
THE EFFECT OF FOULING ON MEMBRANE PROPERTIES AND 

TRACE ORGANIC CONTAMINANT REMOVAL

by

Melissa Libby Marts



ProQuest Number: 10795162

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10795162

Published by ProQuest LLC (2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106 -  1346



A thesis submitted to the Faculty and the Board o f Trustees o f the Colorado 

School o f Mines in partial fulfillment o f the requirements for the degree o f Master of 

Science (Environmental Science and Engineering).

Golden, Colorado 

Date 7 A/o\f 3()0%

Signed:

M elissa L. Marts

Dr. Jôrg E. Drewes 
Thesis Advisor

Golden, Colorado 

Date : Hf

Robert Siegrist 
>or and Director

Division o f Envi] md Engineering

Sigife±

11

EHeiF'Ws 



ABSTRACT

The occurrence o f trace organic contaminants in drinking water supplies and 

wastewater effluents is amplifying interest in treatment methods for the removal o f a 

wide variety o f organic contaminants. One application, high-pressure membranes is an 

effective treatment technology for the removal o f most dissolved solutes. The substances 

remaining from wastewater treatment are present in wastewater effluent and accumulate 

on a membrane’s surface, resulting in a fouling layer. An understanding of the effects of 

the fouling layer on membrane performance is vital for the design and operation o f high 

pressure membrane operations. The purpose o f this study was to investigate the effects o f 

fouling on membrane characteristics and develop modeling approaches to describe the 

rejection of trace organic contaminants under fouled and non-fouled conditions.

Three nanofiltration (NF) membranes (NF90, NF270, and TFC-S) were analyzed 

for surface characteristics including hydrophobicity and charge. The membranes were 

fouled with pre-treated wastewater effluent and characterized. Membrane models, termed 

the Spiegler-Kedem model and hydrodynamic model, were then employed to describe the 

difference in trace organic contaminant rejection with fouling for the NF90 and NF270 

membranes. Eight non-ionic characterization compounds and eight non-ionic trace 

organic contaminants o f varying size were used to determine the rejection characteristics 

o f each membrane.

Membrane fouling resulted in an increase in hydrophobicity and a decrease in 

surface charge for the TFC-S and NF270 membranes, while the hydrophobicity decreased 

and surface charge increased for the NF90 membrane. Two different types o f fouling 

were hypothesized to occur, with biofouling occurring on the NF270 membrane but not 

on either the NF90 or TFC-S membranes. The pore sizes were relatively unaffected by 

fouling; the rejection o f characterization compounds increased slightly with fouling for 

the NF90 membrane and decreased slightly for the NF270 membrane.

Limited success was achieved with describing trace organic contaminant rejection 

using the hydrodynamic and Spiegler-Kedem models. The output from both models
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accurately described the rejection from the fouled and unfouled NF90 membranes. The 

accuracy of the models in describing the rejection o f the NF90 membrane was attributed 

in part to the high retention (>90%) o f  all solutes because o f the small pore size. Both 

models successfully described rejection by the fouled and unfouled NF270 membrane at 

high pressures for compounds that were rejected as expected due to molecular weight. 

Three compounds were rejected less than expected, which may be a result o f their 

structure and functional groups (acetaminophen, bisphenol-A (BPA), and phenacetin) and 

were not accurately predicted by the steric exclusion models.
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CHAPTER 1 

INTRODUCTION

The occurrence and removal o f trace organic contaminants is becoming a concern 

to wastewater and water treatment utilities and the general public. Due to high removal 

efficiencies o f dissolved solutes, high-pressure membrane treatment, such as reverse 

osmosis (RO) and nanofiltration (NF), have been demonstrated to be a viable treatment 

option for the removal o f a wide variety o f organic contaminants. However, past research 

has shown the incomplete removal of certain trace organic contaminants by RO and NF 

(Drewes et al. 2008, Bellona & Drewes 2007). Recently, Bellona et al. (2004) identified 

major solute and membrane characteristics that influence solute removal, including solute 

size, charge and hydrophobicity, and membrane surface charge, hydrophobicity, and pore 

size/molecular weight cut off (MWCO). Hydrodynamic and operational conditions were 

also found to influence the efficiency of solute removal (Ng & Elimelech 2004).

While the influence o f these factors on organic contaminant removal has been studied in 

depth on various membranes in their original virgin state, membrane used to treat 

wastewater effluent are exposed to effluent organic matter (EfOM) comprised o f 

polysaccharides, proteins, aminosugars, nucleic acids, humic and fulvic acids, organic 

acids, and cell components which causes fouling, a build-up of material at the membrane 

surface and inside membrane pores (Nghiem et al. 2008, Jarusutthirak et al. 2002). The 

fouling layer can affect membrane properties and hydrodynamic conditions, potentially 

influencing trace organic removal (Xu et al. 2006, Wang et al. 2005). An understanding 

o f the difference in trace organic contaminant rejection between fouled and unfouled 

membranes is imperative to understanding rejection at full-scale membrane treatment 

operations, which are operated under fouled conditions (Mallevialle et al. 1996). A model 

that describes rejection o f solutes under fouled and unfouled conditions would be a useful 

tool for membrane selection. Many membrane models exist that describe membrane 

operations, but few specifically address trace organic contaminant transport, particularly 

with membranes in a fouled state (Van der Bruggen & Vandecasteele 2002).
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1.1 Thesis Objectives

The overall goal o f this study was to understand the impact o f EfOM fouling on 

membrane properties that influence rejection, and the role EfOM fouling plays in the 

rejection o f organic contaminants. The objectives o f this study are described below:

•  Determine the effects o f EfOM fouling on nanofiltration membrane surface 

properties.

•  Determine how fouling with EfOM affects mass transport of organic solutes.

•  Incorporate changes from EfOM fouling into membrane models to describe trace 

organic contaminant rejection.

This study provides insight into fouling from wastewater effluent and associated rejection 

with pre-treated non-nitrified effluent on different nanofiltration membranes.

1.2 Thesis Organization and Layout

A literature review was conducted to understand the effect o f EfOM on membrane 

surface characteristics, pore size distribution, and organic contaminant rejection. Non

ionic solute rejection modeling techniques were also identified and investigated. Chapter 

2 summarizes the pertinent findings o f the literature review. Research needs identified by 

the literature review were used to develop the objectives described above. Chapter 3 

summarizes the materials and methods that were used to meet the research objectives. 

Summarized results and subsequent discussion are presented in Chapter 4, followed by 

conclusions and recommendations for future research in Chapter 5.
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CHAPTER 2 

THEORY

Conventional drinking water and wastewater treatment trains effectively remove 

regulated contaminants, such as pathogens, total organic carbon (TOC), and turbidity, but 

are less effective in the removal o f trace organic contaminants (W esterhoff et al. 2005). 

Trace organic contaminants, typically in the nano gram to microgram per liter 

concentration range, include pharmaceutical residues, hormones, personal care products, 

and flame-retardants. Recent advances in analytical chemistry have allowed for the 

quantification o f these chemicals at extremely low concentrations. Reconnaissance 

surveys have led to the discovery o f the ubiquity o f many o f these compounds in aquatic 

environments under the influence o f  wastewater effluent discharge (Kolpin et al. 2002, 

Kolpin et al. 2004, Weigel et al. 2002). When applied as tertiary treatment, high pressure 

membranes, such as RO and NF membranes, have been shown to be an effective 

treatment technology for the removal o f  many o f  these emerging contaminants (Drewes 

et al. 2008, Bellona & Drewes 2007). However, factors that influence trace organic 

contaminant rejection have been studied primarily on membranes in the original (virgin) 

state; however, membranes exposed to secondary effluent develop a build-up o f  material, 

called a fouling layer, on the membrane surface. The fouling layer can affect the 

membrane properties and potentially influence trace organic contaminant removal 

compromising the efficiency o f membrane treatment (Xu et al. 2006, Wang et al. 2005).

2.1 High Pressure Membrane Operations

High-pressure membrane operations are becoming increasingly popular in the 

water treatment industry due to their effective removal o f contaminants, such as 

pathogens and regulated and unregulated trace organic contaminants (Bellona & Drewes 

2007). During high-pressure membrane operations, water is forced across a membrane 

resulting in a clean permeate stream and a concentrated retentate stream. Solutes in the 

feed water are ideally retained by the membrane and, in addition to the water that does
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not pass through the membrane, make up the concentrate. Through various transport 

mechanisms, organic contaminants may not be fully retained by the membrane and can 

be found in membrane permeate at reduced concentrations (Bellona et al. 2004). Reverse 

osmosis (RO) and nanofiltration (NF) membranes are classified as high pressure 

membranes, however NF membranes require less pressure to produce the same permeate 

flow as RO membranes, and generally allow more solute to pass into the permeate. An 

understanding o f  the transport mechanisms o f organic contaminants across a membrane is 

necessary to optimize membrane selection and operation to remove target solutes.

Multiple mechanisms influence the transport or rejection o f organic contaminants 

in high pressure membrane operations. Bellona et al. (2004) identified advection, steric 

exclusion, solution and diffusion, electrostatic repulsion, and adsorption as the most 

influential factors. The most important compound properties in membrane transport and 

rejection are size (represented by molecular weight (MW) or Stokes’ radius), charge, 

hydrophobicity/hydrophilicity (represented by log KoW), diffusion coefficient (Df), and 

polarity (Bellona et al. 2005, Ng & Elimelech 2004). Key membrane properties were 

identified as molecular weight cut-off (MWCO), pore size, surface charge (represented 

by zeta potential), hydrophobicity/hydrophilicity (represented by contact angle) and 

surface morphology. Membrane fouling could complicate the role o f these properties in 

solute transport as membrane properties have been shown to change and may influence 

solute rejection (Xu et al. 2006, Nghiem & Hawkes 2007, Tang et al. 2007).

2.1.1 Convection

Mass transport o f non-ionic solutes across NF membranes is dominated by 

convection and diffusion (Bowen et al. 2002, Braeken et al. 2006, Van der Bruggen et al. 

2000). Convective transport is the passage o f molecules through the membrane pores 

because o f the movement o f water and is dependent on solute size (Van der Bruggen et 

al. 2000). The obstruction of contaminant transport across a membrane due to the size o f 

the contaminant is referred to as steric hindrance or size exclusion. Molecular weight and 

Stokes’ radius (rj) are often used as indicators o f solute size although neither can fully 

describe solute size and shape (Bellona 2007). The molecular weight cut off (MWCO) o f 

a membrane is typically characterized as the lowest molecular weight o f a particle that
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experienced a 90% rejection (Van der Bruggen et al. 1999). Stokes’ radius is defined by 

the Stokes-Einstein equation (Eq. 2.1).

(2 -1)67rriDw

where k is Boltzman constant (J-K '1), T is the absolute temperature (K), r\ is the viscosity 

o f water (N-sec-m-2), and Dw is the diffusion coefficient o f  the organic compound in 

water (m2-s"1) (Kiso 1992). The diffusion coefficient can be calculated using the Wilke- 

Chang correlation. Equation (2.2).

where q>w is the association parameter in the liquid phase (2.6 for water), Mw is the 

molecular weight o f water (18 g/mol), rj is the viscosity o f water (cP), and Vs is the molal 

volume of the solute at the normal boiling point (cm-g-mol2) (Logan 1999).

2.1.2 Adsorption
Adsorption is another mechanism o f rejection of trace organic contaminants in 

RO/NF membrane operations; however, it can also facilitate transport o f solutes across a 

membrane. Adsorption can aid the rejection o f hydrophobic compounds when they 

become affixed to the membrane surface, however due to a finite number o f adsorption 

sites, it is not considered a long-term removal mechanism (Kimura et al. 2003). The 

affinity o f a membrane surface or a solute for water is believed to play an important role 

in adsorption. A  substance that has a low affinity for water is called hydrophobic whereas 

a substance that has a high affinity for water is deemed hydrophilic. A membrane’s 

affinity for water is reported as a contact angle measurement, with a contact angle over 

90 degrees indicating a more hydrophobic surface, and a contact angle below 90 degrees 

indicating a hydrophilic surface (Norberg et al. 2006, Schafer et al. 2005, Lai & Shukla 

2004). For compounds, the octanol/water coefficient (KoW) is reported. If  the compound
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has a high affinity for water, it will have a low Kqw value, while compounds that have a 

low affinity will have a high KoW value. Kow values are determined for the solute at a 

neutral state, so it is common for researchers to report the logD value at a specific pH, 

which is the octanol/water value at the specified pH. Bellona et al. (2006) reported that 

membranes with a larger contact angle have higher rejection and adsorbance of 

hydrophobic compounds than membranes with a smaller contact angle. Enhanced 

adsorption and rejection have been reported with compounds that have a larger Kow value 

(Comerton et al. 2008, Kiso 2001). In addition to hydrophobicity, Bellona et al. (2006) 

reported that charge can also influence adsorption o f  the solute onto the membrane 

surface.

2.1.3 Electrostatic Interactions

The charge o f the solute can influence rejection in high pressure membrane 

operations. Many membrane surfaces have sulfonic or carboxyl acid groups and are 

negatively charged to reduce scaling and fouling effects (Bellona et al. 2004). Negatively 

charged compounds are repulsed by the negative charge on the membrane through a 

process called Dorman exclusion (Teeters et al. 1999). Zeta potential is often used to 

describe membrane surface charge and can be measured using streaming potential, which 

is the electric current generated by an electrolyte moving through a charged channel from 

varying applied pressure. High uncertainty has been reported with zeta potential 

measurements (up to ± 20%), but it has become a popular method for membrane 

characterization (Childress et al. 1996, Wilbert et al. 1999, Xu et al. 2006).

2.2 Membrane Fouling

Membrane fouling is defined as the reduction o f membrane performance due to 

deposition of solids on the membrane surface and pores creating additional resistance to 

flow across the membrane (Mallevialle et al. 1996). Fouling results in a decline in 

permeate flux, which increases operational costs due to higher pressure required to 

achieve a constant permeate flux and depending on the severity o f fouling, can reduce the 

feasibility o f employing RO and NF. Lee et al. (2002) reported that secondary and
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tertiary effluents are comprised o f organics, colloids, and microorganisms and in solution 

are termed effluent organic matter (EfOM) and have been shown to cause fouling on 

membrane surfaces. Pretreatment options exist that are known to control membrane 

fouling including biological processes, activated carbon, ion exchange, 

microfiltration/ultrafiltration, ozone, and enhanced coagulation. Despite these 

pretreatment steps, EfOM is often present in NF and RO feed water derived from 

wastewater effluent (Lee et al. 2002).

Various factors affect the severity o f fouling, including solution pH, 

hydrodynamic conditions, membrane charge, membrane type, hydrophobic interactions, 

m ultivalent cation concentration (i.e. calcium), and biological activity (Cho et al. 2002, 

Ivnitsky et al. 2005, Mânttâri et al. 2000, Ning & Troyer 2007, Seidel & Elimelech 

2002). Fouling experiments using the same feed water, operational conditions, and 

duration would theoretically eliminate variation introduced by solution pH, calcium 

concentration, hydrodynamic conditions, and biological growth by holding these 

parameters as constants.

The predominant fouling mechanism of organic compounds is adsorption onto 

the membrane and inside the membrane pores (Nghiem et al. 2008). Fouling by 

components comprising EfOM occurs primarily at the beginning o f membrane filtration 

and levels off to a steady state as filtration progresses. According to past research, fouling 

(measured as flux decline) reaches steady state after approximately 18-20 hours, 

depending on membrane characteristics and feed water chemistry (Cho et al. 2002, Ng & 

Elimelech 2004, Nghiem et al. 2008, Würtele 2007).

2.2.1 Pore Blockage
NF membrane flux decline has been primarily attributed to pore blockage (Al- 

Amoudi and Lovitt 2007). Nighem et al. (2007) identified three types o f pore blockage:

•  Complete pore blocking (by molecules the same size as the pore)

•  Incomplete or intermediate pore blocking

•  Standard pore blocking (accumulation of adhesive solutes that gradually narrow 

pore)
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Complete pore blocking will restrict transport of both solute and water, but standard pore 

blocking could pass water but reduce the effective pore size of the membrane, hindering 

solute transport. Pore blockage is dependent on both foulant and membrane pore size 

(Knyazkova & Maynarovich 1999).

2.2.2 Concentration Polarization
Concentration polarization, in addition to pore blockage, contributes to flux 

decline (Ng & Elimelech 2004, Song and Elimelech 1995, Hoek & Elimelech 2003).

Song and Elimelech (1995) defined concentration polarization as “a phenomenon in 

which the solute or particle concentration in the vicinity o f the membrane surface is 

higher than in the bulk.” The increased concentration o f  solutes at the surface o f the 

membrane increases resistance to permeate flow. Concentration polarization exists in all 

cross-flow filtration processes, due to the selectivity o f the membrane to pass solvent and 

retain solute. Hoek & Elimelech (2003) investigated cake enhanced concentration 

polarization, a combination o f hindered back diffusion and a compacted deposit o f 

material that alter cross-flow dynamics. Cake enhanced concentration polarization not 

only increases flux decline, but also can increase solute transport across high pressure 

membranes (Hoek & Elimelech 2003, Ng & Elimelech 2004).

2.3 Effects o f Fouling on Membrane Properties

Fouling has been shown to change the surface characteristics o f high-pressure 

membranes. Past research has focused on changes in surface morphology, membrane 

hydrophobicity, membrane surface charge, and effective pore size associated with fouling 

from wastewater impacted sources.

2.3.1 Membrane Charge
Multiple studies have found that membrane fouling changes the electrical 

characteristic o f a membrane surface, which is often quantified by zeta potential 

measurements (Childress & Elimelech 1996, Childress & Deshmukh 1998, Hong & 

Elimelech 1997, Shim et al. 2002, Tang et al. 2007, Xu et al. 2006). Childress &
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Elimelech (1996), Childress & Deshmukh (1998), Hong & Elimelech (1997), Shim et al. 

(2002), and Tang et al, (2007) used various standard humic and colloidal materials to 

represent bulk organic matter during fouling tests. Only Xu et al. (2006) used 

microfiltered wastewater effluent without adding additional fouling matter. Most o f these 

studies found that zeta potential became less negative with fouling for organic matter 

concentrations ranging from 0.2 mg/L to 10 mg/L. Shim et al. (2007) was the only group 

to find zeta potential to become more negative with fouling (GM membrane). The initial 

zeta potential was -4mV at pH 7 and became more negative with fouling, with the fouled 

membrane zeta potential measured to be -18 mV. Chapman et al. (1999) found that errors 

associated with instrument operation can cause variations in zeta potential values 

reported by different researchers for the same membrane type.

2.3.2 M embrane Hydrophobicity
Membrane fouling has been shown to change the hydrophobicity o f the surface o f 

a membrane (Nghiem et al. 2008, Nghiem & Coleman 2008, Shon et al. 2006, Xu et al. 

2006). Hydrophobic foulants increased the contact angles o f all membranes tested (NTR 

7400, NF90, NF270, TFC-SR2). Studies by Nghiem & Coleman (2008) and Shon et al. 

(2006) found that hydrophilic foulants have little effect on the contact angle o f the 

membranes. Only Xu et al. (2006) found a decrease in hydrophobicity with fouling 

including the NF90, XLE, and CTA. Xu et al. (2006) reported that the contact angle of 

fouled membranes was influenced by both the initial contact angle o f the membrane and 

the hydropobicity o f the foulant (secondary effluent). Only the contact angle o f one 

fouled membrane tested in the studies reviewed, a CTA membrane, did not have a contact 

angle that represented that o f the foulant (Xu et al. 2006).

2.4 Effects o f Fouling on Trace Organic Contaminant Rejection

Previous studies have shown the membrane fouling can both increase and 

decrease solute rejection, depending on the solute, membrane, and foulant (Ng 

&Elimelech 2004, Nghiem & Hawkes 2007, Comerton et al. 2008). Polyamide 

membranes that have a MWCO or pore size that is smaller than that o f the solute are 

often unaffected by fouling, and have nearly complete rejection o f large non-ionic
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hydrophilic solutes (Nghiem & Hawkes 2007, Xu et al. 2006). Solutes that are 

moderately to poorly rejected by the membrane can either be unaffected by fouling, have 

increased rejection, or be facilitated across the membrane.

Three types o f  experiments have been conducted to simulate solute rejection at 

steady state conditions when treating secondary effluent. The first were methods used to 

measure small concentrations of trace organic compounds naturally present in wastewater 

effluent and their rejection in natural water matrix (Bellona & Drewes 2007, Drewes et 

al. 2005). In the second method, trace organic contaminants were spiked into the feed 

solution at the beginning o f filtration, and rejection and fouling were measured over time 

(Comerton et al. 2008, Ng & Elimelech 2004). The third method was to pre-foul the 

membrane with either effluent or a synthetic solution and then spike trace organic 

contaminates to determine rejection (Bellona & Drewes 2007, Nghiem  & Hawkes 2007, 

Nghiem et al. 2008, Xu et al. 2006).

2.4.1 Rejection of Naturally Occurring Contaminants
Drewes et al. (2005) conducted a study to determine the efficiency o f NF and RO 

membranes at removing trace contaminants at concentrations naturally found (not spiked) 

in wastewater treatment plant effluent. The researches found that only a few of the 21 

target compounds were detected in feed water. Overall, high pressure membrane 

treatment was highly effective. In lab-scale tests, three flame retardants (TCEP, TCIPP, 

TDCPP), primidone, and bisphenol-A (all non-ionic compounds) were detected in the 

feed water and only bisphenol-A was quantifiable in the permeate, at roughly half the . 

feed concentration. Drewes et al. (2005) reported that the majority o f  compounds 

detected in the feed were either not detected or not quantifiable in the permeate of their 

full-scale treatment investigation. Non-ionic compounds bromoform and chloroform 

were detected in feed water and were rejected by RO membranes between 45% and 

100%, respectively. Drewes et al. (2005) indicated that membranes can be employed to 

treat wastewater effluent at steady state conditions and result in a high degree of removal 

(>80%) except for bisphenol-A, bromoform and chloroform. Bellona & Drewes (2007) 

reported that the rejection of trace organic contaminants naturally occurring in tertiary
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treated wastewater generally increased over time and attributed the increase in rejection 

to membrane fouling.

2.4.2 Rejection of Spiked Compounds over Time

Ng & Elimelech (2004) employed the second method and observed a decrease in 

trace organic contaminant rejection with fouling using silica colloids. They observed that 

cake enhanced concentration polarization associated with fouling facilitated the transport 

o f small inert organic compounds (ethylene glycol and glycerol) and trace organic 

contaminants (estradiol and progesterone). Inert organic compounds with a MW larger 

than the MWCO were minimally affected by fouling, because size exclusion was the 

dominant removal mechanism. Comerton et al. (2008) found that trace organic 

contaminates were consistently rejected by a RO membrane, but variable rejection was 

observed for two NF membranes. Comerton et al. (2008) tested 22 compounds using 

wastewater effluent impacted Lake Ontario water and membrane bioreactor (MBR) 

effluent. In general, compounds were more effectively rejected by membranes with a 

fouling layer, contrary to the study by Ng & Elimelech, 2004. Comerton et al. (2008) 

also suggested a correlation between rejection and hydrophobicity (logKow), with more 

hydrophobic compounds having a higher rejection. The higher organic compound 

rejection may be attributed to increased adsorption with fouling.

2.4.3 Rejection of Spiked Compounds Using Pre-fouled Membranes

Xu et al. (2006) spiked trace organics into the feed solution and found that 

membrane fouling from wastewater effluent affects trace organic rejection from NF and 

ultra low pressure RO membranes, but had a less significant effect on RO membranes. 

Rejection o f primidone, a hydrophilic non-ionic compound, was found to remain the 

same or decrease with fouling for the membranes tested. Bromoform, chloroform, and 

trichloroethylene adsorbed more onto fouled membranes than to unfouled membranes, 

resulting in higher rejection after 50 hours o f filtration. Nghiem & Hawkes (2007) and 

Nghiem et al. (2008) investigated the removal o f  the non-ionic organic compounds 

carbamazepine and bisphenol-A with membranes fouled with Sigma-Aldrich humic acid.
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Rejection was seen to increase with fouling for a loose nanofilter with large pores, and 

was attributed to pore blocking by the foulants. A decrease in rejection was observed 

with the NF270 membrane, attributed to cake enhanced concentration polarization. A 

slight increase in rejection was observed with a "tight" NF membrane (NF90) for 

bisphenol-A, and a slight reduction observed with carbamazepine. The authors indicated 

that cake enhanced concentration polarization also occurs with the NF90 membrane, 

however due to the small pores, steric exclusion was the dominating effect. Nghiem et al. 

(2008) also indicated that increased trace organic adsorption could facilitate diffusional 

transport and lower rejection. Further investigation into the effect o f fouling on 

membrane properties and solute rejection is needed in order to understand and describe 

membrane performance when treating wastewater effluent.

2.5 Membrane M odeling Approaches

Although a variety o f membrane models exist that apply to high pressure 

membranes, models developed to describe the rejection o f non-ionic trace organic 

contaminants have not been investigated fully. Bellona et al. (2004) described the 

available modeling methods for solute rejection developed for high pressure membranes 

and identified the Kedem and Katchalsky, Spiegler and Kedem mass transport equations, 

Stefan-Mawell equations, Nemst-Plank equations, solution-diffusion models, and the 

statistical-mechanical theory. Many of these modeling approaches are similar, but 

because steric exclusion and diffusion dominate rejection o f non-ionic compounds in NF 

membrane applications, two models were determined to be applicable to describing the 

rejection of non-ionic trace organic contaminants. The remaining models were 

determined to be less ideal; the Stefan-Maxwell equations stressed Donnan exclusion 

(Straatsma et al. 2002) and the statistical-mechanical theory involves complex 

mathematical solutions (Mason et al. 1990). The Spiegler-Kedem model results in a 

measure of pore size and the range of sizes o f pores in the membrane, while the 

hydrodynamic model results in a  measure o f pore size. Van der Bruggen & 

Vandecasteele (2002) modified the Speigler-Kedem equations to investigate modeling 

the rejection o f uncharged organic solutes, and found it to adequately describe rejection 

for three membranes; however not all solutes were found to be accurately described for
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all membranes. The researchers also reported that at least eight experimental data points 

were necessary for the model to adequately describe rejection. Bellona (2007) had limited 

success with modeling the rejection o f trace organic contaminants, including ionic, 

hydrophobic, and hydrophilic solutes and added a geometric orientation angle component 

in order to achieve a desirable fit. In addition to a need to further assess models for non

ionic solutes, the applicability o f using these models with fouled membranes has not been 

thoroughly investigated. The Spiegler-Kedem model and hydrodynamic model, based on 

the extended Nemst-Plank equations are described below.

2.5.1 Spiegler-Kedem M odeling Approach

The Spiegler-Kedem modeling approach used a modified version of the Spiegler- 

Kedem transport equation and incorporated membrane specific parameters including 

solute size, average pore size and standard deviation o f pore size. A solute’s Stokes’ 

radius was used as an indictor o f solute size as Bellona (2007) found it to be a better 

descriptor than MW and solute radius.

The Spiegler-Kedem approach is based on two equations, one describing water 

flux (Eq. 2.3) and the other describing solute flux (with respect to water flux) (Eq. 2.4) 

(Spiegler & Kedem 1966). The flux equations were rearranged (Eqns. 2.5 and 2.6) and 

rejection for a membrane was solved for three membrane specific properties: solute 

permeability, solute reflection coefficient, and water flux (Van der Bruggen et al. 2000). 

The three parameters can be determined experimentally to calibrate the model. Solute 

permeability (?) is determined by dividing the diffusion parameter (p) by the diameter of 

the solute (Eqn. 2.7). The diffusion parameter is assumed to be membrane, not solute, 

specific and can be determined by one experiment with a known molecule (Van der 

Bruggen & Vandecasteele 2002). The solute reflection coefficient can be experimentally 

determined by creating a pore size distribution curve o f known solutes from experiments 

conducted at simulated infinite pressure. Van der Bruggen et al. (2000) applied the log

normal distribution to determine the probability density function (Eq. 2.8) and the error 

function to create the cumulative density function (Eq. 2.9) to describe the distribution of 

membrane pore sizes, assuming that the solute passes through each pore larger than the 

solute’s size. Nomenclature for the Spiegler-Kedem model can be found in Table 2.1.
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deJ s =  -P A x —  +  (1 -  cr)Jvc 
dx

J v = Z p (A P -o A n )

1 — crF 

F = e x p C - 1— ^  J v)

JP(x) = 1 1 exp (ln (r)-ln< 7))2
2S ,

(4.6)

D(x) =  - 1 + e r / Aln ( r ) - l n ( r ) A
S p4 2

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

(2 .8) 

(2.9)

Table 2.1 Spiegler-Kedem model nomenclature

Symbol Physical quantity (unit)
C concen tra tion  (m ol/m 3)
ds m olecu lar d iam eter (m)
Js so lu te  flux (mol/m2h)
Jv w a te r  flux (l/m2h)

Lp filtration coefficient (m 3/m 2-s)
P so lu te  perm eability (m /s)
AP tra n s  m em brane p re s su re  (bar)
R R eten tion  (%)
R pore  s iz e  (m)

That m ea n  pore size (m)

Sp S ta n d a rd  deviation o f pore s iz e  (m)
Ax m em b ran e  th ick n ess  (m)
P diffusion p a ram ete r (m 2/s)
An osm o tic  p ressu re  g rad ien t
z Reflection coefficient (%)

To calibrate the model, the parameters o f a  and p were determined from 

experimental rejection data. Experimental data was used to determine the reflection 

coefficient (rejection at infinite pressure) for multiple solutes with varying molecular
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sizes. Equation 4.9 was fitted to the reflection coefficient data by changing the values o f r 

and Sp to minimize the error between experimental reflection coefficients and the output 

from the cumulative density function equation. The reflection coefficient for each 

compound was defined as the experimental rejection at a simulated infinite pressure. 

Following the determination o f  reflection coefficients based on a solute size in relation to 

the membrane pore size, the solute permeability (P) was determined for each solute. The 

solute permeability parameter was calculated from equation 4.7 using the diffusion 

parameter (p). The diffusion parameter has been described to be membrane specific (Van 

der Bruggen et al. 2000) and was calculated using a single solute. Once the diffusion 

parameter was determined, equation 4.7 was used to determine the solute permeability 

(P) based on solute diameter.

2.5.2 Hydrodynamic Modeling Approach
Modified extended Nem st-Planck equations have been used to describe the 

transport o f ionic and uncharged solutes in NF membrane applications (Bowen et al.

1997, Bowen & Welfoot 2002, Bowen et al. 2002, Bowen et al. 2004). Traditionally, the 

extended Nemst-Planck equations contain terms for diffusion, electrical field gradient, 

and convection, however, for uncharged solutes the electrical field gradient term could be 

eliminated resulting in Equation 2.10 (Bowen & Welfoot 2002, Yoon & Lueptow 2005). 

Solute concentration on the feed and permeate side was described by Eqs. (2.1 la) and 

(2.1 lb), respectively, and components o f  these equations were computed using Eqs.

(2.12) and (2.13). Coefficients for enhanced drag and lag were calculated using Eqs. 

(2.14) and (2.15). Use o f the Peclet num ber (Eq. 2.16) resulted in a simplified calculation 

o f the ratio between permeate and feed concentrations and rejection. The ratio o f feed 

concentration over permeate concentration was calculated using Equation 2.17 and 

rejection was calculated using Equation 2.18. Nomenclature for the hydrodynamic model 

is presented in Table 2.2.

’ dxi

a> = ( i - A ) 2

(2 .10)

(2.1 la, 2.1 lb) 
(2.12)
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A  =  —  (2.13)

K c = (2 -  0))(1.0 + 0.054A -  0.988/12 + 0 .4 4 U 3) (2.14)
= 1 .0 -2 .3 /1 -1 .145  A2 +0.224A3) (2.15)

c„  _  o à ; .
C} l-[l-<D A :c ]ex p (-/>e)

(2.17)

/î =  l  F ------------  (2.18)
1 -  [l -  O K c jexpl-Z^e)

Table 2.2 Hydrodynamic model nomenclature 
Symbol Physical quantity (unit)
Cf F eed  concen tration  (mol/m3)

Cp p e rm e a te  concen tration  (mol/m3)

Cf concen tra tion  in pore on feed s id e  (m ol/m 3)

c P concen tra tion  in pore on p e rm ea te  s ide  (mol/m3)

Dp Pore diffusion coefficient (m2/s)

Kc hindrance fac to r for convection (d im ension less)

Kd hindrance fac to r for diffusion (d im ension less)
P e P ec le t n u m b er (d im ensionless)
R rejection (d im ensionless)

rpe effective pore  radius (m)
A Ratio of so lu te  radius to pore rad iu s  (d im ensionless)
O uncharged  so lu te  steric  partition coefficient (d im ensionless)
H solvent viscosity  in pore (N-s/m 2)

Both modeling equations can be optimized by fitting experimental data to 

determine relevant descriptive parameters, which can be re-inserted to the model to 

describe rejection o f other non-ionic compounds. Problems arise in both models due to 

their reliance on steric hindrance and diffusion as the primary methods o f solute 

transport. Electrostatic interactions and the effects of concentration polarization are not 

included in either model.

Few experiments have been conducted to investigate the effects o f EfOM fouling 

on nanofiltration membranes properties and the resulting rejection o f trace organic 

contaminants. In addition the majority o f data has been collected using a synthetic
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fouling matrix (Ng & Elimelech, Nghiem & Hawkes, 2007, Nghiem et al. 2008). 

Rejection modeling has been focused primarily on unfouled membranes and little is 

known about their applicability to fouled membranes. This study focused on the 

comparison o f membrane properties, trace organic contaminant rejection, and membrane 

rejection modeling with unfouled and EfOM-fouled NF membranes.
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CHAPTER 3 

EXPERIMENTAL METHODS

A suite o f analytical instruments, organic and inorganic solutes were used to 

evaluate membrane properties and characterize membrane performance. The following 

sections outline the materials and methods used during the course o f  this study.

3.1 M embrane Selection Criteria

Eight commercially available polyamide thin-film composite (TFC) membranes 

were considered for this study (Table 3.1). Three membranes, the NF90 and NF270 

(DOW/Filmtec, Midland, MI) and TFC-S (Koch Membrane Systems, Wilmington, MA), 

were selected and used in fouling and rejection experiments. The NF-90, NF-270, and 

TFC-S were selected based on their properties related to rejection and fouling, including 

MWCO and availability.

Table 3.1 Candidate Membranes Properties

Membrane T y p e MWCO (Da) Manufacturer Material
NF-90 NF 2001 DOW Filmtec Polyamide thin film composite
NF 270 NF 3003 DOW Filmtec Polyamide thin film composite
XLE LP-RO 1001 DOW Filmtec Polyam ide thin film com posite
TFC -H R RO N.A Koch Polyam ide thin film com posite
TFC-S NF 2001 Koch Polyamide thin film composite
TFC-ULP LP-RO 1001 Koch Polyam ide thin film com posite
TM G-10 LP-RO 1001 Toray C om posite  Polyam ide
ESPA 2 LP-RO 250-5004 H ydranautics C om posite  Polyam ide

1) Würtele 2007
2) Bellona & Drewes 2005
3) Lin et al. 2007
4) Reardon 2005

One o f the major characterization tools used during this study was evaluating the 

rejection o f solutes with molecular weights between 119 and 296 Daltons (Da). A number 

o f membranes are commercially available that would remove all the compounds tested, 

however the optimal membranes to test the impact o f fouling on trace organic rejection
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would neither completely reject nor entirely pass all o f the compounds. For this study, the 

target range o f  MWCOs was determined to be between 200 and 300 Da to allow for a 

range o f solute rejection. Because the objective o f this research was to evaluate the effect 

o f EfOM fouling on the rejection o f organic compounds, one criterion for membrane 

selection was to identify membranes that undergo a moderate degree of fouling when 

treating wastewater effluent. The TFC-S was selected to test the effects of fouling on 

surface properties and the NF-90 and NF270 were selected because of their previously 

demonstrated relatively high degree o f fouling propensity, availability, and MWCO (Lin 

et al. 2007, Nghiem et al. 2008). Additional properties o f the selected membranes, 

including contact angle, zeta potential, and roughness are included in Table 3.2.

Table 3.2 Selected Membrane Properties

Membrane Type MWCO (Da)
Contact Angle 

(°)
Zeta Potential 

(mV)*
Roughness

(nm)
NF-90 NF 2001 47.2  ± 3.1 23.5  ± 1.8 7 6 .83

NF 270 NF 3002 37.0 ± 4 .5 24.5  ± 0.9 8 .63
TFC -S NF 2001 40.7  ± 1.3 24.0  ± 1 .2 35.64
1 ) Würtele 2007
2) Lin et al. 2007
3) Nghiem et al. 2008
4) Peng et al. 2004

3.2 Target Compounds

Target compounds for this study were selected to assess membrane pore size, 

spanning either end of the selected membranes’ MWCO. Compounds were selected and 

assigned to two groups, one for membrane characterization, termed characterization 

compounds, and the other for evaluating membrane modeling approaches, termed trace 

organic contaminants. The compounds used in this study are summarized in Table 3.3.
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To develop the membrane transport models used during this study, 

characterization compounds were selected that exhibited minimal adsorption to 

membrane materials during previous studies (Bellona 2007, Bellona & Drewes 2007). In 

general, compounds selected for rejection experiments were classified as hydrophilic 

because they had log KoW values o f less than 2 (except for carbamazepine, BPA, and 

DEBT) and had been used in previous work (Bellona 2007, Kimura et al. 2003) 

exhibiting minimal adsorption to membrane materials. Bulk parameters including pH and 

conductivity were also measured as overall indicators o f membrane rejection 

performance and to assure that feed water solution chemistries were similar from one 

experiment to another.

3.3 Analytical M ethods

Several analytical methods were used to quantify the concentration of target 

compounds and constituents presented in Table 3.3. Both standard methods for regulated 

compounds and unregulated methods were used and are described below.

3.3.1 Standard M ethods
Standard methods were executed according to guidelines published by the 

American W ater W ork Association and Water Environment Federation (2005) Standard 

Methods for the Examination of Water and Wastewater.

3.3.1.1 Conductivity
Conductivity is an indicator o f the concentration o f charged species of the total 

dissolved solids in water. Measurements were taken with a handheld Cole Palmer EC 

Meter (model 1481-61) (Standard Method 2510) and reported as microSiemens per 

centimeter (pS/cm). The conductivity meter was calibrated with 1 mho per centimeter 

conductivity solution at the specified recommended intervals. Control Company supplied 

the conductivity calibration standards.
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3.3.1.2 pH

The pH was measured using a Beckman 260 portable pH meter with a gel-filled 

electrode (Beckman, Fullerton, CA) (Standard Method 45000-H+). pH measurements 

were taken in conjunction with temperature readings and corrected internally. Prior to 

use, the pH meter was calibrated using standards at pH 4, 7, and 10 supplied by RICCA 

Chemical Company (Arlington, TX).

3.3.1.3 TOC

Total organic carbon (TOC) is a measure o f the amount o f organic carbon present 

in a water sample. Samples were analyzed on a Sievers Total Organic Carbon Analyzer 

5310 C (GE Analytical Instruments, Boulder, CO).

3.3.1.4 UV Absorbance
Ultra-violet (UV) absorbance measures the amount o f light in the UV spectrum 

that is absorbed by the compounds present in a water sample, A specific wavelength of 

254 nm is used which aromatic compounds more readily absorb. UV absorbance 

measurements, using a one cm quartz cuvette, were compared to a baseline absorbance o f 

deionized water from a Millipore Milli-Q™ treatment system. Three measurements were 

taken for each sample and the sample average was recorded. The specific UV absorbance 

(SUVA), a measure o f the aromatic content o f the water, was found by taking the ratio of 

UV absorbance over DOC.

3.3.2 Non-standard Methods

Several methods were used that do not have predetermined standard methods. 

These methods were used to quantify the following characteristics.

3.3.2.1 Contact angle

Contact angle was used to describe a membrane’s affinity for water and indicates 

the extent to which the membrane’s surface is hydrophilic or hydrophobic. The contact 

angle o f a surface is determined by placing a droplet o f water on the horizontal surface
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and measuring the angle the droplet forms at the interface with the surface. Contact angle 

was determined using a standard goniometer (ramè-hart, Mountain Lakes, NJ) equipped 

with a camera and DROPimage software. Five mL o f Milli-Q quality deionized water 

was used to take contact angle measurements. Both right and left contact angles were 

measured and averaged for the final value. Due to the spreading of the droplet over time, 

measurements were taken 10 seconds after the droplet was placed on the membrane 

surface. The water droplet’s contact angle was measured on different sections o f the same 

membrane coupon and at least 7 drops were used.

3.3.2.2 Zeta Potential
Zeta potential (Q is a measure o f the charge of a material at the solid/liquid interface and 

is reported in millivolts (mV). Zeta potential data was collected using an Anton Parr 

SurPass instrument and zeta potential was calculated using the Fairbrother and Mastin 

method. Equation 3.1.

Ç= -r - *  77 - x k b (3.1)dp £ X£ q

Where dU/dp is the slope o f the streaming potential vs. pressure, rj is the electrolyte 

viscosity, s is the dielectric constant o f electrolyte, s0 is th vacuum permittivity and kb is 

the electrical conductivity o f electrolyte solution.

The zeta potential o f a  membrane specimen was evaluated between pH values of

3.5 andlO by adjusting the pH o f  the electrolyte solution to 3.5 with HC1 and allowing the 

SurPass to automatically titrate to pH o f 10 with NaOH. Two membrane samples cut to 

55 mm x 25 mm were inserted into the asymmetrical clamping cell separated by two 

spacer foils and electrodes are attached to either end o f the flow channel. A one mM 

NaCl solution was used as the background electrolyte. Run and rinse pressures were set 

to a maximum o f 100 mbar to reduce the occurrence of flushing the fouling layer off the 

membrane surface.
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3.3.2.3 Scanning Electron M icroscope

A Hitachi TM-1000 Tabletop Microscope was used to inspect the surfaces o f the 

virgin and fouled NF270 membrane. The surface o f the membrane was magnified 2,000 

and 7000 times for virgin and fouled membranes.

3.3.2.4 HPLC

A High Performance Liquid Chromatography (HPLC) method was used to 

determine the concentration o f  organic solutes. A Hewlett Packard 1050 HPLC was used 

for all measurements. Two different methods were used depending on the solute o f 

interest, a refractive index detector method (RID) and a diode-array detector method 

(DAD).

• HPLC-DAD Method

The DAD method utilized a C -l 8 reverse phase column. The eluent was 

comprised o f a combination o f acetonitrile and DI with 2.5 mmol potassium 

phosphate monobasic, both adjusted to pH 2.5 with phosphoric acid. Two 

methods o f the HPLC-DAD were used and the composition o f the eluent changed 

over the run time, illustrated in Table 3.4.

* HPLC-RID Method

The RID method utilized a Hewlett Packard 1047A refractive index detector (RID) 

to analyze all compounds used for membrane characterization (Table 3.4). The 

RID is sensitive to changes in solvent matrix, so the eluent is deionized water to 

match the feed water matrix. A column is not used, shortening the run-time to 

four minutes and compounds must be run individually.
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Table 3.4 HPLC Methods

DAD M ethod  1 DAD M ethod  2 RID M eth o d
Flow rate 2  ml/min 2  ml/min 1 ml/min

Injection Volume 100 uL 100 uL 100 uL
Solvent A

DI w/ 2.5 mM DI w/ 2.5 mM DI
KH2 PO4 pH=2.5 KH2 PO4 pH=2.5

W/ H3 PO4 W/ H3PO4

Solvent B Acetonitrile 
pH=2.5 w/ H3 PO4

Acetonitrile 
pH=2.5 w/ H3 PO4

None

Gradient t=0 min 30% B 
t=10 min 80% B 
t=12 min 30% B

t=0 min 5% B 
t=12 min 80% B 
t=15 min 5% B

N/A

Runtime 1 2  min 15min 4 min

3.4 M em brane Fouling Procedure

Membrane fouling was investigated using flat-sheet membrane specimens. The 

flat sheet unit configuration used for this research is illustrated in Figure 3.1. The 

membrane specimen is placed between two stainless steel cells. Water can pass across the 

cell along the membrane surface resulting in cross flow filtration. When enough pressure 

is applied through a back-pressure valve on the outlet (concentrate), a portion o f the feed 

water passes through the membrane and leaves the unit via the permeate line.

Permeate 1
I ►

Cooling Loop

j j e e d  1

Permeate 2

Feed

Variable Speed High Pressure Pumps

Figure 3.1. Flat sheet unit configuration with two flat sheet units in parallel.
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A 50 L feed solution was contained in a 200 L drum for the duration o f the 

experiment. Water was fed to the cells via two adjustable speed motors (Dayton®, Motor 

Technology, Inc., Dayton, OH) each attached to a pump head (Hydra-Cell, Wanner 

Engineering, Inc., Minneapolis, MN). The configuration allows for parallel fouling of 

two membranes with the same feed water, but allows for independent variation o f 

membrane type, pressure and feed flow rate. For all experiments, the feed flow rate was 

set at 1 L/min. Hoek et al. (2002) determined that the cross sectional area o f the flat sheet 

unit to be 0.82 cm, based on an effective surface area of 139 cm2. The resultant cross 

flow velocity is 0.20 m/s from equation 3.2.

= (Hoek et al. 2002) (3.2)
A

Where U is the cross flow velocity [m/s], Q is the feed flow rate [m3/s], and Ax is the 

cross sectional flow area [m2].

Before fouling, a membrane specimen was placed into the flat sheet unit and DI 

water was run through the membrane at a high pressure, a process called membrane 

compaction. Membrane compaction changes the permeability o f  the membrane as 

illustrated in Figure 3.2 and is conducted before fouling, pore size distribution, and trace 

organic rejection testing. The compaction conditions are summarized in Table 3.4.
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Figure 3.2: Comparison o f membrane flux o f  compacted and virgin non-compacted 
membranes.

Table 3.5 Flat Sheet Compaction Parameters
Param eter
Duration 15 hours
Feed Water DI
Feed Flow 1 L/min
Feed Pressure 200 psi
Permeate Flow Varies L/min
Cross Flow
Velocity 0.20 m/s
PH 6.3 ± .1
Temperature 20.5 ± 3 °C

Non-nitrified secondary effluent from the southern treatment train o f Denver 

M etro Wastewater Treatment Plant was used for all fouling experiments. Immediately 

after compaction, water in the test container was switched from DI water to microfiltered 

non-nitrified secondary effluent. A 0.2 pm microfiltration membrane (M-M4040PS20, 

Applied Membranes Inc.) was used to pre-treat feed water and was operated at 80% 

recovery. A summary o f feed water quality is presented in Table 3. 6.
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Table 3.6 Feed water quality

P a ra m e te r

PH 6.3  ± .1
T e m p era tu re 20 .5  ± 3 °C
TO C 9.90 ± 0.72 mg/L
UVA 16.4 ± 0 .3 5 m-1
SUVA (UVA/TOC) 1.7+ 0.3 L/m-mg
Nitrate -  N 0.49 ± 0 .1 1 mg/L
Sulfate 280 ± 2 mg/L
P h o sp h a te 3.5 ± 0 .1 mg/L
Na 84.5 ± 1.2 mg/L
C a 48 .4  ± 3.4 mg/L
Mg 11.0 ± 0 .7 mg/L

W ater was stored in a coolroom at 4° C, and was left at ambient temperature the 

night prior to use. A constant pH o f 6.3 ± 0.2 was maintained using sulfuric acid and 

sodium hydroxide. Temperature was maintained at 20.5 °C ± 3 °C through the use o f a 

stainless steel cooling loop. All experiments were conducted with a constant flux o f 

either 21 L/m2-h or 42 L/m2-h by varying pressure. Permeate flux, J, was calculated with 

Equation 3.3.

J =  ^  (3.3)

Where m  is the temperature corrected permeate flux and A is the membrane surface area.

The temperature is corrected using and temperature correction factor (TCP) shown in 

equations 3.4 and 3.5.

TCF = g  (3.4)

Where U is the TCP coefficient, assumed to be 2,700 (typical for polyamid membranes). 

Ta is the actual temperature [°C] and Ts is the standard temperature [25 °C].
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Where ma is the standard permeate flow.

Although variable between different membrane types, fouling experiments with 

the same membrane type (i.e., NF90 or NF270) were designed to deliver the same TOC 

content to ensure consistent fouling. The delivered TOC were calculated with the 

following equation:

Delivered TOC (mg/cm2) = V * — (3.6)
A

Where V is volume of water filtered, C is TOC concentration, and A is membrane area.

In order to help characterize the extent o f fouling on the membrane the pressure 

increase over time was monitored, allowing for the determination o f the transmembrane 

pressure (TMP) and specific flux (SF).

P - P
TMP =Pf  — / y  p (3.7)

S F = -^ 2 _  (3.8)
TMP

Where Pf is the feed pressure and Pp is permeate pressure.

The flux data was normalized to account for compaction, resulting in the 

normalized specific flux, equation 3.9.

Normalized SF = 100 (3.9)

30



3.5 Membrane Characterization Tests

A variety o f  different methods were used to characterize a membrane’s active 

surface layer. These tests included pore size distribution, salt rejection, and pressure vs. 

membrane flux. Membrane characterization tests were run on a flat sheet unit similar to 

the fouling tests (Figure 3.3). Modifications to the fouling set-up include the use of one 

flat sheet unit instead of two and the volume of feed waster was set to 20 L. Feed and 

permeate samples were taken at 50, 100, 150, and 200 psi, the feed flow was set at 1 

L/min, and the target temperature was set to 20.5 ± 4 degrees C.

SCADA
LEGEND

H  Flow m eter 

(x )  P ressure gauge

Conductivity

Q m eter 
Feed pump

Tem perature 
sensor 

J  Valve

Permeate

Feed1321

Digital Balance

Concentrate

Figure 3.3. Rejection Testing Flat Sheet Unit used for testing Lp, salt rejection, pore size 
distribution, and trace organic rejection.

3.5.1 Pressure  vs. m em brane flux

The filtration coefficient (Lp) was used for membrane quality control and was 

required for membrane solute rejection modeling using the Spiegler-Kedem approach 

(Eq. 2.2). It related applied pressure to membrane flux was calculated for fouled and non

fouled membranes (Eq 3.10).

4 =Feed  Pr essure 
Flux

(3.10)
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3.5.2 Salt Rejection

NaCl Salt rejection tests were preformed to verify zeta potential measurements 

and rejection data. Conductivity was used as a surrogate o f NaCl concentration. Rejection 

was measured for feed concentrations o f one mM and 10 mM were used.

3.5.3 Pore Size Characterization

The pore size characterization for an individual membrane was determined by 

running water spiked with compounds o f different molecular weights through the 

membrane flat sheet unit (Table 3.5). Rejection was measured using the HPLC RID 

method detailed above. Rejection was measured after a minimum o f 250 mL of permeate 

was collected at pressures o f 50, 100, 150, and 200 psi. Characterization compounds were 

spiked into house DI water at a target concentration of 3 g/L.

Table 3.7 Compounds used in pore size characterization experiments and respective 
molecular weights and Stokes radii.__________________________________

Compound MW (g/mol or Da)1 Stoke s  Radi (nm)1
S u c ro se 342 0.48
G lucose 180 0 .33
Glycerin 92 0.22

1,3 B utanediol 90 0 .26
tert-butyl methyl e th e r  (MtBE) 88 0.28

U rea 60 0.17
Ethanol 46 0.19

M ethanol 32 0.15
1) Bellona, 2007

3.5.4 Trace Organic Contaminant Rejection
Trace organic contaminants were spiked into house DI water and rejection was 

measured after at least 250 mL had permeated the membrane. Samples from feed and 

duplicate permeate samples were analyzed using the HPLC-DAD method described in 

Table 3.3. Trace organic contaminants (Table 3.6) were separated into two suites o f 

compounds and tested in order to characterize the rejection o f  trace organic contaminants 

by virgin compacted specimens and membranes fouled with microfiltered wastewater 

effluent from Denver Metro. The first suite included phenacetin, carbamazepine and 

BPA, and was spiked into the feed water together and analyzed using the HPLC-DAD 

method 1, and the remaining compounds were spiked together and analyzed using
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method 2. Spike samples described in Table 3.6 were dissolved in methanol and spiked at 

10 mg/L into 20 L o f  deionized water.

Table 3.8 Compounds used in trace organic rejection and respective molecular weights 
and Stokes radii.

Compound MW (g/mol or Da)1 Stoke s  Radijnm)1
A cetam inophen 151 0.29

Phenacetin 179 0.34
DEBT 191 0.38

Caffeine 194 0.32
Prim idone 218 0.37

BPA 228 0.39
Propyphenazone 230 0.41
C arb am azep in e 236 0.36

1) Bellona, 2007
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CHAPTER 4 

RESULTS AND DISCUSSION

The majority o f membrane research on trace organic contaminant rejection, as 

reported in the literature, has been conducted with virgin unfouled membranes, which 

may not represent conditions at full-scale treatment plants due to the lack o f a fouling 

layer. Full-scale treatment plants treating wastewater effluents are especially prone to 

membrane fouling and operate with a fouling layer, which is expected to significantly 

affect trace organic contaminant rejection. An understanding o f rejection o f trace organic 

contaminants under fouled conditions is necessary for design and operation o f high- 

pressure membrane treatment plants treating wastewater effluent. The purpose o f this 

research was broken into three objectives, as follows:

• Determine the effects o f EfOM fouling on nanofiltration membrane surface 

properties.

• Determine how fouling with EfOM affects mass transport o f organic solutes.

• Incorporate changes from EfOM fouling into membrane models to describe trace 

organic contaminant rejection.

Three membranes, NF90, NF270, and TFC-S, were fouled using microfiltered Denver 

Metro wastewater effluent on a bench-scale flat-sheet membrane testing unit. To better 

understand the effects o f EfOM fouling, fouled and unfouled membranes were 

characterized in terms of surface properties that influence permeate flux and rejection, 

pore size distribution, and organic compound rejection. Two membrane models were 

calibrated using rejection data obtained from fouled and unfouled membrane experiments 

and implemented to describe the rejection o f environmentally relevant trace organic 

contaminants.

4.1 The Effects of Fouling on Membrane Surface Properties

The first objective o f this study was to investigate the effect o f wastewater 

effluent fouling on NF membrane surface properties, including contact angle, zeta
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potential, conductivity rejection, and surface characteristics (as qualified by scanning 

electron micrographs).

4.1.1 Fouling Curves

Membrane fouling was described by a decrease of normalized specific flux over 

tim e due to an increase in the required net driving pressure to achieve a constant 

permeate flux rate. The severity o f  fouling has been shown to be indicated by the 

magnitude o f decreased normalized specific flux at the conclusion of the fouling 

experiment (Commerton et al. 2008, Ng & Elimelech 2004). Past studies have found that 

the rate and severity o f membrane fouling is dependent on feed water composition, feed 

water chemistry, membrane properties, and operation conditions (Wurtele 2007, 

Yiantsois et al. 2005). The three membranes evaluated, NF90, NF270 and TFC-S were 

compacted at 200 psi for 15 hours (see Table 3.3) and fouled with microfiltered 

secondary effluent from Denver M etro in duplicate. Natural variations in the membrane, 

test cell set-up, and pumps cause the normalized specific flux to vary up to 10%, as 

illustrated by the NF90 membrane fouling data presented in Figure 4.1.
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Figure 4.1. Specific Flux ofNF9O during fouling with Denver Metro secondary treated 
effluent. Operational conditions: feed temperature: 20.5 °C, corrected to 25 °C; feed pH: 
6.3; feed flow rate: 1 L/min. Operated with varying pressure to maintain constant 
permeate flux o f 21 L/m2-h.
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The three membranes tested fouled significantly over the duration o f the 

experiment, with up to 30% reduction in normalized specific flux by the termination o f 

the experiments (Figures 4.1 through 4.2). Both NF90 and TFC-S membranes appeared 

to reach a quasi-steady state where little flux decline occurs after 14 hours, but fouling 

increased with the duration o f the experiment for the NF270 (Fig 4.2). Past studies have 

demonstrated that fouling with a synthetic feed water matrix containing of colloids or 

humic acids had a rapid initial decrease in flux in the first 20 hours after which the 

specific flux reaches a quasi-steady state (Xu et al. 2006, Yinatsios et al. 2005, Nghiem & 

Hawkes 2007, and Lee et al. 2006). The fouling curves o f  the NF90 and TFC-S were 

similar to EfOM fouling curves from previous studies, where the flux initially declined 

rapidly, and after approximately 12 hours showed minimal fouling. Minimal flux decline 

after 12 hours operation may have occurred because equilibrium is reached between back 

diffusion and foulant transport to the membrane or it could be because the volume o f feed 

water was small (50L) and all the fouling constituents may have attached to the 

membrane during the initial stages o f  fouling (Würtele 2007) .
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Figure 4.2. Specific Flux o f TFC-S, NF90, and NF270 during fouling with Denver Metro 
secondary treated effluent. Operational conditions: feed temperature: 20.5 °C, corrected 
to 25 °C; feed pH: 6.3; feed flow rate: 1 L/min. Operated with varying pressure to
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maintain constant permeate flux o f 21 L/m2-h for TFC-S and NF90, 42 L/m2-h for 
NF270.

The NF270 membrane did not follow the same fouling curve as the NF90 and 

TFC-S membranes, showing minimal initial flux decline and increased flux decline as 

filtration time increased (Fig. 4.2). The flux decline of the NF270 was stable from 10 

minutes after effluent filtration began to approximately 12 hours after the start o f the 

experiment. After ten hours, normalized specific flux gently decreased until 36 hours into 

the experiment, after which it greatly declined. Biofouling is a possible explanation for 

the slow decline followed by rapid decrease in specific flux, which has been shown to 

occur after a fouling layer has been deposited on to the membrane’s surface to which 

bacterial can later attach (Ivnitsky et al. 2005). Fouling is then increased as the bacteria 

colonies grow and excrete large molecular weight compounds known as extracellular 

polymeric substances (EPS) (Tansel et al. 2006, Wurtele, 2007). Biofouling may have 

occurred on the NF270 membrane and not the NF90 or TFC-S membranes because feed 

water for the NF270 membrane was not refrigerated and was stored at room temperature 

for approximately one week before use. Feed water for all other experiments was 

refrigerated at 4°C prior to use to prevent biological growth.

Initial fouling experiments conducted with the NF-270 membrane (with 

refrigerated feed water) resulted in <15% flux decline after 48 hours, indicating low 

fouling o f the NF270 membrane at a flux o f 21 L/m2-h. The same flux, 21 L/m2-h was 

used for the NF90 and TFC-S membrane experiments (Fig 4.3). To ensure that fouling 

conditions were reached, the flux was doubled to 42 L/m2-h for subsequent experiments. 

Water used for fouling at increased flux conditions (42 L/m2-h) had been left at room 

temperature and increased bacterial growth may have occurred. Normalized flux decline 

curves for the NF270 membrane fouled with refrigerated water (specific flux o f 21 L/m2- 

h) indicate that only an initial decrease in flux occurred. No additional decrease in flux 

reduction was seen from 10 minutes after the beginning o f wastewater filtration to the 

termination o f the experiment at 55 hours. Flux decline for NF270 membranes fouled 

with non-refrigerated (specific flux o f 42 L/m2-h) water resembled that o f the refrigerated 

water up to 12 hours after the beginning o f filtration. After 12 hours, the specific flux of 

the membrane fouled with unrefrigerated water started to decrease, which has been 

demonstrated with effluent derived biofouling (Huertas 2008). Ivnitsky et al. (2007)
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reported deposition o f polysaccharides and bacteria after eight hours and the development 

o f  biofilms after about two days, which correlates well with the small flux decline seen 

after 10 hours and the more severe flux decline observed after 36 hours.
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Figure 4.3. Specific Flux o f NF270 during fouling with Denver Metro secondary treated 
effluent. Operational conditions: feed temperature: 20.5 °C, corrected to 25 °C; feed pH: 
6.3; feed flow rate: 1 L/min. Operated with varying pressure to maintain constant 
permeate flux o f 21 L/m2-h for refrigerated water and 42 L/m2-h for the non-refrigerated 
feed water.

4.1.2 Surface Characteristics
Previous studies have found EfOM fouling can affect the surface characteristics

o f  NF membranes, including surface roughness, contact angle, and membrane charge (Xu 

et al. 2006). Surface characteristics investigated include hydrophobicity, zeta potential, 

and magnified visual inspection. Surface characteristics were analyzed on virgin, non

compacted and fouled membrane coupons o f the NF90, NF270, and TFC-S membranes.

4.1.2.1 Hydrophobicity
The contact angle o f a drop of water on a membrane surface was used as a

measure of the hydrophobiciy of the membrane surface, with a larger contact angle (>90 

degrees) correlating with a more hydrophobic surface and a smaller contact angle (<90 

degrees) correlating with a  more hydrophilic surface (Lai & Shukla 2004). Fouling has 

been shown to significantly affect the contact angle of membrane surfaces (Nghiem et al. 

2008, Nghiem & Coleman 2008, Shon et al. 2006, Xu et al. 2006). Both Xu et al. (2006) 

and Nghiem et al. (2008) reported that membranes surface hydrophobicity appeared to
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converge to reflect the hydrophobicity o f the foulant. Although the contact angle changed 

with fouling for all the membranes, it did not follow a noticeable trend, neither increasing 

for all membranes nor decreasing for all membranes (Fig 4.4 and Fig 4.5).

O 20

□  Virgin 
a  Fouled

TFC-S NF90

Figure 4.4. Contact angle o f  TFC-S and NF90 membranes: virgin membrane and 
membrane fouled with Denver Metro secondary treated effluent for 24 hours. Operational 
conditions: feed temperature: 20.5 °C, corrected to 25 °C; feed pH: 6.3; feed flow rate: 1 
L/min. Operated with varying pressure to maintain constant permeate flux of 21 L/m2-h.

The contact angle o f both the TFC-S and NF270 (Fig. 4.4 and 4.5) membranes 

increased with fouling, indicating increased hydrophobicity; however the NF90’s 

measured contact angle decreased with fouling indicating a more hydrophilic surface.

The NF270 was fouled at two different fluxes and the resultant contact angles are 

presented in Figure 4.5. Little difference between the virgin membrane and the membrane 

fouled at a flux o f 21 L/m2-h (tested with refrigerated water) can be seen, but the contact 

angle o f the membrane fouled at a flux o f 42 L/m2-h (tested with non-refrigerated water) 

shows an increase in hydrophobicity of the membrane surface. Literature indicates that 

the adsorption o f humic-like substances to membrane surfaces can increase the 

hydrophobicity o f a membrane (Nghiem & Coleman 2008, Nghiem et al. 2008, Shon et 

al. 2006). The contact angle o f the NF270 membrane may have shown little difference
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when fouled at a flux of 21 L/m2-h because of incomplete fouling, or because there was 

less humic matter present in the feed water than the membrane fouled at a flux of 42 

L/m2-h. The SUVA value for the refrigerated feed water used for fouling at 21 L/m2-h, 

which did not result in a significant fouling layer, was 1.65 L/mg-m, while the non- 

refrigerated feed water used for fouling at 42 L/m2-h had a SUVA value of 2.40 L/mg-m, 

indicating the presence o f more aromatic humic substances. In addition to a higher flux 

and aromacity o f the feed water, biofouling is proposed to influence the type of fouling 

layer that developed on the surface of the NF270 membrane fouled at 42 L/m2-h.
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Figure 4.5 Contact angle of NF 270 membranes: virgin membrane, membrane fouled 
with Denver Metro secondary treated effluent for 36 hours at 21 L/m2-h, membrane 
fouled for 58 hours at 42 L/m2-h. Operational conditions: feed temperature: 20.5 °C, 
corrected to 25 °C; feed pH: 6.3; feed flow rate: 1 l/min. Operated with varying pressure 
to maintain constant permeate flux.

4.1.2.2 Z eta  Potential

The influence of fouling on membrane surface charge was quantified by 

measuring zeta potential. Previous studies have shown that membrane fouling with 

organic matter generally causes membrane’s surface to become lass negative (Childress 

& Elimelech 1996, Childress & Deshmukh 1998, Hong & Elimelech 1997, Shim et al.
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2002, Tang et al. 2007, Xu et al. 2006). Data generated from duplicate runs o f the NF-90 

fouled and virgin compacted membrane are presented in Figure 4.6 along with the 

measurement error determined by four replicate measurements at each pH value in each 

individual measurement. Both replicate measurements and related standard deviation 

indicate that a decrease in surface zeta potential is associated with EfOM fouling of the 

NF90 membrane.
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Figure 4.6 Zeta Potential o f NF90 membranes. Compacted replicate performed on 
different membranes samples. Fouled run 1 and run 2 performed on the same membrane 
sample.

Both the TFC-S and NF270 membranes become less negative with fouling from 

wastewater effluent, illustrated in Figures 4.7 and 4.8. Only Tang et al. (2007) reported 

that the zeta potential o f the NF90 and NF270 membranes increased above pH 6 when 

fouled with purified Aldrich humic acid. Tang et al. 2007 indicated that zeta potential o f 

a fouled membrane represents that of the foulant on fouled membranes rather than the 

membrane’s virgin surface. Xu et al. 2006 indicated that EfOM fouled NF90, NF270, and 

TFC-S membranes should have similar zeta potential due to fouling with water from the
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same source. The zeta potential o f the fouled NF270 membrane and TFC-S membrane 

are somewhat similar, but the zeta potential curve of the fouled NF90 membrane does not 

resemble the other two membranes. Feed water was collected from Denver Metro 

wastewater treatm ent plant over the span o f 16 months and used to foul the three 

membranes tested during this study. Seasonal and operation variations caused the TOC 

concentrations to range from 7.0 mg/L to 8.8 mg/1 and SUVA values range from 1.65 

L/mg-m to 2.4 L/mg-m , which could contribute to variation in results for the different 

membranes. Additionally, development o f a biofouling layer on the NF270 membranes 

may cause it to have different properties than membranes that were not believed to be 

affected by biofouling (NF90, TFC-S).
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Figure 4.7 Zeta potential o f compacted NF270 membrane and NF270 membrane fouled 
for 55 hours w ith a flux of 42 L/m2-h.
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hours with a flux o f  21 L/m2-h.

4.1.2.3 Conductivity Rejection:

Changes in conductivity rejection during fouling can indicate changes to the 

membrane surface properties, including pore size and surface charge. Conductivity 

rejection can be influenced by both steric and electrostatic membrane interactions, as well 

as operational conditions such as cake enhanced concentration polarization, pH, feed 

concentration, and permeate flux. Significant changes in conductivity rejection in 

conjunction with fouling were not observed for the NF270 membrane (Figure 4.9).
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Figure 4.9 Fouling curve o f NF270 with correlated conductivity rejection. Operational 
conditions: feed temperature: 20.5 °C, corrected to 25 °C; feed pH: 6.3; feed flow rate: 1 
ml/min. Operated with varying pressure to maintain constant permeate flux o f 42 L/m2-h.

4.1.2.4 Scanning Electron Microscopy
Scanning electron micrographs illustrated the variability in membrane surface

morphology during various stages o f fouling on the NF270 membrane. The micrographs 

allow for visual comparison between the virgin and fouled states o f the membrane 

specimens. The micrographs presented in Figure 4.10 confirm that a fouling layer 

developed on the m em brane’s surface while treating microfiltered secondary effluent.
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Figure 4.10 Micrographs o f NF270 membranes. 2000 time magnification on left. 7000 
time magnification right. Virgin non-compacted membranes are illustrated in (a) and (b). 
Fouling operational conditions: feed temperature: 20.5 °C, corrected to 25 °C; feed pH: 
6.3; feed flow rate: 1 ml/min. Operated with varying pressure to maintain constant 
permeate flux of 21 L/m2-h for (c) and (d) and 42 L/m2-h for (e) and (f).
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Studies have shown that permeate flux influences the severity o f membrane 

fouling (Commerton et al. 2008, N g & Elimelech 2004). The NF270 membrane fouled 

at a flux of 21 L/m2-h indicates a different fouling than the membrane fouled at a flux of 

42 L/m2-h due to the dense fouling layer present on the membrane at higher flux. 

Different magnifications o f the surface o f the virgin NF270 membrane are presented in 

Figures 4.10 (a) and (b). The NF270 surface was found to be smooth with no impurities 

or bacteria. A fouling layer can be seen in Figures 4.10 (c) and (d). The fouling layer 

generated at twice the permeate flux o f initial experiments (Fig 4.10 (e) and (f)) appeared 

to be smoother and more compacted than the membrane fouled at 21 L/m2-h. Biofouling 

on the membrane used to treat the non-refrigerated water (flux o f 42 L/m2-h) may have 

caused a fouling layer with different properties than the fouling layer on the membrane 

that did not experience biofouling (flux o f 21 L/m2-h) and could result in the difference 

presented in the micrographs.

4.2 Solute Rejection

The second objective o f this study was to investigate the influence o f EfOM 

membrane fouling on organic solute rejection. Solute rejection experiments were 

performed with the NF90 and NF270 membranes using two separate suites o f compounds 

under the same experimental conditions. The first suite, termed here as ‘ characterization 

compounds’, was used to investigate uncharged solute rejection properties o f the 

membrane over a range o f  solute sizes, characterize the membrane, and calibrate the two 

different modeling approaches evaluated during the study. The second suite, termed here 

as ‘trace organic contaminants’, consisted of compounds found at ambient concentrations 

in treated wastewater (Bellona 2007, Drewes et al. 2005).

4.2.1 Rejection of Characterization Compounds

Rejection was investigated by spiking feed water with the suite of characteristic 

compounds and measuring solute concentrations in the feed and permeate after at least 

250 ml o f permeate was processed. Eight compounds o f varying molecular weight were 

used (Table 3.5) and rejection was measured at four different pressures during each 

experiment with each compound. The NF90 rejected a higher percentage of the
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characterization compounds than the NF270, which is to be expected due to the 

respective MW COs of the membranes (Table 3.1).
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Figure 4.11. Rejection of a) methanol, (b) urea, (c) 1,3 butanediol, and (d) sucrose by 
compacted and fouled NF90 membranes at pressures o f 50, 100, 150 and 200 psi. 
Membranes compacted with DI for 15 hours. Fouled membrane operational conditions: 
feed temperature: 20.5 °C, corrected to 25 °C; feed pH: 6.3; feed flow rate: 1 l/min. 
Operated with varying pressure to maintain constant permeate flux o f 21 L/m2-h.

The NF90 membrane exhibited high rejection o f the compounds used for 

characterization except for methanol, ethanol, and urea (Fig 4.11). Rejection increased 

with increasing pressure for all compounds tested, except for methanol and compounds 

with 100% rejection including methanol, ethanol, and urea, resulting from additional 

water moving across the membrane diluting the permeate. For lower molecular weight 

compounds, an increase in rejection with fouling was observed, specifically with 

methanol, ethanol, and urea. The difference was negligible for large MW compounds, 

such as glucose and sucrose, as complete rejection was experienced for both the 

compacted and fouled membrane at all pressures tested.
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Figure 4.12: Rejection o f (a) methanol, (b) urea, (c) 1,3 butanediol, and (d) sucrose by 
compacted and fouled NF270 membranes at pressures o f 50, 100, 150 and 200 psi.
Fouled membrane operational conditions: feed temperature: 20.5 °C, corrected to 25 °C; 
feed pH: 6.3; feed flow rate: 1 l/min. Operated with varying pressure to maintain constant 
permeate flux o f 42 L/m2-h.

A decrease in rejection was observed for the fouled membranes compared with 

the unfouled membranes for five o f the eight characterization compounds tested 

including glucose, glycerin, 1,3 butanediol, MtBE, and Urea. Rejection of methanol, 

urea, 1,3 butanediol, and sucrose is presented in Figure 4.12. The rejection of ethanol 

increased with fouling by up to 3.5% and sucrose was at least 99.5% rejected regardless 

o f  fouling. This trend has been confirmed by previous studies and has been attributed to 

cake enhanced concentration polarization (Nghiem & Hawkes 2007, Nghiem et al. 2008, 

Ng & Elimelech 2004). Cake enhanced concentration polarization was proposed to be 

responsible for the increased permeate concentrations of fouled NF270 membrane. The 

deposition on the membrane surface hinders back-diffusion o f the compounds; increasing
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the concentration at the surface of the membrane resulting in increased permeate 

concentrations.

4.2.2 Trace O rganic C on tam inan t Rejection

The rejection of trace organic contaminants by the NF-90 membrane was 

influenced negligibly by fouling (Figure 4.13, rejection at 50 psi presented), showing 

only marginal difference o f rejection for acetaminophen and phenacetin. Characterization 

compounds are arranged in ascending Stokes’ radii from left to right, with only 

acetaminophen and phenacetin, the first and third smallest compounds, illustrating 

rejection under 95%. The observed negligible effect with fouling may be due in part to 

the high rejection of all trace organic compounds.

□  Compacted NF90 
B Fouled NF90

Figure 4.13. Trace organic contaminant rejection by compacted virgin and fouled NF90 
membranes at 50 psi, ordered in ascending Stokes’ radii. Fouled membrane operational 
conditions: feed water: Denver Metro microfiltered secondary effluent; feed temperature: 
20.5 °C, corrected to 25 °C; feed pH: 6.3; feed flow rate: 1 l/min. Operated with varying 
pressure to maintain constant permeate flux of 21 L/nf-h.

Rejection for the NF-270 membrane decreased with fouling for six o f the eight 

compounds tested (Figure 4.14, rejection at 50 psi presented). As with the 

characterization compounds, the NF270 membrane experienced an overall decrease in
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rejection with EfOM fouling. Two compounds, primidone and DEBT did not show 

significant reduction in rejection with fouling, both o f which experienced rejections 

above 90%. The rejection o f compounds did not directly correlate with Stoke’s radius. 

Phenacetin, BP A, and acetaminophen were expected to experience a higher rejection 

based on their molecular size (as quantified by the Stokes radius), but their observed 

rejection suggests the influence o f solute physio-chemical properties in addition to steric 

effects. Studies have shown (Nghiem and Hawkes 2007, Nghiem et al. 2008, Xu et al. 

2006) that decreased rejection can be associated with membrane fouling. Cake layer build 

up o f foulants on the membrane surface can hinder back diffusion of the solute, resulting 

in concentration polarization and higher concentrations in the permeate stream (Ng & 

Elimelech 2004).

E3 Compacted NF270
B Fouled NF270

Figure 4.14. Trace organic contaminant rejection by compacted virgin and fouled NF270 
membranes at 50 psi, ordered in ascending Stokes’ radii. Fouled membrane operational 
conditions: feed water: Denver Metro microfiltered secondary effluent; feed temperature: 
20.5 °C, corrected to 25 °C; feed pH: 6.3; feed flow rate: 1 l/min. Operated with varying 
pressure to maintain constant permeate flux o f 42 L/m2-h.

It is proposed that a fouling layer with different properties accumulated on the 

NF270 than on the NF90. The fouling layer on the NF90 appears to hinder the 

permeation of solutes across a membrane, as has been shown in studies conducted with 

foulants from EfOM (Comerton et al. 2008). Fouling on the NF270 resulted in decreased



rejection, indicating the development o f a fouling layer that conversely affects solute 

transport through cake enhanced concentration polarization (Nghiem and Hawkes 2007, 

Nghiem et al. 2008) than the fouling layer on the NF90. Surface roughness differences in 

the virgin membrane specimens or the apparent influence o f  biofouling on the NF270 

membrane may be the cause a different fouling layer to develop o f the NF90 and NF270 

membranes.

Further investigation was performed into the lower than expected rejection of 

BPA, phenacetin and acetaminophen, specifically the role o f functional groups that could 

lead to adsorption to membrane materials. Both BPA and acetaminophen have phenol 

groups directly attached to benzyl rings, which have been shown to form hydrogen bonds 

with functional groups o f membrane polymers designed to adsorb and permeate water 

molecules (Matsuura and Sourirajan 1971, Ahmad and Tan 2004, Williams et al. 1999). 

Phenols, and phenols substituted with electron withdrawing functional groups have 

demonstrated poor removal by RO membranes with MWCOs below 50 Daltons as a 

result o f  hydrogen bonding (Matsuura and Sourirajan 1971, Ahmad and Tan 2004, & 

W illiams et al. 1999). The trace organic compound displaying the lowest rejection, 

acetaminophen, is a phenol substituted with an amide group, which may explain why 

significantly lower rejection that expected based on size was observed. BPA, comprised 

o f  two phenol groups attached by a tert-butyl group, displayed lower than expected 

rejection, but is a relatively large compound (228 g/mol), which may explain why 

rejection was still relatively high for the NF270 membrane (approximately 70 percent). 

However, due to the molecular weight cut-off o f the NF270, BPA was expected to be 

rejected above 90%. Phenacetin’s structure is slightly different than acetaminophen in 

that instead of a hydroxyl group, an ethyl ether group is present. However, both 

molecules contain amide groups that may also partake in hydrogen bonding with 

membrane materials. Although the rejection of phenacetin was considered poor based on 

size, phenacetin rejection was twice that of acetaminophen rejection although it is only 30 

Daltons greater in molecular weight. It is hypothesized from rejection results that the 

enhanced rejection of phenacetin may be due to the absence o f a hydroxyl group.
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4.3 M embrane Modeling

The third objective o f this research was to investigate membrane modeling 

approaches using characterization compounds (Table 3.4) to describe rejection of trace 

organic contaminants (Table 3.5) under unfouled and fouled membrane conditions. A 

suite o f non-ionic characterization compounds was used for rejection experiments to 

calculate the pore size and pore size distribution of the membranes. Trace organic 

contaminants were spiked into the feed solution to investigate the applicability o f the 

modeling approaches to describe rejection o f non-ionic trace organic contaminant. The 

two different modeling methods utilized for this study were the Spiegler-Kedem and 

hydrodynamic models.

4.3.1 Spiegler-Kedem Model Investigation

The Spiegler-Kedem model investigation involved calculating a pore-size 

distribution based on characterization compounds, calibrating the model by determining 

the diffusion parameter (p), and comparing the model output to experimental rejection 

data for the trace organic contaminants. Discrepancies between the model output and 

experimental data were subsequently investigated.

4.3.1.1 Unfouled Membrane Pore Size Distribution Determination

The cumulative density function (Eq. 2.7) and reflection coefficients generated 

during rejection experiments were used to calculate the pore size distribution of the NF90 

and NF270 membranes (Fig. 4.15) using rejection data from characterization compound 

experiments. The NF90 membrane had an average pore size o f 0.19 run with the size o f 

pores ranging between 0.15 and 0.25 nm. The NF270 had a larger average pore size and 

standard deviation o f pore sizes than the NF90 with an average pore size o f 0.25 nm with 

pores ranging between 0.15 and 0.40 nm. Pore sizes reported in literature indicate a pore 

size o f 0.68 nm for the NF90 membrane and 0.84 nm for the NF270 membrane while 

both values reflect the relative pore sizes o f the membranes; they are larger than those 

calculated by the Spiegler-Kedem equations (Nghiem et al. 2008). The NF90 had greater 

than 90 percent rejection for compounds with a Stokes’ radius over 0.25 nm, which 

accounted for the majority of the characterization compounds. Only three o f the eight
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solutes tested had a reflection coefficient between 0.0 and 0.9, which resulted in a curve 

that is not representative o f the membrane’s total pore size distribution. The size of the 

characterization compounds overlapped with the range o f pore sizes in the NF270 

membrane resulting in a broader range o f rejection values than the NF90.
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Figure 4.15 Compacted NF90 and NF270 membrane pore size distribution. 8 rejection 
data points were used to create rejection model.

4.3.1.2 Fouled M embrane Pore Size Distribution Determination

Rejection experiments using the characterization compounds were performed on 

replicate virgin and fouled membranes to determine the error associated with using 

different membrane coupons for rejection experiments. Replicate experiments for both 

compacted and fouled membranes illustrated that the calculated pore size curve was 

reproducible with duplicate rejection values within 2.5%, except for methanol which 

varied up to 12%, for both compacted and fouled NF90 membranes. This finding 

demonstrates that differences between virgin membrane specimens and fouled 

membranes used in fouling experiments had a negligible influence on rejection results.

Replicate pore size distribution results o f the NF-90 for both fouled and virgin 

specimens are presented in Fig 4.16. There was a relatively small difference between
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pore size distribution curves generated with the fouled and virgin specimens. However, 

there was an observable difference between the rejection values o f many o f the solutes, 

varying up to 26%, although overall pore size for the NF90 membrane decreased by only 

0.01 nm. Only three compounds exhibited more than a 1% difference between the fouled 

and compacted NF90 membrane including urea with a 9% difference, ethanol with an 8% 

difference and methanol with a 26% difference. The overall increase in rejection is 

hypothesized to be due to the accumulation o f the fouling layer on the membrane, which 

caused pore clogging and reduced the effective pore size distribution or served as an 

absorptive medium, as has been observed by Nghiem et al. (2008).
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Figure 4.16 Pore size distributions o f compacted virgin and fouled NF90 membranes. 
Fouled membrane operational conditions: feed water: Denver Metro microfiltered 
secondary effluent; feed temperature: 20.5 °C, corrected to 25 °C; feed pH: 6.3; feed flow 
rate: 1 l/min. Operated with varying pressure to maintain constant permeate flux of 21 
L/m2-h.
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Comparison o f the compacted and fouled NF270 membranes shows that, unlike 

the NF90, the pore size distribution increased by one nanometer with fouling (Fig 4.17). 

The spread o f  the pores (Sp) was not affected by fouling, and was constant at 0.22 

nanometers. The difference between the rejection o f solutes between the fouled and 

compacted NF270 membrane averaged approximately 5%. Sucrose was rejected at over 

99% for both fouled and unfouled conditions, and had the lowest difference o f under 2%. 

However, methanol rejection varied by over 25% with fouling.
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Figure 4.17 Pore size distributions o f compacted virgin and fouled NF270 membranes. 
Fouled membrane operational conditions: feed water: Denver Metro microfiltered 
secondary effluent; feed temperature: 20.5 °C, corrected to 25 °C; feed pH: 6.3; feed flow 
rate: 1 l/min. Operated with varying pressure to maintain constant permeate flux o f 42 
L/m2-h.

4.3.1.3 Spiegler-Kedem M odel Calibration

In order to use the Spiegler-Kedem equations to model trace organic contaminant 

rejection, the membrane diffusion parameter, p, must be calculated from the rejection 

data. Glycerin was selected from the characterization compounds to calculated p for both 

the compacted and fouled membranes (Fig. 4.18). The maximal retention was determined
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by a , while the slope o f the initial increase was determined by p. The diffusion for both 

the NF90 and NF270 membranes were facilitated with fouling, however the maximal 

retention for the NF90 increased with fouling while it decreased with fouling for the 

NF270.

I

100 -i
90 
80 
70 4 
60 
50 
40 
30 
20 4 
10  
0

- Î K -

co m p ac ted  m em brane  p: 2 .58E -16 m2/s  
fouled m em brane  p: 0 .49E-16 m 2/s

Glycerine

Compacted NF90 Model x Compacted NF90
— Fouled NF90 Model ♦ Fouled NF90

50 100 150 200
Pressure (psi)

250 300

(a)

50
45
40
35Cp1e  so| 25 

i 20
15

co m p ac ted  m em brane  p: 1 .64E-15 m 2/s 
fouled m em b ran e  p: 6 .59E -15 m2/s

G ly ce rin e

10
Compacted NF270 
Fouled NF270

 Compacted NF270 Model
 Fouled NF270 Model

25020050 150 3000 100
Pressure (psi)

(b)
Figure 4.18 Glycerin fit curve for compacted and fouled (a) NF90 and (b) NF270 
membranes using the Spiegler-Kedem model.

4.3.1.4 Spiegler-Kedem Model Evaluation
The accuracy of the Spiegler-Kedem model was evaluated by comparing the 

model output to experimental trace organic compound rejection data (Table 4.3). The 

difference between the modeled and experimental rejection values was less than 7% for
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the NF90 membrane. The fit may be unreasonably high because the solute size was larger 

than the calculated pore size o f the membrane, indicated by the high rejection observed 

for all solutes, which was greater than 84%, as was expected with this membrane.

Table 4.3 Observed and model rejection, o f trace organic contaminants from the NF90 
membrane at 50 psi under both compacted and fouled states._______________________

Compacted r„=0.19 nm) Fouled (rD =0.18 nm)

Solute
Stokes' 
Radii (nm)

Model
Rejection (%)

Observed 
Rejection (%)

Model
Rejection (%)

Observed 
Rejection (%)

Acetaminophen 92.1 92.1 87.6 96.4 84.5
Caffeine 92.8 92 .8 98.2 97.4 98.6
Phenacetin 93.3 93 .3 89.9 97.8 94.8
Carbamazepine 93.6 93 .6 99.0 97.6 87.4
Primidone 93.7 93 .7 99.2 98.1 99.3
Deet 93.9 93.9 100.0 98.2 98.9
BPA 94.1 94.1 99.7 98.2 99.7
Propyphenazone 94.3 94 .3 99.0 98.3 99.0

The Spiegler-Kedem model was compared to all trace organic contaminants and 

results from acetaminophen and carbamazepine are illustrated in Figure 4.18. The NF90 

membrane showed little variation from the fitted curve and observed rejection for all 

trace organic compounds, however there is little variability in rejection data (all 

contaminants are rejected in excess o f 80%) and the Spiegler-Kedem pore size 

distribution matched the rejection data. The membrane diffusion parameter from glycerin 

was used to model rejection o f trace organic contaminants (Fig 4.19).
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Figure 4.19 Spiegler-Kedem model and actual rejections o f (a) acetaminophen and (bj 

carbamazepine for fouled and unfouled NF90 membranes.

The Spiegler-Kedem model was evaluated with the compacted and fouled NF270 

membrane (Table 4.4). The modeled rejection o f the majority o f  solutes was within 13% o f 

the observed values, but three compounds varied by more than 20%; BPA varied by up to 

32%, phenacetin varied by over 53 % and acetaminophen varied up to 68% at a feed pressure 

o f  50 psi.
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Table 4.4 Spiegler-Kedem model and observed rejection for NF270 membrane at 50 psi 
under both compacted and fouled states.___________________________________________

Compacted rD =0.25 nm) Fouled (rD =0.26 nm)

Solute
Stokes' 
Radii (nm)

Model
Rejection (%)

Observed 
Rejection (%)

Model
Rejection (%)

Observed 
Rejection (%)

Acetaminophen 0.29 56.2 22.4 65.4 12.6
Caffeine 0.32 63.9 76.4 75.5 66.1
Phenacetin 0.34 70.3 38.6 80.0 24.3
Carbamazepine 0.36 72.6 92.1 82.7 87.4
Primidone 0.37 70.9 91.6 83.7 92.4
DEET 0.38 72.3 90.8 84.8 92.8
BPA 0.39 75.3 62.2 85.5 43.9
Propyphenazone 0.41 73.8 82.2 86.5 80.1

Spiegler-Kedem model output for the NF270 was limited in its fit to the experimental 

trace organic contaminant rejection (Fig. 4.20). Although observed rejection data consistently 

indicated a decrease in rejection with fouling, the model indicated increased rejection by the 

fouled membrane. The value o f maximal rejection was determined from the pore size 

distribution, so compounds that were rejected less than expected at high pressures, such as 

acetaminophen and BPA, were not accurately modeled. Compounds whose rejection was fit 

w ith the pore size distribution (Figure 4.17) were more accurately described by the model, 

such as caffeine and carbamazepine, illustrated in Figure 4.20 b and d.

The model output resulted in higher rejection for the fouled NF270 than the unfouled 

compacted membrane, while experimental data indicates a reduction in rejection. The model 

fit for glycerin, however, showed a decrease in rejection with fouling indicating that it should 

describe reduced rejection with fouling for other compounds, but the reduced rejection with 

fouling was not observed (Fig. 4.20). Bellona (2007) found that the value o f p determined the 

initial slope of rejection vs. pressure, while the maximum values are determined from the 

pore size distribution. The higher rejection from the model output associated with fouling 

appears to be caused by a swift initial increase, after which the modeled rejection slowly 

approaches the value for maximal retention. Because rejection data for glycerin was constant 

from 50 to 200 psi, the model required a steep initial slope to describe the data and the fitted 

p value resulted in an elevated solute diffusion value than was observed for other 

compounds. This caused an overprediction o f  the observed rejection o f the NF270 membrane 

at lower pressures before the reflection coefficient became the dominant parameter.
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4.3.1.5 Spiegler-Kedem Model Error Investigation

The Spiegler-Kedem model was successful at describing the rejection o f compounds 

such as caffeine and DEET, but it did not fit the observed rejection for acetaminophen, 

phenacetin, or BPA. Two parameters that may cause inaccuracies in model outputs for 

contaminant rejection were identified as the pore size distribution, used to calculate p, and 

membrane diffusion parameter (p).

4.3.1.5.1 Pore Size Distribution Error Investigation

The Spiegler-Kedem model for the NF-90 was further investigated by calculating a 

pore size distribution using the trace organic contaminants and comparing it to the pore size 

distribution from the characterization compounds (Fig 4.21 a & b). The modeled pore size 

distribution using the trace organic contaminants resulted in a distribution that was skewed to 

a larger Stokes’ radius. The observed rejection data o f the trace organic contaminants fits the 

pore size distribution calculated by the characterization compounds. However, below a 

Stokes’ radius o f 0.39 nm  the pore size distributions diverge. Because few o f the 

characterization compounds and none o f the trace organic contaminants have radii below the 

estimated pore size, it is unlikely the calculated pore size distributions are an accurate 

representation o f the actual membrane structure. Rejection testing o f smaller compounds, 

with a Stokes’ radius between 0.01 nm and 0.30 nm, may be better to evaluate the pore size 

distribution o f  the NF90 membrane.
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Figure 4.21 Pore size distribution for (a) compacted and (b) fouled NF90 membranes 
calculated by the characterization compounds and trace organic contaminants.
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The pore size distribution for the NF270 membrane calculated from characterization 

compounds and the observed rejection o f the characterization compounds and trace organic 

contaminants is illustrated in Figure 4.22. Due to the large difference (>10%) between 

observed and modeled rejection, BP A, phenacetin, and acetaminophen were determined to be 

outliers and a separate pore size distribution was calculated with the three compounds. The 

facilitated passage o f BP A, phenacetin, and acetaminophen resulting in low rejection were 

proposed to be due to increased solute-membrane interaction influenced by these compounds 

functional groups, particularly through hydrogen bonding.

The fit o f the pore size distribution with the selected trace organic contaminants 

indicates similar transport behavior for the selected contaminants and indicates additional 

solute-membrane interactions that influence rejection of the selected solutes. The pore size 

distribution calculated by the selected trace organic contaminants had a larger average pore 

size, 0.34 run compared to 0.25 nm calculated by the characterization compounds, but the 

spread of values were almost identical for the compacted NF270 membrane. The average 

pore size for the fouled NF270 membrane was 0.12 nm larger for the pore size distribution 

calculated from selected trace organic contaminants than from the characterization 

compounds. The modeled spread o f values also increased when using the selected trace 

organic contaminants for the fouled NF270.
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calculated by the characterization compounds and selected trace organic compounds (BPA, 
phenacetin, and acetaminophen).

64



It does not appear that one common factor is correlated with lower than expected 

rejection, rather it is determined by a multitude o f factors. An investigation into the factors 

that cause reduced rejection o f acetaminophen, phenacetin, BPA, and to a lesser extent, 

propyphenazone was conducted. Solute characteristics appearing to hinder rejection were 

identified and lead to a five component classification criteria. Compounds containing a 

benzene ring with attached hydroxyl and amide groups were rejected less than expected, but 

aliphatic compounds with the same attached functional groups did not have increased 

membrane interactions, therefore the rejection o f aliphatic compounds are expected to be 

dominated by steric effects. Critera 1 was determined to be the presence o f  an aromatic 

group. Molecules that are much larger than the MWCO o f the membrane were found to be 

highly removed regardless o f solute characteristics. The comparative size o f the molecule to 

the MW CO of the membrane was included in criteria 2. Previous research confirms the 

reduced rejection o f  compounds with hydroxyl groups attached to benzene rings, and their 

presence in a compound was criteria 3 (Matsuura & Sourira)an 1971, Ahm ed & Tan 2004, 

W illiams et al. 1999). Reduced rejection was observed for compounds with amides directly 

attached to a benzene ring, and in included in criteria 4. Criteria 5 was determined to be if  the 

compound had surfactant characteristics. Surfactants are compounds with hydrophobic and 

hydrophilic groups which would increase the likelihood o f interacting with the membrane’s 

surface which also has hydrophilic and hydrophobic groups. The five criteria were identified 

and applied to the compounds tested as follows:

1. Does the molecule have and aromatic (benzene ring) group?

2. Is the MW < MW CO ?

3. How many hydroxyl groups are attached to a benzene ring?

4. Is there and amide directly attached to a benzene ring?

5. Does the molecule have surfactant characteristics (both hydrophilic and 

hydrophobic groups?)

A ranking scheme was developed where one point was given to compounds that 

matched criteria one, two, four and five. Due to the documented reduced retention, criteria 

three was weighted, with two points given to every benzene ring with attached hydroxyl 

group in a compound. Compound structure can be found in Table 4.5. A score of more than 4 

points (acetaminophen, BPA, and phenacetin) indicates the compound will be rejected less
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than expected based on molecular weight. Propyphenazone and DEBT had scores o f 3 points, 

and propyphenazone was observed to have slightly less than expected rejection while DEET 

was rejected as expected. Carbamezapine, primidone, and caffeine had scores o f under three 

points, and were all rejected as expected. Compounds that have additional solute-membrane 

interactions are not well described by steric exclusion models. It is difficult to predetermine 

which compounds are excluded and this ranking system may indicate the likelihood that a 

compound has additional solute-membrane interactions.

Table 4.5 Characterization o f compounds for reduced rejection

Compound
Criteria

Total Points1 2 3 (*2 pts) 4 5
Acetaminophen 1 1 1 1 6
BPA 1 0 2 0 1 6
Phenacetine 1 1 0 1 1 4
Propyphenazone 1 0 0 1 1 3
Primidone 1 0 0 0 1 3
Deet 1 1 0 0 1 3
Carbamazepine 1 0 0 0 1 2
Caffeine 0 0 0 0 0 0

4.3.1.5.2 Diffusion Parameter Investigation
Because the Spiegler-Kedem model did not accurately describe experimental 

rejection results, an analysis o f the inputs was conducted to determine possible sources of 

inaccuracy. Two model inputs are responsible for the difference between the model output 

and the experimental data, the reflection coefficient (a) and diffusion parameter (p). Research 

conducted by Bellona (2007) indicated that the diffusion parameter, p, was dependent on the 

solute as well as the membrane. Fouling was found to significantly influence values o f p, 

often by over an order o f magnitude. Values of p were calculated for the characterization 

compounds and trace organic compounds and are presented in Tables 4.6 and 4.7, 

respectively.

Glycerin was used to calculate the value o f p used in Spiegler-Kedem modeling 

approaches for both membranes, and average values o f p are shown in bold in Table 4.6. The 

average of the p values is reported as well as the standard deviation for p values that were not 

removed using the Q-test. The values calculated from the characterization compounds ranged
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by over two orders o f magnitude for both compacted and fouled NF90 and NF270 

membranes. The average values o f p for NF90 membranes varied by up to two orders o f 

magnitude and the standard deviation o f  values was up to 8%.

Table 4.6 Values o f p or characterization compounc s and associated standard devial
NF90 NF270

Compacted Fouled Compacted Fouled
P P P P

S u c ro se N/A N/A 0.24 0.12
G lucose N/A N/A 0.1 N/A
G lycerine 2.58 0.49 15.50 6.20
1,3-Butanediol 2 .36 0.83 15.76 6.81
MTBE 0.29 0.12 7.65 4 .5 8
U rea 16.27 12.12 16.54 *41.49
EtOH 15.53 9.33 32.07 12.91
MeOH 0.36 5.84 45.08 11.06
Average 6.23 4.79 16.62 7.10
Standard Deviation 7.55 5 .13 15.46 4 .59
* C om pounds de term ined  from Q -test to  not be within 95%  confidence interval 
N/A C om pounds experienced  com plete  rejection and  connot be u sed  in m odel

The values for p calculated for the trace organic contaminants were smaller than the 

characterization compounds, except for the fouled NF270 membrane. Again highly variable, 

the values p ranged over three orders o f  magnitude. The NF90 membrane had a smaller 

standard deviation o f values, less then 2%, than the NF270, which has over a 40% standard 

deviation when including the value for phenacetin from the fouled membrane. The large 

range o f values o f p shows that using one value cannot accurately model rejection o f  solutes 

and indicated that p is not only membrane specific, but membrane and solute specific.
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Table 4.7 Values for p for trace organic compounds and associated standard deviation.
NF90 NF270

Compacted Fouled Compacted Fouled
P P P P

A cetam inophen 2 .60 *2.35 5.6 15.6
Caffeine 0 .36 0.21 6 .08 8.51
P henacetin 3.06 0.78 *29.28 *124.9
C arb am azep in e 0.23 0.05 2 .43 3.39
Prim idone 0.16 0.16 2 .43 1.25
D eet 2 .78 0.17 2.78 1.28
BPA 0.00 0.00 *15.87 17.30
Propyphenazone 0.25 0.19 6.33 5.39
Average 1.18 0.22 4.28 7.53
Standard Deviation 1.36 0.26 1.91 6.61
* C om pounds determ ined  from Q -tes t to not b e  within 95%  confidence  interval

Further analysis was conducted to investigate if  a correlation was present between p 

and solute size or solute hydrophobicity. Solute size was represented by Stokes’ radius and 

solute hydrophobicity was represented by the logD value o f the solute at pH 6.3. A direct 

correlation did not appear to be present between Stokes’ radius (Fig 4.23) or logD (Fig 4.24) 

and the diffusion parameter (p) calculated using measured rejection.
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4.3.2 Hydrodynamic Model Investigation
In addition to the Spiegler-Kedem model, the hydrodynamic model was investigated 

to describe the rejection o f trace organic contaminants. Experimental rejection of 

characterization compounds were input one by one into the hydrodynamic model, which 

resulted in a unique estimate of pore size for each compound. The pore size estimates were 

averaged to obtain a final pore size. The hydrodynamic model using the characterization 

compounds resulted in a pore size and standard deviation o f  0.30 nm and 0.03 nm, 

respectively, for the compacted NF90 membrane. The fouled pore size and standard 

deviation were calculated to be 0.27 nm and 0.03 nm, respectively. With this data, the 

rejection o f the trace organic compounds can be predicted. The observed rejection o f the 

trace organic compounds from the fouled and compacted NF90 membranes is presented, with 

modeled rejection, in Table 4.8. In addition to the characterization compounds, the pore size 

was also estimated using the trace organic compounds. The resultant pore size values and
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standard deviation were 0.39 nm and 0.03 nm, respectively for the virgin NF90, and 0.39 nm 

and 0.03 nm, respectively, for the fouled NF90.

Table 4.8 NF90 Hydrodynamic model at 200 psi
Compacted (rD=0.30 nm) Fouled (rD=0.27 nm)

Solute

Stokes'
Radius

(nm)
Model 

Rejection (%)

Actual
Rejection

<%)

Model
Rejection

(%>

Actual
Rejection

(%)
Acetaminophen 0.292 99.9 92.2 100.0 95.1
Caffeine 0.319 100.0 98.7 100.0 99.4
Phenacetin 0.344 100.0 95.9 100.0 97.0
Carbamazepine 0.360 100.0 99.3 100.0 99.7
Primidone 0.368 100.0 99.3 100.0 99.7
DEET 0.384 100.0 100.0 100.0 99.3
BPA 0.392 100.0 99.7 100.0 99.6
Propyphenazone 0.406 100.0 99.2 100.0 99.7

Due to the large size o f the trace organic contaminants in comparison to the 

membrane pore size, all compounds except for acetaminophen were modeled to have 

complete rejection. Although only DEET was observed to have complete rejection, all the 

compounds had very high rejection values. The lowest value was 92.2% for acetaminophen, 

but m ost the rejection values were within 2% o f the predicted value, indicating a good fit. 

The sum of the error for predicted and actual values was 3.4% for the compacted NF90 and 

2.2% for the fouled NF90.

The hydrodynamic model can use the calculated pore size to estimate rejection o f 

compounds for a range o f  pressures. The large stokes’ radii o f the compounds compared to 

the determined pore size result in rejection curves that give little information on the actual fit 

o f  the model. Both the curves for acetaminophen (Fig 4.25a) and carbamazepine (Fig. 4.25b) 

have curves that predict nearly complete rejection versus pressure.
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The hydrodynamic model was also used to calculate the pore size for the NF270 

membrane. The average value for the pore size and standard deviation were 0.474 nm and 

0.086 nm, respectively, for the compacted membrane, and 0.513nm and 0.136 nm, 

respectively, for the fouled membrane. The pore sizes indicate reduced rejection by the 

fouled NF270. The model fit the observed rejection for caffeine, carbamazepine, primidone, 

and DEET, but did not describe the rejection of acetaminophen, BPA, phenacetin, and 

propyphenazone (Table 4.9). Trace organic data was also used to calculate the pore size of 

the compacted and fouled NF270, and as with the NF90, values from the trace organic data 

gave larger values for pore size than the characterization compounds. The average value for 

the pore size from and standard deviation trace organic data were 0.57 nm and 0.11 nm, 

respectively, for the compacted membrane, and 0.64 nm and 0.20 nm, respectively, for the 

fouled membrane.

Table 4.9 NF270 Hydrodynamic model at 200 psi.
Compacted (ro=0.47 nm) Fouled (rD=0.51 nm)

Solute

Stokes'
Radius

(nm)

Model
Rejection

(%)

Actual
Rejection

<%)

Model
Rejection

(%)

Actual
Rejection

<%)
Acetaminophen 0 .292 71.3 22 .7 62.7 15.6
Caffeine 0 .319 83.2 83.6 73.1 79.5
Phenacetin 0 .344 84.8 55.3 83.8 36.6
Carbamazepine 0 .360 92.5 95.5 87.7 93.0
Primidone 0 .368 93.6 95.9 89.2 94.5
DEET 0 .384 95.5 93.6 91.7 93.6
BPA 0 .392 96.3 73.6 92.8 54.7
Propyphenazone 0 .406 97.5 87.2 94.5 84.8

The pore size estimated from the hydrodynamic model was inserted back into the 

model to estimate rejection o f the trace organic contaminants over varying pressure (Fig. 

4.26). The model worked well for some compounds, caffeine and carbamazepine. Figs 4.26b 

and 4.26d. Compounds that experienced exceptionally low rejection for their size were not 

well modeled, including acetaminophen and BPA, Figs 4.26a and 4.26c. The decreased 

reduction for these compounds indicates that steric effects are not the dominant transport 

mechanism and transport may be affected by electrostatic or adsorptive effects.
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Although neither o f the membrane models was completely effective at describing 

rejection for all tested compounds, it is important to note that the membrane models were 

equally effective at describing both the compacted and fouled states o f the membranes. Few 

studies focusing on modeling the rejection o f organic compounds are available. The same 

trace organic contaminants, acetaminophen, BPA, and phenacetin, were poorly modeled by 

both the Spiegler-Kedem and hydrodynamic models, which indicates additional solute- 

membrane interactions than the transport phenomena included in the models (convection and 

diffusion).
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS

As a result o f  dwindling new sources o f water, there is increased interest in using 

recycled water to augment domestic drinking water supplies. However, there is increased 

concern over the presence of trace organic contaminants in recycled water sources. High- 

pressure membrane technologies are often employed in water reuse treatment scenarios 

due to the high rem oval efficiencies o f dissolved solutes, such as total organic carbon, 

nutrients, salts, and organic chemicals. Because fouling is an unavoidable aspect o f the 

filtration o f wastewater effluent, an understanding of the effect o f fouling on trace 

organic contaminant is paramount for the design and operation of high pressure 

membrane facilities.

5.1 Conclusions

The objectives o f this study were to: (1) investigate the effect o f EfOM fouling on 

high pressure mem brane surface properties; (2) determine the effect o f EfOM fouling on 

the rejection o f non-ionic solutes; and (3) apply membrane modeling techniques to 

describe trace organic contaminant rejection. The findings o f this study are summarized 

in the following sections and recommendations for further research are presented.

5.1.1 Objective 1
Three NF membranes (NF90, NF270, and TFC-S) were fouled with EfOM and 

analyzed for membrane surface hydrophobicity and charge. It was found that EfOM 

fouling influenced the surface properties o f membranes, but did not affect all o f the 

membranes tested in the same manner. The three membranes studied were all fouled to 

approximately the same degree (30% flux reduction). Fouling o f the NF270 and TFC-S 

membranes increased hydrophobicity and zeta potential, but both parameters measured 

for the NF-90 decreased with fouling. Membrane biofouling from non-refrigerated feed 

water was observed to occur on the NF270 membrane, potentially altering fouling
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characteristics from membranes that did not have biofouling. Because the contact angle 

and zeta potential measurements did not result in a straightforward quantification of the 

effects of fouling, the extent o f membrane fouling was investigated on the NF270 

membrane using an environmental scanning electron microscope. A  thoroughly 

developed fouling layer was observed on the surface of the membrane, indicating 

significant fouling at 30% reduction o f  specific flux.

5.1.2 Objective 2

To achieve objective 2, rejection at four different pressures was measured for 

eight characterization compounds and eight trace organic contaminants for the NF90 and 

NF270 membranes. Because the NF90 membrane had pores that were smaller than the 

majority o f the characterization compounds and trace organic contaminants, little 

difference was observed in rejection as a result o f fouling. The only difference between 

the fouled and unfouled NF90 membrane were the compounds methanol, ethanol, and 

urea, whose rejection increased with fouling. All o f the trace organic contaminants were 

highly rejected (>85%). Although rejection for the NF270 membrane was predicted to 

increase with EfOM fouling, the observed rejection decreased for both the 

characterization compounds and trace organic contaminants. It is hypothesized that cake 

enhanced concentration polarization caused the observed decrease in rejection with 

fouling, restricting back diffusion o f solutes from the membrane surface resulting in 

increase permeate concentrations. Cake enhanced concentration polarization may have 

occurred at the surface o f the NF90 membrane as well, but since steric exclusion is the 

dominant rejection mechanism, the increased concentration at the membrane surface may 

not result in an increased concentration in the permeate stream. It is also hypothesized 

that biofouling occurred on the NF270 membrane and not on the NF90 membrane. The 

different types o f  fouling may have caused fouling layers with unique properties on each 

o f the membranes, conversely affecting the transport of solutes.

5.1.3 Objective 3
In order to achieve objective 3 two membrane models, the Spiegler-Kedem and 

hydrodynamic models, were utilized. The average pore size o f the virgin and fouled
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membranes was determined using a cumulative density function from the Spiegler- 

Kedem model. The average pore size of the membranes did not appear to be greatly 

affected by EfOM fouling, the pore size o f the NF90 membrane decreased by 0.01 nm 

from 0.19 nm with fouling. The pore size o f the NF270 increased by 0.01 nm from 0.25 

nm with fouling. The observed pore size increase is most likely the result of cake 

enhanced concentration polarization and not actual enlargement o f the pores.

The models were successful at modeling the rejection o f all compounds for the 

NF90 membrane, however, nearly all compounds were completely rejected and no data 

was gathered on the fit o f the model to rejection of compounds much smaller than the 

MWCO of the membrane. The models were successful at describing the rejection of five 

o f the eight compounds tested, but were not successful at describing the rejection of 

acetaminophen, BPA, and phenacetin. Upon further investigation, models based on steric 

exclusion do not work well for uncharged compounds that have more than three of the 

following characteristics: aromatic, MW < MWCO, number o f hydroxyl groups attached 

to a benzene ring, amide directly attached to a hydroxyl group, and if  the compound has 

surfactant characteristics.

5.2 Research Recommendations

1) Influence o f  cake enhanced concentration polarization. Decreased rejection with 

fouling was observed for the NF270 membrane and was hypothesized that it was due to 

cake enhanced concentration polarization. Solute rejection for the NF90 membrane, 

however, increased with fouling, as has been shown by Nghiem et al. 2008. Although 

cake enhanced concentration polarization is thought to affect both membranes, further 

testing is necessary to determine the extent. Ensuring the experiments are conducted with 

the same feed water for the different membrane types would eliminate an error 

introduced by neutralizing the effects of biological activity and feed water variations. 

Because concentration polarization is related to channel wall sheer rate, rejection 

experiments could be conducted varying the hydrodynamic conditions to elucidate the 

influence o f cake enhanced concentration polarization. The models used in this 

investigation relied on pore size and diffusion as descriptor parameters for the membrane.
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so the effect o f  concentration polarization would be included in the model output for pore 

size.

2) Investigation into non-ionic solutes that are rejected less than expected. Three non

ionic solutes, acetaminophen, BPA, and phenacetin were found at elevated concentrations 

in the permeate o f the NF270 membrane. No direct correlation was found between 

rejection o f these compounds and MW, logKow, or compound structure, but it is 

proposed to be influenced by a combination o f  solute properties. Further investigation 

could be conducted into the rejection of compounds that are slightly smaller than the 

MWCO o f the membrane with similar structures to acetaminophen, BPA and phenacetin, 

such as aromatic benzene rings with hydroxyl or amide groups to elucidate the reasons 

for decreased rejection.

3) Fouling from test solutes. The same membrane coupon was used to test the rejection of 

all characterization compounds. The compounds were spiked into solution at 3 mg/1 

(TOC o f fouling water was approximately 10 mg/L), and permeate flux varied with the 

compound tested. The solutes used to test rejection may have caused additional fouling 

compounds to the membrane surface. Due to the labor and time intensive fouling 

protocol, using a new fouled specimen for each compound was outside the scope o f this 

experiment, however the investigation o f fouling from the characterization compounds 

could clarify observed rejection results.

4) Rejection o f  solutes with known membrane interactions. The solutes used in this 

investigation had little membrane interactions (Bellona 2007), so the changes in zeta 

potential and hydrophobicity were expected to have little effect because rejection was 

dominated by steric effects. Investigations on the effect o f fouling on the rejection o f 

ionic and highly adsorptive compounds would further elucidate rejection mechanisms of 

more solutes ubiquitous in the environment. Nghiem et al. 2008 investigated one ionic 

solute, triclosan, but a more comprehensive study would benefit full scale wastewater 

treatment plant design. Bellona (2007) developed a model for virgin membranes that
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described rejection o f a variety o f  solutes, and application o f this modeling approach 

could be investigated for fouled membranes.
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