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Reverse osmosis (RO) membrane desalination is the primary technology for seawater and 

brackish water desalination, agricultural drainage desalting, as well as municipal wastewater 

recycling for potable water reuse applications. RO membranes achieve high salt rejection 

(>95%) and in principle should provide a complete physical barrier to nanosize pathogens (e.g., 

waterborne enteric viruses). However, in the presence of imperfections and/or membrane 

damage, membrane breaches as small as 20-30 nm in diameter can allow nanosize pathogens to 

pass through the membrane and contaminate the product water stream. In order to demonstrate 

that the level of removal of these contaminants by RO processes will assure rigorous public 

health protection, there is a need for real-time RO membrane integrity monitoring (MIM). 
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However, at present, reliable real-time RO membrane MIM methods are unavailable for the 

detection of membrane or module breaches.  

Given the above needs, a Pulsed Marker Membrane Integrity Monitoring (PM-MIM) 

approach was developed for real-time assessments of RO membrane integrity, based on 

characterization of fluorescent molecular marker passage across an RO membrane. This 

approach involves monitoring the dynamic change in marker concentration in the RO permeate 

(product) stream in response to a pulsed marker injection into the RO feed stream. The presence 

and characteristics of membrane integrity loss is identified by decoupling marker diffusive and 

convective transport through the RO membrane. The approach was first evaluated the passage of 

a molecular marker through intact and compromised RO membranes (with micron-size 

membrane breaches) in a bench-scale, plate-and-frame (PFRO) system. It was demonstrated that 

while marker passage through intact RO membranes was governed by diffusive transport, 

enhanced marker passage for compromised membranes was associated with convective transport 

through the breached areas. Therefore, detection of enhanced molecular marker passage was 

indicative of membrane integrity loss.  

One of the potential causes of RO membrane integrity loss in RO plants is oxidation of the 

polyamide RO membrane surface by chlorinated disinfectants, which are typically introduced 

into the RO feed stream to prevent biofouling. The suitability of the PM-MIM approach for 

quantification of the extent of membrane integrity loss due to oxidation was evaluated for flat-

sheet RO membranes that were degraded via exposure to sodium hypochlorite (NaOCl) solution 

at various exposure conditions (i.e., NaOCl concentration and exposure time). Upon membrane 

exposure to 50-200 mg/L NaOCl for a period of 2.5 to 10 hours, there was a significant increase 

in marker solution-diffusion and convection across the RO membrane as a result of changes in 



iv 

membrane surface physicochemical properties (surface roughness, chemical composition, and 

wettability) and structural damage (as evident from the presence of micron-size breaches). The 

severity of membrane integrity loss, represented by an equivalent breach size, increased with 

chlorine feed concentration and exposure time, with the latter having a more pronounced impact 

on membrane integrity.    

In order to implement the PM-MIM approach in full-scale RO plants, which typically consist 

of multiple spiral-wound RO (SPRO) elements, an analytical framework was developed for 

characterization of marker passage through RO membranes in each individual SPRO element in 

multi-element SPRO systems. The approach is based on monitoring and analyzing the dynamic 

change in the marker concentration in the combined permeate stream (from multiple SPRO 

elements), in response to a pulsed marker injection into the RO feed. Subsequently, marker 

convective transport, across the RO membrane in each SPRO element, was be resolved via data 

fusion of dynamic marker response with online water flow, feed salinity, and pressure data, 

combined with the estimated marker residence time for each SPRO element. Experimental 

evaluation, which was carried out with intact and compromised SPRO elements (with 

mechanically induced membrane breaches), demonstrated enhanced marker passage for 

compromised SPRO elements, with increased marker passage that correlated with increased 

breach size. The PM-MIM approach was shown to be both technically and economically suitable 

for multi-element Ro system and through the proposed protocol for its implementation can serve 

to quantify the severity and identify the approximate location of membrane integrity loss in a 

multi-element SPRO plant.  
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Chapter 1. Introduction 

1.1 Background 

As various regions around the world are confronted with declining water supplies, there is a 

growing need for harnessing non-traditional water resources through advanced water treatment 

technologies. In recent years, reverse osmosis (RO) membrane processes have been utilized for 

brackish water and seawater desalination, as well as for treatment of wastewater for indirect and 

direct potable water reuse applications [1-3]. As part of a multi-barrier water treatment strategy 

to safeguard water supplies against harmful pathogens and impurities, RO membranes are 

effective in rejecting species as small as monovalent ions, and provide essentially complete 

rejection of pathogens (e.g. various bacteria and viruses) [4]. However, the achievable RO 

rejection for pathogens and impurities may be limited due to the presence of membrane integrity 

loss, which may occur on RO membrane surfaces and/or various components of membrane 

modules [4]. The causes of membrane integrity loss include manufacturing defects, insufficient 

or improper pretreatment or pre-filtration, chemical attack (e.g., oxidation by chlorinated 

disinfectants), faulty installation and maintenance, failure of module assembly components (e.g., 

o-rings and permeate collection tubes), and stress/strain on membrane surfaces associated with 

operating conditions (e.g., water hammer, passage of sharp debris, cleaning of fouled/scale 

membranes, higher operating pressures than specified by manufacturers) [4-9]. As a consequence 

of membrane integrity loss (even as small as 20-30 nm in diameter), harmful pathogens, such as  

bacteria and waterborne enteric viruses, can pass across the membrane to the product permeate 

stream and pose a potential health threat, which is of particular concern in potable water 

production [4]. Accordingly, reliable methods for real-time monitoring of RO membrane 
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integrity are critical for ensuring high pathogen removal and thus eliminating public concerns 

regarding occurrence of membrane or membrane module breaches that may go undetected. 

At present, reliable real-time RO membrane integrity monitoring (MIM) methods are 

unavailable to detect membrane or module breaches that could allow potential leakage of 

pathogens. While indirect methods, which detect membrane breaches by monitoring changes in 

product water quality parameters (e.g., particle counting [10-14], turbidity [15], conductivity [5, 

11, 15, 16], TOC [11, 12, 15], and sulfate monitoring [15]), have been utilized for MIM in low-

pressure membrane (LPM) processes, they are of insufficient sensitivity for identifying the 

presence of minor breaches in RO systems [17]. The insensitivity of the above methods for RO 

processes is mainly due to the difficulty of accurately quantifying low levels of various 

monitored water quality parameters (e.g., conductivity, TOC, turbidity, and sulfate ion 

concentration) expected in RO permeate streams. Moreover, since quantifying the accuracy of 

the above parameters depends on the target species concentration in the feed water, variability in 

membrane integrity metrics can often be the result of variations in the RO feed and not 

necessarily related to the occurrence of a membrane breach [10-12, 17]. In contrast with the 

above, direct MIM methods, such as pressure decay [15, 18] or vacuum tests [10, 15, 18], have 

proven to be sensitive for detecting minor membrane breaches. This approach primarily involves 

pressurizing the permeate side of the membrane element and monitoring pressure loss over time. 

However, these types of MIM require system shutdown, which leads to membrane dewatering 

and can potentially result in membrane damage due to pressurization on the RO permeate side 

[17, 19]. 

One promising direct MIM method for pathogen removal is through marker-based 

approaches, which involve introduction of markers as virus surrogates into the RO feed stream in 
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order to examine the impact of membrane integrity loss on marker rejection. The use of certain 

markers, such as fluorescent-tagged bacteriophage and polystyrene nanoparticles [5, 8, 20-22], 

was widely investigated in previous studies for MIM due to their similar size to enteric viruses. 

However, the above markers may be prohibitive or impractical for full-scale applications, given 

their extensive preparation procedures, limited or no commercial availability, lack of methods for 

their recovery from water [23], high marker cost, potential marker toxicity [24, 25], and possible 

membrane fouling, particularly in the case of nanoparticles [26]. The use of molecular 

fluorescent markers, such as rhodamine-wt (R-wt) and fluorescein, has shown to be more 

appealing for MIM in full-scale applications since they are low-cost, safe for use in hydrological 

applications, exhibit strong fluorescent intensity, and have low potential for membrane fouling. 

Previous studies with fluorescent molecular markers [5, 16] have been typically restricted to 

injecting a solution containing a fluorescent marker (e.g., R-wt) of low concentration (~1-2 

mg/L) at a fixed and constant dosage rate into the RO feed stream, measuring marker 

concentration in the RO permeate stream in real-time or offline, and subsequently quantifying 

marker rejection (based on steady-state measurements) for the membrane. While the above 

approaches have demonstrated high rejection (>99.99%) of R-wt with commercial intact RO 

membranes, there was only a marginal and unsystematic change (both increase and decrease) in 

the marker rejection in response to integrity breaches in these RO membranes. It is important to 

recognize that in the above studies, which employed continuous molecular marker dosing into 

the RO feed, any variability in feed and permeate fluorescence signals (i.e., due to background 

fluorescence, UV, temperature, and operating conditions) during monitoring period could have 

adversely impacted the accuracy of this MIM approach. Even though correlating marker passage 

to the presence of membrane breach is critical to assessing potential passage of pathogens to the 
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permeate stream, a framework that demonstrates membrane breach detection is yet to be 

established in the existing marker-based methods.  

Unlike nanoparticles and viruses, for which transport across RO membranes is governed only 

by convection through the breached area of the membrane, transport of molecular marker 

through RO membranes is expected to involve convection through the breached area as well as 

by solution-diffusion through the intact area of the membrane [27]. In this regard, only 

convective transport of molecular marker is an indicative of membrane integrity breach that can 

potentially allow passage of pathogens, such as bacteria and viruses, to RO permeate stream. 

Therefore, decoupling of marker diffusive and convective transport is critical for the success of 

marker-based MIM approaches.  

Accordingly, the present study introduced the Pulsed Marker Membrane Integrity Monitoring 

(PM-MIM) approach for real-time monitoring of RO membrane integrity (Figure 1-1). This 

approach is based on pulsed injection of a high-concentration fluorescent molecular marker 

solution into the RO feed coupled with continuous monitoring of the marker concentration in the 

RO permeate stream. The controlled momentary increase in marker feed concentration (from 

pulsed dosing) temporarily elevates the marker permeate concentration, and thus eliminates 

concerns regarding the potential fluctuations in feed and permeate fluorescence signals. In this 

approach, marker passage is decoupled into diffusive and convective transport. The presence of 

membrane integrity breach that can potentially allow pathogen passage into RO permeate would 

then be identified via increased marker convective transport through RO membranes. 

Additionally, it is expected that the dynamic increase in marker permeate concentration in 

response to pulsed marker injection would provide additional information regarding the 
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approximate location of membrane integrity breach (along RO treatment train) via analysis of 

marker residence time in RO feed channel.   

As has been suggested in membrane transport models, the level of marker diffusive and 

convective transport across RO membranes would be influenced by RO operating conditions, 

such as marker bulk concentration in RO feed, crossflow velocity, permeate flux, as well as the 

level of concentration polarization (CP) in the RO feed channel [27-29]. This is particularly the 

case in a large multi-element spiral-wound RO (SPRO) membrane system for which 

hydrodynamic conditions in RO feed and permeate channel vary substantially along the 

membrane treatment train. In recent years, efforts have been focused on developing analytical 

models for characterizing hydrodynamic conditions and solute passage in intact RO systems 

(both plate-and-frame RO (PFRO) configuration and SPRO configuration). For example, 

methods for prediction of solute feed-side mass transfer coefficient and CP modulus have been 

established for fluid flow in PFRO and SPRO channels [30-33]. With the capability of 

determining precisely various pertinent RO transport parameters, it is now possible to estimate 

the level of marker diffusive and convective transport across RO membranes and to elucidate the 

potential impact of membrane integrity loss on marker passage characteristics. An integrated 

framework for assessments of marker passage in the presence of membrane integrity loss based 

on RO transport models would be beneficial, as it would improve upon the existing marker-

based method for real-time MIM of RO processes and provide a quantitative approach for 

identifying the presence, extent, and location of membrane integrity loss.   
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Figure 1-1. Schematic of the Pulsed Marker Membrane Integrity Monitoring (PM-MIM) 

approach  

 

1.2 Problem Statement 

In order to develop the PM-MIM for real-time assessments of RO membrane integrity, it is 

imperative to select a molecular marker that allows high-sensitivity detection at low marker 

concentration as well as exhibits stable fluorescence signals at pH and chlorine conditions that 

are expected in RO processes. Given that the PM-MIM approach is based on monitoring of 

marker passage characteristics, a framework for decoupling marker diffusive and convective 

transport must be developed based on existing RO transport models. In order to elucidate the 

impact of membrane integrity loss on marker passage behavior, it is necessary to evaluate the 

effect of well-characterized membrane breaches on marker permeate concentration in a plate-

and-frame RO (PFRO) membrane system, in which there is negligible axial variation in 

hydrodynamic conditions along RO feed channel. In addition to detection of simple membrane 

breaches (pinholes), successful MIM must detect membrane integrity loss induced by chemical 
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oxidation, which is a recurring problem in RO treatment plant. In order for the MIM approach to 

be deployed successfully in full-scale multi-element SPRO plants, a framework for assessments 

of marker convective transport across RO membrane in each SPRO element must be established 

based on single-point monitoring of marker permeate concentration of the combined permeate 

stream (from multiple SPRO elements). This framework must also account for variations in 

hydrodynamic conditions and marker residence time along RO treatment train.  

1.3 Research Goals and Objectives 

The major goals for the dissertation were to: a) develop a framework for resolving marker 

solution-diffusion and convection through RO membrane given marker permeate concentration-

time profile and RO operating conditions, and b) demonstrate that the presence and 

characteristics (e.g., extent and location) of membrane integrity loss can be identified via 

monitoring of dynamic marker passage through RO membranes. The above objectives are rooted 

in the hypothesis that real-time MIM can be achieved by monitoring dynamic characteristics of 

molecular marker passage through RO membrane and subsequently decoupling marker 

solution-diffusion and convection.  The specific objectives of the research are listed below: 

1.  Develop an experimental and analytical approach for characterization of marker passage 

through RO membranes 

a. Develop the Pulsed Marker Membrane Integrity Monitoring (PM-MIM) 

approach, which involved controlled marker injection and high-sensitivity 

monitoring of marker permeate concentration  

b. Select a fluorescent molecular marker that allows high-sensitivity detection at low 

marker concentration, and demonstrates stable fluorescence signals at pH and 

chlorine conditions typically expected in RO processes 



8 

c. Develop a method to decouple marker diffusive and convective transport through 

RO membranes given the dynamic change in marker permeate concentration, as 

well as RO operating conditions 

d. Evaluate the impact of membrane integrity loss induced mechanically and via 

chemical oxidation on marker diffusive and convective transport across RO 

membranes 

2. Demonstrate the feasibility of the PM-MIM approach for real-time detection and 

characterization of membrane integrity loss in a multi-element SPRO system 

a. Develop an approach for resolving marker diffusive and convective transport in 

each SPRO element given RO operating conditions combined with considerations 

of marker residence time in SPRO feed channel  

b. Investigate the impact of membrane breach extent and location on characteristics 

of marker passage across RO membranes in each individual SPRO element 

c. Propose a framework for real-time MIM in full-scale RO plants; analyze marker 

cost associated with full-scale implementation of the PM-MIM approach 

1.4 Research Approach 

The previously stated objectives were accomplished through a combination of theoretical 

analysis and experimental investigations. The level of marker diffusive and convective transport 

across RO membranes were determined via a theoretical framework based on existing analytical 

RO membrane transport models. Laboratory RO desalination studies were performed in both 

PFRO desalination system and pilot-scale SPRO desalination systems with intact and 

compromised RO membranes (induced mechanically and via chemical oxidation) in order to: a) 

evaluate the sensitivity of the proposed approach for assessment of marker passage across intact 
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and compromised RO membranes, and b) develop a strategy for real-time MIM in full-scale RO 

plants. A flowchart of the dissertation work is presented in Figure 1-2. 

 

Figure 1-2. Research flow chart. 

 

First, the Pulsed Marker Membrane Integrity Monitoring (PM-MIM) approach was 

developed for real-time assessments of RO membrane integrity (Figure 1-1). This approach 

involves monitoring of the dynamic change in fluorescent molecular marker concentration in the 

RO permeate (product) stream, in response to pulsed marker injection into the RO feed stream. 

In Chapter 3, the fluorescent molecular marker was selected for the development and testing of 

the PM-MIM approach. Fluorescence intensity measurements were carried out for five candidate 

fluorescent molecular markers that are typically used in hydrological applications in order to 
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assess the candidate markers’ detection sensitivity at low concentration (ppb-level) and their 

tolerance to pH and chlorine conditions that are expected in RO processes.  

A framework for decoupling of marker diffusive and convective transport across RO 

membrane, which accounts for hydrodynamic conditions in RO membrane feed channel, is 

described in Chapter 4. Laboratory evaluations were carried out with intact and compromised 

RO membranes (with pinholes) in a PFRO system in order to investigate the impact of 

membrane breach on the level of marker diffusive and convective transport through RO 

membranes. The impact of marker feed dose on the dynamic marker permeate response was also 

evaluated.  

In Chapter 5, the impact of membrane degradation on characteristics of marker passage 

across RO membrane was experimentally evaluated in a PFRO system with intact and RO 

membranes that were oxidized by sodium hypochlorite (NaOCl) solutions. The level of marker 

passage was correlated to the changes in membrane surface physicochemical properties (e.g. 

surface roughness, wettability, and chemical composition). A quantitative metric, “equivalent 

breach size,” was introduced in order to represent the extent of membrane integrity loss, thereby 

enabling the evaluation of the impact of chlorine exposure conditions (concentration at the 

membrane surface and exposure time) on RO membrane integrity.  

Chapter 6 presents a strategy for detection and characterization of RO membrane integrity in 

a full-scale multi-element SPRO plants. A framework was first developed for assessments of 

marker convective transport in each SPRO element based on data fusion of dynamic change in 

marker permeate concentration with online water flow, feed salinity, and pressure data, 

combined with considerations of fluid residence time and longitudinal marker dispersion in the 

SPRO feed channels. Experimental studies were carried out in pilot-scale SPRO systems (with 
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intact and compromised SPRO elements) to evaluate the impact of membrane breach extent and 

location on marker passage in each SPRO element. Lastly, a strategy for MIM implementation in 

full-scale RO treatment plant was proposed and an economic analysis was conducted in order to 

demonstrate the technical and economic feasibility of the present MIM approach for full-scale 

implementation.  
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Chapter 2. Literature Review 

2.1 RO Desalination 

2.1.1 Fundamentals of RO processes 

Reverse osmosis (RO) is the process in which pressure is applied to a feed solution across a 

semipermeable membrane that allows water passage, but largely rejects solute passage resulting 

in a solute lean stream (permeate or product) and a solute rich stream (retentate or concentrate) 

[34]. The applied pressure must be greater than the osmotic pressure of the solution for 

separation to occur (i.e., non-zero permeate flux). Currently, typical RO membranes for water 

desalination are thin film composites of an aromatic polyamide active layer (~200 nm thick 

supported by a porous polysulfone layer (~60 µm), which is itself supported by an underlying 

non-woven fabric (~150 µm), as shown in Figure 2-1. The active layer is where the separation 

occurs while the polysulfone and non-woven fabric layers provide structural support without 

impeding the flow of water through the membrane.  

      

Figure 2-1. Cross-section of a typical polyamide RO membrane showing a layered structure. 

 

 

Porous polysulfone support  

Aromatic polyamide thin film  

Non-woven fabric  
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RO processes are typically carried out in a cross-flow scheme in which the saline feed water 

enters the membrane channel and flows tangentially across the membrane surface under high 

pressure. In the simplified crossflow RO membrane process presented in Figure 2-2, a feed 

stream enters from the left with feed flow rate, Qf, feed salt concentration, Cf, and feed pressure, 

Pf. It is then separated into two streams by the semipermeable RO membrane. The low-salinity 

permeate stream passes through the membrane with permeate flow rate, Qp, permeate salt 

concentration, Cp, and permeate pressure, Pp. The retentate or concentrate stream with retentate 

flow rate, Qr, retetntate salt concentration, Cr, and retentate pressure Pr, exits the membrane 

module on the right. In plate-and-frame RO (PFRO) configurations, the membrane is supported 

by a rigid porous layer. However, when treating large volumes of RO feed water, spiral-wound 

RO (SPRO) configurations (Figure 2-3) are typically utilized due to their large membrane 

surface area to volume ratio [35]. A SPRO module consists of alternating layers of RO 

membrane sheets and mesh spacers wrapped around a central permeate collection tube. The 

spacers provides the channels where feed and permeate can flow. Most full-scale RO plants 

consists of multiple SPRO modules connected in series with each stage containing SPRO 

modules in parallel as needed [35].  
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Figure 2-2. Illustration of the simplified RO process, where Qf, Qr, and Qp are the flowrates 

of the feed, retentate, and permeate, respectively, Cf, Cr, Cp, Cb, and Cm are the concentrations at 

the feed, retentate, permeate, bulk solution, and at the membrane surface, respectively, and Pf, Pr, 

and Pp are the pressures of the feed, retentate, and permeate, respectively. 

 

 

Figure 2-3. Spiral-wound RO (SPRO) membrane module 
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RO membranes can be characterized with respect to its water permeability and salt rejection. 

The water permeability is a measure of how easily water passes through the membrane, whereas 

the salt rejection is a measure of the membrane’s ability to block salt passage – the more salt that 

passes through the membrane, the lower the salt rejection. The observed salt rejection (Ro) of the 

membrane is defined as:  

1
p

o

f

C
R

C
= −      (2-1) 

where Cp and Cb are the solute concentrations in the permeate and in the bulk feed solution 

(mg/L), respectively. In typical RO operation at low recovery per membrane module, the bulk 

feed concentration is equal to the feed concentration, Cf  (mg/L). The salt passage through the 

membrane is then defined as: 

1 oSP R= −      (2-2) 

The intrinsic salt rejection (Ri) of the membrane is defined based on the salt concentration at the 

membrane surface on the feed side (Cm, mg/L), as follows: 

1
p

i

m

C
R

C
= −      (2-3) 

The permeate volumetric flux through the membrane (Jv, m3/m2 s) is dependent on the membrane 

water permeability and the net driving pressure as shown below [36]: 

( )v pJ L P σ π= ∆ − ∆      (2-4) 
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where Lp is the membrane water permeability (m/s Pa), σ is the reflection coefficient (~1 for 

intact RO membrane), and Δπ is the osmotic pressure difference between the feed and permeate 

sides (Pa), ΔP is the transmembrane pressure (Pa) and can be determined as follows [37]:  

2

f r

f p

P P
P P P

− 
∆ = − − 

 
    (2-5) 

The osmotic pressure in Equation 2-4 increases with the salt concentration for dilute solutions 

and can be calculated by the following equation: 

iCRTπ =       (2-6) 

where Cs is the salt concentration (mol/m3), R is the ideal gas constant (8.314 m2 Pa mol-1 K-1), 

and T is the salt solution temperature (K). For non-dilute solutions, the osmotic pressure is a 

more complex function of salt concentrations and its calculation must take into account non-

idealities associated with mixed salt systems [38]. Finally, RO process productivity is typically 

measured in terms of the water recovery (Y), defined as the ratio of the product flow over the 

feed flow: 

1
p r

f f

Q Q
Y

Q Q
= = −        (2-7) 

As RO membrane is operated at higher recoveries, the retentate stream becomes more 

concentrated. As an RO process achieves overall higher recoveries, the retentate stream becomes 

more concentrated and the level of concentration in the retentate is typically expressed in terms 

of a concentration factor, CF = Cr/Cf, where Cr and Cf are the respective solute concentrate and 

feed concentrations (mg/L). The concentration factor is related to the water recovery of an RO 
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process by performing a solute mass balance over the membrane feed channel and by 

incorporating Equations 2-1 and 2-7 as shown below:  

( )1 1

1

or

f

Y RC
CF

C Y

− −
= =

−
     (2-8)  

2.1.2 Concentration polarization 

As water permeates through RO membrane, rejected solutes (i.e. salt, particles) accumulate 

near the membrane surface resulting in an increased local concentration. Solute concentration at 

the membrane surface is always higher than that found in the bulk solution due to the formation 

of a concentration boundary layer. For example, based on the approximate film model, the 

concentration polarization modulus (CP) is defined as a ratio of increased solute concentration at 

the membrane surface (Cm) relative to the bulk concentration (Cb) and given as [30]: 

 e

v

f

J

km p

b p

C C
CP

C C

−
= =

−
     (2-9) 

where kf is the solute feed-side mass transfer coefficient (m/s). As the salt concentration and the 

difference in osmotic pressure gradually increases from the RO entrance to the RO exit, the 

effective net driving force for permeation decrease, and therefore the permeate flux decreases 

towards the exit region as illustrated in Figure 2-4. When RO processes are operated in the high 

water recovery regime, the level of CP rises, thereby inducing depositions of salt and various 

contaminants on the membrane surface, leading to a decline in permeate flux.  
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Figure 2-4. Schematic showing the formation of a concentration boundary layer as a result of 

solute accumulation on the membrane surface 

 

2.1.3 Solute transport across RO membrane 

Solute flux across an RO membrane is typically described using the classical solution-

diffusion Kedem-Katchalsky model [28]: 

                            ( ) ( )
2

v m p

s v p m p

J C C
J J C B C C

−
= = − +     (2-10) 

where σ is the reflection coefficient [28] and B is the solute membrane permeability coefficient 

(m/s). A reflection coefficient below unity indicates the presence of convective solute transport, 

while it tends toward unity in the absence of cross-membrane convective solute transport (i.e., 

the case for highly solute rejecting membranes). For intact high rejection RO membrane, 

transport is expected to be primarily by solution-diffusion with negligible solute convective 

transport (i.e., σ→1). Alternatively, since the bulk feed concentration can be assumed to be equal 

Exit Entrance 

Feed Retentate 

Permeate 

RO Membrane 
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to the feed concentration in typical RO operation at low recovery per membrane, Equation 2-10 

for intact RO membrane can be combined with Equation 2-9 for intact RO membranes and 

expressed in term of Ro [31]:  

1 v

f

J
ko

o v

R B
e

R J

− =     (2-11) 

2.1.4 Methods to determine feed-side mass transfer coefficient 

The solute feed-side mass transfer coefficient in both the flat-sheet and spiral-wound RO 

configurations can be determined via an approach developed by Murthy and Gupta [39]. This 

method combines the solution-diffusion model and the film layer model. In this approach, the 

solute membrane permeability coefficient and the feed-side mass transfer coefficient can be 

estimated via a linear regression of experimental solute rejection data at varying permeate flux 

levels (at constant solute feed concentration) using the following relationship (i.e., deduced from 

Equation 2-11):  
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    (2-12) 

whereby the LHS of Equation 2-12  is plotted versus Jv, for a given crossflow velocity, thereby 

allowing determination of both B and kf.  An experimental correlation of kf and crossflow 

velocity can be established based on the experimentally determined kf at varying crossflow 

velocity and a generalized , for fully developed flow, via the following correlation [30]: 

Re
f hk d

Sh a Sc
D

α β= =      (2-13) 
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where Sh is the Sherwood number, Re is the Reynolds number (Re= udh/ν) and Sc is the Schmidt 

number (Sc = ν/D). dh is the hydraulic diameter of the membrane feed channel (m), u is the 

average crossflow velocity (m/s), D is the solute diffusivity (m2/s), and ν is the kinematic 

viscosity of RO feed solution (m2/s). a, α, and β are dimensionless empirical parameter. Since D, 

ν, and dh are constant for given solutes and membrane configuration, Equation 2-13 can be 

rearranged in term of kf and u:  

h
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h

daD
k u Au

d D

α β
α αυ

υ
   = =  

  
    (2-14) 

In order to determine the above dimensional empirical parameters, kf is determined at varying 

crossflow velocities and then analyzed via the following relationship: 

    ( ) ( ) ( )ln ln lnfk A uα= +      (2-15) 

whereby the LHS of Equation 2-15 is plotted versus u, enabling determination of α and A. 

Subsequently, β can be determined from the best fit (lowest R2) of Equation 2-14 given measured 

α, kf , and u, thus yielding a mass transfer coefficient correlation for a given membrane system.  

2.1.5 Estimation of spiral-wound RO membrane geometric parameters 

Due to the complex geometry of SPRO elements, the cross-sectional flow area, the hydraulic 

diameter, and thus the crossflow velocity of the membrane are dependent on various geometrical 

parameters in SPRO elements. The method for determining the SPRO geometrical parameters is 

described in the study by Schock and Miquel [33]. The hydraulic diameter (dh) can be estimated 

by the following equation [33]:    
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where ε is the spacer mesh porosity, h is the channel height (m), and df is the spacer filament 

diameter (m). The cross-sectional flow area of a SPRO element (Ac, m2) can be estimated as 

follows [33]: 

c hA wd=      (2-17) 

where w is the unrolled width of a single membrane sheet estimated from the ratio of the 

membrane active area (Am) to the membrane sheet length (Lm) (i.e., w=Am/Lm). An example of 

feed spacers and a 3D illustration of the cross-sectional flow area of a SPRO element are 

provided in Figure 2-5. It should be noted that ε, h, df, Am, and Lm are typically provided by 

membrane manufacturers.  

  

Figure 2-5. Left: Image of a cut open SPRO membrane element. Right: 3D illustration of the 

cross sectional flow area for a SPRO membrane element.  
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2.2 Membrane Integrity Monitoring 

The US Environmental Protection Agency (US EPA)’s Ground Water Rules (GWR) requires 

that membrane treatment processes for water reuse must demonstrate log removal value (i.e., log 

removal value = log (Cf/Cp), in which Cf and Cp are the specific solute concentrations in the RO 

feed and permeate streams, respectively) of 2, 3, and 4 for Cryptosporidium, Giardia cysts, and 

enteric viruses, respectively [5, 40-43]. Given the above requirements, methods for real-time 

monitoring of RO membrane integrity are critical for ensuring high pathogen removal and thus 

eliminating public concerns regarding occurrence of membrane or membrane module breaches 

that may go undetected. The lack of real-time RO MIM has been often cited as the main reason 

that RO membranes are not given the 4 LRV credit for virus removal [5, 44].  

In general, membrane integrity monitoring (MIM) can be categorized as direct or indirect. 

Direct membrane integrity testing is a physical test, applied directly to the membrane process, in 

order to identify and isolate integrity breaches. Indirect monitoring relies solely on aspects of the 

product (filtrate) water quality for inferring (indirectly) the occurrence of membrane integrity 

breaches. A specific MIM approach for virus removal must have the appropriate test resolution 

and sensitivity. The USEPA defines MIM resolution as “the size of the smallest integrity breach 

that contributes to a response from a direct integrity test” [40]. MIM sensitivity is defined as “the 

maximum log removal value that can be reliably verified by the direct integrity test associated 

with a given membrane filtration system” [40]. Given the potential passage of viruses through 

membrane breaches as small as 30-100 nm (i.e., the size of common waterborne enteric virus, 

Figure 2-5), achieving the appropriate MIM resolution and sensitivity, when virus removal is of 

concern, is especially challenging [15]. Accordingly, relevant prior methods for MIM including 

were assessed based on their technical and regulatory issues and potentials for full-scale 
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implementation. A summary of various MIM methods that are applicable to HPM and LPM is 

provided in Table 2-1.  

 

 

Figure 2-6. Depiction of common waterborne enteric virus capsids 
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Table 2-1: Comparison of MIM methods for virus removal 

Method Advantages Disadvantages 

I. Direct Methods 

Marker-based Methods 

Fluorescent-
tagged 
Bacteriophages 

o Size, structure, morphology, 
chemical composition and 
surface properties are similar 
to those of enteric viruses [8, 
20, 45] 

o LRV obtained by both intact 
and compromised 
membranes in agreement 
with enteric viruses [5, 8] 

o May cause membrane 
fouling [8] 

o Potential to undergo 
biological inactivation and 
growth during study [46] 

o Transport behavior 
influenced by visible lights,  
temperature, pH, presence of 
contaminants in water [23] 

o Lack of reliable methods to 
recover phages from water 
[23]  

Fluorescent-
tagged 
nanoparticles 
(NPs) 

o Size similar to that of enteric 
viruses [47] 

o Surface properties can be 
modified to mimic those of 
enteric viruses [47, 48] 

o High fluorescence intensity 
[47-49] 

o Photostable [49] 
o LRV obtained by both intact 

and compromised 
membranes in agreement 
with enteric viruses [20] 

o Potential to form aggregates 
in aqueous suspension [50] 

o Transport behavior 
influenced by pH, 
temperature, ionic strength, 
presence of contaminants in 
water [50] 

o Potential to cause membrane 
fouling [26, 51] 

o Some NPs are potentially 
toxic [25, 52] 

o Insufficient commercial 
availability [48] 

o Expensive [48] 

Fluorescent-
tagged 
macromolecules 

o Nontoxic [53, 54] 
o Stable size and transport 

behavior in water [55, 56] 
o Moderately inexpensive [54] 

o Efficiency as markers in 
water applications has not 
been evaluated 

o Potential of membrane 
fouling has not been 
examined  
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Method Advantages Disadvantages 

Fluorescent 
molecular dyes 

o Information on their stability 
and transport behaviors in 
water is established [57, 58] 

o Minimum detection limit is 
low [57, 59] 

o Greater than 4 LRV was 
demonstrated for intact RO 
membranes [5] 

o Inexpensive [59] 

o Size may not be comparable 
to enteric viruses [5] 

o Potential for membrane 
absorption has not been 
examined 

 
 
 
 
 

o Pressure-based Methods 

Vacuum-hold test o Sensitive to membrane 
breaches [15, 60] 

o Results can be correlated to 
marker-based challenge test 
results [10-12] 

o Established standard method 
exists [17, 19] 

o Simple procedures [10] 

o Requires system shutdown 
and draining of membrane 
elements [11] 

 

Pressure-decay 
test 

o Sensitive to membrane 
breaches [10, 11] 

o Simple procedures [10] 

o Can potentially damage 
membrane with permeate-
side pressure application 
[15] 

o Requires system shutdown 
and draining of membrane 
elements [11] 

o II. Indirect Methods 

Conductivity 
monitoring 

o Inexpensive [11] 
o Simple procedures [17] 
o Effective at detecting gross 

LPM membrane failure [11] 

o Insensitive to minor 
membrane breaches [17] 

o Sensitivity depends on feed 
salinity [11] 

Sulfate 
monitoring 

o More sensitive than 
conductivity monitoring [61] 

o Insensitive to minor 
membrane breaches [17] 

o Sensitivity depends on feed 
water quality [15] 

TOC monitoring o Improved detection limit of 
TOC monitoring devices 
improving resolution and 
sensitivity [11] 

o  

o Sensitivity depends on feed 
water quality [17] 

o Currently no correlation 
between TOC removal and 
virus removal 
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Method Advantages Disadvantages 

Particle counting 
methods 

o More sensitive than 
conductivity monitoring [10, 
15] 

o Simple procedures [13] 
o Can achieve high LRV in the 

case where feed particle 
loading is high [13] 

o Instrument resolution is 
insufficient for detection of 
particles smaller than 100 
nm [11, 13] 

o Sensitivity depends on feed 
water quality, and decreases 
when feed is pre-filtered via 
MF or UF [17] 

o More effective for LPM 
testing [13] 

o Insensitive to minor 
membrane  breaches in 
RO/NF [17] 

 

2.2.1 Indirect membrane integrity monitoring  

Online turbidity and particle counting are common indirect methods for membrane integrity 

monitoring.  These indirect methods, however, have inadequate resolution and sensitivity for 

monitoring membrane integrity in HPM systems with respect to virus removal. This deficiency 

stems from the difficulty of obtaining reliable concentration measurements of small particles at 

low particle number concentration using commercially available turbidity meters and particle 

counters. It has been reported that the use commercial laser particle counters for detecting 

particles in the range of 1-2 µm in RO permeate only enabled indirect MIM with low sensitivity 

of 1-2 LRV, given the small concentration of particles in the RO feed (<10 particles/ml) [10, 15]. 

The use of commercial laser diffraction particle counters to detect the passage of submicron 

particles (in the range 0.5-1 µm) through various RO membranes has also been investigated 

using an experimental setup shown in Figure 2-7 [13]; LRV in the range of 1.67-6.30 were 

demonstrated, but high particle loading in the feed (3-5.6 x103 particles/ml) was required. Other 
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particle counting approaches and procedures for MIM have also been reported, but at relatively 

low success level was achieved for HPM compared to LPM applications [12, 17].  

 

Figure 2-7. An example of experimental setup for MIM via particle counting methods [13] 

 

Online monitoring of conductivity is also commonly used as an indirect MIM method [11, 

20]. While conductivity measurements can demonstrate have high resolution for membrane 

breach detection in LPM processes, the sensitivity of these measurements is relatively low for 

HPM processes due to the low level of salinity expected in HPM permeate stream. 

Notwithstanding, conductivity measurements were tested for gross indication of membrane 

integrity failure in RO systems. For example, in a study conducted by Adham et al. [11] with RO 

elements with compromised O-rings, there was a small but detectable change in permeate 

conductivity, despite low measured LRV of 2 for the initial intact membrane elements. An 

extension of the MIM approach via conductivity measurements is conductivity probing, wherein 
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multiple conductivity probes are axially distributed along the inside of the RO permeate tubes of 

a series of RO elements [10, 11, 15]. The conductivity profile, along the axial direction, provides 

a means for isolating potential areas of significant membrane integrity failure [10, 11, 15]. 

Indirect MIM via monitoring of sulfate or TOC concentrations in the RO permeate have also 

been considered. It has been reported that sulfate concentration measurements provide sensitivity 

of up to 3 LRV [10, 15, 61]. TOC measurements can provide sensitivities of up to 4 LRV [11, 

12, 15, 17], facilitated by improved technology in TOC analysis instruments with detection limits 

as low as approximately 0.03 µg/L [15]. However, the sensitivity of indirect MIM via TOC or 

sulfate measurements for MIM is highly dependent on the TOC or sulfate concentrations in the 

RO feed, and is therefore unreliable for a wide range of feed water qualities 

In recent years, there has been a growing interest in the monitoring of natural fluorescence in 

RO feed and permeate streams as an indirect RO MIM method. For example, in the recent 

studies [62, 63], RO feed and permeate streams were characterized using three-dimensional 

excitation-emission matrix (EEM) fluorescence spectroscopy whereby a wide spectrum of 

natural fluorescence signals (e.g. from dissolved organic matters, DOM) was monitored from the 

RO feed and permeate streams with the corresponding rejection of each peak quantified. The 

above method has the capability of detecting subtle changes in RO permeate composition and 

demonstrating only up to 3 LRV of DOM. However, the above approach may be impractical to 

be implemented as a real-time MIM method in water treatment facilities due to: (a) the method’s 

dependence on RO feed water composition whereby naturally fluorescing compounds are 

required in sufficiently high concentrations, (b) changes in marker passage through a membrane 

may be due to dynamic changes (or fluctuations) in RO operating conditions which may result in 
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changes in rejection and thus false conclusions regarding the presence or absence of a membrane 

breach, especially at LRV in the range of 3-4,  and (c) high equipment cost.  

Overall, the main disadvantages of indirect MIM methods are their dependence on RO/NF 

feed water quality and on membrane system operating conditions. Significant variability in 

aggregate MIM measures (e.g., conductivity, natural fluorescence signals) can often be the result 

of natural variations in RO feed water quality and permeate flux and not related to the occurrence 

of a membrane breach. Therefore, such methods are not reliable for online monitoring of virus 

removal. 

2.2.2 Direct membrane integrity monitoring via pressure-based methods 

Pressure-based integrity testing methods are typically used to evaluate the integrity of 

membrane elements prior to their installation in membrane plants. Pressure-based methods 

consist of either pressure or vacuum tests, the former of being more widely used for MF and UF 

applications [15, 18]. Pressure testing typically involves pressurizing the permeate side of the 

membrane element and monitoring pressure loss over time. Some success in detecting breaches 

has been reported with this method; however, its disadvantages are the requirement of membrane 

draining and the potential for membrane damage (e.g., delamination of membrane active layer) 

due to pressurization of the permeate side [17, 19].  

 

Figure 2-8. Schematic of vacuum-hold test for an RO membrane element [15] 
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Vacuum testing has been reported as an effective method for LPM and HPM integrity testing 

[10, 11, 61, 64, 65]. Standard ASTM procedures have been established for this method based on 

the general setup shown in Figure 2-8. The general procedures of the vacuum testing involve first 

soaking the RO membrane in permeate water, draining the membrane element, then sealing the 

permeate tube. The membrane element is then evacuated to a specified limit by connecting the 

permeate tube to a vacuum pump. The permeate tube is then isolated from the vacuum pump 

(i.e., using a valve) and the vacuum decay is monitored using a vacuum gauge. Vacuum testing 

reveals integrity failure via the increased rate of vacuum decay. Vacuum-decay testing results 

have been correlated to a reasonable degree with LRV of biological markers such as the MS2 

bacteriophage [12]. Vacuum testing, while useful for testing the integrity of new membranes (i.e., 

prior to plant installation) is impractical for online integrity testing of HPM processes as frequent 

vacuum testing would be disruptive to the membrane plant operation. Moreover, frequent 

depressurization-pressurization cycles (i.e., during plant startup and shutdown) may potentially 

be damaging and may lead to membrane integrity failure.  

2.2.3 Direct membrane integrity monitoring via marker-based methods 

In contrast to the pressure-based methods, certain marker-based methods can, in principle, be 

used for real-time MIM [16, 20].  In marker-based testing, the feed stream is dosed with a 

biological or a non-biological marker in order to verify membrane integrity by quantifying the 

marker LRV, with the transport properties of the marker determining the resolution of the test. 

The sensitivity of marker-based methods depends on the instrument detection limit for the 

specific marker, which depends on fluorescent properties of the marker. Fluorescence 

spectroscopy, which can be employed for monitoring fluorescent-tagged non-biological markers 

[20] as well as biological markers [47], is particularly attractive given the availability of 
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instruments for real-time detection and monitoring of certain fluorescent chemicals to parts-per-

billion levels. This above approach also requires a sufficiently sensitive marker detection method 

with a marker that is non-toxic, non-fouling, and of reasonable cost for online monitoring [20]. 

Potential fluorescent markers for direct MIT in HPM systems include fluorescent-tagged 

bacteriophages, nanoparticles, molecular dyes and macromolecules [16, 17, 20]. 

2.2.3.1 Bacteriophage 

Bacteriophages (phages) are defined as viruses which infect bacteria. They consist of a 

nucleic acid molecule (genome) surrounded by a protein coating (capsid). Some phages also 

contain lipids and additional structures, such as tails and spikes [23]. Phages have been used as 

surrogates for enteric viruses in biological and medical research since they share many 

fundamental properties (structure, morphology, size, chemical composition and surface 

properties) with enteric viruses [23], and they can be easily and rapidly cultivated in laboratories 

[66]. In recent years, the development of fluorescent-tagged phages, which are labeled with 

molecular dyes, such as rhodamine-B, FITC and fluorescein, etc. [45], have enabled the use of 

phages as surrogates to assess the transport behavior, survival, and removal of enteric viruses in 

aquatic systems [8, 45, 67]. Fluorescent-tagged phages can be monitored and quantified with 

online fluorescent spectrometers, which require simpler sample handling compared to the 

traditional plaque counting technique [45].  

Phages have been used as biological surrogates to evaluate the efficiency of membrane 

rejection of viruses, to characterize membrane pore-size distribution, and to detect membrane 

imperfections [16]. Commonly-used phages in water treatment applications include MS2 

bacteriophages, PRD1 bacteriophages, QB coliphages and T4 coliphages [8, 16, 21, 67, 68]. 

Previous studies have shown that high LRV of phages can be obtained in RO/NF membrane 
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systems. For example, for cellulose acetate NF membranes, LRV of 4.5 was reported for MS-2 

bacteriophages [21]. It was also suggested that the low LRV for phages is a suitable indicator of 

the presence of abnormally large pores [67, 69] and micron-size breaches [16] in RO/NF 

membrane systems. For example, the use of MS2 phage surrogates for RO integrity testing [8] 

was demonstrated with induced pinholes down to 11 µm in size. The LRV for these 

compromised membranes decreased initially down to LRV of 3.0-3.6 but increased significantly 

over time to greater than LRV of 6; this behavior was attributed to clogging of the pinholes [8]. 

The results of the above study suggest that the use of MS2 bacteriophages may not be feasible 

over extended periods given the potential for pinhole blockage or fouling. 

The disadvantages of using phages as virus surrogates for testing of membrane integrity are 

primarily due to their biological nature. Phages can undergo biological inactivation and also 

grow in water systems [70]; therefore, the size and number concentration of phages can change 

during their use in membrane integrity testing. The survival and transport behavior of phages are 

also influenced by a number of factors, such as the presence of organic matter, UV and visible 

light, temperature, pH, concentration and types of ions in water and metabolic activities of other 

microorganisms [23]. Other disadvantages of using phages include their extensive preparation 

for integrity testing [16] and lack of methods for their recovery from water [23], thereby limiting 

their application to pilot scale or small system studies.  

2.2.3.2 Fluorescent-tagged nanoparticles 

Nanoparticles are defined as particles with at least one dimension in the range of 1 to 100 

nm. The exceptionally high surface area per volume and unique quantum properties of 

nanoparticles (NPs), defined in the size range of 1-100 nm, distinguishes their physicochemical 

properties and functionalities from those of bulk particles [71]. In recent years, the use of NPs 
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has increased in a wide array of products and processes. Their applications include, 

pharmaceuticals and medicine, catalysts, energy storage, composites, water purification, 

pollution reduction and detection, and development of new materials [72-74]. Due to their size 

and surface charge similarities to enteric viruses and the recent development of fluorescent-

tagged NPs [16, 47, 73], it has been suggested that NPs can potentially serve as surrogates for 

enteric viruses in membrane integrity monitoring [47].  

Currently-developed fluorescent-tagged NPs include, for example, gold (Au) [75], silver 

(Ag) [76], copper (Cu) [76], silica (Si) [48, 49, 77], and polystyrene microspheres [16]. These 

NPs can be synthesized to encapsulate fluorescent dye molecules, providing a highly amplified 

signal for fluorescence measurements [77] and fluorescent intensity that is not affected by visible 

or UV light [49].  In addition, the surface properties of NPs, such as surface charge and 

hydrophobicity, can be controlled by introducing various functional groups and bio-conjugates in 

accordance with their intended applications. For example, amine-modified polystyrene 

microspheres can be used as surrogates for cationic particulates, and antibody-bioconjugated 

silica NPs can be used as surrogates for bacteria [77].  

In general, dispersing NPs in an aqueous suspension is a challenging task since they tend to 

form aggregates that are much larger than their primary sizes [50, 78, 79]. The size distribution 

of NP aggregates is significantly influenced by their surface charge, pH, temperature, ionic 

strength, and chemical composition of the water source [78, 79]. Therefore, special expertise and 

handling are required for the preparation and storage of stable aqueous NP suspensions. It is 

noted that concerns regarding the potential toxicity [25, 80-82], of NPs, their limited commercial 

availability and high cost could be significant hurdles to their acceptability as surrogates for 

MIM. Notwithstanding, fluorescent-tagged polystyrene (PS) microspheres and gold NPs are 
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currently employed as tracers in aquatic systems since they are nontoxic, commercially available, 

and exhibit high stability in water [24, 83]. Gold NPs can be detected on-line by both 

spectroscopic methods and anodic stripping voltammetry [47]. Gitis et al [47], for example, 

demonstrated the potential use of gold NPs as a non-biological marker for UF integrity testing. 

LRV of up to approximately 4.5 (for initial NP concentration of 5.2 mg/L) was measured for 

gold NPs in uncompromised cellulose ester (molecular weight cutoff (MWCO): 20 kDa) and 

cellulose acetate (MWCO 10 kDa) UF membranes. Although the use of fluorescent-tagged NP  

tracers in water research has been limited, the use of such particles for limited membrane 

integrity testing may be possible provided that low cost non-toxic particles are utilized and that 

membrane fouling problems are first overcome [84]. 

Fluorescent-tagged polystyrene (PS) microspheres have been suggested as possible tracers 

[16, 85] for assessing the integrity of both low-pressure and high-pressure membranes, with 

respect to virus passage, since they allow determination of concentration of microspheres as low 

as 50 ng/L by spectrofluoremeters [16]. It has been reported that the presence of micron-sized 

membrane holes that allow the passage of viruses can be correlated to the decrease in the LRV of 

the PS microspheres. For example, MIM carried out by injection of 24-nm carboxylated-

modified polystyrene microspheres to the RO resulted in LRV of approximately 4 for intact 

membranes, whereas a LRV of only 2.1 was obtained by membranes with 400-micron pinholes 

[16]. These LRVs were in agreement with the LRVs obtained using MS2 as virus surrogate. 

Despite the relative success with fluorescent-tagged gold NPs and polystyrene microspheres, 

they their potential use for full-scale integrity testing may be limited given their high cost (in the 

approximate range of $45-$120/mL) and potential for membrane fouling.  
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2.2.3.3 Fluorescent-tagged macromolecules 

Commercially available fluorescent-tagged macromolecules include, for example, FITC-

dextran, TRITC-dextran, rhodamine-B-dextran, fluorescein-PEG, rhodamine-B-PEG and FITC-

inulin [53-56]. The introduction of fluorescent-tagged macromolecules, such as 

fluoresceinisothiocyanato-dextran (FITC-dextran) and tetramethylrhodamine-isothiocyanate-

dextran (TRITC-dextran) promoted increased use of macromolecules as tracers in biological 

applications since they are easily detected via fluorescence microscopy [53-56]. The applicability 

of such tracers for membrane integrity monitoring would require evaluation of membrane-

macromolecular tracer interactions, membrane passage and fouling potential.  

2.2.3.4 Fluorescent Molecular Markers 

For more than a century, molecular dyes have been utilized as markers (tracers) to provide 

information about the hydrological cycle as well as flow and transport processes in water 

systems [86]. The development of fluorescent dyes has allowed molecular dyes to be used 

effectively as markers since they are readily detectable using fluorometric techniques [57]. 

Fluorescent molecular markers are generally inexpensive, and therefore they can be cost 

effective for full-scale applications. The most commonly used fluorescent molecular markers for 

tracing studies in water systems and their fluorescent properties and aqueous solubility in water 

are summarized in Table 2-2. 
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Table 2-2: Commonly-used fluorescent molecular markers in water systems [87, 88]. 

Fluorescent Dyes Ex/Em(a)  
(nm)    

Chemical Formula Molecular 
Weight 

Solubility in 
Water 
(mg/mL) 

Rhodamine WT 554/580 C29H29N2NaO5 480.55 very soluble 

Rhodamine B 554/576 C28H31ClN2O3 479.02 50 

Rhodamine 6G 526/552 C28H31ClN2O3 497.02 20 

Sulforhodamine B 554/576 C27H29N2NaO7S2 580.65 10 

Amidorhodamine G 530/551 C25H25N2NaO7S2 552.59 very soluble 

Fluorescein 490/520 C20H12O5 332.31 0.3 

Uranine 491/512 C20H10Na2O5 376.28 40 

Eosin B 516/538 C20H6Br4Na2O5 691.88 40 

Pyranine 455/512 C16H7Na3O10S3 524.39 178 

Tinopal CBS-X 346/435 C28H20Na2O6S2 562.57 25 

Erythrosine 525/547 C20H6I4Na2O5 879.87 20 

Sodium naphtionate 320/430 C10H8NNaO3S 245.23 240 

Lanaperl fast yellow 469/508 C25H2ON5NaO6S2 549.55 very soluble 

Lissamine FF 432/508 C19H13N2NaO5S 404.38 40 

Bengal rose 518/535 C20H2Cl4I4Na2O5 1017.67 100 
Fluorescent 
brightener 28 349/430 C40H42N12Na2O10S2 960.96 very soluble 

(a) Ex/Em: Wavenumbers for fluorescence excitation (Ex) and emission (Em) peaks. 

Fluorescent molecular markers for use in water treatment should be readily water soluble, 

adequately stable, detectable at low concentration, non-toxic, biocompatible, environmentally 

friendly, and readily obtainable [58, 89]. Such markers should not undergo chemical reactions 

with the membrane material nor adsorb onto the membrane surface. Given the above criteria, the 

toxicity of fluorescent molecular markers and their fluorescent properties were reviewed, with a 

focus on dyes that could be of interest for the present study, with the pertinent information is 

summarized below:  

a) Toxicological effects. Behran et al [24] assessed the toxicity impact of 17 fluorescent 

markers. It was reported that uranine, eosin, amirhorhodamine, sodium napthionate, 

tinopal and pyranine showed no genotoxicity or ecotoxicity. Rhodamine WT was 
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reported to be genotoxic at high concentrations and exposure time, sulpho-rhodamine B 

was deemed ecologically unsafe, and rhodamine B was assessed as both ecotoxic and 

genotoxic [24]. 

b) pH dependency. The intensity of most fluorescent markers in aqueous systems is affected 

by pH. In most cases, fluorescent intensity is affected mostly at acidic pH. For example, 

the fluorescent intensities of rhodamine B and rhodamine WT, amino G acid, and 

fluorescein were reported to decrease significantly below pH of 5, 6, and 6.5 respectively 

[59]. Some dyes, such as eosin and amicorhodamine G, are only mildly affected by pH. It 

has also been reported that the excitation wavelengths can also be impacted by pH. For 

example, excitation wavenumbers for uranine were reported at  491 nm and  438 nm 

above and below pH 5, respectively [88].  

c) Salinity dependency. The effect of salinity on fluorescent intensity is usually marginal 

for most fluorescent makrers [59, 86]. For certain dyes, however, large changes in 

salinity may affect fluorescent intensity. For example, it was shown that the fluorescent 

intensity of uranine remained unaffected up to salinity of 100 g/L, while that of eosin 

decreased significantly (e.g., by up to  approximately 60%) for the same salinity range 

[86].  

d) Temperature dependency. In general, fluorescent intensity of molecular markers 

decreases with increasing temperature. For example, a 16°C increase in temperature 

(from 10 to 26°C) was reported to lead to 35% fluorescence intensity decrease for 

rhodamine B [59].  
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e) Photochemical decay. Exposure to light of certain intensity and wavelength (e.g., UV 

light) may cause some fluorescent molecular markers to break down, leading to decay of 

fluorescence intensity. High decay rates, for example, have been reported for eosin, 

fluorescein and pyranine [59, 88].  

Some fluorescent molecular markers have been used for continuous, real-time MIM in HPM 

systems. For example, blended antiscalant formulations consisting of antiscalant polymers and 

fluorescent molecular markers have been used for real-time monitoring and control of antiscalant 

dosage in RO desalination, such as Nalco’s antiscalants with a proprietary tracer [90]. A study at 

a Southern California water reclamation facility reported limited test results with a propriety 

NALCO tracer (i.e., TRASARTM)  monitoring of RO membrane integrity [15].  The potential use 

of Rhodamine WT (R-wt) as a practical molecular marker for RO and NF membrane integrity 

testing has also been previously demonstrated (e.g., [8, 16, 20]) and ASTM recognized [19]. 

Despite previous reports of the potential suitability of using fluorescent molecular markers for 

membrane integrity monitoring, the use of R-wt for continuous, real-time RO and NF membrane 

integrity monitoring for virus removal have not been established for HPM systems. A 

comparison of the effectiveness of different markers (MS2 bacteriophage, R-wt, microspheres), 

as well as simple conductivity testing, for RO and NF  membrane integrity monitoring was 

reported by Kitis et al [19].The LRV of R-WT correlated well with that of MS2, with LRV for 

R-wt being lower due to the greater molecular marker passage through the RO membrane (by 

solution-diffusion mechanism). However it is noted that the marker concentrations in the above 

studies were measured by taking grab samples, not by real-time monitoring. 
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Chapter 3. Selection of Fluorescent Molecular Marker  

3.1 Introduction 

A fluorescent molecular marker used for the marker-based MIM approach must be nontoxic, 

commercially available, and economically feasible for long-term use. Additionally, the marker 

must have specific attributes that allow for high-sensitivity detection in RO feed and permeate 

streams. In particular, the marker must exhibit high fluorescence intensity, allow low detection at 

low concentration (ppb-level), and have sufficiently high tolerance to pH and chlorine conditions 

that are expected in RO processes. Accordingly, initial screening was first conducted based on a 

literature review of fluorescent molecular markers that are typically used in hydrological 

applications (Appendix C). The candidate markers that were selected from the initial screening 

include fluorescein, uranine, ecosin B, lissamine green B, and rhodamine-WT. Subsequently, the 

candidate markers were experimentally evaluated for their compatibility for use in RO processes. 

The compatibility tests involved evaluating the emission fluorescence spectra at the markers’ 

optimum excitation wavelength, assessing a relationship between the markers’ concentrations 

and their peak fluorescence intensities, and evaluating the effects of pH and chlorine on the 

fluorescence signal stability. Once a candidate marker was selected, the minimum detection limit 

as well as the fluorescence intensity-concentration calibration of the selected marker were 

established.  

3.2 Experimental 

3.2.1 Materials and reagents 

Five types of commercially available fluorescent molecular markers were selected after 

initial screening of over 20 markers (Appendix C). Fluorescein (C20H12O5), uranine 
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(C20H12Na2O5), eosin B (C20H6Br4Na2O5) and lissamine Green B (C27H25N2NaO7S2) were 

obtained from Fisher Scientific (Pittsburgh, PA) in a powder form. Rhodamine-WT 

(C29H29N2O5Na2Cl) was obtained from Keystone Aniline Corp. (Chicago, IL) in the form of a 20 

% by weight aqueous solution. The marker solutions were prepared by dispersing a 

predetermined mass or volume in ultra-pure deionized water (conductivity of 0.18 µS) obtained 

via filtering distilled water through a Milli-Q water system (Millipore Corp., San Jose, CA). The 

impact of pH on fluorescence signal stability for the markers was assessed by adjusting the 

marker solution pH with 0.1 M HCl (Fisher Scientific, Pittsburgh, PA) and 0.1 M NaOH (Sigma-

Aldrich, St.Louis, MO). In addition, the effect of chlorine on fluorescence signal was evaluated 

using NaOCl solution (with 5% available chlorine) obtained from Fisher Scientific (Pittsburgh, 

PA).  

3.2.2 Fluorescence marker detection system 

A spectroflurometer system was utilized for evaluating the fluorescence spectra of the 

candidate markers. The spectroflurometer system (Figure 3-1) consisted of a pulsed xenon light 

source (Ocean Optics Inc., Dunedine, Fl, PX-2 model), a spectrometer (Maya 2000 Pro model), a 

fluorescence flow cell (FIA-SMA-FL-ULT model), and a monochromator (MonoScan 2000 

model). The light emitted from the xenon light source (in the range of 300-750 nm) entered the 

monochromator where a narrow band of desired wavelengths was selected from the input light. 

The light at the selected excitation wavelength then entered the fluorescence flow cell, where the 

marker solution was allowed to flow through. The emission light from the fluorescent marker 

solution then entered a spectrometer, which was integrated with Ocean Optics’ SpectraSuite 

software for quantification of fluorescence spectra (see Appendix B.1). It should be noted that 
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the monochromator was used to vary the light wavelength from the light source, thereby 

enabling the assessments of the appropriate excitation wavelength of the selected markers. 

Once the most suitable marker was selected for testing of the marker-based approach, the 

spectrofluorometer system was upgraded in order to optimize the marker detection sensitivity. 

Accordingly, the pulsed xenon light source and the monochromater were replaced with an LED 

light source (selected based on the optimum excitation wavelength of the selected fluorescent 

marker) coupled with optical filters (both on the excitation and emission sides) in order to 

increase light intensity for over a narrow length of wavelengths and to further sharpen the 

excitation and emission spectra. The upgraded spectrofluorometer system is shown in Figure 3-2. 

 

 

Figure 3-1. Diagram of the spectrofluorometer system with the pulsed xenon light source and 

the monochromator. 
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Figure 3-2. Diagram of the spectrofluorometer system with the LED light source and the 

optical filters. The LED light source and the optical filters were selected based on the optimum 

excitation and emission wavelengths of the successful marker candidate. 

 

3.3 Results and Discussion 

3.3.1 Impact of excitation wavelength on fluorescence spectra 

In order to achieve high sensitivity detection of the fluorescent molecular markers, it is 

imperative to utilize the excitation wavelength that will result in optimum peak fluorescence 

intensity. Accordingly, the fluorescence spectra of each candidate marker were obtained over a 

wide range of excitation wavelengths using the spectrofluorometer system with the 

monochromator for wavelength selection (Figure 3-1).  It is apparent in the fluorescence spectra 

of 1 ppm of uranine (Figure 3-3) that the excitation wavelength has a measurable impact on the 

fluorescence intensity; even a small difference in the excitation wavelength (~ 10 nm) would 

result in a significant (as high as 125%) difference in the peak fluorescence intensity of uranine. 
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The changes in the fluorescence intensity with the excitation wavelength were also observed for 

the other candidate markers. Therefore, high-sensitivity marker detection can be achieved by 

utilizing the excitation wavelength that would result in the highest emission peak fluorescence 

intensity. The optimum excitation and the corresponding emission wavelengths of all five 

candidate markers are summarized in Table 3-1. It should be noted that the presence of the 

excitation peak in the spectral graph (e.g., Figure 3-3) was a result of scattered excitation light 

into the spectrometer. The presence of the excitation peak, however, did not interfere with the 

fluorescence measurements since the separation between the excitation and emission peaks were 

sufficiently large for the candidate markers. Once the final candidate marker was selected, an 

optical filter (at the marker optimum emission wavelength) would be added to the emission side 

of the spectrofluorometer system in order to eliminate the scattered excitation light and thus 

produce a narrow emission spectrum for the selected marker.  

 

Figure 3-3. Impact of the excitation wavelength on the emission spectra of 1 ppm uranine 

solution. Note that fluorescence measurements were carried out using the spectrofluorometer 

system with the pulsed xenon light source in combination with the monochromator (Figure 3-1)  
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Table 3-1: Optimum fluorescence excitation and emission wavelengths for the candidate 

markers 

Marker Optimum 
excitation/emission 
wavelength (nm) 

Rhodamine-WT 530/580 

Uranine 485/520 

Fluorescein 485/510 

Eosin 485/534 

Lissamine Green B 422/480 

 

3.3.2 Impact of marker concentration on fluorescence intensity 

The sensitivity of the marker-based MIM approach depends, in part, on the marker detection 

resolution at low marker concentrations (ppb-level) that would be expected in RO permeate 

stream. Accordingly, the impact of the candidate markers’ concentration on fluorescence 

intensities was evaluated (at the optimum excitation/emission wavelengths of each marker) for 

marker concentrations ranging from 0.01-2.5 ppm. As shown in Figure 3-4, the peak 

fluorescence intensities of fluorescein, uranine, eosin, and rhodamine-WT increased linearly with 

the marker concentration. This trend is particularly pronounced for uranine as suggested by a 

slope of uranine concentration-fluorescence intensity correlation, which is ~3 to 12 times higher 

than the slopes of the concentration-fluorescence intensity correlation of the other candidate 

markers. The above results suggested that for the low (ppb-level) marker concentrations, uranine 

concentration can be quantified at a much higher measurement resolution compared to the other 

candidate markers. Additionally, it is important to note that a correlation between the 

concentration of lissamine green B and the peak fluorescence intensity could not be established. 
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As the concentration of lissamine green B solution increased from 0.01 to 2.5 ppm, there was 

only a marginal increase (<10%) in peak fluorescence intensity. Therefore, lissamine green B 

was not utilized for subsequent testing. 

 

Figure 3-4. Impact of marker concentration on fluorescence intensity of the candidate 

markers. Note that fluorescence measurements were carried out at the optimum excitation 

wavelength for each marker using the spectrofluorometer system with the pulsed xenon light 

source in combination with the monochromator (Figure 3-1). 

 

3.3.3 Impact of pH and chlorine on fluorescence intensity 

Since the accuracy of the marker-based approach depends on the marker concentration in the 

RO feed and permeate streams, it is important to select a marker that has sufficiently high 

tolerance to pH and chlorine conditions that are expected in RO processes. The results in Figure 

3-5 demonstrated that fluorescence signals of fluorescein and eosin were affected by the solution 

pH. For example, the differences in the peak fluorescence intensities at pH 6 and 8 were as high 
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as 60% and 42% for fluorescein and eosin, respectively. Interestingly, the fluorescence signals of 

both rhodamine-WT and uranine were relatively stable under the pH range tested (pH 6-8).  

As has been suggested in previous studies [88], the presence of strong oxidizing agents, such 

as chlorine, in water can potentially lower the fluorescence intensities of molecular markers.  As 

shown in Figure 3-6, the presence of NaOCl (at a concentration as low as 2.5 ppm) in the marker 

solutions had a measurable impact on the emission fluorescence signals of fluorescein, 

rhodamine-WT, and eosin. In the presence of 2.5 ppm of chlorine, 64%, 58%, and 33% decrease 

in peak fluorescence intensities were observed for fluorescein, rhodamine-WT and eosin, 

respectively. In contrast, there was only a marginal decrease (~6%) in the peak fluorescence 

intensity of uranine under the range of chlorine concentrations tested (2.5-5 ppm). 

 

Figure 3-5. Impact of solution pH on the fluorescence intensity of the candidate markers. 

Note that the marker solution concentration was 1 ppm. Fluorescence measurements were carried 

out at the optimum excitation wavelength of each marker using the spectrofluorometer system 

with the pulsed xenon light source in combination with the monochromator (Figure 3-1) 
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Figure 3-6. Impact of chlorine on the fluorescence intensity of the candidate markers. Note 

that the marker solution concentration was 1 ppm. Fluorescence measurements were carried out 

at the optimum excitation wavelength of each marker using the spectrofluorometer system with 

the pulsed xenon light source in combination with the monochromator (Figure 3-1) 

 

3.3.4 Detection limit of the selected marker 

Based on the results (presented in Sections 3.3.1-3.3.4), uranine was selected for real-time 

and high-sensitivity MIM. Among the five candidate markers, uranine exhibited high 

fluorescence intensity, allowed low detection at low concentration (ppb-level), and demonstrated 

relatively stable fluorescence signal at typical RO process pH and chlorine concentrations. In 

order to optimize uranine detection sensitivity, the spectroflurometer system was upgraded with 

the LED light source and the optical filters designed specifically for the optimum excitation and 

emission wavelengths of uranine (Figure 3-2). Such combination of the LED light source and the 

excitation and emission filters allowed high-sensitivity detection of uranine to as low as 0.2 ppb. 

As shown in Figure 3-7a and b, the fluorescence intensity-concentration correlations were 
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established for high (ppm-level) and low (ppb-level) uranine concentration ranges that would be 

expected in the RO feed and permeate, respectively. It is noted that the above detection limit was 

based on the 99% confidence interval limits of the background peak fluorescence intensities, 

which were determined using the intercept values and the linear regression statistics of the 

calibration lines shown in Figures 3-7b. 

 

 

Figure 3-7. Fluorescence intensity-concentration calibrations for uranine in water for (a) low 

concentration of uranine (ppb-level), and (b) high concentration of uranine (ppm-level). Note 

that fluorescence measurements were carried out using the spectrofluorometer system with the 

LED light source integrated with the optical filters (Figure 3-2) 
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3.4 Conclusion 

The suitability of the candidate fluorescent molecular markers (uranine, fluorescein, eosin, 

lissamine green B, and rhodamine-WT) for use in marker-based MIM was assessed based on 

their fluorescence signals in water. It was demonstrated that uranine was the most suitable 

marker for MIM since it exhibited strong fluorescence intensity at low marker concentration 

(ppb-level), as well as demonstrated sufficiently high tolerance to pH and chlorine conditions 

that are expected in RO processes. Accordingly, uranine was selected for subsequent 

development and testing of the PM-MIM approach.  
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Chapter 4. Pulsed Marker Method for Real-Time Detection of Reverse Osmosis 

Membrane Integrity Loss 

4.1 Introduction 

Marker-based methods have received increased attention for RO MIM since they can be 

deployed in real-time using a wide-array of possible markers to provide detection at trace levels 

[5]. Existing marker-based approaches have been restricted to injecting a solution containing a 

flurorescent marker of low concentration at a fixed and constant dosage rate into the RO feed 

stream, measuring marker concentration in the RO permeate stream in real-time or offline, and 

subsequently quantifying marker LRV (based on steady-state measurements) for the membrane 

[5]. While the above approaches have demonstrated greater than 99.99% marker rejection for 

testing with R-wt for commercial intact RO membranes [5, 58, 59, 86, 89], there was only a 

marginal and unsystematic change (both increase and decrease) in the rejection of R-wt in 

response to integrity breaches in these RO membranes. In addition, correlating marker LRV with 

membrane breach characteristics (e.g. size) is critical to assessing passage of pathogens to the 

permeate stream; however, previous studies have not demonstrated such capability. While the 

marker-based methods have potential for sensitive and real-time monitoring of fluorescent 

molecular marker rejection in RO processes, a framework for marker-based method that 

demonstrates membrane breach detection is yet to be established. 

Increased acceptance of RO membrane processes for indirect and potentially direct reuse 

applications would clearly benefit from effective real-time RO MIM. Accordingly, this chapter 

introduces a real-time RO MIM and explores its feasibility via experiments using a bench scale 

plate-and-frame RO (PFRO) system with intact and compromised RO membrane (induced 



51 

mechanically). The approach is based on pulsed injection of a low-cost non-toxic molecular 

fluorescent marker into the RO feed stream with continuous monitoring of the marker 

concentration in the RO permeate stream. The controlled momentary increase in marker feed 

concentration (from pulse dosing) facilitates a high level of detection (in the RO permeate) while 

reducing the amount of marker used for MIM. Marker response, which is analyzed via 

fundamental models of membrane transport, as well as via quantification of marker rejection (in 

term of marker log removal value, LRV), enables membrane breach detection and estimation of 

breach severity.  

4.2 Experimental 

4.2.1 Materials and reagents 

A molecular fluorescent marker, uranine (C20H12Na2O5), which is commercially available, 

inexpensive, and nontoxic [24, 59] (Appendix C), was selected for the development of the pulsed 

marker approach. Laboratory evaluations revealed a strong uranine fluorescence signal at 

excitation and emission wavelengths of 490 and 530 nm, respectively. Uranine fluorescence 

intensity was stable at typical RO process pH operating range (pH 6-8) and at brackish water 

salinity (tested up to ~5,000 mg/L NaCl), and demonstrated a high level of chlorine tolerance 

(i.e. at 1-4 mg/L free chlorine) (Appendix C). Uranine stock solutions were prepared from 

reagent-grade uranine powder (Fisher Scientific, Pittsburgh, PA) dissolved in ultra-pure 

deionized water from a Milli-Q water purification system (Millipore Corp., San Jose, CA). Salt 

rejection was evaluated with 1,000 mg/L aqueous sodium chloride (NaCl) solution prepared 

using ultra-pure deionized water and reagent-grade NaCl powder (Fisher Scientific, Pittsburgh, 

PA). The MIM approach was then carried out with a low salinity potable water source (TDS of 



52 

265 mg/L, TOC of 1.7 mg/L, and total hardness of 113 mg/L as CaCO3, Appendix A.1), in order 

to avoid the challenge of concentrate disposal in the laboratory setting.  

4.2.2 Plate-and-frame reverse osmosis (PFRO) System 

A plate-and-frame RO (PFRO) system (Figure 4-1) [91], along with a marker injection 

system and fluorescent detector (Figure 3-2), were employed to evaluate the feasibility of the 

pulsed marker approach for membrane breach detection. The PFRO cell had flow channel 

dimensions of 2.81 cm (width) x 7.7 cm (length) x 0.25 cm (height) with an active membrane 

area of 21.6 cm2. Two types of flat-sheet commercial polyamide RO membranes were tested: an 

ESPA2 RO membrane (Hydranautics, Oceanside, CA), typically used for seawater desalination, 

with reported average permeability of 4.63 LMH/bar and observed salt rejection of 98.5% (for 

1,000 mg/L NaCl feed solution), and a XLE-2540 RO membrane (Dow Filmtec, Edina, MN), 

typically used for brackish water desalination, having average permeability of 5.14 LMH/bar and 

observed salt rejection of 97.6% (for 1,000 mg/L NaCl feed solution). Cartridge filters (0.2 and 5 

µm pore size) (Keystone Filter, Telford, PA) and a 5 µm carbon filter (Pentek, Greenville, SC) 

were installed in the feed stream, prior to the marker dosing location, in order to remove 

suspended particulates and free chlorine from the RO feed water. Water was fed to the PFRO 

membrane channel using a high pressure pump (Hydra-cell D/G-03, Wanner Engineering Inc., 

Minneapolis, MN). The desired flow rate was set by adjusting the pump variable frequency drive 

(VFD), bypass and backpressure valves. Feed and permeate flow rates were monitored using 

digital flow meters (Flowcal 5000, Tovatech, South Orange, NJ, and S-112, Georgetown, TX, 

respectively), and feed pressure was monitored with a digital gauge pressure (PGP-25B-300, 

Omega, Stamford, CT). The PFRO system was operated in a single-pass mode at RO feed flow 

rate of 1 L/min (cross-flow velocity of ~0.18 m/s (equivalent Reynolds number of 450 based on 
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the channel height) at a target transmembrane pressure of ~689 kPa) using the procedures 

described in Appendix B.2.  

 

Figure 4-1. Plate-and-frame reverse osmosis (PFRO) system 

 

4.2.3 Fluorescence marker detection and injection 

The fluorescent marker detection system consisted of an LED light source (Ocean Optics 

Inc., Dunedin, FL, LLS-490 model), a spectrometer (Maya 2000 Pro model), fluorescence flow 

cell (FIA-SMA-FL-ULT model), and optical filters of 490±20 nm and 530±20 nm (OF2-GG490 

and OF2-GG530) wavelengths for excitation and emission, respectively (Figure 3-2). The RO 

permeate, which entered the spectrometer flow cell emitted light at intensity (at the prescribed 

wavelength) that was acquired every 500 ms and converted to marker concentration via a 

predetermined concentration-fluorescence intensity calibration. Uranine concentration detection 

limit with the present fluorescence detector was 0.2 parts per billion (ppb, µg/L).  

Prior to marker injection into the RO feed stream, the fluorescent background signal in the 

permeate stream was set once the RO system reached steady-state condition (i.e., no significant 
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fluctuation in the permeate flux). The marker solution was injected into the feed stream in pulse 

mode by a metering pump, DDA 7.5-16 model (Grundfos Pumps Corporation, Bjerringbro, 

Denmark), at dosing flow rate of up to 0.125 L/min against a backpressure of up to 100 kPa. The 

marker injection point was located just before the high pressure RO pumps.  

The required dosing flow rate, QD, of a marker feed solution of concentration CD, to achieve 

the target dosing marker concentration in the RO feed, CF, was determined from a marker mass 

balance around the injection point: 

      (4-1) 

where QF is the RO feed flow rate. Marker injection was set at a constant concentration (in the 

range of 20-40 mg/L) for a pulse duration of 60 seconds. Marker permeate concentration was 

monitored as a function of time, and sufficient time was allowed between individual runs (up to 

~ 30 min) to ensure return of the fluorescence signal to background level. The pulse duration (60 

s) was significantly greater than the hydraulic retention time in the PFRO cell (0.5 s); thus, the 

entire membrane surface was exposed to the injected marker solution during essentially the 

entire injection period.  

It is worth noting that given the physical length of the sampling tube from the membrane cell 

to the detector there was a measurable marker detection lag time (up to ~ 2.3 minutes), which 

was taken into account by a corresponding shift of the concentration-time profiles. The lag time 

was due to both the convective residence time and marker axial dispersion [92]. Given the 

experimental conditions (diffusivity of uranine = 5.14x10-10 m2/s, average permeate flow rate = 

1-1.5 cm/s, permeate tube radius = 0.08 cm, and permeate tube length = 7 cm), the axial Taylor 

dispersion coefficient [93] was in the range of 2.21x10-4 to 6.39x10-4 m2/s. Based on the classical 
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Taylor’s dispersion analysis [93] the marker detected temporal response (by the fluorescence 

detector) would be over a period of ~ 6-7 min. The lag time in marker detection and occurrence 

of dispersion (in the sampling tube), in the above approach (PM-MIM) to breach detection, 

depend on the operating conditions and are clearly system-dependent. Therefore, it is imperative 

that breach detection and characterization is accomplished by comparing marker response, for 

compromised and intact membranes, for a given system under the same system hydrodynamics 

(in both the RO plant and monitoring system), as well as marker feed concentration and pulse 

duration. 

4.2.4 Formation of membrane integrity breach 

Membrane integrity breach was induced by lightly tapping the membrane coupons with a tip 

of a hypodermic needle (1.6-mm in diameter). Pinholes of various sizes (0.3-1.2 µm2) were 

created about 4 cm away from the channel exit on the flat-sheet membrane coupon. The 0.3 µm2 

pinhole was created as a single pinhole, whereas the 0.6 and 1.2 µm2 pinholes represented the 

combined effect of 2 and 3 pinholes of approximately equal size, respectively. Membrane breach 

sizes were determined from images obtained using a high magnification reflectance optical 

microscope (Axio Hal 100 model, Carl Zeiss Microimaging, Thornwood, NY).  

It is postulated that the presence of membrane breaches can be identified by the PM-MIM 

method when decreased membrane marker rejection (expressed in term of marker LRV) is 

observed, due to an increase in convective transport of the marker through the membrane breach. 

Accordingly, the impact of membrane breach on the degree of marker convective transport 

through the membrane as well as marker LRV were examined as detailed in the subsequent 

sections. 
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4.2.5 Characterization of marker transport through RO membrane 

Solute flux across an RO membrane is typically described using the classical solution-

diffusion Kedem-Katchalsky model [29]: 

                           (4-2) 

where Jv is the total permeate flux, Cm and Cp are the marker concentrations (at a given time t) at 

the membrane surface and in the permeate stream, respectively, σ is the reflection coefficient, 

and B is the solute membrane permeability coefficient. A reflection coefficient below unity 

indicates the presence of convective solute transport, while it tends toward unity in the absence 

of cross-membrane convective solute transport (i.e., the case for highly solute rejecting 

membranes). For intact high rejection RO membrane, transport is expected to be primarily by 

solution-diffusion with negligible solute convective transport (i.e., σ→1). However, in the 

presence of a membrane breach, coupled convective transport of both water and marker through 

the breached area is expected to increase and this would be reflected by a decrease in the 

magnitude of the reflection coefficient. Accordingly, the reflection coefficient,σ, can be 

estimated from Equation 4-2 as 

    (4-3) 

In order to estimate the marker concentration at the membrane surface in Equation 4-3, in the 

laboratory PFRO system, the classical film model can be used [30] for concentration polarization 

(CP):  
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                                               (4-4) 

where Cb is the bulk concentration in the feed channel and kf is the marker feed-side mass 

transfer coefficient. In order to determine B, the observed marker rejection (Robs=1-Cp/Cf) is 

determined at varying permeate flux levels (at constant marker feed dose) and then analyzed via 

the following relationship [31]:  

                                          (4-5) 

whereby the LHS of Equation 4-5 is plotted versus Jv, for a given crossflow velocity, thereby 

allowing determination of both B and kf.  In the above analysis, Cm is assumed to be the same 

(over essentially the entire unbreached membrane area) for both an intact membrane and for 

membranes that are not excessively compromised (i.e., micron size breaches) as was the case in 

the present work. Accordingly, in order to evaluate the impact of membrane breach on the level 

of marker convective transport across the RO membrane, RO runs were carried out in a single-

pass mode with continuous RO feed dosing of 40 mg/L uranine. The baseline membrane 

performance was first established in term of marker transport parameter (B) through intact RO 

membrane (Equations 4-4 and 4-5). Using the marker B values and mass transfer coefficient for 

the system hydrodynamics, the required marker feed concentration for membrane breach 

detection was determined from Equation 4-3 with Cp representing the minimum detection limit 

of the marker detection system and where σ  was set to unity (i.e., negligible marker convective 

transport for the intact membrane). Lastly, the reflection coefficient of compromised RO 

membrane was determined via Equation 4-3.  
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4.2.6 Estimation of marker log removal value (LRV) 

Increased marker convective transport across an RO membrane would lead to higher marker 

permeate concentration (Equations 4-2 and 4-3) and as a consequence decreased marker LRV for 

a breached relative to intact RO membrane. Determinations of the LRV (i.e., LRV=log(Cf/Cp), 

where Cf is the solute feed concentration) is generally based on measurements of Cp and Cf under 

steady state operating conditions (at least over the monitoring period). However, in the PM-MIM 

approach, given pulse dosing of the feed with the marker, the marker concentrations along the 

membrane channels vary temporally. Therefore, one can relate the LRV to the marker passage 

through the RO membrane as given below, 

            (4-6) 

in which Qp and Qf are the volumetric permeate and feed flow rates, respectively, Mp and Mf are 

the solute mass portions that passed through the membrane and injected into the feed, 

respectively, and Y is the fractional water recovery. For pulsed injection, the fraction of the 

solute mass injected into the feed that has passed through the membrane (ω) can be determined 

from  

                     (4-7) 

where τ is the monitoring period. It is noted that in order to estimate the solute LRV, the 

integration in Equation 4-7 has to be performed over a sufficiently long period (τ) until the 

permeate concentration (in response to the marker pulse dose) is essentially non-detectable (i.e., 

just below the detection limit). 
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4.3 Results and Discussion 

4.3.1 Marker feed concentration for effective membrane integrity monitoring 

The presence of membrane integrity loss can be identified by comparing the membrane 

performance to the established baseline (i.e., intact membrane). Accordingly, the baseline 

membrane performance with respect to marker passage and rejection was first established using 

the intact ESPA2 and XLE-2540 membranes in the PFRO system. At a constant marker feed 

concentration of 40 mg/L, a linear regression was obtained (R2=0.993-0.994) with the resulting B 

of 1.08x10-9 and 2.28x10-9 m/s for the ESPA2 and XLE-2540 RO membranes, respectively 

(Table 4-1), suggesting a significantly higher tendency for marker passage across the latter 

membrane. The above results are consistent with the higher LRV of uranine (4.3) for the intact 

ESPA2 membrane relative to the LRV (3.31) for the intact XLE-2540 membrane. Since 

waterborne pathogens, such as enteric viruses, are significantly larger (30-100 nm) than uranine 

(0.1 nm), the marker LRV provides a conservative estimate of the pathogen LRV for intact RO 

membrane. Accordingly, by establishing 4 LRV of molecular fluorescent marker, one can ensure 

that regulatory LRV limit of pathogen would be met by a given RO membrane.  

Table 4-1: Marker membrane permeability coefficient(a) and marker LRV(b) through intact 

RO membrane coupons 

Membrane Marker membrane 

permeability coefficient 

(B), m/s 

Marker LRV 

Intact ESPA2 coupon 1.08x10-9 4.30 

Intact XLE-2540 coupon 2.28x10-9 3.31 

(a) PFRO system was operated at an average cross flow velocity of 0.18 m/s and permeate flux of 9.33x10-6 
m/s and marker was dosed continuously into RO feed stream to achieve the marker feed concentration of 40 
mg/L; (b) Marker LRV was quantified via Equations 4-6 and 4-7. 
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In order to achieve high sensitivity detection of membrane integrity loss, it is imperative to 

utilize a marker feed concentration that will result in marker permeate concentration that is above 

the detection limit. Accordingly, the marker permeate concentration in response to various 

marker feed doses were estimated for intact (σ = 1) and compromised membranes (σ < 1) based 

on the B values for the two membranes used in the study (Table 4-1). It is apparent in Figure 4-2 

that Cp increases with the marker feed concentration (Cf) (Figure 4-2). This trend is particularly 

pronounced for compromised RO membranes. Therefore, the marker permeate response can be 

raised above the detection limit of the monitoring system by simply using a higher marker feed 

concentration. In order to achieve a marker permeate concentration (when using the current 

membranes) that is above the current spectrofluorometer detection limit (0.2 ppb), the 

appropriate marker feed concentration (Cf) was in the range of 20-40 mg/L. Also, given the high 

marker rejection (> 4 LRV) for the intact ESPA2 membrane, this membrane was utilized for 

subsequent testing of the PM-MIM sensitivity for membrane breach detection. Additionally, as 

demonstrated in Figure 4-2, the marker permeate concentration is expected to increase with 

decreasing reflection coefficient; even a small decrease in σ (e.g., as small as 10-5-10-4) would 

result in a significant (as high as 82%) increase in Cp. Accordingly, one should be able to 

identify a membrane breach (or defect) by the increase in marker permeate concentration relative 

to an intact membrane. 
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Figure 4-2. Impact of marker feed dose and reflection coefficient on expected marker 

permeate concentration of the PFRO system for a flat-sheet (a) ESPA2 and (b) XLE-2540 

membranes. Cp was determined from Equation 4-3 with the marker transport data of kf=4.41x10-5 

m/s, Jv = 9.3x10-6 m/s, and B values for the membranes as listed in Table 4-1. 
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4.3.2 Sensitivity of the PM-MIM method for membrane breach detection 

4.3.2.1 Dynamic Response of Marker for Membrane with Induced Breaches 

The suitability of the pulsed marker method for membrane breach detection was evaluated 

using a short (~60 s) uranine pulse to evaluate the adequacy of detection while reducing marker 

consumption relative to continuous marker dosing. Results based on a 60 s pulse of 20-40 mg/L 

uranine (Figure 4-3a-c) demonstrated that membrane breaches can indeed be identified via an 

increase in marker permeate concentration. As illustrated in Figure 4-3, marker permeate 

concentrations for membranes with pinhole areas of 0.3, 0.6, and 1.2 μm2 (located centrally ~ 4 

cm from the PFRO channel exit) were significantly higher relative to the intact membranes. A 

higher peak concentration was observed, for the above range of marker feed concentration, with 

increasing breach size. For example, for the 40-mg/L pulse input, marker permeate concentration 

for the membrane with a pinhole area of 1.2 μm2 was about 3 times higher than for the 

membrane with a breach area of 0.3 μm2. Increased marker permeate concentration with 

increasing pinhole area is attributed to higher degree of convective marker transport through the 

breached membrane, as indicated by the lower reflection coefficient (Figure 4-4). It is also 

important to recognize that, for the same marker feed concentration and breach area and location, 

continuous marker dosing appeared to provide a measurable sensitivity in breach detection (at 

sufficiently high marker dose) as evident from comparison of Figure 4-3c and 4-3d. However, 

from an economic viewpoint, marker pulsing requires significantly lower amount of injected 

marker, relative to continuous dosing, for equivalent or even higher level of detection. Moreover, 

with marker pulsing, a high marker feed concentration can be utilized to elevate the permeate 

peak concentration while minimizing marker consumption. 
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Figure 4-3. Marker permeate concentration-time profiles for the intact and compromised 

ESPA2 membranes with various breached sizes, in response to a marker pulse input of 20 mg/L, 

30 mg/L, 40 mg/L, for a pulse duration of 60 s, as well as for continuous marker feed 

concentration of 40 mg/L. (Permeate flux: 9.3x10-6-9.9x10-6 m/s and cross flow velocity of 0.18 

m/s). 
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Figure 4-4. Impact of membrane breach area on the reflection coefficient as determined from 

Equation 4- 3 (R2=0.982) and the marker permeate response in Figure 4-3c. Uranine dosing was 

set to attain a constant marker feed concentration of 40 mg/L and the PFRO system was operated 

at permeate flux of 9.3x10-6-9.9x10-6 m/s and cross flow velocity of 0.18 m/s. 

 

4.3.2.2 Marker LRV for nembranes with induced breaches 

The marker LRV was determined from the mass fraction of marker passed through the 

membrane and marker injected into RO feed (Equation 4-6 and 4-7). As shown in Figure 4-5, a 

decline in marker LRV for ESPA2 from 4.30 (intact membrane) to 3.30-3.82 was observed for 

the membranes with integrity breaches of areas in the range of 0.3-1.2 μm2. The above results are 

consistent with the expected greater convective marker transport through the breached areas of 

the compromised membrane.  
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Figure 4-5. Impact of membrane (ESPA2) breaches on marker LRV determined in the PFRO 

system based on a 60-second uranine pulse dosing (40 mg/L uranine concentration in RO feed). 

The membrane breaches were created mechanically (pinhole size: 0.3, 0.6, and 1.2 μm2). The 

PFRO system was operated at permeate flux of 9.3x10-6-1.2x10-5m/s and cross flow velocity of 

0.18 m/s. 

 

It is instructive to compare the sensitivity of the PM-MIM method to the conventional 

approach based on permeate flux and NaCl rejection data (Table 4-2). For the ESPA2 RO 

membrane, with breach (i.e., pinholes) areas in the range of 0.3 to 1.2 µm2, the permeate flux 

increased, relative to the intact membrane, by approximately 2.3-5.7% (Table 4-2). However, the 

observed salt rejection ranged from 0.10% above to 0.67% below the marker rejection for the 

intact system. Clearly, the above results are within the range of experimental variability of these 

(flux and salt rejection) measurements. Therefore, it is apparent that reliance on monitoring these 

variables is of insufficient accuracy for definitive detection of small integrity breaches. In 
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contrast, PM-MIM provides significantly higher sensitivity for real-time membrane breach 

detection.  

Table 4-2: Observed salt rejection and permeate flux with and without membrane integrity 

breaches in the PFRO membrane system with ESPA2 membrane(a). 

Membrane condition Observed Salt rejection 

(%)(b) 

Permeate flux x 10-6 

(m3/m2 s) 

Intact 98.50 9.33 

0.3 µµµµm2 breach 98.60 9.64 

0.6 µµµµm2 breach 97.83 9.55 

1.2 µµµµm2 breach  98.25 9.86 

(a) PFRO system was operated with 1,000 mg/L NaCl solution at average cross flow velocity of 0.18 

m/s. NaCl concentration in RO feed and permeate was measured via conductivity measurement; (b) 

Observed salt rejection was defined as Robs =(1-Cp/Cf)x100 where Cp and Cf are NaCl concentration in 

RO permeate and feed streams. 

 

 

4.4 Conclusions 

A pulsed marker membrane integrity monitoring (PM-MIM) method was developed and 

evaluated, using uranine as a fluorescent molecular marker. The approach was tested in a plate-

and-frame RO (PFRO) membrane system, whereby new membrane breaches (pinholes) were 

induced mechanically for flat-sheet RO membranes. Analysis of marker permeate concentration-

time profile, in response to pulse injection of the marker to the RO feed, enabled clear 

discrimination between intact and compromised RO membranes. While marker passage through 

intact RO membranes is governed by diffusive transport, increased marker transport for breached 

membranes was associated with convective transport through the breached areas.  The use of a 

molecular fluorescent marker, which is smaller than enteric viruses, can provide a conservative 

estimate of the marker LRV. Indeed, greater than 4 LRV was demonstrated, via the PM-MIM 

approach, for the uranine molecular marker for a commercial RO membranes used in water reuse 

applications, with lower LRV determined for breached membranes.  
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Chapter 5. Characterization of Polyamide Reverse Osmosis Membrane Degradation due 

to Chemical Oxidation 

5.1 Introduction 

Thin film aromatic polyamide (PA) based membranes are widely used in reverse osmosis 

(RO) processes due to their high water permeability and salt rejection [94], which are paramount 

for high quality drinking water production to meet increasing water demands [1, 34, 95-98]. 

Chlorine type disinfectants are often dosed into the RO feed stream to prevent biological 

membrane fouling (biofouling) [95, 99, 100], as well as cleaning agents to enhance biofoulants 

removal from RO membrane surfaces [101]. However, chlorinated disinfectants (free chlorine, 

chlorine dioxide, and monochloramine), which are used in various RO brackish water and 

seawater desalination plants [102], can result in PA membrane oxidation [6, 7, 9, 103, 104]. 

Disinfectants that provide HOCl and OCl- are aggressive oxidants that can adversely affect 

membrane performance [105]. When chlorine gas (Cl2) or sodium hypochlorite (NaOCl) are 

present in the RO feed water [106], they undergoe hydrolysis to form hypochlorous acid (HOCl), 

which is further deprotonated to form hypochlorite ion (OCl-). Membrane degradation via “orton 

rearrangement” can then occur whereby chlorine attack of the PA chains occurs in two steps: i) 

N-chlorination through chlorine attack on amidic nitrogen, and ii) ring chlorination through 

intermolecular rearrangement [9]. As a result, conformational changes or cleavage of the 

membrane PA polymer can take place leading to PA membrane performance loss and thus the 

concern with potential passage of pathogens to the permeate stream in water reuse applications 

[107]. PA membrane manufacturers typically recommend that chlorine concentration in the RO 
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feed should not exceed 0.1 mg/L [9, 103, 106, 108], but concentrations as high as 4 mg/L can be 

reached in RO plant operations [108, 109].  

  It is generally accepted that exposure of a PA RO membrane to chlorinated disinfectants 

can have a measurable impact on the membrane physicochemical characteristics (i.e., chemical 

composition, surface wettability, and tensile strength) [106, 110-112] and performance (i.e., salt 

rejection and water permeability) [6, 7, 103, 105, 112]. However, there are widely different 

reported impacts. For example, previous studies [6, 7, 103] reported a decrease in salt rejection 

and an increase in membrane permeate flux and permeability, while others reported increased in 

salt rejection and decreased membrane permeability (or permeate flux) [105, 112]. It was 

postulated that increased salt and water transport across the membrane was due, in part, to 

reduced crosslinking density of the polymer matrix, as suggested by a decline in tensile strength 

of the PA layer [111]. Increase in permeate flux was also attributed to increased membrane 

surface hydrophilicity [106, 110]. In contrast, it has also been argued that decreased salt transport 

and water flux across the membranes was due to “tightening up” effects, caused by increased 

crosslinking of PA chains during oxidation, thereby reducing membrane permeability [103, 113, 

114]. It was also suggested that observed flux decline may have been due to decreased 

membrane surface wettability upon exposure to chlorine [103, 113]. The contradiction in 

reported studies regarding the impact of membrane oxidation may be due, in part, to differences 

in experimental conditions, including differences in chlorine exposure period, concentration 

range, pH, membrane type, and water quality. It is also important to note that the procedures of 

exposing PA membrane to chlorine, e.g., immersion versus RO cell operation (e.g., at specific 

cross flow velocity and transmembrane pressure), can result in different levels of surface oxidant 

concentrations even for the same feed concentration (i.e., due to concentration polarization in the 
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latter approach [30]). Therefore, in order to clarify the effect of chemical oxidation on PA 

membrane performance, it is necessary to unambiguously evaluate the significance of chlorine 

exposure period and concentration under controlled experimental conditions. 

The present study presents a multipronged approach to evaluating the influence of chlorine 

exposure conditions (i.e., concentration and exposure time) on PA membrane performance and 

potential integrity loss. Membrane exposure to chlorine was carried out in a plate-and-frame RO 

(PFRO) system. Membrane integrity loss due to chlorine exposure was quantified via a 

molecular marker approach, in addition to evaluating degradation of membrane performance 

with respect to permeate flux and salt passage. In addition, the resulting impact on membrane 

surface properties was then quantified with respect to changes in surface chemistry, topography, 

and wettability. 

5.2 Experimental 

5.2.1 Materials and reagents 

A flat-sheet polyamide ESPA2 RO membrane (Hydranautics, Oceanside, CA), which is 

commonly used for RO desalination of treated wastewater [115], was used in a bench-scale RO 

system. The membrane has an average permeability of 4.63 LMH/bar, and an observed salt 

rejection of 99% (for 1,000 mg/L NaCl solution). Reagent-grade sodium hypochlorite (NaOCl) 

solution (5% free chlorine, Fisher Scientific, Pittsburgh, PA) and ultra-pure deionized water from 

a Milli-Q water purification system (Millipore Corp., San Jose, CA) were used to prepare 

chlorine solution for chemical oxidation experiments. Reagent-grade sodium metabisulfite 

(Na2S2O5) (Fisher Scientific, Pittsburgh, PA) was used for removal of free chlorine residual from 

the RO system at a ratio of 3:1 (by mass) of Na2S2O5 to free chlorine residual. For salt rejection 
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test, sodium chloride (NaCl) solution was prepared from ultra-pure deionized water and reagent-

grade NaCl powder obtained from Fisher Scientific (Pittsburgh, PA).  

5.2.2 Reverse osmosis (RO) system 

A plate-and-frame RO (PFRO) system was utilized (Figure 4-1) having cell channel 

dimensions of 2.81 cm (width) x 7.7 cm (length) x 0.25 cm (height) with an active membrane 

area of 21.6 cm2. The RO feed (water or NaOCl chlorine solution) was fed to the membrane feed 

channel using a high pressure pump (Hydra-cell D/G-03, Wanner Engineering Inc., Minneapolis, 

MN) from a stirred and temperature-controlled 20-L feed reservoir. The desired flow rate and 

pressure were set by adjusting the pump variable frequency drive (VFD), bypass and 

backpressure valves. Feed and permeate flow rates were monitored using digital flow meters 

(Flowcal 5000, Tovatech, South Orange, NJ, and S-112, Georgetown, TX, respectively), and 

feed pressure was monitored with a digital gauge pressure (PGP-25B-300, Omega, Stamford, 

CT). For the membrane oxidation experiments and salt rejection tests, the PFRO system was 

operated in a total-recycle mode (both retentate and permeate streams are recycled back to the 

feed reservoir). For the membrane integrity experiments, the PFRO system was operated in a 

single-pass mode (i.e., both retentate and permeate streams are discharged). RO experiments 

were all conducted at transmembrane pressure in the range of 6.9-10.3 bar (permeate flux of 

9.3x10-6 -1.3x10-5 m/s) and cross-flow velocity of 0.18 m/s (Reynolds number of 490, based on 

channel height).  

5.2.3 Chemical oxidation of PA membrane 

The impact of membrane oxidation on RO membrane performance and integrity were 

evaluated in a PFRO system using a commercial ESPA2 membrane. ESPA2 membrane was cut 
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into 3 cm x 8 cm coupons, soaked in a DI water bath, and stored at 4°C in the dark for at least 24 

hours prior to use. The membrane coupon, after being placed in the PFRO cell, was exposed to 

NaOCl solution (50 - 200 mg/L feed concentration at pH~7) for a prescribed exposure period 

(2.5 – 10 hours) at 22°C during RO operation in a total recycle mode at a transmembrane 

pressure of 6.9 bar (permeate flux of 9.3x10-6 m/s) and cross-flow velocity of 0.18 m/s. At the 

above pH, the molar ratio of HOCl to OCl- in the solution is 0.80 to 0.20 [114, 116]. Also, it is 

noted that the concentration of chlorine at the membrane surface was higher than the feed 

concentration due to concentration polarization as quantified by Equation 5-3.  

Following the membrane oxidation, the chlorine solution was discharged from the RO 

system which was then flushed with DI water in a single-pass mode at 10.3 bar for 15 minutes, 

followed by a total-recycle mode at 10.3 bar for 30 minutes, and subsequently single-pass mode 

operation at 10.3 bar for another 15 minutes. Any remaining chlorine residual in the PFRO 

system was removed by circulating 100 mg/L sodium metabisulfite (Na2S2O5) solution in the 

PFRO system at 6.9 bar for 30 minutes. The Na2S2O5 solution was then flushed from the PFRO 

system with DI water until the chlorine retentate concentration was down to at least 0.1 mg/L. 

Chlorine concentration in the RO retentate and permeate streams were measured by the DPD 

method [117] using a chlorine color disc test kit (CN-66 model, Hach, Loveland, CO), which is 

suitable for detecting chlorine concentration up to ~3.4 ppm at sensitivity of ± 0.1 ppm.  

5.2.4 Evaluation of membrane performance and integrity 

Membrane performance before and after chemical oxidation was assessed with respect to 

water permeability and salt rejection. Water permeability (Lp) was determined via water flux (Jv) 

vs transmembrane pressure (ΔPm) measurements (i.e., Jv=LpΔPm) using DI water, over a 
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transmembrane pressure range of 5.5 - 10.3 bar. Salt rejection was determined for 1,000 mg/L 

NaCl feed solution at transmembrane pressure of 6.9 bar and a crossflow velocity of 0.18 m/s. 

Concentrations of NaCl in the feed and permeate streams were measured using a conductivity 

meter (CON 11 Economy Meter, Oakton Instruments, Vernon Hills, IL).  

Membrane integrity before and after chemical oxidation was assessed via a recently 

developed marker-based approach ([107], Chapter 4, Appendix E). Briefly, a readily detectable 

fluorescent molecular marker, uranine (Fisher Scientific, Pittsburgh, PA), was dosed into the RO 

feed stream by a metering pump (DDA 7.5-16 model, Grundfos Pumps Corporation, Bjerringbro, 

Denmark) to achieve a 40-mg/L marker solution in the RO feed. Membrane integrity loss is 

expected to result in increased marker passage through PA membrane. Thus, the marker 

concentration in the RO permeate stream was monitored by a fluorescent marker detection 

system (Ocean Optics, Dunedin, FL), which was installed in-line with the RO permeate stream. 

Characterization of the marker transport and quantification of membrane integrity was carried 

out via the approach described in Chapter 4 and in Appendix E. 

5.2.5 Membrane surface characterization 

Following the membrane integrity tests in which the fluorescent molecular marker approach 

was utilized (post chemical oxidation), the membrane coupons were removed from the RO cell. 

First, membrane surface wettability was examined via water contact angle measurements using 

the captive bubble method (Krus Model DSA 100, Hamburg, Germany) with an air volume of 10 

µL. Each reported contact angle represents the average of five replicate measurements. The 

hydrophilicity was expressed in terms of the free energy of hydration (ΔGiw) as per the Young-

Dupree equation [118]: 
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(1 cos )
iw w w

G γ θ∆ = − +               (5-1) 

where γw is the surface energy of water (-72.8 mJ at 20°C), and θw is the water contact angle. The 

shift from hydrophobicity to hydrophilicity is generally assigned at ΔGiw = -113 mJ/m2 (i.e., ΔGiw 

> -113 mJ/m2 hydrophilic surface and ΔGiw < -113 mJ/m2 hydrophobic surface), which 

corresponds to a water contact angle of about 56.5° [119].  

Membrane surface roughness was quantified by tapping mode atomic force microscopy 

(AFM) (Multimode AFM with Nanoscope IIa SPM controller, Digital Instruments, Santa 

Barbara, CA) after vacuum drying at room temperature (~22°C) for at least 24 hours. All AFM 

scans were taken in ambient air using NSC15 silicon nitride probes (Digital Instruments, Veeco 

Metrology Group, Santa Barbara, Ca) with a force constant in the range of 20-70 N/m. AFM 

scans were taken at different 5 locations on the membrane surface. Scans were replicated at the 

same location at 0° and 90° to verify that the AFM scans were free of directional errors. The 

root-mean-square surface roughness (Rrms) was determined from the AFM feature height 

distribution data [119]: 

2( )
i avg

rms

Z Z
R

N

−
= ∑

           (5-2) 

where Zi is the surface feature height of the ith sample out of N total samples, and Zavg is the 

average feature height.  

The intact and oxidized membrane surfaces were also examined by scanning electron 

microscopy (SEM; JSM-6700F model, JOEL, Tokyo, Japan) post vacuum drying. Membrane 

samples were first cut into 2 cm x 2 cm pieces then sputtered with gold nanoparticles at 70 

mTorr at 15 mA for 2 minutes (Anatech Hummer 6.2 Sputtering System, Hayward, CA), to form 
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in a gold film thickness of approximately 10 nm. SEM imaging was obtained at electron beam 

voltages ranging from 5 to 10 kV at an average working distance of 5.5 mm.   

Membrane surface elemental analysis was carried out via x-ray photoelectron spectroscopy 

(XPS; AXIS Ultra DLD, Kratos Analytical, Manchester, U.K.) post vacuum drying. The above 

analysis provides the kinetic energy of electrons emitted from the surface regime (depth of ~ 

10nm) [120] thus suitable for elucidating the elemental compositions of the PA active layer. 

Survey spectra were first taken over the range of 0-1,200 eV and the elemental binding energy 

was calibrated with the reference energy of carbon 1s at 285 eV. Atomic concentration 

percentages of O, N, C, and Cl of the membranes before and after exposure to chlorine were 

determined from the area under the photoelectron peak using the atomic sensitivity factors of 

0.78, 0.477, 0.278, and 0.891 for O 1s, N 1s, C 1s, and Cl 2p peaks, respectively. At least 20 

scans were taken for each membrane sample. 

5.3 Analysis of Effect of Chlorine Exposure on Membrane Solute Transport 

Parameters, Integrity Loss and Salt Rejection 

5.3.1 Marker transport parameters and intrinsic salt rejection 

Membrane surface oxidation as well as solute transport through the membrane surface are 

governed by the solute concentration at the membrane surface ( ,mem iC ) which, for a given RO 

solute feed concentration, can be estimated from the classical film model for concentration 

polarization [30, 121]:  

, ,

, , ,

exp
mem i p i v

i

b i p i f i

C C J
CP

C C k

 −
= =   −  

    (5-3) 
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where subscript i denotes the solute, Jv is the total permeate flux, Cp,i and Cb,i are the solute 

concentrations in the permeate stream and in the bulk of feed channel (essentially equal to the 

feed concentration, Cf, for the present short PFRO channel), respectively, and kf,i is the solute 

feed-side mass transfer coefficient. In the present analysis, the marker concentration at the 

membrane surface (Cmem,m) was assumed to be essentially the same for both intact and oxidized 

membranes, which is a reasonable simplification as long as the marker permeation flux is not 

excessive, but sufficient to affect marker concentration in the permeate. The mass transfer 

coefficient for the marker (uranine), kf,,m , was determined, based on a series of experiments in 

which the permeate flux was varied (through adjustment of the transmembrane pressure), at a 

constant marker feed dose, using the following relationship [31]:  

,

, ,

1
ln lno m v

v

o m f m

R J
J B

R k

 −
= + 

 
                                       (5-4) 

in which B is the membrane marker permeability coefficient, and Ro,m is the observed marker 

rejection (=1-Cp,m/Cf,m; where Cp,m and Cf,m are the marker permeate and feed concentrations, 

respectively). The LHS of Equation 5-4 varies linearly with Jv, for a given crossflow velocity, 

and thus allows determination of both B and kf,m from the intercept and slope of the linear 

relationship, respectively. In the rectangular PFRO channel, it is reasonable to expect that the 

mass transfer coefficient for a given solute i, 
2/3

,f i ik D∝  (where Di is the molecular mass 

diffusivity for solute i) as has been shown in various experimental and theoretical studies [30], 

where Di is the solute mass diffusivity. Given the experimentally determined marker mass 

transfer coefficient, those for NaCl and NaOCl were estimated from ( )
,

2/3

,   /  ( )
f mf i m ik k D D= . 

At the experimental temperature (20oC), the diffusion coefficients for the above were estimated 
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from empirical relationships in [30, 122] to be 1.47x10-9 m2/s and 1.99x10-9 m2/s, respectively. 

The diffusion coefficient of uranine was estimated to be 5.14x10-10 m2/s via the Hayduk and 

Laudie’s diffusion coefficient correlation for nonelectrolytes in dilute aqueous solutions [123] 

where the molar volume was obtained from molecular modeling using HyperChem software 

package [124]. 

Membrane transport parameters for marker passage through the membrane were determined 

from application of the Kedem-Katchalsky model [29]: 

( ) , ,

, , , (1 )
2

mem m p m

p mv vmem m p m

C C
C B CJ JC σ

+ − −+ 


= 


   (5-5) 

in which Cp,m and Cmem,m  are the marker concentration in the RO permeate and at the membrane 

surface, respectively, and σ is its reflection coefficient. Marker transport through an intact 

membrane is governed by solution-diffusion with negligible solute convective transport such that 

σ →1. However, upon membrane integrity loss (e.g., due to chemical oxidation), one would 

expect increased contribution of marker passage through breached areas. Therefore, B and σ 

should increase and decrease, respectively, as a consequence of membrane integrity loss. The 

parameters, B and σ, associated with marker passage through the intact and compromised 

membranes can be determined based on Equation 5-5. It is noted that the values of B as obtained 

from the analysis using Equation 5-4 or 5- 5 were found to differ by less than about 5% over the 

range of conditions covered in the present study.   

Finally, the influence of membrane oxidation on the intrinsic salt (NaCl) rejection (Rint,NaCl) 

was determined from 
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,

,

,

1
p NaCl

int NaCl

mem NaCl

C
R

C
= −       (5-6) 

where Cp,NaCl and Cmem,NaCl are the salt concentrations in the permeate and at the membrane 

surface, respectively, the latter estimated from Equation 5-3.  

5.3.2 Estimation of the extent of membrane integrity loss 

In order to characterize the extent of membrane integrity loss, an “equivalent breach size” 

(i.e., a “pinhole” of a given size) was introduced as a quantitative measure of breach severity. 

Accordingly, a cylindrical pore model [125, 126] was adopted whereby a membrane breach is 

modeled as a cylindrical pore located between the membrane feed and permeate sides. Details of 

the approach and working equations are provided in the Appendix E. Briefly, rejection (Rmarker) 

of a solute (assumed to be spherical in the present analysis) by the pore is dependent on the 

solute flux and the solute size relative to the pore size (λ) and solute transport is restricted by the 

presence of the pore walls. Solute rejection (Rmarker) by the pore is then expressed as [125, 126]:  

ker 1
1 exp( )(1 )

c
mar

c

K
R

Pe K

φ
φ

= −
− − −

    (5-7) 

in which ɸ is a distribution coefficient defined as the ratio of the average solute concentration in 

the pore to the solute concentration at the membrane surface given as 2(1-λ)2 (Appendix E). The 

axial drag factor due to the pore walls and the enhanced drag due to the pore walls (which 

increases the drag on solute diffusion in the radial direction) are denoted by Kc and Kd 

irrespectively, and Pe is the Peclet number: 

c

d m

K V L
Pe

K D
=       (5-8) 
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where <V> is the average permeate velocity through the pore, and L is the pore length. In the 

present quantification of an equivalent breach size, it is convenient to set the pore length to the 

thickness of the active PA layer (typically ~100 nm in thin film composite polyamide 

membranes [94]]). It is important to emphasize that ɸ, Kc and Kd  are analytic functions of λ [127] 

(determined for a given λ via Equation E-6 and E-7 in Appendix E). Once the marker rejection is 

determined, Equation 5-7 is solved to obtain λ and the equivalent breach size (see Appendix E). 

5.4 Results and Discussion 

5.4.1 Impact of chemical oxidation on membrane surface properties 

Previous studies have reported that surface wettability is impacted by physicochemical 

characteristics of the surface material [112, 119, 128]. XPS surface analysis (Figure 5-1 and 5-2) 

revealed changes in elemental compositions as well as the presence of C-Cl bonds on the PA 

membrane surface upon exposure to chlorine. Chlorine ions were not detected on the PA 

membrane surface prior to chlorine exposure, while approximately 1.4 to 2 % of chlorine content 

was detected after membrane exposure to 50 to 200 mg/L of NaOCl solution for 2.5 to 10 hours. 

The presence of chlorine in the membrane surface layer is consistent with the expected PA ring 

chlorination where chlorine ions covalently bond to carbon atoms in the PA ring [6]. 

Deconvolution of the XPS chlorine peak (Figure 5-2) of the chlorinated PA membrane (exposed 

to 200 mg/L of NaOCl chlorine solution for 10 hours) revealed the contribution of three different 

chlorine peaks. The shift in the chlorine peak, associated with the C-Cl bonds (both C-Cl 2p 3/2 

and C-Cl 2p ½) confirmed covalent bonding between Cl- and carbon atoms in the PA ring. 
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Figure 5-1. Percent chlorine uptake by PA membrane surface quantified via XPS before and 

after membrane exposure to NaOCl feed solution (50-200 mg/L) for 10 hours. (Note: CP=1.24 

for the RO system operating conditions of Jv= 9.3x10-6 m/s and cross flow velocity of 0.18 cm/s). 

 

 

Figure 5-2. High resolution XPS spectra and deconvoluted peaks assignment of Cl 2p for 

intact and oxidized PA membranes following exposure to 200 mg/L NaOCl feed solution for 10 

hours (Note: CP=1.24 for the RO system operation during chlorine exposure at Jv= 9.3x10-6 m/s 

and cross flow velocity of 0.18 cm/s). 
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Since free energy of hydration is highly dependent on surface chemistry [119], oxidation of 

the PA surface could increase the free energy of hydration and thus increase surface 

hydrophilicity as shown in Figure 5-3. Following exposure to aqueous chlorine solution, the 

membrane water contact angle decreased by 9.1-23.6% (from ~55° to 42-50°), which 

corresponded to 5.2-9.6% decrease in the free energy of hydration (ΔGiw) (Figure 5-3). The intact 

and oxidized membranes ΔGiw values were below -113 mJ/m2, indicating that the PA membrane 

surfaces became hydrophilic, with lower ΔGiw attributed to increased surface hydrophilicity 

following exposure to chlorine. However, for the present range of experimental exposure 

conditions there was no apparent correlation of ΔGiw with NaOCl chlorine feed concentration 

(50-200 mg/L) or exposure time (2.5-10 hours).  

 

Figure 5-3. Energy of hydration for PA membrane surface before and after exposure to 50-

200 mg/L NaOCl feed solution for 2.5-10 hours. (Note: CP=1.24 for the RO system operation 

during chlorine exposure at Jv= 9.3x10-6 m/s and cross flow velocity of 0.18 cm/s). 
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Analysis of membrane surface topography before and after chlorination (Figure 5-4) showed a 

large deviation in surface peaks separation distance (dictating the geometry of surface “valleys”) 

and membrane surface feature heights following membrane chlorine exposure. Increased surface 

roughness (Rrms) by up to ~27% was observed (from ~70 nm to 88 nm) upon exposure of the 

intact membrane to 200 mg/L NaOCl for 10 hours. It is generally reported that increased surface  

roughness for hydrophobic surfaces is accompanied by increased surface hydrophobicity [128]. 

However, the PA membrane exposure to chlorine resulted in decreased ΔGiw (Figure 5-5) 

indicating increased surface hydrophilicity. For example, membrane exposure to 100 and 200 

mg/L NaOCl solution for 10 hour, demonstrated ΔGiw decrease by 7.6% and 8.3%, respectively, 

while the surface roughness correspondingly increased by  ~23% and 27%. The above behavior 

could be attributed to the unbalanced dipole moments induced at the surface chains due to 

surface chlorination and thus increased hydrophilicity [110].  
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Figure 5-4. Topography and feature height distributions (obtained via AFM) for (a) intact PA 

membrane, (b) PA membrane exposed to 100 mg/L NaOCl feed solution for 10 hours, and (c) 

PA membrane exposed to 200 mg/L NaOCl feed solution for 10 hours. (Note: CP=1.24 for the 

RO system operation during chlorine exposure at Jv= 9.3x10-6 m/s and cross flow velocity of 

0.18 cm/s). 
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Figure 5-5. Free energy of hydration (ΔGiw) of the intact PA membrane (a) decreased with 

increasing PA membrane surface roughness (Rrms) after exposure to (b) 50, (c) 100, and (d) 200 

mg/L NaOCl feed solution for 10 hours. (Note: CP=1.24 for the RO system operation during 

chlorine exposure at Jv= 9.3x10-6 m/s and cross flow velocity of 0.18 cm/s) 

5.4.2 Impact of chemical oxidation on membrane performance and solute 

transport across PA membrane 

The impact of chemical oxidation on membrane performance was evaluated with respect to 

water permeability and intrinsic salt rejection (Rint,NaCl). A measurable water permeability 

increase of 3-15% was observed following membrane surface exposure to 50-200 mg/L NaOCl 

chlorine concentration and 2.5 - 10 hr exposure period (Figure 5-6). The above water 

permeability increase was consistent with increased membrane surface hydrophilicity and 

roughness (Figures 5-3 and 5-4). Chlorine exposure lowered the intrinsic salt (NaCl) rejection 

(Figure 5-7) from 99.2 to 97.4%, for the present range of chlorine exposure period (2.5-10 hr) 

and concentration (50-200 mg/L). There was a clear degradation of salt rejection with both 
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increased concentration and exposure time, a decline of significance when considering the 

impact on high rejection membranes.   

 

Figure 5-6. Water permeability (DI water) of PA membrane before and after exposure to 50-

200 mg/L NaOCl feed solution for 2.5-10 hours. (Note: CP=1.24 for the RO system operation 

during chlorine exposure at Jv= 9.3x10-6 m/s and cross flow velocity of 0.18 cm/s). 

 

Figure 5-7. Intrinsic salt rejection by PA membrane before and after exposure to 50-200 

mg/L NaOCl feed solution for 2.5-10 hours. (Note: CP=1.24 for the RO system operation during 

chlorine exposure at Jv= 9.3x10-6 m/s and cross flow velocity of 0.18 cm/s). 
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The feasibility of the pulsed marker approach for characterizing membrane integrity loss due 

to chemical oxidation was evaluated for ESPA2 membranes exposed to 50-200 mg/L of NaOCl 

solution for 10 hours. As illustrated in Figure 5-8, the oxidized membranes allow greater marker 

passage as suggested by increased marker permeate concentration (~23-80%) compared to the 

intact membrane. It is also seen that the peak in the marker permeate concentration-time profiles 

was higher with increasing oxidant exposure concentration (Figure 5-8). Similarly to the 

membranes with pinholes (Figure 4-3), increased marker passage through the membrane may be 

attributed to increased convective marker transport across the membrane. It is interesting to note 

that the above findings are consistent with previous work [111], where it was suggested that 

reduced cross-linking in the membrane polymer matrix could potentially result in increased 

water and solute across the membrane.  

 

Figure 5-8. Marker concentration-time profiles for the intact and oxidized ESPA2 

membranes exposed to 50, 100, and 200 mg/L NaOCl solution for 10 hours, in response to a 60-s 

marker pulse input of 40 mg/L uranine. The PFRO was operated at permeate flux of 9.3x10-6-

1.2x10-5 m/s and cross flow velocity of 0.18 m/s. 
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The impact of membrane chlorine exposure was also explored by quantifying the membrane 

transport parameters (B and σ) for a molecular fluorescent marker (uranine) based on marker 

rejection data (Section 5.3.1, Equation 5-5). Following chlorine exposure, B increased by 10-

450% (Figure 5-9a), while σ decreased slightly by 0.1-0.3% (Figure 5-9b). It is evident that B 

and σ correlated with increased chlorine exposure time (up to 10 h) and concentration (50-200 

mg/L chlorine), the former showing a somewhat stronger correlation (Figure 5-9). It is 

emphasized that, although the decline in σ was relatively small (e.g., as small as 10-5) it was 

manifested by a significant permeate marker concentration increase (as high as ~30-40% for the 

present range of conditions) as can be ascertained from Equation 5-5. It is noted that the above 

changes in B and σ values signify that marker passage via diffusion (Equation 5-5) was about 28 

% - 40% of the total passage, the remainder attributed to convective transport through the 

membrane. 
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Figure 5-9. Membrane marker transport parameter (B) and reflection coefficient (σ) of the 

PA membrane before and after exposure to 50-200 mg/L NaOCl feed solution for 2.5-10 hours. 

B and σ were determined from the marker permeate concentration in response to a constant 40-

mg/L marker feed dose. (Note: CP=1.24 for the RO system operation during chlorine exposure at 

Jv= 9.3x10-6 m/s and cross flow velocity of 0.18 cm/s). 
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Increased marker passage upon membrane exposure to chlorine was consistent with physical 

membrane surface damage (or integrity loss) as illustrated in Figure 5-10 for 10 hour exposed to 

248 mg/L chlorine concentration. The breached area may have developed, in part, due to 

decreased tensile strength of the PA layer following chemical oxidation, as reported in previous 

studies [111]. The breached areas were non-uniformly distributed throughout the membrane 

surface and their presence was indicative with integrity loss consistent with the alteration of 

membrane performance (e.g., increased solute passage and increased permeability; Figure 5-6 

and 5-9).  

 

Figure 5-10. SEM images of PA membrane surface (a) before and (b) after exposure to 

NaOCl solution (200 mg/L) for ten hours. An area of evident membrane surface degradation is 

circled in white. 

 

5.4.3 Severity of membrane integrity loss due to chemical oxidation 

The severity of membrane integrity loss upon oxidation (Figure 5-11), as quantified by the 

equivalent breach size, was in the range of 13.8 to 39.2 µm, for the present range of chlorine 
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exposure period (2.5-10 hours) and NaOCl concentration (50 – 200 mg/L feed or 62-248 mg/L at 

the membrane surface). The equivalent breach size increased with chlorine exposure intensity as 

represented by ppm-hour (Figure 5-11). For example, the equivalent breach size increased by a 

factor of 1.84 as membrane surface chlorine exposure increased from 125 ppm-hour to 2,000 

ppm-hour (or 155-2,480 ppm-hour on the basis of chlorine concentration at the membrane 

surface). Increased equivalent breach size correlated with increased B and decreased σ (Figure 5-

12), suggesting increased level of marker solution-diffusion and convection when membrane 

integrity loss became more severe.  

 

Figure 5-11. Equivalent breach size for PA membrane before and after exposure to 50-200 

mg/L NaOCl feed solution for 2.5-10 hours. Chlorine exposure is expressed in terms of the 

commonly-used unit of ppm-hour, which is the product of chlorine concentration and exposure 

period. (Note: CP=1.24 for the RO system operation during chlorine exposure at Jv= 9.3x10-6 

m/s and cross flow velocity of 0.18 cm/s). 
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While it appears that the commonly-used ppm-hour metric of chlorine exposure is somewhat 

correlated with breach severity, there is a measurable difference (10.2% - 32.12%) in the 

equivalent breach size among the oxidized membranes for the same ppm-hour exposure as 

shown in Figure 5-12. For the same ppm-hour exposure, higher chlorine exposure condition 

resulted in larger equivalent breach size. The latter behavior is exemplified for 500 ppm-hour 

chlorine exposure (or 620 ppm-hr on the basis of chlorine concentration at the membrane 

surface) where the equivalent breach size was 23.5% greater for exposure to chlorine at 100 

mg/L (124 mg/L at the membrane surface) relative to 50 mg/L (62 mg/L at the membrane 

surface). On the other hand, increasing the exposure time to chlorine from 2.5 to 10 hours for 

100 mg/L (124 mg/L at the membrane surface) solution (250-1,000 ppm-hour or correspondingly 

310-1,240 ppm-hr chlorine concentration at the membrane surface) resulted in only 45% increase 

in the equivalent breach size (Figure 5-11).  
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Figure 5-12. Variation of (a) membrane marker transport parameter (B), and (b) reflection 

coefficient (σ) with equivalent breach size for PA membrane before and after membrane 

exposure to 50-200 mg/L NaOCl feed solution for periods of 2.5-10 hours. (Note: CP=1.24 for 

the RO system operation during chlorine exposure at Jv= 9.3x10-6 m/s and cross flow velocity of 

0.18 cm/s). 

The non-uniqueness of ppm-hr of chlorine exposure, as metric for setting a limit on 

membrane exposure to chlorine, was further exemplified by noting that after low chlorine 

exposure of about 5 mg/L (within the range often encountered in RO plants [108, 109]) for 100 
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sufficient) representation of chlorine exposure conditions with respect to the expected severity of 

membrane integrity loss. 

5.5 Conclusions 

An integrated approach was developed and demonstrated for characterization of polyamide 

(PA) reverse osmosis (RO) membrane degradation caused by chemical oxidation. Exposure of 

RO PA membrane to chlorine (50-200 mg/L of NaOCl solution) for varying exposure periods 

(2.5 - 10 hours) in a plate-and-frame RO system revealed measurable increase in membrane 

water permeability (3% - 15%) and reduced salt rejection (from 99.2 % to as low as 97.4 %). 

Although membrane surface roughness increased with the intensity of chlorine exposure (as 

quantified by the common ppm-hr chlorine exposure metric), the surface energy of hydration 

decreased by 5.2-9.6% which is indicative of increased surface hydrophilicity. Analysis of 

fluorescent marker (i.e., uranine) transport, via the solution-diffusion flux model, demonstrated 

that over the range of chlorine exposure intensity of 125- 2000 ppm-hr, the membrane marker 

permeability coefficient (B) rose by up to a factor of ~5 while the reflection coefficient decreased 

to 0.997, and thus marker diffusive transport through the membrane was 28 % - 40% lower than 

convective transport through the breached areas. It is noted that the marked impact of chlorine 

exposure on marker passage was shown to be equivalent to that which would result from an 

equivalent cylindrical breach in the size range of 15 – 38 µm. Although the level of membrane 

integrity loss/performance degradation reasonably correlated with the common ppm-hr metric of 

chlorine exposure, for the same ppm-hr exposure the severity of membrane integrity loss 

increased for higher exposure concentrations. Results of the present work suggest that the marker 

based approach can serve to characterize the severity of membrane integrity loss in relation to 

the observed loss of performance in terms of water permeability and salt rejection.  
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Chapter 6. Real-Time Membrane Integrity Monitoring in Multi-Element Spiral-Wound 

RO Systems 

6.1 Introduction 

Conventional RO treatment plants consist of multiple spiral-wound RO (SPRO) membrane 

elements arranged in various serial and parallel configurations. Typically, the configuration is 

designed based on the target levels of water recovery and production, taking into account the 

need to maintain sufficient retentate cross-flow velocity (i.e., in order to minimize concentration 

polarization). Monitoring of RO membrane element integrity is critical in order to provide 

assurance of RO process effectiveness for pathogen removal. To date, however, reliable methods 

for online monitoring of membrane integrity in multi-element spiral-wound RO plants remain 

limited [11].  

The PM-MIM approach is capable of detecting membrane integrity loss in a plate-and-frame 

RO (PFRO) system via monitoring of enhanced marker convective transport across RO 

membrane. Although the approach was demonstrated under controlled laboratory conditions in a 

simple plate-and-frame RO system as discussed in Chapter 5, PM-MIM deployment in a full-

scale RO plant requires considerations of solute passage behavior in SPRO membrane elements, 

especially given the complex hydrodynamics in SPRO feed channels [26, 27]. In addition, in a 

full-scale RO system with multiple SPRO modules, pertinent RO parameters, such as permeate 

flux, crossflow velocity, feed-side mass transfer coefficient, and the level of concentration 

polarization, may vary substantially along the RO treatment train. However, it is noted that the 

average RO parameters obtained for the entire SPRO membrane system cannot be used to 

estimate the level of marker transport in each SPRO element [27].  
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Accordingly, this chapter extends the PM-MIM approach to enable online membrane breach 

detection and characterization in multi-element SPRO plants. It is demonstrated that the presence 

and location of a compromised membrane element in a multi-element SPRO system can be 

identified by resolving the convective transport of a molecular marker through each individual 

membrane element in RO treatment train. The PM-MIM approach involves single-point 

monitoring of the dynamic change of marker concentration in the combined permeate stream, in 

response to a pulsed marker injection in the RO feed stream (Figure 6-1). However, it is 

postulated that data fusion of marker permeate concentration with online water flow, salinity, 

and pressure data, combined with considerations of fluid residence time and longitudinal marker 

dispersion in the SPRO feed channel would allow for assessments of marker convective transport 

in each individual membrane element in RO treatment train (Figure 6-1). Accordingly, the PM-

MIM capability for online characterization of individual elements’ marker convective transport 

was first verified in a pilot-scale SPRO system (~9 gpm feed) with seven new intact SPRO 

elements. Subsequently, the feasibility of the PM-MIM approach for identifying differences in 

the level of marker convective transport between intact and compromised SPRO element was 

evaluated via laboratory experiments using a small SPRO system (~1.8 gpm feed) with an intact 

and a compromised (lead and tail) SPRO element. Lastly, a strategy for MIM in full-scale RO 

treatment plant was proposed and a marker cost analysis was developed in order to assess the 

technical and economic feasibility of the PM-MIM approach for full-scale implementation. 
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Figure 6-1. Summary of the PM-MIM approach for monitoring RO membrane integrity in a 

multi-element SPRO system. Note the shaded area (in the marker response profile) represents the 

marker mass portion that passes through the membrane of each SPRO element (Mp,i).   

    

6.2 Approach 

It is postulated that real-time MIM in a multi-element RO plant can be achieved by 

monitoring enhanced marker convective transport through RO membrane in each individual 

SPRO element. This approach involves injection of a fluorescent molecular marker solution into 

RO feed over a short time period (1-5 minutes), coupled with single-point monitoring of the 

corresponding dynamic change in marker concentration in the combined (i.e., from all membrane 

elements) permeate stream (Figure 6-1). The use of a fluorescence molecular marker, which has 
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negligible effects on RO feed salinity and osmotic pressure, enables real-time MIM without 

affecting RO process performance (e.g., water recovery and salt rejection). In the PM-MIM 

approach, it is expected that once marker molecules are injected into the RO feed, they will 

travel axially along SPRO feed channel of different SPRO elements (entering the first SPRO 

element and leaving the last SPRO element in the RO treatment train), resulting in a gradual 

dynamic increase in marker concentration in the combined permeate stream (Figure 6-1). It is 

also expected that the time the marker spends in RO feed channel of each SPRO element would 

govern marker permeate response time in each SPRO Element. In this regard, the marker mass 

portion that passes through the membrane of each element (Mp,i) can be resolved by 

sectionalizing the cumulative marker permeate concentration-time profile (of the combined 

permeate stream) based on the individual elements’ residence time, as shown in the shaded area 

in Figure 6-1.  

The use of pulsed marker injection, instead of continuous marker dosing, enables prediction 

of the marker residence time in each SPRO element. The approach is rooted in the fact that 

marker’s residence time in each SPRO element depends on the individual elements’ crossflow 

velocity, which is in turn affected by water recovery, and thus the applied pressure and osmotic 

pressure difference in each SPRO element. Accordingly, the marker residence time per SPRO 

element can be resolved (Sections 6.2.1-6.2.3) given the RO system’s feed salinity and pressure 

data (from the RO system’s feed and retentate streams).  

In order to identify the presence of a membrane integrity breach via the PM-MIM approach, 

it is necessary to decouple and quantify the contributions of marker diffusive and convective 

transport to the overall marker passage. The presence of membrane breach is identified via 

enhanced marker convective transport through the membrane. As suggested in the Kedem-
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Katchalsky’s solution-diffusion model (Section 6.2.2), the degree of marker convective transport 

is governed across the membrane by the marker concentration driving force across RO 

membrane, which in turn depends on channel hydrodynamics and mass transfer in each SPRO 

element, and the level of marker passage through RO membrane of each SPRO element. The 

latter can be estimated from the cumulative marker permeate concentration-time profile and the 

marker residence time (Figure 6-2). Accordingly, given the RO system’s feed salinity, feed and 

retentate pressures, as well as the cumulative marker permeate concentration-time profile, the 

presence of membrane breach can be identified via the framework presented in Figure 6-2 and 

described below. 

In the first step (Section 6.2.1, Figure 6-2), the retentate osmotic pressure difference across 

RO membrane (Δπi) was determined for each individual SPRO element based on the salt feed 

concentration for each SPRO element (Cf,salt,i), which was resolved from the salt mass balance in 

RO feed channel. Given the osmotic pressure difference and the RO system’s feed and retentate 

pressures (Pf,1 and Pr,N), one can estimate the water recovery (Yi), and thus the average permeate 

flux ( ,v iJ ) and the average crossflow velocity ( iu ) for individual SPRO elements (Section 

6.2.1). Subsequently, the average marker feed-side mass transfer coefficient for each SPRO 

element ( ,f ik ) was estimated based on the individual elements’ average crossflow velocity 

(Section 6.2.1). The second step (Section 6.2.2, Figure 6-2) involves the estimation of marker CP 

and concentration at the membrane surface in order to quantify the marker concentration driving 

force across RO membrane in each SPRO element. The above determined ,f ik and ,v iJ enabled 

assessments of the marker concentration polarization ( iCP ) for each SPRO element (Section 
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6.2.2). The marker concentration at the membrane surface for each SPRO element ( ,m iC ) was 

calculated from iCP and individual elements’ marker feed concentrations. The latter was 

attained from the marker mass balance for the multi-element RO feed channel (Section 6.2.2).  

 

Figure 6-2. Framework for monitoring RO membrane integrity marker based in a multi-

element SPRO plant. 

 

The third step (Section 6.2.3, Figure 6-2) involves the prediction of the marker residence 

time (τi) and the average marker cumulative (or overall) permeate (product) concentration from 
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each SPRO element ( ,p iC ). Given the average crossflow velocity in each SPRO element, τi was 

predicted via the longitudinal dispersion model (Section 6.2.3). The marker mass portion that 

passes through the membrane (Mp,i) and subsequently ,p iC  for each SPRO element can then 

resolved by integrating τi and the cumulative marker permeate concentration-time profile 

(Section 6.2.3).  

Finally, the level of marker convective transport across the RO membrane for each SPRO 

element (as represented by the reflection coefficient, σi) was estimated via the Kedem-

Katchalsky’s solution-diffusion model using the data fusion approach accounting for channel 

hydrodynamics,  mass transfer, and marker residence time in each SPRO element (Section 6.2.4, 

Figure 6-2). The presence of membrane breach was ascertained on the basis of increased marker 

convective transport across the RO membrane (Figure 6-2).  

 

6.2.1 Estimation of average permeate flux and crossflow velocity in each SPRO 

element 

In the SPRO system with a given number of SPRO elements (N) in series, the local permeate 

flux through the intact RO membranes of each SPRO element, i, (Jv,i) can be expressed in term of 

water recovery (Yi) as follows [28]: 

( ),

, ,

p i m p

i i i i

f i f i

Q A L
Y P

Q Q
σ π= = ∆ − ∆      (6-1) 

where Am is the active membrane area, Δπi is the osmotic pressure difference at the membrane 

surface, Qp,i and Qf,i are the volumetric permeate and feed flow rates, respectively, Lp is the 
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intrinsic membrane water permeability, σi is the reflection coefficient (~ 1 for intact high 

rejection RO membrane), and ΔPi is the applied transmembrane pressure difference                    

(=
, r,

,

P

2

f i i

p i

P
P

+
−  where Pf,i, Pr,i, and Pp,i, are the average feed, retentate (at the module exit) and 

permeate-side pressure, respectively). Since the pressure drop for the RO systems in this study 

was marginal (~10-15 psi), the pressure decline along the elements was taken to decrease in a 

linear manner. Therefore, the pressure at the module exit (Pr,i) was estimated by subtracting the 

pressure at the module entrance (Pf,i) with the average pressure drop per element (Pr,i = Pf,i - 

ΔPi).  

In the present study, Lp was determined from water pressure-flux data using the classical 

water flux model ( ( ), ,

N N

p t m v i m p i i i

i i

Q A J A L P σ π= = ∆ − ∆∑ ∑ ; where Qp,t is the total permeate flow 

rate of the SPRO system). In this approach, the total permeate flow rate (Qp,t) was measured 

experimentally using the SPRO system’s feed solution (Section 6.3.1) at given feed flow rate, 

and feed and retentate pressures. Given that Qp,t is dependent on the osmotic pressure difference 

at the membrane surface (Δπi) and thus the water recovery (Yi) of individual elements (Equation 

6-2), Lp can be estimated from fitting the individual elements’ water recoveries to the 

experimental data of Qp,t  (see Tables F-1 and F-2).  

The osmotic pressure difference at the membrane surface (Δπi) is governed by the average 

salt concentration at the membrane surface (Cm,salt,i), which is in turn dependent on the salt feed 

concentration (Cf,salt,i) and the water recovery [37]:  

, , ln(1 )f salt i i

i i

i

C Y
CP

Y
π κ

− 
∆ = − 

 
    (6-2) 



102 

where CPi  is the concentration polarization modulus (typically ~1-1.1 for an SPRO element in 

multi-element SPRO plants [98]) and κ is the osmotic pressure constant (~0.08 psi L mg-1, 

estimated for the RO feed solution by an electrolyte simulation software, OLI [129]). The 

recovery per element, Yi, is determined by combining Equations 6-1 and 6-2:  

, ,

,

ln(1 )
m p f salt i i

i i i

f i i

A L C Y
Y P CP

Q Y
κ

 − 
= ∆ + −   

  
    (6-3) 

Based on the measured values of Qf,1, Cf,salt,1, and Pf,1, one can estimate water recovery for 

the first SPRO element (Y1) via Equation 6-3. Subsequently, the salt retentate concentration of 

the first SPRO element (Cr,salt,1) can be estimated from the retentate concentration factor (CFi) of 

the first SPRO element [1] as follows:  

, , ,

, ,

1

( 1)

r salt i i i o i

i

f salt i i

C Y Y R
CF

C Y

− −
= =

−
    (6-4) 

where Ro is the observed salt rejection (Ro = 1-Cp/Cf, ~99% for high rejection RO membranes). 

For high-rejection membranes, where solute concentration in the permeate stream is negligible, it 

is reasonable to assume that Cr,i equals Cf,i+1 and the volumetric retentate flow rate (Qr,i) equals 

Qf,i+1.  Given the above parameters, the average permeate flux ( ,v iJ ) as well as the average 

crossflow velocity ( iu ) for a given individual SPRO element can be calculated from 

, , /v i p i mJ Q A=  and   , ,1

2

f i r i

i

c

Q Q
u

A

+  
=   

  
 whereby Ac is the membrane cross sectional flow 

area (see Chapter 2, Figure 2-5). 
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6.2.2 Estimation of marker concentration driving force across RO membrane in 

each SPRO element 

The level of marker passage through an RO membrane is governed by the marker 

concentration driving force across RO membrane in each SPRO element as suggested by the 

classical solution-diffusion Kedem-Katchalsky model [29]: 

, , , , , , , ,

1
( ) (1 ) ( )

2
s i p i v i m i p i i v i m i p iJ C J B C C J C Cσ= = − + − +                           (6-5) 

where Js,i is the marker flux across the membrane, ,m iC  and ,p iC are the average marker 

concentration at the membrane surface and in the permeate stream of each SPRO element, 

respectively, and B is the marker membrane permeability coefficient. A reflection coefficient (σi) 

below unity indicates that there is convective marker transport, while a value tends toward unity 

indicates the absence of cross-membrane convective marker transport (i.e., the case for highly 

solute rejecting intact membranes). Accordingly, the level of marker convective transport (as 

represented by σi) can be resolved given B, ,v iJ , ,m iC , and ,p iC . 

In order to estimate ,m iC , the marker feed concentration for each SPRO element (Cf,i) must 

first be estimated via the marker mass balance in RO feed channel (Equation 6-4) given the 

marker feed concentration in the first SPRO element (Cf,1) and the estimated Yi. Subsequently, 

the average concentration polarization modulus ( iCP ) in each SPRO module can be estimated 

via the classical film layer model [27]:  

. , ,

, , ,

exp
m i p i v i

i

b i p i f i

C C J
CP

C C k

 −
= =  

 −  
    (6-6) 
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where ,b iC is the average marker bulk concentration in the feed channel (=-Cf,i ln(1-Yi)/Yi) [37]) 

and ,f ik is the average marker feed-side mass transfer coefficient for each individual SPRO 

element.  

For a given RO feed channel, ,f ik is dependent on the axial crossflow velocity, which may 

vary among various SPRO elements [39]. The dependence of ,f ik on iu  can be established 

experimentally via an approach described in Murthy and Gupta [39]. Briefly, the overall 

observed marker rejection (Ro,t=1-Cp,N/Cb,1 where Cb,1 and Cp,N are the marker bulk and permeate 

concentration measured at the entrance and exit of the RO system, respectively) is determined 

(based on RO experiments) by varying levels of overall average permeate flux (for the entire RO 

treatment train), ,v tJ , at constant crossflow velocity via the following relationship [39]: 

, ,

,

, ,

1
ln ln

o t v t

v t

o t f t

R J
J B

R k

 −
= +  

 

    (6-7) 

whereby ,f tk is the overall average marker feed-side mass transfer coefficient (for the entire 

SPRO system). In the above approach, the LHS of Equation 6-7 is plotted versus ,v tJ  (for a 

given average crossflow velocity), thereby allowing determination of both B and ,f tk .   

 

6.2.3 Estimation of the average marker permeate concentration for each SPRO 

element 

The average marker permeate concentration in each SPRO membrane element ( ,p iC ), as 

required in Section 6.2.2, can be estimated by from the dynamic change in the marker permeate 
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concentration of the combined RO permeate stream with respect to the marker residence time in 

each SPRO element. In order to determine the residence time (τi), one has to account for marker 

dispersion in ach SPRO element feed channel due to the presence of stagnant regions and dead 

volumes. Utilizing the longitudinal dispersion model, the marker concentration in the membrane 

feed channel, in response to a marker square pulse imposed at the channel entrance (x=0) over 

time period of [0, tf,i], was estimated from the following analytical solution of the dispersion 

equation [130]: 

            
,

, ( , ) ( , )
2

f i

b i

C
C x t A x t=                                for 0 < t <tf,i  (6-8a) 

( ),

, ( , ) ( , ) ( , )
2

f i

b i f

C
C x t A x t A x t t= − −        for t > tf,i   (6-8b) 

( , ) exp
2 2

i i i

EE E

x u t u x x u t
A x t erfc erfc

DD t D t

    − += +       
    

               (6-8c) 

where C(x=0,t) = 0        for t > tf,i                                                            (6-8d) 

                                                         = Cf,i    for 0 < t < tf,i 

in which Cb,i(x,t) is the average marker concentration in the RO feed channel at time t and axial 

location x, tf,i is the marker dosing period in each SPRO module, and DE is the marker dispersion 

coefficient in the SPRO elements, estimated from the dispersion coefficient (DE=aui+D, where a 

is the dispersion length (~10% of the flow channel length for longitudinal dispersion [130])). It is 

important to note that the axial average crossflow velocity for each SPRO element was utilized 

in the longitudinal dispersion model since the water recovery per SPRO element is relatively 
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small (<10%); over such a scenario, only a marginal difference in the crossflow velocity 

(~0.005-0.02 m/s) is expected between the inlet and outlet of each SPRO element.  

The marker residence time (τi) of the marker solution in each SPRO module is defined as the 

length of time for the marker feed bulk concentration at the SPRO exit (Cb,i(x=L)) to reach steady 

state as shown in Figure 6-3. Accordingly, the marker cumulative residence time from the RO 

unit inlet to the outlet of any given SPRO element, i (τc,i) can be expressed as: 

,

0

N

c i i

i

τ τ
=

=∑       (6-9) 

where N is the number of SPRO elements (Figure 6-1). The marker mass portion (Mp,i) that 

passes through RO membrane of a given SPRO element can be estimated from the dynamic 

change in the marker concentration of the combined permeate stream (Cp,t) with respect to the 

marker residence time in each SPRO element (Figure 6-1):  

( )1

1 2
, , , ,

i i

i i
p i p i p t p tM Q C dt C dt

τ τ

τ τ

−

− −

= −∫ ∫     (6-10) 

Finally, the time-average marker permeate concentration in each SPRO membrane element   

( ,p iC ) as required for estimation of marker passage (Section 6.2.2, Equation 6-5) is defined as:  

, ,

,

, ,

p i p i

p i

p i p i i

M M
C

V Q τ
= =      (6-11) 

where Vp,i is the volume of the marker permeate solution, collected over a period of τi, which can 

be determined from the permeate flow rate and marker residence time per element.  
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Figure 6-3. The marker feed bulk concentration at the SPRO exit of the ith element as a 

function of the monitoring period in response to continuous marker injection. The marker 

residence time for the ith SPRO element (τi) is defined as the time period for the marker feed-side 

bulk concentration at the SPRO exit of the ith element to reach steady state.  

 

6.2.4 Assessments of marker convective transport across RO membranes 

Marker passage through high rejection intact RO membrane is expected to be primarily by 

solution-diffusion with negligible marker convective transport (i.e., σ→1). However, in the 

presence of a membrane breach, coupled convective transport of both water and marker through 

the breached membrane area is expected to increase and this would be reflected by a decrease in 

the magnitude of the reflection coefficient [27]. The reflection coefficient,σi, can be estimated 

from Equation 6-5 as: 

( )
( )
( )

, ,,

, , , , ,

22
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m i p ip i
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m i p i v i m i p i
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−
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where ,m iC , ,p iC , and ,v iJ are determined from Sections 6.2.1-6.2.3. In the above analysis, it is 

postulated that the presence of minor membrane breaches (i.e., micron size breaches) has 

negligible impact on hydrodynamics and mass transfer in the SPRO feed channel. Accordingly, 

B and ,m iC are assumed to be the same (over all unbreached membrane area) for both an intact 

membrane and for SPRO elements that are not excessively compromised. Hence, the hypothesis 

is that diffusive flux occurs through intact membrane areas (governed by B) while convective 

transport is through breached areas.  

6.3 Experimental 

6.3.1 Materials and reagents 

A molecular fluorescent marker, uranine (C20H12Na2O5) was used for SPRO membrane 

integrity monitoring. Testing of the PM-MIM framework for estimation of marker passage 

through SPRO elements was first carried out in a multi-element RO system. The RO feed water 

was subsurface agricultural drainage water (RO feed has TDS of 17,000 mg/L, Na2SO4 

concentration of 9,800 mg/L, dissolved calcium, magnesium, nitrate, potassium, and sodium of 

559, 428, 158, 12.7, and 4715 mg/L, respectively, TOC of 8.8 mg/L as C, and total alkalinity of 

346 mg/L as CaCO3, see Appendix A.2). Subsequently, demonstration of the PM-MIM approach 

for membrane breach detection was carried out in laboratory setting using a two-element SPRO 

system. The RO feed water for laboratory experiments was a low salinity potable water (TDS of 

265 mg/L, TOC of 1.7 mg/L, and total hardness of 113 mg/L as CaCO3, see Appendix A.1), in 

order to allow single-pass RO operation in laboratory setting. 
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6.3.2 Spiral-wound reverse osmosis (SPRO) systems 

The feasibility of the PM-MIM framework for characterizing marker transport in a multi-

element SPRO system was first demonstrated in a mobile Smart Integrated Membrane System 

(SIMS) plant (Figure 6-4, see Appendix B.3.2), deployed in California San Joaquin Valley for 

treatment of agricultural drainage water. In the SIMS plant, RO feed water pretreatment was 

accomplished via a train of centrifugal separator, inline coagulation (aluminum chlorohydrate), 

300-micron screen filter, and ultrafiltration (0.02 micron; dizzer® XL 0.9 MB, Inge GmbH). The 

SIMS plant had a maximum feed capacity of 34,500 GPD (130.6 m3/day), capable of operating 

in one-stage, two-stage, and two-pass configuration. In the present study, the PM-MIM was 

implemented in the first-stage RO unit, consisting of two fiberglass pressure vessels (4” 

Codeline, Pentair Water) arranged in series.  

 

Figure 6-4. Schematic of the Smart Integrated Membrane System (SIMS) plant with seven 

SPRO elements in series. Note that marker detection is set in a side stream from the combined 

permeate stream. P, F, and C, are the pressure gauge, flow meter, and conductivity meter, 

respectively.   
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The lead and tail pressure vessels were loaded with three and four 4” x 40” SPRO brackish 

water membrane elements (TM700D, Toray Membrane USA), respectively (Figure 6-3).  These 

membranes had a salt rejection of 99% (for 1,000 mg/L NaCl feed solution) and an average 

water permeability of 3.29 LMH/bar. Water was fed to the RO system via a high-pressure 

centrifugal pump (CRNE 3-23 HS, Grundfos Pumps Co.), equipped with an integrated variable 

frequency drive (VFD). In maintaining a desired water recovery and permeate flux, automated 

process control of RO retentate pressure and RO feed flow were accomplished through 

adjustments of the feed pump VFD and an actuated RO retentate needle valve (708LMO-075, 

Jordan Valve). RO feed and retentate pressures (P1 and P7) were monitored by pressure 

transmitters (S-10, Wika). The system feed flow rate (Qf,1), and the permeate flow rate from the 

lead and tail vessels (Qp,lead and Qp,tail) as well as the combined permeate flow rate (Qp,total) were 

monitored by paddle-wheel flow meters (GF 2537, Georg Fischer). Feed salt concentration 

(Cf,salt,1) was estimated from online conductivity measurements (GF 2850, Georg Fischer). The 

SIMS RO unit was operated in single-pass mode at a transmembrane pressure of 2,136-2,550 

kPa (310-370 psi) and average crossflow velocity of ~0.06-0.10 m/s, over a water recovery range 

of 40-60%.  

Experimental evaluation of the impact of membrane breach on marker permeate response in 

a large multi-element SPRO plant, such as the SIMS plant was not feasible. It was not practical 

to halt the operation of the SIMS plant during its field deployment for brackish water 

desalination nor was it permissible to damage the membrane so as to introduce membrane 

breaches. Therefore, the feasibility of the PM-MIM approach for detection and characterization 

of membrane integrity loss was assessed in a small pilot-scale Mini Mobile Modular (M3) RO 

desalination system (Figure 6-5, see Appendix B.3.1) in a laboratory setting. The M3 system 
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consisted of two 2.5 inch x 40 inch spiral-wound brackish water membrane elements (Filmtec 

2540 model, Dow Filmtec, Edina, MN) each housed in separate pressure vessels (rated up to 68 

bar) arranged in series (Figure 6-5). These membranes had a reported average water permeability 

of 5.14 LMH/bar and salt rejection of 99% (for 1,000 mg/L NaCl feed solution). A series of 5 

and 0.45 µm filtration cartridges (Keystone Filter, Hatfield, PA) and a 5 µm carbon filter 

(Pentek, Greenville, SC) were installed in the feed stream prior to the marker dosing location. 

Water was fed to the RO system via a pair of positive-displacement high pressure pumps 

(Danfoss Model CM 3559, 3 HP, 3450 RPM, Baldor Reliance Motor, Danfoss Sea Recovery, 

Carson, CA) controlled by a variable frequency drive (VFD) (Model FM50, TECO Fluxmaster, 

Round Rock, Texas). The desired pressure was controlled by adjusting an actuated needle valve 

(Model VA8V-7-0-10, ETI Systems, Carlsbad, California) on the retentate stream of the SPRO 

pilot. Feed and retentate pressures (P1 and P2) were monitored by pressure transducers (0-68 bar 

range, Model PX409-1.0KG10V, Omega, Stamford, CT). The system feed (Qf,1) and combined 

permeate flow rates (Qp,total) were monitored by Signet 2537 Paddlewheel flow meter (George 

Fischer Signet, Inc., El Monte, CA). Salt feed concentration (Cf,salt,1) was measured by an inline 

conductivity meter. The M3 system was operated in single-pass mode at a transmembrane 

pressure of 965-1,103 kPa (140-160 psi) and cross-flow velocity of ~0.12 m/s over a water 

recovery range of 30-40%. The geometrical parameters of the SPRO elements in the SIMS RO 

unit and the M3 system were determined via an approach described in the study by Schock and 

Miquel (1987) [33] and reported in Table 6-1.  



112 

 

Figure 6-5. Schematic of the Mini Mobile Modular (M3) system with two SPRO elements in 

series. Note that marker detection is set in a side stream from the combined permeate stream. P, 

F, and C, are the pressure gauge, flow meter, and conductivity meter, respectively.   

 

Table 6-1: Geometric parameters of SPRO elements 

Characteristics Toray’s TM700D  

(SIMS plant) 

Dow’s Filmtec2540 

(M3 system) 

Element diameter, d (in)(a) 4 4 

Membrane active area per element, Am (m2) (a) 8.00 2.6 

Length of SPRO feed channel, L (m) (a) 1.02 0.90 

Feed spacer thickness  (mil) (a) 31 28 

Feed spacer filament thickness, df (mm) (a) 0.80 0.43 

Length of membrane sheet, Lm (m) (a) 1.70 2.79 

Feed spacer mesh porosity, ε(a) 0.90 0.87 

Channel height (mm), h(a) 0.86 0.79 

Width of membrane sheet, W (m) (a) 4.70 0.93 

Hydraulic diameter, dh (mm) (b) 1.08 0.93 

Cross sectional flow area, Ac (m2) (b) 0.005 0.001 

(a) Provided by the membrane manufacturers  
(b) Determined via the SPRO parameter estimation approach described in Chapter 2, Section 2.1.5    
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6.3.3 Fluorescent marker detection and injection 

The fluorescent marker detection system was integrated with the permeate stream of the 

SPRO systems as shown in Figures 6-4 and 6-5. A submersible fluorescence sensor (CYCLOPS-

7 model, Turner Designs, Sunnyvale, CA) with a built-in LED light source with an excitation 

wavelength of 490 nm and a built-in optical filter of 530 nm wavelength for light emission was 

utilized in the SIMS RO unit. For the M3 system, the fluorescent marker detection system in 

Figure 3-2 was utilized for MIM. The fluorescence intensity was acquired every 500 ms for both 

detection systems and converted to marker concentration via a predetermined concentration-

fluorescence intensity calibration (Chapter 3, Figure 3-7a).  

Prior to marker injection into the SPRO feed stream, the fluorescent background signal in the 

permeate stream was set once the RO system reached steady-state condition (i.e., <5% 

fluctuation in permeate flux). The marker solution was injected into the RO feed stream as a 

square pulse by a metering pump, DDA 7.5-16 model (Grundfos Pumps Corporation, 

Bjerringbro, Denmark), at dosing flow rate of up to 0.125 L/min against a backpressure of up to 

100 kPa. The marker injection point was located just before the high pressure RO pumps. The 

required dosing flow rate, QD, of a marker feed solution of concentration CD, to achieve the 

target dosing marker concentration in the RO feed, CF, was determined from a marker mass 

balance around the injection point: 

      (6-14) 

where QF is the RO feed flow rate. Marker injection was set at a constant concentration (in the 

range of 5-20 mg/L) for a duration of 2 and 5 minutes, for the M3 system and the SIMS RO unit, 

F F
D

D F

Q C
Q

C C
=

−
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respectively. Since the detection limit of the M3 spectrometer system (~ 0.5 µg/L uranine) is 

lower than that of the SIMS plant (~ 0.1 µg/L uranine), higher marker feed pulse concentration 

(20 mg/L) was utilized for the M3 system relative to the SIMS plant (5 mg/L) in order to raise 

the marker permeate concentration to the detectable level. Marker permeate concentration was 

monitored as a function of time, and sufficient time was allowed between individual runs (up to 

~ 30 min) to ensure return of the fluorescence signal to background level. It is noted that the 

square pulse duration was significantly greater than the hydraulic retention time in the SPRO 

feed channel (~0.4 and 1.5 min for the M3 system and the SIMS RO unit, respectively); thus, the 

entire RO treatment train was exposed to the injected marker solution prior to the end of the 

injection period. It is worth noting that given the physical length of the sampling tube from the 

RO system to the detector, there was a measurable marker detection lag time (τo) of 0.3 and 0.4 

min for the M3 system and the SIMS RO unit, respectively. The marker detection lag time was 

taken into account by appropriately shifting of the concentration-time profiles.  

6.3.4 Formation of membrane integrity breaches 

Membrane integrity breaches (pinholes) were mechanically induced in the SPRO element of 

the small pilot-scale SPRO system (M3 system). The SPRO membrane element was punctured 

(from the outer wrap through a feed spacer and a membrane sheet) with a hypodermic needle 

(1.6 mm in diameter), resulting in pinholes of various sizes ranging from 0.8 to 1.6 mm2. The 

pinholes were created only on one of the two SPRO elements. The impact of membrane breach 

location was investigated by switching the order of the elements, resulting in the breach location 

at 7 and 108 cm away from the M3 inlet. Membrane breach sizes were determined from images 

obtained using a high magnification reflectance optical microscope (Axio Hal 100 model, Carl 

Zeiss Microimaging, Thornwood, NY). 
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6.4 Results and Discussion 

6.4.1 Characterization of crossflow velocity, permeate flux, marker concentration 

polarization, and level of marker convective transport in individual SPRO elements 

The PM-MIM capability for quantification of marker convective transport in a multi-element 

SPRO plant was first evaluated in the SIMS plant. The predicted results for the average permeate 

flux, crossflow velocity, marker feed-side mass transfer coefficient, and marker CP (based on 

analysis in Sections 6.2.1 and 6.2.2) are illustrated in Figure 6-6 for the RO feed flow rate of 9 

gpm and water recovery of 50%. As shown in Figure 6-6a, the predicted average permeate flux 

for each SPRO element decreased linearly toward the SIMS plant outlet. For example, the 

average permeate flux was approximately 295% higher in the first SPRO element than in the last 

(7th) SPRO element of the SIMS RO unit. The above behavior was expected since the bulk salt 

concentration would increase axially from the inlet to the outlet of the RO unit (at a constant 

applied pressure), resulting in increased feed solution osmotic pressure, and subsequently 

decreased permeate flux [51]. As a result of declining permeate flux toward the outlet of the 

SIMS plant, it is predicted that the water recovery per SPRO element would decrease 

progressively from ~ 10.9% (in the first SPRO element) to 6.8% (in the 7th SPRO element) 

toward the RO unit exit. It is worth noting that there was only a marginal difference (<1%) 

between the predicted combined permeate flow rate (4.60 gpm) and the combined permeate flow 

rate measured experimentally for the SIMS plant (4.56 pm). 
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Figure 6-6. Predicted normalized average permeate flux (a), average crossflow velocity (b), 

and average marker feed-side mass transfer coefficient (c), for each SPRO element with respect 

to their initial values in the first SPRO element, as well as the predicted average marker 

concentration polarization modulus for each SPRO element in the SIMS plant (d) (determined 

via the approach described in Sections 6.2.1 and 6.2.2). The SIMS plant was operated at feed 

flow rate of 9 gpm, feed and retentate pressures of 316 and 306 psi, respectively, and total water 

recovery of 50%. The membrane and feed channel transport parameters are provided in        

Table F-3. 
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The variation in water recovery among SPRO elements in a multi-element SPRO system had 

a noticeable impact on the average element feed-side crossflow velocity, which in turn affected 

the average feed-side mass transfer coefficient ( ,f ik ) and subsequently the average CP modulus  

( iCP ) in each SPRO element. First, the dependence of ,f ik on iu  was established 

experimentally via an approach described in Section 6.2.2 for the SIMS plant and the M3 system, 

resulting in the Sherwood (Sh) correlation for ,f ik :   

, 0.54 0.440.26Re
f i hk d

Sh Sc
D

= =       for the SIMS plant   (6-12a) 

, 0.673 0.250.29Re
f i hk d

Sh Sc
D

= =              for the M3 system  (6-12b) 

where Re = udh/ν, Sc = ν/D, D is the solute diffusivity (5.14x10-10 m/s for uranine) and ν is the 

kinematic viscosity of RO feed solution.  

Based on the average crossflow velocity in each SPRO element ( iu ) (Section 6.2.1), ,f ik  

was estimated for each SPRO element. As shown in Figure 6-6b and 6-6c, for a given feed flow 

rate and water recovery, the average crossflow velocity in a given element decreased from the 

lead to tail element, and thus ,f ik  also progressively decreased toward the tail element. Lower 

,f ik  would enhance iCP whereas lower permeate flux ( ,v iJ ) would lead to lower iCP as can be 

deduced from Equation 6-6. For the RO hydrodynamic conditions utilized in this study, ,v iJ  

decreased at a higher rate (~111-158% per element relative to the first SPRO element) compared 

to ,f ik  (31-38% per element relative to the first SPRO element), resulting in a 9-14% decrease 
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in iCP  toward the SIMS plant exit (Figure 6-6d). It is instructive to compare the element-

specific iCP  and the overall CP determined based on the overall mass transfer coefficient ( ,f tk ) 

and permeate flux ( ,v tJ ) for the SIMS plant. For example, at the feed flow rate of 9 gpm and 

total water recovery of 50%, the average crossflow velocity for the entire RO plant was 8.4 cm/s, 

which results in ,f tk  and ,v tJ  of 5.41x10-5 and 5.28x10-6 m/s, respectively. Therefore, the 

average CP for the entire SIMS plant with seven SPRO elements was approximately 1.16, which 

is higher than the iCP  estimated for four of the elements (element 4, 5, 6, and 7) in the SIMS 

plant (Figure 6-6d). Therefore, utilizing the average crossflow velocity and permeate flux for the 

entire RO unit, instead of element-specific iu and ,v iJ , can lead to overestimation of the 

element-specific CP modulus by ~1-7%. Clearly, higher CP would lead to higher marker 

concentration at the membrane surface and would subsequently affect the estimation of the 

reflection coefficient (σ) as per Equation 6-12. The above results confirm that in a multi-element 

SPRO system, one must assess the permeate flux, crossflow velocity, and CP modulus for each 

individual SPRO element in order to attain precise conclusions regarding the level of marker 

convective transport from the feed to the permeate side.  

Given that the average crossflow velocity decreased toward the RO unit exit, it is expected 

that the marker residence time, in response to a marker pulse input, will be longer toward the RO 

plant exit (i.e., from the tail element). Indeed, the marker residence time predicted for each 

SPRO element (τi) of the SIMS plant (for an overall average permeate flux of 5.28x10-6 m/s, and 

total water recovery of 50%), in response to a 5-min injection of 5 mg/L of uranine, increased 

from 21 s (in the first SPRO element) to 54 s (in the 7th SPRO element) (Table 6-2).  The 
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predicted total marker residence time (estimated via an approach in Section 6.2.3) is consistent 

with the time required for the marker permeate concentration-time profile to reach a steady state 

(Figure 6-7). As shown in Figure 6-7, the marker permeate concentration-time profile of the 

combined permeate stream (in response to a 5-min injection of 5 mg/L uranine) increased 

gradually with time and reached steady state within approximately 270 seconds. The dynamic 

change in the marker concentration for the overall permeate stream, with respect to the marker 

residence time, enabled estimation of the time-average marker permeate concentration per 

element (Section 6.2.3) and subsequently the level of marker convective transport in each SPRO 

element (Section 6.2.4). As shown in Table 6-2 (for an overall average permeate flux of 5.28x10-

6 m/s, total water recovery of 50%, and 5-min injection of 5 mg/L uranine), the average marker 

permeate concentration for a given element, ,p iC , increased progressively (~0.1-4 ppb) toward 

the RO plant tail exit. The above behavior could be attributed to an increase in ,m iC  toward the 

RO system exit (Table 6-2). As a consequence, the marker concentration driving force across the 

membrane increased toward the tail element, which in turn enhanced marker passage across the 

RO membrane. Despite the differences in ,p iC among various SPRO elements, the reflection 

coefficient iσ  for individual SPRO element in the SIMS plant was essentially unity, indicating 

negligible marker convective transport through the membrane, thus verifying the intactness of 

the SPRO elements in the SIMS plant. The above results emphasize the importance of 

accounting for RO hydrodynamic conditions (e.g., permeate flux and CP) when estimating the 

degree of marker convective transport, particularly in multi-element SPRO systems. 
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It is also evident in the above results that iσ also depends on both ,v iJ and ,m iC , in addition 

to ,p iC . For the experimental conditions utilized for the SIMS plant, ,m iC  increased whereas 

,v iJ  decreased toward the RO plant. Therefore, iσ  remained at essentially unity irrespective of 

the marginal differences in ,p iC among various SPRO elements. For given ,m iC  and ,v iJ  for 

individual SPRO elements, however, it is expected that ,p iC  would increase with decreasing iσ , 

such as in the case of compromised RO membranes, as discussed in Section 6.4.2.  

 

Table 6-2: Predicted marker residence time in SPRO elements (τi), average marker feed bulk 

concentration ( ,b iC ), average marker concentration at the membrane surface ( ,m iC ), average 

marker permeate concentration ( ,p iC ), intrinsic marker rejection, and reflection coefficient (σi) 

for each individual SPRO element in the SIMS plant (a) 

Element τi (s)(b) 
,b iC   

(mg/L) 

,m iC   

(mg/L) (c) 

,p iC   

(µg/L)(c) 

Intrinsic 

marker 

rejection (%)(d) 

σi 

1 21 5.30 6.42 0.02 100.00 1.000 

2 24 5.95 7.29 0.12 100.00 1.000 

3 30 6.68 8.18 0.37 100.00 1.000 

4 36 7.47 9.06 0.80 99.99 1.000 

5 42 8.30 9.87 1.59 99.99 1.000 

6 48 9.10 10.55 2.26 99.99 1.000 

7 54 9.83 11.05 4.08 99.99 0.999 

(a) The SPRO system was operated at the feed flow rate of 9 gpm and total water recovery of 50%. 
(b) The marker residence time (defined in Section 6.2.3) was estimated for a 5-minute pulse input of 

5 mg/L uranine. (c) Averaged over time;  (d) The intrinsic marker rejection is defined 1-Cp,i/Cm,i; 
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(e) Average permeate flux, crossflow velocity, marker feed-side mass transfer coefficient, and CP 

modulus for each SPRO element are provided in Figure 6-6.  

 

Figure 6-7. Marker feed input concentration profile and permeate response (i.e., 

concentration) measured at the entrance and exit of the SIMS plant consisting of seven 7 intact 

SPRO membrane elements. The SIMS plant was operated at an overall average permeate flux of 

5.28x10-6 m/s, and total water recovery of 50%. The shaded area represents the marker mass 

portion passing through RO membrane in each SPRO element (Equation 6-10). Note that the 

marker was injected into the RO feed stream at t=0. τo is the time the marker was first detected in 

the combined permeate stream, from the system and τc,i is the marker residence time for each 

SPRO element (Equation 6-9) 
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6.4.2 Impact of membrane integrity loss on marker convective transport across 

RO membranes 

In order to assess the PM-MIM feasibility for membrane breach detection, the time-average 

marker permeate concentration for each SPRO element ( ,p iC ) was estimated for the SIMS plant 

with varying values of iσ in each SPRO element. The predicted ,p iC (determined via Equation 6-

12) is shown for each individual SPRO element based on the average permeate flux ( ,v iJ ) and 

marker concentration at the membrane surface ( ,m iC ) in each SPRO element (Figure 6-6, Table 

6-2), in response to a 5-min injection 5 mg/L of marker solution into the RO feed (Figure 6-7a).  

As illustrated in Figure 6-8, ,p iC for each of the SPRO elements increased with decreasing 

reflection coefficient; even a small decrease in iσ (e.g., as small as 10-3) would result in a 

significant (as high as 5 to 15 times) increase in ,p iC . Therefore, one should be able to identify 

increased marker convective transport (as would be expected in the case of compromised 

membranes) by the increase in ,p iC relative to an intact membrane of each individual SPRO 

element. It is expected that increased marker permeate concentration in a given SPRO element 

would lead to an overall increase in marker concentration in the combined permeate stream, and 

thus raising the marker permeate concentration for to above the established baseline for the intact 

membranes.   
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For the same level of marker convective transport (i.e., the same iσ ), increase in ,p iC is 

particularly pronounced for the SPRO elements located toward the outlet of the SIMS plant 

(Figure 6-8). For example, for a reflection coefficient of 0.999, the average marker permeate 

concentration is approximately 190 % higher in the 7th SPRO element than in the first SPRO 

element. The above behavior may be attributed to an increase in ,m iC  toward the RO system exit 

(Table 6-2). As a consequence, the concentration driving force across the membrane increased, 

which in turn enhanced marker passage across the RO membrane. The above results suggest that 

in the presence of a membrane breach in a given SPRO element, ,p iC would be higher when the 

breached SPRO element is located closer to the SPRO plant. Accordingly, the marker 

concentration in the combined (total plant) permeate stream is expected to be higher when the 

breach is located in an SPRO element closer to the outlet than the inlet of the SPRO plant.  

 

Figure 6-8. The impact of the reflection coefficient on expected average marker permeate 

concentration for each SPRO element in the SIMS plant. The time-average marker permeate 

concentration was determined via the Kedem-Katchalsky’s model (Equation 6-12). Data for the 

average marker permeate concentration is summarized in Table F-4. 
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Experimental evaluation of the impact of membrane beach on marker convective transport 

across an RO membrane was carried out in a 2-element M3 system (Figure 6-4) with an intact 

and a breached RO element in laboratory setting. Results based on a 2-min pulse input of 20 

mg/L uranine for the M3 system (Figure 6-9) demonstrated that there was indeed an increase in 

marker permeate concentration of the combined permeate stream in the presence of membrane 

breach (breached areas of 0.8 and 1.6 mm2 (Section 6.3.4)) relative to the intact SPRO system. 

As expected, higher peak concentration was observed with increasing breach size. Additionally, 

given the change in marker ,m iC  along the RO treatment train, the permeate marker 

concentration of the combined permeate stream (from both elements) was affected by the breach 

location. For the same breached area, the marker peak concentration was ~40-50% higher when 

the breach was located in the second element (108 cm away from the flow entrance) relative to a 

breach in the first element (7 cm away from the flow entrance).  

Similar to the predicted ,p iC results for the SIMS plant, when membrane breaches were 

farther away from the RO inlet, increased marker permeate concentration (in the combined 

permeate stream) in the M3 system was attributed to higher ,m iC and therefore higher ,p iC

toward the tail element of the M3 system (Table 6-3). For example, given the operating 

conditions of the M3 system and the reflection coefficient of 0.995, the average marker permeate 

concentration (calculated based on the Kedem-Katchalsky’s solution-diffusion equation, 

Equation 6-5) would be approximately 44.3% higher for the tail SPRO element than the lead 

SPRO element. The above results suggested that marker passage through the breached 

membrane should depend on both the extent of the breach as well as its location.   
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Table 6-3: RO parameters and marker residence time for the lead and tail element of the M3 

system(a). 

Element Qf,i 

(gpm) 

Qp,I 

(gpm) ,v iJ   

(m/s) 

iu   

(m/s) 

iCP  
τi 

(s)(b) ,m iC  

(mg/L) 

1 1.60 0.49 1.21x10-5 0.09 1.39 32 33.2 

2 1.11 0.33 8.16x10-6 0.06 1.36 65 46.3 

(a) The SPRO system was operated at the feed flow rate of 1.8 gpm and total water recovery of 33%. 
(b) The marker residence time was estimated for a 2-minute pulse input of 20 mg/L uranine.  

 

Evaluation of the marker permeate response via analysis of the marker convective transport 

allows one to ascertain the extent and location of a membrane breach. Similar to the SIMS plant, 

,v iJ , iu , and iCP for the M3 system decreased, whereas the marker residence time in the SPRO 

feed channel and the marker ,m iC  were higher in the second (tail) relative to the first (lead) 

element (Table 6-3) for both the intact and breached SPRO elements. The reflection coefficient, 

for each of the two SPRO elements (Figure 6-9) provides a clear indication of the impact of 

membrane breach extent and location on the marker permeate response. It is apparent in Figure 

6-9 that iσ  for both SPRO elements was essentially unity when the membrane elements were 

intact. However, for a given membrane breach location, increased ,p iC for the compromised 

SPRO element, with increasing breach area, is attributed to higher degree of marker convective 

transport through the breached membrane, as indicated by the lower iσ  (Figure 6-9). A decline 

in iσ  for compromised SPRO elements was observed when the breach was located in the lead or 

tail SPRO elements (7 and 108 cm away from the RO feed inlet, respectively). Analysis of the 
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reflection coefficient also enabled assessments of membrane breach location. As illustrated in 

Figure 6-9, irrespective of the breach area, a decline in iσ  was only observed for the 

compromised SPRO element. For example, for a 0.8 mm2 breach in the lead element, iσ  of the 

lead element decreased by 0.005 whereas σ of the tail element was similar (within experimental 

error) to iσ  obtained for the intact SPRO element. Similarly, when the same breach was located 

in the tail element, only a decline in σ for the tail element (0.0041) was detected. The above 

results clearly demonstrate that an increase in marker convective transport in SPRO elements is 

an indication of membrane integrity loss. Moreover, the approximate extent and location of 

membrane integrity loss can be ascertained via the assessments of the level of marker convective 

transport across RO membrane in each individual SPRO element via the PM-MIM approach.  
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Figure 6-9. Marker feed input (a) concentration to RO system and permeate concentrations at 

M3 exit and the corresponding reflection coefficient for (b) intact SPRO membranes, for breach 

size of (c) 0.8 mm2 and (d) 1.6 mm2 at a distance of 8 cm from the M3 inlet (i.e., in the first 

SPRO element) and for the breach size of (e) 0.8 mm2 and (f) 1.6 mm2 at a distance of 107 cm 

from the M3 inlet (i.e., in the second SPRO element). The M3 system was operated at an overall 

average permeate flux of 6.06x10-6 m/s and total water recovery of 33%. The shaded area 

represents the marker mass portion that passed through RO membrane in each SPRO element. 

Note that the marker was injected into the RO feed stream at t=0. τo is the time of the marker 

detection in the combined permeate stream, and τc,i is the cumulative marker residence time in 

each SPRO element (Equation 6-9). The marker mass portion that passes through the membrane, 

the average marker permeate concentration, and the reflection coefficient for each element are 

summarized in Table F-5. 

 

6.4.3 Impact of membrane integrity loss on marker and salt rejection 

Marker rejection was determined via the overall marker LRV determined from the total mass 

of marker that passed through the membrane (Chapter 4, Equation 4-6). Based on the cumulative 
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marker permeate concentration-time profile of the M3 system (Figure 6-9), it is shown in Table 

6-4 that the overall marker LRV declined from ~3.1 (intact M3 system) to 1.7-2.1 (for the M3 

system with integrity breaches of areas in the range of 0.8-1.6 mm2. The above results 

demonstrate that the characteristics (extent and location) of the membrane breach can be 

ascertained via determination of the level of marker convective transport across RO membranes 

in each SPRO element. Moreover, analysis of the overall marker LRV can be used as an 

indicator of membrane integrity loss. The sensitivity of the PM-MIM method was also compared 

to conventional approaches that have been based on NaCl rejection data (Table 6-4). For the 

present SPRO membranes with breaches of areas in the range of 0.8 mm2 to 1.6 mm2, the 

observed salt rejection ranged from 0.37% above to 0.81% below the marker rejection for the 

intact system. Clearly, the above results are within the range of experimental variability of the 

salt rejection measurement. Therefore, it is argued that reliance on monitoring the observed salt 

rejection is of insufficient accuracy for definitive detection of small integrity breaches. 

Table 6-4: Overall marker LRV, the observed salt rejection and permeate flux with and 

without the presence of membrane integrity breaches in the M3 system 

 

Membrane condition Overall marker LRV(b) Observed salt rejection (%)(a) 

Intact 3.10 96.45 

0.8 mm2 breach in the first 

membrane element 

2.11 96.82 

1.6 mm2 breach in the first 

membrane element 

1.93 95.83 

0.8 mm2 breach in the 

second membrane element 

1.84 96.15 

1.6 mm2 breach in the 

second membrane element 

1.70 95.95 

(a) The M3 system was operated with 1,000 mg/L NaCl solution at 1,103 kPa (160 psi) and feed flow rate 

of 6.8 L/min (average cross flow velocity of 0.12 m/s). NaCl concentration in RO feed and permeate 

was measured via conductivity measurement; (b) The overall marker LRV was determined via 

Equation 4-6 based on the cumulative marker permeate concentration-time profile of the M3 system 

(Figure 6-9).  
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6.4.4 Full-scale implementation and economic feasibility 

Deployment of the PM-MIM approach for real-time membrane integrity monitoring in full-

scale RO plants requires considerations of the needed marker amount and cost, as well as the 

monitoring strategies for full-scale multi-element RO plants. In full-scale RO plants, it may be 

necessary to monitor different plant segments (using either a single monitor with multiplexer or 

multiple monitors) to isolate the approximate locations of membrane integrity losses. 

Accordingly, Figure 6-10 summarizes a general approach, based on the PM-MIM approach, for 

identifying the presence and approximate location of membrane breach in full-scale RO plants.  

Marker cost analysis revealed that the PM-MIM approach is economically feasible for full-

scale implementation. As an illustration, the estimated needed marker amount, for PM-MIM at 5-

minute pulse dose of 5-mg/L (as in the present work) for different frequencies of marker pulsing 

(i.e., number of monitoring instances per day) and plant feed (desalination) capacity is shown in 

Figure 6-11. For plant feed capacity in the range of 5 -50 million gallons/day (i.e., 18,927 – 

189,270 m3/day), the needed marker amount varies from 0.07-0.26 kg/day and 3.29-13.14 

kg/day, for 5 MGD and 50 MGD plants, respectively. At the estimated uranine market price (lb 

quantities) of ~$17/kg, implementation of the PM-MIM approach could raise the cost of water 

production cost by 1.12-4.47 cents for 1,000 gal (or 0.30-0.60 cents /m3) of RO feed water. 

Considering an average cost of brackish water RO desalting ($0.98-1.63 per 1,000 gal), PM-

MIM could raise the total water cost by 0.07-0.11% and 0.27-0.45% for MIM that is performed 

once a day and 4 times a day, respectively. In contrast, the use of continuous marker dosing 

would raise the cost of water desalination by 19.8-32.7%. Clearly, intermittent PM-MIM is a 

more economical approach. Moreover, it may possible to select and/or synthesize other possible 

molecular markers of lower bulk pricing.  
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Figure 6-10. Flowchart of the PM-MIM monitoring strategies for full-scale RO plants.   
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Figure 6-11. Daily marker amount required for MIM at a 5-minute marker injection of 5 

mg/L uranine at various dosing frequencies for three different RO plant feed capacities (MGD – 

million gallons/day). 

 

6.5 Conclusions 

The Pulsed-Marker Membrane Integrity Monitoring (PM-MIM) approach was shown to be a 

feasible for online membrane breach detection and characterization in multi-element spiral-

wound RO (SPRO) plants. The approach is based on single-point monitoring of the dynamic 

change in fluorescence molecular marker concentration of the combined RO plant permeate 

streams, in response to a pulsed marker injection in the RO feed. For the purpose of detecting 

membrane integrity loss, an analytical framework was introduced, based on data fusion of the 

dynamic change in marker permeate concentration, RO parameters (e.g., permeate flux, CP, 

mass transfer coefficient), and marker residence time in SPRO feed channels of individual RO 

elements, in order to quantify the level of marker convective transport across the RO membranes 

in each SPRO element. The PM-MIM capability for membrane/module performance 
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characterization was evaluated in a large pilot-scale SPRO plant with seven intact 4” SPRO 

elements for treating agricultural drainage water, as well as in a pilot-scale SPRO plant with an 

intact and a breached 2.5” SPRO element in a laboratory setting. It was demonstrated that marker 

convective transport through RO membrane is negligible for intact SPRO elements. In the 

presence of membrane breach, however, increased marker convective transport across RO 

membrane was observed. The approximate location of membrane breach can be identified by 

monitoring the change in marker convective transport in each individual SPRO element or 

vessel. Implementation of PM-MIM in RO plants would be beneficial as it would enable locating 

compromised SPRO elements in real-time, thus allowing timely corrective actions to maintain 

the production of safe RO product water. Economic analysis suggests that PM-MIM at 

monitoring frequency of 1-4 times per day could add only about 0.07% to 0.45% to the total cost 

of brackish water desalination. While there is merit in adopting the PM-MIM approach for 

integrity monitoring in RO plants, long-term studies using a multi-element SPRO plant with 

intact and compromised SPRO element will be required in order to demonstrate the versatility, 

economics, and robustness of this novel method of MIM for full-scale implementation.  
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Appendix A Water Quality Analytical Report 

A.1 Properties and Composition of Los Angeles Tap Water  

This appendix provides a summary of the water quality data of Los Angeles tap water, which 

was used for the MIM laboratory studies in Chapters 4 and 5. The water quality data was 

provided by Los Angeles Department of Water and Power (LADWP) in 2012. 

Table A-1 Properties and composition of Los Angeles tap water in 2012(a) 

Analyte Units Range Average 

Color units 3-5 3 

Foaming Agents (MBAS) μg/L <50 <50 

Odor TON <1 <1 

Specific Conductance μS/cm 417-504 462 

Turbidity  NTU 0-0.15 0.09 

Beta Emitters pCi/L <4 <4 

Cryptosporidium cysts <1-2 <1 

Giardia cysts <1-1 <1 

NDMA ng/L NA NA 

Radon pCi/L <100 <100 

Trichloropropane ng/L <5 <5 

Uranium pCi/L 2.8-3 2.8 

Aluminum μg/L <50 <50 

Arsenic μg/L <2-8.1 3.3 

Barium μg/L <100 <100 

Boron μg/L 261-612 395 

Bromate μg/L <5-7.1 <5 

Bromide μg/L 20-44 30 

Calcium mg/L 27-30 29 

Chloride mg/L 32-72 55 

Chromium, Hexavalent μg/L <1 <1 

Magnesium mg/L 7.4-11 7.4 

Manganese μg/L <20 <20 

Nitrate (as NO3) mg/L <2-2.3 <2 

Nitrate+Nitrite (as N) mg/L <0.4-0.5 0.4 

Phosphate (as P) μg/L <10-74 15 

Potassium mg/L 3.2-4.3 3.6 

Silica mg/L 16-18 17 

Sodium mg/L 43-54 49 
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Sulfate mg/L 34-54 44 

Tetrachloroethylene μg/L <0.5 <0.5 

Trichloroethene μg/L <0.5 <0.5 

Vanadium μg/L <3 <3 

Zinc μg/L <50 <50 
 
Total hardness (as CaCO3) mg/L 103-124 113 

TOC mg/L 1.6-1.8 1.7 

TDS mg/L 241-292 265 
(b) source: Los Angeles’s Annual Water Quality Report 2012, LADWP) 

 

A.2 San Joaquin Valley Water Quality 

This appendix provides a summary of the water quality data for RO feed, retentate, and 

permeate streams during desalination of agricultural drainage water in the San Joaquin Valley in 

central California. Water quality analyses were performed by the California Department of 

Water Resources (DWR) Bryte Laboratory (West Sacramento, CA) on March 6, 2015. RO feed 

and permeate were utilized for pilot-scale testing of the PM-MIM in Chapter 6. 



136 

A.2.1 RO Feed  
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A.2.2 RO Retentate 
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A.2.3 RO Permeate 
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Appendix B Operating Procedures for the Spectrofluorometer System and the RO 

Systems  

This appendix describes the operating procedures of the spectrofluorometer system that was 

utilized for quantification of fluorescent molecular marker concentration in Chapters 3-6. Also, 

the operating procedures are detailed for the bench-scale plate-and-frame RO (PFRO) system, 

the pilot-scale Mini Mobile Modular (M3) system, and the pilot-scale Smart Integrated 

Membrane System (SIM) that were utilized for testing of the PM-MIM approach in Chapters 4-6. 

B.1 Operating Procedures for the Spectrofluorometer System  

1) Connect the spectrofluorometer system (Figures 3-1 and 3-2) to a computer with pre-

installed Ocean Optics’ SpectraSuite software. 

2) Make sure that the light source of the spectrofluorometer system (Figures 3-1 and 3-

2) is turned off. 

3) Open Ocean Optics’ SpectraSuite software. 

4) Enter a desired integration time (500 mS was selected for experimental testing in 

Chapters 3-6). 

5) Select “Processing”, “Processing Mode”, “Scope Minus Dark” in order to subtract the 

dark spectra from spectrometer channel before measurement. 

6) Turn on the light source. Fluorescence spectra (fluorescence intensity vs 

measurement time) should appear on the screen. 

7) In order to obtain the dynamic change in the fluorescence intensity at an optimum 

emission wavelength over a period of time, select “File”, “New”, “Strip Chart.”  

8) Select the following options in the Strip Chart menu: 

a. Update after every 5 scans 
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b. Single Trends from this source 

c. Range selection: one wavelength (519 nm for uranine solution) 

9) Click the “Display Options” tab and select the trend line color. 

10) Click the “Auto-Save” tab. 

a. Enable trend auto save 

b. Save to directory (browse for a folder in which this set of data will be saved) 

c. Create a basefile name 

d. Save after every 10 seconds 

11) Click Accept. 

12) A plot showing the fluorescence intensity at a given emission wavelength vs 

measurement time should appear on the screen. The dynamic data is saved every 10 

seconds in .txt format.    

B.2 Operating Procedures for the Plate-and-Frame Reverse Osmosis (PFRO) 

System 

The PM-MIM sensitivity for detection of membrane integrity loss induced mechanically 

(Chapter 4) and via chemical oxidation (Chapter 5) was performed in a plate-and-frame (PFRO) 

system (Figure 4-1). Membranes used in the flat-sheet PFRO cells were cut from a commercial 

stock membrane roll. The membrane coupons were first rinsed with DI water and subsequently 

soaked in DI water for at least 24 hours prior to replacement in the RO cells. Prior to 

commencing with a desalting run, membrane compaction was carried out with DI water at a feed 

flow rate of about 1 L/min for a period of about 4 hours at a transmembrane pressure of 150 psi.  

After membrane conditioning, membrane performance was assessed in term of water 

permeability and salt rejection. The marker permeability range for ESPA2 RO membrane, which 
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is the commercial membrane used in Chapters 4 and 5, was determined via water pressure-flux 

measurements using de-ionized water with several RO membrane sample coupons. The 

membrane permeability data are summarized in Figure B-1 and Table B-1. Observed salt 

rejection for the ESPA2 membrane samples were measured using conductivity measurement. 

The specific conductance of NaCl solution (µS/cm) was converted to NaCl concentration (ppm) 

using a pre-determined NaCl concentration-electrical conductivity correlation: 

( ) 0.507 ( / ) 6.11NaClC ppm EC S cmµ= −  0<EC<3,000 µS/cm  (B-1a) 

1.065( ) 0.3003 ( / )NaClC ppm EC S cmµ=  3,000<EC<90,000 µS/cm (B-1b) 

Testing with 1,000 NaCl feed solution revealed that salt rejection for the ESPA2 membrane 

samples was approximately 97.6% at transmembrane pressure of 100 psi (Table B-2). 

 

Figure B-1 Determination of water permeability of different Hydranautics ESPA2 RO 

membrane coupons. 
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Table B-1 Permeability of intact ESPA2 RO membrane coupons 

Membrane Calculated Permeability 

(LMH/bar) 

Sample #1 4.33 

Sample #2 4.68 

Sample #3 4.87 

Sample #4 4.65 

Average Permeability 4.63 

Standard Deviation 0.22 

 

Table B-2 Observed salt rejection of intact ESPA2 RO membranes 

Membrane Observed NaCl Rejection 

Sample #1 97.65% 

Sample #2 98.50% 

Sample #3 97.69% 

Sample #4 96.80% 

Mean 97.66% 

Standard Deviation 0.69% 
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B.3 Operating Procedures of the Spiral-Wound Reverse Osmosis (SPRO) 

Systems 

B.3.1 Mini Mobile Modular (M3) System 

The PM-MIM capability for detection and characterization of membrane integrity loss in a 

SPRO system was evaluated in the UCLA M3 RO pilot system (Figure B-2, see Chapter 6). This 

state-of-the-art membrane testing pilot system was equipped with advanced, model-based 

process controllers, data acquisition, processing, and storage systems.  The M3 system consisted 

of two spiral-wound elements arranged in series, with a diameter of 2.5 inches and length of 40 

inches. The system could be operated at feed flow rates of approximately 1.5 to 5 gallons per 

minute, and feed pressures up to 600 psi. The M3 system was operated in a single-pass mode 

using LA tap water in laboratory setting. The system consisted of online sensors for flow rate, 

fluid conductivity, pH and stream pressure, as well as automatic controllers for water recovery, 

flow rate, and pressure. The SPRO system was also integrated with the PM-MIM system, 

allowing metering of fluorescent marker into its feed stream, and real-time monitoring of marker 

concentration in permeate flows from individual membrane elements. The marker concentration 

was measured in the feed and retentate streams.  

B.3.2 Smart Integrated Membrane System (SIMS) 

The PM-MIM sensitivity for characterization of marker convective transport for each 

individual SPRO element in multi-element RO plants was evaluated in the SIMS RO unit (Figure 

B-3, see Chapter 6), which was deployed in the agricultural region of San Joaquin Valley in 

central California. This state-of-the-art membrane testing pilot system was equipped with 

advanced, model-based process controllers, data acquisition, processing, and storage systems. 
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Prior to entering the RO unit, the feed water was pretreated by centrifugal separator, coagulation, 

ultrafiltration, and cartridge filters to remove any large particulates and suspended solids from 

the feed water. The RO unit of the SIMS were capable of being operated at feed flow rates of 

approximately 6 to 9 gallons per minute, and feed pressures up to 600 psi. The system consists of 

online sensors for flow rate, fluid conductivity, as well as automatic controllers for water 

recovery, flow rate, and pressure. The SIMS was also integrated with the PM-MIM system, 

allowing metering of fluorescent marker into its feed stream, and real-time monitoring of marker 

concentration in permeate flows from individual membrane elements. The marker concentration 

was also measured in the feed and retentate streams.  

 

 

Figure B-2 Schematic of the M3 system 
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Figure B-3 Schematic of the Smart Integrated Membrane System (SIMS) 
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Appendix C Initial Screening of Fluorescent Molecular Markers 

This appendix summarizes the criteria that were used for initial screening of fluorescent 

molecular markers for the development and testing of the PM-MIM approach based on a 

literature review. This includes the assessment of markers’ toxicity, commercial availability, and 

sensitivity to UV lights. From a list of 20 fluorescence molecular markers typically employed in 

hydrological applications (Table C-1), five candidate markers (labeled in blue) were selected for 

subsequent testing of fluorescence intensity in Chapter 3. The five candidate markers were 

fluorescein, uranine, eosin B, lissamine green B, and rhodamine-WT.  
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Table C-1 Commonly-used fluorescent molecular markers in water applications (“X” 

indicates that the marker meets the specific screening criterion. “N/A” means that information 

could be obtained to evaluate the criterion) 

Fluorescent 
Marker 

Chemical Formula Molecular 
Weight 

Pre-screening Criteria 

Nontoxic Commercially-
available 

Insensitive 
to UV 
light 

Rhodamine WT C29H29N2NaO5 480.55 X X X 

Rhodamine B C28H31ClN2O3 479.02  X X 

Rhodamine 6G C28H31ClN2O3 497.02  X X 

Sulforhodamine 
B C27H29N2NaO7S2 580.65 

 X X 

Sulforhodamine 
101 C31H30N2O7S2 606.71 

 X X 

Amidorhodamine 
G C25H25N2NaO7S2 552.59 

X  X 

Fluorescein C20H12O5 332.31 X X X 

Uranine C20H10Na2O5 376.28 X X X 

Eosin B C20H6Br4Na2O5 691.88 X X X 

Pyranine C16H7Na3O10S3 524.39 X X  

Tinopal CBS-X C28H20Na2O6S2 562.57 X  N/A 

Erythrosine C20H6I4Na2O5 879.87 X  N/A 

Sodium 
naphtionate C10H8NNaO3S 245.23 

X X N/A 

Lanaperl fast 
yellow C25H2ON5NaO6S2 549.55 

N/A X N/A 

Lissamine green 
B C19H13N2NaO7S 576.63 

X X X 

Bengal rose C20H2Cl4I4Na2O5 1017.67 X X N/A 

Brightener 28 C40H42N12Na2O10S2 960.96 N/A X X 

Amino G acid C10H9NO6S2 303.32 X X N/A 

Amidoflavine C24H7NO2 341.28 N/A  X 

Leucophor PBS C29H2N2O2 428.48 N/A X X 
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C.1 Physical Properties of Selected Candidate Markers 

Marker transport through RO membranes, either via solution/diffusion or convection, is 

expected to depend on its molecular characteristics and transport properties. Accordingly, a 

molecular modeling software, HyperChem (HyperCube Inc., Gainesville, FL), was utilized to 

describe the molecular structures (Figure C-1) and thus determine the fundamental physical 

properties, such as density, molar volume, size, and shape, of the markers. Diffusivities of the 

candidate markers in water were estimated by the commonly used diffusivity correlations 

provided in Table C-2 and the marker diffusivities are reported in Table C-3.  

Table C-2 Equations for estimating diffusivity of solutes in liquids [131]. 

Name Equation Parameters 

Stokes-Einstein 
 

D = kBT

6πµR
 

 

D: (cm2/s) 
KB : Boltzmann constant (1.39x10-23 J/K) 
T : Temperature  (K) 
μ : Dynamic viscosity of water (g/cm-s) 
R : Solute radius (cm) 

Hayduk and Laudie 
 

D = 13.26x10−5

µ1.14V1

0.589  

D: (cm2/s) 
μ : Dynamic viscosity of water (cP) 
V1 : Molar volume of solute (cm3/mol) 

Wilke and Chang 
 

D = 7.4x10−8(φM2)1/2T

µV1

0.6  

 

D: (cm2/s) 
Φ = Solvent factor (2.26 for water) 
μ : Dynamic viscosity of water (cP) 
V1 : Molar volume of solute (cm3/mol) 
M2 : Molecular weight of water (g/mol) 
T: Temperature (K) 

Scheibel 
 

 

D = AT

µ(V1)
1/ 3

1+ 3V2

V1

 

 
 

 

 
 

2 / 3 

 
 
 

 

 
 
  

D: (cm2/s) 
A = 8.2x10-8  
T : Temperature (K) 
μ : Dynamic viscosity of water (cP) 
V1 : Molar volume of solute (cm3/gmol) 
V2 : Molar volume of water (cm3/gmol) 
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Figure C-1 Molecular structures of candidate molecular fluorescence markers 
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Table C-3 Physical properties and diffusivity of the candidate markers in water. 

 

 

 

 

 

 

 

 

  

Marker Diameter MW Density Molar 
volume 

Estimated Diffusivity (10-6 cm
2
/s) 

 (nm) (g/mol) (g/cm
3
) (cm

3
/mol) Stokes-

Einstein 
Scheibel Wilke-

Chang 
Heyduk-
Laudie 

Fluorescein0.16 332 1.04 319 3.76 4.67 4.43 4.45 

Eosin 0.12 692 0.90 769 3.57 3.12 2.61 2.65 

Uranine 0.12 376 1.51 249 3.80 5.28 5.13 5.14 

Lissamine  0.15 577 1.20 481 2.87 3.85 3.46 3.49 

R-WT 0.20 566 1.19 476 2.18 3.86 3.48 3.51 
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Appendix D Procedures for Membrane Surface Characterization 

This appendix describes the procedures for characterization of polyamide RO membrane 

surface before and after membrane exposure to chlorine (see Chapter 5). The membrane surface 

was characterized using the scanning electron microscope (SEM), the atomic force microscope 

(AFM), and the water contact angle measurements. 

D.1 Scanning Electron Microscope (SEM) 

1) Dry the membrane samples in a vacuum oven for at least 12 hours. 

2) To sputter the non-conductive membrane samples with gold nanoparticles, follow the 

procedures in the Anatech Hummer 602 Sputtering System manual.  

3) All membrane samples (Chapter 4) were sputtered at 70 mTorr at 15 mA for 2 

minutes to create a 10 nm of gold film on the surface. 

4) Place membrane samples on a SEM chuck. Make sure to mark the corners of each 

samples with different numbers or scratches in order to distinguish each sample from 

each other. 

5) To carry out SEM analysis, follow the procedures in the JOEL JSM-6700F SEM 

manual.  

6) For non-conductive membrane samples, start with low electron-beam voltage (2-5 

kV), and go up to 10 kV. 

7) Find the area of interest.  

8) Adjust the working distance and magnification to find the appropriate focus.  

9) Obtain SEM images.  

10) Repeat the above procedures for at least 5 locations on each membrane sample. 
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D.2 Atomic Force Microscope (AFM) 

1) Dry the membrane samples in a vacuum oven for at least 12 hours. 

2) Place a double sided tape on an AFM chuck. Place a membrane sample on the chuck.  

3) To carry out AFM analysis, follow the procedures in the Nanoscope IIa AFM manual.  

4) In the AFM software, set the drive amplitude to 1.1 V. 

5) Make sure that the sweep scan covers at least 75% of the graph. If not, increase the 

drive amplitude.  

6) For membrane samples, set the scan rate at 0.8-0.9 Hz, and select 10 µm for the scan 

size. 

7) Obtain AFM images and membrane surface roughness. 

8) Repeat the above procedures for at least 5 locations on the membrane sample.   

 

D.3 Water Contact Angle Measurement 

1) Remove the needle holder of the Krus Model SA 100 contact angle analyzer from the 

equipment.  

2) For the captive bubble method (utilized in Chapter 5), draw in at least 200 µL of air 

to the J-shape needle. 

3) On the equipment software, click the “video camera” icon to acquire images. 

4) In the “DSA Device Control Panel,” select “continuous” 

5) Insert the needle in the needle holder. 

6) Put the needle holder back in the equipment and tighten the knob. 
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7) For the captive bubble method, fill the transparent box with DI water, place the 

sample stage on the surface of DI water, and place a wet membrane sample on the 

sample stage. 

8) Make sure the needle can be seen on the screen. 

9) Adjust the transparent box position until the stage is shown on the screen.  

10) Adjust the magnification and focus of the camera. Make sure to focus on the needle, 

and not the stage. 

11) In the “DS Device Control Panel,” select “volume” and set the air volume at 10 µL. 

12) Inject an air bubble on the membrane surface. 

13) Measure the contact angle as soon as the air droplet makes contact with the 

membrane surface. 

14) Repeat the measurement 2-3 times. 

15) Repeat the above procedures for at least 5 locations on the membrane sample.  
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Appendix E Cylindrical Pore Model for Estimation of Membrane Equivalent Breach Size 

This appendix provides summaries of the working equations for estimating the severity of a 

membrane breach induced by chemical oxidation (Chapter 5) in terms of an equivalent 

cylindrical pore. In the cylindrical pore model [125, 126].  Membrane breach was modeled as a 

cylindrical pore located between the feed and permeate sides of the membrane and the solutes 

(marker), which was taken to be spherical. A summary of the approach for estimating the 

severity of a membrane breach in terms of an equivalent cylindrical pore is provided in Figure E-

1. 
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Figure E-1 Summary of a cylindrical pore model for quantifying the severity of membrane 

breach. L is the membrane thickness, Cmem,m and Cp,m are the marker concentration at the 

membrane surface on the feed and permeate side, respectively, rs and rpore are the marker and 

pore radii, respectively, B is the marker membrane permeability coefficient, At is the total 

membrane active area, Pf, and Pp are the pressure on the feed and permeate side, respectively, 

and Js is the solute flux through the pore. 
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Following the theory for hindered molecular transport in liquid-filled pores proposed by 

Deen [125], whereby the average marker flux across a membrane breach, sJ , is represented as 

[125]: 

z

s d m c z

d C
J K D K V C

dz
= − +    (E-1) 

in which Kd is the enhanced drag due to the presence of pore walls, which increase the drag on 

the diffusing solute in the radial direction, Kc is the axial drag factor due to the presence of pore 

walls, V  is the average fluid velocity in the pore, zC is the average marker concentration just 

above the pore opening, and z is the position (along the pore) perpendicular to the membrane. In 

terms of the membrane system variables, we note that zC  =Cmem,m (marker concentration at the 

membrane surface) at the opening of the pore (z=0), and zC =Cp,m (marker permeate 

concentration) at the downstream of the pore (z=L), and λ is the ratio of marker radius (rs) 

relative to the pore radius. Equation E-1 is integrated to yield: 

,

,

1 exp( )

1 exp( )

pore

c mem m

mem m

s

C
K V C Pe

C
J

Pe

φ
  

− −   
  =

− −
         (E-2) 

in which Pe is the Peclet number given as: 

c

d m

K V L
Pe

K D
=     (E-3) 

where L is the thickness of the PA membrane active layer, and ɸ is distribution coefficient 

defined as the ratio of the average solute concentration in the pore relative to the solute 

concentration at the membrane surface given as 2(1-λ)2  [126]. The average fluid velocity in the 
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pore ( V ), or the volumetric flux through the pore, can be estimated from the difference in flow 

pressure at the opening (Po) and downstream (PL) of the pore [93]:  

2( )

8

f p poreP P r
V

Lµ
−

=
      

(E-4) 

in which Pf and Pp are the pressures on the feed-side and permeate-side of the membrane, 

respectively.   

The values of Kd and Kc (Equation E-3) accounting for the breach (equivalent cylindrical) 

geometry can be estimated from the expressions provided by Bungay and Brenner [127]: 

(2 )

2
s

c

t

K
K

K

φ−=                (E-5) 

6
d

t

K
K

π=      (E-6) 

where 

2 5/2 2 2 3 49 7 2227
2(1 ) 1 (1 ) (1 ) 4.0180 3.97887 1.9215 4.392 5.006

4 60 50400
sK π λ λ λ λ λ λ λ−     = − + − − − + − − + +     

     

 

(E-7)

  

K
t
= 9

4







π 2 2(1− λ)−5/2 1+ 7

60







(1− λ) − 77293

50400







(1− λ)2 − 22.5083− 5.6117λ − 0.3363λ 2 −1.216λ3 +1.647λ 4

 

(E-8)
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Subsequently, the solute concentration in the pore (Cpore) can be estimated as the ratio of the 

average marker flux through the breach (
 

J
s

) to the average flow velocity through the breach   

( V ). By substitute 
 
V C

pore  
for 

 
J

s
, Equation E-2 can be rearranged to obtain the marker 

passage ratio through the pore (SPpore):  

, 1 exp( )(1 )

pore c
pore

mem m c

C K
SP

C Pe K

Φ= =
− − − Φ

   

(E-9) 

Accordingly, solute passage is related to solute rejection (Rmarker) by the pore as given below: 

,

1 1 1
1 exp( )(1 )

pore c
m pore

mem m c

C K
R SP

C Pe K

Φ= − = − = −
− − − Φ

   

(E-10) 

Cpore, in Equation E-10 can be estimated from a solute mass balance for marker transport through 

the RO membrane: 

( ) ( ), , ,t v p m t pore mem m p ms

pore

pore

A J C A A B C CJ
C

V A V

− − −
= =

  

(E-11) 

where At is the total membrane active area, and Apore is the breach area (Apore=πrpore
2). It should 

be emphasized that  ɸ, Kc, Pe are functions of the ratio of the solute size to the pore size (λ), 

whereas Cpore is a function of marker permeate concentration as well as the solute breach size 

(via Apore and V ). Therefore, by determining the marker permeate concentration 

experimentally, one can estimate the pore (breach) size via the above approach.  

The accuracy of the above cylindrical pore model for estimation of the equivalent cylindrical 

membrane breach size was assessed using compromised RO membranes with breaches 
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(pinholes) of known sizes. As shown in Figure E-2, the predicted breach size by the cylindrical 

pore model was within 90% accuracy compared to the actual breach size.       

 

Figure E-2 Comparison of the actual membrane breach (pinhole) size and the breach size 

predicted by the cylindrical pore model. The membrane system was operated at a crossflow 

velocity of 0.18 m/s and transmembrane pressure of 690 kPa (100 psi). The marker rejection 

(Rmarker) was experimentally quantified from the marker permeate concentration in response to a 

constant marker feed dose of 40 mg/L. 
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Appendix F Summary of Data and Parameters for Chapter 6 

F.1 Estimation of Intrinsic Membrane Water Permeability 

Table F-1 The transmembrane pressure, osmotic pressure difference at the membrane 

surface, water recovery and permeate flow rate estimated for each SPRO element in the SIMS 

plant based on Lp of 3.29 LMH/bar. The estimated total permeate flow rate (Qp,t) of 4.60 gpm is 

in quantitative agreement with the experimental measurement of Qp,t (4.56 gpm). 

Element ΔPi  

(psi) 

Δπi  

(psi) 

Yi Qp,i  

(gpm) 

1 315.29 130.90 0.11 0.99 

2 313.86 147.40 0.11 0.89 

3 312.43 166.04 0.11 0.78 

4 311.00 186.44 0.11 0.67 

5 309.57 207.71 0.09 0.54 

6 308.14 228.88 0.08 0.42 

7 306.71 248.13 0.07 0.31 

                                                                        Qp,t (gpm):     4.60 
(a) The SIMS plant was operated at feed flow rate of 9 gpm, feed and retentate 

pressures of 316 and 306 psi, respectively, and total water recovery of 55%. 

 

Table F-2 The transmembrane pressure, osmotic pressure difference at the membrane 

surface, water recovery and permeate flow rate estimated for each SPRO element in the M3 

system based on Lp of 5.14 LMH/bar. The estimated total permeate flow rate (Qp,t) of 0.82 gpm 

is in quantitative agreement with the experimental measurement of Qp,t (0.90 gpm). 

Element ΔPi  

(psi) 

Δπi  

(psi) 

Yi Qp,i  

(gpm) 

1 132.00 22.41 0.31 0.49 

2 120.47 24.44 0.30 0.33 

                                                                        Qp,t (gpm):     0.82 
(a) The M3 was operated at feed flow rate of 6.8 L/min, 132 and 120 psi, respectively, 

and total water recovery of 33%. 
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F.2 Membrane and Feed Channel Transport Parameters for Individual SPRO 

Elements in the SIMS Plant 

Table F-3 Feed, permeate, and retentate flow rates (Qf,i, Qp,i, Qr,i), water recovery (Yi), 

average crossflow velocity ( iu ), average permeate flux ( ,v iJ ), average marker feed-side mass 

transfer coefficient ( ,f ik ), and average CP modulus ( iCP  ) for each SPRO element in the SIMS 

plant(a,b). 

Element Qf,i 

(gpm) 

Qp,i 

(gpm) 

Qr,i 

(gpm) 

Yi 
iu
  

(m/s) 

,v iJ
 

(m/s) 

x10-6 

,f ik
 

(m/s) 

x10-5 

iCP
 

1 9.00 0.99 8.01 0.11 0.11 7.90 4.52 1.19 

2 8.01 0.89 7.12 0.11 0.09 7.14 4.24 1.18 

3 7.10 0.78 6.34 0.11 0.08 6.28 3.98 1.17 

4 6.34 0.67 5.68 0.11 0.07 5.34 3.75 1.15 

5 5.68 0.54 5.13 0.09 0.07 4.37 3.54 1.13 

6 5.13 0.42 4.71 0.08 0.06 3.40 3.36 1.11 

7 4.71 0.31 4.40 0.07 0.06 2.51 3.22 1.08 

(a) The SIMS plant was operated at feed flow rate of 9 gpm, feed and retentate 

pressures of 316 and 306 psi, respectively, and total water recovery of 50%. 
(b) The above data on the average permeate flux, crossflow velocity, marker feed-side 

mass transfer coefficient, and CP modulus are presented in Figure 6-6. 
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F.3 Estimation of Average Marker Permeate Concentration for Individual SPRO 

Element in the SIMS Plant  

Table F-4 Impact of the reflection coefficient (σi) on expected average marker permeate 

concentration ( ,p iC ) for each SPRO element in the SIMS plant(a,b,c).  

Element 
,p iC  (µg/L) 

 σi =1 σi =0.999 σi =0.995 

1 0.20 3.35 15.97 

2 0.25 3.76 17.83 

3 0.31 4.21 19.84 

4 0.40 4.71 21.94 

5 0.54 5.23 24.01 

6 0.74 5.77 25.91 

7 1.06 6.37 27.62 

(a) The SIMS plant was operated at feed flow rate of 9 gpm, feed and retentate pressures of 

316 and 306 psi, respectively, and total water recovery of 50%. 
(b) Given the reflection coefficient in each element, the average marker permeate 

concentration was determined via the Kedem-Katchalsky’s model (Equation 6-12) 
(c) The above data are presented in Figure 6-8. 
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F.4 Marker Passage through RO Membranes in Each Element in the M3 System 

Table F-5 Marker mass portion that passes through RO membrane (Mp,i), average marker 

permeate concentration ( ,p iC ), and reflection coefficient (σi) for lead and tail elements (first and 

second element, respectively) in the M3 system with and without the presence of membrane 

integrity breaches(a,b,c). 

Membrane 

condition 

Mp,i (µg) 
,p iC (µg/L) 

σi
(b) 

Lead Tail Lead Tail Lead Tail 

Intact 12.54 13.74 13.57 13.73 0.9996 1.000 

0.8 mm2 breach in 
the lead element 

88.98 34.72 96.27 34.67 0.9946 0.9991 

1.6 mm2 breach in 
the lead element 

124.38 42.23 134.57 42.17 0.9922 0.9987 

0.8 mm2 breach in 
the tail element 

11.37 108.53 12.3 108.38 0.9996 0.9959 

1.6 mm2 breach in 
the tail element 

9.71 162.73 10.50 162.50 0.9997 0.9935 

(a) The M3 system was operated at feed flow rate of 6.8 L/min, feed and retentate pressures 

of 132 and 120 psi, respectively, and total water recovery of 33%. 
(b) The reflection coefficient for each SPRO element was determined via the Kedem-

Katchalsky’s model (Equation 6-12) 
(c) The above data on the average marker permeate concentration and reflection coefficient 

are presented in Figure 6-9. 
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