=S80,,0
NTR Polyvinylalcohol/ | /\
. -N N-OC CO-
729HF polyamides CH; \ /
|
HO — CH
| CO-X
— O
| /
— N

HO—X — CHCH, —

LES  Aromatic polyamides
90 /Ti::j\NHoc/T:;:j\

COOH

LF 10  Polyvinylalcohol +

aromatic polyamides
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Table 3.4 Specification of membranes obtained by the manufacturer (Nitto Denko

Corp., Japan)
Membrane NTR 7410  NTR 729HF LES 90 LF 10
NacCl rejection 5 92 95 99
Conc. (%) 0.2 0.15 0.05 0.15
Pressure (MPa) 0.5 1.0 0.5 1.5
é Temp. (°C) 25 25 25 25
:é) Recovery (%) 50 10-20 10-25 10-25
pH 6.5 6.5 7 7
Maximum Temp. 90 40 40 40
o pH 2-11 2-8 2-10 2-10
5 Maximum pressure 4.9 2.9 2 4.1
Chlorine (mg/L) <100 <1 - -

Figure 3.2 presents the effect of transmembrane pressure with a constant temperature.
When osmotic pressure was neglected, pure water permeability (L,) of different
membranes was investigated in terms of the transmembrane pressure and the water flux.
When both functions were plotted, the pure water permeability was calculated by the
slope of the straight line. The values of the membranes used in this study are provided

in Table 3.5.

NTR 7410
NTR 729HF
LES 90

LF 10
Regression

Pure water flux (m d'l)

T T T T T T
0 50 100 150 200 250 300 350

Transmembrane pressure (kPa)

Figure 3.2 Pure water permeability (L,) of membranes used at 30°C of temperature
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Table 3.5 Values of pure water permeability with membranes used in this study

Membranes Pure water permeability R’
(L,, m/d kPa)

NTR 7410 8.457x 10~ 0.9845

NTR 729HF 8.071 x 107 0.9943

LES 90 2.954x 107 0.9969

LF 10 2.511x 107 0.9967

3.2.3 Activated Carbon

The characteristics of the PAC and GAC used in the study are presented in Tables 3.6
and 3.7.

Table 3.6 Characteristics of powdered activated carbon (PAC) used (James Cumming

& Sons Pty Ltd., Australia)

Specification PAC-WB
Iodine number (mg/g min) 900

Ash content (%) 6 max.
Moisture content (%) 5 max.
Bulk density (kg m™) 290-390
Surface area (m’/g) 882

Nominal size

Type

Mean pore diameter (A)
Micropore volumn (cm’/g)
Mean diameter (um)

Product code

80% min finer than 75 micron
Wood based

30.61

0.34

19.71

MD3545WB powder




Table 3.7 Physical properties of GAC used (Calgon Carbon Corp., USA)

Specification of the GAC Estimated Value
Iodine number, mg /(g-min) 800

Maximum Ash content 5%

Maximum Moisture content 5%

Bulk density, kg/m’ 748

BET surface area, m*/g 1112

Nominal size, m 3x 10™
Average pore diameter, A 26.14

3.2.4 Photocatalytic powder

The characteristics of P25 Degussa photocatalytic powdered used as catalyst in the

photocatalytic experiments are shown in Table 3.8.

Table 3.8 Characteristics of P25 Degussa photocatalytic powdered used

Specification P25 Degussa TiO,

Structure Non-porous

Components 65% anatase, 25% rutile, 0.2% SiO,, 0.3%
Al,0s, 0.3% HCI, 0.01% Fe,Os

Average aggregate particle diameter Non-porous

Primary crystal size 3 um

Mean pore diameter 6.9 nm

Band gap 3.03 (from 500 to 300 nm) with UV-Vis

Apparent density 130 kg/m’

Surface area 42.32+0.18 m*/g

Type Powdered

Product code Degussa P25, Frankfurt am Main, Germany
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3.3. Experimental Methods

3.3.1 Flocculation

Flocculation was carried out using the optimum dose of ferric chloride (FeCls)
predetermined by standard jar tests (Figure 3.3). Ferric chloride was chosen in these
experiments as it is capable of removing colloidal organic matter. The BTSE was
placed in a 1-liter container and an optimum dose of ferric chloride was added. The
sample was stirred rapidly for 1 minute at 100 rpm, followed by 20 minutes of slow

mixing at 30 rpm and 30 minutes of settling.

C ; SPEED CONTROLLER AND
ﬂ_ﬂ_ﬂ‘/ SPEED INDICATOR

MECHANICAL
+ STIRRER™  gpakpr  |WASTEWATER c
L T—
&) 10
35

Figure 3.3 Schematic of the batch experimental set-up (speed controller 0-150 rpm,
beaker 1 L)

3.3.2 PAC Adsorption

The PAC used in the experiments was washed with distilled water and dried in the oven
at 103.5 °C for 24 hours. It was kept in a desiccator before use in the adsorption
experiments. For the adsorption experiments, one gram of PAC was added to 1 L of
BTSE and stirred with a mechanical stirrer at 100 rpm for one hour. For studying the
pretreatment of flocculation followed by adsorption (Floc-Ads), the experimental
conditions were similar to flocculation and adsorption alone, respectively. Flocculation

took place first and the adsorbent was added to the supernatant obtained after
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flocculation and settling. During the PAC adsorption experiment, the contact time was
too short (1 hour) for any biogrowth to occur so the treatment of adsorption can be

considered to be physical adsorption only.

3.3.3 GAC Biofilter

A GAC biofilter column was used for the long-term bioadsorption experiments. The
filter column had ports for influent feeding, effluent collection and backwashing. The
column was packed with 20 g (bed depth of 7 cm) of GAC (Figure 3.4). A shallow bed
depth was chosen to attain quick biofilm formation and acclimatization. The GAC bed
was acclimatized at a constant filtration rate of 1 m/h. The filter was backwashed (to
attain up to 30% bed expansion) for approximately 5 minutes every 24 hour of filtration
run. The backwashing was done to remove the removal of suspended solids. Only
negligible amounts of biofilm were washed out during this operation. After 45 days of
operation of the biofilter, four liters of the effluent were collected from the biofilter and

used as a feed to filtration. Here, the main mechanism of GAC biofilter is considered as

biosorption.
l Constant head overhead tank
nglve
Influent feed
‘ y Overflow line
t H—
v Filter column —*1 Back washing effluent
‘ i 2
Valve: (diameter 2 cm) «— GAC pellet
Stock solution of Pump Port with valve __ _I“**1— gaintess steel mesh
Secondary effluent

 J
Back washing influent 4 >d— Effluent out
Valve

Figure 3.4 Schematic drawing of the fixed bed GAC biofilter
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3.3.4 Photocatalytic Set-up

Photocatalysis experiments were conducted with powdered P25 Degussa TiO; particle
as a catalyst (Kleine et al., 2002; Molinari et al., 2001; Al-Rasheed and Cardin, 2003).
Figure 3.5 presents the nonporous structures of TiO,. However, PAC particles include
porous structures. Photoreactor used for the degradation runs consisted of a batch
reactor with three 8 W UV lamps, air blower and magnetic bar (Figure 3.6). The total
surface area of all three UV lamps was 537 cm?”. The total volume of the reactor was 2
L. Air sparging was provided to supply oxygen into the reactor (3.3 VVM-(air
volume)/(solution volume-minute)). The circulation of tap water around the reactor

maintained the temperature at 25 °C.

a) b)
Figure 3.5 Comparison of (a) TiO, (non-porous media) and (b) PAC (porous media)
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Water pump of ‘\

temperatyre CW \ ’\Water out

TiO

. Air bubble
Sampling port

}ir blower

Magnetic bar

—&

Air pump

Stirrer

Figure 3.6 Schematic of the photocatalytic reactor

3.3.5 Crossflow Filtration Set-up

A crosstflow membrane filtration unit (Nitto Denko Corp., Japan) was used to study the
effect of pretreatment on the membrane performance. The schematic diagram of
crossflow ultra- and nano-filter experimental setup is illustrated in Figure 3.7. Both the
permeate and the retentate were recycled back to the feed tank except for the sample
withdrawn for DOC measurements. New membranes were used in each experiment to
avoid the effect of residual fouling and to compare the results obtained under different
conditions. Wastewater, with and without pretreatment, was pumped into a flat sheet
membrane module (effective membrane area of 0.006 m?). The operating

transmembrane pressure and cross-flow velocity were controlled at 300 kPa and 0.5
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m/s by means of by-pass and regulating valves. The Reynold’s number and shear stress

at the wall were 735.5 (laminar flow) and 5.33 Pa, respectively.

Flow rate
indicator P2 (pressure
oo : gauge)
Pressure regulating

#*
+..'.

*
"Il
o

Pump Membrane unit

Balance

Figure 3.7 Schematic drawing of cross-flow unit studied

3.4 Experimental Analyses

3.4.1 EfOM Characterization

3.4.1.1 Dissolved Organic Carbon (DOC) and Specific UV Absorbance
(SUVA)

All samples underwent a 0.45 um mixed cellulose ester microfiltation as a prefilter. A
Sievers-820 analyzer (Sievers-820, Sievers, Co., USA) was performed to measure the
DOC with an auto sampler (Sievers-820A, Sievers, Co., USA). Ammonium persulfate
was used as a chemical oxidizer. UV radiation converted the EfOM into carbon dioxide
and water. The carbon dioxide produced was then detected using a sensitive membrane-

based conduct-metric technique.

The SUVA is defined as the ratio of UV absorbance and DOC (e.g., UVA;s54/DOC).
The UVA was measured at 254 nm using a UV-1601 UV/Visible spectrophotometer
(Shimadzu, Japan) with a 10 mm quartz cell. The SUVA value generally represents an
index of aromaticity or hydrophobicity of EfOM.
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The study was conducted with BTSE drawn from a sewage treatment plant in Gwangju,
South Korea. Table 3.9 shows SUVA values of BTSE. The SUVA values of BTSE are
smaller than those of different water sources (groundwater and surface water),
suggesting that EfOM from BTSE includes more aliphatic compounds. On the other

hand, groundwater has the highest aromaticity among the three water sources.

Table 3.9 Comparison of SUVA values by different water sources (adapted from Cho,
1998; Her, 2002)

Water Area UVA254 DOC SUVA
source (1/cm) (mg/L) (L/m mg)
BTSE Gwangju, Korea 0.114 9.55 1.19
Hawaii, USA 0.29 12.9 2.25
Ground Irvine Ranch, USA 0.79 11.9 6.6
water Orange county, USA 0.387 6.81 5.7
Surface Horsetooth reservoir, USA 0.092 3.12 2.9
water Baseflow silver lake, USA 0.048 2.0 2.4

3.4.1.2 Colloidal Organic Fraction

The dialysis was performed with a Spectra/Por-3 regenerated cellulose dialysis
membrane bag (MWCO 3500 daltons) (Figure 3.8). The dialysis membrane was
washed by soaking it in 4 liters of pure water for 24 hours. The wastewater sample was
acidified with HCI to pH 1 and placed in the pre-washed dialysis membrane bag. It was
dialyzed for 8 hours (each time) against three 4 L portions of 0.1 N HCI (to remove
salts and low MW of EfOM). It was then dialyzed until the silica gel precipitate was
dissolved against 4 liter of 0.2 N HF. Finally, it was dialyzed for 12 hours (each time)
against two 4 L portions of pure water. This was to remove residual HF and fluosilicic
acid. Finally, the sample was taken out of the dialysis membrane from the last 4 L of
dialysate of deionized water and measured for its TOC content. This represents the
EfOM colloidal matter (with MW range from 3,500 daltons to 0.45 pm). In wastewater
engineering practice, organic matter of 3500 daltons is conventionally too small to be

called organic colloidal matter.
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Figure 3.8 Schematic drawing of colloidal and non-colloidal fractions with Spectra/Por-

3 regenerated cellulose dialysis membrane bag (MWCO, 3500 daltons)

The organic colloidal portion in the BTSE was determined and is presented in Table 3.10.
The organic colloidal matter is defined as the one having a size between 3,500 daltons to
0.45 um (a standard method to measure the colloidal portion in NOM or EfOM). The
compounds consisted of approximately 38.4% of DOC in this sutyd. This suggests that
EfOM in BTSE includes the majority of small MW (< 3500 daltons). The SUVA value of
the colloidal fraction showed a lower level compared with that of the influent. This may

be due to the HL. compounds such as polysaccharides and proteins.

Table 3.10 Organic colloidal portion (in DOC) in the BTSE

Initial concentration Colloidal portion of EfOM
(SUVA) (SUVA)
BTSE (mg/L) 10.53 (2.053) 4.04 (1.287)

3.4.1.3 Fractionation of EfOM

Figure 3.9 shows the fractionation using XAD-8 (a nonionic adsorbent from acrylic
ester polymer with nominal pore size 23.5 nm, Rohm and Haas, PA) and XAD-4 (a
nonionic adsorbent from polystyrene with nominal pore size 5 nm, Supelco, PA) resins.

A resin column (Spectra/Chrom, Spectrum Chromatography: 1.5 cm diameter x 30 cm
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length) was used. The resins were used for fractionating EfOM into hydrophobic (HP)
EfOM (XAD-8 adsorbable; mostly hydrophobic acids with some hydrophobic neutrals;
humic and fulvic acids), transphilic (TP) EfOM (XAD-4 adsorbable; hydrophilic (HL)
bases and neutrals) components. The remaining fraction escaping the XAD-4 was the

hydrophilic component.

{: e
i g .
Transphilic |_® *.* - . o N
matter »*® P oy b
Hyrillr:tg;lhc ¢ % m ° ©
Feed tank Hydrophobic Transphilic Hi};?;:g(})lrlll ¢

isolation (XAD-8) isolation (XAD-4)
Figure 3.9 Schematic drawing of fractionation for hydrophobic, transphilic and

hydrophilic components with XAD-8 and XAD-4 resins

To investigate the effects of different fractions, the isolated fractions were concentrated
using a freeze dryer (ilShin Lab Co. Ltd., South Korea). The initial concentration of
each fraction was adjusted to approximately 6.5 mg/L, which was equivalent to that of
BTSE. The conductivity of the isolated fractions was also adjusted to 15 mS/cm with
NaCl because the NaOH and HCI solutions used to isolate the fractions increased the
ionic strength. Thus, all the fractions used in membrane filtration experiments had the

same conductivity of 15 mS/cm.

The resin in the column was washed in order of pure water, 0.1 N NaOH, pure water,
0.1 N HCI and pure water. After filtering all the samples, they were then acidified to
pH 2 due to reduction of HP interaction between EfOMs and resins. The acidified
samples passed through the resins with low velocity (2 ml/min). The effluents which
underwent the XAD-8/4 resins were decided as the HL fraction (Figure 3.9). The
adsorbed HP and TP fractions on the XAD-8/4 were eluted with 0.1 N NaOH. The

DOC was measured with the eluted effluents. The content percentage of each fraction
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was calculated by mass balance. The resins used were regenerated in methanol
followed by acetonitrile with a Soxhlet extraction for 48 hours. The general mass loss

reported during the isolation of each EfOM fraction was about 5 — 15% (Lee, 2004).
3.4.1.4 Molecular Weight (MW) Distribution

High pressure size exclusion chromatography (HPSEC, Shimadzu Corp., Japan) with a
SEC column (Protein-pak 125, Waters Milford, USA) was used to determine the MW
distributions of EfOM (Figure 10). The separation ranges are between 1000 and 30000
daltons. The effluent was made of pure water with phosphate (pH 6.8) and NaCl (0.1
M). The detection limit of UV was 0.001 per cm. Standards of MW of various
polystyrene sulfonates (PSS: 210, 1800, 4600, 8000, and 18000 daltons) were used to
calibrate the equipment. The MW calculation can be classified into three groups: 1)
number-average MW, ii) weight-average MW and iii) z-average MW. The number-

average MW called “median” can be calculated as follows:
M, =2 (NM)/ Y (N) (3.1)
i=1 i=1

The weight-average MW which is commonly used can be calculated from the

following equation:
M, =2 (NM)Y(NM) (3.2)
i=1 i=1

where N; is the number of molecules having a MW M; and 1 is an incrementing index

over all MW present.

The MW distribution was represented by a UV response (mV intensity) with time. The
MW distribution was also presented as normalized fraction percentage. It was obtained
by dividing each incremental height of the chromatogram with a sum of the heights
when the chromatogram was divided into incremental mass intervals (Cho et al., 2000;
Lee et al., 2002). Both representations were similar to that of normalized fraction
percentages, making it easier to visualize the reduction of a peak of organic matter by
different treatments, such as flocculation and adsorption. Most of figures were drawn in
terms of UV response with time in this study. The representation with the normalized

fraction percentage can be found in Appendix A.
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In general, UV absorbance at 254 nm detects limited components (mostly m-bonded
molecules) of organic matter so this method is mainly applied to the MW estimations
of humic and fulvic acids as well as hydrophobic (aromatic) organic matter. The UV
detector used in this study had a limitation in detecting low UV-absorptivity

components, such as proteins and polysaccharides. Thus, a relative intensity of UV

response was employed to interpret the results (Cho et al., 2000; Lee et al., 2002).

[

;

Figure 3.10 High pressure size exclusion chromatography (HPSEC) to measure MW

distirubtion

3.4.1.5 MW Distribution of BTSE-W/S

MW distribution of EfOM is an influential factor to understand and estimate EfOM size.
It is necessary to comprehend the range of MW of EfOM. This will help in identifying the
characteristics of the majority of EfOMs and in the selection of suitable processes and
mechanisms for a given application. HPSEC is used to measure MW distribution.
HPSEC measurements have been used to analyze MW distribution and weight-
averaged MW values using a modified silica column (Chin et al., 1994). Many

researchers have applied the technique to measure MW distribution of EfOM.

As mentioned above, typical MW distribution of BTSE is different from season to
season. MW distribution of EfOM during winter (BTSE-W) and summer (BTSE-S)
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seasons illustrates in Figure 3.11. The MW range of EfOM shows from 50,000 to 200
daltons in BTSE-W. On the other hand, the MW distributed from 3000 to 200 daltons
with the highest response in BTSE-S.

25000 10

MW: 263
Mw: 373

20000 -

15000

MW: 330
MW: 865 MW: 580

Absorbance (mV)

10000

Response (UVA, mV)

MW: 53561

MW: 98943
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0
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Time (second)
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a) b)
Figure 3.11 MW distribution of (a) BTSE-W and (b) BTSE-S

3.4.1.6 MW Distribution of Fractions in BTSE-S

The BTSE-S was fractionated into HP, TP and HL using XAD-4/8 resins. The MW
distribution of the HP, TP and HL fractions was investigated in Figure 3.12. The HP
fraction included 580, 865, and 43109 daltons; TP (580 and 865 daltons); and HL (from

263 to 580 daltons). The results were an agreement with those of previous study

(Huber, 1998; Jarusutthirak, 2002).

N MW: 5
Initial MW: 865 J\ MW: 263

Response (UVA, mV)

T T T
500 600700 800 900 1000 1100

Time (second)

Figure 3.12 MW distribution of HP, TP, and HL fractionations
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3.4.1.7 Fluorescence Excitation-Emission Matrix (EEM)

A fluorescence detector was also used to identify protein-like substances at excitation
(279 nm) and emission (353 nm). The analysis set-up is presented in Figure 3.13.
Standards of polystyrene sulfonates with different MW (PSS: 210, 1800, 4600, 8000,
and 18000 daltons) at lower concentration were used to calibrate the equipment. Details

on the measurement methodology are given elsewhere (Her, 2002).

| ¥ B —

Eluent HPLC e UVA Fluorescence
E2 Waste

] e
Column A »

E Computer

Figure 3.13 Schematic drawing of HPLC-UV A-fluorescence

3.4.1.8 Fluorescence Chromatograms of BTSE-W/S

The EfOM of protein-like substances in BTSE-S shows the high response at 44944 and
235 daltons in BTSE (Figure 3.14 (a)). However, the MW of 376 and 748 daltons
indicates the low intensity, suggesting that these peaks may be due to humic substances

including humic and fulvic acids compared to MW distribution (Figure 3.14 (b)).
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Figure 3.14 Comparison of (a) fluorescence chromatogram and (b) MW distribution of

EfOM with BTSE-S (initial DOC concentration = 6.5 mg/L)
3.4.1.9 Fluorescence Chromatograms of Fractions in BTSE-S

The protein-like substances were also detected with fluorescence chromatograms in
terms of different fractions (Figure 3.15). The majority of the protein-like substances
were found at 235, 23440, and 44944 daltons in HP, 235 and 44944 daltons in TP and
235 daltons in HL. In principle, a typical BTSE includes the majority of HL fractions
(polysaccharides and extracellular enzymes) as a large MW (Her, 2002; Jarusutthirak,
2002). However, in this study, the HP and TP compounds involved the same response
of the protein-like substances, while in the HL fraction only the smallest MW (236

daltons) protein-like substances could be identified.
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Figure 3.15 Comparison of (a) fluorescence chromatogram and (b) MW distribution of

HP, TP and HL fractions with BTSE-S
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3.4.1.10 Diffusion Coefficient

The transport of organic matter near the membrane and within the pores is related to its
diffusivity. Thus, diffusion coefficient is an important mass transfer parameter.
Uncertainties in diffusivity data can lead to serious errors in predicting the flux,
especially in laminar flow situations where the mass transfer coefficient is highly

dependent on diffusivity (Wang et al., 2001; Cheryan, 1998).

There are a few different ways to obtain diffusion coefficients. When an organic MW is

known, the Brownian diffusivity of a particle of radius (r) is given by the Stokes-

Einstein relationship:
67nr

Where kgsg (= 1.38 x 1071 g cm? s? /°K) is the Boltzmann constant, T is the absolute

D (3.3)

temperature and 7 is the viscosity of the organic phase.

The diffusion coefficient can also be obtained by a simple experimental cell. The
diffusion cell is shown in Figure 3.16. The device had two chamber cells with a
membrane (regenerated cellulose 12000 — 14000 MWCO) separating the left and right
cells. The left chamber in the cell was filled with BTSE, while the right chamber was
filled with the same volume of Milli-Q water. Temperature was controlled by
immersing the cell in a water bath. The solutions in both chambers were vigorously
stirred by two magnetic stirrers positioned under the bath and cell. The stirring speed
was fixed at 400 rpm. UV absorbance at 254 nm of organic matter with BTSE was
measured with time. The diffusion coefficients of synthetic wastewater and BTSE-W
used in this study were 5.696 x 10" and 4.3758 x 10™'® m%/s, respectively. The detailed
methods employed can be found elsewhere (Wang et al., 2001).
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Figure 3.16 Schematic drawing of diffusion cell

3.4.2 Membrane Characterization

3.4.2.1 Zeta potential

Zeta potential on the different membrane surfaces was measured by an electrophoresis
method (ELS-8000, Otsuka Electronics Co., Ltd., Japan) using polylatex (520 nm) in
10 mM NaCl solution as a standard particle (Levine et al., 1985; Chun et al., 2002;
Weis et al., 2003). The pH of solution was adjusted with 0.1 N HCl and NaOH.

The potential for electrostatic interactions along the membrane surface can be
investigated by zeta potential using an electrophoresis method. Figure 3.17 shows the
variation in zeta potential of clean membranes as a function of pH. The results imply
that an operation at pH 6 — 10 is the most appropriate to repulse the negative EfOM.
The isoelectro points (IEP) of NTR 7410, NTR 729HF, LES 90 and LF 10 are pH 2.6,
pH 3.3, pH 3.4 and pH 3.4, respectively. The higher negative zeta potential values of
NTR 7410 and NTR 729HF are probably due to its larger pore sizes compared with

other membranes (Thanuttamavong, 2002).
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Figure 3.17 Zeta potential of clean membrane surfaces as a function of solution pH

(background electrolyte concentration = 10 mM NacCl)

3.4.2.2 Contact Angle

Contact angle measurements using the sessile drop method with a contact angle meter
(Contact angle meter, Tantec, Co., USA) were used to determine an index of membrane
hydrophobicity. 20 pL of Milli-Q water was dropped onto the dried membrane surface
and the contact angle was measured within approximately 10 seconds (Cuperus and
Smolers, 1991; Cho, 1998).

Contact angle represents a hydrophobicity of membrane’s nature. Lee et al. (2004)
reported that the contact angle of more than 50° is representative of a hydrophobic surface,
on which an HP fraction can better be retained. The membranes used in this study were
NTR 7410 (UF), NTR 729HF (NF), LES 90 (NF) and LF 10 (NF) (Nitto Denko Corp.,
Japan). The detailed characteristics of the contact angle with the sessile drop method
are given in Table 3.11. The majority of membranes consist of a hydrophobic character
except the NTR 729HF membrane. Cho (1998) observed that the contact angle of
cellulose membranes is from 5° to 27.2°, cellulose acetate (46° - 53.3°), polysulfone

membrane (44.7° - 69.7°) and polyamide membrane (32.2° - 60.3°).
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Table 3.11 Characteristics of UF and NF membranes used

Membrane MWCO' (dalton) Contact angle(®)
NTR 7410 17,500 69
NTR 729HF 700 28
LES 90 250 54
LF 10 200 50

3.4.2.3 ATR-FTIR for Functional Groups

The clean and fouled membrane surfaces were analyzed for functional groups using
attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR). The
prepared membranes were examined by FTIR (460 plus, Jasco, Japan) equipped with

an ATR accessory and the IR peak was analyzed with Bio-rad laboratories software.

Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) was
conducted to analyze a functional group on the clean membrane surfaces (Figure 3.18).
Although four membranes consisted of different sub-layer materials (polyamide,
polyvinyl alcohol and polysulfone), the FTIR spectra indicated a similar spectral trend.
The functional groups of main spectra are given in Table 3.12 (Skoog and Leary, 1992;
Bellamy, 1975).
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Figure 3.18 FTIR spectra on clean membranes (NTR 7410, NTR 729HF, LES 90 and
LF 10)
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Table 3.12 FTIR functional group on the clean membrane

1050 — 1250 1/cm 1250 1/cm 1500 — 1600 1/cm
Functional group C-O bonds of ethers or Carboxylic Aromatic  double
carbonxylyic acids groups bonds

3.4.2.4 Scanning Electron Microscopy (SEM) and Atomic Force
Microscope (AFM)

Scanning electron microscopy (SEM) is a useful tool for investigating membrane
structure during membrane fouling (Kim and Fane, 1994). SEM images of the
membranes were carried out using the SEM (FE-SEM S-4700, Hitachi Corp., Japan).
The voltage was 5 kV and the working distance was 12 mm. The magnification was

20000 times. The top and side views of the membranes were analyzed.

Figure 3.19 shows the SEM images of top view (left) and side view with each clean
membrane. The surfaces of four membranes indicated different roughnesses as caused
by structures and shapes. The detailed surface morphologies can be determined by
atomic force microscope (AFM). The AFM gives a topographical image by scanning a

sharp tip, situated at the end of a microscopic cantilever.

Thanuttamavong (2002) took the AFM images of the membranes used in this study
(Figure 3.20) and the average roughness ranged from high value to low value as 85.9
nm (LES 90) > 75.2 nm (NTR 729HF) > 64.7 nm (LF 10) > 10.1 nm (NTR 7410). Here,
the average roughness represents the arithmetic average of all height values obtained

from the AFM images.
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Figure 3.19 Top and side views of beam energies on filed FE-SEM images of each

membrane (working distance of 12 mm and magnification of 50000 and 5000)
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Figure 3.20 AFM images of each membrane (adapted from Thanuttamavong, 2002)
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4.1 Introduction

Membrane processes are now being successfully used to obtain water of recyclable
quality from wastewater. Even though membrane processes can effectively remove a
variety of contaminants from biologically treated sewage effluent (BTSE), membrane
foulants (i.e., sparingly soluble inorganic compounds, colloidal or particulate matter,
dissolved organics, chemical reactants and microorganisms) can reduce the water flux
through a membrane by as much as 90% (Speth et al., 1998). Pretreatment of BTSE
prior to its application to membrane processes will reduce cell deposition and
subsequent biogrowth due to dissolved organic matter (Redondo and Lomax, 2001;
Tanninen et al., 2003). Pretreatment also reduces the need for frequent chemical
cleaning, which is a major factor impacting on membrane life. Pretreatment offers

considerable potential for improving the efficiency of membrane processes.

Flocculation, powdered activated carbon (PAC) adsorption, and granular activated carbon
(GAC) biofiltration can remove most of the solutes and organic colloids present in BTSE;
and hence, they can be used as successful pretreatment processes. Pretreatment such as
flocculation can remove 80 — 90% of the total suspended matter, 40 — 70% of the
BOD:s, 30 — 60% of the COD, and 80 — 90% of the bacteria (Tchobanoglous and Burton,
1991). Adsorption can remove organics which are not removed by conventional
chemical and biological treatment methods. Al-Malack and Anderson (1996), Chapman
et al. (2002) and Abdessemed et al. (2000) have studied the effect of flocculation and
adsorption as pretreatment on the performance of cross-flow MF and UF of domestic
wastewater and BTSE. Al-Malack and Anderson (1996) from their experiments with
BTSE found that flux values improved with the addition of alum at an optimal dose of 80
mg/L. This flux improvement was attributed to the agglomeration of particles which could
then be easily removed by shearing action. Chapman et al. (2002) indicated that the
floating medium flocculator (a static flocculator) with ferric chloride addition produced
filterable flocs of about 20 um sizes, resulting in the removal of 45% of suspended solids,
97% of phosphorus and 45% of the organics from the BTSE. A recent study conducted
with flocculation and adsorption as pretreatment to crossflow microfiltration (CFMF) also
showed a significant improvement of flux decline of microfiltration with time (Guo et al.,

2003).
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Abdessemed et al. (2000) have shown that adsorption is efficient in removing the EfOM,
while flocculation allows UF as well as MF membranes to perform higher permeate flux.
A detailed experimental study was also conducted on a number of pretreatment methods
to RO in treating BTSE (Kim et al., 2002). Among the pretreatment methods used, UF
was the best pretreatment to RO. Another long-term study conducted with a submerged
membrane-adsorption process indicated that PAC adsorption significantly reduced
membrane fouling (Vigneswaran et al., 2003). This study indicated that membrane
operation could be prolonged by several weeks by PAC addition. Here, PAC functioned
as a biosorption system, eliminating the need for frequent removal of PAC. The organics
initially adsorbed onto PAC were biologically degraded thereafter. Granular activated
carbon (GAC) bioadsorption as a pretreatment is used extensively for achieving
superior removal of particulate organic matter and dissolved solids from wastewater

effluents by biological and adsorption processes (Shon et al., 2004).

The characterization of membrane fouling is important when choosing the correct design
parameters of membranes and pretreatment methods. To identify the fouling on the UF
membrane surface, the scanning electron microscopy (SEM), zeta potential, pyrolysis-
GC/MS, attenuated total reflection-Fourier transform infrared spectroscopy (ATR-
FTIR), etc. are used (Speth et al., 1998; Zhang et al., 2003; Ridgwary and Flemming,
1996). The zeta potential is used as the electrokinetic value associating a realistic
magnitude of surface charge (Chun et al., 2002; Weis et al., 2003). Chun et al. (2002)
found that changes in membrane zeta potential could be used to examine the behavior of
cake deposition and fouling during the filtration. The identification of fouling can be
investigated both by extraction of organics and by ATR-FTIR analysis of deposits at the
surface and in the substructure (Weis et al., 2003). With ATR-FTIR, it is possible to
confirm a detailed screen of molecular functional groups contributing to membrane
fouling. SEM has been a useful instrument to identify membrane fouling as well as itself
being membrane structure (Kim and Fane, 1994). Kim and Fane (1994) and Shon et al.
(2004) reported that the thickness of adsorbed protein could be measured in the cake layer
of UF using SEM images. Hydrophobicity is suggested to be a very important parameter
in membrane fouling as more hydrophobic surface will exhibit a higher degree of fouling.
A number of researchers have tried to find a way to express hydrophobicity in a
quantitative way (Cuperus and Smolders, 1991; Cho, 1998). Contact angle measurements

are routinely used for dense and flat surfaces due to their simple operations but these
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values cannot be extended to membranes which have a rough surface and have significant

pores.

Yuan and Zydney (2000) have shown that organic matter usually associated with colour
(e.g., humic and fulvic acids) is a major foulant during UF. Carbohydrates, proteins and
polyhydroxyaromatics are also found to cause membrane fouling in water applications
(Speth et al., 1998). This viscous film layer — which has to be removed by physical
cleaning - was responsible for most of the flux decline. The viscous foulant material
remaining has been related to biological fouling. The characteristics of the foulant
matter are thus dominated by biological growth (cells themselves and extracellular
materials) (Speth et al., 1998). A number of studies have shown that the colloidal
fouling rate increases with increase in ionic strength of the solution, feed colloidal
concentration and permeate water flux through the membrane surfaces (Zhu and

Elimelech, 1997; Lee et al., 2004; Potts et al., 1981).

None of the above studies attempted to characterize the EfOM in terms of MW
distribution. Information on MW distribution has a number of advantages:
1) a more fundamental understanding of the complex interactions that occur in
unit operations and treatment processes,
i) process selection and evaluation to develop improved techniques, and,
iii) determination of applied membrane MW cut-off (MWCO) for targeted

pollutants.

The main objective of this chapter is to 1) evaluate pretreatment capabilities in removing
EfOM and their role in reducing membrane fouling and ii) investigate the variation in the
membrane (UF and NF) foulant characteristics (in terms of MW and membrane
characterization) after the BTSE has undergone different pretreatments. The
pretreatments used prior to the application of the UF and NF were: (i) flocculation with
FeCls, (ii) adsorption with PAC, (iii) flocculation followed by adsorption (Floc-Ads) and
(iv) GAC biofilter. All the effluents after pretreatments and membrane filtration were
characterized in terms of MW distribution. The main role of pretreatment is the
simultaneous enhancement of removal efficiency and the reduction in fouling potential
of membranes. However, optimizing the pretreatment is also an economic necessity.

MW distribution can be used as an index in the optimization of pretreatment.
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Membranes were used to filter BTSE and then were characterized in terms of contact

angle, zeta potential, ATR-FTIR and SEM.

4.2 DOC Removal and SUVA with Pretreatment

The EfOM removal by the different pretreatment methods was first measured in terms of
DOC and SUVA. As can be seen in the Table 4.1, flocculation followed by adsorption
(Floc-Ads) led to the highest DOC removal. The SUVA values in the BTSE were
relatively lower than in surface water, suggesting that aromaticity of EfOM is less
compared with raw water. Her (2002) reported that SUVA value of Silver lake surface

water was around 4.5 L/ m'mg.

Table 4.1 DOC removal and SUVA values with different pretreatments.

Quality of Flocculation PAC adsorption Flocculation +
biologically treated alone alone (rejection, %) adsorption (rejection,
effluent (rejection, %) %)
DOC 6.60 2.80 (57.6) 2.28 (65.4%) 0.70 (89.4%)
(mg/L)
UVAys, 0.110 0.040 0.010 0.005
(1/cm)
SUVA 1.661 1.429 0.438 0.641
(L/m'mg)

4.3 Removal of Colloidal Organics

The organic colloidal portion in the secondary effluent with and without pretreatment of
flocculation and adsorption was determined (Table 4.2). More than 65% of organic
colloidal matter was removed by flocculation. Here, the organic colloidal matter is defined
as the one having a size between 3500 daltons to 0.45 um (a standard method to measure
the colloidal portion in NOM or EfOM). On the other hand, adsorption removed only 30%
of colloidal organic matter. Adsorption works on the principle of adhesion in proportion to
porous adsorbing material and surface area (Murray, 1995). The mean pore diameter of

PAC is 3 nm which is very small but it removes the majority of colloidal organic matter.
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Table 4.2 Organic colloidal portion (in DOC) in the secondary effluent with and without a

treatment of flocculation and adsorption

Colloidal portion of EfOM SUVA (L/m mg)
(DOC)
Secondary effluent 4.04 1.287
After flocculation with 41 1.36 0.294
mg-Fe/L of FeCl;
After adsorption with 3.18 0.440
1 g/L of PAC

4.4 Removal of Fractions with Pretreatment

The HP and the HL organic fractions were determined in the BTSE-W (wastewater for the
BTSE conducted during winter) before and after the treatment of flocculation and
adsorption (Table 4.3). Table 4.3 shows that Floc-Ads resulted in high removal of both HP
and HL organic matters. In principle, the flocculation and adsorption are used mainly to
remove HP portions of large and small MW organics, respectively. The removal of the HL
portion of organics by flocculation may be due to large dose of FeCl; used (through sweep
flocculation mechanism). The removal of the HL portion of organics by adsorption could
be attributed to the physical affinity between hydrophilic organic molecules and PAC
(through van der Waals, electro static forces and chemisorption) (Benefield et al., 1982).

Table 4.4 also presents the removal of different fractions by different pretreatments with
BTSE-S (wastewater for the BTSE conducted during summer). PAC adsorption removed
the large amount of the HP compounds for BTSE samples collected during both seasons.
This may be due to the HP characteristics of PAC so that PAC adsorption is favorable to
remove HP. However, FeCl; flocculation removed HP and HL with different trends.
During winter season, HP was removed up to 68.5%, whereas during summer season, HL
was removed up to 59.8%. This is probably due to the ion effects. The flocculation

removes the fractions which are more negative charged.
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Table 4.3 HP, TP, and HL fractions in BTSE-W (FeCls: 41 mg-Fe/L and PAC: 1 g/L)

Fraction DOC of DOC of the DOC of the DOC of the effluent after
Secondary effluent after effluent after Floc-Ads
Effluent flocculation adsorption (rejection, %)
(ppm) (rejection, %)  (rejection, %)
HP 498 1.57 (68.5) 1.42 (71.4) 0.85(82.9)
TP 1.68 0.81 (62.9) 0.56 (66.9) 0.79 (53.0)
HL 3.19 1.22 (61.8) 1.36 (57.4) 0.58 (81.8)

Table 4.4 Removal of HP, TP, and HL fractions in BTSE-S (FeCls: 28 mg-Fe/L and PAC:
1g/L)

Fraction Initial (mg/L)  Floc. (mg/L) Ads. (mg/L) Floc-Ads. (mg/L)

HP 1.645 0.999 (39.3%) 0.460 (72.0%) 0.283 (82.8%)

TP 1.034 0.802 (22.4%)  0.282 (72.7%) 0.123 (88.1%)

HL 3.822 1.540 (59.7%)  1.258 (67.1%) 0.545 (85.7%)
4.5 MW Distribution

MW distribution of EfOM in BTSE-W was analyzed by using response (mV) data of
HPSEC with elapsed time. The MW of the EfOM ranged from 300 daltons to about
98940 with the highest fraction of 300 — 5000 daltons. The points of inflection for the
wastewater studied were found at the MW of 98940, 53560, 4730 and 373 (Figure 4.1).
They are denoted by A, B, C and D. It should be noted that the wastewater characteristics
and the MW distribution of the organic matter vary from season to season and from
geographic place to place. For example, the secondary effluent of a wastewater treatment
plant in Hawaii showed that the MW size distribution was from approximately 50000
daltons to 100 with the highest fraction of 20500 — 900 daltons (Her, 2002).

The response versus elapsed time graph was drawn for both flocculated and non-
flocculated samples (Figure 4.1 (a)). Comparing the flocculation results at different
doses of FeCls, the flocculation with optimum dose of FeCls (41 mg-Fe/L) produced to
the highest removal of organics. In addition to the removal of large MW organics, it also

removed a significant quantity of small MW organics. The mechanism of small MW
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organic matter removal by flocculation with FeCls is mainly through complexation of
Fe for wide range of pH (5.5 — 7.5) (Vilge-Ritter et al., 1999). In the present
experiment, the pH was between 6.0 and 7.5. Adsorption of small organic molecules on

to Fe hydroxide also occurs at a neutral pH (Dempsey et al., 1984).

The MW distribution was also experimentally measured in the BTSE-W after the
treatment of adsorption by PAC (Figure 4.1 (b)). As expected, PAC removed the majority
of small MW organics. The PAC used had a pore radius from 1 to 5 nm with mean radius
of 1.8 nm. The removal of large MW organics by PAC can be explained as adsorption
onto the larger pores of PAC and in addition, some of the larger MW organics may have

been retained on the outer surface of PAC.

Figure 4.1 (c) also shows the MW distribution of EfOM in the effluent without and with
Floc-Ads treatment. This figure indicates that the treatment of Floc-Ads led to a high
removal of both small and large organic matters, for example, all of MW from 5000 to

98940 could be removed by this pretreatment.
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Figure 4.1 MW distributions of the BTSE-W with and without pretreatments (a)

flocculation, b) PAC adsorption and c) Floc-Ads)

The detailed MW distribution for different treatments was also investigated in BTSE-S
(Figure 4.2). The MW distribution of the BTSE-S comprised small (260 daltons, 580
and 870) and large (43110 daltons) MW. The peaks with 260 daltons indicated the
highest response in BTSE-S. Ferric chloride (FeCls) flocculation, PAC adsorption and

Floc-Ads with the optimum doses were used as treatment methods. As can be seen in

Figure 4.2, the Floc-Ads removed the majority of the organic matter except 330

daltons. However, flocculation alone could not remove the majority of small MW (260

daltons, 330 and 580); and adsorption alone could not remove the large MW
compounds (330 daltons, 870 and 43110).
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Figure 4.2 MW distribution of BTSE-S after different treatments (flocculation,
adsorption and Floc-Ads)

4.6 Fluorescence Chromatograms

The protein-like substances were detected with fluorescence for different treatments
(i.e., flocculation, adsorption and Floc-Ads) with BTSE-S (Figure 4.3). The Floc-Ads
removed the majority of the protein-like substances, however, PAC adsorption could
not remove the MW of 44940 daltons and flocculation 380 and 240 daltons. Proteins
found in the range of 13% to 20% in BTSE-S, can significantly be removed by Floc-
Ads.
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Figure 4.3 Fluorescence chromatograms after different treatments with BTSE-S

4.7 Experiments with Ultrafiltration (UF) Membrane

4.7.1 DOC Removal

The EfOM removal was first measured in terms of DOC in BTSE-S. As can be seen in
Figure 4.4, DOC removal by the NTR 7410 UF membrane was only 43.6%, suggesting
that a significant portion of EfOM in the BTSE-S consists of low MW compounds much
smaller than 17500 daltons. On the other hand, the DOC removal is significant
considering that MWCO of the membrane is larger than the weight-averaged MW of the
EfOM in the BTSE-S. This may be due to the influence of a number of parameters such as
pore size distribution, surface charge effect of the membrane, physicochemical affinity
of organic pollutants towards the membrane (hydrophobicity of membrane, solute-
solute and solute membrane interactions) and hydrodynamic characteristics of the
membrane system (such as crossflow velocity). Similar results were obtained with the
same membrane in a previous study (Cho, 1998). Cho (1998) observed a DOC removal
of 30% to 60% although the weight-averaged MW in the water was only approximately
1300 daltons. Adsorption (by either PAC or GAC biofilter) was found to be more

efficient in removing DOC than flocculation as a pretreatment to UF.
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With PAC adsorption as a pretreatment, the MW distribution in the effluent ranged
from 3000 to 200 daltons. However, in the effluent of GAC biofilter, some large MW

organics (35000 daltons) did remain (Figure 4.5): they are probably the extracellular

polymer substances (EPS) like polysaccharides and proteins present in the BTSE-S

(which were produced by microorganisms in the biofilter). These molecules may have

been responsible for the permeate flux decline in the UF observed after biofiltration.

Even though the DOC removal by GAC is greater than that with PAC adsorption, the

flux decline of GAC biofilter is higher than that of PAC adsorption. Pretreatment of the

Floc-Ads led to a DOC removal as high as 90.1%. In this case, the additional removal by

the post treatment of UF was negligible (Figure 4.4).
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DOC removal (%)
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[ Floc. + Ads.
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Different pretreatments

M: UF alone

F-M: flocculation + UF

GB-M: GAC biofilter + UF

P-M: PAC adsorption + UF

F-P-M: flocculation + PAC adsorption + UF

Figure 4.4 Effect of different pretreatment methods in terms of DOC removal with BTSE-
S (UF membrane used = NTR 7410; MWCO of 17500 daltons, crossflow velocity = 0.5

m/s, transmembrane pressure = 300 kPa, Reynold’s number: 735.5, shear stress: 5.33 Pa)
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4.7.2 MW Distribution

MW distribution of the soluble organic matter was measured after each pretreatment
and in the UF effluent (Figure 4.5). The efficiency of UF was lower for smaller MW
components. When a pretreatment was provided, the additional organic matter removed
by UF as post-treatment was not significant (around 1.6% - 17.1%). Figures 4.5 (a) and
4.5 (b) confirm that adsorption (both GAC biofilter and PAC adsorption) removes the
majority of organics except the fraction corresponding to MW 330 daltons: this might
correspond to non humic substances and hydrophilic components. Figure 4.5 (a) shows
that the pretreatment of Floc-Ads is very efficient (except for this fraction) and makes the
additional removal by post-treatment of UF negligible. A previous study of the MW
distribution of biologically treated effluent related to different organic compounds and the
MW range: a fraction of large MW (about 30000 daltons) corresponds to polysaccharides,
proteins, and amino-sugars originating from cell components during biological processes
and a fraction of small MW (about 250 daltons to 3000) includes humic (3000 daltons to
about 800), building blocks (around 500 daltons), acids (about 200 daltons) and
amphiphiliic compounds (less than 200 daltons) (Huber et al., 1998). In that study, the
building blocks refer to humic substance - hydrolysates (350-500 daltons) which are
more acidic than fulvic acids and are intermediates in the degradation process of fulvic

acids such as low MW organic acids.

4-13



10

Initial MW 250
After flocculation
Flocculation+UF
s GAC biofilter MW 250 || == PAC adsorption
GAC biofilter + UF ——— PAC adsorption + UF MW 330
7777777 Flocculation + adsorption
——=——  Flocculation+adsorption+UF

— [nitial

—— — UFalone | 0 TTTT T

MW 845 [MW 528

Response (UVA, mV)
Response (UVA, mV)
IS

MW 36,500
MW 36,500

N

0

T T T T T
T T T T T

S

400 500 600 700 800 900 1000 400 00 600 700 800 900 1000

§ Time (second)
Time (second)
a) b)

Figure 4.5 MW distribution of the soluble EfOM after different pretreatments in BTSE-
S and in UF; a) UF alone, GAC biofilter, and Floc-Ads and b) after flocculation and
PAC adsorption (membrane used = NTR 7410 UF with a MWCO of 17500, crossflow
velocity = 0.5 m/s and transmembrane pressure = 300 kPa)

4.8 Experiments with NF Membrane
4.8.1 DOC Removal

NF alone and Floc-Ads had nearly the same efficiency in terms of DOC removal (Figure

4.6). The removal efficiency of NF is only slightly improved by a pretreatment of

flocculation and adsorption.
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Figure 4.6 Organic removal by NF with and without pretreatment in BTSE-S (membrane

used = LES 90, crossflow velocity = 0.5 m/s, transmembrane pressure = 300 kPa)

4.8.2 MW Distribution Analysis of NF Effluent

The results obtained (Figure 4.7) confirm that the NF membrane alone and with the
pretreatment of flocculation/adsorption removed all the MW fractions except the soluble

organic matter around 330 daltons, which is only partially removed.
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Figure 4.7 MW distribution of the NF effluent with different pretreatments (BTSE-S;
LES 90 with a MWCO of 250 daltons; crossflow velocity = 0.5 m/s and transmembrane
pressure = 300 kPa)

4.9 Comparison of UF and NF Performances

UF and NF performances in BTSE-S were compared in terms of organic removal
efficiency (DOC) and normalized permeate flux (J/Jy). The flux decline is due to
membrane fouling which depends on the composition of the feed and hydrodynamic
conditions. In the present experiments, the hydrodynamic conditions were fixed to a pre-
determined value and thus the flux decline is mainly related to the feed composition. The
feed composition is influenced by the pretreatment. A fast decline of the permeate flux
with time necessitates more frequent backwashing and chemical cleaning which decreases

the membrane life and increases the cost of operation (Bruggen et al., 2003).

The operation of UF membranes improved with the pretreatment (Figure 4.8 (a)). For
example, Floc-Ads as pretreatment resulted in an increase of the initial permeate flux
from 32.9 L/m*h without pretreatment to 108.4 L/m*h. The UF NTR 7410 filtration
without pretreatment resulted in rapid filtration flux decline with time. When large MW
was removed by flocculation and Floc-Ads, the rate of flux decline was minimized. The
PAC adsorption or GAC biofilter alone as pretreatment also significantly reduced the

permeate flux decline to the extent of above pretreatments. This may be due to the MW
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distribution of the feed to membranes after the pretreatment. The pretreatment of Floc-Ads
led to practically no filtration flux decline and superior DOC removal (Figure 4.8 (b)).

On the other hand, the direct application of NF without any pretreatment showed a similar
filtration flux compared with that with pretreatment (Figure 4.8 (¢)). The flux ratio (J/Jo)
was only marginally higher with pretreatment. J, is the pure water permeate flux. The
removal efficiency was also similar with and without pretreatment (Figure 4.8 (c)). From
this result it can therefore be concluded that in the case of BTSE, NF membranes may
be employed for polishing BTSE without any pretreatment. However, the permeate flux
of NF is relatively small compared with UF (permeate flux = 22.9 L/m*h with a

transmembrane pressure of 300 kPa).
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Figure 4.8 Temporal variation of filtration flux and DOC ratio with and without
pretreatment in BTSE-S (UF NTR 7410, Jo = 3.01 m/d at 300 kPa; crossflow velocity =
0.5 m/s; NF LES 90, J, = 0.77 m/d at 300 kPa; crossflow velocity = 0.5 m/s; C and Cy =

the effluent and influent DOC values; J, = pure water permeate flux)

4.10 Membrane Characterization with/without Pretreatment

4.10.1 Effect of Contact Angle

A higher contact angle indicates a higher hydrophobicity of the membrane surface
(Chun et al., 20002; Weis et al., 2003; Levine et al., 1985). After the membrane
operation with different pretreatments, the contact angle of the UF surface was
measured. The following order was observed: without any pretreatment < flocculation

as pretreatment < PAC adsorption as pretreatment < GAC biofilter as pretreatment <

4-18



Floc-Ads as pretreatment (Table 4.5). The contact angle of the UF membrane after
undergoing filtration of BTSE-S decreased from 69° (clean membrane) to 30° (for
membrane operated without pretreatment). The contact angle of the membrane with
pretreated BTSE (flocculation followed by adsorption) was 64°, which is almost the
same as that of the clean membrane. This illustrates that the pretreatment with Floc-
Ads can preserve the nature of membrane hydrophobicity on the membrane surface.
The fouled membrane (by BTSE without any pretreatment) had a lower contact angle
because the foulants constitute of HL organic matter such as polysaccharides, urea, etc.,

which are the extracellular enzyme of microorganisms in BTSE-S.

The clean NF membranes exhibited different contact angles as compared with the UF
membrane. This difference may be due to the material of the membrane. The contact
angles between clean and fouled membranes were almost similar, suggesting that

foulants are essentially HL EfOM such as polysaccharides in the BTSE-S.

Table 4.5 The contact angle of the clean and fouled UF membrane surfaces

Clean Membrane Flocculation GAC PAC Floc-Ads +
membrane without + membrane biofilter + adsorption +  membrane (
(°) pretreatment (°) membrane  membrane ( °)
(°) (°) °)
Contact 69 30 39 54 50 64

angle

Table 4.6 The effect of the contact angle on different membrane surfaces

Clean Without pre- After Floc-Ads (°)
membrane (°) treatment (°)
NTR 729HF 28 27 26
LES 90 54 49 49
LF 10 50 50 44
4.10.2 Zeta Potential
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The zeta potential was also measured for the UF membranes after different
pretreatments (Figure 4.9). The zeta potential on the membrane surfaces (with different
pretreatments) was higher than that on the clean membrane. The zeta potential increased
up to -18 mV after the pretreatment of flocculation. Chun et al. (2002) reported that the
growth of the cake layer had been developed with increase in the feed concentration.
This weakened the electrokinetic flow owing to a lower permeate flux, thus leading to a
decrease in the membrane zeta potential. During FeCls flocculation, the ferric ion may
have been adsorbed on the membrane surface. This would have caused increase in zeta
potential. These results show a similar effect with Peeters’s observation (Peeters et al.,
1999). As the concentrations of CaCl, and NaCl increased, the zeta potential showed
higher values on the nanofilter membranes. Soffer et al. (2002) also found that the zeta
potential values of all the fouled membranes were less negative. In the present study

this trend was also observed.
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Figure 4.9 The effect of pretreatments on the zeta potential of UF membrane

4.10.3 ATR-FTIR Spectroscopy Results for Different Pretreatments

The clean and fouled membrane surfaces were analyzed for functional groups using
attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) (Figure
4.10). A difference in IR spectra between clean and fouled membranes was observed
due to the adsorption phenomena of the organic foulants onto the membrane surfaces

(Cho, 1998). The peaks observed at wave numbers of 1540 1/cm and 1640 1/cm are
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obtained to be due to the functional group of aromatic carbons (Levine et al., 1985).
The peaks between 1040 1/cm and 1240 1/cm show the presence of C-O bonds of
ethers, carboxylic acids, and polysaccharides. Cho (1998) identified that possible
foulants on the membranes during the operation with BTSE at 1040, 1540, and 1640
I/cm were humic fraction and polysaccharides. In this study, the functional groups on
the clean NTR 7410 membrane surface were investigated. The main groups observed
were: 1) 1625 - 1590 1/cm: aromatic group (ring bond), i1) 1525 - 1470 1/cm: aromatic
(ring bond), i11) 1465 — 1430 1/cm: aromatic (ring bond), iv) 1415 — 1390 1/cm: sulfur
(CO-S0,-0C), v) 1375 — 1335 1/cm: sulfur (C-SO,-OC), vi) 1340 — 1290 1/cm: sulfur
(C-S0O,-C), vii) 1300 — 1230 1/cm: sulfur (N=S=0), viii) 1200 — 1050 1/cm: sulfur (C-
S0O,-C), ix) 1165 — 1120 1/cm: sulfur (C-SO,-C), x) 1125 — 1090 1/cm: ether (C-O-C),
xi) 1075 — 1000 1/cm: alcohol (R-CH,-OH), and xii) 950 — 815 1/cm: ether (C-O-C).
As can be seen in Figure 4.10, the FTIR absorbance intensity without any pretreatment
was very low with a lot of noise. The peaks with very low absorbance intensity on the
surface are too difficult to be analyzed for functional groups (Table 4.7). The peaks
obtained for membrane surface with different pretreatments were compared with the
clean membrane surface. After a pretreatment of PAC adsorption, a peak at 850 — 775
1/cm (ether: C-O-C) was observed. After GAC biofilter pretreatment, there were many
overlapped peaks observed with strong intensity. The common feature with these
pretreatments was a peak at 1721 — 1626 (not defined) and 1585 -1535 1/cm (urea: R-
NH-CO-NH-R). On the other hand, the peaks observed for the membranes with Floc-

Ads as pretreatment were similar to the clean one.
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Figure 4.10 FTIR spectra (a) for clean membrane and for fouled membranes without
any pretreatment and after a pretreatment of Floc-Ads (b) for membranes after
pretreatments of flocculation, PAC adsorption and GAC biofilter (NTR 7410
membrane with BTSE-S)

Table 4.7 Functional groups obtained by IR spectra (on the fouled membrane surfaces)

Pretreatment Wave number (1/cm) Functional groups
Without pretreatment ND*
PAC adsorption 850 — 775 Ether (C-O-C)
1721 - 1626 Not defined
GAC biofilter
1585 —1535 Urea (R-NH-CO-NH-R)
Flocculation ND*
Floc-Ads ND*

* ND: not detected.

Figure 4.11 shows the functional groups on the fouled membrane surfaces. For the
NTR 729HF membrane, only one peak at 790 to 840 1/cm was found on the surface of
the fouled membranes (without any pre-treatment). This may be due to the functional
group of alkene. For the LES 90 membrane, peaks from 1547 to 1590 1/cm were
observed (without any pretreatment). These peaks correspond to urea functional group.
LF 10 membrane showed peaks at 1664 — 1670 1/cm (ketone functional group). The
common point without any pretreatment was the small intensity of absorbance. The

clean and fouled membranes with pretreated wastewater effluent showed similar peaks
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at similar intensity. This indicates that most of the organic substances responsible for

membrane fouling can successfully removed by pretreatment.
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Figure 4.11 FTIR spectra with clean membrane, without any pretreatment, and after
Floc-Ads (a) NTR 729HF membrane, (b) LES 90 membrane, and (c) LF 10 membrane
with BTSE-S

4.10.4 SEM Analysis of Clean and Fouled Membranes

Figure 4.12 shows the SEM images of the fouled membranes after 18-hour filtration.
The membrane experienced a severe fouling when BTSE-S was filtered directly
through the membrane without any pretreatment. The SEM image of the membrane
cross-section for this case showed a fouling thickness of 4.3 um (Figure 4.12 (a)).
When a pretreatment of flocculation was used prior to the membrane filtration, the
thickness of fouling layer was found to be much less (0.13 pm) (Figure 4.12 (b)). The
fouling layer thickness from the membrane surface was 0.26 pm after the pretreatment

of PAC adsorption (Figure 4.12 (c)). After the pretreatment by GAC biofilter, the
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fouling thickness was higher 0.52 um (Figure 4.12 (d)). On the other hand, a membrane
with the pretreatment of Floc-Ads showed almost similar images as that of the clean

membrane with a negligible fouling layer.

a) without pretreatment
b) after flocculation

c) after PAC adsorption
d) after GAC biofilter
e) after Floc-Ads

N A E %
'S Ay

\III\I\'IVI
2.00um

Figure 4.12 Cross section of beam energies on filed FE-SEM images of NTR 7410
membrane after 18-hour filtration (working distance of 12 mm and magnification of

20,000)
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4.11 Characterization of Foulants on Membrane Surfaces

4.11.1 DOC Concentration of the Foulant

The adsorbed EfOM foulants of the fouled membrane surfaces were analyzed after
washing the membranes with 0.1 N NaOH solution. After the pretreatment of Floc-Ads,
the UF gave low foulant concentration (Figure 4.13 (a)). The trend of foulant
concentration was strongly proportional to the flux decline on the UF membrane. On
the other hand, the foulant concentration on the NF surface was much lower than that

of UF (Figure 4.13 (b)).
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Figure 4.13 DOC concentration of adsorbed EfOM on the fouled membrane surfaces
after different pretreatments (a) EfOM concentration adsorbed on the UF membrane

and b) on the NF membrane)

Tables 4.8 and 4.9 show the number-averaged and weight-averaged MW values of the
foulants on different membranes, with and without pretreatment. The pretreatment of
flocculation and/or adsorption reduced not only the amount of foulants on the
membrane but also the MW of the foulants. The weight-averaged MW of foulants
shifted from 675 daltons (without pretreatment) down to 400 — 300 (with pretreatment).
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Table 4.8 MW values of foulants on the UF membranes (initial BTSE-S - number-
averaged (median value) MW (Mn*): 759 daltons, weight-averaged MW (MW**): 1158
daltons and polydispersivity (P™" =My/M,): 1.53)

UF Permeate (daltons) Foulants (daltons)
M, M, P M. M, p
UF alone 495 675 1.36 415 513 1.24
Flocculation + UF 355 404 1.14 403 415 1.03
PAC adsorption + UF 330 379 1.15 384 399 1.04
GAC biofilter + UF 324 327 1.01 375 387 1.03
Floc-Ads + UF 301 314 1.04 348 351 1.01

Table 4.9 MW values of foulants on the NF membrane (initial number-averaged
(median) MW (M,"): 759 daltons, weight-averaged MW (M,,"): 1158 daltons and
polydispersivity (P* = My/M,): 1.53)

NF Permeate (daltons) Foulants (daltons)
M, M, p* M, M, pH
NF alone 392 478 1.22 189 192 1.01
Floc. + Ads. + NF 302 310 1.03 182 183 1.01

4.11.2 Foulant Interpretation

The main groups of macromolecules in wastewater are polysaccharides, proteins, lipids
and nucleic acids (Kameya et al., 1995). EfOM smaller than 10° daltons includes
carbohydrates, amino acids, vitamins and chlorophylls. Persistent chemical compounds
found in BTSE such as dichloro-diphenyl-trichloroethane (DDT), polychlorinated
biphenyl (PCB) and other toxic substances of public health significance are also low
molecular weight compounds (Stull et al., 1996; Pempkowiak and Obarska-Pempkowiak,
2002). Thus, as the foulants on the UF and NF membrane surfaces have been found to be
in the range of 183-513 daltons, these fouling processes may be assumed to be due to
adsorption of recalcitrant matter, carbohydrates, amino acids and fatty acids (Levine et al.,
1985). Although the MWCO of UF is large (17500 MWCO), the foulants are small in
size (386 daltons). This may be due to the interaction between EfOM and membrane

pores. The foulant MW (d,) to membrane MWCO (d.,) corresponds to a ratio of only
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4.3 (where d,: particle diameter and d,,: membrane pore diameter) because a 17500
MWCO of UF corresponds to a pore size of about 1.3 nm and 386 daltons MW
corresponds to 0.3 nm. With such a ratio, strong interaction with the walls of the pores
can be expected (Causserand et al., 2004). In this study, the samples were filtered by
0.45 pm membranes before DOC measurement, whereas the studies claiming that the
main foulants during UF and NF are humic and fulvic acids (4700 — 30400 daltons) did

not use prefiltration with 0.45 pm membranes (Perminova et al., 2003).

4.12 Concluding Remarks

In this chapter, a detailed EfOM and membrane characterization with UF and NF
membranes has been undertaken with and without pretreatment. The influence of
different pretreatments has been investigated in terms of MW distribution, contact
angle, zeta potential, ATR-FTIR, SEM, flux decline, and DOC removal. The foulants
were then interpreted with weight-averaged MW. The results led to the following

conclusions:

1. The organic colloidal portion in the biologically treated sewage effluent was
removed up to 65% through the pretreatment of flocculation. PAC adsorption removed

a relatively small amount of organic colloids (less than 30%).

2. A significant amount of HP and HL fractions of organic matter can be removed by
incorporating flocculation and adsorption pretreatments. The flocculation and

adsorption in BTSE-W removed 51.6% and 58.7% of HL and 68.5% and 71.4% of HP

organic fractions, respectively.
3. After the flocculation pretreatment, the removal of both large and small MW organic
matter was observed. After the PAC adsorption pretreatment, the majority of small

MW organics was removed.

4. The Floc-Ads pretreatment resulted in the highest flux improvement with a DOC

removal of more than 90%.
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5. The contact angle on the fouled membrane was lower than that for the clean
membrane. This could be due to the fact that the foulants may consist of hydrophilic
organic matter such as polysaccharides and urea which may be from the extracellular

enzyme of microorganisms in BTSE.

6. The zeta potential decreased from -98 mV up to -18 mV after the flocculation

pretreatment. It may be due to the adsorption of ferric ion on the membrane surface.

7. The peaks observed on the fouled UF membrane are ether (C-O-C) and urea (R-NH-
CO-NH-R). The detected functional groups in the deposit on the NF membrane without
any pretreatment were alkene (NTR 729HF), urea (LES 90), keton functional groups
(LF 10). The functional groups responsible for membrane fouling were removed by the

various pretreatments used.

8. The highest EfOM concentration on the fouled membranes was observed to be 0.011
mg EfOM/cm® membrane surface on the UF membrane. This was with a membrane
with no pretreatment. The flocculation pretreatment followed by adsorption led to the
lowest fouling concentration (0.0052 mg EfOM/cm” membrane surface). This 0.0052
mg is similar to that for clean membranes. The concentration of organic matter on the
membranes decreased from 6.372 * 10~ (NTR 729HF) and 4.979 * 10~ (LF 10) mg
EfOM/cm® on the membrane with the pretreatment to 5.671 * 10° (NTR 729HF) and
4.940 * 10” (LF 10) mg EfOM/cm?* of membrane.

9. The foulants on the UF and NF membrane surfaces have been found to be in the range
of 183-513 daltons. The observed fouling assumedly is due to the adsorption of

recalcitrant matter, carbohydrates, amino acids and fatty acids.
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5.1 Introduction

UF is an effective process for the removal of colloidal matter, macromolecules, pathogens,
etc., however, it removes only a part of dissolved organic matter. Further, membrane
fouling is the major obstacle in UF that causes flux decline. Howe and Clark (2003)
reported that particulate matter (larger than 0.45 um) was relatively unimportant in fouling
compared with dissolved matter in UF. Dissolved organic matter ranging from 3 - 20 nm

in diameter, appears to be important membrane foulants (Zhang and Song, 2000).

The presence of organic pollutant in water and wastewater has been the cause of public
concerns in past decades due to their potential health hazard (Wang et al., 2001; Imai et al.,
2002). Effluent organic matter (EfOM) in the biologically treated wastewater consists of
mixed particulates and soluble substance, which is combined with natural organic matter

(NOM) from drinking water and soluble microbial product (SMP) from biological

treatment. EfOM can thus be broadly classified into three different groups by their origins:

(1) refractory NOM derived from drinking water sources,

(11) synthetic organic compounds produced during domestic use and disinfection by-
products (DBPs) generated during disinfection processes of water and wastewater
treatment and

iil))  SMP derived during biological processes of wastewater treatment (Drewes and

Fox, 1999).

Many researchers suggest that flocculation is one of the most effective pretreatment
methods to remove EfOM (Abdessemed and Nezzal, 2002; Abdessemed et al., 2002;
Shon et al., 2004; Kim et al., 2002). Shon et al. (2004) showed that FeCl; flocculation
removed 68% of EfOM (in terms of DOC) from the biologically treated wastewater.
The majority of organics removed were those with large MW. Al-Malack and
Anderson (1996) determined the optimum coagulation conditions for wastewater, 69
mg-Fe/L FeCl; at a pH of 9. The COD removal with this optimum dose of FeCl; was
99.3%. According to the results of Aguiar et al. (1996), the optimum dose of coagulant
was 2.1 £ 0.2 mg Fe per mg of total organic carbon (TOC).

PAC adsorption has been widely studied as a pretreatment to UF. The PAC
adsorption was found to remove 60 — 75% of DOC from BTSE (Arana et al., 2002;
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Shon et al., 2004). Lin et al. (1999) studied the use of PAC adsorption at a dose up to
400 mg/L as pretreatment to remove humic substances of 20 mg/L in concentration. In
their study, the PAC was ineffective in removing the MW fractions of less than 300 or
greater than 17,000 daltons. The flux decline in UF for the PAC-treated streams was

worse than that without pre-adsorption.

Many researchers have concluded that FeCl; flocculation followed by PAC adsorption
(Floc-Ads) is a very effective pretreatment to membrane filtration (Mameri et al., 1996).
Shon et al. (2004) also observed that Floc-Ads removed 89% of DOC from BTSE. The
FeCl; flocculation process can be used to aggregate colloids and suspended solids in the
size range of 0.1 — 10 um. A small portion of small MW organic matter in the wastewater
effluent can also be removed by complexation with ferric hydroxides. PAC adsorption can
successfully remove the majority of small MW organic matter such as refractory organic
matter, hydrophobic organic matter in the range of 200 — 3500 daltons and a small portion
of the large MW organic matter. The pretreatment of Floc-Ads can therefore remove the

majority of dissolved organic matter in the wastewater.

Even though the effectiveness of different pretreatments is helpful, it may not be
economic to use large doses of flocculants and adsorbents. Larger chemical doses will
also lead to larger quantity of chemical sludge. Thus, it is advisable to use as small
doses of flocculants and adsorbents as possible to achieve significant organic removal

that can minimize membrane fouling in the post treatment of membrane filtration.

In this chapter, a pretreatment of flocculation with reduced doses of FeCl; and adsorption
with reduced doses of PAC was investigated in terms of flux decline of UF (used as post
treatment) in synthetic wastewater. The characteristics of the synthetic wastewater are
presented in Table 3.1 of Chapter 3. Different MW ranges of organic matter removed by
different treatments have also been studied. An attempt was made to optimize the
pretreatment requirement based on the results of organic matter removal and effective

MW.
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5.2 Removal of DOC from Synthetic Wastewater by Different

Treatments

The removal efficiency of synthetic organic matter (SOM) by the different treatment
methods such as powdered activated carbon (PAC) adsorption, ferric chloride (FeCls)
flocculation and Floc-Ads was first measured in terms of DOC. As can be seen in Figure
5.1, the DOC removal from synthetic wastewater by the pretreatments of adsorption,
flocculation and Floc-Ads was 57.1%, 78.6% and 92%, respectively. The DOC removal
by adsorption and flocculation showed removal of different trends with synthetic and real
wastewater and this may be due to the difference of MW size distribution. When a
membrane alone was used, the removal was 71.2% (NTR 7410), 95.8% (NTR 729HF),
95.9% (LES 90), 95.9% (LF 10), suggesting that the removal depends on the molecular
weight cut-off (MWCO) of the membranes. As the filtration was combined with different
pretreatments, the pretreatment of Floc-Ads resulted in best results. UF (NTR 7410)
increased the removal from 71.2% without pretreatment to 91.8% with pretreatment,
whereas NF (NTR 729HF, LES90 and LF 10) increased only by 2-3%. This implies that
UF is more efficient with pretreatment than NF in terms of DOC removal. The pore of NF

is too small to improve further the DOC removal by pretreatment.

140 -

Il Membrane alone B8 After flocculation
1 Fecl, flocculation + filtration [ZZ] After adsorption
120 -{ I PAC adsorption + filtration [ After flocculation followed by adsorption
©2z222 Flocculation followed by adsorption + filtration
g 100 7
>‘ 4‘ |/, [m.
2 ] i i
& 80 & H it
S B it i
= H 5n 2
o i i i
T 60 - &8 i i
> H F 2
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0 : : . . - . e
NTR 7410 NTR 729HF LES 90 LF 10
Membranes

Figure 5.1 DOC removal of different membranes with and without pretreatment
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5.3 Effect of Semi Flocculation

5.3.1 Removal of DOC by Semi FeCl; Flocculation

The removal of synthetic organic matter (SOM) from the synthetic wastewater by ferric
chloride (FeCls) flocculation and by the post treatment of UF was investigated in terms of
DOC removal (Figure 5.2). DOC removal was highest (78.2%) with the FeCls
flocculation at a dose of 23 mg-Fe/L. The optimum FeCl; dose was found to be 23 mg-
Fe/L from the Jar test experiments. The experiments were also conducted with reduced
concentrations of FeCl; (semi optimum doses) followed by UF in order to study the effect
of semi flocculation on DOC removal. For example, the DOC removal from wastewater
was 87.8% with pre-flocculation (23 mg-Fe/L of FeCls) and post UF application. The
removal efficiency decreased with smaller FeCl; doses. Although the semi flocculation
(with reduced FeCls doses) led to less pretreatment removal efficiency, the post treatment
of UF compensated the total net removal i.e. 82.8% (with 14 mg-Fe /L of FeCl;) and
82.2% (with 7 mg-Fe/L of FeCls). In other words, the post treatment of UF after 23 mg-
Fe/L FeClj; flocculation removed only 9.6% of additional DOC, whereas that after 7 mg-
Fe/L FeCls flocculation removed 48.2% of additional DOC. The semi flocculation as a

pretreatment is therefore responsible for the majority of organic removal to UF.
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Figure 5.2 DOC removal by semi flocculation followed by UF
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5.3.2 Flux Decline of UF with Pretreated Wastewater

The flux decline of UF in treating synthetic wastewater was studied in terms of
normalized permeate flux (J/Jp). It was considered both with and without pretreatment
of FeCl; flocculation at different doses (Figure 5.3). The flux decline (J/Jp) with no
pretreatment was 38% after 6 hours of UF operation. After the pretreatment of
flocculation with an optimum dose of FeCl; (23 mg-Fe/L), the UF did not experience
any flux decline. This may be due to the removal of the majority of SOM by
flocculation and complexation (Shon et al., 2004a). However, the pre-flocculation with
a semi optimum dose of FeCls led to significant flux decline, for example, a pre-
flocculation with 7 mg-Fe/L of FeCls led to a flux decline (J/Jo) in the post treatment of
UF of 35% in 6 hours. This indicates that the flocculant dose should be sufficient to

avoid or minimize the flux decline.

—— Without any pretreatment
—@— 23 mg-Fe/L FeCl, flocculation
--@-- 14 mg-Fe/L FeCl, flocculation

0.4 L o4

Normalized permeate flux (J/J)

—-y— 7 mg-Fe/L FeCl, flocculation
0.2 F 02

0.0 T T T T T 0.0
0 1 2 3 4 5 6

Time (hour)

Figure 5.3 Temporal variation of filtration flux of UF after a pretreatment of
flocculation at different FeCl; doses (NTR 7410 UF membranes, Jo = 1.84 m/d at 300
kPa; crossflow velocity = 0.5 m/s; MWCO of 17,500 daltons; Reynold’s number: 735.5;
shear stress: 5.33 Pa)
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5.3.3 Molecular Weight (MW) Distribution

Synthetic wastewater has a number of known compounds at a known concentration and
hence, the MW distribution of each component in the synthetic wastewater was first
analyzed (Figure 5.4). The MW of the mixed synthetic wastewater ranged from 290
daltons to about 34120 with the highest fraction between 940 — 1200 daltons. Although
sodium lignin sulfornate and tannic acid showed peaks at 12120 and 6340 daltons
respectively, the corresponding peaks were not found in the mixed synthetic
wastewater (Figure 5.4 (c)). This may be due to aggregation between SOM and

inorganic and/or organic compounds in the synthetic wastewater.
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Figure 5.4 MW distribution of SOM in the synthetic wastewater (a), b): individual

components in the wastewater; ¢c) wastewater (with all compounds mixed together)

Figure 5.5 describes the MW distribution of UF effluent without any pretreatment and
with pre-flocculation (using FeCls). It should be noted that the settled flocs were

5-7



removed after FeCls flocculation and only the supernatant underwent UF. Flocculation
with larger doses (75% - 100% of the optimum dose) from 17 mg-Fe/L to 23 mg-Fe/L
FeCls removed practically all the large MW SOM such as tannic acid, sodium lignin
sulfonate, sodium lauryle sulfate and arabic acid. A FeCl; dose of 14 mg-Fe/L removed
the majority of large MW SOM, but not all of them. Further, this pre-flocculation was
also helpful in removing some of the small MW compounds (573 - 1002 daltons) such
as peptone, beef extract and humic acid. However, the smallest MW range of
compounds in the range of 248 daltons could not be removed by flocculation. A FeCl;
dose of 14 mg-Fe/L or less did not remove both the large MW compounds and the
majority of small MW compounds. The post treatment of UF with the pretreatment of
flocculation removed practically all the organic compounds of more than 1000 daltons.
Thus, the large MW SOM remaining in the synthetic wastewater may have been
responsible for the flux decline. Zhang and Song (2000) found that the fouling by large
nano-size particles was more severe than that with small particles. The indicative
relationship between particle size and MW is presented in Table 5.1. Perminova et al.
(2003) observed that large molecules (humic and fulvic acids) in the range of 4700-
30000 daltons were responsible for the fouling of membranes by organic matter. Howe
and Clark (2003) found that the dissolved organic matter, which was smaller than about

3 nm, caused only minimum fouling.
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Figure 5.5 MW distribution in the flocculated effluent (Jo = 1.84 m/d at 300 kPa;

crossflow velocity = 0.5 m/s; MWCO = 17,500 daltons; Reynold’s number.: 735.5; shear

stress: 5.33 Pa; a) MW distribution of SOM with higher doses of FeCls (17 - 23 mg-

Fe/L); b) with FeCls of lower doses (7 - 14 mg-Fe/L flocculation); c) flocculation

followed by UF
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Table 5.1 Relationship between the size in nm and MW in daltons

Size (daltons) Size (o)
500" 0.394
1,000 0.496
5,000" 0.846
7,000" 0.946
10,000" 1.065
20,000 1.341
100,000 100
500,000" 500
" The equation used to compute the size is: Size(um) = 0.0001*( éwW)o.ml

* Adapted from Mulder (1996)

Table 5.2 presents the weight-averaged MW of the compounds in the supernatant after
different FeCl; doses. The weight-averaged MW value of the influent was 29760
daltons, which is similar to the effluent after flocculation with 7 mg-Fe/L (around

29590 daltons).

Table 5.2 Weight-averaged MW values of the effluent samples after pretreatment
(weight-averaged MW of initial = 29760 daltons)

FeCl; concentration (mg-Fe/L)
23 21 17 14 10 7

MW 520 580 690 26230 29320 29590

All units: daltons

A correlation between the amount of FeCl; dose and the weight-averaged MW is
presented in Figure 5.6. The deviant crease circle shows that the pretreatment of
flocculation with reduced FeCls dose (less than the optimum dose) is possible as an
adequate pretreatment to minimize the flux decline and to obtain high DOC removal. In
the present study, a dose of 17 mg-Fe/L of FeCl; was sufficient to run the UF with no
(or minimum) flux decline and high DOC removal. It should be noted that the above

finding and the quantitative values are applicable only for the synthetic wastewater
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used, since wastewater characteristics differ from geographic area to area and from
season to season. Experiments need to be conducted with particular wastewater at the

time of operation to determine a suitable dose of FeCls.
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Figure 5.6 Correlation between the FeCls concentrations and the corresponding weight-

averaged MW values in the flocculated effluent.

5.3.4 Effect of Semi Flocculation Followed by Semi Adsorption (SFSA)

5.3.4.1 Removal of DOC by SFSA

The efficiency of PAC adsorption was investigated in terms of DOC removal from
synthetic wastewater (Figures 5.7). As can be seen in Figure 5.7, PAC was found to
remove the DOC from 57.1% to 66.6 % when PAC with a dose of 1 to 2 g/L. For the
synthetic wastewater used in this study, the DOC removal was more effective with
flocculation than with adsorption, suggesting that the majority of SOM in the synthetic

wastewater is constituted of large MW compounds.
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Figure 5.7 DOC removal by PAC adsorption at different doses of PAC

Experiments have also been conducted to study the addition of partial optimum
concentration of FeClz and PAC in order to understand the effect of reduced doses of
chemicals in DOC removal. The removal efficiency of SOM by flocculation and
adsorption at different doses and by post treatment of UF is presented in Figure 5.8. For
example, with the addition of an optimum dose of FeCl; and reduced doses of PAC (0.05
to 0.5 g/L), the DOC removal from the synthetic wastewater was observed as follows:
82.6%, 89.5%, 89.8%, and 92.2% for PAC doses of 0.05, 0.1, 0.3, and 0.5 g/LL PAC,
respectively. The above results indicate that the PAC adsorption after flocculation with an
optimum dose of FeCls increased the DOC removal. An increase of 15% was observed
when a PAC dose of 0.5 g/L. In the same manner, experiments were conducted with
reduced doses of FeCl; and PAC. When the doses of FeCl; and PAC were kept at 10 mg-
Fe/L and 0.5 g/L respectively, the DOC removal was still high up to 76%.

The post treatment of UF had the significant effect in the removal of DOC for pretreated
waters with lower FeCl; and PAC doses. The post treatment of UF led to additional DOC
removal of 40% for the pretreated water with 3 mg-Fe/L FeCls and 0.5 g/L of PAC. The
pretreatment resulted in approximately 50% DOC removal while the pretreatment
followed by UF led to 90% removal. On the other hand, the pretreatment alone with 23
mg-Fe/L of FeCl; and 0.5 g/l of PAC led to more than 90% DOC removal, which
allowed the post treatment of UF to remove less than 4 % additional DOC.
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Figure 5.8 DOC removal of SFSA and UF (UF membrane used = NTR 7410; MWCO of
17500 daltons; crossflow velocity = 0.5 m/s; transmembrane pressure = 300 kPa;

Reynold’s number: 735.5; shear stress: 5.33 Pa; DOC removal with UF alone: 75.3%)

5.3.4.2 Flux Decline of UF with Pretreated Wastewater

The performance of UF was also studied in terms of normalized permeate flux (J/Jo) with
and without adsorption pretreatment (Figure 5.9). The pretreatment of PAC adsorption
helped in the reduction of flux decline. The flux decline in the UF after a pretreatment of
PAC adsorption (with 1 g/L) was 29% after 6 hours of operation. The decline with no
pretreatment was 38%.
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Figure 5.9 Temporal variation of filtration flux with UF NTR 7410 after adsorption
pretreatment (Jo = 1.84 m.d/L at 300 kPa; crossflow velocity = 0.5 m.s/L; MWCO of
17500 daltons; Reynold’s number: 735.5; shear stress: 5.33 Pa)

Figure 5.10 presents the permeate flux of UF with the wastewater which has undergone
flocculation with 23 mg-Fe/L, 17 mg-Fe/L, 10 mg-Fe/L and 3 mg-Fe/L of FeCl; followed

by PAC adsorption of known concentration of PAC. The flux decline was minimal

—=7-—- 0.1 g/L PAC adsorption
— & — 0.05 g/L PAC adsorption
— —3 —  Without pretreatment
T T T
2 3 4
Time (hour)

0.0

especially for pre-flocculated waters with FeCls of 17 mg-Fe/L or more.
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Figure 5.10 Temporal variation of filtration flux and DOC ratio with semi flocculation
followed by semi adsorption (SFSA) with UF NTR 7410 (Jo = 1.84 m/d at 300 kPa;
crossflow velocity = 0.5 m/s; MWCO of 17,500 daltons; Reynold’s number: 735.5; shear
stress: 5.33 Pa; (a) after 23 mg-Fe/L flocculation; (b) after 17 mg-Fe/L; (c) after 10 mg-
Fe/L; (d) after 3 mg-Fe/L)

5.3.4.3 Molecular Weight (MW) Distribution of Organic Matter

Figures 5.11 (a) and (b) present the MW distribution of pretreated water with PAC.
PAC adsorption with larger doses of PAC (0.3 to 0.5 g/L) removed the majority of the
small MW of SOM (250 daltons to 570) (Figure 5 (a)). On the other hand, the majority
of larger MW SOM was not removed by adsorption alone. The MW distribution results

are consistent with a flux decline trend.
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Figure 5.11 MW distribution after (a) adsorption with the large doses of PAC, and (b)
adsorption with the small doses of PAC

Figure 5.12 shows the MW distribution results after a semi flocculation with a FeCl;
dose of 10, 17, and 23 mg-Fe/L and by semi adsorption. PAC adsorption removed the
majority of smaller MW of 854, 573 and 248 from the pre-flocculated water with more
than 17 mg-Fe/L FeCls (Figure 5.11 (a)). However, the peak corresponding to 1002
daltons remained at high intensity. This could be due to the difficulty in removing humic
acid, tannic acid and arabic gum powder (which has the peak at 1002 daltons) by
flocculation and adsorption compared to the other compounds. A similar trend was
observed with FeCls flocculation (17 mg-Fe/L) followed by PAC adsorption (Figure 5.12
(b)). However, flocculation with less than 10 mg-Fe/L FeCl; was not sufficient to remove

the large MW SOM even after a post adsorption (Figure 5.12 (c)).
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Figure 5.12 MW distribution of organic matter after semi flocculation followed by semi

adsorption

Figure 5.13 presents the MW distribution data after SFSA as pretreatment and UF NTR

7410 filtration as post treatment. All the SOM at the peak corresponding to 36260 daltons

have been removed by UF. The flocculation with a reduced dose of FeCl; of 3 and 14 mg-

Fe/L followed by adsorption did not remove the majority of large MW SOM. This

resulted in relatively rapid flux decline in UF. The intensity of the peak corresponding to

1000 daltons increased with the decrease in the FeCl; dose used in the pretreatment.
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Figure 5.13 MW distribution after flocculation and adsorption as pretreatment and UF as
post treatment (Jo = 1.84 m/d at 300 kPa; crossflow velocity = 0.5 m/s; MWCO of 17500
daltons; Reynold’s number: 735.5; shear stress: 5.33 Pa)
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Table 5.3 presents the weight-averaged MW (M,,) values of SOM in the pretreated
effluent and in the UF effluent. The M,, values of SOM in the wastewater and in the
flocculated effluent were 29760 daltons (initial), < 990 (after flocculation with 17 mg-
Fe/L FeCl; or more), and > 25050 (after flocculation with 14 mg-Fe/L FeCls or less).
Thus, a flocculation with more than 17 mg-Fe/L FeCl; and PAC adsorption is essential
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in removing large and small MW SOM for the synthetic wastewater in this study. The

UF as post treatment could not remove smaller MW SOM in a noticeable manner.

When the FeCl; concentration was decreased from 17 mg-Fe/L to 14 mg-Fe/L, the
increase of My, was significant. As the FeCl; concentration was further decreased from
14 mg-Fe/L to 7 mg-Fe/L, the increase of M, values of SOM was not significant. The
same trend was observed with the PAC adsorption of the flocculated effluent (with
FeCl; dose of 3 to 14 mg-Fe/L). This phenomenon could be due to following two
reasons: 1) the FeCl; dose of 14 mg-Fe/L or less was not sufficient to remove the large
MW SOM, and ii) the PAC adsorbed only smaller MW organic matter. When lower
doses of FeCl; and PAC were used in the pretreatment, there was a significant
difference in the M,, of the pretreated effluent and UF effluent. For example, when a
FeCl; dose of 14 mg-Fe/L and a PAC dose of 0.5 g/ were used, the effluent from
pretreatment had an My, of 25050 daltons. When this effluent was filtered through UF,
the M,, decreased to 913 daltons. This clearly shows that pre-flocculation with
insufficient doses of flocculants delegates (or passes) the removal of large MW organic
matter to the post treatment of UF. This, in turn, results in severe flux decline of
membrane because the UF membrane fouling is mainly caused by large nano-sized

MW organic matter.

Table 5.3 Weight-averaged MW values of organic matter after pretreatment of

flocculation and adsorption after post treatment of UF (all units: daltons)

FeCls PAC concentration

(mg- 0.5 g/L 0.3 g/L 0.1 g/lL 0.05 g/L

Fe/L)  SF*+SA** Effluent SF+SA Effluent SF+SA Effluent SF+SA Effluent
23 1086 884 1031 862 841 526 675 516
21 1052 867 1011 841 850 681 747 609
17 987 849 948 821 832 680 753 594
14 25046 913 28338 896 29574 820 31924 742
10 31134 912 31196 896 31247 833 31303 752
7 31720 923 32271 897 32311 838 32354 809
3 32041 934 32333 898 32451 840 32493 830

* SF: semi flocculation

**SA: semi adsorption
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A correlation between the amount of SFSA and the My, value is presented in Figure
5.14. The deviant crease circles show the range of flocculant (FeCls;) and adsorbent
(PAC) conditions necessary to reduce the membrane fouling and to obtain superior
DOC removal. To obtain high DOC removal for the wastewater used in this study with
minimum flux decline, the minimum concentration of flocculant (FeCls) and adsorbent

(PAC) was 17 mg-Fe/L and 0.05 g/L respectively.
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Figure 5.14 Correlation of flocculant and adsorbent concentration vs DOC
concentration and averaged-weight MW (Jp = 1.84 m/d at 300 kPa; crossflow velocity =
0.5 m/s; MWCO = 17500 daltons; Reynold’s number.: 735.5; shear stress: 5.33 Pa; (a)
FeCl; concentration vs DOC concentration of semi flocculation followed by semi
adsorption; (b) FeCl; concentration versus MW of semi flocculation followed by semi

adsorption)
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5.4 Concluding Remarks

In this chapter, the adequateness of semi flocculation and semi adsorption (with reduced
doses of ferric chloride (FeCls) and PAC) as pretreatment to UF was investigated for
synthetic wastewater. The effectiveness of pretreatment was evaluated in terms of the
decline of permeate flux and the removal of organic matter of different molecular weights.

The findings can be summarized as follows:

1. Pretreatment of flocculation with FeCl; dose of 23 mg-Fe/L removed 75% of DOC,
which led to only 9.6% of additional DOC removal by the UF used as post treatment.
Conversely, a partial FeCl; dose of 7 mg-Fe/L removed only 34% of DOC and the post

treatment of UF removed another 48%.

2. The flux decline (in terms of J/Jy in the UF after 6 hours of operation) with no
pretreatment was 38%. The UF with the pre-flocculation with the optimum dose of 23
mg-Fe/L FeCls did not experience any flux decline during the 6 hours operation. The
preflocculation with sub-optimal doses of FeCls of 7 — 10 mg-Fe/L led to a significant flux
decline, whereas a dose of 14 — 17 mg-Fe/L of FeCl; showed only a minimum flux

decline.

3. The peaks corresponding to larger MW (36258 daltons) were not observed in the
flocculated effluent with a FeCl; dose of 17 mg-Fe/L and above. The effluent after
flocculation with FeCl; of less than 14 mg-Fe/L showed peaks corresponding to large

MW.

4. PAC adsorption removed the majority of smaller MW of 850, 570 and 250 daltons

from the pre-flocculated water with FeCl; dose of 17 mg-Fe/L or more.

5. The weight-averaged MW values in the effluent after flocculation with more than 17
mg-Fe/L FeCl; was much lower (less than 700 daltons) as compared with those with
less than 14 mg-Fe/L FeCl; (around 29000 daltons which is in the similar range of the

influent).
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6. A 17 mg-Fe/L of FeCl; and 0.5 g/L of PAC removed a majority of DOC (88%), thus
reducing the organic loading to UF used as post treatment. Although flocculation with
lower doses of FeCl; (3 mg-Fe/L) followed by PAC adsorption of 0.5 g/L and UF
removed the same amount of organic matter, the majority of the DOC removal was
achieved by the post treatment of UF rather than by pretreatment. This resulted in

significant flux decline in UF.

7. When the FeCls concentration was decreased from 17 mg-Fe/L to 14 mg-Fe/L, the
increase of My, was significant. As the FeCl; concentration was further decreased from
14 mg-Fe/L to 7 mg-Fe/L, the increase of M, values of SOM was not significant. The
same trend was observed even with the PAC adsorption of the flocculated effluent
(with FeCls dose of 3 to 14 mg-Fe/L). This phenomenon could be due to the following
two reasons: 1) the FeCl; dose of 14 mg-Fe/L or less was not sufficient to remove the
large MW SOM, and ii) the PAC adsorbed only smaller MW organic matter. The flux
decline was proportional to the large M. This suggests that flocculation is more
important than adsorption (for the particular wastewater used) to increase a permeate

flux because flocculation removes the majority of large MW.
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6.1 Introduction

Organic fractions in BTSE can be categorized into three groups, namely hydrophobic
(HP), transphilic (TP) and hydrophilic (HL) fractions (Cho et al., 1998). The HL fraction
is the most abundant fraction in majority of the BTSE. This fraction consists of 32 — 74%
of total organic carbon (TOC) and 17 — 28% of hydrophobic acids.

The specific foulants that cause membrane fouling and the understanding of the related
processes are controversial. Some have suggested that the humic substances (HP
fraction) are the major foulant which control the rate and extent of fouling (Yuan and
Zydney, 2000). Recent studies have however reported that hydrophilic (non-humic)
organic matter is mainly responsible for membrane fouling. For example, Gray and
Bolto (2003) report that HL and HP base components of organic matter lead to
continuous flux decline during membrane operation. Fan et al. (2001) report the fouling
potential in the following order: HL neutrals > HP acids > TP acids. Jarusutthirak et al.
(2002) found that the colloidal fraction of BTSE that mainly consists of large MW of
HL compounds and is the main contributor to membrane fouling. The adsorption
tendency of polysaccharides on the membranes was approximately three times of that
of humics. Thus, the fractions alone are not sufficient to quantify the membrane fouling.
It is also important to investigate the compounds and the MW distribution present in

each fraction to estimate the extent of fouling.

Flocculation and adsorption as pretreatments to membrane filtration have been useful in
significantly reducing the membrane fouling. It was shown in Chapter 4 that
flocculation removes the majority of large MW organic compounds. Adsorption was
also found to be an appropriate pretreatment in removing small MW organic matter. A
significant amount of HP and HL fractions of organic matter can be removed by
incorporating the pretreatment of flocculation and adsorption. The flocculation and
adsorption in BTSE removed 51.6% and 58.7% of HL and 68.5% and 71.4% of HP
organic fractions, respectively. However, there have not been any results reported in the

literature on the effect of pretreatment of the different fractions of BTSE.

In order to optimize the performance of the membrane filtration of BTSE, it is essential to

identify the membrane fouling and pretreatment effects of the different fractions of BTSE.
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A detailed characterization of membrane fouled with different fractions will help to select
a suitable membrane, pretreatment and the optimum range of operating parameters. In this
chapter, the results of the phenomena of membrane filtration and pretreatment with

different fractions of BTSE are reported and discussed.
6.2 Theoretical consideration

In this study, Freundlich, Sips and Talu type models are used to interpret PAC
equilibriums. Homogeneous surface diffusion mode (HSDM) was applied to investigate

the intra particle diffusion mechanism and organic uptake rate by the adsorbent.
6.2.1 Isotherm Equilibrium

6.2.1.1 Freundlich Model

The Freundlich isotherm has been widely used as an empirical equation for qualitative
purposes in both single component and multicomponent adsorption systems. The
isotherm is based on the assumption that there is no association or dissociation of the
molecules after they are adsorbed on the surface and chemisorption is completely
absent. The adsorbed amount increases infinitely with the increase in concentration,
which is unrealistic. Consequently, the Freundlich isotherm is not very successful in

describing the isotherm results over a wide range of concentrations:

1
g=K,Cn (6.1)

where: C. = equilibrium organic concentration, mg/L, Ky = Freundlich constant, 1/n =

Freundlich constant, ¢ = measured amount organic adsorbed, mg/g.
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6.2.1.2 Sips Model

The Sips model is another empirical model for representing equilibrium adsorption data.
It is a combination of the Langmuir and Freundlich isotherm type models. The Sips

model takes the following form for single solute equilibrium data:

1

4,C.r (6.2)

q= 0
1+ K. C,n
Unlike other mentioned adsorption isotherm models, this model contains three

parameters; qm (sorption capacity), 1/n and K (energy of adsorption) which can be

evaluated by fitting the experimental data to this model (Al-Asheh et al., 2000).
6.2.1.3 Talu Model

Most of the previous studies on a multicomponent system are based on ideal adsorbed
solution theory (IAST) and the Freundlich isotherm. However, the theory of association
proposed by Talu and Meunier (1996) in this study was utilized to express the overall
isotherm. The association theory takes into account chemical equilibriums, equation of
state (EOS) and phase equilibriums of the system, and will be termed as Talu theory
hereafter. After simplifying the equations of chemical equilibriums, EOS and phase

equilibriums, the Talu model yields the following isotherm equations:

Hy -exp()
C - D (6.3)
(1+Ky)
-1+ (144K
w=( K ) (6.4)
¢ =11 6.5)
qn—q

Where: C. = equilibrium organic concentration, mg/L, H = adsorption constant,

function of temperature, K = Talu reaction constant, q,, = saturation amount of organic
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adsorbed, mg/g, v = concentration spreading parameter and q = measured amount

organic adsorbed, mg/g.
6.2.1.4 Adsorption Batch Kinetics

Adsorption kinetics is the measure of rate of adsorption, and it describes the adsorbate
transport mechanism from bulk solution to the adsorption site on an adsorbent surface.
Several mathematical models have been developed to describe the adsorption process
and predict the process rate using different modes of intraparticle diffusion. The HSDM
has been used to investigate the PAC adsorption kinetics. HSDM consists of a three-

step process as follows:

(1) the adsorbate diffuses through a stagnant liquid film layer surrounding the
carbon particle,

(i)  the adsorbate adsorbs from the liquid phase onto the outer surface of the
carbon particle, and

(ii1))  the adsorbate diffuses along the inner surface of the carbon particles until it

reaches its adsorption site.
The overall mass balance in the batch reactor is given by the following equation.

yaC % (6.6)
dt dt

The average adsorbed phase concentration is:

_ 3 m
q =—3I0 r’qdr (6.7)
rp

The mass balance inside a spherical porous adsorbent is:

2
%_p|oe,2% (6.8)
ot \or ror
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t=0; g=0 (6.9)

r=0: % g (6.10)
/A
a
r=r, Dsppa—zzkf(C—Cs) 6.11)

where: V = volume of the solution in batch reactor (L), M = weight of the adsorbent (g), C

= bulk organic concentration (mg/L), g = average adsorbed phase organic concentration

(mg/g), r, = radius of adsorbent particle (m), Ds = surface diffusion coefficient of organic
(m?/s), pp = particle density of adsorbent (kg/m’), kf = external film mass transfer

coefficient of organic (m/s) and C, = saturation organic concentration (mg/L).

6.3 Membrane Filtration

6.3.1 Performance of UF with Different Fractions of BTSE-S

HP, TP and HL fractions were isolated from BTSE-S and concentrated to examine the
effect of different fractions in the fouling of ultrafilter membranes. Here, BTSE-S
represents the BTSE collected during summer months (June, July, and August of 2004).
The initial concentrations of each fraction were adjusted to a DOC value of approximately
6.5 mg/L which was similar to the DOC of BTSE-S. Figure 6.1 shows the DOC removal
efficiency. The DOC removal of HL fraction is very low compared to HP and TP fractions.
It can be explained in terms of MW distribution. The HP fraction contains large MW
organic compounds so a higher removal of DOC compared to other fractions was
observed. In addition, this higher retention of the HP fraction may also be due to the
interaction between the HP fraction and membrane surface. The contact angle of 69° of
membrane is representative of a hydrophobic surface (Lee et al., 2004), on which the HP

compound is likely to be preferentially retained.

6-6



100

80 4

60

40

DOC removal efficiency (%)

20 1

P T‘p HL

Fractions
Figure 6.1 DOC removal of different fractions with UF performance (UF membrane used
= NTR 7410; MWCO of 17,500 daltons, crossflow velocity = 0.5 m/s, transmembrane

pressure = 300 kPa, Reynold’s number.: 735.5, shear stress: 5.33 Pa)

6.3.2 Fouling of Different Fractions during UF Membrane at Constant

Transmembrane Pressure

The performance of UF in treating different fractions of BTSE-S was studied in terms
of normalized permeate flux (J/Jo) (Figure 6.2). Here, Jo is pure water permeate flux.
The flux decline with the HP fraction was very high compared with other fractions. The
flux decline with the HL fraction was minimal. This phenomenon can be explained in
terms of MW distribution and the interaction between organic matter and membrane
surface. HL fraction included mainly the small MW compounds which were much
smaller than the membrane pore size of 17500 daltons. Thus, these compounds would
have passed through the membrane pores, even without an interaction of HL organic
fraction and HP membrane. The high flux decline by the HP fraction is due to the pore
blocking by the large MW present in the HP fraction. Further, there would have been a
strong adsorption of HP compounds on the membrane surface. Thus, it can be
concluded that HP fraction in BTSE-S is the main component which causes significant
fouling. On the contrary, Lee et al. (2004) observed that the HL fraction resulted in
significant flux decline. This may be due to the fact that this fraction contained a

significant amount of colloidal and macromolecular organic matter with non-humic
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properties. The shape and size of molecules and roughness of membrane are also

important influential factors that affect flux decline.

Ve v
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0.0 T T T T
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Figure 6.2 Temporal variation of filtration flux with different fractions (Jo = 3.01 m/d
(125.4 L/m* h) at 300 kPa; crossflow velocity = 0.5 m/s)

6.3.3 Membrane Characterization of the Fouled Membrane Surface

with Different Fractions

6.3.3.1 Foulant Concentration

The adsorbed organic foulants on the fouled surface of the UF membrane were
analyzed after soaking the fouled membranes in a 0.1 N NaOH solution (Figure 6.3).
The organic concentration on the fouled membrane surface was found to be in the
following order: HP (0.075 mg DOC/cm® membrane) > BTSE-S alone (0.050 mg
DOC/cm® membrane) > TP (0.040 mg DOC/cm® membrane) > HL (0.020 mg
DOC/cm” membrane). The EfOM concentration of the HP fraction was 3.75 times as
high as that of HL fraction. This result was similar to that of severe flux decline for the

HP fraction.
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Figure 6.3 DOC concentration of adsorbed fractions on the fouled UF membrane

surfaces

6.3.3.2 Contact Angle

The contact angle of the fouled membrane with different fractions was investigated
(Figure 6.4). A higher contact angle indicates higher hydrophobicity of the membrane
surface. Filtration of the HP and TP fractions increased the contact angle from 60°
(clean) to 88° (HP) and 68° (TP), respectively, whilst the HL fraction slightly
decreased the contact angle. Thus, the variation of contact angle also provides an

additional conformation of the influence of the HP fraction in the fouling phenomena.
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Figure 6.4 Contact angle on the fouled UF membrane surfaces

6.3.3.3 Zeta Potential

Figure 6.5 shows the values of zeta potential of the membrane after filtration of
different fractions. The zeta potential of the clean membrane is strongly negative and
the fouling did not change significantly this tendency. However, the absolute value of

the zeta potential decreased with the TP fraction and increased with the HP fraction.

=20

=30

40 -

Zeta potential (mV)

-50

-60

'70 T T T
Clean HP TP HL

Fouled membrane

Figure 6.5 Zeta potential on the fouled UF membrane surfaces
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6.3.3.4 ATR-FTIR Spectroscopy Results for Different Pretreatments

ATR-FTIR was employed to analyze the functional groups of the different fractions on
the fouled membrane surface. The functional groups of the HP and TP fractions
showed the same wavelength and those of HL and BTSE-S that had similar groups
(Table 6.1). The main functional group of HP and TP fractions was the ketone groups
(quinines) at 1643 cm™. Conversely, the functional groups of HL were similar to that of
BTSE-S (Table 6.2). This confirms the predominant role of HL in BTSE-S. A major
peak found in all the fractions was one at a wave number of 1650.5 cm™. This peak was
from carboxylic acid group (COOH, C=0, range: 1670 — 1650 cm™). Jarusutthirak et
al. (2002) also studied the functional groups of different fractions in BTSE. In colloidal
fraction, the peaks at wave numbers of 1540 and 1640 cm™ (reflecting functional
groups of primary and secondary amides), and a peak at wave number of 1040 cm™
(indicating polysaccharides) are indicative of proteins and N-acetyl aminosugars. These
compounds are present in a bacterial wall. In their study (Jarusutthirak et al., 2002), the

HP and TP fractions included a peak of 1720 cm’, which was associated with

carboxylic groups (humic and fulvic acids).



Table 6.1 FTIR functional group with different fractions

1400 cm’ 1160 cm’ 1130cm”  880cm’  675cm”  615cm’
BTSE-S High High Middle High High High
HP ND* ND ND ND ND ND
TP Middle ND ND ND ND ND
HL High High High ND High High
Functional ~Alcohols  Alcohols (R;C- Alcohols  Carbo- Halogens  Sulfur
groups (R;C-OH) OH) (R;C-OH, acid, (CF;, C-F) (C-S0»-
Esters (R-CO- R;C-OH) COOH, Sulfur (C- C,S-C)
O-R) Silicons, 960-875 SO,-C, S-
Phosphorus, Si-ph) O)
(RR’R")P=0)
Ureas  (R;-N-
CO-N-R,, N-
CN)

* ND: not detectable, ** ph: phenol group

Table 6.2 FTIR functional group with the HL fraction

1400 cm’' 1160 cm™ 1130 cm’ 880 cm”  675cm’
Functional  Amides Alcohols, Esters, Alcohol (R;C- Alkenes Ureas (R;-
group of (CO-NH,-, Imides (CO-NH-CO- OH) (CH=CH N-CO-
HL C-N) CN) Alkanes  (C- Cis, C-H) NH,, NH,)

Sulfur (C-SO,-C, S-C)  (CHj),, C-C)
Ureas (R,-N-CO-N-R,, Amines (CH,-
N-CN) NH-CH,, C-N)

6.4 Effect of Pretreatment for Different Fractions of BTSE-S

6.4.1 Flocculation as Pretreatment for BTSE-S

Figure 6.6 shows the DOC removal efficiency from BTSE-S by flocculation with different
FeCl; concentrations. Here, the conductivity of the BTSE-S fractions was adjusted to 15
mS/cm because the fractions consisted of the high salt concentration due to the use of HCI1

and NaOH during the isolation of fractions.
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Figure 6.6 shows the DOC removal efficiencies of different fractions from BTSE-S. The
removal efficiency of HP, TP and HL in terms of DOC at a FeCl; dose of 14 mg-Fe/L was
59%, 49% and 24%, respectively. This suggests that FeCls flocculation can effectively
remove HP compounds compared with the HL fraction. It may be due to the MW
distribution present in HP which consists of large MW.

100

20 4 I HL

60

40 -

Removal efficiency (%)

20 A

0 e
14 mg-Fe/L 28 mg-Fe/L 41 mg-Fe/L

Concentration of iron (mg/L)

Figure 6.6 DOC removal efficiency of different fractions by FeCl; flocculation

6.4.2 Adsorption as Pretreatment for BTSE-S

The removal of different fractions of BTSE-S with different PAC doses is shown in

Figure 6.7. A PAC concentration of 1 g/L led to a relatively high DOC removal of
79%.
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Figure 6.7 Effect of PAC dose in the DOC removal from BTSE-S (initial DOC = 6.5
mg/L; conductivity = 15 mS/cm)

The adsorption equilibrium of a multi-component adsorption system is influenced by
many factors such as pH, temperature, and organic and inorganic contents. In this study,
Freundlich, Sips, and Talu isotherms were used to predict the equilibrium (Figure 6.8).

The isotherm parameters are presented in Table 6.3.

100

([ ] Experimental
Freundlich
809 | ———  Sips
................... Tal“

60

40

T

0.0 0.5 1.0 1.5 2.0

Adsorbed amount (q, mg/g)

Concentration equilbrium (C,, mg/L)

Figure 6.8 Adsorption isotherm results (BTSE-S with 15 mS/cm: 6.5 mg/L; Temp.: 25 °C)
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Table 6.3 Isotherm parameter values (PAC with BTSE-S at initial concentration of 6.5
mg/L)

Freundlich Values Sips Values Talu Values
constant constant constant
Kr 1.66E+01 Gm 3.40E+10 qm 1.239E+07
Ks 4.89E-10 K 7.462E+01
I/n 1.42E-02
n 7.06E+01 H 7.672E+01

6.4.3 Adsorption Kinetics of BTSE-S

The study of PAC adsorption kinetics was then conducted with BTSE-S (Figure 6.9). It
is important to design an adsorption system since it produces the necessary factors to
estimate the mass transfer from the bulk solution to the adsorbent surface and to the
interior of the adsorbent particle. In this study, Talu model and homogeneous surface
diffusion model (HSDM) were used to investigate the intra particle diffusion
mechanism and organic uptake rate. The model successfully predicted the batch
adsorption kinetics experiments. The film mass transfer coefficient (kf) and diffusion

coefficient are shown in Table 6.4.

® BTSE-S with 15 mS/cm
Model of BTSE-S with 15 mS/cm

0.8 1

0.6

C/C, of DOC

0.4

0.0

T T T T
0 5 10 15 20 25

Time (hour)

Figure 6.9 Adsorption kinetics of BTSE-S with 1 g/LL PAC at 25 °C
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Table 6.4 Film mass transfer coefficient (k) and diffusion coefficient (Ds) of batch

experiments at initial PAC concentration of 1 g/L

BTSE-S with 15 mS/cm

ke (%107 m/s) 1.08E+00
D; (x 107" m%/s) 2.01E+00

6.4.4 Adsorption as Pretreatment for Different Fractions of BTSE-S

DOC removal from different fractions by PAC adsorption (1 g/L) is presented in Figure
6.10. The organic removal from HP, TP and HL fractions by PAC was 57%, 55% and
16% respectively. The DOC removal from HP and TP was higher than that from HL
and maybe due to the hydrophobic nature of PAC and EfOM.

100

80 A

60

40

DOC removal efficiency (%)

20

HIP TIP HIL

Different fractions
Figure 6.10 DOC removal of different BTSE-S fractions by PAC adsorption (PAC
dose: 1 g/L; initial DOC concentration: 6.5 mg/L; mixing speed: 100 rpm; operation: 1
h; pH: 7)

The adsorption equilibrium results and isotherm predictions are given in Figure 6.11. The
isotherm parameters are presented in Table 6.5. The average adsorption affinity (Ky) was

more favorable with HP and TP fraction compared to the HL fraction.



a) For HP fraction b) For TP fraction
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Figure 6.11 Adsorption isotherm plots (initial DOC concentration: 6.5 mg/L; Temp.: 25
OC)
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Table 6.5 Isotherm parameter values for different fractions

Freundlich ~ Values Sips Values Talu Values
constant constant constant
HP Kr 8.48E-02 qm 1.55E+05 qm 2.071E+05
I/n Ks 5.46E-07 K 2.338E+00
2.80E-01
n 3.57E+00 H 1.059E+01
TP Kr 1.25E-02 O 2.44E+01 O 5.471E+01
I/n Ks 5.70E-09 K 4.777E+00
1.87E-01
n 1.61E+01 H 1.908E+01
HL Kr 7.37E-17 qm 3.14E+02 qm 3.479E+06
I/n Ks 1.70E-19 K 5.103E+02
4.55E-02
n 2.22E+01 H 2.958E+03

The Talu model and the HSDM were then used to investigate the intra particle

diffusion mechanism and organic uptake rate by both of adsorbents (Figure 6.12). The

results from batch kinetics experiments were simulated successfully. The film mass

transfer coefficient (k) and diffusion coefficient of the adsorption kinetics are shown in

Table 6.6.
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Figure 6.12 Adsorption kinetics result by PAC adsorption

Table 6.6 Film mass transfer coefficient (k) and diffusion coefficient (Ds) of fractions

at initial PAC concentration of 1 g/L

HP TP HL
ke(x10™ m/s) 3.69E-01 4.81E-01 2.96E+00
D, (x 10" m/s) 6.94E-01 9.05E-01 5.52E+00

6.5 MW Distribution

6.5.1 MW Distribution of Different Fractions

Following this global characterization of BTSE-S, the three fractions of BTSE-S separated
were subjected to MW distribution analysis (Figure 6.13). The HP fraction showed peaks
at 580, 865, and 43109 daltons; TP at 580 and 865 daltons; and HL at 263 to 580
daltons. These results are in agreement with the previous studies (Huber, 1998;

Jarusutthirak, 2002).
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Figure 6.13 MW distribution of HP, TP, and HL fractions in terms of UV response and

6.5.2 After Flocculation of Different Fractions of BTSE-S

MW distribution of EfOM was investigated with different fractions after they
underwent a flocculation pretreatment (Figure 6.14). The removal trend of organic
molecules of different MWs in BTSE-S was different from that of different fractions
extracted from BTSE-S. When the fractions were flocculated, the smallest MW (263
daltons) in the HP could not be removed by flocculation. The MW of 263 daltons and
865 were also difficult to be removed, whereas 580 daltons in the HL remained as the
highest response. The mechanisms of HP removal by flocculation were similar to those
of BTSE-S alone, suggesting that the mechanisms of flocculation could depend on the

nature of HP.
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Figure 6.14 MW distribution of (a) BTSE-S and (b) different fractions after

flocculation

6.5.3 After Adsorption of Different Fractions of BTSE-S

Figure 6.15 presents MW distribution of BTSE-S before and after PAC adsorption. It is

evident from the results that the organic molecules in the MW of 260 and 870 daltons

were adsorbed to a lesser extent than in that of 580 daltons.

Response (UVA, mV)

10

Initial Mw; 263

~~~~~~~~~~ 10 min of adsorption
gd|—— 24 hr of adsorption
6 -
MW: 865 MW: 580

4 -
2 -

MW: 43109
0

500 600700

Time (second)

Figure 6.15 MW distribution of BTSE-S before and after PAC adsorption (PAC dose: 1

g/L)
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6.5.4 MW Distribution with HP

Figure 6.16 (a) presents the MW distribution of the HP fraction after it has undergone
adsorption with different doses of PAC. The adsorption time was 24 h. Figure 6.16 (b)
presents the adsorption kinetics results after different adsorption times. MW
distribution of the HP fraction included all the organic matter in terms of MW found in
BTSE-S (263, 330, 580, 865, and 43109 daltons). When different concentrations of
PAC were added, the OM removal in terms of MW distribution exhibited a similar
pattern, i.e. that the affinity between PAC adsorption and EfOM is strong. The OM in
the range of 865 daltons was least removed by PAC adsorption. MW distribution of
effluent after adsorption for different durations at 2 h and 12 h (which indicated the

adsorption was fast) showed similar trends.
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HP fraction prior to adsorption |MW: 865
0.1 /L
—————— 1L
——— 2gL

HP fraction prior to adsorption |MW: 865
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Response (UVA, mV)
nse (UVA, mV)

Respo

MW; 43109

[

T T
600 800 1000 1200

MW:; 43109

Time (second) Time (second)

a) b)
Figure 6.16 MW distribution of a) different PAC concentrations and b) batch kinetics

6.5.5 MW Distribution with TP

MW distribution of the isolated TP fraction with different PAC concentrations and
batch kinetics was also conducted (Figure 6.17). The trend of MW distribution of the
TP fraction was similar to that of the HP fraction except the largest MW of HP. TP did
not have 43109 daltons. As the PAC concentration increased, MW distribution
decreased with the same mechanisms of EfOM removal. The peak of 865 daltons

remained like MW distribution of HP did.
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6.5.6 MW Distribution with HL

The MW distribution of the HL fraction with different PAC concentrations and batch
kinetic are also shown in Figure 6.18. The MW distribution of the HL fraction included
a majority of small MW such as 263, 330 and 580 daltons, which was not found in the
large HP and TP fractions. The removal trend of MW distribution could not be

identified in terms of different PAC concentrations and batch kinetics.
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Figure 6.18 MW distribution of a) different PAC concentrations and b) batch kinetic
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6.6 Concluding Remarks
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In this chapter, a detailed characterization of pretreatment and membrane fouling with
BTSE-S and its different fractions was made. The pretreatment of PAC adsorption with
different fractions was also investigated in terms of adsorption equilibrium and kinetics.

The results led to the following conclusions:

1. The organic removal efficiency by UF was higher for the HP fraction (67.4%) than
for HL (19.7%) and BTSE-S (50.4%). As the membrane MWCO was 17500 daltons, the
rejection of 50.4% suggests that the EfOM in the BTSE-S consists of about 50% larger
MW than 17500 daltons.

2. The flux decline with the HP fraction was very high compared to the TP and HL
fractions. The flux decline with the HL fraction was the minimum. Thus, it can be
concluded that in the BTSE-S used in this study, HP fraction was the main component
which caused severe fouling. This is also confirmed from the contact angle; EfOM and

zeta potential values.

3. The main functional group of HP and TP indicated ketone groups (quinines). On the
other hand, the functional groups of HL were similar to that of BTSE-S alone. This

confirms the predominant role of HL in BTSE-S.

4. The removal efficiency of HP, TP, and HL at a FeCl; dose of 14 mg-Fe/L. was 59%,
49%, and 24%, respectively, suggesting that FeCl; flocculation can effectively remove HP

compounds compared to TP and HL fractions.

5. The removal of HP, TP and HL by 1 g/L of PAC adsorption was 57%, 55% and 16%

respectively. The DOC removal of HP and TP was higher than that of HL and this may

be due to the hydrophobic nature of PAC and EfOM.
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6. When the fractions were flocculated, the smallest MW (263 daltons) in the HP could
not be removed by flocculation. However, 580 daltons in the HL remained with the

highest response.

7. When different PAC concentrations in the HP fraction were added, a peak of 865

daltons remained.

8. The trend of MW distribution of the TP fraction was similar to that of the HP
fraction except the largest MW of HP. The peak of 865 daltons also remained like MW
distribution of HP.

9. The MW distribution of the HL fraction included the majority of small MW such as
263, 330, and 580 daltons. The removal trend of MW distribution could not be
identified.
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7.1 Introduction

As a consequence of increasingly stringent standards for wastewater disposal and reuse,
various new treatment technologies have emerged. Dependant upon the required
effluent quality, membrane processes such as microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) or reverse osmosis (RO) are used. However, problems associated
with continued fouling during filtration operations prevent the wide application of

membrane technology.

Pretreatment has been found to effectively reduce membrane fouling, however this
produces additional sludge due to the addition of a coagulant or adsorbent.
Alternatively, membrane fouling can be reduced by hydrodynamic cleaning, such as

higher cross-flow and long-term relaxation modes.

Operating the system at higher rates of cross-flow and/or at reduced transmembrane
pressures has been found to reduce membrane fouling (Chen et al., 1997). Increased
shear created through cross-flow removes the foulant layer on the membrane surface.
However, these techniques result in a decreased permeate flux leading to the
requirement for larger membrane systems to treat any quantity of water or wastewater

and this increases the capital costs since the membrane area required will be larger.

Resistance to the cross flow membrane system caused by concentration polarization
and gel layer formation are considered to be reversible by applying clean water, while
strong adsorption resistance is irreversible (Chen et al., 2003). In a study by Cho et al.
(2000), flux was partially restored through the introduction of distillate water to the
system followed by a period of relaxation. During this process, the absence of applied
pressure to the membrane successfully reversed the resistance attributed to
concentration polarization. The study also involved the increased rate of cross-flow of
distillate water cross-flow and this was found to successfully reverse the resistance

attributed to the gel layer formation.

While the results of these techniques are promising, the usage of distillate water and the
single implementation of these cleaning techniques during the final stage of the

filtration process minimize their potential usage in practical applications. In this study,
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periodic relation and a periodic high rate of cross-flow were trialed both independently

and in a combination.

In all experiments, the time allocated to the periodic cleaning procedure was fixed at
3.3% of the production interval, to minimize the operational losses of the system. The
use of varied production intervals, varied ratios of periodic relaxation and the use of a
periodic high rate cross-flow were investigated. The production loss in all experiments
was also maintained at 3.3% during relation period due to the absence of permeate

production.

The intermittent usage of the cleaning techniques leads to an increase in the operational
life of the membrane system as it reduces the degree of fouling over time. In some
cases, the utilization of these techniques actually leads to a decrease in net productivity
of the system; due to losses attributed to the production being ceased while cleaning
being greater than the gains in permeate flux resulting from the usage of the cleaning
technique. When an optimal frequency, ratio and duration of the cleaning techniques
are however used, it is possible to extend the membrane life while achieving a net

increase in productivity.

7.2 Theoretical

7.2.1 Net Productivity

Equation 7.1 shows the net productivity of a cross-flow membrane system operating
with a periodic cleaning technique to maximize the operational permeate flux by
minimizing the resistance caused by concentration polarization and/or gel layer

formation.

JIxT,

Flux,, (%)= ——"
JO (TP + TC )

x 100 (7.1)

where: Flux,, = Productivity of the cross-flow membrane system operating with

periodic cleaning
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J = Permeate flux at a given time of operation (varies with time)

Jo = Pure water permeate flux
T, = Duration of permeate production cycle
T, = Duration of cleaning cycle

In order to maximize the net flux, three parameters are vital. These are the duration of
the permeate production cycle, the duration of the cleaning cycle and the permeate flux.
A nonlinear relationship exists between these parameters, so in this study a fixed ratio
of the cleaning duration to the permeate production duration was maintained and the
resultant permeate flux was continuously measured to evaluate the effectiveness of the

cleaning techniques.
7.2.2 Membrane Resistance

A series of mathematical models has been developed to represent different membrane
resistances (Cho et al., 2000). The flux decline can be related to various resistances as
given in Figure 7.1 and equation 7.2:

g AP
/u(Rm +ch +Rg +Raw +Ras)

(7.2)

where p is the dynamic viscosity (kPaesec), R, 1s the resistance due to concentration
polarization (m™), R, is the resistance due to the gel layer, R,y is the resistance due to

weak adsorption (m™) and Ry is the resistance due to strong adsorption (m™).

A simple example to determine this relationship is presented in Appendix B. The
following details are the protocol that was used to investigate the resistances:
1) Step 1: pure water is first filtered through the membrane until a constant flux is
obtained,
ii) Step 2: organic-containing water is introduced and the permeate rate is
monitored with time,
1i1) Step 3: after the permeate rate reaches a constant value, pure water replaces the
organic-containing water and the applied pressure is released to remove

concentration polarization,
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iv) Step 4: the fouled membrane is then rinsed with pure water so that the gel layer
(highly concentrated organic layer) is removed from the membrane surface and
pure water filtration is again performed,

v) Step 5: the membrane is soaked in a 0.1 M NaOH solution for overnight so that
weakly adsorbed organic matter on the membrane surface is desorbed, then

pure water is again filtered.

Permeate flux

Time

Figure 7.1 Schematic representations of resistances in series

7.2.3 Automated Operation

Figure 7.2 shows a block diagram of the control system used in this study. The SCADA
interface was programmed so that the operator can simply enter the desired frequency
of the cleaning technique, the cleaning type and its duration (Smith et al., 2005). The
operator can also view the system statistics in real-time while the system is running.
These include the operational mode, the current set points and also the exact duration of

each of the automated cycles.

The programmable controller communicates directly with the SCADA interface and
uses the times and modes set through the SCADA system in order to precisely generate
the required control actions. The remaining times for each of the operational modes are
also sent through the communications link to the SCADA system to inform the

operator.
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The flow rate of the system is calculated using an electronic balance and data logging

software (Crown Scientific, Pty. Ltd., Australia). This gives a clear indication of the

effectiveness of the cleaning techniques being investigated.

SCADA
OPERATOR

Operating
Parameters

D —
Operating
Statistics

PROGRAMMABLE
CONTROLLER

Control
Actions

>

CROSS-FLOW
MEMBRANE
FILTRATION

SYSTEM

Flow
Measurements

)

PC
DISPLAY

Figure 7.2 Block diagram for the control system used for periodic cleaning of the cross-

flow membrane system

7.3 Experimental

7.3.1 Automation Set-up

The study was carried out with synthetic wastewater. Figure 7.3 presents the

experimental schematic of the cross-flow unit (Nitto Denko, Corp.) used in this study.

This system allows an investigation of the effect of periodic relaxation, a periodic high

rate cross-flow and a combination of both membrane fouling and flux decline. Table

7.1 shows the status of the solenoid valves during each mode of operation.
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Feed mank Pump Permeate tank

UF unit
Figure 7.3 Experimental set-up of the cross-flow membrane system with the inclusion

of 4 automated solenoid valves for control of the operating modes

Table 7.1 Status of solenoid valves during varied modes of operation.

Mode Valve Position
Circulation Relaxation Cross-flow Flux Boost
(#1) (#2) (#3) (#4)

Production Closed Closed Open Open
Relaxation Open Open Closed Open
High rate

Open Closed Open Closed
Cross-flow

The automatic operations are selected through the operating mode popup screen in the
SCADA system (Figure 7.4). The available operating selections include production
only, periodic relaxation, periodic high rate cross-flow and a combination of the

periodic relaxation followed by the periodic high rate cross-flow.
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Figure 7.4 Operating mode popup screen in the SCADA system with Windows

application

During the production only operating mode, the system operates indefinitely with no
cleaning. During this mode of operation, the circulation (valve #1) and relaxation
(valve #2) solenoid valves are closed and the cross-flow (valve #3) and flux boost
(valve #4) solenoid valves are opened. This represents the traditional operating

configuration for a cross-flow membrane system.

During the periodic relaxation operating mode, the system operates in a cycle
alternating between production and relaxation modes. The valve operation during the
production mode is the same as described in the production only operating mode,

however periodic modes of relaxation intermittently operate on the membrane system.
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During the relaxation mode of operation, the cross-flow (valve #3) solenoid valve is
closed and the circulation (valve #1), relaxation (valve #2) and flux boost (valve #4)
solenoid valves are opened. The frequency and duration of the periodic relaxation

operating mode are set through the set-points popup display.

During the periodic high rate cross-flow operating mode, the system operates in a cycle
alternating between production and high rate cross-flow modes. The valve operation
during the production mode is the same as described in the production only operating
mode, however periodic high rate cross-flow intermittently operate on the membrane
system. During the high rate cross-flow mode of operation, the relaxation (valve #2)
and flux boost (valve #4) solenoid valves are closed and the circulation (valve #1) and
cross-flow (valve #3) are opened. The frequency and duration of the periodic high rate

cross-flow mode are set through the set-points popup display.

The final system operating mode follows each production cycle with a periodic
relaxation followed by a period of high rate cross-flow. The frequency and duration of
the periodic relaxation and the periodic high rate cross-flow are set through the set-

points popup display.

As a result of controlling these 4 valves, the cross-flow rate and the transmembrane
pressure are altered. Table 7.2 shows the measured membrane cross-flow rates and the
transmembrane pressures for each mode of operation. During the relaxation period, a
small (50 kPa) transmembrane pressure results due to the application of the cleaning

technique while the membrane is left in place.
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Table 7.2 Membrane cross-flow rate and transmembrane pressure for each operating

mode

MODE Cross-flow rate (m/s) Transmembrane Pressure (kPa)
Production 0.47 100, 300 or 500
Relaxation 0 50

High rate Cross-flow 1.61 65

A key feature of this system was the control of the circulation solenoid valve situated in
parallel with the pressure regulating valve. Problems associated with increased rates of
cross-flow that caused increased transmembrane pressures were alleviated, by opening
the circulation (valve #1) and cross-flow (valve #3) during the high rate cross-flow as
this allowed simultaneous increased rates of cross-flows at a decreased transmembrane

pressurcs.

7.4 Results and Discussion

7.4.1 Effect of Different Pressures

Figure 7.5 shows the results of the flux decline when the system was operated at
various transmembrane pressures (TMP) of 100 kPa, 300 kPa and 500 kPa without any
cleaning. When the system was operated at 100 kPa, the fouling was minimal (less than
12%). When the system was operated at 300 kPa there was significant fouling and this
increased to 38%. When the system was operated at 500 kPa, the fouling was severe
and this increased to 56%. This suggests that as the pressure increases, the fouling
significantly increases. Further experiments were then conducted at a transmembrane
pressure of 300 kPa. This allowed the relative merits of various cleaning techniques to

be evaluated.
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Figure 7.5 Results of the flux decline versus time for the three different values of
transmembrane pressure (UF membrane used = NTR 7410; MWCO of 17,500 daltons,
crossflow velocity = 0.5 m/s, transmembrane pressure = 100, 300 and 500 kPa, Reynold’s
number: 735.5, shear stress: 5.33 Pa)

Figure 7.6 presents different membrane resistances at pressures of 100, 300, and 500
kPa. The resistances of the concentration polarization and gel layer were relatively
small compared with weak adsorption resistance (R,y). As the transmembrane pressure
increased, the resistance of weak adsorption significantly increased. The recovery of
membrane flux from fouled membranes after the caustic chemical cleaning was 100%
for all membranes. Therefore, the dominant fouling with synthetic wastewater was
caused by the weak adsorption. This fouling could be reduced through applying caustic
chemical cleaning. Cho et al. (2000) reported that when there is a higher portion of

fouling by weak adsorption, caustic chemical cleaning is required.
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pressures

7.4.2 Effect of Relaxation, Cross-flow and Relaxation and Cross-flow

Cleanings

A series of experiments were then conducted to determine the effects of periodic
relaxation, periodic high rate cross-flow and simultaneous periodic relaxation and

periodic high rate cross-flow on the rate of flux decline. The four experiments are:

i) Membrane filtration with no cleaning; in this study, it is referred to as
production only.

i1) Production cycles of 30 minutes followed by 1 minute of periodic relaxation.

ii1) Production cycles of 30 minutes followed by 1 minute of periodic high rate
cross-flow.

iv) Production cycles of 30 minutes followed by 30 seconds of periodic relaxation

followed by 30 seconds of periodic high rate cross-flow.

The experiments were conducted with an operational loss of 3.2% due to production

being stopped for 1 minute after every 30 minutes of production for the periodic

cleaning (relaxation, high rate cross-flow or both).
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Figure 7.7 shows the results of the flux decline with time for each of the cleaning
methods adopted. Relaxation was found to be slightly more effective than the high rate
cross-flow. This may be because there is a slightly higher TMP during the high rate
cross-flow and also that there is a cross-flow continuously operating during production
(although it is at a significantly lower flow rate and a higher TMP). A relaxation
followed by a high rate cross-flow was found to give the best results, even though both
durations were halved in order to maintain the operational losses at 3.2% for all

cleaning techniques.

When operated individually, relaxation and the high rate cross-flow only provided an
increase in flux of only approximately 2.5%. Considering the usage of these techniques
incurs an operational loss of 3.2%, there is an actual loss in productivity resulting from
their usage. However, the membrane life can be extended as the rate of flux decline is

slightly less.

When both relaxation and the high rate cross-flow were used, there was an increase in
flux of approximately 11%. This resulted in a net productivity improvement of 7.8%,
after the operational losses were taken into account. Therefore, when operating under
these conditions, there is both an extension to the life of the membrane and also an

improvement in productivity of the system.
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Figure 7.7 Results of the flux decline versus time for different cleaning techniques (UF
membrane used = NTR 7410; MWCO of 17,500 daltons, crossflow velocity = 0.5 m/s,

transmembrane pressure = 300 kPa, Reynold’s number: 735.5, shear stress: 5.33 Pa)

Figure 7.8 shows the variation of different resistances for the relaxation and cross-flow
modes. When the relaxation and cross-flow modes were applied, the resistances
associated with the concentration polarization and the gel layer significantly decreased.
However, the fouling caused by weak adsorption remained high. This indicates that
these modes are most likely to improve the flux decline by the fouling of the

concentration polarization and the gel layer and not weak and strong adsorption.
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7.4.3 Effect of Different Cleaning Intervals

The above experiments showed that the best results in terms of flux decline were
obtained when relaxation was followed by the high rate cross-flow mode. Another set
of experiments was conducted with increased production period. The relaxation and
high rate cross-flow durations were modified accordingly. The operational losses were

maintained at 3.2%. The five experiments are listed below:

1) Production only

i1) Production cycles of 15 minutes followed by 15 seconds of periodic relaxation
followed by 15 seconds of periodic high rate cross-flow.

ii1) Production cycles of 30 minutes followed by 30 seconds of periodic relaxation
followed by 30 seconds of periodic high rate cross-flow.

iv) Production cycles of 60 minutes followed by 60 seconds of periodic relaxation
followed by 60 seconds of periodic high rate cross-flow.

v) Production cycles of 90 minutes followed by 90 seconds of periodic relaxation

followed by 90 seconds of periodic high rate cross-flow.
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Figure 7.9 shows the results of the flux decline with time for each of the experiments.
Table 7.3 indicates that the effectiveness of the cleaning interval (relaxation and cross-
flow) diminishes with increased durations past the 60 second relaxation and 60 second
cross-flow point. This is indicated by an additional flux recovery of only 0.12% for the
additional 1 minute of cleaning in the case of the 90 second relaxation and the 90
second cross-flow. Prior to this additional interval, the rate of flux recovery was
approximately 1.2% for each 30 seconds of cleaning. Figure 7.10 also presents the
resistance for different production periods. The fouling from only weak adsorption was

significant when a 60 second relaxation and 60 second cross-flow cleaning was adopted.

In the case of the short-term experiments using the production periods of 15 and 30
minutes, the flux declined to approximately 2% and 4%, respectively (Figure 7.9). The
flux decline continued after 90 minutes of production and it reached almost 5%,
suggesting that the utilization of the cleaning method resulting in a 3.2% operational
loss is eventually justified. It is therefore evident that a critical point exists where the

application of a periodic cleaning technique is optimal.
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Figure 7.9 Results of the flux decline versus time for different production periods (UF
membrane used = NTR 7410; MWCO of 17,500 daltons, crossflow velocity = 0.5 m/s,

transmembrane pressure = 300 kPa, Reynold’s number: 735.5, shear stress: 5.33 Pa)

7-16



Table 7.3 Flux recovered for each varied production interval

Experimental Condition Total Flux recovered (%)
15minProd,15secRel,15secCross 0.625
30minProd,30secRel,30secCross 1.22
60minProd,60secRel,60secCross 2.88
90minProd,90secRel,90secCross 3
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Figure 7.10 Different membrane resistances by fouling at different production periods

7.4.4 Modeling of Effective Flux Loss

Figure 7.11 shows the results of the variation of the recovered permeate flux with
different cleaning intervals. It can be seen that the effectiveness of the cleaning interval
(relaxation and cross-flow) diminishes with durations greater than 60 seconds
relaxation and a 60 second cross-flow point. This is indicated by an additional flux
recovery of only 0.12% for the additional 1 minute of cleaning in the case of the 90
seconds relaxation and the 90 second cross-flow. Prior to this additional interval, the

rate of flux recovery was approximately 1.2% for each 30 seconds of cleaning.
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Therefore, in this study it was found that the cleaning of the membrane for larger than

120 seconds was relatively unproductive.

35

Flux recovered (%)
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Figure 7.11 Results of the flux recovery versus cleaning time used with the relaxation

and the high rate cross flow

Figure 7.12 shows the variation of the total flux loss with time. For the experimental

conditions used in this study, the permeate flux decline was rapid during the first 30

minutes and then slowed down significantly.
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Figure 7.12 Results of the flux decline versus the production time used at a

transmembrane pressure of 300 kPa

Using the results shown in Figures 7.11 and 7.12, the net permeate flux loss (%) was

calculated to evaluate the effectiveness of different cleaning methods.

The net permeate flux loss shown in Figure 7.13 includes the operational loss due to the
cleaning period used, the rate of flux decline of the membrane and also the flux
recovered due to the cleaning operation for each of the cleaning intervals. For all of the
cleaning intervals, there was a turning point as the production interval was extended.
This occurs because the extended production intervals continually increased the ratio of
production to cleaning, but eventually a minimum result was achieved where cleaning
losses become less than the recovered flux. For all cleaning durations calculated
however, there was no benefit realized if the periodic clean was utilized prior to
approximately 50 minutes of production for the experimental conditions used in this

study.
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Equation 7.3 shows the net permeate flux loss formulae.

NetPermeateFluxLoss (%) = Fouling _ Rate(%) + Operational _Loss(%) — Flux _recovered (%)
(7.3)

Figures 7.11 and 7.12 are used to calculate the fouling rate (%) and flux recovered (%)
for the varied production intervals, with the operational loss calculated as shown in

equation 7.4.

. 0 _ ZLcleaning7;7e*r1’ad
Operational _Loss(%) = x100 (7.4)

cleaning _ period production _ period
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Figure 7.13 Results of the net flux loss versus the production time used
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7.4.5 Effect of Cleaning Time Ratio

Figure 7.14 shows the experimental results obtained when the optimal production
duration of 60 minutes was used with different ratios of relaxation and a relatively high

rate cross flow velocity. The experimental conditions are listed below:

1) Production only without any cleaning

i1) Production cycles of 60 minutes followed by 20 seconds of periodic relaxation
followed by 100 seconds of periodic high rate cross-flow.

iii) Production cycles of 60 minutes followed by 60 seconds of periodic relaxation
followed by 60 seconds of periodic high rate cross-flow.

iv) Production cycles of 60 minutes followed by 100 seconds of periodic relaxation

followed by 20 seconds of periodic high rate cross-flow.

Although the production and cleaning periods were maintained to keep the operational
loss of 3.2%, it was found that the best results in terms of flux maximization occurred
when there was an equal time allocated for the relaxation period and the high rate cross
flow period. Interestingly, there was a higher rate of flux recovery when the period of
relaxation was extended, however these gains were eroded quickly once production
started with an increased rate of flux decline. Possibly, during the extended relaxation
period, the foulant layer reduction that helped with the initial flux recovery did not have
sufficient time to be completely removed due to the shortened cross flow duration.
Thus, when production started again, there was the higher rate of flux decline. Figure

7.15 presents the resistances at different cleaning ratios.
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Figure 7.14 Results of the flux decline versus time for the 3 different cleaning ratios
(UF membrane used = NTR 7410; MWCO of 17,500 daltons, crossflow velocity = 0.5
m/s, transmembrane pressure = 300 kPa, Reynold’s number: 735.5, shear stress: 5.33 Pa)

140
. R,
120 - R,
B R,
~ 100 - 3 Raw
2 B R, =0
S g0
K
N
(5]
2 60
s
w
7
(5]
Cd 40 .
20 H
0
oP RC(30:20:100) RC(60:60:60) RC(90:100:20)

Relaxation and crossflow modes

Figure 7.15 Different membrane resistances by fouling and flux decline at the 3

different cleaning ratios

7-22



7.4.6 Effect of Different Pressures with Optimum Cleaning Conditions

Figure 7.16 indicates that the periodic cleaning was less effective when the system was
operated at 100 kPa and 500 kPa than when it was operated at 300 kPa. At 500 kPa, the
cleaning resulted in a rapid flux improvement, but these gains were quickly lost when
production was restarted. At 100 kPa, the cleaning resulted in an improvement in flux
throughout the entire experiment; however these improvements were less than the
operational losses encountered during cleaning. This was largely due to the fouling

being quite low when the system is operated at a low pressure.

Therefore, the only benefit of cleaning at 100 kPa and 500 kPa would be to extend the

membrane life.
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Figure 7.16 Results of the flux decline versus time for the optimal cleaning conditions
(UF membrane used = NTR 7410; MWCO of 17,500 daltons, crosstflow velocity = 0.5
m/s, transmembrane pressure = 100 and 500 kPa, Reynold’s number: 735.5, shear stress:

5.33 Pa)

7.4.7 Effect of Flocculation with Optimum Cleaning Conditions

Figure 7.17 presents the effect of pretreatment of flocculation associated with the

optimum cleaning conditions such as 1 hr production — 60 second relaxation — 60
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second cross-flow. Here, the supernatant of flocculation underwent UF without any
prefilters. The permeate flux after flocculation was not improved with the hydraulic
cleaning method and may be due to the reduction of initial concentration and/or large
MW of the feed. As the initial concentration and/or large MW of the feed after
flocculation decreased, the cleaning roles of relaxation and cross-flow were marginal.
This phenomenon can be considered in more detail in terms of the variation of
resistances (Figure 7.18). All the resistances (R¢p, Ry and Ryy) after flocculation at 21
mg-Fe/LL FeCl; were minimized. This suggests that there is not enough fouling to be

removed by the cleaning of the relaxation and cross-flow.
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Figure 7.17 Results of the flux decline versus time after FeCl; flocculation for the
optimal cleaning conditions (UF membrane used = NTR 7410; MWCO of 17,500 daltons,
crossflow velocity = 0.5 m/s, transmembrane pressure = 300 kPa, Reynold’s number:

735.5, shear stress: 5.33 Pa)
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7.4.8 Effect of Adsorption with Optimum Cleaning Conditions

Figure 7.19 shows the effect of pretreatment of PAC adsorption combined with the
cleaning conditions. The supernatant after PAC adsorption was used for the UF
experiments. Here, it should be noted that a small amount of PAC particle still
remained in the pretreated water. The flux after PAC adsorption with the automated
cleaning could not increase with 0.1 g/l and 1 g/LL PAC adsorption and may be due to
the coated PAC particle on the membrane surface. Thiruvenkatachari et al. (2005)
reported that the coated membrane with PAC can effectively stop the fouling agents in
the wastewater reaching the membrane pores and thereby limit membrane fouling.
They also found that, without any pretreatment or addition of PAC in the tank, the
PAC-coated membrane also had the ability to retain organic materials. The resistances

after PAC adsorption are shown in Figure 7.20.
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Figure 7.19 Results of the flux decline versus time after adsorption for the optimal
cleaning conditions (UF membrane used = NTR 7410; MWCO of 17,500 daltons,
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7.5 Concluding Remarks

In this chapter, the effect of different hydraulic cleaning methods was investigated with
the cross-flow UF unit. The cleaning methods in the SCADA system consisted of
relaxation, high rate cross-flow and relaxation and high rate cross-flow. The results led

to the following conclusions:

1. Membrane fouling in a cross flow ultrafiltration unit can be minimized by increasing
the crossflow velocity or decreasing the operational transmembrane pressure. However,
both of these techniques decrease the net productivity of the system and lead to larger

sized membrane systems being required for treating a given quantity of wastewater.

2. Unlike backflushing, the use of periodic relaxation and a period high rate of cross
flow at a decreased transmembrane pressure passively cleans the membrane, therefore
requiring no permeate. However, during the cleaning operation, no permeate is

produced.

3. A cleaning protocol utilizing a periodic relaxation step and/or a periodic increased
cross flow rate at a decreased pressure can lead to productivity improvements and an

increase in the operational lifetime of the membrane.

4. If the optimal frequency and duration of the cleaning step is used, a net productivity
increase of 14.8% is achievable and a significant extension to the membrane’s life

results.

5. If the cleaning techniques used are non-optimal, the membranes operational lifetime

is extended, however there is a net decrease in productivity due to the flux

7-27



improvements being unable to recover losses acquired while permeate production is

stopped during the cleaning;

Utilizing the optimized periodic cleaning techniques developed in this study allows
higher recovery rates for ultrafiltration to be achieved, without the problems of

increased flux decline normally experienced when operating with high recovery rates.
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8.1 Introduction

The application of membrane processes in wastewater treatment has increased since the
appearance of synthetic asymmetric membranes in 1960 (Ridgway et al.,, 1996). A
number of mathematical models have also been developed to describe membrane
filtration. One approach has been to use transport modeling. The transport models
developed have been classified into different groups: i) porous and nonporous

membrane, ii) organic and inorganic and iii) different sizes of organic matter (OM).

The transport models developed for nonporous membranes (NF and RO) consist of
three types: 1) homogeneous membrane models (solution-diffusion, extended solution-
diffusion and solution-diffusion-imperfection models), ii) pore-based models
(preferential sorption-capillary flow, finely porous and surface force-pore flow models)
and iii) irreversible thermodynamic models (Kedem-Katchalsky and Spiegler-Kedem
models) (Bhattacharyya and Williams, 1992). The models of porous membranes (UF
and MF) can be classified into: 1) basic models based on Hagen-Poiseulle equation and
Kozeny-Carman relationship), 1i) Knudsen flow, iii) friction model and iv)
concentration polarization (CP) model (resistance in series model, osmotic pressure

model and mechanistic interpretation) (Mulder, 1996).

These models can be divided into four groups in terms of organic and inorganic
characteristics of solutes (Lee et al., 2004).

1) The non-charged colloids which follow mainly the CP relationship,
convection and diffusion, Nernst-Plank equation, resistance in series and
cake filtration theory.

i) The charged colloids which involve a relationship of convection and
diffusion, Donnan exclusion, extended Nernst-Plank equation, resistance in
series and cake filtration theory.

1i1) General organic matter which follows the CP relationship, thermodynamic
model, diffusivity, resistance in series and adsorption layers.

iv) Ions (anions) which obey Donnan exclusion and extended Nernst-Plank

equation.
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Few of these equations can be applied to ultrafiltration (UF) used in wastewater
treatment because of organic fouling. The models can only be semi-empirical in

wastewater conditions because it contains a mixture of different organic pollutants.

One of the simplest models in membrane filtration is one which relates the flux decline
with time. As time proceeds, the permeate flux decreased with membrane fouling. A
number of models have been developed to represent the flux decline. These models use
the system parameters (such as viscosity, pore size, membrane thickness and pressure)
and flow balance equations with specific boundary conditions (Cho, 1998). It is again

difficult to use these models in practical applications.

Previous work has not attempted to quantify the membrane filtration with pretreatment
of biologically treated sewage effluent (BTSE) and this is probably due to the following
reasons:
1) heterogeneous nature of organic matter (OM) in BTSE,
i) removal of some of the OM during pretreatment, thus the characteristics
of the feed to the membrane change,
ii1) addition of inorganic salt. Inorganic salts added during the pretreatment
of flocculation affect the transport phenomenon, and
1v) the decreasing initial concentration after different pretreatments changes
the initial conditions.
It is therefore difficult to predict the membrane filtration when it is combined with
pretreatment. Thus, it is necessary to develop simple flux decline models for practical
applications with the model coefficients calibrated with experimental flux decline for

specific wastewater and operational conditions.

In this chapter, three different mathematical models relating the flux decline are
investigated to quantify the effects of pretreatment. The models used are: 1) empirical flux
decline (EFD) model, ii) series resistance flux decline (SRFD) model and iii) modified
series resistance flux decline (MSRFD) model. The coefficients of each model are
calculated to establish a correlation between the coefficients and the type of

pretreatment for a given water and membrane system.
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8.2 Theoretical

8.2.1 Empirical Flux Decline (EFD) Model

An empirical flux decline (EFD) model was introduced by Cho et al. (2002). The EFD
model is one of the simple flux decline models (SFDMs) where EFD coefficients can
be evaluated from experimental results using nonlinear regression. The equation
consists of three flux-decline coefficients (ko, ki and d):

J 1

Zr_ 8.1
Jo l+k,(1—e™)+dt @1

where k is the flux decline potential which is dimensionless, k; is the rate constant, and

d is the flux decline kinetic constant. The unit of k; and d is 1/min.

The values of ko, k; and d were calculated from the experimental flux decline curve
(Figure 7.5, Chapter 7). The experimental values obtained for the UF at 300 kPa with
no cleaning were used in the calculation. The values of ko, k; and d were estimated as
0.060, 0.201 and 0.002, respectively. In order to estimate the sensitivity of these three
coefficients, the values of these coefficients were increased and decreased 10 and 100
times. Their effects on the flux decline were studied. The variations of ko, k; and d are
shown in Figure 8.1. With changes in the ko, k; and d values, the pattern varied

significantly.
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Figure 8.1 Effect of ko, k; and d values on flux decline (UF membrane used = NTR
7410; MWCO of 17,500 daltons; crossflow velocity = 0.5 m/s; transmembrane pressure =
300 kPa (Jp = 1.84 m/d); Reynold’s number: 735.5; shear stress: 5.33 Pa)

To study the sensitivity of the model coefficients, the fit value was calculated using the
equation 8.2:

Cbaseline _ Csimulated

Fit Value = Z coefficient coefficient (8 2)
— - baseline ’
all _time _points Ccoefﬁcient

here C"*%" is the experimental value of the flux decline. In this case, it is the flux

coefficient

C simulated
coefficient

values of UF conducted at 300 kPa with no cleaning. is the simulated flux

values for different model coefficients.
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Hozalski and Bouwer (2000) reported that the fit value provides a quantitative
comparison of the agreement between the simulation and the experimental data or the
relative agreement between two different simulations. As the fit value increases, the
level of agreement between the two simulations decreases. When the adjustment of an
input coefficient significantly increases the fit value, the model is sensitive to that
coefficient. Therefore, in this study, the sensitivity of each coefficient in the model was

investigated.

Tables 8.1, 8.2 and 8.3 show the sensitivity of the ko, k; and d values using EFD
coefficients. When ko and d were increased, the fit value increased significantly as
compared to variation of k;. Thus, the model output in the EFD simulation is sensitive

to the coefficients, ko and d. The k; value which had lower sensitivity was fixed.

Table 8.1 Effect of the k¢ value for EFD model (k; = 0.201 and d = 0.002)

ko coefficient Fit value
0.0006 0.066
0.006 0.054
0.602 2.498
6.028 20.409

Table 8.2 Effect of the k; value for EFD model (ko = 0.060 and d = 0.002)

ki coefficient Fit value
0.0002 0.0666
0.002 0.0419
2.009 0.0001
20.086 0.0001

Table 8.3 Effect of the d value for EFD model (ko = 0.060 and k; = 0.201)

d coefficient Fit value
0.00002 3.836
0.0002 2.922
0.022 12.481
0.217 26.910




8.2.2 Series Resistance Flux Decline (SRFD) Model

In the series resistance flux decline (SRFD) model used in this study, it was assumed
that concentration, pore blocking and gel layer resistances were negligible compared
with adsorption resistance because the dominant fouling with synthetic wastewater was
caused by weak adsorption (Figure 7.6, Chapter 7), i.e., only the resistances due to
membrane and adsorption were considered (Eq. 8.3). Membrane resistance is constant
whereas adsorption resistance varies with time. Adsorption can be represented by

Freundlich isotherm equation (Eq. 8.4).

___ AP (8.3)
ILI(RIH + Ra)
L
R,(t)=K,.'xt" (Freundlich form) (8.4)

where K¢’ and 1/n” are SRFD constants with Freundlich equation and t is filtration time

(min).

Figure 8.2 presents the effect of Kr’ and 1/n’ on flux variation. The experimental
results obtained with UF at 300 kPa were used to first evaluate the Ki” and 1/n’ values.

Tables 8.4 and 8.5 clearly show that the K¢’ value is more sensitive than 1/n’.
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Figure 8.2 Effect of K¢’ and 1/n’ on flux decline
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Table 8.4 Sensitivity of K¢’ (1/n” = 0.773)

Ky’ coefficient Fit value
1.0E+09 2.074
1.0E+10 1.587
1.0E+12 8.588
1.0E+13 20.690

Table 8.5 Sensitivity of 1/n’(Ky = 1.0E+11)

I/n "’ coefficient Fit value
0.1 2.012
0.2 1.890
0.5 1.047
1.0 1.827

8.2.3 Modified Series Resistance Flux Decline (MSRFD) Model

The modified series resistance flux decline (MSRFD) model considers the interfacial
concentration (Cy,) at the membrane surface in the adsorption term (Cho, 1998). The
MSRFD model also takes into account the adsorption resistance only. OM accumulated
on the membrane surface is considered as adsorption material. The adsorption
resistances (R,) can be measured using the interfacial concentration at the membrane
surface by the concentration of the bulk and permeate. The interfacial membrane
concentration (Cy,) is calculated using adsorption isotherm equations.

AP

- 8.5
H(R, +R,) (8
R (1)=K,"xC, """ (Freundlich form) (8.6)
a'C

R (t) = —=— (Langmuir form 8.7

(D) 1+b,,cm( g ) (8.7)
" i
Ra(t) =—I»=»"__ (Sips form) (8.8)
1+K."C,»

The relationship between the permeate concentration (C,) and the bulk concentration

(Cyp) can be given by Eq. 8.9, which is based on a film theory.



C,=C,+(C, —Cp)exp(%) (8.9)

(8.10)

up? "
- 1.62[ J

d,L

where Ki’” and 1/n”” are MSRFD constants with Freundlich isotherm constant, a’’> and
b’> are MSRFD constants with Langmuir, qn,’" is sorption capacity with Sips, 1/n’’ and
Ky’ are with Sips, Cp, is the interfacial membrane concentration (mg/L), U is the
average velocity of the feed fluid (m/s), D is the diffusion coefficient of OM (m%/s), d
is the equivalent hydraulic diameter (m), and L is channel length (m). The diffusion

coefficient was evaluated using a diffusion cell experiment.

8.2.4 Model Application

The flux declines obtained for different pressures and pretreatments was fitted using
EFD, SRFD and MSRFD models. The coefficients which had lower sensitivity were
fixed to a constant value. The models were solved by nonlinear regression and Nelder-

Mead methods.

8.3 Results and Discussion

8.3.1 EFD Model Prediction of Experimental Results with Different

Pressures

The experimental results with different pressures were compared with the
corresponding simulated curves using EFD model (Figure 8.3). The detailed
experimental conditions of different pressures used in this study are described in
Chapter 7. The simulated curves fitted well with the experimental profiles. The flux-
decline coefficients are presented in Table 8.6. As pressures increased, the flux
significantly decreases with time. The ko and d values at 500 kPa were found to be 7
and 6 times higher compared to those at 100 kPa. The ko and d values (which had

higher sensitivity) were found to increase with pressure.
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Figure 8.3 Experimental and predicted flux decline profiles with different pressures

Table 8.6 EFD model coefficients obtained from experimental data with different

pressures (k; =2.15E-02)

Pressure ko d
Production only at 100 kPa 1.11E-01 2. 97E-04
Production only at 300 kPa 1.83E-01 1.53E-03
Production only at 500 kPa 7 87E-01 1.76E-03

8.3.2 EFD Model Prediction of UF Experimental Results with

Different Pretreatments

Figures 8.4 (a) and (b) present the results of the experimental and predicted flux

profiles of UF after a pretreatment of flocculation with different doses of FeCls and

adsorption with different doses of PAC. The simulated curves fitted well with the

experimental results. The flux-decline coefficients are presented in Table 8.7. The

values of model coefficients are lower for UF with pretreatment. The improvement on

the reduction in flux decline was observed in UF when it underwent a pretreatment of

21 mg-Fe/L flocculation. This resulted in a reduction of ko and d values (Table 8.7 and

Figure 8.5). These values can also be used to compare the efficiency of different
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pretreatments. For example, the coefficients of ko and d after a pretreatment of 14 mg-
Fe/L flocculation were similar to those after a pretreatment with 0.1 g/ PAC
adsorption (Figure 8.5). This indicates that the EFD coefficient values can be used as

an index to compare and recommend the suitable pretreatment.

Experimental

UF with no pretreatment

[ ]

O  After 7 mg-Fe/L FeCl3
0.4 - v After 14 mg-Fe/L FeCl,
v After 21 mg-Fe/L FeCl,

Prediction ~ —— UF with no pretreatment
..... After 7 mg-Fe/L FeCl,

——— After 14 mg-Fe/L FeCl,
—_—— After 21 mg-Fe/L FeCl;

Normalized permeate flux (J/J,)

0.2

0.0 T T T T T
0 50 100 150 200 250 300

Time (min) a)

0.4 1 Experimental ®  UF with no pretreatment

O After 0.1 g/L adsorption
Vv After | g/L adsorption
Production only

~~~~~~~~~~ After 0.1 g/L adsorption
———After 1 g/L adsorption

Prediction

Normalized permeate flux (J/J)

0.2 1

00 T T T T T
0 50 100 150 200 250 300

Time (min) b)

Figure 8.4 Experimental and predicted flux decline in UF after a pretreatment (UF
membrane of MWCO 17,500 daltons; pressure = 300 kPa)

8-11



Table 8.7 Flux decline coefficients of EFD model with pretreatment (k; = 2.15E-02)

Pretreatment ko d
UF operation at 300 kPa 1.83E-01 1.53E-03
After 7 mg-Fe/L flocculation 8 46E-02 2. 26E-03
After 14 mg-Fe /L flocculation 2 42E-02 1.19E-03
After 21 mg-Fe /L flocculation 3.60E-02 5 47E-05
After 0.1 g/L adsorption 1.24E-02 1.31E-03
0.0025
v
0.0020 -
v
0.0015 - o
é)
:
=]
0.0010 7 ® 100kPa
O  300kPa
v 500 kPa
Vv  After 7 mg-Fe/L flocculation
00005 1 B After 14 nglg-Fe/L flocculation
[ ) 0O  After 21 mg-Fe/L flocculation
¢ After 0.1 g/L PAC adsorption
0.0000 2 . . : .
0.0 0.2 0.4 0.6 0.8 1.0
k, value

Figure 8.5 Comparison of flux-decline coefficients of EFD model

8.3.3 SRFD Model Prediction of Experimental Results

The experimental results with different pressures were compared with the simulated
curves using SRFD model (Figure 8.6). Tables 8.8 and 8.9 present the SRFD model
coefficients obtained for UF experiments with different pressures and pretreatments.
The fit value of K¢’ was more sensitive than that of 1/n’. As pressure was increased, the
coefficient of K¢’ at 500 kPa increased significantly. On the other hand, as membrane
fouling decreased with the pretreatment of flocculant, the value of Ky’ decreased
(Figure 8.6). The pretreatments of 14 mg-Fe/L flocculation (5.12E+10) and 0.1 g/L
PAC adsorption (5.33E+10) also showed a similar trend. This suggests that the SRFD
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Figure 8.6 Experimental and predicted flux decline in UF after a) different pressures, b)

flocculation and c) PAC adsorption (UF membrane of MWCO 17,500 daltons; pressure

= 300 kPa)

Table 8.8 Flux decline coefficients of SRFD model (Freundlich) at different pressures

with no pretreatment (1/n’ = 7.75E-01)

Pressure

Ky’

100 kPa
300 kPa
500 kPa

3.96E+10
9.91E+10
2.23E+12
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Table 8.9 Flux decline coefficients of SRFD model (Freundlich) with pretreatment
(1/m>=7.75E-01)

Pretreatment Ky’
After 7 mg-Fe/L flocculation 1.03E+11
After 14 mg-Fe /L flocculation 5 12E+10
After 21 mg-Fe /L flocculation 1.01E+10
After 0.1 g/L PAC adsorption 5336410

8.3.4 MSRFD Model Coefficients Calculated for UF with Different

Pretreatments

Table 8.10 presents the variation of the bulk (Cy), permeate (C,) and membrane (C,)
concentrations with UF filtration for a range of pressures and with pretreatments. The
adsorption resistance is also shown. When the pressure was increased from 100 kPa to
500 kPa, the bulk concentration increased from 12.7 mg/L to 19.1 mg/L. However, the
membrane concentration increased from 17.6 mg/L to 55.4 mg/L (more than 3 times).
This caused a significant increase in adsorption resistance (up to 5.7 times when the
pressure was increased from 100 kPa to 500 kPa). On the other hand, when a
pretreatment of flocculation with 21 mg-Fe/L FeCl; was provided, the values of the Cy ,
Cm and R, significantly decreased by 4.4, 3.1 and 12.9 times, respectively. After 0.1
g/ adsorption as a pretreatment, the values decreased by 2.2, 2.0 and 1.8 times,
respectively. This suggests that pretreatment can significantly decrease membrane

fouling.

Table 8.10 Concentration of organic matter and adsorption resistance

Co(mg/L)  C,(mg/L)  Cun(mg/L) R,(m")

100 kPa 12.7 1.9 17.6 2.67E+12
300 kPa 17.0 2 38.4 8.38E+12
500 kPa 19.1 2.1 55.4 1.52E+13
21 mg-Fe/L flocculation 3.86 1.1 12.5 6.48E+11
0.1 g/LL adsorption 7.59 1.5 19.6 4.62E+12
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The concentration on the interfacial membrane surface (C,) versus adsorption
resistance (R,) was calculated from the UF experimental results conducted at three
different pressures (100, 200 and 300 kPa). The graphs between R, and C, are
presented in Figure 8.7. Of the three adsorption isotherms used to calculate adsorption
resistance, the Sips isotherm of the membrane fouling fitted better with the

experimental results.

Se+12 1.8e+13

®  Experimental at 100 kPa o1z || @ Experimental at 300 kPa
Freundlich - MSRFD Freundlich - MSRFD |
4es12 4 Langmuir - MSRFD Langmuir - MSRFD /
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Figure 8.7 Comparison of experimental and predicted adsorption resistance values

calculated from MSRFD model

8.3.5 MSRFD Model Coefficients Calculated For UF operated at

Different Pressures
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Table 8.11 presents the MSRFD model coefficients. An Freundlich isotherm was used

with the MSRFD model. As the membrane fouling decreased, the values of Ky’ and

1/n’ significantly increased (Table 8.11 and Figure 8.8).

Table 8.11 Flux decline coefficients of MSRFD model (Freundlich) with different

pressures
Cleaning K¢’ 1/n”’
Production only at 100 kPa 1.78E+00 7 98E-02
Production only at 300 kPa 3 71E+00 7 98E-02
Production only at 500 kPa 4.80E+00 7 98E-02
0.085
v
0.080 - o
0.075
:g 0.070 A
0.065
0.060 ®  Production only at 100 kPa
° O Production only at 300 kPa
¥ Production only at 500 kPa
0.055 T T T
32 3.8 4.0 4.2 4.4
K.

F

Figure 8.8 Comparison of flux-decline coefficients of MSRFD model

8.4 Concluding Remarks

In this chapter, three different semi-empirical mathematical models were investigated to

semi-quantify the effects of different pressures and pretreatments on the flux decline. The

three different models used were 1) empirical flux decline (EFD) model, ii) series

resistance flux decline (SRFD) model and 1ii) modified series resistance flux decline

(MSRFD) model. The coefficients of each model were evaluated from experimental
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results with different conditions to study the correlation of different pretreatment

methods. The findings are as follows:

In the EFD model, the coefficients of ky and d were sensitive. This model fitted well with
experimental flux decline curves. As pressure increased, the flux significantly decreased
with time. The ko and d values at 500 kPa were found to be 7 and 6 times higher
compared to those at 100 kPa. The ko and d values (which had higher sensitivity) were
found to increase with increase in pressure. When the flux improved after the
pretreatment of 21 mg-Fe/L flocculation, the ko and d values decreased significantly.
These values can thus be used to compare the efficiency of different pretreatments. For
example, the coefficients of ko and d after 14 mg-Fe/L flocculation were similar to
those after 0.1 g/L PAC adsorption. This implies that the flux decline coefficient values
by the EFD model can be used as an index to suggest flux decline and to compare the

benefits of different operating conditions and pretreatments.

In the SRFD model, adsorption resistance varied with time. The K¢’ was more sensitive
than 1/n’. As the pressure was increased, the coefficient also increased. On the other
hand, as membrane fouling decreased with different doses of flocculant, the value of
Ky’ decreased. The pretreatments of 14 mg-Fe/L flocculation and 0.1 g/L PAC
adsorption also showed a similar K¢’ trend. This suggests that the SRFD coefficient

values can also be used as an index to compare and decide on a suitable pretreatment.

In the MSRFD model, when the pressure was increased from 100 kPa to 500 kPa, the
bulk concentration increased from 12.7 mg/L to 19.1 mg/L. The concentration near the
membrane surface increased from 17.6 mg/L to 55.4 mg/L (more than 3 times). This
caused a significant increase in adsorption resistance (up to 5.7 times). When
flocculation of 21 mg-Fe/LL was used as a pretreatment at a pressure of 300 kPa, the
values of the C, , C,, and R, significantly decreased by 4.4, 3.1 and 12.9 times,
respectively. After 0.1 g/L adsorption as a pretreatment, the values decreased 2.2, 2.0
and 1.8 times, respectively. These trends clearly indicate that the pretreatment can

significantly decrease membrane fouling.

8-17



CHAPTER9

S

University of Technology, Sydney
Faculty of Engineering

PHOTOCATALYSIS HYBRID
SYSTEM IN THE REMOVAL OF
ORGANIC MATTER FOR
WASTEWATER REUSE

9-1



9.1 Introduction

Water requirements in the world are increasing with population growth and with
industrialization. The reuse of wastewater after treatment will help to maintain
environmental quality and relieve the unrelenting pressure on conventional natural
freshwater sources. Although the effluent from the secondary and tertiary wastewater
treatment can be discharged into waterways, it cannot be used for reuse purposes
without further treatment. Thus, an advanced treatment technology is required to
remove various organic matters, pathogenic microorganisms and persistent organic

pollutants (POPs) in wastewater.

Advanced oxidation processes (AOPs), especially, photocatalysis are attractive to
degrade POPs from biologically treated sewage effluent (BTSE). Photocatalytic
reactions allow a complete degradation of organic pollutants into very small and
harmless species without use of any chemicals. This avoids sludge production and the
need for its disposal (Molinari et al., 2002; Sagawe et al., 2003). Titanium dioxide
(TiO,) catalyzed photocatalysis is used because of its capability of removing a wide
range of pollutants. The photochemical stability, low toxicity and low cost are its other
advantages (Arana et al., 2002; Blount et al., 2001). This process is based on the
electronic excitation of a molecule or solid caused by light absorption e.g. UV light that
drastically alters its ability to lose or gain electrons and promote decomposition of
pollutants to harmless by-products (Molinari et al., 2002). Photo-induced electrons (¢°)
and positive holes (h") are produced from TiO, with UV light (Eq. 9.1). These charged
species can further generate free radicals (Eq. 9.2 and 9.3). The highly oxidizing
positive hole h"™ has been considered to be the dominant oxidizing species contributing

to the mineralization process resulting from the TiO, photocatalysis (Chu and Wong,

2004).

TiO, + hv — TiO, (e +h") 9.1)
h"+ OH — HO- 9.2)
e +0;,— -0, 9.3)

Photocatalysis efficiency can be improved by using different chemical couplings in the
solution to the surface of TiO,. It is well known that the following effects affect the

increase of organic removal in photocatalysis; 1) photo-Fenton reactions i1) Cl-based
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chemical flocculants, iii) acidic conditions, 1v) ferric, ferrous and aluminum salts and v)
PAC additions (Sarria et al., 2003; Gogate and Pandit, 2003; Lee et al., 2003; Arana et al.,
2002).

9.1.1 Photo-Fenton Reaction

The photo-Fenton reaction produces the hydroxyl radical with a metal to ligand charge
transfer. Many studies have found that photo-Fenton’s systems are useful in treating a
variety of contaminants including aromatic and aliphatic organic compounds (Lu et al.,
1994; Doong et al., 2000; Arana et al., 2001). In the photo-Fenton process with ferric
(Fe’") ions under the UV radiation, the super-oxide change and pH effect the organic
activation, followed by super-oxide addition in the degradation of organic matter with
ferric ions. The degradation rate of organic compounds such as phenol and
nitrobenzene in the reactor with added Fe®* follows first-order kinetics (Rodriguez et al.,

2002). The detailed reactions related to photo-Fenton are:

Fe'" + H,0O + hv — -OH + H' + Fe** (9.4)
Fe’" + H,O + O, — -OH + -O,H + Fe*" 9.5)
Fe*" + -OH — Fe’" + OH (9.6)
Fe*' +-0,H — Fe*" + "0,H 9.7)
‘OH'RH — R" or [HORH] - (9.8)

9.1.2 Chloride-Based Flocculant

The chloride-based flocculants such as supporting electrolyte and a source of chloride
reactant result in a superior organic and color removal (Kim et al., 2003). Chemical
oxygen demand (COD) removal rates through the use of chloride-based chemical
flocculants are about 10 — 17 times (70% removal) faster than those adopting sulphate-
based flocculants in textile wastewater. The color removal was also high (with the highest
removal up to 80% - 90%). After the flocculation with 3.25 mM FeCls, the chloride
concentration remained up to 14.96 mM, which means that the majority of chlorides are
still present in the pretreated wastewater after flocculation. Vlyssides et al. (1999) reported

that by adding 2 ml HCIl (36%) as a supporting electrolyte, 86% of COD was removed
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after 18 minutes of the oxidation process. The general role of the chloride reactions

involved in oxidation processes are:

2CI' - Cl, + 2¢ (9.9)
Cl, + H,O — HOCl + H" + CI’ (9.10)
HOCI — H" + CIO’ (9.11)
6HCI1O + 3 H,0 — 2ClO5 + 4Cl + 12H" + 30, + 6¢” (9.12)
ClO + H,0 + 2¢" — CI' + 20H" (9.13)
6ClO" + 3H,0 — 2Cl05" +4CI + 6H" + 1.50, + 6¢” (9.14)
2H,0 +2¢" — 20H + H, (9.15)
Organics + HOCI — Product + CI’ (9.16)
9.1.3 pH Effect

Organic degradation is much greater under acidic conditions (both at high and lower
temperature) than normal basic conditions (Al-Rasheed and Cardin, 2003). For charged
substrates of organic pollutants, the pH value has a significant effect on the
photocatalytic degradation. The degradation rate constants decrease when the initial pH

value exceeds 6 (An et al., 2003).

9.1.4 PAC Addition

Photocatalysis efficiency can also be improved by collecting the pollutant in the
solution onto the surface of TiO,. Adsorbents such as PAC, silica, and zeolite are used
to promote the adsorption. It is well known that PAC can be very efficient when it is
mixed with TiO, in photocatalytic processes (Arana et al., 2002; Arana et al., 2003a;
Arana et al., 2003b). Arana et al. (2002) observed that i) the combination of PAC and
Ti0; results in fast decantability in comparison with that of TiO, alone, ii) a TiO; particle
distribution on the PAC surface yields in a homogeneous particle size distribution and iii)
the rate of organic removal by the PAC and TiO, was six times higher than that with TiO,

alone.

None of the previous studies dealt with the synergistic effect of PAC adsorption and TiO;
photocatalysis in removing EfOM from BTSE. Most specifically, no study discussed the



organic degradation in terms of MW distribution of organic matter. In order to investigate
the synergetic effect in detail, it is necessary to study the removal of organic matter of
different MW ranges. Hence, this study experimentally evaluated the advantages of the
chemical coupling of photocatalytic reaction with PAC adsorption. The synergy effects of
photooxidation and flocculation were also studied using i) chloride-based flocculants
(poly aluminum chloride and ferric chloride) and ii) sulphate-based flocculants (ferrous
sulphate and aluminum sulphate). Finally, the application of a photocatalysis hybrid

system in real wastewater was evaluated.

9.2 Comparison of Nanofiltration with Flocculation-Microfiltration-

Photocatalysis Hybrid System

This first part deals with comparison of effluent quality of nanofiltration (NF) with that of
a photocatalysis hybrid system.

9.2.1 Flocculation-Microfiltration-Photocatalysis Hybrid System

9.2.1.1 DOC Removal

The effect of photocatalysis (with TiO, as catalyst) was investigated after a pretreatment
of ferric chloride flocculation and microfiltration as prefilter. The experiments were
conducted with synthetic wastewater. As can be seen in Figure 9.1, the DOC removal of
photocatalysis alone was 37% (up to 6 hours) and 60% (after 17 hours). The pretreatment
of flocculation followed by microfiltration led to a higher DOC removal efficiencies (up
to 96.6%). Similar trends were observed by Gogate and Pandit (2004). They reported that
sensitizers or catalysts such as ferrous, silver, and manganese ions, can also be used to

improve the treatment efficiency of the photocatalytic oxidation process.
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Figure 9.1 DOC removal by photocatalysis with and without pretreatment (T = 25 °C; Air
= 1.5 VVM; TiO, = 1 g/L without pretreatment; UV lamp intensity = 8 W; Cy and C =

influent and effluent DOC concentration)

9.2.1.2 Molecular Weight Distribution

The MW distribution of the influent and effluent of the photocatalysis was determined
(Figure 9.2) and the large MW organics were removed by TiO, adsorption. The slight
decrease of the small MW occurred over time (up to 30 minutes). The UV response of the
small MW organics increased after 30 minutes to 6 hours of an experimental run. After
that, the intensity of the small MW organics decreased gradually. These experimental
results imply that at an initial state, the photocatalysis breaks the large MW organics and

then with time, the small MW organics are further oxidized during photocatalysis process.

9-6



A After 24 hours

N
7\ After 20 hours
~
B e // \ AAAAAAAAAAA
E / \ After 6 hours
i 1 W
S T T T
2 / \ - After 1 hour
ag) aaaaaaa 2y e
s // L After 30 minutes
»n / S~
v ————— ——— L T ———— .
o
After 5 minutes
MW: 33948 MW: 973
Initial

T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (second)
Figure 9.2 MW size distributions of synthetic wastewater with photocatalysis at
different times (T = 25 °C; air = 1.5 VVM; TiO, = 1 g/L without pretreatment; UV lamp
intensity = 8 W)

Figure 9.3 shows the response versus elapsed time graph of the effect of photocatalysis
after pretreatments of flocculation and MF. As can be seen in Figure 9.3, practically all
the organic matters (both small and large MW organics) were removed by employing
flocculation and MF prior to photocatalysis. An additional mechanism for superior
organic removal by the hybrid system could be due to the photo-Fenton process

(hv/Fe*'/H,0, or O,) (Sarria et al., 2003).

It is possible to represent the synthetic organic matter (SOM) degradation by a
simplified schematic as shown in Figure 9.4. A reduction-oxidation cycle of Fe’"-Fe**
and the photocatalysis of Fe’" aqueous complexes [SOM-Fe’'] seems to be a possible

way to represent the photo-Fenton degradation of SOM.
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microfiltration (T = 25 °C; Air = 1.5 VVM; TiO, = 0.5 g/L with pretreatment, UV lamp

intensity = 8 W)
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Figure 9.4 Schematic of Photo-Fenton degradation of SOM (adapted from Sarria et al.,
2003)

9.2.1.3 Nanofiltration for SOM Removal

The synthetic wastewater was filtered through a NF unit (NTR 729HF: MWCO 700
daltons). The DOC removal by the NF unit is shown in Figure 9.5 (where C and C are the
effluent and influent DOC values). The NF alone gave rise to 92.4% DOC removal.
Figure 9.5 also shows that there was minimal flux decline during the 20 hours experiment.
The NF was also successful in removing practically all the organics from 970 daltons to

33,950 (Figure 9.6). In terms of DOC removal and the range MW of organics, the hybrid
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system with flocculation-microfiltration-photocatalysis could be an alternative technology

in treating organic matter.
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Figure 9.5 DOC removal and permeate flux with NF unit (NTR 729HF nanofiltration
membrane, Nitto Denko Corp., operating pressure 300 kPa, flow rate = 0.5 m/s, T =
30 °C)
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Figure 9.6 MW size distribution of nanofiltation effluent with synthetic wastewater (NTR
729HF nanofiltration membrane, Nitto Denko Corp., operating pressure 300 kPa, flow
rate = 0.5 m/s, T = 30 °C, Reynold’s no. = 735.5 (laminar flow) and shear stress = 5.33
Pa)
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9.2.2 Chemical Coupling of Photocatalysis with Flocculation and

Adsorption in the Removal of Organic Matter

The second part of the experimental study was to investigate the usefulness of chemical
coupling, such as flocculation and adsorption, with the photocatalysis hybrid system in

treating organic matter. Synthetic wastewater was also used as a feed in this study.

9.2.2.1 Effect of the Surface Area of UV Lamp on Photocatalytic

Reaction

The effect of the surface area of UV lamp was first studied in terms of DOC removal
(Figure 9.7). One, two and three lamps were used in three different experiments. The
surface areas of exposure of the 1, 2 and 3 lamps were 179 cmz, 358 c¢m” and 537 cmz,
respectively. The total volume of the solution used in each experiment was 1.5 L. The
DOC removal profile (in terms of C/Cy = DOC/DOC)y) is shown in Figure 9.7 (a). Here C
and Cy are the effluent and influent DOC concentrations, respectively. As can be seen in
Figure 9.7 (a), a reverse reaction was observed during the first two hours of operation (i.e.,
the effluent organic concentration in terms of DOC increased with time, up to first two
hours). Only the forward photocatalytic reaction was observed by a number of researchers
when they used a single compound (Chu and Wong, 2004; Lu et al., 1994; Konstantinou
et al., 2001]. Figures 9.7 (b) and (c) show the rate of change of C/Cy during the reverse
and forward reactions. The pseudo first order equation was used to determine the rate

constant (k) (Eq. 9.17).
C
In(—%) = kt 9.17
( C ) 9.17)

where t = the illumination (operation) time (h) and k = the apparent photodegradation rate

constant (1/h).

The overall rate is presented in Figure 9.7 (d). The overall rate constant (k) with the 3
lamps was 6.9 times higher than with one lamp. The reverse rate constant of the 3 lamps
was 27.6 times higher than that of one lamp during the first two hours of experiments.
This implies that as the lamp surface increases, the rate constant of the reverse and

forward reactions also increases.
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Figure 9.7 Effect of surface area of UV lamp on photocatalysis (TiO, = 1 g/L; initial DOC
of the wastewater = 11.46 mg/L; T =25 °C; Air=3.3 VVM,; intensity = 8 W UV-C)

9.2.2.2 Effect of TiO, Concentration on Photocatalytic Reaction

Figure 9.8 shows the effect of different TiO, concentrations on the photocatalytic reaction.
The TiO, concentration was varied from 0.1 to 10 g/ where both reverse and forward
reactions were observed. However, at a very low concentration of TiO, only the forward
reaction was observed. This may be due to either very low concentration of TiO, or the
minimal adsorption of OM on TiO,, which led to the forward reaction from the beginning.
Both reverse and forward reactions occurred when higher TiO, amounts were used. The k
value was higher for larger TiO, concentration (Figures 9.8 (b) and (c)). This was evident
up to a TiO, concentration of 2 g/L. There was no significant degradation when the TiO,
dose was increased beyond 2 g/L. Thus, the TiO, concentration of 2 g/L. was selected as

an optimum concentration in subsequent experiments. Al-Rasheed and Cardin (2003) also
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found that the decomposition was faster with the increase in TiO, concentration. They

found the optimum concentration of TiO, as 2.5 g/L.
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46 mg/L (in terms of DOC); T = 25 °C; Air = 3.3 VVM; intensity = 8 W with the 3 lamps)
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9.2.2.3 Effect of PAC Adsorption as a Pretreatment to TiO,
Photocatalysis

The effect of PAC adsorption as a pretreatment to TiO, photocatalysis was investigated
(Figure 9.9). This pretreatment was proposed to assess its effect on the improvement of
reaction rate and on elimination/reduction of small MW of OM from the wastewater at the
initial period of the experiment by PAC adsorption (in order to eliminate the reverse
reaction). After a pretreatment of adsorption with different doses of PAC, photocatalysis
experiments with the 2 g/ TiO, dose were performed. The results show that PAC
adsorption followed by photocatalysis was not effective in alleviating reverse reaction
(Figure 9.9). Although, the overall DOC removal was higher in the presence of
pretreatment (Figure 9.9) compared with Figure 9.7 (b), the reverse reaction was still
significant during the first two hours of the experiment. Although the PAC removed the
small MW OM in the wastewater, the small OM produced by the degradation of TiO,
during the post treatment caused the reverse reaction. The contribution to DOC
concentration by the small MW organic matter may be more than that of large MW.

Higher doses of PAC were found to reduce the extent of the reverse reaction.

0.5

—e—— 0.1g/LPAC

o 0.5g/L PAC
——-wv—— 1g/LPAC
047 — —g-— 2glLPAC

5g/L PAC

0.3 1

0.2

C/C, of DOC

0.1 1

0.0

Time (hour)
Figure 9.9 Effect of PAC adsorption followed by photocatalysis (wastewater
concentration (DOC) = 11. 46 mg/L; TiO, =2 g/L; T =25 °C; Air = 3.3 VVM; intensity =
8 W with the 3 lamps)
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9.2.2.4 Performance of Simultaneous Addition of PAC and TiO; in the

Photocatalytic System

Experiments with simultaneous PAC and TiO, additions were then conducted to verify
whether the reverse reaction could be eliminated (Figure 9.10). The OM removal during
photocatalysis was improved by simultaneous PAC addition. This may be due to: i)
adsorption of pollutant in the solution onto PAC, ii) better rate constant and iii) fast
decantability with PAC (Arana et al., 2002; Kaneko and Okura, 2002). It was observed
that simultaneous PAC adsorption and photocatalysis led also to a superior DOC removal

compared with PAC adsorption followed by photocatalysis.
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Figure 9.10 Performance of coupling of PAC adsorption with TiO, photocatalysis system
(wastewater concentration (DOC) = 11.46 mg/L; TiO, = 2 g/L; T = 25 °C; Air = 3.3
VVM; intensity = 8 W with the 3 lamps)

9.2.2.5 Effect of FeCl; Flocculation as a Pretreatment to TiO,

Photocatalysis

The effect of flocculation with FeCl; as pretreatment to TiO, photocatalysis was also
investigated (Figure 9.11). Past studies have shown that the presence of ferrous ions, silver
ions, manganese ions, etc., can be used to improve the treatment efficiency of
photocatalytic oxidation process (Sarria et al., 2003; Gogate and Pandit, 2003). When a

FeCls of 17 to 23 mg-Fe/L was used, the organic removal efficiency was improved and it
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eliminated the initial reverse reaction. It should be noted that 23 mg-Fe/L FeCl; was found
to be the optimum flocculant dose from a Jar test flocculation experiment. Inadequate
FeCl; doses (less than 10 mg-Fe/L) resulted in initial reverse reaction and inferior DOC
removal. In any case, the results were better than with no flocculant addition. An overdose

of FeCl; (41 mg-Fe/L) resulted in slightly less DOC removal.

——e—— 3 mg-Fel/lL FeCl,
........ O 10 mg-Fe/L FeCl,
0.8 ———-w—— 17 mg-Fe/L FeCl,
—..—y-—--- 23 Fe-mg/L FeCl,
— % — 41 Fe-mg/L FeCl,

0.6

C/C, of DOC

0.4

0.2 1

0.0

Time (hour)
Figure 9.11 Effect of FeCl; flocculation followed by photocatalysis (wastewater
concentration (DOC) = 11.46 mg/L; TiO, =2 g/L; T = 25 °C; Air = 3.3 VVM; intensity =
8 W with the 3 UV lamps)

9.2.2.6 Molecular Weight Distribution

Figure 9.12 presents the MW distribution of OM of the wastewater effluent after the
wastewater had undergone adsorption and flocculation with different PAC and FeCl;
doses, respectively. Flocculation as pretreatment removed the large MW organic matter
(in the range of 850 to 36260 daltons) from the wastewater (Figure 9.12 (b)). Thus, the
photocatalysis employed after flocculation showed the forward reaction from the
beginning. FeCl; flocculation also removed some of the small MW organic compounds.
Flocculation with an insufficient dose of FeCl; (10 mg-Fe/L or less) did not remove the
majority of large MW organic matter. This is why the reverse reaction was observed

after photocatalysis when an insufficient FeCl; dose was used.
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Figure 9.12 MW distribution after FeCl; flocculation (mixing speed: 1 min at 100 rpm and
20 min at 30 rpm) and PAC adsorption (mixing speed: 100 rpm; contact time: 1 h)

The MW distribution of organic matter after PAC adsorption followed by photocatalysis
is presented in Figure 9.13. The concentration of small MW organic matter increased with
up to 2 hours of the photocatalysis process. This may be why the reverse reaction was

observed up to 2 hours. After 2 hours of photocatalysis, the amount of small MW

compounds started to decrease with time.
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Figure 9.13 MW distribution of PAC adsorption followed by photocatalysis
(wastewater concentration (DOC) = 11.46 mg/L; T =25 °C; Air = 3.3 VVM; each 3 UV

lamps intensity = 8 W; TiO, concentration = 2 g/L)
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Following the pretreatment of FeCl; flocculation, the photocatalysis removed the majority
of organics of different MWs (Figure 9.14). When photocatalysis was conducted without a
pretreatment of flocculation, the majority of organics of large MW were present and they
acted as the rate-limiting factor for the photocatalytic reaction. Thus, the reverse reaction
occurred. However, when the pretreatment of flocculation treatment removed most of the
large MW organic compounds, the remaining small MW could easily be removed. The
photocatalytic reaction removed the organic compounds of large MW initially and then
the smaller MW over time (854 daltons > 573 > 248). This suggests that photocatalysis
degrades the large MW organic matter into small MW organic compounds and then

mineralizes the small MW organic compounds into CO, and H,O.
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Figure 9.14 MW distribution after FeCls flocculation followed by TiO, photocatalysis
(wastewater concentration (DOC) = 11. 46 mg/L; FeCls dose = 23 mg-Fe/L; T = 25 °C;
Air = 3.3 VVM,; three lamps with an intensity of each lamp = 8 W; TiO, concentration = 2
g/lL)

9.2.2.7 Synergistic Effect of FeCl; Flocculation to Photocatalysis

The above results show that flocculation followed by photocatalysis resulted in a
relating high rate of removal of organic matter. The reasons for this may be the
occurrence of photo-Fenton reaction and/or the removal of the large MW of organic

matter by flocculation. The above reasoning was verified through simple experiments.
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Results of photocatalysis in the presence of photo-Fenton reaction and chloride-based

salts were presented.

Figure 9.15 presents the DOC removal efficiency by 1) TiO, adsorption, ii) photocatalysis
at the optimum pH and iii) photocatalysis with different flocculants (FeCls,
Aly(SO4)3*18H,0, and FeSO47H,0). The DOC removal by TiO, adsorption alone,
flocculation alone with FeCls, Aly(SO4)3*18H,0, and FeSO4+7H,0, flocculation followed
by TiO, adsorption, photocatalysis alone at pH 4 and flocculation followed by
photocatalysis at pH 4 was 60%, 72%, 80%, 85%, and 92%, respectively. The DOC
removal with flocculation followed by photocatalysis was the highest. The DOC removal
was almost the same even when different flocculants (iron and non-iron salts) were
employed. It was noticed that there is only a slight improvement in performance if

preflocculation (for the particular synthetic wastewater used) is applied.
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Figure 9.15 DOC removal by 1) TiO, adsorption alone, ii) flocculation alone, iii)
flocculation followed by TiO, adsorption, iv) photocatalysis at pH 4 alone and
flocculation followed by photocatalysis at pH 4
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An experiment was conducted to investigate the effect of the initial DOC concentration of
wastewater on the removal of DOC by photocatalysis (Figure 9.16). When the DOC initial
concentration was approximately 2.3 mg/L (which was the similar concentration after the
pretreatment of flocculation), the effluent DOC concentration was 0.48 mg/L (which was
the same DOC value with flocculation followed by photocatalysis for a wastewater
containing an initial DOC of 10.6 mg/L). Thus, superior DOC removal of the hybrid
system with flocculation followed by photocatalysis is probably due to the effect of initial
organic loading in this study. Even when the initial DOC concentration was high, the final
DOC concentration was 1.5 mg/L after 3 h of photooxidation. After the photooxidation of
wastewater, the initial DOC concentration was 2.4 mg/L as a similar DOC value. The only
difference was that the photooxidation rate was higher with the wastewater of higher DOC

concentration (Figure 9.16 (b).

10 4 —@— Initial = 10.58 mg/L
O~ Initial = 6.20 mg/L
—sw— Initial =2.42 mg/L

DOC concentration (mg/L)
-Ln(C/C,)

Time (hr)
Time (hr)

a) b)
Figure 9.16 (a) DOC variations and (b) reaction rates of different initial concentrations in

photocatalysis (T =30 °C; Air = 0.1 VVM; intensity = 8 W with the 3 lamps)

9.2.3 Application of Photocatalysis Hybrid System to Biologically
Treated Sewage Effluent (BTSE)

9.2.3.1 Effect of UV Light Intensity on Photodegradation

A detailed study was undertaken with photocatalysis with BTSE from the Gwanju
wastewater treatment plant, Korea. The effect of UV lamp intensity was studied by using
8 W UV-C (approximately 253 nm), 15 W UV-C (approximately 235 nm) and 15 W
UV-A (approximately 315 — 400 nm) (Figure 9.17). The DOC removal was 70% after
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3-hour operation when 15 W UV-C was used. However, use of 15 W UV-A and 8 W
UV-C resulted in only 40% removal. This may have been due to the fact that the
wavelength of 315 — 400 nm was not appropriate in the degradation of the EfOM. As
expected, the 15 W UV-C gave rise to a better removal than the 8 W UV-C. The higher
the light intensity, the higher is the DOC removal. In the subsequent experiments, the
UV-C lamp with 15 W was used.

Figure 9.18 presents the MW distribution of EfOM. The photooxidation with UV-C
15W lamp and 2 g/L of TiO, removed the majority of MW (263 daltons, 580, 865, and
43109) within the first 30 minutes of operation.
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Figure 9.17 C/Cy variation at different UV intensities (initial DOC concentration = 6.5

mg/L; TiO, concentration = 2 g/L; air = 25 L/min)
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Figure 9.18 MW distribution of EfOM at different UV intensities (initial DOC

concentration = 6.5 mg/L; TiO, concentration = 2 g/L; air = 25 L/min)

9.2.3.2 Effect of Fractions in Photodegradation

The hydrophobic (HP), transphilic (TP) and hydrophilic (HL) compounds were isolated
from BTSE to investigate the effect of EfOM removal from each fraction during the
photocatalytic reaction (Figure 9.19). DOC removal was high (80%) for HP and TP
components. DOC removal from HL fraction was however minimum, suggesting that
the HL fraction may be the rate limiting fraction in photocatalytic degradation.
Wiszniowski et al. (2004) also indicated that DOC removal from humic acid (HA)
(which represents HP and TP fractions) was 88% after 6 h of photooxidation. They
used a TiO; loading of 1.0 g/L.

Figures 9.19 (b), (c) and (d) present the MW distribution of HP, TP and HL fractions
before and after these fractions had undergone photocatalysis. MW distribution of the
HP fraction included all the MWs as shown in Figure 9.18 for BTSE (260 daltons, 330,
580, 870, and 43110). Photocatalytic degradation with the HP fraction removed the
majority of large MW (43110 daltons) within 30 minutes. The OM corresponding to
MW of 865 daltons was removed after this HP fraction underwent a photooxidation of
1 hour. The OM of wide range of MW in the TP fraction was also removed during the

photocatalysis (Figure 19 (c)). However, the HL fraction indicated a poor removal
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(Figure 9.19 (d)), especially, the smallest MW (260 daltons) seemed to be a rate
limiting MW in the HL fraction.
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Figure 9.19 (a) C/Cy profile and MW distribution of different fractions of EfOM by
photocatalysis with (b) HP, (c) TP, and (d) HL fractions (initial concentration = 6.5
mg/L; TiO, concentration =2 g/L; air =5 VVM; UV intensity = UV-C 15W)

9.2.3.3 Effect of Simultaneous FeCl; and TiO, Addition in
Photocatalysis

The effect of simultaneous FeCl; and TiO, additions in photocatalytic degradation of
EfOM was studied to investigate the synergistic effect (Figure 9.20). The combined
addition of TiO, and FeCl; removed the EfOM by up to 90%. Figure 9.20 (b) presents
the MW distribution of EfOM. The OM of MW of 330 daltons was removed to a least

amount.

9-22



Initial MW: 263

MW: 865 MW: 580

Response (UVA, mV)

/ ——e——  0.003 mg-Fe/L FeCl,
24 o 6 mg-Fe/L FeCl, 24
—— —— 56 mg-Fe/L FeCl,

— . —g.— 558 mg-Fe/L FeCl,

Removal efficiency of DOC (%)

MW: 43109

-
\
/// N

0 ¢ T T T T V==

i i
:
0.0 0.5 10 15 20 25 3.0 500 600700 800 900 1000

Time (hour) Time (second)

a) b)
Figure 9.20 (a) C/C profile and (b) MW distribution after simultaneous FeCl; and TiO,
additions in photocatalysis (initial concentration = 6.5 mg/L; TiO, concentration = 2
g/L; air = 5 VVM; UV intensity = UV-C 15W; Figure (b) corresponds to 56 mg-Fe/L
addition)

9.2.3.4 Effect of FeCl; Flocculation Followed by Photocatalysis

The effect of FeCls flocculation followed by photocatalytic degradation was
investigated in terms of DOC removal (Figure 9.21 (a)). When the BTSE was
flocculated with 69 mg-Fe/L of FeCls, the DOC removal was up to 55%. The hybrid
process with FeCls flocculation (69 mg-Fe/L) followed by photocatalysis indicated the
highest DOC removal by up to 92.1%. This removal was similar to that with NF (Figure
4.7, Chapter 4). The flocculation-photocatalysis hybrid system could therefore be an
alternative way to remove EfOM from BTSE.

The MW distribution curve (Figure 9.21 (b)) shows minimum removal of the MW
fraction of 330 daltons. The flocculation followed by photocatalysis showed high
removal for other MW ranges of EfOM. This trend of MW distribution was similar
with those observed in NF membrane effluents (Figure 4.7, Chapter 4).
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Figure 9.21 (a) C/C, variation and (b) MW distribution with FeCl; flocculation (69 mg-

Fe/L) followed by photocatalysis (initial DOC concentration = 6.5 mg/L; TiO;
concentration = 2 g/L; air =5 VVM)

9.23.5 Effect of PAC Adsorption as a Pretreatment to TiO,
Photocatalysis

The effect of (i) PAC adsorption as a pretreatment to TiO, photocatalysis and (ii)
simultaneous addition of PAC with TiO, in the photocatlaysis was investigated (Figure
9.22). The EfOM removal was increased from 52% with photocatalysis alone to 77.5%
with TiO, photocatalysis with simultaneous PAC addition at 0.5 g/L (Figure 9.22 (a)).
This increase of DOC removal is probably due to the adsorption of small MW organics by
PAC. The non-porous TiO, adsorb the large MW and PAC removes the small MW. As
the photocatalytic reaction proceeded, the large MW compounds were photodegraded into
small MW compounds which were then adsorbed by PAC. However, when PAC was
added at high concentration, the DOC removal was decreased and this maybe due to the
interference of the passage of UV light through the BTSE solution. Figure 9.22 (b)
represents the effect of pretreatment of PAC adsorption on photocatalysis. The results

suggest that PAC adsorption followed by photocatalysis is also effective in improving the
DOC removal.
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Figure 9.22 C/C, variation of (a) simultaneous PAC addition and (b) PAC adsorption
followed by photocatalysis (initial concentration = 6.5 mg/L; TiO, concentration = 2

g/L; air=5 VVM)

Figure 9.23 presents the MW distribution of the effluent obtained from the process of
PAC adsorption followed by photocatalysis. 1 g/l of PAC adsorption followed by
photocatalysis removed practically all ranges of MW of EfOM in BTSE. The removal
response of compounds in the range of 300 to 900 daltons was in the order of 530 daltons
< 870 daltons < 330 daltons (Figure 9.23). The same trend of MW distribution was also
observed with effluent from NF (Figure 4.7, Chapter 4).
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Figure 9.23 MW distribution of EfOM with PAC adsorption followed by photocatalysis
(initial concentration = 6.5 mg/L; TiO, concentration = 2 g/L; 5 VVM)
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9.3 Concluding Remarks

In this chapter, a photocatalysis hybrid system was experimentally studied to evaluate the
advantages of the chemical coupling of photocatalytic reaction with PAC adsorption and

FeCl; flocculation.

With synthetic wastewater:

1. The photocatalytic reaction showed both forward and reverse reactions with TiO,
doses of more than 0.1 g/L concentrations. At a very low TiO, concentration (less than
0.1 g/L of TiO,), only the forward reaction was observed. This may be due to very low
concentrations of TiO, and the adsorption of OM on TiO, was minimal. The rate constant
(k) was higher for larger TiO, concentrations. There was no significant improvement in

OM degradation when the TiO, dose was increased beyond 2 g/L.

2. The amount of small MW organics increased with the photocatalysis (after 30 minutes
up to 6 hours of detention time). After that, the amount of the small MW organics reduced
gradually. This implies that up to 6 hours, the photocatalysis break down the large MW
organics into smaller MW components and then the smaller MW is removed during
photoreactor process. The majority of very large MW organics (> 30,000 daltons) were

removed by adsorption on TiO,.

3. The flocculation as a pretreatment with an optimum dose of FeCls (23 mg-Fe/L) gave
rise to high levels of OM removal. This included removal of small MW organics. The
small MW organics remaining after the pretreatment was removed by photocatalysis.
These results suggest that flocculation and microfiltration followed by photocatalysis

could be a suitable hybrid system to remove organic matter.
4. Flocculation and microfiltration followed by photocatalysis led to very high DOC

removal of 96.6%. The nanofiltration alone (MWCO: 700 daltons) led to a DOC

removal of 92.4%.
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5. When flocculation was used as a pretreatment to photocatalysis, the organic removal
efficiency was enhanced. Further, it also reduced/eliminated the initial reverse reaction,
however, inadequate FeCl; doses (less than 10 mg-Fe/L) resulted in initial reverse reaction
and inferior DOC removal. Flocculation, used as a pretreatment removed the large MW
organic matter (in the range of 854 to 36258 daltons) from the synthetic wastewater.
Thus, the photocatalysis after flocculation showed the forward reaction from the
beginning. Flocculation with an insufficient dose of FeCl; (10 mg-Fe/L or less) did not
remove the majority of large MW organic matter. This is the reason why the reverse
reaction was observed after the photocatalysis (as post treatment) when an insufficient

FeCl; dose was applied.

6. The photocatalysis system with a pretreatment of adsorption was not effective in
alleviating reverse reaction. The PAC adsorption followed by photocatalysis caused
reverse reaction because the large MW OM remained in the solution after the PAC
adsorption was adsorbed onto the TiO, surface and was broken down into the small MW
OM, thus increasing the organic concentration. When PAC and TiO, were added
simultaneously, the reverse reaction was eliminated. The OM removal by photocatalysis
was also improved by simultaneous PAC addition. PAC adsorption removed the majority
of small MW organic matter degraded by TiO, photocatalysis in the range of 570 and 250

daltons.

With biologically treated sewage effluent (BTSE):

7. The EfOM removal from the BTSE-S was increased from 52% with photocatalysis
alone to 77.5% with photocatalysis by simultaneous PAC addition at a dose of 0.5 g/L.

8. The amount of EfOM remaining was in order of 530 daltons < 865 daltons < 330
daltons with PAC adsorption followed by photocatalysis. This suggests that after PAC
adsorption, the photocatalytic reaction is more favorable to remove 530 daltons more than

large MW.

9. The HP and TP compounds isolated from BTSE-S were removed by up to 80% of
DOC during the photocatalysis, however, the HL removal was low, suggesting that HL

may be the rate limiting compounds within BTSE.
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10. Both hybrid systems ((i) with simultanecous PAC adsorption and TiO,
photocatalysis and (ii) FeCl; flocculation followed by TiO, photocatalysis) removed the
EfOM by up to 90%. The MW of organic matter of 330 daltons was low.

Thus, the photocatalysis with the FeCl; flocculation and PAC adsorption hybrid system

can be a possible option in the removal of DOC in wastewater reuse.
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10.1 Conclusions

As the problem of water shortage increases, wastewater reuse is becoming more
important. The biologically treated sewage effluent (BTSE) discharged into waterways,
cannot be reused for domestic or industrial purposes without additional treatment.
Further treatment is therefore important if water is to be reused. Membrane technology
is the most widely used process in water reuse, however, the operating costs associated
with this technology are high and membrane fouling is often severe. A pretreatment to
membrane filtration can significantly decrease membrane fouling and in this study,
different pretreatments to UF and NF membranes were investigated in detail. Effluent
organic matter (EfOM) and membranes were also characterized. The filtration flux of
ultrafiltration (UF) (with and without pretreatment) was predicted using simple flux

decline models.

10.1.1 Characteristics of Wastewater and Membrane

Three wastewaters were used in this study namely synthetic wastewater, BTSE
collected during summer (BTSE-S) and BTSE collected during winter (BTSE-W). The
synthetic wastewater consisted of tannic acid, sodium lignin sulfornate, sodium lauryle
sulfate, peptone, arabic acid (with the large molecular weight (MW) organic matter),
peptone, beef extract and humic acid (with the small MW organic matter). The MW of
the mixed synthetic wastewater ranged from 290 to about 34100 daltons with the
highest fraction at 940 — 1200 daltons. The weight-averaged MW of the wastewater
was approximately 29500 daltons. The BTSE-S and BTSE-W were drawn from
Gwangju wastewater treatment plant in Korea. The MW distribution of the BTSE-S
comprised of small (260, 580 and 870 daltons) and large (43110 daltons) MW. The
peaks having 260 daltons indicated the highest response in BTSE-S. On the other hand,
the MW of the EfOM in BTSE-W ranged from 300 daltons to about 98940 with the
highest fraction between 300 and 5000 daltons. In BTSE-S, the fraction percentages of
hydrophobic (HP), transphilic (TP) and hydrophilic (HL) compounds were 25.3%,
15.9% and 58.8%, respectively. In BTSE-W, the fraction percentages of HP, TP and
HL were 50.6%, 17.1% and 32.4%, respectively. This suggests that fractions of BTSE
vary from season to season. The HP fraction in BTSE-S included 580, 865 and 43109
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daltons; TP (580 and 865 daltons) and HL (from 263 to 580 daltons). The EfOM of
protein-like substances in BTSE-S included high responses at 44944 and 235 daltons.
However, the MW of 376 and 748 daltons indicates low intensity, suggesting that these
peaks may be due to humic substances including humic and fulvic acids. The majority
of the protein-like substances were found at 235, 23440 and 44944 daltons in HP, 235
and 44944 daltons in TP and 235 daltons in HL.

The membranes used in this study were NTR 7410 (UF, 17500 MWCO), NTR 729HF
(NF, 700 MWCO), LES 90 (NF, 250 MWCO) and LF 10 (NF, 200 MWCO). The
isoelectro points of NTR 7410, NTR 729HF, LES 90 and LF 10 were pH 2.6, pH 3.3,
pH 3.4 and pH 3.4, respectively. The higher negative zeta potential values of NTR
7410 and NTR 729HF are probably due to its larger pore sizes compared to other
membranes. The majority of membranes have a hydrophobic character except the NTR
729HF membrane. The average roughness ranged from 85.9 nm (LES 90) > 75.2 nm
(NTR 729HF) > 64.7 nm (LF 10) > 10.1 nm (NTR 7410).

10.1.2 Flocculation as Pretreatment

Dissolved organic carbon (DOC) removal by flocculation was 57.6% from BTSE-S and
78% from synthetic wastewater. Flocculation removed the organic colloidal portion in
BTSE-W by up to 65%. Flocculation removed HP (68.5%) and HL (61.8%) fractions
from BTSE-W and HP (39.3%) and HL (59.7%) fractions from BTSE-S. This suggests
that removal of different fractions by flocculation depended on a negative ion effect.
Flocculation significantly removed large MW EfOM and also partially removed small
MW organics. The mechanism of small MW organic matter removal by flocculation
with FeCl; is mainly through complexation of Fe. Flocculation could not remove the

majority of small MW (260 daltons, 330 and 580) in BTSE-S.

The UF after the pretreatment by flocculation gave rise to an additional 12% of DOC
removal from BTSE-S. This pretreatment increased the permeate flux by up to 60%
compared with that without pretreatment. The contact angle was 69° without
pretreatment and 30° with flocculation as pretreatment. The zeta potential decreased
from -98 mV up to -18 mV after the pretreatment of flocculation and this may be due to

the adsorption of ferric ion on the membrane surface. The thickness of fouling layer
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measured by the SEM image of the membrane cross-section decreased from 4.3 pm
without pretreatment to 0.13 um with pretreatment of flocculation. The adsorbed EfOM
concentration of the fouled membrane was decreased from 0.011 mg EfOM/cm’
membrane surface without pretreatment to 0.005 mg EfOM/cm® membrane surface
with pretreatment of flocculation. The weight-averaged MW of foulants shifted from

675 daltons (without pretreatment) down to 415 daltons (with flocculation).

The adequateness of flocculation with reduced doses of ferric chloride (FeCls) as a
pretreatment to UF was investigated for synthetic wastewater in terms of the decline of
performance flux and the removal of organic matter of different molecular weights.
Pretreatment of flocculation with FeCl; dose of 23 mg-Fe/L removed 75% of DOC, which
led to only an additional 9.6% of DOC removal by the UF as a post treatment. On the
other hand, a partial FeCl; dose of 7 mg-Fe/L removed only 34% of DOC and the UF
removed another 48%. The flux decline (after 6 hours of operation) with no pretreatment
was 32%. The UF with the pre-flocculation with the optimum dose of 23 mg-Fe/L. FeCl;
did not experience any flux decline during the operation of 6 hours. The pre-flocculation
with sub-optimal doses of FeCl; of 7 — 10 mg-Fe/L led to a significant flux decline,
whereas a dose of 14 — 17 mg-Fe/L of FeCl; showed only minimum flux decline. The
peaks corresponding to larger MW (36260 daltons) were not observed in the
flocculated effluent with a FeCl; dose of 17 mg-Fe/L and more. The effluent after
flocculation with FeCl; of less than 14 mg-Fe/L showed peaks corresponding to large

MW, indicating the dose of less than 14 mg-Fe/L was not adequate.

10.1.3 Adsorption as Pretreatment

DOC removal by adsorption was 65.4% from BTSE-S and 55% from synthetic
wastewater. The PAC adsorption removed significant but less amount of organic
colloids (less than 30%). Adsorption removed HP (71.4%) and HL (57.4%) fractions
from BTSE-W and HP (72.0%) and HL (67.1%) fractions from BTSE-S. PAC
adsorption removed the large amount of the HP compounds during both seasons. This
may be due to the HP characteristics of PAC adsorption which is favorable to the removal
of HP. As expected, PAC mainly removed the majority of small MW organics and
partially removed large MW organics from BTSE-W. The removal of large MW organics
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by PAC can be explained as the adsorption onto the larger pores of PAC. In addition,
some of the larger MW organics may have been retained on the outer surface of PAC.
Adsorption could remove 330 daltons, 870 and 43110 from BTSE-S. Protein-like
substance (MW of 44940 daltons) was not removed by PAC adsorption.

The UF after pretreatment by PAC adsorption gave an additional 8% of additional
DOC removal from BTSE-S. This pretreatment increased the permeate flux by 36%
compared to that without pretreatment. The contact angle of the fouled UF membrane
was 69° without pretreatment and 50° with adsorption as pretreatment. The zeta
potential decreased from -98 mV up to -52 mV after pretreatment of adsorption. The
functional group after adsorption as pretreatment on the UF fouled membrane surface
was ether (C-O-C). The SEM image revealed that the thickness of the cross-section
fouling layer of the membrane decreased from 4.3 um without pretreatment to 0.26 pm
with pretreatment of adsorption. The adsorbed EfOM concentration of the fouled
membrane was decreased from 0.011 mg EfOM/cm® membrane surface without
pretreatment and 0.007 mg EfOM/cm” membrane surface with pretreatment. The
weight-averaged MW of foulants shifted from 675 daltons (without pretreatment) down
to 399 daltons (with adsorption).

10.1.4 Flocculation Followed by Adsorption as Pretreatment

DOC removal by flocculation followed by adsorption (Floc-Ads) was 89% and 92% for
BTSE-S and synthetic wastewater, respectively. A significant amount of HP and HL
fractions of organic matter could also be removed by incorporating the pretreatment of
Floc-Ads. Floc-Ads removed HP (82.9%) and HL (81.8%) fractions from BTSE-W and
HP (82.8%) and HL (85.7%) fractions from BTSE-S. In principle, the flocculation and
adsorption are used mainly to remove HP portions of large and small MW organics,
respectively. The removal of the HL portion of organics by flocculation may be due to the
large dose of FeCls used (through sweep flocculation mechanism). The removal of the HL
portion of organics by adsorption could be attributed to the physical affinity between
hydrophilic organic molecules and PAC (through van der Waals, electro static forces and

chemisorption). The pretreatment by Floc-Ads led to a high removal of both small and
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large organic matter, for example, all of MW from 5000 to 98940 could be removed.

Floc-Ads also significantly removed all the protein-like substances.

The pretreatment of Floc-Ads led to practically no filtration flux decline and superior
DOC removal. The pretreatment of Floc-Ads resulted in the highest flux improvement.
The highest EfOM concentration on the fouled membranes was observed to be 0.011
mg EfOM/cm’ membrane surface on the UF membrane in BTSE-S. However, the
pretreatment with flocculation followed by adsorption led to the lowest fouling
concentration (0.005 mg EfOM/cm” membrane surface). That was similar to that for

the clean membrane.

For the NF, the concentration of organic matter on the membranes decreased to 5.671 *
107 (NTR 729HF) and 4.940 * 10~ (LF 10) mg EfOM/cm* of membrane from 6.372 *
107 (NTR 729HF) and 4.979 * 10~ (LF 10) mg EfOM/cm® of membrane with the
pretreatment. NF alone and Floc-Ads had nearly the same efficiency in terms of DOC
removal. Floc-Ads as pretreatment resulted in an increase of the initial permeate flux
from 32.9 L/m*h without pretreatment to 108.4 L/m*h. In the NF experiments the direct
application of NF without any pretreatment showed a similar filtration flux compared to
that with pretreatment. The flux ratio (J/Jo) was only marginally higher with pretreatment.
The removal efficiency was also similar with and without pretreatment. From this result
it can be concluded that NF membranes may be operated for polishing BTSE without

any pretreatment.

To investigate the adequateness of flocculation and adsorption (with reduced chemical
doses) as pretreatment, semi flocculation followed by semi adsorption to UF was
investigated for synthetic wastewater. PAC adsorption removed the majority of smaller
MW organic matter of 850, 570 and 250 daltons from the pre-flocculated water with
FeCls dose of 17 mg-Fe/L or more. The weight-averaged MW values of the compounds
in the effluent after flocculation with more than 17 mg-Fe/LL FeCl; was much lower
(less than 700 daltons) when compared with the one with less than 14 mg-Fe/L FeCl;
(around 29000 daltons which is in the similar range of the influent). A 17 mg-Fe/L of
FeCl; and 0.5 g/LL of PAC removed a majority of DOC (88%), thus reducing the organic
loading to UF used as post treatment. Although flocculation with lower doses of FeCls (3
mg-Fe/L) followed by PAC adsorption of 0.5 g/ and UF removed the same amount of
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organic matter, the majority of the DOC removal was achieved by the post treatment of
UF rather than by pretreatment. This resulted in significant flux decline in UF. When the
FeCls concentration was decreased from 17 mg-Fe/L to 14 mg-Fe/L, the increase of
weight-averaged MW (M,,) was significant. The same trend was observed with the
PAC adsorption of the flocculated effluent (with FeCls dose of 3 to 14 mg-Fe/L). This
phenomenon could be due to following two reasons: i) the FeCl; dose of 14 mg-Fe/L or
less was not sufficient to remove the large MW SOM, and ii) the PAC adsorbed only
smaller MW organic matter. The flux decline was proportional to the large My,. This
suggests that flocculation as pretreatment is more important than adsorption to increase

a permeate flux because flocculation removes the majority of large MW.

10.1.5 Biofiltration as Pretreatment

The GAC biofilter with a shallow GAC filter depth led to a DOC removal of 69% from
BTSE-S even after 45 days of operation. It removed HP (23.5%) and HL (61.1%)
fractions from BTSE-S. This suggests that GAC biofilter is better at removing HL
organic fraction. During the operation of GAC biofiltration for 45 days, significant
removal of the small MW occurred at the initial period of first 2 days, suggesting that
the adsorption is the initial mechanism. However, as time proceeds, the small molecule
could not be removed and some large MW organics (35000 daltons) remained. They
are probably extracellular polymer substances (EPS) produced by microorganisms in

the biofilter.

The UF after pretreatment by biofiltration gave an additional 13% of DOC removal
(with BTSE-S). This pretreatment increased the permeate flux by up to 32% compared
to that without pretreatment. Even though the DOC removal by GAC was better than
that with PAC adsorption and flocculation, the flux decline of GAC biofilter was higher
than that of PAC adsorption. The large molecules may have been responsible for the
permeate flux decline in the UF observed after biofiltration. The flux increased in the
following order: Floc-Ads > FeCls flocculation > PAC adsorption > GAC biofiltration
> without pretreatment. The contact angle was 69° without pretreatment and 54° with
biofiltration as pretreatment. The contact angle of the UF surface followed the same

order as the flux increase. The zeta potential decreased after the pretreatment. The
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functional group after adsorption as pretreatment on the UF fouled membrane surface
was urea (R-NH-CO-NH-R). The thickness of fouling layer (measured by SEM image)
decreased from 4.3 um to 0.52 um with pretreatment of biofitration. The adsorbed
EfOM concentration of the fouled membrane decreased from 0.011 mg EfOM/cm’
membrane surface without pretreatment to 0.008 mg EfOM/cm® membrane surface
with pretreatment of biofiltration. The weight-averaged MW of foulants shifted from
675 daltons (without pretreatment) down to 387 daltons (with biofiltration).

10.1.6 Photocatalysis Membrane Hybrid System

Flocculation and microfiltration followed by photocatalysis led to similar DOC removal
of 96.6% as that of NF alone (92.4%) with synthetic wastewater. The majority of very
large MW organics (> 30,000 daltons) were removed by adsorption on TiO,. The
flocculation as a pretreatment with an optimum dose of FeCl; (23 mg-Fe/L) gave rise to
higher removal of SOM. This included removal of small MW organics. The small MW
organics remaining after the pretreatment was removed by photocatalysis. These results
suggest that flocculation and microfiltration followed by photocatalysis could be a

suitable hybrid system to remove the synthetic organic matter (SOM).

Photocatalytic reaction showed both forward and reverse reactions with TiO, doses of
more than 0.1 g/L concentrations. When PAC and TiO, were added simultaneously, the
reverse reaction was eliminated. The SOM removal was also improved by simultaneous
PAC addition. This study experimentally evaluated the advantages of the chemical
coupling of photocatalytic reaction with PAC adsorption and FeCl; flocculation. PAC
adsorption removed the majority of small MW organic matter degraded by TiO;
photocatalysis in the range of 570 and 250 daltons. When flocculation was used as
pretreatment to photocatalysis, the organic removal efficiency was enhanced. Further, it
also reduced/eliminated the initial reverse reaction. However, inadequate FeCls doses (less
than 10 mg-Fe/L) resulted in initial reverse reaction and inferior DOC removal.
Flocculation, used as a pretreatment removed the large MW organic matter (in the
range of 850 to 36260 daltons) from the synthetic wastewater. Flocculation with an

insufficient dose of FeCl; (10 mg-Fe/L or less) did not remove the majority of large

10-8



MW organic matter. This is the reason why the reverse reaction was observed after the

photocatalysis (as post treatment) when insufficient FeCl; dose was used.

Real wastewater (BTSE-S) was evaluated with the photocatalysis hybrid system. The
EfOM removal was increased from 52% with photocatalysis alone to 77.5% with
photocatalysis by simultaneous PAC addition at a dose of 0.5 g/L. The removal of HP
and TP fractions isolated from BTSE was more than 80% (in terms of DOC) by
photocatalytic reaction. However, the HL fraction could not be removed. Both hybrid
systems ((i) simultaneous PAC adsorption and TiO, photocatalysis and (ii) FeCl;
flocculation followed by TiO, photocatalysis) removed the EfOM by up to 90%. The
photocatalysis with the FeCls; flocculation and PAC adsorption hybrid system can

therefore be an alternative way to remove DOC in wastewater reuse processes.

10.1.7 Automated Declogging in Crossflow Ultrafiltration

The utilization of two automated cleaning techniques was investigated in order to
reduce the fouling problems encountered in the cross flow membrane systems when
operated with high permeate flux rates. The two cleaning techniques studied were the
(1) periodic membrane relaxation and (ii) periodic high rate cross-flow. An optimized
usage of these two de-clogging techniques was obtained, with a 1 hour production
period followed by a 1 minute relaxation period and then a 1 minute high cross-flow
rate period and this resulted in a net productivity increase of 14.8%. Utilizing the
optimized periodic cleaning techniques developed in this study allows higher recovery
rates for UF to be achieved, without the problems of increased flux decline normally

experienced when operating at high recovery rates.

In this study, the dominant fouling of membranes was caused by the weak adsorption.
When the relaxation and cross-flow modes were applied, the resistances associated
with the concentration polarization and the gel layer significantly decreased. However,
the fouling caused by weak adsorption remained high. This indicates that the cleaning
adopted in this study improves the flux decline caused by fouling of the concentration

polarization and the gel layer and not by the weak and strong adsorption.
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10.1.8 Pretreatment of Different Fractions in BTSE

In order to optimize the performance of the membrane filtration of BTSE, it is essential to
identify the membrane fouling caused by different fractions of BTSE. A detailed
characterization of membrane fouled with different fractions revealed the following. The
organic removal efficiency by UF was higher for the HP fraction (67.4%) than for HL
(19.7%). As the membrane MWCO was 17500 daltons, the rejection of 50.4% suggests
that the EfOM in the BTSE-S consists of about 50% large MW than 17500 daltons. The
flux decline with the HP fraction was very high compared with the TP and HL fractions
due to the interaction between HP fraction and HP membrane nature and MW range
present in the HP fraction. The flux decline with the HL fraction was minimal. Thus, it
can be concluded that in the BTSE-S used in this study, the HP fraction was the main
component which caused severe fouling. This was also confirmed from the contact
angle, concentration of EfOM foulant on the membrane surface and zeta potential

results. The main functional group of HP and TP indicated ketone groups (quinines).

As the foulants on the UF and NF membrane surfaces have been found to be in the range
of 183-513 daltons, this fouling may be assumed to be due to adsorption of recalcitrant
matter, carbohydrates, amino acids and fatty acids. Although the MWCO of UF is large
(17500 MWCO), the foulants are small in size (386 daltons). This may be due to
interaction between EfOM and membrane pores. The foulant MW (d,) to membrane
MWCO (dm) corresponds to a ratio of only 4.3 (where d,: paricle diameter and dp:
membrane pore diameter) because a 17500 MWCO of UF corresponds to a pore size of
about 1.3 nm and 386 daltons MW corresponds to 0.3 nm. With such a ratio, strong
interaction with the walls of the pores can be expected. Further, in this study, the
samples were filtered by 0.45 pm membranes before DOC measurement, whereas
previous studies claiming that the main foulants during UF and NF are humic and

fulvic acids (4700 — 30400 daltons) did not use prefiltration with 0.45 um membranes.
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10.1.9 Flux Decline Model with Pretreatment

Three different semi-empirical mathematical models were investigated to semi quantify
the effects of different pressures and pretreatments. The three different models used were
1) empirical flux decline (EFD) model, series resistance flux decline (SRFD) model and
i11) modified series resistance flux decline (MSRFD) model. The coefficients of each
model were evaluated from the experimental results to identify the correlation with
different pretreatment methods. In the EFD model, the coefficients of k¢ and d exhibited
high sensitivity. These values can also be used to compare the efficiency of different
pretreatments. For example, the coefficients of ko and d after 14 mg-Fe/L flocculation
were similar to those after 0.1 g/LL PAC adsorption. This suggests that the flux decline
coefficient values by the EFD model can be used as an index to process flux decline

and to compare different operating conditions and pretreatments.

In the SRFD model, adsorption resistance varied with time. The fit value of K¢” was
more sensitive than that of 1/n’. The pretreatments of 14 mg-Fe/L flocculation and 0.1
g/l PAC adsorption also showed a similar Ky’ value. This suggests that the SRFD
coefficient values can also be used as an index to compare and decide on a suitable
pretreatment. In the MSRFD model, when the pressure was increased from 100 kPa to
500 kPa, the bulk concentration (Cp) increased from 12.7 mg/L to 19.1 mg/L. The
concentration near membrane surface (C,) increased from 17.6 mg/L to 55.4 mg/L
(more than 3 times). This caused a significant increase in adsorption resistance (up to
5.7 times). When flocculation of 21 mg-Fe/L was used as a pretreatment at a pressure
of 300 kPa, the values of the C,,, Cy, and R, significantly decreased by 4.4, 3.1 and 12.9
times, respectively. After 1 g/L PAC adsorption as a pretreatment, the values decreased
2.2, 2.0 and 1.8 times, respectively. Thus, pretreatment can significantly decrease

membrane fouling.

10.2 Recommendations

Although pretreatment reduces the flux decline caused by membrane fouling, it cannot

completely prevent membrane fouling. With time, membrane fouling by organic matter
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is converted into biofouling. Biofouling caused by extracelluar enzyme produced by
various microorganisms and bacteria themselves will dominate. Biofouling cannot be
handled by pretreatment. Also, the increased concentration of the retentate will
constantly accelerate membrane fouling; hence, it is important to deal with biofouling

and the increased concentration of the retentate.

An integrated photocatalysis membrane hybrid system would lead to a near-zero
fouling system. Photocatalytic reaction results in a complete degradation of organic
pollutants into very small and harmless species without the need for any chemicals.
This avoids sludge production and its disposal. This decreases the frequency of
membrane cleanings and/or replaces membrane cleaning methods which are another
source of contamination to environment. For example, cleaning chemicals such as acids,
alkali, detergents, enzymes, complexing agents and disinfectants are needed to be
treated again after their usage. The integrated photocatalysis membrane hybrid system

would be an attractive process as an alternative way of cleaning.

The integrated photocatalysis membrane hybrid system also prevents biofouling on
membrane surface. Ultraviolet (UV) technology itself can be used to disinfect water
without the presence of a semiconductor. Photocatalysis with UV light removes waste
compound via oxidative (electrophilic) attack of HOe and leads to a complete
mineralization to yield innocuous CO, and mineral acids, taking advantage of the
extremely high redox potential (2.8 V) of the HOe. This strong oxidant radical attacks
proteins, lipids and DNA of microorganisms and breaks down large organic matter to
smaller sizes. Thus, the integrated photocatalysis membrane hybrid system results in

the decrease of the retentate concentration and biofouling.

10.2.1 Near-Zero Fouling System I

Figure 10.1 shows a proposed schematic of a near-zero fouling system I. Membrane
can be prepared by coating it with TiO, nanoparticles. The coating takes place H-
bonding interaction with the COOH functional group of aromatic polyamide thin-film
layer of the membrane (Kim et al., 2003). UV light is directly provided to the

membrane surface as shown in Figure 10.1. Near-zero fouling system I can
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significantly prevent biofouling. Further, the modification of foulant occurring on the
membrane surface by photocatalytic reaction would result in the decrease of flux
decline. For example, the foulant consisting of aromatic organics (coiled and
compacted configuration) can be converted into aliphatic compounds (stretched and
linear configuration) by photocatalytic reaction, which reduces membrane fouling. Also,
the UV light increases the temperature on the membrane surfaces and the permeate flux
would therefore be improved. However, it should be noted that some membranes are

weakened by direct UV light (Ollis, 2003).

f :
Quartz designed cell
Feed e uv . =l Fetentate
[l membranes coated
by TiO,

!

Permeate

Figure 10.1 Schematic of near-zero fouling system I

10.2.2 Near-Zero Fouling System I1

Figure 10.2 presents another proposed schematic of a near-zero fouling system. The
system can be coated with TiO; nanoparticles. This system is devised as in-line
absorption system with TiO,. The suspended TiO, particles are recirculated in the
retentate. The particles adsorb a number of foulants and lead to photocatalytic reaction
with UV light. TiO, nanoparticles which induce photocatalytic reaction with visible
light are currently being developed, however, it should be noted that the suspended
Ti0, particles would lead to the formation of dense cake layers and result in a greater

flux decline (Lee et al., 2001).
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Figure 10.2 Schematic of near-zero fouling system II
10.2.3 Near-Zero Fouling System III

Figure 10.3 illustrates a schematic of another proposed near-zero fouling system. This
system is devised to maximize the synergistic effect of photocatalytic reaction and
flocculation. FeCls flocculation as pretreatment leads to photo-Fenton reaction and
removes large organic matter. Titanium tetrachloride (TiCls) and zirconium sulfate
flocculation followed by UV and membrane hybrid system will accelerate the
photocatalysis process which is one of the bottlenecks of photocatalysis. The
flocculation with titanium tetrachloride and zirconium sulfate would also solve the
sludge problem after flocculation. The settled flocs produced by these flocculants can
be recycled as TiO, particles after a recovery (heating) process. Also, the suspended

Ti0O, aqueous materials would improve the photocatalytic reaction with UV light.
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Appendix A

Appendix A.1 MW distribution after (a) flocculation with the large doses of FeCls, (b)
flocculation with the small doses of FeCls, (¢) adsorption with the large doses of PAC, and (d)
adsorption with the small doses of PAC

Appendix A.2 MW distribution of organic matter after flocculation followed by PAC

adsorption

Appendix A.3 MW distribution after flocculation and adsorption as pretreatment and UF as
post treatment (Jo = 1.84 m/d at 300 kPa; crossflow velocity = 0.5 m/s; MWCO of 17,500
daltons; Reynold’s number: 735.5; shear stress: 5.33 Pa)
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Appendix B

Step 1: pure water is first filtered through the membrane until a constant flux is obtained,

2 .
:E _ 300kPa m min _ 12%10" ;!

R, X X
W 1 10° NS 9ml

Step 2: after the permeate rate reaches a constant value, pure water replaces the organic-

containing water and the applied pressure is released to remove concentration polarization,

R, =——-R X X
’ w 1 10° NS 7.695ml

Step 3: the fouled membrane is then rinsed with pure water so that the gel layer (highly

2 .
AP ; =(300kpa m min ]—(1.2){1013]’}’1_1):2.035X1012m_1

concentrated organic layer) is removed from the membrane surface and pure water

filtration is again performed,

2 .
R - AP R =[300kPa 5 m min

" 10‘3NSX81 J—(l.2x1013m_1 =1.333x10%m™
Am

Step 4: the membrane is soaked in a 0.1 M NaOH solution for overnight so that weakly
adsorbed organic matter on the membrane surface is desorbed, then pure water is again

filtered.

AP 300kPa m? min
R,=—-R, = x X
w 1 10°NS  7.65ml

Finally, the resistance by strong adsorption can be caculated:

]—(1.2><10”m-1) =2.118x10"m™

Permeate flux with intial pure water - no recoved permeate flux after above cleaning

AP 300kPa m? min
Ras = Rm = X - x
7 1 10° NS 9ml

]— (1.2x10°m™) = 0m™
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Appendix C

Synergistic Effect of FeCl; Flocculation to Photocatalysis

Preflocculation with Different Flocculants

It is essential to first investigate the optimal doses of different flocculants and the ranges of
pH in terms of DOC removal. Appendix C.1 shows the removal of DOC with different
flocculants (FeCl;, Alx(SO4);218H,0, and FeSO4+7H,0) were used. The concentrations of
the flocculants were varied from 30 to 250 mg/L to compare the equivalent concentration
of the ferric, aluminum, and ferrous salts. Here, ferric chloride of 68 mg/L (20 Fe-mg/L),
alum of 250 mg/L (20 Al-mg/L), and ferrous sulphate of 100 mg/L (20 Fe-mg/L) are
equivalent to the metal salts (ferric, aluminum, and ferrous compounds) of 20 mg/L. When
FeCl; flocculation was used, DOC removal increased until the flocculant concentration of
100mg/L. Then, it rapidly decreased. With Aly(SO4)3*18H,O and FeSO4¢7H,O
flocculation, DOC removal increased with increasing concentration of flocculants. The
similar equivalent concentration of approximately 20 Fe/Al-mg/L with different salts
resulted in highest DOC removal. Thus, the optimal concentrations of FeCl;,
Alx(SO4)3218H,0, and FeSO4¢7H,0 were decided to 60 mg/L, 250 mg/L, and 100 mg/L,

respectively.

Appendix C.1 also shows pH variations with different flocculants. The solution of pH
significantly decreased with increasing FeCl; concentrations up to pH 3. The doses by
alum and ferrous sulphate slightly decreased the pH up to pH 4.3 and 5.4 at 250 mg/L,
respectively. This suggests that ferric hydrolysis by FeCls flocculation releases hydrogen
ions and they deplete the limited alkalinity of the system. Thus, the pH decreased
significantly.
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Appendix C.1 DOC removal and pH variation during flocculation with different
flocculants (initial pH = 7.3)

Effect of TiO, Adsorption

Appendix C.2 shows the adsorption kinetics by P25 TiO, particles. This experiment was
conducted using pH values of 2, 4, 7, 9, and 11 to identify the relationship between pH
change and DOC removal. This removal ratio of DOC decreased with increasing
operational time. Finally, the highest DOC removal resulted from using pH 4. However,
DOC removal except for using pH 2 resulted in similar results using pH 4 at 5 hours. This
can be concluded that DOC removal with different pH between TiO, particle and organic
matter showed the ranges of pH 4 — 7. These ranges were determined as an optimal pH to

identify pH effect after different flocculants.
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Appendix C.2 Adsorption kinetics by P25 TiO,

Appendix C.3 shows the adsorption kinetics on TiO; particles after flocculation by different
flocculants. Flocculation experiments showed that the concentrations of FeCl; (60 mg/L),
Al (SO4)3218H20 (250 mg/L), and FeSO4¢7H,0 (100 mg/L) resulted in the same equivalent
concentration of different salts which represented the highest DOC removal after flocculation.
Therefore, in this study the doses were added during flocculation. The best DOC removal of
about 0.2 ratio was at a dose of FeCl; (60 mg/L) at pH 4. Here, it should be noted that the
trend of DOC removal by TiO, adsorption alone (60%), flocculation alone (72%), and
flocculation followed by TiO, adsorption (80%) indicated different results. It may be due to
overlapping of different MW removals between flocculation and TiO, adsorption. Thus, the

removal of DOC with TiO, adsorption slightly increased 10% after flocculation.
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Appendix C.3 Adsorption kinetics on TiO, after different flocculations at pH 4 and 7

Effect of Photo-Fenton Reaction

Appendix C.4 presents the effect of photo-Fenton reaction with flocculation followed by
photocatalysis without pH adjustment. Ferric and aluminum salts were selected to
investigate the occurring photo-Fenton reaction (Av/Fe’"/O,) (Sarria et al., 2003). These
amounts used were 20 mg/L of ferric and aluminum salts and then, the pH was 5.5 after
FeCl; and 4.5 after alum flocculation. The DOC was removed up to 92% with both salts
after 5-hour run. This suggests that the photo-Fenton reaction related to the photocatalysis

hybrid system is marginal in this study.
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Appendix C.4 Effect of different flocculation followed by photocatalysis (wastewater
concentration (DOC) = 10.58 mg/L; T = 30 °C; Air = 0.1 VVM; intensity = 8 W with the 3
lamps)

Effects of Chloride-based Salts and Ferric and Ferrous Salts

Appendix C.5 presents the effect of chloride-based salts with flocculation followed by
photocatalysis without pH adjustment. Ferric chloride and ferrous sulphate were used to
identify the influence of chloride-based salts. Here, it was assumed that the effect of
photo-Fenton reaction was the same as both ferric and ferrous salts. These amounts used
were also 20 mg/L of ferric and ferrous salts and then, the pH was 5.5 after ferric chloride
and 6 after ferrous sulphate. The DOC was similar to both treatments up to 92%. This
suggests that the effect of the chloride-based salt is also unobserved in this study. On the
contrary, Kim et al. (2003) reported that COD removal rates of adopting chloride-based
chemical flocculants were about 10 — 17 times (70% removal) faster than those of adopting

sulphate-based flocculants in textile wastewater.

Appendix C.5 also shows the effect of ferric and ferrous salts without pH adjustment. As
discussed above, DOC removal of the alum was similar to those of ferric and ferrous
flocculation. It can be assumed that there are no effects of ferric and ferrous salts as well.

Finally, it can be concluded that different flocculants with flocculation followed by
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photocatalysis could not affect an improvement based on different salts, i.e., 1) photo-
Fenton reaction, ii) chloride-based salts, and 1ii) ferric and ferrous salts in treating organic

matter used in this study.

1.0 &

—@— 60 mg/L FeCl, flocculation followed by photocatalysis at pH 5.5
O+ 100 mg/L FeSO,7H,0 flocculation followed by photocatalysis at pH 6

C/C, of DOC

Time (hr)
Appendix C.5 Effect of different flocculation followed by photocatalysis (wastewater
concentration (DOC) = 10.58 mg/L; T = 30 °C; Air = 0.1 VVM; intensity = 8 W with the 3
lamps)

Effect of pH

Appendix C.6 shows the effects of pH on photocatalysis in terms of reaction rate. This
experiment was conducted using various pH values at pH 2, 4, 6, 7, 9, and 11. The DOC
removal using pH 4, 6, and 7 on photocatalysis decreased with increased operational time.
The DOC removal reached up to 85%. On the other hand, DOC removal observed with the
pH 2, 9, and 11 solutions after photocatalysis indicated lower values. The reaction rates
with the optimal pH were 20 times faster than those of others, suggesting that the
photocatalytic reaction is favorable to acidic conditions. This result is an agreement with
previous researches (Lee et al., 2003; Al-Rasheed and Cardin, 2003; An et al., 2003). Lee
et al. (2003) reported that the surface hydroxyl of TiO; exists as forms of TiOH," and TiO™ in
strong acidic and basic conditions, respectively. Thus, the negative charged organic matter
under the acidic pH could be well adsorbed on the TiO, particles with the decrease of

repulsion.
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Appendix C.6 (a) DOC removal and (b) reaction rate of pH in photocatalysis (wastewater
concentration (DOC) = 10.58 mg/L; T = 30 °C; Air = 0.1 VVM; intensity = 8 W with the 3
lamps)

Appendix C.7 presents a detailed influence of pH with flocculation followed by
photocatalysis. As discussed above, flocculation decreased pH from pH 4.5 to pH 6 and the
optimal pH in removing organic matter was the ranges of pH 4 to pH 7. Thus, pH from 4 to 7
was set to compare the effect of pH with flocculation and the concentrations of different

flocculants were equivalent to 20 mg/L.

Appendix C.7 (a) shows the effect of FeCl; flocculation followed by photocatalysis with pH
adjustment. The pH with the concentrations of 60 mg/L, 100 mg/L, and 250 mg/L of FeCls
was pH 5.92, pH 3.88, and pH 2.80, respectively. The pH was adjusted to pH 4 and pH 7 with
different concentrations. The majority of DOC removals with different concentrations and

pHs were similar with more or less 90%.

Appendix C.7 (b) illustrates the effect of Al (SO4);*18H,O flocculation followed by
photocatalysis with pH adjustments of pH 4 and pH 7. Every DOC removal at pH 4 was
superior to those at pH 7 and the best DOC removal was at a dose of Al,(SO4);218H,0
(100 mg/L) at pH 4.
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Appendix C.7 (¢) describes the effect of FeSO4+7H,0. The best DOC removal occurred at
a dose of FeSO4*7H,O (60mg/L), whose addition was the same as the optimal FeCl;
removal. These trends of DOC variations with ferric chloride flocculation followed by
photocatalysis were related to those of alum and ferrous sulphate followed by photocatalysis.

This suggests that pH could not affect DOC removal with different flocculants.
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Appendix C.7 (a) Effect of FeCl; flocculation followed by photocatalysis, (b)
Aly(SO4)3°18H,0 flocculation followed by photocatalysis, and FeSO4¢7H,0O flocculation
followed by photocatalysis at pH 4 and pH 7 (wastewater concentration (DOC) = 10.58 mg/L;
T =30°C; Air = 0.1 VVM,; intensity = 8 W with three lamps)
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