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ABSTRACT 

Within the context of potable reuse, there is a need for a more comprehensive 

examination of the quality of dissolved organic matter (DOM) in treated wastewater and 

the efficacy of different treatment schemes in removing or transforming DOM. In 

particular, there are significant information gaps regarding the character, fate, and health 

risics associated with effluent organic matter (EfOM). 

Two research goals guided this research. The first goal was to evaluate the 

efficacy of constructed wetlands for wastewater polishing in a hot, arid environment, 

from the perspective of season-dependent effects on DOM. To this end, behavior of 

organics was evaluated over a 22-month period during treatment in a local constructed 

wetlands facility. The second goal was to examine changes in character of EfOM that 

accompany passage through natural treatment systems (either constructed wetlands or 

soil aquifer treatment, SAT). This was accomplished via isolation and characterization of 

organics collected along flowpaths of these treatment systems. 

Wetland effluent concentrations of dissolved organic carbon (DOC) and 

nonbiodegradable DOC were positively correlated with temperature. That is, the highest 

concentrations occurred in summer and were attributed to the combined effects of 

evapotranspiration (ET) by wetland vegetation along with production of wetland-derived 

natural organic matter (NOM). 

There was little if any change in the hydrophobic-hydrophilic character of DOM 

attending wetland treatment. Biodegradation of labile EfOM combined with contribution 

of wetland-derived NOM resulted in modest (at best) changes in distribution of carbon 
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moieties in hydrophobic (HPO) and hydrophilic (HPI) acid isolates. Aliphatic carbon 

decreased during wetland treatment. Elemental analysis suggested that microbial activity 

is the dominant process controlling the character of wetland-derived NOM. Reactivity of 

isolates in forming trihalomethanes (THMs) during chlorination increased as 

consequence of wetland treatment. Wetland-derived NOM was more reactive than EfOM 

in forming THMs. Uniform trends occurred among isolates of EfOM and wetland-

derived NOM between biodegradability and THM production upon chlorination. 

Ultrahydrophilic EfOM was preferentially removed during vadose zone 

percolation of secondary effluent. The chemical character of EfOM (HPO- and HPI-

acids) became more similar to NOM as a consequence of SAT. Genotoxicity of HPO-

acids, on a per mass basis, increased after SAT. 
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I INTRODUCTION 

1.1 The Need for Wastewater Reuse 

1.1.1 Global Perspective 

Reuse of municipal wastewater is an accepted practice in many parts of the wc^^d. 

There is increasing agreement that reuse of municipal wastewater effluent is a 

option to optimize water resource management (Crook and Elfring, 1996; Pinhol!»^er, 

1995). Currently, there is widespread use of reclaimed water for irrigation and 

nonpotable purposes, helping to alleviate the demands on potable water suppl^^^-

However, there are relatively few communities that augment their potable water supp^'^s 

using reclaimed water. Nevertheless, as populations increase, and alternative source? 

potable water grow more expensive, there is increasing interest in examining the oppo" 

of potable reuse. Consequently, evaluation of treatment schemes for renovapng 

reclaimed water to drinking water quality is currently an active area of research. 

1.1.2 Local Perspective: Tucson Basin 

Groundwater levels have declined significantly in many parts of the State of 

Arizona since the initiation of groundwater pumping in the 1940s. In the Tucson Ba?''^' 

groundwater levels have been lowered as much as 200 feet. The City of Tucson currei'^^'Y 

relies on ground water, with the majority of supply coming from the City's Cental 

Wellfield. In some areas of the Central Wellfield, groundwater levels are declining af ^ 

average rate of 4 to 5 feet per year (ADWR, 1999). 



25 

In response to dwindling groundwater resources, the Arizona State Legislature in 

1980 passed the Groundwater Management Act. As part of this Act, four active 

management areas (AMAs) were created (Phoenix, Tucson, Pinal, and Prescott) where 

demands on groundwater resources are most severe. The AMA boundaries were based 

primarily on groundwater basin divides. A principal objective of the Groundwater Code 

is that "safe yield" must be achieved by the year 2025 in three of the State's AMAs 

(Phoenix, Tucson, and Prescott). Safe yield objectives are satisfied when the total 

amount of groundwater withdrawn from a coherent hydrological source is in a long-term 

balance with the annual amount of natural and artificial groundwater recharge. 

Ground water is currently used at twice the rate of natural replenishment in the 

Tucson AMA (ADWR, 1999). The productivity of some existing wells has decreased 

because the most productive zones of the aquifer have been dewatered. Negative impacts 

associated with declining groundwater levels also include loss of riparian habitat, 

increased costs of groundwater pumping, and land subsidence. If subsidence occurs, 

aquifer sediments can become compressed, resulting in permanent loss of water storage 

capacity. For example, near the town of Eloy, more than 10 feet of subsidence occurred 

between 1952 and 1985 due to groundwater pumping. In the Central Wellfield area of 

the Tucson Basin, there has been at least one foot of subsidence since 1950; current rates 

of subsidence are estimated at 0.8 inches per year and this rate is increasing (Water 

Resources Research Center, 1999). 

In the Tucson AMA, the estimated total volume of ground water in storage down to 

1,200 feet below ground surface is about 70 million acre-feet (ADWR, 1999). Since 
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groundwater pumping began, it is estimated that 6 to 8 million acre-feet of water have 

been removed from the aquifer (corresponding to 7 to 9 percent of total water in storage). 

Even if safe yield is achieved, the balance will become increasingly difficult to 

maintain over time as demands increase due to growth of municipalities and industries. 

Artificial groundwater recharge can be used to help offset drawdown of the aquifer and 

will become increasingly important in the future. Sources of water available for artificial 

groundwater recharge in the Tucson Basin include Central Arizona Project (CAP) water 

and municipal wastewater effluent. The City of Tucson is currently engaged in operating 

a pilot-scale facility (Central Avra Valley Storage and Recovery Project, CAVSARP) for 

surface recharge of CAP water via spreading basins. The city plans to construct a full-

scale CAP water recharge facility capable of recharging 60,000 acre-feet of water per 

year (ADWR, 1999). 

Even with full use of Tucson's CAP water allocation (138,920 acre-feet) for 

potable water supply, demand will exceed sustainable supply by the year 2015-2020, 

assuming current population growth rates and no change in per capita use rates (Arnold, 

2000). In other words, Tucson's CAP water allocation cannot satisfy the City's long-

term demand. Other sources of water must be found to maintain current levels of 

consumption. 

The most obvious source of supplemental water for the Tucson Basin is reclaimed 

water. Municipal effluent represents a very significant potential water source. In 1995, 

total effluent production was 68,600 acre-feet, most of which originated from the two 
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regional wastewater treatment plants operated by Pima County (Roger Road Wastewater 

Treatment Facility and Ina Road Water Pollution Control Facility). 

1.1.3 Potable Reuse 

Potable reuse of wastewater is receiving serious consideration in an increasing 

number of communities in the United States (Pinholster, 1995; Cole, 1998). There are 

currently five locations in the United States that intentionally practice indirect potable 

reuse. Three sites are in the State of California: the Montebello Forebay (Los Angeles 

County, California), Water Factory 21 (Orange County, California), and the Tahoe-

Truckee Sanitation Agency Water Reclamation Plant (Nevada County, Nevada). The 

other two locations are the Upper Occoquan Sewage Authority Water Reclamation Plant 

in Fairfax County, Virginia, and the Fred Hervey Water Reclamation Plant in El Paso, 

Texas (Sloss et al., 1996). 

The number of communities in the United States that unintentionally consume 

reclaimed water may be substantially greater. For example, the cities of Cincinnati and 

New Orleans obtain water from rivers that receive outflows from numerous municipal 

and industrial sources. It is possible that these communities consume water containing a 

higher percentage of reclaimed water than is present in areas practicing intentional 

indirect potable reuse (Robeck et al., 1987). 

Several studies have demonstrated the efTicacy of water reclamation technologies 

for renovating effluent for potable supply. For example, in a study of planned indirect 

potable reuse in San Diego, Olivieri et al. (1998) showed that the carcinogenic risk from 
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consuming advanced treated wastewater effluent was 1000 times less than associated 

with consumption of the City of San Diego's current raw water supply. 

There remains in the mind of the public a significant level of uncertainty with 

respect to the safety of consuming reclaimed water. A report published by the National 

Research Council Committee to Evaluate the Viability of Augmenting Potable Water 

Supplies with Reclaimed Water concluded that epidemiological studies have not 

demonstrated a causal relationship between consumption of reclaimed water and the 

onset of harmful health effects (National Research Council, 1998). Positive correlations 

that have been found in some studies are not statistically reliable due to methodological 

difficulties inherent with epidemiological studies. 

The lack of a documented causal relationship between harmful health effects and 

consumption of reclaimed water does not negate the potential existence of such a 

relationship. In light of this fact, the 1998 NRC report stated that potable reuse of 

reclaimed water should be considered an "option of last resort" after all other alternatives 

for nonpotable reuse, water conservation, and demand management have been exhausted. 

The language used in that report has been used by opponents to attack new potable reuse 

projects (Cole, 1998). 

In response to potential health concerns, the State of California Department of 

Health Services proposed criteria in 1993 pertaining to groundwater recharge using 

reclaimed water (Table 1.1) (Asano, 1993). In this table, within the three surface 

recharge categories, an "X" indicates a required treatment process. The basis for these 

criteria was research performed by the Lx>s Angeles County Sanitation Districts at the 
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Montebello Forebay Groundwater Recharge Project at Whittier Narrows (Nellor et al., 

1984; Nellor et al., 1985). Nevertheless, several proposed criteria lack a clear scientific 

origin, in part due to a general lack of knowledge regarding the amount and nature of 

constituents of wastewater origin that survive groundwater recharge and underground 

storage. 

Table I.l. Draft regulations proposed by the State of California Department of Health 
Services in 1993. 

Surface Spreading 
Project Category 

I n m 
Maximum % reclaimed water at wellhead 50 20 20 
Depth to ground water (ft) at initial percolation rates 
of: 

<0.2 in/min 10 10 20 
<0.3 in/min 20 20 50 

Required retention time underground (months) 6 6 12 
Distance of recovery wells from spreading basin (ft) 500 500 1000 
Level of treatment: 

Secondary X X X 
Filtration X X 
Disinfection X X X 
Organics removal X 

Within the context of potable reuse, there is a need for a more comprehensive 

examination of the quality of dissolved organic matter (DOM) in treated wastewater and 

the efficacy of different treatment schemes in removing or transforming these 

constituents. In particular, there are signiflcant information gaps regarding the character, 

fate, and health risks associated with dissolved organics that comprise effluent organic 
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matter (EfOM). Literally thousands of individual organic compounds, the majority of 

which are unknown, comprise EfOM. 

Significant advances in understanding the character and fate of EfOM during soil 

aquifer treatment attended the research project "An Investigation of Soil Aquifer 

Treatment for Sustainable Water Reuse" (AWWARF, 2000). Research reported here was 

part of that larger effort. Results of a similar investigation of fate and transport of EfOM 

during passage of reclaimed water through constructed wetland systems are also within 

the scope of this dissertation. 

1.2 Nomenclature 

There are several terms used for labeling the organic material present in water. 

This research is concemed with organics of wastewater origin as well as organics of 

natural origin (e.g. wetland-derived organics). The term EfOM refers specifically to 

organics of wastewater origin. The term natural organic matter (NOM) refers to organics 

originating from natural processes (e.g. decomposition of plants). For example, organics 

added to water as a consequence of passage through wetlands (i.e. wetland-derived) are 

considered NOM. The term dissolved organic matter (DOM) encompasses all organics 

that may be present in water, independent of source. For example, the term DOM is used 

to refer to all dissolved organic material in constructed wetland effluent, which can 

include both EfOM and wetland-derived NOM. Several terms are used to identify the 

fractions of dissolved organics obtained during isolation/fractionation of DOM. These 
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terms are identified and discussed in Chapters 2 and 3. A list of acronyms is provided in 

Appendix A. 

The measurement of organic matter is based on organic carbon content. 

Measurements of EfOM, NOM, or DOM are expressed as dissolved organic carbon 

(DOC). Typically, EXXZ! comprises about 50% of the mass of DOM. Thus, the terms 

EfOM, NOM, and DOM are used when referring to the source(s) of organic material. 

The term DOC is used when referring to measurements of the concentration of these 

parameters. 

1.3 Research Objectives 

Two broad research objectives guided this research. The first objective was to 

evaluate the efficacy of constructed wetlands for wastewater polishing in a hot, arid 

environment, from the perspective of effects on DOM. The second objective was to 

examine changes in character of EfOM that occur during passage through natural 

treatment systems (either constructed wetlands or soil aquifer treatment). 

1.3.1 Efficacy of Using Constructed Wetlands for Wastewater Polishing in the Desert 

Natural wetlands are rare in an arid desert environment. Construction of 

treatment wetlands is an attractive option for polishing municipal wastewater because of 

ancillary benefits (e.g. creation of wildlife habitat). A number of constructed wetlands 

are presently utilized for wastewater treatment/polishing in the state of Arizona. With 
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respect to organic carbon, there are a number of issues that arise regarding the use of 

constructed wetlands: 

1. What is the contribution of wetland-derived NOM in wetland effluent? 

2. Is the production of wetland-derived NOM season-dependent? 

3. Is wetland-derived NOM biodegradable? 

4. Does the concentration of nonbiodegradable DOC in wastewater effluent 

change as a consequence of wetland treatment/polishing? 

5. If there is a change in concentration, is it season-dependent? 

This series of questions has relevance given the current interest in employing 

constructed wetlands as part of a "treatment train" for the renovation of municipal 

wastewater effluent prior to reuse (either nonpotable or potable). It has been suggested 

that passage of effluent through a wetland system followed by soil aquifer treatment 

(SAT) may be beneficial with respect to enhancement of total nitrogen removal. This 

type of sequential treatment system is employed at the Kingman Wetlands in Arizona 

(Gerke et al., 1998). Given a sufficient detention time, oxidation of ammonia to nitrite 

and nitrate can occur during wetland treatment (Kadlec and Knight, 1996). Conversion 

of nitrate to dinitrogen gas may then occur via denitrification reactions during SAT. The 

production of wetland-derived labile NOM may be beneficial in this context, serving as 

electron donor to help drive denitriHcation reactions. Given these possible benefits, it is 

relevant to examine season-dependent effects on the quantity and quality of NOM that 

occur as consequence of wetland treatment of wastewater. It is possible that treatment 
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performance is impacted by season-dependent changes in vegetation activity (i.e. growth, 

dieoff, and decay). The efficacy of wetland treatment of residual organics in wastewater 

effluent in a desert environment was assessed in a local research-scale subsurface-flow 

wetland facility (Constructed Ecosystems Research Facility, CERF) located in Tucson, 

Arizona. 

1.3.2 Characterization of Organic Transformations in Natural Treatment Systems 

In the context of potential potable reuse of reclaimed water, significant questions 

remain regarding the interplay of wetland pretreatment and soil-aquifer treatment (SAT) 

on final water quality parameters. Previous work demonstrated that significant 

reductions in total organic carbon (TOC) occur during SAT. Significantly less work has 

focused on changes in the character of organic residuals that survive SAT, either with or 

without pretreatment. 

The principal goal of this aspect of research was to examine changes in the 

character of DOM that occur during wetland treatment or SAT, and to compare the 

character of post-treatment EfOM to NOM. 

1.4 Hypotheses and Experimental Approach 

The research questions and hypotheses proposed here were designed to elucidate 1) 

effects of season-dependent wetland behavior on DOM, 2) changes in character of EfOM 

during wetland treatment, 3) character of wetland-derived NOM, and 4) changes in 

character of EfOM during SAT. Acronyms used here arc defined in Appendix A. 
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I. Question: Do season-dependent effects on DOM occur as a consequence of passage of 

municipal wastewater effluent through a constructed wetland treatment system? 

• Hypothesis: Wetland-dependent processes (i.e. evapotranspiration (ET) and 

release of wetland-derived NOM) seasonally elevate biorefractory and total 

DOC concentrations in wetland effluents. 

• Approach: Collect a time series of concurrent (inlet/outlet) samples from 

parallel wetland raceways that receive (i) secondary effluent and (ii) municipal 

tap (ground) water. Assess the role of ET via electrical conductivity 

measurements. Assess the impact of wetland-derived NOM via comparison of 

raceways receiving the different sourcewaters. Perform biodegradability tests 

to quantify biorefractory DOC. 

n. Question: How is the character of EfOM altered as a consequence of wetland 

treatment? 

• Hypothesis: The combination of 1) biodegradation of aliphatic components 

of EfOM and 2) contribution of aromatic moieties in wetland-derived NOM 

produce a substantial increase in the aromatic content of DOM in wetland 

effluent. 

• Approach: Concentrate and fractionate the organic acids in EfOM/DOM into 

hydrophobic and hydrophilic components. Characterize chemical structures of 

isolates using solid-state '^C-NMR, FT-IR, UV-VIS spectroscopy, and 
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elemental analysis. Perform tests on organic isolates to measure their 

biodegradability and trihalomethane formation potential during chlorination. 

in. Question: How does the character of EfOM change as a consequence of percolation 

through an extensive vadose zone (i.e. during SAT)? 

• Hypothesis: Processes comprising SAT act to reduce the dissimilarities in 

the character of residual EfOM (that survives SAT) and NOM. 

• Approach/work plan: Obtain samples along the flowpath of a local spreading 

basin recharge facility. Concentrate and fractionate the organic acids in EfOM 

into hydrophobic and hydrophilic components. Characterize chemical 

structures of isolates using solid-state '^C-NMR, FT-IR, UV-VIS 

spectroscopy, and elemental analysis. Compare chemical characteristics of 

EfOM isolates to NOM isolates. Perform tests on organic isolates to measure 

their biodegradability, trihalomethane formation potential during chlorination, 

and mutagenicity. 

1.5 Organization of Dissertation 

A general literature review is provided as Chapter 2. Analytical methods and 

descriptions of field sites are given in Chapter 3. Results and discussion are organized as 

chapters 4-6; each of these chapters forms the basis of at least one independent 

publication. In Chapter 4, the effect of seasonal variations in wetland activity on the 

behavior of DOM during wastewater polishing of secondary effluent is evaluated. 
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Structural characterizations of DOM isolated from water samples collected at the CERF 

wetlands, including independent characterization of wetland-derived NOM, are presented 

in Chapter 5. Structural characterizations of EfOM isolated from pre- and post-SAT 

water samples are given in Chapter 6. Quanrud et al. (2000) discusses season-dependent 

effects on organic carbon during wetland treatment at the CERF wetlands. That material 

was presented at the "7''' International Conference on Wetland Systems for Water 

Pollution Control" held at Lake Buena Vista, Florida, November 11-16, 2000. 
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2 LITERATURE REVEW 

2.1 Approaches for Reclaiming Wastewater 

There are multiple approaches available for renovating municipal wastewater for 

reuse. Decisions are governed by desired product water quality and costs. 

2.1.1 Engineered Treatment Systems 

Engineered systems for water reclamation can produce water of very high quality. 

It is possible, for example, to produce distilled water from wastewater effluent. These 

systems typically employ membranes as a principal component of treatment for removal 

of organic and inorganic solutes. Membrane technologies can be divided into four 

categories: microfiltration (MF), ultrafiltration (UF), nanoHltration (NF), and reverse 

osmosis (RO). 

Costs associated with producing high quality reclaimed water from effluent using 

engineered systems are significant. These systems typically have high capital costs and 

high operation and maintenance costs. They require continuous supervision by highly 

trained operators. 

A number of studies have evaluated the efficacy of engineered systems for 

renovating effluent for potable reuse. Pilot-scale testing of membrane treatment systems 

has been conducted at several locations in the United States (Geselbracht, 1995). Several 

studies have examined sequential membrane treatments. Systems using microfiltration 

prior to RO have been described by Leslie et al. (1996), Geselbracht (1995), and 

Gagliardo and Adham (1996). A sequential membrane system for polishing secondary 
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effluent prior to groundwater recharge was pilot tested in Belgium (Van Houtte et al., 

1998). In that study, biofouling was a problem. Leslie et al. (1998) reported that one of 

the main problems associated with membrane systems is biofouling/clogging. 

A 13-year demonstration-scale project in Denver, Colorado, showed that direct 

potable reuse of unchlorinated secondary effluent can be performed reliably using 

advanced engineered water treatment processes (Lauer et al., 1990; Rogers and Lauer, 

1992). Despite results from that study, there are no current plans for implementing direct 

or indirect potable reuse in Denver. 

At the Water Factory 21 Project, (Orange County, California) highly treated 

reclaimed water is directly injected underground at the Talbert Gap as a hydraulic barrier 

to prevent seawater intrusion. The treatment process incorporates granular activated 

carbon adsorption and RO for removal of dissolved organics and total dissolved solids 

prior to injection (Argo, 1985; Wehner, 1992; Mills, 1993). Studies involving bulk DCX^ 

characterization and specific compound identification in treated waters have been 

performed (Reinhard et al., 1994; Fujita et al., 1996). 

At the Water Campus Project in Scottsdale, Arizona, municipal wastewater will 

be treated to potable drinking standards using advanced wastewater treatment processes 

(including RO) and then recharged to the local aquifer using dry wells (Bushner et al., 

1995). 

On a smaller scale, membrane systems have been shown to be feasible for direct 

potable reuse on space missions (Moulin et al., 1997). 
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2.1.2 Natural Treatment Systems 

Natural treatment systems for wastewater reclamation can perform many of the 

same functions as engineered treatment systems and may be able to produce similar 

product water quality at lower cost. In the context of potable reuse of wastewater, a 

combination of natural and engineered treatment may be appropriate, providing multiple 

barriers for removal of wastewater constituents. 

Individually, treatment wetlands and soil-aquifer treatment are useful methods for 

attenuating dissolved organics, nitrogen species, and pathogens present in wastewater 

effluent. That is, natural treatment systems can be employed as part of a treatment train 

to "polish" effluent prior to reuse. 

There are currently several wastewater reuse projects in the American Southwest 

providing water for irrigation and even for indirect potable reuse. At the Sweetwater 

Recharge Facilities in Tucson, municipal effluent is recharged in surface spreading basins 

for seasonal storage in the local aquifer. This water is later withdrawn using wells, 

rechlorinated, and distributed locally to reclaimed water users, mainly for turfgrass 

irrigation during summer months. In the Los Angeles Basin, reclaimed water has been 

recharged to the surficial aquifer since the early 1960s using surface spreading basins in 

the Montebello Forebay. The recharged water migrates downgradient to extraction wells 

that are used for potable water supply. 

2.2 Constructed Wetlands 

In constructed wetland systems, water flows under saturated conditions in the 

presence of aquatic and/or terrestrial macrophyte vegetation. Microorganisms attached to 
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particle and/or vegetative surfaces are responsible for the bulk of water quality 

improvements that occur during wetland treatment. The macrophyte vegetation in 

wetland systems serves as a potentially significant source of organic carbon. 

The number of constructed wetlands used for treatment of municipal wastewater 

is increasing, numbering over 600 in North America (Cole, 1998). Treatment wetlands 

provide an attractive method for polishing of municipal wastewater due to their ancillary 

benefits of public use and wildlife habitat (Knight, 1997). Moreover, constructed 

wetlands are attractive due to their lower costs, in comparison to engineered systems. For 

example, Batchelor and Loots (1997) showed that the unit treatment cost of a wetland 

treatment system is less than that of a conventional activated sludge system. 

In the Sonoran desert region of Arizona, several constructed wetland projects 

have been developed over the past few years and several more are in the planning stages. 

There are active research programs at the Tres Rios E)emonstration Wetlands (Phoenix), 

Sweetwater Wetlands (Tucson), and the Constructed Ecosystems Research Facility 

(Tucson) to determine the efficacy of treatment wetlands in a hot, arid desert 

environment. 

2.2.1 Types of Wetland Treatment Systems 

There are three main types of constructed wetlands for wastewater polishing: 

surface flow (SF), subsurface flow (SSF), and vertical flow (VF). Within each category, 

there is great diversity in design and operational schemes. The variety of hydrologic 

regimes, hydraulic loading rates, and vegetative diversity makes generalization difficult 
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with regard to the behavior of organics during wetland treatment. However, it is 

worthwhile noting that in all types of treatment wetlands, the mechanisms responsible for 

attenuation of organics are almost solely associated with microbial activity (Wetzel, 

1993). It is generally recognized that, in the context of organics fate, macrophytes serve 

primarily as substrate for the attachment of microorganisms that are principally 

responsible for transformation/removal of organic solutes (Williams et al., 1998). 

2.2.1.1 Surface Flow Wetlands 

SF wetlands (also referred to as free-water-surface, FWS), incorporate open water 

areas for management of hydraulics and for creation of wildlife habitat. The depth of 

water is typically less than 0.4 m. Typical hydraulic loading rates for SF constructed 

wetlands are 0.7 to 5.0 cm/d (Kadlec and Knight, 1996). Existing full-scale SF treatment 

wetlands in the State of Arizona include the Sweetwater Wetlands (Tucson), the Tres 

Rios Demonstration Wetlands (Phoenix), the Kingman Wetlands, and the Sierra Vista 

Wetlands. Currently, mosquito control has become a major issue in some of these 

systems (Karpiscak et al., in press). 

2.2.1.2 Sub-Surface Wetlands 

In SSF constructed wetlands, wastewater flows by gravity horizontally through a 

bed of gravel or soil. Plants in SSF wetlands generally consist of a mixture of 

submergent and emergent macrophytes. SSF systems are typically more expensive to 

construct, on a per unit area basis, than SF systems, due to additional earthwork costs 



(Kadlec and Knight, 1996). Local SSF treatment wetlands include the Constructed 

Ecosystem Research Facility (Tucson). 

Water flow in these systems has been investigated. Long term performance of a 

subsurface flow system is discussed by Geller (1997). A simple plug-flow dispersion 

model is not adequate to use for modeling subsurface flow wetland systems. King et al. 

(1997) used tracer tests to show that flow in SSF systems is non-uniform. 

A signiflcant problem common to both SF and SSF treatment wetlands is 

maintenance of dissolved oxygen levels in the system. Highly reduced conditions can 

occur in wetland sediments when these systems are overloaded with oxygen-demanding 

constituents, which results in decreased removal efficiencies and stress to plants. 

2.2.1.3 Other Types of Wetland Systems 

Downflow (vertical flow) reed-bed systems incorporate aspects of both wetland 

treatment and soil aquifer treatment. In these systems, wastewater is applied 

intermittently, allowing for oxygen transport into the bed matrix during periods of drying. 

The greater oxygen flux, compared to horizontal flow wetlands, enhances aerobic 

decomposition processes and facilitates treatment of waters with higher organic loads. 

Sun et al. (1998) proposed that organic pollutants are retained by biofilms on surfaces of 

the bed matrix during downflow. Microorganisms then aerobically decompose adsorbed 

pollutants as oxygen reenters the beds during drying periods. A mathematical model 

based on consecutive adsorption and biodegradation was found to adequately describe 

collected data. 
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2.2.2 Review of Relevant Research 

2.2.2.1 Attenuation of Organics 

Research studies concerned with the fate of organics during treatment in 

constructed wetlands are listed in Table 2.1. The majority of these studies have utilized 

traditional bulk wastewater parameters such as five-day biochemical oxygen demand 

(BOD5) and/or chemical oxygen demand (COD). While BOD5 measurements are useful, 

they do not provide insight into the behavior of organics that resist biochemical 

oxidation. In one of the few studies to examine directly the behavior of DOC during 

wetland treatment, Pinney et al. (2000) found that DOC character and removal rates were 

season-dependent at a FWS wetland in Kingman, Arizona. Minimum DOC removal 

occurred during summer. It was hypothesized that this decrease was due to elevated 

contributions of plant-derived DOC. In that study, it was not possible to isolate organic 

carbon attenuation and production mechanisms. 



Table 2.1. Chronological summary of published studies examining fate of wastewater organics during treatment in 
constructed wetlands. 

Authors Wetland 

Type 

Location Influent Water 

Treatment 

Organic 

Parameter(s) 

Purpose 

Wolverton et al., 
1983 

Bench-
scale SSF 

NSTL, Mississippi primary BOD, Evaluate role of aquatic plants 

Bowmer 
1985 

SSF New South Wales, 
Australia 

Piggery effluent Volatile fatty 
acids 

Evaluate ability of Typha to detoxify 
piggery effluent 

Gersberg et al., 
1986 

SSF Santee, California primary BODs Evaluate role of aquatic plants 

Knight et al., 
1987 

FWS Lake Buena Vista, 
Florida 

Secondary 
(activated sludge) 

BOD, Evaluate natural wetland for wastewater 
treatment 

Breen, 
1990 

Bench-
scale F^S 

Australia secondary COD Validate first order mass balance model 

Brix, 
1990 

SSF 
reed bed 

Denmark Septic tank 
sewage 

BODs, COD Evaluate decomposition of organic 
matter 

Inaba, 
1992 

FWS Ibaraki, 
Japan 

Residential gray 
water 

LAS Quantitative assessment of LAS renK>val 
during wetland passage 

Butler et al., 

1993 

SSF 
gravel bed 

U.K. Primary BODs Evaluate performance of planted gravel 
beds as tertiary treatment process 

Karpiscak et al., 
1993 

Pilot scale 
FWS 

Tucson, AZ Secondary, 
trickling filter 

BODs Assess ability of multiple plant species 
system to treat wastewater 

Pardue et al., 
1993 

Bench-
scale 

Louisiana synthetic Hexachloro-
benzene 

Evaluate sorption of HCB in wetland 
systenu 

Karpiscak et al., 
1994 

Pilot scale 
FWS 

Tucson, AZ Secondary, 
trickling filter 

BOD, Evaluate efficacy of using water 
hyacinths in wetland treatment 

Karpiscak et al., 
1996 

Pilot scale 
SSF 

Tucson, AZ Secondary, 
trickling filter 

BODs Compare performance of duckweed pond 
versus SSF wetland 

Si 



Table 2.1. Chronological summary of published studies examining fate of wastewater organics during treatment in 
constructed wetlands (continuec ). 

Authors Wetland 
Type 

Location Influent water 
treatment 

Organic 
parameter(s) 

Purpose 

Stober et a!., 
1997 

FWS Fulton, Missouri Secondary 
(activated sludge) 

BOD5, COD Evaluate wetland performance 

Zuo and Jones, 
1997 

Laboratory various Natural waters Carbon 
monoxide 

Evaluate CO formation in wetland 
waters 

Fox et al., 
1998 

FWS Phoenix, AZ tertiary DOC, 
UV-254 

Evaluate attenuation of organics in the 
subsurface of a percolating constructed 

wetland 
GschlobI et al., 

1998 
SSF reed 

bed 
Bavaria lagoon COD Evaluate reed beds for upgrading 

lagoons 
Komer et al., 

1998 
Laboratory-

scale 
microcosms 

Netheriands Domestic sewage COD, TOC, 
DOC 

Role of duckweed in organic 
degradation 

Polprasert et al., 
1998 

FWS Bangkok primary COD, volatile 
suspended 

solids 

Evaluate importance of biofllms in 
FWS wetlands; develop kinetic model 

Tanner et al., 
1998 

SSF gravel 
bed 

North Island, 
New Zealand 

Farm dairy 
wastewater 

Volatile 
suspended 

solids 

Evaluate clogging by organic matter 

Pinney et al., 
2000 

FWS Kingman, AZ Lagoon DOC, UV254, 
SUVA, 
THMFP 

Evaluate structural changes in DOC 
across a FWS wetland receiving 

secondary effluent 

4^ U\ 
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The importance of biofllm bacteria on the kinetics of organic matter removal was 

investigated by Polprasert et al. (1998). They proposed a kinetic model incorporating 

biofilm and suspended bacteria activities along with dispersion number and hydraulic 

retention time that adequately predicted COD removal in a FWS tropical wetland system 

treating domestic wastewater. Tanner et al. (1998) found that BOD5 removal followed 

seasonal patterns and varied inversely with mass loading. A first-order, plug-flow 

modeling approach adequately simulated removal rates down to a nonzero background 

concentration. 

A few studies have examined the fate of trace organics of wastewater origin 

during wetland treatment. Federle and Ventullo (1990) conducted laboratory studies on 

the sorption and mineralization of linear alkylbenzene sulfonate (LAS) and other laundry 

detergent-derived surfactants by microorganisms attached to plant detritus (submerged 

oak leaves). They showed that mineralization rates of LAS were significantly faster (and 

occurred without a time lag) for detrital microbial communities obtained from a 

laundromat wastewater pond. Submerged oak leaves obtained from a pristine control 

pond showed much slower mineralization rates for LAS and did not follow first order 

kinetics. They concluded that plant detritus contributes significantly to surfactant 

removal in detritus-rich systems. 

Inaba (1992) reported on the ability of a small research wetland (474 m^) 

containing Phragmites communis (common reed) and Typha latifolia (cattail) to remove 

and degrade LAS. Removal followed a two-step process: adsorption onto sediment 

particles and subsequent biodegradation by wetland bacteria. Temperature was found to 
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affect the rate of biodegradation but not sorption. In winter, LAS was adsorbed and not 

degraded. In the summer, biodegradation rates exceeded LAS inflow rates, decreasing 

the mass of LAS already adsorbed. Biodegradation occurred at temperatures above 7°C. 

The biodegradation potential for this wetland was estimated at 0.15 g LAS m"^ d '. 

Stoll et al. (1998) reported on photochemical LAS degradation in the field. Thus, 

surface flow wetland treatment may be beneficial in promoting photodegradation of LAS. 

A review of simple mathematical models that have been proposed to predict 

attenuation of organics during wetland treatment is provided as Appendix B. Factors 

affecting the movement of anthropogenic hydrophobic organic compounds (HCXTs) 

during wetland treatment of wastewater are reviewed in Appendix C. 

2.2.2.2 Effect of Temperature 

Water quality improvements that occur during passage through treatment 

wetlands are the result of complex and poorly understood interactions between living 

communities of microorganisms and plants. Variations in microbial activities can occur 

in response to seasonal temperature fluctuations. Thus, it is reasonable to expect that 

attenuation of BOD5 follows an Arrhenius-type relationship, with higher removals 

occurring at higher temperatures. Several studies have shown that this is not the case, 

that is, that BODs removal during wetland treatment is not season-dependent (Bahlo and 

Wach, 1990; George et al., 1994; Hill and Payton, 1998; Manios et al., 2000). Other 

studies have found that there are seasonal variations in attenuation of BODs during 

wetland treatment, with higher removals occurring in warmer summer months. For 

example, Vanier and Dahab (1997) found that wastewater temperature was directly 
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correlated to removal rates of BOD5 and chemical oxygen demand in a SSF constructed 

wetland. At a free-water-surface (FWS) tertiary treatment wetland, Stober et al. (1997) 

found that BOD5 removals were greater in spring than in winter. 

There is evidence that relationships between temperature and BODs removals 

during wetland treatment in a hot arid desert environment do not follow trends observed 

in studies conducted in more moderate climate locations. For example, Karpiscak et al. 

(1996) observed greater BOD5 removal in winter than in summer at the CERF wetland 

raceways in Tucson, Arizona. Results from that study suggest that the correlation 

between temperature and BOD5 removal during SSF wetland treatment in a desert 

environment may be opposite to that predicted using an Arrhenius-type relationship. The 

author is unaware of any previous comprehensive study on the relationship between 

temperature and organic behavior during wetland treatment in a hot, arid desert 

environment. 

2.2.3 Mechanisms Impacting Organics in Wetlands 

Mechanisms responsible for removal of dissolved organics during wetland 

treatment include microbial-catalyzed degradation (aerobic and/or anaerobic), sorption, 

volatilization, and photo-oxidation. Microbial degradation represents a mass removal of 

organic carbon from the system and includes a number of different reactions: aerobic 

respiration, fermentation, nitrate reduction (denitrification), sulfate reduction, 

methanogenesis, and iron reduction. Wetland environments provide for a wide range of 

redox conditions, allowing many different microbial processes to occur, albeit at different 
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levels of efficiency. It is important to note that organic decomposition is performed 

primarily by microorganisms, and not by macrophytic vegetation (Wetzel, 1993). Plant 

and sediment surfaces may serve as attachment sites for microbes, however. 

The availability of molecular oxygen controls rates of aerobic respiration in 

wetland environments. Sources for oxygen include i) diffusion at the air/water interface, 

2) photosynthetic production in the water column, and 3) leakage from macrophyte roots 

(Brix, 1993). A constructed reed bed was used by Brix (1990) to show that macrophyte-

induced rhizophere oxygenation was not of quantitative importance for aerobic BOD 

degradation. Instead, organic matter was degraded aerobically by means of oxygen 

delivered directly from the atmosphere and anaerobically by methanogenic bacteria in the 

upper layers of soil. Wetzel (1993) noted that rooting tissues release small amounts of 

oxygen to maintain microaerophilic bacterial communities, preventing fermentative 

metabolism and formation of associated end products (e.g. hydrogen sulfide) that would 

be toxic to the roots. Thus the oxygenation serves the purpose of oxygenating the rooting 

tissue, not the surrounding sediments. Wetzel (1993) concluded that macrophytes are not 

efficient enough to aerate H20-saturated organic-rich sediments. 

Constructed wetlands are designed to promote efficient mixing, increasing oxygen 

availability for oxidation reactions. Duncan and Groffman (1994) compared microbial 

processes in constructed and natural wetlands. They noted that establishment of 

microbial communities in constructed wetlands has been one of the more elusive goals of 

wetland construction, possibly because constructed wetlands frequently have relatively 

low levels of soil organic carbon. 
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During passage through wetlands, attenuation of EfOM occurs simuhaneously 

with introduction of DOM derived from the decomposition of wetland vegetation 

(Wetzel, 1993). Wetland-derived NOM ranges from aliphatic labile sugars and 

carbohydrates to highly aromatic refractory polymers (lignin) representing structural and 

other plant tissues. The availability of wetland-derived NOM may reduce the efficiency 

of EfOM degradation in a constructed wetland system (Wetzel, 1993). 

In wetland systems, a substantial portion of detritus from vascular plants is not 

mineralized but is converted to dissolved decomposition products. Hodson and Moran 

(1995) proposed that two main components can be identified from lignocellulose-derived 

DOC: a polysaccharide-rich fraction that is degradable on the order of hours and a more 

biorefractory lignin-rich fraction that is degradable over months to years. This 

lignocellulose-derived DOC may represent a significant component of biorefractory 

wetland-derived DOC. A model for the sources, transformations, and fates of carbon 

derived from lignocellulosic detritus in aquatic environments is shown in Figure 2.1. A 

significant portion of the more labile components may be soluble polysaccharide 

derivatives, whereas lignin-derived phenolics may comprise the pool of more refractory 

compounds. Meyers-Schulte and Hedges (1986) have documented lignocellulose-

derived DOC in open ocean water. Its presence at great distance from its probable point 

of origin suggests that it is highly resistant to microbial utilization. 
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Figure 2.1. Model for the sources, transformations, and fates of carbon derived from 
lignocellulosic detritus in aquatic environments (after Hodson et al., 1985). 

2.3 Soil Aquifer Treatment 

2.3.1 Background 

Significant improvements in water quality are obtained during the processes that 

accompany percolation of municipal wastewater through the vadose zone, collectively 

known as soil-aquifer treatment (SAT). During SAT, treated effluent infiltrates into the 

ground from surface spreading basins, percolates through the vadose zone, and eventually 

mixes with native ground water. Dissolved organics, nitrogen species, and pathogens 
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present in effluent are removed (or transformed) during percolation and storage. 

Dissolved organic matter is removed by a combination of biological, chemical, and 

physical processes (biodegradation and adsorption being the most important) during 

passage through the vadose zone and subsequent storage/transport in the aquifer 

(saturated zone). Most treatment benefits are achieved during percolation through the 

vadose zone. Mechanisms responsible for attenuation of organics during SAT are 

reviewed in Appendix D. 

Recharge basins are typically operated under alternating wet and dry cycles. 

During flooding, a clogging layer develops at the soil surface due to the combined effects 

of algal growth, suspended solids deposition, and bacterial growth in soil pore spaces. 

This clogging layer, or schmutzdecke, impedes wastewater infiltration. Drying cycles re

establish infiltration rates by allowing the soil surface to dry and crack apart. Coarser 

soils (e.g. sands) permit faster infiltration rates during SAT. 

2.3.2 Previous Field Research at the Sweetwater Recharge Facilities 

Pilot-scale studies performed at the Sweetwater Underground Storage and 

Recovery Facility (US«&RF) in Tucson during 1990-91 indicated that DOC and total 

organic halide (TOX) were reduced by an average of 50 and 40%, respectively, during 

percolation of tertiary (dual-media filtration) effluent through the upper 20 feet of the 

local vadose zone (Amy et al., 1993). Field-scale studies performed during 1990-93 

showed average removals of 92 and 85% for IX)C and TOX, respectively, during deep 

percolation across the entire 120-ft vadose zone (Wilson et al., 1995). The field studies 
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were not well suited for determining mechanisms of organics removal and the role of 

dilution in achieving these results was largely unresolved. An average total nitrogen 

removal of 57% was found during the 1992-1993 recharge season and no Giardia or 

enteroviruses were detected in groundwater samples beneath the site (Wilson et al., 

1995). 

Several graduate students at the University of Arizona (as well as the University 

of Colorado at Boulder) have performed field research at the Sweetwater Recharge 

Facilities leading to Masters or Doctoral degrees. Attenuation of organics was studied by 

Aamodt (1990), Conroy (1990), Chahbandour (1991), Gordon (1993), and Armitage 

(1996). Cline (1992) performed tracer experiments using bromide and bacteriophage. 

Nitrogen transformations during recharge were studied by Santerior (1992) and Hafer 

(2000). Powelson (1990, 1993) examined the fate of viruses during SAT. Examination 

of perching layer effects on near-surface hydraulics was performed by Davies (2000). 

Murphy (1997) performed computer modeling of basin hydraulics during recharge 

operations. 

2.3.3 Laboratory Studies 

A number of laboratory-based studies have been performed at the University of 

Arizona in concert with field studies at the Sweetwater Recharge Facilities. Laboratory 

studies are useful for establishing causal relationships between parameters. Separate 

bench-scale column studies were performed to evaluate 1) mechanisms of DOC removal, 

2) role of surface layer (schmutzdecke), and 3) effect of soil type and effluent 

pretreatment on SAT performance. In the first study (Quanrud, 1995; Quanrud et al.. 
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1996a), SAT was simulated in 3.3-ft soil columns that received secondary effluent and 

were operated under alternating seven-day wetting (constant flux rate) and seven-day 

drying periods. Results indicated that the dominant mechanism for removal of DOC 

during percolation is aerobic biological degradation, providing evidence for long-term 

sustainability of SAT. Removal of organic halides (measured as adsorbable organic 

halide, AOX) was found to be mainly by sorption. Interestingly, this study also 

suggested the possibility of long-term degradation of previously sorbed AOX. In that 1-

year study, the AOX sorptive capacity of column soil (predicted via isotherm 

measurements) was exceeded by 75% without AOX breakthrough. 

In the second laboratory study, 1-ft columns were used to evaluate the role of the 

schmutzdecke (surface clogging layer) on SAT performance. Results showed that a large 

component of total DOC removal occurs within the first foot of soil via aerobic biological 

activity. Pre-ozonation of secondary effluent at a mass rate of 1:1 (ozone to carbon) did 

not significantly increase the degradable fractions of DOC or THMFP by schmutzdecke. 

In a third column study (Arnold et al., 1996; Quanrud et al., 1996b), it was found 

that the efficiency of DOC removal during percolation of secondary effluent is only 

mildly sensitive to soil type and insensitive to infiltration rate. During respective periods 

of steady operation, average removals of DOC through 3.3-ft columns containing sand, 

sandy loam, or silty soils were 48, 56, and 44%, respectively, resulting in post-column 

DOC concentrations of 5-6 mg/L. When sufficient oxygen was available, equivalent 

post-column DOC concentrations were attained using filtered primary effluent as 
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sourcewater; it was necessary to prevent ponded conditions in columns receiving primary 

effluent in order to provide sufficient oxygen (Soto Navarro, 1996). 

In columns containing sand, removal efficiencies remained steady throughout 

seven-day wetting periods in which infiltration rates declined from starting values of 10 

ft/day to less than 1 ft/day. Additional laboratory work demonstrated that there is a lower 

limit to DOC biodegradation; five-day aerobic batch tests indicated that the 

nondegradable fraction of DCXZ in secondary effluent was on the order of 3.2-3.5 mg/L. 

Ozone pretreatment did not significantly increase the fraction of DOC that was 

biodegradable (Hillman, 1996). Some nitrate removal was observed in columns 

receiving a partially nitrified effluent (Chipello et al., 1996; Chipello, 1999). High 

removals of Cryptosporidium oocysts (3.8 logs) were observed in the 3.3-ft columns. 

Removals of bacteriophage and poliovirus were 93 and 76%, respectively. These were 

observed to be partially remobilized during application of low ionic strength artificial 

rainwater (Carroll, 1996; Carroll et al., 1996). 

2.4 Bulk Dissolved Organic Matter Characterization 

2.4.1 Isolation Approaches 

Several approaches have been used to isolate aquatic DOM (Aiken, 1985). The 

most common separation methods utilize adsorption chromatography or membrane 

filtration. Other approaches (e.g. rotary evaporation, freeze-drying) have also been taken. 

A chronological summary of published studies involving one or more of these isolation 

techniques is given in Table 2.2. This table is not a complete list of all studies that have 

been performed. Rather, it is intended to provide a representative listing of the spectrum 
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of isolation methods and characterization techniques that have been used by researchers 

in examinations of DOM. 

Table 2.2. Chronological summary of published studies concerned with isolation and 
characterization of organic matter. 

Reference Isolation 
Approach 

Characterization 
Analyses 

Source(s) of 
Organic 
Material 

Oliver and Visser, 
1980 

UFand XAD2 CHCI3 production, 
MW(UF) 

Surface waters 

Thurman and Malcolm, 
1981 

XAD8 Elemental analysis River water. 
Ground waters 

De Haan, 
1983 

Sephadex gel 
filtration 

UV-VIS (E2/E3), 
PY-GC-MS 

Lake waters 

Plechanov et al., 
1983 

Anion 
exchange resin/ 

XAD7 

UV scans, FT-IR, 
'^C-NMR, 'H-NMR, 

Amicon UF, potentiometric 
titration, elemental analysis 

Surface waters 

Hatcher et al., 
1983 

NaOH 
extraction 

"C-NMR, elemental 
analysis, FT-IR 

Aquatic 
sediments 

Steelink et al., 
1983 

XAD8 '^C-NMR, 'H-NMR, 
ESR 

Suwanee River, 
other surface 

waters 
Thurman and Malcolm, 

1983 
XAD8 '^C-NMR, titrimetric 

CCXDH, carbohydrates, 
elemental analysis. X-ray 

scattering (MW) 

Suwanee River 

Visser, 
1983a 

UF Fluorescence Surface water, 
microbial mtrl. 

Leenheer and Noyes, 
1984 

XAD8/ 
MSC-1/ 

Duolite A-7 

none River waters. 
Ground water 

Collins, 
1985 

XAD8 MW (UF), THMFP Surface waters 

Chudoba et al., 
1986 

Vacuum 
distillation 

COD, Amino sugars, amino 
acids 

River water, 
ground water 
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Table 2.2 (continued). Chronological summary of published studies concerned with 
isolation and characterization of organic matter. 

Reference Isolation 
Approach 

Characterization 
Analyses 

Source(s) of 
Organic 
Material 

Hejzlar and Chudoba, 
1986a 

Vacuum 
distillation 

COD, Amino sugars, amino 
acids, biodeeradability tests 

Activated 
sludge 

Hejzlar and Chudoba, 
1986b 

Vacuum 
distillation, 

dialysis, XAD8 

Biodegradability tests, 
BOD, amino sugars, amino 

acids. 

Primary and 
secondary 
effluents 

Hejzlar et al, 
1986 

Vacuum 
distillation, 

dialysis 

COD, sugars, amino sugars, 
amino acids 

River and 
ground waters 

Gauthier et al., 
1987 

various pyrene binding, elemental 
analysis, fluorescence, "C-
NMR, FT-IR, fluorescence, 

UV-272 

various 

McKnight et al., 
1987 

XAD8 elemental analysis, 
potentiometric titration, 
copper binding capacity, 

'^C-NMR 

Spirit Lake 

Newman et al., 
1987 

NAOH 
extraction 

"C-NMR, ESR Municipal 
refuse 

Preston and Schnitzer, 
1987 

NaOH 
extraction 

"C-NMR soil 

Ringhand et al., 
1987 

XAD2/XAD8 Mutagenic activity, MX Surface waters 

Thorn, 
1987 

XAD8 "C-NMR Suwanee River 

Thorn et al., 
1987 

MIBK partition 
procedure 

"C-NMR Peat, stream 
sediment 

Thurman et al., 
1987 

XAD8 ABS and LAS surfactants, 
•'C-NMR 

groundwater 

Alberts et al., 
1988 

NaOH 
extraction 

Elemental analysis, carbon 
isotopes, UV-VIS, 

fluorescence 

Marsh plants 

Kronberg et al., 
1988 

1:1 mix of 
XAD8& 

XAD4 

MX, GC-MS, E-MX, Ames 
test 

Surface water 

Peschel and Wildt, 
1988 

XAD2 Elemental analysis, 
'^C-NMR, PY-GC-MS, FT-

IR 

River water, 
secondary 
effluent 

Frund and Ludemann, 
1989 

NaOH 
extraction 

'^C-NMR (solution vs. 
solid state) 

soils 

Frund et al., 
1989 

NaOH 
extraction 

FT-m, '^C-NMR soils 
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Table 2.2 (continued). Chronological summary of published studies concerned with 
isolation and characterization of organic matter. 

Reference Isolation 
Approach 

Characterization 
Analyses 

Source(s) of 
Organic 
Material 

Ibarra, 
1989 

NaOH 
extraction 

FT-IR coal 

Murphy and Davis, 
1989 

XAD8/ 
Silicalite 

Elemental analysis, '"^C, 
potentiometric titration, 

E4/E6 '^C-NMR 

Ground water 

Pettersson et ai., 
1989 

DEAE-
cellulose/ 

XAD8 

Elemental analysis, GPC, 
potentiometric titration, '"*C 

Ground waters 

Puigbo et al., 
1989 

NaOH 
extraction 

PY-GC-MS Delta 
sediments 

Senesi et al., 
1989 

various elemental analysis, UV-VIS 
(EVEe), FT-IR, 

fluorescence, ESR 

Aquatic and 
terrestrial 
sources 

Deiana et al., 
1990 

IHSS methods "C-NMR, 'H-NMR, 
FT-IR 

Sewage sludge, 
manure, 

worm compost 
Holmgren et al., 

1990 
stirring ESR, FT-IR, 'H-NMR peat 

Inbar et al., 
1990 

NaOH 
extraction, 

XAD8 

"C-NMR, FT-IR, 
elemental analysis, EJE^, 

phenol content, 
carboyxyl content 

Cattle manure 

Kukkonen et al., 
1990 

XAD8 HOC binding capacities, 
bioavailability 

Stream water 

Malcolm, 
1990 

XAD8 PY-GC-MS, "C-NMR, 'H-
NMR, saccharides, amino 

acids, '""C isotope 

Soil, 
Stream water, 
Marine water 

Marinsky and Reddy, 
1990 

NaOH 
extraction 

Vapor pressure osmometry, 
elemental analysis 

soil 

Serkiz and Perdue, 
1990 

RO none Surface water 

Wang et al., 
1990 

NaOH 
extraction 

UV-VIS, fluorescence, 'H-
NMR, MW (UF), 

FT-IR 

soils 

Wershaw et al., 
1990 

Sephadex gel "C-NMR Soils, 
sediments 

Alberts et al., 
1991 

Drying, 
grinding 

"C-NMR, 
elemental analysis 

Plant material 
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Table 2.2 (continued). Chronofogical summary of published studies concerned with 
isolation and characterization of organic matter. 

Reference Isolation 
Approach 

Characterization 
Analyses 

Source(s) of 
Organic 
Material 

Backlund et al., 
1991 

XAD8 MX, Ames Test Surface waters, 
ground water 

Baron et al., 
1991 

XAD8 Stable carbon isotopes 
(5''C) 

Alpine lake 

Frimmel and Abbt-Braun, 
1991 

XAD2 Elemental analysis, GPC, 
FT-IR, UV254, abs436 

Landfill 
leachate, 

bog lake, soil 
Krosshavn et al., 

1991 
Drying, sieving '^C-NMR Whole soil 

Peuravuori and Pihlaja, 
1991 

UF,XAD8 COD, DOC, HP-SEC Lake waters 

Pihlaja et al., 
1991 

UF, XAD8 '^C-NMR, E4/E6, titrimetric 
COOH, elemental analysis 

Lake water 

Salah et al., 
1991 

XAD8/ 
XAD4 
HPLC 

HPLC, "C-NMR, 
'H-NMR, FT-IR, ESR 

Suwanee River 

Aiken et al., 
1992 

XAD8/ 
XAD4 

elemental analysis, 
'^C-NMR 

Surface waters, 
^ound water 

Alberts et al., 
1992 

Ion exchange 
resins, XAD8, 

dialysis 

"C-NMR, FT-IR, 
MW (Amicon UF), 
elemental analysis 

Ground water 

Baldock et al., 
1992 

sonification "C-NMR soil 

Hedges et al., 
1992 

XAD8/ 
XAD2 

"C-NMR, 
elemental analysis 

Amazon River 

Kortelainen et al., 
1992 

XAD8/ 
Duolite A-7/ 
AG-MP-50 

Base titration Lake water 

Malcolm, 
1992 

XAD8 '^C-NMR Lake water 

Malcolm and MacCarthy, 
1992 

XAD8/ 
XAD4 

"C-NMR Lake water 

Thorn et al., 
1992 

XAD8 '^N-NMR, 
'^C-NMR 

Surface waters, 
soils 

Green and B lough, 
1994 

Ct8 extraction Fluorescence, 
optical adsorption 

Marine, 
riverine, and 

estuarine 
waters 
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Table 2.2 (continued). Chronological summary of published studies concerned with 
isolation and characterization of organic matter. 

Reference Isolation 
Approach 

Characterization 
Analyses 

Source(s) of 
Organic 
Material 

Hejzlar et al., 
1994 

DEAE 
cellulose, 

XAD2 

GPC, FT-IR, UV-VIS, 
neutral sugars, "C-NMR, 

amino acids 

Peatbog water 

Langvik and Holmbom, 
1994 

XAD8 GC-MS, Ames test, 
AOX.MX 

Lake water 

Jokic et al., 
1995 

NaOH 
extraction 

'^C-NMR, 'H-NMR 
elemental analysis 

Lake sediments 

Sun et al., 
1995 

RO none Synthetic 
river water 

Andrews and Huck, 
1996 

XAD8/ 
XAD4/ 

AGMP-50 

UV, elemental analysis, 
FT-IR, '^C-NMR, vapor 

pressure osmometry, 
ozonation byproducts 

Surface water 

Crum et al., 
1996 

RO. UF Molecular size Ground water 

Ephraim et al., 
1996 

DEAE 
cellulose/ 

XAD8 

UV-VIS, FT-IR, GPC, base 
titration, MW (UF) 

Stream water 

Fujita et al., 
1996 

XAD8 'H-NMR, elemental 
analysis, GC-MS 

Reclaimed 
water 

Gaffney et al., 
1996 

Hollow fiber 
UF 

PY-GC-MS, FT-IR, '^C-
NMR, UF (MW) 

Surface waters 

Gron et al., 
1996 

XAD8 UV-VIS, GPC, elemental 
analysis, '^C-NMR, 

amino acids, carbohydrates, 
C isotopes 

Danish 
groundwater 

Harrington et al., 
1996 

XAD8 PY-GC-MS, ^^C-NMR Raw water 
supplies 

Koechling et al., 
1996 

Anion 
exchange resin, 

XAD8 

MW (ultrafiltration), UV, 
PY-GC-MS, DOX, TTHM, 

HAA6 

Ground water 

Klevens et al., 
1996 

XAD8, DCX:, BDOC, UV-254, 
THMs, HAA6, AMW, 

biomass analyses 

Surface water 

Kulovaara et al., 
1996 

XAD8 UV-272, 
'^C-NMR 

Nordic 
reference 

Fulvic acid & 
Humic acid 

Marley et al., 
1996 

Hollow fiber 
UF 

Cylindrical internal 
reflectance IR 

Bog water 



61 

Table 2.2 (continued). Chronological summary of published studies concerned with 
isolation and characterization of organic matter. 

Reference Isolation 
Approach 

Characterization 
Analyses 

Source(s) of 
Organic 
Material 

Sihombing et al., 
1996 

Vacuum 
evaporation, 

XAD7 

PY-GC-MS, "C-NMR, 
GPC, elemental analysis 

Swamp water 

Song et al., 
1996 

XAD8and 
UF/RO 

Bromate formation Ground water 

Teng and Veenstra, 
1996 

XAD8/ 
UF 

THMFP, 
HAAFP 

Surface water 

Watt et al., 
1996 

XAD8/ 
XAD4 

'^C-NMR, elemental 
analysis, amino acids, base 

titration, neutral sugars, 
Ames test 

Surface waters 

Westerhoff et al., 
1996 

XAD8/XAD4 BrOs yield after O3 Surface and 
ground waters 

Barber et al., 
1997 

4 resin column 
array 

FT-IR, 
'^C-NMR 

Ground water 
(Los Angeles) 

Belzile et al., 
1997 

NaOH 
extraction 

FT-IR, E4/E6, 
'^C-NMR, elemental 

analysis 

Lake sediments 

Celi et al., 
1997 

NaOH 
extraction 

FT-IR, '^C-NMR, 
elemental analysis, E4/E6 

soils 

Clair and Sayer, 
1997 

RO "C-NMR lake 

Korshin et al., 
1997 

Iron oxide 
coated sand 

"C-NMR, TOXFP, 
UV-254, SUVA 

Surface waters 

Martin-Mousset et al., 
1997 

XAD8/ 
XAD4 

DOC, BDOC, UV254, UF Surface waters 

McKnight et al., 
1997 

XAD8 Elemental analysis, 
''C-NMR, UV-VIS 

Surface waters 

Newcombe et al., 
1997 

UF MW (UF). "C-NMR, 
potentiometric titration 

Surface 
reservoir 

Alberts et al., 
1998 

RO FT-IR, fluorescence, 
E4/E6 

Lake water 

Chefetz et al., 
1998 

XAD8 Elemental analysis, 
FT-IR, '^C-NMR 

Sewage sludge, 
secondary 
effluent 

Christensen et al., 
1998 

XAD8/ 
Cation 

exchange 

GPC, base titration, 
elemental analysis, UV-

VIS, E4/E6, FT-IR 

Polluted 
ground water 
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Table 2.2 (continued). Chronological summary of published studies concerned with 
isolation and characterization of organic matter. 

Reference Isolation 
Approach 

Characterization 
Analyses 

Source(s) of 
Organic 
Material 

Debroux, 
1998 

XAD8/ 
XAD4 

'^C-NMR, UV254, UV272, 
HPSEC, Fluorescence, 
PY-GC-MS, elemental 

analysis, THMFP, HAAFP, 
THMUP, HAAUP, 

DTAA. DTS 

Surface waters, 
sewage 

effluents 

Esteves Da Silva et al., 
1998 

XAD8 Potentiometric titration, 
FT-IR, synchronous 

fluorescence, elemental 
analysis 

Sewage sludge, 
compost 

Gjessing et al., 
1998 

RO PY-GC-MS, UV-VIS, 
FT-IR, "C-NMR, 

fluorescence, HPLC, 
elemental analysis, amino 
acids, THMFP, AOXFP 

Lake water 

Guzzella and Sera, 
1998 

XAD2 Ames Test, GC-lTDS Lake water 

Klinkow et al., 
1998 

UF,GPC DOC, luminescence Industrial 
wastewaters 

Knulst et al., 
1998 

XAD8/ 
XAD4 

"C-NMR Lake water 

Monarca et al., 
1998 

Silica C|g 
cartridges 

Ames test, 
plant genotoxicity bioassay 

Lake water 

Namour and Muller, 
1998 

XAD8/ 
AGMP-50/ 

A-21 

2Id biodegradability test Secondary 
effluent 

Santos and Duarte, 
1998 

XAD8 elemental analysis, FT-IR, 
'^C-NMR, 

potentiometric titrations 

Surface water 

Wershaw, Kennedy et al., 
1998 

Crushing, 
grinding, 
sieving 

"C-NMR, 
elemental analysis 

Elm leaves 

Wershaw, Leenheer et al., 
1998 

Crushing, 
grinding, 
sieving 

'^C-NMR, FT-IR 
elemental analysis 

leaves 

Wershaw and Kennedy, 
1998 

XAD8 '^C-NMR, FT-IR elemental 
analysis 

leaves 

Westerhoff et al., 
1998 

UF/RO, 
XAD8/XAD4 

Br' species, 
TOX 

Surface waters 
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Table 2.2 (continued). Chronological summary of published studies concerned with 
isolation and characterization of organic matter. 

Reference Isolation 
Approach 

Characterization 
Analyses 

Source(s) of 
Organic 
Material 

Croue et al., 
1999 

Anion 
exchange resins 

UV-254, fluorescence, 
elemental analysis 

Surface waters 

Drewes and Fox, 
1999 

XAD8/ 
XAD4 

'^C-NMR Surface water, 
reclaimed 

water 
Drewes et al., 

1999 
XAD8/ 
XAD4 

"C-NMR Surface water, 
reclaimed 

water 
Liu et al., 

1999 
XAD2 Mutagenicity tests (Ames, 

mammalian assays) 
Surface water 

Lombard! and Jardim, 
1999 

Ci8 extraction Fluorescence Marine water, 
soil 

Mounier et al., 
1999 

Tangential 
ultrafiltration 

Fluorescence, UV, TOC, 
Cu^"^ complexation 

Surface water 

Westerhoff et al., 
1999 

XAD8/ 
XAD4 

"C-NMR, UV-254, 
UV-280, SUVA, 

fluorescence, HPSEC, 
elemental analysis 

surface waters, 
ground water 

Anderson et al., 
2000 

RO HPSEC, E2/E4, 
Elemental analysis 

Lake water 

Carraro et al., 
2000 

XAD2 
XAD8 

Ames test River water 

Drewes and Fox, 
2000 

XAD8/ 
XAD4 

"C-NMR, UF Surface water, 
reclaimed 

water 

2.4.1.1 Adsorption Chromatography 

2.4.1.1.1 Background 

XAD resin adsorption chromatography has been a favored approach among 

researchers isolating DOM from natural waters (Table 2.2). These resins were first used 

by researchers at Iowa State University in the 1970s for isolation of trace organics from 

ground water (Bumham et al., 1973; Junk et al., 1974). Chromatographic fractionation 

schemes employing XAD resins for isolating aquatic DOM were introduced by Leenheer 
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(1981) and also by Thurman and Malcolm (1981). In Leenheer (1981), six fractions of 

DOM were recognized: hydrophobic-acids, -bases, and -neutrals, and hydrophilic-acids, -

bases, and -neutrals. In both of these publications, XAD8 resin was used to isolate 

aquatic humic substances. Since that time, researchers have used different resin 

chromatography isolation and fractionation schemes (Aiken, 1985; Aiken, 1988). At the 

current time, there is no universally agreed upon method for resin-adsorption-based 

isolation of aquatic DOM. However, the method reported in Aiken et al. (1992) has been 

used by several researchers and appears to be the most commonly used approach. In this 

method, two resin columns (XAD8/XAD4) are operated in series to isolate two fractions 

of DOM. This approach was used in this research; methods are described in Chapter 3. 

The remainder of this section discusses general theory of XAD adsorption 

chromatography. 

There has been confusion and inconsistency in the literature regarding the labels 

given to the fractions of DOM extracted using XAD resins. As pointed out by Shuman 

(1990), all DOM is relatively hydrophilic, or it would not dissolve in water. The initial 

coining of the terms "hydrophobic" and "hydrophilic" to describe fractions of DOM was 

based on relative sorption affinity for XAD8 resin. The fraction of residual DOM 

extracted by XAD8 resin has been referred to as "hydrophobic" by essentially all 

researchers. Similarly, the fraction of DOM that remains mobile after passage through 

XAD8 resin has been referred to as "hydrophilic" by most researchers. In reality, the 

"hydrophobic" fraction of DOM is relatively hydrophilic, but it is hydrophobic with 
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respect to XAD8 resin. Relatively speaking, the fraction of IX)M extracted onto XAD8 

resin is the most hydrophobic component of (hydrophilic) aquatic DOM. 

Since a substantial fraction of DOM is hydrophilic (not retained on XAD8), 

researchers have extended the method using XAD8/XAD4 resins in series. The XAD4 

resin captures a portion of the hydrophilic fraction of DOC. In the original publication 

describing this technique (Aiken et al., 1992), the label "hydrophilic acids" was applied 

to the fraction of acids retained on XAD4. 

Subsequent researchers have had difficulty in agreeing on the appropriate label 

for describing the organic acid fraction retained on XAD4 resin. Names ascribed to this 

fraction include hydrophilic acids (Aiken, 1988; Aiken et al., 1992; Christensen et al., 

1998; Drewes et al., 1999; Drewes and Fox, 2000), XAD4 acids (Malcolm and 

MacCarthy, 1992; Knulst et al., 1998), XAD4 fulvic acids (Andrews and Huck, 1996), 

transphilic acids (Debroux, 1998), and syn-fulvic acids (Aiken et al., 1996; McKnight 

and Aiken, 1998). Aiken et al. (1996) advocated replacing the term "hydrophilic acids" 

with the term "syn-fulvic acids." They noted that the original term was misleading since 

not all of the hydrophilic organic acids in a sample are retained on XAD4 resin. 

In this work, the labels ascribed to organic fractions are derived from their affmity 

towards XAD8 resin. Hence, the fraction of organics retained on XAD8 is considered 

"hydrophobic", the organics retained on XAD4 resin are referred to as "hydrophilic", and 

the fraction that is not retained on either resin is labeled "ultrahydrophilic." It is 

recognized that this labeling scheme is not ideal. 
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2.4.1.1.2 Theory 

XAD resins are nonionic macroporous polymers. The properties of XAD8 resin 

(pore size of 25 nm or greater) facilitate diffusion of macromolecules through the 

macroporous matrix. At low pH, the acidic groups of humic substances (fulvic and 

humic acids) become protonated rendering the molecules nonionic and allowing the polar 

carbon skeletons to adsorb onto the resin (Thurman and Malcolm, 1983). After humic 

substances are retained by XAD8 resin, a fraction of the remaining, lower molecular 

weight organic acids is sorbed onto the more hydrophobic XAD4 resin. XAD4 resin is 

more efficient in retaining lower molecular weight acids due to its much larger surface 

area. It is important to recognize that organics retained on XAD4 resin are hydrophobic 

with respect to XAD4 resin (otherwise they would not be retained), and hydrophilic with 

respect to XAD8 resin. 

Physical properties of the two XAD resins are summarized in Table 2.3. Sorption 

of organic solutes occurs on internal surface areas of the macroporous XAD resins. 

Sorption is driven primarily by hydrophobic effects (Van der Waals interactions) 

involving the carbon skeleton and the matrix of the neutral adsorbent (Mantoura and 

Riley, 1975; Thurman et al., 1978). A comparison of various XAD resins for extraction 

of organic solutes showed that XAD8 was the most efficient for separation of humic 

substances from water (Aiken et al., 1979). 



Table 2.3. Summary of physical properties of XAD resins. 
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Physical Property XAD8 XAD4 

Composition 

Average pore diameter (A) 

Specific surface area (mVg) 

Specific pore volume (cm^/g) 

Acrylic ester 

0.82 

250 

140 

Styrene divinylbenzene 

0.99 

750 

50 

The physical properties of XAD8 and XAD4 resins account for their use in 

tandem for isolating fractions of DOM. The larger pore diameter of XAD8 allows for 

diffusion and extraction of larger humic molecules prior to sample contact with XAD4. 

Diffusion of large molecules into the smaller internal pores of XAD4 is less efficient. 

However, the much larger surface area of XAD4 promotes more efficient sorption of 

lower molecular weight organic acids, relative to XAD8. Thus, use of these two resins in 

tandem allows for initial removal of larger humic molecules on XAD8 prior to contact 

with XAD4. Due to removal of humics on XAD8, the fraction of organics isolated on 

XAD4 is, overall, more hydrophilic in character. 

During elution with weak base (0.1 N NaOH), acidic functional groups on sorbed 

organics deprotonate, increasing their solubility and promoting desorption from the resin. 

Humic substances become ionic at pH 5.0 or greater, and will desorb because of the ionic 

character of carboxyl groups (Thurman and Malcolm, 1983). Neutral organics can be 

eluted using acetonitrile (or another organic solvent). 

Potential drawbacks associated with using XAD resin chromatography include 1) 

chemical alteration or contamination, 2) physical losses, 3) nonrepresentativeness of 
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extracts, and 4) blurring of fractions. Possible chemical alterations include ester 

hydrolysis in basic solutions and effects associated with eluate lyophilization. The high 

pH (-13) during elution using 0.1 N NaOH may cause ester hydrolysis. Acid-catalyzed 

ester hydrolysis is thought to be negligible at pH values of 1-2 (Aiken, 1988). 

Contamination of isolates can occur due to resin bleed and surfactant or plasticizer 

addition during initial sample filtration. Physical losses may occur due to incomplete 

recovery during elution or selective retention of organics by cation exchange resin during 

desalting operations. Resin bleed and physical losses observed in this study are discussed 

in Chapter 6. 

There is also some concern that organic extracts obtained using XAD resins have 

a higher uniformity than the DOM from which they were originally extracted. That is, 

XAD resins may select a uniform fraction of DOM, which may lead to falsely based 

conclusions of similarity in chemical properties among isolates (Shuman, 1990). It is 

possible that most distinguishing characteristics between different samples are lost with 

the unextracted (and discarded) fractions of DOM. This potential problem becomes more 

significant as the efficiency of extraction decreases. 

Finally, it has been reported that humic-like compounds can comprise up to 20% 

of the hydrophilic fraction retained on XAD4 (Aiken, 1988). This is not unexpected, as 

the compounds comprising DOM exist as a continuum. It can also be stated with equal 

validity that a portion of the hydrophilic fraction is retained on XAD8 resin. The 

hydrophobic/hydrophilic division for organic acids in a given sample is controlled by the 

ratio of resin quantity to volume of water passed through the resin bed. Leenheer (1981) 
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gives a review of the governing equations for frontal adsorption chromatography using 

XAD resins. Protocols used in this research are described in Chapter 3 (section 3.3.2). 

2.4.1.2 Membrane Filtration 

Reverse osmosis (RO) and ultrafiltration (UF) have been used by several 

investigators to isolate and fractionate EKDM from natural waters (Table 2.2). In this 

approach, permeate is discharged to waste, and retentate is typically recycled back into 

the sample reservoir. Recoveries of IX)C are typically high. Moreover, no pH 

adjustments are required, and hence no chemical reagents are added to the sample. A 

principal disadvantage of this method is that inorganic solutes are also concentrated. It is 

not known if the large increase in ionic strength promotes changes in the chemical nature 

of DOC. The sample is typically pretreated using a cation exchange resin to remove 

divalent cations (Ca^^, Mg~^ that clog RO membranes due to formation of precipitates. 

One of the first studies to use membrane separation for isolation of DOM was by 

Serkiz and Perdue (1990). In that study, a portable RO unit used on the Suwannee River 

resulted in a recovery of 90% of the total DOC. Losses were attributed to passage of 

DOC through the membrane and adsorption onto the membrane. 

Sun et al. (1995) reported on a portable reverse osmosis system capable of 90% 

recovery of DOM from surface and ground waters. They discussed percent recovery 

from a variety of waters, pH dependence of recovery of low-molecular-weight organic 

acids, and operational factors potentially affecting RO system performance in the field. 
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Crum et al. (1996) assessed the viability of the RO approach for isolating DOM 

from groundwater. Based on tests using a synthetic ground water, they concluded that 

the method was viable for concentrating the wide range of organic compounds typically 

found in ground water. Gaffney et al. (1996) reported on the use of hollow fiber 

ultrafilters for isolating aquatic DOM. 

Gjessing et ai. (1998) used RO to isolate NOM from a Norwegian lake. DOC 

recoveries of 90% or greater were observed. Consequences for NOM quality due to the 

isolation procedure were discussed. In that study, it was observed that organic matter 

became more negatively charged as a consequence of inorganic anion deficit, mainly 

chloride removal, which occurred during the RO isolation step. 

Westerhoff et al. (1998) used UF-RO to isolate NOM into three molecular size 

fractions that were used to evaluate the influence of NOM on the rate and extent of 

bromide oxidation during ozonation and the formation of TOX. 

More recently, a combined RO/XAD4 resin approach has been used for isolation 

of DOM. In this method, the RO retentate is slowly applied to XAD4 resin and eluted 

using standard procedures. The resin adsorption/elution step is used for removal of 

inorganic solutes from the concentrate. Debroux (1998) and Croue (2000) have used the 

combined RO/XAD4 approach to concentrate and desalt organics. 

2.4.1.3 Other Separation Techniques 

Other methods that have been used to isolate organics from water include 

rotoevaporation and freeze drying (e.g. Leenheer and Malcolm, 1973). A disadvantage of 
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these methods is that dissolved salts are concentrated along with organics, which 

precludes use of some characterization techniques (e.g. nuclear magnetic resonance 

spectroscopy) on fmal concentrates. With the advent of nonionic resin adsorption 

techniques, these older methods have received less attention. 

2.4.2 Characterization Techniques (Used in this Study) 

2.4.2.1 Polarity Distribution 

A three-way distribution of OOM polarity was determined for water samples 

processed via the XAD adsorption chromatography isolation procedure. The affinity of 

DOM for XAD8/XAD4 resins is largely based on molecule functional group polarities. 

At low pH (2.0), organic acids become protonated and nonionic. The less polar 

molecules are adsorbed onto the resins via hydrophobic effects, whereas more polar 

(more hydrophilic) molecules remain mobile and may pass through the resins. The use of 

XAD8/XAD4 resins sequentially resulted in a three-way distribution of polarity for 

dissolved organics: those adsorbed onto XAD8, those adsorbed onto XAD4, and those 

that remained mobile after passage through both resins. The least polar fraction was 

retained on XAD8; a fraction of intermediate polarity was retained on XAD4 and the 

most polar fraction remained mobile. Thus, the percentage distribution of DOC in these 

three fractions provides an approximation of the distribution of polarities among organics 

in the sample. Additional background and theory of the XAD isolation approach are 

provided in Section 2.4.1.1 of this chapter. 
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2.4.2.2 Spectroscopic Analyses 

2.4.2.2.1 Nuclear Magnetic Resonance Spectroscopy 

2.4.2.2.1. i Theory 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique for 

investigating the chemical structure of organic compounds. In recent years, NMR has 

become a method of choice for characterizing humic substances. Several reviews have 

been published on the theory and application of liquid-state and solid-state NMR for the 

analysis of humic substances (Wershaw, 1985; Wilson, 1987; Bortiatynski et al., 1996; 

Knicker and Nanny, 1997; Leenheer, 1997; Hayes, 1998). In addition, there are reviews 

that have focused on liquid state NMR (Dennis and Pabst, 1987; Steelink et al., 1989) and 

on solid-state NMR (Frye et al., 1987; Vassallo, 1987; Malcolm, 1989; Wilson, 1989). 

An abbreviated review of NMR is presented here that covers the physical basis of NMR 

methods and their utility/limitations in analyzing organic extracts. 

Atomic nuclei that possess a magnetic moment are amenable to measurement 

using NMR. With regard to humic substances, relevant nuclei include 'H, '^C, '^N, '^F, 

and ^'P. The sensitivity of the method for different nuclei is inversely proportional to 

their abundance. Thus 'H-NMR and '^C-NMR have been most commonly used in 

studies on humic substances. 'H-NMR is about 100 times more sensitive than '^C-NMR; 

'H spectra can be obtained in minutes whereas hours to days are required for '^C spectra. 

There have been very few studies using '^N- or ^'P-NMR on humic substances, due to 

abundance/sensitivity issues (Leenheer, 1997). 
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During NMR analysis, the sample (organic isolate) is placed in a strong magnetic 

field (Bo) (typically 5-12 Tesla). In response, nuclei possessing a magnetic moment 

become aligned to this static magnetic field and precess about their axis at their 

characteristic Larmor frequency. Based on quantum mechanics, each nuclear species has 

a discrete number of spin states. Some nuclei will be oriented parallel to Bo whereas 

others become oriented antiparallel to Bo, depending on their spin state. Those oriented 

antiparallel have a slightly higher energy level. The Boltzmann distribution law 

describes the resultant population distribution of spin states. 

The energy for inducing nuclei to transition to an antiparallel orientation is 

supplied as a pulsing electromagnetic radiofrequency field (Bt) imposed perpendicular to 

BQ. The pulse is emitted over a wide frequency range in order to excite all nuclei in the 

sample. After each pulse, nuclei relax back to their lower energy orientation parallel to 

BQ. During relaxation, each nucleus releases energy at its own characteristic Larmor 

frequency. The frequency of resonance is characteristic to each nuclei and is dependent 

on molecular position along with proximity and type of atomic neighbors. The intensity 

of emission signals is proportional to the number of excited nuclei that are similarly 

positioned. The sum total of all radio frequency emissions is recorded after each pulse as 

a free induction decay (FID). Each FID records radio frequency information in the time 

domain for all nuclei simultaneously. Electronics in the NMR spectrometer utilize 

Fourier transformation to convert this time domain information into the frequency 

domain. The output of this transformation is a distribution of signal intensity versus 

frequency where frequency is reported as chemical shift. The units of chemical shift are 
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usually expressed as parts per million (ppm) and are expressed relative to a standard 

reference resonant frequency. Since differences in nuclei resonant frequencies are small 

(yet can be measured very accurately), they are multiplied by 10®, resulting in a "ppm" 

axis scale. 

The mobility of molecules in solids is much lower than in liquids. A special 

technique, referred to as cross polarization magic angle spinning (CPMAS) is used in 

solid-state NMR to overcome the slow molecular motion of solids. Magic angle spinning 

is used to narrow the width of spectral resonance lines. In solid-state NMR, broadening 

of spectral lines occurs due to anisotropic interactions (dipolar, quadrupolar, and 

chemical shift interactions). The amount of broadening is proportional to the angle 

between the static magnetic field and the sample-containing rotor. When the rotor is 

oriented at the "magic angle" (54° 440 and spun at high speed, anisotropic interactions 

cancel out, resulting in imitation of liquid-state free molecular motion and increased 

resolution of resonance lines. 

Cross polarization is used to increase signal intensity and to shorten the time 

needed for measurement. In this technique, there is a transfer of magnetization from a 

nuclear spin system of high relative abundance (i.e. proton) to a nuclear spin system of 

low relative abundance (i.e. '^C). 

2.4.2.2.1.2 Application of NMR to Organic Extracts 

Various nuclei resonate at slightly different frequencies due to their molecular 

position and types of neighboring atoms. Thus, regions of chemical shift can be assigned 
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to specific carbon moieties. Assignments for major '^C resonances (and corresponding 

ranges of chemical shift) are given in Table 2.4. These assignments originated in 

Wershaw (1985) based on a review of the literature conducted by Wilson (1981). The 

chemical shift range cutoff points for the aliphatic I and aliphatic II regions in Table 2.4 

are slightly different than those reported in Wershaw (1985). These revised cutoff points 

were used in subsequent publications by researchers at the USGS in their studies of 

humic substances (Wershaw, 1992; Aiken et al., 1996; McKnight and Aiken, 1998). 

They have been adopted by researchers associated with the project "An Investigation of 

Soil Aquifer Treatment for Sustainable Water Reuse" (Debroux, 1998; Drewes et al., 

1999; Drewes and Fox, 2000). It should be noted that the chemical shift ranges in Table 

2.4 were developed for interpretation of spectra acquired under liquid-state conditions. 

Wershaw (1985) notes that the chemical shift of a specific group may not be the same 

under liquid state versus solid state acquisition conditions. No attempt was made in this 

study to compare spectra of samples analyzed in common under liquid-state and solid-

state conditions. 

There is some confusion in the literature regarding labeling of units for chemical 

shift in NMR spectra of humic substances. For example. Pomes et al. (1999) and Drewes 

and Fox (2000) reported chemical shift in units of "mg/L" instead of "ppm." It is 

possible that individuals not familiar with the concept of chemical shift introduced this 

mistake during anonymous review. 
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Table 2.4. Ranges of chemical shift corresponding to specific carbon functional groups. 

Chemical Shift 
Range (ppm) 

Designation E)escription 

0-62 Aliphatic I Unsubstituted saturated aliphatic carbon 
(AL-D 

62-90 Aliphatic U Carbon single bonded with oxygen C-O groups 
(AL-n) 

90-110 Acetal Carbon single bonded to two oxygens (acetal, ketal. 
(AL-ffl) and anomeric carbon) 

110-140 Aromatic I Protonated, alkyl-substituted aromatic carbon 
(AR-D 

140-160 Aromatic II Aromatic carbon substituted with O and N 
(AR-n) 

160-190 Carboxylic Carboxyl and ester groups 
(C-D 

190-230 Ketonic Carbonyl, amid, and ester groups 
(C-H) 

Nuclear magnetic resonance spectra of lyophilized organic isolates can be 

obtained under either liquid-state or solid-state conditions. In research reported here, 

organic isolates were analyzed using the solid-state approach. There are inherent 

advantages and disadvantages with either NMR method. Advantages of the solid-state 

approach are that it is simpler and nondestructive to the sample. On the other hand, 

liquid-state NMR can yield truly quantitative spectra, and the resolution of spectral peaks 

is significantly greater; liquid-state spectra of humic materials typically show sharp peaks 

superimposed over the broad humps that are typical of solid-state spectra. In the liquid-

state approach, the NMR pulse sequence can be programmed to eliminate the bias 

(Nuclear Overhauser Effect, NOE) that is normally present under standard liquid-state 

acquisition conditions. Thus, with NOE removed, spectral peak areas are proportional to 

the percentages of carbon within functional groups, resulting in truly quantitative spectra. 
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The solid-state approach may also yield quantitative results when carefully chosen cross 

polarization contact times and pulse delay times are used (Frund and Ludemann, 1989). 

The rationale for manipulating these acquisition parameters is to remove bias in the 

response of different carbon nuclei in the sample, yielding more quantitative spectra 

(Leenheer, 1997). 

Disadvantages of liquid-state NMR include concerns over whether the sample is 

truly dissolved. That is, the presence of organic aggregates negatively impacts the 

quality of spectra. Furthermore, sample recovery after analysis is difficult since the 

solvent and any added salts must be removed. Moreover, the acquisition times necessary 

to obtain good quality NMR spectra of organic extracts under quantitative liquid-state 

conditions are significant, typically on the order of 12-24 hours, depending on the 

magnetic field strength of the spectrometer. In this work, acquisition times under solid-

state conditions were on the order of 4-7 hours per sample. 

In the context of using NMR to examine the bulk structure of organic isolates, it is 

important to recognize that individual peak areas do not necessarily represent discrete 

compounds. Isolates of NOM/EfOM are comprised of complex mixtures consisting of 

many compounds. The majority of these compounds probably have several different 

types of carbon moieties in their structures. The individual peak areas in NMR spectra of 

complex mixtures represent the summation of signals from all components that respond 

to that particular frequency range. That is, signals from specific components of 

numerous compounds are superimposed on each other. Resultant spectra give a 

fingerprint of the overall bulk structural breakdown of the mixture. 
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Interpretation of the aliphatic Q region (62-90 ppm) as consisting of 

carbohydrates may not be appropriate for organic extracts obtained via XAD adsorption 

chromatography. The aliphatic II resonance peak is comprised of oxygen-substituted 

aliphatic carbon. The dominant component in this broad band is thought to represent 

primarily aliphatic ethers and oximes, with carbohydrates providing a lesser contribution 

(Malcolm, 1992). Thurman (1985) refers to carbohydrates as a trace constituent of 

aquatic humic substances. The amount of carbohydrates in an organic extract is a 

function of the isolation method used (Wershaw, 1985). The content of unassociated 

carbohydrates in aquatic humic substances (isolated using adsorption chromatography) is 

quite low; simple carbohydrates are relatively hydrophilic and are poorly retained by 

XAD resins (Thurman and Malcolm, 1983). Using a colorimetric test, they determined 

that the carbohydrate content of an aquatic fulvic acid was in the range of 2-5%. In 

contrast, the aliphatic II region peak area for '^C-NMR spectra of aquatic humic 

substances typically comprises 10-20% of total spectmm. 

Although integration of peak areas in '^C-NMR spectra provides quantitation of 

specific carbon moieties, this information has sometimes proven to be less useful than 

other more easily obtained parameters. For example, Westerhoff et al. (1999) reported 

that oxidation reaction rate parameters for molecular ozone and hydroxyl radicals were 

more strongly correlated to SUVA-254 than was aromatic and aliphatic carbon content 

determined via '^C-NMR. Similarly, Debroux (1998), in a study on a series of EfOM and 

NOM isolates, reported that SUVA-254 was better correlated to chlorine reactivity than 

was aromatic content determined via '^C-NMR. Novak et al. (1992) reported a poor 
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correlation (r = 0.33) between UV absorbance and aromatic carbon determined via solid-

state CPMAS '^C-NMR for a series of aquatic humic substance isolates. 

The lack of correlation strength between functional group percentages 

(determined via NMR) and other parameters may be a result of inaccuracies in the NMR 

approach. Potential sources of error include I) differential response of various carbon 

moieties during data acquisition, perhaps due to sub optimal pulse sequences (e.g. choice 

of cross polarization contact time and pulse delay time) and 2) error in manipulation of 

NMR spectra during baseline correction and peak area integration procedures. 

There have been several advances in the application of NMR spectroscopy to the 

analysis of humic substances. Spin-echo pulse sequences have been used to 

differentiate between CH3, CH2, CH, and Co groups in lignins and humates (Steelink and 

Petsom, 1987). More recently, Mao et al. (1998) developed methods for calculating the 

elemental composition of humic acids based on results obtained from solid-state '^C-

NMR analyses; calculated elemental percentages showed good agreement to direct 

chemical analyses of elemental composition. The application of two-dimensional 

homonuclear and heteronuclear NMR techniques to humic substances may provide 

substantial advancements in elucidation of their structure (e.g., Fan et al., 2000) 

Lignin is a major component of vegetative tissue. NMR spectral peaks indicative 

of lignin presence occur at 53-56 ppm and 148-153 ppm (Alberts et al., 1991). The latter 

peaks have been assigned to O-substituted aromatic carbon in guaiacyl (148 ppm) and 

syringyl (153 ppm) units in lignin. 
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2.4.2.2.2 Fourier Transform Infrared Spectroscopy 

Infrared (IR) spectroscopy also utilizes electromagnetic radiation to determine 

chemical functionality within complex mixtures (e.g. NOM/EfOM isolates). Specific 

molecular bonds absorb infrared light at characteristic IR frequencies. Thus, IR spectra 

of NOM/EfOM isolates provide another qualitative "fingerprint" for evaluating changes 

in isolate character or functionality due to treatment. Measurements are typically 

conducted at wavenumbers from 4000 to 400 cm ', corresponding to the frequency range 

of infrared radiation. Absorption bands in IR spectra occur where the frequencies of 

incident IR radiation coincide with the frequencies of molecular bond vibration. The 

wavenumber region of 4000 down to -1250 cm"' is referred to as the characteristic group 

frequency region; molecular bonds that absorb IR light in this region correspond to 

specific vibrational transitions. That is, IR radiation absorbed in this frequency range 

correlates to specific molecular bonds, essentially independent of the remaining 

molecular structure. Below -1250 cm"', the position of IR absorption bands can be 

influenced by molecular structure (MacCarthy and Rice, 1985). Infrared spectroscopy 

has been applied to the characterization of organic extracts in several research studies 

(see Table 2.2). 

2.4.2.3 Elemental Analysis 

Aquatic organic matter is comprised principally of the four elements C, H, O, and 

N. Various elemental ratios (H/C, O/C, and N/C, expressed on a molar basis) are useful 

for characterizing organic isolates. As the ratio of H/C increases, the percent saturation 
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of the carbon atoms increases, indicating greater aliphatic character. The ratio of O/C 

provides an indication of polarity (or degree of oxidation). The O/C ratio of XAD4 

(hydrophilic) acids is typically higher than for XAD8 (hydrophobic) acids, due to the 

affinity of XAD4 resin for hydrophilic organics containing carboxyl groups (Aiken et al., 

1992). A general review of elemental analysis as applied to organic extracts is provided 

in Steelink (1985). 

The ratio of C/N has been used as an indicator for parent organic material. For 

example, McKnight et al. (1994) introduced a plotting technique of atomic C/N ratio 

versus aromatic/aliphatic carbon ratio to differentiate organic isolates by source. In this 

type of plot, organic isolates containing microbially-derived carbon generally plot to the 

lower left (lower C/N, low aromatic content) whereas lignin-derived isolates plot to the 

upper right (higher C/N, more aromatic). 

Rice and MacCarthy (1991) performed statistical analyses on compiled humic 

substance elemental data. Statistically significant differences were noted among the 

elemental compositions of humic acid, fulvic acid, and humin. Some differences based 

on sources of organic extracts were also noted. 

Visser (1983b) used a graphical technique (van Krevelen diagram) to differentiate 

fulvic and humic acids by molecular weight and origin. In this method, the atomic ratio 

of H:C is plotted versus the atomic ratio of 0:C. 
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2.4.2.4 Genotoxicity Assays 

Characterization of organic compounds in reclaimed water is motivated by 

concerns of health risk. There are several shortcomings associated with a chemical 

monitoring approach. First, it is not yet possible to identify all of the thousands of 

compounds present in reclaimed water. In one of the most detailed studies yet conducted, 

only about 10% of the DOC in advanced treated reclaimed water was identified as 

specific compounds (Ding et al., 1996). Second, were it possible to identify every 

compound, there are still large information gaps in the toxicology of individual 

compounds and the effects of interactions among compounds. Moreover, the complexity, 

time and expense associated with identifying the suite of residual organic compounds 

may not be feasible in an economic or a practical sense. 

There is growing awareness that genotoxicity tests (bioassays) may be a 

preferable approach for evaluating the cumulative health risk associated with trace levels 

of complex organic mixtures (Schoen, 1998). The National Research Council (1998) 

recommended the use of toxicological testing as the primary component of chemical risk 

assessment in potable reuse systems, recognizing that the entire suite of organic 

micropollutants cannot be routinely measured. 

Several types of bioassays are available for evaluating the genotoxicity of organic 

mixtures. These tests can be broadly classified as either in vitro (cell culture) or in vivo 

(live animal). 

The Salmonella/micTosomc assay, proposed by Maron and Ames (1983) as a 

screening test for evaluating genotoxicity, is the most widely used in vitro bioassay, due 
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to its relative ease and low cost. This assay (commonly referred to as the Ames test) has 

been widely used to investigate the mutagenicity of raw and finished drinking waters 

(e.g. Leper et al., 1977; Loper, 1980; Kronberg and Vartiainen, 1988; Patterson et al., 

1995; Knasmuller and Zohrer, 1996; Smaka-Kincl et al., 1996). 

Mutagenic response is detected in the Ames test as reverse mutations in histidine-

requiring strains of Salmonella typhimurium. In this test, bacteria are plated on a 

histidine-free media at several dose levels of an environmental sample. Colony growth 

indicates reverse mutation back to the histidine-producing wild type. Mutagenic potency 

can be quantified by normalizing the number of revertant colonies on a mass or 

volumetric basis. The two most commonly used strains of Salmonella are designated 

TA98 and TAIOO. TA98 detects frameshift mutations whereas TAIOO detects base pair 

substitutions. 

Some compounds that are not direct-acting mutagens can be rendered mutagenic 

via conversion by liver enzymes in mammals. Compounds that are susceptible to 

mammalian metabolic activation can be identified in the Ames assay through the addition 

of the centrate from rat liver homogenate (referred to as S9). Thus, a common 

experimental matrix for the Ames assay consists of using strains TA98 and TAIOO both 

with and without addition of S9. 

2.4.3 Other Characterization Techniques (Not Used in This Study) 

There are a number of other characterization techniques that can be used to 

characterize organic isolates. The techniques described below were not used in this study 
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due to limitations in access and/or time, but are of significant vaJue in describing organic 

isolates. 

2.4.3.1 Molecular Weight Distribution 

Molecular weight is a fundamental characteristic of chemical compounds. 

Approaches that have been used to measure apparent molecular weight (AMW) of humic 

substances include gel permeation chromatography, ultrafiltration, and vapor pressure 

osmometry. 

2.4.3.1.1 Gel Permeation Chromatography 

Gel permeation chromatography (GPC) (also referred to as gel filtration 

chromatography or size exclusion chromatography) has been applied widely for size 

determination of macromolecules that have well defmed structures (e.g. proteins, 

polysaccharides). The method has also been used for humic substances. This technique 

is based on size-dependent exclusion of solutes from a porous gel matrix. A number of 

issues have lead some to question whether GPC results accurately reflect the actual size 

distributions of humic substances (Specht and Frimmel, 2000). Most uncertainty is 

associated with the magnitude of nonideal filtration mechanisms during the 

chromatography process. These mechanisms include hydrophobic interactions, ion 

exchange, ion exclusion, and intramolecular electrostatic repulsive interactions. Specht 

and Frimmel (2000) found that hydrophobic interactions could not be neglected in 



85 

polymer-based gel or silica-based gel, particularly for aromatic compounds and 

carboxylic acids, both of which are significant components in humic substances. 

2.4.3.1.2 Ultrafiltration 

In this method, several ultrafiltration membranes (e.g. Amicon) with varying 

apparent molecular weight cutoffs are used in series to separate molecules by molecular 

size. The migration of molecules through the membranes occurs as a combination of 

advective flow and molecular diffusion. Solute flux is dependent on concentration-

dependent membrane equilibrium. Bias in results can occur due to membrane rejection, 

in which retarded solute transport occurs due to membrane-solute interactions. These 

interactions can consist of macromolecule adherence to the sides of membrane pores or 

deposition of macromolecules on the membrane surface, forming a flow-restrictive gel 

layer. The latter process is also known as concentration polarization. Membrane 

rejection can be mathematically accounted for by applying a two-parameter permeation 

coefficient model (Logan and Jiang, 1990). Recently, the permeation coefficient model 

was reported to be adequate for characterizing the apparent molecular weight distribution 

of DOM in heterodisperse environmental samples (Tadanier et al., 2(XX)). 

Amy et al. (1987) performed a comparison between GPC and UF for 

characterizing molecular weight distribution of aquatic organic matter. !n that study, the 

GPC method yielded a higher range of molecular weights than did UF methods. It was 

noted that the GPC approach was more sensitive to pH. Results from that study were not 

corrected for concentration polarization effects. 
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2.4.3.1.3 Vapor Pressure Osmometry 

Vapor pressure osmometry (VPO) is a colligative property measurement that has 

been used to determine the molecular weight of humic substances. In this method, an 

organic isolate is dissolved in an appropriate solvent (typically either water or 

tetrahydrofuran, THF), and the vapor pressure of the solution is measured using a vapor 

pressure osmometer. The resultant (calculated) molecular weight depends on the number 

of particles in solution and not on the nature of the particles. The higher dielectric 

constant of THF does not promote dissociation of the organic acids, thus VPO data 

obtained using THF do not need correction for dissociation. Higher apparent molecular 

weights can occur for samples that are not completely dissolved. Aiken and Malcolm 

(1987) reported on the molecular weights of several aquatic fulvic acids using VPO with 

water and THF as solvents. Both solvents gave similar molecular weight values, ranging 

from 500 to 950 daltons, but THF gave greater precision and accuracy than H2O. 

Marinsky and Reddy (1990) also used VPO with H2O and THF as solvents in a study on 

a soil fulvic acid. They determined that calculated molecular weights from experiments 

with both solvents were similar. 

2.4.3.2 Analytical Pyrolysis 

Analytical pyrolysis (also referred to as pyrolysis-gas chromatography-mass 

spectroscopy, PY-GC-MS) is a thermal degradation method that seeks to obtain 

information on chemical structure of complex macromolecules based on volatile 

degradation products. Using pyrolysis, it is possible to separate degradation products of 
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humic substances into four categories; polysaccharides, proteins and peptides, amino 

sugars, and polyhydroxy aromatics (Bruchet et al., 1990). The generation of primary 

structural fragments is sensitive to pyrolysis temperature. Variations among results 

generated by various research groups have been attributed to the lack of standardization 

of the method, especially in regard to pyrolysis temperature. Saiz-Jimenez (1994) 

cautions that interpretation of humic substance chemical structure is sensitive to 

variations in thermal reactions and configuration of pyrolysis units and chromatographic 

systems. A general review of pyrolysis methods is given in Saiz-Jimenez (1994). 

Pyrolysis may be useful for determining origins of humic substances, i.e. lignin 

derived versus microbial derived. Puigbo et al. (1989) used pyrolysis to differentiate 

suspended material and sediment deposits in the Rhone delta, based on nitrogenous 

compounds and aromatic hydrocarbons produced during pyrolysis. Schulten (1996) used 

analytical pyrolysis as the principal method to develop three-dimensional structural 

models for humic acid monomers and oligomers. 

2.4.3.3 Fluorescence Spectroscopy 

Fluorescence spectroscopy is a relatively new and promising technique for 

characterizing DOM isolates. The method is based on the fact that various bonding 

structures (e.g. aromatic functionalities) in organic molecules fluoresce when exposed to 

light at wavelengths in the ultraviolet range (260-400 nm). Wavelengths of the 

fluorescence emission are greater than those of incident excitation. Significant structural 

information on isolate character is available in three dimensional excitation-emission 
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matrix (EEM) plots of fluorescence intensity. For example, Marhaba (2000) introduced 

the spectral fluorescent signature technique as a method for identifying and quantifying 

aquatic DOM fractions. Multiple linear regression models developed from fluorescence 

spectra data in EEM plots were used to predict the percentages of six DOM fractions 

(hydrophobic-acids, -bases and -neutrals; and hydrophilic-acids, -bases, and -neutrals). 

Model results were in good agreement with DOM fraction percentages obtained via 

conventional isolation procedures. 

Debroux (1998) noted that differential EEMs (subtraction of post-chlorination 

EEM from pre-chlorination EEM) may be useful for predicting DBP formation and 

identifying organic precursor functionalities. 

2.4.3.4 Liquid Chromatography-Organic Carbon Detection 

Liquid chromatography with organic carbon detection (LC-OCD) is a new 

approach for characterizing aquatic organic matter, and may be particularly useful for 

characterization of hydrophilic organics. Huber and Frimmel (1996) used LC-OCD to 

show that the composition of NOM changed signiflcantly during oxidation and sand 

filtration in drinking water treatment, although DOC concentration was little changed. 

2.5 The Character of Natural Organic Matter 

Natural organic matter is comprised primarily of carbon, oxygen, hydrogen, and 

lesser amounts of nitrogen. Carbon nuclei form the backbone of all organic molecules. 

All NOM originates from plants during photosynthetic production of glucose (C6H12O6) 
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from atmospheric CO2 and H2O. Subsequent biochemical and abiotic reactions transform 

glucose into the spectrum of compounds present in NOM. 

NOM found in natural waters is composed of proteins, polysaccharides, 

carbohydrates, lipids, phenols, and organic acids including humic substances. Fulvic 

acids typically account for 40-60% of NOM in natural waters (McKnight and Aiken, 

1998). The NOM in natural waters can be classified as either allochthonous (terrestrial-

derived) or autochthonous (aquatic-derived). Allochthonous sources of organic carbon 

include soil and terrestrial plants. The DOC in streams and small rivers is primarily 

allochthonous and typically less than 30 years in age (Thurman, 1985). Most organic 

carbon in lakes is probably autochthonous and derived primarily from the growth and 

decay of aquatic algae (Thurman, 1985). 

A substantial body of research has been conducted to ascertain the character and 

composition of DOM in natural waters. The DOC in natural waters can be classified into 

six major groups based on polarity and charge: fulvic acid, humic acid, hydrophobic 

neutral, hydrophilic neutral, low-molecular-weight acids, and bases (Leenheer, 1981). 

The average relative abundances of these six fractions in surface waters of the United 

States, based on approximately 100 analyses, is shown in Figure 2.2 (Leenheer and 

Huffman, 1979). Aquatic humic substances (fulvic and humic acids) comprise the single 

largest fraction of DOC in surface waters and typically account for about 30-50% of total 

dissolved organic matter (Thurman, 1985). The ratio of fulvic acid to humic acid is 

frequently 9:1 (Malcolm, 1991). 
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The relative abundances of these six DOC fractions in potable groundwaters of 

the United States, based on 25 analyses, is shown in Figure 2.3 (Leenheeret al., 1974). It 

is apparent that the relative abundance of different DOC fractions varies between surface 

water and ground water. The content of humic substances is greater in surface waters, 

whereas the content of lower-molecular-weight organic acids is higher in ground waters. 

Humic substances in natural waters can be operationally subdivided into humic 

and fulvic acids. Together, they are also sometimes referred to as hydrophobic acids. 

Humic acid is defined as the fraction of humic substances that precipitates under strongly 

acidic conditions (pH = 1.0); fulvic acid is defined as the fraction remaining in solution 

under strongly acidic conditions (Thurman, 1985). Fulvic acid typically comprises the 

dominant component of hydrophobic acids, with humic acids typically accounting for 

less than 10% of total DOC (Thurman, 1985). This operational classification has been 

criticized as being rather primitive. Huber and Frimmel (1996) advocate a continuous 

humic classification system ranging from hydrophilic acids to aquagenic fulvic acids to 

pedogenic, but still aquatic, humic acids. 

McKnight et al. (1994) isolated DOM from Antarctic coastal ponds using XAD8 

resin. There are no higher plants in that watershed. They found that the component of 

DOC classified as fulvic acid was low, consistent with results from other lakes with 

algal-derived DOC sources. 
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Figure 2.2. Distribution of surface water DCXZ in rivers of the United States (after 
Leenheer and Huffman, 1979). 
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Figure 2.3 Distribution of groundwater DOC in aquifers of the United States (after 
Leenheer et al., 1974). 
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2.6 The Character of Effluent Organic Matter 

The majority of organic carbon in EfOM is incorporated in the structures of 

proteins, polysaccharides, carbohydrates, nucleic acids, amino acids, and humic 

substances (including fulvic and humic acids). Collectively, these compounds comprise 

the vast majority of DOC in effluent. Characterization techniques for bulk organics are 

reviewed in Sections 2.4.2 and 2.4.3. Relatively small amounts of anthropogenic trace 

organic compounds (fXg/L) are also present. They are discussed in Section 2.8. 

Several studies have proposed that the majority of DOC in sewage effluent forms 

during secondary wastewater treatment and should be classified as soluble microbial 

products (SMPs). Pre-existing biorefractory NOM originating from the drinking water 

supply can also be a significant component of EfOM (Drewes and Fox, 1999; Drewes 

and Fox, 2000). 

Some of the DOM that is consumed through microbial reactions during secondary 

wastewater treatment is transformed into SMPs. Since SMPs cannot be measured 

directly, there is some ambiguity in how they are defmed. They have been operationally 

defmed to include any soluble compound present in effluent that was not present in the 

influent. 

SMPs are typically larger in molecular weight and less biodegradable than 

original organic substrates (Boero et al., 1990; Hejzlar and Chudoba, 1986a; Namkung 

and Rittmann, 1986), and they may be polymeric in character. Barker and Stuckey 

(1999) concluded that most effluent organics are of microbial origin, i.e. SMPs. 
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The distinction between SMPs and NOM is probably artificial and useful more on 

a basis of recognizing differences in source material than in contrasting fundamental 

differences in chemical character. The physical, biochemical, and abiotic processes that 

act to modify organic compounds are similar among natural environments and 

wastewater treatment plants. The processes occurring in engineered treatment plants are 

modeled after natural systems, with the design intent of speeding the kinetics of natural 

processes. It may be more appropriate to consider SMPs as a category of NOM rather 

than as a completely independent class of organic material. Chudoba et al. (1986) noted 

that refractory polymers generated as microbial waste products are ubiquitous, forming 

part of the organic background of aquatic environments. 

Relatively few studies have produced advanced structural characterizations of 

EfOM. Debroux (1998) compared physical-chemical and oxidant-reactive properties of 

EfOM and NOM. Relative to NOM, EfOM was enriched in elemental sulfur and 

nitrogen, lower in molecular weight, and much lower in specific ultraviolet light 

absorbance. Levels of THM formation during chlorination were similar for NOM and 

EfOM. The best indicators for disinfectant byproduct formation were chlorine demand 

and the change in UV absorbance at 272 nm. 

Chefetz et al. (1998) characterized organic extracts from secondary effluent and 

sewage sludge using elemental composition, '^C-NMR, and FT-IR. They noted that FT-

IR spectra of HPO acids extracted from secondary effluent and river water were similar, 

with pronounced aliphatic (1400-1450 cm"') and carboxylic (1720 cm"') peaks. 
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More recently, Drewes et al. (1999) and Drewes and Fox (2000) concluded that the 

character of residual EfOM (after soil aquifer treatment) is similar to NOM. In those 

studies, the HPO- and HPI-acid fractions of EfOM were similar to corresponding isolates 

of groundwater NOM, based on '^C-NMR spectroscopy. 

2.7 Caveats 

Chemical characterization of aquatic DOM is a significant undertaking, requiring 

substantial investments in time, equipment, and money. The laborious nature of many of 

the processes involved in isolation and characterization precludes the analysis of a large 

number of samples or sample replicates. Thus, one of the difficulties with this type of 

research is statistical treatment of results. Moreover, Steelink (1985) noted that the most 

serious problem in the study of humic substances is the lack of reproducibility of 

analytical results. His comments were based on lack of reproducibility among elemental 

analyses on fiilvic acids isolated from the same source using the same procedures by the 

same authors (see Thurman and Malcolm, 1981; Thurman and Malcolm, 1983). This 

observation may also be relevant to other types of analytical results obtained from 

extracted DOM. 

Reproducibility concerns of the XAD isolation procedure were addressed in a study 

by Drewes et al. (1999). In three replicate XAD fractionation procedures performed on 

the same sample, the percent coefficients of variation for hydrophobic, hydrophilic, and 

ultrahydrophilic fractions were 6.5, 15, and 10%. Reproducibility of the XAD isolation 

procedure is addressed in this research in Chapters 5 and 6. 
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2.8 Trace Organics 

2.8.1 Disinfection Byproducts 

Disinfection byproducts (DBFs) are formed by reactions between an oxidant 

(typically chlorine-based) and aquatic DOM (precursor material) during disinfection of 

drinking water or municipal wastewater. Two main classes of DBFs are trihalomethanes 

(THMs) and haloacetic acids (HAAs). Together, they can comprise 10-40% of the total 

DBF mass in disinfected waters. Overall, the formation of DBFs during chlorine-based 

disinfection can be summarized as: 

HOCl + Br- + DOM => CHCI3 + CHCI2B + CHClBra + CHBrs + 

ClAA + CI2AA + CI3AA + BrAA Br2AA+ 

BrjAA + BrClA + BrChAA + BriClAA + 

other chloro-, bromo-, and chloro-bromo species 

(after Singer, 1999) 

Although DBF concentrations in water are typically in the parts per billion range, 

they are suspected carcinogens and/or mutagens and hence are of concern. Detrimental 

health effects have been documented in studies of animals fed THMs and HAAs (Katz et 

al., 1981; Dunnick and Melnick, 1993). Similar health effects have been observed in 

humans (Morris et al., 1992). Epidemiological studies have associated the consumption 

of chlorinated drinking water to cancers of the digestive and urinary tracts (Cantor et al., 

1985; Hildesheim et al., 1991; Vena et al., 1993; King and Marrett, 1996; Freedman et 

al., 1997; Doyle et al., 1997; USEFA 1998). Increased risk of early term miscarriage has 
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been associated with consumption of tap water containing > 75 ^g/L THMs (Swan et al., 

1998; Waller etal., 1998). 

In response to the health risks associated with consumption of DBFs, the USEPA 

has promulgated regulations concerning the maximum contaminant levels (MCLs) that 

are permitted in drinking water. Since 1979, the MCL for total trihalomethanes is 100 

Hg/L for water systems that serve at least 10,000 people. The new 

Disinfectants/Disinfection Byproduct rule will lower the standard for total THMs and 

introduce MCLs for total haloacetic acids (HAAs) (Pontius, 1998; USEPA, 1994). Under 

this rule, the MCLs will be lowered in two stages. During Stage 1, to be implemented in 

2000, the MCLs for total THMs and HAAs will be 80 and 60 Hg/L, respectively. Under 

Stage 2, proposed to be implemented in 2002, the MCLs for THMs and HAAs will be 

further lowered to 40 and 30 ^g/L, respectively. 

2.8.1.1 Trihalomethanes 

2.8.1.1.1 Chemistry of Formation 

There are four trihalomethane species: chloroform (CHCI3), 

dichlorobromomethane (CHC^Br), chlorodibromomethane (CHClBr2), and bromoform 

(CHBrs). The quantity (and speciation) of THMs formed during disinfection depends on 

the concentrations of organic precursors, disinfectant, ammonia, and bromide. Other 

factors involved are contact time, pH, and temperature. In most waters, free chlorine 

occurs as hypochlorous acid (HCXTI) and hypochlorite ((Xll ). In the presence of bromide 

ion, HOCl/OCr will oxidize Br" to hypobromous acid (HOBr) and hypobromite (OBr"). 
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The extent of brominated and bromo-chloro THM production depends on the 

concentrations of chlorine and bromide ion. 

Formation of DBFs during chlorination was first recognized by Rook (1974). 

Shortly thereafter. Glaze and Henderson (1975) reported the formation of DBFs during 

chlorination of municipal effluent. A nationwide reconnaissance survey performed by 

the USEFA confirmed the widespread presence of DBFs in chlorinated waters (Symons 

et al., 1975). Rook (1977) proposed that metadihydroxybenzene structures in fulvic acids 

were the main sites reacting with chlorine to form DBFs. The formation pathway 

proposed by Rook consisted of oxidation, enolization, cleavage, and substitution. 

The formation chemistry of THMs and other DBFs during chlorination of water is 

still not well understood. Mathematical models for THM formation are not generally 

theoretically based, due to a lack of understanding of reaction mechanisms (Li et al., 

2000). It is believed that activated aromatic groups (aromatic groups containing OH) are 

organic precursors for DBFs. Reckhow et al. (1990) showed a strong positive correlation 

between chlorine demand, THMs formed, and calculated content of activated aromatic 

groups. 

Li et al. (1998) reported that relatively high molecular weight chlorinated 

compounds are initially formed via CI substitution into NOM molecules. Only after TOX 

concentrations reach -300 P-g/L, do trihalomethanes and haloacetic acids first appear. 
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2.8.1.1.2 Indirect Measurement Techniques 

Differential UV spectroscopy is a powerful tool for examining DBF formation 

during chlorination of NOM (Korshin et al., 1997; Li et al., 1998; Korshin et al., 1999; Li 

et al., 2000). These authors found strong positive correlations between decrease of UV 

absorbance and formation of chlorinated byproducts, suggesting that UV absorbing 

functional groups are selectively destroyed during chlorination. Maximum decrease in 

UV absorbance during chlorination is in the range 265-275 nm (Korshin et al., 1999). Li 

et al. (1998, 2000) found maximum response at a wavelength of 272 nm. They also 

concluded that activated aromatic rings in NOM are the principal functional groups 

reacting with chlorine to form disinfection byproducts. 

2.8.1.1.3 Direct Measurement Techniques 

Several tests have been used to measure the reactivity of organics in forming 

trihalomethanes. These tests can be categorized as formation potential (FP), simulated 

distribution system (SDS), or uniform formation condition (UFC). The trihalomethane 

formation potential (THMFP) test is used to quantify the maximum amount of 

trihalomethanes that is produced in the presence of excess chlorine over an extended 

reaction time. This test is useful at a mechanistic level as an indirect indicator for the 

total amount of THM-precursor organic material present. Typical conditions for this test 

are: Ch dose = 5 x DOC + 7.6 x NH4, incubation time of 7 days at 20°C and pH 7. The 

trihalomethane simulated distribution system (THM-SDS) test is designed to quantify the 

amount of THMs that may form in a flnished drinking water under conditions that mimic 
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those of a speciHc distribution system (Koch et al., 1991). The main limitation of THM-

SDS is that it is a site-specific test; it is not appropriate to use THM-SDS to compare 

different waters (Summers et al., 1996). The trihalomethane uniform formation condition 

(THM-UFC) test was proposed to alleviate some of the problems associated with 

formation potential and simulated distribution system tests. In the UFC method, samples 

are chlorinated to achieve a target residual concentration after a specified incubation time 

period. Conditions for the UFC test proposed by Summers et al. (1996) include a 1.0 ± 

0.4 mg/L free chlorine residual after a 24 hr incubation time at 20.0 ± 1.0 °C and pH 8.0 

± 0.2. The UFC test can be thought of as a standardized SDS test. In the UFC approach, 

all samples are subjected to equivalent chlorination conditions including realistic dosages 

that could be used in standard water treatment practice. 

2.8.1.2 Other Disinfection Byproducts 

The total of all halogenated organics in water is defmed as total organic halogen 

(TOX). TOX is more accurately termed as AOX (adsorbable organic halide), since the 

method relies on adsorption of halides onto granular activated carbon (GAC). HAAs are 

one class of halides that do not sorb onto GAC (and thus are not measured as AOX). 

There are a total of nine HAA species. All are nonvolatile combinations of chlorinated 

and/or brominated acetic acids. Five species of HAAs are summed as HAAs- Bromate 

(BrOs) is a disinfection byproduct produced during ozonation of water. Other 

disinfection byproducts include haloketones, haloacetonitriles, chloropicrin, and 3-

chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone, also referred to as MX. These 
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compounds are typically present at lower concentrations than THMs or HAAs. MX, 

however, can contribute a substantial portion of the total response in genotoxicity 

measurements (Kronberg et al., 1988; Kronberg and Christman, 1989; Kronberg, 1999). 

Approaches for evaluating genotoxicity are discussed in Section 2.4.2.4. 

2.8.2 Trace Organics Specific to Municipal Wastewater 

2.8.2.1 Pharmaceutically Active Compounds 

The number of pharmaceutically active compounds (PhACs) is extremely large 

and includes chemicals classified as antibiotics, analgesics (pain relievers), or hormones. 

Their number is expected to increase as advances by pharmaceutical companies lead to 

the introduction of new PhACs. These chemicals are used in large quantities by 

consumers and may undergo little or no metabolic breakdown prior to excretion and 

introduction into wastewater. Moreover, the hydrophilic character of many of these 

compounds may render them resistant to removal during wastewater treatment and 

mobile in the natural environment. For example, some analgesics (i.e. ibuprofen, 

acetaminophen, and acetylsalicylic acid) are present at concentrations up to 5 |ig/L in 

German wastewater effluents (Temes, 1998). 

There is not yet any consensus regarding the environmental threat posed by 

PhACs in wastewater effluents. Richardson and Bowron (1985) concluded that the risk 

to humans from trace quantities of PhACs in drinking water is insignificant. There 

remain substantial information gaps regarding the fate or environmental effects of these 
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compounds. Halling-Sorensen et al. (1998) reviewed the state of knowledge regarding 

the occurrence and fate of PhACs in the environment. 

PhACs are currently a rapidly growing area of research. Of particular concern are 

the effects associated with the presence of wastewater-derived hormones in the 

environment. Hormones are designed to interact with the human endocrine system. 

Commonly prescribed hormones include Premarin (an estrogen replacement drug), 

ethinyl estradiol (ingredient in birth control pills), and Synthroid (synthetic thyroid 

hormone) (Sedlak, 1999). Reported effects in wildlife populations include feminization 

of fish, due to the presence of very small concentrations (on the order of nanograms per 

liter) of hormones or synthetic hormones in water. 

2.8.2.2 Others 

There are literally thousands of trace organics present in sewage effluent (Rebhun 

and Manka, 1971; Pitt et al., 1975; Rebhun and Manka, 1981; Manka and Rebhun, 1982; 

Fujita et al., 1996). Several studies have examined the fate of trace organics during 

groundwater recharge (Roberts et al., 1980; Tomson et al., 1981; Bouwer et al., 1981; 

Roberts et al., 1982; Schwarzenbach et al., 1983; Bouwer and Rice, 1984; Bouwer et al., 

1984; Hutchins et al., 1984; Chang and Page, 1985; McCarty et al., 1985; Barber et al., 

1988; Field et al., 1992; Miller el al., 1993; Barber et al., 1995; Fujita et al., 1996; Kruger 

et al., 1998; Ziegler, 1998). 

Significant classes of trace organics in sewage effluent are derived from laundry 

detergents that are not removed during conventional wastewater treatment. A major 
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laundry detergent ingredient is linear alkylbenzenesulfonate (LAS). In 1995, worldwide 

consumption of LAS was reported to be 2.8 x 10® tons (Ainsworth, 1996). 

Metabolites of laundry detergents (alkylphenol polyethoxylate carboxylates, 

APECs) and synthetic chelating agents, such as ethylenediamine tetraacetate (EDTA) 

persist at trace levels even after advanced wastewater treatment (Fujita et al., 1996). The 

fate of fluorescent whiteners has been examined (Poiger et al., 1998; Poiger, 1994). 

Methods for analysis of EDTA and other trace organics were reported in Ding et al. 

(1996). 
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3 METHODS 

3.1 Physical Description of Field Sites 

3.1.1 Constructed Ecosystems Research Facility 

The CERF facility is operated by the University of Arizona's Office of Arid 

Lands Studies for the Pima County Department of Wastewater Management. This pilot-

scale research facility began operation in 1989. CERF consists of five raceways (200 ft 

long by 27 ft wide by 4.6 ft deep) and one additional, larger raceway (212 ft by 36 ft by 

8.5 ft) (Figure 3.1). All raceways are underlain by 30-mil 3-ply Hyperion (heavy plastic 

sheeting) to prevent seepage losses. Raceways #2-5 are subsurface horizontal-flow 

wetland cells containing 2-3 ft of gravel and various herbaceous shrub and tree species 

(Table 3.1). During the period of investigation, water depth was maintained at 1-2 inches 

below the gravel surface. Conservative tracer tests using bromide indicated that the 

average water detention time in these raceways was 5-6 days (Vidalez, 2000). Raceway 

#6 is an aquatic pond maintained at a depth of 3 ft and covered with duckweed (JLemna 

spp.). Raceways received either unchlorinated secondary effluent from the Roger Road 

Wastewater Treatment Plant or potable water as influent (Table 3.2). Raceway #6 

provided pretreatment (suspended solids removal) for effluent that was sourcewater for 

raceways #3 and #5. Descriptions of previous research conducted at CERF are available 

in Karpiscak et al. (1993), Karpiscak et al. (1994), and Karpiscak et al. (1996). 
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Figure 3.1. Physical layout of CERF wetland facility. Graphic courtesy of Office of Arid 
Lands Studies. 
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Table 3.1. Macrophyte vegetation in CERF wetland raceway systems. 

Vegetation Class System A (raceways #2/#3) System B (raceways #4/#5) 
trees 

shrubs 

herbaceous 

Cottonwood {Populus fremontii) 
Black willow {Salix nigra) 
Coyote willow {Salix exigua) 
Sycamore {Piatanus Wrightii) 

Desert willow {Chilopsis linearis) 
Seepwillow {Baccharis gliitinosa) 

Three-square bulrush (Scirpus 
olneyi) 
Cattail (Typha domingensis) 
Verba mansa (Anemopsis 
califomica) 

Cottonwood {Populus fremontii) 
Black willow (Salix nigra) 
Ash (Fraxinus sp.) 

Three-square bulrush {Scirpus 
olneyi) 
Cattail {Typha domingensis) 
Verba mansa {Anemopsis 
califomica) 
Amophyllis sp. 
Giant reed {Arundo donax) 

Table 3.2. Influent to individual CERF wetland raceways. 

Raceway Number Source Water 
1 secondary effluent 
2 municipal tap water 
3 effluent from raceway #6 
4 municipal tap water 
5 effluent from raceway #6 
6 secondary effluent 

3.1.2 Sweetwater Underground Storage and Recovery Facility 

The City of Tucson's Sweetwater US&RF began operation in 1990. The facility 

is located along the west bank of the Santa Cruz River in Tucson and consists of four 

spreading basins (recharge basins Nos. 1, 2, 3, and 4) covering 13.8 acres (Figure 3.2). 
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The recharge basins originally received chlorinated secondary effluent from the Roger 

Road Wastewater Treatment Plant that was further treated by tertiary filtration in dual 

media (anthracite coal and sand) Alters prior to infiltration. The tertiary filtration step 

was discontinued in 1995; since then, basins have received secondary effluent. Basins 

were excavated to a depth of approximately twelve feet below the ground surface. 

Recharge basin No. 1 (RB-001), located at the south end of the facility, contains 

instrumentation to evaluate water quality and hydraulic effects during SAT operations. 

Instrumentation includes a series of fourteen ceramic suction lysimeters (Soil 

Measurement Systems, Tucson) ranging in depth from 2.5 to 80 feet below land surface 

(BLS). Lysimeters are arranged in two anti-parallel transects. Eight shallow PVC 

observation wells intersect a local perching layer at about 20 feet BLS and four neutron 

access tubes extend to 18 feet BLS. A local monitoring well (WR-199A) samples from 

near the water table (approx. 130 feet BLS). Several other monitoring wells are located 

on site. This instrumentation was installed in 1990. 

3.2 Sampling Programs 

3.2.1 Constructed Ecosystems Research Facility 

Two independent programs of study were conducted at the CERF wetlands. In 

the first study, seasonal effects on organic behavior during wetland treatment were 

evaluated. The second study was concerned with examining changes in the character of 

organic residuals that occur as a consequence of wetland treatment. 
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Figure 3.2. Physical layout of Sweetwater Recharge Facilities. 
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3.2.1.1 Seasonal Effects 

Samples were collected at CERF during the time period January 1997 through 

October 1998. For the majority of that time, sampling at CERF consisted of biweekly 

water collection (250 mL) at the inlet and outlet of each raceway. Samples obtained at 

raceway outlets were refrigerated composites collected over the previous 24-hr period. 

Measured parameters included DOC, ultraviolet absorbance at 254 nanometers 

(UV-254), electrical conductivity (EC), and pH. Routine measurements conducted by the 

University of Arizona's Office of Arid Lands Studies (in conjunction with Pima County 

Wastewater Department) included BOD5, pH, nitrogen species, sulfate, and total 

suspended solids. Samples were collected at greater frequency (weekly) from July to 

October of 1998 to more closely track organic behavior during the warmer summer 

months. The biodegradable and nondegradable components of DOC were measured for 

samples collected during 1998. Methods for these analyses are described in Section 

3.5.1-3.5.3. 

3.2.1.2 Organic Characterization at CERF 

Several sampling events at CERF were performed for characterization of DOM 

(Table 3.3). Operation of parallel raceways at CERF receiving either treated wastewater 

or municipal tapwater (ground water, DOC < 1 mg/L) facilitated evaluation of changes in 

the character of EfOM and the independent determination of the character of wetland-

derived NOM. 
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Table 3.3. Summary of samples collected at CERF for isolation and characterization of 
DOM. 

Sampling Collection Volume Collected Volume Collected 
Lxxration Date at wetland inlet at wetland outlet 

(Raceway No.) (L) (L) 
3 July 1997 19 30 
5 September 1997 35 40 
4 September 1997 - 76 
5 March 1998 145 164 
4 May 1998 - 225 
5 August 1998 152 190 
4 August 1998 - 305 

3.2.2 Sweetwater Underground Storage and Recovery Facility 

Samples collected at or near RB-001 of the Sweetwater US&RF for the 

characterization of organics are listed in Table 3.4. Sampling locations along the 

flowpath profile at RB-001 (Figure 3.3) included the basin itself (secondary effluent), a 

PVC monitoring well that intersected a shallow perching layer, and local groundwater 

monitoring wells (screened near the water table, i.e. 130 ft BLS). The shallow well 

(designated as MW#S) is located within the southeast comer of RB-001 and is screened 

from 9-19 ft BLS. The groundwater monitoring wells included in this study were WR-

199 A, located within the southwest comer of RB-001, and WR-068A, located at the north 

end of basin RB-004 (also on the west side of the Santa Cruz River). Two sampling 

events were performed. During the second sampling event (summer 1999), it was not 

possible to obtain a sample from WR-199A because the water table had dropped below 

the bottom of the well's screened interval. Monitor well WR-068A was selected as an 

appropriate substitute sampling location (located at the north end of basin RB-004). 
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Boron isotope analyses indicated that water recovered from both of these wells 

was solely of wastewater origin (Bassett, 1999). 

Table 3.4. Samples collected at the Sweetwater Recharge Facilities for isolation and 
characterization of dissolved organics. 

Sampling Collection Volume Collected 
Location Date 

Pond January 1999 156 
MW#5 (shallow well) January 1999 220 
WR-199A February 1999 420 
Pond June 1999 160 
MW#5 (shallow well) June 1999 235 
WR-068A July 1999 500 

Shallow Well (MW#5) 
Infiltration Basin (1) 

1 
Monitor Well 
WR-199A 

Vadose zone 

Saturated zone 
(mixing zone) 

Figure 3.3. Vertical profile of RB-001 at the Sweetwater Recharge Facilities. Sampling 
locations for organic characterization were: (1) pond, (2) shallow well intersecting 
perching layer, and (3) ground water monitoring well. Numbers underneath sampling 
units indicate depth in feet. 
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3.3 Isolation and Fractionation Approach 

3.3.1 Sample Collection and Filtration 

Samples were collected in 20-L low-density polyethylene (LDPE) cubitainers 

(Cole Parmer). Filtration was performed using pre-rinsed Filtersoft Maxima glass 

microfiber pleated filter cartridges (12.0 and 0.2 |im, nominal) connected in series. The 

filter cartridges (9.75 inch length) were contained in standard styrene-acrilonitrile 

canister housings (Ameritek). A Masterflex pump drive was used and flow rate was 0.67 

L/min. Filtered samples were transferred to rinsed 20-L cubitainers, acidified to pH 1.95 

± 0.05 using concentrated HCl, and stored at 4° C until processed. 

3.3.2 XAD Fractionation 

Procedures used for XAD resin chromatographic separation followed published 

methods (Malcolm, 1991; Aiken et al., 1992). More specifically, the exact analytical 

procedures (Appendix E) used in George Aikens' laboratory at the United States 

Geological Survey in Boulder, Colorado, were duplicated in this research. This 

replication of approach supports direct comparison of results to other studies utilizing 

organic isolates generated in that laboratory (e.g. Debroux, 1998). 

The XAD resins were extensively cleaned to remove residual contaminants prior 

to first use. All resins were initially cleaned by Soxhiet extraction for 48 hours using 

methanol, followed by a second 48-hour cleaning cycle using acetonitrile. This sequence 

was repeated once. Clean resins were stored in methanol in capped Nalgene bottles 

pending use. Columns were filled with the resin/methanol slurry and rinsed with 
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approximately 50 pore volumes of reagent grade (Milli-Q) water to remove methanol. 

During the initial column setup, samples of column effluent were analyzed for DOC to 

confirm absence of methanol after the milli-Q rinse. Between samples, the columns were 

emptied and refilled with fresh resin. Used resins were cleaned by Soxhlet extraction 

prior to reuse. 

The columns (Spectrum Chromatography) consisted of glass cylinders fitted with 

solid teflon end plates and teflon fittings. Teflon tubing was used to plumb the columns. 

Samples were applied to the columns using Masterflex peristaltic drives (Cole Parmer) 

with standard pumpheads. The pumpheads were loaded with silicone Masterflex® 

tubing, for which the sorption/leaching of organic compounds in aqueous solvent is 

minimal. 

Two separate column setups were used. Water samples containing a DCX] 

concentration greater than 5 mg/L were processed using 295-mL columns (60 cm length 

by 2.5 cm diameter). Samples containing less than 5 mg/L DOC were processed using 

1200 mL columns (60 cm length by 5 cm diameter). 

Prior to application to the XAD columns, samples were warmed to room 

temperature and the pH was checked and readjusted to 1.95 ± 0.05, if necessary, using 

concentrated HCl. Samples were applied to the two-column array (Figure 3.4) at flow 

rates of -15 column pore volumes per hour. The volume of sample applied to the XAD 

column array was determined using the equation: 

V , = 2 V „ x ( l - ^ k ' )  (Equation 3.1) 
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where V, is the volume of applied water sample 
Vo is the void volume of the XAD column 
k' is the column capacity factor (selected by the user) 

According to Equation 3.1, only those organics having a k' value larger than the 

chosen cutoff value will be completely retained on the resins during the isolation 

procedure. Following the guidelines specified in Aiken et al. (1992), a value of 50 was 

selected for the k' cutoff. Accordingly, the sample volumes applied per XAD run were 

18 and 73.4 L for the 295 mL and 1200 mL column pairs, respectively. Column 

parameters are summarized in Table 3.5. 

Sample 
(pH=2) 

NaOH 
XAD-8 Hydrophobic acids 

XAD-4 NaOH 
Hydrophilic acids 

Ultrahydrophiiic 

Figure 3.4. Flow schematic for isolation and fractionation of dissolved organics using 
XAD macroporous resins. 
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Malcolm (1991) notes that values for humic substances are pH dependent, with 

99+ percent of humic and fulvic acids having a greater than 50 at pH 2 and less than 10 

percent having a it'greater than 50 at pH 7. 

In accordance to Aiken et al (1992), columns were prepared with 3 cycles of 

rinses prior to sample application. Each rinse consisted of three pore volumes of 0.1 N 

NaOH followed by three pore volumes of 0.1 N HCl. Flow rates for the rinses were the 

same as those used during sample isolation. 

For a given isolation run, the application of sample onto the XAD column pair 

took approximately 6.5 hours to complete. After the specified volume of sample had 

passed through the column array (Table 3.5), the columns were re-plumbed to allow for 

separate back elution using O.I N NaOH. The weak base was applied in reverse flow 

(starting at the bottom of the columns) at one third the flowrate used for sample 

application. The hydrophobic and hydrophilic acid eluates were collected and 

immediately acidified to a pH of 1.95 ± 0.05 using concentrated HCl and then stored in 

muffled amber glass bottles at 4°C. The volume of eluate was recorded; typical eluate 

volumes are provided in Table 3.5. Each eluate was sampled for DCXT measurement. 

The mass of DOC eluted from each column was later quantified for mass balance 

calculations. 

Typically, a series of isolation runs was performed on successive days until the 

entire sample was processed. At the end of each day in the series, columns were re-

acidified using 0.1 N HCl. At the beginning of each additional day in the series, the 
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columns were prepared with three cycles of 0.1 N NaOH and 0.1 N HCl, ending with 

weak acid. 

Table 3.5. Parameter list for XAD column chromatography procedures 
Parameter 295 mL columns 1200 mL columns 

Column dimensions (cm) 60x2.5 60x5 

Applied filtrate volume (L) 18 73.4 

Void volume 
(L) 

0.177 0.720 

/t'cutoff 50 50 

Volume of sample applied 
(L) 

18 73.4 

Sample application flow rate 
(pore volumes per hr) 

15 15 

Sample application flow rate 
(mL/min) 

45 180 

Back elution flow rate 
(pore volumes per hr) 

5 5 

Back elution flow rate 
(mL/min) 

20 80 

Eluate volume collected, typical 
(L) 

0.4 1.0 

After the entire sample was processed using the XAD8/XAD4 column array, a 

subsequent desalting procedure was performed to remove Na^ and CI' from the 

concentrated eluates. The desalting step was necessary to remove the significant amounts 

of sodium and chloride that were added during pH adjustments. Eluates were reapplied 
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onto appropriate columns using a flowrate of -4 pore volumes per hour (approximately 

one-fourth the flowrate used during the initial isolation step). The columns were then 

flushed with Milli-Q water to remove chloride ion, until the electrical conductivity of 

column effluent registered below 750 |iS/cm. The columns were then eluted using 0.1 N 

NaOH. Sodium was removed from the (chloride-free) eluates by passage through a 

column containing cation exchange resin (AG-MP 50, Biorad) in the hydrogen-saturated 

form. The step by step procedure is completely described in Appendix E. 

Cation exchange resins convert organic acids from sodium salts to their free acid 

forms. One potential drawback of using cation exchange resin (CER) is retention of 

organics by the resin during the desalting procedure. Amines and amino acids associated 

with humic substances can be retained by CER (MacCarthy and O'Cinneide, 1974; 

Thurman and Malcolm, 1983). McKnight et al. (1997) noted that CER can selectively 

remove fulvic acid molecules with N-containing basic moieties. The amine and amino 

acid content of EfOM is higher than for NOM. Thus it is reasonable to expect that 

organic losses during cation exchange will be more significant for isolates of EfOM than 

for isolates of NOM. Malcolm (1991) indicated that non-macroporous cation exchange 

resins (e.g. AG 50W-X8) are preferred for desalting operations. Macroporous resins 

allow penetration of organic solutes into the beads, resulting in less efficient elution. The 

CER used in this study was analytical grade AG-MP 50, the same resin used in Aiken et 

al. (1992). This resin employs a styrene divinylbenzene matrix with SOa" functional 

groups, has a specific surface area of 35 m^/g, and is specified as macroporous for 

compounds with molecular weight less than 100,000 (BioRad, 2000). It is possible that 
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incomplete elution from the AG-MP 50 CER contributed to organic losses observed 

during desalting operations in this study. 

The salt-free eluates were further concentrated using low temperature rotary 

evaporation to reduce the liquid volume prior to lyophilization. A Biichi 011 Rotavapor 

rotary evaporator was used. Water bath temperature was maintained at 30°C during the 

evaporation procedure. Vacuum was supplied using a Welch duofold two-stage vacuum 

pump operating at approximately 27 inches Hg. Under these conditions, eluates would 

"boil" for the first few minutes under vacuum. A Brinkmann RM6 Lauda chiller 

containing a 70/30% mixture of ethylene glycol to water was used to chill the condenser 

coils of the rotary evaporator. Eluates were evaporated until reduced to a final volume of 

100-200 mL. 

The concentrated eluates were lyophilized using a homemade freeze drying 

system located at the Department of Pharmacology at the University of Arizona. 

Samples were frozen as "shells" onto the interior of 1000-mL Labconco freeze dryer 

flasks using a dry ice/methanol bath. Typically, samples were lyophilized for a period of 

48 hr under a vacuum of 25-50 microTorr, permitting complete primary and secondary 

water removal. The finished freeze-dried product was transferred to airtight 4-oz. wide-

mouthed glass jars for long-term storage (in the dark at ambient lab temperature). 
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3.4 Isolate Characterization Analyses 

3.4.1 Nuclear Magnetic Resonance Spectroscopy 

Natural abundance carbon-13 nuclear magnetic resonance ('^C-NMR) 

spectroscopy was used to determine the distribution of carbon moieties in hydrophobic 

acid and hydrophilic acid isolates. Comparison of NMR spectra in isolates from selected 

samples provided a means to evaluate transformations in the character of residual organic 

carbon as a function of treatment along a treatment system flowpath. The strategy was 

applied at several points within the Sweetwater SAT system and across the CERF 

wetlands. 

Solid-state '^C-NMR spectra of organic isolates were obtained using two different 

spectrometers. The majority of samples were analyzed using a Bruker Model MSL 200 

Spectrometer located at the University of Arizona Chemistry Department NMR Facility. 

The instrument was operated at 50.3 MHz using cross polarization and magic angle 

spinning. The freeze-dried isolates (40-100 mg) were packed in a Zirconia rotor sealed 

with Kel-F long end caps and spun at 3.3-3.6 KHz. A standard 7-mm magic angle-

spinning probe (Doty Scientific, Inc.) was used. The acquisition parameters consisted of 

10,0(X) scans acquired using a proton pulse width of 7.5 fis followed by a cross-

polarization contact time (Tcp) of 1 ms and a 1-s pulse delay. Typically, a line 

broadening of 40 Hz was applied during Fourier transformation of the free induction 

decays. In a few cases, more line broadening was used when signal to noise was lower 

due to limited sample size. In those cases, the line broadening is specified in the figure 

caption. Spectra were referenced using the methylene carbon of adamantane (referenced 
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at 28.5 ppm) as an external standard. Peak areas corresponding to specific chemical shift 

regions (Table 2.4) were quantified by electronic integration after performing a baseline 

correction using a polynomial fitting approach. Dr. Kenner Christensen from the 

University of Arizona's Department of Chemistry NMR Facility performed all 

acquisition and processing of NMR data. 

Preliminary experiments were performed to establish the appropriate cross 

polarization contact time and pulse delay necessary to obtain the most quantitative 

spectra possible. Tests were conducted using cross polarization contact times of 0.5, 1.0, 

2.0, and 3.0 ms (while holding the delay time constant at 1 s). It was determined that a I-

ms cross polarization contact time was sufficient to obtain maximum spectral response 

throughout the chemical shift range (i.e. 0-230 ppm). Likewise, comparative experiments 

using a constant contact time of 1 ms while varying the pulse delay established that a 1-s 

pulse delay was adequate for complete relaxation. Ln previous work, a l-ms cross 

polarization contact time and a 700 ms relaxation time were favorable for quantification 

of '^C-NMR spectra using a spectrometer operating at 25.27 MHz for '^C (Malcolm, 

1992). 

The acquisition parameters were selected to allow for optimization of spectral 

response; however, the quantitativeness of resultant spectra was not independently 

determined. The four criteria necessary for quantification of solid state '^C-NMR spectra 

are: 1) favorable Tcp and Tip (proton relaxation time) time constants, 2) favorable pulse 

delay (should be at least three to five times longer than the longest Ti in the molecule), 3) 

determination of the percentage of carbon observed in '^C-NMR by spin-counting 
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experiments, and 4) determination of possible organic-free radicals and or inorganic 

paramagnetic species (Malcolm, 1992). These necessary supporting studies are not 

typically pursued due to the expense of NMR instrument time. Although there is an 

unknown degree of uncertainty associated with quantitation of these NMR spectra, the 

values chosen for Tq, and pulse delay were justified experimentally. They also were 

similar to values reported in the literature (Malcolm and MacCarthy, 1992) for work 

performed on humics using similar NMR instruments. 

Initial NMR spectra were obtained using a Zirconia rotor fitted with Macor long 

end caps. It was later discovered that these end caps contributed several spurious peaks 

to sample spectra. Thereafter, Kel-F end caps were used; a background spectrum 

obtained using an empty rotor with these caps did not exhibit any peak area. 

Consequently, no attempt was made to subtract a background spectrum from sample 

spectra. 

The second NMR spectrometer used in this work was a Varian UnityPlus 400 

NMR spectrometer located at the Arizona State University NMR Facility. This 

instrument was used for analysis of the second set of isolates obtained at the Sweetwater 

recharge site (collected in June/July 1999). This was necessary due to removal and 

shipment of the University of Arizona solid-state NMR spectrometer to Mexico. 

Acquisition and processing parameters for the Varian UnityPlus 400 NMR spectrometer 

are provided in Drewes et al. (1999). Four isolates were analyzed in common on both 

instruments. Standard deviations for peak areas of major functional groups (aliphatic, 

aromatic, and carboxyl) were less than 10%. 
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Additional NMR experiments were performed at the University of Arizona NMR 

Facility to distinguish protonated and nonprotonated spectral peaks. Nonprotonated 

(quaternary) carbon subspectra were obtained by suppressing the signals from carbons 

with attached protons. This was accomplished by inserting a brief delay without proton 

decoupling between the development of '^C magnetization with the mix pulse and data 

acquisition with fiill proton decoupling (Opella and Frey, 1979). Specifically, a delay of 

50 without proton decoupling prior to data acquisition was inserted into the pulse 

sequence. Protonated subspectra were obtained using standard acquisition conditions 

with the exception of using a 50 (instead of 1000 ^S) cross polarization contact time. 

The 50 |iS contact time was chosen based on results from comparative experiments in 

which contact time was varied between 25-100 |iS. The method for acquiring protonated 

spectra in solid state '^C-NMR is discussed in Grimmer and Blumich (1994). 

3.4.2 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FT-IR) spectroscopy was performed using a Nicolet 

model 510P Fourier Transform Infrared Spectrometer and Nicolet EZ Omnic E.S.P. 

software (Version 4.1a). Organic isolates were prepared for analysis using the pressed-

pellet method. Prior to analysis, isolates were dried at 65°C for 24 hours to remove any 

residual moisture. Pellets were made using 1 mg of dried isolate combined with 100 mg 

of optical-grade potassium bromide (KBr was stored in an oven at 100°C). The mixture 

was ground using a mortar and pestle and then pressed into a pellet using a screw press. 

The sample was allowed to sit for at least 15 minutes, allowing the KBr to fiise, prior to 
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removing the bolts of the screw press. Integrity of the pressed pellet was confirmed 

visually; if the pellet was cracked or fractured, a second pellet pressing was performed. 

The screw press was positioned in the sample chamber of the instrument, being careful to 

maintain passage of the IR beam through the pellet to the detector. 

A background spectrum was generated at the beginning of every analysis session 

using an empty screwpress placed in the sample chamber of the instrument. The 

background spectrum was automatically subtracted from sample spectra by the Nicolet 

software. It was determined that the cleanest spectra were obtained by waiting at least 16 

minutes after closing the spectrometer sample chamber door prior to generating a 

spectrum. This delay allowed for atmospheric CO2 and water vapor to be completely 

purged from the sample chamber by the Nj gas stream. Presence of atmospheric CO2 or 

water vapor can contribute to noise and spurious peaks in IR spectra. Spectra were 

obtained at wavenumbers from 4000 to 400 cm*'. In each case, thirty-two scans were 

collected to increase the signal to noise ratio. 

3.4.3 Elemental Analysis 

Elemental analyses (C, H, O, N) along with moisture and ash determinations were 

performed by Huffman Laboratories, Inc. (Golden, CO) following established procedures 

(Huffman and Stuber, 1985). The required amount of each dried isolate (-50 mg) was 

wrapped in aluminum foil and placed in a muffled 20-mL glass vial with a screw cap for 

shipment to Huffman Laboratories. 
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3.5 Analyses Performed on Reconstituted Organic Isolates 

Possible relationships between specific absorfoance, biodegradability and chlorine 

reactivity were examined using reconstituted isolates. Each lyophilized organic isolate 

was redissolved to a target concentration of 9.0 mg DOC per liter. For each isolate, the 

mass required to achieve a 9.0 mg/L solution was calculated using the non-ash-corrected 

percent carbon obtained from elemental analysis. Prior to dissolution, isolates were 

placed in an oven (65°C) for 24 hours to remove any residual moisture. In order to 

promote faster and more complete dissolution, the weighed isolate mass was first 

suspended in a few mL of 0.1 N NaOH for a few minutes. Upon visual confirmation of 

dissolution, the mixture was immediately brought up to 500 mL using Milli-Q water 

containing 1.0 mM K2HPO4, 1.0 mM NH4CI, and 0.5 mM CaCOa. The pH was then 

adjusted to 7.0 ± 0.05 using 0.1 N HCl. Solutions were stored in muffled amber glass 

bottles at 4°C pending use. 

The suite of analyses performed on reconstituted isolates included DOC, UV 

measurements at 254 and 272 nm, determination of biodegradable and nondegradable 

DOC fractions, and THMFP. The nondegradable organic fractions remaining after the 

five-day BDOC test were subject to the same suite of analyses: DOC, UV 254/272, and 

THMFP. 

3.5.1 Dissolved Organic Carbon 

Samples for DOC and UV-254 determination were filtered using 0.45 |im filter 

membranes (Millipore) and stored at 4°C prior to analysis. DOC was analyzed using a 
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Shimadzu TCXZ-5000 Total Organic Carbon Analyzer with auto-sampler. All samples 

were acidified to pH 2 using 2N HCl and sparged for 4 minutes using ultrapure 

hydrocarbon-free air, then analyzed 4-6 times in order to achieve a coefficient of 

variation <0.02. Standard solutions (made using potassium hydrogen phthlalate) were 

included in each instrument mn, and sample results were based on comparison to a 

standard curve that was obtained via linear regression analysis. 

3.5.2 Biodegradable Dissolved Organic Carbon 

Biodegradable dissolved organic carbon (BE>OC) was determined with a batch 

test utilizing an acclimated sand system (Mogren, 1990; Huck, 1990). Batch reactors 

consisted of 250-mL Erlenmeyer flasks containing sixty grams of acid-washed sand. The 

sand was initially inoculated using primary effluent with a contact time of three days. 

This established a robust microbial population on the sand particles. Acclimation of 

microbial populations was achieved by dosing the reactors with 150 mL of secondary 

effluent over multiple 5-day cycles. Flasks were continuously agitated using a shaker 

table. 

Biodegradable DOC was determined as the difference between the initial (day 0) 

and final (day 5) DOC values. During the initial 5-day cycles, DOC was monitored daily. 

Samples (10 mL) were taken at time zero and every 24 hours for five days and analyzed 

for DOC and ultraviolet light absorbance at 254 nm. This procedure was performed for 

10-15 cycles for all reactors to ensure that the sand was fully acclimated and that results 

were reproducible. Reactors were accepted for use in BEXK: measurements when 



125 

successive cycles produced the same day-five DOC measurements. After such conditions 

were established, DOC measurements were performed on day-five samples only. 

3.5.3 UV Absorbance 

Ultraviolet absorbance at a wavelength of 254 nm (UV-254) was measured as an 

indicator for aromatic humic and ftilvic structures, which are thought to be precursors for 

THM formation (Edzwald et al., 1985). Absorbance measurements were made on a 

computer-controlled, double-beam, Shimadzu UV-VIS Spectrophotometer (UV-160A) 

with a 2.0-nm bandwidth. Samples were analyzed in matching quartz cells with one-

centimeter path length. A zero absorbance standard was established with ultra-pure water 

(Milli-Q). Adjustments for pH were not necessary since UV-254 is not dependent on pH 

in the range 6 to 8 in most wastewaters (Edzwald et al. 1985). 

3.5.4 Kinetics of Biodegradable Dissolved Organic Carbon Attenuation 

Kinetic data from BDOC experiments were fitted iteratively using first-order 

degradation curves of the form: 

(Equation 3.2) 

where Ci 
Cf 
c, 
k 
t 

initial DOC concentration, 
final DOC concentration, 
DOC concentration at time t, 
first order biodegradation coefficient (hour''), 
time elapsed during test (hours). 
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Equation 3.2 was rearranged and solved for C,. The modeled C, values were 

plotted and compared to actual data. The rate constant (k) was adjusted until a best fit 

was achieved. 

3.5.5 Trihalomethane Formation Potential 

THMFP tests were conducted using USEPA-recommended vials (Supelco) 

containing 42 mL of sample combined with 1 mL of a stock sodium hypochlorite 

solution, providing a dose of 50 mg Ch/L. Vials were capped headspace free. All 

reconstituted isolates were tested in triplicate (three vials per sample). Samples were 

incubated for seven days at 20°C in the dark. Since reconstituted isolates did not contain 

ammonia, CI2 addition was based solely on DCXZ! concentration. Incubations were 

performed using EPA glass vials with plastic screw lids and teflon-coated septa. The CI2 

stock solution was made using 5.0% NaOCI (J.T. Baker) and was standardized using the 

titration procedure in method 5710B (Standard Methods, 1995). 

At the conclusion of the incubation period, caps were removed and 5 mL was 

withdrawn. Vials were recapped and 2.00 mL of THM-grade pentane (Burbick and 

Jackson) was injected into each using a gas-tight syringe (Hamilton). Each vial was 

vigorously shaken for at least 1 minute and then allowed to stand for at least 20 minutes 

for complete separation of the immiscible phases. Vials were again uncapped and 60 jiL 

of the pentane phase was withdrawn and injected into a previously-capped GC vial (HP) 

containing 0.60 mL pentane. The GC vials were analyzed immediately or stored at -10°C 

for no longer than 24 hours prior to measurement. 
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Concentrations of the four trihalomethane species (chloroform (CHCI3), 

bromodichloromethane (CHCliBr), dibromochloromethane (CHBraCI), and bromoform 

(CHBra), were measured using either a Hewlett Packard 5890 Series I or Series II gas 

chromatograph (GC) equipped with an electron capture detector and a Hewlett Packard 

7673 Auto Sampler. A 30-m DB-624 Megabore capillary column (J&W Scientific) was 

used for compound separation. The GC and autosampler were controlled using HP 

ChemStation software (Version A.03.34). Temperature programming was used and 

consisted of 1(X)°C for the first 2.75 minutes followed by a 15°C/min ramping up to 

120°C, for a total run time of approximately 4.0 minutes per sample. Under these 

conditions, typical detention times for the four THM species were 1.0 minute (CHCI3), 

1.4 minutes (CHCbBr), 2.0 minutes (CHClBr2), and 3.3 minutes (CHBra). 

THM standards were included with each instrument run. Standards were prepared 

from individual THM compounds (Aldrich) using muffled glassware. Separate stock 

solutions, each containing a single THM compound, were prepared in 10-mL volumetric 

flasks using THM-grade methanol (Burbick and Jackson). Flasks were initially half 

filled with methanol, placed individually on an analytical balance, tared, and one drop of 

THM added. The THM mass was recorded and the flask immediately brought up to 10 

mL and capped. This process was repeated for each THM species in a separate flask. 

From each of these flasks, one mL was transferred to a 100-mL volumetric flask that 

contained approximately 50 mL THM-grade methanol (Burbick and Jackson). The flask 

was topped off with methanol. From the 100-mL flask, a series of five dilutions (1:50, 

1:20, 1:10, 1:5, 1:2) was made into 10-mL volumetric flasks containing THM-grade 
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pentane (Burbick and Jackson). Since the starting mass of THM was variable (but 

known), final concentrations in the dilution series were also variable, but typically 

covered the range 10-250 (ig/L. These standard solutions were added directly to GC vials 

without further dilution and capped. Response factors for each compound were 

determined by linear regression of calibration curves (concentration versus integrated 

peak area). THMFP was calculated as the sum of the four THM species. Reported 

values are averages obtained from triplicate tests. 

Presence of free chlorine at the conclusion of the 7-day incubation period was 

verified via the diethyl-p-phenylene diamine (DPD) colorimetric method utilizing HACH 

color reagents. Tests were conducted by adding a single HACH powder pillow (DPD) to 

25 mL of sample in a cuvette. In this test, the intensity of color produced is directly 

proportional to the concentration of free chlorine in the sample. Free chlorine 

concentration was measured using a HACH DR/2000 Direct Reading Spectrophotometer 

operating at a wavelength of 530 nm. The HACH unit utilized an internal scale 

calibrated to mg/L as CI2. The dynamic range of the DPD colorimetric test was 0 to 2 

mg/L as CI2. In order to reach this range, dilutions were made using 3.0 mL of sample 

combined with 47.0 mL chlorine-free Milli-Q water. 

3.5.6 Evaluation of Mutagenicity: Ames Assay 

Selected hydrophobic acid isolates were evaluated for mutagenic activity using 

the 5<3/mone//a/Mammalian-microsome reverse mutation screening assay (Ames Test). 

These were performed by Covance Laboratories, Inc (Vienna, Virginia). Samples were 
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wrapped in aluminum foil and placed inside muffled glass vials with screw lids for 

shipment. 

The assay evaluated the organic isolate and/or its metabolites for the ability to 

induce reverse mutations at the histidine locus in the genome of speciHc Salmonella 

typhimurium tester strains in the presence and absence of an exogenous metabolic 

activation system of mammalian microsomal enzymes derived from Aroclor™-induced 

rat liver (S9). The tester strains used in the mutagenicity assay were TA98 and TAIOO. 

TA98 tests for frameshift mutagens whereas TAIOO tests for base pair substitutions. 

When sufficient mass of organic isolate was available (approximately 100 mg), the assay 

was conducted using TA98 and TAIOO at seven dose levels in the presence and absence 

of S9 mix, along with appropriate negative and positive controls. Organic isolates were 

solubilized and adjusted to pH 7.0 using 0.1 N NaOH. Dilutions were made using 0.9% 

NaCl in water. The dosage levels were 10, 33, 100, 333, 1000, 3333, and 5000 ng of 

isolate per plate and were conducted in duplicate. Negative and positive controls were 

plated in triplicate and duplicate, respectively. Compatible negative controls included 

deionized H2O, dimethylsulfoxide, ethanol, and dimethylformamide. Positive controls 

included 2-nitrofluorene, 2-aminoanthracene, and sodium azide for TA98 (w/o S9) and 

TAIOO (w and w/o S9), respectively. Results were considered positive when two 

conditions were met: 1) revertants in the highest-dosage test plate (5(XX) fig) were at least 

2x the number of spontaneous revertants in the negative control plate, and 2) there was a 

clear dose-response relationship between two successive dose levels. 
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4 SEASONAL VARIATIONS IN ORGANIC BEHAVIOR AT CERF WETLANDS 

4.1 Review of CERF Wetland Systems 

A major objective of this research was to monitor seasonal effects in the behavior 

of organics during wetland polishing of secondary effluent. Thus, it was necessary to 

collect data at a frequency sufficient to establish seasonal trends and over a time period 

sufficient to establish reproducibility of seasonal effects. In light of these constraints, 

data were collected at the CERF wetland raceways over a 22-month period from January 

1997 through October 1998. From January 1997 until June 1998, samples were collected 

once every two weeks. The frequency of sample collection was increased to weekly 

during July to October 1998 to more closely monitor season-dependent organic behavior 

during the warmer months of 1998. 

Samples were obtained at ail six wetland raceways (Figure 3.1), and results from 

each are included here. Primary importance is given to raceways #2/#3 (designated as 

"system A") and raceways #4/#5 (designated as "system B"). In both of these systems 

one raceway receives effluent (#3 and #5) and one "control" raceway receives municipal 

tap water (ground water) (#2 and #4). The primary difference between these two systems 

is the macrophyte vegetation schedule (Table 3.1). 

Since wetland systems are highly dynamic, with significant variations in 

performance occurring over short timescales (e.g. days), biweekly data were reduced to 

monthly-averages in selected plots that more clearly reveal general trends occurring over 

seasonal timescales. 
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4.2 Hydraulics 

4.2.1 Hydraulic Loading Rates 

Table 4.1 is a summary of (annual) mean influent flowrates to CERF raceways. 

In 1997, the influent flowrate of ground water to the two "control" raceways was 

somewhat lower than the influent flowrate to corresponding raceways receiving 

wastewater effluent (overall average 2.7 ± 1.1 gal/min). In 1998, influent flowrates were 

more consistent, although the overall average flowrate (3.2 ± 0.4 gal/min) was slightly 

greater than in 1997. 

Table 4.1. Mean annual flowrates for CERF raceways. 

Raceway Flow rate for 1997 Flow rate for 1998 

Number (gal/min) (gal/min) 

1 7.6 ± 1.33 6.5 ± 3.56 

2 2.0 3.7 

3 3.4 ± 0.77 3.0 ± 0.95 

4 1.5 ±0.44 3.2 

5 3.7 ± 0.97 2.9 ±0.73 

6 9.7 ±0.74 9.9 ± 1.26 

Average (#2-#5 only) 2.7 ± 1.07 3.2 ± 0.36 

4.2.2 Evapotranspiration Water Losses 

Electrical conductivity (EC) measurements were performed on all samples 

collected at CERF. Since electrical conductivity is proportional to the concentration of 

charged species (i.e. dissolved salts), comparison of inlet and outlet values indicates 

changes in salt concentrations and thus the fractional loss of water occurring due to 
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evapotranspiration and other causes. The CERF wetland raceways are sealed with 

Hypalon liners. Thus it was assumed that there is no opportunity for water loss from 

these systems due to seepage into underlying soils. The sole remaining possible 

mechanism for water loss is then ET by vegetation contained within the wetland 

raceways, and the magnitude of solute concentration increase should correspond to the 

fractional increase in EC. For purposes of this analysis, it was assumed that charged 

organic species were not significant contributors to EC values. 

Seasonal trends in evapotranspiration losses from the CERF raceways are 

apparent. Figure 4.1 shows inlet and outlet EC for "system A" raceways (#2 and #3). EC 

trends for the two "system B" raceways (#4 and #5) are shown in Figure 4.2. Figure 4.3 

shows EC trends for raceways #1 and #6. Raceway #1 is an older more mature and more 

diverse wetland that received secondary effluent. Raceway #6 operated as an aquatic 

pond and received secondary effluent from the Roger Road Wastewater Treatment Plant, 

providing pretreatment (suspended solids removal) for effluent subsequently fed to 

raceways #3 and #5. In all three figures, season-dependent variations in the fractional 

increases of EC during wetland passage are apparent. 

In Figures 4.1 and 4.2, there appear to be differences in the fractional increase in 

EC as a function of sourcewater type; the "control" raceways (receiving ground water) 

appear to have greater relative changes in EC than raceways receiving wastewater, 

particularly during summer months. An analysis was conducted to determine whether 

differences in fractional EC increase were correlated with source water type. Figure 4.4 

is a scatter plot of the ratio of monthly-averaged outlet-to-inlet EC for raceways fed 
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ground water versus corresponding raceways receiving wastewater. It is apparent that the 

"control" raceways experienced significantly higher fractional water loss than the 

effluent-fed raceways. The mean outlet-to-inlet EC ratio is 1.80 for the two "control" 

raceways (#2 and #4); the mean ratio for the two effluent raceways (#3 and #5) is 1.26. 

The mechanism responsible for the apparent difference in ET losses is not readily 

apparent. The two raceway systems at CERF were designed to operate in parallel, 

meaning that they were set up under matching conditions (e.g. physical dimensions, 

planting schedule, etc.). Based on visual observation, the raceways receiving wastewater 

tended to have more vegetative biomass than corresponding raceways receiving potable 

water; it can be hypothesized that nutrient availability in effluent promoted plant growth. 

If ET is proportional to total vegetative biomass, raceways receiving wastewater should 

experience greater volumetric ET water losses, and larger fractional increases in outlet-

to-inlet EC ratios should occur in raceways receiving wastewater. 

These data show the opposite trend; raceways receiving ground water exhibited 

the greatest mean increase in EC. This unexpected EC-ratio relationship occurs in both 

parallel raceway systems (i.e. "system A" and "system B") (Figure 4.5). That is, 

evaporative losses were substantially higher in raceways receiving potable water, 

irrespective of the primary vegetation provided. 
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Figure 4.1. Monthly-averaged inlet and outlet EC for system A raceways (top: #2; 
bottom: #3). Sourcewater for #2 was tapwater (ground water). Sourcewater for #3 was 
effluent from raceway #6; that raceway received secondary effluent from the Roger Road 
Wastewater Treatment Plant. 
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Figure 4.2. Monthly-averaged inlet and outlet EC for system B raceways (top: #4; 
bottom: #5). Sourcewater for #4 was tapwater (ground water). Sourcewater for #5 was 
effluent from raceway #6; that raceway received secondary effluent from the Roger Road 
Wastewater Treatment Plant. 
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Figure 4.3. Monthly-averaged inlet and outlet EC for raceways #1 (top) and #6 (bottom). 
Sourcewater for both raceways was secondary effluent from the Roger Road Wastewater 
Treatment Plant. 
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Figure 4.4. Comparison of outlet-to-inlet EC ratios of CERP wetland raceways as a 
function of sourcewater quality. 
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Figure 4.5. Comparison of outlet-to-inlet EC ratios for CERF wetland raceways as a 
function of vegetation schedule. 
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4.2.2.1 Temperature Effects 

Water temperature in each CERF raceway and onsite air temperature were 

recorded daily during the period of study by staff from the University of Arizona's Office 

of Arid Lands Studies. Daily measurements of minimum and maximum air temperature 

at CERF over the period of study are shown in Figure 4.6. Figure 4.7 shows daily 

measurements of water temperature over the same period. These data represent average 

inlet and outlet temperatures obtained by lumping data from raceways #3 and #5. Water 

temperature decreased modestly during passage through the CERF raceways. Larger 

decreases occurred during summer months. It is apparent that air and water temperatures 

vary sinusoidally during a calendar year. As expected, the range in CERF raceway water 

temperature is narrower (approximately 10 to 30 °C) than that of air temperature. 
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Figure 4.6. Daily maximum and minimum air temperatures at the CERF wetland facility 
over the time period January 1997 to November 1998. 
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Relationships were examined between temperature and ET water losses (as 

reflected by outlet-to-inlet EC ratios). In order to compare temperature to other 

parameters, monthly mean air and water temperatures were determined using daily 

temperature readings. The average daily air temperature was calculated as the mean of 

daily minimum and maximum temperatures. Similarly, the average daily water 

temperature value was calculated as the mean of influent and effluent water temperatures. 
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Figure 4.7. Daily water temperature measurements of influent and effluent from 
raceways #3 and #5 over the time period January 1997 - November 1998. 

Monthly averages were then determined using daily average air and water 

temperatures. The relationship between monthly-averaged air and water temperature is 

shown in Figure 4.8. As expected, there was a strong correlation between mean air and 
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water temperatures (r^ = 0.969), suggesting that either variable can be used to seek further 

correlations between temperature and ET losses. Kadlec and Knight (1996) reported an 

r~ value of 0.87 between mean daily water temperature and mean daily air temperature 

from 15 treatment wetlands. The strength of correlation applied equally to surface or 

subsurface flow wetland systems. 
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Figure 4.8. Relationship between monthly-averaged air and water (raceway #5) 
temperature. 

To evaluate the relationship between ET water losses and temperature, a plot was 

made of EC (expressed as C/Co) versus air temperature (Figure 4.9). In this plot, data 

from raceways #2 and #4 and from #3 and #5 were lumped together. There are 

significant differences in the relationship of temperature to ET water losses between the 
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raceways. The raceways receiving ground water exhibited greater dependence of ET 

water loss on temperature (apparent as the higher slope in Figure 4.9). 
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Figure 4.9. Relationship between outlet-to-inlet EC ratio (expresses as C/Co) and air 
temperature for CERF raceways. Data represent monthly averages over the time period 
January 1997 to October 1998. 

4.2.2.2 Effect of Hydraulic Loading Rates 

Table 4.2 contains a summary of mean (annual) EC ratios for the CERF wetland 

raceways in 1997 and 1998. It is possible that differences in outlet-to-inlet EC ratios may 

be at least partly due to differences in influent flowrates to the raceways. The higher EC 

ratios observed in the "control" raceways may be associated with lower influent 

flowrates. If water demands by wetland vegetation are unaffected by detention time, the 

fractional increase in EC should depend on the quantity of water entering the system. 

That is, as the flowrate is reduced, the fractional loss should increase. In 1997, the mean 

influent flowrate for raceways #2/#4 was 51% less than for #3/#5. (flowrates were 1.75 

y = 0.0268x-t-1.2311 
^ = 0.3499 

y = 0.0137x +0.9757 
= 0.4737 

• #2 & #4 

• #3 & #5 
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and 3.55 gal/min for raceways #2/#4 and #3/#5, respectively). The mean fractional 

increase in EC for raceways #2/#4 was 46% greater than for #3/#5 that year (EC 

fractional increases were 1.82 and 1.25 for raceways #2/#4 and #3/#5, respectively). The 

percent difference in flowrate is similar to the percent difference in fractional increase of 

EC. 

Table 4.2. Mean annual EC ratios for CERP raceways. 

Raceway Number 1997 1998 overall 
1 1.15 ±0.07 1.11 ±0.03* 1.14 ±0.07* 
2 1.79 ±0.38 1.78 ±0.36 1.78 ±0.37 
3 1.28 ±0.20 1.21 ±0.18 1.25 ±0.19 
4 1.85 ±0.54 1.77 ±0.41 1.81 ±0.48 
5 1.22 ±0.22 1.31 ±0.16 1.27 ±0.20 
6 1.08 ±0.06 1.16±0.17 1.13±0.13 

•Raceway ceased operation in June 1998 

There was substantially less seasonal variation in ET in raceways #1 and #6 

(Figure 4.3). During the period of study, raceway #I also contained significant 

vegetative biomass (Table 3.1), and should have experienced significant water losses via 

ET. It was hypothesized that the differences in hydraulic loading rates between raceway 

#1 and raceways #3/#5 were primarily responsible for the observed differences in ET 

losses between these raceways (Table 4.1). To test this hypothesis, a plot was made of 

ET water losses (expressed as gallons per minute) as function of air temperature for 

raceways #1, #3, and #5 (Figure 4.10). The similarity in temperature-dependant rates of 

ET water losses among these raceways supports this hypothesis. 
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Figure 4.10. Comparison of monthly-averaged ET water losses between raceways #1, #3, 
and #5 as function of air temperature. 

In raceway #6, little increase in EC occurred except during the summer of 1998, 

when outlet EC increased substantially (Figure 4.3). This raceway operated at much 

higher hydraulic loading rates (Table 4.1) and was used as an aquatic pond with 

duckweed comprising the only vegetative species. In 1998, there was a significant 

growth of cattails {Typha domingensis) at the inlet and outlet ends of the raceway, and 

this growth expanded during the summer months. Increases in EC in this raceway during 

the summer of 1998 may have been due to increased ET by Typha in the raceway. 

4.3 Behavior of Organics 

4.3.1 Seasonal Trends 
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Figures 4.11 and 4.12 show trends in inlet and outlet DOC concentrations and 

UV-254 values for raceways #3 and #5, respectively, over the 22-month period of study. 

The figures also show wetland-derived DCXI! and UV-254 measured at the outlets of 

corresponding "control" raceways. Outlet DOC and UV-254 increased significantly in 

the summer months of 1997 and 1998 in raceways #3 and #5. The magnitudes of these 

increases were similar in the two raceways. 

From the ratios of outlet-to-inlet values of DOC, UV-254 and SUVA-254 in 

raceways #3 and #5 (Figure 4.13) it is apparent that there is greater attenuation of DOC 

than UV-254 during wetland treatment. Increases in SUVA-254 were always observed 

across the wetlands, indicating that residual organics were more aromatic in character as 

a consequence of wetland treatment. It is of interest that increases in SUVA-254 appear 

to be greatest in winter months, with increases in peak values approaching 100%. This 

occurs because attenuation of DOC was proportionately greater than attenuation of UV-

254 during winter months. 

Figure 4.14 shows trends in DOC, UV-254, and SUVA-254 (expressed as C/Co) 

for raceways #I and #6. The behavior of wastewater organics in these two raceways was 

substantially different than in raceways #3 and #5. In raceway #1, there were no clear 

season-dependent trends. DOC was always attenuated across the wetland, with 

reductions ranging from 30 to 50%. Effluent from this raceway exhibited the greatest 

change in organic character, as indicated by the largest increases in SUVA-254. In 

raceway #6, there were minimal season-dependent trends in DOC behavior during the 

period of study. Behavior of UV-254 was season dependent, increasing in summer 
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months, particularly during 1998. Consequently, SUVA-254 also increased sharply 

during that summer. Substantial differences in organic behavior during the summers of 

1997 and 1998 in raceway #6 are apparent. In 1998, UV-254 increased dramatically 

between June and August. An increase in the outlet-to-inlet EC ratio also occurred 

during this same period (Figure 4.3). As noted, cattails began growing in this raceway 

during the spring of 1998. It is hypothesized that increases in UV-254 and SUVA-254 

across this raceway during summer 1998 occurred at least partially as a consequence of 

cattail growth. The cattails may have been responsible for greater evapotranspirative 

water losses, reflected in higher outlet-to-inlet EC ratios. Moreover, the cattails may 

have served as a source of plant-derived DOC (Pinney et al., 2000). 

A summary of mean C/Co values for DOC, UV-254, and SUVA-254 in each of 

the six wetland raceways is shown in Figure 4.15. Increases in these parameters are 

greatest in the "control" raceways since low-organic ground water was the source water 

used. Among raceways #1, #3, and #5, it is apparent that attenuation of DOC and 

increases in SUVA-254 were greatest in raceway #1. These differences are likely 

associated with differences in source water quality between raceways; raceway #1 

received secondary effluent whereas raceways #3/#5 received effluent from raceway #6. 

For example, the total increase in SUVA-254 from the inlet of raceway #6 to the outlet of 

raceway #5 is similar to the increase across raceway #1. 

Raceway #1 began operation in August 1992 whereas raceways #3 and #5 began 

receiving effluent in May 1994. It is possible that microbial activity in raceway was 
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more fully developed than in raceways #3/#5. Microbial activity is the principal 

mechanism responsible for transformation of organics in wetlands (Wetzel, 1993). 
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Figure 4.11. Trends in DOC (top) and UV-254 (bottom) for raceway #3 and also for the 
wetland-derived organics from corresponding control raceway #2. 
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Figure 4.12. Trends in DOC (top) and UV-254 (bottom) for raceway #5 (source = 
wastewater) and control raceway #4 (source = ground water). 



149 

DOC 
UV-254 
SUVA-254 

Raceway #3 

o> a> I 
CO 

O) 
k 

h-O) 
I Q. 

O 
OJ 

at I > o 

00 a> I c 
(0 

CO O) 
as 

CO a> 00 a> CO a> 
I 
o. a> 
OJ 

CO 
Oi 

• > o 

DOC 
UV-254 
SUVA-254 

Raceway #5 

o> 
I c 
CO —3 

Oi 
I w (0 

r-. 
Oi 
>. 
CO 

Oi Oi 
• a. o 

OJ 

00 
Oi 

as -3 

CO a> 
ta 

CO 
Oi 

k 

00 
Oi 

00 
Oi 

I 

o. <o 
OJ 

CO 
Oi 

I s 
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Figure 4.14. Behavior of organics (expressed as CVCo) in CERF raceways receiving 
secondary effluent (top: raceway #1, bottom: raceway #6). 



151 

10.0 

8.0 -

9.0 - • DOC 
• UV/254 
• SUVA-254 

7.0 -
o 

6.0 -O 
o 

5.0 -c (C 0) 
4.0 -

0.0 

3.0 

2.0 

1.0 

#1 #2 #3 #4 #5 #6 

Figure 4.15. Summary of mean C/Co values for DOC, UV-254, and SUVA-254 in all 
CERP wetland raceways over the entire period of study (January 1997 - October 1998). 

4.3.2 Evaluation of Mechanisms Responsible for Season-dependent Organic Behavior 

Wetland outlet organic data were normalized to account for ET losses in order to 

separate ET from other mechanisms (primarily the production of wetland-derived 

organics) that were potentially responsible for seasonal increases in outlet concentrations. 

Constructed wetlands used for wastewater polishing can yield wetland-derived 

organic carbon (Pinney et al., 2(XX)). In that study, it was not possible to distinguish 

wetland-derived organics from those of wastewater origin. The CERF design, however, 

allowed for independent determination of the magnitude and character of wetland-derived 

DOC using effluents from raceways #2 and #4. The (ground water) source water to 

raceways #2 and #4 contained DOC levels that were < 1.0 mg/L. 
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Per section 4.2.2, the fractional increase in EC between wetland inlet and outlet 

was used as an indicator for ET water loss during wetland passage. Comparison of trends 

in outlet-to-inlet EC ratios and DOC organic concentration ratios suggests they are 

correlated. It was hypothesized that the greater ET occurring during summer months is at 

least partially responsible for the elevated outlet organic concentrations during that 

period. To test this hypothesis, the outlet-to-inlet EC ratio was used to calculate a 

"corrected" DOC concentration and corrected UV-254 value for wetland effluent: 

EC. 
^OCEC-corrected outlet = X (Equation 4.1) 

outlet 

Thus, DOCEc-correcied outlet IS the Outlet DOC that would have been measured in the 

absence of ET water losses. Using equation 4.1, EC-corrected outlet DOC and UV-254 

values were calculated for raceways #2 and #3 (Figure 4.16) and raceways #4 and #5 

(Figure 4.17). Then, using the EC-corrected values, the wetland-derived organic 

contributions (raceways #2 and #4, corrected outlet concentrations) were subtracted from 

corresponding EC-corrected outlet values in raceways receiving wastewater. The results, 

representing residual organics of wastewater origin are also shown in Figures 4.16 and 

4.17. After correcting for ET losses, it is apparent that DOC concentration 
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Figure 4.16. Concentrations of wastewater DOC (top) and UV-254 (bottom) from CERF 
raceway #3 after applying corrections for evapotranspiration and contribution from 
wetland-derived organics (raceway #2). 
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and UV-254 levels were elevated by wetland-related activities. Furthermore, those 

increases were larger than wetland-derived organics measured in the control raceways 

during the same period. It is hypothesized that increased productivity in raceways 

receiving reclaimed water results from wastewater-related nutrient addition, which 

stimulates microbial activity, vegetative growth and organic decomposition. 

4.3.3 Relationship Between Organics and Temperature 

The relationship between monthly averaged air or water temperature and change 

in DOC (expressed as C/Co) for lumped data from raceways #3 and #5 is shown in Figure 

4.18. There is a strong negative correlation between attenuation of DOC and 

temperature. In other words, as temperature increases, the magnitude of DOC attenuation 

across the wetland raceways decreases. Values of C/Co in excess of 1.0 reflect a net 

production of DOC across the raceways. Using the linear regression equations shown, it 

is possible to calculate the air and water temperatures at which no net removal of DOC 

would occur (C/CQ = 1.0). These critical monthly-averaged air and water temperatures are 

29.7 and 25.6 °C, respectively. 

The relationship between air temperature and outlet concentrations of DOC and 

UV-254 for CERF raceways #2-#5 is shown in Figures 4.19 and 4.20, respectively. 

Outlet DOC and UV-254 are directly related to temperature for all raceways. It is 

apparent that outlet concentrations of DOC and UV-254 in raceways receiving 

wastewater are more sensitive to air temperature (and hence season) than corresponding 

outlet concentrations of wetland-derived organics in raceways #2 and #4. 
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Figure 4.18. Relationship between air (top) or water (bottom) temperature and change in 
DOC (C/Co) for lumped Raceway #3/#5 data. 
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Figure 4.19. Relationship between air temperature and outlet DOC concentration for 
CERF raceways (top: system A; bottom: system B). 
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Figure 4.20. Relationship between air temperature and outlet UV-254 for CERF 
Raceways (top: system A; bottom: system B). 
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It is possible that the relationship between temperature and organic behavior is 

nonlinear. Close examination of Figures 4.18-4.20 reveals that there may be an increase 

in trendiine slope at temperatures greater than 25 °C. This may be due to discrete events 

of wetland-derived NOM release that occur during the highest summertime temperatures. 

Nonetheless, there was no justification supporting the use of a more sophisticated 

statistical model (e.g. polynomial regression); thus, the relationship between temperature 

and organic behavior was explored using simple linear regression analyses with air 

temperature as the independent variable and DOC, UV-254, or SUVA-254 as the 

dependent variables. Correlation statistics are provided in Table 4.3 (coefficients of 

determination, r^) and Table 4.4 (P-values). In these statistical tests, the null hypothesis 

{Ho) was always that the slope of the regression best-fit line was zero. P-values (Table 

4.4) represent the probability of error in rejecting the null hypothesis. That is, P-values 

approaching 1.0 strongly suggest that there is no correlation between temperature and the 

(dependent) organic parameter. 

Table 4.3. Coefficients of determination (r^) obtained from linear regression analyses of 

air temperature versus DOC, UV-254, or SUVA-254 from CERF wetland raceways. 

Basis of CERF Wetland Raceway: 

Comparison #1 #2 #3 #4 #5 #6 

Outlet DOC 0.00 0.10 0.63 0.30 0.71 0.06 

C/Co DOC 0.01 0.02 0.71 0.19 0.84 0.00 

Outlet UV-254 0.26 0.05 0.41 0.26 0.56 0.25 

C/Co UV-254 0.12 0.20 0.37 0.15 0.59 0.47 

Outlet SUVA-254 0.31 0.01 0.01 0.02 0.13 0.32 

C/Co SUVA-254 0.10 0.07 0.21 0.00 0.37 0.39 
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Table 4.4. P-values obtained from linear regression analyses of air temperature versus 

DOC, UV-254, or SUVA-254 from CERF wetland raceways. 

Basis of CERF Wetland Raceway; 

Comparison #1 #2 #3 #4 #5 #6 

Outlet DOC 0.814 0.142 9.51x10^ 8.60x10' 7.74x10'^ 0.279 

C/Co DOC 0.774 0.522 6.99x10^ 0.037 5.49x10' 0.859 

Outlet UV-254 0.035 0.310 1.25x10-^ 0.017 6.80x10' 0.015 

C/Co UV-254 0.170 0.033 2.19x10-' 0.067 1.92x10' 3.04x10^ 

Outlet SUVA-254 0.017 0.678 0.595 0.588 0.095 4.68x10' 

C/Co SUVA-254 0.199 0.235 0.029 0.870 0.002 1.58x10' 

Correlations were examined using the dependent variables expressed as either 

outlet concentrations or C/CQ values. The strongest correlations between organic 

behavior and temperature occurred in raceways #3 and #5. In these raceways, the 

strength of correlation decreased in the order: DCXZ! > UV-254 > SUVA-254. In most 

cases, C/Co values were better correlated to temperature than were outlet concentrations. 

Correlations in the "control" raceways (#2 and #4) were typically lower, indicating a less 

significant relationship between air temperature and production of wetland-derived 

organics. It is interesting that correlations in raceway #1 do not follow trends in 

raceways #3 and #5. In raceway #1, correlation coefficients decreased in the order; 

SUVA-254 > UV-254 > DOC, or opposite to the order of correlation strengths in #3 and 

#5. Attenuation of DOC in raceways #1 and #6 was not correlated to air temperature 

(Table 4.4). The strongest correlation between SUVA-254 and air temperature occurred 

in raceway #6, suggesting that an aquatic pond is more sensitive to seasonal variability 
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than is a subsurface flow wetland, with respect to biotransformations of dissolved organic 

matter. 
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Figure 4.21. Relationship between air temperature and outlet SUVA-254 for CERP 
raceways (top: system A; bottom: system B). 
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There was no significant relationship between air temperature and SUVA-254 

(Table 4.4). These data and those summarized in Figure 4.13 suggest that SUVA-254 

values are unrelated to temperature. That is, higher temperature did not appreciably favor 

differentially elevated production or consumption of UV-absorbing materials. 

4.3.4 Behavior of Nonbiodegradable Organics 

Nondegradable DOC (NBDCXZ) was determined in triplicate on samples collected 

at CERF during 1998. DOC and NBDOC for inlet and outlet samples obtained from 

raceway #3 are compared in Figure 4.22. During much of the year, but particularly 

during summer months, there is an increase in NBDOC as a consequence of passage 

through the wetland raceway. Similar behavior occurred in raceway #5 (data not shown). 

Also shown in Figure 4.22 are EC-corrected outlet NBDOC concentrations. Inlet and 

EC-corrected outlet NBDOC concentrations are similar, except during the hottest 

summer months (June and July). Comparison of the slopes of regression lines for inlet 

NBDOC versus (uncorrected and EC-corrected) outlet NBDOC (Figure 4.23) suggests 

that ET is the principal mechanism responsible for increases in NBDOC across the 

wetland raceway. These data suggest that increases in NBDOC due to production of 

wetland-derived organics are significant only during the hottest summer months. 
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corrected outlet. All data are averages obtained from triplicate NBDOC tests. 
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Wetland-derived contributions to NBEKXZ were also examined by comparing 

ANBDOC (NBDOCoui — NBDCX^in) for raceways receiving wastewater (#3 and #5) with 

NBDOCout for corresponding "control" raceways on the basis of samples collected in 

1998 (Figure 4.24). NBDOCout values were corrected for evapotranspiration. Figure 

4.25 provides a similar comparison for nonbiodegradable UV-254 (NBUV-254). The 

ANBDCXT of raceways #3 and #5 were consistently lower than NBDOCout of 

corresponding "control" raceways. NBUV-254 behavior (Figure 4.25) shows similar 

trends, except for a substantial peak in ANBUV-254 that occurred in June, and a second, 

smaller peak later in the summer. The June peak also occurred in NBUV-254 from the 

"control" raceways, but to lesser extent. These peaks may represent somewhat discrete 

events in which relatively large quantities of organic carbon are released by wetland 

activities in the summer months. 

Figure 4.26 contains a comparison of SUVA-254 for nondegradable fractions of 

DOC at the raceway outlets. Season dependence in the aromaticity of the nondegradable 

component of DOC in wastewater-derived and wetland-derived organic matter is 

insignificant. 
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bottom: "system B"). Outlet 
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Figure 4.25. Comparison of NBUV-254out minus NBUV-254in (for effluent-fed 
raceways) and NBUV-254out for "control" raceways (top: "system A," bottom: "system 
B"). Outlet NBUV-254 concentrations are corrected for ET effects. Negative values 
indicate reduction of NBUV-254 value during wetland passage. 
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for ET effects. 
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4.3.5 Relationship Between DOC and BOD5 

Relationships between DOC and BOD5 were explored using linear regression 

analyses performed on inlet and outlet samples from CERF raceways receiving 

wastewater. Biochemical oxygen demand was measured by the University of Arizona 

Office of Arid Lands Studies. Correlation statistics (r^ and P-values) between DOC and 

BOD5 in CERF samples are summarized in Table 4.5. In these statistical tests, the P-

value is the estimated probability of being wrong if the null hypothesis {Ho', no 

relationship between BOD5 and DOC) is rejected. Thus, as the P-value decreases 

(approaching zero), the correlation strength increases. 

Table 4.5. Summary of correlation statistics obtained from linear regression analyses for 
inlet and outlet BOD5 vs DOC values from CERF raceways receiving wastewater. 

Inlet Outlet 

Raceway # r^ P-value r^ P-value 

1 0.020 0.291 0.178 0.021 

3 0.113 0.021 0.378 3.77x10"^ 

5 0.087 0.044 0.386 6.76x10-^ 

6 0.052 0.190 0.041 0.122 

Comparison of P-values in Table 4.5 reveals that the correlation between DOC 

and BOD5 values increases incrementally (P-values become progressively lower) during 

wastewater passage through the CERF wetlands. DOC and BOD5 for (secondary 

effluent) sourcewater to raceways #1 (P = 0.29) and #6 (P = 0.19) are weakly related or 
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unrelated (Figure 4.27). The correlation improves slightly following passage through 

raceway #6 (P = 0.12), and becomes even stronger at the inlets of raceways #3 (P = 0.02) 

and #5 (P = 0.04) (Figure 4.28). This increase in correlation is probably due to water 

quality changes during detention/storage of wastewater in a sump between the outlet of 

raceway #6 and the inlet of raceways #3 and #5. The correlation between DCXI! and 

BOD5 then increases substantially following treatment in raceways #3 (P = 3.77x10"^) 

and #5 (P = 6.76x10"^) (Figure 4.28). The progressive improvement in correlation 

between DOC and BOD5 is due at least in part to removal (via wetland treatment) of 

particulate organic carbon (PCX!), which contributed to the measurement of BOD5 but not 

DOC. 

During wetland treatment, the ratio of DOCrBODs progressively increases, 

exceeding 1.0 after passage through raceways #3 and #5. Wetland effluent with low 

BOD5 (e.g. 2 mg/L or less) still contains DOC > 5 mg/L. The y-intercepts for data from 

raceway effluents (Figure 4.28) are 5.3 and 5.6 mg DOC/L, suggesting that NBDOC 

concentrations in raceway outlets should be on the order of 5 mg/L. 

Relationships between DOC and BOD5 were substantially different in raceways 

#I and #6 (Figure 4.27) than in #3 and #5 (Figure 4.28). In raceway #1, there is clear 

separation between inlet and outlet values. Outlet BODs values from this raceway have 

less seasonal variability and are lower than outlet BOD5 values from raceways #3 and #5 

(Table 4.6), suggesting that raceway #1 was more efficient in transforming wastewater 

organic matter. In raceway #6, smaller changes in BODs apparent between influent 

and effluent, and DOC is little changed (Table 4.6). 
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Figure 4.27. Relationship of BOD5 to DCXi; for samples collected at the inlet and outlet 
of CERF raceway #1 (top) and #6 (bottom). 
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Figure 4.28. Relationship of BOD5 to DOC for samples collected at the inlet and outlet 
of CERF raceway #3 (top) and #5 (bottom). 
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Table 4.6. Mean inlet and outlet BOD5 and DCXZ values over the 22-month study period 
for raceways receiving yyastewater. 
Raceway 
Number 

DOC in BOD5 in DOC out BODs out 

1 13.16± 1.94 34.7 ±6.1 8.34 ± 1.55 7.2 ± 2.7 
3 11.33 ± 1.57 22.3 ± 8.3 9.44 ± 3.52 7.6 ± 5.2 
5 11.32 ± 1.61 22.3 ± 8.3 8.84 ± 3.08 6.6 ±4.7 

12.60 + 2.45 30.8 ±7.8 10.98 ±1.63 22.3 ± 8.3 

4.3.5.1 Seasonal Trends 

To examine season-dependent trends in the relationship between BOD5 and DOC, 

quarterly averages were calculated for both parameters. Quarterly averages calculated for 

raceways #3 and #5 are shown in Figure 4.29. BOD5 was higher during the second and 

third quarters (warmer months), perhaps due to higher levels of particulate organic 

carbon in wastewater effluent during the summer or algal growth in raceway #6. Since 

particulate material was effectively removed during wetland passage, a stronger 

correlation between DOC and BOD5 is apparent at the wetland outlets. 

20.0 

15.0 -

O) 
10.0 -

o 
o 
o 

5.0 -

0.0 

0.0 10.0 20.0 30.0 40.0 

BODs (mg/L) 

Figure 4.29. Relationship between quarterly averaged BOD5 and DOC (combined data 
from CERF raceways #3 and #5). Arrows indicate change during wetland treatment. 
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Figure 4.30 shows quarterly averaged percent reductions of DOC versus BODs 

for raceways #3 and #5. The figure indicates that there is strong season dependence in 

the levels of reduction of both DOC and BODs. Reductions of BODs and DOC were 

greatest during the first and fourth quarters, corresponding to the cooler periods of the 

year. The reduction of DOC changes drastically over the course of a year, even when 

BODs reduction remains at a high level. This was probably due to removal of particulate 

organic carbon (POC) during passage across the wetland raceways. 
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Figure 4.30. Quarterly averaged percent reductions of BODs versus DOC (combined 
data from CERF raceways #3 and #5). 
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4.3.5.2 Relationship Between NBDOC and BOD5 

Figure 4.31 shows the relationship between specific BOD5 and specific NBIX)C 

for raceways #3 and #5. There is an increase in the fractional content of nondegradable 

DOC after wetland passage. 
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Figure 4.31. Relationship between specific BOD5 and specific NBDOC for lumped data 
from raceways #3 and #5 (1998 data only). 

4.4 Summary 

The following conclusions regarding behavior of organic carbon during 

subsurface flow wetland treatment in a hot, arid desert environment are supported by 

experimental results. 

1. Wetland effluent concentrations of organics are strongly season dependent. 
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2. Mechanisms responsible for season-dependent behavior include primarily 

evapotranspiration and production of wetland-derived organics. 

3. The concentration of nondegradable organics increases as a consequence of wetland 

treatment. Values are also season dependent, with higher concentrations occurring 

during summer. 

4. Loss of water by evapotranspiration is the most important mechanism responsible for 

elevated NBDCXT concentrations in wetland effluent. 

5. Production of wetland-derived DOC is greatest in summer. 

6. Attenuation of DOC and BOD5 are both season dependent, with greater attenuation 

occurring during cooler winter months. 

7. Attenuation of DOC is always less than attenuation of BODs during wetland treatment, 

probably due to POC that is effectively removed during treatment. 

Implications for management of constructed wetland systems are provided in Chapter 

seven. 
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5 CHARACTERIZATION OF ORGANICS FROM CERF WETLANDS 

5.1 XAD Fractionation and Isolation 

5.1.1 DOC Polarity Distribution 

The polarity distribution of DOC for samples obtained during three collection 

episodes at CERF is provided in Figures 5.1 - 5.3. The hydrophobic (HPO) fraction is 

defined as the fraction of DOC that was retained on the XAD8 resin column. Similarly, 

the hydrophilic (HPI) fraction is defmed as the fraction of DOC retained on the XAD4 

column. The ultrahydrophilic (ultra-HPI) fraction consists of the DOC remaining in 

solution after passage through both XAD resin columns. The method used for calculating 

DOC distribution is described below. Percentages are averages obtained during replicate 

(at least 5) XAD fractionation procedures. Error bars indicate plus and minus one 

standard deviation from the mean. 
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In both 1998 sampling events, there was little change in the polarity 

(hydrophobic/hydrophilic) distribution of DOC as a consequence of wetland treatment in 

raceway #5. For example, in the spring 1998 samples (Figure 5.2), the distribution of 

DOC at the inlet of raceway #5 (total DOC = 11.6 mg/L) was 43% hydrophobic, 18% 

hydrophilic, and 39% ultrahydrophilic. The distribution of DOC at the outlet (total DOC 

= 5.40 mg/L) was 45% hydrophobic, 18% hydrophilic, and 37% ultrahydrophilic. 

Similar trends occurred for the August 1998 samples. 

The lack of change in IX)C polarity distribution during treatment in raceway #5 

may be a consequence of the pretreatment provided in raceway #6. Additional 

characterization work suggested that ultrahydrophilics comprise the largest fraction of 

DOC in secondary effluent (Chapter 6). A portion of ultrahydrophilic DOC may have 

been transformed (or biodegraded) during passage through raceway #6. Preferential 

removal of this relatively easily biodegraded fraction is suggested by the increase in 

SUVA-254 across raceway #6 (Chapter 4; e.g. Figure 4.15). 

It is reasonable to assume that wetland-derived NOM present in the outlet of 

raceway #4 was also present in effluent from raceway #5. The combined processes of 1) 

removal of biodegradable EfOM and 2) addition of wetland-derived NOM resulted in 

little change in overall DOC polarity distribution as a consequence of treatment in 

raceway #5. 

Samples were collected at regular intervals during all XAD fractionation runs 

from the effluent of the XAD8 and XAD4 columns to determine the hydrophobic-

hydrophilic-ultrahydrophilic distribution of DOC in the water sample. Typical 
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performance of the XAD column array, during one of five fractionation runs performed 

using the CERF #5 inlet sample collected in March 1998, is shown in Figure 5.4. The 

concentration of DCXZ! present in the effluent from the XAD8 and XAD4 columns 

typically increased somewhat during the 6-hr runs. The figure is typical of behavior 

observed during operation of the XAD column array. The total mass of DOC remaining 

in solution after passage through the first (XAD8) and second (XAD4) columns was 

determined by integrating the areas under the respective curves. The hydrophobic 

fraction (representing DOC retained on the XAD8 column) was calculated as the 

difference in total mass of DOC in the processed sample volume minus the mass of DOC 

passing through the XAD8 column, normalized to the total mass of DOC in the processed 

sample volume. The hydrophilic fraction (representing DOC retained on the XAD4 

column) was the difference in the mass of DOC passing through the XAD8 column 

minus the mass exiting the XAD4 column, normalized to the total mass of DOC in the 

processed sample volume. The ultrahydrophilic fraction was calculated as the mass of 

DOC exiting the XAD4 column divided by the total mass of DOC in the processed 

sample volume. 

There was good reproducibility of DOC distribution results between replicate 

XAD fractionation runs. Figures 5.5 and 5.6 show the distribution of DOC during each 

of the daily fractionation runs for influent and effluent from raceway #5, respectively, for 

samples collected in March 1998. The volume processed during each daily run was 18L, 

contained in a single collapsible LDPE container (cubitainer). 
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Figure 5.4. Typical performance of XAD8/4 column array (eluant DOC concentrations 
from columns containing XAD8 and XAD4 resins as function of volume throughput). 
The sample processed consisted of influent to raceway #5 at the CERF wetlands in March 
1998. A pdre volume was approximately 177 mL. The total volume processed was 18 L. 
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Figure 5.5. Distribution of DOC for sample collected at the inlet of Raceway #5 in 
March 1998. Sourcewater was outflow from Raceway #6; that raceway receives 
secondary effluent from the Roger Road Wastewater Treatment plant. Each cubitainer 
contained 18L. 
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Figure 5.6. Distribution of DCXZ for sample collected at the outlet of Raceway #5 in 
March 1998. Sourcewater was outflow from Raceway #6; that raceway received 
secondary effluent from the Roger Road Wastewater Treatment plant. 

The DCXI distributions shown in Figures 5.1 - 5.3 are based on fractions of DOC 

retained during the isolation procedure. Prior to XAD isolation, samples were acidified 

to pH 1.95 ± 0.05. Under this pH condition, organics retained on XAD resins included 

both acids and neutrals. That is, the fractions of DCXI! retained on XAD8 resin consisted 

of hydrophobic acids and hydrophobic neutrals. Similarly, organics retained on XAD4 

resin consisted of hydrophilic acids and hydrophilic neutrals. Thus the indicated 

hydrophobic and hydrophilic percentages include compounds classified as either acids or 

neutrals. 
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The elution procedure was performed using 0.1 N NaOH, which elutes only the 

organic acids from the resins. In other words, sorbed organic neutrals were not eluted 

using 0.1 N NaOH. Since previous work with NOM showed that the hydrophobic acid 

and hydrophilic acid fractions typically account for the majority of DOC, characterization 

analyses were confined to these two fractions. An analysis of recovery efficiencies from 

the XAD resins was performed in a parallel study using samples obtained from the 

Sweetwater Recharge Facilities (Chapter 6). 

5.1.2 Neutral Fractions 

During XAD fractionation of wastewater samples, the XAD8 resin typically 

acquired a distinct bluish color in the upper half of the column. The intensity of this 

color increased during the isolation procedure, indicating retention of blue organic 

species. This coloration remained on the resin after elution of hydrophobic acids using 

O.IN NaOH but was readily removed during subsequent elution using acetonitrile. The 

resulting hydrophobic neutral eluate typically had a distinct bluish/greenish color. It has 

been suggested that detergent-derived optical brighteners are responsible for the bright 

blue color of the hydrophobic neutral DOC fraction in waters of wastewater origin. The 

hydrophobic neutral and hydrophilic neutral fractions of DOC were not isolated or 

characterized in this study. 
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5.2 Characterization of Organic Isolates 

5.2.1 Nuclear Magnetic Resonance Spectroscopy 

5.2.1.1 Interpretation of '^C-NMR Spectra 

The '^C-NMR spectra of hydrophobic acid isolates from raceways #4 and #5 for 

samples collected in September 1997, March/May 1998, and August 1998 are shown in 

Figures 5.7 - 5.9, respectively. These spectra typically display four or five peaks, 

corresponding to the major carbon functional groups. Chemical shift assignments for 

these peaks are given in Table 2.4. Quantitation of specific chemical shift regions was 

performed by electronic integration of spectral peak areas. Percentages are given in 

Table 5.1. Peaks indicated by arrows in raceway #5 spectra (at approximately 140 and 20 

ppm) appear to be specific to EfOM. These peaks are discussed in Section 6.2.11 and 

6.2.1.2. The peaks at approximately 105 and 55 ppm in spectra from raceway #4 isolates 

appear to be specific to NOM. The 55 ppm peak can be attributed to the syringyl unit of 

lignin (Alberts et al., 1991). Similarly, the 105 ppm peak may represent polysaccharides 

derived from oxidative breakdown of lignin (Alberts et al., 1991). Collectively, the 105 

and 55 ppm peaks in the #4 out spectra indicate organic contributions derived frorr 

vegetative tissue (Steelink, 1999). 

From the '^C-NMR spectra, it is apparent that there were no substantial changes 

in the character of hydrophobic acids between the inlet and outlet of the raceway 

receiving wastewater (#5), although reductions in DOC did occur during wetland 

treatment. In the spring 1998 sample set, the concentration of DOC decreased from 

11.58 mg/L (wetland inlet) to 5.39 mg/L (wetland outlet), a reduction of 54 percent 
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(Figure 5.8). The concentration of DOC at the outlet of the control raceway #4 (operated 

in parallel using low-DOC ground water as source water) was 2.35 mg/L. 

'^C-NMR spectra of hydrophilic acids isolated from samples collected at the 

CERF wetlands in March/May 1998 and August 1998 are presented in Figures 5.10 and 

5.11, respectively. It is apparent that hydrophilic acids contain more oxygenated 

aliphatic groups (62-90 ppm) and carboxyl groups (160-190 ppm) than corresponding 

hydrophobic acid isolates. 

Comparison of functional group percentages (Table 5.1) indicates that wetland-

derived NOM is less aliphatic and more aromatic in character than EfOM. It is 

reasonable to assume that the same wetland-derived organics are present in the effluent 

from raceways receiving wastewater. Thus, outflow from raceway #5 contains a 

combination of wastewater organics that survive wetland treatment along with wetland-

derived organics. Sources contributing to wetland-derived NOM include products of 

vegetative and/or microbial decay. This combination of processes resulted in little if any 

change in the character of the hydrophobic acid component of DOC in waters that 

traversed raceway #5. Nevertheless, comparison of spectra suggests that there are 

differences in the distribution of functional groups in wetland-derived organics and 

organic residuals in wastewater. 

The spectra also show that wetland-derived hydrophilic acids (raceway #4) have 

lower carboxyl carbon content than do hydrophilic acids in wastewater residuals (Figures 

5.10 and 5.11). The '^C-NMR spectra of EfOM hydrophilic acid fractions show greater 

amounts of carboxyl (160-190 ppm) and oxygen-substituted aliphatic groups (62-90 
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ppm), compared to spectra from the hydrophobic acid isolates. This result is consistent 

with previous observations. Aiken et al. (1992) reported that hydrophilic acids isolated 

from NOM were lower in molecular weight with greater heteroatom and carboxyl content 

than corresponding hydrophobic acid fractions. These are apparently among the 

structural determinants of XAD8/XAD4 afflnities for the hydrophobic and hydrophilic 

acid fractions. 
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Figure 5.7. '^C-NMR spectra of hydrophobic acids isolated from CERF wetland 
raceways in September 1997. Sourcewater for raceway #5 was wastewater effluent; 
sourcewater for raceway #4 was tapwater (ground water). Peaks indicated by arrows are 
described in the text. 
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Figure 5.8. '^C-NMR spectra of hydrophobic acids isolated from CERF wetland 

"r o 

raceways in March/May 1998. Sourcewater for raceway #5 was wastewater effluent; 
sourcewater for raceway #4 was tapwater (ground water). Peaks indicated by arrows are 
described in the text. 
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Figure 5.9. '^C-NMR spectra of hydrophobic acids isolated from CERF wetland 
raceways in August 1998. Sourcewater for raceway #5 was wastewater effluent; 
sourcewater for raceway #4 was tapwater (ground water). Peaks indicated by arrows are 
described in the text. 



187 

#5 in 

#5 out 

#4 out 

T 1 • 300 T "T" 
•O 

T -r 
o 

—T— 
too 320 ISO t«o 20 t40 

Figure 5.10. '^C-NMR spectra of hydrophilic acids isolated from CERF wetland 
raceways, March/May 1998. Sourcewater for raceway #5 was wastewater effluent; 
sourcewater for raceway #4 was tapwater (ground water). Peaks indicated by arrows are 
described in the text. 
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Figure 5.11. '^C-NMR spectra of hydrophilic acids isolated from CERF wetland 

T T T T T T 

raceways in August 1998. Sourcewater for raceway #5 was wastewater effluent; 
sourcewater for raceway #4 was tapwater (ground water). Peaks indicated by arrows are 
described in the text. 
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Table 5.1. Peak areas as percentages of total spectrum area for solid-state '^C-NMR 

spectra of hydrophobic acid and hydrophilic acid. Regions of chemical shift are 

described in Table 2.4 

Sample 0-62 62-90 90-110 110-140 140-160 160-190 190-230 Sample 
ppm ppm ppm ppm ppm ppm ppm 

#5 inlet HPOA (9/97) ' 
#5 inlet HPIA (9/97)' - - - - - - -

#5 outlet HPOA (9/97) 62.9 13.4 0.2 11.5 1.6 12.4 -0 
#5 outlet HPIA (9/97) ' - - - - - - -

#4 outlet HPOA (9/97) 36.0 15.6 6.6 14.7 6.7 15.0 5.5 
#4 outlet HPIA (9/97)' - - - - - - -

#5 inlet HPOA (3/98) 64.8 9.3 -0 13.5 1.9 11.8 -0 
#5 inlet HPIA (3/98) 40.1 18.8 3.7 11.7 7.0 15.8 2.9 
#5 outlet HPOA (3/98) 53.7 11.0 2.3 14.9 3.8 11.8 2.5 
#5 outlet HPIA (3/98) 39.8 19.9 4.6 11.4 5.6 15.8 3.0 
#4 outlet HPOA (5/98) 45.2 14.1 5.1 14.3 4.3 14.4 2.5 
#4 outlet HPIA (5/98) 36.7 20.5 8.0 9.7 4.6 17.6 2.9 
#5 inlet HPOA (8/98) 53.6 8.9 1.3 16.7 4.0 11.6 3.8 
#5 inlet HPIA (8/98) 33.6 18.4 5.2 15.2 5.2 17.9 4.4 
#5 outlet HPOA (8/98) 48.2 10.2 2.6 17.2 4.7 13.0 4.0 
#5 outlet HPIA (8/98) A^ 35.8 17.8 5.6 14.0 5.5 16.8 4.6 
#5 outlet HPIA (8/98) 35.2 18.4 5.8 13.5 5.3 16.9 4.9 
#4 outlet HPOA (8/98) 49.5 16.4 3.8 13.1 3.7 14.8 ~0 

#4 outlet HPIA (8/98) A^ 34.6 21.3 8.3 10.0 4.6 17.4 3.7 
#4 outlet HPIA (8/98) 34.8 20.3 8.0 10.7 5.1 17.3 3.8 

insufficient sample mass to perform NMR spectroscopy 
"spectra were generated from independent separations for purpose of comparing 

reproducibility of technique 

5.2.1.2 Interpretation of '^C-NMR Protonated and Nonprotonated Subspectra 

Two types of '^C-NMR subspectra were generated to further expose differences 

between isolates: subspectra showing primarily nonprotonated (quaternary) carbon 

resonances, and subspectra showing primarily protonated carbon resonances. These 

subspectra were obtained by manipulating the acquisition parameters of the NMR 

spectrometer (Chapter 3). 
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Figure 5.12 shows primarily quaternary carbon nuclei for hydrophobic acid 

isolates collected in August 1998. Corresponding subspectra showing primarily 

protonated carbon nuclei are in Figure 5.13. It is apparent that the NMR acquisition 

techniques for isolating nonprotonated and protonated carbon resonances are not perfect; 

some protonated carbons are visible in Figure 5.12 and some nonprotonated carbons 

appear in Figure 5.13. 

The technique appears useful, however, in distinguishing between organic isolates 

of natural versus wastewater origin. For example, two peaks specific to EfOM (indicated 

by arrows at 140 ppm and 20 ppm. Figure 5.12) become more prominent under the 

acquisition conditions favoring nonprotonated carbon nuclei (compare to Figure 5.9). In 

Figure 5.13, a peak at approximately 130 ppm (indicated by arrow) in the HPO-acid 

NOM isolate spectrum may represent phenolic carbon derived from lignin. 

Corresponding quaternary carbon and protonated carbon subspectra for 

hydrophilic acid isolates collected in August 1998 are provided as Figures 5.14 and 5.15, 

respectively. In Figure 5.14, the wastewater-specific 140-ppm peak (indicated by arrow) 

is somewhat less distinct than in the HPO acid spectrum (Figure 5.12). In Figure 5.15, an 

aromatic peak at approximately 130 ppm is present in the spectrum of EFOM but not in 

the spectrum of wetland-derived NOM obtained from CERF raceway #4 outlet. This 

result may suggest that aromatic structures in EfOM HPI acids contain greater phenolic 

(OH) content than similar fractions from NOM. 
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Figure 5.12. NMR subspectra showing primarily quaternary carbon for HPO acids 
collected in August 1998. Peaks indicated by arrows are described in the text. 
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Figure 5.13. NMR subspectra showing primarily protonated carbon for HPO acids 
collected in August 1998. Peak indicated by arrow is described in the text. 
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Figure 5.14. NMR subspectra showing primarily quaternary carbon for HPI acids 
collected in August 1998- Peak indicated by arrow is described in the text. 
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Figure 5.15. NMR subspectra showing primarily protonated carbon for HPI acids 
collected in August 1998- Peaks indicated by arrows are described in the text. 
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5.2.2 Infrared Spectroscopy 

Infrared spectroscopy was used in addition to '^C-NMR as a 'Tingerprinting" 

method to provide additional information on functional group distribution in organic 

isolates. Infrared spectra of hydrophobic acids isolated at the CERF wetlands in 

September 1997, March/May 1998, and August 1998 are given in Figures 5.16, 5.17, and 

5.18, respectively. Infrared spectra of hydrophilic acids isolated at the CERF wetlands in 

September 1997, March/May 1998, and August 1998 are given in Figures 5.19, 5.20, and 

5.21, respectively. A listing of relevant molecular bonds that absorb infrared light is 

provided in Table 5.2. The IR spectra of these isolates are generally similar, consisting of 

a few, relatively broad bands. The simplicity of these spectra masks the complex nature 

of these isolates. MacCarthy and Rice (1985) noted that IR absorption bands of 

individual constituents in humic materials overlap significantly, resulting in apparent 

simplicity of IR spectra. 

Interpretation of IR spectra follows wavenumber assignments given in MacCarthy 

and Rice (1985) (Table 5.2). The broad hump in the 3400 cm"' region is due to OH 

stretching that can be attributed to hydrogen bonding. Superimposed on this peak are the 

2920 and 2860 cm ' bands that are attributed to aliphatic C-H bonds in methyl and/or 

methylene groups. These peaks are more prominent in HPO acid than in HPI acid 

isolates. These aliphatic groups are also more prominent in HPO acids of EfOM than in 

the wetland-derived NOM from raceway #4. Comparison of raceway #5 inlet and outlet 

HPO acid spectra indicates that these aliphatic groups are attenuated during wetland 
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treatment. However, attenuation of these groups is not apparent in the corresponding HPI 

acid spectra. 

The very prominent peak at about 1720 cm"' is attributed to the C=0 stretching 

vibration of carboxyl groups. This peak is strong in all spectra. Comparisons between 

spectra may not be appropriate for this band since it is sensitive to sample pH. The 1600-

1650 cm ' band is due to aromatic C=C double bonds that are conjugated with C=0 or 

COO*. This band typically appears as a shoulder to the right of the 1720 cm"' peak. The 

1600-1650 cm ' band is somewhat more pronounced in the IR spectra of wetland-derived 

hydrophobic acids (raceway #4 outlet), than in the spectra of the hydrophobic acid 

fraction of EfOM (Figures 5.16, 5.17, and 5.18). This observation is consistent with the 

higher aromatic content seen in '^C-NMR spectra of wetland-derived hydrophobic acids. 

The small sharp peaks at 1170 cm*' and 1040 cm*' visible in IR spectra of 

wastewater isolates are attributed to the S=0 bond of sulfonated surfactants (Leenheer, 

2000). Another sharp peak occurs at about 1010 cm*' and is attributed to a C-H stretch 

associated with detergents. These sharp peaks are not present in spectra obtained from 

wetland-derived organic isolates. 

The gentle hump at about 1055 cm*' in IR spectra of wetland-derived NOM (e.g. 

Figure 5.17) is attributed to the C-O bond of carbohydrates. This peak is visible in the #4 

outlet spectrum but is not visible in the #5 inlet spectrum. The #5 outlet spectrum shows 

some contribution of this peak, which is attributed to the addition of wetland-derived 

NOM during wetland treatment. This peak may represent polysaccharide cell wall 

material of microbial origin. 
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Subtraction spectra were generated electronically using Nicolet software. In each 

case, a baseline correction was first applied to individual IR spectra using the software. 

Subtractions involved corresponding inlet and outlet samples for HPO-A and HPI-A 

isolates. Figure 5.22 shows subtraction spectra for HPO and HPI acids collected from 

raceway #5 in spring 1998. Subtraction spectra for HPO and HPI acids collected from 

raceway #5 in August 1998 are shown in Figure 5.23. Positive peaks in these spectra 

indicate removal of specific bonds that absorb IR light at that particular wavenumber. 

Removals were a consequence of wetland treatment. The positive peaks occurring at 

2920 and 2860 cm ' in Figures 5.22 and 5.23 indicate that aliphatic groups are attenuated 

during wetland treatment. The presence of positive peaks at 1040 cm ' indicate that S=0 

is somewhat attenuated during wetland treatment. 

Figure 5.16. Infrared Spectra for hydrophobic acid fractions isolated from CERF wetland 
raceways in September 1997. Sourcewater for raceway #5 was wastewater effluent; 
sourcewater for raceway #4 was tapwater (ground water). 

2MO 2000 
Wewwiombefe fem-l) 
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Table 5.2. Peak assignments for FT-IR spectra (adapted from Wang et al., 1990; 

MacCarthy and Rice, 1985). 

Assignment Wavenumbers 
(cm') 

OH stretching and NH stretching 3410 region 

Aromatic CH stretching 3070 

Aliphatic stretching (symmetric and asymmetric stretching of 2930-2950 
CH3, CH2 

CH stretching 2900 

H-bonded OH stretching of COOH 26(X) region 

C=0 stretching of COOH 1720 

Amide I 1670 

C=0 and/or COO" conjugated with aromatic C=C "double bonds" 1600-1650 

COO" asymmetric stretching (and stretching of aromatic C=C) 1625-1630 

Amide H 1550 

Aromatic ring stretching (and NH bending and CN stretching) 1580-1480 

NH3 bending 1510 

Aliphatic CH3 and CH2 bending 1450 (weak) 

C-CH3 stretching 1440 

OH bending from COOH and alcohols 1380-1410 

COO" symmetric stretching (and CH deformation, CO stretching 1384-1397 
of phenolic OH) 

N=0 stretching 1385 

CO stretching and OH bending deformation due to COOH and 1200-1240 
phenolic groups 

S=0 in sulfonic acids 1170 

Silica impurity 1100 

OH bending, CO stretching of alcohols and ethers in 1011-1093 
carbohydrates 1030-1080 

S=0 in sulfonic acids 1040 

C-O from COOH groups 949 

CH out-of-plane deformation of hydrocarbons -880 

Silica impurity 470 
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Figure 5.17. Infrared Spectra for hydrophobic acid fractions isolated from CERF wetland 
raceways in March/May 1998. Sourcewater for raceway #5 was wastewater effluent; 
sourcewater for raceway #4 was tapwater (ground water). 

XAD8 #5in August 1998 

XA08 IMout August 1998 

4*00 3M0 3000 2̂ 00 2000 1800 1000 SOO 
WawanumkarB (cm-l) 

Figure 5.18. Infrared Spectra for hydrophobic acid fractions isolated from CERF wetland 
raceways in August 1998. Sourcewater for raceway #5 was wastewater effluent; 
sourcewater for raceway #4 was tapwater (ground water). 
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Figure 5.19. Infrared Spectra for hydrophilic acid fractions isolated from CERF wetland 
raceways in September 1997. Sourcewater for raceway #5 was wastewater effluent; 
sourcewater for raceway #4 was tapwater (ground water). 

4900 SSOO 3000 2M0 2000 1000 1000 BOO -

Figure 5.20. Infrared Spectra for hydrophilic acid fractions isolated from CERF wetland 
raceways in March/May 1998. Sourcewater for raceway #5 was wastewater effluent; 
sourcewater for raceway #4 was tapwater (ground water). 
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Figure 5.21. Infrared Spectra for hydrophilic acid fractions isolated from CERF wetland 
raceways in August 1998. Sourcewater for raceway #5 was wastewater effluent; 
sourcewater for raceway #4 was tapwater (ground water). 
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Figure 5.22. Subtraction Spectra (#5in minus #5out) for organic isolates obtained from 
CERF wetland raceways in March 1998 (top: HPO acids; bottom: HPI acids). Peaks 
indicated by arrows are described in the text. 
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Figure 5.23. Subtraction Spectra (#5in minus #5out) for organic isolates obtained from 
CERF wetland raceways in August 1998 (top; HPO acids; bottom: HPI acids). 

5.2.3 Elemental Analysis 

Table 5.3 gives elemental percentages of C, H, O, and N for HPO-and HPI-acid 

isolates obtained from the CERF wetland raceways. To permit comparison of these 

results with elemental compositions of NOM, Table 5.3 also includes selected results 

reported in Aiken et al. (1992) for isolates obtained from the Yakima River that were 

processed using identical XAD adsorption chromatography procedures. 

The elemental ratios of H/C and O/C can be used as indicators for degree of 

saturation and polarity, respectively. Graphical presentations of H/C versus O/C for 

HPO- and HPI-acid isolates from raceway #5 are given in Figure 5.24. This type of plot 

is known as a van Krevelen diagram (Visser, 1983b). It is apparent that processes 

occurring during wetland treatment decrease the H/C ratio of HPO and HPI acids. Figure 
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5.25 shows elemental ratios for HPO and HPI acid fractions of wetland-derived NOM 

(obtained from the outlet of CERF raceway #4). Similar measurements from Yakima 

River NOM (Aiken et al., 1992) are provided for comparison. Both NOM samples 

display similar H/C ratios. In all cases, it is apparent that hydrophilic acid isolates are 

more polar (higher O/C ratios) than corresponding hydrophobic acids. This observation 

is consistent with higher carboxyl carbon content determined by ''C-NMR spectroscopy 

of hydrophilic acid isolates (Figures 5.10 and 5.11, Table 5.1). Aiken et al. (1992) also 

noted that HPI acids contain higher carboxyl carbon content than HPO acid isolates of 

NOM. 

Table 5.3. Elemental data (in percent) for hydrophobic and hydrophilic acid isolates 
obtained_atdie_CERF^wetland^^ 

Isolate E)escription C H O N Ash 
(Sampling Date) (ash-free basis) 
#5 inlet HPOA (9/97) 56.6 5.7 32.0 3.1 5.9 
#5 inlet HPIA (9/97) 48.5 5.3 45.3 4.0 20.0 

#5 outlet HPOA (9/97) 56.6 5.6 32.0 3.1 5.9 
#5 outlet HPIA (9/97) 48.8 4.9 40.8 3.7 10.7 

#4 outlet HPOA (9/97) 52.4 4.7 44.2 2.0 22.2 
#4 outlet HPIA (9/97)' - - - - -

#5 inlet HPOA (3/98) 57.5 5.9 32.5 2.9 8.1 
#5 inlet HPIA (3/98) 44.3 4.9 41.6 3.2 12.7 

#5 outlet HPOA (3/98) 56.2 5.5 33.6 2.6 6.6 
#5 outlet HPIA (3/98) 57.5 5.9 32.5 2.9 5.7 

#4 outlet HPOA (5/98) 54.9 4.9 38.9 2.3 5.3 
#4 outlet HPIA (5/98) 48.2 4.2 46.1 3.1 7.6 
#5 inlet HPOA (8/98) 56.3 6.0 29.2 3.1 2.0 
#5 inlet HPIA (8/98) 49.8 4.8 42.1 3.7 11.7 

#5 outlet HPOA (8/98) 56.7 5.6 32.1 2.7 2.4 
#5 outlet HPIA (8/98) 49.7 5.0 41.7 3.7 11.7 

#4 outlet HPOA (8/98) 54.6 4.8 37.1 2.1 2.7 
#4 outlet HPIA (8/98) 49.3 4.4 43.2 3.0 9.3 

Yakima R. at Kiona HPOA 56.1 5.0 35.5 2.2 1.1 
Yakima R. at Kiona HPIA 50.5 4.4 40.6 3.0 3.9 

Yakima R. at Cle Elum HPOA 57.2 4.9 35.9 1.0 8.5 
Yakima R. at Cle Elum HPIA 52.2 4.6 40.8 4.5 3.1 

elemental analysis not performed due to insufficient isolate mass 
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Figure 5.24. Plot of atomic O/C ratio versus atomic H/C ratio for HPO and HPI acids 
from CERF raceway #5. 

1.40 

o 
1.30 

a: 
o 
^ 1.20 
o 
£ 
o 
< 1.10 

1.00 

0.35 0.45 0.55 0.65 0.75 

Atomic O/C Ratio 

Figure 5.25. Plot of atomic O/C ratio versus atomic H/C ratio for HPO and HPI acids 
from CERF raceway #4 and from the Yakima River. 

• #4 out HPO-A O #4 out HPI-A 

• Yakima R. HPO-A O Yakima R. HPI-A 

• • 



202 

Nitrogen content and aromaticity can provide insight as to the source of carbon in 

organic isolates. Aiken and Cotsaris (1995) note that aquatic humic substances derived 

from lignin (plant-derived) are low in N content and have relatively large aromatic 

carbon content whereas microbial-derived humic substances have lower aromatic carbon 

content and relatively high N content. The wetland-derived HPO acids obtained from 

raceway #4 have lower N content than corresponding wastewater HPO acids (Table 5.3). 

These results are consistent with the interpretation that organics derived from raceway #4 

reflect some lignin source material. Conversely, the higher N content in isolates from 

raceway #5 reflects exposure to microbial activity during secondary wastewater 

treatment. 

Plots of AR-C to AL(I)-C versus atomic C:N ratio are useful for identifying the 

nature of source material in organic isolates (McKnight et al., 1994). In this type of plot, 

isolates positioned toward the lower left (lower C:N, less aromatic) are suggestive of 

microbial origin, whereas those in the upper right (higher C:N, more aromatic) indicate a 

terrestrial vegetation (allochthonous) origin. In Figures 5.26 and 5.27, plots of this type 

were constructed in an attempt to differentiate EfOM and wetland-derived NOM isolates. 

For comparison, shown in Figure 5.26 are Suwanee River humic acid (SRH) and 

Suwanee River fulvic acid (SRF). Organics in this blackwater river are derived from 

terrestrial vegetation. The grouping of all CERF wetland isolates within the lower left 

region in Figure 5.26 suggests their organic character is dominated by microbial 

processes. 
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Figure 5.26. Comparison of AR-C to AL(I)-C versus atomic C:N ratio for HPO- and 
HPI-acid isolates from CERF wetlands. (SRF and SRH are Suwanee River fulvic and 
humic acid, respectively). 
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Figure 5.27. Magnified plot of comparison of AR-C to AL(I)-C versus atomic C:N ratio 
for HPO- and HPI-acid isolates from CERF wetlands. 
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In Figure 5.27, the scale axes have been magnified to show relative positioning 

among the CERF isolates. The atomic C:N ratios of HPO acid isolates are distinctly 

higher than for HPI acids (Figure 5.27). Debroux (1998) reported similar trends for 

atomic C:N ratios of HPO and HPI acids isolated from EfOM. The HPO acid isolates 

from raceway #4 (representing wetland-derived NOM) exhibit the highest C:N ratios, 

suggesting contribution of lignin source material. Presence of lignin in these isolates is 

also suggested by the small peak at approximately 55 ppm (indicated by arrow) visible in 

'^C-NMR spectra of HPO and HPI acid isolates from raceway #4 (Figures 5.8 - 5.12). It 

was somewhat surprising that the wetland-derived isolates did not show more separation 

(i.e. much greater C:N ratios) from EfOM isolates (Figure 5.27). The lack of separation 

suggests that wetland-derived NOM originating in raceway #4 is dominated by soluble 

microbial products and/or plant-derived NOM that has been exposed to substantial 

microbial activity during passage through the wetland. 

Also plotted in Figure 5.27 is HPO acid obtained from Lake Fryxell, Antarctica. 

This isolate represents a microbial end member; since terrestrial plants are not present in 

that environment, the DOC in Lake Fryxell is derived solely from microbial activity. It is 

apparent that HPO acids in EfOM are similar to microbial-derived NOM. 

The HPO acids isolated from raceway #5 show an increase in AR-C to AL(I)-C 

ratio from inlet to outlet in the spring and August 1998 samples (Figure 5.27). An 

opposite trend (to a lesser degree) is apparent for corresponding raceway #5 HPI acid 

isolates. The AR-C to AL(I)-C ratio of wetland-derived (raceway #4) HPO acids is 

lowest in the August 1998 sample, when the contribution of wetland-derived 
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carbonaceous material was greatest (Figure 4.12). Among the HPI acids, wetland-

derived isolates have the lowest AR-C to AL(I)-C ratios. Overall, there was little 

difference in AR-C to AL(I)-C ratios between the HPO and HPI acids (Figure 5.27). 

Another useful method for differentiating relationships between isolates is shown 

in Figure 5.28. This figure shows the relationship between carboxyl group content (Table 

5.1) and atomic C:N ratio. It is apparent from Figures 5.27 and 5.28 that C:N ratio is 

useful for distinguishing the source of carbon in aquatic extracts. 
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Figure 5.28. Relationship between atomic C:N ratio and percentage of carboxylic carbon 
for CERF isolates. 
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5.3 Studies on Reconstituted Organic Isolates 

Relationships between biodegradability, UV absorbance, and THM formation 

during chlorination were assessed by reconstituting organic isolates into uniform aqueous 

solutions. In this work, lyophilized isolates were redissolved and diluted to a target 

concentration of 9.0 mg DOC/L. The isolate mass required to achieve a 9.0 mg/L 

solution was calculated using the non-ash corrected percent carbon obtained from 

elemental analysis (Tables 5.4a and 5.4b). Redissolution procedures are described in 

Section 3.5. 

Table 5.4a. Summary of reconstituted hydrophobic acid isolates. 

XAD8 Percent Isolate Mass used for Measured DOC Percent Deviation 
Isolate Carbon' Redissolution^ (mg/L) from Target 
Name (mg) Concentration^ 

#5out9/97 53.28 8.4 7.80 -13.3 
#4out9/97 40.76 11.0 8.36 -7.1 
#5in3/98 52.52 8.6 9.78 8.7 

#5out3/98 52.87 8.5 8.99 -0.1 
#4out5/98 52.03 8.6 8.40 -6.7 
#5in8/98 55.19 8.2 8.58 -4.7 
#5out8/98 55.31 8.1 7.96 -11.6 
#4out8/98 53.10 8.5 7.89 -12.3 

Table 5.4b. Summary of reconstituted hydrophilic acid isolates. 

XAD4 Percent Calculated Isolate Mass Measured DOC Percent Deviation 
Isolate Carbon' for Redissolution^ (mg/L) from Target 
Name (mg/L) Concentration^ 

#5out9/97 38.77 11.6 9.43 4.8 
#4out9/97 43.59 10.3 8.87 -1.4 
#5in3/98 38.65 11.6 9.36 4.0 

#5out3/98 38.22 11.8 9.63 7.0 
#4out5/98 44.56 10.1 9.48 5.3 
#5in8/98 43.95 10.2 10.21 13.4 

#5out8/98 43.87 10.3 10.94 21.6 
#4out8/98 44.72 lO.l 8.82 -2.0 

determined by elemental analysis; not corrected for ash content 
"volume of reconstituted solution was 500 mL 
^target DOC concentration was 9.0 mg/L 
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The suite of analyses performed on reconstituted isolates included EXX!, UV 

measurements at 254 and 272 nm, determination of biodegradable and nondegradable 

fractions (using the 5-day BDOC batch test approach), and THMFP. The nondegradable 

fractions remaining after the five-day BDOC test were also analyzed for DOC, UV 

254/272, and THMFP. 

The measured DOC concentration and percent deviation from the target 

concentration of each reconstituted HPO and HPI acid solution are given in Tables 5.4a 

and 5.4b, respectively. The average deviations (in percent) from the target were 8.3 and 

6.0 for HPO acids and HPI acids, respectively. Possible causes contributing to this error 

include incomplete dissolution and/or presence of residual moisture in dried isolates. 

5.3.1 Biodegradability 

Biodegradabilities of reconstituted hydrophobic and hydrophilic acid isolates are 

shown in Figure 5.29 and listed in Tables 5.5 and 5.6. Measurements were conducted in 

triplicate; error bars represent plus/minus one standard deviation from the mean value. 

Significant differences in biodegradability of these isolates are apparent. Overall, the 

biodegradability of HPO acids was less than HPI acids. The biodegradability of isolates 

from raceway #5 decreased from inlet to outlet, reflecting the removal of some 

biodegradable compounds during wetland passage. More significantly, the 

biodegradability of wetland-derived HPO acids and HPI acids from raceway #4 was 

surprising low, varying between 5-10% and 4-18%, respectively. This result suggests 
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that organics of wetland origin that are added during wetland treatment of wastewater 

contribute to the level of biorefractory organics that may survive subsequent biotreatment 

(e.g. soil aquifer treatment). 

Table 5.5. Degradability of reconstituted hydrophobic acid isolates. 

XAD8 Isolate Initial DOC NBDOC' Percent 
Name (mg/L) (mg/L) Bicdegraded' 
#5out9/97 8.4 6.64 ±0.10 14.9 ± 1.28 
#4out9/97 II.O 7.54 ±0.04 9.8 ±0.48 
#5in3/98 8.6 5.63 ±0.29 42.4 ± 2.97 

#5out3/98 8.5 6.84 ±0.41 23.9 ±4.56 
#4out5/98 8.6 7.99 ±0.11 4.9 ± 1.31 
#5in8/98 8.2 5.79 ±0.41 32.5 ± 1.78 

#5out8/98 8.1 5.56 ±0.41 30.2 ± 1.78 
#4out8/98 8.5 7.28 ± 0.20 7.7 ± 2.53 

'mean and standard deviation from triplicate 5-d BDCX! tests 

Table 5.6. Degradability of reconstituted hydrophilic acid isolates. 

XAD4 Isolate Initial CKX^ NBDCX:' Percent 
Name (mg/L) (mg/L) Biodegraded' 
#5out9/97 9.43 6.54 ± 0.79 30.6 ± 8.38 
#4out9/97 8.87 7.20 ±0.31 18.8 ±3.49 

#5in3/98 9.36 5.50 ± 0.28 41.2 ±2.99 
#5out3/98 9.63 6.58 ±0.10 31.7 ± 1.04 
#4out5/98 9.48 8.73 ±0.17 7.9 ± 1.79 
#5in8/98 10.21 5.19 ±0.22 49.2 ±2.15 

#5out8/98 10.94 6.60 ± 0.20 39.7 ± 1.83 
#4out8/98 8.82 8.45 ± 0.03 4.2 ± 1.34 

mean and standard deviation from triplicate 5-d BDOC tests 
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5.3.2 Specific Absorbance 

Specific absorbance values at 254 (SUVA-254) and 272 nm (SUVA-272) for 

reconstituted HPO acid and HPI acid isolates are shown in Figure 5.30. There is a very 

consistent relationship between SUVA-254 and SUVA-272, suggesting that both 

wavelengths are equally useful for measurement for aromaticity. Linear regression on a 

plot of SUVA-254 versus SUVA-272 for HPO acids gave a coefficient of determination 

of 0.99 (Figure 5.31). The SUVA-272 was about 86% of SUVA-254. This is in 

excellent agreement with Li et al. (2000), who reported that UV-272 was typically about 

85% of UV-254 for many natural water samples. 
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Uniform trends in SUVA are apparent; SUVA increases in the order #5in < #5 out 

< #4 out for all HPO and HPI acid DOC fractions. The increase in SUVA across raceway 

#5 is probably due to both preferential degradation of aliphatic structures in EfOM and 

the contribution of aromatic moieties in wetland-derived NOM. 

5.3.3 Trihalomethane Formation Potential 

The reactivity of reconstituted HPO and HPI acids is represented as specific 

THMFP in Figure 5.32. Shown are averages from tests performed in triplicate. For the 

two sample sets collected in 1998, there is an increase in reactivity in the order #5 in < #5 

out < #4 out. That is, reactivity of residual organics, or at least those isolated as HPO and 

HPI acids, increased as a consequence of wetland treatment. Moreover, wetland-derived 

isolates always exhibited the highest reactivity with chlorine. The reactivity of HPO 

acids was greater than that of corresponding HPI acids in all cases (wastewater or 

wetl and-deri ved). 

It is thought that activated aromatic rings (aromatic rings containing hydroxyl 

groups) serve as the primary Cl-reactive sites in organic molecules (Hanna et al., 1991; 

Huixian et al., 1997). In all cases, the percentage of carbon classified as aromatic (AR-I) 

was greater in HPO acids than in corresponding HPI acids, based on integration of '^C-

NMR spectral regions (Table 5.1). The greater aromatic content in HPO acids apparently 

resulted in greater reactivity with chlorine in forming THMs. 

Free chlorine residuals were measured at the conclusion of the 7-day THMFP 

incubation period to confirm the presence of chlorine. The mean residual (day 7) free 
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chlorine concentrations for HPO and HPI acid isolate solutions were 24.4 and 25.4 mg/L, 

respectively. Chlorine demand was calculated by subtracting the residual chlorine 

concentration (day 7) from the applied chlorine dose concentration (50 mg/L) and 

normalizing the difference to the DOC concentration of each isolate solution (Tables 

5.4a,b). Results are summarized in Table 5.7. For the HPO acids, THMFP was strongly 

correlated to chlorine demand (r^ = 0.84, Figure 5.33). 

Table 5.7. Chlorine demand (mg CN/mg DOC) during THMFP tests on reconstituted 

HPO and HPI acid isolates from CERF wetlands. 

Isolate Name HPO Acids HPI Acids 

#5out9/97 3.48 -

#4out9/97 3.15 2.50 

#5in3/98 2.57 2.56 

#5out3/98 3.02 2.54 

#4out5/98 2.76 2.43 

#5in8/98 2.80 2.33 

#5out8/98 3.06 2.53 

#4out8/98 3.53 3.19 

average 3.05 ±0.34 2.58 ± 0.28 
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Figure 5.30. Specific absorbance for reconstituted HPO acid (top) and HPI acid (bottom) 
isolates from CERF wetlands. 
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Figure 5.31. Correlation between SUVA-254 and SUVA-272 for HPO acid isolates 
obtained from CERF wetland raceways. 
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Figure 5.32. Trihalomethane formation potential for reconstituted HPO and HPI acid 
isolates from CERF wetlands. 
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Figure 5.33. Relationship between chlorine demand and specific trihalomethane 
formation potential for reconstituted HPO-acid isolates from CERF wetlands. 

5.3.4 Relationships between Variables 

Relationships among biodegradability, SUVA-254, and THMFP were examined 

via simple linear regression analyses. There was a very strong negative correlation 

between biodegradability and SUVA-254 (Figure 5.34). It is of interest to note that 

wetland-derived isolates plot along the same trend lines as wastewater isolates, indicating 

a general relationship between biodegradability and SUVA-254 that is consistent between 

NOM and EfOM. The data suggest that aromaticity is the principal parameter that 

controls biodegradability; as aromaticity increases, biodegradability decreases. 

• y = 31.885x-34.529 
= 0.8407 
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Figure 5.34. Relationship between SUVA-254 and biodegradability for reconstituted 
HPO- and HPI-acid isolates from CERF wetlands. 

SUVA-254 was measured both before and after BDOC assays on isolates. 

ASUVA-254 was calculated as SUVA-254NBDOC minus the original SUVA-254 value. 

Figure 5.35 shows the relationship between biodegradability and ASUVA-254 for HPO-

and HPI-acids. Using this approach improved the correlation for HPO acids. There was 

a slight decrease in correlation using this approach for HPI acids. 
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Figure 5.35. Relationship between ASUVA-254 and biodegradability for reconstituted 
HPO- and HPI-acid isolates from CERF wetlands. 

The relationship between biodegradability and THMFP is shown in Figure 5.36. 

For both HPO and HPI acids, as biodegradability decreased, chlorine reactivity increased, 

suggesting that the nondegradable component of these isolates is more active in forming 

THMs. The HPO acids showed a stronger negative correlation between biodegradability 

and chlorine reactivity. Based on the y-intercepts obtained from simple linear regressions 

(Figure 5.36), the reactivity (ng THM per mg DOC) of nondegradable HPO and HPI 

acids (under THMFP chlorination conditions) is predicted to be around 80 p.g/mg and 70 

|ig/mg, respectively. 
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Figure 5.36. Relationship between biodegradability and specific trihalomethane 
formation potential for reconstituted HPO- and HPI-acid isolates from CERF wetlands. 

The relationship between THMFP and SUVA-254 or ASUVA-254 for HPO- and 

HPI- acid isolates is shown in Figures 5.37 and 5.38, respectively. There is a positive 

correlation between SUVA-254 and THMFP. The strength of correlation increased 

modestly using ASUVA-254 (Figure 5.38). In these plots, there are no distinct 

differences in trend between HPO- and HPI-acid isolates. Thus the data were pooled for 

purposes of correlation analysis. 
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Table 5.8. Summary of correlation statistics for linear regression analyses of 

reconstituted HPO- and HPI-acids obtained from CERF wetlands. 

HPO-acids HPI-acids 
r~ P-value r P-value 

DOC: 
SUVA-254 vs % biodegraded 0.889 4.41x10-^ 0.971 7.43x10"^ 
del SUVA-254 vs % biodegraded 0.929 1.17x10"* 0.926 1.31x10"* 
% biodegraded vs THMFP 0.831 1.61x10-^ 0.648 0.016 
SUVA-254 vs THMFP 0.655 0.015 0.369 0.110 
del SUVA-254 vs THMFP 0.796 2.87x10"^ 0.283 0.175 

NBDOC: 
Biodegradability vs THMFP 0.001 0.945 0.147 0.349 
SUVA-254 vs THMFP 0.009 0.825 0.200 0.266 
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Figure 5.37. Relationship between SUVA-254 and specific trihalomethane formation 
potential for reconstituted HPO- and HPI-acid isolates from CERF wetlands. 
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Figure 5.38. Relationship between ASUVA-254 and specific trihalomethane formation 
potential for reconstituted HPO- and HPI-acid isolates from CERF wetlands. 

5.3.5 Nondegradable Residuals: Relationships Between Variables 

The nonbiodegradable component remaining after performing BDCX) testing was 

also subjected to the same suite of analyses. Analyses performed on the nondegradable 

fractions are indicated by the subscript "NBDOC " Figure 5.39 shows the relationship 

between SUVA-254NBDOC and THMFPNBDOC for nondegradable HPO and HPI acids. 

There is no clear relation between inlet and outlet values of THMFPNBDOC and SUVA-

254NBDOC, suggesting that the reactivity of nondegradable organics is not affected during 

wetland treatment. The yield of THMs (under formation potential chlorination 

conditions) from nondegradable HPO acids was significantly higher (P < 0.06) than from 

nondegradable HPI acids, based on a one-way analysis of variance (ANOVA) test. 
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Figure 5.39. Relationship between SUVA-254NBDOC and specific trihaiomethane 
formation potential for reconstituted HPO- and HPI-acid isolates from CERF wetlands. 

Figure 5.40 shows the relationship between THMFPNBDOC and biodegradability. 

Reactivity of the nondegradable component of HPO and HPI acids is not sensitive to the 

fraction of degradable DOC that was removed during the BDOC test. In other words, 

this result suggests that the reactivity of NBDOC is not impacted as a consequence of 

wetland treatment. Rather, reactivity increases as the fraction of NBDOC becomes a 

larger component of total DOC. The mean reactivities of nondegradable fractions of 

HPO and HPI acids (under THMFP chlorination conditions) were 98 and 84 fig/mg 

DOC, respectively. 



221 

200 

160 
"B) 
3 
Q. 120 
LL 

X 
% 80 
o 07 
w 40 

0 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 

Biodegradability (%) 

Figure 5.40. Relationship between biodegradability and specific trihalomethane 
formation potential of the NBDOC of reconstituted HPO- and HPI-acid isolates from 
CERF wetlands. 

• HPO acids 

• HPI acids 
y=0.0349x+97.601 

= 0.0009 

y=-0.2774x+9128 
r^ = 0.1466 

5.4 Summary 

The goals of this study were to 1) examine changes in the character of EfOM 

during wetland treatment and 2) evaluate the character of wetland-derived NOM. The 

following conclusions are supported by experimental results: 

1. There was no significant change in the operationally defined hydrophobic-

hydrophilic character of EfOM as a consequence of subsurface wetland 

treatment. 

2. Subtle changes in organic carbon functional group distribution occurred during 

wetland treatment; percentage of aliphatic carbon decreased. 
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3. Wetland-derived NOM has greater aromaticity than EfOM. 

4. Elemental analysis suggests that microbial activity dominates the character of 

wetland-derived NOM. 

5. Wetland-derived NOM exhibits low biodegradability, high aromaticity, and high 

chlorine reactivity. 

6. The nonbiodegradable component of HPO- and HPI-acids is more reactive in 

producing THMs upon chlorination than is the biodegradable component. 

Consequently, specific THMFP increases during wetland treatment of these 

organics. 

Implications for management drawn from these conclusions are provided in Section 

7.4.1. 
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6 ORGANIC CHARACTER CHANGES DURING SOIL AQUIFER TREATMENT 

6.1 XAD Fractionation and Isolation 

6.1.1 DOC Polarity Distribution 

The polarity distribution of DOC in samples corresponding to waters obtained 

during two collection episodes at Sweetwater basin RB-001 is summarized in Figures 6.1 

and 6.2. Percentages are averages obtained during replicate XAD fractionation 

procedures (minimum of eight for each sample). Error bars indicate plus and minus one 

standard deviation from the mean. In the isolation procedure used, the hydrophobic and 

hydrophilic fractions consisted of both acid and neutral compounds. Since neutral 

compounds were not recovered during elution using 0.1 N NaOH, the fractions of DOC 

recovered (HPO and HPI acids) were less than indicated in the figures. A detailed 

investigation of recovery efficiencies from the XAD resins was performed (Section 

6.1.3). 

Comparison of DOC distributions for samples collected in the winter (Figure 6.1) 

versus summer (Figure 6.2) reveals several interesting points. For the two RB-OOl pond 

samples, the concentration of DOC was higher in summer (18.06 mg/L) than in winter 

(11.39 mg/L). Ultrahydrophilic DOC comprised the largest fraction in both samples. 

Organic compounds in this fraction include proteins, polysaccharides, amino acids, and 

other lower-molecular weight materials that are amenable to biodegradation (Huber and 

Frimmel, 1996; Namour and Muller, 1998). The summer pond sample contained a larger 

hydrophobic fraction. 
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Figure 6.1. Polarity distribution of DCX! for samples collected at Sweetwater recharge 
basin RB-001 during January/February 1999. Source water was secondary effluent from 
the Roger Road Wastewater Treatment Plant. 
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Figure 6.2. Polarity distribution of DOC for samples collected at Sweetwater recharge 
basin RB-001 during June/July 1999. Source water was secondary effluent from the 
Roger Road Wastewater Treatment Plant. 
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Seasonal differences between the two IX)C distributions disappear during 

percolation through near surface sediments. The concentrations of DOC at MW#5 were 

7.38 mg/L (winter) and 6.72 mg/L (summer). That is, the greater quantities of DOC 

present in summer were eliminated during passage through near-surface sediments, 

resulting in similar distribution and quantity of EXXZ! at the MW#5 shallow well. This 

result suggests that seasonal differences in secondary effluent organic character are in the 

most biodegradable fractions. 

Ultrahydrophilic DOC was preferentially removed during processes comprising 

SAT. In the first sample set (Figure 6.1), the ultrahydrophilic fraction decreased from 

48% of total residual EXXZ! in pond water to 37% in MW#5 and 28% at groundwater well 

WR-199A. Caveats regarding the reliability of DOC distributions calculated for the 

groundwater samples are discussed below. Although there was an 88% reduction in total 

DOC concentration between the pond and monitoring well WR-199A, there was also an 

increase in the relative size of the hydrophobic and hydrophilic fractions of DOC as a 

consequence of vadose zone percolation. Previous work (e.g. Quanrud et al., 1996a) 

showed that biodegradation is the principal removal mechanism for DOC during 

percolation. Thus the data indicate that ultrahydrophilic DOC is more readily 

biodegraded during SAT. Travel times through the vadose zone at the Sweetwater site 

are not known but are thought to be on the order of 10-14 days. 

It was not possible to use the previously stated approach (Chapter 5) to calculate 

DOC polarity distribution in the two groundwater samples obtained from the Sweetwater 

recharge site. Aliquots of column effluent collected during processing of groundwater 
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samples showed variable behavior during separation steps. DOC concentration in 

effluent from the XAD4 column was greater than from the XAD8 column in the majority 

of samples collected (data not shown) suggesting that resin bleed contributed to the 

measured distribution of organics in the samples. Given the relatively low DCXI! 

concentration of the two groundwater samples processed (1.4 and 2.2 mg/L), resin bleed 

probably became a significant component of DOC in column effluents after HPO and 

HPI acids were sorptively removed by the XAD resins. This behavior was not always 

seen, however, and specific subsets of data followed expected trends. These subsets were 

used to calculate distributions of DOC in these samples. 

Determination of DOC distributions for groundwater samples was further 

complicated by the very low concentrations of organics present, sometimes near the 

detection limit of the TOC analyzer (Shimadzu TOC5000). Uncertainty regarding the 

ability of the analyzer to reliably measure DOC in these samples prompted an 

investigation of the detection limits of the machine. Following guidelines given in 

method 1030E in Standard Methods (1995), the lower level of detection (LLD) and the 

practical quantitation limit (PQL) were determined in a series of twenty replicate blank 

samples (milliQ water). The LLD was determined to be 0.2 mg/L. According to 

Standard Methods, this represents the DOC concentration that produces detectable signal 

in 99% of the individual measurements. Using the same dataset, the PQL was calculated 

as 0.5 mg/L. According to Standard Methods, The PQL is considered to be a measure of 

the "lowest level achievable among laboratories within specified limits during routine 

laboratory operations." It represents the lowest concentration for which it is fairly certain 
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that a reported value is reliable. Based on these analyses, the DOC measurements for 

XAD column samples were considered to be reliable, although column bleed represents 

an unresolved problem. 

6.1.2 Resin Bleed Investigation 

It is not possible to eliminate resin bleed when using resin sorbents for organics 

separations, even after exhaustive resin pre-cieaning procedures are performed (Aiken, 

1988). Resin bleed is more significant from acrylic-ester resins (e.g. XAD8) than from 

styrene-divinylbenzene resins (e.g. XAD4). The magnitude of resin bleed increases with 

increasing pH and has been reported to be on the order of 3 mg DOC/L in 0.1 N NaOH 

from XAD8 resin (Aiken, 1988). A major component of resin bleed from XAD8 is 

methyl acrylic acid. Since the method for calculating DOC distribution is based on 

measurement of effluent from each XAD column, the presence of resin bleed in effluent 

from XAD8 and XAD4 resins would lead to underestimation of the mass of DOC 

retained in each column during sample processing. As a consequence, calculated 

percentages for hydrophobic and hydrophilic fractions of DOC would be lower than their 

true values. Resin bleed becomes particularly significant for samples containing low 

DOC concentrations (e.g. ground water) since the concentration of resin bleed becomes a 

relatively more significant component of the total DOC in column effluent. In this 

situation, determination of the distribution of DOC may not be feasible using the XAD 

approach. 



228 

An attempt was made to measure resin bleed during the XAD isolation procedure. 

In this experiment, reagent-grade water (milliQ, pH = 1.95) was applied to a 295-mL 

XAD8/XAD4 column pair using the previously described protocols (Chapter 3). 

Samples of column effluent were collected during the run after 30, 60, and 90 pore 

volumes had passed through the column array. Total volume processed was 18 L, 

corresponding to a it' cutoff of 50, conforming to Equation 3.1. The average 

concentration of DOC in the milliQ water (column influent) was 0.510 mg/L, based on 

triplicate analysis. In all cases, column effluent DOC concentration exceeded the influent 

level, consistent with the occurrence of bleed from the resins. The average effluent IX)C 

concentrations from the XAD8 and XAD4 columns were 0.95 and 0.90 mg/L, 

respectively (Figure 6.3). XAD8 column effluent DOC increased with time, whereas 

there was a decrease for the XAD4 column. Column effluent DOC concentrations were 

comparable (-0.9 mg/L) after 60 pore volumes of milliQ water had passed. The columns 

were eluted using 0.1 N NaOH and the eluates were acidified using HCI. The 

concentration of DOC in the XAD8 eluate was 2.08 mg/L (corresponding to an eluted 

DOC mass of 1.81 mg); the concentration of DOC in the XAD4 eluate was 4.73 mg/L 

(corresponding to an eluted DOC mass of 3.90 mg). The DOC in the XAD8 eluate may 

have been derived from resin bleed occurring during the elution procedure. The (larger) 

mass of DOC eluted from the XAD4 column may have been due to the combination of 

resin bleed originating from the XAD4 column (that occurred during the elution 

procedure) and resin bleed originating from the XAD8 column that was retained on the 

XAD4 resin and subsequently eluted. It is also possible that some component of DOC in 
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column eluates was due to residual hydrophobic and hydrophilic acids in the milliQ water 

that were isolated and eluted during the experiment. 
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Figure 6.3. XAD8 and XAD4 column effluent DOC as a function of pore volume during 
an isolation experiment using milliQ as sourcewater. Sample volume was 18 L. 

This experiment demonstrated that there are measurable additions of resin bleed-

derived DOC that are introduced to sample isolates during the XAD fractionation 

procedure. Assuming the worst case scenario (that resin bleed accounted for 100% of the 

DOC in eluates from the milliQ control run experiment), this contamination could 

represent 1-5 percent of the DOC recovered in hydrophobic acid eluate (XAD8 resin) and 

11-15 percent of the DOC recovered in hydrophilic acid eluate (XAD4 resin). These 

ranges of percentages were calculated using the average DOC concentrations measured in 

eluates obtained during XAD isolation of samples from RB-001 (pond), MW#5, and WR-

I99A. The potentially greater relative contribution of bleed to XAD4 eluate arises from 

two factors: 1) the higher concentration of bleed measured in XAD4 eluate during the 

• XAD8 effluent 
• XA04 effluent 

• 

• 

milliQ water influent 

I I I I 
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control experiment, and 2) the lower sample-derived hydrophilic acid DOC mass 

recovered in XAD4 eluates. 

Assuming that the rate of resin bleed is independent of sample DOC 

concentration, the impact of resin bleed becomes more significant during isolation of 

samples with low IX)C, as resin bleed becomes a larger proportion of the total DOC 

recovered during elution. Bleed effects should be greatest in groundwater separations. 

A re-concentration step is useful for minimizing the concentration of resin bleed 

in eluted concentrates. This approach was used in this study; eluates collected from 

multiple isolation runs were combined and reapplied onto respective XAD columns 

during the desalting procedure (Chapter 3). The resorption of eluates onto XAD resins 

served two purposes. First, resin bleed contamination in the (desalted) eluates was 

reduced; methyl acrylic acid has a low capacity factor on XAD8 at pH 2 (Aiken, 1988). 

Second, final eluate DOC concentrations were increased, which reduced the time 

required during subsequent rotary evaporation of eluates to achieve a final concentrate 

volume of I50-2(X) mL prior to lyophilization. 

6.1.3 Evaluation of Recovery Efficiencies 

A. detailed analysis was performed to evaluate recovery efficiencies from the 

XAD resins during fractionation of DOC from samples collected at Sweetwater recharge 

basin RB-001. Tables 6.1 and 6.2 give summaries of hydrophobic and hydrophilic acid 

recoveries, respectively, during XAD fractionation. For each sample, the percentages of 

HPO and HPI acid were calculated using the mass of DOC recovered in respective 
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eluates divided by the mass of DOC in the volume applied to the column array. 

Recovery efficiency during O.I N NaOH elution from XAD resins was calculated using 

the mass of DOC recovered in eluates divided by the mass of DOC that had sorbed to the 

column during the isolation run. Recovery efficiencies were determined before and after 

performing desalting procedures. Overall recovery efficiency (after performing the 

desalting procedure) was calculated using the mass of DOC in salt-free eluates (after 

passage through the cation exchange resin) divided by the mass of DOC sorbed to the 

XAD column during initial isolation. The percent loss of DOC attributed to the desalting 

procedure is also provided. 

Variations in recovery efficiencies between samples (Tables 6.1 and 6.2) do not 

appear to follow recognizable trends. Overall recovery efficiencies were lower in isolates 

from the second sample set (collected in June/July 1999). This could be due to seasonal 

differences in the character of residual organics in the samples (e.g. larger neutral 

fractions during summer) or to random analytical error. 

Losses occurring during desalting procedures ranged from 18-36% for HPO acid 

isolates and 26-63% for HPI acid isolates. Possible causes for these losses include 1) 

incomplete resorption of organics onto respective XAD resins, 2) sorption onto cation 

exchange resin, and 3) precipitation of organic acids onto the cation exchange resin. N-

containing basic moieties (e.g. amines, amino acids) can be selectively removed by cation 

exchange resins (McKnight et al., 1994; McKnight et al., 1997). It is expected that 

EfOM would have greater amine and amino acid content than NOM; sorptive removal of 

these compounds onto cation exchange resin during desalting operations may at least 
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partially account for observed losses. Precipitation of fulvic acids can occur on cation 

exchange resin if the organic concentration is in excess of 300 mg C/L and precipitation 

of humic acids can occur at concentrations greater than 250 mg C/L (Malcolm, 1991). 

To minimize precipitation reactions, eluates were diluted with milHQ water prior to 

passage through cation exchange resin. Clogging of cation exchange resin was not 

observed during any of the desalting operations. 

Changes in isolate organic character may have occurred as a consequence of 

desalting operations. It is possible that resorption of eluates was not quantitative. 

Sorption affinity of organics onto XAD resins decreases with increasing DOC 

concentration, following Langmuir isotherm behavior (Aiken et al., 1992). It is expected 

that the organics lost during resorption would be comprised of the most hydrophilic 

component of each eluate. That is, those organics with the lowest k' cutoff values would 

be most susceptible to loss. Thus, the hydrophobic fraction may have become more 

hydrophobic and the hydrophilic fraction may have become less hydrophilic as a 

consequence of desalting operations. Preferential removal of the more hydrophilic 

component of fulvic acids during reconcentration and desalting was also recognized by 

McKnight et al. (1994). 

The highest combined HPO and HPI acid percentage was on the order of 42% 

(sample = MW#5 collected January 1999) (Tables 6.1 and 6.2). The combined 

percentage of these two fractions is typically substantially higher in NOM. HPO acids 

typically comprise 40-60% of the DOC in surface waters (Leenheer et al., 1974). The 

lower recoveries of HPO and HPI acids from EfOM suggest that it contains significantly 
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greater fractions of neutral compounds that are not recovered using 0.1 N NaOH. 

Moreover, recovery efficiency of NOM-derived HPO acids from XAD8 resin is typically 

high (on the order of 90+%), suggesting low hydrophobic neutral content. In this work, 

recovery efficiencies of EfOM-derived HPO acids from XAD8 resin ranged from 40.4 to 

70.7% (Table 6.1), suggesting that there was a substantial hydrophobic neutral content. 

Previous investigators have also noted that hydrophobic neutrals may comprise a 

substantially greater fraction in EfOM than in NOM (Barber et al., 1997; Debroux, 1998). 

Levels of recovery for HPI acids from XAD4 resin (Table 6.2) were similar (40.6 to 

73.4%) to HPO acid recoveries, indicating that the hydrophilic neutral component in 

EfOM was also significant. Lower rates of recovery from XAD4 resin during isolation of 

NOM have been reported (Malcolm and MacCarthy, 1992). In that study, it was 

hypothesized that n-n bonding between the aromatic matrix of XAD4 resin and the 

aromatic portion of organic solutes contributed to the lower recoveries. 

During XAD processing of wastewater effluent, it was noted that the XAD8 resin 

at the top of the column acquired a distinct bluish color. The intensity of this color 

increased during the isolation procedure and was not removed during elation of 

hydrophobic acids using O.IN NaOH. The blue color was readily removed during 

subsequent elution using acetonitrile. The hydrophobic neutral eluate typically had a 

distinct bluish color. This blue color has been attributed to tripheny I methane blue dye, 

which is used in toilet bowl cleaners and as a food coloring (Leenheer, 2000). 
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Table 6.1. Summary of recoveries for hydrophobic acids during XAD fractionation of 

samples collected at RB-OOI. 

Pond MWf5 WR-199A Pond MW#5 WR-068A 
1/99 1/99 2/99 6/99 6/99 7/99 

Filtrate 
Volume 

(L) 
159 215 420 157 236 489 

Filtrate 
DOC 

(mg/L) 
11.39 7.38 1.41 18.79 6.89 2.12 

Total DOC 
Mass 
(mg) 

1811 1587 588 2950 1626 1037 

HPO mass 
sorbed' 598 666 nd^ 1328 683 nd^ 

(mg) 
HPO-A mass 
recovered' 

(mg) 
422 430 121 536 435 227 

Recovery 
efficiency' 

(%) 
70.7 64.5 nd^ 40.4 63.6 nd^ 

HPO 
Acid 
(%) 

23.3 27.1 20.6 18.2 26.7 21.9 

HPO-A mass 
recovered" 

(mg) 
289 344 93.8 319 304 186 

Recovery 
efficiency^ 

(%) 
48.4 51.7 nd^ 24.0 44.5 nd^ 

% loss during 
desalting step 31.5 20.0 22.5 40.5 30.1 18.1 

'after initial elution from XAD resin 
"after the desalting procedure 
^it was not possible to determine recovery efficiencies for deep well samples 
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Table 6.2. Summary of recoveries for hydrophilic acids during XAD fractionation of 

samples collected at RB-OOl. 

Pond MW#5 WR-199A Pond MW#5 WR-068A 
1/99 1/99 2/99 6/99 6/99 7/99 

Filtrate 
Volume 

(L) 
159 215 420 157 236 489 

Filtrate 
DOC 

(mg/L) 
11.39 7.38 1.41 18.79 6.89 2.12 

Total DOC 
Mass 
(mg) 

1811 1587 588 2950 1626 1037 

HPI mass 
sorbed' 

(mg) 
344 333 nd^ 354 341 nd^ 

HPI-A mass 
recovered' 

(mg) 
211 245 57 144 149 101 

Recovery 
efficiency' 

(%) 
61.2 73.4 nd^ 40.6 43.5 nd^ 

HPI 
Acid 
(%) 

11.6 15.4 9.7 4.9 9.1 9.7 

HPI-A mass 
recovered^ 79 104 42 64 74 37 

(mg) 
Recovery 

efficiency^ 
(%) 

23.0 31.2 nd' 18.0 21.7 nd^ 

% loss during 
desalting step 62.6 57.6 26.3 55.6 50.3 63.4 

after initial elution from XAD resin 
'after the desalting procedure 
^it was not possible to determine recovery efficiencies for groundwater samples 
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In this research, chemical characterization analyses were confined to HPO and 

HPI acid isolates. Since a signiflcant portion of EfOM was not recovered in these two 

fractions (Tables 6.1 and 6.2), it seems apparent that alternative approaches (e.g. 

membrane separations) for isolation of EfOM should be explored in order to increase the 

percentage of recovery. 

6.2 Characterization of Organic Isolates 

6.2.1 Nuclear Magnetic Resonance Spectroscopy 

6.2.1.1 Interpretation of '^C-NMR Spectra 

Reductions in DOC concentration across the vadose zone at the Sweetwater 

recharge site were on the order of 90% in samples collected for organic characterization 

analyses. Natural abundance solid-state '^C-NMR spectroscopy was used as a 

"fingerprinting" technique to examine changes in bulk structural characteristics of 

residual organics that occur as a consequence of soil percolation. Quantitation of spectral 

regions corresponding to specific functional groups (Table 2.4) was performed by 

electronic integration of peak areas (Section 3.4.1). Results are shown in Table 6.3. 

Solid state '^C-NMR spectra for HPO and HPI acids from the January/February 

1999 sample set are provided as Figures 6.4 and 6.5. Comparison of these spectra 

indicates that oxygen-substituted aliphatic (62-90 ppm) and oxygen-substituted aromatic 

(140-160 ppm) regions appear to decrease preferentially as a consequence of SAT. 

Trends in other functional groups during SAT are not as distinct. For the HPO acids 

from the first sample set (Figure 6.4), the content of unsubstituted aliphatic carbon (0-62 
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ppm) increased from the pond (43%) to shallow well MW#5 (50%) and then decreased 

again in well WR-I99A (47%) (Table 6.3). When oxygen-substituted aliphatics (62-90 

ppm) are also considered, the overall aliphaticity (0-90 ppm. Table 6.4) of HPO acids 

was little changed during percolation (59.1% in pond, versus 60.9% in WR-I99A). 

Similar trends for aliphatic carbon were observed in HPO acids from the second sample 

set (Figure 6.6; Table 6.4). 

Table 6.3. Peak areas as percentage of total spectrum obtained by electronic integration 
of solid state '^C-NMR spectra for hydrophobic and hydrophilic acids. Functional groups 
corresponding to discrete chemical shift ranges are given in Table 2.4. 

Sample 0-62 
ppm 

62-90 
ppm 

90-110 
ppm 

110-140 
ppm 

140-160 
ppm 

160-190 
ppm 

190-230 
ppm 

Pond HPOA (1/99) 43.3 15.8 4.5 13.4 6.5 12.8 3.6 
Pond HPIA (1/99) 33.8 21.5 6.6 11.2 6.6 16.5 3.9 

MW#5 HPOA (1/99) 50.6 14.3 2.8 12.5 4.1 14.3 1.5 
MW#5 HPIA (1/99) 46.4 21.4 3.1 11.1 3.4 17.1 ~0 

WR-199A HPOA (2/99) 47.2 13.7 4.9 12.6 5.3 12.3 4.0 
WR-199A HPIA (2/99) 37.8 18.6 6.5 11.5 5.7 15.7 4.2 

Pond HPOA (6/99) 47.3 12.6 2.9 16.6 7.5 11.7 1.5 
Pond HPIA (6/99) 45.9 22.1 1.0 8.6 2.4 19.1 0.5 

MW#5 HPOA (6/99) 50.0 11.2 1.3 17.4 6.3 13.0 0.8 
MW#5 HPIA (6/99) 39.8 18.1 3.6 13.7 6.4 16.8 1.7 

WR-068A HPOA (7/99) 46.3 8.2 2.1 19.6 5.6 15.7 2.7 
WR-068A HPIA (7/99) 41.6 21.9 1.6 8.0 2.9 21.3 2.5 
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Figure 6.4. '^C-NMR spectra for hydrophobic acid fractions isolated from pondwater, 
shallow well MW#5, and groundwater monitoring well WR-I99A at Sweetwater basin 
RB-001 in January/February 1999. Sourcewater was secondary effluent from the Roger 
Road Wastewater Treatment Plant. Peaks indicated by arrows are described in the text. 
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13 Figure 6.5. C-NMR spectra for hydrophilic acid fractions isolated from pondwater, 
shallow well MW#5, and groundwater monitoring well WR-199A at Sweetwater basin 
RB-001 in January/February 1999. Sourcewater was secondary effluent from the Roger 
Road Wastewater Treatment Plant. Peaks indicated by arrows are described in the text. 
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Table 6.4. Aliphaticity and aromaticity for HPO and HPI acid isolates obtained from the 

Sweetwater recharge site. 

Isolate Aliphiticity (%) Aromaticity (%) 

Name (AL-I plus AL-II) (AR-I plus AR-II) 

Pond HPOA (1/99) 59.2 19.9 

Pond HPIA (1/99) 55.3 17.8 

MW#5 HPOA (1/99) 64.9 16.6 

MW#5 HPIA (1/99) 67.8 14.5 

WR-199A HPOA (2/99) 60.9 17.9 

WR-199A HPIA (2/99) 56.4 17.2 

Pond HPOA (6/99) 59.9 24.1 

Pond HPIA (6/99) 67.9 11.1 

MW#5 HPOA (6/99) 61.2 23.7 

MW#5 HPIA (6/99) 57.9 20.1 

WR-068A HPOA (7/99) 54.4 25.2 

WR-068A HPIA (7/99) 63.5 10.9 

Pond 

MW#5 

WR-199A 

ppm 50 0 100 250 ISO 200 

Figure 6.6. '^C-NMR spectra of HPO acids isolated from pondwater, shallow well 
MW#5, and groundwater monitoring well WR-068A at Sweetwater recharge basin RB-
001 in June/July 1999. Sourcewater was secondary effluent from the Roger Road 
Wastewater Treatment Plant. Peaks indicated by arrows are described in the text. 
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Trends in aromatic carbon (110-160 ppm) for HPO acids are also not distinct 

(Table 6.4). In the first sample set, there was a modest decrease in fraction aromatic 

carbon between the pond and well WR-199A (from 19.9 to 17.9%); aromatic carbon 

increased slightly (from 24.1 to 25.2%) in the second sample set. Considering that 

different NMR spectrometers (using different acquisition pulse sequences) were used, 

differences between the two sample sets may not be significant. 

The peaks indicated by arrows (at approximately 140 and 20 ppm) in Figures 6.4 -

6.6 are specific to EfOM. These peaks are not visible in spectra of wetland-derived 

NOM (e.g. Figure 5.6). The peak at 140 ppm is attributed to sulfonated compounds 

derived from laundry detergents (Leenheer, 2000). The peak at 20 ppm appears to be 

specific to Tucson wastewater. This peak is clearly visible in the HPO acid spectra from 

both sample sets (using two different NMR spectrometers). The peak is not distinct in 

HPO acid spectra of EfOM obtained from wastewater effluent at several other wastewater 

treatment plants (Drewes et al., 1999; Drewes and Fox, 2000). 

The '^C-NMR spectra of HPI acids (Figure 6.5) show greater amounts of carboxyl 

and oxygen-substituted aliphatic groups, compared to HPO acids. This result is 

consistent with previous observations on NOM. Aiken et al. (1992) reported that 

hydrophilic acids isolated from aquatic NOM were lower in molecular weight with 

greater heteroatom and carboxyl content than corresponding hydrophobic acid fractions. 

These are apparently among the structural determinants of XAD8/XAD4 affinities for the 

hydrophobic and hydrophilic acid fractions. 
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Comparison of solid-state '^C-NMR spectra of post-SAT EfOM and wetland-

derived NOM suggest similarities in bulk organic character. Figure 6.7 shows a 

comparison of '^C-NMR spectra for the HPO acid fractions of DOC obtained from 

groundwater monitoring well WR-I99A and CERF raceway #4 outlet. The HPI acid 

fractions of DOC for these same samples are shown in Figure 6.8. The overall shapes of 

these spectra are similar, suggesting that processes comprising SAT alter the character of 

EfOM so that it more closely resembles NOM. The most significant difference between 

the HPO acid fractions appears to be a higher carboxyl group content (160-190 ppm) in 

NOM than in EfOM. Sulfonated compounds (140 ppm) are apparent in both post-SAT 

spectra, but appear more distinct in the HPI acid fraction (Figure 6.8). 

Post-SAT EfOM 
(WR-199A) 

NOM 
(CERF outlet #4) 

—r-
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—I— 
240 
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40 

T —T" •0 —T-
20 

T-
•40 t«o •o 140 o 

Figure 6.7. '^C-NMR spectra of HPO acids: EfOM after SAT (groundwater monitoring 
well WR-199A) and wetland-derived NOM (CERF raceway outlet #4). Peak indicated 
by arrow is described in the text. 
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Figure 6.8. '^C-NMR spectra of HPI acids: EfOM after SAT (groundwater monitoring 
well WR-199A) and wetland-derived NOM (CERF raceway outlet #4). Peak indicated 
by arrow is described in the text. 

6.2.1.2 Interpretation of '^C-NMR Protonated and Nonprotonated Subspectra 

Two types of '^C-NMR subspectra were generated to further explore differences 

between isolates of EfOM and NOM—those showing primarily nonprotonated 

(quaternary) carbon, and subspectra showing primarily protonated carbon. Subspectra 

were obtained by manipulating acquisition parameters of the NMR spectrometer (Chapter 

3). 

Figure 6.9 shows primarily quaternary carbon for hydrophobic acid isolates 

collected in January/February 1999. The subspectra showing primarily protonated 

carbon for that sample are in Figure 6.10. The peaks at approximately 140 ppm and 20 

ppm (indicated by arrows in Figure 6.9) are specific to EfOM; both are absent in NOM 

spectra (Figures 5.7-5.11). These peaks are not visible in the spectra from WR-I99A 

(Figure 6.9), indicating that removal of these anthropogenic carbon nuclei occurred 
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during SAT. Corresponding quaternary carbon and protonated carbon subspectra for 

hydrophilic acid isolates collected in January/February 1999 are provided as Figures 6.11 

and 6.12, respectively. There do not appear to be substantial differences between 

corresponding HPO- and HPI-acid spectra. 

Pond 

MW#5 

WR-199A 

T O —r— 
toe 

"T" 
50 

Figure 6.9. NMR subspectra showing primarily quaternary carbon for HPO acid isolates 
from RB-001, January^ebruary 1999. Peaks indicated by arrows are described in the 
text. 
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Figure 6.10. NMR subspectra showing primarily protonated carbon only for HPO acid 
isolates obtained from RB-001, January/February 1999. 
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Figure 6.11. NMR subspectra showing primarily quaternary carbon for HPI acid isolates 
obtained from RB-001, January/February 1999. 
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Figure 6.12. NMR subspectra showing primarily protonated carbon for HPI acid isolates 
obtained from RB-001, January/February 1999. 
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6.2.2 Infrared Spectroscopy 

Infrared spectroscopy was used in addition to '^C-NMR as a "fingerprinting" 

method to provide additional information on functional group distribution in organic 

isolates. Infrared (IR) spectra for HPO acid fractions from wetland-derived NOM and 

EfOM (secondary effluent) are provided in Figures 6.13 and 6.14, respectively. Both IR 

spectra show peaks typically associated with humic materials. A listing of relevant 

molecular bonds that absorb infrared light is provided in Table 5.2. It is apparent that 

several additional peaks occur in the IR spectrum of EfOM that are not present in the IR 

spectrum of NOM. These additional peaks are due to the presence of molecular bonds 

specific to organic compounds of wastewater origin. For example, the sharp peaks at 

1170 cm ' and 1040 cm ' (Figure 6.14) are due to S=0 double bonds (Leenheer, 2000), 

indicating the presence of sulfonated surfactants and/or their metabolites. These 

compounds originate from laundry detergents. The presence of these peaks indicates 

removal of these compounds during conventional wastewater treatment is incomplete. 

IR spectra of HPO and HPI acid isolates from January/February 1999 samples at 

the Sweetwater recharge site are provided as Figures 6.15 and 6.16, respectively. For 

comparison, infrared spectra for HPO acids isolated in June/July 1999 are shown in 

Figure 6.17. The IR spectra of these isolates are generally similar, consisting of 

relatively few broad bands. 

Interpretation of IR spectra follows assignments given in MacCarthy and Rice 

(1985). The broad hump in the 3400-3100 cm ' region is due to OH stretching from 

hydrogen bonds. There are differences in the shape of this peak between NOM and 
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EfOM. The ER spectrum of NOM shows a distinct peak at 3400 cm ' (Figure 6.13); the 

spectrum of EfOM (Figure 6.14) occurs as a broader hump and does not exhibit a well 

defined-peak. Superimposed on this peak are bands at 2860 and 2920 cm"', representing 

symmetric and asymmetric C-H stretches, respectively, that are attributed to methyl (-

CH3) and/or methylene (-CH2) groups. These peaks are most prominent in the IR spectra 

of HPO acids. It is apparent in the HPO acid stacked spectra that these aliphatic groups 

are attenuated during SAT (Figures 6.15 and 6.17). Loss of these aliphatic groups is not 

apparent in the IR spectra for HPI acids (Figure 6.16). 

The very prominent peak at about 1720 cm ' is attributed to the C=0 stretching 

vibration of carboxyl groups. This peak is very sharp in all EfOM and NOM isolate 

spectra. Comparisons between spectra may not be appropriate for this band, however, 

since it is sensitive to sample pH (MacCarthy and Rice, 1985). The 1600-1650 cm"' band 

is due to aromatic C=C double bonds that are conjugated with C=0 or COO". This band 

typically appears as a shoulder to the right of the 1720 cm"' peak and is most prominent 

in spectra from the MW#5 shallow well (Figures 6.15 and 6.16). This result suggests that 

there is an increase in aromaticity of HPO- and HPI-acids that accompanies transport 

through biologically active near-surface sediments, followed by a subsequent decrease 

during percolation through the vadose zone at the Sweetwater recharge site. This result is 

consistent with changes in SUVA-254 that occur during SAT (Section 6.3.2). The 1600-

1650 cm"' band appears to be more pronounced in the IR spectrum of wetland-derived 

NOM (Figure 6.13) than in EfOM (Figure 6.14), suggesting greater aromatic carbon 
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content in the NOM isolate. This is in agreement with aromatic carbon functional group 

percentages determined by '^C-NMR (Table 6.3). 

The small sharp peaks at 1170 cm ' and 1040 cm"' that are visible in HPO and 

HPI acid isolates obtained from the Sweetwater site are attributed to the S=0 bond of 

sulfonic acid functional groups (Barber et al., 1997). These peaks are specific to EfOM 

isolates and are derived from anionic surfactant degradation products including 

sulfophenyl carboxylates and dialkyltetralin sulfonates (Field et al., 1992). There appears 

to be attenuation of these IR peaks in HPO acid isolates during SAT; IR spectra of HPI 

acids do not show a clear trend. 

Subtraction spectra were generated electronically using the IR spectra from 

isolates collected in January-February 1999 from the Sweetwater recharge site. In each 

case, a baseline correction was performed on individual IR spectra prior to performing 

subtractions. In Figure 6.18, the upper spectrum represents the difference between IR 

spectra for the HPO acid fractions of pond water and the MW#5 shallow well. Similarly, 

the lower spectrum represents the difference in ER spectra between the MW#5 shallow 

well and the groundwater monitoring well WR-199A. Figure 6.19 shows corresponding 

subtraction spectra for HPI acid fractions. Positive peaks in these spectra result from 

removals of molecular bonds at those particular wavenumbers. The positive peaks at 

2920-2860 cm ' and at 1170 cm ' and 1040 cm"' (indicated by arrows in Figure 6.18) 

indicate removal of methyl/metheylene groups and S=0 double bonds, respectively, 

during SAT. 
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Figure 6.13. Infrared Spectrum for hydrophobic acid fraction of wetland-derived NOM 
from CERF raceway #4 collected in August 1998. 
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Figure 6.14. Infrared spectrum for hydrophobic acid fraction of secondary effluent from 
the Roger Road Wastewater Treatment Plant. 
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Figure 6.15. Infrared Spectra for hydrophobic acid fractions isolated from Sweetwater 
basin RB-OOl in January/February 1999. Sourcewater was secondary effluent from the 
Roger Road Wastewater Treatment Plant. Peaks indicated by arrows are described in the 
text. 
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Figure 6.16. Infrared spectra for hydrophilic acid fractions isolated from Sweetwater 
basin RB-OOl in January/February 1999. Sourcewater was secondary effluent from the 
Roger Road Wastewater Treatment Plant. Peaks indicated by arrows are described in the 
text. 
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Figure 6.17. Infrared spectra for hydrophobic acid fractions isolated at and near 
Sweetwater basin RB-OOl in June/July 1999. Sourcewater was secondary effluent from 
the Roger Road Wastewater Treatment Plant. 
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Figure 6.18. Subtraction IR Spectra for hydrophobic acid fractions isolated at 
Sweetwater basin RB-OOl in January/February 1999. Upper: pondwater minus MW#5; 
Lower: MW#5 minus WR-199A. 
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Figure 6.19. Subtraction IR Spectra for hydrophilic acid fractions isolated at Sweetwater 
basin RB-OOl in January/February 1999. Upper: pondwater minus MW#5; Lower: 
MW#5 minus WR-199A. 

6.2.3 Elemental Analysis 

Table 6.5 gives elemental percentages of C, H, O, and N for HPO- and HPI- acid 

isolates obtained from the Sweetwater recharge site. In order to compare these results to 

elemental percentages in natural organic matter. Table 6.5 also includes selected results 

reported in Aiken et al. (1992) for HPO- and HPI-acid isolates obtained from the Yakima 

River. These were obtained using identical procedures. 

The elemental ratios of H/C and O/C can be used as indicators for degree of 

saturation and polarity, respectively. Graphical presentation of atomic H/C versus atomic 

O/C (van Krevelen diagram) for Sweetwater HPO- and HPI-acid isolates is shown in 

Figure 6.20. Arrows in the flgure indicate general trends in atomic ratios for HPO- and 

HPI-acids during processes that comprise SAT. For comparison, also shown are atomic 



ratios of several surface water and ground water fulvic acids. These data were obtained 

from Steelink (1985) and Aiken et al. (1992). On average, aquatic fulvic acids isolated 

from surface waters have higher polarity (higher O/C ratios) than those isolated from 

groundwaters. Of particular interest are the HPO- and HPI-acids from Lake Fryxell, 

Antarctica (circled data points in the figure). The character of organic carbon in Lake 

Fryxell is derived primarily from microbial/algal activity, without contribution from 

terrestrial plants (Aiken et al., 1996; McKnight and Aiken, 1998). It is apparent that 

elemental composition of HPO- and HPI-acid isolates of EfOM after SAT are similar in 

character to the microbial-derived NOM from Lake Fryxell; processes occurring during 

soil-aquifer treatment act to transform EfOM so that it more closely resembles NOM of 

microbial origin. 

Table 6.5. Elemental data (in percent) for hydrophobic and hydrophilic acid isolates 
obtamedatthe_Sweetwaterrechargebasin^andatJfakii^^ 

Isolate Description C H O N Ash 
(Sampling Date) (ash-free basis) 

Pond HPO A (1/99) 55.3 5.9 32.9 3.6 3.6 
Pond HPIA(l/99) 47.6 5.6 42.3 4.2 8.6 

MW#5 HPOA (1/99) 56.7 5.9 32.3 2.7 3.8 
MW#5 HPL\ (1/99) 47.9 5.3 43.3 4.0 12.9 

WR-199A HPOA (2/99) 55.5 5.4 33.8 3.0 3.2 
WR-199A HPL\ (2/99) 48.4 5.0 39.9 4.4 7.2 

Pond HPOA (6/99) 53.8 6.2 32.2 2.5 20.1 
Pond HPL\ (6/99) 51.1 6.0 39.9 3.3 9.5 

MW#5 HPOA (6/99) 57.3 5.7 33.6 3.2 7.3 
MW#5 HPL\ (6/99) 48.4 4.9 39.5 4.2 11.2 

WR-068A HPOA (7/99) 56.1 5.4 33.5 2.6 7.3 
WR-068A HPL\ (7/99) 46.3 4.6 35.4 3.3 10.9 

Yakima R. at Kiona HPOA 56.1 5.0 35.5 2.2 1.1 
Yakima R. at Kiona HPIA 50.5 4.4 40.6 3.0 3.9 

Yakima R. at Cle Elum HPOA 57.2 4.9 35.9 1.0 8.5 
Yakima R. at Cle Elum HPIA 52.2 4.6 40.8 4.5 3.1 
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For the EfOM isolates, the HPI acids are more polar (higher oxidation state) than 

corresponding HPO acids. This result is consistent with previous studies on NOM-

derived HPO and HPI acids (Aiken et al., 1992). The higher O/C ratios in HPI acids are 

consistent with higher carboxyl carbon contents seen in '^C-NMR spectra of HPI-A 

(Figure 6.5; Table 6.3). 
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Figure 6.20. Atomic O/C ratio versus atomic H/C ratio for HPO- and HPI-acid isolates 
of EfOM from RB-OOl. Also shown are several surface water and ground water fulvic 
acid isolates.. 
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6.3 Studies on Reconstituted Isolates 

Relationships between biodegradability, UV absorbance, and trihalomethane 

formation during chlorination were assessed after reconstituting organic isolates into 

uniform aqueous solutions. In this work, lyophilized isolates were dissolved to achieve a 

target DOC concentration of 9.0 mg/L. For each isolate, the mass required to achieve a 

9.0 mg/L solution was calculated using the non-ash corrected percent carbon obtained 

from elemental analyses (Table 6.5). Redissolution procedures are described in Section 

3.5. DCXT concentrations (and percent deviation from target concentration) for 

reconstituted HPO- and HPI-acid solutions are summarized in Tables 6.6 and 6.7, 

respectively. 

Table 6.6. Summary of reconstituted hydrophobic acid isolates. 

XAD8 Percent Isolate Mass used for Measured DOC Percent Deviation 
Isolate Carbon' Redissolution' (mg/L) from Target 
Name (mg) Concentration^ 

pond 1/99 53.29 8.4 9.41 4.6 
MW#5 1/99 54.53 8.3 8.71 -3.2 

WR-199A 1/99 53.74 8.4 9.80 8.9 
pond 6/99 42.99 10.5 6.56 -27.1 

MW#5 6/99 53.10 8.5 8.88 -1.3 
WR-068A 7/99 51.97 8.7 9.63 7.0 

'determined by elemental analysis; not corrected for ash content 
volume of reconstituted solution was 500 mL 

^target DOC concentration was 9.0 mg/L 
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Table 6.7. Summary of reconstituted hydrophilic acid isolates. 

XAD4 Percent Isolate Mass used for Measured DOC Percent Deviation 
Isolate Carbon' Redissolution^ (mg/L) from Target 
Name (mj?) Concentration^ 

pond 1/99 43.55 10.3 9.81 9.0 
MW#5 1/99 41.73 10.8 9.01 0.1 

WR-199A 1/99 44.94 lO.O 9.56 6.2 
pond 6/99 25.43 17.7 9.32 3.6 

MW#5 6/99 42.97 10.5 9.15 1.7 
WR-068A 7/99 41.24 10.9 8.65 -3.9 

determined by elemental analysis; not corrected for ash content 
^volume of reconstituted solution was 500 mL 
^target DOC concentration was 9.0 mg/L 

The suite of analyses performed on reconstituted isolates included DOC, UV 

measurements at 254 and 272 nm, determination of degradable and nondegradable 

fractions of DOC (using the 5-day BDOC batch test approach), and THMFP. The 

nondegradable fractions remaining after the five-day BDOC test were also analyzed for 

DOC, UV 254/272, and THMFP. 

6.3.1 Biodegradability 

Biodegradabilities (based on 5-day BDOC tests) of reconstituted hydrophobic and 

hydrophilic acid isolates are shown in Figure 6.21 and listed in Tables 6.8 and 6.9. 

Measurements were conducted in triplicate; error bars represent plus/minus one standard 

deviation from the mean value. There were significant differences in biodegradabilities 

of these isolates. However, there were no apparent trends in biodegradability between 

HPO-and HPI-acids. As expected, the biodegradability of isolates decreased from the 

pond to the aquifer. Nevertheless, the biodegradability of the aquifer isolates was 

surprisingly high (4-20%). This result was surprising in that the organics in these 
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isolates were expected to be essentially refractory to additional biodegradation after 

percolation through the vadose zone at the Sweetwater recharge site. To further explore 

these unexpected results, additional experiments were performed to determine whether 

levels of biodegradation in groundwater isolates were sensitive to initial (day 0) DOC 

concentration. The working hypothesis was that the organics in these isolates are 

potentially degradable at higher concentrations. That is, what limits the biodegradability 

of residual organics in groundwater influenced by treated wastewater is primarily, or at 

least partly, the concentration of these residuals. Minimum sustainable substrate 

concentrations required to maintain biofilm activity in saturated sediments are thought to 

be on the order of a fraction of a mg per liter to several mg per liter, depending on 

substrate electron donor and acceptor (McCarty et al, 1985). The DOC concentrations of 

the two groundwater samples (WR-199A, WR-068A) collected in this study were 1.4 and 

2.2 mg/L, respectively. It is likely that biofilm activity was substantially decreased due 

to lack of available substrate at these DOC concentrations. Higher levels of 

biodegradation may be possible using the same substrate supplied at higher 

concentrations. To test this hypothesis, BDOC tests were conducted (in triplicate) using 

reconstituted solutions made from the HPO-acid isolate from WR-068A (collected in July 

1999). Results suggest that there is a weak relationship between starting DOC 

concentration (Co) and the percent DOC reduction that occurred over the first five days of 

the experiment. (Figure 6.22). At a starting concentration of 3 mg/L, there was a 10% 

reduction of DOC after five days. At concentrations of 6 and 20 mg/L, DOC was 

attenuated by 20% after five days. Reductions in DOC were due to aerobic biological 
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activity; there was no significant attenuation in negative controls spiked with 2 mmol 

sodium azide (Co = 6 mg/L). Increases in DOC that occurred after five days were due to 

breakdown and lysis of biofilm microorganisms due to lack of available substrate. The 

greatest bacterial decay occurred in reactors receiving the lowest starting DOC 

concentration (3 mg/L). This experiment also demonstrated that five days is an 

appropriate time period for determination of biodegradable DOC in this batch reactor 

system. 

Table 6.8. Biodegradability of reconstituted hydrophobic acid isolates. 

XAD8 Initial DOC NBDOC' Percent 
Isolate 
Name 

(mg/L) (mg/L) Biodegraded' 

pond 1/99 9.41 5.17±0.11 45.1 ± 1.17 
MW#5 1/99 8.71 5.42 ± 0.43 37.8 ± 4.94 

WR-199A 1/99 9.80 8.45 ± 0.22 13.8 ±2.24 
pond 6/99 6.56 3.76 ±0.25 42.7 ±3.81 

MW#5 6/99 8.88 6.16 ±0.12 30.6 ± 1.35 
WR-068A 7/99 9.63 7.99 ± 0.64 17.0 ±6.65 

'mean and standard deviation from triplicate 5-d BDOC tests 

Table 6.9. Biodegradability of reconstituted hydrophilic acid isolates. 

XAD4 Initial DOC NBDOC' Percent 
Isolate 
Name 

(mg/L) (mg/L) Biodegraded' 

pond 1/99 9.81 5.43 ±0.10 44.6 ± 1.02 
MW#5 1/99 9.01 5.94 ± 0.07 34.1 ±0.78 

WR-199A 1/99 9.56 9.14 ±0.07 4.4 ±0.73 
pond 6/99 9.32 4.96 ±0.30 46.8 ± 3.22 

MW#5 6/99 9.15 6.95 ±0.14 24.0 ± 1.53 
WR-068A 7/99 8.65 6.89 ±0.18 20.3 ± 2.08 

'mean and standard deviation from triplicate S-d BDOC tests 
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Figure 6.21. Biodegradability of reconstituted HPO- and HPI-acid isolates obtained at 
Basin RB-001. 
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Figure 6.22. Kinetics of BDOC exertion for reconstituted HPO acid from well WR-
068A. 
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6.3.2 Specific Absorbance 

The specific absorbances at 254 (SUVA-254) and 272 nm (SUVA-272) for 

reconstituted HPO acid and HPI acid isolates are shown in Figures 6.23 and 6.24, 

respectively. There is a very consistent relationship between SUVA-254 and SUVA-272, 

suggesting that both wavelengths provide equally useful, surrogate measurements for 

aromaticity; this relationship was also apparent in reconstituted isolates from the CERF 

wetlands (Figure 5.31). Linear regression on SUVA-254 versus SUVA-272 for HPO 

acids gave a coefficient of determination (r^) of 0.99. SUVA-254 values were always 

higher for HPO acids than for corresponding HPI acids. For HPO acids, uniform trends 

in SUVA are apparent; SUVA increased in the order: pond < WR well < MW#5, 

indicating an initial increase and subsequent decrease in aromaticity of HPO acids during 

percolation 
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Figure 6.23. Specific absorbance at 254 and 272 nm for reconstituted HPO-acid isolates 
obtained from the Sweetwater recharge site. 
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Figure 6.24. Specific absorbance at 254 and 272 nm for reconstituted HPI-acid isolates 
obtained from the Sweetwater recharge site. 

6.3.3 Trihalomethane Formation Potential 

The reactivity of reconstituted HPO-and HPI-acids with chlorine (measured as 

specific THMFP) is shown in Figure 6.25. Values represent averages from tests 

performed in triplicate. Reactivity followed trends in SUVA-254; the order of increasing 

reactivity for HPO acids was: WR well < pond < MW#5. In the majority of cases, HPO 

acids had greater reactivity than corresponding HPI acids. 

Free chlorine residuals were measured at the conclusion of the 7-day THMFP 

incubation period to verify presence of chlorine. The average (day 7) free chlorine 

residual concentrations were 27.6 and 26.2 mg/L, respectively, for HPO and HPI acid 

isolate solutions. Chlorine demand was calculated by subtracting the individual residual 

chlorine concentration from the applied chlorine dose concentration (50 mg/L) and 
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normalizing the difference to the DCXD concentration of each isolate solution. Results are 

given in Table 6.10. There were no apparent trends in chlorine demand between HPO 

and HPI acid isolates. 
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Figure 6.25. Trihalomethane formation potential for reconstituted HPO- and HPI-acid 
isolates from Sweetwater recharge site. 

Table 6.10. Chlorine demand (mg C^/mg DOC) during THMFP tests on reconstituted 

HPO and HPI acid isolates from Sweetwater recharge site. 

Isolate HPO HPI 
Name Acid Acid 

Pond 1/99 2.27 2.36 
MW#5 1/99 2.72 2.55 

WR-199A 2/99 2.35 2.62 
Pond 6/99 2.82 2.32 

MW#5 6/99 2.85 3.02 
WR-068A 7/99 2.55 2.52 

average 2.59 ±0.25 2.57 ± 0.25 
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6.3.4 Relationships Among Variables 

Relationships among biodegradability, SUVA-254, and chlorine reactivity of 

Sweetwater isolates were examined. Considering all the data, there is not a consistent 

relationship between biodegradability and SUVA-254 (Figure 6.26). If the groundwater 

isolates are neglected, a strong inverse linear relationship between biodegradability and 

SUVA-254 is apparent for both HPO and HPI acids (Figure 6.27), suggesting that 

aromaticity is the principal factor controlling biodegradability during initial biochemical 

oxidation occurring in near-surface sediments. After the more easily biodegradable 

components of EfOM are removed (i.e. at MW#5), slower rate processes apparently act 

to decrease aromaticity during transport through the remaining vadose zone (i.e. from 20 

to 120 ft BLS) at the Sweetwater recharge site. 
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Figure 6.26. Relationship between biodegradability and specific THMFP for 
reconstituted HPO- and HPI-acid isolates obtained from the Sweetwater recharge site. 
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Figure 6.27. Relationship between biodegradability and SUVA-254 for reconstituted 
HPO- and HPI-acid isolates from the Sweetwater recharge site. 

The relationship between biodegradability and specific THMFP is shown in 

Figure 6.28. The specific THMFP of HPO acids decreased slightly as a consequence of 

SAT. Trends for HPI acids are not apparent. Results from SUVA-254 and THMFP 

measurements suggest there are significant transformations in character of HPO- and 

HPI-acids during percolation through the vadose zone (initial increase and subsequent 

decrease in SUVA-254). Moreover, these transformations apparently result in somewhat 

reduced formation potential for THMs upon chlorination, at least for the HPO acid 

component of EfOM that survives vadose zone percolation. 

6.3.5 Non-biodegradable Residuals: Relationships Between Variables 

The nonbiodegradable component remaining after performing BDOC testing was 

also subjected to the same suite of analyses. Analyses performed on the nondegradable 
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fractions are indicated by the subscript "NBDOC " Figure 6.29 shows the relationship 

between THMFPNBIXX: and biodegradability. Regression analyses indicated that the 

decrease in THMFPNBDOC for HPO acids (from pond to ground water) was statistically 

significant (P < 0.05) but not significant for HPI acids (P = 0.22). The mean reactivities 

of nondegradable fractions of HPO- and HPI-acids (under THMFP chlorination 

conditions) were 89 and 95 ̂ g THM per mg DOC, respectively. 
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Figure 6.28. Relationship between biodegradability and SLrVA-254 for reconstituted 
HPO- and HPI-acid isolates from the Sweetwater recharge site. Ground water isolates 
have been removed to show improvement in correlation. 

y = -12.211x + 72.174 
= 0.9845 

y = -20.726X + 80.624 
= 0.9761 

• HPO acids 

• HPI acids 

1 1 r 



265 

200 

|> 160 

3 
Q. 120 A 

80 -

40 

0.0 

• HPO acids 

• HPI acids 

MW#5 

Pond 

Ground water 

10.0 20.0 30.0 40.0 
Percent Biodegraded 

50.0 60.0 

Figure 6.29. Relationship between specific THMFP (nondegradable residuals) and 
biodegradability for reconstituted HPO- and HPI-acid isolates from the Sweetwater 
recharge site. 

6.3.6 Evaluation of Mutagenicity: Ames Assay 

Results froKi Salmonella microsomal mutagenicity (Ames) tests performed on 

selected HPO acid isolates (pond 6-99, WR-199A 2-99, and WR-068A 7-99) are shown 

in Figures 6.30-6.32, respectively. These tests were performed using two bacterial strains 

(TA98 and TAIOO) in either the absence or presence of S9, giving a total of four test 

conditions. The pond HPO acid isolate produced no increase in the mean number of 

revertants per plate under any of the four test conditions. A 2.3-fold increase in mean 

number of TA98 revertants per plate occurred in the absence of S9 mix, however, the 

increase was not clearly dose responsive. (Figure 6.30). There do appear, however, to be 
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clearer dose-response relationships for the TAIOO strain assay. P-values obtained via 

linear regression analysis of the TAIOO data (Table 6.11) indicated that the slope of the 

regression line was significantly different from zero, suggesting a dose-response 

relationship, even though the TAIOO assay did not meet the two-fold increase criteria for 

scoring as a "positive" result. In these statistical tests, the null hypothesis was always 

that the slope of the curve representing dose-response relationship was zero. The P 

values reported represent the probability of error if the null hypothesis is rejected. That 

is, values approaching 1.0 strongly suggest that there is no dose response relationship (i.e. 

no mutagenic response) in these data. 

Table 6. II. Summary of Ames Test results. 

Mean number of revertants Mean Assay 
Negative Positive Increase^ Result P-value 
control control 

(Pond HPO acid) 
TA98 w/o S9 12±7 241 ±30 2.25 Neg* 2.26 X 10'^ 
TA98 w/ S9 30 ± 10 405 ± 10 0.90 Neg 3.18 X 10' 
TAIOO w/o S9 101 ±9 698 ±46 1.09 Neg 5.10 X 10-^ 
TAIOO W/S9 93 ±7 973 ±7 1.64 Neg 3.83 X 10-^ 

(WR-•199A HPO acid) 
TA98 w/o S9 I6±3 376 ±6 8.25 Pos 7.53 X lO"* 
TA98 w/ S9 31 ± 1 260 ± 1 3.77 Pos 1.40 X 10"^ 
TAIOO w/o S9 100±3 916±42 1.57 Neg 1.32 X 10' 
TAIOO W/S9 117± 12 516±42 1.34 Neg 1.84 X 10*^ 

(WR-068A HPO acid) 
TA98 w/o S9 11 ±2 313± 11 8.27 Pos 1.12 X 10-^ 
TA98 w/ S9 - - - - -

TAIOO w/o S9 88 ±5 648 ±4 1.67 Neg 3.79 X 10-^ 
TAIOO W/S9 100± 19 470 ± 14 1.48 Neg 7.51 X 10"^ 

^defined as highest dose response divided by negative control response 
^this test was not scored a positive because it was not clearly dose responsive 
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The two groundwater HPO acid isolates both exhibited dose-related increases in 

mean number of revertants per plate for strain TA98 (Figures 6.31 and 6.32). In both 

samples, there was an 8.3-fold increase (above the negative control) in the mean number 

of revertants per plate at the highest tested dosage (SCXX) ^g per plate). No increases 

occurred for strain TAICX) in either isolate. However, dose-response relationships were 

suggested by the P-values (Table 6.11) obtained from linear regression analysis of the 

data. 

Figure 6.33 shows specific mutagenicities for the tested HPO acid isolates. 

Specific mutagenicity was calculated for each test condition as the difference between the 

number of revertants (at the highest dose level, 5000 ng per plate) and the negative 

control, normalized to the isolate mass (5000 fig per plate). Results indicate a substantial 

increase in specific mutagenicity between the pond and groundwater isolates for the 

TA98 strain in either the absence or presence of S9 mix. Smaller, yet significant 

increases occurred for strain TAIOO in the absence of S9. Previous work with aquatic 

organic extracts also showed greater mutagenic response with TA98 than with TAIOO 

(Monarca et al., 1998; Guzzella and Sora, 1998). TA98 is sensitive to frameshift 

mutations whereas TAIOO is sensitive to base pair substitutions. 

The Ames assay results were somewhat surprising given that there was about a 

one order of magnitude decrease in the concentration of DOC between the pond and 

groundwater samples. These results suggest that compounds responsible for 

mutagenicity became a relatively larger fraction of residual DOC that survives 

percolation through the vadose zone. In order to confirm this, two of the tested HPO-A 
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isolates (pond, WR-I99a) were analyzed for AOX. These tests were conducted at the 

Technical University of Berlin, Germany by Dr. Martin Jekel using methods described in 

Drewes and Jekel (1998). The specific AOX (AOX normalized to DOC concentration) 

for pond and groundwater HPO-A isolates was 10.2 ^g/mg and 30.0 ^g/mg, respectively, 

confirming that the relative proportion of organic halides to DOC increased as a 

consequence of soil aquifer treatment. 

The possibility of procedural artifacts contributing to the mutagenic response seen 

in the groundwater isolates cannot be eliminated. As discussed in Section 6.1.2, the 

contribution of resin bleed was expected to be greatest in groundwater isolates. A major 

component of resin bleed is methyl acrylic acid. It is possible that these compounds 

contributed to the response seen in Ames assays. Because of this uncertainty, alternative 

approaches for obtaining organic extracts should be explored. 
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Figure 6.30. Ames Test results using strains TA98 (top) and TAIOO (bottom) for pond 
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Figure 6.31. Ames Test results using strains TA98 (top) and TAIOO (bottom) for 
groundwater well WR-199A HPO acid isolate collected in February 1999. 
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Figure 6.32. Ames Test results using strains TA98 (top) and TAIOO (bottom) for 
groundwater well WR-068A HPO acid isolate collected in July 1999. 
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Ames assays. 

6.4 Summary 

The goals of this study were to examine changes in the character of EfOM during 

soil-aquifer treatment and to compare the character of treated EfOM to NOM. The 

following conclusions are supported by experimental results; 

1. The character of EfOM becomes more similar to NOM as a consequence of 

SAT. 

2. Ultrahydrophilic EfOM is preferentially removed during vadose zone percolation 

of secondary effluent. This removal is attributed primarily to biodegradation 

3. HPO- and HPI-acids comprise a smaller fraction of DOC in EfOM than in NOM, 

probably due to greater content of HPO- and HPI-neutrals in EfOM. 



4. The residual EfOM that survives vadose zone percolation is potentially amenable 

to further biochemical oxidation; biodegradability may be correlated to substrate 

concentration. 

5. The reactivity of HPO acids with chlorine in forming THMs decreased as a 

consequence of SAT. 

6. Trace organics responsible for mutagenicity do not appear to be attenuated 

during SAT; thus they become a larger percentage of the residual organics that 

survive vadose zone percolation. 

Implications for management drawn from these conclusions are provided in Section 

7.4.2. 
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7 CONCLUSIONS AND RECOMMENDATIONS 

Two broad research goals guided this research. The first goal was to evaluate the 

efficacy of constructed wetlands for wastewater polishing in a hot, arid environment, 

from the perspective of season-dependent effects on DOM. The second goal was to 

examine changes in character of EfOM that occur during passage through natural 

treatment systems (either constructed wetlands or soil aquifer treatment). 

7.1 Season-E>ependence of Organic Behavior During Wetland Treatment 

The objective of this aspect of research was to examine effects on organic carbon 

during wetland treatment of municipal effluent in a hot, arid desert environment. The 

hypothesis guiding this work (hypothesis #1) was that wetland-dependent processes (i.e. 

ET and release of wetland-derived NOM) serve to seasonally elevate biorefractory and 

total DOC concentrations in wetland effluents. 

Results showed that wetland effluent DOC concentrations are strongly season 

dependent due to the combined effects of ET and production of wetland-derived NOM; 

hypothesis #1 was validated by experimental results. ET was found to be the dominant 

mechanism responsible for seasonally elevated DOC concentrations in wetland effluents. 

As a consequence of ET (and also release of wetland-derived NOM), the concentration of 

NBDOC increased during wetland treatment, with the greatest increases corresponding to 

the hottest summertime temperatures. 

Results from this research also showed that attenuation of DOC and BODs were 

both season-dependent, with greater attenuation occurring during cooler winter months. 
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Moreover, attenuation of DOC was always less than attenuation of BODs, probably due 

to greater POC concentrations in summer that are effectively removed during wetland 

treatment. 

7.2 Subsurface Wetland Treatment: Organic Characterization 

The goals of this aspect of research were to 1) examine the effect of subsurface 

wetland treatment on the character of EfOM and 2) decipher the character of wetland-

derived NOM. The working hypothesis (hypothesis #2) was that the combination of 1) 

biodegradation of labile aliphatic components of EfOM and 2) contribution of aromatic 

moieties in wetland-derived NOM result in a substantial increase in the aromatic content 

of DOM in wetland effluent. 

Results showed that there were little if any changes in the hydrophobic-

hydrophilic distribution of DOM in wetland effluent, relative to EfOM in wetland 

influent. Biodegradation of labile EfOM combined with contribution of wetland-derived 

NOM resulted in modest changes in the distribution of carbon moieties in HPO- and HPI-

acids. The percentage of aliphatic carbon decreased during wetland treatment; hypothesis 

#2 was supported by experimental results, although the magnitude of change in carbon 

moiety distribution (as determined via '^C-NMR) was not substantial. V/etland-derived 

NOM had greater aromaticity than EfOM. Elemental analysis suggested that microbial 

activity is the dominant process controlling the character of wetland-derived NOM. In 

comparison to EfOM, wetland-derived NOM exhibited lower biodegradability and higher 

reactivity with chlorine in forming THMs. The nonbiodegradable components of HPO-
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and HPI-acids isolated from EfOM and wetland-derived NOM expressed higher 

reactivity with chlorine in forming THMs. 

7.3 Soil Aquifer Treatment; Organic Characterization 

The goals of this research component were to examine changes in the character of 

EfOM during soil-aquifer treatment and to compare the character of post-SAT EfOM to 

NOM. The hypothesis guiding this work (hypothesis #3) was that processes comprising 

soil aquifer treatment act to reduce the character dissimilarity between residual EfOM 

(that survives SAT) and NOM. 

Results showed that the percentage of IX)C classified as HPO- and HPI-acids in 

EfOM is smaller than in NOM; analysis of recovery efficiencies suggested that there is a 

greater content of neutral organics in EfOM than in NOM. Ultrahydrophilic EfOM was 

preferentially removed during vadose zone percolation of secondary effluent. This 

removal was attributed primarily to biodegradation. Based on NMR and IR spectra, 

along with elemental composition data, the character of EfOM (HPO- and HPI-acids) 

became more similar to NOM as a consequence of SAT; hypothesis #3 was supported by 

experimental results. 

Additional work demonstrated that the residual EfOM which survives vadose 

zone percolation is potentially amenable to further biologically catalyzed oxidation. The 

reactivity of HPO acids with chlorine in forming THMs decreased somewhat as a 

consequence of SAT. Ames assays showed that the specific mutagenicity of HPO acids 

(on a mass basis) increased as a consequence of SAT. This result suggested that 



ni 

compounds responsible for mutagenicity are not attenuated proportional to DOC removal 

during SAT. Mutagenic compounds thus become a relatively larger component of the 

residual EfOM surviving vadose zone percolation. 

7.4 Management Implications 

7.4.1 Use of constructed wetlands in a desert environment 

Results from this research indicate that implementation of constructed 

(subsurface) wetland treatment in a hot, arid desert environment can have negative 

consequences on reclaimed water quality with respect to the concentrations of 

nonbiodegradable organics and salts. The increase in concentration of nonbiodegradable 

DOC (due to ET and contribution of wetland-derived NOM) will lead to greater 

production of DBFs upon subsequent disinfection when using chlorine-based oxidants. 

Moreover, wetland treatment resulted in increased dissolved salts (due to removal of 

water via ET). In the context of employing wetlands as part of a "treatment train" 

towards potable reuse, wetlands do not appear to provide any positive benefits from the 

standpoint of organics attenuation. 

7.4.2 Soil aquifer treatment 

Processes occurring during SAT act to render the character of EfOM more similar 

to a microbial-derived end member of NOM. This result has significance from the 

standpoint of alleviating potential concerns regarding the "hazard" of residual bulk DOC 

in post-SAT water. 
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Biodegradation batch tests (BDOCs) performed on groundwater isolate WR-068A 

suggest that substrate concentration may be the limiting factor controlling biologically 

catalyzed oxidation of post-SAT residual DOC. Within the context of potable reuse, this 

result may suggest potential for additional removal of (post-SAT) residual DCXZ via a 

treatment scheme utilizing a biological treatment component. 

7.5 Future Research Directions 

7.5.1 Alternative Methods for Isolation of Effluent Organic Matter 

There are two independent reasons for exploring altemative methods for 

isolation of EfOM. First, the recovery efficiency of HPO- and HPI-acids from 

EfOM is substantially lower than from NOM when using XAD resin adsorption 

chromatography. This difference is attributed to the higher content of HPO- and 

HPl-neutrals in EfOM. Second, there is the possibility that a substantial portion of 

the difference in chemical character between EfOM and NOM is contained within 

non-retained fractions (e.g. HPO- and HPI-neutrals and low-molecular-weight 

ultrahydrophilics). Similarities between isolates may be due in part to the affinities 

of the resins used (Shuman, 1990). Moreover, since the content of HPO- and HPI-

neutrals is greater in EfOM than in NOM, it is possible that changes in the character 

of these (unretained) fractions reflect a substantial portion of the total change in 

character that accompanies either wetland treatment or soil aquifer treatment. 

To resolve these remaining information gaps, altemative methods should be 

explored for the concentration and isolation of EfOM. Membrane separations can 



achieve 90% or better recovery efficiency of DOC. Removal of salts from organic 

concentrates is the difficult part of this approach. Desalting approaches for RO 

concentrates include 1) absorption chromatography using XAE)4 resin at very low k' 

values (e.g. k' < A) and 2) electrodialysis (Bruchet, 2000). Recovery efficiencies of 

90% or greater have been reported for EfOM using the RO/XAD4 isolation approach 

(Debroux, 1998; Drewes, 2000). 

7.5.2 Genotoxicity Measurements 

Results from Ames assays (Chapter 6) suggest that there is little attenuation 

during SAT of trace compounds that contribute to genotoxicity. In other words, 

these compounds become a relatively larger fraction of the residual DOC that 

survives vadose zone percolation. The increase in specific AOX observed between 

pond and ground water HPO-acid isolates supports this interpretation. Additional 

work is warranted on the fate of genotoxic compounds during SAT. 

7.5.3 Pharmaceutically Active Chemicals 

The transport and fate of endocrine disrupting compounds during SAT is not 

known. Since there may be literally hundreds (if not thousands) of individual 

pharmaceutically active chemicals present at environmentally relevant concentrations 

(i.e. nanomolar) in municipal effluent, methods that can quantify sum total endocrine 

responses should be applied for determining the fate of PhACs during SAT. One 
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promising binding assay approach utilizes a fluorescence polarization technique for 

quantify total endocrine disrupting response of a sample. 
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APPENDIX A: LIST OF ACRONYMS 

AMA active management area 
AOX adsorbable organic halogen 
BDOC biodegradable dissolved organic carbon 
BLS below land surface 
BOD5 biochemical oxygen demand (5 day) 
CAP Central Arizona Project 
CERE Constructed Ecosystems Research Facility 
COD chemical oxygen demand 
DBP disinfection byproduct 
DOC dissolved organic carbon 
DOM dissolved organic matter 
EC electrical conductivity 
EfOM effluent organic matter 
ET evapotranspiration 
FT-IR Fourier transform infrared spectroscopy 
FWS free water surface 
GAC granular activated carbon 
GC gas chromatograph 
HAA haloacetic acid 
LAS linear alkylbenzene sulfonate 
MCL maximum contaminant level 
ME microfiltration 
NBDOC nonbiodegradable dissolved organic carbon 
NE nanofiltration 
NOM natural organic matter 
PhAC pharmaceutically active compound 
RO reverse osmosis 
SAT soil aquifer treatment 
SE surface flow 
SSE subsurface flow 
SUVA specific ultraviolet light absorbance 
THM trihalomethane 
THMEP trihalomethane formation potential 
THM-SDS trihalomethane simulated distribution system 
THM-UEC trihalomethane uniform formation condition 
TOC total organic carbon 
TOX total organic halogen 
UE ultrafiltration 
UV-254 ultraviolet light absorbance at 254 nanometers 
UV-272 ultraviolet light absorbance at 272 nanometers 
VE vertical flow 
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APPENDIX B: APPROACHES FOR MODELING ORGANICS ATTENUATION IN 
CONSTRUCTED WETLANDS 

Prediction of wastewater constituent attenuation during treatment in natural 

wetlands is problematic because these systems are characterized by extreme variability in 

functional components. Treatment performance may change over time due to changes in 

species composition or accumulation of pollutants in the wetland (Brix, 1993). 

Constructed wetlands provide for control in site selection, substrate composition, 

vegetation types, flow pathways, and retention time, significantly increasing the 

attenuation potential for wastewater compounds. 

A number of empirical models have been proposed to predict attenuation of 

organics (usually in terms of BODs removal) during treatment in constructed wetlands. 

These models treat a constructed wetland as essentially a "black box." The input 

parameters include; concentrations entering and leaving the wetland, flow rates in and 

out, the size of the system (surface area or volume) and the hydraulic loading rate (or 

equivalently, the detention time). Water mass balance models have been proposed by 

Kadlec and Knight (1996) for predicting the average BOD removal in free-water-surface 

(FWS) and subsurface-flow (SSEO constructed wetlands. For FWS wetlands, BOD5 

removal can be predicted using the areal-based model: 

In 
v Q - C *  

= -- = -Da (B.l) 

where Co = BODs concentration at wetland outlet (g/m^) 
C, = BODs concentration at wetland inlet (g/m^) 
C* = background BODs concentration of surface water (g/m^) 
k - first-order areal rate constant for BOD5(m/d or m/yr) 
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q = hydraulic loading rate (m/d) 
Da = Damkohler number for BOD5 (k/q, dimensionless) 

For SSF (horizontal flow) wetlands, BOD removal can be described using the 

volumetrically-based model: 

In 
Q - C  

* 

y 

k^heA kA 

Q 
(B.2) 

where kv = first-order volumetric rate constant (m/yr) 
h — water depth (m) 
e = void fraction/porosity (dimensionless) 
A = surface area (m^) 
Q = volumetric water flow (mVd) 

In each of these models, the values chosen for the first-order rate constant (Jk or k^) 

and the background organic carbon (C*) will determine the size of wetland required for a 

target reduction of BOD5. Kadlec and Knight (1996) present tabulated values for these 

parameters obtained from existing FWS and SSF wetlands. For eight FWS marsh 

wetlands, k varied from 6.5 to 93.7 m/yr (average 34.0, std dev. 22.0) and C* varied from 

I.l to 13.9 mg/L (average 6.2, std dev. 3.5). For 42 SSF systems, kv varied from 0.30 to 

6.11 d ' (average 1.96, std dev. 0.90) and background C* varied from 0.8 to 18.2 mg/L 

(average 9.8, std dev. 5.6). Kadlec and Knight (1996) note that there can be considerable 

uncertainty associated with the choice of an appropriate k or kv rate constant value since 

most wetlands are operated to produce effluents close to the background C* 

concentration. 
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Kadlec & Knight (1996) note that these models allow projection of long term 

average behavior (i.e. months). Since wetlands are dynamic systems subject to a wide 

variety of variables, prediction of short-term behavior is not yet possible using the 

existing "black box" models. These models lump together many processes, including 

BODs reduction and generation mechanisms. For a wetland with a nominal detention 

time of 1 week or less, Kadlec & Knight (1996) recommend averaging over a minimum 

period of one month or more. Much additional research at a mechanistic level is needed 

to develop more robust models that can be used for predicting short-term organic 

attenuation in wetlands. 

There is some disagreement in the literature on the relation between temperature 

and BODs removal in wetland systems. Reed and Brown (1992) suggest that the 

temperature dependence of BODs removal in wetlands can be expressed as: 

K, = (B.3) 

where kv/jo = BOD5 rate constant at 20°C (d ') 
kvj.T = BODs rate constant at T°C (d ') 

T = temperature (°C) 
6 = temperature factor (unitless fitting parameter) 

This expression is similar to equations used to predict the temperature dependence 

of BODs removal in attached growth microbial systems (e.g. trickling filters). Kadlec 

and Knight (1996) argue that temperature effects for BOD5 reduction are negligible for 

both FWS and SSF wetlands. They provide an analysis of data collected at both types of 

systems and show that 6 is approximately equal to 1.0 over wide temperature ranges (e.g. 

2 < T < 21°C or 12.3 < T < 29.0°C). Kadlec and Knight (1996) note that at lower 
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temperatures, the rates of consumption of wastewater BODs and generation of 

macrophytically-produced BOD5 both decrease, resulting in little change in overall BOD5 

removal efficiency across the wetland system. They fail to note, however, that the ratio 

of wastewater BOD5 to macrophytic BOD5 may increase in colder temperatures. That is, 

the removal efficiency of wastewater BOD5 decreases at colder temperatures. It is well 

established that microbial reaction rates generally double with every 10°C increase in 

temperature, up to 37°C or so (Atlas, 1984). 
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APPENDIX C: BEHAVIOR OF HYDROPHOBIC ORGANIC COMPOUNDS 
DURING WETLAND TREATMENT 

In the Desert Southwest, and in other areas, there is increasing interest in 

reclaiming treated municipal effluent for reuse. Constructed wetlands and/or soil-aquifer 

treatment (SAT) systems can be used to provide additional treatment (polishing) of 

effluent prior to reuse. These natural treatment systems can remove a substantial fraction 

of organic compounds, nitrogen species, and pathogens present in effluent. The question 

arises as to what is the fate of anthropogenic hydrophobic organic compounds (HOC) 

during treatment in these systems. The focus of this paper is to address the following 

questions: 

1. What are the major mechanisms controlling (limiting) the 

bioavailability of HOCs during passage through a subsurface/surface 

wetland and/or in a soil aquifer treatment system? 

2. Will the presence of sewage-derived organics affect the bioavailability 

of HOCs in these systems? 

There are significant differences in environmental conditions in a wetland or an 

SAT system that impact on the bioavailability of HOCs. Both subsurface and free-water-

surface constructed wetlands are operated under saturated conditions, promoting 

significant development of anaerobic activity. Moreover, the presence of aquatic 

vegetation may impact on the bioavailability of HOCs. In SAT systems, HOC 

bioavailability is governed by conditions in biologically active surface soils and 
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underlying vadose zone sediments, and during subsequent transport/storage in the 

saturated zone. In addition, the wet/dry cycling of recharge basins promotes re-

establishment of aerobic conditions in the unsaturated zone, which may impact on 

bioavailability of sequestered HOCs. 

HOCs potentially present in treated sewage effluent may include 1) chemicals in 

sewage that survive municipal wastewater treatment and 2) chemicals created as a 

consequence of chlorine-based disinfection of effluent. Examples of the former that have 

been identified in secondary effluent include petroleum-derived hydrocarbons, 

chlorinated and alkylated benzenes, polynuclear aromatic hydrocarbons (PAHs), cyclic 

and higher aliphatic and aromatic alcohols and phenols, and chlorinated pesticides (e.g. 

lindane) (Rebhun and Manka, 1981; Bouwer et al., 1984). The latter are termed 

disinfection by-products (e.g. the four trihalomethanes). Disinfection by-products may 

comprise the majority of HOCs present in most treated effluents. 

The bioavailability of HCXZs during passage in a natural treatment system is a 

function of a complex set of relationships. Physical and chemical characteristics of an 

HOC along with interactions of environmental factors such as dissolved oxygen, 

oxidation-reduction potential, temperature, pH, salinity, particulate matter, and 

concentrations of compounds and organisms control HOC bioavailability (Kobayashi and 

Rittmann, 1982). The complicated interdependence of these factors sets limits on 

predicting HOC behavior in natural treatment systems. General concepts controlling 

HOC bioavailability are assessed qualitatively here. 
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The term "bioavailability" is subject to different interpretations. Here, HCX! 

bioavailability is defined in terms of two constraints. First, HOCs must be accessible. 

That is, they must be mobile and must not be bound to "carriers." Second, accessible 

HOCs must be amenable to breakdown by the bacteria present in wetland and SAT 

systems. This paper reviews mechanisms that impact on HOCs meeting these conditions; 

expected differences in the bioavailability of HOCs in wetland and SAT systems are 

discussed. 

Factors affecting HOC mobility. It is generally accepted that microorganisms 

have great difficulty in degrading HOCs that are not dissolved (i.e. mobile) in the 

aqueous phase (Alexander, 1994). The physical and chemical characteristics of an HOC 

may limit its mobility in natural treatment systems; these characteristics include 

solubility, volatility, hydrophobicity, and octanol-water partition coefficient {Kow)- The 

hydrophobicity of an HOC is directly correlated to its Kow (Schwarzenbach et al., 1993). 

HOCs are nonionic, nonpolar chemicals that are only sparingly soluble in water (parts per 

million) and readily soluble in nonpolar solvents. The hydrogen bonding structure of 

water molecules in a liquid state is disrupted by HOCs; this acts as a driving force to 

expel HOCs from the aqueous phase. Consequently, HOCs tend to accumulate at the 

solid-water interface (Schwarzenbach et al., 1993). Karickhoff et al. (1979) showed that 

partition coefficients {Kp) for sediment/water systems tend to be linearly dependent on the 

content of organic solids in the soil/aquifer matrix. They defined an organic carbon 

partition coefficient i^Koc) as: 
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(C.1) 

w h e r e i s  t h e  f r a c t i o n  o f  o r g a n i c  m a t e r i a l  i n  t h e  s o l i d  m a t r i x .  T h e y  a l s o  s h o w e d  

that there is a good correlation between K,k and the octanol/water partition coefficient 

{Koh) when the contaminant concentration is less than one half of its solubility in water: 

These equations describe partitioning under equilibrium conditions in a two-phase 

system. Several studies have shown that sorption kinetics may be important in hindering 

the desorption of HCXZs from soil (e.g. Brusseau et al., 1991; Weber et al., 1998). In 

natural treatment systems, where fluid-solid contact times are short (minutes to days), 

rate limited/non-equilibrium sorption is likely since "new" fluids will displace 

incompletely equilibrated "old" fluids (Pardue et al., 1993). 

Opportunities for sorptive immobilization of HCXTs vary between wetland and 

SAT systems. In wetland systems, significant partitioning of mobile HOCs can occur 

onto either sewage-derived or wetland-derived suspended organic materials that 

subsequently accrete as sediments. Resuspension and mobilization of buried HCXTs can 

occur via wind-driven turbulence, bioturbation (e.g. animal activity), or gas lift (e.g. 

methane production in anaerobic zones) (Kadlec and Knight, 1996). Little published 

work has been performed at a mechanistic level on the overall fate of toxic organics in 

wetlands. 

= 0.63 X (r^ = 0.96) (C.2) 
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In SAT systems, HCXZ sorption may occur in biologically active surface soils 

having elevated foe- In the vadose zone, the geochemical environment may influence 

HOC mobility; clays and oxide surfaces can immobilize HOCs, reducing or eliminating 

their availability to subsurface bacteria. A few studies have been published suggesting 

that sorbed HOCs may be bioavailable (e.g. Speitel et al., 1989; Guerin and Boyd, 1997; 

Quanrud et al., 1996a). More work needs to be performed in this area. 

EfTect of "carriers." Traditional approaches to describing HOC movement in the 

subsurface rely on a two-phase system consisting of a mobile aqueous phase and 

immobile solid constituents. These simple soil/water models do not accurately predict 

HOC transport in real systems (Ouyang et al., 1996; McCarthy and Zachara, 1989). The 

presence of organic or inorganic microparticles/macromolecules (colloids) can have a 

significant effect on the transport and fate of HOCs in sediment/water systems. Colloids 

may sorb HOC, thus they act as a third phase, which is mobile and becomes a "carrier" 

facilitating HOC transport, or equivalently, enhancing the apparent water solubility of 

HOCs. The degree of binding is proportional to the hydrophobicity of the contaminant 

(Chiou et al., 1986). Colloids are particles with diameters <10^m; they are affected more 

by Brownian motion than by gravitational settling, thus they remain suspended in the 

aqueous phase (Schwarzenbach et al., 1993). Two conditions necessary for colloid-

facilitated HOC transport are 1) HOCs must bind to colloids to a significant extent, and 

2) the mobility of colloids must be greater than the unbound HOC (Magee et al., 1991). 

The concentration of colloidal material in natural treatment systems is expected to 

be very high. Sewage-derived organic macromolecules (e.g. humic substances) and 
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microorganisms, both abundant in effluent, can serve as colloids. In wetland systems, 

humics of wetland origin also contribute to the pool of colloidal material available for 

binding to HOCs. Moreover, the geochemical gradients in natural treatment systems 

provide conditions favorable for formation of colloids. Gradients in DOC concentration, 

redox potential, and CO2 partial pressure promote colloidal-sized precipitates (McCarthy 

and 2^chara, 1989). Several investigators have reported that water-soluble humic 

substances have a significant effect on the apparent solubility and mobility of slightly 

soluble HOCs (e.g. Clapp et al., 1997; Chiou et al., 1987; Chiou et al., 1986). Under 

anoxic conditions and high DOC concentrations, colloids can result from microbial-

mediated dissolution of iron oxide cements (McCarthy and 2^hara, 1989). Biocolloids 

(bacteria) can become mobilized under high nutrient and carbon concentrations, as occur 

in natural treatment systems. 

Humic materials may be the most significant carrier facilitating HOC transport in 

natural treatment systems; forty to 50% or more of the dissolved organics in secondary 

effluent are humic in character (Rebhun and Manka, 1971). The degree of HOC water 

solubility enhancement seems to be controlled by the chemical composition and structure 

of humic material. Chiou et al. (1987) concluded that the dominant characteristic of 

humics that affects degree of HOC binding is polarity; molecular size and molecular 

configuration are of secondary importance. Thus, the elemental ratio H/C in humic 

extract can be used to give an indication of polarity and should be proportional to degree 

of HOC water solubility enhancement. In a similar study, Gauthier et al. (1987) noted 

that aromaticity was the most important factor controlling the affinity of humic materials 
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for HOCs. Kukkonen et al. (1990) reported that the effect of binding on bioavailability is 

the same, i.e. bound HCXZs became unavailable, regardless of the chemical nature of the 

DOC fraction. 

General factors affecting biodegradation of accessible HOCs. The 

degradation of organic compounds occurs through the action of microorganisms. 

Biodegradation of an HCXH will occur only in the presence of a bacterial enzyme that is 

able to perform a transformation reaction. Complete degradation (i.e. mineralization) 

occurs only under a series of transformation reactions, each requiring the presence of a 

different transformation enzyme (Grady et al., 1999). 

There are two broad types of biodegradative activity: growth-linked and 

cometabolic. Under growth-linked metabolism, the organism gains carbon and energy 

from utilization of the organic substrate. In cometabolism, the organism receives no 

nutritional benefit from the transformation of an organic compound. Cometabolism 

occurs fortuitously due to lack of enzyme specificity; there is no mechanism by which 

bacteria capable of cometabolism of HOCs are favored for growth (Alexander, 1994). 

Speciflc factors affecting biodegradation of accessible HOCs in natural 

treatment systems. The bacteria in a natural treatment system exist as biofilms on 

surfaces. Biofilms consist of bacterial cells growing in an organic matrix of extracellular 

polymers (ECPs) that together form a porous gel (Characklis and Marshall, 1990). 

Biosorption of HOCs may occur onto ECPs in biofilms, allowing a longer detention time 

within the biofilm to accommodate slow biodegradation (Carlson and Silverstein, 1998). 

Moreover, the ECPs may act as surfactants and emulsifiers or act as carriers of bound 
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HOCs (Dohse and Lion, 1994). The opportunity for cometabolic transformation of 

HCXTs is enhanced in natural treatment systems due to high loading rates of labile 

sewage-derived organic carbon that support a robust microbial population. 

The type of bacteria locally present in any part of a natural treatment system 

depends on the electron acceptor condition. In surface and subsurface wetlands, a wide 

range of redox conditions occurs, supporting aerobic, anaerobic, or fermentative 

microbial respiration (Kadlec and Knight, 1996). In wetland sediments, anaerobic 

conditions dominate; aerobic microenvironments may occur on vegetative surfaces (i.e. 

roots). As sediment accretion continues, sequestered HOCs may be subject to redox 

conditions that enhance or limit microbial degradation, depending on HCXZ chemical 

structure. The availability of biodegradable organic substrate and/or reversibility of HCXZ 

sorption to sediments may limit degradation of sequestered HCKZs in wetland sediments. 

In SAT systems, microbial activity is highest at the infiltration interface 

(schmutzdecke) and decreases exponentially with vadose zone depth, paralleling the 

decrease in concentration of biodegradable substrate. At the Sweetwater Recharge 

Facilities, effluent percolates through a lOO-ft deep vadose zone; organic carbon that is 

degradable on a timescale of days is essentially eliminated at a depth of 60 feet BLS. 

Below this depth, biofilm activity may approach minimum sustainable levels. Minimum 

substrate concentrations required to maintain steady-state substrate utilization are in the 

range of 0.1-1.0 mg/L (McCarty et al., 1985). Thus, the near surface provides greater 

opportunity for HCXH degradation. 



294 

Aerobic conditions probably dominate in the unsaturated zone beneath recharge 

basins. Re-aeration of the soil can occur via diffusion and advection as a consequence of 

frequent wet/dry cycling of basins. Anaerobic conditions may occur in perching layers 

that become saturated during wetting periods, giving opportunity for facultative 

anaerobes to degrade accessible HCK^s. In groundwater underlying these sites, 

opportunities for HOC degradation are reduced due to decreased microbial populations 

and lack of utilizable substrate. 

Conclusions 

The bioavailability of HOCs during passage through a natural treatment system is 

impacted by many interrelated factors. Factors generally considered necessary for HOC 

bioavailability include mobility and accessibility. Moreover, biodegradation can occur 

only in the presence of capable organisms. Mobility of HOCs is reduced due to sorption 

onto organic and inorganic surfaces. Conversely, mobility of HOCs is facilitated due to 

binding to colloids that remain in the aqueous phase. Both mechanisms act to reduce the 

accessibility of HOCs to bacteria present in the system. However, it has been suggested 

that sorbed HOCs are not necessarily unavailable to biodegradation (perhaps under 

longer timeframes). It may also be possible that HOCs bound to colloids are bioavailable 

during passage through biofilms. These are areas requiring additional study. 
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APPENDIX D: MECHANISMS IMPACTING ORGANICS DURING TREATMENT 
DSr NATURAL SYSTEMS 

Mechanisms acting to remove organics in sewage effluent during natural 

treatments consist of biotic transformations, sorption, volatilization, and chemical 

degradation. The type and extent of removal is dependent upon a number of factors, 

including: type of organic matter, soil structure and mineralogy, pH, presence of 

molecular oxygen, and moisture content. 

B iotransformation 

Biotransformation is a general term given to any process that leads to the 

alteration of a compound due to the activity of living organisms. Processes that fall 

within the scope of biological transformations include mineralization, cometabolism, 

bioaccumulation, and polymerization/binding (Richards and Shieh, 1986). 

Mineralization is the conversion of an organic substrate into inorganic compounds (CO2 

and H2O). Cometabolism, also referred to as co-oxidation, fortuitous metabolism, or 

bioconversion, refers to the degradation of a substrate that does not contribute to cell 

growth or biomass. Anthropogenic organic (xenobiotic) compounds frequently undergo 

transformation by cometabolic reactions. The xenobiotic material is degraded 

fortuitously by enzymes used for metabolism of the primary substrate (Richards and 

Shieh, 1986). Bioaccumulation refers to the buildup of a compound, or its metabolites. 

Polymerization/binding refers to the binding of reactive intermediates to soil matter. 
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Some intermediates bind more easily than corresponding parent compounds (Richards 

and Shieh, 1986). 

The biotransformation of a compound into simpler products by removal of 

substituent groups is termed biodegradation. In the soil environment, bacteria, 

actinomycetes, and fungi are the most important groups of living organisms mediating 

biotransformations of organic compounds. In soil environments subject to rapid 

infiltration of sewage effluent, bacteria are responsible for the bulk of biotransformations 

of sewage organics. 

All bacteria must have sources of carbon and energy and various other nutrients 

(N, P, K, S, and various trace metals) to sustain themselves and provide for cell growth. 

Heterotrophic bacteria utilize organic carbon as both a source of energy and for 

biosynthetic reactions. Autotrophic bacteria utilize CO2 as a carbon source and inorganic 

compounds (e.g. for energy. Under aerobic conditions, bacteria that are capable of 

utilizing oxygen as a terminal electron acceptor in their electron transport chain are 

favored, due to their greater efficiency in generating energy. Under anaerobic conditions, 

bacteria utilizing alternate inorganic electron acceptors (e.g. NO3'; nitrification, S04^'; 

sulfate reduction, and CO2: methanogenesis) can dominate, although usually at lower 

rates of activity, due to their less efficient metabolic pathways (Valentine and Schnoor, 

1986). The range of possible metabolic transformation routes is summarized in Figure 

D.l. 



297 

ORGANIC _I 
COMPOUNDS 

microbial degradation. 

7^ 
X XH, 
^ y ' 

I fermentation 

INTERMEDIATE. 
METABOUTES 

pW W2 

X XHg 

aerobic 
respiration 

->• CO-

• ORGANIC ACIDS 
 ̂ and RELATED 

COMPOUNDS 

V 
acetate 
formate 
CO, 
Ho 

S2-

NHg /Ng NO3 

anaerobic 
respiration 

scj" 

metfianogenesis 

CH, 

Figure D.l. Possible metabolic transformation routes (after Gibson, 1980) 

Biotransformation of specific groups of organic compounds is catalyzed by the 

production of specific bacterial enzymes. Consortia of bacteria may operate together in a 

manner in which intermediate metabolites produced by one species are used as substrate 

by another. Biotransformations may be catalyzed within the bacterial cell envelope by 

intracellular enzymes or outside of the cell by extracellular enzymes. Cell enzymes may 

be constitutive, (produced under all growth conditions) or inducible (produced in 

response to the presence of a specific substrate or establishment of specific conditions). 

Substrates which require the synthesis of inducible enzymes will be utilized only after an 
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acclimation period, during which the enzyme is produced up to an adequate concentration 

(Valentine and Schnoor, 1986). 

The rate and degree of biotransformation for a specific organic chemical in the 

soil environment depends on the chemical properties of the compound, the soil physical 

conditions, and biochemical factors. Chemical properties of an organic compound (e.g. 

molecular weight, polymerizability, aromaticity, halogenation, solubility, hydrophobicity, 

and toxicity) will affect the availability of the chemical to a microbial community and 

hence control the induction of enzymes that transform the chemical (Richards and Shieh, 

1986). The physical or environmental conditions in the soil (e.g. soil moisture content, 

dissolved oxygen, redox potential, temperature, pH, dissolved carbon, nutrients, trace 

elements) control the functioning of synthesized enzymes and hence uptake of a chemical 

compound into metabolic pathways. Biochemical factors include enzyme ubiquity and 

specificity, enzyme regulation, and competition (Richards and Shieh, 1986). 

Sorption 

Sorption is the general name given for the process of displacement of a solute 

contained within a bulk phase onto or within a second bulk phase. In an unsaturated soil, 

sorption may occur at the liquid/liquid, liquid/solid, liquid/air, and air/solid interfaces. 

Adsorption refers to the more specific process of attachment of a solute (the absorbate) 

onto the surface of a second bulk phase (the adsorbent), usually either mineral or organic 

matter. Adsorption occurs when the change in Gibb's free energy (AG) between 

adsorbent and adsorbate is negative: 
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AG = AH-TAS (D.l) 

The driving force for interaction can be driven by a change in enthalpy (AH) or a 

change in entropy (AS) or a combination of the two. Bonding mechanisms driven by a 

change in enthalpy include Van der Waals interactions, hydrogen bonding, ion-dipole and 

dipole-dipole interaction, charge-transfer, and ligand exchange or ion bonding. The main 

sorption mechanism driven by a change in entropy is hydrophobic bonding. 

Hydrophobic bonding occurs due to the partitioning of hydrophobic nonpolar compounds 

out of a polar aqueous phase onto hydrophobic solid organic matter (Hassett and 

Banwart, 1989). Hydrophobic compounds (e.g. polycyclic aromatic hydrocarbons-PAHs, 

aromatic hydrocarbons, and pesticides) in aqueous solution are enclosed within a shell 

structure ("flickering crystal") of water molecules; the displacement and collapse of this 

shell which occurs during attachment of the hydrophobic compound onto a hydrophobic 

organic surface is thermodynamically favored (entropy increases). 

Under equilibrium conditions, the relative magnitude of sorption for a nonpolar 

solute can be described using the parameter ATj (distribution coefficient) or equivalently 

Kp (partition coefficient): 

where S is the concentration (^g/g) of solute sorbed and C is the concentration (mg/g) of 

solute in solution at equilibrium. 



300 

Volatilization 

Volatilization is the loss of a chemical in a vapor form from a liquid or soil 

surface to the atmosphere. It is a mass transfer process only; no degradation of the 

chemical occurs during volatilization. The rate of volatilization of a chemical in a soil 

environment is controlled by two rate processes: i) the flux of a chemical vapor from 

within the soil matrix to the soil surface and ii) the flux of a chemical vapor into the 

atmosphere from the soil surface (Jury et al., 1991). 

Volatilization of chemical compounds in secondary or tertiary effluent during 

SAT is expected to be of minimal importance since these wastewaters have already 

undergone aerobic biotreatment. In SAT systems utilizing primary effluent, volatilization 

may be of more importance in the removal of some organic species. Volatilization of 

chemical compounds may occur from effluent ponded in spreading basins during 

flooding and subsequently from within the unsaturated soil matrix during drying periods. 

Chemical Degradation 

Chemical degradation of organic compounds is defined to consist of only abiotic 

transformations, including hydrolysis and oxidation-reduction reactions. In hydrolysis 

reactions, water exchanges a hydroxyl group (OH") with a molecule substituent (X). 

Alternatively, a hydroxyl ion attacks and cleaves an electrophilic carbon- or phosphorus-

X group, and replaces the displaced group. The organic functional groups susceptible to 

hydrolysis include: alkylhalides, amides, amines, carbamates, carboxylic acid esters. 
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epoxides, nitriles, phosphonic acid esters, phosphoric acid esters, sulfonic acid esters, and 

sulfuric acid esters (Valentine, 1986). 

Oxidation-reduction (redox) reactions are potentially significant for both 

inorganic and organic compounds in a soil environment. Inorganic redox reactions 

consist of the summation of two half reactions with an exchange of an equal number of 

electrons. Organic redox reactions usually involve the transfer of atoms; organic 

oxidations typically result in a gain in oxygen and a loss of hydrogen atoms (Valentine, 

1986). 
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APPENDIX E: PROTOCOLS FOR XAD ISOLATION PROCEDURES 

(reproduced from notes obtained from Dr. George Aiken, United States Geological 
Survey) 

PREPARATION 

Column Parameters 
100 mL column 60 mL pore volume 
2S0mL column ISO mL pore volume 
295 mL column 177 mL pore volume 
3S0mL column 210 mL pore volume 
1200 mL column 720 mL pore volume 
2000 mL column 1200 mL pore volume 

Column Setup 
1. Fill respective columns with a measured slurry of clean XAD- (8 or 4) resin. 
2. Pump copious amounts (-30 pore volumes) of DI water through each column. 
3. Rinse each column with three cycles (each ~3 pore volumes) of: 

0.1 N NaOH (4 g/L NaOH pellets) 
0.1 N HCl (8 mL/L concentrated HCl) 

4. Leave the XAD columns in acid. 
5. Immediately before samples are run, rinse columns with one more cycle of base/acid (ending 

in acid) 

Column setup flow rates: 
250 mL column 50 mL/min 
295 mL column 60 mL/min 
1200 mL column 240 mL/min 
2000 mL column 4(X) mL/min 

Acidify sample using HCl: 
Acidify the filtered sample with concentrated HCl to a pH below 2 (1.90-1.99) 
1. Record the temperature in conjunction with pH. 
2. Record the initial and fmal pH. 
3. Record the volume of HCl required to lower pH. 
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XAD CHROMATOGRAPHIC ISOLATION 

Sample Application 
1. Hook XAD columns in series; the sample then loads onto the top of the XAD-8 

(hydrophobic) column first then onto the XAiD-4(hydrophilic) column. 
2. Introduce the acidified samples onto the columns. 

Note #1) observe tubing during the run to make sure nothing goes wrong, i.e. 
Tubing does not pop off cap. 
Tubing does not come out of sample. 
That the columns do not somehow run dry. 

Note #2) do not let the top dark band of the sample travel too far down the column. This 
indicates a loss in extraction efficiency—slow down the flow rate. 

Note #3) watch for sample degassing. Back pressure builds, effectively drying the 
column. If this occurs; 

Stop the pump; close off the bottom stop cock. 
Leave the top cock open and remove inlet tube to let the gas escape. 
You'll hear the his of released pressure, and get wet if not careful. 

B. Back Elution 
Sample is introduced to columns in series. Back elute each column separately. 
1. Detach XAD columns from each other. Attach pump outlet tube to the bottom stopcock. 
Attach column outflow tube to the top stopcock, lead into a collection vessel. Switch the pump 
inlet tube from sample to a 0.1 N NaOH solution. 
2. Back elute the columns. Collect everything, even the volume used to determine the flow rate. 
3. Run approximately 4-5 pore volumes of O.I N NaOH onto the column, until the column looks 

clean and the eluate colorless. Next run O.I N HCl through column and continue collecting 
eluate until Vi pore volume of O.I N HCI has run through the column. 

Yield: -800mL eluate per 295 mL column 
4-7L eluate per 1200 mL column 

4. Having collected all of the XAD eluate, immediately acidify it to below pH 2 (1.90-1.99) 
using concentrated HCl. 

5. Store acidified eluate in refrigerator. 

C. Ace/onitrile back elution rinse 
1. Flush the column with 1-2 pore volumes of 0.01 N HCl 
2. Replace the top lid with the appropriate reservoir and manually pore 1 pore volume of 

acetonitrile onto the column. Follow with copious amounts of Di. 
3. Start collecting when the acetonitrile front approaches the lower % of the column. Continue 

collecting until on more colored sample comes out. (note: CH3CN is plainly visible as 
gaseous bubbles and the front is often a dark band) 

4. Finish flushing the column with Di into a hazardous waste container until there is no 
refractive index visible in a test container of Di. 

5. Re-saturate the XAD columns with 0.1 N HCI. 
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CATION EXCHANGE 

100 mL column 
295 mL column 
1200 mL column 
2000 mL column 

Isolation flow rates 
5 mL/min desalt 
IS mL/min desalt 
60 mL/min desalt 
100 mL/min desalt 

6 mL/min CER 
17 mL/min CER 
71 mL/min CER 
n/a 

A. DESALT 
(CI- ions travel faster than the larger OOC's. Flush the CI- ions) 
1. Load the sample eluate onto clean respective XAD columns. 
Note#l: if the sample was split, so as not to overload the XAD column, then combine the 
respective XAD eluate aliquots to load as integrated eluate onto the XAD column. 
2. Run a small amount of Di through a flow through conductivity meter then aflx to the bottom 

of the column. Place the meter outlet over a collection vessel. 
3. Fill the pump tubing with Di and before attaching to top of the XAD column. Pump DI water 

onto the XAD column at the same loading rate. 
4. Observe the conductivity as CI- ions are removed. Collect the desalting effluent for a 

measure of Di required to bring the conductivity down to ~750 uS/cm. 
Note #1: The conductivity can register high (mS/cm) at flrst. Record the initial conductivity, 

the among of Di used , and the final conductivity. 
Note #2; Should color break through, stop flushing and record the final 

conductivity as it is registered on the meter. 
5. Set up to back elute. 

B. Cation Exchange Resin, CER 
(Na+ base ions, of back eluate, exchange with H+ sat'd CER resin leaving sample in water) 
1. Clean and activate the CER column with 3 cycles of: 

1.0 N NaOH 2 pore volumes 
Di 1 pore volume 
10 % HCl 2 pore volume 
Di 1 pore volume 

2. After final Di, attach the flow through conductivity meter to the CER column. Continue 
adding Di to the CER column until the conductivity on the column effluent reads -10 uS/cm. 

3. Back elute the desalted sample onto the CER column with 0.1 N NaOH (using the CER flow 
rate). Discard, as undesired product, the first third pore volume of CER effluent, then begin 
collecting the sample. 

4. Monitor conductivity as the sample comes off the CER column. 
Note #1) conductivity will initially rise, fall, then rise again, indicating the breakthrough of Na-(-. 
Record the apex of the I" rise and volume of sample at which that occurs. 
5. Collect CER eluate; be careful to stop before the breakthrough of Na-i-

Yield: -750 mL eluate per 295 mL column 
-300 mL eluate per 60 mL column 

6. Label: "sample name" 
XAD-#, CER-eluate 

7. store in refrigerator 
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