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As a potential solution to the increasingly severe global water crisis and energy
shortage, forward osmosis (FO) membrane process has attracted growing attention in
many applications such as desalination, water purification, wastewater reuse, food
processing, and sustainable power generation. However, the advancement of the FO
membrane process is greatly hampered by a long-standing problem of membrane
fouling. Membrane fouling is caused by the accumulation of foreign substances on
the surface or within pores of the membrane. Membrane performance, such as
energy consumption, water flux, and effluent quality, can be severely deteriorated by

fouling. Therefore, developing fouling-resistant membranes is key to more efficient

use of FO membrane technologies.



The objectives of this research are to fundamentally understand membrane fouling
mechanisms at the molecular level and to develop novel antifouling materials for FO
membrane process. Three major research tasks were performed in this study. The
first task was to systematically characterize FO membrane fouling behavior by
performing microscope-assisted online monitoring experiments to study the kinetics
of fouling layer formation and flux decline. The second task was to combine
nanoscale characterization experiments (e.g. interfacial force measurement by atomic
force microscope) and molecular simulation to understand membrane fouling
mechanisms. The third task was to develop novel membrane modification strategies
by using hydrophilic materials, such as polydopamine and zeolite nanoparticles, to

improve the membrane’s antifouling properties in FO membrane process.

Major research achievements are summarized below. (1) A microscope-assisted direct
observation FO system was developed to provide critical information on the
morphology and formation kinetics of fouling layer for various types of fouling,
including organic fouling, scaling, biofouling, and combined fouling. (2) The
successful combination of experimental characterization and molecular simulation
gave insights into the role of membrane surface characteristics (such as functionality
and charge) in FO membrane fouling, thus providing critical information to develop
new antifouling FO membranes. (3) Polydopamine and zeolite nanoparticles were
successfully grafted onto FO membrane surface. The surface modification proved to
greatly increase membrane surface hydrophilicity and to reduce fouling propensity in

FO membrane process.
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Chapter 1: Introduction

1.1 Motivation

Water scarcity is a rising problem in many regions of the world. Around one-
fifth of the world's population, or 1.1 billion people, live in areas lacking access
to safe drinking water [1]. Due to problems such as water pollution,
overexploitation of groundwater aquifers, uneven water resource distribution
and population growth, the need for technologies to use alternative water
resources, such as seawater/brackish water desalination and wastewater
reclamation, has gained worldwide attention [2-4]. Membrane technologies,
such as reverse osmosis (RO) and nano-filtration (NF), have been proved to be
reliable methods to produce freshwater from alternative water resources.
Currently, RO membrane process is one of the most commonly used
desalination technologies due to its reliable performance and relatively low
operation cost compared to traditional thermal processes, which requires
excessive thermal energy with a low feed-water recovery.  However, RO
membrane process requires a high pressure to operate the system and is
relatively energy intensive [5]. This high energy consumption has been a major
obstacle to the wide application of RO membrane technology despite numerous
efforts attempting to improve its energy efficiency [6]. Moreover, limited
recovery (typically 35-50% for seawater) and brine disposal are also problems

we are facing to further advance RO membrane technologies.



The emerging forward osmosis (FO) membrane process is considered a
promising alternative technology for wastewater reuse and sea/brackish water
desalination.  Different from the conventional pressure-driven membrane
processes (e.g., RO and NF), FO membrane process uses natural osmotic
pressure generated by concentrated draw solutions as driving force to pull water
molecules through a semi-permeable membrane from the feed solutions. The
diluted draw solution is then re-concentrated to reuse the draw solution and also
to produce purified water. FO membrane process may offer advantages such as
high rejection of wide range of contaminants, less energy consumption and

reduced brine discharge.

In recent years, FO membrane process has attracted more and more research
attentions in membrane field.  Attempts to develop new membranes,
characterize fouling behavior, elucidate membrane fouling mechanisms,
optimize draw solutes, and improve membrane surface properties have been
made[7-9]. FO has also been applied in many fields, such as seawater/brackish
water desalination [10, 11], landfill leachate treatment [12], and liquid food
processing [13]. These studies suggested that FO can be a promising technology
to extract fresh water due to its low energy consumption and low membrane

fouling propensity.

However, the advancement of FO membrane process still faces major
challenges. One of the important challenges prohibiting the applications of FO
membrane processes is membrane fouling. Although efforts have been made to

investigate FO membrane fouling with different foulants [14-28], the fouling



mechanisms in FO membrane processes still remains largely unknown. Studies
are needed to gain a better understanding of FO membrane fouling and to
develop new FO membrane materials with improved flux, solute selectivity, and

enhanced resistance to fouling.

In view of the above challenges in FO membrane technology, this study aims to
understand membrane fouling mechanisms in FO membrane process and
explore surface modification strategies to improve membrane antifouling
properties. FO membrane fouling behavior was analyzed by a microscope-
assisted, online-monitoring tool. The foulant-membrane interactions were
characterized by atomic force measurements.  Molecular simulation was
conducted to understand foulant-foulant and foulant-membrane interactions at
molecular level. A few membrane surface modification strategies were
explored to improve the fouling-resistance of FO membrane. The results from
this study will pave the way for the advancement of FO membrane processes to

enhance water and energy sustainability.

1.2 Obijective and Scope of Work

The overall objectives of the study are to fundamentally and systematically
understand FO membrane fouling mechanisms and develop effective surface
modification strategies to facilitate the design of antifouling FO membranes
with high permeability and reduced fouling propensity. These innovative FO
membranes will greatly contribute to the advancement of FO membrane

technology towards reducing the energy consumption and costs for water



purification and seawater/brackish water desalination. Knowledge gained from

this research can also be applied to the development of antifouling

microfiltration, ultrafiltration, NF, and RO membranes.

The specific research objectives are as follows:

To obtain knowledge on the fouling behavior in FO membrane process for
different types of fouling, including organic fouling, inorganic scaling,

bifouling, and combined fouling;

To gain a molecular-level understanding of fouling mechanisms in FO

membrane processes;

To develop innovative membrane surface modification strategies to

mitigate FO membrane fouling.

The scope of this research includes:

II.

A microscope-assisted direct observation FO system was developed to
online monitoring membrane fouling layer formation and flux decline for
various types of fouling, including organic fouling, scaling, biofouling, and

combined fouling;

Nanoscale experimental characterization (e.g., atomic force measurements)
and molecular simulation were combined to help us gain insights into the
role of membrane surface characteristics such as functionality and charge
in FO membrane fouling, thus providing critical information to develop

new antifouling FO membranes; and



III.  Membrane surface modification strategies such as grafting hydrophilic
materials (e.g., polydopamine and zeolite nanoparticles) were explored to
enhance the antifouling properties of FO membranes. The effects of surface
modification on membrane surface properties and fouling behavior in FO

membrane process were thoroughly evaluated.

1.3 Dissertation Organization

This dissertation presents my research on the characterization of membrane
fouling behavior, understanding of fouling mechanisms, and development of
membrane fouling mitigation strategies in FO membrane processes. The
background information and literature review, which show the necessity and
importance of the study, are presented in Chapters 1 and 2, respectively. The
major results and discussion were presented in Chapter 3-8 in journal
manuscript format. Major conclusions from this study and recommendations for

future study are presented in Chapter 9.



Chapter 2: Literature review

2.1 Forward Osmosis (FO) Membrane Process

In recent years, membrane technologies have gained wide acceptance and made
significant progress against competing technologies in the field of water and
wastewater treatment. Membranes have gained attention because of their
reliable performance, flexible design and competitive cost [29-31]. Currently,
water treatment processes employ four types of membranes: microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). As
shown in Figure 2.1, the pore size of a membrane determines the size of the
particle that will be rejected by it. MF membranes have the largest pore size and
reject particles and microorganisms. As UF membranes have smaller pores
than MF, they reject smaller bacteria and macromolecules such as proteins. NF
membranes have pore size on the order of 10 A; they further filter out low
molecular weight solutes (with MWCO values of 100 to 1000 Daltons). RO
membranes are non-porous membranes and, therefore, reject many low molar

mass solutes such as monovalent salt ions.
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Figure 2.1 Nominal pore size of different membrane types [32].

Currently, RO is widely used for producing freshwater from alternative water
resources such as seawater/brackish water and wastewater [33-35]. RO uses
selective membranes which are permeable to water molecules but highly
impermeable to salts, dissolved organic macromolecules, and other particulate
matters. A RO process can produce relatively stable water with a high
operation performance. However, RO is an energy intensive process as the
system requires high applied pressure (300-500 psi) to operate [36, 37].
Numerous efforts have been made to improve the energy efficiency of RO
membrane processes and the cost to produce 1m3 fresh water from seawater
has been reduced to $0.50 in current RO plants [38]; however, high energy
consumption is still a major disadvantages for the RO membrane process [6,
39-43]. Recently, the emerging membrane process, forward osmosis (FO), has
received increasing attention. FO is considered a promising membrane process

and potentially a sustainable alternative to RO membrane process for



wastewater reuse and sea/brackish water desalination.

Human beings started using osmosis even before they fully understood the
mechanisms of the process; for years, osmosis has been used in many food
preservation methods. These methods rely on the fact that the cell membranes
of most bacteria, fungi, and other pathogenic organisms function as semi-
permeable membranes. So, when the environment’s salinity increases during
the food preservation process, osmotic dehydration takes place and the cell will
either die or temporarily become inactive [44]. In spite of this, the use of
osmosis as an engineered separation process in the field of water/waste water
treatment is a relatively young technology. Historically, hydraulic pressure
was used during filtration processes. But, instead of using hydraulic pressure,
FO uses the natural osmotic pressure generated by a concentrated draw solution
as its driving force. Water molecules are drawn from the feed solution through
a semi-permeable membrane to the draw solution side, as shown in Figure 2.2.
The semi-permeable membrane has a similar particulate rejection range as RO
membranes and, in addition to producing purified water; the diluted draw
solution is concentrated to recycle the draw solutes. Thus, FO may offer the
following advantages: a high rejection of a wide range of contaminants, a
reduction in energy consumption, lowered brine discharge, and lowered
membrane fouling propensity compared to  pressure-driven membrane

processes [45-47].
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Figure 2.2 Schematic diagram of FO process, (a) water molecules diffuse from
feed solution to draw solution driven by osmosis pressure; (b) the process ends

when the hydraulic head difference between two solutions equals the osmotic
pressure difference, &m.

In literature, this process is referred to as FO or direct osmosis (DO) for most
applications. The concept was first introduced in engineered systems in the
1970s [48-52]. Initially, these studies mainly focused on utilizing FO as a
potential alternative for extracting freshwater from seawater. However, the
research was hindered by lack of suitable membrane materials. In the 1980s,
the superior separation performance of FO was continuously studied in the field
of liquid food processing [13, 53, 54]. Until recently, the major developments
in membrane materials greatly increased FO flux and, as flux increased, a wide
array of interests was drawn to the applications of this technology. Studies on
FO are ongoing; currently, progress has been made in fields as diverse as food
processing[55-57], sea/brackish water desalination [10, 58, 59], RO
pretreatment [60-62], and waste water treatment [28, 47, 63-65], etc. The main
problems hindering the advancement of FO include the lack of FO membrane

with high permeate flux, the lack of suitable draw solute with high osmotic



pressure, and the lack of effective strategies for controlling the deterioration of
membrane performance due to membrane fouling and concentration
polarization. A review of attempts in solving these problems is provided in the

following sections.

2.2 FO Membrane Materials

Early studies on FO started by testing RO membrane performance under FO
operating conditions and commonly used cellulose triacetate (CTA) RO
membranes or polyamide (PA) RO membranes. The representative chemical

structures of these two membrane materials are shown in Figure 2.3.
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Figure 2.3 Representative chemical structure of two RO membrane materials: (a)
cellulose triacetate membrane (CTA), and (b) polyamide membrane (PA).

The first CTA-RO membrane was made by Loeb and Sourirajan in 1962 and
proved to have a relatively high water flux with a high salt rejection rate [66].

A CTA-RO membrane is formed by casting a thin film of cellulose triacetate on
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a smooth and hard support by dissolving it in an acetone based solution and
allowing the acetone to evaporate. During the evaporation, a phase inversion
process takes place, resulting in a CTA membrane with an asymmetric structure:
a dense surface layer with sub-nanometer pore size and a thick, porous layer
with macro scale pores. The dense surface layer is responsible for salt rejection;
and the remaining thick, spongy and porous layer provides mechanical strength

to the membrane.

A PA-RO membrane is also known as a thin film composite (TFC) membrane.
This type of membrane also has an asymmetric structure with a dense thin film
layer (200-500 nm in thickness) and a thick, porous support layer (200-300 um
in thickness). The dense surface layer is made of cross-linked aromatic PA and
is responsible for salt rejection and separation. The PA layer is formed in situ

on a porous polysulfone (PSf) support by an interfacial polymerization reaction.

Compared with CTA-RO membrane, the PA-RO membrane has a higher flux, a
higher salt rejection rate, and can work in a wider PH range. However, early
attempts at using RO membranes for FO applications failed because the
membrane flux was much lower than expected. Recent studies revealed that the
reduced membrane flux is caused by concentration polarization (CP). When CP
happens inside the thick support layers of the RO membranes (internal CP
(ICP)), it acts as a diffusive boundary layer which greatly reduced the osmotic
driving force for water flux [67]. Detailed information on CP and its effects on
membrane flux will be discussed in Section 2.4. In FO membrane process, ICP

adversely affects the performance of membranes with a thick support, such as
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the CTA-RO and PA-RO membranes. For this reason, the following
characteristics are required for a suitable FO membrane: (1) a dense, ultrathin,
and uniform active surface layer that provides high solute rejection rate and
high permeate flux; (2) a very thin, porous supporting layer in order to reduce
ICP and increase membrane flux, but at the same time should be strong enough
to provide sufficient mechanical strength to the membrane; and (3) a membrane

material with high hydrophilicity to enhance water flux and reduce membrane

fouling [68].

In RO membrane process, the thick and porous support layer is indispensable
because the membrane must withstand high operational pressures. Since the
FO process is solely driven by osmotic pressure differences, the requirement on
mechanical strength is lowered for FO membranes. Therefore, modifications
can be made to reduce the thickness and adjust the structure of the support layer

to mitigate the ICP phenomenon.

In the 1990s, a special CTA membrane for FO was developed by Osmotek Inc.
(Albany, Oregon; currently known as Hydration Technology Innovations
(HTD))[46]. This membrane was made by casting a thin film of a water-
absorbent cellulose triacetate on a nonwoven mesh support. It had an
asymmetric structure and reduced support layer thickness. The mechanical
strength of the membrane was provided by the embedded fabric support
backing. These improvements to the membrane’s characteristics made it
suitable for the FO process. A variety of FO applications have successfully

used this HTI CTA membrane. Currently, it is used in commercialized
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applications such as emergency water supply and water purification [47, 60, 61,

69, 70].

Progress has also been made to modify PA membranes to make it suitable for
FO membrane process. In 2010, Yip et al. reported a high performance thin-
film composite PA-FO membrane with structure and performance suitable for
FO process [71-73]. For this membrane, the support layer was fabricated on a
nonwoven polyester fabric by a phase inversion process with PSf casting
solutions. The PSf solution composition was optimized and the synthesis
conditions were carefully controlled to obtain an optimal support layer. The
resulting support layer has an asymmetric structure with a thin, dense and
sponge-like surface layer that is favorable for the formation of a polyamide
layer. It also has a loose, finger-like structure on the bottom which provides
mechanical support, effectively reduces ICP, and increases permeate flux in FO
situations. This new PA-FO membrane offers high chemical and biological
stabilities, which mitigate membrane degradation for long-term operations.
Draw solutions with higher or lower pH conditions, such as ammonia-carbon
dioxide, can be used with this membrane. J. Wei ef al. observed enhanced FO
membrane flux in membranes with the finger-liked structure [74]. Natalia et al.
[75] investigated the effects of sulphonated materials on PA-FO membranes by
using a sulphonated copolymer (PESU-co-sPPSU) made of polyphenylsulfone
(PPSU) blended with polyethersulfone (PESU) to fabricate the support layer.
The high hydrophilicity of this material allows the formation of a dense, thin

(40um) support layer that results in increased permeate flux [76]. Materials
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other than PSf were also tested to fabricate support layers. For example, Song,
et al. [77] reported that an FO membrane made using PES nanofibers creates a
scaffold-like support layer which provides three times higher flux than the HTI
membrane. Studies on other materials such as cellulose ester [78] and PES [79]
also produced FO membranes with a thin porous support and a thin, dense
selective layer. All of these membranes resulted in a low internal ICP and a

relatively high water flux.

2.3 Draw Solutes

Draw solution refers to the concentrated solution on the permeate side of the
FO membrane. It provides the driving force for the process. An optimal draw
solution is generally based on three major criteria. First, the draw solution must
have a higher osmolality than the feed solution to produce high osmotic driving
force, which produces high water flux. Usually, draw solutes with high
solubility and low molecular weight are able to achieve a high concentration,
thus producing high osmotic pressures. Second, the draw solution should have
a relatively low viscosity in order to reduce concentration polarization. Third,
the draw solutes must be easily separable from the solution so that it can be
easily reused and purified water can be produced. Developing effective draw

solutions is a key for the further advancement of FO membrane technology.

Osmotic pressure

The osmotic pressure of a solution can be calculated by using the Morse

equation. This equation is based on Van’t Hoft’s work on osmotic pressure and
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only applies to solutions with dilute concentrations (i.e. <0.5M).

r=tspsMsRsT
(1)

where, 1 is the dimensionless Van't Hoff factor; ¢ is the osmotic coefficient; M

is the molar concentration of all dissolved species (units of mol/L); R is the

ideal gas constant (0.08206 L atm mol™” K™'); T is the absolute temperature (K).

From this equation, we see that, for a certain solute, osmotic pressure is lineally
proportional to the solute concentration, i.e. the higher the solute concentration,
the higher the osmotic pressure of the solution. However, this equation cannot
be applied for solutions with high concentrations (usually > 0.5M). To
calculate the osmotic pressure of solutions with high concentrations, other
factors, such as the viscosity, must be considered. Commercial software is
available for the osmotic pressure calculations. An example is given in Figure
2.4 with osmotic pressure calculated by OLI Stream Analyzer 2.0 (OLI Systems

Inc., Morris Plains, NJ) [80] for both inorganic and organic solutes.
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Figure 2.4 Osmotic pressure calculated using OLI Stream Analyzer 2.0for
different solutions at a concentration of 4M[46, 81].

Although MgCI2 and CaCl2 demonstrate relatively high osmotic pressure at
high concentrations, they are not practical as draw solution due to their low
solubility and potential membrane fouling effects. Currently, sodium chloride
is widely used in FO processes because of its relatively high solubility and low
cost. However, difficulty in separating sodium chloride hampers its application
as an optimal draw solution. Ammonium bicarbonate demonstrates high
osmotic potential and can be removed from water simply by changing solution
conditions such as temperature or pressure [9, 58, 82, 83]. However, using
ammonium bicarbonate as draw solution requires the membrane to withstand
high pH conditions and the residual ammonium in produced water causes health
concerns. Many other attempts have been made to find a suitable draw solution

from different materials. Some organic macromolecules with high molecular
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weight, such as dendrimers [84] and polypropylene glycol [85], may provide
high osmotic pressure. Furthermore, studies show that the nanoscale
magnetoferritin [86, 87] may provide high osmotic pressure. In a recent study,
concentrated fertilizer solutions were used as draw solution for desalination; the

diluted fertilizer draw solutions were used directly as fertilizer [81].

2.4 Concentration Polarization (CP)

One of the major drawbacks of FO process is the inevitable flux decline
resulted from concentration polarization (CP). CP is a phenomenon in which
the solute or particle concentration in the vicinity of the membrane surface
varies from the bulk solution due to water permeation [88-91]. As shown in
Figure 2.5 (a), in the immediate neighborhood of the membrane surface, the
solute concentration increases on the feed solution side and decreases on the
draw solution side. This results in a reduced concentration gradient and thus a
reduction in the osmotic pressure difference between the two solutions. As
shown in Figure 2.5 (b), the real driving force across an FO membrane, Azm, is
lower than the osmotic pressure difference of bulk solutions, Az bulk.
Therefore, the presence of CP inhibits permeate flow due to the decreased

osmotic pressure across the membrane barrier.

In FO, CP can occur on both sides of the membrane. On the feed solution side,
solute accumulates near the membrane’s surface and results in a higher
concentration than that in the bulk. On the draw solution side, solute is
removed from the membrane’s surface by permeation and, thus, the solution in

this region is diluted. When the membrane has an asymmetric structure, CP can
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even happen inside the porous support layer. We refer to CP within membrane
support layer as internal concentration polarization (ICP) and CP near the
membrane surface as external concentration polarization (ECP). Both ICP and

ECP reduce FO flux.

(a)
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Figure 2.5 Schematic illustration of dilutive concentration polarization across
an asymmetric FO membrane, (a) solute concentration polarization
phenomenon, (b) CP effects on osmotic pressure.
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External concentration polarization (ECP)

External concentration polarization (ECP) can be further divided into two
categories: concentrative external concentration polarization (CECP) and
diluted external concentration polarization (DECP). CECP occurs in the feed
solution side on the active layer of the membrane’s surface. This occurs because
of the accumulation of the solute and causes an increase in the feed
concentration. DECP takes place on the draw solution side and is caused by
permeate dilution. Because of DECP, the effective osmotic pressure of the feed
solution increases from nF,b to 7F,m and that of the draw solution decreases

from ©D,b to 7D, m.

In FO, the standard equation describing FO permeate flux is derived as a

function of the difference in the bulk solution’s osmotic pressure [92], which is:

he = As&m =4 (Tpm — W) 2)

where A stands for the pure water permeability coefficient;

Tpam 15 the osmotic pressure of feed solution on the membrane surface;

and, g, 1 the osmotic pressure of draw solution on the membrane surface.

The method for modifying the membrane flux model was first published by

McCutcheon & Elimelech [67] in 2006.
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e =0 (7)
e (3)

(4)

Where Jw is the permeate flux and £ is the mass transfer coefficient; and, £ is
related to Sherwood number (S%) solute diffusion coefficient and hydraulic

diameter of the flow channel.

Shw=D

k= 7

)

Sh is calculated using the following equation that depends on the flow regime.

Sh=188s(ResScn %}ms, (laminar flow)
(6)

Sh = 0.04 = Reg%F » 5098, (turbulent flow)
(7)

If salt back-diffusion does not take place across the membrane and the standard
FO permeates flux equation is modified by taking CECP and DECP into

consideration, equation (2) can be transformed to:
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o = 4 (T = xp(=12) = ez » axpCll)) ®)

However, ECP is not considered the major reason for the reduction in
membrane flux in the FO process [9, 67]. Furthermore, ECP can be alleviated
by adjusting flow conditions, e.g. ECP effects on membrane flux can be

minimized by increasing cross-flow rate and introducing turbulence [46].

Internal concentration polarization (ICP)

Most FO membranes have an asymmetric structure with a thin active layer and
a thick porous support layer. When CP takes place inside the porous support
layer, it is referred as internal concentration polarization or ICP[93]. It is
sometime also referred as Diluted ICP or DICP because the draw solution is
greatly diluted by the permeate water within the porous support of the
membrane[94]. In FO, as water permeates through the active layer of the
membrane, the draw solution is diluted within the porous support structure of
the membrane and the structure of the support layer greatly hinders the

diffusion of solutes from the bulk solution into the support layer.

The resistance coefficient, K, to solute diffusion inside the porous support layer

can be derived from the equations presented by Loeb et al [95] for DICP.
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where B is salt back diffusion coefficient.

If salt back-diffusion is neglected, equation (9) can be simplified to:

1 4
K = — s In( " Tpp

- ) (10)

fo A5 Tpay

To include DICP, we correct mg; using equation (11).

Tpi
— axpl — & K‘
Roa p(—fw = K) (11)

If we substitute both equation (3) and (11) into (10) and rearrange the equation,

the following equation for the permeate water flux is obtained:

he = 4% (g » 93p(=fy * K) = gy » axp(E) (12)

Equation (12) models water flux across an asymmetric FO membrane with both
internal and external concentration polarization effects considered. Among all
types of CP introduced so far, DICP is the key factor responsible for the flux

reductions [94, 96]. Earlier studies on testing RO membranes in FO situations
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showed a water flux decrease of more than 80% [97]caused by DICP.
Furthermore, DICP cannot be mitigated by simply increasing shear force or
turbulence in the flow channel; instead, possible mitigation methods must

modify the support layer thickness or support layer morphology.

Cake enhanced concentration polarization (CECP)

Hoek & Elimelech discovered the existence of a new source of flux decline for
salt-rejecting membranes, named cake-enhanced concentration polarization[98].
Similar studies were conducted by Chong [99, 100] and Sim [101]. During
filtration, the accumulation of foulants forms a cake layer on the active surface
layer of FO membrane. The cake layer results in a loss of effective osmotic
pressure difference (as shown in Figure 2.6) due to hindered solute back-
diffusion. Solute back-diffusion resistance is greatly increased due to the
lengthened pathway. This means solute back-diffusion is hindered, CP is

enhanced, osmotic pressure is reduced and permeate flux is suppressed[102].
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Figure 2.6 Schematic illustration of cake-enhanced concentration polarization
across an asymmetric FO membrane, (a) solute back-diffusion without cake
layer, (b) solute back-diffusion inside cake layer, and (c) CECP effects on
effective osmotic pressure.

2.5 Membrane Fouling

Membrane fouling is the accumulation of foreign substances onto membrane
surfaces or into membrane pores which degrades membrane performance (i.e.
permeate flux and product water quality), shortens membrane life, and increases
system maintenance cost [103-105]. Membrane fouling is a major concern for
virtually every membrane process and is widely perceived to be the most
significant issue affecting the design of membrane facilities. Membrane fouling
is a broad term that includes the accumulation of all kinds of substances on the
membrane surfaces. There are four types of membrane fouling: (1) organic
fouling, (2) inorganic scaling, (3) biofouling, and (4) colloidal/particulate

fouling.
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2.5.1 Organic fouling

Organic fouling refers to the adsorption of organic compounds such as humic
substances, protein, and grease onto the membrane’s surfaces. Organic matter
is a major source of membrane fouling as organic matter is prevalent in all
natural water sources (e.g. surface runoff, groundwater, and seawater). These
natural organic matters (NOMSs) in source water are significant factors affecting
performance of membrane systems. NOM accounts for a large portion of flux
decline for both low and high pressure driven membrane processes [106-108],

even if the NOM concentrations are small.

The mechanisms of organic fouling are complicated due to the wide variety of
organic foulants existing in natural waters. Most NOMs have no unique
composition or structure and their fouling behavior varies in different
membrane applications. NOMSs interact with minerals in source water (e.g.
calcium ions) to form NOM-metal ion complexions which cause severe
membrane flux decline [109, 110]. Most NOMs are negatively charged, but
naturally existing calcium ions in water neutralize the negative charge of NOM
and increase the adsorption of NOM onto membranes [111]. The most
important property of NOMs is that adsorption of NOMs reconditions the
membrane surface greatly altering membrane surface characteristics and
severely affecting the fouling behaviors of other types of foulants [112].
Cleaning removes organic foulants from the membrane’s surface and recovers
the membrane flux to an extent, especially for FO membranes [24, 27];

however, the accumulation of organic matter on the membrane’s surfaces is
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almost unavoidable.

2.5.2 Mineral scaling

Membrane fouling caused by mineral scaling is a major problem in membrane
processes. CP results in the increased concentration of mineral salt ions in the
immediate neighborhood of the membrane’s surface. The precipitation of the
minerals will occur when their concentration exceeds the salt’s solubility. In
this case, sparingly soluble inorganic compounds such as calcium sulfate
dihydrate (gypsum, CaSO4.2H20), calcium carbonate (CaCO3) and barium
sulphate (BaSO4) are concerns for the pressure driven membrane process [113,
114]. Mineral salt crystal deposition from bulk solutions, as well as direct
crystallization onto membrane surfaces, forms a scaling layer that leads to
membrane flux decline. Numerous efforts have been made to discover anti-
scaling methods. Currently, scaling mitigation strategies mainly focus on
reducing concentration polarization by operational optimization and using anti-
scalants to hinder mineral salt crystallization [90, 115]. Among all mineral salts,
gypsum is the most common scaling source in seawater/ brackish water
desalination [91, 116-118]. Furthermore, gypsum scaling is very difficult to
control. Gypsum’s solubility is not pH sensitive, so gypsum scaling cannot be
mitigated by adjusting the solutions’ pH [119]. Gypsum scaling usually results
in irreversible membrane flux decline and cannot be efficiently recovered by

acid cleaning.

2.5.3 Biofouling

Membrane biofouling is a critical problem for all membrane filtration systems
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[120-122]. Compared to other types of membrane fouling, biofouling is
inherently more complicated for many reasons. A variety of microorganisms,
including bacteria, fungi and yeasts, are involved in membrane biofouling and
the microorganisms involved depend on the type of source water and the type
of pretreatment. In biofilms, the most commonly occurring microorganisms are
Pseudomonas and Coryne bacterium and the fungal genera Penicillium and
Trichoderma [123, 124].  Furthermore, since microorganisms are living cells;
they grow, multiply, and relocate on the membrane’s surfaces after the initial
deposition and attachment [125-128]. Microorganisms in biofilms are held
together and protected by a matrix of excreted polymeric organic compounds
and extracellular polymeric substance (EPS) which serve as a scaffolding to
hold the biofilm together. The result is a formation of complex biofilm
structure. Biofouling inevitably occurs in all membrane systems even with the

use of pretreatment systems and disinfectant ions such as chlorination.

Table 2.1 Common microorganisms identified in membrane biofilm[123]

Bactenia Corvnebacterium, Pseudomonas, Bacillus, Artrobacter,
Flavobacterium, Aeromonas

Fungi Penicillium, Trichoderma, Mucor, Fusarium, Aspergillus

Yeasts Occasionally identified in significant numbers

Biofilms occurring in membrane systems may cause severe loss of performance,
requiring the use of costly cleaning procedures to maintain output and quality.
The attachment of bacteria and subsequent biofilm growth on the membrane’s
surface strongly effect membrane system productivity and reliability. When the

acceptable operation can no longer be maintained, membrane replacement is
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needed. Biofouling has the following adverse effects on membrane systems: (1)
membrane flux decline due to the formation of a biofilm of low permeability on
the membrane surface; (2) damage to the membrane or membrane
biodegradation caused by concentrated acidic by-products that are produced by
microorganisms on the membrane surface; and, (3) decreased salt rejection rate
caused by the hindered back-diffusion of salt in the neighborhood of the

membrane surface.

Theoretically, biofouling can be separated into four stages: (1) Initial
attachment and detachment, (2) irreversible attachment, (3) initial biofilm
formation; and, (4) biofilm growth. The control of bacteria cell transportation,
deposition and permanent attachment to membrane surfaces is essential for
controlling biofilm formation. The transportation and deposition of bacteria are
affected by system hydrodynamic conditions as well as solution chemistry. As
a bacterium approaches the membrane’s surface, bacteria-membrane surface
interactions start to play an important role [129, 130]. Membrane surface
characteristics such as surface hydrophobicity, surface charge, surface
functional groups, and surface roughness may play a role in bacteria-membrane
interactions. Research shows that bacteria cells prefer to attach to hydrophobic
surfaces over hydrophilic surfaces [131].  Bacterial characteristics such as
surface charge (related to solution pH), growing phase, and flagella motility
play also an important role in bacteria attachment [132, 133]. The
lipopolysaccharides (LPS) and extracellular polymeric substances (EPS) on

bacteria cell surfaces affect bacteria-membrane surface interactions [134].
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2.5.4 Colloid fouling

Numerous colloidal particles, such as clay minerals, colloidal silica,
iron/aluminum oxides, manganese oxides, organic colloids and suspended
matter, and calcium carbonate precipitates, exist in natural waters. These
colloidal particles have ubiquitous characteristics. Colloids cover a wide size
range (radius 1 nm-1 pm) and have a large specific surface area where
chemicals are adsorbed. Most colloids carry a negative surface charge in natural
waters. For the salt rejection membrane process, colloids accumulate on the
membrane surface and adversely affect both the permeate flux and solute
rejection rate [135, 136]. Colloidal fouling is caused by the accumulation of
particles on the membrane surface and the formation of a cake layer. Hydraulic
resistance and cake enhanced concentration polarization from this cake layer
greatly reduces the water flux [99, 100, 137]. Colloidal fouling is controlled
primarily by the surface forces between the particles and between particles and
the membrane. These surface forces introduce an energetic barrier which
determines the probability of effective particle collisions [138]. This energetic
barrier is greatly influenced by water composition, ionic strength and surface

characteristics of membrane [139-144].

2.6 Membrane Fouling Mitigation Strategies.

Membrane surface characteristics play an important role in foulant deposition
and fouling layer formation. The performance of membrane materials relies
largely on surface properties. Altering membrane surface characteristics by

membrane surface modification may effectively control membrane fouling.
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Membrane surface modification is, therefore, a key area of research for the
development of high-performance membrane materials in the membrane
industry [145]. Surface modification using either coating or grafting of a
hydrophilic polymer onto the membrane surface is a possible route to
improving the fouling propensities of FO membranes. A variety of surface
modification strategies are found in literature. The aim of these strategies
represents the basic philosophy, namely, improving fouling resistance includes
decreasing membrane surface roughness; increasing membrane surface
hydrophilicity; introducing negatively charged surface groups; and, adding

steric repulsion effects to membrane surface[137, 138] (Figure 2.7).
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Figure 2.7 Schematic diagrams of surface modification mechanisms: (a)
smoother surface; (b) hydrophilic layer; (c) negative charged surface; and (d)
hydrophilic polymer brush.

There are two main categories of surface modification methods: coating and
grafting. Coating is a process in which coating materials form a functionalized
thin-film layer which physically adheres to the membrane surface. Grafting is a
method where organic monomers or inorganic particles with surface functional
groups are covalently bonded onto the membrane’s surface to form a new

surface through a composite formation process. Techniques to initiate free
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surface radicals for grafting include: (a) Chemical, where free radicals are
produced chemically and transferred to the membrane surface to initiate
polymerization and form grafted-copolymers [146, 147]; (b) Photochemical and
radiation initiation techniques, where free radicals are generated by absorbing
lights; and, (c) Plasma initiation technique, where free radicals are generated by
plasma irritation. Plasma initiation technique usually refers to a plasma reaction
that either results in modification of the molecular structure of the surface or

atomic substitution [43, 148, 149].

As a salt rejection membrane process, the integrity of the active salt rejection
layer is critical for the operation FO process. Therefore, efforts are needed to

develop a surface modification method that does not require harsh conditions.

Polydopamine (PDA) coating

Polydopamine PDA coating is a novel bio-inspired hydrophilic polymer coating
method which can increase surface hydrophilicity and enhance membrane flux.
PDA has similar properties to that of the secretions of mussels [150, 151]. It
polymerizes from dopamine in a pH range of 8.5-9.0 on almost any kind of
surfaces. PDA coating shows dramatic improvement in permeate flux
performance in both RO process [152-154]and PRO processes [153]. The
formation of an adhesive thin film on the support layer side also introduces
coating into the inner pore structure of the membrane support layer, which
increases the hydropholicity of membrane support layer and wettability of the

pores. Thus, the PDA modified membrane exihbits reduced internal
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concentration polarization and improved water flux. The membrane antifouling
properties also improve with PDA coating [155-157] due to the increased

hydrophilic properties.

Nano-particle grafting

Incorporating nanomaterials into membrane structure have drawn significantly
attention and have been considered as a promising strategy to tailor membrane
surface characteristics and reduce fouling [158-161]. Many attempts have been
made to incorporate nanomaterials such as carbon nanotube [160-162],
nanosilver [163-165], silicon nano particles [166-168] and zeolite [159, 169,
170] into membrane structure or onto membrane surfaces. The incorporation of
nanomaterials may offer a number of advantages such as improved
antimicrobial abilities, manufacturing scalability, and the non-depleting by

irreversible binding.

Among all the nanoparticles, zeolite nanoparticles are particularly attractive for
membrane surface modification because of it allows high water permeability
and high surface hydrophilicity. Zeolite material has well-defined, three-
dimensional and cage-like structure with uniform microspores ranged from 1-
20 A diameter[171].  The unique structure of zeolite led to their use as
molecular sieves and separation barrier. Zeolite membranes have been studied
extensively focusing on gas separation [172-174] and liquid pervaporation
processes [175, 176]. Theoretical calculations and molecular dynamics

simulation [177]have shown that zeolite membranes can be complete reject ions
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by size exclusion, which implies its application for desalination. However, the
attempts of using zeolite membrane as reverse osmosis membrane for directly
salt rejection are not quite successful. Most membranes showed relatively low
salt rejection rate and low water flux for practical use. Experimental results
showed that the filtration mechanism is not only dependent on size exclusion,
but also on Donnan exclusion which reduce the rejection rate of monovalent

ions in the presence of divalent ions[178 ].

The development in nanotechnologies allows other methods of utilizing zeolite
materials in membrane technologies. Research shows that the incorporation of
zeolite nano-particles into membrane structure provides the opportunity to
combine the selectivity of inorganic molecular sieving materials and the
processability of polymer membranes [179]. Zeolite nanocomposite
membranes have been widely researched in membrane processes such as
reverse osmosis [159, 170] ultrafiltration [180-184], and forward osmosis [185]

to facilitate rejection and improve flux.

Zeolite nanocomposite reverse osmosis membranes exhibits improved salt
rejection rate because of the size exclusion and Donnan exclusion effects of
zeolite nanoparticles. ~ Water molecule is more likely to flow through the
hydrophilic nanoparticle pores, while salt ions rejected by both polyamide layer
and zeolite nanoparticles. NaA-type zeolite nanoparticle with size range of 50

- 150 nm, and a Si/Al ratio of 1.5, and entrance pores of approximately 4 A

were used in the interfatial polymerization process and formed a high
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performance thin-film nanocomposite (TFN) reverse osmosis membrane [186].
NaX-type zeolite nanoparticle with larger pores size (7.4 A) was added to the
polyamide layer with similar method and showed higher water permeater flux
and reasonable salt rejection rate [159]. NaY-type zeolite nanoparticles with
size range of 40 to 150 nm were also added to the polyamide layer of a FO
membrane, which exhibited an improve ermeate water flux of 50% [185].
Research on adding Linde type A (LTA) type zeolite nanocrystals with different
size of 100 nm, 200nm and 300 nm in polyamide film showed that lower size of
nanocrystals kept the integrity of the polyamide film and generated higher

water flux and salt rejection rate.
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Chapter 3: Combined Fouling of Forward Osmosis Membranes:
Synergistic Foulant Interaction and Direct Observation of
Fouling Layer Formation

3.1 Abstract

This study investigated the combined fouling by organic and inorganic foulants
in forward osmosis (FO) membrane processes. Alginate and gypsum were used
as model foulants for organic and inorganic fouling, respectively. A synergistic
effect between alginate fouling and gypsum scaling was observed in the
combined fouling experiment: the coexistence of foulants caused faster flux
decline than the algebraic sum of flux declines due to individual foulants. It
was found that the synergistic effect was mainly a result of the aggravated
gypsum scaling in the presence of alginate molecules: alginate molecules acts
as nuclei in gypsum crystal growth, thus significantly increasing the size of
gypsum crystal and accelerating crystallization kinetics. Besides, in the
presence of alginate, the dominating scaling mechanism switched from bulk
crystallization to surface/heterogeneous crystallization. In order to better
understand the effect of alginate on the kinetics of gypsum crystal growth, a
membrane window cell coupled with a microscope was used to directly observe
crystal formation on the FO membrane surface during the fouling experiments.
The direct observation results confirmed the hypothesis that alginate shortens
the nucleation time, increases the gypsum growth rate, and changes the
morphology of gypsum crystals. Finally, cleaning experiments were performed
by rinsing the fouled FO membranes with pure water and continuously

introduced air bubbles. It was found that the cleaning efficiency for membranes
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fouled by combined foulants was lower than that for membranes fouled by

individual foulants.
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3.2 Introduction

Due to the increasingly severe interrelated crisis of water and energy,
developing low cost methods for wastewater reclamation and seawater
desalination has gained worldwide attention [2-4]. As one of the membrane
technologies for water treatment, the reverse osmosis (RO) process requires a
high pressure to operate the system and therefore is relatively energy intensive
[5]. This high energy consumption has been a major obstacle to wide
application of RO technology despite numerous efforts attempting to improve

its energy efficiency [6].

The emerging forward osmosis (FO) membrane process has received increasing
attention as a promising technology for wastewater reuse and sea/brackish
water desalination. FO utilizes natural osmotic pressure generated by a
concentrated draw solution as driving force to pull water molecules from the
feed solution through a semi-permeable membrane to the draw solution. The
diluted draw solution is then re-concentrated to recycle the draw solutes as well
as to produce purified water. Compared to pressure-driven membrane
processes, FO offers a number of potential advantages including high rejection
of various contaminants, reduction of energy consumption and brine discharge,

and low membrane fouling propensity [45-47] .

Nevertheless, similar to other membrane processes, the FO process suffers from
the enduring problem of membrane fouling. Fouling occurs when solutes or

particles in the solution deposit onto surfaces or into pores of the membrane.
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There are four major types of fouling: (1) organic fouling, which is caused
by macromolecular organic compounds such as alginate, protein, and natural
organic matters [187]; (2) inorganic fouling, which is due to crystallization of
sparingly soluble mineral salts when the salt concentration exceeds saturation;
(3) biofouling, which involves bacteria deposition, attachment, and subsequent
growth to form biofilm [188] [189]; and (4) colloidal fouling, which results
from the deposition of colloidal particles [190, 191]. Depending on its severity,
fouling can have varied degree of adverse impact on membrane performance,
such as deceasing water flux, deteriorating product water quality, and increasing

maintenance burden [192, 193].

Mechanisms of fouling in pressure-driven membrane processes have been
investigated extensively [9, 13-15]. In contrast, only a few studies have so far
been targeting FO membrane fouling [8, 16-20]. Holloway et al. demonstrated
a slow flux decline and high flux recovery rate in the FO process, compared to
the RO process, in treating anaerobic digester centrate; the better fouling
behavior of FO was hypothetically contributed by less compaction of fouling
layer due to the lack of hydraulic pressure [47, 194]. Similar conclusion was
drawn by Achilli et al. who compared fouling/cleaning behaviors of an FO
membrane bioreactor and a conventional membrane bioreactor [47]. In order to
elucidate the fouling mechanisms in the FO process, Mi and Elimelech used
atomic force microscopy (AFM) force measurements to study the role of
membrane-foulant and foulant-foulant interactions in organic fouling and

gypsum scaling of FO membranes [27, 195, 196]. They discovered that (1)
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foulant-foulant interactions significantly affect the rate and extent of FO
organic fouling; and (2) membranes made of different materials exhibit
different gypsum scaling behavior and have different mechanisms. Mi and
Elimelech also systematically studied the cleaning behavior of FO membranes
[27, 195, 196]. They found that, depending on specific membrane materials,
membranes fouled by organics or gypsums could even be thoroughly cleaned
by simple water rinsing without using any chemical cleaning reagents.
Recently the effects of critical flux and internal concentration polarization on

the flux decline behavior of FO membrane were also investigated [197].

It is emphasized that previous studies on FO membrane fouling have focused
on single foulants. To the best of the authors’ knowledge, there has been no
reported study on combined fouling of FO membranes. However, in real-world
situations, different types of foulants almost always coexist in natural waters. In
addition to organic fouling by the prevalent natural organic matters, gypsum
scaling is also possible due to membrane permeation-induced supersaturation of
calcium and sulfate ions, which are common in ground or brackish water.
Therefore, membranes are most likely fouled by different foulants
simultaneously. The individual fouling behaviors alone are already very
complex. The co-existence of organic foulants and sparingly soluble inorganic
minerals may lead to even more complicated, unique fouling behavior in
membrane processes. Fouling studies on RO membranes have demonstrated
that, compared to fouling by individual foulants, combined fouling often

exhibits dramatically different behavior and involves different mechanisms

39



[198-201]. Different organic foulants could interfere with each other or one
foulant affects the interactions between another foulant and membrane surface.
On the other hand, organic fouling could also be affected by other types of
foulants. For instance, it has been shown that the presence of inorganic calcium
ions may accelerate organic fouling by bridging organic molecules to form a

network structure in pressure-driven membrane processes [193, 202, 203].

The objective of this study is to investigate factors that govern the combined
organic and inorganic fouling of FO membranes and to elucidate mechanisms
that underlie the combined fouling. Alginate and gypsum are used as model
organic and inorganic foulants, respectively. A microscopic direct observation
method is developed to characterize the fouling layer growth and to understand
the effects of cake-enhanced concentration polarization on membrane flux
decline not only due to individual organic/inorganic fouling but also caused by
combined fouling. The cleaning efficiencies for FO membranes fouled by

individual and combined foulants are also investigated and compared.

3.3 Materials and Methods

3.3.1 FO membrane and its characterization

A commercially available cellulose triacetate (CA) membrane from Hydration
Technology Innovations (Albany, OR) was used in this study. Membrane
samples were stored in deionized (DI) water at 4 °C and soaked in DI water at

room temperature for 24 hours before each experiment. The
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hydrophobicity/hydrophilicity of the FO membrane was evaluated by
measuring water contact angle using sessile drop approach (Kruss G10
goniometer, Kruss, Germany). The pure water permeability of the membrane
was determined in a cross-flow RO membrane system. The membrane surface
morphology was characterized by AFM (Asylum Research, Santa Barbara, CA).
In order to avoid changes in morphology as the CA membrane becomes dried,
the AFM images were taken in a fluid cell filled with test solution. The test
solution, containing 20 mM NaCl and 45 mM Na2S0O4 with total ionic strength
of 0.14 M and pH 7.5, has the same components as was used in the
corresponding baseline experiments. Before the imaging, a fresh membrane
sample was cut and attached to the bottom of a fluid cell with the active layer

facing up and soaked in the test solution.

3.3.2 Bench-scale FO membrane system

The fouling and cleaning behavior of the FO membrane was investigated in a
bench-scale cross-flow system, as schematically shown in Figure 3.1. A similar
system was used in a previous study [27]. This system includes a cross-flow
membrane cell with two symmetric flow channels each of 77 mm x 26 mm x 3
mm in dimension. Membrane coupons were placed in the membrane cell
between the two channels for draw and feed solutions, respectively. In order to
reduce pressure on the suspended FO membrane, co-current flow was
introduced into the two channels. Two variable speed gear pumps (Cole-Parmer,
Vernon Hills, IL) were used to pump draw and feed solutions into separate

closed loops. The cross flow rates of draw and feed solutions were monitored
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by flow meters. Both draw and feed solutions were kept at an almost constant
temperature (20+1°C) by a refrigerated water bath (Thermo Neslab Inc.,
Newington, NH). The feed solution was constantly stirred to avoid
precipitation of foulants. Change in the weight of draw solution was monitored
by a digital balance (Denver Instruments, Denver, CO) and recorded in a

computer by data acquisition software (TAL tech, Philadelphia, PA).

Figure 3.1. Schematic diagram of the laboratory-scale FO system.

3.3.3 Direct observation system

As schematically shown in Figure 3.2, a cross-flow FO membrane direct
observation system was employed to monitor in real time the formation of
fouling layer during filtration experiments. This system is equipped with a
window cell and an Olympus BX51 microscope (Olympus, Japan). A 16 mm X
38 mm glass window is built into the upper plate of the membrane cell to allow
direct observation of foulant deposition on the membrane surface. The

thickness of the flow channel on the feed side is 1 mm. The rest of the direct
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observation system closely resembles the cross-flow FO membrane system

previously used in fouling and cleaning experiments [27].
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Figure 3.2. Schematic diagram of the direct observation system.

3.3.4 Draw and feed solutions

A 4 M NaCl solution was used as the draw solution in both fouling and baseline
experiments. Sodium alginate (12-80 kDa) and gypsum (CaSO4-2H20) were
selected as the model organic foulant and model mineral (inorganic) scaling
agent, respectively. Alginate was added into the fouling solution from a
concentrated sodium alginate stock solution with a concentration of 10 g/L and
stored at 4 °C. Gypsum was added into the fouling solution from stock
solutions of 3.5 M CaCl2 and 1 M Na2SO4. The concentration of alginate in
the feed solution was 200 mg/L. With a saturation index of 1.3, the
concentrations of Ca2+ and SOA42- in the feed solution were made slightly
higher than the solubility of gypsum. All the chemicals were obtained from

Sigma-Aldrich (St. Louis, MO). Detailed composition of feed solutions is
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listed in Table 3.1. During the fouling and baseline experiments, the feed
solution chemistry was carefully controlled to maintain a relatively constant

osmotic pressure.

Table 3.1. Feed solution composition in fouling and baseline experiments.

NaCl Alginate Na:SOs CaCl NaHCOs Ionic strength (M)

Foulants mM) (mg/L) (mM) (mM) (mM)

Alginate 20 200 45 1 1 0.14
Gypsum 20 0 20 35 1 0.14
Alginate + Gypsum 20 200 20 35 1 0.14
Baseline 20 0 45 0 1 0.14

3.3.5 Protocols of fouling and cleaning experiments

The procedure to conduct FO membrane fouling and cleaning experiments is
described as follows. First, a fresh FO membrane coupon was sealed in the
membrane cell with the active layer facing the feed solution channel. Then, the
whole membrane system was stabilized with DI water on both sides of the
membrane at 20+ 1 °C for 30 minutes. Baseline experiment was performed for
one hour to obtain the initial membrane flux. Fouling experiment started with 2
L of feed solution and 2 L of draw solution. It continuously ran for 48 hours at
a cross flow rate of 8.5 cm/s, pH 7.5, and temperature of 20+1 °C. The
permeate water was collected in the draw solution tank. The corresponding
changes in the weight of draw solution were monitored, recorded, and later
converted to changes in membrane flux. Typically, the feed solution volume
was around 1.1 + 0.2 L at the end of the fouling experiment. After the fouling
experiment, membrane permeate flux was shut down and the membrane was

immediately rinsed using DI water. In order to enhance physical scrubbing, air
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bubbles were introduced into the rinsing water at an interval of 5 minutes. The
temperature was kept at 20+1 °C and the cross flow rate was increased to 21
cm/s in the cleaning experiment. After membrane cleaning, baseline experiment

was conducted again to determine the membrane flux recovery ratio.

The baseline experiment that was conducted before fouling experiments aimed
to eliminate the membrane flux decline due to the decreasing of osmotic driving
force. Such a decline was caused by the continuous decrease of concentration
difference between draw and feed solutions due to permeation of water from
feed to draw. The baseline experiment followed the same protocol as that for

the fouling experiment except that there was no foulant in the feed solution.

3.3.6 Protocols of direct observation experiments

In the direct observation experiments, a microscope-equipped window cell FO
membrane system was adopted to conduct the fouling experiments. The
protocol was similar to what has been described in the previous section, except
that a microscope was used to observe the membrane surface through the glass
window on the membrane cell. Images of the membrane surface were taken
with an objective of 10x magnification and captured by a digital camera
connected to the microscopy computer. In the first hour of the experiment,
images were taken at a ten-minute interval to capture the initial deposition of
foulants. After that, images were taken every hour until the membrane surface
was fully covered by foulants. During membrane cleaning, images were taken
every five minutes to directly observe the cleaning efficiency. The Image J

software was used for image processing [29].
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3.4 Results and Discussion

3.4.1 FO membrane properties
The CA membrane used in this study has an asymmetric structure that includes
a porous support layer and a relatively smooth active layer. AFM images of the
FO membrane active layer are shown in Figure 3.3. The mean roughness of the
membrane surface in an area of 10 um %10 um is 25 nm, as determined by
image analysis software of IGRO Pro (Lake Oswego, OR). It is observed that
the membrane surface is often rougher in areas right above or near the
embedded mesh support. The membrane surface is relatively hydrophilic with
a water contact angle of around 75+ 3°, which was measured under ambient
conditions using a KRUSS G10 Goniometer (Matthews, NC). The pure water
permeability of the FO membrane measured in an RO operation mode is

9.7x10-13 m/(s-Pa).

Figure 3.3. AFM images of the FO membrane surface (active layer). The
scanning area is 10 um x 10 um for image (a) and 1 um x 1 pm for imiage (b).
Note that vertical scales of the two images are different.
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3.4.2 Synergistic effects between organic fouling and inorganic scaling

In order to identify any possible synergistic effects between organic fouling and
inorganic scaling, FO fouling experiments with single foulants were performed
prior to the combined fouling experiments. As mentioned earlier, sodium
alginate was used as a model foulant for organic fouling, and gypsum
(CaS04.2H20) for inorganic scaling. The total ionic strength of fouling
solution was kept the same in order to maintain a constant osmotic pressure and

initial flux in all fouling experiments.

Figure 3.4 shows the results of FO membrane flux decline caused by individual
foulants. No significant flux decline is observed in the alginate fouling
experiment, indicating that the initial flux is already below the critical flux
associated with alginate fouling. In contrast, the flux decline during gypsum
scaling undergoes two stages: the flux decreases at a relatively low rate until at
around 2000 minutes when the flux quickly drops below 1 pm/s. The rapid flux
decline after 2000 minutes is most likely caused by the concentrating effect,
because the concentration of gypsum ions in feed solution almost doubled,
which can potentially shorten nucleation time and increase the rate of gypsum
crystal growth. Note that the scaling experiment was started with 2000 mL of
feed solution, and around 900 mL of water had permeated from feed solution to

the draw solution by the end of 2000 minutes.
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Figure 3.4. Comparison of FO membrane flux declines during single-foulant
experiments. Experimental conditions were: 4 M NaCl as draw solution in both
experiments; feed solution total ionic strength kept at 0.14 mM by adjusting the
concentration of Na2SO4; feed solution pH kept at 7.5 by adding 1 mM
NaHCO3; temperature of 20+£10C; cross-flow rate of 8.5 cm/s; 200 mg/L
sodium alginate used as the organic foulant, with 1 mM Ca2+ added; the

gypsum (CaS04-2H20) saturation index equal to 1.3 in the scaling experiment,
with 35 mM CaCl2, 20 mM Na2S04, and 20 mM NaCl in the solution.

A combined fouling experiment was then conducted with both sodium alginate
and gypsum in the feed solution to study whether synergistic effect exists
between the two different types of fouling. As shown in Figure 3.5, when both
alginate and gypsum are present in FO membrane process, a rapid flux decline
occurs even at the beginning of the fouling experiment. In contrast,
superposition of the flux decline curves associated with individual foulants

leads to a much slower initial decline.
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Figure 3.5. Flux of FO membrane subjected to combined organic fouling and
gypsum scaling. Conditions in the combined fouling experiment were the same
as described in Figure 3. 4, except that feed solution contained 200 mg/L
sodium alginate, 35 mM CaCl2, 20 mM Na2S04, and 20 mM NaCl, with a
saturation index of 1.3. Algebraic sum of individual flux declines due to
organic fouling and gypsum scaling is also presented to highlight the synergistic
fouling effect.

The faster initial flux decline in the combined fouling experiment clearly
indicates that a synergistic effect exists between alginate fouling and gypsum
scaling. That is, the effect of the co-existence of these two types of foulants on
flux decline is greater than the algebraic sum of their individual effects.
Accordingly, it is important to understand mechanisms that underlie the
synergistic effects in order to develop effective strategies for controlling the
combined fouling. In the following sections, detailed elucidation of these

mechanisms is presented.
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3.4.3 Mechanisms controlling the synergistic interactions between gypsum and
alginate

Gypsum and alginate in the solution may interact in one or several of the
following possible ways: (1) the presence of gypsum (i.e., calcium and sulfate)
ions affects the kinetics of alginate deposition and/or structure of alginate
fouling layer; (2) the presence of alginate molecules affects the growth or
deposition of gypsum crystals; and (3) the deposition of one type of foulants
modifies surface characteristics of the membrane and thereby affects the

subsequent deposition of the other type of foulants.

Effects of gypsum on alginate fouling

In order to initiate gypsum scaling, elevated concentration of calcium and
sulfate ions was used in the combined fouling experiments. It is unlikely that
sulfate ions would directly interact with alginate molecules, which mainly
contain negatively charged carboxylate functional groups. However, the
presence of calcium ions may significantly aggravate alginate fouling. This is
because calcium ions are able to bridge alginate molecules together by forming
a zigzag structure, eventually resulting in a dense gel layer of alginate on
membrane surfaces [204, 205]. Previous study has demonstrated that FO
membrane flux decline due to alginate fouling is much faster in the presence of
0.5 mM calcium ions than in the absence of calcium [197]. However, there has
been no reported research on the alginate fouling behavior of FO membrane in
the presence of very high concentration (for example, 35 mM as used in the

present study) of calcium ions.
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Figure 3.6. Effects of divalent cations on FO membrane organic fouling
behavior. 200 mg/L sodium alginate was introduced to feed solution as model
organic foulant; Ca2+ ion was added in two sets of experiment at a
concentration of 1 mM and 35 mM, respectively (same concentration as used in
the combined fouling experiment). Other fouling experiment conditions were
the same as those described in Figure 3. 4.

In order to study the effects of calcium ions on alginate fouling behavior, three
different concentrations (0 mM, 1 mM and 35 mM) of calcium ions were used
in alginate fouling experiments. As shown in Figure 3.6, there is no significant
flux decline in any of the three experiments, an apparent difference from the
results of a previous study where the addition of 0.5 mM of calcium
considerably decreased flux in alginate fouling [197]. This difference is caused
by different initial fluxes used in the fouling studies. Compared to an
approximate 8 pm/s in the previous study, the initial flux in the present study is
4.5 pum/s, which is most likely below the critical flux for alginate fouling,
prohibiting the deposition and accumulation of alginate molecules on the
membrane surface. The results indicate that the addition of calcium does not

aggravate alginate fouling when the initial membrane flux is below the critical
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point.

Effects of alginate on gypsum scaling

Gypsum scaling in membrane processes can be governed by one of the two
different mechanisms: (1) heterogeneous or surface crystallization, during
which crystals grow directly on membrane surface, and (2) homogeneous
crystallization, where crystals are formed in the bulk solution and then deposit
on membrane surface [197]. However, it was found in the previous study that
variation in membrane materials/surface properties may alter the dominating
gypsum scaling mechanism from homogeneous to heterogeneous crystallization
[197]. Similarly, alginate may affect gypsum scaling in two different ways: (1)
to interfere with homogeneous crystallization by directly interacting with
calcium or sulfate ions in bulk solution, or (2) to modify membrane surface
properties through adsorption and thereby initiate crystal growth on membrane

surface.

In order to elucidate the dominating effect of alginate, the flux declines and
fouling layer morphologies from three well-controlled fouling experiments
were studied and compared. These experiments were gypsum scaling on clean
membrane (i.e., no alginate was added in feed solution), combined gypsum-
alginate fouling on clean membrane (i.e., alginate was added in feed solution),
and gypsum scaling on alginate conditioned membrane (i.e., alginate was pre-
coated on membrane surface but not added in feed solution). Note that the

alginate conditioned membrane was obtained by performing an alginate fouling
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experiment for 24 hours to allow a thin alginate layer to be evenly coated on the
membrane surface, without causing noticeable flux decline. After the coating
treatment, the feed solution was replaced by a new gypsum scaling solution to

perform the scaling experiment.

Figure 3.7(a) compares the flux decline curves resulting from these three
experiments. It shows that the presence of alginate aggravates gypsum scaling,
regardless of whether alginate exists in the feed solution or it is pre-coated on
the membrane surface. Despite the fact that alginate was mainly present in the
bulk solution during the combined fouling experiment, it is unlikely that the
worsened flux decline was mostly caused by the direct interaction between
alginate molecules and gypsum ions in bulk solution. This is because the most
severe flux decline was observed when alginate was present on membrane
surface only but not in bulk solution. In fact, when alginate was added in bulk
solution, the adsorption of alginate molecules on membrane surface possibly
modified membrane surface properties and subsequently stimulated
heterogeneous crystallization, which became the dominating mechanism of
gypsum scaling, as opposed to homogeneous crystallization in the absence of

alginate for the CA membrane.
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Figure 3.7. Effects of organic foulant on FO membrane scaling behavior: (a)
Flux decline in FO scaling with or without alginate; (b) SEM image of gypsum
scale on the FO membrane surface; (c) SEM image of gypsum scale on the
alginate conditioned membrane surface; and (d) SEM image of combined
gypsum-alginate foulant layer on the FO membrane. All images were taken at
the same magnification. Scaling experiment conditions were the same as those
described in Figure 3.4.

Effects of alginate on the size of gypsum crystals In order to understand how

alginate affects the morphology of gypsum crystals, the membrane coupon with
intact fouling layer was taken out from the membrane cell after each fouling
experiment and analyzed by Scanning Electron Microscopy (SEM). The SEM

images of fouling layer samples are shown in Figure 3.7(b-d). Figure 3.7(b)
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exhibits the gypsum crystals formed in the absence of alginate; in this case,
only relatively small gypsum crystals are observed. Figure 3.7(c) shows
gypsum crystals that growed on the alginate conditioned membrane surface; in
this case, much larger crystals are observed. As indicated in Figure 3.7(d), the
size of gypsum crystals formed during the combined fouling experiment is
similar to that of gypsum crystals growing on the alginate coated membrane
surface. These comparisons reveal that the presence of alginate molecules,
either in solution or on membrane surface, significantly increases the size of

gypsum crystals.

Effects of cake-enhanced concentration polarization (CECP) in gypsum scaling

on the alginate conditioned membrane

CECP can also play a role in gypsum scaling on the alginate conditioned
membrane. CECP takes place when a cake layer formed on the membrane
surface hinders the back diffusion of solute, causing an elevated concentration
at the membrane surface compared to the bulk solution concentration. In the
experiment with the alginate conditioned membrane, a thin gel layer was
deposited on membrane surface before the scaling experiment. Although this
thin gel layer itself was unable to cause noticeable flux decline, the associated
CECP led to elevated calcium and sulfate concentration at the membrane
surface, causing gypsum crystallization to start earlier on the membrane surface
(i.e., under the alginate gel layer) than in the bulk solution. Therefore, gypsum
crystals grow underneath the preexisting alginate layer but not on top of it. This

effect is clearly shown in Fig. 7(c): pieces of alginate gel layer appear on top of
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a layer of gypsum crystals growing underneath.

3.4.4 Direct observation of the kinetics of gypsum crystallization on FO
membrane surface

Direct observation experiments were conducted to observe the kinetics of
gypsum crystal formation on membrane surfaces during the fouling
experiments. The experimental conditions in the direct observation
experiments were kept the same as those in the fouling experiments. The
results are presented in Figure 3.8. The upper three images (Figure 3.8(al-c1))
were taken when gypsum crystal was first detected on membrane surfaces.
Figure 3.8(al) shows that it took two hours for gypsum crystals to appear on a
clean membrane surface. In contrast, as shown in Figure 3.8(b1), it only took
ten minutes for the first crystal to be spotted on the surface of the alginate
conditioned membrane. Figure 3.8(c1) indicates that, in the combined fouling
experiment, gypsum crystal appeared after the first hour. Comparison of these
three images reveals that the presence of alginate shortened the nucleation time
for gypsum crystal formation. Moreover, the nucleation time was much shorter
when alginate pre-existed on membrane surface (i.e., in the alginate conditioned
fouling experiment) than when alginate was in solution (i.e., in the combined
fouling experiment). This is probably because of the CECP effect in the
alginate conditioned experiment and also the slow adsorption of alginate on

membrane surface in the combined fouling experiment.
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Figure 3.8. Images of the FO membrane surface from direct observation of
scaling experiments. The upper three images (al, bl, c1) were taken when the
first gypsum crystal was observed on membrane surfaces. The lower three
images (a2, b2, c2) were taken after five hours of fouling experiments.
Experimental conditions were detailed in Figure 3.4.

The lower portion of Figure 3.8 gives the images of gypsum crystals formed on
each membrane surface after five hours of fouling experiment. Figure 3.8(a2)
is the surface image of gypsum crystals growing on clean membrane surface in
the absence of alginate. Obviously these crystals have relatively thin branches
and form a loose gypsum cluster. In contrast, the gypsum crystals observed on
top of the alginate conditioned membrane surface have a much thicker and
denser structure, as shown in Figure 3.8(b2). Figure 3.8(c2) presents the

gypsum crystals found on clean membrane surface in combined fouling (i.e.,

alginate was present in solution). In this case, single crystals appear to be thick
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but scattered within a gel-like network. Generally, higher surface coverage and
thicker crystals were observed when alginate was present, indicating that
alginate did increase the growth kinetics of gypsum crystals.

3.4.5 Dominating mechanisms for the combined gypsum and alginate fouling
of FO membrane

The synergistic effect observed in the combined gypsum and alginate fouling is
mainly caused by alginate significantly affecting the morphology and formation
kinetics of gypsum crystals. The specific interactions between alginate
molecules and calcium ions play a key role in the process. Gypsum crystal is
composed of repeating layers of calcium ions and sulfate ions, while alginate is
generally in the form of a long chain molecule with a large number of
negatively charged carboxylate functional groups along the chain. Carboxylate
groups have a strong tendency to form complexes with calcium ions. As a
result, when alginate is introduced into a gypsum scaling solution, the alginate
molecule may trap a layer of Ca2+ immediately around its surface. Due to
charge effects, this Ca2+ layer could then attract a layer of SO42-, initiating
crystal growth around the alginate molecule. As illustrated in Figure 3.9, the
crystal formed around a long-chain alginate molecule, which acts as a nucleus,
is much bigger than a pure gypsum crystal (such a difference in crystal size is

demonstrated by the SEM images in Figure 3.7(b-d)).

In addition, since alginate behaves as the nucleus for crystallization, the time
needed for nucleation before crystal starts growing could also be shortened,

thereby changing the kinetics of gypsum crystallization, as demonstrated in the
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direct observation experiments. Therefore, the combined gypsum and alginate
fouling is dominated by the adsorption of alginate molecules on membrane
surface followed by heterogeneous crystallization around alginate nuclei,
resulting in a combined network of gypsum crystal and alginate gel, as
illustrated in Figure 3.9(b). In contrast, although the gypsum scaling on alginate
conditioned membrane is also controlled by heterogeneous crystallization with
alginate as nucleus, crystals grow from the bottom of the alginate gel layer due

to CECP.
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Figure 3.9. Illustration of gypsum scaling mechanism: (a) Gypsum crystal
formation in the absence of alginate; and (b) Gypsum crystal formation in the
presence of alginate.

3.4.6 FO fouling reversibility by cleaning

Membrane cleaning experiments were performed immediately after each
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fouling experiment to test fouling reversibility. Cleaning experiments were
conducted by rinsing the membrane with DI water for 20 minutes at a cross-
flow rate of 21 cm/s in the absence of permeate flux; air bubbles were
continuously introduced to enhance cleaning. Membrane flux was tested under
the baseline experiment condition after the cleaning experiment. Results of
membrane fluxes before and after cleaning are presented Figure 3.10. These
fluxes are normalized by the clean membrane flux obtained from the baseline
experiment before each fouling experiment. It is seen that, for gypsum scaling
on clean membrane, fouling is almost fully reversible by pure water cleaning.
However, when alginate is present either in the solution or on membrane
surface, the flux of membrane subjected to gypsum scaling can no longer be
fully recovered by the physical cleaning with pure water. However, the results
do not necessarily indicate that the combined fouling in FO is irreversible, as it
is still possible to fully recover the membrane flux by appropriate chemical

cleaning, a topic that deserves further investigation.
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Figure 3.10. Cleaning efficiencies of FO membranes after different fouling
experiments. Experimental conditions were detailed in Figure 3.4. Cleaning
experiments were conducted by rinsing the membrane with DI water for 20
minutes at a cross-flow rate of 21 cm/s in the absence of permeate flux, with air
bubbles continuously introduced. Membrane flux was tested under the baseline
experiment condition after each cleaning experiment. The membrane flux
presented is normalized by the clean membrane flux obtained from the baseline
experiment.

3.5 Concluding Remarks

This study investigated combined organic and inorganic fouling of FO
membranes using alginate and gypsum as model foulants. A synergistic effect
between alginate fouling and gypsum scaling was observed in the combined
fouling experiment. That is, the coexistence of foulants resulted in more severe
flux decline than the algebraic sum of flux declines caused by individual
foulants. It was found that this synergistic effect was mainly due to the

aggravated gypsum scaling in the presence of alginate molecules. However, the
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effect of gypsum on alginate fouling was negligible under the present
experimental condition where membrane initial flux in the fouling experiment

was below the critical point.

Analysis of flux decline results and SEM images indicate that alginate
molecules act as large nuclei in gypsum crystal growth, thus significantly
increasing the size of gypsum crystal and shortening the initiation time for
crystallization. It is also revealed that the dominating scaling mechanism
switches from bulk crystallization (in the absence of alginate) to
surface/heterogeneous crystallization (in the presence of alginate). In the
combined gypsum and alginate fouling, alginate molecules are first absorbed
onto membrane surface, and then wused as nuclei for heterogeneous
crystallization, resulting in a combined network of gypsum crystal and alginate
gel. In contrast, although the gypsum scaling on alginate conditioned membrane
is also controlled by heterogeneous crystallization with alginate as nucleus,

crystals grow from the bottom of the alginate gel layer due to CECP.

In order to better understand the effects of alginate on the kinetics of gypsum
crystal growth, a membrane window cell coupled with a microscope was used
to directly observe crystal formation on the FO membrane surface during the
fouling experiments. The direct observation results confirmed that alginate
shortened the nucleation time, increased the rate of gypsum growth, and

changed the morphology of gypsum crystals.

The cleaning efficiencies of fouled FO membranes were tested by rinsing the
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membrane surface with pure water plus continuously introduced bubbles. It
was found that cleaning efficiency for combined fouling was lower than that for
individual fouling. The results, however, do not necessarily indicate that the
combined fouling in FO is irreversible, as it is still possible to fully recover the

membrane flux by appropriate chemical cleaning.
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Chapter 4: Effects of Absorbed Organic Macromolecule on

Gypsum Scaling of Forward Osmosis Membranes

4.1 Abstract

This paper analyzes the effects of organic macromolecule absorption on
gypsum scaling in the forward osmosis (FO) process. The base membrane used
in the study was a commercially available cellulose acetate FO membrane. The
membrane surface was conditioned with a variety of organic macromolecules,
including sodium alginate, bovine serum albumin (BSA), and Aldrich humic
acid (AHA) prior to performing gypsum scaling experiments. The absorbed
organic macromolecules significantly changed the membrane flux-decline
behavior under gypsum scaling. Organic macromolecules (AHA and alginate)
with a high density of carboxylate functional groups led to increased gypsum
crystal size, shortened crystal nucleation time, and faster flux decline, while
BSA with its low carboxylate density did not show any significant effects on
gypsum scaling. Further characterization of the foulant layer structure and
composition suggest that the presence and density of carboxylate functional
groups on membrane surface greatly accelerate gypsum crystallization. In
addition, fouling-enhanced concentration polarization within the adsorbed
organic layer also plays a role in gypsum scaling. Quartz Crystal Microbalance
with Dissipation (QCM-D) was used to investigate the behavior of calcium ion
adsorption on different organic molecule conditioned layers. The results suggest

that the conditioning layer of BSA hindered the adsorption of calcium ions.
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4.2 Introduction

Forward osmosis (FO) is an emerging membrane technology ideally poised at
the nexus of water and energy. There has been a growing interest in the use of
FO as an alternative process for reverse osmosis (RO) or nanofiltration (NF) in
a wide range of applications, such as seawater/brackish water desalination [9-11,
81, 206, 207], wastewater treatment[12, 208], and liquid food processing [13,
209]. Unlike conventional pressure driven membrane processes, FO uses
natural osmotic pressures generated by concentrated draw solutions as the
driving force to pull water molecules through a semi-permeable membrane
from the feed solution. This results in a diluted draw solution which can then
be reused by concentrating the draw solute and extracting pure water. The
advantages of FO over RO membrane processes are low hydraulic pressure
with similar rejection rate of a wide range of contaminants. Low hydraulic
pressure provides benefits such as the reduction of energy consumption and

reduced membrane fouling [12, 210].

There are, however, still some challenges faced by FO such as improving
membrane performance and advancing the application of this process. The
most important of these challenges is the mitigation of membrane fouling and
the improvement membrane flux. Membrane fouling is the accumulation of
foreign substances onto membrane surfaces or into membrane pores which
degrades membrane performance (i.e. permeate flux and product water quality),
shortens membrane life, and increases system maintenance cost [103, 105].

Membrane fouling is a broad term that includes the accumulation of all kinds of
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substances onto the membrane surfaces and can be generally divided into four
groups: organic fouling, inorganic scaling, microbial fouling, and

colloidal/particulate fouling.

Organic foulants such as natural organic matters (NOMs) are prevalent and
unavoidable in natural water sources (e.g., seawater, surface water, and
groundwater) [106-108]. The adsorption of organic foulants onto the
membrane surface not only results in a direct decline in membrane flux, but
also changes the membrane surface characteristics, thus greatly affecting the
behaviors of other types of fouling. NOMs have a wide range of chemical
formulas with no unique structure or composition. Therefore, organic fouling
and their effect on subsequent fouling are naturally complicated. Our previous
study [211] found that the coexistence of alginate and gypsum in FO membrane
processes can result in faster flux decline than the flux declines caused by a
single foulant. The most severe flux decline was found when alginate was pre-
coated on the membrane surface. Membrane cleaning can remove the adsorbed
foulants and recover the membrane flux to a certain degree, especially for FO
membranes [24, 27]; however, overtime, the conditioning of membrane
surfaces by the accumulation of organic matter is almost unavoidable.
Therefore, it is important to understand the fouling behavior of organic
macromolecules conditioned membranes in order to develop effective fouling

control strategies.

Gypsum scaling is the most common and troublesome scaling found in

membrane processes for seawater/brackish water desalination. [91, 116-118] It
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is very difficult to control gypsum scaling because gypsum’s solubility is not
pH sensitive and cannot be mitigated by adjusting the solution’s pH. Gypsum
scaling usually results in irreversible membrane flux decline and cannot be
efficiently removed by acid cleaning. Mechanisms of gypsum scaling in
pressure-driven membrane processes are well investigated [117, 118, 212];
however, only a few studies focus on gypsum scaling in FO process. Mi and
Elimelech [119] investigated the gypsum scaling behaviors in FO by
conducting both macro-scale fouling experiments and micro-scale atomic force
measurement experiments. They found that, in bulk solutions, gypsum scaling
of cellulose acetate (CA) membrane is dominated by crystallization and
subsequent crystal deposition. While in our previous study [211], we found that,
when alginate is added to the system, the dominant scaling phenomenon on the

CA membrane changed to surface crystallization.

The objective of this study is to investigate how different organic
macromolecules, after they absorb onto a membrane surface, may change the
membrane surface characteristics and subsequently affect the behaviors of
gypsum scaling in an FO membrane process. Three types of organic molecules -
sodium alginate, bovine serum albumin (BSA), Aldrich humic acid (AHA) -
were used as model organic foulants. Membrane flux was constantly monitored
during membrane scaling and cleaning experiments. We also employed a direct
observation method to characterize the gypsum scale formation and elucidate
scaling mechanisms with different organic macromolecules. Scanning electron

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) analysis
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were used to characterize gypsum scaling layers formed with each organic
macromolecule. QCM-D experiments were conducted to investigate calcium

ion adsorption behavior on different organic molecule conditioned layers.

4.3 Materials and Methods

4.3.1 FO membranes

The FO membranes tested in the present study were provided by Hydration
Technology Innovations (Albany, OR). The membrane is made of cellulose
acetate (CA) and supported by embedded polyester mesh to enhance the
mechanical strength of the membrane [12]. The CA membrane has an
asymmetric structure with a total thickness of approximately 50 pm based on
the examining of SEM images [24]. The pure water permeability of this CTA
membrane was tested in RO mode as 9.7x10-13 m/ (s-Pa). More information

on the CA membrane can be found in a previous study [211].

4.3.2 Organic and inorganic foulants

All the chemicals needed to prepare fouling solution were obtained from
Sigma-Aldrich (St. Louis, MO) and used as received. Three organic
macromolecules — bovine serum albumin (BSA), Aldrich humic acid (AHA),
and sodium alginate — were used as model organic foulants to represent protein,
NOM, and extracellular polysaccharides, respectively, which are three common
types of organic macromolecules in natural waters. The properties of the three

representative organic foulants are provided in Table 4.1.

Table 4. 1. Characteristics of three organic macromolecules
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MW Surface Carboxylic acidity (meg/g)

(kDa) Functional groups
Alginate 75-100 -COOH 3-3.5[26]
AHA  20-50  -COOH,-C=0, -NH-, -OH 3.5[27]
BSA 66.4 -C=0, -NH- 1-1.5[26]

Stock solutions of the organic macromolecules (10 g/L) were prepared by
dissolving solids in deionized (DI) water with continuously stirring at room
temperature for over 24 h. Then, the stock solutions of alginate and BSA were
each transferred to sterilized glass bottles and stored at 4 °C, while the AHA
stock solution was further purified to decrease ash content in solution following
a purification procedure [27, 109]. Stock solutions of CaCl2 (3.5 M) and

Na2S04 (1 M) were prepared for gypsum (CaSO42H20) scaling experiments.

Prior to each scaling experiment, the stock solutions were diluted to desired
concentrations for use as the feed solutions in the baseline, organic conditioning,
and gypsum scaling experiments, respectively. Chemical composition of the
feed solutions is listed in Table 2. Note that the concentrations of Ca2+ and
SO42- in the feed solution were made slightly higher (with a saturation index of
1.3) than those of the solubility product of gypsum so that scaling can take

place at a reasonable speed [119].

Table 4.2. Chemical composition of the feed solution used in the baseline,
organic deposition, and gypsum scaling experiments

69



Fouling NaCl Organic NaS0s CaCly NaHCO; PH Total

Experiments (mM) matter  (mM) (mM) (mM) Tonic
(mg/L) Strength(M)

Baseline Experiment 20 0 45 0 1 7.5 0.14

20 0 20 35 1 7.5 0.14
Gypsum Scaling

20 200 45 1 1 7.5 0.14
Alginate Deposition
BSA Deposition 20 200 45 1 1 75 0.14
AHA Deposition 20 200 45 1 1 75 0.14

4.3.3 FO membrane system

The scaling and cleaning experiments were conducted in parallel using two
bench-scale membrane cross-flow systems (an FO system and an FO direct
observation system), which have been previously used for FO fouling study
[213]. Basically, the FO system comprises a custom-built cross-flow membrane
cell with identically structured rectangular channels (77 mm long, 26 mm wide,
and 3 mm deep) on both sides of the membrane. Two variable speed gear
pumps were used to generate cross flows that form separate closed loops for
feed and draw solutions, respectively. The draw solution tank was placed on a
digital scale (Denver Instruments, Denver, CO) so that weight change was
monitored by a computer to record the permeate flux. The feed solution tank
was placed on a stir plate and feed solution was continuously stirred to avoid
foulant precipitation. A constant temperature of 20+1 °C was maintained for
both feed and draw solutions using a water bath (Neslab, Newington, NH). The
FO direct observation system has a similar set up as the FO system, except that
a built-in glass window was created in the membrane cell to allow the online
monitoring of scaling layer formation on membrane surface during filtration

experiments.4.3.4 Membrane fouling and cleaning protocols

70



We ran two identical conditioning/scaling experiments for each organic foulant:
Experiment (a) investigated the foulant layer formation by direct observation
and SEM examining; and Experiment (b) tested the cleaning efficiency by DI
rinsing (with air bubbles introduced). Membrane flux declines were monitored

in both Experiment (a) and (b) (Figure 4.1).

Each membrane conditioning/scaling experiment was conducted in the
following five steps: (1) place a fresh membrane coupon in the membrane cell
with the active layer facing the feed solution side; (2) stabilize the system with
DI water on both sides of the membrane for 30 min to remove the impurities
from membrane surface; (3) test virgin membrane flux under baseline
conditions (Table 2)so that the effect of draw solution dilution on membrane
flux could be corrected; (4) continuously perform the organic conditioning
experiment with freshly prepared feed solution and draw solution for 24 h to
introduce an organic conditioning layer on membrane surface; and (5)
immediately perform the gypsum scaling experiment by switching the organic
conditioning and draw solutions to newly prepared gypsum scaling and fresh
draw solutions. Note that all the conditioning and scaling experiments were
performed with a cross-flow rate of 8.5 cm/s, pH 7.5 (controlled by adding
NaHCO3), and temperature of 20+1 °C. The permeate water flux was
monitored throughout the conditioning and scaling experiments by a digital

balance connected to a PC.

During Experiment (a), a digital camera connected to a microscope computer

was used to capture images of the membrane surface at a magnification of 10x.
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Within the initial hour of the experiment, photos were taken every 10 min in
order to assess the initial deposition of foulants. After the first hour, images
were taken every hour until the full coverage of membrane surface by foulants.
At the end of the experiment, the fouled membrane was immediately taken out
of the membrane cell and dried in vacuum desiccator for the subsequent SEM

analysis.

Experiment (b) was very similar to Experiment (a) except that, as the final stage
of the experiment, membrane cleaning was performed immediately following
gypsum scaling. Conditions for the cleaning experiment included a cross-flow
rate of 21 cm/s, DI as the cleaning solution with air bubble introduced every 5
min, and a cleaning duration of 20 min. The membrane flux was tested after
the cleaning experiment to determine the flux recovery. Conditions for the flux
test were the same as those for the initial pure water flux test on the virgin

membrane.

4.3.5 Quartz crystal microgravimetry with dissipation (QCM-D) experiment
for adsorption and cleaning protocols

QCM-D is an effective tool to measure with nanoscale sensitivity the changes
in mass, thickness, structural, and/or viscoelastic properties of the adsorbed
layer on top of a quartz sensor [214]. The working mechanism of QCM-D is
briefly described as follows. When an alternating current is applied to the
quartz sensor, it starts to oscillate at its resonant frequency. The adsorption of

mass onto the sensor surface is then sensed as a change in sensor frequency (Af).
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In addition, the change in system energy dissipation (AD) reveals information
about the viscoelastic properties of the adsorption layer. For a rigid adsorption
layer (i.e., AD < 1), the adsorbed mass can be calculated by the following

Sauerbrey equation [215-217]:

Am=~C(af)/n (1)

where Am = the change in adsorbed mass (ng/cm2), C = a constant for the
crystal (e.g., 17.7 ng/Hz-cm2 for a 4.95 MHz quartz crystal), and n = the
overtone number. If the adsorbed layer exhibits viscoelastic properties (i.e.,
AD > 1), a viscoelastic model can be used to fit the AD vs. Af curve to obtain
data for the adsorbed mass (Am) and other parameters of the adsorbed layer

(e.g., thickness, elastic modulus, and viscosity) [214, 218].

In the present study, QCM-D (E4, Q-Sense, Glen Burnie, MD) was used to
quantitatively assess the effects of organic conditioning on the adsorption of
calcium ions. First, the sensor surface was conditioned using a solution
containing 1 g/L organic macromolecules (i.e., BSA, AHA, or alginate). After
the adsorption of target organic macromolecules reached equilibrium, the
membrane surface with stabilized conditioning layer was rinsed with DI water.
Then, ImM CaCl2 solution was pumped through the system until a new
equilibrium was attained. In the end, the system was rinsed with DI water for
20 min. The cross-flow rate in the QCM-D experiments was fixed at 0.15

pL/min.
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Figure 4.1. Experimental protocols for the conditioning and gypsum scaling
experiment.

4.4 Results and Discussion

4.4.1 Membrane conditioning by organic macromolecules
The water flux of the FO membrane was monitored during organic conditioning
experiments. The addition of organic foulants (BSA, AHA, and alginate)
introduced a layer of organic macromolecules onto membrane surface without
significantly reducing the permeability of the membrane. As shown in Fig. 4.2,
organic conditioning only resulted in very slow, insignificant (less than 5%)
flux decline over the entire conditioning experiments. Severe membrane flux
decline typically happens when the fouling experiments were conducted above
critical [219-221]. For our experiments, the CTA membrane has a relatively low
initial flux due to the internal concentration polarization which takes place in
the support layer even with a high draw solution concentration [222]. Under
this flux condition, the organic foulants are unlikely to cause severe fouling on

the CTA membrane.
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Figure 4.2. Fouling behavior of FO membranes under various organic fouling
conditions. Experimental conditions of fouling experiments: 4 M NacCl is used
as the draw solution in all experiments; 200 mg/L organic foulant was added to
the feed solution; 1 mM Ca2+ is added; feed solution total ionic strength is kept
at 0.14 mM by adjusting the concentration of NaCl and Na2SO4; and, feed
solution pH is kept at 7.5 by adding 1 mM NaHCO3. The experimental
temperature is 20 + 1°C and the cross-flow rate is 8.5 cm/s for both draw and
feed solutions. Note, the membrane flux presented here has been normalized
by the clean membrane flux which is obtained by baseline experiment to
eliminate effects of the draw solution dilution.
4.4.2 Effects of organic macromolecule conditioning on gypsum scaling

The effect of organic conditioning on membrane flux decline was studied over
the long-term (48 h) scaling experiment, as shown in Fig. 4.3. Note the
membrane flux presented in the figure is normalized by the clean membrane
flux obtained in the baseline experiment in order to eliminate the effect of
dilution of the draw solution. It is seen that, for gypsum scaling on the virgin
membrane surface, the flux did not decline severely at the beginning of the
experiment while it dropped quickly to less than 20% of the initial flux (JO)
after 1000 mL water permeated through the membrane. Such significant flux

drop toward the end of the experiment is most likely due to an increase in feed

solution concentration, which was almost doubled after 1000 mL water
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permeated into the draw solution. In contrast, conditioning of the membrane by
different organic macromolecules affected the flux decline to various degrees.
Specifically, the alginate conditioned membrane exhibited a much faster flux
decline during gypsum scaling: the flux decreased to less than 20% of the initial
flux after only 200 mL water permeated through the membrane. For the AHA
conditioned membrane, although the flux decline during gypsum scaling was
slower than that of the alginate conditioned membrane, such flux decline was
still very fast compared with that of the virgin membrane. Of the three

conditioning types, the conditioning by BSA led to the slowest flux decline.

The above observations indicate that surface conditioning by alginate and AHA
each greatly accelerates gypsum scaling, while the conditioning by BSA
slightly inhibits gypsum scaling. Such a difference suggests that the effect of
organic conditioning on gypsum scaling may largely depend on the properties
of the specific type of organic macromolecules. Therefore, it is important to

identify such properties that can lead to more severe scaling.
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Figure 4.3. Influence of organic conditioning layers on gypsum scaling.
Membrane flux decline of gypsum scaling on (a) BSA-conditioned membrane,
(b) AHA-conditioned membrane, and (c) alginate-conditioned membrane.
Gypsum (CaSO4:2H20) saturation index (SI) in the scaling experiment is 1.3
with 35 mM CaCl2, 20 mM Na2S04, and 20 mM NaCl in the solution. Other
experimental conditions of fouling experiments are the same as those described
in Figure 4.2.

The dramatically different flux decline rates of gypsum scaling on conditioned
membrane surfaces demonstrate that the adsorption of organic compounds on
membrane surfaces could have significant effects on gypsum scaling behavior.
The severity of this effect largely depends on the properties of the organic

macromolecules. Our results show that the surface conditioning by alginate
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and humic acid greatly accelerates gypsum scaling while the conditioning by
BSA slightly inhibits gypsum scaling. A better understanding of the
sophisticated interactions between organic macromolecules, inorganic ions, and
FO membrane surfaces will be of critical importance in order to develop

effective FO membrane fouling control strategies.

4.4.3 Effects of organic macromolecule conditioning on flux reversibility
A membrane cleaning experiment was performed immediately after gypsum
scaling in order to test the flux reversibility. Membrane fluxes before and after
cleaning are compared in Fig. 4.4. It is seen that for gypsum scaling of a virgin
membrane, flux is almost fully reversible by simple physical cleaning. In
contrast, the flux of an organically conditioned membrane when subjected to
gypsum scaling cannot be completely reversed by cleaning. Such a relatively
low flux recovery by physical cleaning suggests that the adsorbed organic
macromolecules interact with gypsum crystals, resulting in stronger binding

between the scalants and scalants or salants and membrane surface.

78



U222 Flux recovery by cleaning
Flux after gypsum scaling

2 o ]

SLaBIRE\ ol

o™

Figure 4.4. Cleaning efficiency of FO membranes after various fouling
experiment conditions. Experimental conditions are detailed in Figure 4.2.
Cleaning experiments were conducted by rinsing membranes with DI water for
20 minutes at a cross-flow rate of 21 cm/s in the absence of permeate flux and
with air bubbles continuously introduced. Membrane flux was tested under the
baseline experiment after the cleaning experiment. Note, the membrane flux
presented here is normalized by the clean membrane flux obtained under
baseline conditions before each experiment.

4.4.4 Effects of organic macromolecule on scaling kinetics and scalant
morphology

A membrane cleaning experiment was performed immediately after gypsum
scaling in order to test the flux reversibility. Membrane fluxes before and after
cleaning are compared in Fig. 4.4 It is seen that for gypsum scaling of a virgin
membrane, flux is almost fully reversible by simple physical cleaning. In
contrast, the flux of an organically conditioned membrane when subjected to
gypsum scaling cannot be completely reversed by cleaning. Such a relatively
low flux recovery by physical cleaning suggests that the adsorbed organic

macromolecules interact with gypsum crystals, resulting in stronger binding
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between the scalants and scalants or salants and membrane surface.

Figure 4.5. Microscopic images (10 x) of membrane surfaces during scaling
experiments. All images were taken after 2 hours of the experiment. The red
arrows point out where gypsum crystals grow on membrane surfaces. The
images show gypsum crystal growing on (a) clean membrane surfaces; (b)
BSA-conditioned membrane surface; (c) AHA-conditioned membrane surfaces;
and, (d) alginate-conditioned membrane surface. Note, the bright grid structure
shown in the first two images is the background noise caused by the membrane
supporting mesh.

After each scaling experiment, the membrane was taken out of the membrane
cell and analyzed by SEM (Carl Zeiss, Thornwood, NY, and Hitachi, JAPAN).
The surface and cross-sectional images of the scaling layers are provided in
Figs. 4.6 and 4.7, respectively. These images demonstrate that the size and
morphology of gypsum crystals can be greatly affected by the conditioning of
membrane surface by the specific type of organic macromolecules. Gypsum
crystals developed on the virgin membrane surface have a rod-like shape and
are relatively small and uniform in size. In contrast, the gypsum crystals on the
BSA conditioned membrane appear to be much smaller particles, the crystals on

the AHA conditioned membrane have a jelly, cake-like structure, and the
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crystals formed on the alginate conditioned membrane are very large in size,.
Such observations suggest that the interactions between organic
macromolecules and inorganic calcium ions may play a very important role in
crystal formation and gypsum scaling on different membrane surfaces.

Meanwhile, mechanisms underlying such interactions are most likely different.

Figure 4.6. SEM images of the top surfaces of (a) gypsum scaling on
unmodified membrane, (b) gypsum scaling on BSA-conditioned membrane, (c)
gypsum scaling on AHA conditioned membrane, and (d) gypsum scaling on
alginate conditioned membrane.
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Figure 4.7. SEM images of the cross section of foulant layers (a) gypsum
scaling on unmodified membrane, (b) gypsum scaling on BSA-conditioned
membrane, (c) gypsum scaling on AHA-conditioned membrane, and (d)
gypsum scaling on alginate-conditioned membrane.

QCM-D was used to test the hypothesis that the interactions between
carboxylate functional groups and calcium ions play an important role in
initiating gypsum scaling on an organically conditioned membrane surface.
The oscillation frequency and the energy dissipation of the sensor changes were
presented as the properties of the absorbed layer vary during conditioning and
adsorption experiments. The mass of the conditioning layers were obtained by
Saubrey equation (section 2.5) (Fig4.9 10 (a)), switching to a calcium solution
produced an increase in frequency, indicating that there was a loss of mass on

the sensor surface. The energy dissipation of the sensor remained relatively low,
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suggesting the film rigidity/softness did not change. For the AHA conditioned
surface (Fig.4.9 (b)), the exposure to calcium solution resulted in a decrease in
frequency and an increase in dissipation, indicating more mass was deposited
on the sensor surface and at the same time the AHA layer became softer. The
increased softness was most likely caused by greater water content in the AHA
layer after calcium ion adsorption. Therefore, the increase in mass on the AHA
conditioned sensor can be attributed to the adsorption of not only calcium ions
but also water molecules. For the alginate conditioned surface (Fig. 4.9 (c)),
the decrease in frequency after the exposure to calcium solution confirmed the
adsorption of calcium ions onto the alginate layer. Note that the originally
adsorbed alginate layer appeared to be softer than the absorbed AHA and BSA
layers, as demonstrated by its relatively higher dissipation. However, the
exposure to calcium solution decreased the dissipation, indicating the alginate
layer became more rigid after the adsorption of calcium ions (Fig. 4.9 (¢)). This
observation confirms that the egg-box structure formed in calcium-alginate

complex made the alginate film denser and more rigid.

The frequency and dissipation data were further analyzed to compare the mass
changes during calcium absorption on and subsequent DI rinsing of the three
conditioned membrane surfaces. The mass change was normalized by the
original mass of the BSA, AHA and alginate conditioning layers, respectively.
As compared in Fig. 4.9 (d), the calcium solution slightly reduced the mass on
the BSA conditioned surface while it drastically increased the mass on the AHA

conditioned surface and slightly so on the alginate conditioned surface. This
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comparison demonstrates a lack of interaction between calcium ions and BSA
molecules but strong adsorption of calcium ions to the AHA conditioning layer
and less so to the alginate conditioning layer. The subsequent DI rinsing
reduced the masses on both BSA and AHA conditioned surfaces, suggesting
that the two conditioning layers can easily detach from the surface even though
AHA has strong adsorption of calcium ions. In contrast, for the alginate
conditioned surface, the DI rinsing did not detach any alginate layer, indicating
the strong interactions between alginate and calcium ions not only resulted in
an elevated calcium concentration in the conditioning layer but also made the

layer more rigid and more difficult to rinse off.
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Figure 4.8. Energy-dispersive X-ray spectroscopy (EDS) data of four types of
foulant layers including foulant layers on a clean membrane, a BSA-
conditioned membrane, an AHA-conditioned membrane, and an alginate-
conditioned membrane, respectively. Carbon and sulfur were presented here to
represent the organic and inorganic content in fouling layers.

4.4.5 Effects of organic macromolecule conditioning on calcium ion adsorption
QCM-D was used to test the hypothesis that the interactions between
carboxylate functional groups and calcium ions play an important role in
initiating gypsum scaling on an organically conditioned membrane surface.
The oscillation frequency and the energy dissipation of the sensor changes were
presented as the properties of the absorbed layer vary during conditioning and
adsorption experiments. The mass of the conditioning layers were obtained by
Saubrey equation (section 2.5) (Fig4.9 10 (a)), switching to a calcium solution
produced an increase in frequency, indicating that there was a loss of mass on

the sensor surface. The energy dissipation of the sensor remained relatively low,
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suggesting the film rigidity/softness did not change. For the AHA conditioned
surface (Fig.4.9 (b)), the exposure to calcium solution resulted in a decrease in
frequency and an increase in dissipation, indicating more mass was deposited
on the sensor surface and at the same time the AHA layer became softer. The
increased softness was most likely caused by greater water content in the AHA
layer after calcium ion adsorption. Therefore, the increase in mass on the AHA
conditioned sensor can be attributed to the adsorption of not only calcium ions
but also water molecules. For the alginate conditioned surface (Fig. 4.9 (c)),
the decrease in frequency after the exposure to calcium solution confirmed the
adsorption of calcium ions onto the alginate layer. Note that the originally
adsorbed alginate layer appeared to be softer than the absorbed AHA and BSA
layers, as demonstrated by its relatively higher dissipation. However, the
exposure to calcium solution decreased the dissipation, indicating the alginate
layer became more rigid after the adsorption of calcium ions (Fig. 4.9 (¢)). This
observation confirms that the egg-box structure formed in calcium-alginate

complex made the alginate film denser and more rigid.

The frequency and dissipation data were further analyzed to compare the mass
changes during calcium absorption on and subsequent DI rinsing of the three
conditioned membrane surfaces. The mass change was normalized by the
original mass of the BSA, AHA and alginate conditioning layers, respectively.
As compared in Fig. 4.9 (d), the calcium solution slightly reduced the mass on
the BSA conditioned surface while it drastically increased the mass on the AHA

conditioned surface and slightly so on the alginate conditioned surface. This
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comparison demonstrates a lack of interaction between calcium ions and BSA
molecules but strong adsorption of calcium ions to the AHA conditioning layer
and less so to the alginate conditioning layer. The subsequent DI rinsing
reduced the masses on both BSA and AHA conditioned surfaces, suggesting
that the two conditioning layers can easily detach from the surface even though
AHA has strong adsorption of calcium ions. In contrast, for the alginate
conditioned surface, the DI rinsing did not detach any alginate layer, indicating
the strong interactions between alginate and calcium ions not only resulted in
an elevated calcium concentration in the conditioning layer but also made the

layer more rigid and more difficult to rinse off.
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Figure 4.9. QCM-D data for three organic molecule conditioning experiments.
The blue lines represent the change in frequency and the orange lines represent
change in dissipation: a) effects of BSA conditioning on calcium absorption; (b)
effects of AHA conditioning on calcium absorption; and, (c) effects of alginate
conditioning on calcium absorption.

4.4.6 Understanding the role of organic macromolecule conditioning

Effects of organic molecule surface functional groups

As illustrated in Fig. 4.10, three organic macromolecules forms different
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condition layers on CTA membrane surfaces and forms different gypsum
scaling layers. It has been found previously that alginate macromolecules can
act as the nucleus in gypsum crystal formation due to the calcium bridging
effects (or egg-box effects) [223, 224] among carboxylate functional groups on
alginate macromolecular chains [211]. For the alginate conditioned membrane
surface, the absorbed alginate macromolecules introduced a dense layer that
contained abundant carboxylate functional groups onto the membrane surface
and thus provided active nucleation sites for gypsum crystallization on
membrane surface. Hence, alginate macromolecules greatly changed gypsum
crystallization by shortening the nucleation period, enlarging the crystal sizes,
and thus enhancing gypsum scaling, eventually directly resulting in the fastest

flux decline.

Similarly, there exists a strong interaction between AHA and Ca2+. AHAs are
considered natural polyelectrolyte organic compounds with a complex structure
that involves a proportion of condensed aromatic rings with a large number of
surface hydroxyl, phenoxyl, and carboxylate reactive groups [225, 226]. In a
neutral environment, AHA macromolecules are predominantly negatively
charged, with a tendency to adsorb cations and form metal-humic acid
complexes due to the calcium bridging effect among AHA macromolecules
[130, 227]. In the present experiment, the AHA conditioning introduced a thick
AHA layer with enhanced Ca2+ adsorption capability of accelerating the

surface crystallization of gypsum, thereby leading to a faster flux decline.

In comparison, BSA has a heart-shaped structure (at neutral pH) with fewer

89



carboxylate functional groups [228, 229]. This particular shape can cause an
steric effect that interferes with the interaction between BSA molecules and
calcium ions. Overall, the gypsum scaling was inhibited by the BSA
conditioning due to the lower density of carboxylate functional groups and also

the steric effect of the BSA molecular structure.

Effects of cake enhanced concentration polarization

Cake enhanced concentration polarization (CECP) refers to a phenomenon that
during filtration, foulants accumulate to form a cake layer on the active surface
layer of an FO membrane [98]. CECP may result in an elevated salt
concentration in the cake layer by hindering the back diffusion of salts from the
membrane surface to bulk solution. As a result, CECP can significantly
deteriorate water flux due to the increased osmotic pressure in the cake layer
and thus decrease driving force for flux [100, 101, 230]. During the
conditioning experiments, a thin layer of organic macromolecules was
deposited on membrane surface. Even though the thin layer itself did not result
in an apparent flux decline, it could still increase the calcium and sulfate ion
concentrations at the bottom of the conditioning layer (i.e., at the membrane
surface) during gypsum scaling experiments. Because gypsum crystallization is
faster with higher calcium and sulfate concentrations (higher SI value), gypsum
scaling would initiate at the bottom of the conditioning layer where an elevated
ion concentration was present. This hypothesis 4.6(c), gypsum crystals grew
underneath the AHA conditioning layer and formed uniform gypsum clusters.

Similarly, the gypsum crystallization was initiated at the bottom of the alginate
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layer 4.7 (d)).

4.5 Concluding Remarks

This study demonstrates that the adsorption of organic foulants on membrane
surfaces could have dramatic effects on gypsum scaling in FO membrane
process. Organic macromolecules with different properties show different
effects on gypsum scaling behaviors. Membrane surface conditioning by
organic compounds affects not only the kinetics of gypsum crystal growth or
rate of flux decline, but also the morphology of gypsum crystals. It is necessary
to further study the sophisticated interactions between organic macromolecules,
inorganic ions, and FO membrane surfaces to reveal the underlying
mechanisms in order to develop effective FO membrane fouling control

strategies.
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Figure. 4.10. Illustration of gypsum scaling mechanism on different organic
macromolecule conditioned membrane surfaces.
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Chapter 5: Online Monitoring the Initial Stage of Biofouling in
Forward Osmosis Membrane Process

5.1 Abstract

This paper presents the application of a non-intrusive microscopic direct
observation technique for the study of initial microbial cell deposition and
release onto/from the forward osmosis (FO) membrane surface. A commercial
cellulose triacetate CTA-FO membrane was tested in this study. Escherichia
coli (E. coli) K12 MG1655 with green fluorescence protein were used as the
model bacteria to allow the real-time monitoring of bacteria deposition on the
membrane’s surface. The effects of bacteria concentration, ionic strength, pH
and membrane surface conditions on bacteria deposition and detachment were
systematically investigated. The results of this study provided insight into the
interactions between bacteria-bacteria and bacteria-membrane surfaces. CTA-
FO membrane demonstrated relatively low fouling propensity to bacteria
adherence. The initial microbial deposition rate is relatively slow and solution
chemistry shows no significant effects on deposition rate. Furthermore, more
than 50% cells deposited on the FO membrane surfaces can be easily removed
by simultaneously increasing the cross-flow rate and stopping permeate flux.
This high removal efficiency indicates a weak bond between bacteria and the
membrane’s surface. Membrane surface properties such as hydrophilicity
played an important role in bacteria deposition. Dopamine coating on CTA-FO

membrane further increased surface hydrophilicity and greatly reduced fouling.
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5.2 Introduction

Forward osmosis (FO) is an emerging osmotic-driven membrane process where
water molecules are pulled from a feed solution to a draw solution through a
semi-permeable membrane by the osmotic pressure difference between the two
solutions [12]. FO is considered a promising new technology; it has many
advantages over existing membrane processes [231-234] like reverse osmosis
(RO) and nanofiltration (NF) in producing clean water from seawater/brackish
water [9, 10, 235] and wastewater[236]: low membrane fouling potential, high
cleaning efficiency, low hydraulic pressure requirements, and low energy
consumption. FO also shows great potential to enhance sustainability when
combined with current membrane technologies. For example, studies show that
integrating FO into microbial fuel cells [208, 237] improves energy output
while simultaneously accomplishing wastewater treatment and -electricity
generation. Pairing FO with reverse osmosis contributes to a high degree of
safety for the use of impaired water and reduces energy requirements for

membrane cleaning and maintenance [60, 61, 207, 238].

One of the major issues in the application of FO process is membrane fouling.
Typically, there are four types of fouling: organic fouling, inorganic scaling,
colloid fouling and biofouling. Membrane fouling can severely deteriorate
membrane performance, shorten membrane life, and greatly increase the
operational cost of the system [239]. Existing FO fouling studies have focused
on FO performance with organic fouling [24, 27, 240], colloidal fouling [18],

and gypsum scaling [15, 119, 241]. Investigations of FO biofouling are still
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lacking.  Studies on FO membrane bioreactors demonstrated that FO
membranes (cellulose triacetate membrane) are less sensitive to biofouling and
that membrane flux can be recovered by simple physical rinsing [26, 242].
However, these studies all focused on the membrane flux behavior and cleaning
efficiency when the FO membrane was facing a variety of microorganisms,
rather than on biofouling mechanisms. Therefore, systematic study is still
needed to understand the dominant mechanisms of biofouling and their

interactions within the FO process.

Membrane biofouling is a multistep process in membrane filtration systems
[243-245]. It is initiated by the adhesion of bacterium to the membrane
surface and followed by microbial biofilm growth on the membrane’s surface.
One of the important steps in the formation of a microbial biofilm in a
membrane system is the transport and subsequent adhesion of microorganisms
to the membrane surface. The use of both invasive and noninvasive
microscopic methods for the examination of biofilm formation has increased in
recent years. Among the various noninvasive biofouling characterization
methods, direct microscopic observation has been widely used to study the
development of biofilms in pressure-driven membrane systems [246, 247].
This method allows real-time visualization of the progress of microbial
deposition on membrane surfaces and provides a qualitative understanding of
membrane biofouling mechanisms. Several past studies used direct
microscopic observation to study bacterial adhesion and detachment in pressure

driven membrane systems. These studies [246, 247] found that biofouling can
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be influenced by system hydrodynamic conditions, solution chemistry,

microbial properties, and the surface properties of the membrane.

The objective of this study was to develop a procedure enabling the quantitative
determination of the mechanisms governing the initial deposition and release of
microbes in a cross-flow forward osmosis process. = We have applied
microscopic observation of organic fouling and scaling that occurs within a FO
system [16, 248]. This allowed us to obtain valuable information about the
kinetics of foulant formation. In this study, the system was slightly modified
and Escherichia coli (E. coli) K12 MG1655 with green fluorescence protein
served as the model microbial particles. Two membranes including a
commercial cellulose triacetate membrane and a polydopamine-modified
cellulose triacetate membrane were tested as model FO membranes. Various
physicochemical conditions of the feed solutions were used during direct
microscopic observation experiments to systematically study the effects of
interactions on bacterial adhesion. A novel image analysis procedure enabled

rapid quantification of net deposition rates.

5.3 Materials and Methods

5.3.1 Microbial suspension preparation
E. coli K12 MG1655, which was labeled with enhanced green fluorescing
protein, was first streaked from a frozen stock in a mixture of LB broth and
glycerol and grown overnight (12-14 hours) at 37 °C on a agar plate. The plate
was then kept in fridge (4 °C) for future use. Several colonies on the agar plate

were inoculated into 50 ml LB broth and incubated at 37 °C in shaking water
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bath (120 rpm) for 12 hours. 0.1 ml of this preculture was used to inoculate a
second culture that was grown in shaking water bath again for approximately 4
hours (at 37 °C, with shaking speed of 180 rpm). The bacteria from the second
culture were harvested by centrifugation when the optical density reading
reached 0.3 at 600 nm and after they were washed three times with sterile 154
mM NaCl solution. To prepare the feed solution for direct observation
experiment, the cleaned bacterial cell suspension was diluted in a salt solution
(varies between experiments) to a targeted concentration. All the chemicals and
reagents used in the experiments are of analytical grade. Sterilized dionized

(DI) water was used in all the experiments for solution preparation.

5.3.2. FO direct observation systems

A cross-flow FO direct microscopic observation system was employed in this
study to monitor the microbial deposition and release onto/from membrane
surface. The schematic drawing of the direct observation system is illustrated
in Figure 5.1. The cross-flow system closely resembles the FO membrane
system used in our previous studies [16, 24, 27], which includes two loops
circulated separately on both sides of the membrane, i.e. a feed solution loop
and a draw solution loop. The cross flow rate was controlled by a digital gear
pump (Cole Parmer, Vernon Hills, IL) and the temperature of the experiment
was stabilized at 20 °C by a digital cooler (Thermo Neslab Inc., Newington,
NH). Draw solution tank was placed on a balance (Denver Instruments, Denver,
CO) to record the weight changes for flux monitoring. A stir plate was used to

continuously mix feed solution to avoid microbial settlement.

98



The membrane chamber was specially designed to provide a defined, constant
laminar flow (Re~24) in the system. As shown in Figure 5.1, two identical flow
channels were separated by the inserted membrane with a dimension of 77
mmx26 mmx3 mm (LxWxH). A glass window (38 mm % 16 mm) was built in
the middle of the upper plate to enable real-time monitoring. The entire
membrane chamber was placed on the stage of Olympus BX51 microscope
(Olympus, Japan) equipped with a 10x objective with an ultra-long working
distance (10 mm). A CCD camera (Olympus, Japan) is mounted on top of the

microscope and is coupled to an image analyzer (Qcapture, QEM, BC, Canada).
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Figure 5.1. Direct observation system for bacteria deposition and detachment
experiment.

5.3.3. Microbial deposition and rinsing protocols

FO direct observation experiments consists of two parts including microbial
deposition experiment and physical rinsing experiment. In both experiments,
microbial suspension was circulated in the feed solution loop to allow contact
with the active side of the membrane. A concentrated NaCl solution was used

as draw solution to provide the driving force for water permeation. The weight
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changes of draw solution were measured by a digital balance and the readings

were recorded by computer for on-line flux monitoring.

For the microbial deposition experiment, a cross-flow rate of 100 mL/min was
used to generate. E. coli seed solution was added after 30 minutes of
experiment. Images were taken on the membrane’s surface at a fixed spot in 1
minute intervals at the beginning (20 minutes) and then every 5 minutes till the

end of the experiments (60 minutes).

In the end of deposition experiment, the draw solution was switched to a new
NaCl solution (with same concentration as feed solution) to stop permeate flow.
Cross-flow rate was increased to 1000 mL/min to enhance shear stress. Images

were taken every 1 minute. The rinsing experiment lasted 10 minutes.

The system (both draw solution and feed solution loops) was then thoroughly
cleaned and sterilized using the following protocols [145]: (1) sterilization by
circulating NaOCl (0.5% ) for 2 hours and rinsing by DI water for 0.5 hours, (2)
dissolving and removal of organic matter by circulating EDTA (5 mM) at pH 11
for 0.5 hours and rinsing by DI water for 0.5 hours, (3) removal of trace organic
matter by circulating SDS (2 mM) at pH 11 for 0.5 hours and rinsing by DI
water for 0.5 hours, (4) Final sterilization by circulating ethanol (95%) for

1 hours, (5) rinsing the unit three times with fresh made DI water.

5.3.4 Image analytical methods

In order to keep consistency, all images were obtained on same spot in the

middle of the membrane surface. To distinguish between the deposited bacteria
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and moving bacteria, the lens were carefully focused on the membrane surface.
All images were saved in a Tagged-Image File Format (TIFF) of 1600 %1200
pixels, with each pixel representing one byte. The total field of view is 1mm2

and the area of one bacterium equals approximately 1x10-5 mm?2.

To eliminate artifacts caused by the background noise, image processing
software was employed to edit the images by subtracting background noise

impact and obtain the attached accurate bacteria cell density (Figure 5.2).

Enumeration of the total number of adhering bacteria as well as the
determination of the deposition rate was achieved by image processing (Image
J). The total count of bacteria on the surface was normalized by membrane
surface area (N). The net deposition rate constant, kd, was calculated with the

following equation[248]:

_AN 1
AT N, (1)

d
Where, AN is the increased bacteria cell density in time period AT ; and NO is
the initial bacteria cell density in the solution.

And the removal rate kr by rinsing is calculated by:

kr= (1-N60mins/Nrinsing, Imin) x100%

)

Where NO was the bulk feed cell concentration.
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Figure 5.2 Image processing example, (a) original image, (b) image with
reduced background noise, and (c) image for cell counting. Images were taken
with a 10x objective lens by CCD camera with a resolution of 1600x1200
pixels. The membrane area shown in the image is 1 mm?2.

5.4 Results and Discussion

5.4.1 Impact of initial cell concentration on deposition and release

The influence of bacteria concentrations on initial bacterial deposition and
release rate was presented in Figure 5.3. In these experiments, the initial total
ionic strength of the feed solution was kept constant at 100 mM. The draw
solution concentration was adjusted between 3.5 M and 4.0 M to achieve same
initial flux (3.0 pum/s) and maintain same permeate drag force for all
experiments. The effect of initial cell concentration on initial stage of
biofouling was studied at concentrations of 104, 105, and 106 CFU/ml,

respectively.

As shown in Figure 5.3 (a), the increase in bacterial concentration (from 104 to
106 CFU/ml) in the feed solution increased the total number of bacteria
deposited on the membrane surface. Higher bacterial concentration resulted in
a higher surface coverage. However, if the three curves were plotted with
different vertical axis scales (Figures 5.3 (b), (c), and (d)), they appear to be

quite similar in shape. In the first 20 minutes, the rate of microbial cell
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deposition was relatively quick and the cell density appeared to be linear with
time in all three experiments. The net deposition rate constants in the three
experiments (104, 105, and 106 CFU/ml) were 5.56, 8.27, and 6.79 um/s,
respectively. The deposition rates are quite similar, considering the magnitude
of concentration difference. The linear increase of attached cell density and the
similarity in net deposition rates between experiments with different cell
concentrations indicated that bacteria-membrane interactions play an important
role for initial bacteria deposition. Initial cell concentration has negligible
effects on initial stage of bacteria deposition rate. However, the release rate by
rinsing at low cell concentration is quite low (34%). This may be explained by
the cell aggregation on the membrane surface due to increased cell density.

These small aggregates are more easily to be carried away by cross-flow.
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Figure 5.3. Effects of E. coli concentrations on initial bacteria deposition and
release rate, (a) a comparison of three feed solution concentrations (106, 105,
and 104 CFU/ml), (b) feed solution with E. coli concentration of 104 CFU/ml,
(c) feed solution with E. coli concentration of 105 CFU/ml, and (d) feed
solution with E. coli concentration of 106 CFU/ml. The operation conditions for
the attachment experiment were: 4 M NaCl solution as draw solution and 100
mM NaCl as feed solution (which resulted in a permeate flux of 3.0 pm/s), pH
7.0, a cross-flow rate of 100 ml/min. The operation conditions for the rinsing
experiments were: 100 mM NaCl as draw and feed solutions, and a cross-flow
rate of 1000 ml/min.

5.4.2 Impact of ionic strength on bacteria deposition rate

The effects of ionic strength on deposition kinetics of bacteria onto membrane
surface are investigated in this part of study. Draw solution concentrations
were controlled to provide same permeate flux for all experiments. Feed
solution concentration was adjusted at ImM and 100mM by adding NaCl
solution. Solution pH was adjusted to pH 7.0 by adding NaOH solution. The

experiments were conducted at temperature of 20+1°C.

104



1mM NaCl 100 mM Nacl

3000 - - e “c 3000 — :

s ] a £ —a— 10°CFU/pL (b)
2500 5 10°CFU/phL i %2500 ]
2000t 2000

=
‘E: 1500 ‘E% 1500 64% Down
£ 1000 5@1000-
= [ z
- 500 -5 500 i
g 2 k =827 um/s S
c = E 0 1 1 1
D 7}
O 30000 O 0000 T r
8 25000 (© 1 & 25000[—=—10°CFUML (d) ]
° o
£ 20000 £ ;20000 ]
= 3 71% Down
< 15000 < 15000f )
10000 78% Down | 8 10000
e .
5000 4= 996 um/s Rinse % 2000 k =6.79 um/s Rinse
@ 0 3 L L
0 L L " =
0 20 40 60 80 100 < 0 20 40 60 80 100
Time, T (min)

Time, T (min)

Figure 5.4 Effects of ionic strength on bacteria deposition and release with
different cell concentrations. The experiments were conducted at different
conditions, (a) 1mM , NaCl, 105CFU/ml, (b) 100 mM NacCl, 105CFU/ml, (c)
ImM , NaCl, 106CFU/ml, and (d) 100 mM NaCl, 106CFU/ml. The other
operation conditions for the deposition experiment were the same as listed in
Figure 5.3.

The deposition rates for E. coli with a concentration of 105 and 106 CFU/ml, at
ionic concentrations of 1 and 100 mM NaCl were plotted in Figure 5.4. For
lower cell concentration (105 CFU/ml), the deposition rate at 1mM is slightly
higher than that at 100mM (Figure 5.4 (a) and (b)). For higher concentration
(106 CFU/ml), an increase in the net deposition rate was observed at lower
ionic strength. A possible explanation is that bacteria aggregation in bulk

solution was enhanced because of electrostatic double-layer compaction effects
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at higher ionic strength and higher cell concentration [249]. The surface charge
of bacteria decreased due to compression of the electrostatic double layers at
higher ionic strength. The electrostatic repulsive force between bacteria and
bacteria was decreased as well. With higher cell concentration and lower
repulsive force, bacteria cells were more easily to accumulate and form
aggregates. The aggregates of bacterial cells have larger size are more strongly
affected by the cross-flow rate than the interactions between cells and
membranes than single bacteria cells. More effective collisions between cells
happen at higher cell concentration and higher ionic strength, so E. coli with a
concentration of 106 CFU/ml at ionic strength of 100mM has the lowest

deposition rate.

5.4.3 Impact of pH on bacteria deposition rate

In this part of the study, the influence of pH on bacteria adhesion to CTA
membrane surface is presented in Figure 5.5. Zeta potential measurement
showed that a CTA membrane surface is negatively charged in solution at pH
5.5 and pH 7.0[250]. And at pH 7.0, membrane surface carried slightly higher
charge density than that of pH 5.5. Most of the bacteria in the solution are
slightly negatively charged in the solution as well. Therefore, electrostatic
repulsion between the CTA membrane surface and bacteria could be a factor to
determine bacteria deposition rate. At higher pH, the higher charge density
results in higher repulsive force between bacteria and membrane surface and,

thus, reduce the overall adhesive force. The repulsive force effects between
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bacteria-and-bacteria and bacteria-and-membrane surface resulted in higher

deposition rates at pH 5.5.
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Figure 5.5. Comparison of attached bacteria cell density and deposition rate
under different feed solution pH conditions,

5.4.4 Impact of membrane materials on bacteria deposition rate

In this part of study, we used dopamine (DOPA) to modify the CA membrane’s
surfaces and to study the biofouling properties of this DOPA-CA membrane.
DOPA coating is a bio-inspired surface modification method, it has been
recently used to mimic a mussels adhesive [251, 252]. In alkaline solution
environment, DOPA self-polymerize (polydopamine) and bond to virtually any
surface. It is very simple approach, as it does not involve any complicated
chemicals or harsh treatments. DOPA coating has been proven to be very
effective on polymeric membrane materials, including PA-RO membranes
[152-154]. DOPA was found to increase membranes surface hydrophilicity and

therefore increase its resistance to fouling.
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We used a dip-coating approach to attach DOPA to the CA membrane surface,
as shown in Figure 5.6. We soaked the membrane active layer in DOPA
solution for 1 hour and then thoroughly rinsed the surface with DI water. The
membrane was submerged in DI for 3 hours to remove the residues before the

experiment.

H NH;
Hmolvdogamine

CTA FO membrane

Dip-coating

e R NN

FO meémbrane

Figure 5.6. The scheme of coating polydopamine on CTA membrane surfaces.

X-ray photoelectron spectroscopy (XPS) was used to evaluate the effectiveness
of DOPA coating. As shown in Table 5.1, the nitrogen content increased from
0.6 to 0.8 %, and the ratio of oxygen and nitrogen decreased from 54.7 to
38.2%. These results indicate a layer of DOPA was successfully coated on the

CTA membrane surface.
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Table 5.1 XPS results of CA membrane surface

C% N % 0% Si % O:N
CA Neat 64.3 0.6 33.2 1.9 54.7
CA+DOPA 66.0 0.8 32.0 1.3 38.2

The biofouling results are presented in Figure 5.7. As shown in Figure 5.7(a),
dopamine coating on a membrane surface significantly slows down the bacteria
deposition rate. An explanation for this occurrence is the increased surface
hydrophilicity due to dopamine coating [253, 254], which inhibits hydrophobic

attraction between bacteria and membrane surface.
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Figure 5.7. Comparison of dopamine coating effects on bacteria attachment
density during deposition and rinsing experiments, (a) bacteria deposition and
release rate, and (b) representative images of bacteria attachment density during
deposition and rinsing experiments on CTA membrane surface and
polydopamine coated membrane surfaces. The initial cell density in feed
solution is 106 CFU/ml and 10 mM NaCl was added to feed solution. The
other experiment conditions were the same as in Figure 5.3.
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5.5 Concluding Remarks

This study demonstrates that CTA-FO membrane exhibits relatively low fouling
tendency subjected to bacteria adherence. The initial microbial deposition rate
is relatively slow and solution chemistry shows no significant effects on
deposition rate. Furthermore, more than 50% cells deposited on the FO
membrane surfaces can be easily removed by simultaneously increasing the
crow-flow rate and stopping permeate flux. This high removal efficiency
indicates a weak bond between bacteria and the membrane’s surface.
Membrane surface properties such as hydrophilicity played an important role in
bacteria deposition. Solution chemistry shows more effects on bacteria-bacteria
than bacteria-membrane interaction. The change in solution ionic strength and
pH affects bacteria surface charge and aggregation behavior which slightly

changed bacteria deposition rate.

A hydrophilic composite CTA-FO membrane was successfully fabricated by
dopamine self-polymerization and on CTA-FO substrate. Compared to the
original membrane, the hydrophilicity of the resultant DOPA CTA-FO NF
membranes was improved and antibiofouling properties were significantly

improved.
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Chapter 6: Effects of Solution Chemistry on Initial Bacterial

Deposition and Detachment in Forward Osmosis Process

6.1 Abstract

Bacterial deposition and subsequent biofilm growth in membrane processes are
often inevitable. In order to understand the mechanisms of biofouling in
membrane processes, it is critical to understand the specific contributions of
various factors that affect bacteria-membrane interactions at the molecular level.
This paper presents both experimental and molecular simulation results for our
current study on biofouling in a forward osmosis (FO) process. In this study,
we employed a non—intrusive microscopic direct observation technique to
examine real-time bacterial deposition and release in a cross-flow FO
membrane process. A flat sheet polyamide FO membrane (synthesized in our
lab) was tested in this study. Escherichia coli (E. coli) K12 MG1655 tagged
with a plasmid coding for green fluorescence protein was used as the model
bacterial strain. To determine the interfacial forces between a single bacterium
and the membrane surface, a carboxylate functionalized particle probe was used
as a surrogate for the functional groups in the extracellular polymeric
substances of bacteria. The data from bacterial deposition experiment was
combined with the interfacial force data and molecular simulation data to
elucidate the mechanisms of the initial stage of biofouling. This study showed
that an increased adsorption of bacteria originated at a pH of 5.5 and was

probably due to a reduction in deprotonated chemical functional groups that are
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in charge of repulsive electrostatic interactions. Calcium ions were found to
enhance the rate of bacterial deposition, especially in high pH environments.
The results of atomic force microscopy measurements and simulations showed
higher adhesive force in the presence of calcium ions than that without calcium,

thus further confirming our findings from the deposition experiments.

6.2 Introduction

With its different applications such as water purification, seawater/brackish
water desalination, and wastewater reclamation, membrane technology has
proven to be a reliable technique for supplying clean water. Forward osmosis
(FO), which is an emerging membrane technology, is particularly attractive
because it has the potential to reduce the energy consumption for filtration.
Significant efforts have been made in the development of thin-film polyamide
(PA) FO membranes [71, 72, 185, 255] in order to improve performance in
areas such as high selectivity and water permeability. However, PA membranes
have relatively high fouling propensity because of the inherent physicochemical
properties of their surface. Among all types of membrane fouling, biofouling is

the major challenge in the operation of PA membrane [120-122].

Biofouling is a complicated phenomenon which inevitably occurs in all
membrane systems, even with the use of pretreatment and disinfection systems
such as chlorination [256, 257]. Membrane biofouling starts when the
membranes are exposed to water sources that contain microorganisms, such as
bacteria, fungi, and yeasts. After the initial deposition and adsorption, these

microorganisms migrate, grow, and multiply. They are held together by a
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matrix of polymeric organic compounds excreted onto a membrane surface and
form a very complicated system - biofilm [125-128]. The formation of a
biofilm in a membrane system is very problematic as it results in the reduction
in membrane water flux due to establishment of a gel-like diffusion barrier.
Increases in solute concentration polarization are accompanied by lower solute
rejection along with an increase in the module differential pressure and the
biodegradation / biodeterioration of the membrane or other membrane module

materials [258].

Bioflouling can be described as a four-phase process which includes (1) initial
attachment and detachment, (2) irreversible attachment, (3) initial biofilm
formation, and (4) biofilm growth. Initial bacterial attachment is the essential
step in the biofilm formation; however, the molecular and physicochemical
interactions that govern bacterial adhesion to membrane surfaces have not been
understood in detail. Theoretically, the physiochemical interactions in charge
of the initial attachment of microorganisms to the membrane surface may
include: hydrophobic interactions [131], intermolecular interactions, hydrogen
bonding, and electrostatic interactions [129, 130]. Research on biofouling in
PA FO membranes shows that these interactions are greatly affected by
membrane surface properties (including hydrophobicity, charge, and surface
roughness), solution chemistry (such as ionic strength, divalent cations, and pH),
system hydrodynamic conditions (such as permeate flux and cross-flow
conditions), and the characteristics of bacteria (including surface charge,

growing phase, and flagella motility) [132, 133]. These factors have been
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found to affect many of the interaction forces that govern the approach and
adhesion of bacterial cells to the surface. Hence, if fouling is to be minimized, it
is this initial stage of bacterial adhesion that must be inhibited and these
interaction mechanisms that must be understood. However, systematic studies
on biofouling in forward osmosis membranes are scarce. Until recently, very
few studies on FO biofouling have been reported in literature [242, 259-261].
As a result, the underlying fouling mechanisms of FO processes are basically
unknown. The lack of hydraulic pressure in FO processes may alter the
hydrodynamic conditions and change bacterial adhesion behavior. Therefore,
fundamental research efforts are immediately needed to elucidate the biofouling

mechanisms of FO membranes.

The objective of this study is to elucidate the mechanisms of FO membrane
biofouling in the initial stage. Well-controlled bacterial deposition experiments
with a model bacterium, E. coli K12 MG1655, were conducted using a lab-scale
direct observation system. The effects of solution chemistry (such as pH, ionic
strength, and divalent ions) on bacterial adhesion were investigated by
monitoring and imaging the dynamic bacterial coverage on membrane surface.
Atomic force measurement and molecular simulation were conducted to further
explain the electrostatic force between a single bacterium and the membrane

surface.
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6.3 Materials and Methods

6.3.1 FO membrane preparation

Chemicals and materials

All chemicals used were ACS grade. 1-methyl-2-pyrrolidinone (NMP,
anhydrous, 99.5%), N,N-dimethylformamide (DMF, anhydrous, 99.8%), 1,3-
phenylenediamine (MPD, >99%), and 1,3,5-benzenetricarbonyl trichloride
(TMC, 98%) were used as received (Sigma- Aldrich, St. Louis, MO). Polyester
nonwoven fabric sheet (40 pum, grade 3249) were provided by Ahlstrom,
Helsinki, Finland. Polysulfone (PSf) beads (Mn: 22,000) were provided by

Solvay Advanced Polymers, L.L.C (Alpharetta, Georgia).

Polysulfone support layer fabrication.

The thin, porous polysulfone (PSf) support layer was synthesized by a
traditional nonsolvent-induced phase inversion process of PSf on the polyester
fabric. PSf (12 wt %) was dissolved in a mixed solvent of DMF and NMP
(DMF:NMP = 1:3) by continuously stirring at room temperature for 12 h. The
PSf solution was then degassed in a desiccator for at least 24 h before use. To
cast the membrane, the thin fabric was first taped to clean glass and then was
moistened by a mixture of DMF and NMP (1:3). Excessive NMP/DMF was
carefully removed using filter paper. Subsequently, the PSf solution was cast on
a polyester fabric surface with a thickness of 250 pm via a casting blade. Then,

the whole composite was immediately transferred to a deionized (DI) water
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gelation bath with 0.25 wt % of DMF and 2.75 wt % of NMP to initiate phase
inversion. After 10 minutes, the PSf membrane was peeled off from the glass

plate and soaked in DI before further treatment.

Polyamide active layer formation.

PSf support membranes were fixed to a frame to provide a smooth surface for
interfacial polymerization. The fixed membrane was placed in an aqueous MPD
solution (3.4 wt %) for 120 s and then treated with an air knife to remove the
excess MPD solution from the membrane surface. Next, the MPD-absorbed
support membrane was soaked in a TMC solution (0.15 wt %, in Isopar-G) for
60 s to allow interfacial polymerization process to take place and form the PA
layer. The composite membrane was then cured in DI at 95°C for 120 s, rinsed
with a sodium hypochlorite (NaClO, 200 ppm) aqueous solution for 120 s,
soaked in a sodium bisulfite (NaHSO3,1000 ppm) aqueous solution for 30 s,
and cured in DI at 95°C for 120 s. The finished PA membranes were rinsed

thoroughly with DI and stored in DI at 4 °C.

6.3.2 Biofouling test systems

The membrane cell was specially designed and built with a thin glass window
(16 mm x 38 mm) in the upper plate to enable real-time monitoring by an
Olympus BX51 microscope (Olympus, Japan). The thickness of the flow
channel on the feed side is 3 mm. The rest of the system closely resembles the

cross-flow FO membrane system used in our previous study[16].
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Figure 6.1 Direct observation system for the bacterial deposition and
detachment experiment.

6.3.3 Model bacteria

The model bacteria used in this study were E. coli K12 MG1655, which was
tagged with a plasmid coding for green fluorescence protein to allow
visualization via microscope. E.coli colonies were cultured twice in Luria
Bertani (LB) broth and harvested at the mid-exponential growing stage [262].
The E.coli solution was centrifuged (4,000 rpm for 15 mins) and cleaned three
times with 154 mM NaCl solution to remove impurities before use. To make
the feed solution for the direct observation experiment, the cleaned bacterial
cell suspension was diluted in a test solution to a targeted concentration of

1%106 colony forming units (CFU/mL).

6.3.4. Bacterial attachment and detachment protocols

FO direct observation experiments were conducted using the following

procedure: (1) sterilize the membrane system using the cleaning procedure
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developed by Moshe and Menachem [145]; (2) insert a new membrane sample
into the membrane cell with the active layer facing the glass window on the
upper plate; (3) stabilize the system with DI for 30 min; (4) switch the DI with
the test solution and start the experiment with a cross-flow rate of 400 mL/min;
(5) add the E. coli seed solution after 30 min; (6) take images at a fixed spot on
the membrane surface every minute for the first 20 min of the experiment and
then every five minutes until the end of the deposition experiment; and (7) after
the experiment has run for 60 min, switch the draw solution to the NaCl
solution with the same concentration as the feed solution (in order to stop the
permeate flow), increase the cross-flow rate to 1000 mL/min, and take an image
every minute. The permeate flux was monitored during the deposition

experiment.

6.3.5 Test solutions

Three electrolyte solutions were prepared and tested in bacterial adhesion and
detachment experiments: 10 mM NaCl, 100 mM NacCl, and a combination of 97
mM NaCl and 1 mM CacCl2 (total ionic strength of 100mM). For the pH effects
testing experiments, the pH of 100 mM NaCl solution was adjusted by adding
HCI (1:10) and NaOH (0.1 N) before introducing the bacterial solutions. All the
chemicals and reagents used in the experiments were of analytical grade. DI

water was used in all the experiments for solution preparation.

6.3.6 AFM force measurement

Atomic force microscopy (AFM) was used to measure and quantify the

adhesive forces between the foulant and the membrane surface. The force
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measurement was performed in a fluid cell by a Nanoscope Multimode AFM
(Digital Instruments, Santa Barbara, CA). A carboxylate modified polystyrene
particle (Spherotech, Inc. Lake forest, IL) was used as a surrogate for the
bacteria since the carboxylic groups are the predominant functional groups of
the extracellular polymeric substances (EPS), which play an important role in
initial bacterial deposition and subsequent biofilm formation [189, 263]. Using
UV cured glue, the particle probe was made by attaching a single particle (5 yum
in diameter) to the end of a commercial SiN tipless cantilever with a spring
constant of 0.06 N/m (Veeco Metrology Group, Santa Barbara, CA) (Figure
6.2). A micro pipette controlled by a micro-manipulator was used to transfer
glue/particle to the very end of the tipless cantilever. All force data were
obtained by the same particle probe. The integrity and strength of the particle
probe was carefully examined under a microscope before and after each

experiment.
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Figure 6.2 Images of particle probe preparation: (a) Transferring a particle by a
micro-controlled quartz glass needle (20 %) and (b) a SEM image of the
prepared particle probe.

The force measurement experiments were performed in a fluid cell which was
placed and sealed on top of a membrane coupon. Test solution was prepared
under conditions similar to those used in the deposition experiment. The fluid
cell was rinsed with 10 ml DI and 20 ml test solution and allowed to stabilize
for 30 min before each experiment. For each experimental condition, six
different measurements were taken at five different locations to avoid possible
membrane surface heterogeneity effects. In total, 30 retracting force curves
were obtained by the AFM. Raw force data were processed by Matlab and
converted from cantilever deflection and z-piezo position to force vs. extension
distance curves. The representative force curve was then normalized by the
radius of the particle, R, to get the F/R ratio. In a fluid system, the F/R ratio can
be viewed as a measure of the energy that is required to prevent a foulant from

accumulating on the membrane surface and thus as an indicator for the
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membrane fouling potential [202, 264]. The F/R ratio is presented in the
Section 3.4 for comparison of the interfacial forces between the particle and
membrane surface under different test conditions. Detailed experimental
procedures for using the AFM particle-probe technique to quantify interaction
forces relevant to organic fouling are given in our previous publications [24,

27].

6.3.7 Image analytical methods

Images were taken at 1 and 5 min intervals and saved in a Tagged-Image File
Format (TIFF). Image processing software was used to minimize the impact of
background noise and to obtain the total count of attached bacterial cells. The
normalized the attached bacterial cell density, N, increased with time, 7. The

net deposition rate constant, kd, was calculated with the following equation

[248]:
AN 1
oAV L
AT N, ()

Where NO was the bulk feed cell concentration.

6.4 Results and Discussion

6.4.1 FO membrane characterization

Membrane structure information, such as surface morphology, support layer
structure, surface functionality, and elemental composition, was characterized

through experiments and the results of the experiments are presented here.
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Membrane morphology

The Scanning Electron Microscopy (SEM) images of membrane surface and
cross section are shown in Figure 6.3. The total thickness of the PA FO
membrane is approximately 80 um with straight, finger-like pores at bottom
and smaller pores toward the surface. The structure of the support layer is what

would be expected in a high performance FO membrane.

5.0kV 11.9mm x1

Figure 6.3. SEM images of polyamide membranes: (a) surface image and (b)
cross section image.

Membrane Elementary Composition

We used X-ray photoelectron spectroscopy (XPS) to characterize the surface
elemental composition of the PA membrane. Surface scans were performed
using a high sensitivity AXIS 165 spectrometer (Kratos, Analytical Company,
Chestnut Ridge, NY) equipped with a monochromatic Al X-ray source (1x10—9
Torr chamber pressure, 13 kV). Using a 90 degree take off angle, the
spectrometer can detect carbon (1s), nitrogen (1s), and oxygen (1s) in a normal

sample. XPS results showed that all the membrane surfaces contained
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predominantly oxygen, nitrogen, and carbon. The relative elemental
composition was determined based on the intensity of the peaks of C (1s), O
(1s), and N (1s) which centered around 284 eV, 532 eV, and 399 eV,
respectively. As shown in Figure 6.4, core level peaks of 1s for C, O, and N are
clearly visible and a small peak of 1s for Na is also observed. Trace amount of
sodium chloride (0.25%) resulting from the NaClO used during membrane
synthesis was observed on the membrane surface. The O/N ratio of the PA
membrane is about 1.64, indicating the existence of free carboxylate functional

groups on the membrane surface.
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Figure 6.4. XPS spectra of the PA membrane.

Membane surface functionality

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)

was used to characterize the surface chemical functional groups of the PA
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membranes. ATR-FTIR spectra were obtained by a Thermo Nicolet Nexus 670
spectrometer (Waltham, MA) with a Smart ARK ATR accessory and a ZnSe
crystal window (Madison, WI). Data collection and analysis was performed
using the OMNIC software 6.2 provided with the instrument. Six replicate
membrane samples were scanned for each membrane type and the
representative spectrum was presented. All spectra (120 scans at a resolution of
4 cm—1) were recorded at room temperature. The background spectrum was
obtained before each measurement. No ATR corrections were applied for the

spectra obtained.

100
95 — T
)
6:4 T T 1663 cm-1
8 90 — 609 cm-1
c
=
= 1541 em-1
n 85 —
c
o i
-
i y’ | PA
1 U —— Psf

75 | T

| ' | ' | '
1000 1200 1400 1600 1800
Wave numbers (cm’')

Figure 6.5. Comparison of FTIR spectra of the PA membrane and the
polysulfone support. The black arrows pointed to the distinguish peaks on the
polyamide membrane surface at wave numbers of 1541 c¢cm-1,1609 cm-1,and
1663 cm-1 belong to functional groups of -CO-NH- [265, 266], -N-H[265,
267], and - C=0)[265, 268], respectively.

A comparison of the FTIR spectra of the PA membrane and the PSf support is
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presented in Figure 6.5. It is observed that the PA membrane has three distinct
peaks that differentiate it from the polysulfone support layer: (1) the peak at
wave number 1541 cm-1 represents an amide II functional group (-N-H and -
CO-NH-) [265, 266]; (2) the peak at wave number 1663 cm-1 represents amide
I band (-C=0)[265, 268]; and (3) the peak at wave number 1609 cm-1

represents an aromatic amide (N-H) [265, 267].

6.4.2 Effects of pH on bacterial attachment kinetics

The influence of pH on bacterial adhesion to the PA membrane surface is
presented in Figure 6.6. In these experiments, the initial total ionic strength of
feed solution was kept constant at 100 mM. The concentration of the draw
solution was adjusted between 3.5 M and 4.5 M to achieve the same initial flux
for all experiments (3.5 pum/s). The effect of pH on initial stage of biofouling
was studied at pH 4.0, 5.5, 7.0, and 8.5 (adjusted using 0.1 M NaOH). All other
test conditions were kept the same between experiments. As shown in Figure
6.6a and 6.6b, bacterial deposition was strongly influenced by pH. The PA
membrane exhibited lower initial bacterial deposition rates of 2.2 and 0.9 um/S
at pH values of 7.0 and 8.5, respectively. At pH 4.0 or lower, the deposition
rate of the bacteria is 6.7 um/S. Notably, the bacterial deposition rate reached

13.4pum/S at pH 5.5.

Previous studies have shown that PA membranes may have electrically charged
surfaces in solutions. This surface charge is dependent not only on the
dissociation and ionization of functional groups (such as carboxylic (R-COOH)

and amine (R-NH2)) on the membrane surface but also the solution chemistry
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[269-271]. The pKa of a polyamide membrane surface is determined by the
dissociation behaviors of these functional groups. The carboxyl functional
groups and amine functional groups are the dominant functional group for a
fully aromatic PA membrane which has pKa values of 5.23 and 8.97 and the
amine groups are found to have one dissociation constant (pKa = 4.74) [272,
273]. At lower pH (<4.74), the membrane surface can be slightly positively
charged (R-NH3+), while, at a neural pH or higher pH (R-COO-) it can be
negatively charged. The characterization of the PA membrane surface charge
by different methods also shows that membrane surfaces become more negative

as pH increases [269, 274, 275].

Solution pH also affects bacterial surface properties. The outer cell membrane
of E. coli is known to be covered with a layer of extracellular polymeric
substances (EPS). EPS are high molecular weight substances secreted by
bacteria to the environment and mainly include polysaccharides, proteins,
and humic substances. Solution chemistry can greatly affect the EPS properties
(such as structure, thickness, hydrophobicity/hydrophilicity, and surface charge
[276-279]) and thus can affect bacterial adhesion behaviors. For example, at
lower pH, increased amount of protonated carboxylic and hydroxylic functional
groups reduces the negative charge and the hydrophilic nature of the EPS
surrounded bacteria[280]. Studies have shown that the pKa of E coli is close to

5.5[280, 281].
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Figure 6.6. Comparison of attached bacterial cell density and deposition rate
under different feed solution pH conditions: (a) density of attached bacterial
cells on membrane surface during attachment and rinsing experiments, (b)
deposition rates during attachment experiment, and (c¢) removal efficiency
during rinsing experiments. The operational conditions for the attachment
experiment were: 4~5 M NaCl solution as draw solution and 100 mM NacCl as
feed solution (which resulted in a permeate flux of 3.5 pm/s), 1x106 CFU/ml E.
coli K12, and a cross-flow rate of 8 cm/s. The operational conditions for the
rinsing experiments were: 100 mM NaCl as draw and feed solutions, 1x106
CFU/ml E. coli K12 in the feed solution, and a cross-flow rate of 21.4cm/s.
Four sets of experiments were conducted with different pH conditions in the
feed solution, i.e. pH 4, pH 5.5, pH 7.0, and pHS8.5 (adjusted by 0.1 N NaOH).

In our experiment, solution pH is found to affect the charge of both membrane
surface and bacteria surface and thus affect the electrostatic force between

bacteria and membrane as well as bacteria and bacteria. pH 5.5 is close to both
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the pKa value of and membrane E.Coli. In this condition, most of the bacteria
in the solution are neutrally charged. Therefore, electrostatic repulsion force
between the PA surface and bacteria as well as between the bacteria a in the
solution and the deposited bacteria is greatly reduced, compared to the cases of
pH 7.0 and pH 8.5. The reduced charge exclusion effects between bacteria and
bacteria as well as between bacteria and the membrane surface resulted in a

higher deposition rate at pH 5.5.

At pH above the pKa of E.Coli, negative charge (R-COO-) in the bacterial EPS
and on the PA membrane surface, and both the bacteria and membrane surface
are negatively charged. Hence, the bacteria-membrane attraction is smaller due
to the repelling effects that exist between the negatively charged bacteria and

the membrane surface.

At lower pH (~4), the membrane surface is slightly positively charged due to
the positive charge from the amine functional groups [282]. At this pH, the
EPS surrounded bacterial cell surface might be slightly positively charged as
well considering the protein content in the mixture of EPS. Thus, the
electrostatic repulsive interactions resulted in lower bacteria deposition rate as

well.

6.4.3 lonic strength effects on bacterial attachment and detachment

In this part of study, the effects of ionic strength on deposition kinetics of
bacteria onto the membrane surface under repulsive electrostatic conditions are

investigated. The deposition rates for E. coli with ionic concentrations of 10
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and 100 mM NaCl at pH 7.0 are plotted in Figure 6.7. Both the bacterial
coverage and the deposition rate at 10 mM are much higher than those at 100
mM. An increase in net deposition rate with decreased ionic strength is

observed.

The bacteria deposition indicated a stronger interaction between bacterial cells
and membrane surfaces. As discussed in Section 6.3.1, bacterial cell
aggregation and adhesion behavior is strongly influenced by the surrounding
EPS. The two sets of experiments were running at neutral pH, and both the
bacterial surface and the membranes surface are negatively charged. However,
at the lower ionic strength, the EPS layer expands and, consequently, reduces
the density of negative surface charges [277]. So at low ionic strength charge,
the repulsive force between a single bacterial cell and membrane surface can be
reduced. Furthermore, at higher ionic strength, cell aggregation in the bulk
solutions may happen at higher chance due to a double layer compaction for the
EPS layer at a higher ionic strength. The double layer compaction affects the
mean charge of EPS layer and reduces repulsive force between bacterial cells.
Cell aggregation happen at higher ionic strength and the aggregates are more
strongly affected by the sheer force introduced by cross-flow than the

electrostatic interactions between cells and membranes.
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Figure 6.7. Comparison of ironic strength effects on bacterial attachment
density during deposition and rinsing experiments: (a) count of attached
bacterial cells on membrane surface during attachment and rinsing experiments;
and, (b) deposition rates during attachment experiment. The solution ionic
strength in feed solution of 10mM and 100mM was adjusted by NaCl. Solution

pH was adjusted to 7.0. Other experiment conditions were the same as in Figure
6.6.

6.4.4 Calcium effects on bacterial attachment and detachment

The specific interactions between polysaccharides and calcium have a major
effect on the organic fouling of FO membranes [24, 27] and also greatly affect
the mechanical stability of biofilm formation [283] . Divalent cations, which
are known for their involvement in bridging the functional groups on both
polysaccharides and membrane surfaces, are likely to play a pivotal role in the
bacterial adhesion on membrane surface.  Enhancements in bacterial
aggregation and adhesion by divalent cations rely on screening of surface
charges and forming cationic bridges between negatively charged surface
functional groups. In this study, bacterial deposition/detachment experiments

were conducted in the presence or absence of calcium ions (1 mM) in NaCl
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solutions adjusted to an ionic strength of 100 mM at pH 5.5 and pH 8.5. A
greater bacterial deposition rate was observed when the test solution was

supplemented with calcium (Figures 6.8a and b).

Our results indicate that calcium cations significantly enhanced bacterial
adhesion at higher pH (pH 8.5). Very low concentrations of divalent cations
(i.e., | mM) were added to reach a deposition rate of 7.9 um/s, which is almost
10 times higher than the rate for non-calcium experiment. The zeta potential of
the PA surface under these conditions (pH 7.0 and 8.5) is expected to have a
negative value and, therefore, exhibit electrostatic repulsion to bacterial cells.
At lower pH (pH 5.5 compared with pH 8.5), the increased amount of
protonated carboxylic groups reduced the bridging of the negatively charged
calcium between the PA surface and the bacteria as well as between the bacteria

in the solution and the deposited bacteria.
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Figure 6.8. Comparison of calcium effects on bacterial attachment density
during deposition and rinsing experiments: (a) Bacterial deposition at pH 5.5
with/without calcium; (b) Bacterial deposition at pH 8.5 with/without calcium;
(c) deposition rates during the attachment experiment at pH 5.5; and, (d)
deposition rates during the attachment experiment at pH 8.5. The
experimental conditions were the same as in Figure 4 except that | mM calcium
chloride was added to the feed solution.
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6.4.5 Foulant-membrane interactions

Force measurements by AFM are presented to support the proposed biofouling
mechanism of the PA-FO membrane. As shown in Figure 6.9 a, a carboxylate-
functionalized polystyrene AFM particle probe was used as a surrogate for the
polysaccride in bacteria EPS, The method was described in previous
publications [24, 119]. Based on the analysis of the force versus distance curve
obtained during retraction of the particle probe from membrane surface, we
presented the adhesive force F/R versus the extension distance in Figure 6.9b,
6.9c, and 6.9d. All the force measurement experiments were conducted in
solution. Solution ionic strength was kept constant at 100 mM by NaCl solution.
Solution pH was adjusted by HCI (1:9) or NaCl (0.1 N). Calcium chloride (1

mM) was added to investigate calcium effects on adhesive force.

Our deposition results demonstrated the importance of calcium bridges between
bacteria-bacteria and bacteria-membrane. Strong adhesive forces and long
rupture distances are obtained in our experiments for membranes exposed to
solutions with calcium ions. Furthermore, calcium bridging has more

significant effects at higher pH.

In the absence of calcium ions but at the lower pH (pH 5.5), the adhesive force
and rupture distance decreased remarkably from 0.79 to 0.15 mN/m and from
192 to 43 nm, respectively (Figure 6.9¢). In the presence of calcium ions, the
adhesive forces between the carboxylate particle probe and the PA membrane

surface had a significantly wider distribution than those for experiments
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involving non-calcium membranes (Figure 6.9¢, 6.9d). Specifically, adhesive
force as high as 1.62 mN/m were measured at pH 8.5 in the presence of calcium
ions, whereas the adhesive force for a non-calcium experiment was 0.46 mN/ m.
The results presented in Figures 6.9c and 6.9d provide significant evidence for
the formation of calcium bridges with the PA membranes in higher pH. The

AFM results are in agreement with both bacterial deposition experiments.
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Figure 6.9. AFM results with a carboxylate functionalized particle probe: (a)
schematic illustration of force measurement experiment; (b) pH effects on the
adhesive forces between the PA membrane and the particle; (c) calcium effects
on adhesive force under lower pH (5.5); and, (d) calcium effects on adhesive
force under higher pH (8.5).

6.4.6 Interpretation by molecular dynamics simulations

Molecular dynamics simulations of membrane and foulant Interaction

Molecular dynamics (MD) simulations have contributed significantly to the
membrane research by providing a way to directly investigate the microscopic
detail information of the system that is not directly available by experiments.

In this study, we use a method based on the configuration-bias Monte-Carlo
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algorithm to build a PA-FO membrane configuration. A long chain
polysaccharide molecule was built to model the behavior of bacteria EPS
interacting with membrane surface (Figure 6.10a). The membrane-foulant
system was placed in aqueous electrolyte solutions; the foulant, membrane,
water molecules and dissolved ions were modeled using the consistent-valance
force field (CVFF). We investigated the local foulant-membranes interaction
via steered molecular dynamics (SMD) simulation. For detailed information

regarding system modeling, please refer to our simulation paper[284].

(b) Interactions in SMD simulation

1) Inner-sphere ionic bridge. Inner sphere complex is a type of surface complex.
Formation of inner sphere complexes occurs when ions bind directly to the
surface with no intervening water molecules (Figure 6.10a). This binding
structure could only be found in R-COO- (PA) — ions/ R-COO- (polysaccharide)

system, ex. the neutral environment.

2) Dipole - dipole binding. Dipole-dipole binding could occur in both R-COO-
cases and R-COOH cases (Figure 6.10b), but it is very rare in simulation. In
SMD simulation, this type of binding results in adhesive force (possibly

contributed by hydrogen bonding).

3) Outer-sphere complex. This kind of binding can be formed in both R-COO-
cases and R-COOH cases. An example is illustrated in Figure 10c (within the
circle). In SMD simulation, this type of binding results from small adhesions

(usually less than 0.15nN). Significant force peak is rarely observed.
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Figure 6.10. Interaction models: (a) Polysaccharide and membrane system and
inner sphere ionic bridge; (b) outer sphere complex; and (c) dipole-dipole
binding.

(¢) Understanding of pH effects

According Henderson-Hasselbalch equation: pH=pka+log([base]/[acid])[285],
we obtain the proportion of acids and their conjugate bases as shown in Table

6.1.

For a membrane in a mildly acidic environment (pH=4.0 and pH=5.5), the

presence of R-COOH on membrane surface is significant and should be given
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consideration. In the other cases (pH=7.0 and 8.5), R-COO- is dominant. For a
polysaccharide molecule, R-COO- group is dominant under all pH conditions.
As a result, in acidic environments, we consider the interactions between R-
COOH, Na+, water and COO- (alginate) in the simulation system. Meanwhile,
in the neutral and basic environment, the PA and alginate have the functional
group of R-COO-, the significant difference observed from the experiment

could be attributed to the Na+ ions bridge.

In neutral environments, a stable inner-sphere ionic bridge could form between
R-COO- functional groups, so the pull-off force is much larger than that for a
R-COOH case (Figure 6.10a). Some outer-sphere complex could form in R-
COOH- Na+ system. However, as mentioned before, this kind of binding is
rather weak and contributes little to the total pull-off force. The existence of
carboxylate groups promotes the deposition of alginate and also forms a stable
binding structure. This could partially explain the fact that the neutral
environments (pH=5.5) have a higher deposition rate than in the acidic

environment (pH=4.0).
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Table 6.1 Functional group analysis in system with different pH value

Membrane Membrane Polysaccride

R-COO- R-NH2/R- R-COO-/R-

/COOH NH3+ COOH
pH=4.0 5.8/100 18/100 223/100
pH=5.5 186/100 575/100 7079/100
pH=7.0 58.9/1 182/1 2239/1
pH=8.5 1862/1 5754/1 70794/1

(d) Understanding of the effects of calcium ions

The R-COO- -Na+ force curve and the R-COO- -Ca2+ force curves in different
pH conditions are plotted in Figure 6.11. In neutral and basic environment, the
pull-off force of R-COO- -Ca2+ was much larger than that of R-COO- -Na+ as
observed from simulation as shown in the red and green curves. This indicates
a significant increase in adhesion when adding Ca2+ in the neutral or basic
system. Ca2+ promoted a stronger binding than Na+ ion. In comparison, in the
acidic environment (i.e. R-COOH system), slightly higher force occurs when
Ca2+ ions are added since Ca2+ does not participate in the inner-sphere ionic
bridge in R-COOH system. This is consistent with experimental results.
Fouling study and force measurement both revealed that Ca2+ ions greatly

promoted fouling in basic and neutral environments. Ca2+ also promoted the
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bacteria - bacteria interactions in acid environment, which will enhance the
bacteria aggregation and enhance deposition. In sum, in neutral and basic
systems, the Ca2+ ions have significant effects on both PA - alginate interaction
and alginate aggregation; in acidic systems, the PA - alginate interaction is not

obvious, so the effect of Ca2+ ions may be weaker.
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Figure 6.11. SMD results: (a) pH effects and (b) calcium effects.

6.5 Concluding Remarks

Initial bacterial deposition onto polyamide forward osmosis membranes were
investigated with a focus on the effects of solution chemistry such as pH, ionic
strength, and divalent ions. The experimental results of deposition rate, a, and
molecular simulation were employed to elucidate the mechanisms of initial
biofouling in forward osmosis process. This study demonstrated that solution
chemistry had strong effects on initial bacterial deposition. Enhanced bacterial
deposition rates were observed with lower solution pH, lower ionic strength,

and the addition of calcium ions. Solution pH changed the membrane’s surface
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charge and also affected the charge and hydrophilicity of EPS bacteria, which
resulted in a change of interactions between bacteria and membrane.
Furthermore, the calcium bridging effects significantly increased adhesion force

and bacterial deposition rate.
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Chapter 7: Organic Fouling Behaviors and Foulant layer

Viscoelastic Properties of Polyamide Forward Osmosis

Membranes

7.1 Abstract

This study investigated organic fouling behavior of polyamide-forward osmosis
(PA-FO) membranes subjected to alginate fouling and their relationships to
foulant adsorption and fouling layer viscosity properties. Specifically, the
adsorption and viscoelastic structure properties of the alginate layer on a
polyamide sensor surface grew as a function of ionic strength and the presence
of calcium ions was monitored by quartz crystal microbalance with dissipation
(QCM-D). The PA-FO membrane was synthesized by interfacial
polymerization on a polysulfone (PSf) support. The polyamide sensor was
prepared by isolating the active polyamide layer from the PSf layer support and
attaching it on a commercial gold sensor. This sensor provided exactly the
same surface as the PA-FO membrane for alginate adsorption in QCM-D study.
The properties of the adsorbed alginate layer were investigated by combining
the information of the incremental adsorbed areal mass and the alginate layer’s
viscoelastic properties. It was found that, the absence of calcium ions, alginate
adsorption behavior was strongly influenced by charge screening between the
negatively charged carboxyl functional groups of the alginate molecules and the

membrane surface. Enhanced alginate adsorption rates were observed as ionic
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strength is increased; however, the charge screening effects at different ionic
strengths had negligible effects on PA-FO membrane fouling. The presence of
calcium ions induced the formation of a thick and dense alginate layer via the
bridging effects between alginate - alginate and alginate - membrane surfaces

and significantly changed membrane fouling behavior.

7.2 Introduction

The forward osmosis (FO) is a promising membrane process for sea/brackish
water desalination and wastewater reuse [9, 10, 12, 232, 235, 286]. The FO
process is considered to be an energy-friendly and cost effective method
compared with traditional membrane processes. No hydraulic pressure is
required for the separation process; the FO membrane uses natural osmotic
pressure to pull water molecules through a semi-permeable membrane from
diluted feed solutions to concentrated draw solutions; and the diluted draw
solutions can be concentrated again by reverse osmosis for solute reuse and
purified water production [235, 287]. One of the major drawbacks of

membrane technology is membrane fouling, which significantly limits the
permeate flux efficiency and increases operating costs [288, 289]. Membrane
fouling remains the most restrictive and challenging factor for the application of

all membrane technologies.

Among the various types of membrane fouling hindering industry
implementation, organic fouling is a significant challenge. Organic fouling

refers to the adsorption of organic matters such as polysaccrides, humic
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substances, protein, and grease onto the membrane surfaces. Organic matter is
a major source of membrane foulants, as it is prominent in all natural waters
(e.g. surface runoff, groundwater, and seawater) and it has special properties
that interact with other types of foulants to form complexities which can result
in accelerat surfaces is almost unavoidable, the deterioration of membrane
performance subjected to organic fouling is inevitable and must be considered

when designing fouling control strategies.

In the FO membrane process, it has been demonstrated that FO membranes
have lower fouling propensity and higher cleaning efficiency compared to RO
membranes [21, 24, 25]. However, most of these studies focus on the flux
behavior under different types of fouling. To date, the mechanisms behind
these fouling behaviors are still unknown.  Therefore, in order to develop
effective fouling control strategies, it is important to develop an applicable
method to investigate the relation between organic molecule adsorption and

membrane fouling behavior.

QCM-D has proven to be an effective tool for studying organic micromolecule
adsorption on top of a quartz sensor with nanoscale sensitivity [290, 291].
Changes of mass/thickness and structural/viscoelastic that occur on the sensor
surface can be obtained and the adsorption of mass onto the sensor surface will
be sensed as a change in sensor frequency. In addition, the loss of system
energy to dissipation provides valuable information on the viscoelastic

properties of the adsorption layer.
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This chapter aims to develop an effective method for the investigation of
alginate adsorption behaviors on a polyamide surface and the properties of the
subsequent adsorption layer by QCM-D. An innovative sensor coating
procedure was developed to attach the active polyamide film onto a commercial
gold sensor surface. The effects of solution chemistry (ionic strength and
divalent ions) on alginate adsorption behavior onto a polyamide sensor were
studied and compared with those in actual fouling experiments, where the
membrane flux was also studied and the fouling was composed of similar

alginate concentrations on polyamide membranes.

7.3 Materials and Methods

7.3.1 Materials and chemicals
ACS certified 1, 3- phenylenediamine (MPD, >99%), 1, 3, 5-
benzenetricarbonyl trichloride (TMC, 98%) 1-methyl-2-pyrrolidinone (NMP,
anhydrous, 99.5%), and N,N-dimethylformamide (DMF, anhydrous, 99.8%)
were used as received (Sigma- Aldrich, St. Louis, MO). Polyester nonwoven
fabric sheets (40 pum, grade 3249) were provided by Ahlstrom, Helsinki,
Finland. Polysulfone (PSf) beads (Mn: 22,000) were provided by Solvay

Advanced Polymers, L.L.C (Alpharetta, Georgia).

7.3.2 Organic foulants

Alginate was selected as the model organic foulant to represent some of the
common types of organic matters in water environment. Sodium alginate
(Sigma-Aldrich, St. Louis, MO) with a molecular weight range from 75 to 100

kDa is extracted from brown algae. Stock solutions of sodium alginate (10g/L)
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was prepared by dissolving sodium alginate into sterilized deionized (DI) water
and kept at 4°C to avoid biological contamination. Diluted alginate solutions

(200mg/L) were used in both the organic fouling and the QCM-D experiments.

7.3.3 FO membrane and organic fouling testing systems

The FO membrane tested in this study was prepared by interfacial
polymerization of TMC and MPD on top of the pre-casted PSf support.
Detailed information of the polyamide membrane fabrication and post treatment
was described in Chapter 6. The FO membrane was relatively hydrophilic with
a water contact angle of 61 + 4° measured by a G10 goniometer (Kruss, Ste K
Matthews, NC). The pure water permeability of the membrane was determined
to be 8.86x10-13 m/(s-Pa) in RO mode. The salt rejection rate under the same
test conditions was determined to be 97% with 20 mM NaCl as the feed

solution.

A FO cross-flow system was used in this study to monitor the fouling behavior
s of the polyamide membranes. It included a cross-flow membrane chamber
with two identical flow channels (77 mm %26 mm X 3 mm) [16] . Membrane
coupons were cut and sealed in the membrane cell between the two channels.
The draw solution and feed solution circulated in separate loops with co-current
cross flow in the chamber to reduce pressure on the suspended FO membrane.

Detailed information on this system was provided in our previous study [16].

7.3.4 Organic fouling and cleaning protocols

Organic fouling experiments were performed using the protocols similar to
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Chapter 3. Basically, a freshly made membrane coupon was used for every
experiment and pure water flux with SM NaCl as the draw solution and DI as
the feed solution was tested before all fouling experiments. After that organic
fouling experiments with alginate (200mg/L) and NaCl (20mM) and draw
solution (NaCl, 5M ) was used for the fouling experiments. All of the fouling
experiments were performed with a cross-flow rate of 400ml/min, at pH 7.0
(adjusted by NaHCO3), and a temperature of 20 +£ 1 °C. The permeate water
was collected in a draw solution tank and the weight changes were monitored
throughout the fouling experiments for further flux calculations. Note that,
before the fouling experiments, a baseline experiment with same ionic strength
for both draw solution and feed solution was conducted to correct the solution’s

dilution/concentration effects on the membrane flux.

7.3.5 QCM-D experiments protocols

A QCM-D E4 system (Q-Sense AB, Gothenburg, Sweden) was utilized in this
study to investigate organic molecule adsorption on a polyamide modified
sensor. QCM-D experiments were performed with polyamide-coated gold
sensor surfaces. The protocols of sensor fabrication and alginate adsorption

experiments are documented in the following sections.

Polyamide sensor fabrication

The polyamide sensor was prepared by spin coating a thin layer of PSf and by
the attaching of an isolated PA film onto the PSf layer (Figure 7.1). The gold

sensor was thoroughly cleaned before the coating. Each new, clean sensor was
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treated in a UV/ozone chamber (ProCleaner Chamber, Bioforce Nanoscience,
Ames, TA) for 20 minutes and then heated in a mixture of DI, ammonium
hydroxide (25%) and hydrogen peroxide (30%) (5:1:1) at 75°C for 5 minutes.
After heating, the sensor was rinsed with DI and dried with pure nitrogen gas
before being treated in the UV/ozone chamber for another 10 minutes. The
newly cleaned sensor was mounted on a spin coater and coated with
polysulfone solution (1%, in NMP) for 10 s at 2500 rpm. A 2 x2 cm2 PA-FO
membrane was cleaned with DI and dried in a desiccator for 24 hours before
isolation. DMF was used as the organic solvent to dissolve and remove the PSf
support layer from the PA surface layer. The membrane coupon was secured
onto a silicon wafer with the PSf layer facing up. A dissolving and drying
procedure was repeatedly performed to totally remove the PSf layer. During
this procedure, 0.1 ml of DMF was dropped onto the membrane surface and any
excess DMF was carefully removed by filter paper. Then, the membrane
coupon was dried in air for 2 minutes. Next, another 0.1 ml of DMF was added
to membrane surface. After this procedure was repeated 10 times, the polyester
mesh could be peeled off using tweezers without damaging the bottom PA layer.
DMEF dissolving and drying was then repeated another thirty times until the PSf
was completely removed. The isolated PA film was gently attached to the PSf

coated sensor and dried in desiccator.

Before each measurement, the sensor was cleaned three times by repeated
sonication in a Hellmanex III solution (2%). The sensor was thoroughly rinsed

with DI water and dried with high-purity N2 gas.
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Alginate adsorption protocol

The QCM-D instrument monitored the changes in the resonant frequency (4f)
and dissipation (4D) of the quartz crystals at a number of different resonance
overtones. The shifts of Af and 4D were recorded to model the adsorbed layer
properties. For each QCM-D experiment, Af and 4D baselines were first
established in DI water before test solutions were introduced into the flow
chambers. The flow rate of the pure water and the salt solutions was controlled
at 100 uL/min by a high precision multichannel pump dispenser (Labinett lab
AB, Goteborg) which generated a velocity of approximately 0.2 mm/s on the
crystal surface. All adsorption experiments were conducted at a controlled

temperature of 25 °C.

Three sets of alginate adsorption experiments were conducted to test the effects
of ionic strength on alginate adsorption and also to compare sodium bridging

and calcium bridging effects on alginate adsorption (Figure 7.1).
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Figure 7.1 Schematic illustration of QCM-D alginate fouling experiments.

7.4 Results and Discussion

7.4.1 Influence of ionic strength on alginate fouling

The flux behaviors of FO membranes subjected to organic fouling at different
ionic strengths were tested with accelerated alginate concentration (200 mg/L)
over a 24 hour period. A 5 M NaCl solution was used as the draw solution and
lower concentrations of NaCl solutions with total ionic strengths of 10 mM, 20
mM and 100 mM, respectively, were used as the feed solution. NaHCO3 was
added to adjust the pH value of the feed solutions (pH 7.0). Sodium ions were
the only cation in the feed solutions. As shown in Figure 7.2, the membrane
flux declines during the alginate fouling are negligible at all ionic strengths.
For all three experiments, after 24 hours, more than 95% of the clean membrane

flux still remained. By visual examination of the fouling layer, alginate formed
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a very thin, discontinuous, gel-like layer and covered the membrane surface.
The fouling layers were not attached tightly to the membrane surface; they
could be easily separated by DI rinsing. This observation indicated that total
ionic strength had insignificant effects on the flux decline for a PA-FO
membrane. In a neutral environment, alginate molecules are negatively charged;
the increase in total ionic strength of the solution reduces the surface charge
along with the number of changes in the structure of a single alginate molecule
because of electrostatic double layer compression. The reduced surface charge
may prompt the aggregation of alginate molecules and enhance adsorption.
However, the flux decline behaviors of the PA-FO membrane confirms
electrostatic double layer compression because increased ionic strength did not

play a major role in alginate fouling on PA-FO membranes.
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Figure 7.2. Flux behaviors of FO membrane subjected to organic fouling.
Experimental conditions were as follwowing: 4 M NaCl was used as draw
solution; and lower concentrations of NaCl solutions (I mM, 20 mM and 100
mM) were used as feed solution; and feed solution pH was kept at 7.0 adjusted
by NaHCO3; the temperature was kept constant at 20 + 1°C; the cross-flow rate
was 400ml/min; and the alginate concentration used was 200mg/L. Note the
membrane flux presented is normalized by the clean membrane flux which was
obtained by baseline experiment.
7.4.2 Influence of divalent ions on alginate fouling

Divalent cations have been reported to enhance alginate fouling by neutralizing
negative charges and providing a bridging mechanism that allows alginate—
alginate and alginate-membrane complexes to form [202, 292-294]. Enhanced
alginate fouling experiments with calcium were conducted at a total ionic
strength of 20 mM, with 1 mM Ca2+ added in the feed solution to determine
the effect of the presence of divalent cations on membrane flux decline. Ca2+

was chosen as a model divalent cation because it is one of the major divalent

cations in natural waters. As shown in Figure 7.3, Ca2+ dramatically enhanced
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membrane fouling. The membrane permeate flux fluctuated less than 5% over a
period of 24 hours when the divalent cations were absent in the feed solution.
When Ca2+ cations were present, the permeate flux decreased markedly by
40 % within 24 hours. The dramatic effects of Ca2+ on membrane fouling,
compared those to Na+ ions, will be discussed later when presenting the

corresponding adsorption experiments.
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Figure 7.3. Calcium effects on flux behavior f FO membrane subjected to
organic fouling. Experimental conditions were as following: 4 M NaCl was
used as draw solution; and a lower concentrations of NaCl solutions (1 mM, 20
mM and 100 mM) were used as feed solution; and feed solution pH was kept at
7.0 adjusted by NaHCO3; testing temperature was kept constant at 20+1°C;
cross-flow rate 400ml/min; the alginate used was 200 mg/L. 1 mM CaClI2 was
added in the calcium effects experiment. Note the membrane flux presented
was normalized by the clean membrane flux which is obtained by baseline
experiment.

7.4.3 QCM-D study on alginate adsorption
To study the effects of solution chemistry on alginate fouling potential, alginate

adsorption kinetics and viscoelastic properties were analyzed in the experiments
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with alginate adsorption to polyamide coated crystals in a QCM-D. The
polyamide coated gold sensor was used as a model surface that mimicked
polyamide membrane surface as a substratum for alginate to demonstrate

adsorption behavior and viscoelastic characteristics.

Effects of ionic strengths on alginate adsorption

In this part of study, the ionic effects of alginate adsorption on the polyamide
surface were tested in a cross-flow QCM-D chamber. The sensor was first
stabilized in DI. After the sensor reached equilibrium in DI, alginate solutions
(200 mg/L) with different total ionic strengths (NaCl 1 mM, 20 mM, and 100
mM, respectively) were then introduced into the system until it reached the
adsorption equilibrium. In the end, the system was rinsed with DI water till
stabilized. =~ The changes in frequency and dissipation were monitored and
analyzed. The cross flow rate for all adsorption experiments was fixed at 100

pl/min and increased to 300 pl/min for the rinsing experiments.

Figures 7.4 (a), (b) and (c) describe the decrease in frequency and increase in
dissipation energy of the polyamide crystal due to adsorption of alginate on the
surfaces at a total ionic strength of 1 mM, 20 mM, and 100 mM, respectively.
When DI was replaced by alginate solution in the experiment, adsorption
started immediately as demonstrated by the decrease of sensor frequency and
increase of dissipation. Alginate exhibits totally different adsorption behaviors
in different ionic environments. With lower ionic strength (1 mM), it takes a

shorter time to reach equilibrium and DI rinsing totally removed the adsorption
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layer and fully recovered sensor shifts to original status. The increase in total
ionic strength (20 mM and 100 mM) resulted in more decreases in the
frequency and DI rinsing could not totally remove the adsorption layer. The
difference in alginate adsorption behaviors indicated that the increase in
solution ionic strength changed the alginate properties as well as the surface

properties, which eventually changed the alginate-membrane interactions.

The initial alginate adsorption rates expressed as a decrease in the frequency
were plotted in Figure 7.4 (d). The alginate adsorption rate was increased as
the solution’s ionic strength increased. The highest adsorption rate was
observed at ionic strength of 100 mM, which indicated a strong attraction
between the membrane surface and the alginate molecules at higher ionic

strengths.

In neutral environments, both the alginate molecule and the membrane surfaces
are negatively charged. Charge shielding by positively charged sodium ions
affects the interactions between the alginate and the membrane surface. The
higher adsorption rate at high ionic strengths indicates that electrostatic

interactions play an important role in initial alginate adsorption.
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Figure 7.4. Effects of alginate adsorption in different ionic strengths on the
resonance frequencies and the corresponding dissipations ((a), (b), and (c)) of
the QCM-D quartz. And the frequency decrease rate in the first 100 seconds
due to alginate adsorption was compared in (d). The QCM-D experiments
were conducted on a polyamide coated gold sensor surface with varied NaCl
concentrations (1 mM, 20 mM and 100 mM) at an ambient pH.

Calcium effects on alginate adsorption

This part of the study investigated the calcium effects on alginate adsorption.
Two sets of experiments were conducted including alginate adsorption with
3mM NaCl and alginate adsorption with the addition of 1 mM CaCl2. The
effects of Na+ and Ca2+ on alginate adsorption were compared. The
polyamide sensors were firstly stabilized in salt solutions (3 mM NaCl or | mM

CaCl2) to be conditioned by Na+ or Ca2+tbefore the alginate adsorption
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experiments in order to introduce a conditioning layer of ions on the negatively
charged polyamide sensor surface. After the sensor reached equilibrium in salt
solutions, the alginate solutions (200mg/L) with different solution compositions
(3 mM NaCl, or 1 mM CaCl2) were then introduced into the system until
adsorption reached the equilibrium. In the end, the system was rinsed with DI
water until stabilization. = The changes in frequency and dissipation were
monitored and analyzed. The cross flow rate for all adsorption experiments
were fixed at 100 pl/min and increased to 300 pl/min for the rinsing

experiments.

As shown in Figure 7.5 (a), experiments with alginate adsorption on Na+
exhibited a small change in the shift of frequency of the polyamide-coated
crystal sensor by alginate adsorption and DI rinsing fully recovered the sensor
shifts. It indicated that the adsorbed sodium cations on polyamide surface did
not form a strong bond between alginate molecule and polyamide surface.
Significant decreases in sensor frequency of alginate adsorption was observed
on Ca2+ conditioned sensor (Figure 7.5 (b)). DI rinsing did not recover sensor
shifts to the original status, which indicates a layer of alginate was strongly
bonded to membrane surface. The absorbed calcium ions bridged between the
carboxylic functional groups on both alginate molecule and polyamide
membrane surface and introduced a strong bond between them.  This
observation is consistent with the fouling study with calcium in the system,
where the addition of calcium ions significantly changed membrane fouling

behavior.
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Figure 7.5. Effects of alginate adsorption with/without calcium on the
resonance frequencies: (a) shifts of the QCM-D quartz frequency and the
corresponding dissipations with Na+ in solution and (b) shifts of the QCM-D

quartz frequency and the corresponding dissipations with Ca2+ in solution.

In Figure 7.6, the initial alginate adsorption rates expressed as the decrease rate
in the frequency of two experiments were compared. At the beginning of the
adsorption experiment with Nat+ surface conditioning, the alginate layer
appeared to increase slowly and resulted in a slow decrease in frequency. On
the calcium ion conditioned sensor, alginate accumulated quickly and formed

an even denser alginate film (as indicated by the lower change in dissipation).
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Figure 7.6. Frequency decrease rate in the first 100 seconds due to calcium
bridging on alginate adsorption layer.

The adsorption of alginate molecules onto polyamide membrane surfaces was
greatly affected by the presence of calcium cations. The alginate adsorption
rate was accelerated by the addition of calcium and the adsorbed mass became
much higher. The adsorption layer was dense and rigid compared with that in
the sodium conditioning experiment. Calcium enhanced the attraction between
alginate molecule and polyamide membrane surface and facilitated a strong
bond after alginate is adsorbed. The enhanced adsorption of alginate
eventually resulted in a dense fouling layer from accelerated fouling on the

polyamide membrane surface.

7.5. Concluding Remarks

This study demonstrated that alginate adsorption behavior was strongly
influenced by charge screening between the negatively charged carboxyl

functional groups of the alginate molecules and the membrane surfaces.
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Enhanced alginate adsorption rates were observed as ionic strength increased.
However, the charge screening effects at different ionic strengths have
negligible effects on PA-FO membrane fouling. The presence of calcium ions
induced the formation of a thick and dense layer via the bridging effects
between alginate -alginate and alginate-membrane surfaces and significantly

changed membrane fouling behavior.
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Chapter 8: Grafting Zeolite Nanoparticles onto Polyamide
Membranes for Enhanced Fouling Resistance in Forward

Osmosis Membrane Process

8.1 Abstract

In this study, we developed an innovative method for zeolite nanoparticles
functionalization and grafting to enhance fouling resistance of thin film
composite (TFC) membranes in forward osmosis (FO) membrane process.
Linde type A (LTA) zeolite nanoparticles were modified with amine functional
groups and covalently bonded to the carboxyl functional groups on the TFC
membrane surface. X-ray photoelectron spectroscopy (XPS) examination of the
membrane surface suggested that zeolite nanoparticles are successfully grafted
onto membrane surface. And this layer of zeolite nanoparticles greatly changed
the surface morphology of the TFC-FO membrane as suggested by the results
from atomic force microscopy (AFM), and scanning electron microscopy
(SEM). Increased membrane surface hydrophilicy, enhanced permeatibily and
reduced salt back diffusion are observed after zeolite modification. Our further
investigation showed that antifouling properties of the zeolite-modified
membrane are significantly enhanced. FO fouling experiments showed that
bacterial deposition, organic fouling, inorganic scaling were inhibited by zeolite
modification, most likely due to reduced carboxyl functionality and increased

hydrophilicity of the zeolite modified membranes.
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8.2 Introduction
Membrane-based desalination techniques are energy-efficient and cost-effective in

comparison with conventional desalination processes such as multi-stage flash
distillation (MSF), multiple-effect distillation (MED) and vapor compression (VC).
Among all membrane technologies, forward osmosis (FO) is very promising due to
its high selectivity, reduced cost and energy feature [10, 60, 63, 83, 172, 232, 295-
297]. As an essential part of the FO process, the development of FO membranes with
high performance is always in need for the advancement of this technique. In recent
years, many attempts have been made to synthesize new FO membrane materials.
Elimelech’s group reported a high performance thin-film composite FO (TFC-FO)
polyamide membrane with finger like-structure support layer structure, which can
effectively reduce internal concentration polarization (ICP) and increase permeate
flux in FO mode [71-73]. Further studies on the performance of this membrane have
shown that the TFC-FO membrane is very suitable for FO process with higher flux
and salt rejection rate compared with commercial cellulose triacetate FO membranes.
However, polyamide membrane materials have shown relatively high fouling
propensity in its applications such as reverse osmosis (RO), nanofiltration (NF) and
FO because of its intrinsic surface physicochemical properties[24, 27, 119, 144, 298-
300]. Improvements in fouling resistance of TFC-FO membranes are critical steps
for further development and applications of the process.
For all types of membrane fouling, membrane surface characteristics play an
important role in foulant deposition and fouling layer formation. The antifouling
performance of membrane materials relies largely upon their surface properties.

Therefore, optimize membrane surface characteristics such as tailored surface
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functional groups, reduced surface roughness and increased surface hydrophilicity by
surface modification may effectively control membrane fouling. Among all the
modification methods, incorporating nanomaterials has drawn significantly attention
and have been considered as a promising strategy to improve membrane surface
characteristics [ 174, 301-303], enhance membrane mechanical strength[304, 305],
improve antimicrobial abilities [306-308], and improve membrane fouling
resistance[ 166, 309-311].

Zeolite nanomaterials have drawn great attention in membrane processes and
research has shown that the incorporation of zeolite nano-particles into membrane
structure provides the opportunity to combine the high selectivity of inorganic
molecular sieving materials and the processability of polymer membranes [179]. The
favorable properties of zeolite materials can help improve membrane characteristics
including: (1) zeolite nanomaterials can reject ions by size exclusion and Donnan
exclusion, which implies its application for desalination[177] [179, 312]; (2) zeolite
nanomaterials may offer its vigorous characteristic such as surperhydrophilicty and
potential in antifouling and antimicrobial performance[313, 314] to membrane
surfaces, and (3) zeolite nanomaterials may help improve the stability of polymeric
membranes against pressure. Zeolite nanocomposite membranes have been widely
researched in membrane processes such as reverse osmosis [159, 170, 186, 315, 316];
ultrafiltration [ 180-184], and forward osmosis [185] to facilitate rejection and
improve flux.

The above studies all focused on incorporating the zeolite nanoparticles into

the main body of membrane materials to optimize the structure and improve

163



membrane flux and salt rejection rate. However, we have not found many studies
utilizing the attractive superhydrophlicity of zeolite nanoparticles to enhance
membrane fouling resistance. Han et.al found that the addition of NaA zeolite particle
(3 wt%) into poly(phthalazinone ether sulfone ketone) composite ultrafiltration (UF)
membrane can effectively reduce flux decline against titan yellow dyedue to the
increased surface hydrophilicity[317]. Liao et.al. blended silver NaY zeolite
nanoparticles into poly (vinylidene fluoride) (PVDF) membranes, which
demonstrated superior antibacterial activity against E. coli. [318]. In these studies,
zeolite nanoparticles demonstrated both high water permeability and high surface
hydrophilicity which made it an attractive agent for membrane surface modification.
The objectives of this study are to synthesize zeolite modified TFC-FO
membrane by incorporating zeolite nanoparticles onto a TFC-FO membrane surface
and to evaluate the feasibility of using this fabricated zeolite TFC-FO membrane in
FO process. The fouling propensity of the zeolite TFC membranes are investigated by
three major types of foulants in desalination processes including organic foulant,

inorganic scalant and microorganisms.

8.3 Materials and Methods

&.3.1 Chemicals

Tetramethylammonium hydroxide (TMAOH, 25 wt% aqueous solution) and
aluminum isopropoxide (Al (i-pro)3, 99.99+% (metals basis)) were purchased
from Alfa Aesar (Ward Hill, MA) . (3-Aminopropyl) trimethoxysilane
(APTES), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride

(EDC), N-Hydroxysuccinimide (NHS), Sodium hydroxide (NaOH, ACS

164



reagent, > 97.0%), 1-methyl-2-pyrrolidinone (NMP, anhydrous, 99.5%), N,N-
dimethylformamide (DMF, anhydrous, 99.8%), 1,3- phenylenediamine
(MPD, >99%), and 1,3,5-benzenetricarbonyl trichloride (TMC, 98%) were used
as received (Sigma- Aldrich, St. Louis, MO). Polysulfone (PSf) beads (Mn:
22,000) were provided by Solvay Advanced Polymers, L.L.C (Alpharetta,
Georgia). Polyester nonwoven fabric sheet (40 um, grade 3249) were provided

by Ahlstrom, Helsinki, Finland. All chemicals used were ACS grade.

8.3.2 Fabrication of zeolite nanoparticles

Deinoized (DI) water was used in the experiment. The zeolite crystals of Linde
type A (LTA) were synthesized using the methods presented in recent literature
[319, 320]. Briefly, the process of synthesizing includes dissolving 0.9575 g
NaOH in 89.498 g DI water in a 250 mL Teflon bottle followed by the addition
of 48.856 g TMAOH solution. Then, 6.76 g silicic acid is added to the resulting
basic solution and the mixture is heated in a convection oven at 80°C to speed
the dissolution of silicic acid. After a clear solution forms, the solution is cooled
to room temperature and 7.353 g Al (i-pro)3 is added. A clear gel with a
composition of 11.25Si102/1.8A1203/6.7 (TMA)20/1.2Na20/700H20 forms
after rigorous stirring at room temperature for around 1 hour. The as-obtained
gel in the Teflon bottle is transferred into a preheated convection oven for 3
days of hydrothermal synthesis at 70°C. LTA samples are collected by repeated
(3 times) centrifugation and washing with DI water. The as-prepared LTA

nano-crystals are, then, ready for membrane fabrication.
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8.3.3 PA membrane synthesis

PSf beads (Mn = 22,000 Da) was dissolved in the solvent or solvent mixture
(NMP:DMF, 3:1) and cast on a PET fabric sheet moisturized by the solvent
mixture (250um in thickness) to form a support PSf membrane [71]. The PA
active layer was formed on top of the PSf support membranes through
interfacial polymerization following the procedures described in previous
publications (PA biofouling paper). During the process, the PSf support was
initially dipped in a MPD (3.4 wt% in water) solution for 120 s to create a layer
of MPD covering the entire surface. Next, the PSf support was dipped in a
TMC solution (0.15 wt% in Isopar- G) for 60 s and allowed to react with air to
form a stable film of polyamide. The post treatment procedures for removing
residue chemicals included the following steps: (1) heating in DI at 95 -C for
120 s; (2) Rinsing with a NaClO solution (200ppm) for 120 s; (3) rinsing in a
NaHSO3 solution (1000ppm) aqueous for 30 s; and, heating at 95 -C in DI for

120 s. The fabricated TFC membranes were rinsed thoroughly and stored in DI

at 4 °C before surface modification.

8.3.4 Membrane surface modification by zeolite nanoparticles

Free carboxyl functional groups at the surface of polyamide membranes were
used as active sites to irreversibly bind amine functionalized zeolite
nanoparticles. A simple dip coating protocol was developed to functionalize the
zeolite particles and then to graft onto membrane surfaces (Figure 8.1). Amine
functionalized zeolite nanoparticles were fabricated by surface modification of

zeolite nanoparticles with (3-Aminopropyl) trimethoxysilane. The zeolite
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solution was centrifuged and replaced with DI water to totally remove any
chemical residue from the synthesis. 60 ml of zeolite solution (3%) was
sonicated for 30 minutes to break down any small aggregates. After that, 5.25 g
of (3-Aminopropyl) trimethoxysilane (50%) was added to the suspension. The
pH of the suspension was adjusted to 5 and then kept under vigorous stirring at
60 °C for 18 h. The suspension was dialyzed in DI water using SnakeSkin
tubing (7 kDa MWCO, Pierce Biotechnology) for 72 hrs. The pH of the final
suspension was adjusted to pH 7 before adding EDC (2 mM) and NHS (5 mM).
The active side of polyamide membranes was immersed in the nanoparticle
suspension for 12 h at room temperature (23 °C). During this step, the amine
functional groups on the surface of the nanoparticles react with the carboxylic
groups on the surface of polyamide membranes and form an irreversible

binding.
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Figure 8.1. Schematic of protocol used for the zeolite nanoparticles
functionalization and the PA membrane surface modification.

8.3.5. FO direct observation system and fouling experiment protocol

Cross-flow FO membrane systems were used to conduct the scaling and
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cleaning experiments. Both systems contain custom built membrane cells. The
feed and draw solution channels in FO have identical dimensions: 77 mm in
length, 26 mm in width, and 3 mm in depth. A schematic diagram and detailed
description of the system are given in our previous publications [16].

Organic fouling and cleaning protocol

The following protocol was used to run the alginate fouling and cleaning
experiments. First, a new membrane coupon was placed in the membrane cell
with the active side facing the feed solution channel. The membrane was
stabilized with DI water as both feed solution and draw solution for 30 minutes.
Next, the permeate flux of the stabilized membrane was measured for 24 hours
with 5M NaCl as the draw solution and 20 mM NaCl as the feed solution.
Baseline experiments were conducted to correct effects such as concentration
and dilution. After that, the draw solution and the feed solution were changed
for the organic fouling experiment. The organic fouling experiment was, then,
performed for 24 hours. 5M NaCl was used as draw solution and the same
alginate solution was used for both the PA membrane and the zeolite modified
PA membrane: 200mg/L alginate, 20 mM NaCl, and 1 mM CaCl2. Other test
conditions included: cross flow velocity of 8.5 cm/s, pH 7.0, and temperature of
20 = 1 °C. Weight change of draw solution was continuously monitored
throughout the fouling experiments. Membrane cleaning experiments were
performed immediately after the fouling experiments. DI water was used as
both draw solution and feed solution to rinse the system for 20 minutes at a

cross-flow rate of 21 cm/s. The cleaning experiment was conducted at a
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temperature of 20 = 1 °C and no chemicals were added as cleaning agents.
After the cleaning experiment, the membrane water flux was tested under
baseline conditions. A detailed procedure can be found in our previous
publications [16].

Bacterial deposition and Release Experiment

The befouling experiment protocols are similarly to the protocols used in
Chapter 5 and Chapter 6. Escherichia coli K12 MG1655 is used as model
foulant. E. coli solutions were pre-cultured in 50 mL of LB broth in 250 mL
culture flask on a shaking water bath for 12-14 hours at 37.0 °C. 0.1 mL of pre-
culture was then transferred into another 250 mL culture flask with 50 mL of
LB broth and incubated at 37.0 °C in the shaking water bath until the E. coli
reach a late exponential growth phase. The bacterial cells were then harvested
and suspended in a test solution to a target concentration of 1x106 CFU/mL.
100 mM NacCl was used as the feed solution and 1 mM CaCl2 was added. 5 M
NaCl solutions were used as the draw solution to provide a driving force for the

permeate flow.

Membrane biofouling experiments were conducted after the system was
sterilized by circulating Ethanol (>70%) for an hour and fresh DI for an hour.
New membrane samples were used for every experiment. The active layer of
the membrane was set against feed solution in the test. After that, membrane
was stabilized in the feed solution and the draw solution for 30 minutes,
bacterial cells were added into the feed tank (1x106 CFU/mL). Images were

taken immediately after the permeate flow started. The same places on the
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membrane’s surface were monitored and imaged at an interval of every 1
minute for the first 20 minutes of the experiment; after 60 minutes, the draw
solution was switched to 100 mM NaCl and the cross-flow rate was increased

to 1000mL/min and image was taken every 1 minute.
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8.4. Results and discussion

8.4.1. Effects of zeolite modification on surface properties

The PA membrane and zeolite modified PA membrane used in this study both
have an asymmetric structure that includes a porous PSf support layer and an
active polyamide layer. The surface morphology of the active layer, before and
after functionalization, was analyzed by SEM and atomic force microscopy
(AFM) (Figure 8.2). The SEM surface micrographs (Figure 8.2a) and the
representative topographic image (Figure 8.2c) of a PA membrane showed a
uniform ridge-and-valley structure, which is the typical morphology of
polyamide films formed by interfacial polymerization. The characteristic
surface roughness parameters of the membranes were measured by tapping-
mode AFM. The PA membrane’s surface had a RMS of 80 + 30 nm, an average
roughness (Ra) of 62 + 20 nm, and a maximum roughness (Rmax) of 835 + 30
nm. The SEM micrographs in Figure 8.2b (imaged at the surface of the zeolite
modified PA membrane) showed that the surface features of the PA membrane
were covered by a layer of zeolite nanoparticles. The surface roughness
measurements of zeolite modified PA membrane (Figure 8.2d) indicated a slight
increase in surface roughness that was due to the presence of nanoparticles.
The zeolite modified PA membrane had a RMS of 89 + 30 nm, an average

roughness (Ra) of 66 + 20 nm, a maximum roughness (Rmax) of 1,003 + 30 nm.
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Figure 8.2. SEM and AFM images of membrane surfaces (a) PA membrane
surface image, (b) Zeolite modified PA membrane surface, (c)AFM image of
PA membrane surface, and (d) AFM image of zeolite modified PA membrane
surface.

X-ray photoelectron spectroscopy (XPS) data of the membrane surfaces of the
PA membrane and zeolite modified PA membranes are presented in Figure 8.3.
As shown in Figure 3a, significant energy peaks were observed for both the PA
surface and the zeolite modified PAsurface. These were attributed to carbon,
oxygen, and nitrogen (Figure 8.3a). Among these, carbon was the most
abundant element (Figure 8.3b and 8.3c), consistent with the chemistry of the
membrane active layer. The spectra related to the zeolite modified PA
membrane surface showed the appearance of energy peaks associated with

silicon and aluminum (Figure 8.3a), which confirm the presence of the silica-

aluminum based zeolite nanoparticles at the surfaces.
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Figure 8.3. XPS spectra of the surface of the PA membrane and the zeolite
modified PA membrane. (a) XPA survey scans of PA membrane (red) and of
zeolite functionalized PA membrane, (b) Element fractions of carbon, oxygen,
and nitrogen relative to the sum of all elements at the surface of PA membrane,
and (c) Element fractions of carbon, oxygen, nitrogen, silica and aluminum
relative to the sum of all elements at the surface of PA membrane.

8.4.2. Effects of zeolite modification on membrane performance
The pure water permeability of the PA membrane and the zeolite-FO were
shown in Figure 8.4. The feed solution used for testing was DI water. Three
draw solutions were tested including 1.5 M, 4 M, and 5 M. As shown in Figure
8.4, the zeolite modified PA membrane showed slightly higher flux. This is
probably due to the effects of increased hydrophilicity from the zeolite grafting.
The PA membrane surface is relatively hydrophilic with a water contact angle
of around 61 + 4°, which was measured with DI water (~40 puL) under ambient
conditions using a KRUSS G10 Goniometer (Matthews, NC). The zeolite

modified PA membrane has a water contact angle of 31 & 4°.
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Figure 8.4. Zeolite functionalization increased membrane surface

hydrophilicity and membrane permeate flux. (a) Membrane flux in FO mode,
(b) water contact angle measured on membrane surface, and (c) representative
water contact angle images,

8.4.3 Effects of zeolite modification on antifouling properties

Effects of zeolite modification on initial stage bacteria deposition and release

The bacterial deposition behaviors on the TFC-FO and zeolite TFC-FO
membranes, determined from deposition and rinsing experiments, were
presented in Figure 7. For both the TFC-FO and zeolite TFC-FO, the bacteria
density on membrane surface increases linearly with time. The deposition rate
on the TFC-FO membranes was higher than that on the zeolite TFC-FO
membrane. And 50% of the deposited bacteria can be removed by physical
rinsing. This observation indicates that the interaction between bacteria and
zeolite TFC-FO membrane is much weaker than that of the TFC-FO membrane.
In FO system with steady cross-flow rate, the deposition of bacterial cells on
the membrane surface was determined by the combination of permeation drag

force resulting from the permeate flow and the electrostatic double layer
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interactions between the bacteria and the membrane surface at close distance.
The permeation drag force for the two experiments was kept the same by
adjusting same permeate flux. However, the electrostatic interactions between
the bacteria and the two membranes are much different. The TFC-FO
membrane is negatively charged in neutral environment and bacteria cells carry
negative charge as well. Calcium bridging between carboxylic surface
functional groups and the extracellular substances enhanced bacteria adhesion
and results in an irreversible deposition. For the zeolite TFC-FO membranes,
zeolite nanoparticles were introduced together with the superhydrophilic

ligands with amine functionalities instead of carboxylic moieties [166].

The chance of irreversible deposition was much reduced due to the decreased
carboxylic functional density and subsequent effects of calcium bridging.
Furthermore, the hydration layer introduced by zeolite nanoparticles surface
also resists the adsorption of EPS substances to the membrane surface. Thus the
modified surface functionalities and surface hydration layer increased the

antibiofouling resistance of the zeolite TFC-FO membrane.
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Figure 8.5. Comparison of attached bacterial cell deposition and release on
different membrane materials. (a) Density of attached bacteria cell on
membrane surface during attachment, and (b) bacteria deposition rates during
attachment experiment (red) and bacteria release. The operational conditions for
the attachment experiment were: 4M NaCl solution as the draw solution and
100 mM NacCl as the feed solution (which resulted in a permeate flux of 3.5
um/s). The feed solution pH was adjusted to 7.0 by adding NaOH. Bacterial
concentration in the feed solution was 1x106 E.coli K12 CFU/ml. 1 mM
calcium was added to feed solution. A cross-flow rate of 100 mL/min was
maintained for attachment experiment. The operational conditions for the
rinsing experiments were: 100 mM NaCl as draw and feed solutions, 1 x 106 E.
coli K12 CFU/ml was in feed solution and a cross-flow rate of 1000 mL/min.
The two sets of experiments were conducted with different membrane materials
including PA membrane and zeolite modified PA membrane.

Effects of zeolite modification on alginate fouling

Fouling behavior of the PA and zeolite modified PA membranes were
investigated with alginate as a model organic foulant. Experiments were
carried out for 24 hours and were followed by physical cleaning with the
addition of air bubbles to enhance the hydrodynamic shear in the feed channel.
The results of duplicate runs for the PA and zeolite modified PA membranes are
summarized in Figure 8.6. 5 M NaCl was used as draw solution in both
experiments; the feed solution’s total ionic strength was kept at 0.02 mM by

adding NaCL and 1 mM CaCl2 was added. A high foulant concentration (200
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mg/L) was used to accelerate the fouling rate. Figure 8.6 showed the results of
membrane flux declines caused by alginate fouling. A small flux decline is
observed for the zeolite modified PA membrane. In contrast, the flux decline
for the PA membrane drops quickly even at the beginning of the experiment.
This observation was attributed to the complexity of the bridging mechanisms
between the alginate molecules and the carboxylic functional groups on the
surface of the PA membrane and in the presence of calcium ions which results
in a dense and cross-linked alginate gel layer on the membrane’s surface. The
zeolite modified PA membrane exhibited a much slower flux decline than the
PA membranes due to the reduced density of carboxylic functional groups. This
slower flux decline suggested that the zeolite modified PA membranes may be

more resistant to fouling than the PA membranes.
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Figure 8.6. Comparison of membrane flux declines during organic fouling
experiments with different membrane materials including the PA membrane and
the zeolite modified PA membrane. Experimental conditions are: 5 M NaCl as
draw solution in both experiments; the feed solution total ionic strength kept at
0.02 mM by adding NaCL and 1 mM CaCl2; temperature of 20 + 1 oC; cross-
flow rate of 8.5 cm/s; and, 200mg/L sodium alginate used as the organic foulant.

8.5 Concluding Remarks

We successfully grafted zeolite nanoparticles onto a polyamide forward
osmosis membrane resulting in more hydrophilic surface. The zeolite modified
membrane exhibits improved resistance to bacterial adhesion and organic

fouling.
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Chapter 9: Conclusions and Recommendations

9.1 Conclusions

This dissertation work investigated the fouling behavior of two types of FO
membrane including a CTA-FO membrane and a PA-FO membrane and
developed effective surface modification strategies to improve membrane
antifouling properties. =~ FO membrane fouling behavior was analyzed
dynamically using a lab-scale system. The foulant-membrane interactions and
fouling layer properties were characterized at microscopic level to help provide
critical information to explain FO membrane fouling. Atomic force
measurement and molecular simulation were combined to understand the

foulant-foulant and foulant-membrane interactions at molecular level.

A synergistic effect between alginate fouling and gypsum scaling was observed
in the fouling experiment to study the combined organic and inorganic fouling
of CTA-FO membranes using alginate and gypsum as model foulants (Chapter
3). That is, the coexisting foulants resulted in more severe flux decline than the
algebraic sum of flux declines caused by individual foulants. It was found that
this synergistic effect was mainly due to the aggravated gypsum scaling in the
presence of alginate molecules. Analysis of flux decline results and SEM
images indicate that alginate molecules act as large nuclei in gypsum crystal
growth, thus significantly increasing the size of gypsum crystal and shortening
the initiation time for crystallization. It is also revealed that the dominating

scaling mechanism switches from bulk crystallization (in the absence of
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alginate) to surface/heterogeneous crystallization (in the presence of alginate).

The adsorption of organic foulants on CTA-FO membrane surfaces had
significant effects on subsequent gypsum scaling in FO membrane process
(Chapter 4). The absorbed organic macromolecules significantly changed the
membrane  flux-decline behavior under gypsum scaling: organic
macromolecules (AHA and alginate) with a high density of carboxylate
functional groups led to increased gypsum crystal size, shortened crystal
nucleation time, and resulted in severe flux decline; BSA with its low

carboxylate density did not show any significant effects on gypsum scaling.

The results of biofouling experiments demonstrated that direct microscopic
observation is a useful tool to study initial bacteria deposition on FO membrane
surfaces (Chapter 5). For the CTA-FO membrane, the initial microbial
deposition rate is relatively slow and more than 50% cells deposited on the FO
membrane surface can be easily removed by simultaneously increasing crow-
flow rate and stopping permeate flux. This high removal efficiency indicates a
weak bond between bacteria and CTA membrane surface. Membrane surface
properties such as hydrophilicity played an important role in bacteria deposition.
Polydopamine coating on the CTA-FO membrane further increased surface

hydrophilicity and reduced biofouling.

The biofouling of a lab-synthesized polyamide (PA) membrane was also studied
in FO membrane process (Chapter 6). Solution pH and divalent ions such as

calcium ions demonstrated significant effects on bacteria deposition rate.
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Integrated results from atomic force measurements and molecular simulations
suggested that the electrostatic force between bacteria and membrane surface
played an important role in controlling the initial deposition of bacterial cells

onto the PA membrane.

The adsorption and viscoelastic structure properties of alginate layer grow on a
polyamide sensor surface as a function of ionic strength and the presence of
calcium ions are monitored by quartz crystal microbalance with dissipation
(QCM-D) (Chapter 7).  The results from this part of study shows that in the
absence of calcium ions, alginate adsorption behavior is strongly influenced by
charge screening between the negatively charged carboxyl functional groups of
the alginate molecules and membrane surfaces. Enhanced alginate adsorption
rate is observed as ionic strength is increased. However the charge screening
effects at different ionic strengths have negligible effects on PA-FO membrane
fouling.  The presence of calcium ions induces the formation of a thick and
dense layer via the bridging effects between alginate -alginate and alginate-

membrane surfaces and significantly changed membrane fouling behavior.

In chapter 8, a zeolite-modified PA membrane was successfully fabricated and
its antifouling performance was thoroughly investigated in FO membrane
process. Amine-functionalized zeolite nanoparticles were irreversibly grafted
onto PA membrane surface by covalent binding. The membrane surface
hydrophilicity was greatly increased by the zeolite nanoparticles. The zeolite-
modified membrane exhibits enhanced fouling-resistance to bacteria adhesion

and organic fouling.
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9.2 Key Contributions

The dissertation work provided insights into the fouling behaviors of two types
of FO membranes, i.e., a commercial CTA-FO membrane and a lab-synthesized
PA-FO membrane with various types of fouling, including organic fouling,
scaling, biofouling, and combined fouling. A more systematic and fundamental
understanding of FO membrane fouling mechanisms was achieved by
characterizing the foulant-foulant and foulant-membrane interactions in FO
membrane process. Novel surface modification strategies using biomimetic
polymers (polydopamine) or hydrophilic zeolite nanoparticles were

successfully developed to mitigate FO membrane fouling.

The specific contributions are listed below:

¢ Gaining an understanding of the influence of alginate on the gypsum
crystallization kinetics and scaling behavior.

¢ Identifying how alginate, bovine serum albumin, and humic acid affect the
scaling behavior of gypsum in FO process.

e Demonstrating that the electrostatic interaction between bacteria and
membrane surface is the dominant factor in the initial stage of biofouling for
both CTA-FO and PA-FO membranes.

e Developing a QCM-D method for quantitatively characterization of foulant
adsorption on polyamide membrane surfaces.

e Successfully fabricating a PA-FO membrane with relatively high water
permeability and salt rejection.

e Developing an effective surface modification strategy of grafting zeolite
nanoparticles onto the PA membrane surface to successfully mitigate FO

membrane fouling.
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9.3 Future Work

Following the investigations described in this dissertation, a number of projects
could be taken up, including:

e Further investigation on biofouling mechanisms of CTA-FO and PA-FO
membranes. This dissertation work investigated the effects of solution
chemistry on initial stage bacterial deposition and release in FO process.
Further study on role of extracellular polymeric substances (EPS), bacteria
eletromobility and membrane surface charge will give more insights to the
biofouling mechanisms. Furthermore, long-term befouling experiments will
provide more information for biofilm formation in FO process.

e Fouling study and fouling control strategies development in pressure retarded
osmosis (PRO) process. PRO process share similar working mechanism as FO and
use the same membrane as FO process. However the fouling propensity is much
severe. Fouling study on PRO process is very limited. The fouling investigation

method developed in this study can be immediately applied to the fouling study in
PRO process.

e Fabrication of nanocomposite PA-FO membrane with different types of nano
particles. The method of using covalent binding between carboxylate
functional groups on membrane surfaces and amine functionalized
nanoparticles is suggested to be reliable and effective. This method can be
further explored with other types of functionalized nanoparticles such as
nanosilver, carbon nanotube, and titanium dioxide nanoparticles to tailor the
properties of membrane surface and improve fouling resistance .

¢ QCM-D study on polyamide membrane membrane surface modification and
foulant on polyamide membrane surface. This study developed a protocol for
polyamide sensor coating. The polyamide coated sensor strongly mimics the
real membrane surface. The degree of coating and grafting on polyamide
membrane surface can be monitored at nanoscale level. The information of

initial foulant adsorption and foulant layer growth on membrane surface can
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be obtained from QCM-D study as well.
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