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Abstract 
The market for pol yamide desalination membranes i s expected to continue to grow dur ing the 
coming decades. Purification of alternative water sources will also be necessary to meet growing 
water d emands. Purification of  pr oduced w ater, a  b yproduct of  oi l a nd g as pr oduction, i s of  
interest due  t o i ts dua l pot ential t o pr ovide w ater f or be neficial us e as w ell a s t o reduce 
wastewater disposal costs. However, current polyamide membranes are prone to fouling, which 
decreases w ater f lux an d s hortens m embrane l ifetime. T his r esearch ex plored s urface 
modification us ing pol y(ethylene glycol) di glycidyl e ther ( PEGDE) t o i mprove t he fouling 
resistance of commercial polyamide membranes. 
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Characterization o f co mmercial p olyamide m embrane p erformance w as a n ecessary first s tep 
before unde rtaking s urface m odification s tudies. M embrane pe rformance w as f ound t o be  
sensitive t o c rossflow t esting conditions. C oncentration pol arization a nd f eed pH  s trongly 
influenced NaCl rejection, and the use of continuous feed filtration led to higher water flux and 
lower NaCl rejection than was observed for similar tests performed using unfiltered feed.  

Two commercial pol yamide membranes, i ncluding one  reverse osmosis and one  nanofiltration 
membrane, were modified by grafting PEGDE to their surfaces. Two di fferent PEG molecular 
weights (200 and 1000) and treatment concentrations (1% (w/w) and 15% (w/w)) were studied. 
Water flux decreased and NaCl rejection increased with PEGDE graft density (μg/cm2), although 
the largest changes were observed for low PEGDE graft densities. Surface properties including 
hydrophilicity, roughness and charge were minimally affected by surface modification.  

The fouling resistance of modified and unmodified membranes was compared in crossflow 
filtration studies using model foulant solutions consisting of either a charged surfactant or an oil 
in water emulsion containing n-decane and a charged surfactant. Several PEGDE-modified 
membranes demonstrated improved fouling resistance compared to unmodified membranes of 
similar initial water flux, possibly due to steric hindrance imparted by the PEG chains. Fouling 
resistance was higher for membranes modified with higher molecular weight PEG. Fouling was 
more extensive for feeds containing the cationic surfactant, potentially due to electrostatic 
attraction with the negatively charged membranes. However, fouling was also observed in the 
presence of the anionic surfactant, indicating hydrodynamic forces are also responsible for 
fouling. 
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1 INTRODUCTION 

1.1 Water Shortage Issues Facing the World 

Water is one of the most basic resources necessary for human survival, yet in 2006, the 
World H ealth O rganization e stimated t hat one  billion pe ople w orldwide di d not  ha ve 
access t o cl ean w ater [1]. T he s ituation w ill un doubtedly be come m ore s evere, as t he 
world’s popul ation i s i ncreasing a t a  r ate of  80  m illion pe ople pe r year [1]. A lthough 
water covers approximately 70% of the earth’s surface, oceans account for 97% of this 
water, l eaving onl y 3% of the world’s water with a  potable salinity level (<1000 mg/L 
total dissolved solids (TDS)) [2]. However, much of this fresh water is either located far 
below ground or  i s frozen in i cecaps and glaciers, l eaving l ess t han 1%  of  t he world’s 
water as readily accessible fresh water [2]. 

1.2 Desalination 

Since f resh w ater s ources a re f inite a nd limite d, treatment o f alternative w ater sources 
must be considered. One well-established and growing treatment method is desalination 
of b rackish water and s eawater. Brackish water typically has TDS content in the range 
1,000-15,000 m g/L, w hile s eawater ha s an a verage T DS content of  35,000 m g/L, 
although t here i s w ide variability i n obs erved TDS va lues [2]. In 195 3, t here w ere 
approximately 225 d esalination pl ants w orldwide, w ith a  to tal c apacity o f 2 7 milli on 
gallons per day (mgd) [2]. By 2004, the number had grown to more than 15,000 pl ants 
worldwide, w ith a n estimated to tal capacity of  8,560 m gd, about 25%  of t he U nited 
States’ annual water consumption [1]. Thermal t echnologies, where s alt is r emoved b y 
evaporating b rackish w ater o r s eawater an d co ndensing t he w ater v apor t o yield f resh 
water, dom inated t he desalination i ndustry until t he l ate 1990s  [2]. M embrane 
technologies have now surpassed thermal technologies in terms of desalination capacity, 
due largely to the development of  reverse osmosis in the 1960s  [2]. A reverse osmosis 
desalination plant requires as little  as ten percent of the energy of a thermal distillation 
plant, m aking r everse os mosis a  m ore c ost-effective opt ion a nd l eading t o i ts us e in 
nearly all ne w de salination pl ants be ing constructed t oday [1]. T he e xception i s t he 
Middle East, where thermal technologies still dominate the market due to abundant cheap 
supplies of fossil fuels [3].   

1.3 Produced Water 

Another potential a lternative water source gaining interest today i s produced water, the 
main byproduct of oil and natural gas production [4]. One source of produced water is the 
water located in underground formations with oil and gas, which is brought to the surface 
when the hydrocarbons are produced. In the United States, approximately seven barrels 
of w ater ar e b rought t o t he s urface w ith e very ba rrel of  oi l generated, a lthough t he 
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location, type, and age of the well affect the amount of water produced [4]. Worldwide, 
an estimated 77 billion barrels of produced water were generated in 1999 [4]. This water 
is typically unfit for beneficial use and must be disposed of in accordance with regulatory 
requirements, most often by reinjection at onshore sites and discharge at offshore sites, at 
a high cost to oil production companies. If this water could be purified for beneficial use 
instead of  di scarded, no t o nly w ould pr oduction c osts be  l owered dr astically a nd t he 
threat t o t he e nvironment l essened, but  a  ne w a nd m uch-needed w ater s ource w ould 
result, since oil is often produced in arid regions lacking sufficient fresh water resources. 

Produced w ater c omposition va ries b y geographic l ocation, ge ological formation, a nd 
product being produced, and may include dispersed oil and other organics, salts, metals, 
and t reatment c hemicals s uch a s s cale a nd corrosion i nhibitors, c oagulants t o r emove 
solids, and emulsion breakers [4]. The composition of a single produced water source can 
also va ry w idely ove r t he c ourse o f a  reservoir l ifetime, m aking pr ediction of  w ater 
composition even more difficult. 

1.4 Types of Water Treatment Membranes 

The f our m ajor pr essure-driven m embrane s eparations u sed i n w ater t reatment ar e 
microfiltration (MF), u ltrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) 
[3, 5] . E ach m embrane t ype h as a d ifferent operating p ressure range an d s eparation 
ability. As seen in Figure 1.1, microfiltration membranes can remove contaminants larger 
than a pproximately 10 00 Å , i ncluding c olloidal pa rticles a nd ba cteria [3, 5] . 
Ultrafiltration membranes remove smaller components, such as p roteins, from solution, 
in a ddition to  c olloidal p articles a nd b acteria [3, 5] . B oth mic rofiltration a nd 
ultrafiltration me mbranes a chieve separation b y rejecting co mponents l arger t han t heir 
pore s izes, but  r everse osmosis m embranes, on t he ot her ha nd, a re s o de nse t hey are 
considered e ffectively nonpor ous [5]. R everse os mosis m embranes, therefore, c an 
remove m olecularly di ssolved s alts f rom s olution, w hile na nofiltration me mbranes, o r 
“loose R O” m embranes, t ypically have l ower salt r ejection cap abilities t han r everse 
osmosis m embranes [3]. F igure 1.1 a lso i llustrates t he i ncreasing pr essure, or  e nergy, 
required to achieve higher levels of separation with membranes. 
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Figure 1.1. Separation characteristics of the four major pressure-driven membrane 
separations [3]. 

1.5 Membrane Fouling 

Reverse osmosis membranes, which are now commonly used for desalination, cannot be 
used t o t reat pr oduced w ater due  t o f ouling, a  phenomenon t hat d ecreases w ater 
throughput a nd r educes membrane l ifetime [5]. When or ganic c ontaminants pr esent i n 
produced w ater, i ncluding e mulsified oi l a nd surfactants, d eposit on t he m embrane 
surface, m ass t ransfer r esistance i ncreases [5]. E ven de salination pr esents f ouling 
problems, due  t o s uspended s olids i n t he f eed a nd m icrobial g rowth on the m embrane 
surface. T hus, s eawater i s t ypically p retreated b efore b eing f ed t o r everse o smosis 
membrane modules, to protect the membranes from biological and particulate fouling [3]. 
Conventional pretreatment i ncludes s edimentation and sand and cartridge f iltration, but  
membrane-based pretreatment, including ultrafiltration and microfiltration, has also been 
used r ecently [6, 7] . Pretreatment, bot h c onventional a nd m embrane-based, i s be ing 
considered a s an opt ion f or pr oduced w ater purification, t o r emove m ost of  t he 
contaminants b efore s ending t he t reated f eed w ater t o a r everse o smosis m embrane 
module for desalination [8]. However, there is also significant interest in eliminating the 
pretreatment step, so that produced water purification (organic and salt removal) may be 
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performed i n a  s ingle step. Improvements i n f ouling r esistance of  r everse os mosis 
membranes are necessary, and surface modification, generally involving physical coating 
of antifouling polymers on to the surface of commercial membranes, is one of the major 
focal points of this area of research [9, 10] . The research reported in this dissertation is 
also geared towards surface modification to enhance the fouling resistance of commercial 
reverse osmosis membranes for produced water purification. 

1.6 Goals and Organization of the Dissertation 

Two major goals provided the framework for this research. First, the commercial reverse 
osmosis m embranes c hosen f or us e i n s urface m odification s tudies w ere thoroughly 
characterized, t o de termine t he e ffect of  t esting c onditions on m embrane pe rformance. 
Surface modification will affect membrane performance, and it is important to understand 
what changes in performance can be attributed to surface modification and what changes 
are du e t o t he conditions a t w hich t he m embranes a re t ested. The s econd g oal of  t his 
research w as t o m odify t he s urface o f co mmercial r everse o smosis m embranes b y 
chemical grafting and evaluate the modified membranes’ resistance to fouling by model 
produced w ater c ontaminants. T he f ouling r esistance of  m odified m embranes w as 
compared to that of unmodified control membranes, and surface properties of control and 
modified membranes were measured.  

This di ssertation i ncludes s even c hapters, i ncluding t his i ntroductory c hapter, a nd one  
appendix. C hapter 2 de scribes t he b ackground a nd t heory relevant t o t he r esearch, 
including t he de velopment of  current c ommercial r everse os mosis m embranes, t he 
solution-diffusion m odel us ed t o explain t heir be havior, and p revious s urface 
modification w ork, i ncluding pol y(ethylene glycol)-based m odifications. C hapter 3  
details the experimental materials and methods used in this work. 

Chapter 4 presents the results of the commercial reverse osmosis membrane performance 
characterization s tudies. T he i nfluence of  c oncentration pol arization, c ontinuous f eed 
filtration, and feed pH on membrane performance was measured, and performance values 
consistent w ith t he m anufacturer b enchmarks were achieved b y m atching t heir t est 
conditions. C hapter 5 di scusses t he c hemical s tructure a nd s urface pr operties of  t he 
commercial reverse osmosis m embranes, including t heir s urface r oughness, 
hydrophilicity a nd c harge. C hapter 6 pr esents the r esults of  s urface modification of  
commercial membranes by poly(ethylene glycol) diglycidyl ether (PEGDE) using a top 
surface t reatment method. The effects of  modification on w ater f lux, salt rejection, and 
fouling r esistance t o ch arged s urfactants an d o il-in-water emulsions of  n-decane an d 
charged surfactant were measured. Flux recovery of PEGDE-modified membranes after 
cleaning was also evaluated, and the fouling resistance and flux recovery of modified and 
unmodified m embranes w ere compared. Finally, C hapter 7  gives conclusions a nd 
recommendations f or f uture w ork. The appendix i ncludes ot her s urface m odification 
methods studied, surface charge data in the presence of charged surfactants, and fouling 
data for blank foulant tests.   
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2 BACKGROUND AND THEORY  

2.1 Osmosis and Reverse Osmosis 

Osmosis is a naturally occurring phenomenon in which water (solvent) flows through a 
semi-permeable membrane (i.e., a membrane that is permeable to water but not salt) from 
regions of  l ow s olute ( salt) c oncentration t o r egions of  hi gh s olute c oncentration, to 
achieve equilibrium between the two solutions [1, 2]. However, if a hydrostatic pressure 
equivalent t o t he s o-called os motic pr essure di fference be tween t he t wo s olutions is 
applied to the high solute concentration solution, net water f low through the membrane 
will s top, an d i f p ressure g reater t han the os motic pr essure di fference i s a pplied, t he 
direction of water flow will be reversed [1, 2]. Reverse osmosis, therefore, is the process 
of w ater t ransport a gainst i ts c oncentration gradient, f rom t he l ow w ater c oncentration 
(i.e., hi gh s olute concentration) s ide of  t he m embrane t o t he hi gh w ater c oncentration 
(i.e., l ow s olute c oncentration) side of  t he membrane. F igure 2.1 i llustrates t he 
hydrostatic pressure difference and direction of water flow for the processes of osmosis, 
osmotic equilibrium and reverse osmosis. 

 

 

Figure 2.1. Direction of water flow and pressure difference for an osmotic membrane in (a) 
osmosis, (b) osmotic equilibrium and (c) reverse osmosis [1, 2]. The solute (i.e., 
salt) concentration is higher on the left hand side of each membrane in this 
figure. 
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2.2 Membrane Transport Model 

In p ressure-driven p ermeation t hrough a m embrane, t he p ressure d ifference a cross t he 
membrane i nduces a ch emical p otential gradient [2]. Two m odels a re us ed t o de scribe 
transport through membranes. The solution-diffusion model, which assumes the pressure 
within the membrane is uniform and equal to the value on the high-pressure side of the 
membrane, applies to dense, nonporous membranes such as reverse osmosis membranes 
[3]. The pore-flow model, on t he other hand, assumes the pressure decreases uniformly 
across t he m embrane t hickness, and i s used to d escribe, for ex ample, flow through the 
pores of porous ultrafiltration membranes [2]. For charged membranes (e.g., polyamides), 
the electrochemical potential (i.e., μie) is used instead of the chemical potential (i.e., μi), 
to account f or t he electrostatic p otential o f t he m embrane [4]. The s olvent 
electrochemical pot ential g radient a nd t he p ressure a nd s olvent activity pr ofiles in a  
charged m embrane corresponding t o t he s olution-diffusion a nd por e-flow m odels a re 
depicted in Figure 2.2.   

 

Figure 2.2. Solvent electrochemical potential gradient and corresponding pressure and 
solvent activity profiles in a charged membrane according to the solution-
diffusion and pore-flow models [2].  
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The f lux of  a  c omponent i n a  f eed s tream i s de termined b y t he gradient i n i ts 
electrochemical potential across a charged membrane, and is given by: 

dx

d
LJ ie

ii

µ
−=

 (2.1) 

where Ji is the flux of component i, dµie/dx is the gradient in electrochemical potential of 
component i, and Li is a coefficient of proportionality [2].  

The el ectrochemical p otential g radient i s t he driving force f or p ermeation, an d f or 
charged m embranes, t his dr iving force i s generated b y a combination of  concentration, 
pressure and electrostatic potential gradients, expressed as [2, 4]: 

( ) Ψ++= edzdpcRTdd iiiiie υγµ ln  (2.2) 

where γi is the activity coefficient, ci is the molar concentration, υi is the molar volume 
and zi is the charge number of component i, R is the gas constant, T is the temperature, p 
is the pressure, e is the charge on an electron, and Ψ is the electrostatic potential of the 
membrane. For incompressible phases, the molar volume, υi, is independent of pressure, 
so Equation 2.2 may be integrated to give: 

( ) ( ) Ψ+−++= ezppcRT i
o
iiii

o
ieie υγµµ ln  (2.3) 

where µie
o is t he el ectrochemical p otential o f co mponent i  at  a r eference p ressure p i

o 
(typically defined as the saturation vapor pressure of i, pi,sat).  

Assuming the activity coefficient, γi, is constant, Equations 2.1 and 2.2 may be combined 
to give the following:  
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 (2.4) 

where the diffusion coefficient, Di, is given by: 

i

i
i c

RTL
D =

 (2.5) 

and the Darcy’s law coefficient, k, is given by: 

iiLk υ=  (2.6) 
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Integration of Equation 2.4 across the membrane thickness gives: 

( ) ( )( ) ( ) ( )( ) ( )


 )()( mmoiimmomimioi
i

ezLppkccD
J

Ψ−Ψ
+

−
+

−
=

 (2.7) 

where iD is th e concentration a veraged, e ffective di ffusion c oefficient across t he 
membrane t hickness ( average va lue m ust be  us ed be cause D i may be  c oncentration 
dependent), c io(m) is the concentration of  component i  in the membrane a t the feed s ide 
interface, ciℓ(m) is the concentration of component i in the membrane at the permeate side 
interface, po(m) is t he p ressure i n t he m embrane at  t he f eed s ide i nterface, pℓ(m) is th e 
pressure i n t he m embrane at  t he p ermeate s ide i nterface, Ψo(m) is t he el ectrostatic 
potential in the membrane at the feed side interface, Ψℓ(m) is the electrostatic potential in 
the m embrane at  t he p ermeate s ide i nterface, and ℓ is the membrane thickness. The 
charge within the membrane is assumed to be uniform (i.e., Ψo(m) = Ψℓ(m)). 

The f luids on e ither s ide of  t he m embrane a re assumed t o be  i n e quilibrium w ith t he 
membrane m aterial at  t he i nterface, w hich al lows i nterfacial co ncentrations i n t he 
membrane (cio(m) and ciℓ(m)) to be determined by equating the electrochemical potential on 
either side of the interface (i.e., in the feed and in the membrane at the feed side interface, 
or in the permeate and in the membrane at the permeate side interface) [2, 4].  

Equating e lectrochemical potentials (cf. Equation 2.3)  a t the feed s ide interface (noting 
that the feed fluid is uncharged, i.e., Ψo = 0) gives the following: 

( ) ( ) ( ) ( )( ) ( )( ) )(,, lnln moisatimoimiomiosatioiioio ezppcRTppcRT Ψ+−+=−+ υγυγ  (2.8) 

As seen in Figure 2.2, the pressure in the feed solution (po) is equal to the pressure in the 
membrane at the feed side interface (po(m)) for both the solution-diffusion and pore flow 
models. The c oncentration of  c omponent i  i n t he m embrane at t he f eed s ide i nterface, 
cio(m), is simply: 

( )
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io
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io
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ez
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−= )(exp

γ
γ

 (2.9) 

where Ki is the sorption or partition coefficient of component i. 

Equating e lectrochemical p otentials ( cf. E quation 2.3)  a t t he pe rmeate side i nterface 
(noting that the permeate fluid is uncharged, i.e., Ψℓ = 0) gives: 

( ) ( ) ( ) ( )( ) ( )( ) )(,, lnln misatimimimisatiiii ezppcRTppcRT  Ψ+−+=−+ υγυγ  (2.10) 
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which can be rearranged to give: 

( )( )







 Ψ
−







 −
−=

RT

ez

RT

pp
cc mimi

i
mi

i
mi

)(

)(
)( expexp 








υ
γ
γ

 (2.11) 

where p ℓ is t he pr essure i n t he pe rmeate. S ubstituting f or t he s orption c oefficient, iK , 
gives: 

( )
( )( )
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The expressions for the concentrations of component i in the membrane at the feed and 
permeate s ide i nterfaces ( Equations 2.9 a nd 2.1 2, r espectively) c an be  substituted i nto 
Equation 2.7 to obtain: 
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Equation 2.13 g ives the flux of component i across a membrane in terms of the pressure 
and concentration gradients across the membrane. According to the pore-flow model (cf. 
Figure 2.2), the pressure in the membrane at the permeate side interface, pℓ(m), is equal to 
the p ermeate p ressure, pℓ, a nd t he c oncentration i s a ssumed t o be  uni form a cross t he 
membrane (cio = ciℓ). Equation 2.13 may be simplified to give the governing equation for 
transport through a pore-flow membrane, Darcy’s law: 

( )


pp
k

J oi −=
 (2.14) 

 The solution-diffusion model assumes that the pressure in the membrane at the permeate 
side interface, pℓ(m), is equal to the feed pressure, po, so Equation 2.13 may be simplified 
to give: 
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Equation 2.15 gives the flux of component i across a reverse osmosis membrane in terms 
of t he pr essure a nd c oncentration gradients a cross t he m embrane. T ypically, w ater 
(component w , s olvent) a nd s alt ( component s , s olute) a re t he s pecies of  i nterest i n 
reverse o smosis a pplications. A t o smotic e quilibrium, th e a pplied transmembrane 
hydrostatic pressure exactly balances the difference in osmotic pressure of the feed and 
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product solutions (Δp = Δπ), and water f lux, J w, is zero. Inserting th is information in to 
Equation 2.15 gives: 







 ∆

=
RT

cc w
wow

πυexp

 (2.16) 

Substituting Equation 2.16 i nto Equation 2.15 yields the following expression for water 
flux: 

( )















 ∆−∆
−−=

RT

pcKD
J wwoww

w

πυ
exp1

  (2.17) 

The a pproximation ( )( ) xx →−− exp1  as 0→x  applies, s ince 0≈x  in E quation 2.17. 
Therefore, Equation 2.17 may be written: 

( )π
υ

∆−∆= p
RT

cKD
J wwoww

w
  (2.18) 

Equation 2.15 can also be used to give a simplified expression for salt flux, Js. Using the 
approximation ( ) 1exp →− x  as 0→x  in Equation 2.15 ( since salt flux is assumed to be 
dependent on concentration and independent of pressure [5]), salt flux may be written: 

( )


sso
ss

s cc
KD

J −=
 (2.19) 

In E quations 2.18 a nd 2.19, J  i s t he f lux of  w ater ( Jw) o r s alt (J s), D  is t he av erage 
diffusion coefficient of water ( wD ) or salt ( sD ), K  is the sorption coefficient of water   (

wK ) o r s alt ( sK ), υw is the mo lar volume o f water, Δp is the transmembrane pressure 
difference, Δπ is the osmotic pressure difference (due to the ionic content of the feed and 
permeate), c wo is the water concentration in the feed, c so is the salt concentration in the 
feed, and csℓ is the salt concentration in the permeate. Solution ideality may be assumed 
at low concentrations, so the osmotic pressure of a sodium chloride feed is approximated 
as 2cRT, and Δπ is given by 2(cso - csℓ)RT [6]. 

Equations 2.18 and 2.19 can be simplified by defining the water permeance (A) and salt 
permeance (B) as: 

RT

cKD
A wwoww
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and 


ss KD

B =
 (2.21) 

Equations 2.18 and 2.19 are thus typically written as: 

( )π∆−∆= pAJ w  (2.22) 

and 

( )ssos ccBJ −=  (2.23) 

Units typically used in Equations 2.22 and 2.23 are: Jw, L/(m2 h), or LMH; Js, mg/(m2 h); 
A, LMH/bar; B, LMH; Δp and Δπ (bar); and cso and c sℓ (mg/L). Permeate s alt 
concentration is related to the water and salt fluxes as follows [1]: 

w

s
s J

J
c =

 (2.24) 

Another de fining p roperty of  a r everse osmosis membrane is  its  apparent s alt r ejection 
(Rapp), which is given by: 

%1001 ×
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 (2.25) 

Equation 2.24 m ay be  u sed w ith E quation 2.25 to g ive a n e xpression f or a pparent s alt 
rejection in terms of water and salt flux [1]: 
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Equations 2.22 a nd 2.23 may be combined with Equation 2.26 t o give an expression for 
the apparent salt rejection of a solution-diffusion membrane in terms of its water and salt 
permeance [1]: 
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2.3 Concentration Polarization 

Commercial reverse osmosis membranes typically reject more than 98% of salt, but this 
high s electivity m akes t hem pr one t o c oncentration pol arization, a phe nomenon 
illustrated i n F igure 2.3 [1, 6 -8]. D iffusion of  rejected s alt i ons f rom t he m embrane 
surface into the bulk feed solution does not occur rapidly enough to maintain a uniformly 
mixed feed, leading to a buildup of salt in a boundary layer on t he feed side membrane 
interface [7]. A mass balance on the salt within the boundary layer (where permeate salt 
flux is s et e qual t o c onvective f lux t owards t he m embrane m inus di ffusive f lux a way 
from the membrane) yields the following (cf. Figure 2.3) [1]: 

sw
s

sosw cJ
dx

dc
DcJ =−

 (2.28) 

where x is the coordinate direction perpendicular to the membrane surface and Dso is the 
diffusion c oefficient of  salt i n t he f eed s olution. Integrating E quation 2.28 ove r t he 
boundary layer thickness gives the expression for the concentration polarization modulus, 
M, according to the film model [1, 9]: 
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cc

cc
M w
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smso exp




 (2.29) 

where c so is t he bu lk f eed salt concentration, c so(m) is t he s alt concentration i n t he feed 
contiguous t o t he m embrane s urface ( equivalent t o t he s alt c oncentration i n t he 
membrane a t t he f eed s ide i nterface due  t o e quilibrium a t t he bounda ry), a nd k is th e 
mass transfer coefficient, given by [9]: 

δ
soD

k =
  (2.30) 

where δ is the boundary layer thickness. 

 



 

 

 

35 

 

Figure 2.3. Schematic of salt boundary layer profile for reverse osmosis membranes. Feed 
salt concentration at the membrane interface (cso(m)) is greater than the bulk feed 
concentration (cso) due to accumulation of rejected salt in a boundary layer at the 
membrane surface [7]. 

Apparent salt rejection, calculated using the bulk feed salt concentration (cso), is less than 
the t rue s alt r ejection of t he m embrane, w hich m ust be  d etermined using t he s alt 
concentration i n t he f eed c ontiguous t o the m embrane s urface ( cso(m)). The f ilm mo del 
may b e us ed t o find c so(m), b ut e stimation o f th e ma ss tr ansfer coefficient is  d ifficult. 
Thus, a model correlating salt concentration at the membrane surface to easily measured 
experimental quantities is needed to determine the true salt rejection of a reverse osmosis 
membrane, Rtrue.  

One simple model that has proven useful relies on the fact that the water permeance of a 
membrane, A, is a material property and should be, to a first approximation, independent 
of f eed composition, a t l east ove r na rrow r anges of  f eed composition [10]. F or a  pur e 
water feed solution (i.e., Δπ = 0), Equation 2.22 can be simplified to give the pure water 
flux, Jw(pw): 

 ( ) pAJ pww ∆×=  (2.31) 

Water flux in a feed containing NaCl, Jw(NaCl), is given by: 

( ) ( )( )( )smsoNaClw pAJ ππ −−∆=  (2.32) 
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where πso(m) and πsℓ are the osmotic pressure (π = 2cRT [6]) at the membrane surface and 
in the permeate, respectively. Since A is assumed to be constant, Equations 2.31 and 2.32 
may be combined to give [10]: 

( )
( )

( )










−×∆+=

pww

NaClw
smso J

J
p 1ππ

 (2.33) 

Equation 2.33 m ay be  u sed t o f ind t he f eed os motic pr essure a t t he m embrane s urface 
from ex perimentally m easured q uantities ( i.e., w ater f lux i n p ure w ater an d s alt w ater 
feeds, p ermeate concentration, a nd applied pr essure), and t rue r ejection c an t hen b e 
calculated [10]: 
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Using t he pr eviously determined expression f or πso(m) (cf. E quation 2.33) , t he 
concentration pol arization m odulus c an a lso be  f ound f rom e xperimentally m easured 
quantities, using the following expression: 
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where πso is the osmotic pressure of the bulk feed solution. 

2.4 Evolution of Reverse Osmosis Membranes 

The e volution of  r everse os mosis m embranes c an be  t raced t o 1959, w hen R eid a nd 
Breton f irst r eported t he u tility o f d ense cel lulose acet ate m embranes f or d esalination 
[11]. A few years l ater, Loeb and Sourirajan described the use o f asymmetric cel lulose 
acetate m embranes, c onsisting of  a  t hick por ous s ublayer w ith onl y a t hin dense s kin 
layer [12]. F rancis, w orking a t North Star R esearch a nd Development I nstitute, 
hypothesized t hat f orming t he t wo l ayers s eparately and l aminating t he d ense b arrier 
layer to the porous support would give better performance (i.e., higher flux membranes) 
and pr oduced t he f irst t hin-film c omposite r everse os mosis m embrane in 1964 [13]. 
Problems with compaction of the microporous cellulose acetate support fueled the search 
for al ternative s upport m aterials, a nd i n 1966, C adotte de veloped a  m ethod of  c asting 
microporous, c ompaction-resistant pol ysulfone support m embranes [13]. P olysulfone 
remains the standard support membrane in the reverse osmosis industry today. 

Cadotte w as al so r esponsible f or s ignificant ad vances i n m embrane s eparation l ayer 
performance. In 1970, he de veloped a c ompletely nonc ellulosic t hin-film c omposite 
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membrane, NS-100, containing an  ar yl-alkyl polyurea barrier l ayer formed in s itu on a 
microporous pol ysulfone s upport [13]. P roperties of  t his m embrane, i ncluding f lux, 
rejection, a nd r esistance t o bi odegradation a nd c ompaction, w ere s uperior t o t hose of  
cellulosic membranes, and from that point forward, most improvements in barrier l ayer 
materials have centered on synthetic polymers. Additionally, the in situ formation method 
opened the door for a wide variety of materials to be considered for the barrier layer [14]. 
Approximately ten years later, Cadotte and colleagues announced the FT-30 polyamide 
membrane, b ased o n in terfacial p olymerization of tr imesoyl c hloride a nd m-phenylene 
diamine [14, 15 ]. T he c hemical s tructure of  t he m onomers a nd pol ymer a re given i n 
Figure 2.4, a nd t he composite me mbrane s tructure is  illu strated in  F igure 2 .5. M any 
current reverse osmosis membranes are based on chemistry similar to that developed by 
Cadotte for the FT-30. 
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Figure 2.4. Chemical structures of metaphenylene diamine, trimesoyl chloride, and resulting 
interfacially polymerized polyamide membrane, where n characterizes the degree 
of crosslinking [16]. 
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polyamide (0.1 µm)
polysulfone (40 µm)

reinforcing 
fabric (120 µm)

 

Figure 2.5. Composite reverse osmosis membrane structure. The reinforcing fabric base 
(~120 μm) is coated with a thin layer of microporous polysulfone (~40 μm) and 
the interfacially polymerized selective polyamide layer (~0.1 μm) [16]. 

2.5 Membrane Performance as a Function of Test Conditions 

Early w ork o n the FT -30 m embrane hi ghlighted t he e ffects of  op erational va riables, 
including f eed p ressure, s alt c oncentration, temperature, a nd p H, on m embrane 
performance i n s eawater desalination [14, 17] . F igure 2.6 i llustrates observed t rends i n 
water flux and salt rejection of an FT-30 membrane. For a synthetic seawater feed (3.5% 
salt), water flux increased l inearly with pressure above the feed osmotic pressure (~400 
psi), and salt rejection increased quickly as pressure increased, before beginning to level 
off a t a pplied pr essures g reater t han 700 ps ig (cf. Figure 2.6 (a)). A ccording t o t he 
solution-diffusion m odel e quations f or w ater a nd s alt f lux ( Equations 2 .22 a nd 2.23,  
respectively), water f lux i s di rectly pr oportional t o f eed pr essure, while s alt f lux i s 
independent of  applied pressure. Thus, a s feed pressure i s i ncreased, m ore water flows 
through the membrane but salt f lux remains constant, so salt rejection increases. Water 
flux an d s alt r ejection d ecreased w ith i ncreasing f eed s alt co ncentration ( cf. F igure 
2.6(b)). Equation 2.22 predicts decreasing water flux with increasing osmotic pressure, π 
(or, e quivalently, i ncreasing f eed concentration). According t o Equation 2.23, s alt f lux 
increases linearly with increasing salt concentration, and higher salt flux combined with 
lower w ater f lux r esults in  lo wer s alt r ejection. Linear in creases in  w ater f lux w ith 
increasing t emperature ( 20-60oC) w ere o bserved, w hile s alt r ejection d ecreased f rom 
99.5% t o 99%  ove r t he s ame t emperature r ange ( cf. Figure 2.6 (c)). W ater f lux w as 
independent of feed pH, but salt rejection decreased at extreme pH values (i.e., below pH 
5 a nd a bove pH  11)  ( cf. F igure 2.6( d)). O ver t he pH  r ange 3 -11, t he p H ef fects w ere 
reversible, indicating no permanent change in membrane structure [14].  
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Figure 2.6. Influence of (a) feed pressure, (b) feed salt concentration, (c) feed temperature, 
and (d) feed pH on water flux and NaCl rejection of an FT-30 membrane [14]. 

2.6 Salt Rejection Mechanism 

In membranes with fixed charged groups, charge interactions also contribute, at least in 
part, t o obs erved s alt r ejection be havior. E lectrostatic r epulsion be tween fixed ch arged 
groups on t he m embrane a nd s imilarly charged i ons i n s olution ( co-ions) l eads t o a  
reduction of  s alt f lux r elative t o w ater f lux [18, 19] . T he s o-called D onnan ef fect h as 
more i nfluence o n s alt r ejection at  l ower el ectrolyte co ncentrations, be cause t he 
counterion concentration in t he external e lectrolyte solution must be  l ower t han that i n 
the membrane to drive counterions from the membrane and establish the charge gradient 
that s erves t o r epel t he co -ions o f t he el ectrolyte [18, 20] . T hus, c o-ion e xclusion 
improves salt rejection when the electrolyte concentration is lower than the fixed charge 
concentration i n t he membrane [18]. F or solution-diffusion m embranes, charge 
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interaction effects are included in the salt solubility term, since co-ion exclusion results in 
decreased partitioning of co-ions into the membrane [19].     

Parameters important in  determining salt r ejection, including polymer c rosslink density 
and water and salt solubility and di ffusivity, a re difficult t o measure i n polyamide thin 
film c omposite me mbranes. M olecular d ynamics s imulations o f th e F T-30 membrane 
found l ower w ater di ffusion c oefficients i n c rosslinked pol yamides t han i n l inear 
polyamides [21]. T he s imulations a lso in dicated s ignificantly lo wer io n mo bility th an 
water mobility, suggesting that the difference in salt and water diffusivities is responsible 
for th e s alt r ejection a bility o f th e F T-30 m embrane [21]. In a ddition, c hloride i on 
mobility w as s ignificantly lower than sodium ion mobility, thus chloride ions limit th e 
rate of salt diffusion through the membrane [21].  

2.7 Surface Properties and Membrane Fouling 

Fouling i s a  m ajor r oadblock t o w ider us e of m embranes for w ater pur ification 
applications. M embranes c an experience bot h internal ( pore pl ugging) a nd external 
(surface buildup) fouling by impurities present in water [1]. Fouling reduces water flux, 
increases o perating co sts ( including m embrane cl eaning co sts and i ncreased en ergy 
costs), and eventually requires membrane replacement [1]. The dense, nonporous nature 
of pol yamide r everse os mosis m embranes m akes t hem susceptible t o s urface f ouling. 
Three main surface properties are thought to influence surface fouling of reverse osmosis 
membranes: roughness, hydrophilicity, and e lectrostatic charge [22]. Polyamide reverse 
osmosis m embranes ha ve r ough, pe aks-and-valleys s urfaces, w ith a n average s urface 
roughness on the order of 100 nm, and a maximum peak to valley distance of nearly 500 
nm [23, 24] . T he v alleys o f t his r ough m embrane s urface c an catch s mall p articles, 
blocking surface ar ea an d thereby reducing w ater f lux [25]. H ydrophilicity a nd 
electrostatic ch arge effects ar e d ependent o n t he n ature o f t he foulant. H ydrophobic 
interactions between a hydrophobic foulant (e.g., oil) and a hydrophobic surface promote 
fouling, s o i ncreasing surface h ydrophilicity can r educe f ouling b y l essening t he 
attraction between hydrophobic foulants and the membrane surface, while simultaneously 
increasing the affinity o f water for the surface [26]. Electrostatic at traction between the 
membrane surface and an oppositely charged foulant is also known to cause fouling [22]. 

Surface r oughness i s t ypically m easured u sing an  at omic f orce m icroscope ( AFM), an  
instrument that maps surface contours using a small tip that scans across the surface of a 
sample. In contact mode, the tip is dragged along the surface and the displacement of the 
tip i s us ed t o m easure t he s urface he ight a t a  p articular pos ition. In t he t apping m ode, 
short, rapid tapping of the tip on t he membrane surface is used to map the surface. The 
tapping mode is preferred for soft samples that may be easily deformed by the tip (e.g., 
polyamide membranes) [23].  

Surface hydrophilicity i s commonly determined by the contact angle formed between a 
membrane s urface, a de posited dr oplet, a nd t he surrounding m edium. C ontact a ngle i s 
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commonly measured using either the sessile drop or captive bubble method [27, 28]. The 
sessile drop method involves simply depositing a droplet (e.g., water) on the membrane 
surface in a ir, as shown in Figure 2.7(a). In the captive bubble method, a  droplet (e.g., 
oil) i s r eleased unde r t he s urface of  a  m embrane i n a  s urrounding f luid w ith h igher 
density t han t he dr oplet fluid ( e.g., water), s o t hat t he dr oplet r ises a nd attaches t o t he 
membrane surface. Figure 2.7(b) illustrates a captive bubble measurement of oil-in-water 
contact a ngle. T he c aptive bubbl e m easurement, a lthough m ore di fficult t o pe rform, i s 
preferred f or d esalination m embranes b ecause t heir p erformance i s m easured i n w ater. 
For bot h t he s essile dr op a nd c aptive bubbl e m ethods, t he a ngle m easured t hrough t he 
water phase can  be u sed t o designate t he r elative h ydrophilicity o f a m embrane ( i.e., a  
smaller angle indicates a more hydrophilic membrane, and a larger angle indicates a more 
hydrophobic membrane, cf. Figure 2.7). 

Polyamide membranes contain ionizable surface functional groups, including carboxylic 
acids from hydrolysis of unreacted acyl chloride groups and carboxylic acids and amines 
on chain ends (cf. Figure 2.4). At low pH values, the carboxylic acid and amine groups 
are protonated (-COOH and –NH3

+), giving rise to an overall positive surface charge, 

        

Figure 2.7. Contact angle, θ, measured using (a) the sessile drop method with a water 
droplet in air and (b) the captive bubble method with an oil droplet in water. A 
smaller contact angle indicates a more hydrophilic surface.  
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while at higher pH, both groups are deprotonated (-COO- and –NH2) and the membrane 
surface is negatively charged [28, 29]. The pH at which there is no net surface charge is 
termed th e is oelectric p oint [6]. F or pol yamide m embranes, t he i soelectric poi nt i s 
reported to be  in the pH range f rom 3 t o 5  [29-31]. Thus, a t normal solution pH (6-8), 
polyamide membranes have a negative surface charge.    

The ne gative s urface c harge i s b alanced b y an excess of  c ounterions di stributed i n a n 
electric double layer adjacent to the membrane surface. The term double layer refers to 
the c ounterions c ontiguous t o t he m embrane s urface i n t he S tern l ayer a nd t he i ons 
distributed farther from the surface in the diffuse layer [28, 32]. The Stern layer thickness 
is a pproximated b y t he h ydrated c ounterion r adius, r hi (0.22 nm  for Na+), w hile t he 
diffuse l ayer t hickness i s g iven b y the Debye l ength, λD (approximately 3 nm for a  10  
mM N aCl s olution) [6]. T he S tern pot ential, φs, l ocated a t t he bounda ry between t he 
Stern a nd di ffuse l ayers, c annot be  m easured, and t he z eta pot ential, ζ, i s us ed i nstead 
[29]. Zeta potential is measured at the shear surface between the membrane surface and 
the s urrounding electrolyte s olution ( i.e., w here the m obile por tion of  t he di ffuse l ayer 
can flow past the charged membrane surface), and is close to the Stern potential [6, 28]. 
Figure 2 .8 illu strates th e s tructure o f th e e lectric d ouble la yer a s w ell a s the pot ential 
decay with increasing distance from the membrane surface.   
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Figure 2.8. Structure of electric double layer, including Stern layer and diffuse layer, and 
potential as a function of distance from the membrane surface [6].  
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For flat surfaces, measurement of streaming potential is most often used to determine zeta 
potential [29, 30]. When an electrolyte solution flows through a channel formed by two 
membranes, a s treaming cu rrent ( Is) i s generated, w hich l eads t o a  bui ldup of  c harge 
downstream and a potential gradient, E [29]. The potential gradient opposes the transfer 
of c harge a nd l eads t o a  l eak c urrent, IL, i n t he opposite di rection. A t e quilibrium, t he 
streaming current exactly balances the leak current, and the measured potential difference 
is th e s treaming p otential [29]. F igure 2.9 s hows t he de velopment of  t he s treaming 
potential at one of the membrane-solution interfaces.  

Streaming potential is related to zeta potential by the Helmholtz-Smoluchowski equation 
[29, 30]: 
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Figure 2.9. Development of the streaming potential at the membrane-solution interface. (a) 
The electric double layer is at rest until (b) an applied pressure causes liquid 
flow, ion movement, and the development of a streaming current, Is. (c) The 
accumulation of counterions leads to formation of a potential difference, E, and 
(d) a leak current, IL. At equilibrium, Is=IL and the measured potential difference is 
the streaming potential [29].    
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where ζ is the z eta p otential, U s is th e s treaming p otential, P  is  th e a pplied h ydraulic 
pressure, ΔUs/ΔP is the slope of streaming potential versus pressure, η is the viscosity of 
the t est s olution, ε is th e p ermittivity o f th e te st s olution, εo is th e p ermittivity of fr ee 
space (8.854 × 10-12 C2/(J m)), L is the channel length, A is the cross-sectional area of the 
channel, and R is the electrical resistance of the channel.  

The ratio L/A may be calculated using the dimensions of the test channel. Alternatively, 
at solution concentrations greater than 10-3 M, the Fairbrother and Mastin approach may 
be used [29, 30]: 

R
A

L κ=
 (2.37) 

where κ is the solution conductivity. Equation 2.36 i s then reduced to the following [29, 
30]: 
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The surface ch arge de nsity, σs (C/m2), i s r elated t o t he s urface p otential, φw (mV) (c f. 
Figure 2.8), by [28]: 
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where c i s the electrolyte concentration (M), z  is the ionic charge, and F is the Faraday 
constant (96485 C/mol).    

2.8 Fouling Resistance of Poly(ethylene glycol) 

Poly(ethylene glycol) ( PEG), w hose s tructure i s s hown i n F igure 2.10, was or iginally 
recognized for i ts a bility t o pr event pr otein and bacterial a dhesion t o s urfaces [33-36]. 
Applications i nclude p reventing ba cterial i nfections o f b iomedical d evices [33], 
improving the blood compatibility of implants [34, 37] , and l imiting protein adsorption 
on co ntact l enses [35, 36] . T he h ydrophilicity o f P EG i s t hought t o be  one unde rlying 
factor i n t he obs erved f ouling r esistance of  P EG-grafted s urfaces, s ince s urface 
hydrophobicity has been positively correlated with protein adsorption [34, 35, 38] . PEG 
is al so el ectrically n eutral, a nother c haracteristic th at le nds its elf to  r esisting p rotein 
adsorption [35]. Steric hindrance imparted by the grafted PEG molecules is hypothesized 
to be the other major contribution to decreased adhesion [33, 37, 38]. The large excluded 
volume of  P EG renders pr oteins, ba cteria, a nd other c omponents of  a f luid una ble t o 
approach a P EG-grafted surface as  cl osely as a bare surface, d iminishing t he at tractive 
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van d er W aals i nteraction f orces [33, 38] . In a ddition, t he s urface c rowding-induced 
potential barrier and the increased solution viscosity near PEG-grafted surfaces result in a 
decreased adsorption rate [38].  

 

CH2CH2OHO H
n  

Figure 2.10. Chemical structure of poly(ethylene glycol) (PEG), where n is the number of 
repeat ethylene oxide units. 

The c onfiguration of  P EG on a  s urface i s also of  i nterest. If t he de nsity of a ttachment 
sites on t he s urface i s s ufficiently l ow, t he grafted P EG c hains a dopt t he e quilibrium 
configuration of f ree PEG chains in solution, a  so-called mushroom configuration [38]. 
The grafted PEG chains become increasingly crowded at higher attachment site densities, 
forcing them to stretch out into a brush structure when the distance between sites is less 
than the radius of gyration for PEG [33, 38, 39]. The transition from the mushroom to the 
brush r egime w ith i ncreasing a ttachment s ite de nsity i s de picted i n F igure 2.11.  T he 
figure also illustrates the increase in PEG layer thickness associated with the elongation 
of the chains from the mushroom to brush structure.   

 

 

Figure 2.11. The configuration of PEG molecules grafted to a surface transitions from a 
mushroom to a brush structure as the attachment site density increases [33]. An 
attachment site is indicated by “x.” 

PEG g rafting de nsity ( number of  c hains i n a  uni t a rea o f s urface), and t hus l ayer 
thickness, has been shown to increase with increasing grafting time and temperature, and 
is o nly limite d in  e xtent b y th e n umber o f a ttachment s ites a vailable a nd mo lecular 
weight of the PEG chains being grafted [39, 40]. Protein adsorption resistance increases 
with in creasing P EG graft d ensity [35]. F or s urfaces w ith l ow a ttachment s ite de nsity, 
higher m olecular w eight P EGs ( i.e., l onger ch ains) can  ef fectively fill i n u nprotected 
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surface a rea a nd pr event pr otein adsorption [36]. H owever, above t he critical 
entanglement molecular weight (~4400 g/mol, or 100 r epeat ethylene oxide units), PEG 
chains a re s low t o a lign t heir r eactive e nds w ith t he s urface, a nd grafting e fficiency 
decreases [40]. Thus, the combination of PEG chain length and graft density determines 
the resulting adsorption resistance of a PEG-grafted surface. 

The d emonstrated ab ility of P EG to  r esist p rotein a dsorption h as n aturally le d to  its  
consideration f or i mproving t he fouling r esistance of  m embranes i n w ater pur ification 
applications [22, 26, 41-43]. Biofouling is a major issue in desalination plants [5, 44-46], 
and consideration of alternative water sources such as produced water raises even more 
serious fouling problems [47, 48]. Qualities of PEG that contribute to protein resistance, 
such as h ydrophilicity and neutrality, are expected to yield r esistance t o other t ypes of  
organic contaminants as well. Other properties of  PEG, including i ts solubility in water 
and nont oxic na ture, a lso m ake i t a n attractive candidate f or me mbrane mo dification, 
since modification can be performed without harsh solvents that damage the membrane 
and w ithout i ntroducing ha rmful chemicals t o t he w ater s upply. In a ddition, P EG i s 
available or can be synthesized with a w ide variety of endgroups, facilitating adsorption 
or grafting of PEG to a membrane surface.    

2.9 Surface Modification in the Literature 

The high level of interest in fouling resistance research is clearly indicated by the extent 
of s urface m odification s tudies i n t he l iterature. O ne l ong-running s tudy b y t he B elfer 
group in Israel focused on redox-initiated radical grafting of vinyl monomers including 
acrylic aci d, m ethacrylic aci d, p oly(ethylene glycol) m ethacrylate, an d s ulfopropyl 
methacrylate t o co mmercial polyamide m embrane s urfaces [26, 46, 49 -52]. A  r edox 
system consisting o f p otassium p ersulfate a nd p otassium me tabisulfite w as u sed to  
generate m onomer r adicals t o at tack t he p olymer b ackbone, i nitiating grafting to  th e 
membrane s urface [52]. P olymerization t hen oc curred vi a pr opagation [52]. S urface 
characterization t echniques i ncluding at tenuated t otal r eflectance F ourier t ransform 
infrared s pectroscopy (ATR-FTIR) a nd x -ray phot oelectron s pectroscopy (XPS) 
demonstrated e xpected c hanges i n s urface c hemical c omposition f or m odified 
membranes [49-52]. O ther s urface characterization t echniques, i ncluding co ntact an gle 
analysis, atomic force microscopy (AFM), and streaming potential analysis were used to 
determine changes in surface properties thought to influence fouling (i.e., hydrophilicity, 
roughness, and charge) [26, 49, 52]. Membranes grafted with methacrylic acid were more 
negatively charged than their unmodified counterparts [49]. Some membranes modified 
with poly(ethylene glycol) methacrylate and sulfopropyl methacrylate had lower contact 
angles, a nd t herefore were m ore h ydrophilic t han unm odified m embranes [26]. 
Modification w ith th ese tw o m onomers de creased t he s urface roughness of  on e 
polyamide reverse os mosis m embrane f rom 90 nm t o 30 nm  [52]. I n a  f ield te st at  a 
seawater de salination pl ant, a  r everse os mosis membrane m odified w ith s ulfopropyl 
methacrylate retained 77% of its flux, as compared to 69% for the unmodified membrane 
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[46]. T he i ncreased h ydrophilicity a nd de creased r oughness of  t he m odified m embrane 
could explain the improvement in fouling resistance. 

Chapman W ilbert et  al . used p oly(ethylene o xide)-containing s urfactants t o m odify t he 
surface o f co mmercial c ellulose acet ate and p olyamide m embranes [43]. H ydrophobic 
interactions between the membrane and the h ydrophobic por tion of  the surfactant were 
used to promote adsorption, in contrast to other modification methods involving covalent 
attachment t o t he s urface. A FM i ndicated s urfactant ad sorption caused an i ncrease i n 
roughness of the relatively smooth cellulose acetate membrane surface and a decrease in 
roughness of the rough polyamide membrane surface. The water flux and salt rejection of 
unmodified and surfactant-modified membranes were measured before and after soaking 
the membranes in a v egetable broth fouling solution. While the cellulose acetate results 
were hi ghly variable and i nconclusive, s ome of t he s urfactant-modified pol yamide 
membranes r etained a  higher p ercentage of  t heir f lux a fter f oulant adsorption, a s 
compared t o t he unm odified m embranes. H owever, s urfactant m odification c aused a  
larger de crease i n w ater f lux of  t he unm odified m embrane t han di d e xposure of  t he 
unmodified membrane to the foulant solution. 

Louie et al. performed another physical coating study of commercial polyamide reverse 
osmosis membranes, using PEBAX® 1657, a hydrophilic block copolymer of nylon-6 and 
poly(ethylene g lycol) [22]. Th e P EBAX® coating r educed p ure w ater f lux b y 2 9-81%, 
decreased s urface r oughness b y 3 5-63%, and c aused no m easurable c hange i n c ontact 
angle. C oated a nd un modified c ontrol m embranes w ere t ested f or 10 6 da ys i n an 
oil/surfactant emulsion containing 10,000 mg/L of motor oil and 1,000 mg/L of a silicone 
glycol copolymer. A lthough t he P EBAX®-coated m embranes h ad l ower i nitial w ater 
fluxes, t hey also ha d s lower rates o f f lux d ecline, w hich al lowed t heir water fluxes t o 
surpass t he w ater f luxes o f t he co ntrol m embranes af ter s everal weeks o f o peration. 
Cleaning t he m embranes a t t he e nd of  t he f ouling e xperiment di d not  r esult i n a ny 
recovery of water flux. 

Kang et al. described efforts to modify the surface of a polyamide membrane by grafting 
aminopoly(ethylene glycol) mo nomethylether ( MPEG-NH2), us ing t he unr eacted a cyl 
chloride g roups of  t he pol yamide a nd t he a mine f unctionality of  t he grafting m olecule 
[41]. M PEG-NH2 was s ynthesized f rom pol y(ethylene glycol) m onomethylether 
(MPEG), then the membrane surface was covered with a 5% (w/w) aqueous solution of 
MPEG-NH2 for five minutes to effect grafting. ATR-FTIR and XPS were used to confirm 
grafting o f M PEG-NH2 to t he m embrane s urface. Increased p eak i ntensities w ere 
observed i n r egions a ttributable t o P EG, a nd t he gr afted m embrane also ha d hi gher 
oxygen and l ower ni trogen content t han t he unm odified m embrane, c onsistent w ith a  
PEG-grafted s urface. T he s urface r oughness o f t he m embrane i ncreased upon P EG 
grafting, from 60 nm to 90 nm. In short (2 hour) fouling tests using 100 mg/L of tannic 
acid or  dodecyltrimethylammonium bromide (DTAB), the modified membrane retained 
more of its initial flux (10% and 15%, respectively) and regained more of its initial flux 
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after b eing cleaned with pur e w ater (15% and 2 0%, r espectively) t han t he unm odified 
control membrane.  

These r eports of  s urface m odification of  pol yamide m embranes us ing P EG-based 
materials serve as the motivation for the research described in this dissertation. 
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3 EXPERIMENTAL MATERIALS AND METHODS  

This ch apter d escribes t he m aterials, equipment an d p rocedures u sed i n t he m embrane 
characterization and modification studies described in this dissertation.  

3.1 Materials 

3.1.1 Commercial Membranes 
Three types of polyamide thin film composite membranes manufactured by Dow Water 
& Process Solutions (Edina, MN) were used in this work. Membranes were supplied as 
glycerin-dried f lat sheets for l aboratory studies; however, in practice they are used in a 
spiral w ound m odule f orm. T he LE, or  l ow e nergy, a nd XLE, or  extra l ow e nergy, 
membranes are b rackish w ater r everse o smosis ( RO) m embranes, w hile the N F90 i s a 
nanofiltration, or  l oose R O, m embrane. A ll t hree ha ve t he s ame general ch emical 
structure (cf. Figure 2.4), with proprietary additives and slight changes in polymerization 
conditions giving rise to differences in water and salt permeance. Glycerin was applied to 
the m embranes b y t he m anufacturer t o p revent co llapse o f the pol ysulfone m embrane 
support structure during shipment and storage (i.e., before the membranes are contacted 
with w ater f or u se), an d m ust b e removed b efore m embrane t esting. M embranes w ere 
soaked in 25% (v/v) aqueous isopropanol (Sigma-Aldrich, St. Louis, MO) solutions for 
twenty minutes, then placed in pure water to remove glycerin.  

In a  2000 m g/L N aCl f eed a t 150 ps ig ( 10.3 ba r) feed p ressure ( permeate p ressure i s 
atmospheric) and pH 8 and 25oC, the LE membrane achieves a water flux of 50 L/(m2 h) 
(LMH) [1]. T he p erformance o f t he X LE membrane is s pecified at  a l ower f eed 
concentration a nd pr essure ( 500 m g/L NaCl f eed, 100 ps ig ( 6.9 b ar) f eed p ressure), 
giving a water flux of 49 LMH [2]. The NF90 membrane performance is specified at 70 
psig (4.8 bar) feed pressure for a 2000 m g/L NaCl feed, giving a water flux of 40 LMH 
[3]. H owever, t o be tter c ompare t he be havior of  a ll t hree unm odified m embranes, t est 
conditions f or t he X LE a nd N F90 m embranes w ere m atched t o t hose of  t he LE 
membrane (2000 mg/L NaCl feed at 150 psig (10.3 bar) feed pressure at pH 8 and 25oC). 
Using t he w ater p ermeance ( A) v alues o f t he X LE an d N F90 m embranes, t he 
corresponding water fluxes at these conditions are 65 and 107 LMH, respectively. Water 
flux can vary by as much as +25/-15%, thus a range of water permeance, salt permeance, 
and w ater flux i s expected i n p ractice [1-3]. H owever, s alt r ejection s pecifications ar e 
narrower. M inimum s alt r ejection is  th e lo west acceptable r ejection for the m embrane, 
while stabilized salt rejection is the expected steady-state rejection during extended use. 
The s alt r ejection v alues reported b y t he m anufacturer account f or the ef fects o f 
concentration polarization, and are, therefore, true salt rejection values. The performance 
specifications of all three membranes are given in Table 3.1. 
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Table 3.1. Water permeance, salt permeance, and NaCl rejection values specified by Dow 
Water & Process Solutions for the LE, XLE, and NF90 membranes.  

 LE XLE NF90 
Type RO RO NF 

Water permeance (A) 
(L/(m2 h bar)) 5.9 (5.0 – 7.4) 7.7 (6.5 – 9.6) 12.3 (10.5 – 15.4) 

Water flux at 150 psig  
(10.3 bar) (L/(m2 h))  50 (42 - 62) 65 (55 – 81) 107 (91 – 134) 

Salt permeance (B) 
(L/(m2 h)) 0.51 (0.43 – 0.63) 1.3 (1.1 – 1.7) 18.9 (16.0 – 23.6) 

True NaCl rejection 
(minimum and stabilized) 

(%) 
99.0 – 99.3 98.0 – 99.0 85-95 

 

Commercial m embranes o f d ifferent w ater p ermeance v alues w ere c hosen s o t hat 
modified a nd unm odified m embranes having similar w ater flux could be c ompared. 
Modification d ecreases water p ermeance, s o m embranes w ith h igher w ater p ermeance 
(i.e., XLE and NF90) were used for modification and their performance was compared to 
that of  unm odified m embranes ha ving a  l ower w ater p ermeance ( i.e., LE). The 
motivation for this approach is based on previous observations that fouling rate increases 
with increasing water f lux for reverse osmosis membranes [4]. Therefore, attempting to 
compare mo dified and unmodified me mbranes of th e s ame ( or s imilar) w ater f lux is  
useful to minimize the effect of water flux on fouling rate. 

3.1.2 Poly(ethylene glycol) Diglycidyl Ether 
Grafting poly(ethylene glycol) (PEG) to the surface of a polyamide membrane requires a 
reactive endgroup on the PEG molecule compatible with a reactive group present on the 
membrane surface. Polyamide membranes have free carboxylic acid and primary amine 
groups (cf. F igure 2.4,  f ree c arboxylic a cids on c hain e nds and on  unc rosslinked 
trimesoyl chloride molecules that hydrolyze following polymerization, and free primary 
amines on c hain e nds [5]) av ailable f or chemical r eaction w ith a grafting mo lecule. 
Epoxides are known to react with amines and carboxylic acids [6], so a PEG molecule 
with epoxy endgroups, poly(ethylene glycol) diglycidyl ether (PEGDE), was chosen for 
grafting to the polyamide membrane surface. Mickols first recognized the potential use of 
PEGDE for chemical grafting to  imp rove polyamide membrane f ouling r esistance [7]. 
PEGDE was purchased from Polysciences, Inc. (Warrington, PA) and used as received. 

The chemical structure of PEGDE is given in Figure 3.1. T he difunctional epoxide was 
chosen over a monofunctional epoxide because it is commercially available with several 
different PEG molecular weights (MW 200, 400, 600 a nd 1000, or  n ≈ 4, 9, 13 and 22, 
respectively), whereas the monofunctional analog is not readily available and would have  
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Figure 3.1. Chemical structure of poly(ethylene glycol) diglycidyl ether (PEGDE), where n is 
the number of repeat ethylene oxide units (n ≈ 4, 9, 13 and 22).  

to be  s ynthesized a nd p urified be fore us e. T he highest a nd l owest m olecular w eights 
available (i.e., MW 200 and 1000) were chosen for this work. The molecular weights of 
the complete molecules, including the PEG and diglycidyl ether groups, are 330 and 1130 
g/mol, r espectively. W hile M W 200 P EGDE i s a l iquid, M W 1000 PEGDE i s a  w axy 
solid th at mu st b e me lted p rior to  mi xing w ith w ater ( PEGDE mo dification w as 
performed using aqueous treatment solutions).   

Although bot h a mine and c arboxylic acid groups w ill r eact w ith e poxides, a mines a re 
more basic and therefore more nucleophilic than carboxylic groups, so amines react more 
readily with e lectrophilic reagents such as epoxides [8]. Figure 3.2 shows the expected 
reaction between an  epoxide and an amine chain end of  the polyamide membrane. The 
position of amine attack is determined by steric hindrance and the electron-withdrawing 
tendency of the epoxide substituents, so attack on the CH2 carbon is expected, as depicted 
in Figure 3.2 [9]. PEGDE could potentially react with two amine sites on the membrane 
surface, generating a loop on the surface instead of the brush which would result from a 
single epoxide endgroup attaching to the surface. 

3.1.3 Water 
Ultrapure water from a Millipore MilliQ system (18.2 MΩ-cm, 1.2 μg/L TOC) (Billerica, 
MA) was used in all experiments (i.e., soaking, modification and testing). Feed pH was 
adjusted us ing s odium b icarbonate (Sigma-Aldrich, S t. Louis, M O), h ydrochloric a cid 
(Ricca C hemical, Fisher S cientific, P ittsburgh, P A) a nd s odium h ydroxide ( Fisher 
Scientific, P ittsburgh, P A). S odium c hloride w as p urchased from F isher S cientific 
(Pittsburgh, PA). 

3.1.4 Foulants 
The oi l c hosen f or us e i n e mulsion f ouling t esting w as n-decane, p urchased f rom A lfa 
Aesar and used as received (Ward Hill, MA). Although produced water can contain many 
different oi l components, n-decane was chosen a s a s imple representative hydrocarbon. 
The c hemical s tructures of  t he s urfactants c hosen f or s tudy, c ationic 
dodecyltrimethylammonium bromide (DTAB) and anionic sodium dodecyl sulfate (SDS) 
(Sigma-Aldrich, S t. L ouis, M O), a re g iven i n F igure 3.3. C harged s urfactants w ere 
chosen t o i nvestigate t he ef fect o f el ectrostatic i nteractions o n m embrane f ouling 
behavior. T he s urfactants c hosen f or s tudy are simple a nd w ell-studied c ationic a nd 
anionic surfactant analogs for more complex surface active molecules that are typically 
present in produced water [10].   
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Figure 3.2. Predicted reaction between a primary amine chain end of the polyamide 
membrane with an epoxide molecule. Note that since the epoxide chosen for 
study is difunctional, reaction may occur at both epoxide endgroups, forming 
loops instead of the brush structure depicted in this figure.  
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Figure 3.3. Chemical structure of (a) dodecyltrimethylammonium bromide (DTAB) and (b) 
sodium dodecyl sulfate (SDS). 
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3.2 Methods 

3.2.1 Membrane Storage, Handling, and Pretreatment 
Polyamide m embrane r olls w ere s tored ve rtically (to a void a pplying w eight t o t he 
delicate p olyamide layer) i n a  c ool, da rk pl ace. T he m embranes a re known t o a ge 
chemically i n a ir due , presumably, t o ox idation of  r esidual f unctional g roups on t he 
surface of the membrane. Oxidation can contribute to variability in membrane properties. 
Therefore, b efore m embrane s amples w ere cu t for ea ch t est, s everal ( 4-5) r otations of  
membrane were unrolled and discarded. Samples were cut larger than the active area of 
the m embrane t est c ells, s o t hat t he a rea t ested w as not  t ouched dur ing ha ndling or  
loading into the crossflow test cells. 

Pretreatment procedures from the manufacturer were followed for the three membranes 
used in this study. LE, XLE, and NF90 flat-sheet membrane coupons were soaked in 25% 
(v/v) a queous i sopropanol s olutions f or t wenty minutes, t hen pl aced in p ure w ater t o 
remove glycerin. The soaking water was changed three times, and membranes were left 
to soak overnight (~ 16 – 24 hours, covered to prevent exposure to light, which can speed 
chemical degradation of the polyamide layer) before modification and/or testing. 

3.2.2 Modification Methods 

3.2.2.1 Dip Coating 
Submersion i n a queous PEGDE s olutions w as t he f irst m ethod e xplored f or g rafting 
PEGDE to the polyamide membrane surface. The appropriate amount of ultrapure water 
was h eated t o a given t emperature (typically 4 0oC), a s pecific am ount o f P EGDE w as 
added to the heated water (shaking and s tirring to completely dissolve all PEGDE) and 
the membrane (50 mm diameter circle) was then immediately submerged in the solution. 
A total of 200 g rams of solution was used for dip coating. The reaction was allowed to 
proceed for a  s et l ength of t ime ( typically ten minutes), then the membrane was r insed 
with copious amounts of pure water to remove residual PEGDE that may have adsorbed 
to t he m embrane s urface. M odified m embranes w ere s tored i n pur e w ater unt il us e. 
Unmodified membranes were treated in the same manner, using 200 gr ams of ultrapure 
water (i.e., no PEGDE).     

3.2.2.2 Spin Coating 
Dip coating, although straightforward, has potential drawbacks including contact between 
the m embrane ba cking and t he P EGDE s olution. P EGDE t hat adsorbs to t he ba cking 
could l ower t he w ater f lux of  t he m odified membrane but  w ould not  a fford a ny 
improvement in fouling resistance, s ince the fouling solution does not  come into di rect 
contact with the backing. Spin coating, using a single wafer spin processor (Model WS-
400E-6NPP-LITE, Laurell Technologies Corporation, North Wales, PA), was explored as 
one possible alternative to dip coating. Preparation of the aqueous PEGDE solution was 
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similar to the dip coating procedure: water was heated to 40 oC before the PEGDE was 
added and completely dissolved in the water. The membrane was taped to a silicon wafer 
and spun at 1000 r pm for a set time (20-60 seconds). A specific volume of the aqueous 
PEGDE s olution ( 5-50 m l) w as s lowly pour ed ove r t he m embrane surface dur ing 
spinning. At the end of the spin time, the membrane was detached from the silicon wafer, 
rinsed with pure water and stored in pure water until use. Unmodified membranes were 
treated in a similar manner, but were spun with water only (i.e., no PEGDE).        

3.2.2.3 Top Surface Treatment 
Spin coating was found to be poorly reproducible, possibly due to the low viscosity of the 
aqueous PEGDE solutions. Additionally, spin coating would be impractical for scale up 
to i ndustrial m embrane modification, s ince m embranes a re t ypically manufactured a s 
sheets that are several hundred meters in length. Isolation of the active polyamide surface 
for contact and reaction with the PEGDE solution was one desirable feature of the spin 
coating m ethod i ncorporated i nto a s tatic t op surface t reatment m ethod, de picted i n 
Figure 3.4. T his method, like spin coating, is expected to prevent adsorption of PEGDE 
to t he r einforcing f abric ba cking o r t he por ous pol ysulfone s upport u pon w hich t he 
polyamide layer is formed. Preparation of the aqueous PEGDE solution was similar to the 
previous pr ocedures ( the a ppropriate amount o f ul trapure w ater was h eated t o 40 oC, 
immediately combined with the corresponding amount of  PEGDE and shaken unt il the 
PEGDE w as c ompletely dissolved), w ith a  t otal of  t en g rams of  s olution us ed f or 
treatment. The membrane (11 × 11 cm2) was placed in a petri dish with a glass casting 
ring (10 cm diameter) on the polyamide surface, creating a well for the aqueous PEGDE 
solution. Pressure was applied to the casting ring as the heated aqueous PEGDE solution 
was pour ed ont o t he m embrane s urface, creating a s eal pr eventing t he s olution f rom 
leaking a round t he e dges of  t he m embrane. After t en m inutes, t he membrane was 
removed, rinsed s everal t imes w ith pur e w ater, s oaked i n a  25 % (v/v) a queous 
isopropanol s olution f or t en m inutes t o r emove any residual un reacted P EGDE, r insed 
again s everal t imes w ith pur e w ater a nd, f inally, s tored i n pur e w ater unt il us e. 
Unmodified membranes were t reated in the s ame manner, using t en grams of u ltrapure 
water rather than an aqueous solution containing PEGDE.  
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Figure 3.4. Top surface treatment method for membrane modification. 

3.2.3 Dead End Testing 
Although de ad e nd t esting i s not  r ecommended f or de termining r ejection or  f ouling 
resistance due to polarization, it can be used as a fast, simple method of measuring pure 
water f lux. F igure 3 .5 illu strates a  d ead e nd c ell (HP4750 s tirred cell, S terlitech 
Corporation, Kent, WA), where the feed (water) is pressurized using air, and the product 
permeating through the membrane is collected in a graduated cylinder.  

          

 

Figure 3.5. Schematic of dead end test cell. 
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3.2.4 Crossflow Testing 

3.2.4.1 Crossflow Apparatus 
All experiments (with the exception of some tests used to screen modified membranes for 
pure w ater f lux) w ere c onducted us ing a c rossflow f iltration s ystem s upplied b y 
Separation Systems Technology (San Diego, CA) and shown schematically in Figure 3.6. 
The crossflow system consists of three stainless steel test cells connected in series to a 30 
L feed tank, a positive displacement pump and pulsation dampener (Hydra-Cell, Wanner 
Engineering Inc., M inneapolis, M N), a  ba ck pr essure r egulator a nd b ypass va lve 
(Swagelok, S olon, O H) to i ndependently control pr essure ( 3.5-34.5 ba r) a nd f lowrate 
(0.8-7.6 L /min), and a  pressure g auge (WIKA I nstrument Corporation, L awrenceville, 
GA) and flow meter (King Instrument Company, Garden Grove, CA). A system of valves 
connected w ith c hemical r esistant t ubing ( Tygon 2075, U S P lastic Corp., Lima, O H) 
allows feed solutions to be continuously passed through a filter (KX CTO/2 carbon block 
carbon/5 μm particle filter, Big Brand Water Filter, Chatsworth, CA) to prevent bacterial 
growth and particulate fouling, or the filter can be bypassed to determine of the effect of 
an unfiltered feed on membrane performance. All wetted parts of the system are stainless 
steel, with the exception of the chemical resistant tubing leading to and from the filter and 
the filter housing and feed tank, which are made of polyethylene. The feed temperature 
was maintained at 24-25oC by circulating chilled water from a refrigerated bath (Thermo 
Neslab RTE-10 Digital One Refrigerated Bath, Thermo Fisher Scientific, Inc., Waltham, 
MA) through a stainless steel coil in the feed tank. Feed pH was monitored using a pH 
meter ( Accumet R esearch A R25 D ual C hannel p H/Ion M eter, F isher S cientific, 
Pittsburgh, PA). The test cell dimensions are 82 mm × 32 mm × 3 mm ( l × w × h), with 
an act ive membrane surface area of 1.82×10-3 m2. The feed encounters a 90o bend as i t 
enters the test channel. Turbulence spacers are not employed in the test cells. Six equally 
spaced bolts around the periphery of the cell secure the cell lid to the base. The permeate 
stream f rom ea ch m embrane w as co llected i n a b eaker o n a b alance co nnected t o a 
LabVIEW da ta a cquisition pr ogram ( National Instruments, A ustin, T X) f or c ontinuous 
monitoring of water flux.  
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Figure 3.6. Schematic of crossflow filtration system. 

3.2.4.2 Cleaning Protocol 
The crossflow system was cleaned before each experiment. A 200 m g/L bleach solution 
(3.4 g  C lorox®/L) w as first c irculated f or one  hour  ( feed p H ~  9.5)  t o di sinfect t he 
system. If the previous experiment used a feed containing only sodium chloride (i.e., no 
oil o r s urfactant), d isinfection w as f ollowed b y r insing f our time s w ith p ure w ater to  
remove the bleach from the system (polyamide RO membranes are sensitive to chlorine 
[11]). For each rinse cycle, the system was filled with pure water, circulated for at least 
10 minutes and then drained. After four rinse cycles, the feed pH was ~ 6 (i.e., the pH of 
water equilibrated with atmospheric CO2 [12]) and the feed conductivity was less than 15 
μS/cm, indicating essentially all residual salt (from previous experiments) had been 
removed from t he s ystem. T he cleaning procedure f ollowing f ouling e xperiments w as 
slightly d ifferent. A fter b leach d isinfection, th e s ystem w as rinsed o nce w ith w ater, 
followed b y c irculation of  a  0.25%  ( v/v) aqueous s olution of  N algene L900 l iquid 
detergent ( Fisher S cientific, P ittsburgh, P A) f or one hour  t o r emove r esidual or ganic 
components (i.e., surfactant and/or oil). The system was then rinsed four times with pure 
water, similar to the procedure used following sodium chloride feed water tests. 

3.2.4.3 Fouling Test Procedure 
Fouling experiments, using either a ch arged surfactant (DTAB or SDS, cf. Figure 3.3(a) 
or 3.3(b), respectively) or an oil-in-water emulsion containing a 9:1 ratio of n-decane and 
a charged surfactant, were performed in the crossflow system according to the protocol 
outlined in Figure 3.7. Figure 3.7(a) outlines the procedure followed for all fouling tests, 
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while Figure 3.7(b) illustrates the typical trend in water flux with time observed during a 
fouling experiment. A  total concentration of  150 mg/L was u sed r egardless o f whether 
the foulant was a s urfactant alone or an oil-in-water emulsion. In each experiment, three 
different m embranes w ere t ested s imultaneously, t ypically one  unm odified m embrane 
and two modified membranes. The applied transmembrane pressure difference (Δp) was 
10.3 ba r i n a ll experiments, unl ess s tated ot herwise, and t he f eed flowrate i n a ll 
experiments w as 4 L/min, w hich c orresponds t o a  R eynolds num ber of  2200 in t hese 
crossflow cells. First, water f lux was monitored for th irty minutes in  a  pure water feed 
(Jw(pw)) (pH was adjusted to ~  8 with sodium bicarbonate, NaHCO3). Next, 2000 mg/L 
NaCl was added to the feed, and water flux (Jw(NaCl)i) and NaCl rejection (RNaCl,i) were 
measured. A t one  hour , the f oulant (i.e., di ssolved s urfactant or  oi l-in-water e mulsion) 
was introduced to the system. For surfactant tests, the surfactant was dissolved in 1 L of 
feed water before be ing added to t he s ystem. For emulsion t ests, the oi l and surfactant 
were bl ended w ith 1 L of  f eed water in a W aring t hree s peed commercial b lender 
(Waring Products, Torrington, CT) on i ts highest speed setting for three minutes before 
being added to the system. Water flux was monitored for the next twenty-three hours (the 
final water flux at the end of this time is Jw(foul)), and NaCl rejection (Rfoulant) and organic 
rejection were measured at the end of the fouling portion of the test. The fouling feed was 
then drained from the f eed t ank and pu re w ater was used to f lush any residual fouling 
feed from the system before refilling the feed tank with pure water. Next, the membranes 
were s ubjected t o a  r epresentative, t wo hour  i ndustrial c leaning pr otocol t o r emove 
foulants from the membrane surface [13, 14]. Foulants that can be removed by cleaning 
contribute t o r eversible fouling, w hile i rreversible f ouling c auses pe rmanent f lux l oss 
(i.e., fouling cannot be reversed by cleaning) [15, 16]. During the first hour of cleaning, 
the feed pH was increased to approximately 12 using NaOH (to remove adsorbed organic 
and biofoulants), then the feed pH was lowered to below 3 using HCl. Unlike some other 
chemical cleaning agents, using NaOH and HCl for cleaning does not introduce any new 
chemical constituents to the system. After the second hour of cleaning, the feed was again 
drained from the feed tank and replaced with an aqueous solution containing 2000 mg/L 
NaCl; us ing t his s olution a s t he feed, t he flux r ecovery ( Jw(NaCl)f) an d N aCl rejection 
(Rfoulant,f) af ter cl eaning w ere d etermined. T he f eed w as ci rculated t hrough t he s ystem 
with no feed filtration at all times during these experiments, with the exception of the two 
hour c leaning por tion, w hen the f eed was continuously filtered through t he carbon and 
particle f ilter t o r emove an y r esidual f oulants. The t emperature i n t he feed t ank w as 
maintained at 24-25oC at all times, except during the first hour of the cleaning procedure 
(high pH), when the refrigerated bath was turned off.   
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Figure 3.7. (a) Timeline and (b) typical observed water flux during a crossflow fouling experiment.  

3.2.4.4 Rejection Measurements 
In all experiments (i.e., fouling and sodium chloride feeds), sodium chloride content was 
determined by measuring ion concentration using a conductivity meter (Oakton CON 110 
Advanced M eter, Fisher S cientific, P ittsburgh, P A). A  c alibration c urve a llowed 
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determination of NaCl concentration from measured solution conductivity. Apparent and 
true NaCl rejections were calculated using Equations 2.25 and 2.34, respectively.  

In fouling tests, organic carbon concentration was determined using a Shimadzu 5050A 
Total O rganic C arbon A nalyzer ( Columbia, M D). S amples w ere analyzed i mmediately 
after co llection, an d o rganic r ejection w as c alculated u sing t he m easured f eed an d 
permeate co ncentrations ( corg,feed and c org,perm, r espectively, i n m g/L), a ccording t o t he 
following equation: 

%1001
,

, ×









−=

feedorg

permorg
organic c

c
R

 (3.1) 

3.2.5 Surface Characterization 

3.2.5.1 ATR-FTIR 
Attenuated t otal r eflectance F ourier t ransform i nfrared s pectroscopy ( ATR-FTIR) w as 
used to characterize the structure of modified and control membranes. These experiments 
were performed using a Thermo Nicolet Nexus 470 FTIR with an Avatar Smart MIRacle 
ATR accessory and a ZnSe crystal (Madison, WI). Spectra were collected in ai r, in the 
mid-infrared r egion ( 400-4000 c m-1), us ing 128 s cans a t resolution 4  ( 1.928 c m-1 
spacing). D ata analysis was pe rformed us ing t he O mnic s oftware pr ovided w ith t he 
instrument. The sampling depth of ATR-FTIR is approximately 1 μm [17], thus spectra 
of composite membranes include the polyamide active layer (~0.1 μm thickness), as well 
as the polysulfone support layer. 

3.2.5.2 XPS 
X-ray photoelectron spectroscopy (XPS) was used to characterize the surface elemental 
content of modified and unmodified membranes. XPS probes a maximum depth of ~10 
nm (at 0o takeoff angle, i.e., perpendicular to the membrane surface), making it a better 
choice than ATR-FTIR for detection of  the polyamide layer (~0.1 μm) and any surface 
changes effected by PEGDE grafting. Surface scans were performed using an AXIS Ultra 
DLD X PS ( Kratos Analytical C ompany, C hestnut R idge, NY) e quipped w ith a 
monochromatic Al Kα1,2 x-ray source (2 × 10-9 Torr chamber pressure, 15 kV, 150 W ). 
Carbon (1s), nitrogen (1s), oxygen (1s), and sulfur (2p) were detected using either a 0o or 
45o takeoff angle (to probe an even thinner surface layer). A 300 µm × 700 µm area was 
analyzed, an d a  charge ne utralizer w as u sed t o min imize s ample c harging. S ample 
analysis was p erformed b y D r. H ugo C elio at  t he T exas M aterials Institute at  t he 
University of Texas at Austin. 

3.2.5.3 Graft Density 
The grafting density of PEGDE on the membrane surface (μg/cm2) was measured using a 
Rubotherm M agnetic S uspension B alance w ith 1 μg r esolution ( Rubotherm G mbH, 
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Bochum, G ermany). A  diagram of  t he a pparatus a ppears i n F igure 3.8.  A n e lectronic 
control unit allows the sample pail to be raised to the measuring point and lowered to the 
zero point positions. Membrane samples were placed in the sample pail while in the zero 
point pos ition a nd t hen raised t o t he m easuring point pos ition. T he a verage di fference 
between the m easuring point and z ero point ba lance r eadings ( five measurements) was 
taken to be the mass of the pail and samples.  

Twelve 1 in2 pieces of membrane were used for grafting density experiments, in order to 
fit th e s amples in to t he s ample p ail. M embranes w ere p retreated following th e 
manufacturer’s recommendations, dried under vacuum for one hour and then allowed to 
equilibrate i n a ir f or ni nety m inutes be fore m easurement. F ollowing t he m ass 
measurement, membranes were t reated with PEGDE, dr ied under vacuum for one  hour  
and allowed to equilibrate in air for ninety minutes before measuring the mass of the 

  

Figure 3.8. Schematic of the magnetic suspension balance, including zero point and 
measuring point positions.  modified membranes and sample pail. Subtraction of 
the mass measured before modification from the mass measured after PEGDE 
modification gave the mass of PEGDE on the modified membrane surface.  
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3.2.5.4 Zeta Potential 
Zeta potential was measured using an Anton Paar SurPASS Electrokinetic Analyzer and 
associated software (Anton Paar USA, Ashland, VA). Two membrane samples separated 
by a spacer were loaded into the clamping cell, creating a channel for electrolyte flow. A 
10 m M N aCl s olution was us ed a s t he ba ckground e lectrolyte f or a ll e xperiments. 
Streaming potential was measured as a function of feed pH, and the Fairbrother-Mastin 
approximation was used in the calculation of zeta potential from streaming potential (cf. 
Equations 2.36 - 2.38). Before the s tart of  each experiment, the feed pH was manually 
adjusted to pH 9 using 0.1 M NaOH. A 0.1 M HCl solution was then added automatically 
during each run, t o de crease p H f rom 9 t o 3. Four m easurements, t wo i n e ach f low 
direction ( left t o r ight a nd r ight t o l eft), w ere made a t e ach pH , a nd t he a verage and 
standard de viation of  t hose f our va lues i s r eported. F or e xperiments i nvestigating t he 
effect o f ch arged s urfactant o n z eta p otential, 15 0 mg/L of either D TAB o r S DS w as 
added to the electrolyte solution. 

3.2.5.5 AFM 
Surface r oughness w as an alyzed b y atomic f orce m icroscopy (AFM) u sing a D igital 
Instruments D imension 3100 a tomic f orce m icroscope w ith a  N anoscope IV c ontroller 
(Woodbury, NY). Samples were dried under vacuum prior to analysis. AFM images were 
acquired under ambient conditions in intermittent contact mode at a 1  Hz scan rate and 
256 × 256 pi xel r esolution w ith s ilicon c antilevers ( spring c onstant ~  50 N /m). T he 
tapping m ode ( i.e., i ntermittent c ontact m ode) w as us ed t o prevent da mage t o t he 
membrane surface. Two different positions were analyzed for each membrane, each over 
a 5 μm × 5 µm area. Surface roughness was calculated using the data analysis software 
provided by the manufacturer. Sample analysis was performed by Dr. Young-Hye Na at 
the IBM Almaden Research Center in San Jose, CA.     

3.2.5.6 Contact Angles 
Contact an gle an alysis w as p erformed u sing a R amé-Hart M odel 500 A dvanced 
Goniometer/Tensiometer with DROPimage Advanced software v ersion 2. 4 (Ramé-Hart 
Instrument Co., Netcong, NJ). Figure 3.9 i llustrates the experimental apparatus used for 
measuring o il-in-water c ontact a ngles. A  s trip of  m embrane w as m ounted i n a  s ample 
holder w ith t he i nterfacially pol ymerized pol yamide l ayer f acing dow n. A  G ilmont 
Instruments 0.2 m l micrometer s yringe (Cole-Parmer, V ernon Hills, IL) with a  hooked 
needle w as us ed t o di spense n-decane dr oplets ont o t he po lyamide s urface of  t he 
membrane. Ultrapure water was used as the surrounding fluid. The reported contact angle 
is the average value of the left and right side contact angles (measured through the water 
phase) obtained for at least three oil droplets placed and advanced (or grown) at different 
positions along the length of the membrane. The advancing contact angle so measured is 
more reliable and reproducible than the receding contact angle. A smaller angle indicates 
a more hydrophilic surface. 



 

 

 

69 

 

 

Figure 3.9  Apparatus used for captive bubble measurements of oil-in-water contact angles. 
The oil droplet is released under water, below the active surface of the 
membrane (sample is loaded with active side facing down), and floats up to the 
membrane surface.   
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4  COMMERCIAL REVERSE OSMOSIS MEMBRANE 
PERFORMANCE CHARACTERIZATION†

4.1 Abstract 

 

Crossflow filtration experiments were performed to characterize the water flux and NaCl 
rejection of the two commercial polyamide reverse osmosis (RO) membranes chosen for 
study ( LE a nd X LE from D ow W ater & P rocess S olutions). T horough cleaning of  t he 
crossflow s ystem, combined w ith f ollowing th e ma nufacturer’s r ecommended 
pretreatment and test conditions (i.e., feed pressure, flowrate, temperature, feed pH, and 
feed f iltration) resulted in m easured p erformance v alues co nsistent w ith m anufacturer 
benchmarks. C orrection f or t he e ffect of  c oncentration pol arization a lso pr oved 
important. The influence of feed pH and continuous feed filtration on water flux and salt 
rejection was characterized. While rejection was strongly affected by feed pH, water flux 
was essentially unaffected. Continuous filtration of the feed led to higher water flux and 
lower s alt r ejection t han t hat obs erved i n e xperiments w ith unf iltered f eed, s uggesting 
fouling of  t he m embrane s urfaces b y unf iltered f eed. T he flux a nd r ejection of  t hese 
membranes obeyed a general tradeoff relation:  membranes that exhibited higher flux had 
lower rejection and vice versa.  

4.2 Motivation 

 The u ltimate g oal o f th is r esearch is  to  mo dify th e s urface o f commercial p olyamide-
based i nterfacial co mposite m embranes to i ncrease t heir f ouling r esistance, us ing 
approaches building upon those reported previously in the literature [1, 2]. As a first step 
in t his pr ocess, t he i nfluence o f f eed p H a nd crossflow c onditions on t he f lux a nd 
rejection of  small coupons f rom unmodified f lat-sheet reverse osmosis membranes was 
characterized. 

In principle, one might use literature values of flux and rejection in the unmodified flat-
sheet m embranes as a  s tarting point for membrane modification s tudies. In t his r egard, 
Table 4 .1 p resents r esults f rom s everal f lat-sheet m embrane c oupon (i.e., not  m odule) 
characterization studies on modern commercial polyamide-based desalination membranes 
during t he l ast d ecade [2-5]. F or r eference, t he m anufacturers’ t est c onditions ( feed 
pressure, p H, t emperature, a nd N aCl c oncentration i n t he f eed) a nd m embrane 
performance (flux, rejection, and permeance) are recorded in boldface type directly above 
the literature data for each membrane [6-11]. Water permeance (A) values, calculated as 
flux divided by (∆p-∆π), where ∆p and ∆π are the differences between feed and permeate 
pressure and osmotic pressure, respectively, are included since some literature data were 
                                                 
†† This chapter has been adapted with permission from: E.M. Van Wagner, A.C. Sagle, M.M. Sharma, B.D. 
Freeman, Effect of crossflow testing conditions, including feed pH and continuous feed filtration, on 
commercial reverse osmosis membrane performance, Journal of Membrane Science, 345 (2009) 97-109. 
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reported at operating pressures or NaCl concentrations (i.e., osmotic pressures) other than 
those used by the manufacturers. As indicated in Table 4.1, for each membrane, there are 
variations i n f lux a nd r ejection v alues f rom d ifferent l iterature s tudies  (see,  e.g., t he 
BW30 da ta i n T able 4. 1)   a nd  di fferences  between  t he  l iterature r esults a nd t he 
manufacturer’s results. Rejection va lues r eported i n t he l iterature s tudies a re i nvariably 
lower than the manufacturer’s data, and permeance values are generally, but not always, 
lower in the l iterature s tudies than those reported by the manufacturers. While some of 
this va riation m ight be  due t o c hanges i n m embrane pe rformance ove r t ime, s ince t he 
manufacturer’s values reported in Table 4.1 are for current generation membranes, i t i s 
also pos sible t hat s ome of  t he obs erved va riations r esulted f rom di fferences i n 
experimental conditions among the various studies.  
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Table 4.1. Comparison of reported membrane performance to manufacturer benchmark values for several commercial reverse 
osmosis membranes.   

Membrane Δp 
(bar) pH Temperature 

(oC) 

NaCl feed 
concentration 

(mg/L) 

Water 
fluxa 

(L/(m2h)) 

Water 
permeance 

(L/(m2h bar)) 

Minimum
NaCl 

rejectiona 
(%) 

BW30 [6] 15.5 8 25 2000 45 3.3 99.0 
BW30 [2]b 15.5 Nr nr 1500 42 2.9 94.8 
BW30 [3]c 15.5 Nr 21 2000 48 3.5 96.5 
BW30 [4] 13.8 7 25 585 49 3.7 97.9 

SW30HR [7] 55.2 8 25 32000 27 1.1 99.6 
SWHR [5]b 12.4 Nr 20 2000 10 0.9 92.0 

XLE [8] 6.9 8 25 500 49 7.7 98.0 
XLE [5]b 12.4 Nr 20 2000 66 6.0 93.0 

ESPA1 [9] 10.3 6.5-7 25 1500 51 5.6 99.0 
ESPA [3]c 10.3 Nr 21 1500 39 4.3 97.0 

ESPA3 [10] 10.3 6.5-7 25 1500 59 6.5 98.5 
ESPA3 [4] 13.8 7 25 585 83 6.2 94.9 
CPA2 [11] 15.5 6.5-7 25 1500 47 3.3 99.5 
CPA2 [2]b 15.5 Nr nr 1500 36 2.5 95.5 
CPA2 [3]c 15.5 Nr 21 1500 34 2.4 95.6 

nr = not reported 
Manufacturers’ conditions and performance are recorded in boldface type directly above the literature data for each membrane.  
aThe range of acceptable flux values around the manufacturer benchmark value is +25/-15% [8, 9], but rejections only differ by 
~ 1-2 % [12].  
bTests conducted in stirred (dead-end batch) cells. Results from all other experiments reported in this table (including 
manufacturers’ testing) were obtained using crossflow filtration.  
cWater used in these experiments was RO permeate passed through a deionizing column and a UF filter.
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The o bserved d ifferences b etween t he l iterature d ata an d t he manufacturer’s d ata 
prompted t he s tudy of  t he i nfluence of  de salination m embrane t est c onditions on  t he 
measured f lux an d r ejection o f cu rrent co mmercial m embranes. T he o bjective w as t o 
develop flat-sheet membrane test protocols that permit facile and reliable interlaboratory 
comparisons of  da ta a nd pe rmit t he generation o f l aboratory data t hat i s coherent with 
results reported by the manufacturers. 

The literature studies summarized in Table 4.1 used small, flat-sheet membrane coupons, 
whereas t he m anufacturers’ r esults a re of ten d erived f rom t he pe rformance of  l arge 
spiral-wound m odules. M anufacturers r eport t hat f lux ( and, t herefore, pe rmeance) m ay 
vary by a pproximately + 25/-15% f rom one  s mall a rea of  m embrane t o a nother due  t o 
normal v ariations in  th e me mbrane pr oduction pr ocess [8, 9] , but  t he effect of  t hese 
variations is  min imized by th e la rge a rea o f me mbrane c ontained in  a  ty pical s piral-
wound m odule. N aCl r ejection va lues a re onl y expected t o va ry b y 1-2%, w ith l ower 
rejection values indicating defective membrane samples [12]. Examination of the data in 
Table 4.1 reveals that the permeance values reported in the literature are often within the 
acceptable r ange o f t he m anufacturers’ s pecifications, an d ar e, t herefore, r easonable 
considering t he ex pected variability. However, t he r eported s alt r ejection values ar e, i n 
most cases, well below the manufacturers’ specifications.  The literature studies were, for 
the most part, not conducted at the same conditions used by the manufacturers, and these 
differences i n p rotocol m ay i nfluence t he results. O ne obj ective of  t his s tudy w as t o 
explore the sensitivity of these modern, commercially available membranes to laboratory 
test conditions. 

Concentration pol arization ( i.e., t he bui ldup of  s alt a t t he m embrane s urface) m ay also 
influence the data reported in Table 4.1 [13-16]. A few of the experiments in Table 4.1 
were c onducted us ing d ead e nd f iltration, w here c oncentration pol arization m ight be  
expected t o b e p articularly s evere an d w here overall s alt co ncentration i n t he f eed 
solution increases with time.  B oth of these factors could contribute to the low rejection 
values observed in those cases. 

Most of the results reported in Table 4.1 were conducted using crossflow filtration, which 
maintains ne arly c onstant feed co mposition o ver t ime ( since t he am ount o f p ermeate 
produced i s t ypically kept small relative to the feed solution volume, and the permeate 
product is often recycled to the feed tank). However, although polarization effects can be 
minimized in  c rossflow m ode b y operating at l ower pr essure and hi gher c rossflow 
velocity, they can never be completely eliminated and should be accounted for to find the 
true salt rejection capacity of a reverse osmosis membrane. None of the studies included 
in T able 4.1 r eported t he f low c onditions or  a ccounted f or concentration pol arization, 
which might contribute to the low reported salt rejections.  

Cadotte’s r esults s uggested t hat hi s nonc ellulosic t hin-film c omposite me mbranes ( i.e., 
interfacial polyamide membranes on polysulfone ultrafiltration supports) were resistant to 
compaction (i.e., an initial reduction in water flux with time due, presumably, to pressure-



 

 

 

75 

induced densification or collapse of the membrane support structure) [17]. However, the 
literature contains reports of initial f lux decline in RO membranes, often attributing the 
flux decline to compaction [4, 5]. In 1985, r esearchers at Osmonics (now GE Water and 
Process Technologies) studied this issue to determine whether this flux decline was due 
to compaction or fouling; they compared the flux as a function of time for ultrafiltration 
(UF) a nd R O m embranes t ested i n 2000 m g/L N aCl f eed s olutions w ith a nd w ithout 
continuous feed filtration through a UF element [18]. They also recognized the possibility 
that biological fouling could cause flux decline, and they added formaldehyde to the feed 
water t o pr event bi ogrowth. M embranes t ested with c ontinuous U F f iltration s howed 
much less flux decline with time than those tested in unfiltered feeds. For example, the 
flux of a cel lulose acetate RO membrane (Δp = 41.4 bar, T = 25oC) decreased by 35% 
over 1000 hours when the feed was unfiltered, but the flux only decreased by 5.5% over 
the s ame t ime pe riod w hen t he f eed w as c ontinuously filtered t hrough t he U F e lement 
before contacting the RO membrane. This result was taken to suggest that fouling caused 
most of the observed flux decline typically attributed to compaction.  

Building upon  t he results not ed a bove, i n t his s tudy i t w as de monstrated t hat R O f lat-
sheet membrane performance values closely matching those of the manufacturer can be 
achieved with careful a ttention to membrane s torage and h andling p rotocols, c rossflow 
system cleaning procedures, and experimental conditions. In addition, the impact of feed 
pH a nd c ontinuous f eed f iltration on m embrane pe rformance w as de termined. T he 
sensitivity of RO membranes to their environment highlights the importance of attention 
to experimental detail when studying such highly selective, high flux membranes. 

4.3 Detailed Measurement Protocol 

All c haracterization experiments were conducted at 150 psig feed pressure (Δp = 10.3 
bar). C oncentration pol arization e xperiments ( Experiments 1 a nd 2)  i ncluded f our 
different f lowrates: 1, 2,  3, a nd 4  L/min, corresponding t o R eynolds nu mbers of  600,  
1100, 1700 , a nd 2200, r espectively. T he channel he ight ( 3 m m) w as us ed a s t he 
characteristic l ength i n Reynolds n umber cal culations, acco rding t o t he p arallel p late 
approximation for channels with large aspect ratios (width/height > 3-4) [19]. However, 
the feed moves through a 90o bend to enter the test channel, so the flow is likely turbulent 
at a ll f lowrates yielding R e>1000 [20]. A  m ass t ransfer co rrelation an alysis performed 
using t he e xperimental data a lso i ndicated t urbulent f low c onditions, a s i s e xplained 
further below. Additionally, the flow was not fully developed because the channel length 
is only 82 m m. The feed was continuously passed through the carbon and particle filter 
(to maintain more constant performance during the course of the experiments, as will be 
explained further below), and feed pH was buffered to the manufacturer-suggested value 
(pH ~ 8 [8, 21]) using NaHCO3, to mimic the natural adsorption of CO2 from air [22, 23]. 
The concentration of NaHCO3 required to achieve these pH values contributes negligibly 
to the osmotic pressure (5.0×10-4 M (0.025 bar)). Pure water flux was first measured at 
each flowrate in random order, then 2000 mg/L NaCl was added to the feed solution, and 
water flux as well as  bulk feed and permeate salt concentrations were measured for the 
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same s eries o f f lowrates. S amples were co llected af ter 20 m inutes o f operation at  each  
flowrate to ensure t hat m easured f lux an d p ermeate co ncentration w ere s teady s tate 
values. A ha ndheld c onductivity m eter w as us ed t o m easure t he conductivity of  t he 
collected pe rmeate a nd bul k f eed s olutions. The c oncentration pol arization m odel 
discussed i n C hapter 2  was t hen u sed t o calculate t he t rue rejection an d co ncentration 
polarization modulus (M) at each flowrate [24]. 

Next, a set of experiments (Experiments 3 and 4) was performed to determine the effect 
of feed pH on membrane performance (water flux and salt rejection). The feed was also 
continuously filtered i n these e xperiments, t he f lowrate w as s et t o 4 L/min, a nd pur e 
water flux was measured just before adding 2000 mg/L NaCl, to allow calculation of the 
concentration pol arization m odulus a t t he s tart of  e ach e xperiment. Feed pH  w as 
randomly adjusted t o l ower o r hi gher va lues b y a dding 1  M HCl o r 5 % (w ) (1.2 M ) 
NaOH to t he feed t ank, respectively. The am ount o f aci d and base r equired t o ach ieve 
these pH values has a negligible effect on feed concentration and osmotic pressure (i.e., 
causes less than 5% increase in feed conductivity). 

Filtration te sts ( Experiments 5  a nd 6 ) w ere t hen pe rformed t o d etermine t he f lux a nd 
rejection pr operties of  t he m embranes a s a  function of  t ime, us ing t he m anufacturer’s 
specified operating conditions. Dow Water & Process Solutions’ specifications are based 
on using an unfiltered feed containing 2000 mg/L NaCl at pH 8 with a f eed pressure of 
150 psig (Δp = 10.3 bar), and a flowrate corresponding to 15-20% pol arization ( M =  
1.15-1.20) [8, 12, 21] . T he p ermeate pressure w as at mospheric, an d f eed p H w as 
achieved using NaHCO3 as a buffer. An additional set of experiments (Experiments 7 and 
8) w as pe rformed a t t he s ame c onditions, but  w ith a  c ontinuously f iltered f eed, t o 
demonstrate the effect of this variable on membrane performance. 

In each o f t hese ex periments ( Experiments 5-8), p ure w ater flux w as f irst m easured 
before adding 2000 mg/L NaCl. Then, water flux and NaCl rejection were monitored for 
24 hours. True rejection was calculated based on the polarization modulus measured a t 
the s tart of  each e xperiment ( using t he pur e water f lux and th e f irst flux and r ejection 
measurements in 2000 mg/L NaCl). 

In each experiment, the permeate stream from each cell was continuously recycled to the 
feed t ank, except dur ing s ample c ollection f or flux a nd r ejection m easurements. T hree 
membrane s amples cu t from t he s ame area o f e ach m embrane r oll w ere u sed i n each 
experiment to gauge the variability between samples.  T he results presented are average 
values obt ained for t he t hree s amples, a nd t he r eported unc ertainty i s one  s tandard 
deviation of the experimental results for the three samples.    

Table 4.2 s ummarizes t he c onditions us ed for each experiment, a nd m ay be us ed a s a 
reference for the following discussion. 
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Table 4.2. Summary of experimental conditions for the LE and XLE characterization studies 
(24-25oC and 150 psig feed pressure (Δp = 10.3 bar) maintained for all 
experiments). 

Experiment Membrane Flowrate 
(L/min) 

Continuous feed 
filtration 

Feed pH 

1 LE 1, 2, 3, 4 Y 7.7 
2 XLE 1, 2, 3, 4 Y 7.8 
3 LE 4 Y 4.5-9.0 
4 XLE 4 Y 5.0-9.0 
5 LE 4 N 7.9 
6 XLE 4 N 7.8 
7 LE 4 Y 7.8 
8 XLE 4 Y 7.8 

4.4 Results and Discussion 

4.4.1 Concentration Polarization 
The results of the concentration polarization experiments for the LE and XLE membranes 
(Experiments 1 a nd 2) are presented in Figures 4.1 and 4.2,  respectively. The measured 
quantities ( i.e., pur e w ater f lux, w ater f lux i n 2000 m g/L N aCl, a nd a pparent N aCl 
rejection) a re shown in Figures 4.1 (a) and 4.2(a). The apparent s alt r ejection increased 
with increasing flowrate for both membranes, but the XLE membrane had less sample-to-
sample variability than the LE membrane. The standard deviation of water flux in 2000 
mg/L N aCl, r eflecting s ample-to-sample v ariability among th e th ree s amples r un 
simultaneously du ring t he e xperiments f or e ach m embrane, w as i n t he r ange 0.3 -0.5 
LMH f or t he X LE m embrane, compared t o 1.3-1.4 L MH f or the L E membrane. 
Similarly, the standard deviation of apparent NaCl rejection was in the range 0.08-0.1% 
for the XLE membrane, while it was 0.3-0.4% for the LE membrane (compare error bars 
in Figures 4.1(a) and 4.2(a)).  

The bulk feed and permeate salt concentrations ( i.e., the apparent rejection), pure water 
flux, a nd w ater f lux i n 2000 m g/L N aCl f eed w ere t hen us ed t o de termine t he s alt 
concentration at  t he m embrane s urface (cso(m) or πso(m)), tr ue s alt r ejection ( Rtrue) an d 
concentration polarization modulus (M) at each feed flowrate, using the model discussed 
in Chapter 2 [24]. The apparent and true rejections, as well as the polarization moduli, are 
shown in Figures 4.1 (b) and 4.2 (b). The t rend o f decreasing polarization modulus with 
increasing flowrate was common to both membranes. This behavior was expected, since 
a h igher f eed flowrate t angential t o t he m embrane s urface i s expected t o give b etter 
mixing a nd l ess s alt bui ldup a t t he m embrane s urface, t hus r educing t he s alt bounda ry 
layer t hickness [13]. T he pol arization m odulus va lues w ere us ed t o c alculate m ass 
transfer coefficients an d S herwood num bers, a nd a  pl ot of  t he na tural l ogarithm of  
Sherwood number versus the natural logarithm of Reynolds number yielded a line with  
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Figure 4.1. (a) Pure water flux, water flux in 2000 mg/L NaCl feed, and apparent NaCl 
rejection for the LE membrane as a function of feed flowrate. (b) Apparent NaCl 
rejection, concentration polarization modulus (M), and true NaCl rejection for the 
LE membrane as a function of feed flowrate. Experiment 1 conditions: T = 24-
25oC, Δp = 10.3 bar, feed passed continuously through a carbon and particle 
filter, feed pH 7.7. Error bars in the figure represent one standard deviation of the 
experimental results for the three samples tested in this experiment. 
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Figure 4.2. (a) Pure water flux, water flux in 2000 mg/L NaCl feed, and apparent NaCl 
rejection for the XLE membrane as a function of feed flowrate. (b) Apparent NaCl 
rejection, concentration polarization modulus (M), and true NaCl rejection for the 
XLE membrane as a function of feed flowrate. Experiment 2 conditions: T = 24-
25oC, Δp = 10.3 bar, feed passed continuously through a carbon and particle 
filter, feed pH 7.8. Error bars in the figure represent one standard deviation of the 
experimental results for the three samples tested in this experiment.  
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slope greater than 0.8 for both membranes, indicating the crossflow system was operating 
in a turbulent flow regime [24]. 

Table 4.3 presents the concentration polarization-corrected (i.e., calculated using surface 
concentration r ather t han t he b ulk f eed co ncentration) w ater p ermeance ( A) an d salt 
permeance (B) v alues f or b oth m embranes, av eraged for all f eed f lowrates t ested. A s 
evidenced by the small standard deviations seen in Table 4.3, w ater and salt permeance 
values were essentially constant with f lowrate. Dow Water & Process Solutions’ target 
water and salt permeance values (corrected for 15-20% polarization [12]) are included for 
comparison. M easured w ater an d s alt p ermeance v alues w ere h igher t han t he 
manufacturer’s target values for both membranes. Discrepancies with the manufacturer’s 
values may be explained, at least in part, by differences between the testing conditions of 
these e xperiments a nd t hose of  t he m anufacturer ( i.e., us e of  t he carbon a nd pa rticle 
filter). This possibility will be examined further in the following sections. 

Table 4.3. Comparison of concentration polarization-corrected water permeance and salt 
permeance valuesa of LE and XLE membranes to manufacturer specifications. 

Membrane Water 
permeance (A) 

(LMH/bar)d 

Dow’s specified 
water 

permeance (A) 
(LMH/bar)e 

Salt 
permeance (B) 

(LMH)d 

Dow’s specified 
salt permeance 

(B) (LMH)e 

LEb 7.7 ± 0.1 5.9 (5.0-7.4) 1.1 ± 0.05 0.51 (0.43-0.63) 
XLEc 10.0 ± 0.2 7.7 (6.5-9.6) 1.7 ± 0.1 1.3 (1.1-1.7) 

a ( )

( )( )
w NaCl

sso m

J
A

p
=

 ∆ − π − π 

 (cf. Equation 2.32)       

 ( )

( )( )
sw NaCl

sso m

J
B

π
=

π − π




 (cf. Equations 2.23 and 2.24; note that osmotic pressure is directly 

proportional to concentration and osmotic pressure at the membrane surface, πso(m), is 
used in place of bulk feed osmotic pressure, πso)  
bT = 24-25oC, Δp = 10.3 bar, feed passed continuously through a carbon and particle 
 filter, pH 7.7 (experiment 1). 
cT = 24-25oC, Δp = 10.3 bar, feed passed continuously through a carbon and particle 
 filter, pH 7.8 (experiment 2). 
dWater and salt permeance values are average values for all four feed flowrates (1, 2, 3, 
and 4 L/min). 
eValues were calculated using the manufacturer’s minimum NaCl rejection. Range in 
parentheses accounts for acceptable range of water flux around target value (+25/-15%) 
[8, 21]. Values have been corrected for concentration polarization using the 15-20% 
polarization specified by the manufacturer [12]. 
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As s hown i n Figures 4 .1(b) a nd 4.2( b), pol arization ha s a  s ignificant ef fect o n s alt 
rejection, e specially at lo w f lowrates. A lthough th e e ffect d iminishes a s f lowrate 
increases ( i.e., the difference between apparent and t rue rejection decreases), correcting 
for p olarization s till in creases tr ue r ejection b y s everal te nths of  a  pe rcent a bove t he 
apparent rejection, which is significant in these highly selective membranes. In the limit 
of no pol arization ( i.e., c so = c so(m)) t he c oncentration pol arization m odulus m ust, b y 
definition, a pproach a value of  one  [13, 24, 25]. F igure 4.1 (b) i ndicates t hat t he 
polarization modulus may be beginning to level off and approach a value of one at feed 
flowrates greater than 3 L/min for the LE membrane. However, as seen in Figure 4.2(b), 
the polarization modulus decreases continuously with increasing feed flowrate, even at a 
feed flowrate of 4 L/min, for the XLE membrane. The XLE membrane has a higher water 
flux t han t he L E m embrane, s o i t i s r easonable t o ex pect t hat a h igher f eed f lowrate 
would be required to observe a similar effect on the polarization modulus.  

To m atch t he 15 -20% pol arization c ondition s pecified b y D ow W ater &  P rocess 
Solutions f or ope ration of t heir flat-sheet membranes [12], a flowrate o f 4  L/min w as 
chosen for use in all subsequent experiments. 

4.4.2 Effect of Feed pH on Membrane Performance 
The w ater f lux a nd t rue N aCl r ejection a s a  function of  f eed pH  for t he LE and X LE 
membranes ar e p resented in Figures 4.3(a) and (b), respectively (experiments 3 a nd 4) . 
While w ater f lux w as i ndependent o f f eed p H o ver t he pH  r ange c onsidered, rejection 
increased f airly l inearly with i ncreasing f eed pH  ( note: t he a mount of  H Cl a nd N aOH 
added t o adjust t he feed pH  ha d a  n egligible e ffect on feed c oncentration, s o f lux a nd 
rejection w ere c alculated w ithout c orrection for t he additional i ons). The f act t hat 
rejection depends on pH in normal solution pH range emphasizes the necessity of careful 
pH control, s ince a  di fference of only one pH u nit can  change t rue r ejection b y nearly 
0.5%. Cadotte noted the independence of water flux and dependence of rejection on feed 
pH f or t he F T-30 m embrane [26], a nd r ecent work w ith other aromatic p olyamide 
membranes has also shown a similar trend of increasing rejection with increasing feed pH 
[27]. One possible explanation for the increase in rejection seen with increasing pH from 
pH 5 to pH 9 is the increasingly negative charge of the polyamide membrane surface over 
this pH r ange, as  i ndicated b y i ncreasingly n egative z eta p otential v alues [28]. T he 
numbers on Figures 4.3(a) and (b) indicate the order of the measurements (i.e., the history 
of t he i mposed p H ch anges), em phasizing t hat t he ef fect o f feed p H o n r ejection w as 
reversible under the conditions of this study. That is, following short periods of exposure 
to lower pH, the rejection of both membranes increased as  pH increased, indicating the 
membranes sustained no permanent change in properties due to pH cycling for the short 
exposure periods considered in this investigation. This phenomenon was also observed by 
Cadotte during his original investigation into the properties of the FT-30 membrane [26].  
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Figure 4.3. Average water flux and true NaCl rejection as a function of feed pH (T = 24-
25oC, Δp = 10.3 bar, flowrate = 4 L/min, feed passed continuously through a 
carbon and particle filter, feed pH adjusted using 1 M HCl or 5% NaOH). (a) LE 
membranes (M = 1.09-1.22, experiment 3). (b) XLE membranes (M = 1.16-1.29, 
experiment 4). Error bars in the figures represent one standard deviation of the 
experimental results for the three samples tested. Note: numbers 1-8 indicate the 
order of the measurements, and demonstrate the reversibility of the pH/rejection 
phenomenon. The lines were drawn to follow trends suggested by the data, and 
should be used to guide the eye.  

4.4.3 Performance at Manufacturer’s Specified Conditions 
After determining the optimum flowrate for testing, the performance of the LE and XLE 
membranes w as m easured ove r 24 hour s us ing the c onditions us ed b y Dow W ater &  
Process Solutions in their flat-sheet characterization studies. The performance of the LE 
membrane as a function of time (experiment 5; T = 24-25oC, Δp = 10.3 bar, flowrate = 4 
L/min, unfiltered feed, feed pH 7.9)  is presented in Figure 4.4. Figure 4.4(a) shows the 
average v alues o f w ater f lux an d ap parent and true N aCl r ejections f or t he t hree LE 
samples tested in this experiment. During the 24 hour experiment, water f lux decreased 
by 10 LMH, and true NaCl rejection increased by 0.5%. Figure 4.4(b) includes the water 
flux o f each  m embrane s ample an d F igure 4 .4(c) gives t he apparent and t rue N aCl 
rejection f or e ach s ample ( data i n t hese f igures were u sed t o cal culate a verage values 
shown in Figure 4.4(a)). While the three samples had fluxes within 2 LMH of each other, 
one sample (cell 1) had significantly higher rejection than the other two samples  (~ 0.6% 
higher near the start of the experiment, decreasing to ~ 0.3% higher after          24 hours). 
A p ropagation o f er rors an alysis r evealed t he uncertainty inherent i n the w ater f lux 
measurement (due to ability to accurately measure permeate mass, active membrane area 
and permeate collection time) to be ± 1.5-2 LMH for the RO membranes considered in 
this s tudy [29]. T hus, the f lux di screpancy d epicted i n F igure 4.4( b) may be  due  t o 
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inherent limitations of the experimental measurement. A similar analysis performed for 
NaCl rejection gave an inherent uncertainty of ± 0.1-0.2%, so the difference in rejection 
between the sample in cell 1 and the other two cells reflects an actual difference in salt 
rejection of  t hese m embrane s amples. M embrane m odules t ypically ha ve ove r 20,000  
times the area of the membrane samples tested in the laboratory-scale crossflow system 
(400 f t2 (37 m 2) vs . 1.82×10-3 m2). Thus, membrane va riations which a re averaged out  
over the area of a module can easily become significant in the small samples tested in the 
laboratory, as indicated by the variability in membrane rejection shown in Figure 4.4(c). 

The average water flux, apparent rejection and true rejection of the XLE membrane as a 
function of  t ime a re s hown i n F igure 4.5  (experiment 6; T  = 2 4-25oC, Δp = 10.3 ba r, 
flowrate = 4  L/min, unf iltered feed, feed pH 7.8). The behavior of  the XLE membrane 
mimicked that of the LE membrane (cf. Figures 4.4(a) and 4.5), with a steadily declining 
water f lux that f ell 10 L MH over 24 hour s while t he t rue r ejection increased b y 0.5 %. 
The s tandard de viation of  t he m easured water flux ( 2.4-3.8 L MH) w as slightly hi gher 
than t he unc ertainty i nherent i n t he m easurement ( 1.5-2 LMH), i ndicating s ome 
variability between the three XLE membrane samples tested. 

The t ime at  w hich f lux an d r ejection ar e r eported i s a nother c onsideration w hen 
attempting to match the manufacturer’s specifications. The time dependence of flux and 
rejection depicted in Figures 4.4 and 4.5 provides evidence of the importance of matching 
the manufacturer’s specified time at which data are to be reported. Dow Water & Process 
Solutions r ecommends measurement of  LE a nd X LE m embrane c oupon pe rformance 
after 20 minutes of filtration [12]. Table 4.4 compares the water flux, water permeance, 
true r ejection, a nd s alt pe rmeance of  e ach m embrane w ith t he c orresponding va lues 
reported b y t he m anufacturer. For t his c omparison, t he d ata ar e r eported at  t he t ime 
suggested by the manufacturer. That is, the values in the table come from the points on 
Figures 4.4(a) and 4.5 corresponding to 20 minutes of operation. Both the experimentally 
determined and manufacturer’s target water and salt permeances have been corrected for 
the effects of concentration polarization.   
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Figure 4.4. (a) Average water flux, apparent NaCl rejection and true NaCl rejection as a function 
of time for three LE membranes tested at Dow Water & Process Solutions’ 
specified conditions (T = 24-25oC, Δp = 10.3 bar, flowrate =       4 L/min, 
unfiltered feed, feed pH 7.9, M = 1.26, experiment 5). Note: uncertainty in water 
flux ~ 0.5-0.9 LMH, uncertainty in Rapp ~ 0.2-0.4%, uncertainty in Rtrue ~ 0.1-0.3%. 
(b) Water flux and (c) Apparent and true NaCl rejection as a function of time for 
each of the three LE membranes. 
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Figure 4.5. Average water flux, apparent NaCl rejection and true NaCl rejection as a function 
of time for XLE membranes tested at Dow Water & Process Solutions’ specified 
conditions (T = 24-25oC, Δp = 10.3 bar, flowrate =       4 L/min, unfiltered feed, 
feed pH 7.8, M = 1.31, experiment 6). Note: uncertainty in water flux ~ 2.4-3.8 
LMH, uncertainty in Rapp ~ 0.07-0.2%, uncertainty in Rtrue ~ 0.04-0.1%. 

Examination of  the da ta i n T able 4.4 s hows t hat t he m easured w ater f lux a nd 
concentration pol arization-corrected w ater p ermeance o f t he XLE an d LE m embranes 
were w ithin t he m anufacturer’s t arget r anges. In ad dition, t he t rue s alt r ejection v alues 
were in good agreement with those of the manufacturer, reaching at least the minimum 
target va lues a fter t he s pecified 20 m inute r un t ime. T he c oncentration pol arization-
corrected salt permeance values fell slightly above the upper end of Dow’s target range 
for the LE membrane. However, considering the uncertainty in the measured values, the 
measured s alt p ermeance v alues a re consistent w ith t he v alues s pecified b y t he 
manufacturer. For the XLE membrane, the salt permeance (0.83 LMH) fell below Dow’s 
target range. Calculation of salt permeance (using Equations 2.23 and 2.24) is influenced 
by w ater f lux as  w ell as  s alt r ejection, w hich ex plains w hy the LE m embrane, w hose 
water fluxes fell near the upper end o f t he m anufacturer’s t arget r ange, h ad a  s alt 
permeance v alue t hat f ell above t he m anufacturer’s t arget r ange. In addition, t he water 
flux of the XLE membrane (72 LMH) was very near Dow’s target value (65 LMH) while 
its t rue s alt r ejection a fter 20 m inutes ( 98.9%) w as m uch hi gher t han D ow’s s pecified 
minimum s alt r ejection ( 98.0%, u sed to  c alculate th e ma nufacturer’s s pecified s alt 
permeance), which explains why the salt permeance of the XLE membrane fell below the 
manufacturer’s target range. It is important to note that the manufacturer’s salt permeance 
value given i s a  m aximum accep table v alue. A s s alt r ejection i ncreases from t he 
minimum v alue t o t he s tabilized v alue, s alt p ermeance d ecreases. Since t he X LE 
membranes t ested h ad NaCl r ejections n ear t he s tabilized v alue, t heir s alt p ermeance 
values w ere l ower t han t he m aximum accep table v alue s tated b y t he m anufacturer. 
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Table 4.4. Comparison of measured membrane performance to manufacturer benchmark values (test conditions matching those of 
manufacturer). 

Membrane 
Water 

flux 
(LMH) 

Dow’s 
specified 

water 
flux 

(LMH)c 

Water 
permeance 

(A) 
(LMH/bar)d 

Dow’s 
specified 

water 
permeance 

(A) 
(LMH/bar)e 

Rtrue (%) 

Dow’s 
specified Rtrue 

(minimum 
and 

stabilized) 
(%) 

Salt 
permeance 

(B) 
(LMH)d 

Dow’s specified 
salt permeance 

(B) (LMH)e 

LEa 62 ± 1 50 (42-62) 7.4 ± 0.1 5.9 (5.0-7.4) 99.0 ± 0.3 99.0-99.3 0.61 ± 0.2 0.51 (0.43-0.63) 
XLEb 72 ± 4 65 (55-81) 8.9 ± 0.5 7.7 (6.5-9.6) 98.9 ± 0.1 98.0-99.0 0.83 ± 0.1 1.3 (1.1-1.7) 

aΔp = 10.3 bar, feed flowrate = 4 L/min, T = 24-25oC, unfiltered feed, pH 7.9, measurement taken after 20 minutes 
(experiment 5) [12, 21]. 
bΔp = 10.3 bar, feed flowrate = 4 L/min, T = 24-25oC, unfiltered feed, pH 7.8, measurement taken after 20 minutes 
(experiment 6) [8, 12]. 
cRange of numbers in parentheses indicates acceptable range of water flux around target value (+25/-15%) [8, 21].   
dValues were corrected for effects of concentration polarization (osmotic pressure at the membrane surface, πso(m), was used in 
place of bulk feed osmotic pressure, πso). 
eValues were calculated using the manufacturer’s minimum NaCl rejection. Range in parentheses accounts for acceptable 
range of water flux around target value (+25/-15%) [8, 21]. Values have been corrected for concentration polarization using the 
15-20% polarization specified by the manufacturer [12]. 
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4.4.4 Influence of Continuous Feed Filtration on Membrane Performance  
The i nfluence o f continuous feed f iltration o n membrane p erformance is p resented i n Figures 
4.6(a) and (b) for t he LE a nd X LE m embranes, r espectively. The on ly condition t hat w as 
changed i n ex periments 7 an d 8  ( as co mpared t o ex periments 5  an d 6 ) w as t hat t he f eed w as 
continuously f iltered. In t his w ay, t he e ffect of  c ontinuous f eed f iltration on m embrane 
performance could be  i solated a nd s tudied. Figure 4.6( a) c ompares t he f lux a nd t rue r ejection 
performance of  the LE membranes f rom experiments 5 a nd 7, a nd Figure 4.6(b) compares the 
results of  experiments 6  and 8  for t he X LE m embranes. For both membranes, water f lux was 
much more stable with time when the feed was continuously filtered. The water flux of the LE 
and XLE membranes increased slightly over the first 3-4 hours before starting to decrease. After 
24 hours, the water flux of the XLE membrane had decreased to its initial value, while the flux of 
the LE membrane had decreased by 1 LMH (1.5%), well within the inherent uncertainty of the 
measurement ( 1.5-2 LMH). O n t he ot her ha nd, t wenty-four hour s o f ope ration w ith unf iltered 
feed led to flux declines of 16% for the LE and 14% for the XLE membranes. Irrespective of the 
time-dependent t rends, water flux w as al ways higher an d t rue r ejection w as al ways l ower i n 
continuous filtration experiments than in unfiltered feed experiments for both membranes.   
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Figure 4.6. Comparison of average water flux and true NaCl rejection (T = 24-25oC, Δp = 10.3 bar, 
flowrate = 4 L/min) as a function of time. (a) LE membranes tested in unfiltered feed 
(experiment 5, feed pH 7.9, M = 1.26, unfilled symbols) and continuously filtered feed 
(experiment 7, feed pH 7.8, M = 1.14, filled symbols). Note: experiment 5 uncertainty 
given in Figure 4.4(a); experiment 7 uncertainty in water flux ~ 0.6-1.0 LMH, uncertainty 
in Rtrue   ~ 0.07-0.1%. (b) XLE membranes tested in unfiltered feed (experiment 6, feed 
pH 7.8, M = 1.31, unfilled symbols) and continuously filtered feed (experiment 8, feed pH 
7.8, M = 1.21, filled symbols). Note: experiment 6 uncertainty given in Figure 4.5; 
experiment 8 uncertainty in water flux ~ 2.2-2.5 LMH, uncertainty in Rtrue ~ 0.08-0.1%. 

Figures 4 .6(a) and ( b) d emonstrate t hat t he t rue salt r ejection o f t he LE and X LE m embranes 
only increased by ~ 0.2% over 24 hour s using continuously filtered feed, significantly less than 
the 0.5%  i ncrease obs erved i n unf iltered f eed. The l arger i ncrease i n t rue s alt rejection a nd 
decline i n w ater flux i n t he unf iltered f eed experiments ( versus t he rather s table f lux a nd 
rejection behavior in the continuously filtered feed experiments) for these membranes could be 
explained as the result of fouling. Although no o bvious foulants were added to the system and 
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ultrapure w ater w as u sed as  t he f eed w ater, t here co uld b e p articulate ma tter in  th e w ater, 
introduced either from dust and particulate matter found normally in air (the feed tank cover was 
not a ir-tight) o r f rom th e w etted s tainless s teel parts o f th e crossflow s ystem. Biofouling is  
another pos sibility. P assing t he f eed continuously t hrough t he carbon a nd p article f ilter 
presumably removes m uch of  a ny pa rticulate matter f ound i n t he f eed a nd a cts t o pr event 
biological gr owth i n t he s ystem. W ithout c ontinuous f iltration, t he f eed m ay pi ck up e nough 
contaminants t o c ause t he s ensitive r everse os mosis m embranes t o f oul, bl ocking s urface area 
and r esulting i n l ower water flux a nd hi gher NaCl r ejection.  O ver t ime, a dditional f oulant 
buildup would cause the flux to decrease and the rejection to increase. In contrast, the carbon and 
particle f ilter continuously removes foulants, resulting in more s table f lux and rejection values 
over t ime, as well as higher f lux and lower rejection due to the lack of  foulants. These results 
also give insight into Dow Water & Process Solutions’ choice of a run time of 20 minutes before 
taking flux an d r ejection m easurements, t o r eport p erformance v alues before t he effects o f 
fouling be come s ignificant ( since t heir pr otocol doe s not  e mploy c ontinuously filtered f eed 
water). Thus, i n t hese m embranes a t l east, t here i s l ittle e vidence f or pr essure-induced 
compaction. This result is in agreement with the GE findings that the majority of the initial flux 
decline observed in the literature may well be attributed to low levels of membrane fouling [18], 
as was observed in experiments using unfiltered feed water. 

4.4.5 Permeance/Salt Passage Tradeoff 
Finally, d ata f rom experiments 1 -8 ar e p resented i n F igure 4 .7 as  a t radeoff p lot o f w ater/salt 
permeability selectivity (A/B) as  a  f unction o f water p ermeance ( used as a r ough i ndicator o f 
membrane p ermeability). F or t he s ame s electivity, t he X LE m embranes ha d hi gher w ater 
permeance than t he LE m embranes. For both m embranes, water permeance and w ater/salt 
selectivity values obtained in experiments using unfiltered feed (experiments 5 and 6 for the LE  
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Figure 4.7. Permeance/selectivity tradeoff plot for LE and XLE membranes (experiments 1-8). Water 
and salt permeance values have been corrected for the effects of concentration 
polarization (osmotic pressure at the membrane surface, πso(m), used in place of bulk feed 
osmotic pressure, πso). 
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and X LE m embranes, r espectively) fell f urther t o t he uppe r l eft c orner of  t he pl ot than t hose 
values obtained in the continuous feed filtration experiments (experiments 7 and 8 for the LE and 
XLE m embranes, r espectively), pos sibly due  t o surface f ouling b y t he u nfiltered f eed, w hich 
resulted in decreased water permeance and increased selectivity for water over salt.  

In gas separation membranes, permeability and selectivity are known to be inversely correlated 
[30, 31 ]. H owever, i t i s r are t o f ind t he da ta f or de salination m embranes pr esented i n s uch a  
fashion. A significant di fference between the permeability/selectivity tradeoff plots used in gas 
separations a nd t he pe rmeance/selectivity t radeoff pl ot pr esented i n F igure 4.7 i s t hat 
permeability is a material property, independent of the thickness of the membrane being tested, 
while permeance, on t he other hand, is inversely proportional to membrane thickness. The data 
for t he d esalination m embranes are p resented i n t erms o f p ermeance r ather t han p ermeability 
because t he t hickness of th ese in terfacial c omposite d esalination me mbranes is  n ot reported. 
Thus, the permeance axis of Figure 4.7 i s influenced by the thickness of the membranes. In the 
future, it is hoped that more data will be available where the membrane thickness is known, so 
that p lots o f w ater/salt p ermeability s electivity as a  f unction o f w ater permeability can b e 
constructed to understand where the upper bound should be drawn for desalination membranes.  

4.5 Conclusions 

Measured performance values of commercial RO flat-sheet membrane coupons were sensitive to 
crossflow t esting conditions. W ater f lux an d s alt r ejection v alues m atching t he m anufacturer 
benchmarks were achieved through careful matching of their pretreatment and testing conditions. 
Continuous feed filtration eliminated the flux decline observed in unfiltered feed, suggesting that 
the initial flux decline often observed in the literature is due to modest fouling of the membrane 
rather than pressure-induced compaction of the membrane or support. Additionally, salt rejection 
was found to be l inearly dependent on f eed pH in the pH range from 5 t o 9. Water permeance 
and water/salt selectivity appeared t o b e i nversely co rrelated, s uggesting t he ex istence of a  
tradeoff relationship between water t ransport an d w ater/salt s electivity in  d esalination 
membranes. The manufacturer’s operating conditions, including pressure, flowrate, temperature, 
and feed pH, should be followed when performing experiments on t heir membranes in order to 
achieve flux and rejection values similar to those reported by the manufacturer. Although Dow 
Water &  P rocess S olutions doe s not  r eport da ta f rom e xperiments e mploying c ontinuous f eed 
filtration, their experiments are very short (e.g., one hour or less), and fouling plays a minor role 
on this timescale. Therefore, when longer tests are performed, continuous feed filtration can be 
used to avoid fouling.  
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5 SURFACE CHARACTERIZATION OF A COMMERCIAL REVERSE 
OSMOSIS MEMBRANE 

5.1 Abstract 

In addition to characterizing the performance (i.e., water flux and NaCl rejection) of commercial 
reverse o smosis m embranes, s urface p roperties o f t hese p olyamide materials w ere also 
investigated. ATR-FTIR and XPS were em ployed t o characterize t he chemical composition of  
the polyamide membrane, while surface roughness, hydrophilicity and charge were characterized 
using A FM, co ntact an gle an d z eta p otential m easurements, r espectively. M embrane 
characterization, i ncluding bot h p erformance a nd s urface pr operties, i s e ssential f or future 
comparison with the properties of modified membranes, to identify any changes resulting from 
surface modification. 

5.2 Results and Discussion 

5.2.1 ATR-FTIR 
The A TR-FTIR absorbance s pectrum o f a  co mmercial XLE m embrane i s presented i n F igure 
5.1. The entire mid-infrared region is shown in Figure 5.1(a), while the region 1000-1800 cm-1 is 
enlarged in Figure 5.1(b). Characteristic peaks in the spectra of  aromatic polyamide composite 
membranes are labeled in Figure 5.1(b): the amide I peak representative of the C=O stretch (1), 
the am ide II p eak r epresentative o f t he N -H be nd ( 3), a nd pe aks due  t o t he unde rlying 
polysulfone s upport l ayer ( 2 a nd 4)  [1]. T he pol ysulfone s upport l ayer appears i n t he s pectra 
because the 1 μm penetration depth of ATR-FTIR is greater than the polyamide layer thickness 
(0.1 μm) [1]. 
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Figure 5.1. ATR-FTIR spectrum of a Dow Water & Process Solutions XLE composite polyamide 
membrane. (a) mid-infrared region (500-4000 cm-1) and (b) view of 1000-1800 cm-1 
region, where peaks characteristic of composite aromatic polyamide membranes are 
labeled 1-4.   
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The A TR-FTIR s pectrum of  pol y(ethylene glycol) di glycidyl e ther ( PEGDE) i s pr esented i n 
Figure 5.2. The e ther C -O peak at  1100 cm -1 is the l argest peak as sociated w ith P EGDE, and 
although there are other peaks in this region for the polyamide membrane, it may be possible to 
observe an increase in intensity upon P EGDE modification. Thus, ATR-FTIR could be used to 
verify the presence of PEGDE on the membrane surface.    
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Figure 5.2. ATR-FTIR spectrum of MW 200 poly(ethylene glycol) diglycidyl ether. 

5.2.2 XPS 
The t heoretical c ompositions of  a  f ully c rosslinked a nd unc rosslinked a romatic pol yamide 
formed fro m m-phenylene d iamine an d t rimesoyl chloride w ere cal culated acco rding t o t he 
repeat structures shown in Figure 5.3(a) and (b), respectively. Table 5.1 i ncludes the calculated 
elemental composition of both theoretical structures, along with the measured composition of an 
XLE membrane determined from XPS. The oxygen to nitrogen ratio (O/N) included in Table 5.1 
is of ten us ed f or m aking c omparisons be tween s amples, s ince i t m inimizes t he i mpact of  
ubiquitous adventitious carbon contamination that may affect measured carbon composition [2]. 
Comparing th eoretical f ully un crosslinked a nd fully c rosslinked O /N ratios (2.01 a nd 1.00, 
respectively) to th e experimentally d etermined r atio (1.17), t he X LE m embrane ap pears t o b e 
approximately 83% crosslinked. That is, all three of the acid chloride groups have reacted with 
an amine group of  m-phenylene di amine f or approximately 83%  of  t he t rimesoyl chloride 
molecules, while for the remaining 17%, only two acid chloride groups have reacted, leaving the 
final a cid chloride group t o unde rgo h ydrolysis t o f orm a  p endant c arboxylic acid g roup. F or 
comparison, c haracterization of  a n FT-30 m embrane b y C adotte s uggested t hat t he pol yamide 
was approximately 72% crosslinked [3]. Processing conditions and any hydrolysis of trimesoyl 
chloride occurring before the interfacial polymerization may play a role in observed sample-to-
sample variability [3].   
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Figure 5.3  Repeat chemical structures for (a) uncrosslinked (C12O4N2H10) and (b) crosslinked 
(C18O3N3H12) aromatic polyamides. 

Table 5.1. Theoretical and measured polyamide elemental composition (atomic concentration). 

 O (%) N (%) C (%) O/N 

Uncrosslinked polyamide (theoretical) 19.1 9.5 71.4 2.01 

Crosslinked polyamide (theoretical) 12.5 12.5 75.0 1.00 

XLE 13.1 11.2 75.7 1.17 
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5.2.3 Surface Roughness and Hydrophilicity 
The s urface r oughness a nd h ydrophilicity of  a n XLE m embrane were de termined us ing A FM 
and co ntact angle m easurements, r espectively. The t apping m ode w as em ployed t o p revent 
distortion of the delicate polyamide surface by the AFM tip, and analysis of 5 μm × 5 μm squares 
gave a n R MS s urface r oughness of  58 ± 5 nm , i n a greement w ith t ypical va lues r eported for 
aromatic polyamide membranes [4, 5]. The aromatic amine used in the interfacial polymerization 
is t hought t o c ause t he ridge-and-valley s urface s tructure o f a romatic p olyamides [3]. O ther 
membranes, such as cellulose acetate membranes, have relatively smooth surfaces compared to 
aromatic polyamides (e.g., the roughness o f a cellulose acet ate membrane i s on t he order o f 1 
nm) [4].  

The c aptive bubbl e m ethod, us ing n-decane as  the o il, w as u sed t o m easure t he o il i n w ater 
contact an gle o f t he X LE m embrane. An i mage of an  n-decane d roplet on an  X LE m embrane 
submerged i n water i s given i n F igure 5.4. T he average c ontact a ngle ( measured t hrough t he 
water p hase) i s 3 5 ± 2o, s o t he X LE m embrane is al ready fairly h ydrophilic ( a s maller water 
phase contact angle indicates a more hydrophilic surface).       

 

 

Figure 5.4  Image of an n-decane droplet on an inverted XLE membrane submerged in water, using 
the captive bubble method for contact angle measurement. 

5.2.4 Surface Charge 
Zeta p otential w as c alculated f rom th e me asured s treaming p otential using th e F airbrother-
Mastin approximation, as described in Chapter 3. The zeta potential as a function of pH for an 
XLE membrane is presented in Figure 5.5. T he membrane surface is positively charged at low 
pH values, due to the protonated NH3

+ groups, and negatively charged at high pH values, due to 
the deprotonated COO- groups [6, 7]. The isoelectric point, or point of zero net surface charge, 
occurs at a pH of 4.3, in agreement with values reported in the literature for similar materials [7-
9].    
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Figure 5.5. Zeta potential versus feed pH for an XLE membrane (0.01 M NaCl background 
electrolyte). 

The charged nature of the polyamide membrane is responsible, at least in part, for its ability to 
reject salts such as sodium chloride. NaCl rejection increases linearly with increasing feed pH in 
the pH range 5 – 9 (cf. Figure 4.3). The change in rejection was fairly small over this pH range, 
corresponding to an increase in negative charge as indicated by the zeta potential measurements 
(cf. Figure 5.5). Figure 5.6 presents the apparent NaCl rejection as a function of pH for an XLE 
membrane, m easured o ver a  w ider pH  r ange (i.e., 3 – 9). In a ddition t o ove rall r ejection 
(determined f rom m easured c onductivity), i ndividual i on r ejections w ere a lso m easured, us ing 
inductively coupled plasma mass spectroscopy (ICP-MS) to measure Na+ concentration and ion 
chromatography to measure Cl- concentration. Above pH 6, rejection increased slowly with pH, 
as was observed earlier (cf. Figure 4.3) , and the overall and individual ion rejections were the 
same. As pH was decreased below 5, rejection decreased sharply. This was expected due to the 
positive charge on t he membrane surface at low pH. However, the difference between the Na+ 
and Cl- rejections may indicate preferential permeation of hydronium ions over sodium ions with 
chloride ions to maintain electroneutrality. There was an excess of hydronium and chloride ions 
present a t l ower f eed p H va lues du e t o t he a mount of  a dded H Cl r equired t o r each t hose pH  
values, an d acid t ransport h as b een s uggested t o ex plain t he d ecrease i n r ejection b elow p H 
values of 5 [3]. Additionally, the discrepancy between overall rejection and individual ion (i.e., 
Na+ and C l-) r ejections a t l ow pH  m ay b e due  t o H + and O H- ion r ejections, w hich w ere not  
measured individually, but would be included in the measured solution conductivity.      
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Figure 5.6. Apparent NaCl rejection as a function of feed pH for an XLE membrane. Overall rejection 
was determined from measuring solution conductivity, Na+ rejection was determined 
using ICP-MS, and Cl- rejection was determined using ion chromatography.  

Using t he ex pression f or s urface ch arge d ensity, σs (C/m2), g iven i n E quation 2.39, t he 
concentration of charged sites, [CS] (mol/m2), may be written as follows: 
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where e i s the charge on an e lectron (1.602 × 10-19 C/electron) and NA is Avogadro’s number 
(6.023 × 1023 molecules/mol). 

The measured zeta potential, ζ (mV), may be used to estimate the value of surface potential, φw 
(mV) ( cf. F igure 2.8) . A ssuming t hat p otential d ecays e xponentially with d istance f rom th e 
membrane surface, the Stern potential, φs (i.e., the potential at the Stern plane, approximated by 
the Na+ hydrated ion radius, 0.22 nm), is roughly 80% of the surface potential [6, 10]. Since the 
Stern p otential is  a pproximately e qual to  th e z eta p otential [10], the s urface p otential m ay b e 
approximated by 1.25ζ. Substituting this approximation into Equation 5.1 yields: 
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 (5.2) 

The zeta potential data in Figure 5.5 were used in Equation 5.2 to calculate the concentration of 
charged sites as a function of pH. 

For surface modification studies, i t would be desirable to know the number of  surface reactive 
groups (i.e., amine and carboxylic acid) present on the membrane surface, but this information is 
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not r eadily available. A  model based on t he pKa values o f t he COOH a nd NH2 groups on  a n 
aromatic polyamide membrane surface was developed to allow estimation of the number of each 
type of group as well as the overall concentration of charged sites. The surface concentrations of 
carboxylic acid and amine groups that give the minimum difference between the calculated and 
measured (i.e., determined from zeta potential data) concentration of charged sites approximate 
the number of each group present on the membrane surface. 

The equilibrium between protonated and deprotonated surface amine groups is given by: 

++ +↔+ OHRNHOHRNH 3223  (5.3) 

The associated equilibrium constant is given by: 
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where t he p Ka w as es timated u sing an  ex perimental p Ka cal culator [11]. [ H3O+]s is us ed t o 
distinguish t he s urface concentration f rom t he bul k c oncentration, [ H3O+]b, a nd t hese t wo 
concentrations are related by: 
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where k i s B oltzmann’s c onstant ( 1.38 × 10-23 J/K), a nd t he zeta pot ential ha s be en us ed t o 
estimate the surface potential. The bulk hydronium ion concentration is related to the pH of the 
electrolyte by: 

[ ] pH
bOH −+ = 103   (5.6) 

The total concentration of amines on the membrane surface at any pH is equal to the sum of the 
concentrations of protonated and deprotonated amines: 

[ ] [ ] [ ]232 RNHRNHRNH tot += +

 (5.7) 

Equations 5.4 – 5.7 may be combined to give an expression for the concentration of protonated 
amine groups on the membrane surface: 

[ ] [ ]
( )

( ) 





 −

+







 −

=
−

−

+

kT

ze
kT

ze

RNHRNH
pH

pH

tot ζ

ζ

25.1exp101

25.1exp10

97.3

97.3

23

 (5.8) 

The equilibrium b etween protonated and deprotonated surface carboxylic a cid groups i s given 
by: 
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+− +↔+ OHRCOOOHRCOOH 32  (5.9) 

The associated equilibrium constant is given by: 
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where t he p Ka w as again es timated u sing t he ex perimental p Ka calculator [11]. T he t otal 
concentration of carboxylic acids on the membrane surface at any pH is equal to the sum of the 
concentrations of protonated and deprotonated carboxylic acids: 

[ ] [ ] [ ]−+= RCOORCOOHRCOOH tot   (5.11) 

Equations 5.5 – 5.6 and 5.10 – 5.11 may be combined to give an expression for the concentration 
of deprotonated carboxylic acid groups on the membrane surface: 
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The net concentration of charged sites, [CS] (mol/m2), is given by: 

[ ] [ ] [ ]−+ −= RCOORNHCS 3  (5.13) 

where [RNH3
+] and [RCOO-] are given by Equations 5.8 a nd 5.12, respectively. Using the zeta 

potential da ta as a  f unction of  pH  ( cf. Figure 5.5) i n E quations 5.8 and 5.12, t he v alues of  
[RNH2]tot and [ RCOOH]tot that g ive t he m inimum di fference be tween the c oncentration o f 
charged s ites calculated f rom E quation 5.13 a nd t he pr eviously d etermined e xperimental 
concentration of charged sites (cf. Equation 5.2) are            0.650 × 10-7 mol/m2 and 1.03 × 10-7 
mol/m2, respectively.  

In the interfacial polymerization reaction used to form the polyamide membrane, the polysulfone 
support is first soaked in an aqueous m-phenylene diamine solution before being contacted with 
an organic trimesoyl chloride solution [3]. Thus, there should be an excess of surface carboxylic 
acid groups compared to surface amine groups [12], so a 6 0% greater concentration of surface 
carboxylic acid groups, as calculated in the previous paragraph, is not unreasonable. Figure 5.7 
presents the concentration of  charged s ites as a  function of  feed pH calculated from the model 
(Equation 5.13) using the optimum values of [RNH2]tot and [RCOOH]tot, and also from Equation 
5.2 (i.e., using experimental zeta potential data). The fit over the entire pH range is poor, perhaps 
due to discrepancies between the pKa values used in the model (i.e., 3.97 for the amines and 3.74 
for the carboxylic acids) and the actual pKa values of the carboxylic acid and amine groups on 
the surface of the polyamide membrane sample whose zeta potential was measured (i.e., sample-
to-sample variability).  
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Figure 5.7  Surface concentration of charged sites as a function of feed pH, calculated from the 
model (Equation 5.13), with [RNH2]tot = 0.650 × 10-7 mol/m2 and [RCOOH]tot =  1.03 × 10-7 
mol/m2, and from Equation 5.2 (i.e., using experimental zeta potential data).     

Since the pKa values of the two charged groups are very similar [13], they may be approximated 
as having the same value, so that the pKa value may be adjusted along with the [RNH2]tot and 
[RCOOH]tot values to give the best f it between the experimental concentration of charged sites 
and the model prediction. Figure 5.8 presents the concentration of charged sites calculated from 
the experimental zeta potential data (Equation 5.2) and from the model (Equation 5.13) using the 
optimum values of pKa, [RNH2]tot and [RCOOH]tot. The pKa, [RNH2]tot and [RCOOH]tot values 
used in Equation 5.13 are 4.6, 0.475  × 10-7 mol/m2 and 1.03 × 10-7 mol/m2, respectively. These 
concentrations correspond to a total of approximately 0.1 a mine and carboxylic acid groups per 
nm2 of m embrane s urface. T he fit b etween t he p redicted ( i.e., m odel) an d ex perimental 
concentration of charged sites as a function of feed pH is very good over the entire pH range, and 
the ratio of carboxylic acid to amine groups is 2 .2, indicating there are approximately twice as 
many surface carboxylic acid groups as amine groups. 
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Figure 5.8. Surface concentration of charged sites as a function of feed pH, calculated from the 
model (Equation 5.13), with pKa = 4.6 for the amines and carboxylic acids, [RNH2]tot = 
0.475 × 10-7 mol/m2 and [RCOOH]tot =  1.03 × 10-7 mol/m2, and from Equation 5.2 (i.e., 
using experimental zeta potential data).      

5.3 Conclusions 

The chemical composition of an XLE polyamide membrane was characterized using ATR-FTIR 
and X PS, a nd i ts s urface pr operties, i ncluding r oughness, h ydrophilicity, and c harge, w ere 
measured. The XLE membrane presented the typical peaks associated with aromatic polyamides, 
and its chemical composition was indicative of a highly crosslinked polyamide. The membrane 
was hydrophilic and had a relatively rough surface. The surface charge and NaCl rejection of the 
XLE membrane were strongly dependent on feed pH. A model developed to estimate the surface 
concentration of  c arboxylic a cid a nd amine groups s uggested t hat t here w ere approximately 
twice as many carboxylic acid groups as amine groups on the polyamide membrane surface. 
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6 SURFACE MODIFICATION USING POLY(ETHYLENE GLYCOL) 
DIGLYCIDYL ETHER TO ENHANCE MEMBRANE FOULING 
RESISTANCE   

6.1 Abstract 

To i mprove f ouling resistance, pol yamide r everse os mosis ( XLE) a nd nanofiltration ( NF90) 
membranes were modified by grafting poly(ethylene glycol) (PEG) diglycidyl ether (PEGDE) to 
their top surfaces from aqueous solution. The effect of PEG molecular weight (200 vs. 1000) and 
treatment s olution c oncentration ( 1% ( w/w) vs . 15% ( w/w)) on w ater f lux a nd N aCl r ejection 
was measured. XLE membranes were treated with both molecular weight PEGDEs, while NF90 
membranes w ere onl y t reated w ith t he hi gher molecular w eight P EGDE. P EGDE gr afting 
density as well as surface properties of modified and unmodified membranes, including charge, 
hydrophilicity and roughness, were measured and compared. The fouling resistance of modified 
membranes t o c harged s urfactants ( i.e., s odium dode cyl sulfate ( SDS) a nd 
dodecyltrimethylammonium br omide ( DTAB)) a nd e mulsions of  n-decane an d t hese charged 
surfactants w as c ompared t o t hat of  unm odified membranes. In ge neral, m odified m embranes 
exhibited i mproved f ouling r esistance a nd a n i mproved a bility t o be  cleaned after fouling 
compared t o unm odified m embranes. F ouling r esistance i ncreased with i ncreasing P EG 
molecular weight, but showed little dependence on treatment solution concentration, suggesting 
that f urther imp rovements in  me mbrane f ouling r esistance mig ht b e o btained b y u sing lo wer 
concentrations of higher molecular weight PEG for surface modification. 

6.2 Results and Discussion 

6.2.1 Characterization of PEGDE on the Modified Membrane Surfaces via 
FTIR and XPS 

ATR-FTIR and XPS were used to qualitatively verify the presence of PEGDE on the membrane 
surface fo llowing t he s urface g rafting protocol. F igures 6.1 (a) a nd 6.1 (b) p resent A TR-FTIR 
spectra i n t he r ange of  1000 t o 1200 c m-1 for t he m odified a nd unm odified X LE and N F90 
membranes, respectively. The p olyamide m embrane h as s everal p eaks i n t his r egion [1], 
including those at 1080, 1105, 1150 and 1170 cm-1 attributed to the C-C stretch of the aromatic 
rings [2]. The largest peak for PEG, attributed to the ether C-O stretch as well as the C-C stretch, 
occurs around 1100 c m-1 [3], and may be expected to cause a noticeable change in absorbance 
for the PEGDE-modified membranes, as  was observed by Kang et al. for membranes modified 
with MPEG-NH2 [4]. Figures 6.1(a) and 6.1(b) reveal an increase in absorbance around 1100 cm-

1 (i.e., between 1080 and 1130 cm-1) with increasing PEG molecular weight and concentration of 
the aqueous PEGDE treatment solution. Peaks at 1150 and 1170 cm-1 do not exhibit a systematic 
increase in a bsorbance upon P EGDE m odification, a s e xpected s ince PEGDE ha s m inimal 
absorbance at these wavenumbers. The penetration depth of ATR-FTIR is approximately 1 μm 
[5], so the fact that the peaks of the polyamide membrane are visible after PEGDE modification 
indicates that the PEGDE graft layer is thinner than 1 μm.  
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 Figure 6.1. ATR-FTIR spectra in the range 1000 – 1200 cm-1 for (a) the unmodified XLE membrane 
(1) and XLE membranes modified with 1% (w/w) MW 200 PEGDE (2), 1% (w/w) MW 
1000 PEGDE (3), 15% (w/w) MW 200 PEGDE (4), and 15% (w/w) MW 1000 PEGDE (5), 
and (b) the unmodified NF90 membrane (1) and NF90 membranes modified with 1% 
(w/w) MW 1000 PEGDE (2) and 15% (w/w) MW 1000 PEGDE (3). 

Table 6.1  presents atomic co ncentration d ata from X PS a nalysis of  a n unm odified X LE 
membrane and X LE m embranes m odified w ith 1% (w/w), 15 % (w/w), and 100%  (w/w) MW 
1000 P EGDE. S ince P EGDE c ontains ox ygen b ut not  ni trogen ( excluding h ydrogen, P EGDE 
contains 67% carbon and 33% oxygen), the observed increases in oxygen content and decreases 
in nitrogen content upon PEGDE modification are expected, and the ratio of oxygen to nitrogen 
on t he m embrane s urface i ncreases. A dditionally, t he c arbon content o f an  X LE m embrane, 
75.7%, i s higher than th at in  PEGDE (67%), so the observed de crease i n carbon content with 
increasing c oncentration of  P EGDE i n t he s urface t reatment s olution ( and, pr esumably, 
increasing amounts of  P EGDE on t he m embrane s urface), i s c onsistent w ith t he ox ygen a nd 
nitrogen r esults. T hese t rends ( i.e., de creasing ni trogen a nd c arbon c ontent a nd i ncreasing 
oxygen content and ox ygen to ni trogen ratio) ha ve a lso b een obs erved b y Kang et a l. [4] and 
Sagle et al. [6] for polyamide membranes modified with PEG-based materials, so the changes in 
composition observed here are reasonable within the context of the previous work done in this 
area. Furthermore, these XPS results are qualitatively consistent with the ATR-FTIR results. 

Table 6.1  XPS measurements of surface atomic concentration (%) of oxygen, nitrogen and carbon 
measured for an unmodified XLE membrane and XLE membranes modified with MW 
1000 PEGDE. 

Membrane O (%) N (%) C (%) O/N 
XLE 13.1 11.2 75.7 1.17 

1% (w/w) MW 1000 XLE 13.7 10.7 75.6 1.28 
15% (w/w) MW 1000 XLE 15.6 10.3 74.1 1.51 
100% (w/w) MW 1000 XLE 17.6 10.4 72.0 1.69 
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Interestingly, e ven a n XLE m embrane t reated w ith 100%  (w/w) MW 1 000 P EGDE ( i.e., no  
water used in the treatment solution) still has a sizeable nitrogen content according to XPS. This 
result indicates that the PEGDE layer is thinner than the photoelectron escape depth. In general, 
the photoelectron e scape de pth is approximately 10 nm  ( at 0 o takeoff a ngle) [6], a nd t he 45 o 
takeoff angle used here is expected to probe an even thinner surface layer. However, Sagle et al. 
reported that a 2 μm thick layer of crosslinked poly(ethylene glycol) diacrylate on a polyamide 
membrane still resulted in significant nitrogen content as measured by XPS [6], so XPS may not 
be a  good indicator of  P EG l ayer t hickness, or  t he grafted l ayer may no t be  uni form ove r t he 
region of  m embrane pr obed b y XPS. However, XPS does pr ovide qua litative e vidence of  t he 
presence of PEGDE on the membrane surface.  

6.2.2 Graft Density of PEGDE on the Modified Membrane Surface  
Figure 6.2  presents t he de pendence of  graft de nsity on t he concentration of  P EGDE i n t he 
aqueous treatment solution. Graft density increased with increasing PEGDE concentration, and, 
at le ast f or me mbranes mo dified w ith 1 5% (w/w) PEGDE, g raft de nsity w as l arger f or 
membranes m odified w ith hi gher m olecular w eight P EGDE. T he graft density d ata a re also 
qualitatively consistent with the ATR-FTIR and XPS results presented above ( i.e., higher graft 
density corresponds to higher absorbance in the range of 1080 to 1130 cm-1 and higher oxygen to 
nitrogen ratio). 
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Figure 6.2. Graft density for XLE membranes modified with 1% (w/w) and 15% (w/w) MW 200 and 
MW 1000 PEGDE, and NF90 membranes modified with 1% (w/w) and 15% (w/w) MW 
1000 PEGDE. The unmodified XLE and NF90 membranes (i.e., 0% (w/w) PEGDE 
concentration in water) are shown on this figure at zero graft density. Error bars 
associated with graft density indicate the standard deviation of the results for at least 
three membrane samples. 
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The apparent effective PEGDE thickness on t he membrane surface may be estimated f rom the 
measured graft densities (µg/cm2) and the density of PEGDE (the density of MW 1000 PEGDE 
is not  r eported b y t he s upplier, s o t he de nsity of MW 200 P EGDE, 1.15 g /cm3 is u sed as  an  
estimate). The range of graft densities observed (3 – 39 µg/cm2) corresponds to thicknesses of 26 
– 339 nm. Previous work by Belfer et al. reported a grafting layer thickness of 20 nm for a semi-
aromatic piperazine-based polyamide nanofiltration membrane grafted with polyacrylic acid [5], 
while Louie et al. reported a co ating thickness of 0.3 μm (300 nm) for a commercial polyamide 
reverse o smosis m embrane co ated w ith P EBAX® 1657 [7], so t he l ayer t hicknesses due  t o 
PEGDE grafting appear to be similar to those reported earlier. Using the measured graft densities 
and the molecular weight of PEGDE, and approximating the membrane surface as  a f lat sheet, 
the n umber o f P EGDE m olecules p er u nit ar ea can  al so b e es timated. T he m easured graft 
densities s uggest t he pr esence o f 15 t o ove r 5 00 P EGDE m olecules pe r nm 2 of m embrane, 
depending on the molecular weight and concentration of PEGDE. Based on estimation of surface 
charge density f rom zeta potential analysis (cf. Chapter 5) , the total number of  reactive amine 
and c arboxylic a cid g roups pr esent on t he s ame a rea of  pol yamide m embrane s urface (~ 0.1  
amine and carboxylic acid groups per nm2 of membrane) is l ikely to be two to three orders of 
magnitude s maller th an the num ber of  P EGDE m olecules pr esent [8]. T hus, t he a mount of  
PEGDE at tached t o a m embrane s urface i s ap parently n ot s trictly l imited b y t he n umber of  
surface a mine a nd c arboxylic a cid groups, w hich s uggests t hat a dditional P EGDE m ay a lso 
adsorb onto the membrane surface, perhaps filling surface defects, in addition to grafting to the 
reactive groups on the membrane surface.  

The me mbrane mo dification pr ocedure was altered i n t he graft de nsity e xperiments t o 
accommodate t he s ample s ize r equired f or u se i n t he m agnetic s uspension b alance. S mall 
samples (1 in2) were required to fit in the sample pail, making isolation of the top surface of each 
of t he me mbranes imp ractical, s o th e me mbranes w ere tr eated b y s ubmersion, u sing a s little  
PEGDE s olution a s pos sible t o c over a ll t welve s amples. W ater f lux i s lower f or m embranes 
modified by submersion versus top surface isolation, but the post-modification isopropanol soak 
and water rinses are expected to remove unreacted PEGDE. However, it is possible that not all 
unreacted P EGDE w as removed (e.g., P EGDE c ould be  a dsorbed t o the r einforcing f abric 
backing). T he m agnetic s uspension ba lance w ould de tect a ny r esidual PEGDE, r esulting i n 
apparent grafting density values somewhat higher than those obtained in samples that were only 
modified by exposure of  the top surface of  the membrane to PEGDE. Thus, the reported graft 
densities are upper bounds of the graft density for samples used for fouling characterization (i.e., 
membranes treated by top surface isolation). Additionally, 70 grams of solution were required to 
completely cover the surface of al l twelve 1 in2 membrane samples (0.9 grams of solution/cm2 
membrane), versus the 10 grams used to treat the membranes in all other experiments (where a 
single continuous area of membrane was modified in a 10 cm diameter casting ring; 0.1 grams of 
solution/cm2 membrane). H owever, de creasing t he a mount of  t reatment s olution as m uch a s 
possible ( to 0.6 gr ams o f s olution/cm2 membrane) r evealed n o m easurable d ifference i n graft 
density, indicating this difference in treatment procedure had negligible effect on graft density. 
Finally, mass measurements were done in air, so measured graft densities may include not only 
grafted P EGDE, but  a lso w ater a bsorbed b y t he hi ghly h ydrophilic P EGDE. P erforming t he 
measurements under vacuum did not result in lower graft densities, so it appears that the amount 
of absorbed water is negligible compared to the amount of PEGDE grafted to the membrane. 
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6.2.3 Surface Charge, Hydrophilicity, and Roughness 
The m easured s urface pr operties of  unm odified a nd m odified X LE a nd NF90 m embranes, a s 
well as those of the unmodified LE membrane, are presented in Table 6.2. The LE membrane is 
included be cause i t ha s lower w ater f lux t han t he X LE a nd N F90 m embranes, a nd i ts f ouling 
behavior w ill b e c ompared t o t hat of  t he m odified X LE and N F90 m embranes. T his s trategy 
permits a  c omparison o f f ouling p roperties i n modified a nd unm odified m embranes h aving 
approximately t he s ame initial f lux. T he unm odified LE, X LE and N F90 m embranes all ha ve 
essentially t he s ame z eta potential at  pH 8  (~ -32 mV). At t he s ame pH (pH 8)  and us ing the 
same background electrolyte (i.e., 10 mM NaCl), zeta potential values between -10 and -40 mV 
have pr eviously b een reported f or pol yamide desalination m embranes [6, 9, 10] . T he z eta 
potential of  m odified XLE m embranes i s e ssentially e qual t o t hat of  a n unm odified X LE 
membrane.  In contrast, the modified NF90 membranes have slightly less negative zeta potentials 
than t he unm odified N F90 m embrane. S ince P EGDE i s a  ne utral m olecule, i t i s e xpected t o 
lower th e m agnitude of  t he m embrane’s s urface c harge, but t he c harge of  t he unde rlying 
polyamide i s dom inant f or t he m odified m embranes. S agle e t al. r eported t hat pol yamide 
membranes coated with 2 µm thick PEG-based hydrogel layers experienced a 2 5% decrease in 
surface charge [6], so i t is reasonable that the PEG layer thicknesses es timated here (26 – 339 
nm) would have minimal effect on surface charge.  

Table 6.2. Surface properties (charge, hydrophilicity and roughness) of unmodified and PEGDE-
modified membranes. 

Membrane Zeta potential at 
pH 8 (mV) 

Oil-in-water  
contact angle (o) 

RMS surface 
roughness (nm) 

LE -32.2 ± 0.6 33 ± 2 55 ± 3 
    

XLE -31.2 ± 1.3 35 ± 2 58 ± 5 
1% (w/w) MW 200 XLE -30.8 ± 1.0 - - 
15% (w/w) MW 200 XLE -31.3 ± 0.4 37 ± 2 70 ± 4 
1% (w/w) MW 1000 XLE -29.8 ± 1.4 - - 
15% (w/w) MW 1000 XLE -29.8 ± 0.3 32 ± 2 77 ± 3 

    
NF90 -32.4 ± 1.1 30 ± 3 47 ± 5 

1% (w/w) MW 1000 NF90 -26.4 ± 0.3 - - 
15% (w/w) MW 1000 NF90 -26.3 ± 0.5 32 ± 6 56 ± 1 

 

The c ontact a ngles f or unmodified a nd hi ghly modified ( i.e., 15%  ( w/w) P EGDE t reatment 
solution concentration) membranes showed no measurable difference, and the low contact angle 
values (approximately 30o) indicated all the membranes were hydrophilic. Louie et al. reported 
that co ating a commercial p olyamide reverse o smosis me mbrane w ith PEBAX® 1657 ha d a 
negligible e ffect o n co ntact an gle, al though t he act ual co ntact an gle v alues r eported for t he 
modified a nd unm odified m embranes ( ~ 60 o) w ere hi gher, pos sibly due  t o di fferences i n 
measurement conditions (i.e., measurement of air-in-water contact angle versus the oil-in-water 
contact angle measured here) [7].  
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The s urface r oughness values i n T able 6.2 i ndicate P EGDE m odification m ay cause a  s light 
increase in roughness, perhaps indicating conformation of PEGDE to the polyamide ridge-and-
valley surface s tructure during grafting. P olyamide m embrane s urface r oughness i s t ypically 
reported t o b e approximately 50 -100 nm [4, 5, 7, 11] , i n agreement w ith t he values m easured 
here for t he unm odified LE, X LE a nd NF90 po lyamide m embranes. R eports of  t he e ffect o f 
surface m odification on surface r oughness v ary. While L ouie e t a l. a nd Belfer e t a l. r eported 
decreases i n s urface r oughness upon m odification w ith P EBAX® 1657 a nd P EGMA, 
respectively, of up to 65% [5, 7], Kang et al. observed a 60% increase in surface roughness upon 
modification with MPEG-NH2 [4]. Thus, the slight increase in surface roughness observed here 
upon PEGDE modification (~ 19 – 33%) is reasonable considering the range of results reported 
previously. Overall, PEGDE modification appears to cause minimal changes in surface charge, 
hydrophilicity and roughness. 

6.2.4 Water Flux and NaCl Rejection of Modified Membranes  
The water f lux and t rue NaCl r ejection in 2000 mg/L NaCl f eed o f t he P EGDE-modified and 
unmodified XLE and NF90 membranes are presented in Figures 6.3(a) and 6.3(b), respectively. 
The data were collected from the initial NaCl feed portion of the fouling experiments (cf. Figure 
3.7(a), t = 30 min – 1 hr). Modification of the XLE membrane with 1% (w/w) MW 200 PEGDE 
caused a 15% decrease i n water f lux and no change in NaCl rejection, while t reatment with a  
15% (w/w) MW 200 P EGDE s olution pr oduced a  m odified X LE m embrane w ith 31%  l ower 
water flux and 0.2% higher NaCl rejection than the unmodified XLE membrane. Modification of 
the X LE m embrane w ith M W 1 000 PEGDE r esulted i n a l arger d ecrease i n w ater f lux an d 
increase i n N aCl r ejection t han that obt ained w ith t he M W 200 PEGDE. H owever, t here w as 
minimal c hange i n pe rformance due  t o m odification w ith a  15%  (w/w) MW 1000  P EGDE 
solution r elative to  mo dification w ith a  1 % (w/w) MW 1000  P EGDE s olution ( 44% vs . 37%  
decrease in water flux and 0.4% vs. 0.3% increase in NaCl rejection compared to the unmodified 
XLE m embrane, r espectively). T hus, i t ap pears that, a t l east f or t he hi gher m olecular w eight 
PEGDE, a fter in itially g rafting P EGDE to  t he me mbrane s urface, treatment w ith h igher 
concentration P EGDE s olutions ha s l ess i mpact on m embrane pe rformance.  S urface 
modifications causing decreases in water flux similar to those observed for PEGDE modification 
have b een reported b y Sagle et al . (~ 3 5 – 40% de crease i n water f lux obs erved f or P EG 
hydrogel-coated m embranes) [6] and Belfer et  al . (up t o 30 % de crease i n w ater flux f or 
membranes g rafted with P EGMA) [12], a lthough m uch l arger reductions i n w ater f lux due  t o 
surface modification have also been reported (e.g., Louie et al. reported up to an 80% decrease in 
water flux for membranes coated with PEBAX® 1657 [7] and Mickols observed a 75% decrease 
in water f lux for a  r everse osmosis membrane t reated b y submersion in a  1% (w/w) MW 200 
PEGDE s olution [13]). A dditionally, s urface modifications t hat r educe f lux o ften i ncrease 
rejection [6, 7, 12, 13] , s o t he i ncrease i n r ejection acco mpanying s urface m odification w ith 
PEGDE is reasonable. Increasing rejection could be explained as the result of plugging surface 
defects in the polyamide membrane by PEGDE, or possibly as the result of PEGDE interacting 
with and influencing the transport properties of the polyamide membrane [6, 14]. 
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 Figure 6.3. (a) Water flux and (b) true NaCl rejection in 2000 mg/L NaCl feed, for unmodified XLE 
and NF90 membranes (i.e., 0% (w/w) PEGDE concentration in water), XLE membranes 
modified with 1% (w/w) and 15% (w/w) MW 200 and MW 1000 PEGDE, and NF90 
membranes modified with 1% (w/w) and 15% (w/w) MW 1000 PEGDE. Error bars in the 
figures indicate the standard deviation of the performance of at least six membrane 
samples.   

Plugging o f m inute s urface d efects i n t he unm odified pol yamide m embrane b y P EGDE could 
also help explain the minimal difference in performance for membranes modified with low (1% 
(w/w)) a nd hi gh ( 15% (w/w)) concentrations of  P EGDE. A lthough P EG i s a  m uch m ore 
permeable m aterial t han t he p olyamide la yer i n d esalination me mbranes, it is  s till f ar le ss 
permeable than a defect, so plugging defects with even small amounts of PEGDE could result in 
substantial de creases i n water flux ( e.g., t he 37 % f lux de cline obs erved f or XLE m embranes 
treated with 1% (w/w) MW 1000 P EGDE) and contribute to an increase in rejection. However, 
PEGDE grafted onto the dense, defect-free polyamide surface, which presumably constitutes the 
vast majority of the membrane surface, would have a m uch smaller effect on water f lux, since 
the permeability of the polyamide is believed to be much lower than that of PEGDE (e.g., the 7% 
further flux decline caused by grafting 15% (w/w) MW 1000 P EGDE onto the XLE membrane 
surface).  

The increase in NaCl rejection observed for XLE membranes modified with MW 1000 PEGDE 
inspired the use of  NF90 membranes for modification. PEGDE modification a lways decreases 
water f lux, but  us ing t he hi gher f lux N F90 m embranes a nd l everaging t he N aCl r ejection 
enhancement obs erved u pon m odification c ould l ead t o hi gher f lux m odified m embranes w ith 
NaCl r ejection va lues s imilar t o t hose of  t he X LE m embranes. A lthough m odification l ed t o 
larger r elative declines i n water f lux for t he N F90 m embranes t han t he XLE m embranes ( e.g. 
45% vs. 37% decrease in water flux for membranes modified with 1% (w/w) MW 1000 PEGDE, 
which m ay i ndicate a  l arger num ber of  d efects i n t he l ess-selective N F90 m embranes), N F90 
membranes modified with MW 1000 PEGDE did have higher water f lux than the comparable 
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modified XLE membranes (cf. Figure 6.3(a), 51 vs. 45 L/(m2 h) (LMH) and 48 vs . 40 LMH for 
membranes modified with 1% (w/w) and 15% (w/w) PEGDE solutions, respectively). However, 
the m odified N F90 m embranes di d not  qui te r each t he s ame l evel of  NaCl r ejection a s t he 
modified X LE membranes ( cf. F igure 6 .3(b)), although t heir N aCl r ejection i ncreased e nough 
(from 97.8% to 98.8%) to fall within the manufacturer’s t arget r ange for the XLE membranes 
(98.0 – 99.0%, cf. Table 3.1). The water flux of the unmodified NF90 membrane (93 LMH) was 
near the lower end of the manufacturer’s target range (91 – 134 LMH), while its NaCl rejection 
(97.8%) ex ceeded t he ex pected r ange ( 85 - 95%) [15]. L ower w ater f lux i s t ypically 
accompanied by increased NaCl rejection due to the inverse relationship between permeability 
and s electivity [16-18], s o t he unm odified NF90 pe rformance f alls i n l ine w ith th is tr adeoff, 
suggesting that this particular roll of NF90 membrane was simply more selective than an average 
NF90 membrane. 

Figure 6.4 presents the dependence of water flux on PEGDE grafting density measured using the 
magnetic suspension balance. The behavior for all modified membranes (MW 200 and MW 1000 
XLE and M W 1000 N F90) f ollowed s imilar t rends t o t hose obs erved i n F igure 6.3 (a), w here 
water flux was presented as a function of PEGDE treatment solution concentration. For XLE and 
NF90 membranes modified with MW 1000 PEGDE, a large decrease in water flux was observed 
at low grafting densities ( i.e., membranes treated with 1% (w/w) MW 1000 PEGDE solution), 
and a s ubsequent large increase in grafting density resulted in little additional decrease in water 
flux ( i.e., m embranes t reated with 15%  (w/w) MW 1000 P EGDE s olution). X LE m embranes 
modified with MW 200 PEGDE, on t he other hand, exhibited a more gradual decline in water 
flux w ith i ncreasing grafting de nsity, s imilar t o t he obs erved de pendence of w ater f lux o n 
PEGDE treatment solution concentration for these membranes. 
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Figure 6.4. Water flux in a 2000 mg/L NaCl feed versus graft density measured using the magnetic 
suspension balance, for XLE membranes modified with 1% (w/w) and 15% (w/w) MW 
200 and MW 1000 PEGDE, and NF90 membranes modified with 1% (w/w) and 15% 
(w/w) MW 1000 PEGDE. The unmodified XLE and NF90 membranes (i.e., 0% (w/w) 
PEGDE concentration in water) are shown on this figure at zero graft density. Error bars 
associated with Jw(NaCl)i are defined in Figure 6.3; error bars associated with graft density 
are defined in Figure 6.2. 

6.2.5 Fouling Resistance and Flux Recovery in Surfactant Fouling Tests 
Figure 6.5 illustrates representative results from fouling experiments. In this example, the fouling 
of unmodified LE and XLE membranes as well as an XLE membrane modified with 1% (w/w) 
MW 1000 PEGDE by SDS is presented. Figure 6.5(a) presents water flux as a function of time, 
where the first point for each membrane corresponds to Jw(NaCl)i in Figure 3.7(b). The water flux 
data up t o t  = 24 hr s r epresents t he f ouling por tion of  t he t est ( the w ater f lux a t t  = 24 hr s 
corresponds t o Jw(foul) in F igure 3.7( b)), and t he t ime pe riod t  = 27 – 30 hr s m onitors t he f lux 
recovery after cleaning the membranes (the water flux at t = 30 hrs is Jw(NaCl)f in Figure 3.7(b)). 
The m odified X LE m embrane h ad l ower w ater f lux t han t he unm odified X LE m embrane 
throughout t he entire experiment, but  i t i s di fficult t o c ompare t he p erformance o f t hese t wo 
membranes d irectly b ecause mo dification d ecreased th e in itial w ater f lux ( Jw(NaCl)i) b y 34% . 
Initial water flux may impact the extent of fouling observed, since a higher flux membrane will 
process ( i.e., p ermeate) a l arger v olume o f f eed w ater ( and therefore, b e ex posed t o a larger 
amount of the foulant) during a given t ime period than a lower flux membrane. An increase in 
fouling r ate w ith i ncreasing w ater f lux ha s b een obs erved pr eviously for r everse os mosis 
membranes [19]. 
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Figure 6.5. Typical fouling behavior observed in all fouling tests, using SDS fouling results obtained 
for unmodified LE and XLE membranes and an XLE membrane modified with 1% (w/w) 
MW 1000 PEGDE. (a) Water flux and (b) normalized water flux, as a function of time. 

One means of minimizing the effect of water flux on fouling rate is to compare the performance 
of modified membranes with that of unmodified membranes of similar initial water flux. Since 
all three membranes chosen for s tudy (i.e., LE, XLE and NF90) share approximately the same 
polyamide chemistry, they are expected t o e xhibit s imilar f ouling be havior. F igure 6.5( a) a lso 
includes the performance of  an unmodified LE membrane, operated a t a  lower t ransmembrane 
pressure difference (i.e., Δp = 9.0 bar vs. Δp = 10.3 bar used for the other membranes) to closely 
match the initial water flux of the modified XLE membrane. During the fouling experiment, the 
modified XLE membrane had higher water flux than the unmodified LE membrane. That is, the 
modified X LE m embrane de monstrated b etter f ouling r esistance, a nd flux r ecovery a fter 
cleaning, than an unmodified LE membrane with nearly identical initial water flux. 

In F igure 6.5 (b), t he d ata f rom Figure 6.5 (a) a re presented in t erms of  n ormalized water f lux, 
determined by dividing the water flux at time t ( i.e., Jw(t)) by Jw(NaCl)i. Flux normalization allows 
comparison o f me mbranes w ith d issimilar in itial w ater f luxes ( e.g., the u nmodified X LE 
membrane a nd X LE m embrane m odified w ith 1%  ( w/w) M W 1000 P EGDE). A lthough i t i s 
difficult to  d etermine w hich o f th ese tw o m embranes h as b etter fouling r esistance i n Figure 
6.5(a), Figure 6.5(b) demonstrates that the modified XLE membrane retained more of its initial 
water flux than the unmodified XLE membrane (70% vs. 50%, respectively), and the modified 
XLE membrane also regained more of its lost flux after cleaning (90% vs. 66%, respectively).  

Figures 6.6 (a) a nd 6.6 (b) give t he w ater f lux a nd nor malized w ater flux, r espectively, a s a 
function of  volumetric throughput during the SDS fouling test ( i.e., up to t  = 24 hour s), rather 
than the presentation in Figures 6.5(a) and 6.5(b), where the same flux data were presented as a 
function of permeation time. Volumetric throughput, or the total permeate volume produced per 
unit area of membrane in a given time, is another important indicator of membrane performance. 
Although i t i s unclear in Figure 6.5, Figure 6.6 c learly demonstrates that the unmodified XLE 
membrane produces the most permeate during the 24 hour fouling test (~ 1.1 m3/m2 membrane), 



 

 

 

115 

followed b y t he X LE membrane modified w ith 1%  ( w/w) M W 1000 P EGDE ( ~ 0.9 m 3/m2 
membrane) an d, f inally, t he u nmodified LE membrane o perated at  lower t ransmembrane 
pressure difference (Δp = 9.0 bar) to match the initial water flux of the modified XLE membrane 
(~ 0.6 m3/m2 membrane). Thus, the XLE membrane modified with 1% (w/w) MW 1000 PEGDE 
had higher water flux and volumetric throughput than the unmodified LE membrane with nearly 
identical initial water flux.  
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Figure 6.6. Typical fouling behavior observed in all fouling tests, using SDS fouling results obtained 
for unmodified LE and XLE membranes and an XLE membrane modified with 1% (w/w) 
MW 1000 PEGDE. (a) Water flux and (b) normalized water flux, as a function of 
volumetric throughput. 

In a ddition t o w ater f lux a nd vol umetric t hroughput, t he s alt r ejection c apability of  t he 
membranes s hould a lso be  c onsidered w hen c omparing t heir p erformance. T he i nitial N aCl 
rejection values of the XLE, 1% (w/w) MW 1000 PEGDE XLE and LE membranes were 99.1%, 
99.4% and 99.1%, respectively, and at the end of the 24 hour fouling test, the NaCl rejection had 
increased to  99.9% for a ll three membranes. Using linear in terpolation between the in itial and 
final r ejection v alues t o cal culate t he amount o f N aCl p ermeated reveals t he X LE m embrane 
produced twice as much salt as either the XLE membrane modified with 1% (w/w) MW 1000 
PEGDE or the LE membrane during the 24 hour fouling test. Thus, although the XLE membrane 
had slightly higher water flux than the XLE membrane treated with 1% (w/w) MW 1000 PEGDE 
at the end of the 24 hour fouling test (35 vs. 32 LMH, cf. Figure 6.5(a) or Figure 6.6(a)), it also 
permeated twice as much salt. In addition, the LE and 1% (w/w) MW 1000 XLE membranes had 
similar initial water fluxes and produced similar amounts of salt during the 24 hour test, but the 
modified X LE m embrane ha d hi gher w ater f lux ( 32 vs . 17 LMH) and hi gher vol umetric 
throughput ( 0.9 m 3 permeate/m2 membrane vs . 0.6 m 3 permeate/m2 membrane) t han t he LE 
membrane at the end of the 24 hour fouling test (cf. Figure 6.6(a)). 
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In t he f ollowing f igures, f ouling r esults a re pr esented i n t erms of  f lux retained a fter f ouling 
(Jw(foul)/Jw(NaCl)i) and regained after cleaning (Jw(NaCl)f/Jw(NaCl)i) (i.e., the normalized water flux at t 
= 24 hr s a nd at t  =  30 hrs, r espectively, c f. Figure 6.5( b)) as a  f unction of  i nitial w ater f lux 
(Jw(NaCl)i), t o a ccount, at l east a pproximately, f or t he effect of  i nitial w ater flux on f ouling 
behavior.

The SDS fouling da ta f or a ll modified X LE and NF90 membranes as well a s unmodified LE, 
XLE and NF90 membranes are summarized in Figures 6.7(a) and 6.7(b), showing the fraction of 
flux retained after fouling and the fraction of flux regained after cleaning, respectively. In these 
and subsequent figures presenting summaries of fouling data, the filled symbols represent results 
from m odified m embranes, a nd t he un filled symbols r epresent r esults f rom unm odified 
membranes. LE m embranes w ere t ested at t hree d ifferent t ransmembrane p ressures t o allow 
comparison of  m odified X LE and N F90 m embrane b ehavior t o t he b ehavior of  unm odified 
membranes with similar initial water fluxes. Comparison of modified and unmodified membrane 
performance a t th e s ame in itial w ater f lux demonstrates t hat s everal m odified m embranes h ad 
better fouling resistance in SDS tests, based upon fraction of flux retained after fouling and flux 
recovery after c leaning (i.e., f raction o f flux r egained), t han t he unm odified m embranes. For 
example, the XLE membranes modified with 1% (w/w) MW 1000 PEGDE retained and regained 
approximately 20 – 25% more of their initial flux than did the LE membranes of similar initial 
water f lux ( ~ 4 5 LMH). S imilar imp rovements in  S DS f ouling r esistance ( i.e., f lux r etention) 
were  observed by Sagle et al. for polyamide membranes coated with PEG-based hydrogels [6].
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Figure 6.7. (a) Fraction of flux retained after fouling with 150 mg/L SDS and (b) fraction of flux 
regained after fouling and cleaning, as a function of initial water flux. Definition of 
symbols: LE, LE (Δp = 9.0 bar), LE (Δp = 8.6 bar), XLE, NF90, 1% 
(w/w) MW 200 XLE, 15% (w/w) MW 200 XLE, 1% (w/w) MW 1000 XLE, 15% 
(w/w) MW 1000 XLE, 1% (w/w) MW 1000 NF90, and 15% (w/w) MW 1000 NF90. 
Lines have been drawn through the modified and unmodified membrane data to guide 
the eye.
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In general, membranes modified with MW 1000 PEGDE demonstrated better fouling resistance 
and flux recovery in SDS tests than membranes modified with MW 200 PEGDE, which could be 
explained as the result of steric hindrance (i.e., the longer PEG chains of MW 1000 PEGDE may 
provide more of a steric barrier than the shorter PEG chains of MW 200 PEGDE). The difference 
in molecular weight between MW 200 a nd MW 1000 P EGDE (i.e., 330 g/mol vs. 1130 g /mol) 
also means that the molar concentration of MW 200 PEGDE is 3.4 times larger than that of MW 
1000 P EGDE a t t he s ame m ass c oncentration ( e.g., 1 % ( w/w)), s o M W 200 P EGDE has 3.4 
times a s m any e poxide e ndgroups a s M W 1000  P EGDE. S ince t he m easured P EGDE gr aft 
densities ex ceeded t he n umber o f surface amine and ca rboxylic a cid groups on t he m embrane 
(perhaps indicating PEGDE adsorption as well as grafting), most of the epoxide endgroups will 
be left unreacted. The endgroups are not  expected to improve membrane fouling resistance, so 
the hi gher concentration of  e ndgroups i n M W 2 00 P EGDE c ould pl ay a  r ole i n t he obs erved 
dependence of fouling behavior on PEGDE molecular weight. However, fouling resistance was 
less dependent on PEGDE treatment solution concentration, since membranes modified with 1% 
(w/w) and 15% (w/w) PEGDE treatment solutions had similar fouling resistance. 

Within the scatter of the data points, the fraction of flux retained and regained in the SDS fouling 
tests w as e ssentially in dependent o f in itial w ater f lux f or th e u nmodified me mbranes a nd 
decreased with increasing initial water flux for the modified membranes (cf. Figure 6.7). Using a 
series-resistance ap proach [14, 20] , t he pr essure-normalized w ater flux ( i.e., t he p ermeance) 
during fouling is given by: 
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where A m is t he m embrane p ermeance dur ing fouling ( assumed t o be  e quivalent t o t he 
membrane permeance in the absence of fouling) and Af is the permeance of the deposited foulant 
layer. The fraction of flux retained during fouling (i.e., Jw(foul)/Jw(NaCl)i) may be expressed as the 
ratio of the permeance during fouling to the permeance in the absence of fouling (i.e., Am): 
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Figure 6.8 pr esents the ratio Af/Am as a function of initial water flux, Jw(NaCl)i. For the modified 
membranes, th is r atio d ecreases w ith in creasing in itial w ater f lux, indicating th e g rowth o f a  
thicker or less permeable fouling layer (i.e., decreasing Af) with increasing water flux, which is 
reasonable s ince fouling ex tent i s ex pected to in crease w ith in creasing i nitial w ater f lux [19]. 
However, f or t he unm odified membranes, th e r atio A f/Am remains n early co nstant w ith 
increasing in itial w ater f lux, w hich, if  A m is not  i nfluenced b y t he f ouling, w ould i ndicate a n 
increase i n A f, which i s not  e xpected. O ne pos sible e xplanation i s t hat t he pe rmeance of  t he 
unmodified membranes is affected by fouling, i.e., the foulant may interact with the membrane. 
The l arger e xtent of  f ouling obs erved f or t he unm odified m embranes a s c ompared t o t he 
modified m embranes w ould s upport t he pos sibility o f i nteractions be tween t he unm odified 
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membranes a nd t he f oulant w hich a re a bsent, or  a t l east w eaker, i n t he m odified m embranes, 
whose PEG chains may prevent foulants from closely approaching their surfaces.  
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Figure 6.8 Ratio of foulant layer permeance to membrane permeance as a function of initial water 
flux during fouling with 150 mg/L SDS. Definition of symbols: LE, LE (Δp = 9.0 bar), 

LE (Δp = 8.6 bar), XLE, NF90, 1% (w/w) MW 200 XLE, 15% (w/w) MW 
200 XLE, 1% (w/w) MW 1000 XLE, 15% (w/w) MW 1000 XLE, 1% (w/w) MW 
1000 NF90, and 15% (w/w) MW 1000 NF90. Lines have been drawn through the 
modified and unmodified membrane data to guide the eye.

The DTAB fouling results presented in Figures 6.9(a) and 6.9(b) are similar to those in Figures 
6.7(a) a nd 6.7(b) for SDS fouling, i n t hat fouling resistance and f lux recovery w ere be tter for 
membranes m odified w ith hi gher m olecular w eight P EGDE, a nd f ouling r esistance a nd f lux 
recovery w ere be tter i n m any of  t he m odified membranes t han i n unm odified m embranes of 
similar in itial w ater f lux. A s in  th e case o f S DS f ouling, th e u nmodified me mbranes’ f ouling 
resistance w as r elatively independent o f in itial w ater f lux, s uggesting p ossible in teractions 
between DTAB a nd t he unm odified m embrane surfaces. T he i mprovement in  D TAB f ouling 
resistance demonstrated by PEGDE-modified membranes was similar to that observed by Sagle 
et al. for polyamide membranes coated with PEG-based hydrogels (~ 10 – 15%) [6]. Mickols and 
Kang et al. also reported similar increases in DTAB fouling resistance during short, 2 – 3 hour 
fouling tests, for reverse osmosis membranes modified by submersion in a 0.3% (w/w) MW 200 
PEGDE solution and by treatment with a 5% (w/w) MPEG-NH2 solution, respectively [4, 13] .
Comparison of  t he S DS a nd D TAB f ouling behavior of  P EGDE-modified m embranes t o 
surfactant fouling reports in the literature indicates PEGDE modification is at least as effective as 
other m odifications. A dditionally, t he s trategy employed he re, t o c ompare t he pe rformance of  
modified a nd u nmodified me mbranes w ith s imilar in itial w ater flux, ma y provide a  c learer 
picture of the effect of surface modification on fouling behavior.
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Figure 6.9. (a) Fraction of flux retained after fouling with 150 mg/L DTAB and (b) fraction of flux 
regained after fouling and cleaning, as a function of initial water flux. Definition of 
symbols: LE, LE (Δp = 9.0 bar), LE (Δp = 8.6 bar), XLE, NF90, 1% 
(w/w) MW 200 XLE, 15% (w/w) MW 200 XLE, 1% (w/w) MW 1000 XLE, 15% 
(w/w) MW 1000 XLE, 1% (w/w) MW 1000 NF90, and 15% (w/w) MW 1000 NF90. 
Lines have been drawn through the modified and unmodified membrane data to guide 
the eye.

Fouling w as m ore ex tensive with DTAB than w ith SDS for a ll membranes ( cf. Figures 6.9 (a) 
and 6 .7(a)), w hich m ay result f rom el ectrostatic i nteractions. T he m embrane s urfaces ar e 
negatively charged at the pH of operation (pH 8, cf. Table 6.2), so cationic DTAB is attracted to 
the oppositely c harged m embrane s urface. Anionic S DS ha s unf avorable e lectrostatic 
interactions with the membrane surface, yet still fouled the membrane, indicating the attractive 
hydrodynamic f orce ( i.e., t he w ater f lux t hrough t he m embrane t hat br ings f oulants i n c lose 
contact with the membrane surface) was stronger than the repulsive electrostatic force. However, 
although DTAB caused extensive fouling, much of this fouling was reversible, similar to the case 
of SDS (cf. Figures 6.9(b) and 6.7(b)).

6.2.6 Fouling Resistance and Flux Recovery in Emulsion Fouling Tests
Figures 6.10( a) a nd 6. 10(b) pr esent fouling r esults f or m embranes t ested i n an e mulsion 
containing n-decane and SDS. While several modified membranes retained s imilar f ractions of 
their initial flux in the emulsion and surfactant tests, there was more sample-to-sample variability 
in n-decane:SDS t ests t han i n S DS t ests, a nd t he unm odified m embranes’ f ouling r esistance 
showed a dependence on initial water flux in the emulsion tests that was absent in the tests using 
only the surfactant (cf. Figures 6.10(a) and 6.7(a)), which may indicate that SDS is less likely to 
interact w ith th e u nmodified me mbrane s urfaces w hen it is  e mulsified w ith n-decane. T he 
cleaning p rocedure w as al so m uch l ess effective i n t he emulsion f ouling t ests t han i n t he 
surfactant t ests. F or e xample, X LE m embranes modified w ith 15%  ( w/w) M W 1000 P EGDE 
recovered 90% of their initial flux in the SDS test (cf. Figure 6.7(b)), while they only recovered 
60% of  t heir i nitial f lux a fter f ouling and c leaning i n t he n-decane:SDS e mulsion te st. 
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Considering that these membranes retained approximately 60% of their initial flux after fouling, 
the c leaning pr ocedure had a  ne gligible e ffect on f lux r ecovery. T hus, e mulsion f ouling w as 
essentially e ntirely ir reversible w hile s urfactant f ouling w as a t le ast s omewhat r eversible. In 
general, higher molecular weight PEG (i.e., MW 1000 vs. MW 200) gave modified membranes 
with b etter r esistance to f ouling b y emulsions of  n-decane and S DS, s imilar t o t he be havior 
observed in the surfactant fouling tests.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

30 40 50 60 70 80 90 100

  Modified 
membranes

Unmodified 
membranes

Fr
ac

tio
n 

of
 fl

ux
 re

ta
in

ed
 (J

w
(fo

ul
)/J

w
(N

aC
l) 

i)

J
w(NaCl) i

 (L/(m2 h))

(a)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

30 40 50 60 70 80 90 100

  Modified 
membranes

Unmodified 
membranes

Fr
ac

tio
n 

of
 fl

ux
 re

ga
in

ed
 (J

w
(N

aC
l) 

f/J
w

(N
aC

l) 
i)

J
w(NaCl) i

 (L/(m2 h))

(b)

Figure 6.10. (a) Fraction of flux retained after fouling with a 150 mg/L 9:1 n-decane:SDS emulsion and 
(b) fraction of flux regained after fouling and cleaning, as a function of initial water flux. 
Definition of symbols: LE, LE (Δp = 8.6 bar), XLE, NF90, 1% (w/w) MW 
200 XLE, 15% (w/w) MW 200 XLE, 1% (w/w) MW 1000 XLE, 15% (w/w) MW 
1000 XLE, 1% (w/w) MW 1000 NF90, and 15% (w/w) MW 1000 NF90. Lines have 
been drawn through the modified and unmodified membrane data to guide the eye.

The f ouling r esults f or emulsions of  n-decane and D TAB a re given i n F igures 6.11 (a) and
6.11(b). The fouling resistance behavior observed for the unmodified membranes was similar to 
that obs erved i n t he S DS a nd D TAB s urfactant t ests ( i.e., f ouling resistance was f airly 
independent of  i nitial w ater f lux), s uggesting the pos sibility of  i nteractions be tween t he n-
decane:DTAB emulsion and the unmodified membrane surfaces. Unlike the SDS emulsion tests, 
the extent of fouling in the DTAB emulsion tests was larger than that observed in the surfactant 
tests ( cf. Figures 6.11 (a) a nd 6.9( a)). Fouling w as a lso m uch m ore s evere i n D TAB e mulsion 
tests t han i n S DS e mulsion t ests ( e.g., X LE m embranes m odified w ith 15%  ( w/w) M W 1000  
PEGDE r etained 30%  a nd 60%  of  t heir i nitial f luxes, r espectively, c f. F igures 6.11( a) a nd 
6.10(a)). Thus, DTAB is a stronger foulant for these membranes than SDS, and the addition of 
n-decane appears to exacerbate fouling. These fouling results are different from those observed 
by S agle et al . f or P EG h ydrogel-coated p olyamide m embranes, w here n-decane:SDS f ouling 
was much more extensive than SDS fouling (i.e., 75% flux decline in emulsion tests vs. less than 
25% f lux de cline i n s urfactant t ests), a nd a lso slightly m ore e xtensive than n-decane:DTAB 
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fouling (i.e., 75 % f lux d ecline i n n-decane:SDS v s. 60% f lux de cline i n n-decane:DTAB) [6].
However, reports of this type are limited, and further investigation is required to fully understand 
the e xpected f ouling b ehavior of  s urface-modified pol yamide m embranes i n e mulsions of  
n-decane and charged surfactants. 
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Figure 6.11. (a) Fraction of flux retained after fouling with a 150 mg/L 9:1 n-decane:DTAB emulsion 
and (b) fraction of flux regained after fouling and cleaning, as a function of initial water 
flux. Definition of symbols: LE, LE (Δp = 8.6 bar), LE (Δp = 5.5 bar), XLE, 
NF90, 1% (w/w) MW 200 XLE, 15% (w/w) MW 200 XLE, 1% (w/w) MW 1000 
XLE, 15% (w/w) MW 1000 XLE, 1% (w/w) MW 1000 NF90, 15% (w/w) MW 1000 
NF90, and 15% (w/w) MW 1000 XLE (Δp = 5.5 bar). Lines have been drawn through 
the modified and unmodified membrane data (excluding data obtained for Δp = 5.5 bar) 
to guide the eye.

There w as v ery l ittle d ifference i n p erformance b etween P EGDE-modified a nd unm odified
membranes in  th e DTAB emulsion te sts, w ith t he e xception o f th e XLE me mbrane mo dified 
with 15% (w/w) MW 1000 PEGDE, which did retain more of its initial flux after fouling than the 
unmodified LE membrane operated at similar initial water flux (30% flux retention versus less 
than 10% flux retention), although the cleaning procedure did not result in sharp gains in flux, 
consistent with results from the SDS emulsion tests. Testing this modified membrane at a lower 
transmembrane pressure difference (Δp = 5.5 bar, giving an initial water flux of 15 LMH, rather 
than the initial water flux of 40 LMH obtained at Δp = 10.3 bar) revealed significantly higher 
flux r etention t han t hat of a n unm odified LE m embrane op erated at t he s ame t ransmembrane 
pressure d ifference (60% f lux r etention ve rsus 32%  f lux r etention) ( cf. F igure 6.11( a)). 
Additionally, at lower transmembrane pressure difference, the cleaning procedure had a positive 
effect on flux recovery (e.g., an increase of 13%, from 60% of flux retained after fouling to 73% 
of flux regained after cleaning for the 15% (w/w) MW 1000 PEGDE-modified XLE membrane) 
(cf. Figure 6.11(b)). 
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Fouling rate has been reported to increase with increasing water flux [19]. The initial fouling test 
performed here at significantly lower transmembrane pressure difference and thus, much lower 
initial w ater f lux, in dicates t hat f ouling r ate a lso d ecreases w ith d ecreasing water flux, as  
expected. For hi ghly fouling f eeds such as t he emulsion of  n-decane and DTAB, fouling may 
occur so quickly that, beyond the first several minutes of fouling, the observed fouling behavior 
is indicative of transport through a foulant layer on the membrane surface that acts as the limiting 
resistance t o m ass t ransfer. In t his cas e, t he t ransport p roperties o f t he m embrane, w hether 
unmodified or modified, have little effect on t he observed fouling behavior. Operation at lower 
transmembrane pressure difference, and thus lower water flux (decreasing the rate at which the 
foulant is brought to the membrane surface) could slow the rate of fouling enough to allow the 
fouling r esistance o f th e me mbrane, not  a  f oulant l ayer, t o de termine the obs erved f ouling 
behavior. T he p reliminary e xperiment pe rformed he re confirms t he f easibility of  s uch a n 
approach to limit hydrodynamic fouling effects and focus on the effects of surface modification 
in fouling tests. Other approaches, such as increasing the crossflow shear rate (i.e., increasing the 
feed f lowrate to sweep foulants away f rom the membrane surface more ef fectively), have al so 
been suggested t o decrease t he fouling rate [21, 22] . A lthough these approaches w ere i nitially 
proposed as a  means of  reducing commercial ( i.e., unmodified) membrane fouling, t hey could 
also allow comparison of modified and unmodified membrane fouling behavior at conditions that 
emphasize the membrane properties, instead of those of a foulant layer.  

6.2.7 NaCl and Organic Rejection in Fouling Tests 
Table 6.3 pr esents the t rue NaCl rejection for each of the membranes at the end of  the fouling 
portion of the test (i.e., at t = 24 hr s) for the four fouling conditions studied (i.e., SDS, DTAB, 
n-decane:SDS, an d n-decane:DTAB), and i t co mpares t hese v alues t o t he i nitial t rue N aCl 
rejection of each membrane (i.e., measured in 2000 mg/L NaCl feed). NaCl rejection increased 
for all membranes when they were fouled with SDS or DTAB. Following n-decane:SDS fouling, 
most m embranes ex perienced an i ncrease i n NaCl r ejection, w ith t he ex ception o f t he 
unmodified N F90 m embrane, w hose N aCl rejection de creased.  For t he case o f t he 
n-decane:DTAB emulsion, however, all the membranes experienced a decrease in NaCl rejection 
upon f ouling, a lthough t he N F90 m embranes ( unmodified a nd m odified) w ere affected m ore 
than the X LE (unmodified and modified) and LE (unmodified) membranes (NaCl r ejection of 
NF90 membranes decreased by several percent versus 1% or less for XLE and LE membranes). 
These results suggest in feeds containing an emulsion, modified XLE membranes have similar or 
better fouling resistance compared to modified NF90 membranes, with less negative impact on 
NaCl rejection.  
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Table 6.3. Initial NaCl rejection and NaCl rejection in the presence of each foulant (measured at t = 
24 hrs).1  

Membrane 
RNaCl,i  

(%) 

RSDS 

(%) 
RDTAB 
(%) 

Rn-decane:SDS 
(%) 

Rn-decane:DTAB 
(%) 

LE 99.1 ± 0.2 99.9 99.7 ± 0.2 99.8 ± 0.1 98.9 ± 0.2 

      

XLE 99.1 ± 0.1 99.9 99.8 99.4 98.2 ± 0.4 

1% (w/w) MW 
200 XLE 99.1 ± 0.2 99.9 99.6 ± 0.2 99.7 98.1 ± 0.2 

15% (w/w) MW 
200 XLE 99.3 ± 0.1 99.9 99.7 ± 0.1 99.7 98.4 

1% (w/w) MW 
1000 XLE 99.4 ± 0.2 99.9 99.7 ± 0.1 99.8 98.4 

15% (w/w) MW 
1000 XLE 99.5 ±  0.3 99.9 ± 0.1 99.6 ± 0.3 99.8 98.8 ± 0.4 

      

NF90 97.8 ± 0.3 99.8 99.8 96.3 91.7 ± 0.8 

1% (w/w) MW 
1000 NF90 98.8 ±  0.2 99.8 99.4 ± 0.1 99.2 94.8 

15% (w/w) MW 
1000 NF90 98.8 ± 0.4 99.9 ±  0.1 99.4 ± 0.2 99.0 ± 0.1 92.5 ± 3.7 

1NaCl rejection has been corrected for the effects of concentration polarization, and is, therefore, 
the true NaCl rejection. 
 

During fouling, deposition of a foulant layer on the membrane surface may further increase the 
surface NaCl concentration ( i.e., be yond the i ncrease r esulting f rom concentration polarization 
[23-25]), due  t o hi ndered ba ck di ffusion of  N aCl t hrough t he f oulant l ayer t o t he bul k f eed 
solution [22]. This phenomenon, referred to as cake-enhanced osmotic pressure, leads to higher 
NaCl co ncentration at  t he m embrane s urface, higher s alt f lux t hrough t he m embrane, a nd, 
therefore, l ower N aCl r ejection [22]. T he ef fect o f cak e-enhanced o smotic p ressure i ncreases 
with increasing foulant layer thickness (i.e., increasing extent of fouling) [22]. Therefore, since 
all t he m embranes w ere s everely f ouled b y t he n-decane:DTAB em ulsion ( flux r etention w as 
30% or less for all membranes) and the unmodified NF90 membrane was also severely fouled by 
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the n-decane:SDS emulsion (16% flux retention), i t is reasonable that decreased NaCl rejection 
was observed in these cases. NaCl rejection increased after fouling in cases where fouling was 
less s evere (i.e., i n SDS and DTAB t ests for all membranes and in n-decane:SDS t ests for al l 
membranes except t he unmodified N F90 m embrane), w hich s uggests that t he f ouling l ayer 
thicknesses were not large enough for the cake-enhanced osmotic pressure effect, which tends to 
decrease r ejection, t o o vercome t he ef fect o f s urface d efect p lugging, w hich t ends t o i ncrease 
rejection.  

The f inal t rue N aCl r ejection v alues ( i.e., af ter f ouling and cl eaning) of t he m embranes a re 
compared to their initial true NaCl rejection values in Table 6.4. While the final NaCl rejection 
values were generally lower than the corresponding values measured during fouling (for the tests 
with SDS, DTAB and n-decane:SDS (cf. Tables 6 .3 and 6 .4)), they were s till generally h igher 
than t he i nitial N aCl r ejections, s uggesting t hat w hile s ome of  t he a dsorbed f oulant ( which 
potentially p lugged surface defects, c ausing an  i ncrease i n NaCl r ejection during fouling) was 
removed by cleaning, there was also irreversible adsorption of foulant. Observed flux recoveries 
of l ess t han 100%  after fouling and cleaning also corroborate t he h ypothesis of  some l evel of  
irreversible fouling. The final NaCl rejections measured in the n-decane:DTAB tests (and in the 
n-decane:SDS t est f or t he unm odified N F90 m embrane) w ere generally lower t han t he i nitial 
rejection va lues, w hich s uggests t hat t he f oulant l ayer w as not  r emoved b y t he c leaning 
procedure ( i.e., the cake-enhanced osmotic pressure effect was s ignificant even af ter cl eaning). 
Negligible flux recovery in these tests supports the hypothesis that a relatively thick foulant layer 
was still present on the membrane surface after cleaning. 

Within the detection limits of the TOC analyzer, organic rejection was essentially 100% in  a ll 
fouling tests. Organic rejection greater than 95% has been documented previously for polyamide 
membranes (i.e., unm odified a nd coated w ith P EG-based h ydrogels) t ested w ith th e s ame 
organic foulants [6].   
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Table 6.4  Initial NaCl rejection and final NaCl rejection (i.e., measured after fouling and cleaning, at 
t = 30 hrs).1 

Membrane RNaCl,i 
(%) 

RSDS,f 

(%) 
RDTAB,f 

(%) 
Rn-decane:SDS,f 

(%) 
Rn-decane:DTAB,f 

(%) 

LE 99.1 ± 0.2 99.7 ± 0.1 99.7 ± 0.1 99.6 ± 0.1 99.2 ± 0.3 

      

XLE 99.1 ± 0.1 99.7 99.7 99.2 98.2 ± 0.1 

1% (w/w) MW 
200 XLE 99.1 ± 0.2 99.7 ± 0.1 99.6 ± 0.1 99.6 98.2 ± 0.7 

15% (w/w) MW 
200 XLE 99.3 ± 0.1 99.7 ± 0.1 99.7 ± 0.1 99.6 97.6 

1% (w/w) MW 
1000 XLE 99.4 ± 0.2 99.7 ± 0.1 99.7 ± 0.1 99.7 98.9 

15% (w/w) MW 
1000 XLE 99.5 ±  0.3 99.7 99.7 ± 0.1 99.6 ± 0.1 98.9 ± 0.1 

      

NF90 97.8 ± 0.3 99.2 99.3 95.5 94.6 ± 0.5 

1% (w/w) MW 
1000 NF90 98.8 ±  0.2 99.3 ± 0.1 99.2 ± 0.3 98.7 95.5 

15% (w/w) MW 
1000 NF90 98.8 ± 0.4 99.3 ±  0.1 99.1 ± 0.3 98.6 ± 0.1 95.5 ± 0.1 

1NaCl rejection has been corrected for the effects of concentration polarization, and is, therefore, 
the true NaCl rejection. 
 

6.3 Conclusions 

An aqueous top surface treatment method was employed to graft poly(ethylene glycol) diglycidyl 
ether (PEGDE) to the surfaces of commercial reverse osmosis (XLE) and nanofiltration (NF90) 
membranes. W ater f lux de creased due  t o t his surface m odification, as expected, an d N aCl 
rejection increased. However, in many cases, the initial large decrease in water flux observed for 
low g rafting de nsity ( i.e., f or m embranes t reated w ith 1%  ( w/w) M W 1000 PEGDE) w as 
followed by a much smaller decrease in water flux and larger increase in grafting density (i.e., 
for membranes treated with 15% (w/w) MW 1000 PEGDE), suggesting that after a small amount 
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of PEGDE is grafted to the membrane surface, additional PEGDE has much less of an impact on 
membrane p erformance. Membranes modified w ith PEGDE generally demonstrated i mproved 
fouling r esistance t o charged s urfactants a nd e mulsions c ontaining n-decane an d a ch arged 
surfactant, b ut ex perienced m inimal ch anges i n s urface p roperties ( e.g., s urface ch arge, 
hydrophilicity and roughness). The observed effects could be related, in part, to steric hindrance 
imparted b y t he P EG chains, pr eventing f oulants from cl osely approaching t he m embrane 
surface. C omparison of  t he f ouling be havior o f m odified m embranes to t hat of  unm odified 
membranes o f s imilar initial w ater f lux in dicated th e o bserved imp rovements in  f ouling 
resistance w ere n ot d ue t o t he d ecrease i n initial w ater f lux c aused b y P EGDE mo dification. 
PEGDE m olecular w eight ha d a  s tronger i nfluence on f ouling r esistance t han di d P EGDE 
treatment c oncentration, s uggesting mo dification w ith lo wer concentrations ( i.e., l ess t han 1%  
(w/w)) of  hi gher m olecular weight ( i.e., greater t han 1000)  P EGDE m ay be  a m eans of  
optimizing the balance between water flux and fouling resistance for modified membranes.  
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7 CONCLUSIONS AND RECOMMENDATIONS   

7.1 Conclusions 

This dissertation focused on characterizing the performance of commercial aromatic polyamide 
reverse osmosis membranes and modifying the surfaces of aromatic polyamide reverse osmosis 
and na nofiltration m embranes t o i mprove t heir r esistance t o f ouling b y representative 
contaminants i n p roduced w ater s treams. P oly(ethylene g lycol) d iglycidyl et her ( PEGDE) w as 
used t o m odify t he m embrane s urface, a nd s urface pr operties a nd f ouling be havior of  t he 
modified membranes were measured. 

7.1.1 Reverse Osmosis Membrane Characterization 
The performance (i.e., water flux and NaCl rejection) of commercial aromatic polyamide reverse 
osmosis m embranes w as se nsitive t o c rossflow t esting c onditions. C oncentration pol arization 
and f eed pH  h ad a  s trong e ffect on N aCl r ejection, but  di d not  a ffect w ater f lux. T he us e of  
continuous feed filtration led to higher water flux and lower NaCl rejection than was observed 
for s imilar te sts p erformed us ing unf iltered f eed. A dditionally, t he us e of  continuous f eed 
filtration e liminated t he flux de cline obs erved i n unf iltered f eed, s uggesting f ouling oc curs i n 
ultrapure, unfiltered feed water. A t radeoff between water permeance and water/salt selectivity 
was observed for these membranes, similar to the tradeoff relationship between permeability and 
selectivity o ften o bserved i n gas s eparation m embranes. W ater f lux an d s alt r ejection v alues 
matching t he m anufacturer b enchmarks w ere ac hieved b y m atching the p retreatment an d t est 
conditions specified by the manufacturer. The ability to reliably measure commercial membrane 
performance w as a cr ucial f irst s tep b efore u ndertaking s urface m odification s tudies, s o t hat 
differences in performance due to modification could be separated from the effects of the testing 
conditions.   

7.1.2 Surface Modification Using Poly(ethylene glycol) Diglycidyl Ether  
An aqueous top surface treatment method was employed to graft poly(ethylene glycol) diglycidyl 
ether ( PEGDE) t o t he s urfaces o f commercial ar omatic p olyamide r everse o smosis an d 
nanofiltration m embranes. W ater f lux d ecreased and N aCl r ejection i ncreased w ith i ncreasing 
graft d ensity, al though i n m any cases, an  i nitial l arge change i n p erformance f or l ow grafting 
densities was f ollowed by a  r elatively s mall c hange i n p erformance f or m uch h igher graft 
densities, suggesting that only a small amount of PEGDE is needed to cause maximum impact on 
membrane performance. The measured graft densities corresponded to PEGDE layer thicknesses 
in t he r ange of  30 – 300 nm , w hich i ndicates s ignificantly m ore P EGDE m olecules on t he 
membrane surface than the number of  surface carboxylic acid or  amine groups estimated from 
zeta potential. Plugging surface defects with PEGDE could partially explain the observed graft 
densities, and the increase in NaCl rejection upon modification also suggests plugging of defects, 
particularly f or na nofiltration m embranes. T he s urface p roperties of P EGDE-modified 
membranes (i.e., hydrophilicity, roughness and charge) were very similar to those of unmodified 
analogs. 
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7.1.3 Fouling Resistance 
Membranes modified with PEGDE generally demonstrated improved fouling resistance and flux 
recovery in charged surfactant fouling tests compared to unmodified membranes of similar initial 
water f lux. C omparison of  m odified a nd unm odified m embranes of  s imilar i nitial w ater f lux 
indicated the observed improvements in fouling resistance were not due to a decrease in initial 
water f lux c aused b y P EGDE m odification. S ince t he s urface pr operties of  t he m odified a nd 
unmodified m embranes w ere s imilar, t he obs erved i mprovements i n f ouling resistance of  
PEGDE – modified membranes could be due to steric hindrance of the PEG chains preventing 
foulants f rom closely approaching t he membrane s urface. In ge neral, c ationic 
dodecyltrimethylammonium br omide ( DTAB) c aused m ore e xtensive f ouling t han di d a nionic 
sodium dode cyl s ulfate (SDS), w hich w as e xpected due  t o e lectrostatic a ttraction be tween t he 
negatively charged membrane surface and positively charged DTAB. However, SDS also caused 
fouling, a nd s ince e lectrostatic r epulsion be tween t he m embrane a nd s urfactant w ould t end t o 
prevent fouling, hydrodynamic forces could help explain the observed fouling. 

Emulsions of n-decane and SDS caused similar levels of fouling as the surfactant alone, however 
cleaning was ineffective in removing these foulants from the membrane surface. Emulsions of n-
decane and DTAB, on t he other hand, caused more extensive fouling than the surfactant alone 
and could not be readily removed by cleaning. Only one of the modifications studied resulted in 
improved fouling resistance to n-decane:DTAB. Testing this membrane at approximately half the 
typical transmembrane operating pressure revealed even better fouling resistance and some flux 
recovery after cleaning, possibly due to slowing the rate of  foulant deposition enough to allow 
transport t hrough t he modified m embrane t o be  obs erved, i nstead of t ransport t hrough a  
deposited foulant layer.  

In all four fouling cases studied, PEGDE molecular weight had a stronger influence than grafting 
density on the fouling resistance of the resulting modified membranes.  

7.2 Recommendations 

7.2.1 Surface Modification 
While a bifunctional epoxide, PEGDE, was the focus of this research, it would also be of interest 
to s tudy t he f ouling r esistance o f m embranes m odified w ith m onofunctional e poxides. 
Epoxidation of a C = C double bond m ay be achieved by reaction with m-chloroperoxybenzoic 
acid (MCPBA), as illustrated in Figure 7.1 [1, 2]. 
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Figure 7.1. Epoxidation of a vinyl group using m-chloroperoxybenzoic acid (MCPBA). 
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Epoxidation of poly(ethylene glycol) acrylate (PEGA) would give a monoepoxide similar to the 
diepoxides us ed i n t his w ork. F luorinated a crylates pr oduced b y S olvay Fluor ( Houston, TX), 
including 2,2,2 – trifluoroethyl α – fluoroacrylate ( TFEFA), 2,2,3,3,3 – pentafluoropropyl α – 
fluoroacrylate (PFPFA), and 2,2,3,3 – tetrafluoropropyl α – fluoroacrylate (TFPFA), could also 
be m ade i nto epoxides. T he c hemical s tructures of  P EGA, T FEFA, P FPFA, a nd T FPFA a re 
presented in Figure 7.2. Fluorine is expected to impart both oil and water – repellant properties 
[3-5], s o a  ba lance be tween water f lux a nd f ouling r esistance would ne ed t o b e r eached. 
However, maintaining acceptable water f lux upon m odification of  pol yamide membranes with 
fouling – resistant materials is always a challenge due to the increase in mass transfer resistance 
imparted by adding a layer of material to the membrane surface. 

Since M W 1000 P EGDE r esulted i n m odified membranes w ith b etter fouling r esistance t han 
membranes modified with MW 200 P EGDE, it would be valuable to study the effect of higher 
molecular w eight P EG on m odified m embrane f ouling r esistance. Poly(ethylene glycol) 
diacrylate (PEGDA), whose structure is also shown in Figure 7.2, is commercially available with 
PEG molecular weights of 2000 and 6000 (i.e., n ≈ 45 and 136, respectively). Epoxidation of the 
acrylate groups us ing MCPBA ( cf. F igure 7. 1) w ould give di epoxides w ith hi gher P EG 
molecular weight.    
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Figure 7.2. Chemical structures of potential acrylates for epoxidation and use in surface modification 
of polyamide membranes: poly(ethylene glycol) acrylate (PEGA), 2,2,2 – trifluoroethyl α – 
fluoroacrylate (TFEFA), 2,2,3,3,3 – pentafluoropropyl α – fluoroacrylate (PFPFA), 2,2,3,3 
– tetrafluoropropyl α – fluoroacrylate (TFPFA), and poly(ethylene glycol) diacrylate 
(PEGDA).  
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In t his w ork, gr aft de nsity w as de termined from s ample m ass b efore an d af ter P EGDE 
modification, and PEGDE layer thickness was then calculated from the measured graft density. 
Graft densities for membranes treated with 1% (w/w) and 15% (w/w) PEGDE solutions for ten 
minutes were easily measurable with the magnetic suspension balance, but mass changes due to 
modification could easily fall below the detection limit o f the instrument if the effects of lower 
treatment concentrations or shorter reaction times were investigated. Ellipsometry would allow 
measurement of PEGDE layer thicknesses on the order of 1 nm [6]. The effect of conditions such 
as PEGDE molecular weight and treatment concentration, reaction time and temperature on layer 
thickness c ould be  de termined f or a n i deal pol yamide, i nterfacially pol ymerized on a  s ilicon 
wafer. However, the inherent roughness of interfacially polymerized polyamides (~ 50 nm) may 
make it necessary to substitute an aliphatic amine for meta-phenylene diamine, to give a smooth 
polyamide surface and allow detection of thickness changes on the order of 1 nm [7].     

7.2.2 Membrane Fouling 
The f ouling s tudies de scribed i n t his di ssertation f ocused on on e foulant c oncentration ( 150 
mg/L). Investigation of the effect of foulant concentration on membrane fouling behavior would 
allow determination of the performance limits of these modified membranes. Also, membranes 
are t ypically cleaned periodically while in use [8], and a lthough the effect of  c leaning on  f lux 
recovery was m easured, i t w ould be  va luable t o pe rform l onger f ouling s tudies, w ith s everal 
fouling and cleaning cycles, to determine the long-term performance of the modified membranes. 
Decreasing water f lux and i ncreasing shear r ate decrease t he r ate o f foulant deposition [9-11]. 
Initial f ouling experiments u sing lo wer tr ansmembrane p ressure d rop ( i.e., lo wer in itial w ater 
flux) suggested that control of the hydrodynamic conditions could slow the rate of buildup of a 
mass-transfer-limiting f oulant la yer, and th erefore e mphasize d ifferences in  th e mo dified a nd 
unmodified membranes’ na tive fouling resistance. Operation a t hi gher crossflow ve locity (i.e., 
higher shear r ate) could potentially give s imilar i nsight i nto modified membrane pe rformance. 
Comparison of modified and unmodified membrane performance should include consideration of 
the am ount o f s alt p ermeated, as  w ell as  t he am ount o f w ater p ermeated ( i.e., w ater f lux an d 
volumetric throughput), since both measures are important in determining the best membrane for 
a given application. Finally, sealing the feed tank to prevent adsorption of particulate matter from 
the air and coating the stainless steel tubing with polytetrafluoroethylene to prevent possible feed 
contamination f rom m etal i ons s hed f rom t he t ubing c ould r educe or  eliminate ba ckground 
fouling, s o t hat t he e ffects o f i ntentionally added f oulants could be  s eparated from t he 
background fouling e xperienced i n c rossflow t ests us ing t he c urrent crossflow s ystem ( i.e., 
uncoated tubing and unsealed feed tank).  
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Appendix A 
Additional Surface Modification Methods, Surface Charge Measurements, and Fouling 

Studies 

A.1 Additional Surface Modification Methods 

A.1.1 Dip Coating 
The pure water flux of XLE membranes treated with MW 200 and 1000 PEDGE by dip coating 
is presented in Figure A1. Membranes (d = 50 mm circles) were pretreated by soaking in a 25% 
(v) a queous i sopropanol s olution f or 20 m inutes, f ollowed b y rinsing i n pur e w ater. Dip 
treatment was performed using a total of 200 grams of solution (including PEG and water). The 
water was heated to 40oC before adding the PEGDE, then the membrane was submerged in the 
solution for ten minutes, followed by rinsing it three times in pure water. Membranes were stored 
in pure water unt il t ested. Dead end f iltration was used to measure t he pure w ater f lux of  t he 
modified a nd unm odified m embranes ( Δp = 10. 3 ba r). D ip c oating caused dr astic de clines i n 
pure water flux. For example, an XLE membrane treated with 1% (w/w) MW 1000 PEGDE had 
a pure water flux of 28 LMH, compared to 100 LMH for an unmodified XLE membrane (i.e., 
submerged in 200 g of 40oC water (with no PEGDE) for 10 minutes).  
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Figure A1. Pure water flux (dead end, Δp = 10.3 bar) as a function of PEGDE aqueous treatment 
solution concentration for XLE membranes dip coated with MW 200 and 1000 PEGDE 
(40oC, 10 minutes). 

The effect of t reatment t emperature and t ime were determined for XLE membranes dip coated 
with 10% (w/w) MW 200 P EGDE. The modification procedure was identical to that described 
above, with the exception of the treatment temperature (i.e., 40oC or room temperature) and time 
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(i.e., 10 minutes or 1 minute). Table A1 gives the pure water flux of an XLE membrane treated 
with e ach o f t he f our c ombinations of  c onditions, m easured us ing d ead e nd f iltration a nd a 
transmembrane pressure difference of 10.3 ba r. Water flux decreased with increasing treatment 
temperature and time, corresponding to increasing extent of PEGDE grafting. 

 

Table A1  Pure water flux (dead end, Δp = 10.3 bar) of XLE membranes treated with 10% (w/w) 
MW 200 PEGDE by submersion for different times (1 minute vs. 10 minutes) and at 
different emperatures (room temperature vs. 40oC). 

 1 minute 10 minutes 

Room temperature 82 LMH 66 LMH 

 75 LMH 45 LMH 

 

Treatment of  a n XLE membrane with pol y(ethylene glycol) (PEG) ( cf. F igure 2.10)  allowed 
comparison of the extent of adsorption versus grafting, since PEG has hydroxyl endgroups which 
are n ot ex pected t o r eact w ith the c arboxylic a cid or  a ine g roups on t he m embrane s urface. 
Membranes were treated by submersion in 10% (w/w) MW 200 PEG or PEGDE solutions, using 
the s tandard pr ocedure outlined a bove ( 40oC, 10 m inute c ontact t ime). T he s urface a tomic 
concentration (%) of each modified membrane, determined b y XPS, i s presented in Table A2. 
The XLE membranes modified with PEGDE had a much larger increase in oxygen content and 
decrease in nitrogen content than membranes modified with PEG, as compared to the unmodified 
XLE membrane composition. The oxygen to nitrogen ratio of the PEGDE-modified membranes 
was more than double that of the unmodified membranes, while the PEG-modified membranes 
had only a 25% higher oxygen to nitrogen ratio. Thus, although adsorption of PEG may occur, 
grafting i s r esponsible f or t he m ajority o f t he e ffects on m embrane pe rformance s een upon  
PEGDE modification.    

Table A2. XPS measurements of surface atomic concentration (%) of oxygen, nitrogen, carbon, and 
sulfur for an unmodified XLE membrane and XLE membranes modified with 10% (w/w) 
MW 200 PEG and PEGDE. 

Membrane O (%) N (%) C (%) S (%) O/N 

XLE 14.3 ± 1.0 13.4 ± 0.4 72.2 ± 1.4 0.1 1.07 

PEG XLE 15.6 ± 1.1 11.6 ± 0.4 72.7 ± 1.6 0.2 1.34 

PEGDE XLE 19.9 ± 0.2 9.1 ± 0.3 70.9 ± 0.5 0.1 2.19 

A c ommercially a vailable f luorinated epoxide, ( 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9 – 
heptadecafluorononyl) oxirane, whose structure is given in Figure A2, was also investigated for 
its p otential to imp rove th e f ouling r esistance o f c ommercial p olyamide me mbranes. 
Polytetrafluoroethylene (PTFE) i s know n t o r epel bot h w ater a nd o il, due  t o t he hi gh 
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electronegativity of  fluorine [1-3]. Membrane fouling resistance could potentially be  improved 
by grafting a  f luorinated ma terial, b ut th e tendency to  r epel w ater w ould b e detrimental to  it s 
application as a s urface modifying agent for desalination membranes. Thus, a reasonable water 
flux must be maintained, perhaps by using only a small amount of fluorinated material to modify 
the m embrane s urface. XLE m embranes w ere submerged i n 300 m l of  1%  ( v) f luorinated 
epoxide i n i sopropanol for 1 hour  ( isopropanol was heated to 40 oC before adding the epoxide 
and submerging the XLE membrane), followed by rinsing in pure water. The pure water flux of 
the m odified m embranes was t ypically about 75 LMH, compared to 120 L MH for t he control 
XLE membrane, which was soaked in i sopropanol for 1 hour . Soaking the X LE membrane in 
isopropanol i ncreased i ts w ater f lux b y a pproximately 20%  ( the pur e water f lux of  t he X LE 
membrane is typically about 100 LMH), a phenomenon that has been observed previously [4, 5]. 
Initial surfactant fouling tests comparing the XLE membrane treated with fluorinated epoxide to 
the control XLE membrane (soaked in isopropanol) in either 20 m g/L DTAB or SDS indicated 
5% higher flux retention for the membranes treated with the fluorinated epoxide.   

 

O

H2C CH CH2 CF2 CF3
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Figure A2. Chemical structure of (2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,9 – heptadecafluorononyl) oxirane. 

A.1.2 Spin Coating 
Spin c oating w as e xplored a s a n a lternative t o di p c oating, t o pr event c ontact of  t he a queous 
PEGDE s olution w ith the nonw oven s upport ba cking of  t he pol yamide membrane [6]. X LE 
membranes were spin coated with 5 ml of 10% (w/w) MW 200 PEGDE (the water was heated to 
40oC before adding the PEGDE) at 1000 rpm for 20 seconds. The pure water flux of the resulting 
modified membranes w as 87 ± 3 LMH, compared to 101 ± 4 LMH for XLE membranes t hat 
were s ubjected t o s pin coating w ith onl y w ater ( i.e., w ithout a ny P EGDE) ( decrease i n pur e 
water flux of 14% due to PEGDE treatment). Spin time and solution volume were increased to 
60 seconds and 50 ml, respectively, in an attempt to increase the extent of PEGDE grafting. XLE 
membranes spin coated with 10% (w/w) MW 200 PEGDE then had a pure water flux of 68 ± 1 
LMH, compared to 88 ± 1 LMH for XLE membranes that were subjected to spin coating with 
only water (decrease in pure water flux of 23% due to PEGDE treatment). Although increasing 
contact t ime and amount of treatment solution did result in more PEGDE attachment, spinning 
for longer times was responsible for some of the observed flux decline (i.e., the XLE membranes 
that were subjected to spin coating with only water had 13% lower pure water f lux when they 
were spin coated for 60 seconds versus 20 seconds, despite using a larger volume of water). Spin 
coating ap pears t o d ry t he m embrane an d w ould al so b e i mpractical f or s cale-up t o i ndustrial 
membrane applications. The top surface t reatment method was developed to leverage the main 
benefit of  s pin c oating (i.e., pr eventing c ontact of  t he P EGDE t reatment solution w ith t he 
membrane b acking) i n a w ay t hat could be  m ore e asily a pplied t o a n e xisting m embrane 
production process (e.g., incorporating a step to coat the treatment solution onto the membrane 
surface).      
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A.2 Surface Charge 

The z eta p otential o f unmodified LE, X LE a nd NF90 m embranes, X LE m embranes m odified 
with 1% (w/w) and 15% (w/w) MW 200 PEGDE, XLE and NF90 membranes modified with 1% 
(w/w) and 15% (w/w) MW 1000 PEGDE, and the XLE membrane modified with 100% (w/w) 
MW 1000 P EGDE are presented in Figure A3. The top surface t reatment method was used to 
modify t he m embranes, a nd 10 m M N aCl w as us ed a s t he ba ckground e lectrolyte. T here w as 
little difference in zeta potential between the modified and unmodified membranes, even for the 
XLE m embrane m odified w ith 100%  ( w/w) M W 1000 P EGDE, i ndicating t here w as m inimal 
effect of PEGDE modification on surface charge.   
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Figure A3. Zeta potential of unmodified LE, XLE and NF90 membranes and PEGDE – modified XLE 
and NF90 membranes in 10 mM NaCl. 

Zeta p otential w as also m easured i n t he p resence o f t he charged s urfactants, 
dodecyltrimethylammonium br omide ( DTAB) and s odium dode cyl s ulfate ( SDS). F igure A 4 
gives t he z eta pot ential of  t he m odified a nd unm odified m embranes i n a  10 m M N aCl 
background electrolyte with 150 mg/L DTAB added to the solution. All membranes had positive 
zeta pot entials ove r t he entire pH  r ange s tudied, a  phe nomenon w hich h as be en obs erved f or 
other p olyamide m embranes [7]. A dsorption of  D TAB t o t he m embrane s urface w ould 
presumably begin with the cationic headgroups adsorbing to the negatively charged membrane 
surface, leaving the hydrocarbon tails exposed. The positive surface charge indicates formation 
of a surfactant bilayer, where the second layer of surfactant molecules would be oriented with the 
charged headgroups exposed. As observed in the case of the 10 mM NaCl electrolyte, there was 
little difference in zeta potential between modified and unmodified membranes.   
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Figure A4. Zeta potential of unmodified LE, XLE and NF90 membranes and PEGDE – modified XLE 
and NF90 membranes in 10 mM NaCl + 150 mg/L DTAB.  

Figure A5 presents the zeta potential of  the modified and unmodified membranes in a  10 m M 
NaCl background electrolyte with 150 mg/L SDS added to the solution. As in the previous two 
cases (i.e., 10 m M NaCl and 10 m M NaCl + 150 mg/L DTAB), all membranes, modified and 
unmodified, ha d s imilar z eta pot ential va lues. T he z eta pot ential i n t he presence of  S DS w as 
negative over the entire pH range studied, as has been observed for other polyamide membranes 
[7]. The magnitude of the increase in negative charge due to SDS was smaller than the increase 
in charge observed in DTAB. At pH 8, the zeta potential of all membranes was approximately -
30 mV in 10 mM NaCl, -40 mV when SDS was added to the electrolyte solution (change of -10 
mV), and +10 mV when DTAB was added to the electrolyte solution (change of +40 mV). Thus, 
SDS a dsorption t o t he membrane s urface w as not  a s e xtensive as D TAB a dsorption, w hich 
agrees with the larger extent of  fouling observed in DTAB versus SDS fouling tests us ing the 
same surfactant concentration.    
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Figure A5. Zeta potential of unmodified LE, XLE and NF90 membranes and PEGDE – modified XLE 
and NF90 membranes in 10 mM NaCl + 150 mg/L SDS. 

A.3 Fouling 

Chapter 6 included the results of fouling studies using charged surfactants (i.e., SDS and DTAB) 
and emulsions of n-decane and charged surfactant as foulants. However, the observed fouling is 
due not only to the purposely added foulants, but also to the natural decline in flux observed in 
every l engthy crossflow f iltration e xperiment w here t he feed s olution w as not  c ontinuously 
filtered during the course of the experiment. Particulates absorbed into the feed water from the 
air ( i.e., dus t, w hich i s naturally attracted t o water due  t o i ts hi gh di electric c onstant) ar e o ne 
probable cause of this background fouling. Figures A6(a) and A6(b) present the fraction of flux 
retained after fouling and the fraction of flux regained after fouling and cleaning for experiments 
in which no foulant was added to the system. The procedure was the same as in all other fouling 
experiments, e xcept t hat no f oulant w as pur posely a dded t o t he f eed a t t  =  1 hr, w hen t he 
surfactant or emulsion was typically added (cf. Figure 3.7(a)). Thus, the natural decline in water 
flux in 2000 mg/L NaCl feed was measured. 

The trends shown in Figures A6(a) and A6(b), namely the stronger dependence of flux retention 
and r ecovery on i nitial f lux f or t he m odified m embranes t han f or t he unm odified m embranes, 
and t he g enerally b etter f ouling r esistance a nd flux r ecovery of  m odified ve rsus unm odified 
membranes, match the trends observed for most of the foulants studied. Assuming there are no 
interactions b etween t he n aturally o ccurring and deliberately added f oulants, t he a mount of  
fouling observed in a given fouling test may be reduced by the amount of fouling observed in the 
absence of added foulant, to determine the amount of fouling attributable to a given foulant. For 
example, the XLE membrane modified with 15%(w/w) MW 1000 P EGDE lost 9% of its initial 
water flux in the blank foulant test (i.e., it retained 91% of its initial flux), so the actual extent of 
fouling of this modified membrane due to SDS, DTAB, or the emulsions may be less than the 
observed values, which include the effects of both the naturally occurring and deliberately added 
foulants. H owever, t his m odified me mbrane r egained 9 7% o f its  in itial flux a fter f ouling a nd 
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cleaning in the naturally occurring foulant test, so the naturally occurring foulants were almost 
entirely removed b y the c leaning procedure and should t herefore not  impact t he f lux recovery
observed i n t he s urfactant or  e mulsion f ouling t ests. It s hould b e n oted t hat t here i s no  
experimental evidence to test the hypothesis that there are no interactions between the naturally 
occurring and de liberately a dded f oulants, and a n i nvestigation of  this phe nomenon w ould b e 
useful f or unde rstanding how  m uch f ouling i s due  t o e ach o f t he foulants t he m embrane 
encounters.
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Figure A6. (a) Fraction of flux retained after fouling in absence of intentionally added foulant and (b) 
fraction of flux regained after fouling and cleaning, as a function of initial water flux. 
Definition of symbols: LE, XLE, NF90, 1% (w/w) MW 200 XLE, 15% (w/w) 
MW 200 XLE, 1% (w/w) MW 1000 XLE, 15% (w/w) MW 1000 XLE, 1% (w/w) 
MW 1000 NF90, and 15% (w/w) MW 1000 NF90. Lines have been drawn through the 
modified and unmodified membrane data to guide the eye.

7.3.1.1.1.1.1.1
Table A3 presents the initial NaCl rejection of each membrane (Rinitial, measured at t = 1 hour ), 
the NaCl rejection at t = 24 hours (Rfoul), and the final NaCl rejection (Rfinal, measured after the 
cleaning procedure, at t = 30 hours). Rejection increased during the 24 hour  experiment (Rfoul >
Rinitial), a nd w hile t he c leaning pr ocedure di d n ot r estore t he i nitial N aCl r ejection, t he f inal 
rejection was closest to the initial rejection for the membranes that recovered more of their initial 
water flux (e.g., 15% (w/w) MW 1000 XLE). 
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Table A3. NaCl rejection measured at t = 1 hr (Rinitial), t = 24 hours (Rfoul) and t = 30 hours (Rfinal) for 
fouling in the absence of intentionally added foulant. 

Membrane Rinitial (%) Rfoul (%) Rfinal (%) 

LE 99.2 99.7 99.6 

    

XLE 99.1 99.7 99.6 

1% (w/w) MW 200 XLE 99.1 99.6 99.5 

15% (w/w) MW 200 
XLE 

99.4 99.7 99.7 

1% (w/w) MW 1000 
XLE 

99.3 99.7 99.6 

15% (w/w) MW 1000 
XLE 

99.5 99.8 99.6 

    

NF90 97.4 98.9 99.0 

1% (w/w) MW 1000 
NF90 

98.9 99.1 99.1 

15% (w/w) MW 1000 
NF90 

99.0 99.2 99.3 
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