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Executive Summary

State of Knowledge of Pharmaceutical, Personal Care
Product, and Endocrine Disrupting Compound Removal
during Municipal Wastewater Treatment

New Mexico is an arid state and many communities work hard to provide adequate clean water
for their citizens. Recycling of wastewater can extend water supplies, and some communities
have systems in place to reuse wastewater for non-potable purposes such as industrial process
water or irrigation of parks, golf courses, and roadway medians. Some communities, including
the Village of Cloudcroft, are planning for more comprehensive reuse of wastewater that will
include indirect potable reuse. Indirect potable water reuse can be planned or unplanned.
Unplanned potable reuse occurs whenever wastewater effluent is discharged to a river that is a
source of supply for a downstream community and is a frequent occurrence throughout the
world. Planned indirect potable water reuse recognizes that the wastewater effluent is
supplementing a community’s native water supply, and may provide a level of treatment that
exceeds ordinary wastewater effluent discharge standards in order to protect the water supply.

A consideration in the implementation of a planned indirect potable water reuse project is the
potential presence of unregulated or emerging contaminants. While technically the wastewater
and water treatment plants are only required to meet state and federal requirements for such
facilities, it is prudent to consider the fate of unregulated constituents that may nonetheless have
potential impacts on human health. An emerging concern among the public, and thus an
appropriate consideration for a planned indirect potable water reuse project, is the potential
presence of pharmaceuticals and personal care products (PPCPs) and other endocrine disrupting
chemicals (EDCs) in the wastewater.

Pharmaceuticals include antibiotics, analgesics (painkillers such as aspirin, ibuprofen [Advil®],
acetaminophen [Tylenol®]), lipid regulators (e.g. atorvastatin, the active ingredient in Lipitor®),
mood regulators (e.g. fluoxetine, the active ingredient in Prozac®), antiepileptics (e.g.
carbamazepine, the active ingredient in many epilepsy and bipolar disorder medications), and
many other medications. Personal care products can include cosmetics and fragrances, acne
medication, insect repellants, lotions, detergents, and other products. Ingested pharmaceuticals
can be excreted with human waste and enter the wastewater system. Additional pharmaceuticals
can enter the wastewater system because of the common practice of flushing unused medication
down the toilet. Personal care products can be washed from the skin and hair during washing or
showering. Since chemicals can function as both pharmaceuticals and personal care products,
PPCPs are typically considered together. Clearly, the number of PPCPs that are used in modern
society and can potentially enter the wastewater system is vast.

Endocrine disrupting chemicals are chemicals that have the capability to interfere with the
function of the human endocrine system (either stimulating or repressing function). EDCs can
interfere with female sex hormones (estrogenic EDCs), male sex hormones (androgenic EDCs),
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or hormones that control metabolism and many other systems in the body (thyroidal EDCs).
EDCs include actual hormones, such as estrogens excreted from females after use of birth-
control pills, or synthetic compounds that mimic the function of hormones, such as bisphenol A.

The purpose of this study was to evaluate and summarize existing knowledge available in
technical literature about the ability of common water and wastewater treatment processes to
remove PPCPs and EDCs from water, with a focus on the processes that may be used in a
planned indirect potable water reuse project such as that currently being constructed in the
Village of Cloudcroft. The report is organized according to each of the primary treatment
processes, including (1) biological wastewater treatment (activated sludge and membrane
bioreactor processes), (2) reverse osmosis, (3) activated carbon adsorption, and (4) oxidation and
advanced oxidation processes. Each section starts with a brief description of the process.
Following that, each section summarizes key information about each process, including (1)
mechanisms of removal and the implications on either the product water or the waste stream, (2)
general trends of removal efficiency, (3) trends regarding which micropollutants are poorly or
highly removed, and (4) design or operating strategies to maximize removal.

Trends in removal of microconstituents by treatment processes

Membrane bioreactors (MBR) are a modification of the conventional activated sludge (CAS)
process in which the secondary clarifier has been replaced with membrane filtration. MBR and
CAS systems remove micropollutants by either biological degradation or adsorption to the
sludge, which is then physically removed from the wastewater. The technical literature reviewed
for this report had evaluated 49 compounds (49 studied in MBR systems and 33 studied in CAS
systems). MBRs had similar or better removal than the CAS systems, depending on the study
and the compound. The removal efficiency in the MBR systems ranged from slightly better to
substantially better than in the CAS systems. Removal efficiencies observed in the articles that
were reviewed is summarized in Table ES-1. Ninety percent removal or greater was achieved in
at least one study for about a quarter of the compounds by CAS systems and nearly 40 percent of
the compounds by MBR systems. Removal of 50 percent or less was achieved for about one-
third of the compounds in MBR systems and two-thirds of the compounds in CAS systems.
Seven compounds had no removal at all in MBR systems and three compounds had no removal
at all in the CAS systems.

Reverse osmosis is a membrane-based treatment process that separates contaminants from water
by forcing water through the membrane under pressure. Dissolved contaminants are separated
from the water as the water passes through the membrane. Manufacturers sell a wide variety of
membrane products that are marketed under a variety of product lines, with two common
categories being nanofiltration (NF) membranes and reverse osmosis (RO) membranes. NF
membranes are typically operated at lower pressure and used in inland brackish groundwater
treatment, membrane softening, and other specialty applications. Many of the studies reviewed
evaluated several membrane products and identified them as either nanofiltration or reverse
osmosis membranes. Removal efficiencies observed in the articles reviewed for this report are
summarized in Table ES-1. Sixty different compounds were evaluated. Eighty-two percent of
the compounds exhibited 90 percent or greater removal by both RO and NF. Removal of 50
percent or less was achieved for 17 percent of compounds by NF and 12 percent of
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Table ES-1. Summary of Removal of Micropollutants by Selected Water and Wastewater
Treatment Processes.

Percent of
Percent of Percent of compounds
compounds compounds  with removal
with no with removal  above 90% or
Process Studies Compounds removal below 50% to BDL '
MBR 12 49 14 33 39
CAS 12 33 9 64 27
NF 15 57 17 82
RO 15 60 12 82
GAC 10 29 0 0 97
PAC 10 71 6 31 41
Oxidants 20 (see text)

"BDL = below detection limit.

compounds by RO. In general, removal by NF and RO were similar. In some isolated instances,
RO performed better than NF.

Activated carbon is an effective adsorbent that is used for removing many dissolved compounds
from water. Granular activated carbon (GAC) is used in a fixed-bed process like granular media
filtration whereas powdered activated carbon (PAC) is added to water as a suspension, allowed
to adsorb constituents from water, and then separated from the finished water. Numerous articles
were identified that examined the removal of micropollutants from water by GAC, PAC, or both.
GAC was studied with 29 compounds and achieved very high removal in nearly all cases.
Removal efficiency is summarized in Table ES-1. The only compound that did not achieve
greater than 90 percent removal was salicylic acid. PAC was studied with 71 compounds.
Greater than 90 percent removal was achieved for 41 percent of the compounds, and less than 50
percent removal was achieved for 31 percent of the compounds. Low removal results generally
corresponded to a low PAC dose (5 mg/L for many of the compounds).

While GAC was able to achieve high removal of nearly all compounds, the capacity of the bed
and operating time before breakthrough occurs is an important part of the design and operation
of GAC adsorbers. Accepted theory of activated carbon adsorption suggests that compounds not
removed well would be the hydrophilic (polar or charged) or large-MW compounds. This trend
was generally observed in the studies evaluated for this report. Hydrophilic compounds passed
through GAC beds in as little as 2000 to 3000 bed volumes, whereas some hydrophobic
compounds did not pass through until 70,000 bed volumes were treated. For a GAC adsorber
operating with a 20-minute empty bed contact time (EBCT), 70,000 bed volumes represents 2.7
years of operation. In real operation, however, adsorption capacity and operating life can be
dramatically reduced by competitive adsorption between compounds, particularly when natural
organic matter is present.
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A significant amount of research has been done on the ability of oxidants and advanced
oxidation processes (AOPs) to degrade organic constituents in water. Oxidants include chlorine,
chlorine dioxide, ozone, permanganate, and UV light, and AOPs used in water treatment include
ozone/UV, ozone/hydrogen peroxide, and UV/peroxide. With high enough doses, some oxidants
and AOPs can completely mineralize organic chemicals to carbon dioxide and water. Factors
that affect the removal efficiency of organic constituents include the specific oxidant or AOP
being used, the dose, the contact time, and the water matrix. Because of the wide variety of
experimental conditions, it is not useful to summarize removal efficiency in a table as was done
for the other treatment processes. In general, chlorine and UV light are not very effective for
microconstituents at the doses normally used for disinfection. Insufficient research is available
on the ability of chlorine dioxide and permanganate to degrade microconstituents. Ozone can
accomplish excellent removal of many compounds, but the research reviewed in this study found
some chemicals were less well degraded, including clofibric acid, ciprofloxacin,
cyclophosphamide, 2-QCA, and DEET. Ozone-based AOPs such as ozone/UV and
ozone/hydrogen peroxide can achieve higher removal of some compounds than ozone can by
itself. While AOPs generally can achieve better removal that conventional oxidants, the research
reviewed here differed with respect to the best AOP, depending on the experimental conditions
and the constituents being targeted.

One limitation of the existing research is that relatively little has examined microconstituent
removal by oxidants and AOPs in a wastewater matrix. Only 5 of the 20 articles reviewed here
used wastewater as the feed solution; the others used drinking water or deionized water. The
organic matter in wastewater may compete for the oxidation potential and lead to the necessity of
using higher oxidant doses. Despite this, the potential for ozone or AOPs to be part of the
treatment strategy for microconstituents in wastewater is great, and more research is needed in
this area.

Although oxidation processes will degrade most organic compounds, it is important to recognize
that the products might not be fully mineralized to carbon dioxide and water. Oxidation
processes can degrade the compound so that the original compound is no longer biologically
active, but may produce degradation products with unknown biological activity. More research
into potential oxidation by-products is warranted. However, research has also shown that partial
oxidation of many recalcitrant compounds can substantially increase their biodegradability. This
effect can be exploited if an oxidation process immediately precedes a biological process to
facilitate removal of resistant compounds. Ozone and biofiltration using GAC media is
increasingly used in water treatment for control of organics such as disinfection by-products, and
the combination of advanced oxidation followed by biofiltration might be a particularly effective
method of eliminating PPCPs and EDCs. One study reviewed here found complete removal of
all microconstituents for a process train consisting of conventional activated sludge treatment
followed by ozone and biofiltration—a very promising result. More research is needed to
determine appropriate conditions for combining these processes.

Design and operation strategies to maximize removal

Design and operational strategies to maximize micropollutant removal for indirect potable water
reuse applications using biological processes, based on current information, include the
following:
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e Selection of the MBR process in lieu of the CAS process. The MBR process clearly
produces better quality effluent than the CAS process with respect to conventional
wastewater parameters such as biochemical oxygen demand (BOD), total organic carbon
(TOC), total suspended solids (TSS), and pathogens. Thus, the MBR process provides better
feed water quality for subsequent water treatment processes. The MBR process also achieves
similar or greater micropollutant removal, depending on the compound.

e Operation of membrane bioreactors at higher values of sludge retention time (SRT).

Design and operational strategies to maximize micropollutant removal using reverse osmosis,
based on accepted understanding of the mechanisms controlling the reverse osmosis process,
include the following:

e Removal could theoretically be maximized by selection of “tighter” membranes (i.e.,
seawater RO in lieu of brackish water RO membranes, or brackish water RO membranes in
lieu of nanofiltration membranes). Tighter membranes, however, typically operate at lower
water flux rates. As a result, it would be necessary to increase the size of the system, which
would increase capital costs. Tighter membranes may also require a higher feed pressure,
which would increase operating costs.

e Removal could theoretically be improved by operating at a lower recovery. High recovery
concentrates the micropollutants on the feed side of the membrane, and the higher
concentration increases the mass transfer across the membrane, resulting in lower quality
product water. Overall, recovery may have a minor impact on the removal efficiency. For
practical and economic reasons, it is desirable to operate at the highest achievable recovery,
but it is worth noting that the operating conditions that maximize micropollutant removal
may be in conflict with desired operating conditions for cost-effective implementation.

Design and operational strategies to maximize micropollutant removal using carbon adsorption,
based on accepted understanding of the mechanisms controlling the adsorption process, include
the following:

e Selection of the carbon with the highest adsorption capacity for the compounds of interest.
Bench- or pilot-testing is typically required for carbon selection.

e Select GAC adsorption instead of PAC adsorption. GAC uses the adsorption capacity of
carbon more effectively and is more appropriate for applications requiring continuous
removal.

e Ifusing PAC, increase the carbon dose and/or the contact time. However, carbon dose has a
direct effect on the operating cost of the process.

e Ifusing GAC, increase the carbon bed volume with respect to the flowrate being treated (i.e.,
increase the empty bed contact time). However, bed volume has a direct effect on the capital
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cost of the process. Monitor effluent concentrations and regenerate and replace media when
breakthrough occurs.

e Couple carbon adsorption with a pretreatment process that will minimize the influent total
organic carbon concentration and therefore minimize the negative impacts of competitive
adsorption.

Limited information is available on appropriate design and operational strategies to maximize
micropollutant removal using oxidants and AOPs in wastewater. Oxidants and AOPs should be
applied after biological treatment to minimize competition from wastewater organics (i.e., apply
oxidants in the effluent rather than influent of a wastewater treatment plant). Ozone, ozone-
based AOPs, or UV/hydrogen peroxide appear to be the best oxidant choices. Higher doses and
contact times can achieve better removal, but site-specific studies are needed to determine the
appropriate doses and contact times for specific applications. A promising process combination
for complete removal of microconstituents is biological treatment to degrade all easily
degradable matter (i.e., MBR treatment), followed by advanced oxidation to break down
recalcitrant compounds, followed by biofiltration to degrade the products from the chemical
oxidation step. This process combination may have benefits over the use of reverse osmosis
because of higher water recovery and less waste production, and possibly less energy
consumption. This process combination should be investigated further.

PPCP/EDC State of Knowledge Report Page ES-6



Table of Contents

INEFOTUCTION e 1
Properties of Microconstituents and Their Effect on Treatment.............ccccoeiiiinnee. 4
Description of Membrane ProCESSES .......cooviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee e 5
Activated Sludge and Membrane Bioreactor ProCeSSeS ........cccuuvvvieeieeeiiiiiiiiiiieeeeeenn 7
Mechanisms for microconstituent removal by biological processes .........cccceeveercieenvenieenneenne. 9
Microconstituent removal effectiveness by biological treatment processes...........ccceeeveeenenns 10
Challenges for determining microconstituent removal..........c.cccccvveeriieerieeenieeeie e 16
Summary of biological effectiveness for microconstituent removal .........c..ccceveevirieniennenne. 17
REVEISE OSIMOSIS .oiiiiiiiiiiieiiie ettt ettt e e e e e e e e e e 18
Pretreatment requirements for the reverse 0SmMOSIS PrOCESS .........eecvierueerveerieeiieniieeieenreeneens 18
Mechanisms for microconstituent removal by reverse 0SMOSIS ......cccvveerveeerveeerieeeiieeeeeeenenes 18
MEMDIANE SELECTION ......eiiieitieiiiiieieete ettt et ettt 20
Summary of RO effectiveness for microconstituent removal.............cccceeeriieeniieecieenciieeenen. 21
Activated Carbon AdSOIPLION .....cooiiiiiiiiiiiie e 29
Mechanisms for microconstituent removal by adsorption...........ccceeeevveeeiieeriieenieeeeiee e 29
Powder activated carbon versus granular activated carbon ............cccecceevcieenieeiiienieniieeiees 30
Summary of activated carbon effectiveness for microconstituent removal............ccccceeveeeneneen. 32
Oxidation and Advanced OXidation ProCeSSES ........ccouviiiiiiiiiiiiieeeiiieeeee e 41
The OXIAATION PIOCESS ..vveevvieeieiieeitieeeitieeeitieeerteeesteeesteeesteeessseeessseeesseeesseessseesnsseeeseeessseeensses 41
PROTOLYSIS 1.ttt ettt et e et et et e et e et e et eeabeeteeenbeenbeeenbeensaenanaens 43
TYPES OF UV LaAMPS...neiiiiiiieiiiie ettt ettt e et e e et eesae e esaeeesaeeessaeeensaeessseeas 43
TYPES OF ADPS ...ttt ettt et e st e et e st eesbeessseenseesabeenbeassseenseennseans 44
Summary of oxidation process effectiveness for microconstituent removal..............ccccueeeneee. 44
Problem compounds and special considerations.............coccueeeuierieeiiienieniieenieeieesiie e eiee e 50
Summary and CONCIUSIONS ..oeuuiiiiiie e e e e e e e enna s 51
RETEIENCES ...t e e 52

PPCP/EDC State of Knowledge Report Page i



List of Figures

1 — Process train for the Village of Cloudcroft water and wastewater treatment facilities ............. 4
2 — Membranes used in Water trEAtMENT .........cc.eeruierierierieeteeiesteeie ettt st ste e st e saeeeesaeeneeens 6
3 — Flow diagram of the conventional activated sludge (CAS) process.......cccoveeveecrierreenieeneennnen. 8

4 — Flow diagram of the membrane bioreactor (MBR) process with (A) membrane filters located
in the aeration basin and (B) membrane filters located outside of the aeration basin.......... 8

5 — Rejection diagram for microconstituents using membrane processes as functions of both
solute and MEMDIANE PIOPEITIES .....ccuviervieruiieiieeieeitie et erite et erieeeteesteeebeesseesseessbeenseensnas 19

List of Tables

1 — References, information, and comments on PPCP/EDC removal by CAS and MBR

PTOCESSES ..enuvteeutteenutteeritteerittestteesbteesauteesatteeeabeeesabeeeasteeaabeeeeabbeesasteeeabeeeeabeeesabeesnnbeesanneeeas 11
2 — Removal of micropollutants by the CAS and MBR processes.........ccccceeevverieneeiienicnenneennne. 14
3 — References, information, and comments on PPCP/EDC removal by the RO process............. 22
4 — Removal of micropollutants by the reverse 0Smosis PrOCESS ..........eecveereeriieerieeesieenieerieenieenns 25

5 — Principal uses, advantages, and disadvantages of granular and powdered activated carbon...31

6 — References, information, and comments on PPCP/EDC removal by GAC and PAC ............. 33
7 — Removal of microconstituents by PAC and GAC .........cccooiiiiriiniiiiniinecieeececeeeesee 36
8 — Advantages and disadvantages of various AOPS..........ccceviriiriininiinieeceeece 44

9 — References, information, and comments on PPCP/EDC removal by oxidation processes......46

PPCP/EDC State of Knowledge Report Page ii



State of Knowledge of Pharmaceutical, Personal Care
Product, and Endocrine Disrupting Compound Removal
during Municipal Wastewater Treatment

Introduction

A clean and abundant water supply is often taken for granted in the United States. People do not
think about their drinking water unless shortages force water rationing or the quality of water
becomes the target of reporting in the news media, such as the recent Associated Press story '
about trace concentrations of pharmaceuticals and personal care products in the nation’s water
supply. For the residents of the Village of Cloudcroft NM, issues of water quantity and quality
are both daily concerns. In recent years, Cloudcroft has experienced severe water shortages and
has had to truck in water to meet demand during the summer tourist season. To meet their
drinking water needs, the Village of Cloudcroft is taking an innovative approach to
supplementing their supply of fresh water; the village is planning to indirectly reuse its
wastewater. State-of-the-art water and wastewater treatment facilities are being built, which may
have implications to other communities experiencing water shortages. Wastewater will be
treated by a series of advanced treatment processes to produce very high quality effluent. The
effluent will be blended with well and spring water (the current source of water for the
community) and stored in a covered reservoir. The blended water will then be treated by a water
treatment plant, chlorinated, and pumped into the village distribution system. Water from this
process is expected to easily meet all Safe Drinking Water Act requirements. In addition, the
village, the regulatory agencies, and the design engineers are concerned about the possible
presence of unregulated microconstituents in the treated water. The objective of this report is to
review the current state of knowledge regarding the presence of these constituents in wastewater
and summarize their removal by advanced wastewater and drinking water treatment processes.

Indirect potable water reuse can be planned or unplanned. Unplanned indirect potable water
reuse occurs whenever wastewater effluent is discharged to a water body that is a source of
supply for a downstream community. Planned indirect potable water reuse has been practiced in
the US since the 1970s %. Planned indirect potable water reuse involves treating wastewater to a
point where it can be used as a raw water supply, which is then further treated to potable
standards . This practice can be economically feasible for communities with limited water
supplies, but several issues must be considered. These include:

e The treated water must be of high quality and must meet, state, and federal drinking water
regulations.

The water and wastewater treatment techniques must be reliable.

The system must be economically feasible.

An environmental barrier such as a reservoir or aquifer must be part of the system.

The treated water must be acceptable to the public. A system may produce the cleanest,
safest drinking water in the world but if no one trusts the water or if public sentiment towards
the treated water is negative, then there is still a problem.
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This last point, public acceptability, may ultimately be the factor that controls whether it is
possible to implement a planned indirect potable water reuse system. Public perception may be
sufficiently negative to restrict water reuse options even if health and treatment information
suggests that a particular reuse strategy will be protective of human health. For instance, an AP
story was published in early 2008 reporting that the drinking water supplies for at least 41
million Americans was found to have pharmaceuticals in them '. The story raised public
awareness about the presence of pharmaceuticals and personal care products (PPCPs) and
endocrine disrupting compounds (EDCs) in the nation’s water supply, and may encourage efforts
to regulate the removals of PPCPs and EDCs from drinking water.

PPCPs and EDCs are present in water at very low concentrations and therefore are frequently
referred to collectively as microconstituents. PPCPs include but are not limited to fragrances,
antibiotics, analgesics, insect repellants, lipid regulators, and antiepileptics. Many PPCPs are
also EDCs, which are compounds that can disrupt an organism’s endocrine system, often
resulting in changes to its hormonal balance .  People have been aware of EDCs since the
1930s and they have been detected in surface and even finished drinking waters since the 1960s
and 1970s *. There are three general classes of EDCs: estrogenic or anti-estrogenic (female sex
hormones), androgenic or anti-androgenic (male sex hormones), and thyroidal compounds
(hormones that control metabolism and many other systems in the body) > °. Although there is
currently no comprehensive list of EDCs, efforts are underway to develop one. One problem in
forming this list is that a huge number of chemicals are in use in commerce today and most of
these chemicals have yet to be screened for endocrine function.

Microconstituents have been detected in wastewater in the US since the 1960s and 1970s and
concern has been growing more recently about whether these chemicals pose a risk from an
environmental or human health perspective °. Much of this concern is fueled not by an increase
in the concentration of these compounds in drinking water supplies, but rather by the improved
ability to detect them at very low concentrations. Current analytical methods can detect many
organic compounds at concentration levels as low as 1 ng/L or 1 part per trillion (ppt) *. Another
concern is the potential for synergistic effects of mixtures of microconstituents. A recent study
has demonstrated that certain compounds that coexist in water pose greater threats than if they
were to exist alone . Another concern is that antibiotics found in trace amounts might lead to
the formation of resistant strains of bacteria.

Discharge from wastewater treatment plants (WWTPs) have been shown to be a major source of
many microconstituents > >®. A large portion of PPCPs enters wastewater as human excretions
of unmetabolized or partly metabolized pharmaceuticals * '°. Another source is believed to be
through disposal of expired medications through sinks or toilets. Untreated animal waste,
manufacturing residues °, household chemicals, and pesticides are other sources of
microconstituents '

Since wastewater is a major source of microconstituents, it is important to consider this class of
potential contaminants when considering a planned indirect potable water reuse project.
Specifically, it is important to understand which treatment processes will remove
microconstituents from water and wastewater and to what degree. The purpose of this study was
to evaluate and summarize existing knowledge available in technical literature about the ability
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of common water and wastewater treatment processes to remove PPCPs and EDCs from water,
with a focus on the processes that may be used in a planned indirect potable water reuse project
such as that currently being constructed in the Village of Cloudcroft. The process train for the
Cloudcroft water and wastewater treatment facilities is shown in Figure 1. These processes
include membrane bioreactors (MBRs), reverse osmosis (RO), advanced oxidation using
ultraviolet light (UV) and hydrogen peroxide (H,0;), and adsorption by granular activated
carbon (GAC). The Cloudcroft treatment train also includes ultrafiltration, but it is widely
recognized that ultrafiltration is not effective for microconstituent removal, so it will not be
discussed in detail in this report.

A significant amount of technical literature, encompassing nearly 50 articles, was identified for
this study. The literature includes results of research conducted at bench-, pilot-, and full-scale.
Studies of removal from full-scale facilities can provide the most reliable indicator of removal
efficiency for a specific set of design and operating conditions. The results can also be
predictive of removal at other facilities when the design and operating conditions are similar.
However, full-scale results can be less helpful for predicting results at other facilities if the
design and operating conditions are different, if influent water quality is different, if new
processes are to be considered, or if contaminants are not detectable in the influent of existing
facilities. Furthermore, the number of studies that evaluate the ability of full-scale facilities to
remove PPCPs and EDCs is somewhat limited, particularly in the case of newer technologies
like membrane bioreactors. Bench- and pilot-scale studies can be used to evaluate a range of
operating conditions that cannot be tested easily at full-scale, the effect of different design and
operating conditions, the removal of compounds that are not present in full-scale wastewater
influent (via spiking), and the relative ability of multiple and/or new processes. Pilot studies are
frequently required by regulatory agencies to verify performance of treatment facilities prior to
the construction of full-scale facilities. Thus, the results of bench- and pilot-scale studies can
greatly extend our understanding of the ability of treatment processes to remove PPCPs and
EDCs. Nevertheless, comparisons between full-scale systems and smaller systems must be made
with caution because the scale of a system can affect the performance of a system, particularly in
cases where hydrodynamic conditions cannot be scaled easily. For instance, fouling and flux in
bench-scale membrane systems cannot be used to predict fouling and flux of full-scale
membrane systems because the hydrodynamics of flat sheet bench-scale membranes are
significantly different than full-scale membrane modules. Bench testing with synthetic water or
single contaminants can provide valuable information about the mechanisms of removal but may
not be representative of full-scale performance with natural waters when competitive interactions
between constituents in the water may predominate. When water matrix, hydrodynamic
conditions, and other factors are consistent between systems, bench- or pilot-scale systems can
effectively predict performance that will be achieved at full-scale.

This report begins with a description of how the properties of microconstituents affect their
removal during treatment. Following that section, a brief description of membrane processes is
provided because MBR and RO both use membranes, but the removal mechanisms are entirely
different. The remaining sections deal with each process in sequence. For each process, the
section summarizes (1) a brief description of the process key (2) mechanisms of removal and the
implications on either the product water or the waste stream, (3) general trends of removal
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Figure 1 — Process train for the Village of Cloudcroft water and wastewater treatment
facilities.

efficiency, (4) trends regarding which micropollutants are poorly or highly removed, and (5)
design or operating strategies to maximize removal.

Properties of Microconstituents and Their Effect on Treatment

Separation of contaminants from water or wastewater is accomplished by exploiting differences
in physical, chemical, and biological properties between the contaminants and water. These
properties include molecular weight, solubility, charge, polarity, volatility, chemical reactivity,
biodegradability, and others. Often, groups of compounds with similar properties can be
removed by a single treatment process that exploits a specific property. There are thousands of
different drugs and chemical compounds in use today that can, and do, end up in water with a
correspondingly large variation in their physical, chemical, and biological properties '>. These
compounds will respond differently to different treatment techniques.

Another factor for removing microconstituents from drinking water is that many compounds,
especially pharmaceuticals, are designed with specific properties that make them resistant to

removal by some treatment techniques . These include:

e High chemical stability
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e High water solubility
e Low biodegradability
e Low sorption coefficients

Although these characteristics may be desirable for a pharmaceutical and aid in the compound’s
intended purpose, they can also be characteristics that make the compound harder to remove
from water. Of course, different compounds will have different properties that will affect their
removal by the treatment processes being used.

Description of Membrane Processes

Membrane bioreactors, reverse osmosis, and ultrafiltration are processes that rely on membranes
to separate contaminants from water. Membranes used in water and wastewater treatment are
thin synthetic plastics that allow water to pass through while specific constituents in the water
are retained. Even though MBR, RO, and UF processes all incorporate membranes, the
processes are fundamentally different and the membranes perform different functions. These
differences have important implications for water and wastewater treatment processes and their
effectiveness at removing microconstituents. For this reason, a basic understanding of
membranes and their differences is necessary before specific microconstituent removal
technologies can be discussed. A brief description of these membrane processes and the primary
differences between them is provided in this section. The book Water Treatment: Principles and
Design by Crittenden et al. '* provides a thorough discussion of membrane processes used in
water treatment and the following summary is based largely on that source.

Four types of membranes are used in municipal water and wastewater treatment. These
membranes include microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse
osmosis (RO) membranes. They are classified by such characteristics as nominal pore
dimensions (pore size), operating pressures, and the types of constituents the membranes reject.
Figure 2 shows these membrane types in descending order of pore size '*. It is important to note
that membrane classification is somewhat arbitrary and that different manufacturers might
market similar membranes under different classifications. In water and wastewater treatment,
these four membrane classifications belong to either of two distinct physicochemical separation
processes. MF and UF membranes are used in a process called “membrane filtration” whereas
NF and RO membranes are used in a process called “reverse osmosis.” RO membrane
manufacturers market their merchandise as being in a variety of product lines, including seawater
reverse osmosis (SWRO), brackish water reverse osmosis (BWRO), low-pressure reverse
osmosis (LPRO), ultra low-pressure reverse osmosis (ULPRO), and nanofiltration (NF). While
older literature sometimes identifies nanofiltration and reverse osmosis as independent processes,
they in fact rely on similar mechanisms and NF membranes are generally recognized today as a
product line, not a unique separation process.

The objective of membrane filtration is removal of particulate matter and is achieved by straining
particles that are larger than the membrane’s pore size '*. Thus, the primary removal mechanism
is sieving where the larger particles are physically blocked from entering the smaller pores.
Membrane filtration is very effective at removing particles larger than 0.1 to 0.01 um.

Membrane filtration is used in membrane bioreactors.
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Figure 2 — Membranes used in water treatment .

While membrane filtration relies on separation based on the size of the suspended solids, reverse
osmosis separates dissolved constituents from solution '*. The separation mechanism depends
on differences in the rate of diffusion of solutes through the RO membrane rather than
mechanical sieving based on membrane pore size. As a result, the removal efficiency for RO is
dependent on such parameters as pressure, water flux rate, and influent solute concentration.
The removal efficiency varies from about 50 percent to greater than 99 percent and depends on
solute charge, polarity, and molecular weight. Even with these lower removal efficiencies, the
RO process has shown that it can effectively remove most microconstituents and, as this report
will discuss in more detail, can be much more effective than membrane filtration processes at
PPCP removal.

RO membranes can be engineered for specific objectives. The uses for RO systems include
desalination of brackish water, water softening, and the removal of specific contaminants and
natural organic matter (NOM) '*. This specificity makes a reverse osmosis system ideal for the
removal of PPCPs from water. It is also why the EPA has designated RO as a best available
technology for the removal of many inorganic contaminants and most synthetic organic
compounds. Although the reverse osmosis process can be very effective at removing
microconstituents from water, there are some drawbacks to the process that will also be
discussed in this report.

Membrane fouling is one of the greatest challenges affecting the design and operation of
membrane facilities '*. Fouling is defined as the “process resulting in loss of performance of a
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membrane due to the deposition of suspended or dissolved substances on its external surfaces, at
its pore openings, or within its pores” '*. Fouling is characterized by a loss of specific flux.
Fouling of RO membranes is particularly difficult to manage if the feed consists of treated
wastewater because of the high concentration of dissolved organic matter which is hard to clean
and can cause rapid fouling.

Most RO plants operate at a constant membrane flux (the rate of flow through the membrane).
This constant flux is maintained by increasing the transmembrane pressure to make up for the
loss of specific flux, which is caused by fouling on the membrane surface. This matter can be
removed during the backwash cycle (for membrane filtration only) and further removal can be
obtained during membrane cleaning, which involves the use of chemicals. Depending on the
type and extent, most fouling is considered reversible and membrane flux can be re-established
by membrane cleaning. The portion of specific flux that cannot be recovered by backwashing or
cleaning is considered irreversible. This permanent loss in flux is dependent on both the source
water and the type of membrane used.

Activated Sludge and Membrane Bioreactor Processes

Many WWTPs use the conventional activated sludge (CAS) process to treat wastewater. The
CAS process is a biological process that involves aerobic biodegradation of suspended and
dissolved organics in wastewater. The process involves developing a mixed culture of
suspended microorganisms in an aeration basin. The microorganisms are separated from the
treated wastewater by gravity settling and recycled back to the aeration basin. The supernatant
from the clarifier becomes the treated wastewater effluent. The CAS process is highly effective
at removing organic constituents; a well-operated plant will remove greater than 90 percent of
both the suspended and dissolved organic material in the influent wastewater. Typical effluent
limits on a CAS plant consist of maximum concentrations of 30 mg/L for both 5-day
biochemical oxygen demand (BODs) and total suspended solids (TSS).

Membrane bioreactors (MBRs) have become increasingly popular over the last ten to fifteen
years as the technology has improved and the price of membrane filtration units has dropped "°.
A membrane bioreactor combines the processes of biological treatment and membrane
separation '®. The MBR process is identical to that in CAS except that the suspended
microorganisms are separated from the treated effluent by membrane filtration instead of by
gravity settling. This modification produces a much higher quality effluent because the
concentration of suspended solids is essentially zero. The BODs concentration of an MBR plant
is also low because much of the effluent BODs from a CAS plant is due to suspended solids.
Diagrams of a CAS and an MBR plant are shown in Figures 3 and 4, respectively.

In an MBR plant, the membranes can be configured inside the aeration basin or externally '°.
The membrane of an MBR achieves nearly complete removal of suspended solids . Since
solids separation does not depend on the settling characteristics of the biomass, separation with a
membrane allows for higher concentration of biomass in the aeration basin, which can reduce the
size of treatment plant.
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Figure 4 — Flow diagram of the membrane bioreactor (MBR) process with (A) membrane
filters located in the aeration basin and (B) membrane filters located outside of the
aeration basin.

The performance of the activated sludge process depends in large part on the rate of growth of
the microorganisms. This dependence is principally because microbial growth in a treatment
plant is substrate limited. Thus, as the food supply is reduced to lower concentrations, the rate of
growth of the organisms decreases. A key parameter controlling the activated sludge process is
the solids retention time (SRT), which is the average age of microorganisms in the system. SRT
is inversely proportional to the rate of growth so that a long SRT corresponds to the presence of a
slow growing suspended culture. In the CAS, the SRT is limited by the settling characteristics of
the microbial population to a maximum of 15 days '*. Because the MBR process does not
depend on settleability, higher SRT values can be used with correspondingly better removal of
many trace constituents in the solution "', This increase in SRT has many benefits and may be
especially important in the removal of microconstituents. The concentration of biomass is an
important parameter in the quality of effluent produced both in terms of conventional parameters
and in the removal efficiencies of microconstituents '°.

MBRs have many advantages over the CAS process. Four of the most common advantages that
MBRs have over CAS processes are '°:

1. The effluent from an MBR plant is better than that from a CAS plant for all conventional
wastewater parameters including BODs, chemical oxygen demand (COD), total organic
carbon (TOC), TSS, and ammonium content '>'*. The effective pore size of the membrane
(typically <0.1 pm) is smaller than most bacteria found in wastewater * '°. This reduces the

PPCP/EDC State of Knowledge Report Page 8 of 55



need for disinfection processes that may lead to production of disinfection byproducts
(DBPs). There is evidence that some DBPs may act as EDCs *.

2. MBRs produce less sludge because of the longer SRT. Less sludge production decreases the
waste that must be disposed of, which also decreases disposal expenses.

3. MBRs can operate at higher mixed liquor suspended solids (MLSS) concentrations. This
facilitates growth of nitrifying bacteria, which oxidize ammonia to nitrate (NO3).

4. MBRs allow for independent control of SRT and hydraulic retention time (HRT). This
allows for a decrease in HRT while maintaining a long SRT. CAS processes must allow a
long enough HRT for mixed liquor solid particles to grow microbial floc that is large enough
to settle well (~50 pm) '’. For an MBR system, the particles only need to be larger than the
membrane pore size. A reduction in the HRT decreases the volume of the aeration tank.

The ability to operate MBRs at a long SRT can increase microconstituent removal in a couple
ways. One way is that the hydrophobic organic compounds can accumulate on the sludge. The
compounds are then removed from the effluent during the separation of the sludge from the
effluent. Another way is the adaptation of bacteria to degrade recalcitrant compounds in the
system as other, more degradable substrates, are consumed by the culture .

Some research has shown that the CAS process effectively removes many microconstituents but
is ineffective at removing others °. The following section summarizes the results of previous
investigations of removal of microconstituents by biological processes.

Mechanisms for microconstituent removal by biological processes

The removal of microconstituents by biological processes can be attributed primarily to two
mechanisms, sorption and degradation '™ ' Sorption is a term that includes adsorption,
absorption, and ion exchange and is used when it is not clear which is occurring ' For the MBR
process, sorption is the transfer of microconstituents from the water to either the sludge or the
membrane "> *. Sludge in CAS and MBRs have large specific sorption capacities that can be
attributed to the high specific surface area of the suspended microbial population . Despite the
large sorption capacity, current research is showing that the removal of many microconstituents
by the MBR process is mainly due to biodegradation/biotransformation. Better
biodegradation/biotransformation of compounds is due to the low concentration of TOC in a
slow growing culture with long SRT. This forces organisms to develop degradation pathways
for slowly degradable compounds in order to continue to recover energy to support microbial
growth. Although there has been some contradicting research about the effect of SRT on some
compounds '°, many reports have shown that a higher SRT increases biodegradation and
therefore increases removal ' "% 2% Since MBRs can operate at much higher SRTs, they
obviously have an advantage over CAS systems.

Another possible mechanism of microconstituent removal by MBRs is the membrane itself. The
mechanisms for removal by membranes include size exclusion, charge repulsion, and adsorption
20 Comerton, et al. found that UF membranes were capable of sorbing microconstituents ’.
Due to the relatively large pores on UF membranes (microconstituents are at least 100 times
smaller than the smallest pore sizes of these membranes), size exclusion does not contribute to
the removal of microconstituents by the MBR process. Factors that can influence the adsorption
of PPCPs onto the membranes include the characteristics of the chemicals (size, charge,
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hydrophobicity) and the membranes (charge, hydrophobicity, roughness), and the properties of
the water (temperature, ionic strength, presence of various constituents).

A primary advantage of biological degradation is that the micropollutants are eliminated from
the environment rather than being transferred and concentrated in a waste stream. A potential
disadvantage is that the contaminants might not be completely degraded to harmless compounds
and the degradation products may exhibit toxicity. When adsorption to the sludge occurs, the
micropollutants are physically removed from the wastewater without forming degradation
products. Wastewater sludge is typically subjected to an additional biological degradation
process and then applied to land or landfilled.

Microconstituent removal effectiveness by biological treatment processes

Table 1 summarizes information on 12 investigations of microconstituent removal by MBR and
CAS processes. Because the interest in microconstituent removal is recent and MBRs are a
relatively new technology, the articles listed are all within the last 5 years. Many of the
researchers studied only a small number of target microconstituents, in part because of the
analytical challenges associated with measuring these compounds. The target compounds and
their removal efficiencies in the MBR and CAS processes in the studies from Table 1 are shown
in Table 2. Although many of the studies covered in this literature review have varying ranges of
compounds studied, some trends are evident in the findings. These include:

1. The studies confirm that MBRs achieved comparable or better removal of microconstituents
than the CAS process. A couple studies found only slightly better performance ' '* while
other studies reported much better removal for many more compounds "> "% A wide
range of removal efficiencies is shown in Table 2. The conclusion of most of the
investigations was that the MBR process can remove some microconstituents well but other
compounds are left unaffected. Only a few microconstituents were removed to below the
method reporting limit (MRL) & 1> 17-19:23:24,

2. The investigations confirm that longer SRTs in the MBR process produce a more diverse
microbial population that enhances nitrification and removal of poorly degradable
compounds * %1820,

3. Biodegradation and sorption to the sludge and membrane *° were the main removal
mechanisms for microconstituent removal by the MBR process ' '”. Although both of these
mechanisms can remove microconstituents, biodegradation was found to be the most
effective mechanism for microconstituent removal > '°,

4. MBRs do an exceptional job in removal of traditional wastewater parameters including TOC,
total suspended solids (TSS), ammonium, and COD "> '°.

MBRs did not effectively remove some compounds including diclofenac '™ '*-?*. Several studies
found that the antiepileptic medication carbamazepine is especially persistent with both the MBR
and CAS process having little to no effect '™ '"?*** % Seven compounds that were not removed
at all in the research by at least one research group included carbamazepine, DEET, diclofenac,
EDTA, hydrocodone, TCEP, and trimethoprim.

PPCP/EDC State of Knowledge Report Page 10 of 55



*JN920 p|Nod spunodwod a|qepelbap
ss9| 0} swsiuebioolow o uopeydepe os | ¥S J1abuo|
UM SYGIN 0} pPaInglie [eAOWSI pasealou] ‘[eAowal

a|geledwod aAI9081 0} PaAISSJO aJom spunodwod
JBYj0 8y "SyD uey uaxoideu pue usjoidoley 1oy
|[eAOWal Jajjaq yonw pajqiyxa suelquiaw 4\ Yim Hgin

isjemalse

Ja1eMalse \\
jediouniy|

(Sv0) 8leos |Iny
‘(4g) 1o1d

SYO/daiN

(#002) ‘le 1o ‘eanwiy

'sassa20.d yjoq ui ouewlopad parosdwi | HS J8buo]
QYD Jono sabejueape Jayjo Jayo pue Jajemalsem)
pajeal) JO 8snal 10} papuswwIodal syYgA ‘sassao0.d
uUsaM}aq PaAISSQO [eAOWS) punodwod Ul saoualayip
1ybiis AluQ "sassaoo.d Yjoq o} % 06< 18 paAowal

alom spunodwod awos ajiym ssaoold Jayyie Aq parowal
J0U sem auidazeweqgJe) "UOISN|OXd 8zIS 0} anp |eAowal
Jaybiy aAsIyoe Jou pIp saueIquIsW 4N "S1YS Jualayp
je pajesado sueiquiow 4N Yum Yg pasn Apnis

L

Ja1emalse |

191BM3)Se M\
jedioiuniy

(Sv0) 8leos |Iny
‘(4a) 1o1d

SYO/daiN

(5002) ‘le 1o ‘eie|Q

‘swisiuebioololw

|eroads jJo uope|nooul pue saueiquiaw ul sabueyo
apn[oul pjnod suonedyipoly ‘uoneziwido Jo) payipow

aq p|noys pue sjuejnjjodoioiw sAowai Aj9}a)dwod jou
[IIM HEN “HEIN 8U} Ul AOUBIOIS Ul SUOHELIBA JB|[BLUS UIM
spunodwo9 jsow Buinowal ul SyyH pawsouadino Ygin

44

payids pue
19)eMa)Se M\

Jayemalse |
|ediouniy

(Sv0) 8leos |Iny
‘(4a) youeg

SYO/daiN

(£002) "[e 18 ‘o1noualpey

'ss9204d Sy UBY} [BAOWISI JB)19] POMOYS

Ajjesauab s, 4giN @yl ‘l1om se ajol Aay e sAejd uondios
ybnouyye uonepeibapoiq 0} anp Ajuewrd YgN pue SyD
Ujoq ui uoneulwi|3 “AUsJaAIp 80w suesw | HS Jabuo
"Jopaq pawuopad (shep G| sA G9) 1HS J9buo| yim HaW

Jajemalse |

Jayemalse |
|edioiuniy

jolld

ddN

(£2002) ‘le 1o ‘eanuwiy

sjuswiwio)

pajen|eAs
spunodwod
Jo JaquinN

spunodwod
10 92in0g

19]ema)sem JO 921n0S

9|eog

swaysAs jo adA |

ELNIETETEN|

$8ss920.1d ¥gIN pue Sy AqQ [eAowal DA3/dDdd UO SIUSWWOI pue ‘uoiewlojul ‘saoualalay T a|gqel

Page 11 of 55

PPCP/EDC State of Knowledge Report



"pansIyoe sojel [eAOWa)
ybly 8y} J0 8SNEOSQ PapUBWIWOIBI B 4N J0 OY
yum 4 pue Do Buipnjoul sessaoold pue ‘4N Jo OY Aq

) 4N pue Oy
vo\so__o.v, 9N yim yoeoudde Jalueg-iinw SpUsWLILIOday SIBJEM BOBLINS LM UOGEUIqUIGD .
sjuejn|jodoudiw pa}se) GZ JO [erowal )e|dwodul 9z payids-uoN UE JSIEMBISE Jojid/|in4 ul (9002) ‘e 1o Wiy
pamoys Sy PUe Juaiolydul 8q 0} punoy sassasold P 1EMIISEM AN 8
juswieal) Jajem Bupjup [euonuaAuo) “sjesnnasewseyd AN/OH/OVO/HaN
aWOS pue sauow.loy Buinowal Je dAII08)e Sem
ng spunodwo? }ab.e) Jo [eAowal pajiwi pamoys HgnN
"0Vd jo uohippe yim sem siy}
Ing uoneujwid 0} uoliepelbapolq uey) Jayjel uoidiospe
paInNquIuUo) "uoleulWwl® %6 < BulAsIyoe }SoWw Yyiim
. €N /<
asop DVd Yim pasealoul Apealb uoneuiwi3 ‘uoneuiwid g payids pue |iajemalsem [elisnpul Joud pue el AN UM €0/£0 (1002) ‘& 10 uspeBwineg
%242 0} DO1> WoJj paueA uohippe Jvd inoyjm Isjemalse M pue [edioluniy /0Od/AN/OVd/daN
U U} Jo} synsay “(7/6wo0Z>0Vd>0g) uonippe
OVd INOYNIM pue ylim uni alem Aay] "lajemalsem
[elysnpul pue [edidjunw payids pajeas) SHGIA 9]eods 10|id
‘Apjealb
J9)eMaisem
AJeA 0} punoy alam s)nsai pue Ajjigepelbapoiq o} anp CIEDUOOOS
A1 SI [eAowdy "sauowloy Buinowal je asiwold smoys . P swa)sAs
S, 44\ 1Byl punoy os|e ApniS “THIA Y} Mojaq paAowal 9¢ pay|ds-uou 4a1empuno.b NI JO uoneuIqWod pue (2002) ‘|e 1@ ‘JopAusg
! pue payids | quenpe Jeyemalsem ||nyojd/yousg T
aq 0} punoy a1am spunodwod ma} AJaA pue pajoayeun AIBDUGODS 4AN/OY/4N/AN/EEGIN
a1am spunodwod [esanas ybnoyye soa3/sdddd P
pue Alewud
Auew jo suopneljuaduod Buionpal je aAoays HgIN
"SpI0S Jo uonualal a)9|dwod pue abe abpnis Jaybiy
; jue|d juswieasy . )
UHM A1J0B4) Jsow sem uonepelbapolg % |6 Buirowail c paxids-uoN o1BUSES! IIDUE 9[eds |In4 Od/AN/daiN (¥002) "Ie 1o ‘suabjuip
$59001d SYO UIM %66 Sem HaIN Aq Vdg JO [erowsy 18LUOB9Y [IIPUET
‘sjueinjjodouoiw
Buinowad ul Joynguiuod Jofew e 8q 0} punoj usaq
Sey YoIym UoISN[oXa 9z|S 0} anp uonoafas sso| ueaw osje Jayem | pue
saz|s alod Jabie "eueiquiaw ay} ulypm sayis Buipuiq 2z payids ‘Juanye Jajemalsem youaqg 4N/4N/OY/9aN (2002) 'Ie 1@ ‘uopawo)
aJow Auew ssa22e 0} sajnjos Bumoje sazis salod ‘Jojem ayeT
J9b1e] yum saueiquiaw ay} 0} anp si syl "O¥d<dN<4N
UlM saueiquisw 0} SdOdd Jo uondiospe je payoo| Apnis
pajen|eAs
spunodwod
sjuswwo)|spunodwos 19}eMa)}SEM JO 92.N0S 9|eos swajsAs jo adA | ELIIETETEN|
10 J6qUINN 10 @2in0g

$9559204d YN pue Sy AQ [eAowsal DA3/dDdd UO S1USWWOD pue ‘uoifelwiojul ‘saoualalay ((panuiiuod) T ajgel

Page 12 of 55

PPCP/EDC State of Knowledge Report



‘llom Aian panowas a1em spunodwod
ploJals Jejod sso| ay] "ssao0.d yjoq ui Juajsisiad Alon

aq 0} punoy alam ‘auidazeweqied se yons ‘spunodwod 6 19)eM3)SE A\ 191EBM3)ISB M\ [Iy/youaqgnolid SVYO/dan (5002) '1e 10 ‘uealsa
s|qepeubapolg-uou swos ybnoyjle ssesoid SO dy} ueyy
J9)19q Spunodwod }SOW SAOWSI O} puUNO} aJam SHGN
'$s800.d JBy})Ie
Aq panowal jou sem suidazeweqle) ‘'spunodwod swos . .
10} SBIOUSIDIYS [BAOLLS] PASESIOUI | NS JaBU0T 'SYD pue L Jsjemalse | Jsjemalse M lIn4/0lid SYO/ddiN (¥002) ‘e 1o ‘ele|n
Y9N usamiaq paAlasqo sajel [eAowal Juedlyiubis oN
‘leaowal jueinjjod Jejod
sjsisiad asealoul 0} uonepelbap [esjwayodoioyd pue
uoleuozo }sebbng ‘salousiole [eArowal Buisealoul Jou [oF4 payids pue J9)eMa)se \\ lIn4a0|1d SYO/dainN (9002) ‘|e 1@ ‘pieyulag
awiy pasealoul yum abuel |ewido ue aAey 0} punoy sem 1SIEMSISEM
1¥S "'SVYD uey} [eAowal Japaq pamoys ssa20id HgN
pajen|eAs
spunodwod
sjuswwon|spunodwos 19]eMa)SeM JO 891n0S TR swajsAs Jo adA ERIVETETEN|
10 JoquINN J0 92in0g

$9559004d YGIN pue SV Ag [eAowal DA3/dDdd U0 SIUSWWOD puUe ‘UoIewWIoluUl ‘S3ouaIalay ((panuiuod) T ajgqel

Page 13 of 55

PPCP/EDC State of Knowledge Report



>_CO s)insal YgiN 902 (74 l cok_sﬁo‘_aow_
Han 8GZ 9'9% ¥'€C L uroeyaWopuy|
Han 16'¢ 902 8'66-G6~ 86~-G'Z8 9 usjoldnq

>_co s)insal Ygin qL¢ 662 uolnjeulwl® oN l chUooo._U\AI
SVO 862 £'99 €9/ L 8pIZeIY}0.0|YO0IPAH
Han ¥6Y ey Gvy L apiwejpuagl
Han 6EY 062 9'68 8'8¢ | 1Z0JqIWR D)

6'G 862 G6~ G6-09~ L (9DOHH) 8pljoxeles
>_co S}insal HgIN V/N lC l pioe o_co_Oc_:Uo._OJ_n_

Auo synsas ¥gN 182 Jag L ploe olweusyn|4

Aluo synsas yg\ 70 6GE 7ag L EEE]

90°'¢ Ge/ €'/9-G~ 8'¢e 4 urpAwouyihig

Ajuo synsal ygin J°0 6GE oG L uloexojjoJug

|lenba Jnoqy z62 uofeulwI|s ON L L v1a3
LGy 962 ' /g-uoljeulwi|d ON L'0G-Z~ 12 oBUBjo[I]

gL'z L6l Z9-uoneuiwiid oN Ll Z 1330

dan /GZ gLz 08-05~ 06~-1"12 € pIoe 01qg1o|D

Auo synsas yg\ LeE €/l L uoexoyoldin

Apmys |, ur Ajuo punoy Gy'e 9¢Z ¢l-uoneuiwi|d oN /-uoneuiwie oN 9 auidezeweqe)d
|[eAOwal % €1 R /

Ajuo synsaJ yg\ /0°0- v61 109-66~ | aulayen
Han Ze'e 822 66 L6 L (vdg) V louaydsig
b= L<1Al oy 29¢ 8'G6-08~ 86-07~ 3 ajeiquezeg

\A_co sjinsal JYgiN ove 91 l auozejuag
Han VIN €6 |74 L pioe |adasheg

>_co s)insal {Ygin L9°2 GlLz 6 l auizelly
Han 9170 997 G'G9 uofjeulwi|s oN L |ojous)y

>_co sjinsal g Gl 982 1d9g l 9QuoIpaualsolpuy

|lenbs jnoqy V/N G6-0/~ G6-G/~ L ajejAxoyyd [ousydiAyiy

Han V/IN 06-G/~ G6-0E~ L lousydifiy

lenba 1noqy 9¥'0 LGl () 109 - 9'66 ¥'86 Z uasydouiwe}eoy

S8]JON wo)sAs moy bo|  (jow/B) abuel |eaowsl abuel |lenowss | seIpnIs JO # punodwo)
Bulwiopad 3seg (@ M Han SYQ

sassao0.4d YGIN pue SO 9yl AQ siueinjjodololw JO [eAOWSY :Z 9|gel

Page 14 of 55

PPCP/EDC State of Knowledge Report



"a|qe|ieAe jJou = /N ()

"WOD JISPULBYD" MMM JB JBPUIIUBYD WOJ) paulelqo spunodwod awos Jo sanjea AN (9)
paAOWal 9%, Ul J0U pue 8]eJjuaduod ajeswlad
ul pajoa)ep Jou Jo ‘(DOT) uoneoannuenb Jo syjiwi mojag uonoslel palodal salpnis awog "s)wi| a|geloslep mojeg = 1ag (e)

Ajuo synsal ¥Ygin €0 0627 uoneulwi® oN L wiidoylowid |

Ajuo synsal ¥g 9/¥ 882 €/-99~ 3 UBsSO|ol |

Han ¥ 16-G6~ 16-06~ | (NLHYV) @pijeuo

Aluo synsal ygn ze'e Q87 1ag L 2U0I9}S0}Sd |

|lenbs jnoqy LEY 4" €l 3 ddOl

|lenbs jnoqy 14" 982 Jg-uoljeuiwi|s oN 0€ 4 d30.1

ddN 68°0 £G¢ 0.~-G"09 9'GS 4 8jozexoyjsweyng

d9N 1€ G6 [X44 3 aulpiuey

R 0€Z 9'%9 L2V | auozeuaydAdoid

d9N 144 8°06 819 3 uljejseaeld

SVYO 62€ /'68 9'06 3 suljexoled

Ajuo syinsals Yg 6/°C Q77 0S- Ly~ L auozuagAxQ

bkl 19€ 6 8'€C 3 uidexolo

[eAOWBS % GE< SMOYS 8L'¢ 0ee €66-9¢~ | 'G8-G9~ ¢ uaxoideN

JInsal YgI\ suo 1nq ||

Ajuo synsas yg\ V/N 8. 3 UIOBXOJJIXOIN

d9N 88| /92 1'8S uoljeuiwi|® oN 3 [ojoJdoja |\

HdN L¥C 06~-8'¥. 0.~¥'62 4 pioe JlWeus)siN

bkl 14 0S8 €l 3 ddON

ddN (A% 1414 86<-6'16 GG~-G'LG 4 usjoldojey

S8JON wo)sAs moy B6o7]  (jow/B) abuel |eaowsl abuel lenowas | seipnis jo # punodwo)
Buiwiopad yseg (@ M dgN SYD

sassa%0.4d YgIN pue SYD ayl Ag siueinjjodololw JO [eAOway (panuiluod) g ajqel

Page 15 of 55

PPCP/EDC State of Knowledge Report



Compounds that exhibit low biodegradability in aerobic wastewater treatment conditions do not
appear to conform to any distinct trends in physicochemical properties such as functional
chemistry, molecular weight, or charge. Thus, it is difficult to predict which compounds will be
poorly removed in a MBR or CAS system without actual testing. However, Snyder et al.
evaluated two biodegradation models with 40 microconstituents and found reasonable agreement
between predicted and actual results for 33 of the compounds. The researchers noted
halogenated compounds as being susceptible to slower biodegradation but did not indicate
whether other properties or structural features were useful in predicting biodegradability.

A number of these studies evaluated both CAS and MBR systems, with the CAS system
operating at full scale and the MBR system at pilot scale. As noted earlier, results from systems
operated at different scale must be compared with caution. In the case of biological systems, the
aeration tank is typically a well-mixed system and the performance can be similar when
operating conditions such as HRT and SRT are similar. Furthermore, many of the pilot plants in
these studies were operated at the full-scale treatment plant site, so the influent water matrix was
identical for the two processes. Thus, the comparison between CAS and MBR performance in
these studies provides a useful indication of how MBR systems should be expected to perform
when operated at full scale.

Challenges for determining microconstituent removal

For some microconstituents listed in Table 2, several researchers found similar results for the
removal efficiency by MBR or CAS systems. For other microconstituents, however, the
measured removal efficiency varies significantly between studies. Several factors may
contribute to this variability. The primary sources of variability may be the low concentrations
in the wastewater, the analytical difficulties of measuring these constituents in a wastewater
matrix, and differences in experimental procedures.

When dealing with very low concentrations of organic compounds in wastewater there is some
variability no matter how careful the researchers are. One large factor in the variability of
PPCPs measurements in both treated and untreated wastewater is the low concentrations that
must be detected. Recent analytical advances have made detection of these compounds at this
level possible. However, different analytical methods have varying ranges of accuracy and at
these small concentrations the level of detection (LOD) or quantification (LOQ) becomes very
important. Sampling and analytical methods and potential for contamination of samples become
especially important when analyzing compounds at very low concentrations. A particular
analytical challenge is managing interferences introduced by other organic compounds in
wastewater. Microconstituents such as PPCPs and EDCs are of interest in wastewater at
concentrations as low as 10 ng/L whereas the concentrations of suspended solids and dissolved
organic carbon in the solution are typically present at concentrations > 100 mg/L. This
constitutes a difference of seven orders of magnitude. Preparing samples for analysis of
microconstituents involves extracting, purifying, and concentrating the analytes in the presence
of this overwhelming background matrix. This is a very difficult challenge that is subject to
many possible interferences that introduce uncertainty to the final analytical results.

Another factor that may affect the results of these studies is the source water for the tests. The
source of water and source of microconstituent for each study cited in this section of the
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literature review are listed in Table 1. Some studies spiked laboratory-prepared water > with
different microconstituents rather than taking the water directly from a WWTP *'>!7:2% Both
methods offer advantages and disadvantages in determining PPCP removal efficiencies. The
advantage of spiking laboratory water with a known amount of a compound and then measuring
the removal efficiency is precision. The amount of a given compound is known and the results
more accurately represent constituent removal under carefully controlled conditions. The
disadvantage is that the spiked water may not accurately reflect how the process will work in a
complex system given all the other parameters not accounted for in the spiked water. Parameters
such as TSS, NOM, TOC, and other compounds found in municipal wastewater may give
completely different results than those found by spiking laboratory water.

Summary of biological effectiveness for microconstituent removal

MBRs are effective for removing many microconstituents. Removal of 50 percent or greater was
achieved for about two-thirds of the compounds shown in Table 2. MBRs, however, cannot
achieve complete removal of all microconstituents and some chemicals show particular
resistance. In particular, no elimination was observed in at least one study for 7 of the
compounds in Table 2.

Design and operational strategies to maximize micropollutant removal for indirect potable water
reuse applications using biological processes, based on current information, include the
following:

e Selection of the MBR process in lieu of the CAS process. The MBR process clearly
produces better quality effluent than the CAS process with respect to conventional
wastewater parameters such as biochemical oxygen demand (BOD), total organic carbon
(TOC), total suspended solids (TSS), and pathogens. Thus, the MBR process provides better
feed water quality for subsequent water treatment processes. The MBR process also achieves
similar or greater micropollutant removal, depending on the compound.

e Operation of membrane bioreactors at higher values of sludge retention time (SRT).

Additional strategies to maximize the removal of microconstituents by biological processes are
the subject of current research. One area of research is the modifying the properties of the
membrane °. Parameters such as molecular weight cut off limits and surface charge on the
membrane can be modified to best suit the effluent parameters desired. Modifications may also
be made in the treatment process itself. These might include the inoculation of special

microorganisms which could be specially suited to remove specific microconstituents '°.

Indirect potable water reuse requires water to be treated to a particularly high quality because of
public perception and concern about possible long-term health effects. Many researchers have
agreed that a multibarrier approach is the best way to achieve this and an MBR system can be a
good first process. Although the MBR process is not effective at removing all microconstituents,
they can provide subsequent systems with a high quality feed water that has low TSS and DOC.
Of these systems, reverse osmosis, which will be explored further in the next section, is proving
to be an effective process.
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Reverse Osmosis

Reverse osmosis is a membrane-based treatment process that separates contaminants from water
by forcing water through the membrane under pressure. Dissolved contaminants are separated
from the water as the water passes through the membrane. The primary treatment mechanism in
reverse osmosis is the physical separation of micropollutants from water because of differences
in physicochemical properties that allow permeation through the membrane at substantially
different rates. RO can effectively remove most microconstituents. Like the MBR process,
removal efficiencies depend on properties of the feedwater, membranes, and compounds to be
removed 2. Unlike the MBR process, though, the RO feedwater must be of high quality to
prevent fouling. This means that the feedwater for an RO system cannot be raw sewage and in
fact must be nearly free of solids, as discussed below.

Pretreatment requirements for the reverse osmosis process

The RO process requires influent water of high quality and pretreatment is almost always
incorporated to prevent scaling, clogging of influent channels, and formation of biofilms ',
There are four fouling mechanisms that may occur on an RO membrane: (1) accumulation of
suspended solids (sometimes referred to as colloidal fouling), (2) scale formation from inorganic
precipitates, (3) accumulation of organic matter, and (4) biological growth on the membrane
surface.

Scaling can be minimized with pH adjustment or/and antiscalant addition to the feed water,
while clogging of influent channels and fouling can be minimized by providing a feed water as
free from particles as possible. At a minimum, particle removal requires a minimum pre-
filtration of 5 um or less. This is because RO, unlike membrane filtration, does not have a
backwash cycle that removes larger particles that build up on the surface of the membrane. For
the treatment process train in Cloudcroft, the RO system will receive feedwater from the
preceding MBR process. As mentioned earlier, the effluent from the MBR is of high quality and
meets or exceeds the particle parameter required for RO feedwater. Membrane filtration has
been shown to be an effective pre-treatment technology for RO processes.

The pretreatment to prevent biofouling is disinfection. The type of disinfectant used is of
concern because some disinfectants will degrade some RO membranes. Chloramines have been
found to be an acceptable disinfection for use ahead of RO membranes, whereas chlorine is not
acceptable.

Mechanisms for microconstituent removal by reverse osmosis

Many factors influence the removal mechanisms of microconstituents by the RO process. As
noted earlier, reverse osmosis is a diffusion-controlled process. Solute separation occurs when
constituents diffuse across the membrane slower than water does. Diffusion, and therefore
removal efficiency, is influenced by:

e Physical-chemical properties of the compound: These include the molecular weight, size,
diameter, solubility, diffusivity, polarity, hydrophobicity, charge, and protonization of the
compound 2%,
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e Membrane properties: These include the membrane’s surface charge, molecular weight cut-
off (MWCO), pore size, hydrophobicity, and surface roughness 2%’

e Membrane operating conditions: These include such parameters as flux, transmembrane
pressure, and the fraction of water to be recovered ***’.

[ ]

Feedwater characteristics: The composition of the feedwater can play an important role in
rejection efficiencies. These parameters include a feedwater’s temperature, ionic strength,
pH, hardness, concentration of microconstituents, and total organic matter concentration 2,

Water is a small, neutral, polar molecule. Conventional understanding of reverse osmosis
dictates that removal efficiency will increase as the physicochemical properties of the
micropollutant deviate from those of water. Drewes et al. (2006) developed the diagram shown
in Figure 5 to estimate rejection of microconstituents by reverse osmosis > **. The objective of
the diagram is to correlate removal efficiencies with solute and membrane properties. Although
the diagram can be useful in the design of water treatment systems to remove certain
microconstituents, the accuracy of this diagram has not been confirmed *°. Figure 5 summarizes
many types of interactions between the membrane, compound, and source water. Three main
mechanisms that contribute to PPCP removal by reverse osmosis are adsorption, charge
repulsion, and size exclusion *°.
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Figure 5 — Rejection diagram for microconstituents using membrane processes as

functions of both solute and membrane properties
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Molecular size has been shown to be a major mechanism for solute rejection by RO and NF
membranes > * 2 **. The density and MWCO of the membrane greatly affect removal due to
size exclusion, for both ionized and non-ionized compounds and is especially important for
solutes that are not charged. Some studies have shown that the RO process removes uncharged
organic compounds primarily through size exclusion %2 Compounds with a molecular weight
greater than 200-300 Daltons (Da) are effectively rejected by RO/NF membranes although some
larger compounds can still be detected in the permeate *”*°. For example, Kimura et al. (2004)
reported that 17B-estradiol (MW: 279 Da) was found in RO permeate, although at very low
concentrations *.

Another important removal mechanism employed by the RO process is charge repulsion or

electrostatic exclusion. This mechanism relies on repulsion between the negatively charged
membrane surface and negatively charged solutes. Experimental results have shown that
negatively charged compounds could achieve high rejection due to electrostatic exclusion
This was found to be true regardless of other physicochemical properties.

27,31

The concentration of microconstituents may also have an effect on how well they are rejected.
Kimura et al. suggests that rejection efficiencies decrease with lower feed concentrations
although they suggest further research should be done to determine its effects *’.

An operating parameter that can have a large effect on microconstituent removal is the fractional
feed water recovery. Factors that can limit recovery are osmotic pressure, concentration
polarization, and the solubility of sparingly soluble salts '*. Higher recovery will result in
increased permeate volume but will decrease its quality '*. This can be important when trying to
remove microconstituents. Verliefde et al. showed that at a recovery of 10 percent, a NF
membrane was able to remove >75 percent of all target compounds with most achieving >90
percent removal and a few compounds being removed at >99 percent *>. At 80 percent
recovery, the same compounds were removed less effectively with one compound dropping to
~10 percent removal.

Membrane selection

Because solute removal efficiencies are closely linked to the chemical and physical properties of
the membranes, material selection for RO membranes is important. A good RO membrane must
meet many characteristics '*. Ideally, an RO membrane material will produce a high flux that
will not clog or foul easily while still maintaining high solute removal efficiency. The material
should be affordable while being durable and stable. No commercial RO membrane can
completely reject all solutes *°. Membrane manufacturers have focused their efforts on
developing membrane materials that achieve a high solute rejection while producing high water

2
flux at the lowest transmembrane pressure *°.

The two most popular materials used in RO membranes are cellulose acetate and polyamide.
Although both materials have benefits and drawbacks, the polyamide seems to be better suited
for the removal of microconstituents. One of the drawbacks of polyamide membranes is that
chlorine and other disinfectants damage the membranes. Care must be taken in designing these
systems to maintain feed water with proper disinfection while maintaining the integrity of the
membrane.
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Besides the membrane material, the decision to use either a NF or RO membrane can have
important implications on different parameters. As mentioned earlier, the classification of
different membranes can be somewhat arbitrary. NF membranes can selectively remove divalent
cations (hardness) and anions (e.g. sulfate) and NOM while leaving a greater fraction of the
monovalent ions in the permeate. While traditionally many RO membranes removed ions
indiscriminately, newer RO membranes have been developed that have improved selectivity.

Although RO membranes will achieve higher removal of microconstituents than NF membranes
due to their tighter, denser material, NF membranes have some advantages. RO membranes
requires higher pressures and are therefore more energy intensive '*. NF membranes can be
operated at lower pressures than RO, resulting in lower operating costs .

Summary of RO effectiveness for microconstituent removal

Table 3 summarizes information on 15 papers that investigated microconstituent removal by RO.
Although results may vary for removal efficiencies of individual compounds depending on the
study, a frequent conclusion in these articles is that the reverse osmosis process is effective at
removing nearly all microconstituents.

Table 4 lists the removal efficiencies for the compounds studied in these articles. This table also
lists some of the compound’s physical and chemical properties, how often the compound was
studied, and which RO membrane achieved highest removal. It should be noted that various
parameters such as pH, the ratio of the permeate flux to concentration polarization mass transfer
coefficient, (J/k ratio), and even time can have significant roles in the rejection of these solutes.
It is likely that some of the apparent differences in performance are due to differences in
experimental conditions and analytical methods between different studies. Because of these
differences, some caution should be used when interpreting these results.

As noted earlier, higher molecular weight, charged, more nonpolar, and more hydrophobic
compounds should be removed more efficiently by reverse osmosis. The articles reviewed for
this report generally indicated that the results followed these trends, although it is difficult to
observe these trends in the summary table in this report because of the generally high removal
for many compounds and the confounding effects of differences in removal caused by different
study conditions. Some trends were evident, such as that charged compounds always achieved
very high removal efficiency. Thus, it is theoretically possible to use chemical structure
relationships to predict which micropollutants will be harder to remove with reverse osmosis.

In the section on the MBR process, it was noted that seven compounds were not removed at all
in at least one study. Of those, carbamazepine, DEET, diclofenac, hydrocodone, TCEP, and
trimethoprim were effectively removed by reverse osmosis. EDTA removal by RO was not
evaluated in any of the articles reviewed for this report.

Some neutral compounds were not well removed by reverse osmosis. Less than 50 percent
removal of bisphenol A and caffeine were found by at least one researcher, but greater than 99
percent removal was achieved by the MBR process for these compounds. Compounds that were
poorly removed by RO in some studies like bisphenol A and caffeine tended to be well removed
by MBR. Thus, for at least some compounds, compounds that are poorly removed by the MBR
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process are effectively removed by the RO process, and vice versa. For other compounds with
poor RO removal, information is not available for effectiveness by the MBR process. For
instance, less than 50 percent removal was found by at least one study of RO removal for 17 3-
Estradiol, 2-naphthol, 4-phenylphenol, bromoform, chloroform, NDMA, phenacetine, and TCE,
but no corresponding information for the removal of these compounds was found in the MBR
literature reviewed for this report. All of these are neutral compounds and most are hydrophobic.
Based on the trends predicted by Figure 5, the lack of removal of these compounds may be due
to the specific shape of the chemicals.

A number of studies reviewed for this report evaluated PPCP and EDC removal at bench or pilot
scale. Removal efficiency in these processes is controlled by mass transfer of water and solutes
through the membrane. These mechanisms are only slightly influenced by hydrodynamic or
water matrix impacts. Mass transfer of solutes through the membrane proceed largely
independently of one another. As a result, removal efficiency measured at bench or pilot scale is
generally representative of removal at full scale when operating conditions such as recovery are
similar. It should be noted that other aspects of membrane system performance, such as fouling
of the membrane, are much more dependent on hydrodynamic and water matrix conditions, and
therefore do not compare as well between bench scale and full scale.

Design and operational strategies to maximize micropollutant removal using reverse osmosis,
based on accepted understanding of the mechanisms controlling the reverse osmosis process,
include the following:

e Removal could theoretically be maximized by selection of “tighter” membranes (i.e.,
seawater RO in lieu of brackish water RO membranes, or brackish water RO membranes in
lieu of nanofiltration membranes). Tighter membranes, however, typically operate at lower
water flux rates. As a result, it would be necessary to increase the size of the system, which
would increase capital costs. Tighter membranes may also require a higher feed pressure,
which would increase operating costs.

e Removal could theoretically be improved by operating at a lower recovery. High recovery
concentrates the micropollutants on the feed side of the membrane, and the higher
concentration increases the mass transfer across the membrane, resulting in lower quality
product water. Overall, recovery may have a minor impact on the removal efficiency. For
practical and economic reasons, it is desirable to operate at the highest achievable recovery,
but it is worth noting that the operating conditions that maximize micropollutant removal
may be in conflict with desired operating conditions for cost-effective implementation.

As a treatment process, reverse osmosis has several other negative aspects. These include (1)
high loss of product water because of low recovery, (2) high energy consumption, (3) large
volume waste stream, which increases disposal costs. These negative aspects should be
considered when comparing reverse osmosis to other treatment processes for micropollutant
treatment.
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Activated Carbon Adsorption

This section examines the adsorption of microconstituents by granular activated carbon (GAC)
and powdered activated carbon (PAC). Activated carbon is an effective adsorbent that is used
for removing many dissolved compounds from water. GAC is used in a fixed-bed process like
granular media filtration whereas PAC is added to water as a suspension, allowed to adsorb
constituents from water, and then separated from the finished water. Activated carbon can be
used at several scales, ranging from as large as full-scale municipal treatment systems to as small
as water filters that can attach to the end of a plastic bottle or faucet. GAC is most commonly
incorporated in water treatment facilities for (1) removal of trace contaminants and (2) removal
of dissolved organic carbon (DOC) . Activated carbon will effectively remove many organic
compounds and the USEPA has designated GAC as a best available technology (BAT) for the
treatment of many regulated organic pollutants **.

Charcoal adsorbers were used in the US to treat drinking water as early as the late 1800’s.
Although the charcoal used was not activated and therefore did not have the extensive porosity
characteristic of activated carbon, it was still a useful process for treating water. Activation is a
process of treating charcoal or other materials to make them highly porous. In the case of
activated carbon, the activation process produces a material with extremely high internal
porosity. The internal pores have a large amount of surface area to which contaminants can
adsorb. Granular activated carbon can have as much as 100 to 500 square meters of surface area
per gram of material. This high surface area is one of the key factors in the effectiveness of
activated carbon, since the adsorption capacity is directly related to the amount of surface area
available.

Mechanisms for microconstituent removal by adsorption

Activated carbon removes dissolved constituents from solution by adsorption. Adsorption is a
process in which compounds in the liquid phase accumulate on a solid surface '*. The adsorption
process is used in drinking water treatment to remove synthetic organic compounds (SOCs),
disinfection by product (DBP) precursors, taste and odor-causing compounds, and some
inorganic compounds. The process involves the adsorbate, the dissolved compound that
undergoes adsorption, being transported via diffusion into the porous absorbent, the solid onto
which the adsorbate adsorbs to. The solute is attached to the absorbent surface thru either
chemical bonds (chemisorption) or physical attraction (physical adsorption).

Physical adsorption is a rapid process caused by nonspecific binding mechanisms '*. It is the
most common mechanism by which contaminants are removed from water. Physical adsorption
is generally a reversible process meaning that if the concentration in solution decreases, then the
contaminant will desorb back into the solution. Chemisorption, on the other hand, is usually an
irreversible process where the contaminant is chemically bonded to the surface. Chemisorption
is more specific than physical adsorption because the adsorbate shares electron density with the
adsorbent, which forms a higher energy bond.

Adsorption is dependent on time and the amount of surface area (capacity) available for
adsorption. Adsorption is an equilibrium process, so micropollutants in water will partition
between the water and carbon surface until the two are in equilibrium with each other. Thus,
presence of micropollutants on the carbon surface will also indicate micropollutants remaining in
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the water, although in many cases the remaining micropollutant concentration in the water will
be too low to measure.

Adsorption of microconstituents to activated carbon depends on properties of the water, activated
carbon, and the microconstituents . Physicochemical properties controlling adsorption are
similar to those that control removal in reverse osmosis. More nonpolar, more hydrophobic, and
lower solubility compounds should be removed efficiently by carbon adsorption. For activated
carbon, lower MW compounds are more efficiently removed because of increased accessibility
to inner pores of the carbon, which is the opposite of reverse osmosis. In addition, uncharged
molecules are more efficiently removed by adsorption (again, the opposite of reverse osmosis),
because of the increased aqueous solubility of charged compounds. The pH of the solution
affects adsorption for ionic solutes for several reasons. First, the charge on activated carbon is
affected by pH. Generally, activated carbon has a negative charge above pH of about 5, and is
neutral between a pH of 4 and 5. Adsorption of anionic constituents is thus greater below pH 4,
but from an operational standpoint, is not practical. The pH is also an important parameter for
the removal of acids and bases where the pH affects the charge of the solute.

Activated carbon has a nonpolar surface at a neutral pH '*. Because water is a polar liquid,
nonpolar organics are more hydrophobic and have lower aqueous solubility. Therefore, neutral
hydrophobic compounds will have the strongest affinity to carbon surface, and organic
compounds that are polar, hydrophilic, or charged will not be adsorbed as strongly due to strong
water-adsorbate forces.

An implication of this removal mechanism is that compounds are not degraded or destroyed, just
transferred to the activated carbon surface. If carbon were regenerated, compounds would then
be destroyed during the regeneration process. If however, the carbon is just discarded when it
reaches capacity, PPCPs could be released to the environment from the surface of the carbon.

A second mechanism for micropollutant removal by activated carbon is biodegradation by
microorganisms living on the carbon surface. Ozone followed by activated carbon can be an
effective removal strategy because the ozone chemically degrades compounds and makes them
more biodegradable, and then the microorganisms living in the carbon bed complete the
degradation process. This process is commonly called biofiltration and has the advantage that
the carbon never reaches capacity and has to be replaced.

Powder activated carbon versus granular activated carbon

GAC and PAC are the two primary adsorption process materials used in drinking water treatment
' Although this report focuses on the use of GAC, a brief summary of PAC is provided. The
only functional difference between the materials is the size of the activated carbon particles—
GAC is typically 0.5 to 3.0 mm in diameter and is used in a fixed-bed process like a granular
media filter, whereas PAC is 20 to 50 um in diameter and added to water in power form. This
difference in size leads to a difference in how the material is used in water treatment. Table 5
shows the principal uses, advantages, and disadvantages of both materials.

PAC is added directly to the water in a powder form, so it can be applied at various locations
throughout the treatment process. It is removed from solution via sedimentation or filtration '*.
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Table 5: Principal uses, advantages, and disadvantages of granular and powdered
activated carbon .

Parameter Granular Activated Carbon (GAC) Powder Activated Carbon (PAC)
Principle uses Control of toxic organic compounds Seasonal control of taste and odor
present in groundwater compounds and strongly adsorbed

pesticides and herbicides at low
concentrations (< 10 pg/L)
Barriers to occasional spikes of toxic
organics in surface waters and control of
taste and odor compounds

Control of disinfection byproduct
precursors or DOC

Advantages Can be regenerated Easily added to existing coagulation
facilities for occasional control of
organics

Lower carbon usage rate per volume of
water treated compared to PAC

Disadvantages Need contactors and yard piping to Impractical to recover from sludge from
distribute flow and replace exhausted coagulation facilities
carbon
Previously adsorbed compounds can Much higher carbon usage rate per
desorb and in some cases appear inthe  volume of water treated as compared to
effluent at concentrations higher than GAC

present in influent

As shown in Table 5, one of the main advantages of PAC is that it can be easily added to an
existing coagulation facility with minimal capital investment. PAC can also be used only when
needed which can reduce costs. Some treatment facilities may use PAC during the spring runoff
to remove pesticides and herbicides or during the summer to control taste and odor compounds
associated with algal blooms in surface water sources. The method of addition can be a
disadvantage if the need to use PAC is more than just seasonal because GAC can be used at
lower doses than PAC, which makes GAC more economical if activated carbon is used more
regularly or continuously.

GAC is more frequently used in water treatment and is the principal focus of this report.
Microconstituent removal by PAC is also provided because the results help explain the
performance of GAC *°.

Granular activated carbon can be used as the upper layer in a dual or multimedia filter. GAC can
also act as a substitute for conventional granular filter media '*. GAC adsorption is usually
incorporated with filtration or after filtration and right before final disinfection. When used in an
adsorption process after filtration, there are three additional options for GAC contactors: gravity
feed contactors, pressure contactors, and upflow and/or fluidized-bed contactors. Gravity feed
contactors are similar to granular media filters but deeper.
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Adsorption capacity affects the use of PAC and GAC differently. For PAC, a dose of carbon is
added to the water and adsorption occurs until the capacity is reached, with the remaining
pollutant staying in the water. Removal efficiency can be increased simply by increasing the
carbon dose. For GAC, pollutants adsorb to the carbon bed and the pollutant concentration in the
effluent can be unmeasurable until the capacity (measured as bed volumes) is reached, at which
time the pollutant passes through the bed and the influent concentration of the pollutant is
measured in the effluent. Once the adsorption capacity is reached, the media must be replaced or
regenerated to restore removal effectiveness.

Summary of activated carbon effectiveness for microconstituent removal

Table 6 summarizes microconstituent removal by the activated carbon process. These studies
found that the process is effective at removing many, if not most, targeted microconstituents.
The removal efficiencies of all targeted compounds removed by GAC and PAC are listed in
Table 7.

Many of the studies identified the conditions related to the effectiveness of activated carbon. For
PAC, increased removal efficiency for many compounds is dependent on both the PAC dose ***
33 and the contact time ®. Although many compounds achieve higher removal with increased
PAC dose, some compounds that are removed well at low doses do not achieve additional
removal with higher PAC doses. For GAC, an important parameter for efficient removal of trace
organics is whether the GAC receives regular regeneration or replacement ®**. One study
considered on-site regeneration, but on-site regeneration is costly and would only be feasible if
the carbon usage was greater than 150,000 kg/yr '*. Snyder et al. (2007) identified a facility with
on-site and regular regeneration as having minimal breakthrough of organic contaminants and
improved removal efficiency of selected microconstituents °. In contrast, the study found little
removal of trace organics in a facility with high levels of TOC that did not provide regular
replacement/regeneration. This suggests that the high TOC caused rapid exhaustion of the
carbon, thus limiting its ability to adsorb microconstituents.

Westerhoff et al. [35] showed that protonated bases are well removed by PAC. Compounds with
low K,y values, as well as deprotonated acid functional groups, appeared to be the most difficult
to remove >, most likely because they have high solubility and are negatively charged. Several
studies also concluded that hydrophilic compounds break through the column sooner than the
hydrophobic compounds ®**. Vieno, et al. found that the hydrophobic compound carbamazepine
could be effectively removed by GAC even after treatment of >70,000 bed volumes of water **.
The same study found that the more hydrophilic compounds could pass GAC treatment after
only 2,000 to 3,000 bed volumes of water.

One parameter that affected both GAC and PAC was the NOM concentration (measured as
DOC) in the feed water °. The presence of NOM can reduce the removal efficiency of
microconstituents by activated carbon due to competition for adsorption sites. The NOM can
block the pores within the activated carbon structure, leaving less opportunity for the
microconstituents to be adsorbed. The quantity and characteristics of DOC in the feed water is
an important parameter that can influence removal efficiencies for activated carbon **. The
competition between NOM and microconstituents will have an impact on the effectiveness of
GAC for indirect reuse applications since wastewater has higher DOC concentrations than many
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surface water sources used for municipal water supplies. For this reason, it is important to use
wastewater treatment processes that remove as much DOC as possible prior to use of GAC.

Many studies have found that combined use of GAC or PAC with membrane processes is highly
effective at removing microconstituents 14.32 " Crittenden et al. (2005) listed some benefits of
combining UF membranes with PAC '*. One of the reported advantages is that this combination
of processes effectively removes both DOC and DBPs. Verliefde et al. (2007) reported the
combination of NF and GAC can provide a robust dual barrier for the removal of organic
microconstituents *>. This is attributed to the NF membrane’s ability to effectively remove high-
molecular weight polar solutes, while activated carbon is more effective at removing non-polar
solutes. Similarly, use of RO to remove NOM would reduce the competition between NOM and
microconstituents in a subsequent activated carbon process.

A number of studies reviewed for this report evaluated PPCP and EDC removal at bench or pilot
scale. Removal efficiency in these processes is controlled by the time the water and carbon are
in contact with each other and the adsorption capacity of the activated carbon. The time is
relatively easy to scale between systems and is controlled by the empty bed contact time (EBCT)
and loading rate for GAC adsorption and the contact time for PAC adsorption. The adsorption
capacity, however, can lead to significantly different results when the scale of the system or the
water matrix is different. The water matrix is particularly important because compounds
compete for the same adsorption sites. Adsorption studies of single solutes in distilled water
provide an upper limit to the adsorbability of a compound. Presence of other compounds and
particularly the presence of NOM can significantly reduce the removal efficiency. These effects
may be particularly important in wastewater applications because the concentration of
adsorbable natural organic matter in waste water may be orders of magnitude higher than the
concentration of the target PPCPs and EDCs. Bench-scale tests known as rapid small scale
column tests (RSSCTs) can provide good prediction of full-scale performance, but again, the
water matrix must be largely identical to the full-scale conditions. As a result, removal
efficiency measured at bench or pilot scale may not be representative of removal at full scale
unless the water matrix and operating conditions are very similar

Thus, although activated carbon adsorption can effectively remove many microconstituents, the
process is influenced by competition by DOC and other constituents. Successful application of
the process will require methods of monitoring performance to determine when the breakthrough
occurs and how contaminant removal deteriorates.

Design and operational strategies to maximize micropollutant removal using carbon adsorption,
based on accepted understanding of the mechanisms controlling the adsorption process, include
the following:

e Selection of the carbon with the highest adsorption capacity for the compounds of interest.
Bench- or pilot-testing is typically required for carbon selection.

e Select GAC adsorption in lieu of PAC adsorption. GAC uses the adsorption capacity of
carbon more effectively and is more appropriate for applications requiring continuous
removal.
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e Ifusing PAC, increase the carbon dose and/or the contact time. However, carbon dose has a
direct effect on the operating cost of the process.

e Ifusing GAC, increase the carbon bed volume with respect to the flowrate being treated.
However, bed volume has a direct effect on the capital cost of the process. Monitor effluent
concentrations and regenerate or replace media when breakthrough occurs.

e Couple carbon adsorption with a pretreatment process that will minimize the influent DOC
concentration and therefore minimize the negative impacts of competitive adsorption.

As well as these processes work, they are not 100 percent effective and several compounds are
still detectable in the activated carbon effluent ®*°. Some of the important parameters that
influence the removal efficiency of microconstituents by the activated carbon process are the
carbon type, contaminant solubility, contact time, and competition from NOM **. In addition,
the ability of a facility to regenerate or replace the GAC is essential to maintaining high
microconstituent removal rates “**. Nevertheless, activated carbon can provide an additional
barrier in a treatment train that, when combined with other effective processes, should offer a
multi-barrier approach for PPCP and EDC removal.

Oxidation and Advanced Oxidation Processes

The last category of treatment processes considered in this report is oxidation processes.
Oxidation and advanced oxidation processes (AOPs) achieve removal by chemical destruction
rather than just separating chemicals from solution '*. The most desirable outcome is the
complete oxidation of toxic organic compounds into carbon dioxide, water, and mineral acids,
but as this section will discuss, few AOPs achieve total mineralization.

The oxidation process

A variety of water quality problems is amenable to treatment by chemical oxidation. These
include disinfection, taste and odor control, and the removal of hydrogen sulfide, color, iron, and
manganese, to name a few '*. Oxidation processes have also been used to oxidize organic
compounds. This section reviews three types of oxidation processes: conventional chemical
oxidation, oxidation by photolysis, and advanced oxidation processes (AOPs).

Conventional oxidation processes use oxidants such as chlorine gas (Cl,) and its dissolution
products hypochlorous acid (HOCI) and hypochlorite (OCI’), ozone (O3), hydrogen peroxide
(H20,), permanganate (KMnOQOy), and chlorine dioxide (ClO,). The driving force behind all
oxidation processes is the exchange of electrons between constituents and the corresponding
decrease in the overall electrical potential '*. In conventional oxidation processes, the oxidants
are generally selective regarding which compounds they degrade. Although the use of oxidants
such as chlorine is common in drinking water treatment, there are disadvantages. One of the
largest concerns is the production of disinfection by-products such as trihalomethanes (THMs)
and haloacetic acids (HAAs).
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Advanced oxidation processes combine a chemical oxidant with UV radiation or use
combinations of oxidants to increase the rate of the oxidation process. Common AOPs include
UV/ozone (UV/0O3), UV/hydrogen peroxide (UV/H,0,), UV/titanium dioxide (UV/Ti0O;), and
Fenton’s reagent (H,O, and an iron salt). Other processes such as wet air oxidation, super-
critical oxidation, and catalytic oxidation require large amounts of energy in the form of high
temperature and pressures. Because contaminant concentrations in drinking water are so low and
the daily volume of water to be treated is so large, the latter processes are not used for drinking
water treatment.

Oxidation may occur through direct chemical oxidation of susceptible bonds in the target
molecule or through generation of highly reactive free radicals such as the hydroxyl radical
(OH"). AOPs are especially effective at generating free radicals, which is the principal
mechanisms responsible for their enhanced performance *°. Hydroxyl radicals are reactive
electrophiles that react with almost all electron-rich organic compounds '*. For most
compounds, their reaction rates are orders of magnitude faster than conventional oxidants.

The effectiveness of disinfection and oxidation processes is determined by a number of factors
including the concentration of the oxidant or intensity of UV radiation, the reaction time,
temperature, and the presence of competing reactants or free radical scavengers. For most
oxidation reactions, there is a direct relationship between oxidant concentration and reaction
time. In other words, similar destruction can be achieved using a high oxidant concentration and
short reaction time, or low oxidant concentration and long reaction time. Thus, design of
disinfection processes are usually based on the parameter CT where CT is:

CT = Oxidant Concentration x Time

CT usually has units of mg-min/L. The equivalent dose for UV oxidation is the product of light
intensity (watts/m”) and time (seconds) to give an exposure measured in Joules/m”. Note that the
energy of light is inversely proportional to its wavelength so that short wavelength light (i.e. UV
light) has more energy than visible light.

Chemical reactions are accelerated by higher temperatures, hence better oxidation or disinfection
is achieved in warmer water. However, because of the large volume of water processed in a
treatment plant it is not possible to control the temperature of water in a disinfection of oxidation
process. Instead, the CT product is increased for lower temperatures to give similar removal.

Most oxidants and especially free radicals are not specific to particular solutes and will react
with any oxidizable compound in solution. This includes suspended solids and dissolved organic
carbon, whether these compounds are natural or not. Therefore, it is important that the feed
water have as low a concentration of DOC as possible to maximize destruction of
microconstituents. Further, because suspended solids absorb light, it is important that the
suspended solids concentration be as low as possible for oxidation processes that utilize UV
light.
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Photolysis

Photolysis is a light-induced oxidation process that uses the energy from absorbed photons '*.
The compound to be oxidized must have the capacity to adsorb photons of the incident light *’.
To provide enough energy, light in the UV range of 200 to 400 nm is usually used '*. For
photolytic reactions, an unstable compound is formed when a photon is absorbed by an electron
in the compound’s outer orbital. This causes a reaction that can cause the compound to split
apart. The photonic energy needed for the reaction depends on the compound’s specific electron
structure.

An advantage to oxidation with UV light is that it works well for disinfecting a wide range of
waterborne pathogens without creating any of the regulated disinfection byproducts *’. This also
helps treatment facilities meet part of their overall disinfection demand while reducing the

chlorine dose. This reduction in chlorine also decreases the concentrations of halogenated DBPs
37

UV can degrade organic compounds in a couple ways. One method is direct photolysis of
photolabile compounds by light absorption *’. The other method is indirect photolysis, which
can occur in surface water through UV photolysis of NOM that can create hydroxyl radicals.
Although NOM can be a source of hydroxyl radicals, it can also decrease degradation of organic
compounds through competition for UV light. H,O; can also degrade organic compounds
through §r71direct photolysis. This occurs when UV light, combined with H,O,, produce hydroxyl
radicals °".

Types of UV Lamps

Three major types of UV lamps are used in water treatment '*. These are (1) low pressure, low
intensity, (2) low pressure, high intensity, and (3) medium pressure, high intensity lamps. For
the purpose of this paper, the first two types will simply be referred to as low pressure lamps.

Low pressure (LP) mercury lamps are frequently used for UV disinfection **. They emit quasi-
monochromatic UV light at 254 nm and have been shown to remove some contaminants, such as
ketoprofen and ciprofloxacin. Other compounds are removed to a lesser degree, while the
degradation of carbamazepine is found to be negligible. Although the LP lamps have been found
to be two to three times more efficient at deactivating microbes than the medium pressure (MP)
polychromatic mercury lamps, MP lamps can still be a good choice.

MP lamps emit a broadband spectrum (205 to 500 nm) of light that is used for disinfection and
degradation of photolabile compounds **. When combined with H,0,, MP-UV produces
hydroxyl radicals that can oxidize a wide range of organic compounds. Although LP lamps
produce much better light output per unit of electrical energy, the MP lamps are still considered
more important for industrial processes because they can produce a much higher total UV-light
output ** and have a much higher radiation density **. These factors can be advantageous in
larger UV disinfection units and facilities where space is a limiting factor because fewer lamps
are needed, which reduces the reactor size.
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Types of AOPs

Advanced oxidation processes include various combinations of H,O,, Ozone, UV, TiO,, and
other oxidants. Table 8 lists three of these processes and their advantages and disadvantages.
The table is taken from Crittenden et al. (2005) and lists only these three because of their full
scale feasibility and that they were cited as AOPs used to degrade micropollutants by the sources
used in this literature review.

Although most AOPs that have commercial applications are actually a combination of two or
more other processes, ozone is sometimes considered an AOP due to its ability to form hydroxyl
radicals '*. Ozone forms a variety of free radical species through a sequential decay cycle in
water. Ozone also forms hydroxyl radicals when it reacts with NOM. This reaction is
considered an important mechanism in destroying target compounds. At high pH (> 8.3) free
radical scavengers such as carbonate ions (CO;”) compete for these radicals with organic
compounds, thus the effectiveness of ozonation processes diminishes at high pH.

Summary of oxidation process effectiveness for microconstituent removal

Water utilities have begun using oxidation and AOPs as a way to remove micropollutants due to
the success of theses processes in disinfecting drinking water *'. Recently, significant advances
in the understanding of the aquatic photochemistry of certain single compounds or classes of
pharmaceuticals has been made, although specific data in this area is still needed *.

Table 8: Advantages and disadvantages of various AOPs .

AOP Process | Advantages Disadvantages
H,O,/UV e H,0, is quite stable and can be stored e H,0O, has poor UV absorption
on site for long periods prior to use characteristics and if the water matrix

absorbs a lot of UV light energy, then
most of the light input to the reactor will
be wasted.

e Special reactors designed for UV
illumination are required

¢ Residual H,O, must be addressed.

H,O,/Ozone | e Waters with poor UV light transmission | ¢ Volatile organics will be stripped from

may be treated. the ozone contactor.
e Special reactors designed for UV e Production of O3 can be an expensive
illumination are not required and inefficient process.

e Gaseous ozone in the off-gas of the
ozone contactor must be removed

¢ Maintaining and determining the proper
03/H,0, dosages may be difficult.

e Low pH is detrimental to the process.

Ozone/UV ¢ Residual oxidant will degrade rapidly e Special reactors designed for UV
(typical half-life of O3 is 7 min). illumination are required.
e Ozone absorbs more UV light than an e Ozone in the off-gas must be removed.
equivalent dose of H,O, (~200 times o Volatile compounds will be stripped
more at 254 nm) from the process.
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Table 9 summarizes information from 20 investigations of micropollutant removal by oxidation
and advanced oxidation processes. These studies used a wide range of doses, times, water
matrixes, and process combinations. As a result, it is not possible to summarize the removal
efficiency of all compounds used in these studies in a single comprehensive table as was done for
other treatment processes. Instead, specific results are discussed in the following paragraphs.

Most conventional oxidation processes are not very effective at removing many micropollutants
2. This is largely because lower oxidant concentrations and less powerful oxidants are needed to
achieve disinfection than are needed to destroy trace concentrations of microconstituents. As a
result, most studies have found relatively poor micropollutant removal by oxidation processes
designed to achieve disinfection. In contrast, AOPs rely on higher oxidant doses, longer reaction
times, and employ processes that maximize the production of highly reactive free radical
compounds that will attack a wide variety of chemical bonds to destroy nearly all organic
compounds ****,

Although UV light irradiation can be effective for drinking water disinfection, it achieves limited
degradation of many micropollutants " **3* 4044 especially at doses used for disinfection
(120-400 mJ/cm?) *** (although one source cited typical disinfection doses of <5-30 mj/cm® °).
Either much longer exposure times or higher intensity UV light is required to destroy
micropollutants "**3%* One author cited that the UV dose required for treating
micropollutants would be orders of magnitude higher than that needed for disinfection °, while
another author cited the appropriate dose is about five times higher **.

The combination of peroxide and UV light has been shown to be quite effective at degrading
many micropollutants *73% 4144446 " Thjs is believed to be due to enhanced production of free
radical compounds. The studies by Muller and Jekel (2001) and Muller, et al. (2001), found that
the UV/H,O; process had the highest degradation for atrazine (up to 99 percent), but it also used
a lot of energy ***°.

Ozone and ozone-based AOPs are effective at removing many micropollutants ~*°. Ozonation
by itself can reduce both the concentration and number of compounds detected after treatment **
*. For example, Okuda, et al. (2008) found that ozone coupled with a biological activated
carbon process reduced all residual pharmaceuticals to below quantification limits **. Although
O; oxidation of microconstituents is highly effective, special considerations are needed for
source waters with high bromide concentration to limit formation of brominated compounds '*
. Also, O3 oxidation of microconstituents requires longer contact times and/or higher doses than
that used for disinfection, which increase process costs ***".

Muller et al. (2001) found that the H,O,/O3 process produced the best microconstituent removal
in terms of energy use **. The energy used for this process was an order of magnitude lower than
the UV based processes (UV/H,0; and UV/O3). Kim, et al. (2008) found this process to be very
promising but did not pursue a full scale version due to the high bromide concentration in the
source water **. Instead, the plant was built using the UV/H,0, process. This system has been
operating since 2004 and provides good destruction of both organic micropollutants and
microorganisms.
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Few AOPs systems have been built solely for removal of microconstituents; most have been
designed to provide disinfection. One benefit to using an ozone or UV/H;0; system is that they
are widely used, have a high level of technical development in industrial applications, and their
effectiveness is well established *°. Ozone and UV/H,0, have shown that they can destroy
microconstituents and appear to be promising techniques although, like other oxidation
processes, longer treatment is required for micropollutant removal than for disinfection **.

Problem compounds and special considerations

Ozone, ozone-based, and UV-based AOPs can effectively degrade most microconstituents but
researchers have found some compounds are slowly oxidized. One study found that 2-QCA,
DEET, and cyclophosphamide were poorly removed by these processes '. A couple studies
found that ozonation could not effectively remove clofibric acid *>**’. One study found that
Ciprofloxacin was the most persistent target compound with only 16 percent degradation by
ozone **. Carbamazepine *"** and naproxen >’ were found to be poorly degraded with UV.
UV/H,0, showed better removal of these compounds *"**. A couple studies found that clofibric
acid was poorly removed by ozonation even at higher doses '***.

Although oxidation processes will degrade most organic compounds, it is important to recognize
that the products are almost certainly not fully mineralized to H>O and CO,. The objective of an
oxidation processes is to change the compound so that it is no longer biologically active **.
While an oxidation process may destroy the parent compound, it may produce degradation
products with unknown biological activity >*. AOPs have shown that they can completely
degrade organic compounds, but more research into potential oxidation by-products is warranted.

Although oxidation processes are not likely to completely mineralize organic compounds in
water, research has shown that partial oxidation of many recalcitrant compounds will
substantially increase their biodegradability ** This principle is increasingly used in water and
wastewater treatment plants where an oxidation step immediately precedes a biological process
to facilitate removal of resistant compounds. A good example is the drinking water treatment
plant recently completed by the Albuquerque Bernalillo County Water Utility Authority. This
plant provides ozonation immediately prior to biological filters that contain granular activated
carbon. Pre-ozonation achieves partial oxidation of refractory compounds that allows rapid
biodegradation by organisms attached to the GAC surface. The combination of advanced
oxidation followed by biological active filtration might be a particularly effective method of
eliminating PPCPs and EDCs, and more research into this process combination is warranted.

As mentioned in the section on reverse osmosis, some RO membranes should not be exposed to
certain oxidants. For example the polyamide membrane will rapidly deteriorate if exposed to
free chlorine '*. Degradation of membranes must be considered if oxidation and membrane
processes are included as sequential processes in treatment facilities.
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Summary and Conclusions

The emerging problem of microconstituents in the nation’s water supply is one that will likely
shape the direction of water treatment for years to come. As water supplies get tighter and the
demands for cleaner water increase, the ability of water treatment facilities to consistently
produce reliable and clean potable water is essential. The ability to detect these compounds is
continually improving and is part of the cause of the increased attention. Current methods can
detect compounds at nanograms per liter.

This report evaluated research for water and wastewater treatment processes that have the
potential of removing microconstituents from water. The processes reviewed are being used, or
are similar to those being used, in the new, state-of-the-art water treatment facility in Cloudcroft,
NM. These processes include membrane bioreactors, reverse osmosis, activated carbon,
oxidation, and advanced oxidation.

Membrane bioreactors offer some advantages over conventional activated sludge processes
including higher MLSS and smaller plant footprints. This is attributed to the membrane in the
MBR, which completely retains suspended solids. The MBR delivers a high quality effluent that
is largely disinfected and meets or exceeds regulations for traditional parameters in wastewater
treatment such as BOD, COD, TSS, ammonia. The MBR process is comparable to conventional
activated sludge for removing some targeted microconstituents and more efficient for removing
other compounds. The MBR process cannot remove all targeted compounds to below the MRL
and some compounds, such as carbamazepine, are not removed at all. The MBR can give
adequate pretreatment for a reverse osmosis system.

The reverse osmosis process was found to be very effective at removing most of the targeted
compounds studied. This process includes the use of both nanofiltration and reverse osmosis
membranes. Some neutral hydrophobic compounds were not well removed by the RO process.

The activated carbon process was also found to be highly effective in removing most targeted
compounds to a high degree. Both powder and granular activated carbon were found to be
efficient and removal efficiencies are thought to be similar for the two. Time to breakthrough for
hydrophobic compounds is much longer than for hydrophilic. NOM can greatly reduce removal
efficiencies due to competition for adsorption sites. For PAC, increased removal efficiency for
many compounds is dependent on both the PAC dose and the contact time. The most important
parameter for GAC is the regular regeneration or replacement of the activated carbon.

Conventional oxidation processes such as chlorine have been widely used for many years as a
disinfectant. Most conventional oxidants are not very effective at degrading organic
microconstituents. Advanced oxidation processes, which form highly reactive, non-selective
hydroxyl radicals, have shown that they can completely oxidize many targeted
microconstituents. Both conventional and advanced oxidation processes may produce
byproducts. Contact times and doses can be higher for organic microconstituent degradation
than for disinfection. The AOPs of ozone and UV/H,0O; have the benefit of being systems that
are widely used, have a high level of technical development in industrial applications, and their
effectiveness is well established.

PPCP/EDC State of Knowledge Report Page 51 of 55



Many researchers have cited the need for a multibarrier approach in treating microconstituents.
The processes reviewed closely match the processes used at the facility in Cloudcroft, NM and
should prove to be a reliable system in greatly reducing or eliminating many microconstituents.
What is still missing, though, is a general understanding of not only the occurrence and fate of
these compounds in the environment, but also an understanding of their effect on human health.
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