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Influence of Operational Characterization Methods on DOM
Physicochemical Properties and Reactivity with Agueous Chlorine

Christopher J. Tadanier

(ABSTRACT)

The physicochemica properties and chemical reactivity of dissolved
organic matter (DOM) are of tremendous practical significance in both natural and
engineered aguatic and terrestrial systems. DOM s frequently extracted,
fractionated, and concentrated from environmental samples using a variety of
operationally defined physical and chemical processesin order to facilitate study of
specific physicochemical properties and aspects of its chemical reactivity. This
study was conducted to systematically examine the influence of operationally
defined physical and chemical characterization methods on observed DOM
physicochemical properties and reactivity with agueous chlorine. The effects of
chemical separation were evaluated by applying an existing resin adsorption based
procedure which simultaneoudly extracts and fractionates DOM and inorganic
constituents into hydrophobic and hydrophilic acid, base, and neutral dissolved
material matrix (DMM) fractions. Physical separation based on DOM apparent
molecular weight (AMW) was also evaluated using batch ultrafiltration (UF) data
in conjunction with a suitable membrane permeation model. Linear independence
of membrane solute transport was theoretically described using non-equilibrium
thermodynamics and experimentally demonstrated for AMICON® YC/YM series
UF membranes. Mass balances on DMM fraction constituents in untreated and
previously coagulated natural waters indicated that quantitative recovery (100 £
2%) of DOM constituents was achieved, while recovery of inorganic constituents
such as iron and aluminum was substantially incomplete (30%-74%). Comparison
of whole-water DOM properties with those mathematically reconstituted from
DMM fractions demonstrated a marked shift in DOM properties toward lower
AMW. Evidence of pH induced partial hydrolysis of protein, polysaccharide, and
ester DOM components was also observed. Decreased specific Cl, demand (mmol
DCly/ mmol DOM) and specific trihalomethane formation (mmol THM/mmol
DOM) following chemical fractionation were attributed to increased molar DOM
concentration and decreased DOM association with colloidal iron oxide surfaces.
Collectively, the results of this research indicate that operational characterization
methods result in ateration of DOM physicochemical properties and reactivity
with agueous chlorine, and caution is therefore advisable when interpreting the
results of studies conducted using chemically extracted or fractionated DOM.
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Christopher J. Tadanier Chapter 1 — DMM Component Recovery

Chapter 1

Recovery of Dissolved Material Matrix Components Following
Resin Exchange Based Fractionation of DOM in Natural Waters

Abstract

The organic and inorganic components of natural waters are intimately
interrelated and constitute a dissolved material matrix (DMM). The objectives of
this study were to systematically investigate the recovery of both organic and
inorganic components in chemically fractionated natural waters, to evaluate
possible redistribution of these components among isolated DMM chemical
fractions, and to examine interactions between DMM physicochemical properties
and coagulation behavior of chemically fractionated waters. Untreated and
previously coagulated natural waters were fractionated into hydrophobic and
hydrophilic acid, base, and neutra DMM fractions using a resin exchange based
protocol. Mass balances on non-volatile dissolved organic carbon (NPDOC),

UV 254 absorbing material, iron, and aluminum were used to evaluate DMM
component recovery. Quantitative (98%-102%) was achieved for dissolved
organic matter (DOM); whereas, iron and aluminum recovery was substantially
incomplete (30%-74%). Aluminum recovery was higher than iron recovery in all
waters, and recovery of both metals increased following coagulation. Incomplete
metals recovery was attributed to imperfect elution from cation exchange resin.
DMM component distribution among chemical fractions was altered by
coagulation; with DOM preferentialy removed in the hydrophobic acid fraction,
and substantial incorporation of residua auminum coagulant in basic DMM
fractions. Chemical fractionation of natural waters by resin exchange may result in
alteration of DMM physicochemical properties or reactivity due to incomplete
recovery and redistribution of iron and auminum.
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I ntroduction

Dissolved organic matter (DOM) is ubiquitous in both natural and engineered aquatic and
terrestrial environments, and is intimately involved in amyriad of physical, biological and
geochemical processes. The fate and transport of environmental pollutantsis strongly influenced
by pollutant-DOM interactions including complexation of trace metals (1) and sorption of organic
pesticides and hydrocarbons (2). The solubility of both organic and inorganic pollutants is
frequently increased due to pollutant-DOM interaction (3-5), and the bioavailabilty of both
nutrients and pollutants may be significantly decreased in the presence of DOM (6). Dissolved
organic matter may also serve a number of central functionsin the carbon and energy budgets of
aguatic and terrestrial ecosystems (7) such as providing a carbon or energy source for microbial
metabolism (8-12), acting as a growth promoter for phytoplankton and algae (13,14), and
enhancing or regulating awide variety of plant physiological processes (15-17). The presence of
DOM can dramatically affect the operation and performance of engineered water and wastewater
treatment systems. Dissolved organic matter has been observed to influence coagulation and
subsequent solid-liquid separation processes (18), exert asignificant oxidant demand (19), and
has received considerable attention as the source organic precursor molecules involved in
formation of halogenated disinfection by-products during drinking water treatment (20,21).

Comparatively large quantities of material, on the order of severa hundred mg or more,
are typically required to study the chemical characterization, biogeochemical reactivity, or
treatability of DOM in alaboratory setting. Due to the relatively low concentration of DOM in
most natural waters (< 10 mg/L) (22-25), hundreds or thousands of liters of water are required to
provide the material necessary for meaningful characterization of aguatic DOM. Storage of such
large volumes of unprocessed water may be operationally impractical, and it may be difficult to
prevent microbial or abiotic alteration of DOM in dilute natural water samples during the long
periods which may be necessary to conduct detailed experimental reactivity or treatability studies.
Repeated sampling of smaller sample volumesis aso not practical, as the character of DOM in
any given water source may change dramatically over time due to cyclic or random climactic and
geomorphological variations. Moreover, many analytical techniques involved in DOM chemical
characterization and reactivity analyses require DOM concnetrations which are one to severa

orders of magnitude greater than those characteristic of natural waters. For these reasons, it is
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generaly necessary to extract and concentrate the DOM from a natural water of interest to
facilitate anaysis.

In addition to concentrating DOM components the ideal extraction method would have
the following characteristics: 1) complete recovery of al DOM constituents regardless of
physicochemical properties, 2) physiochemical properties of DOM unaltered by extraction, 3)
DOM-inorganic constituent interactions unaltered by extraction, 4) extracted DOM free of
chemical impurities or contaminants, 5) extracted DOM in aform that is not susceptible to
physical, chemical, or biological ateration during storage, and 6) DOM extraction unaffected by
source water composition. Redlisticaly, no analytical procedure smultaneoudly satisfies al the
DOM extraction criteriaoutlined above. Instead, the ultimate choice of an extraction method,
and extent to which inorganic constituents are removed from DOM concentrates by additional
desalting procedures, must be based on which extraction criteria are most important to the
analysisa hand. Chemical characterization of DOM generally requires alow ash isolate, as
inorganic constituents often interfere with spectroscopic techniques used to evaluate elemental
and functional group content. Conversely, reactivity and treatability studies may be strongly
affected by removal of inorganic constituents such as transition metals (Fe*** and Mn®"**) and
group I1A and I11A metals (Ca®*, Mg®, and AI**), which may influence the physicochemical
character of DOM through sorption and complexation interactions.

A variety of analytical methods have been devel oped which utilize various physical and
chemical separation driving forcesto affect DOM extraction from natural waters. Preparative
DOM extraction methods include low temperature vacuum distillation (26), lyophilization (27-
29), freeze concentration (30-34), coprecipitation with inorganic salts (35,36), ultrafiltration (37),
reverse osmosis (28,38-40), solvent extraction (41), and sorption on various solid surfaces such
as alumina (42-44), carbon (45), and a variety of ionic and non-ionic polymeric organic resins (46-
51). However, none of these extraction methods is entirely satisfactory due to incomplete
recovery of DOM or impracticality of use for processing the large volumes of water required to
obtain even modest amounts of extracted material. A thorough review of the relative merits of
each of these extraction methods is beyond the scope of the current discussion; however, severa

excellent reviews are present in the literature (52-54).
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Since no single method is entirely satisfactory for extraction of DOM from natural waters,
severa analytical procedures are often combined into a coherent extraction protocol. For
example, an extraction protocol which utilizes sequential hydrophobic and ion exchange resin
sorption steps has been devel oped which simultaneously extracts and concentrates DOM into
hydrophobic acid, base, and neutral and hydrophilic acid, base, and neutral fractions (55-57).
Aside from any loss of DOM constituents due to irreversible sorption on exchange resins or other
system components, all DOM constituents are segregated into one of six chemically discrete
fractions based on hydrophobic and acid-base characteristics. This protocol was selected for the
current work based on its theoretical recovery of all DOM constituents in a water sample, ability
to process large sample volumes, and simultaneous concentration and chemical fractionation of
DOM. Heredfter, this anaytical method will be referred to as the Dissolved Material Matrix
(DMM) Fractionation Protocol.

Extraction and fractionation schemes similar to the DMM Fractionation Protocol have not
been widely utilized to chemically characterize DOM, principally due to the laborious nature of
these methods. Variations of the procedure outlined by Leenheer have been utilized to extract
and chemically fractionate DOM from natural waters (52,56-63), and DOM previously extracted
from soil samples (64-68). However, the recovery efficiency of extracted DOM has frequently
either not been measured or not reported. Also, those studies in which DOM recovery efficiency
has been determined have generally resulted in substantially incomplete recovery of DOM.
Furthermore, the recovery and possible redistribution of inorganic constituents among extracted
DMM fractions has not been addressed. Clearly, the recovery of both organic and inorganic
DMM constituents must be largely complete if the results of characterization, reactivity, or
treatability studies using chemically fractionated DOM are to be meaningfully interpreted in
relation to the environment from which the DOM was extracted. Therefore, the objectives of this
study were 1) to systematically investigate the fractionation and recovery of DOM, iron, and
aluminum from untreated and previously coagulated natural waters using the DMM Fractionation
Protocol, 2) to evaluate the possible redistribution of these organic and inorganic components
following application of the DMM Fractionation Protocol, and 3) to use the DMM Fractionation
Protocol as atool for evaluating the interaction between DOM physicochemical properties and

coagulation behavior of natural waters.
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Materials and Methods
DOM Separation in the DMM Fractionation Protocol

The DMM Fractionation Protocol is based on sequential application of frontal adsorption
and ion exchange chromatographic separation steps, in which chemically discrete DOM fractions
are individually removed from a water sample by selective sorption onto and € ution from one of
three polymeric resin sorbents. Selectivity of DOM-resin interaction results from differencesin
resin materia hydrophobicity and pH dependence of both DOM solute and resin surface ionizable
functional group protonation. Application of the DMM Fractionation Protocol resultsin
separation and concentration of DOM in awater sample into hydrophobic acid, base, and neutral;
aswell as, hydrophilic acid, base, and neutral fractions. However, it must be recognized that
although the primary objective of the DMM Fractionation Protocol is to extract and fractionate
DOM, inorganic constituents are also segregated and concentrated into the six chemically discrete
fractions produced by this procedure. Furthermore, the isolation of organic and inorganic DMM
constituents may occur somewhat independently of one another. The six chemically discrete
fractions recovered are therefore termed DMM fractions. The various steps in the DMM
Fractionation Protocol are shown schematically in Figure 1.1, and are discussed individualy in the
paragraphs which follow.

Hydrophobic DOM isisolated by hydrophobic interaction with non-ionic methyl-
methacrylate XAD-8 resin. The desired volume of sample water isfirst passed through a column
of XAD-8resin at neutral pH to isolate hydrophobic base (HPO-B) and hydrophobic neutral
(HPO-N) DOM. These organic fractions are selectively removed from the sample at neutral pH
since HPO-N DOM molecules have a characteristically low density of ionizable functional groups
and HPO-B DOM molecules are generally deprotonated under neutral to dightly alkaline pH
conditions. The HPO-B DMM fraction is recovered from the XAD-8 column by elution with
dilute HCI (pH 1-2), which reduces the affinity of the non-ionic resin for the now protonated, and
hence positively charged, basic DOM molecules. Selective isolation of hydrophobic acid DOM
(HPO-A) is achieved by acidifying the sample to pH 2 (which protonates acidic functional groups)
and passing the sample through the XAD-8 column a second time. The HPO-A DMM fraction is
recovered by elution of the XAD-8 resin column with dilute NaOH (pH 12-13), which releases
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the now deprotonated, and hence negatively charged, sorbed HPO-A DOM molecules. The
HPO-N DMM fraction is not subject to elution by pH dependent charge manipulation, but may be
recovered by soxhlet extraction of the XAD-8 resin in methanol. The sample now contains only
hydrophilic DOM and some portion of the original inorganic constituents.

Hydrophilic DOM remaining in the acidified sample (pH 2) isisolated by two sequential
ion exchange steps, again using pH dependent manipulation of solute charge to produce
selectivity of separation. Hydrophilic base (HPI-B) DOM isisolated by passing the acidified
sample through a column of hydrogen saturated M SC-1 strong cation exchange resin. Positively
charged hydrophilic base DOM molecules and hydrated inorganic cations are removed from
solution by exchange with resin bound protons. The HPI-B DMM fraction is recovered from the
MSC-1 resin by eution with NaOH, which promotes release of bound DMM constituents by
simultaneously deprotonating basic DOM molecules and thermodynamically saturating the resin
with sodium ions. Hydrophilic acid (HPI-A) DOM isisolated by passing the acidified sample
through a column of Duolite A-7 weak anion exchange resin which isin the free base form.
Protonated (neutrally charged) HPI-A DOM molecules and hydrogen saturated (pH 2) hydrated
anions are retained by the unprotonated secondary amine resin functiona groups. The HPI-A
DMM fraction is recovered by returning the Duolite A-7 resin to its free base form using NaOH
as eluant. Following the cation exchange step, the sample contains only hydrophilic neutral (HPI-
N) DOM moleculesin largely de-ionized water. Since removal of solutes during the resin
exchange steps of the DMM Fractionation Protocol does not appreciably reduce sample volume,
the remaining HPI-N DMM fraction is concentrated by low temperature rotary vacuum
distillation.
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Step 1
iy Seo7 Ses
' Pass Acidified Sample —— —— Forward Elute HPI-B
Through MSC-1 Column w/ 1N NaOH
Hydrophobic Bases Hydrophobic Acids
Step 2 Step 4
Pass Filtered Sample Pass Acidified Sample Step9
Through XAD-8 Column || Through XAD-8 Column Pass Acidified Sample
at Neutral pH at pH 2 Through Duolite A-7 Column
' | Hydrophilic Acids
Step 6 Step 11
Unpack XAD-8 Column, Roto-Vap HPI-N
Air Dry Resin, Fraction at 40°C
Soxhlet Extract HPO-N
in Methanol
Duolite
XAD-8 MSC-1
A-7
Acidify Sampleto . -
pH 2w/ 3N HCI Acidified Sample Hydrophilic Bases
| |
Step 3 Step 5 Step 10
Backflush Elute HPO-B Backflush Elute HPO-A Backflush Elute HPI-A
w/ dilute HCI w/ dilute NaOH w/ 1 N NaOH
Acidified Sample Hydrophilic Neutralsin

Deionized Water

Figure 1.1: Schematic representation of the Dissolved Material Matrix Fractionation Protocol.
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Pilot-Scale DMM Extraction Procedure
A pilot-scale fractionation apparatus consisting of three borosilicate glass columns with
equal resin bed volumes Vg of 300 mL each was constructed. Sample volumes were selected
based on consideration of the XAD-8 resin column capacity factor k, which describes solute
retention at column breakthrough (C = 0.5-Cy). The value of k*for an organic solute is defined
as,

_ Massof solute sorbed on XAD - 8resin
" Mass of solute dissolved in column pore water ’

(1)
and is related to breakthrough (elution) volume Ve and the column void volume V, by,
Ve =V,(1+K). )

V, for the pilot-scale XAD-8 column was determined to be 0.64-Vs, as measured by the gravity
drainable volume from the water filled column. Values of V;, between 0.60-Vg and 0.65-Vg have
been previoudy reported for XAD-8 resin columns (29,56). The hydrophobic-hydrophilic
breakpoint for solute separation, or elution volume at which an organic solute is 50 % eluted and
50 % retained Vo5, IS equal to 2-Ve for asymmetrical column breakthrough curve. Substitution
into Eq. 2 yields,

Vos, = 28,(1+ Kos ) , (3)

where Vs, and Kb 5, are the applied (el ution) sample volume and capacity factor at the solute
hydrophobic-hydrophilic breakpoint, respectively.

The distribution of k% s, values for DOM in natural waters has been observed to be
bimodal, with hydrophilic molecules exhibiting ks, values of < 10 and hydrophobic molecules
exhibiting kG5, values > 40 at column breakthrough (25). Therefore, ks values between 10 and
40 were used in this study to operationally define the hydrophobic-hydrophilic break-point for
XAD-8 fractionation of DOM. A ks value of 30 was selected for pilot-scale fractionation of
untreated and previously coagulated Lake Drummond waters, which by Eq. 3 specified a sample
volumeof 12 L. A ks value of 15 was selected for pilot-scale fractionation of untrested and
previously coagulated Chickahominy River waters, resulting in a sample volume of 6 L. The same
resin bed volume and column geometry was used for all fractionations so that similar hydraulic

conditions were maintained: for a given column geometry decreasing resin bed volume decreases
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bed height, which can result in undesirable flow conditions such as channeling and excessive resin
bed bypass.

The pilot-scale columns were filled with each resin in durry form, then rinsed with HCl,
NaOH, and ultra-pure water to remove any residual contaminants. Sample waters were applied to
the columns by gravity from a2 L borosilicate glass reservoir at 10 BV/h. The effluent NPDOC
concentration of each column was monitored periodically during sample application to ensure
premature breakthrough had not occurred. The void volume of each column was flushed with
ultra-pure water or dilute HCl as appropriate following sample application, and the flushing
solution combined with the processed sample prior to the subsequent extraction step. DMM
fractions were recovered from the resins as shown schematically in Figure 1.1, with

concentrations and volumes of flushing solutions and eluents as described in Appendix B.
Resin Preparation

Macroporous polymeric resins require significant preparation prior to use in the DMM
Fractionation Protocol, as they contain significant quantities of both organic and inorganic
impurities which would otherwise contaminate isolated DMM fractions. Unpolymerized resin
monomers, dispersion agents, and resin fines are among the organic contaminants commonly
present in macroporous resins as received from the manufacturer (69). Macroporous resins are
frequently stored and shipped in a salt imbibed form in which the beads are saturated with NaCl
and N&CO; to inhibit microbial growth (70).

Numerous resin preparation procedures have been utilized for macroporous resin cleanup,
but most are variations of the following general scheme: immerse in water at an akaline pH for
24 hr or more to completely wet the resin and solublize salts, rinse severa times with ultra-pure
water to remove salts, counter-flow floatation in ultra-pure water to remove resin fines, and
soxhlet extraction in one or more organic solvents to remove organic contaminants. XAD-8 resin
was soxhlet extracted sequentially in methanol, acetonitrile, and methylene chloride, while MSC-1
and Duolite A-7 resins were soxhlet extracted in methanol and acetone, respectively. Although
the resin cleanup process is quite laborious and lengthy, requiring up to severa months to prepare
even modest quantities of resin, adequately cleaned resin is critical to successful application of the
DMM fractionation procedure. Specific details of the resin preparation scheme used in this study

aregiven in Appendix A.
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Adequacy of the resin preparation scheme was verified by GC-MS analysis of contaminant
concentrations in the extraction solvents as a function of extraction time. Each of the extraction
solvents was periodically sampled during soxhlet extraction and the relative concentration of each
extracted resin contaminant monitored by comparison of successive peak areas. The GC-MS
analyses were performed on a Hewlett-Packard 5890 Series |1 gas chromatagraph coupled to a
Hewlett-Packard 5970 mass selective detector. The GC injection port temperature was held at
220°C and the transfer line at 280°C. A DB-5ms narrowbore capillary fused silica column (30 m
x 0.25 mmi.d. x 0.25 mm film thickness: J&W Scientific, Folsom, CA) was used to provide
analyte separation. The GC oven temperature program consisted of an initial temperature of
35°C held for 9 min., an increase from 35°C to 40°C at 1°C/min. with afinal hold time of 3 min.,
and an increase from 40°C to 150°C at 15°C/min with afinal hold time of 1 min. Mass
spectrometer detection parameters included a4 min. solvent delay and a mass detection range of

45 amu to 425 amu. A sample volume of 3 L with splitless injection was used for all analyses.

Sample Collection, Preparation, and Storage

The natural waters used in this study were collected as surface samples from Lake
Drummond near Suffolk, Virginia and from the Chickahominy River near Providence Forge,
Virginia. Both of these waters are highly colored, a characteristic often associated with
substantial input of alochthonous DOM. The geomorphology of the landscape surrounding these
water sources is consistent with allochthonous DOM input, as Lake Drummond acts as a drainage
basin for the Great Dismal Swamp and the Chickahominy River watershed contains predominantly
marginal wetlands and low lying forest. Samples were transported to the laboratory where they
were immediately (within 24 hr) processed to produce stock solutions for usein al further
experiments. Raw waters were pre-filtered through 0.45 nm membrane filter cartridgesto
remove large particulate matter and detritus. The DOM content of Lake Drummond water was
approximately 45 mg/L following filtration, and dilution was therefore required to produce a
stock solution suitable for application of the DMM Fractionation Protocol (25). The Lake
Drummond sample was diluted with ultra-pure water to achieve aDOM concentration of
approximately 10 mg/L C. The DOM content of filtered Chickahominy River water was
approximately 7.5 mg/L; therefore, no dilution was required. The pH values of the filtered
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samples were adjusted to 6.3 with Na,COs, and the ionic strengths adjusted to 0.0025 with NaCl.
Stock solutions were stored in 20 L aliquots at 4°C in the dark.

Additional processing of the stock solutions was required to support study of the impact
of coagulation on the distribution and recovery of DMM constituents. In order to permit direct
comparison of untreated and coagulated water DMM constituent distributions, 12 L of stock
Lake Drummond solution and 6 L of stock Chickahominy River solution were coagulated. Each
stock solution was coagulated in 500 mL aliquots using a Phipps & Bird six paddle jar testing
apparatus. Coagulation was conducted at pH 5.5 with a coagulant dose of 50 mg/L alum
(Alx(S04)3-14.3H,0), conditions which were determined to constitute an enhanced coagulation
scheme for the Lake Drummond stock solution. For the purpose of comparing treatment
effectiveness, the same conditions were used for coagulation of both waters. A rapid mix period
of 2 min at 100 RPM was used followed by a 30 min tapered flocculation period consisting of 10
min each at 40, 30, and 20 RPM consecutively. Coagulated stock solutions were allowed to
settle for 1 hr and the supernatants decanted and filtered through 1 mm membrane filters.
Coagulated stock solutions were stored at 4°C in the dark until application of the DMM

fractionation procedure.
Analytical Methods

Non-purgable dissolved organic carbon (NPDOC) content was measured by thermal
combustion with infrared detection of CO, using a Shimadzu TOC-5000 Total Carbon Analyzer
operated in the non-purgable organic carbon mode. A high sensitivity tungstun impregnated glass
wool thermal combustion catalyst was used throughout this study to improve the accuracy and
precision of NPDOC measurements at low carbon concentrations (£ 10 mg/L). With the high
sengitivity catalyst installed, the coefficient of variation for replicate NPDOC measurements was
routinely less than 1 %, even at carbon levels aslow as 0.5 mg/L. The use of high sensitivity
catalyst was deemed appropriate since the determination of changesin DMM constituent
distribution resulting from coagul ation sometimes required taking the difference between two
NPDOC measurements of similar magnitude. Performance of the carbon analyzer was monitored

by including two QA/QC standards with each batch of ten samples analyzed. All standards and
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samples were acidified to pH 2 with 3 N HCI and sparged with TOC grade air for 2 min. prior to
analysis, in order to remove trace volatile compounds and inorganic carbon (CO,).

Absorbance of ultraviolet light at 254 nm was measured in accordance with Method 5910
of Sandard Methods for the Examination of Water and Wastewater (71). A Beckman DU-600
spectrophotometer operated in the fixed wavelength mode, and equipped with an optical quality
guartz glass cuvette with a 1 cm light path length, was used for all absorbance measurements.
Ultra-pure water was used as the UV absorbance blank. A pH value of 2 was used for al UV 4
measurements performed in this study. This pH was selected for measurement of UV 254
absorbance in order to minimize interference due to reflection of incident UV light by colloidal
material — principally colloidal metal oxides (71). Previous characterization of the apparent size
distribution of iron in Lake Drummond source water demonstrated that it contained significant
quantities of colloidal mineral-phase iron (72), and due to the similarity of the Chickahominy
River water source, significant quantities of colloida iron were also anticipated to be present in
this water.

Flame atomic adsorption spectroscopy was used to quantify iron and aluminum. All metal
analyses were performed using a Perkin-Elmer Zeeman 5100 PC instrument operated in the
graphite furnace mode. Two point calibration curves were prepared for iron (0 and 40 ng/L) and
aluminum (0 and 20 ng/L) before each batch of samples analyzed. Samples, which had been
previoudly acidified to pH 2 with 3 N HCI, were seridly diluted as necessary with 0.5% (v/v)
HNO; to obtain metal concentrations within the instrumenta analysisrange. The limit of

detection for all metals analyzed in this study was 1 ng/L.
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Results
Distribution and Recovery of Dissolved Material Matrix Components

The DMM Fractionation Protocol was applied to four working solutions, 12 L each of
untreated and coagulated Lake Drummond stock solutions and 6 L each of untreated and
coagulated Chickahominy River stock solutions, in order to assess the distribution and recovery
of DMM components. The distributions of severa specific DMM components including
NPDOC, UV s, absorbing material, iron, and aluminum were measured. Mass balances were
subsequently performed on these DMM components by comparing component values measured
for each whole (unfractionated) working solution with cumulative values recovered in
corresponding DMM fractions. Ideally, the recovery efficiency for each DMM component would
be 100 percent, indicating that DMM constituents were not irreversibly sorbed onto fractionation
system components and organic contaminants were not released from resin materials during

fractionation.
Non-purgable Dissolved Organic Carbon

The distribution of NPDOC among DMM fractions isolated from untreated and
coagulated Lake Drummond and Chickahominy River working solutions, as well as NPDOC
recovery, are graphicaly represented in Figure 1.2. The NPDOC recoveries of Lake Drummond
untreated and coagulated working solutions were 96.0 and 101 percent, respectively. Similarly,
the NPDOC recoveries of Chickahominy River untreated and coagul ated working solutions were
101 and 99.9 percent, respectively. No evidence of contamination by organic resin material was
detected, as determined by GC-MS analysis of the extracted DMM fractions under the same
chromatographic conditions used to evaluate the adequacy of initial resin preparation.

Although the sites from which the natural water samples were collected for this study are
located 106 km apart on non-interconnected waterways, the samples were collected at different
times of the year, and XAD-8 k®values differed for DMM extraction from the two source waters,
the distribution of NPDOC among the DMM fractions extracted from comparable Lake
Drummond and Chickahominy River working solutions was quite similar. In both untreated
waters the HPO-A DMM fraction dominated the NPDOC distribution, accounting for 72.7 and
65.8 percent of NPDOC in Lake Drummond and Chickahominy River working solutions,
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respectively. The HPI-N DMM fraction contained the next largest amount of NPDOC in both
untreated waters, comprising 10.9 and 14.0 percent of NPDOC. Each of the remaining four
DMM fractions contributed less than 10 percent of the total NPDOC in both untreated working
solutions. The basic DMM fractions isolated from both untreated working solutions were
particularly small, representing between 1.64 and 3.62 percent of total NPDOC.

Previoudy coagulated Lake Drummond and Chickahominy River working solutions aso
displayed ssimilar NPDOC segregation patterns, with HPO-A and HPI-N DMM fractions til|
dominating the NPDOC distributions. Although coagulation generally reduced the amount of
NPDOC in the DMM fractions extracted from both waters, the Lake Drummond HPO-N, HPI-A,
and HPI-B DMM fractions showed modest increases in NPDOC. Dueto their relatively small
magnitudes in the NPDOC distribution of the untreated Lake Drummond working solution,
redistribution of DOM into HPO-N, HPI-A and HPI-B DMM fractions following coagulation
represented NPDOC increases of 21.8 to 101 percent. Asseenin Figure 1.2, the HPO-A DMM

fractions of both waters were preferentialy removed by coagulation.
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Figure 1.2: Distribution and recovery of NPDOC in DMM fractions isolated from untreated and
coagulated working solutions.
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UV.s4 Absorbing Material

A mass balance parameter termed the Effective Mass of UV 254 Absorbing Materia
(EMUV 2s4) was defined based on the Lambert-Beer Law,
A=axcx, (4)
where A is absorbance, a specific absorptivity (L/mg-cm), ¢ concentration (mg/L), and b light path
length (cm). Substituting ¢ = m/V into Eq. 4 and rearranging yields the computational expression
for EMUV 254,

AX/
EMUV254=a><m=T. (5)

EMUV 2,4 was used as a surrogate mass balance parameter since determination of a for the
complex mixture of interacting UV »s4 absorbing components present in natural watersis not
required.

The distribution of EMUV 5, among DMM fractions isolated from untreated and
coagulated Lake Drummond and Chickahominy River working solutions, as well as EMUV 54
recovery, areillustrated graphicaly in Figure 1.3. The EMUV 2,4 recoveries from untreated and
coagulated Lake Drummond working solutions were 96.8 and 101 percent, respectively.
Recoveries of EMUV 25, from untreated and coagulated Chickahominy River working solutions
were 102 and 99.4 percent, respectively.

The HPO-A DMM fraction contained the vast majority of EMUV 254 in both untreated
working solutions, accounting for 82.6 and 76.3 percent of the total EMUV 25,4 in these waters,
respectively. Each of the remaining five DMM fractions recovered from these waters contained
less than 7 percent of EMUV 25,4 in the unfractionated whole water. As with the untreated
working solutions, the HPO-A DMM fractions of previously coagulated working solutions
contained the majority of EMUV 4s4; abeit, with diminished relative magnitudes. Although
coagulation atered the distribution of EMUV 25, among substituent DMM fractions for both Lake
Drummond and Chickahominy River waters, examination of Figure 1.3 indicates that the absolute
amount of EMUV 2,4 in each DMM substituent group generally decreased following coagulation.
The HPO-B and HPI-B fractions recovered from Lake Drummond water were notable exceptions

to this trend, containing more EMUV 25,4 after coagul ation.



Christopher J. Tadanier Chapter 1 — DMM Component Recovery

11

® F

% 10 f — 150

s L ake Drummond ] ]

o 09F 145

c [ i

e — ]

8 0.8 ] 4.0

< ,f == Untreated 1 —

g I Coagulated ] £

:>> 06 F 130 o

8 os 1, &
05f - >

; - ] )

% 04} 120 =

£ 03[ 115

) ! ]

B 02F J10

c - ]

i) [ 1

2 01Ff Jos

g F ]

L ook 100

HPO-A HPO-B HPO-N HPI-A HPI-B  HPI-N Whole Recovered

® 11 [ E 1.4

g wf - = i =

= . Chickahominy River E

© 09 1~

c ]

e} 411
08 ]

§ - — 10

< g7t 3 Untreated ] —

3 L B Coagulated 709 £

5 06 F E 0.8 \—.'/

B i Jo7 B
05| b

= F 06 =

% 04r los @

£ o3 jo04

2 : J03

o 0.2 ]

5 - jo2

g 0lf jo1

Y 100

HPO-A HPO-B HPO-N HPI-A  HPI-B HPI-N  Whole Recovered

Figure 1.3: Distribution and recovery of UV ,s, absorbing material in DMM fractions isolated
from untreated and coagulated working solutions.



Christopher J. Tadanier Chapter 1 — DMM Component Recovery 18

Iron
In contrast to the cumulative recoveries of NPDOC and EMUV 55, from DMM fractions,

the recovery of iron from waters subjected to the DMM Fractionation Protocol was substantially
incomplete. The iron distributions and recoveries from fractionated untreated and coagul ated
Lake Drummond and Chickahominy River working solutions are shown in Figure 1.4. The
cumulative iron recoveries from the DMM fractions of untreated Lake Drummond and
Chickahominy River working solutions accounted for only 38.6 and 30.2 percent of the total iron
present in these waters, respectively. Iron recovery from previously coagulated working solutions
was somewhat higher than from corresponding untreated waters. 52.2 and 45.7 percent of the
iron in untreated Lake Drummond and Chickahominy River working solutions was recovered in
the DMM fractions of the respective coagul ated working solutions.

There was considerable variation in the amount of iron present in DMM fractions isolated
from Lake Drummond and Chickahominy River working solutions. In both untreated working
solutions the HPO-A DMM fraction contained the largest component of recovered iron,
representing 88.1 and 80.6 percent of the iron accounted for by the respective fractionations. Of
the remaining five DMM fractions isolated from untreated L ake Drummond and Chickahominy
River working solutions, only the HPO-B DMM fractions contained a sizable component (> 5
percent) of recovered iron. Collectively, the hydrophobic DMM fractions contained 96.9 and
96.1 percent of the iron recovered from the untreated waters.

Coagulation dramatically reduced the mass of iron in both untreated water working
solutions and all of their DMM fractions, with reductions between 29 and 100 percent.
Previoudy coagulated Lake Drummond and Chickahominy River working solutions also displayed
markedly different iron segregation patterns compared with corresponding untreated working

solutions; preferential removal of iron from HPO-A DMM fractions was observed.
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Aluminum

The cumulative recovery of aluminum in DMM fractions extracted from untreated and
coagulated working solutions was a so incomplete, although somewhat higher than the recovery
of iron. The aluminum distributions and aluminum recoveries of untreated and coagulated L ake
Drummond and Chickahominy River working solutions are illustrated in Figure 1.5. Examination
of Figure 1.5 indicates that the cumulative recoveries of aluminum from Lake Drummond and
Chickahominy River water DMM fractions accounted for only 52.8 and 59.2 percent of the
aluminum present in the respective untreated working solutions. The recovery of aluminum was
somewhat higher for coagul ated working solutions, with 64.6 and 73.9 percent of the aluminum
present in the coagulated Lake Drummond and Chickahominy River working solutions included in
their respective DMM fractions.

As with the other DMM constituent properties previously examined, the distribution of
aluminum among the DMM fractions of both untreated working solutions was nonuniform. For
both untreated working solutions greater than 96 percent of the aluminum recovered was
contained in the HPO-A, HPO-B, and HPI-B DMM fractions collectively; although, the
distribution of aluminum among these fractions was different for the two raw waters. The
relatively small mass of aluminum recovered in the remaining three DMM fractions was similarly
distributed for both untreated waters, with approximately 2.5 percent, 1.2 percent, and 0.1
percent found in the HPI-N, HPO-N, and HPI-A fractions, respectively.

Following coagulation the mass of aluminum recovered in individual DMM fractions
generally decreased, with the notable exception of the HPO-B and HPI-B fractions of Lake
Drummond water and the HPO-B fraction of Chickahominy River water. The mass of aluminum
in the basic Lake Drummond DMM fractions increased by approximately 4.8 times as a result of
coagulation, while the mass of auminum in the Chickahominy River HPO-B fraction increased
only marginally. Theincreased aluminum content of coagulated Lake Drummond basic DMM
fractions was clearly residua in nature, since whole water aluminum and recovered DMM fraction
aluminum values of the coagulated water were 2.5 to 3 times higher than those of the untreated

water.
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Figure 1.5: Distribution and recovery of auminum in DMM fractions isolated from untreated and

coagulated working solutions.
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Discussion
Recovery of DMM Components

Previoudly reported experience with resin based DOM fractionation schemes similar to the
DMM Fractionation Protocol implemented in this study resulted in DOM recoveries ranging from
64 to 154 percent (56-58,62). The recovery of DOM from untreated and coagul ated waters
fractionated here, as measured by NPDOC and UV ,s, absorbing material, indicates that the DMM
Fractionation Protocol is capable of quantitative DOM extraction, with minimal loss of organic
material due to irreversible sorption on fractionation system components. It is aso evident that
measurable contamination of extracted DMM fractions by organic resin material can be avoided if
suitable care is taken during resin preparation. Quantitative recovery of organic material in the
DMM fractionsisolated in this study was observed for sample volumes as small as6 L.

Unlike the recovery of organic material from DMM fractions, which was virtually
complete for all working solutions, the recovery of iron and aluminum was markedly incomplete.
Possible mechanisms which could explain the loss of iron and auminum from a natural water
sample during application of the DMM Fractionation Protocol include mechanical sieving of
minera phase colloids by the resin columns and irreversible adsorption of soluble metal ions on
one or more of the exchange resins or glassware. A previous pH adjustment-ultrafiltration study
with the same untreated L ake Drummond working solution used in this work has shown that
DOM-metal complexesin this water were not disrupted over the range of pH values used in the
DMM Fractionation Protocol, while DOM-mineral phase colloids were rapidly solublized at
acidic pH values (73). Therefore, mechanical sieving aone does not adequately explain the
observed loss of iron and aluminum during DMM fractionation, and irreversible sorption of
soluble metal ions must be at least partially involved. The significantly increased recovery of iron
and aluminum observed for both coagulated working solutions suggests that much of the
unrecovered meta fractions were colloida in nature, as the removal of colloidal mineral phase
metal oxides by coagulation would increase the proportion of iron and aluminum present as
largely recoverable DOM-metal complexes.

The observation that recovery of iron and aluminum was substantially less than 100

percent, while the simultaneous recovery of organic DMM constituents was aways nearly 100
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percent, led to the postulate that unrecovered fractions of iron and aluminum were not in the form
of DOM-meta complexes — but rather consisted of mineral phase colloids. Given that minera
phase metal oxide colloids present in the untreated L ake Drummond working solution were
solublized by the acidic pH maintained following the first sample pass through the XAD-8 resin,
the most likely location for strong sorption of soluble metal ions was thought to be the MSC-1
cation exchange resin. Dueto their high valancy and small hydrated ionic radius, solubleiron and
aluminum ions are tightly bound by cation exchange resins, and incomplete exchange of these
species during elution of the HPI-B DMM fraction from MSC-1 resin is therefore possible. In
order to further elucidate the mechanism of incomplete metal recovery by the DMM Fractionation
Protocol, a partial fractionation scheme was designed which specifically evaluated the elution of
soluble iron from cationic MSC-1 resin.

A 35 L dliquot of pre-filtered (0.45 nm) but undiluted Lake Drummond water (~45 mg/L
NPDOC, pH 6.3) was passed through a 1.65 L XAD-8 resin column at 10 BV/h to ssimulate
removal of colloidal mineral phase material by mechanical sieving during the first XAD-8 resin
pass of the DMM Fractionation Protocol. The sample was then acidified to pH 2 with 3 N HCI
and appliedto a1.65 L MSC-1 resin column at 10 BV/h. The MSC-1 column was eluted with 1
N NaOH as per the DMM Fractionation Protocol, and the iron content of the recovered eluent
and processed sample measured. The MSC-1 column was then eluted with 4 BV of 2 N HCI and
the eluent analyzed for iron. The distribution and recovery of iron by the partial fractionation

scheme outlined aboveislisted in the two left-hand columns of Table 1.1.
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Table 1.1: Elution efficiency of iron From MSC-1 cation exchange resin.

Partial Fractionation Scheme DMM Fractionation Protocol
Fractionation Step % Total Iron DMM Fraction(s) % Total Iron
XAD-8 Sieving/Sorption 1.63 HPO-B + HPO-N 3.39
Processed Sample 28.1 HPO-A + HPI-A + HPI-N 34.5
1 N NaOH MSC-1 Eluent 155 HPI-B 0.74
2 N NaOH MSC-1 Eluent 67.4 Unrecovered Iron 61.4
Total Recovery 98.7 Total Recovery 100

The partial fractionation scheme and DMM Fractionation Protocol do not produce
individually comparable material fractions. However, the distribution of iron produced by the
partial fractionation scheme was generally consistent with that produced by the DMM
Fractionation Protocol based on expected segregation behavior of DMM fractions. Material
retained by XAD-8 sieving/sorption would roughly correspond to the HPO-B and HPO-N DMM
fractions, material remaining in the processed sample would include the HPO-A, HPI-A, and HPI-
N DMM fractions, material in the 1 N NaOH M SC-1 eluent would represent the HPI-B DMM
fraction, and material in the 2 N NaOH M SC-1 eluent would consist of unrecovered cations.

With the foregoing segregation of DMM fractions in mind, the iron distributions generated by the
two extractions were similar (Table 1.1).

Although the recovery of aluminum from MSC-1 cation exchange resin was not measured
for the partial DMM fractionation described above, it is reasonable to assume that somewhat
similar behavior would have been observed. The significant portion of recovered aluminum
present in the HPI-B DMM fractions of the untreated waters may have been the result of partial
elution, since strong cation exchange resins have a comparatively lower affinity for aluminum than
iron in dilute HCI solutions (74). Therelatively large percentage of residual aluminum isolated in
the HPO-B fraction of the coagulated Lake Drummond water may be explained by the combined
effects of mechanical sieving and minera-phase colloid dissolution. Since the DOM-aluminum
species present in the settled and filtered coagulated water were freshly precipitated, and therefore

not highly crystalline in nature (amorphous), the dissolution kinetics of these species were
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expected to be faster than for well-aged iron colloids naturally present in the untreated working
solution. Colloidal aluminum species retained during the first sample pass through the XAD-8
resin may have been dissolved to a greater extent during the pH 2 elution of the HPO-B DMM
fraction than similarly retained colloidal iron species. Thus, the observed differencesin the
distribution of iron and aluminum among the DMM fractions of coagulated Lake Drummond

water may be due to different dissolution rates for these species at low pH (£ 2).

Distribution of DMM Components

The distribution of organic material among DMM fractions isolated from the raw working
solutions used in this study was broadly smilar to the DOM distributions typical of surface
waters. DOM isolated from both water sources was predominantly hydrophobic in character,
with the hydrophobic DMM fractions comprising 65 percent or more of the total DOM in each
sample matrix. Moreover, the acidic DMM fractions contained approximately 75 percent of the
DOM isolated from both untreated working solutions, which is consistent with previous reports
of XAD-8 resin based characterization of DOM in surface waters (56-58,60-62,75). Considerable
variation in the relative apportionment of acidic DOM between hydrophobic and hydrophilic
fractions has been observed in various DOM fractionation studies, with hydrophilic vaues
generally ranging from 5 to 25 % of total sample DOM. The very small proportion of DOM
isolated in the basic DMM fractions and small to moderate amounts of DOM in the hydrophobic
and hydrophilic neutral DMM fractions; respectively, is characteristic of typical DOM

distributions observed for surface waters.

The variation in acidic DOM distribution between hydrophobic and hydrophilic fractions
depends not only on physicochemical differences of DOM between water sources, but also on the
XAD-8 k*used for fractionation. As the selected kvalue increases, the applied sample volume
(Vosr) increases proportionaly (Eg. 3), resulting in an increased DOM |oading onto the XAD-8
resin. Due to the finite number of sorption sites (capacity) in any XAD-8 resin column, increased
DOM loading results in increased hydrophobicity of sorbed material. Competition between DOM
molecules of varying hydrophobicity for available sorption sites results in selective removal of
more hydrophobic DOM from solution, which effectively shifts less hydrophobic DOM into
hydrophilic DMM fractions as DOM loading (Vo) increases. Comparison of DOM distributions
resulting from pilot-scale (this work) and preparative-scale (76) fractionation of similarly prepared
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Lake Drummond untreated working solutions given in Table 1.2 demonstrates the expected shift
of DOM from hydrophobic to hydrophilic DMM fractions when k*is increased from 30 to 88.

Table 1.2: Effect of XAD-8 k®on the distribution of recovered DOM (%) among DMM fractions.

DMM Fraction DMM Fractionation Scheme
Pilot-Scale (k"= 30) "Preparative-Scale (k*= 88)
HPO-A 75.4 58.7
HPO-B 171 0.73
HPO-N 5.02 1.42
HPI-A 481 27.1
HPI-B 1.80 3.87
HPI-N 11.3 8.12

"From reference (76)

Review of the literature indicates that the distribution of iron and auminum among the
discrete chemical fractions isolated by the DMM Fractionation Protocol has not been previously
reported. The results of this work indicate that recovered iron and aluminum were distributed
differently following DMM fractionation: greater than 80 % of recovered iron was present in the
HPO-A fractions of both untreated waters, while significant portions of recovered aluminum were
present in the HPO-B and HPI-B fractions in addition to the HPO-A fractions. However, DOM-
metal complexation and sorption interactions in an unfractionated water may not be accurately
represented by the observed distribution of iron and aluminum among its DMM fractions due to
pH induced solublization of colloidal iron and aluminum oxides and differing relative affinities of
DOM and strong cation exchange resins for these metals. Soluble metals may be complexed by
DOM at acidic pH, resulting in a net increase in the fraction of soluble iron and auminum.
Furthermore, soil derived humic material has been observed to have a higher affinity for iron than
aluminum at acidic pH (77), which may lead to the preferential replacement of complexed
aluminum by iron. The preferential affinity of humic material for iron over auminum may account

for the fact that a significantly higher proportion of recovered iron was present in the HPO-A
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DMM fraction, since this DMM fraction is composed primarily of DOM which would be

classified as humic materia by other extraction methods (29,56).

Influence of DMM Component Properties on Coagulation Behavior
Comparison of the NPDOC and UV s, absorbing materia distributions of the DMM

fractions reveals several noteworthy points regarding the physicochemical properties of DOM in
the source waters examined in this study. Although the mgjority of both NPDOC and UV 254
absorbing material was isolated in the hydrophobic DMM fractions of both source waters, UV s,
absorbing material had a more pronounced bias toward the hydrophobic DMM fractions
compared to NPDOC: the hydrophobic DMM fractions accounted for 88.8 and 87.3 percent of
UV 254 absorbing material, but only 78.8 and 74.3 percent of NPDOC, in Lake Drummond and
Chickahominy River raw working solutions, respectively. A similar bias of UV s, absorbing
materia toward hydrophobic DOM fractions has been previously observed for XAD-8
fractionated DOM in severa river waters (63,78). Also, Lake Drummond DOM was generally
more hydrophobic than Chickahominy River DOM, since the specific UV 54 absorbance (SUVA =
100" UV 254/DOC) values of the two raw waters were 4.4 and 2.9, respectively.

SUVA has been proposed as an index of DOM hydrophobicity in natural waters. SUVA
values of 4 to 5 indicate that DOM in a given water is relatively hydrophobic, aromatic, and of
high molecular weight compared to waters with lower SUV A vaues, while SUVA values of less
than 3 indicate that DOM in the given water is relatively hydrophilic, less aromatic, and of low
molecular weight when compared to waters with higher SUVA values (79). In general, water
sources in which DOM is primarily of autochthonous origin may be expected to exhibit low
SUVA values, while water sources which have significant input of allochthonous DOM
characteristic of soil organic matter may be expected to exhibit higher SUVA values. Review of
SUVA values reported in the literature for surface and groundwater sources from the United
States and Europe indicate that some degree of correlation exists between the origin of source
water DOM and the associated SUV A value (62,63,78-81).

The distributions of residual DOM present in coagul ated waters were significantly
altered compared to the DOM distributions of the respective untreated waters. The overall
removal of organic material in the two source waters by coagulation with alum was similar, as the
NPDOC and UV 2,4 absorbing materia contents of Lake Drummond and Chickahominy River
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working solutions decreased by 50.5 and 48.6 percent, and 75.5 and 70.8 percent respectively
following coagulation. Preferential removal of UV s, absorbing material compared to NPDOC
has been frequently observed for coagulation of natural waters (18,59,63,78,80,82). As
manifested by the preferential removal of UV s, absorbing material by coagulation, significantly
different removals of hydrophobic and hydrophilic DOM were observed for both source waters
examined. Remova of hydrophobic DOM from the two source waters was similar, as
hydrophobic NPDOC decreased by 59.1 percent and 55.1 percent for Lake Drummond and
Chickahominy River working solutions, while hydrophobic UV ,s, absorbing material decreased by
82.5 percent and 76.0 percent for the two waters, respectively. In contrast, the removal of
hydrophilic DOM was markedly different for the two source waters. The hydrophilic DOM
content of Lake Drummond water actually increased dightly, with increases in NPDOC and

UV 25,4 absorbing material of 4.48 and 15.8 percent. Hydrophilic DOM decreased following
coagulation of Chickahominy River working solution, with NPDOC and UV 254 removals of 33.6
and 44.1 percent, respectively.

The apparent shift in organic matter anong Lake Drummond DMM fractions following
coagulation was most prominant for the HPI-B DMM fraction, which had two to three fold
increases in NPDOC and UV ,s4 absorbing materia (Figure 1.2 and Figure 1.3). The auminum
content of coagulated Lake Drummond water also increased by approximately 2.5 times, with all
of the additional aluminum distributed in the basic DMM fractions (Figure 1.5). The unexpected
shift in organic material between DMM fractions of the Lake Drummond untreated water due to
coagulation cannot be explained by an experimental anomaly in either post-coagulation filtration
(1 mm) or subsequent DMM fractionation. Since filtration of coagulated samples preceded DMM
fractionation, membrane failure would have been reflected in unrepresentative distributions of al
DMM properties among all DMM fractions, not simply the NPDOC and UV ,s4 absorbing material
values of the basic fractions. For example, the iron content of all DMM fractions in Lake
Drummond water decreased dramatically following coagulation. Nor is the observed shift in
DOM between DMM fractions resulting from coagulation readily explained by an artifact in the
DMM fractionation step, as the cumulative recovery of DMM properties associated with organic
materia was virtualy complete. Interestingly, an apparently anomalous increase in hydrophobic

base DOM has been previoudy observed following lime treatment of Mississippi River water (59).
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It is possible that the shift in DOM among DMM fractions following coagulation of Lake
Drummond water was the result of interaction between HPO-A DOM molecules and soluble
aluminum species or colloidal particles. The formation of soluble auminum-humate complexes
and DOM-minera phase auminum colloids during coagulation of natural waters with alum has
been widely reported in the literature (83-89). Furthermore, the filterability of soluble and
colloidal DOM -aluminum species has been demonstrated by passage of substantia portions of the
DOM and aluminum present in previously coagulated natural waters through 0.45 nm and 0.1 nm
membrane filters (86,90). The absence of any observable shift in DOM between DMM fractions,
and only dight increase in aluminum recovered in the HPO-B DMM fraction, of coagulated
Chickahominy River water may be due to a decreased tendency to form soluble or colloidal
aluminum-DOM species. As previously noted, the DOM in Chickahominy River water was
characteristically less hydrophobic than DOM from Lake Drummond water.
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Conclusions

Pilot-scale application of the DMM Fractionation protocol allows distribution of organic
constituents between hydrophobic and hydrophilic acid, base, and neutral fractionsto be
determined with modest sample volumes on the order of severa liters. Mass balance results of
NPDOC and UV ,s, absorbing material for both untreated and coagul ated L ake Drummond and
Chickahominy River working solutions indicate quantitative recovery (100 £ 2 percent) of DOM
was achieved using the DMM Fractionation Protocol. Quantitative recovery of iron and
aluminum was not achieved using the DMM Fractionation Protocol as described. Lack of
complete iron and aluminum recovery was hypothesized to be incomplete elution of metals from
the MSC-1 cation exchange resin. Quantitative recovery was achieved when iron retained
following the standard DMM Fractionation Protocol elution of MSC-1 resin was included in the
mass balance. Further refinement of the MSC-1 resin elution step to enhance metal recovery
appears warranted.

Unrecovered iron and aluminum appeared to consist primarily of colloidal mineral oxides
solublized by low pH conditions imposed during the DMM Fractionation Protocol. Removal of a
portion of the colloidal metals in whole waters by coagulation increased recovery of both iron and
aluminum in the DMM fractions. Redistribution of DOM among DMM fractions due to
coagulation was also observed, as evidenced by mass increases in NPDOC, UV s, absorbing
material, and aluminum of several DMM fractions recovered from previously coagulated Lake
Drummond water. Although quantitative DOM recovery can be achieved, the results of studies
using chemically extracted DOM should be critically evaluated with respect to the potentia loss
or redistribution of metals present as mineral oxides in the unfractionated source water.

In situations where the distribution of metals between colloidal and DOM-complexed
formsis of interest, use of an additional pre-filtration step may help avoid pH induced changesin
metal speciation associated with use of the DMM Fractionation Protocol. Colloidal material
could be isolated by ultrafiltration against a 100 kDa apparent molecular weight cut-off
membrane, acidified to solublize metal oxides, and then passed through a cation exchange column
to remove free metal ions. Previously sorbed DOM and associated complexed metal in the
column effluent would be added to the prefiltered source water prior to separation into DMM

fractions. Colloidal metals would be recovered by regenerating the cation exchange resin and
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quantified. A more representative speciation of metals present in natural waters may be possible
using this modification to the DMM Fractionation Protocol.
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Appendix A

Preparation stepsfor XAD-8, M SC-1, and Duolite A-7 resins.

Resin

Preparation Scheme

XAD-8

MSC-1

Duolite A-7

Immerse resin in dilute NaOH (pH 10) for 24 h.

Decant NaOH and rinse 3 times in ultra-pure water.

Remove resin fines by counter-flow floatation in ultra-pure water.
Air dry and sieve resin to isolate 20/50 mesh beads.

Soxhlet extract resin sequentially in methanol for 24 h, acetonitrile for 6 h, and
methylene chloride for 6 h.

Store resin in methanol until use.

Immerseresin in dilute NaOH (pH 10) for 24 h.
Decant NaOH and rinse 3 times in ultra-pure water.
Air dry and sieve resin to isolate 20/50 mesh beads.
Soxhlet extract resin in methanol for 24 h.

Slurry resin with ultra-pure water and decant. Repeat until TOC of rinse water
islessthan 1 mg/L.

Store resin in ultra-pure water until use.

Immerse resin in dilute NaOH (pH 10) for 24 h.
Decant NaOH and rinse 3 times in ultra-pure water.
Repeat steps 1 and 2 three times.

Air dry and sieve resin to isolate 14/50 mesh beads.
Soxhlet extract resin in acetone for 24 h.

Slurry resin with ultra-pure water and decant. Repeat until TOC of rinse water
islessthan 1 mg/L.

Store resin in ultra-pure water until use.
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Appendix B

Column Preparation, Sample Application, and DMM Fraction Recovery

Resin

Column Preparation

XAD-8

MSC-1

Duolite A-7

Rinse with ultra-pure water until column effluent NPDOC is£ 0.1 mg/L above
the NPDOC of ultra-pure water.

Rinse column with 1 BV of 0.1 N NaOH.
Rinse column with 1 BV of 0.1 N HCI.

Rinse with ultra-pure water until column effluent is £ 0.1 pH unit below the pH
of ultra-pure water.

Rinse with ultra-pure water until column effluent NPDOC is£ 0.1 mg/L above
the NPDOC of ultra-pure water.

Rinse column with 1 N NaOH until breakthrough (approximately 3 BV).
Rinse column with 4 BV of 2 N HCI to hydrogen saturate the resin.

Rinse column with ultra-pure water until the specific conductance of the
column effluent is£ 0.1 mmho/cm.

Rinse with ultra-pure water until column effluent NPDOC is£ 0.1 mg/L above
the NPDOC of ultra-pure water.

Rinse column with 1 N HCI until effluent NPDOC £ 1 mg/L.

Rinse column with 1 N NaOH to convert resin to free-base form (color change
from brown to yellow complete).

Rinse column with ultra-pure water until the specific conductance of the
column effluent is£ 0.1 mmho/cm.
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Resin Sample Application

Pre-filter desired sample volume with 0.45 nm filter cartridges (Submicronic
Filter — Fisher Scientific Cat. No. H-02913-20).
Adjust filtered sample pH to 6.3+0.1 with Nax,CO;, sparge vigorously for 15
min with filtered air to equilibrate with atmosphereic CO,. Check pH, repeat
step if necessary.

XAD-8 Apply sample to XAD-8 column at 10£0.2 BV/h (Carbuoy pressure ~ 10 psig)
Monitor effluent NPDOC for column breakthrough.
Displace residual sample from column with 2.5 BV ultra-pure water rinse.
Add rinse volume to processed sample volume.
Elute HPO-B DMM fraction as described below.
Acidify processed sample to pH 2 with 3N HCI.
Apply acidified sample to XAD-8 column at 10+0.2 BV/h (Carbuoy pressure ~
10 psig).
Monitor effluent NPDOC for column breakthrough.
Displace residua sample from column with 1.0 BV 0.01 N HCl rinse. Add
rinse volume to processed sample volume.

MSC-1 Apply acidified sample to MSC-1 column at 10+0.2 BV/h (Carbuoy pressure ~
10 psig).
Monitor effluent NPDOC and [Na'] for column breakthrough.
Displace residua sample from column with 1.0 BV 0.01 N HCl rinse. Add
rinse volume to processed sample volume.

Duolite A-7 Apply acidified sample to Duolite A-7 column at 10+0.2 BV/h (Carbuoy

pressure ~ 10 psig).
Monitor effluent NPDOC and specific conductance for column breakthrough.

Displace residual sample from column with 1.0 BV ultra-pure water rinse.
Add rinse volume to processed sample volume.
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Fraction

DMM Fraction Recovery

HPO-B

HPO-A

HPO-N

HPI-B

HPI-A

HPI-N

Backflush elute XAD-8 column after first sample pass (Figure 1.1 — Step 3).
Apply 0.25BV 0.1 N HCI followed by 1.5 BV 0.01 N HCI.

Immediately neutralize eluent to pH 7.0£0.1 with 3N NaOH and store at 4°C.

Backflush elute XAD-8 column after second sample pass (Figure 1.1 — Step 5).
Apply 0.25 BV 0.1 N NaOH followed by 1.5 BV 0.01 N NaOH.

Immediately neutralize eluent to pH 7.0£0.1 with 3 N HCl and store at 4°C.

Rinse XAD-8 column with ultra-pure water until influent and effluent differ by
£ 0.1 pH unit. Unpack column and air dry resin (Figure 1.1 — Step 6).

Soxhlet extract resin in methanol for 1 h.
Dilute methanol 1:1 with ultra-pure water
Remove methanol by vacuum-rotary evaporation at 40°C.

Adjust pH to 7.0+0.1 as necessary and store at 4°C.

Forward elute loaded MSC-1 column with 1 N NaOH until Na" breakthrough
(Figure 1.1 — Step 8).

Immediately neutralize eluent to pH 7.0£0.1 with 3 N HCl and store at 4°C.

Backflush elute loaded Duolite A-7 column with 1 N NaOH (Figure 1.1 — Step
10). Monitor effluent specific conductance, pH and NPDOC for elution
endpoint (~ 2 BV).

Immediately neutralize eluent to pH 7.0£0.1 with 3 N HCl and store at 4°C.

Reduce volume of processed sample by vacuum rotary evaporation at 40°C.

Adjust pH to 7.0+0.1 as necessary and store at 4°C.
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Chapter 2

Apparent Molecular Weight Distribution of Dissolved Organic
Material in Environmental Samples by Ultrafiltration

Abstract

Knowledge of the size distribution of dissolved organic material (DOM) is
of tremendous practical significance in the study of both natural and engineered
aguatic and terrestrial systems. This study was conducted to demonstrate the
validity of using batch ultrafiltration datain conjunction with an appropriate
membrane permeation model as a means of determining both average and
distributed AMW information for solutes in dilute heterodisperse mixtures such as
natural waters. An ultrafiltration protocol was developed by combining carefully
controlled experimental procedures with an existing membrane permeation model.
The protocol was systematically validated with respect to implicit permeation
model assumptions and near-membrane surface hydraulic environment effects.
Linear independence of membrane solute transport was theoretically described
using non-equilibrium thermodynamics and experimentally demonstrated for the
moderately hydrophilic YC/YM series of AMICON® UF membranes. The
distribution of DOM with AMW and number average AMW were determined for
several natural waters by fitting an appropriate statistical cummulative probability
distribution function (Weibel cdf) to batch UF data determined in conjunction with
the permeation coefficient model. Batch ultrafiltration provides a flexible and
relatively straightforward aternative for examining the size distribution of DOM in
environmental samples which is not subject to uncorrectable anaytical bias.
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I ntroduction

Knowledge of the size distribution of dissolved organic material (DOM) is of tremendous
practical significance in the study of both natural and engineered aguatic and terrestrial systems.
The design, evaluation, and integration of water treatment processes such as coagulation (1,2),
solid media and membrane filtration (3), disinfection (4-6), and sorption on granular activated
carbon (7,8) are strongly influenced by DOM size distribution. Dissolved organic material size
distribution also has implications for the treatment and potential reuse of municipal and industrial
wastewaters by impacting the performance of solid-liquid separation unit operations through
production of soluble microbial products (9-11). Interrestrial and sedimentary environments, the
fate and transport of synthetic organic chemicals (12,13), complexation of metals (14), and
fertility of soil (15) have been shown to be intimately related to DOM size. Ecological studies of
the primary productivity (16-18) and sources of DOM (19-22) in natural waters, and el emental
cycling in the environment (23) also involve consideration of DOM size distribution.

Numerous analytical techniques have been used to obtain molecular size information for
DOM in environmental samplesincluding gel permeation chromatography, ultrafiltration,
scattering of €lectromagnetic radiation, electron microscopy, ultracentrifugation, viscometry, and
severa colligative property measurements (24). Gel permeation chromatography (GPC) and
ultrafiltration (UF) have been the most commonly used methods for determining DOM size data
due to their versatility and relative ease of application, modest equipment requirements, and ability
to simultaneously generate both average and distributed size information. However, GPC and UF
use fundamentally different physicochemical processes to produce solute separation: GPC is
based on size dependent exclusion of solutes from a porous gel matrix, while UF is based on
concentration dependent membrane equilibrium. Based on the different physicochemical
processes which produce solute separation, GPC and UF yield average and distributed size
estimates which have distinct inherent analytical biases. Gel permeation chromatography gives a
weight average estimate which is biased toward higher molecular weight DOM molecules;
whereas, ultrafiltration results in a number average estimate which is biased toward lower
molecular weight DOM molecules (24,25).

Membrane based separation techniques are subject to membrane rejection, a phenomenon

in which membrane-solute interactions retard solute transport. The effects of membrane regjection
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on solute transport can be mathematically accounted for by applying atwo parameter membrane
permeation coefficient model to batch ultrafiltration data (26). Chromatographic techniques
based on solute size (weight) are susceptible to solute detection related biases. Due to dilution by
the mobile phase, adequate solute detection in column effluent either requires pre-concentration

of solute or use of a sensitive detection method such as uv-visible absorbance. Concentration may
result in DOM aggregation through intermolecular interaction (27); whereas, uv-visible
absorbance does not detect non-aromatic DOM constituents such as low molecular weight
aliphatics and carbohydrates due to the lack of conjugated bonding in their structures.

The biasinherent in any operationally defined analytical method used to obtain DOM
molecular weight information in an environmental sample must be carefully considered whenever
physicochemical property or chemical reactivity data are interpreted. Selection of an appropriate
analytical method ultimately depends on the type of molecular weight information desired, and
constraints which may be imposed by the sample matrix or objectives of the study. From the
perspective of evaluating the chemical reactivity of DOM, solute concentration based methods
such as ultrafiltration may be more appropriate as both the thermodynamics and kinetics of dilute
agueous phase chemical reactions are generally more closely related to the concentrations of
reacting species than to their sizes.

Based on parameter estimate errors observed for a mathematically simulated UF
fractionation of atwo component mixture, it has been suggested that the adequacy of the
membrane permesation coefficient model for determining DOM size information is limited (26,28).
The primary focus of this research was to demonstrate the utility of the permeation coefficient
model for determination of solute apparent molecular weight distribution and average AMW
information in heterodisperse mixtures such as natural waters. The objectives of this research
were (i) to demonstrate the adequacy of the permeation coefficient model for describing the size
fractionation of heterodisperse mixtures by batch ultrafiltration based on theoretical consideration
of non-equilibrium thermodynamics, and (ii) to use batch ultrafiltration data in conjunction with
the permeation coefficient model to determine the number average molecular weight (AMW,) and
AMW distribution information of DOM in natural waters.
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Materials and M ethods

Permeation Coefficient Model
The continuously coupled manner in which permeate and retentate concentrations vary

with volume filtered during batch ultrafiltration provides alogical approach for developing a
permeation based model. A membrane permeation based model has been developed previoudy
which relates the actual solute concentration with size less than the membrane AMW cutoff to
permeate volume and concentration using two adjustable parameters, and has been termed the
permeation coefficient model (26). If membrane permeation behavior is assumed to remain

constant during an ultrafiltration cycle, the permeation coefficient is defined as,

p=—" 1)

where C, and C, are the instantaneous membrane permeate and retentate concentrations. A
differential mass balance applied to a pressurized batch ultrafiltration cell resultsin afirst order

linear differential equation of the form,

dve) - ,
== pCQ @

with quantities as defined in Figure 2.1.
Relating the filtration flow rate Q to the change in retentate volume V by Q = -dV/dt,

expanding the differential, and collecting termsin Eqg. 2 the differentia mass balance becomes,
1 dC 1dv

——=\p-1Y-—.
C dt ( )V dt

3)

Eliminating dt from both sides of the equation, the mass balance expression in Eq. 3 can be solved
by integration. Integration of EQ. 3 between theinitia condition C,(V,) = C;o and any arbitrary
point during filtration where C,(V) = C; yields,

o, 6"

&V, 0

C =C, (4)



Christopher J. Tadanier Chapter 2 — Ultrafiltration 48

N, Gas, 55 psig

~ Retentate: C, V,

/ Membrane

Permeate: Cp, Q

Mixing Rotor —

Filtrate: C,V,

Figure 2.1: Nomenclature for a pressurized batch ultrafiltration cell.

Since the objective of a permeation based model is to relate membrane permeation behavior to

permeate characteristics, the instantaneous retentate concentration C; is eiminated from the

integrated mass balance by substituting Eg. 1 into Eq. 4, and expressing retentate volume as 'V, =

Vio - V. Elimination of V; isrequired as it cannot be reliably determined due to the surface vortex

produced by mixing. With these substitutions, the integrated mass balance expression becomes,
C, = pC,F™* (5)

where F = 1-(V,/V,) is the instantaneous fractional reduction in retentate volume.

The permesation coefficient model as defined in Eq. 5 allows determination of the actua
concentration C,o of a solute with AMW less than the AMW cutoff of any given membrane solely
from permeate data. The values of p and C,, are easily determined from the linearized form of Eq.
5,

InCp:In(pCr0)+(p-1)InF (6)
where In (pC;o) and (p-1) are the y-intercept and dope of the line, respectively. Alternatively, p

and C;, can be determined using nonlinear regression to fit the permeation coefficient model in the
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form of Eq. 5 to ultrafiltration permeate data. Although the linearized form of the permeation
coefficient model provides an intuitive and mathematically straightforward means of calculating p
and C,o, evaluation of the uncertainty associated with the point estimates of these model
parameters is cumbersome, as standard errors determined from the logarithmically transformed
form of the model are not directly transformable to the linear domain. However, the uncertainty
of p and C, parameter estimates can be evaluated directly from nonlinear regression of permeate
data; standard errors represent a measure of model parameter uncertainty since transformation
from the linear domain is not required.

The permeation coefficient model can also be used to demonstrate the dependence of
collected permeate DOM concentration, termed the filtrate concentration C;, on the volume of
sample filtered and the magnitude of the permeation coefficient p (26). Substitution of the total
solute mass balance C,oV;o = C/V; + GV into Eq. 4 gives,
b- )

(1- F)

C, =C, (7)

The relationship between C; and C, expressed in Eg. 10 is useful for evaluating the effect of
permeation coefficient on ultrafiltration performance. In order to facilitate subsequent
mathematical curve fitting and graphical representation of experimental UF data, the actual
concentration of DOM which was nominally sized small enough to pass each ultrafiltration
membrane was nondimensionalized as,

Co

C, =
r0 CO

(8)

where C, isthe total DOM concentration in the given sample.
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Determination of AMW, from Batch Ultrafiltration Data
The Weibell probability density function (pdf) and its associated cumulative distribution
function (cdf) given in Eq. 9 and Eq. 10, respectively,

f(x) = abx® e (9)

F(x)=1- e* (10)

where x equalslog AMW,

were used to determine the AMW\ values of Lake Drummond DMM fractions, unfractionated
whole water, and whole water mathematically reconstituted from DMM fractions using C.o.
ultrafiltration data. The scale parameter a and shape parameter b for each DOM fraction were
determined by fitting the cumulative distribution function Eq. 10to C,o ultrafiltration data. A
non-linear least squares regression routine based on the Levenberg-Marquardt algorithm was used
to perform all curve fitting of Eq. 10 to UF data (29). Best-fit valuesfor a and b were
determined by minimizing the sum of squares of deviations (c?) between the C,; data points and
the Weibell cdf. The mean mand variance s? of the Weibell pdf (Eq. 9) were expressed in terms

of the parametersa and b as,

& 10

= S +—= 11
m=a Ggl bg (11)
and,
s?=za G+ 20 (12)
Sy

where Gis the gamma function (30).
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Sample Handling and Analytical Methods

The natural water used in this study was collected as a surface sample form Lake
Drummond in Southeastern Virginia. The sample was transported to the laboratory where it was
immediately (within 24 hr) processed to produce a stock sample solution for use in al further
experiments. The raw water was pre-filtered through a 0.45 mm membrane filter cartridge to
remove large particulate matter and detritus. Following pre-filtration, the sample was diluted with
ultra-pure water to achieve a DOM concentration of approximately 10 mg/L C. The pH of the
diluted sample was adjusted to 6.3 with Na,COs, and the ionic strength adjusted to 0.01 with
reagent grade NaCl. The stock sample was stored in 20 L aiquots at 4°C in the dark. Additiona
processing of the stock sample consisted of fractionating DOM into chemically discrete
hydrophobic and hydrophilic acid, base, and neutral fractions using a resin based procedure
(31,32).

The non-purgable dissolved organic carbon content (NPDOC) in all Lake Drummond
derived water samples was measured using a Shimadzu TOC-5000 Total Carbon Analyzer
operated in the non-purgable organic carbon mode. A high sensitivity tungstun impregnated glass
wool thermal combustion catalyst was used throughout this study to improve the accuracy and
precision of NPDOC measurements at low carbon concentrations. With the high sensitivity
catalyst installed, the coefficient of variation for replicate NPDOC measurements was routinely
less than 1 %, even at carbon levelsaslow as 0.5 mg/L. A five point calibration curve was
generated for the range of 0 to 10 mg/L carbon, using analytical grade potassium hydrogen
phthalate as a carbon source. The performance of the carbon analyzer was monitored by
including severa QA/QC standards with each batch of samples analyzed. All standards and
samples were acidified to pH 2 with 3 N HCI and sparged with TOC grade air for 2 min. prior to
analysis, in order to remove trace volatile compounds and inorganic carbon (CO,).

The DOM in the subject water was size fractionated by passing aliquots of sample through
aseries of ultrafiltration membranes operated in parallel and the NPDOC of the filtrates used to
determine the amount of organic carbon in each size range by difference. Amicon® Y C-05 and
YM-1, YM-3, YM-10, and Y M-30 series membranes were selected for the low specific binding
and associated high solute recovery characteristics they exhibit (33). The apparent molecular

weight cutoff values specified by the manufacturer for these membranes are 0.5, 1, 3, 10, and 30
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kDa, respectively. Substantial preparation of the as received membranes was required, as they are
treated with glycerin to stabilize the ultrafiltration emulsion and sodium azide to inhibit microbial
growth (33). Initial preparation of the membranes consisted of a 1 h equilibration period in ultra-
pure water to remove the bulk of storage preservatives. Membranes were then placed in
individual Amicon® 8200 series stirred cells and ultra-pure water passed through each, at the
nominal operating pressure specified by the manufacturer (55 psig), until the NPDOC of the
permeate was equal to that of ultra-pure water.

An operationally defined experimental protocol was used to evaluate the apparent
molecular weight distribution of DOM in natural water samples. The operational protocol
consisted of the ultrafiltration procedure used to size fractionate samples and use of the two
parameter permeation coefficient model to correct for membrane rejection effects. The
ultrafiltration procedure was designed to minimize variation in membrane permeability caused by
filtration conditions; therefore, ultrafiltration cell operation and sample solution conditions were
rigidly controlled during all filtration experiments.

Since DOM conformation and charge is strongly influenced by solution pH and ionic
strength, the pH of all samples was adjusted to 6.3+0.05 with 3N HCl or NaOH as appropriate
and ionic strength adjusted to 0.01 with reagent grade NaCl. The filtered volume was set at 140
ml, which corresponded to filtration from the full cell volume of 200 ml to afinal volume of 60
ml. Stir speed was maintained at 200 + 10 RPM throughout each filtration run by continuous
monitoring with an optical tachometer. Each ultrafiltration membrane was used a maximum of 10
filtration cycles, then discarded. Membranes were regenerated with 0.1 N NaOH following each
use, and the clean water flux verified to be within the nominal range specified by the
manufacturer. Eight 10 mL aliquots were collected during each filtration run to alow the effect

of membrane rejection to be accounted for when calculating C. (26).
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Results and Discussion

Experimental Procedure Validation

Overall compliance of the ultrafiltration procedure used in this work with the implicit
operational requirements imposed by use of the permeation coefficient model to describe
membrane transport behavior was evaluated by performing a repeatability study consisting of a
series of 10 ultrafiltration cycles applied to YM-1, YM-3, and YM-10 membranes. Each
membrane was initially prepared as previously described, and regenerated between filtration
cycles. Clean water flux was measured before each run, and sample flux measured at selected
points during each ultrafiltration cycle. An applied nitrogen pressure of 55 psig was used to allow
direct comparison of experimentally observed and manufacturer specified nomina solvent
flowrates. Solute recovery was evauated by performing a mass balance on the filtrate and
retentate following each run. The constancy of permeation behavior during ultrafiltration runs
was assessed by examining the linearity of logarithmically transformed permeate data.

Based on results of the repeatability study, no significant degradation in membrane flux
was noted due to membrane reuse. The average clean water flux for each membrane tested was
within the nominal range specified by the manufacturer (33), as were each of the individua cycle
flowrates, and the coefficient of variation for the mean flux values was less than 2%. Average
sample flux values were dightly lower than clean water flux values, but were again within the
nominal range for the given membrane. The coefficient of variation for the mean sample flowrates
was also less than 2%. No systematic trends in flux behavior were observed either within or
between individua filtration cycles. Therefore, the permeation coefficient model assumption of
constant membrane solvent flux was deemed to be satisfied by the operational ultrafiltration
procedure used in this research effort.

Solute recovery was estimated by performing a mass balance on NPDOC following each
ultrafiltration cycle. Each cell was allowed to recirculate for 10 min. after flow was stopped to
ensure complete redistribution of solute in the retentate, and then a retentate sample taken. The
mass balance was performed by comparing the initial mass of NPDOC in the sample before
ultrafiltration with the cumulative NPDOC present in the retentate and permeate. Observed
solute recovery was generally complete, with average differences between initial and recovered
NPDOC masses of 1.08, 0.96, and 0.27 percent for YM-1, YM-3, and Y M-10 membranes,
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respectively. No systematic trends in solute recovery were noted and the observed deviations
were relatively evenly divided between positive and negative values. Error induced by the large
number of volume measurements required to perform the mass balance is most likely alarge
contributing factor to the observed variation in solute recovery.

Since the permeation coefficient may be determined from the dope of a plot of
logarithmically transformed permeate concentration and fractional filtration data (In C, vs. In F),
any variation in permestion behavior during an ultrafiltration cycle is manifested as nonlinearity in
this plot. The linearity of logarithmic permeate data plots, and hence the constancy of permeation
behavior, was examined by calculating the R? value associated with linear regression of the
transformed permeate data and by visua inspection of the plots for systematic nonlinear deviation.
The R? values for all 30 ultrafiltration cycles comprising the repeatability study exceeded 0.99 and
nonlinear trends were not observed in the logarithmic permeate data plots. Thus, under the
ultrafiltration conditions specified by the operational ultrafiltration procedure, the permeation
coefficient model requirement of constant membrane permeation behavior was satisfied.

The cumulative effects of small errorsin sample volume and NPDOC measurement, as
well as minor variations in ultrafiltration conditions such as applied pressure, temperature, and
mixing intensity, are manifested as variability in permeation coefficient model parameter estimates.
The inherent uncertainty associated with the operational AMW distribution protocol used in this
study was evaluated using membrane permeation data from the ultrafiltration repeatability study
previoudly outlined. Parameter estimates for p and C,o were calculated for each ultrafiltration
cycle from permeate NPDOC measurements using the linearized form of the permeation
coefficient model given by Eq. 6. Table 2.1 lists the mean values for p and C,, and the associated
coefficients of variation for these model parameter estimates. The coefficient of variation for the
permesation coefficient was 3 % or less for each membrane tested, indicating that the variability in
membrane permeation behavior associated with the operational AMW protocol is quite low.
Perhaps more importantly, apparent molecular weight distribution information provided by the
operational AMW protocol is highly reproducible, since the uncertainty of repeatability study C.o

estimates was 3 % or less for each AMW cutoff value examined.
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Table 2.1: Precision of Permeation Coefficient model parameter estimates.

Membrane p C.V. Cro C.V.
(%) (mg/L) (%)

YM-1 0.30+0.01 3.00 2.53+0.08 297
YM-3 0.38+0.01 2.98 469+0.11 243
YM-10 0.66 + 0.02 2.46 5.95+0.11 1.79

Effect of Hydraulic Environment on Membrane Permeation Behavior

Membrane permeation behavior isintimately related to the near-surface solute
concentration profile, which isin turn determined by solute physiochemical properties and
hydraulic conditions imposed by the ultrafiltration procedure. A series of experiments was
conducted to assess the impact of hydraulic environment on membrane permeation behavior.
Lake Drummond water was fractionated against a Y M-10 membrane with varying degrees of
mixing, as determined by the rotational speed of the ultrafiltration module stirring impeller, and
the permeation coefficient model applied to determine the permeation coefficient p and actua
regjected solute concentration C,o for each hydraulic condition. The influence of hydraulic
environment on model parameters for rotational speeds between 100 rpm and 300 rpm is
illustrated in Figure 2.2. Clearly, membrane permeation behavior in stirred batch ultrafiltration
cellsis dependent on the degree of mixing. Similar dependence of membrane permeation behavior
on mixing intensity of dilute protein solutions in rotating membrane ultrafiltration has been
observed (34).

The relationship between hydraulic environment and membrane permeation behavior
shown in Figure 2.2 was qualitatively interpreted through visualization of the mixing conditions
present in the ultrafiltration module as a function of impeller rotational speed. A dilute dispersion
containing MnO, particlesin ultra-pure water was filtered through a' Y M-10 membrane and the
hydraulic circulation pattern of the retained particles observed visually. At low impeller rotationa
speeds circulation in the module was incompl ete and tangentia velocity across the membrane face
was minimal. As expected, recirculation increased with impeller rotational speed, encompassing

the entire cell volume at 200 rpm. Tangentia fluid velocity across the membrane surface also
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progressively increased with impeller rotational speed. At rotational speeds greater than 200 rpm
large scale turbulent structures were observed in the lower portions of the module, resulting in
significant vertical fluid velocity at the membrane surface. Similar large scale turbulent structures
termed Taylor vorticies have been visually observed in arotating membrane ultrafiltration
apparatus (35). These Taylor vortices overlapped one another at high rotational speeds due to
flow instability resulting in increased turbulence.
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Figure 2.2: Effect of hydraulic environment on membrane permegtion behavior.
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The influence of hydraulic environment on the observed membrane permesation behavior at
impeller rotational speeds less than 200 rpm displayed in Figure 2.2 may be explained by the
presence of a semi-viscous solute layer at the membrane-solution interface. For dilute solutions
ultrafiltered at low trans-membrane pressure difference the solute layer which forms due to
membrane polarization remains relatively fluid, and solute molecules are relatively mobile within
the layer (36). In contrast to the inhibition of solvent flow and decreased membrane permeation
resulting from the gel-like properties of truly viscous solute layers, in the presence of arelatively
fluid solute layer solvent flux remains linearly dependent on applied pressure and membrane
permeation behavior is constant and independent of pressure (37). Astangentia velocity across
the membrane surface increases, the fluidity of the solute layer increases and the local solute
concentration at the surface approaches that of the bulk solution. The relatively constant
permesation coefficient and increase in regjected solute fraction with increased mixing observed in
this study is consistent with the progressive fluidization of a semi-viscous solute layer. At an
impeller speed of 200 rpm the rejected solute fraction became constant, indicating complete
dissolution of the semi-viscous gel layer.

The decline in the permeation coefficient observed at rotational speeds above 200 rpm was
attributed to disruption of the membrane surface concentration boundary layer due to turbulence.
Excessive turbulence in the near membrane-surface region under high mixing conditions can
disrupt the surface solute boundary layer, resulting in rapid return of retained solute molecules to
the bulk solution by convective transport. Although turbulent scouring of retained solute from
the membrane surface prevents concentration polarization from occurring, premature removal of
retained solute from the membrane surface may adversely effect the observed solute separation.
Since ultrafiltration membranes typically exhibit a range of pore sizes (38,39), solute molecules
which are near in size to the nominal pore diameter may travel some distance across the
membrane surface before encountering a pore of sufficient sizeto allow passage. If a
heterodisperse mixture contains a relatively high fraction of solute molecules of approximately the
same size as the membrane nominal pore diameter, excessively rapid remova of nominaly
retained solutes from the vicinity of the membrane surface may result in underestimation of the

actual rejected solute concentration Cio.
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Previous Permeation Coefficient Model Error Analysis

The accuracy of parameter estimates obtained by applying the permeation coefficient
model to ultrafiltration permeate data has been previously examined by simulating the permesation
behavior of a solution composed of two homogeneous solute fractions (26). Each of the solute
fractions was assumed to be physically and chemically homogeneous and relative mass fractions
and permeation coefficients were arbitrarily selected for each component. The permeation
behavior of the composite solution was modeled by first calculating simulated filtrate
concentration data sets for the individual solute fractions Ci, and Cy, using Eq. 7, and then
constructing a ssimulated solution filtrate concentration Cy.. ) data set by adding the filtrate
concentration data sets of the individual components. The permeation coefficient model
parameters p and C.o were calculated for the composite solution through fitting the smulated
solution filtrate data set (Cya+1 VS. F) to Eg. 7 using nonlinear regression analysis (40).

Except for the specia case where the permeation coefficients of the two solution
components were selected to be the same, the C,, value predicted for the smulated solution
underestimated the assumed total solute concentration. The magnitude of parameter estimation
error increased dramatically if either of the solute component permeation coefficients were
assumed to be reatively small (p £ 0.3) or as the difference between the assumed permeation
coefficient values became larger (26). Based on the possible parameter estimation error indicated
by this error analysis ssimulation, the unrestricted use of the permeation coefficient model for
determination of the apparent molecular weight distribution of solutes in heterodisperse mixtures
such as natural waters has been questioned (26,28).

Although the preceding smulation of ultrafiltration permeation behavior provides a
convenient and computationally straightforward means of evaluating the accuracy of permeation
coefficient model parameter estimates, the mathematical foundation of this error analysis
approach is fundamentally flawed. The unsuitability of this smulated error analysis results from
the inherently nonlinear character of the agebraic function (Eg. 5) which results from solution of
the linear differential equation that defines the permeation coefficient model (Eq. 2). For the case
at hand, the addition of individual solute fraction concentration data sets (Ci, + Cs,) to obtain the

composite solution filtrate data set (Cia+1)), the nonlinear functional addition is represented by,
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o0 F™7)=C, (- F7)+C, (- F?), (13)

subject to the physical constraint,
=C_ +C

oy — Ciog T Gy - (14)
Upon examination of Eq. 13 it is clear that, due to the exponential nature of the functions
involved, the only condition under which the physical constraint imposed by Eq. 14 is satisfied
occurs when p, and p, are equal. Stated in a mathematically more rigorous way, the computation
of the composite solution filtration data set using Eq. 13 violates the Laws of Exponents for al

but the special case when the constituent permeation coefficients p, and py, are equal (41).
Moreover, as the value of either permeation coefficient deviates further from unity, the associated
exponential function becomes more nonlinear and the error induced in EQ. 13 increases.
Therefore, the composite filtrate concentration data set, as calculated by Eq. 13, does not
accurately represent a solution to the linear differential equation which specifies the permeation
coefficient model, and the parameter estimation error associated with the simulated error analysis

outlined above is ssimply a mathematical artifact.

Linearly Independent Solute Transport in Dilute Heterogeneous Mixtures

The permeation coefficient model was derived assuming that UF membrane permeation
behavior can be adequately described by a single model parameter p, which phenomenologically
relates the effects of solution chemistry and membrane properties on observed permeate
concentration. However, the use of a single lumped parameter p to mathematically model the
composite solute permeation behavior observed during ultrafiltration of a heterodisperse mixture
should not be misinterpreted as implying that the permeation behavior of individual solution
componentsisthe same. Infact, DOM present in environmental samples typically exhibits a
continuum of physical and chemical properties, which would be expected to result in significant
differences between observed permeation behaviors of various physiochemical solute categories.
The permesation coefficient p obtained by applying the permeation coefficient model to
heterodisperse solution permeate data; therefore, is more appropriately viewed as a composite
parameter composed of contributions associated with the permeation of multiple

physicochemically discrete solute fractions.
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Consider a heterogeneous system composed of two homogeneous phases, with n
chemically distinct solutes, separated from one another by a semi-permeable membrane as shown
in Figure 2.3. Mass transport between the phases is due to an arbitrarily defined combination of
convective and diffusive processes which are driven by differences in pressure DP, solute mole
fraction Dx; (concentration), and electrical potential Dj . If the system is isothermal and mass
transport sufficiently slow so that deviation from equilibrium at any point in the membraneis
small, the simultaneous fluxes J; of the n solutes in the system can be linearly related to
generadized driving forces X, by,

= én a;, X, i=212...,n) (15
k=1
where the phenomenological coefficients ajx collectively describe the influences of solution
chemistry and membrane properties on the transport process (42,43). The generalized driving
forces X, are related to differences in solution composition and physical properties across the
membrane by expressions of the form,

X, VDP+a?m<T DX +zFDj  (k=12,...n) (16)
=1 ﬂ

where Vi denotes partial molar volume, m chemical potential, x, mole fraction and z species

charge of component k, and F is Faraday’ s constant (44).

Convective-Diffusive Mass Transport Semi-Permeable Membrane
Phase1: P, X ] 1 |/ Phase2: P, X,],

L. 7

Figure 2.3: Convective-diffusive mass transport across a semi-permeable membranein a
heterogeneous two phase system.
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In the most genera sense, the phenomenological flux expressions given by EQ. 15 imply that the
flux of any solute J; is linearly dependent not only on its conjugate driving force X-i, but also to
all non-conjugate driving forces Xii. Thus, non-equilibrium thermodynamics predicts the
transport of solutes through a semi-permeable membrane may be represented by a coupled
phenomenon, in which the extent of coupling is determined by the magnitude of the
phenomenological coefficients ajy.

If the solution conditions imposed in Figure 2.3 are appropriately controlled — each phase
iswell mixed and solute concentrations are dilute enough so that concentration polarization of
either membrane surface due to buildup of a solute gel layer is minimized — the non-equilibrium
thermodynamic representation of trans-membrane solute transport given in Eq. 15 can be
simplified considerably by setting the cross-coupling phenomenologica coefficients a;:x equal to

0. When the non-conjugate phenomenological coefficients a;:« are neglected, Eqg. 15 becomes,

J =a; X i=12..,n (17
from which membrane transport of each solution constituent is seen to be linearly independent of
all others.

For ultrafiltration of dilute aqueous solutions, both theoretical and experimental
justification for neglecting the effects of cross coupling have been presented in the literature. The
theoretical framework of network thermodynamics, an extension of non-equilibrium
thermodynamics which incorporates non-linear processes and the potential for chemical reactions
within the membrane, has been used to demonstrate the relative insignificance of solute cross-
coupling on membrane separation of dilute aqueous solutions (45). The effect of solute cross-
coupling on pressure driven membrane transport of dilute aqueous binary salt solutions has been
experimentally demonstrated to be negligible for flat cast cellulose acetate membranes (46).
Although not explicitly recognized as such, the linear independence of solute fraction permeation
behavior has also been previously observed for stirred batch ultrafiltration of a homogeneous
synthetic solution composed of sucrose and vitamin B-12 with AMICON UF membranes similar
to those used in this study (26). Under conditions of low trans-membrane pressure and high
mixing intensity, the permeation behavior of several two protein mixtures separated by rotating

membrane ultrafiltration has been observed to be nearly identical to that of the components
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separated individualy (47). However, the uncoupled nature of ultrafiltration membrane transport
processes has not been experimentally demonstrated for more complicated heterodisperse

mixtures such as natural waters.

Thermodynamic Basis of the Permeation Coefficient Model
In situations where linear independence of solute fraction permeation is encountered, it
may be possible to adequately describe the composite permeation behavior of a solute mixture
with alinear combination of individual solute fraction permeation coefficient model parameter
estimates. Since permeation of an individual solute depends on its relative abundance in solution,
alogical linear apportionment of composite permeation behavior can be made using solute mass
fractions as weighting factors. In terms of the permeation coefficient model, the linear

independence of ultrafiltration permeation behavior can be expressed mathematically as,
p=anp, (i=12...n) (18)
i=1

where p is the composite permeation coefficient parameter estimate calculated by linear
recombination of individual solute fraction parameter estimates, p; is the permeation coefficient
parameter estimate of the i™ physiochemical solute fraction, n; is the mass fraction of thei™
physiochemical solute fraction, and n is the number of discrete physiochemical solute fractionsin
the mixture.

Linear independence of solute transport during ultrafiltration of natural waters, and hence
the ability of the permeation coefficient model to adequately describe their size fractionation by
ultrefiltration, was experimentally evaluated by examining the extent to which a mass fraction
weighted linear combination of physiochemical solute fraction permeation coefficient estimates
approximated unfractionated whole water parameter estimates. The permeation coefficient model
was applied to ultrafiltration permeate data for unfractionated L ake Drummond whole water and
six hydrophobic and hydrophilic dissolved materia matrix (DMM) DOM sub-fractions of the
whole water, obtained as described elsewhere (48). Figure 2.4 illustrates the experimentally
determined permeation coefficients for the DMM fractions and heterodisperse whole water DOM.
The composite permeation coefficient p was calculated by linear combination of DMM fraction
permesation coefficients p; for each membrane AMW cutoff value using Eq. 18, and the

dependence of predicted and experimentally observed permeation behavior on membrane AMW
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cutoff also plotted for comparison in Figure 2.4. Substantial variation existed among the
permeation behaviors of the hydrophobic DMM fractions, while the permeation behaviors of the
hydrophilic fractions were relatively similar to one another. The unfractionated and
mathematically reconstituted whole water permeation coefficients were nearly identical over the

molecular weight range observed, supporting linear independence of solute fraction ultrafiltration.
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Figure 2.4: Permeation coefficients of Lake Drummond DMM fractions, unfractionated whole
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Determination of DOM AMW, from Batch Ultrafiltration Data

The C,o ultrafiltration data, associated curve-fit Weibell cdfs, and pdfs for Lake
Drummond DMM fractions, unfractionated whole water, and whole water mathemaatically
reconstituted from DMM fractions are given in Figure 2.5 through Figure 2.7. The average
molecular weights of DOM in these samples are also graphically indicated in Figure 2.5 through
Figure 2.7. Table 2.2 lists the numerical values of average molecular weight mdetermined using
Eq. 11, the Weibell scale and shape parameters, and the c? values which describe the goodness of
fit of the Weibell cumulative distribution function (Eg. 10) to the respective sample C,o
ultrefiltration data. The probability density functions shown in Figure 2.5 through Figure 2.7
were nearly symmetrical about their respective means, as expected for shape parameter values of
4 and greater (49).

Table 2.2: Average Molecular Weight of Lake Drummond Derived DOM Samples.

DMM Fraction AMWaye Scale Parameter  Shape Parameter c?
(Da) a b

HPO-A 3910 1.67-10* 6.44 0.0496
HPO-B 510 4.79-10" 7.21 0.0202
HPO-N 930 2.87-10° 4.99 0.0304
HPI-A 710 2.74.10" 7.37 0.0706
HPI-B 520 3.58-10" 7.47 0.0237
HPI-N 520 1.98-10° 5.78 0.0690

Unfractionated 2590 2.64-10" 6.34 0.0173

Reconstituted 1730 1.89-10° 4.97 0.0666
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Based on principles of calculus and probability theory, the molecular weights calculated
using Eg. 11 and listed in Table 2.2 represent number average values. From calculus, the x-axis
component of the centroid of the area bounded by a continuous function g(x) and the x-axisis
calculated as,

b
Oxa(x)dx
x=—jr=4 , (19)

0Oo(x)dx

where My isthe first moment of g(x) about the y-axis, A is the area bounded by g(x), and aand b
are the x-axis limits of g(x) (41). If g(x) represents an experimentally determined continuous size
distribution (concentration as a function of molecular weight) of solutesin an agueous sample,
then the average value calculated by Eq. 19 represents an estimate of the number average
molecular weight AMW, of the solute dispersion (50). Similarly, the mean mor expected value
E[X] of any continuoudy distributed random variable x with pdf h(x) is defined by probability

theory as,
b
m= B x] = Oxh(x)dx, (20)

where a and b are the x-axis limits of h(x), and is termed the first ordinary moment of x (30).

Since the integrated area A under any pdf h(x) is given by,

b

On(x)dx =1, (21)

the functional forms of Eq. 19 and Eq. 20 are identical. Thus, if h(X) is taken as the Weibdll pdf
f(x) defined in Eq. 9 with parameters a and b based on C, ultrafiltration data, then the average
value calculated by Eq. 20 aso represents an estimate of AMW,.

The range of DOM molecular weights in natural waters generally spans several orders of
magnitude with a mean value characteristically skewed toward smaller molecules, resulting in an
asymmetric distribution of DOM with molecular weight. Due to the large range of DOM sizes
encountered in natural waters, it is often convenient to express DOM molecular weight
distribution in terms of log DOM molecular weight, and the distribution of log DOM molecular
weight has often be adequately described by the normal distribution (50,51). The Weibell
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distribution was used to describe log DOM molecular weight in this study since it also provides a
close approximation to the observed probability behavior of many natural phenomena (30,49), and
has greater flexibility in fitting asymmetric pdfs due to its two parametersa and b.

For agueous samples in which the distribution of DOM with log molecular weight is uni-
modal — that is displays a single predominant peak with only minor shoulders — the Weibell pdf
adequately describes the probability density of DOM and yields representative AMW, estimates.
Review of the literature indicates that the distribution of DOM with log molecular weight has
often been observed to be uni-modal; however, examples are present in which the distribution of
DOM with log molecular weight is more complex. The extent to which any given UF data
satisfies the requirement of uni-modal DOM distribution can be qualitatively evaluated by
observing the shape of the approximate DOM pdf generated by plotting the fraction of DOM in
each UF size category, as determined by difference from C,o data. Quantitatively, deviation from
uni-modal distribution of DOM with log molecular weight is manifested as lack of fit of the
Weibell cdf to C,o data. It is recommended that use of the Weibell function to describe the
probability distribution of DOM with log molecular weight be restricted to C,, datawhich has c¢?
£ 0.1 when fit with Eq. 10. More sophisticated numerical techniques must be developed to
adequately describe the distribution of DOM with log molecular weight, and subsequently
determine AMW,, for waters which display more than one sizable pdf peak.

The impact of membrane regjection on DOM AMW distributions calculated with
unadjusted batch UF permeation data (C,) can be substantial. The error induced by use of an
arbitrary C, value to estimate the actual solute concentration sized to pass any given UF
membrane (C,o) depends on the volume of sample filtered and membrane AMW cut-off. If
instantaneous permeate concentration C,, is used to estimate the filterable solute concentration for
Y C/YM series UF membranes the resulting C;, estimate may be in error by as much as 50 percent,
as shown in Figure 2.8. Use of unadjusted C;, estimates (C,) results in underestimation of
filterable DOM fractions, which shifts C,, data and the associated Weibell cdf and pdf functions
toward higher AMW. For example, if the C, values at afiltered sample fraction of 0.5 are used to
estimate actual C,, values, the calculated AMW for unfractionated Lake Drummond whole water
increases from 2590 to 4180 Da.
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Conclusions

The permeation coefficient model adequately accounts for the effects of membrane
rejection during batch ultrafiltration of dilute heterodisperse mixtures such as natural waters. The
implicit assumptions of constant membrane solvent flux, absence of irreversible membrane-solute
interactions, and constancy of membrane permeation behavior were demonstrated by the results of
aten cycle repeatability study using YM-1, YM-3, and YM-10 UF membranes. Effects of near
membrane surface hydraulic environment on membrane permeation were examined and
incorporated in an operational ultrafiltration procedure. Previous membrane permeation error
estimates based on a simulated binary mixture separation were re-evaluated and shown to be
artifact resulting from a mathematically flawed anaysis.

Use of the permeation coefficient p as a single lumped parameter describing the complex
permeation behavior of dilute heterogeneous mixtures such as natural waters was demonstrated,
and shown to be consistent with the non-equilibrium thermodynamic foundation of membrane
solute transport. Linear recombination of permeation coefficients measured for isolated
hydrophobic and hydrophilic acid, base, and neutral DOM fractions successfully described the
permeation coefficient of unfractionated whole water. Furthermore, linear independence of
membrane solute transport was observed to be independent of membrane AMW cut-off for the
Amicon® YC/YM series of moderately hydrophilic ultrafiltration membranes.

Batch ultrafiltration is atheoretically sound and experimentally viable method for average
and distributed AMW information determination in dilute heterodisperse mixtures such as natural
waters. The distribution of DOM with AMW and number average AMW were determined for
several natural waters by fitting an appropriate statistical cummulative probability distribution
function (Weibel cdf) to batch UF data determined in conjunction with the permeation coefficient
model. Batch ultrafiltration provides a flexible and relatively straightforward aternative for
examining the size distribution of DOM in environmental samples which is not subject to
uncorrectable analytical bias.
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Chapter 3

Alteration of Dissolved Organic Matter Physicochemical Properties
Produced by Resin Based Fractionation of the Dissolved M aterial
Matrix of Natural Waters

Abstract

Dissolved organic matter (DOM) is often extracted and chemically
fractionated from aguatic and terrestrial environments in order to facilitate the
study of its physicochemical properties. The objective of this study was to
evaluate the nature and extent of alteration induced in selected DOM
physicochemical properties by simultaneous extraction and chemical fractionation
from anatural water. The impact of chemical fractionation of aquatic DOM was
evaluated by comparing the apparent molecular weight (AMW) distributions of
selected unfractionated whole water physicochemical properties with comparable
AMW distributions mathematically reconstituted from hydrophobic and
hydrophilic acid, base, and neutral DOM fractions extracted from the whole water.
The AMW distributions of non-purgable dissolved organic carbon (NDPOC),

UV 254 absorbing material, and DOM complexed iron were all shifted toward lower
AMW due to chemical fractionation. A 54 percent decrease in iron content,
predominantly colloidal in character, was observed in association with chemical
fractionation. Evidence of pH induced partial hydrolysis of protein,
polysaccharide, and ester DOM constituents was also observed: protein content
decreased by 9 percent, [NH,'] increased by 40 percent, and carboxylic and
weakly acidic (phenolic) DOM functional group content increased by 8 percent
and 74 percent, respectively. The fractionation induced shift of DOM
physicochemical property size distributions toward lower AMW was attributed to
reduced association of DOM with colloidal iron surfaces and formation of low
AMW DOM hydrolysis products.
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I ntroduction

Dissolved organic matter (DOM) in aguatic environments plays a number of key rolesin
determining the solubility and distribution of both organic and inorganic constituents which may
be either naturally occurring or present as environmental pollutants. The presence of ionizable
functiona groups and the range in hydrophobicity typically exhibited by aquatic DOM resultsin a
wide variety of complexation, sorption, and hydrophobic type interactions with both dissolved and
particulate solution components. Environmentally significant effects of interaction between DOM
and other solution components include solublizing metals — such as iron, manganese, aluminum,
and trace heavy metal pollutants — due to DOM-metal complexation, influencing the fate and
transport of organic pollutants due to electrostatic and sorptive interactions, and stabilizing
colloidal mineral phase dispersions through surface sorption of DOM. The presence of DOM in
agquatic environments also has significant implications in engineered settings such as drinking
water and waste water treatment. Of particular concern is the formation of potentially
carcinogenic halogenated disinfection by-products (DBPs) due to the reaction of agqueous chlorine
with DOM during drinking water treatment.

In order to facilitate the study of the physicochemical properties and reactivity of aquatic
DOM, numerous extraction and fractionation schemes have been developed, as reviewed in the
literature (1-3). However, most methods are less than satisfactory due to incomplete recovery of
DOM or impracticality of use for processing the large volumes of water required to obtain even
modest amounts of extracted organic material. Perhaps the most appropriate preparative
extraction scheme which has been developed is based on selective sorption of DOM constituents
onto, and subsequent pH dependent elution from, non-ionic XAD-8, MSC-1 cation, and Duolite
A-7 weakly basic anion exchange resins (4-6). This extraction scheme simultaneoudly extracts
and fractionates DOM into chemically discrete hydrophobic and hydrophilic acid, base, and
neutral fractions. Inorganic constituents are also segregated into one of the six chemically
discrete fractions produced by this fractionation; therefore, this procedure has been termed the
Dissolved Material Matrix Fractionation Protocol (7).

Since the ultimate objective of DOM extraction is generally to provide a source of
material for physicochemical property characterization or for use in chemical reactivity studies,
the extent of DOM alteration produced by extraction should be minimized. Alteration of DOM



Christopher J. Tadanier Chapter 3— DMM Property Alteration 80

during extraction and fractionation may result from direct chemical modification of organic
moieties due to extremes in pH, increased temperature, or reaction with extraction solvents. The
physicochemical properties and associated reactivity of DOM aso may be indirectly influenced by
pH induced modification of DOM-metal sorption or complexation interactions. Possible sources
of extraction induced ateration of DOM properties inherent in use of the DMM Fractionation
Protocol include incomplete recovery and redistribution of mineral-phase colloidal material,
principaly iron and aluminum oxides (7); disruption of DOM-mineral phase associations (8); and
pH dependent hydrolysis of certain DOM constituents.

Decreased association of DOM with colloidal iron oxide surfaces following application of
the DMM Fractionation Protocol may be expected based on the effects of pH induced minera
oxide dissolution and/or formation of DOM hydrolysis products. DOM released and iron
solublized due to colloidal dissolution at acidic pH would be expected to segregate into different
DMM fractions based on potentially differing charge characteristics. Previoudy sorbed DOM
molecules would be isolated in one of the DMM fractions based on their relative hydrophobicity
and charge character, but solublized iron (Fe** ions at pH 2) would be strongly retained only by
the MSC-1 cation exchange resin. Furthermore, substantially incomplete elution of iron from
MSC-1 resin has been previoudly noted (7). The resulting redistribution and partial |oss of
colloida iron in the DMM fractions could significantly reduce the degree of sorptive association
with DOM. Hydrolysis of sorbed DOM also could result in decreased association with colloidal
iron oxide surfaces.

pH induced hydrolysis of protein results in release of free amino acid residues, with a
corresponding increase in carboxylic acid content (9,10). In addition, pH induced hydrolysis of
proteinaceous material is known to result in the release of NH," due to the ateration of specific
amino acid residues; notably the deamination of asparagine and glutamine to aspartic and glutamic
acid, respectively, and degradation of the indole ring system of tryptophan under acidic conditions
(10-12). Partia degradation of Cys, Ser, Thr, and Arg residues under alkaline conditions may
also occur (11). Hydrolysis of ester moieties results in equimolar production of carboxylic acids
and acohols, while hydrolysis of polysaccharides produces lower molecular weight oligo and

monosaccharide fragments (9,10). Overdl, the pH dependent hydrolysis of DOM would be
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expected to result in production of lower molecular weight fragments along with an increase in
carboxylic acidity and NH," content of the sample.

Review of the literature indicates that evidence of DOM alteration either by direct
chemical modification or indirect influence on DOM-metal associationsis quite limited. Ester
hydrolysis a akaline pH (13,14) and increased specific carboxyl acidity (mmol COOH/mmol
NPDOC) have been observed associated with partia fractionation of aquatic DOM; however, no
comprehensive study of possible alterations in the physicochemical properties or reactivity of
DOM extracted with the DMM Fractionation Protocol has been reported. Therefore, the
objectives of this study were to 1) evaluate the nature and extent of alterations in the association
of DOM with colloidal iron oxides, and 2) examine the degree of DOM hydrolysis produced by
the DMM Fractionation Protocol.
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Materials and M ethods

Sample Handling and Analytical Methods

The natural water analyzed in this study was collected as a surface sample from Lake
Drummond near Suffolk, Virginia. Sample collection, initial processing, and storage were
conducted using the procedures outlined in a previous study (7). A stock working solution
containing approximately 10 mg/L non-purgable dissolved organic carbon (NPDOC) was
prepared in sufficient volume for preparative-scale DMM fractionation. NPDOC, UV absorbance
at 254 nm, and iron content were measured as described elsewhere (7). Organically complexed
iron was operationally defined as that fraction of total iron which passed a 30 kDa ultrafiltration
membrane (8). The number average apparent molecular weight (AMW) distributions based on
NPDOC in the stock Lake Drummond sample and preparative-scale DMM fractions were
determined by ultrafiltration as described elsewhere (15). The protein and carbohydrate
concentrations of unfractionated Lake Drummond whole water and extracted DMM fractions
were determined by the Lowry method with Hartree modifications and the DuBois method,
respectively (16-18). Bovine serum albumin and glucose were used as protein and carbohydrate
standards.

The net specific charge (megc/mmol DOM) associated with DOM in unfractionated Lake
Drummond whole water and DMM fractions for any given pH was determined by charge balance
asgiven by,

(é inorganic anions - é inorganic cations)

N ific DOM Ch = 1
et Specific DOM Charge DOM (@D

where ion concentrations are expressed in megc/L and DOM is expressed as mmol/L. The
concentrations of inorganic cations (Na', NH,",K*, Mg*, Ca®") and anions (F, CI', NO,, Br,
NOs, PO,*, SO4%) were determined by ion chromatography. Cations were measured using a
Dionex (Sunnyvale, CA) 2010i lon Chromatography System with conductivity detector, an APM-
1 Analytica Pump, and a Dionex CS12 column and CSRS| autosuppressor operated in recycle
mode. The mobile phase was 20 mM methane sulfonic acid delivered at 1.0 mL/min and 1500

psig. Dueto low NH," concentration and proximity of the Na" and NH," peaks, NH,"
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concentration could not be measured by ion chromatography for some DMM fractions. NH,"
concentration was also measured using Standard Method 4500-NH; F. (Phenate Method), which
is not subject to Na' interference (19). Anions were measured using a Dionex Advanced Ion
Chromatograph with a CDM-3 conductivity detector, an AGP-1 Advanced Gradient Pump, and
an ASAA column and ASRSI autosuppressor operated in recycle mode. The mobile phase
consisted of 1.7 mM NaHCO; and 1.8 mM N&CO; delivered at 2.0 mL/min and 1400 psig.
Silica (as H4SiO,°) was measured by atomic adsorption spectroscopy as described elsewhere (7).
The specific carboxyl acidity and specific weakly acidic functiona group content of DOM
in unfractionated Lake Drummond whole water and extracted DMM fractions were operationally
defined as the difference in net specific organic charge between pH 3 and pH 8 and twice the
difference in net specific organic charge between pH 8 and pH 10, respectively (20). The latter
designation for weakly acidic functiona group content was used to avoid practical difficulties
associated with pH measurement and rapid hydrolysis of DOM under extremely akaline
conditions (21). The net specific organic charge of concentrated DOM samples (37 mg C/L to
107 mg C/L) was determined as a function of pH by direct potentiometric titration with 0.1 N
NaOH. A 50 mL aliquot of each sample was adjusted to pH 3 with 3 N HCl, sparged with
nitrogen gas for 15 min, and rapidly titrated to pH 10 with continuous sparging (~10 min).

Preparative-Scale DMM Fractionation Protocol

A preparative-scale version of the DMM Fractionation Protocol described previoudly (7)
was used to extract and chemically fractionate DOM from large volumes of water. The
preparative-scale procedure utilized three borosilicate glass chromatography columns with resin
bed volumes (BV) of 1650 mL each and low pressure (8 psig) application of sample to the
columns at 10 BV/hr. A total sample volume of 189 L of Lake Drummond stock solution was
fractionated by sequentia application of the entire sample volume to each resin column. The
XAD-8 column capacity factor at the hydrophobic-hydrophilic break-point (k'os;) was 88 for the
preparative-scale DMM Fractionation Protocol. With the exception of the HPO-N fraction which
required soxhlet extraction for recovery, the isolated DMM fractions were immediately recovered
by appropriate pH adjustment, using the elution protocol described in an earlier study (7). The
pH of each concentrated DMM fraction was promptly returned to a near neutral value to

minimize pH dependent hydrolysis of susceptible organic moieties.
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The HPO-B, HPI-A, and HPI-B DMM fractions were desalted prior to analysis due to
their high as recovered ionic strength. Each fraction was reduced in volume by rotary evaporation
at 40°C until salt saturation occurred, and the supernatant and salt precipitate saved separately.
Supernatant was diluted to its original volume with meq water and reduced in volume again.
Precipitated salt crystals were washed with methanol and the rinse saved separately. This process
was repeated until ionic strength was decreased to 0.05. Finally, the collected methanol rinse was
diluted with meq water, the methanol removed by rotary evaporation, and the residual agueous
phase combined with the desalted DMM fraction.

Evaluation of DOM Physicochemical Property Alteration

pH dependent hydrolysis of DOM constituents was expected to result in a shift of organic
matter related physicochemical properties toward lower AMW values. Therefore, the extent of
DOM physicochemical ateration due to chemical fractionation was evaluated by comparing size
fractionated whole water DOM properties with corresponding properties mathematically
reconstituted from size fractionated DMM fraction properties. NPDOC, UV 2,4 absorbing
material, and organically complexed iron (< 30 kDa) were used as the organic matter properties
for these comparisons. The physical and chemical fractionation scheme used to evaluate the
alteration of DOM propertiesis graphically illustrated in Figure 3.1. For each DOM property
evaluated, a set of chemica fractionation coefficients & ;fidescribes the segregation of that
property into DMM fractions resulting from chemical fractionation, and a set of physical
fractionation coefficients &g;fidefines the proportion of the DOM property which passes each
specified ultrafiltration membrane during subsequent size fractionation of the DMM fractions.

Since size fractionation by ultrafiltration does not chemically modify DOM, the alteration
of DOM properties due to chemical fractionation was assessed by using the measured physica
and chemical fractionation coefficientsin Figure 3.1 to mathematically reconstitute size
fractionated whole water DOM properties from size fractionated DMM properties. This process

is represented mathematically as,

6
a'i=af,s, (i=1...5) )
j=1
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where a;” is the reconstituted value of a size fractionated whole water DOM property a;. If no
ateration of DOM physicochemical properties occurs due to chemical fractionation, then

reconstituted and measured coefficients should be equal, or

a’ =a, (i=1,...5). (3)

Thus, the extent to which the equality in Eq. (3) is not satisfied may be used as a measure of the
ateration of DOM physicochemical properties due to chemical fractionation.
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Figure 3.1: Schematic representation of DMM solute physicochemical fractionation scheme.
Coefficients represent the proportion of a DOM property which passed the associated
physical or chemical fractionation step.
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Results

Alteration of Physicochemical Properties
Preparative-scale fractionation of Lake Drummond stock working solution resulted in

distribution of NPDOC among the DMM fractions as shown in Table 3.1. Segregation of DOM
was evaluated from column sorption data due to DOM loss during desalting. Overall recovery of
DOM prior to desalting was 99 percent based on NPDOC. The recovery of NPDOC and ironin
desalted HPO-B, HPI-A, and HPI-B DMM fractions was between 80.3 % and 86.5 %, and 3.6 %
to 16.0 %, respectively. Compared to pilot-scale fractionation (7), preparative-scale fractionation
of Lake Drummond water resulted in a shift of DOM from hydrophobic to hydrophilic DMM
fractions of like acid-base character due to the higher XAD-8 column capacity factor (K'os,) of the
preparative fractionation scheme.

For the purpose of comparing the distribution of physicochemical properties with AMW
of the DMM fractions, working solutions with approximately 10 mg/L NPDOC were prepared
from each concentrated DMM fraction. Due to limited availability of DOM in the HPO-B DMM
fraction, alower NPDOC concentration (2.7 mg/L) was used in the working solution prepared
from this fraction. The pH of each working solution was adjusted to 6.3 with HCI or NaOH, and
the ionic strength adjusted to 0.01 with KCl, as appropriate. Table 3.2 liststhe NPDOC, UV 34
absorbance, and total iron content of the DMM working solutions. Each DMM working solution
was size fractionated by ultrafiltration as previousy described (15), and the distributions of
NPDOC, UV s, absorbing material, and organicaly complexed iron with AMW determined. Due
to the limited sub-sample volume (10 mL) used to correct for membrane rejection during
ultrafiltration (15), the distributions of DOM net charge, acidic functiona group content, and
protein and polysaccharide content with AMW were not determined. Unless explicitly stated to
the contrary, error barsin all plots represent + 1 standard deviation of the given mean data value.
For data expressed as a function of AMW, variability was determined as previousy described

(15), whilefor al other data variability was determined for the mean of 3 replicate measurements.
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Table 3.1: Distribution of DOM among DMM fractions following preparative scale fractionation
(XAD-8 K'y5r 88) as measured by NPDOC.

DMM Fraction Fraction of Whole Water NPDOC
HPO-A 0.587
HPO-B 0.0073
HPO-N 0.0142
HPI-A 0.271
HPI-B 0.0387
HPI-N 0.0812

Table 3.2: Selected properties of Lake Drummond whole water and DMM fraction working
solutions used in AMW distribution determination.

DMM Fraction AMW, NPDOC UV 254 Fer
(Da) (mg/L) (L/mg-cm) (my/L)
HPO-A 3910 10.67 0.4211 425
HPO-B 510 2.67 0.0431 121
HPO-N 930 10.33 0.1877 93
HPI-A 710 9.88 0.1174 33
HPI-B 520 10.38 0.2929 54
HPI-N 520 9.96 0.1068 21
Unfractionated 2590 9.83 0.3790 550
Reconstituted 1730 9.83 0.2922 251

"From reference (15)
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Non-Purgable Dissolved Organic Carbon

The NPDOC based AMW distributions of DMM fractions recovered from Lake
Drummond water, unfractionated Lake Drummond whole water, and whole water mathematically
reconstituted from DMM fractions (Eg. 2) are shown in Figure 3.2. Lake Drummond DMM
fractions contained arelatively small and invariant fraction of large DOM molecules, as greater
than 85 percent of NPDOC in each fraction passed an ultrafiltration membrane with a 30 kDa
AMW cutoff. However, there was considerable variation among the NPDOC based AMW
distributions of the DMM fractions at AMW values less than 30 kDa. For AMW values |ess than
approximately 25 kDa, the HPO-A DMM fraction displayed the lowest proportion of filterable
NPDOC, indicating that this chemical fraction contained a disproportionately high fraction of the
larger DOM molecules present in the unfractionated whole water. Compared to the HPO-A
fraction, the NPDOC based AMW distribution of the HPO-N chemical fraction was shifted
dightly toward lower AMW, while the NPDOC based AMW distributions of the four remaining
DMM fractions were significantly skewed toward lower AMW. The DMM fractions which
contained predominantly smaller molecules had similar NPDOC distributions below 3 kDa, but
diverged at higher apparent molecular weights.

Examination of Figure 3.2 illustrates the lack of correspondence between the NPDOC
based AMW distributions of Lake Drummond unfractionated and mathematically reconstituted
whole waters. The reconstituted AMW distribution was shifted toward lower values over the
entire AMW range examined, as evidenced by the higher fraction of reconstituted water NPDOC
with AMW less than each respective ultrafiltration membrane cut-off value. The disparity
between the unfractionated and reconstituted whole water NPDOC based AMW distributions was
not constant, but decreased as AMW decreased from 30 kDato 10 kDa, continuously increased
as AMW decreased to 1 kDa, and then decreased at AMW values lessthan 1 kDa. The maximum
and minimum fractional differences between unfractionated and reconstituted whole water
NPDOC based AMW distributions were 0.147 and 0.054, and were observed at AMW values of
1 kDaand 10 kDa, respectively.
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UV.s4 Absorbing Material

The UV 25,4 absorbing material based AMW distributions of DMM fractions recovered
from Lake Drummond water, unfractionated L ake Drummond whole water, and whole water
mathematically reconstituted from Lake Drummond DMM fractions (EqQ. 2) are given in Figure
3.3. Aswiththe NPDOC AMW distributions, considerable variation existed among the UV s,
absorbing material AMW distributions of the DMM fractions. The UV s, based AMW
distributions of the DMM fractions displayed trends in relative size smilar to those of comparable
NPDOC based AMW distributions, with the notable exception of the HPO-B DMM fraction. As
seen by comparison of Figure 3.2 and Figure 3.3, the UV »54 based AMW distribution of the HPO-
B DMM fraction was shifted toward higher AMW values.

As with the NPDOC based whole water AMW distributions, comparable UV s, absorbing
material based unfractionated and mathematically reconstituted whole water AMW distributions
were not well correlated, as shown in Figure 3.3. The reconstituted water UV 54 based AMW
distribution was shifted toward lower AMW over the entire size spectrum examined. In contrast
with unfractionated and reconstituted NPDOC based whole water AMW distributions, which
displayed a maximum fractional difference at 1 kDa AMW, the fractiona difference between
comparable UV s, based AMW distributions continuously increased from 0.042 at an AMW of
0.5 kDato 0.192 at an AMW of 30 kDa.
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[ron Content
The distribution of iron with AMW of DMM fractions isolated from Lake Drummond

water, unfractionated Lake Drummond whole water, and whole water mathematically
reconstituted from DMM fractions (Eq. 2) isgiven in Figure 3.4. Examination of Figure 3.4
illustrates the wide variation in the distribution of iron as a function of AMW among the Lake
Drummond DMM fractions. Two noteworthy trends in the distribution of iron with AMW are
apparent in Figure 3.4: the hydrophilic DMM fractions contained a higher proportion of iron
which was organically complexed (operationally defined as passing a 30 kDa UF membrane) over
the AMW range examined, and within both the hydrophobic and hydrophilic DMM fraction
groupings the proportion of iron which was organically complexed varied as neutral > basic >
acidic.

The distribution of iron with AMW of unfractionated and mathematically reconstituted
Lake Drummond whole waters was not well correlated, as demonstrated in Figure 3.4. The
reconstituted whole water iron distribution was shifted toward lower AMW values for the
apparent size range examined. As AMW increased from 0.5 kDato 30 kDa, the fractiona
difference between unfractionated and reconstituted whole water iron distributions increased from
0.051 to 0.164.
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Net Specific Charge and Acidic Functional Group Content

The net specific charge associated with DOM (megc/mmol DOM) as a function of pH for
Lake Drummond DMM fractions, unfractionated Lake Drummond whole water, and whole water
mathematically reconstructed from DMM fractionsis shown in Figure 3.5. The genera trend in
net specific organic charge of the DMM fractions was as expected, becoming more negative with
increasing pH. In addition, the sign of the net specific charge of each DMM fraction was
consistent with its operationally assigned acid-base designation over awide pH range: the acidic
fractions were negatively charged, the basic fractions were positively charged, and the neutral
fractions had nearly zero net charge. The HPO-A fraction had a substantially more negative
specific charge than the HPI-A fraction at all pH values, while the HPI-B and HPI-N fractions had
similar net specific charges as their hydrophobic counterparts for pH values less than
approximately 8, but were more negatively charged at higher pH. The net organic charges of the
Lake Drummond unfractionated and reconstituted whole waters were nearly identical for acidic
pH vaues below approximately 4, but the reconstituted whole water had a dightly more negative
net specific charge at higher pH values.

The specific carboxylic and weakly acidic functional group content of Lake Drummond
DMM fractions, unfractionated Lake Drummond whole water, and whole water mathematically
reconstructed from DMM fractions were calculated from the net specific DOM charge data
presented in Figure 3.5, and are listed in Table 3.3. The influence of silicaon weakly acidic
functional group content was considered by incorporating [H3SiO4-] in the charge balance given
by Eg. 1. Iron, manganese, and aluminum were not included in charge balance calculations since
their contribution was minimal due to relatively low concentrations in Lake Drummond derived
waters. Error in the charge balance due to pH measurement uncertainty was minimal: for the pH
titration range used in this study (3-10) a measurement error of 0.01 pH units would induce at
most a 2.6 percent error in the associated charge balance.

Considerable variation existed among both the specific carboxylic and weakly acidic
functional group contents of Lake Drummond DMM fractions. Acidic DMM fractions displayed
the highest specific carboxyl contents, with values of approximately 28 (meg/mmol DOM) and 5
(meg/mmol DOM), respectively. Specific carboxyl content of the basic and neutral DMM
fractions was somewhat lower, ranging between approximately 3 (meg/mmol DOM) and 4
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(meg/mmol DOM). Less variation was observed among the weakly acidic functional group
contents of the DMM fractions, which were between approximately 3 (meg/mmol DOM) and 7
(meg/mmol DOM). Also, no systematic trend between specific carboxylic and weakly acidic
functional group content was apparent.

The specific carboxylic and weakly acidic functional group contents of reconstituted Lake
Drummond whole water were higher than the corresponding acidic functional group contents of
unfractionated Lake Drummond whole water. The difference between the carboxylic functional
group contents of the unfractionated and reconstituted whole waters was 8.2 percent; however,
the weakly acidic functiona group content of the reconstituted water was approximately 1.8 times
that of the unfractionated water. When expressed on a carbon mass basis (nmeg/g DOC — data not
shown), the magnitude and pH dependence of net specific charge for Lake Drummond DMM
fractions and unfractionated water was similar to those previously reported for organic fractions
isolated by similar analytical methods from Forge Pond, MA (a eutrophic surface water) (22).

Table 3.3: Specific carboxylic and weakly acidic functional group content of Lake Drummond
DMM fractions, unfractionated whole water, and whole water mathematically
reconstituted from DMM fractions.

DMM Fraction Carboxylic Weskly Acidic
(meg/mmol DOM) (meg/mmol DOM)
HPO-A 28 4.0
HPO-B 3.6 4.6
HPO-N 4.3 2.5
HPI-A 5.2 2.9
HPI-B 4.1 7.0
HPI-N 2.7 3.6
Unfractionated 16 21

Reconstituted 17 3.7
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Specific Protein and Carbohydrate Content

The specific protein and carbohydrate contents (w/w) of Lake Drummond DMM
fractions, unfractionated Lake Drummond whole water, and whole water mathematically
reconstituted from DMM fractions are given in Figure 3.6. Proteinaceous material accounted for
arelatively low fraction of the DOM in all Lake Drummond derived samples, with fractional
contents of between approximately 0.03 (mg protein C/mg NPDOC) and 0.06 (mg protein C/mg
NPDOC). In contrast, substantial variation was observed among the specific carbohydrate
contents of Lake Drummond derived samples. Specific carbohydrate content was correlated with
acid-base character of the DMM substituent fractions: the basic DMM fractions had the highest
fractional carbohydrate content at between approximately 0.18 (mg carbohydrate C/mg NPDOC)
and 0.25 (mg carbohydrate C/mg NPDOC), followed by the neutral DMM fractions with a
fractional carbohydrate content of approximately 0.12 (mg carbohydrate C/mg NPDOC), and
finally the acidic DMM functiona groups which had the lowest fractional carbohydrate content of
approximately 0.09 (mg carbohydrate C/mg NPDOC).

Limited information on the distribution of proteinaceous and carbohydrate DOM
constituents was obtained for unfractionated Lake Drummond whole water. Analysis of DOM
size fractionated by ultrafiltration indicated that on a mass basis (w/w) proteinaceous carbon
accounted for 4.3 percent of NPDOC with AMW < 30 kDa and 5.6 percent of NPDOC with
AMW > 30 kDa. Based on the NPDOC size distribution in Figure 3.2, 81 percent of total
proteinaceous NPDOC had AMW < 30 kDa. Carbohydrate analysis on the same size fractionated
whole water displayed the opposite trend with NPDOC AMW: carbohydrate contributed 2.3
percent of NPDOC with AMW < 30 kDa and 42 percent with AMW > 30 kDa, or 76 percent of
total carbohydrate NPDOC had AMW > 30 kDa.
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Figure 3.6: Specific protein and carbohydrate content (mg biopolymer C/mg NPDOC) of Lake
Drummond DMM fractions, unfractionated whole water, and whole water
mathematically reconstituted from DMM fractions.

The protein and carbohydrate contents of Lake Drummond derived samples were
consistent with values presented in previous studies of DOM in natural waters. Reported protein
and carbohydrate contents of aguatic DOM range from 1 to 15 percent of NPDOC each, with
typical values of 4 percent for protein and 10 percent for carbohydrate (23-28). Previous studies
of DOM physicochemical properties have shown that the size distribution of biopolymersis
bimodal: proteinaceous materia is usualy associated with lower molecular weight DOM
fractions (< 10 kDa), while carbohydrates are primarily present as polysaccharides of high
molecular weight (> 100 kDa). Several studies have reported between 58 and 76 percent of
soluble protein in freshwater lakes was in the apparent molecular weight range less than 10 kDa
(29,30). In contrast, carbohydrates appear to be amost exclusively associated with DOM
retained by a 100 kDa AMW ultrafiltration membrane (27,31,32).
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Free Ammonia Content
The free ammonia contents (NH,4") of Lake Drummond DMM fractions, unfractionated

Lake Drummond whole water, and whole water mathematically reconstituted from DMM
fractions are listed in Table 3.4. Considerable variation was observed among the NH,*
concentrations of the DMM fractions, with the neutral fractions containing approximately 7 times
the concentration of the other fractions. The NH;" content of mathematically reconstituted whole
water was 40 percent higher than that of unfractionated whole water.

Comparison of the NH," concentrations listed in Table 3.4 with the DOM fractional
protein contents given in Figure 3.6 reveas a genera trend of increasing free ammonia with
increasing protein for the Lake Drummond DMM fractions. For DMM fractions where direct
comparison was possible ammonium ion concentrations measured by ion chromatography and the
phenate ion method were relatively consistent: values measured by the phenate ion method were
6 to 9 percent lower than comparable values measure by ion chromatography. Poor
correspondence between the NH," concentrations of reconstituted whole waters was due to

incomplete data provided by each measurement technique.

Table 3.4: Free ammonia content [NH,4"] of Lake Drummond DMM fractions, unfractionated
whole water, and whole water mathematically reconstituted from DMM fractions.

DMM Fraction [NH,] by IC [NH,'] by PIM
(mmol/L) (mmol/L)
HPO-A 1.00-10°
HPO-B 9.98.10*
HPO-N 7.88-10° 7.20-10°
HPI-A 3.25:10"
HPI-B 1.12-10°
HPI-N 7.09-10° 6.68-10°
Unfractionated 9.54.10"
Reconstituted 7.13-10* 1.33-10°

" Na' ion interference
™ Sample not available
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Discussion

Alteration of both physical and chemical DOM properties was observed following
application of the DMM Fractionation Protocol. DOM AMW distributions based on NPDOC,
UV 254 absorbing material, and DOM complexed iron were shifted toward smaller AMW.
Comparison of the unfractionated and mathematically reconstituted whole water DOM AMW
distributions in Figure 3.2, Figure 3.3, and Figure 3.4 illustrates the substantia reduction in DOM
size for the AMW range examined. Increasesin specific carboxylic and weskly acidic functiona
group contents and an associated shift of DOM charge to more negative values were observed.
Anincreasein free [NH,'] and a decrease in proteinaceous DOM content were also noted.
Collectively, these physicochemical alterations may be related to decreased association of low
molecular weight DOM with colloidal iron-oxide surfaces or formation of low molecular weight

DOM hydrolysis products.

Reduced Association of NOM with Colloidal 1ron-Oxides
pH conditions imposed during the DMM Fractionation Protocol are sufficient to produce

reduced association between DOM and colloidal surfaces due to dissolution of iron oxides at
acidic pH or DOM hydrolysis at basic pH. Each of the DMM fractionsis exposed to acidic pH
either during application of the agueous sample to or elution of isolated DOM from the resin
columns. The HPO-B and HPO-N DMM fractions isolated during the first sample pass through
the XAD-8 resin column are subjected to pH 1-2 (0.1-0.01 N HCI) during e ution of the HPO-B
fraction. Following initial passage of the agueous sample through the XAD-8 resin column, the
entire sampleis acidified to pH 2 for the remainder of the fractionation process (7). In the current
study subsequent processing of the 189 L sample through XAD-8, MSC-1, and Duolite A-7 resin
columns required 3 d. Elution of isolated HPO-A, HPI-A, and HPI-B DMM fractions with
NaOH imposes pH values of 12-14 for approximately 30 min (7).

Release of surface associated low molecular weight DOM from naturally occurring
colloidal iron-oxides present in the Lake Drummond working solution used in this study has been
observed previoudy at both acidic and basic pH (8). Colloidal iron oxide surfaces and associated
DOM were isolated from Lake Drummond working solution by repeated ultrafiltration against a
30 kDa AMW cut-off membrane at a constant ionic strength of 0.01. The AMW distribution of
iron and DOM in isolated colloidal materia as afunction of pH isgivenin Table 3.5. When
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isolated colloidal material was acidified to pH 2 for 1 h dissolution of iron oxide surfaces was
substantially complete. In an acidified sample dissolved iron (passing a 30 kDa UF membrane)
accounted for 87 percent of total iron, compared with 3 percent in an unacidified aliquot of the
same colloidal material. After 1 h at pH 12 the iron content of isolated colloidal material
remained predominantly colloidal in character, with 82 percent retained by a 30 kDa UF
membrane. Ultrafiltration of pH adjusted aliquots of isolated colloidal material indicated that
between 24 and 92 percent of its organic content had AMW < 30 kDa, but was retained by a 30
kDa UF membrane at neutral pH due to association with colloidal iron-oxide surfaces. Anion
exchange with phosphate under non-hydrolyzing conditions (0.1 M PO,*, pH 7) showed that 47
percent of the organic content of Lake Drummond colloidal material was actually sorbed DOM
with AMW < 30 kDa.

Table 3.5: AMW distribution of iron and DOM in colloidal materia isolated from unfractionated
Lake Drummond whole water by ultrafiltration.

pH Iron DOM
<30 kDa >30kDa  <30kDa >30 kDa
2 87 13 24 76
3 97 11 89
12 18 82 92 8

From reference (8)

Indications of pH induced DOM release from colloidal iron-oxide surfaces were also
observed in the current study. At 30 kDa AMW the fractiona difference between the
unfractionated and reconstituted whole water NPDOC based AMW distributions shown in Figure
3.2 was 0.075, or the AMW of DOM amounting to 7.5 percent of the whole water total organic
content was shifted to < 30 kDa as the result of fractionation. Since 13.8 percent of
unfractionated whole water DOM had AMW > 30 kDa, approximately half of the organic material
in this size fraction was affected by the chemical fractionation process. This observation
correlates well with the previoudly cited estimate that 47 percent of DOM associated with
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colloidal iron-oxide surfaces in unfractionated Lake Drummond water was actualy in the < 30
kDa size category.

The shift in UV s, absorbing material toward lower AMW following fractionation also
supports decreased association of DOM with colloidal iron oxides. Comparison of the un-
normalized UV ;54 absorbances of unfractionated and reconstituted whole waters as a function of
AMW (not shown) indicated that the 23 percent decrease in whole water UV 25, absorbance
produced by fractionation (Table 3.2) was restricted to organic matter with AMW > 30 kDa: the
absolute UV ,s, absorbances of DOM in unfractionated and reconstituted waters differed by less
than 2 percent — 0.2830 and 0.2774, respectively. Sorption of DOM on mineral oxide surfaces
generally shifts the associated UV absorbance spectrum to longer wavelengths, resulting in
increased absorbance at any given wavelength (33). The decrease in UV 25,4 absorbance of organic
material with AMW > 30 kDa induced by fractionation is therefore consistent with decreased
association of high AMW DOM with colloida iron oxide surfaces.

Evidence of colloidal iron-oxide dissolution was a so observed based on the shift in DOM
complexed iron (iron which passed a 30 kDa UF membrane) toward lower AMW following
fractionation. The preparative-scale DMM fractionation conducted in this study resulted in a 54
percent reduction in total iron, as indicated by comparison of the total iron content of
unfractionated and mathematically reconstituted whole waters listed in Table 3.2. However,
DOM complexed iron was reduced by only 4.8 percent (84 ng/L to 80 ny/L) following
fractionation, suggesting that the shift in iron content toward lower AMW seen in Figure 3.4 was
primarily dueto loss of colloidal iron, and not disruption of DOM-iron complexes. DOM-
complexed iron in the unfractionated Lake Drummond working solution has been shown to be
unaffected at pH 2 (8), which supports the previous statement regarding the impact of colloidal

iron loss on the distribution of iron with AMW in the reconstituted whole water.

Formation of Low Molecular Weight DOM Hydrolysis Products
The pH induced release of low molecular weight DOM hydrolysis products has been

frequently observed in studies of DOM physicochemica properties. Release of amino acids from
DOM under hydrolyzing pH conditions is well documented in the literature (34-37), and ammonia
nitrogen content of natural water samples containing DOM has been observed to increase with

hydrolysis time (36,38). In addition, monosaccharides and low molecular weight polysaccharides
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have been observed in the acid hydrolysis digests of DOM (20,35,39). Ester hydrolysis has dso
been shown to occur for DOM exposed to extremes of pH: low molecular weight ester
hydrolysis products have been directly observed by *H NMR (39,40) and by capillary GLC (13),
and a substantial decrease in the ester stretching band has been noted in the IR spectrum of DOM
following exposure to base (14). Furthermore, base promoted ester hydrolysis has been shown to
occur rapidly at moderately basic pH, being largely complete in a matter of minutes at pH 10 (14).

pH conditions imposed by the DMM Fractionation Protocol are mild by comparison to
hydrolyzing conditions commonly used in protein and polysaccharide analysis. Complete protein
hydrolysis requires extremely acidic or basic pH, elevated temperature, and relatively long
hydrolysistimes (6 N HCI at 2 100°C for 10-100 h or 4 N NaOH at 3 100°C for 4-8 h) (11,41).
Chemical hydrolysis of polysaccharides requires extremely acidic conditions (concentrated H,SO,
at elevated temperature for 30 min ), as glycosidic linkages between carbohydrate monomers are
not subject to chemical hydrolysis at mildly acidic, neutral, or basic pH (11,12,42). Ester linkages
between organic moieties commonly found in DOM are subject to both acid and base catalyzed
hydrolysis under pH conditions imposed by the DMM Fractionation Protocol. Base catalyzed
hydrolysis of naturally occurring ester linkages is particularly rapid, with reported half-lives (1)
of minutes to seconds at pH values between 10 and 12 (43).

Comparison of reconstituted and unfractionated L ake Drummond whole water
proteinaceous DOM contents shown in Figure 3.6 indicates an 8.9 percent decrease (w/w on
carbon basis) due to fractionation. This small decrease in proteinaceous DOM content is
consistent with partial hydrolysis of amide bonds linking amino acid residuesin protein. The
modified Lowry method used to determine protein content in this study relies on reduction of
Cu?* to Cu** by amide bonds (Biuret reaction), and subsequent colorimetric quantification of a
Cu**-Folin reagent complex (16,17,44). Partial degradation of amino acid side chains at either
acidic (Asn, GIn, or Trp) or basic (Cys, Ser, Thr, or Arg) pH would not be expected to decrease
measured protein content. Due to low DOM total protein content, small fraction of protein
hydrolyzed, and low AMW bias (< 30 kDa), any contribution of amide bond hydrolysisto the
fractionation induced decrease in DOM AMW distribution would have been minor.

The increase in [NH,4'] following fractionation of Lake Drummond water was consistent

with partial degradation of specific amino acid residue side chains. Since the hydrolyzing
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conditions imposed by the DMM extraction procedure (0.01 N HCI or 0.01 N NaOH at room
temperature) are mild compared with those used in determination of protein amino acid
composition, it is reasonable to assume that release of NH,4" due to hydrolysis of proteinaceous
DOM constituents was largely restricted to the scissile Asn and GIn side chain amine groups
(12,36,41). Based on the protein concentration of unfractionated L ake Drummond water, the 40
percent increase in [NH,"] following fractionation represented 3.6 percent of the whole water
total proteinaceous amine content, or 58 percent of the Asn and Gln residue side chain amino
groups (45). However, the release of NH," due to hydrolysis of non-proteinaceous amines has
been observed in DOM acid hydrosylates (34,36,46).

Direct chemical evidence of pH induced hydrolysis of DOM carbohydrate constituents
could not be obtained in this study due to limitations on sub-sample volume imposed by the
ultrafiltration protocol used to determine DMM AMW distributions (47). However, support for
carbohydrate hydrolysis was observed through comparison of the relative changesin NPDOC and
UV 25,4 absorbing material AMW distributions produced by fractionation. The relative changesin
NPDOC and UV s, absorbing material with AMW size category arelisted in Table 3.6. The
disproportionately larger increases in NPDOC observed for the < 0.5 kDaand 0.5-1.0 kDa AMW
Size categories indicate formation of low molecular weight non-UV s, absorbing DOM fragments.
These low molecular weight fragments are consistent with DOM hydrolysis products such as
oligosaccharides and aliphatic carboxylic acids, which do not absorb UV light due to the absence

of conjugated bonds in their structures.

Table 3.6: Relative change in selected DOM properties with AMW size category.

DOM Size Category NPDOC UV 24 Absorbance
(kDa) (Percent Change) (Percent Change)
<05 +52.6 +36.2

05-10 +26.4 +7.71
1.0-30 -11.5 -14.1
3.0-10.0 -34.5 -22.9
10.0-30.0 +13.2 +2.56

>30.0 -117 -435
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The increased carboxylic and weakly acidic (phenalic) functional group contents of
mathematically reconstituted whole water compared with unfractionated whole water is consistent
with hydrolysis of ester moieties. Structures proposed for DOM generally consist of a highly
aromatic core linked by short aliphatic chains, often with ester linkages to aromatic rings (48-54).
Hydrolysis of these ester linkages would be expected to produce equimolar quantities of
carboxylic acid and phenolic functional groups, and increased concentrations of akylphenols have
been observed in the acid hydrosylates of DOM (55-57). Oligosaccharides of bacteria origin
have been observed to be incorporated in NOM structures by ester linkages (37).

Literature data relating changes in acidic functional group content following DOM
hydrolysis under pH conditions similar to those imposed by the DMM Fractionation Protocol are
limited. However, one study found a 6-9 percent increase in DOM equivalent weight (meq
COOH/meq DOM) following mild alkaline treatment (pH 13) of soil derived NOM (13), which is
comparable to the 8.2 percent increase in specific carboxylic functional group content of
reconstituted whole water compared to unfractionated whole water observed in this work.
Quantitative support for the role of ester and protein hydrolysisin the pH induced fragmentation
of DOM was aso provided by comparison of observed changesin acidic functional group
content. Based on the low concentration of protein and small fraction degraded, the contribution
of protein hydrolysis to increased carboxyl content was minor (» 1 percent). Furthermore, the
increase in weakly acidic (phenolic) content represented 124 percent of the increase in carboxylic
acid group content. The greater than equimolar increase in phenolic group content suggests the
formation of phenolic functional groups by mechanisms other than ester hydrolysis. Hydrolysis of
ether linkages or reduction of quinone groups aso may have contributed to phenolic functional

group formation.
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Conclusions

Significant ateration of DOM physicochemical properties was noted following DMM
fractionation of a natural surface water. The observed alterations appeared to be principally
related to the pH manipulations required to achieve the desired separation of DOM into discrete
chemical fractions based on hydrophobic character and charge. Changesin DOM
physicochemical properties reported here are consistent with reduced association of DOM with
colloidal mineral oxide surfaces and partial hydrolysis of protein, polysaccharide, and ester
moieties.

Indication of decreased association of DOM with colloidal iron oxide surfaces following
application of the DMM Fractionation Protocol was seen based on the shift of NPDOC, UV s,
absorbing material, and DOM complexed iron AMW distributions toward lower AMW. Release
of low molecular weight DOM due to dissolution of colloidal iron oxides at acidic pH is thought
to be one mechanism related to the reduction of DOM AMW produced by fractionation.
Segregation of DOM and solublized colloidal iron among DMM fractions and substantial iron
losses caused by incomplete elution from MSC-1 cation exchange resin and DMM fraction
desalting operations also may have contributed to the reduced DOM -iron surface association
observed in reconstituted L ake Drummond whole water.

pH induced hydrolysis of DOM is also thought to have contributed to the shift of DOM
physicochemical property distributions toward lower AMW following fractionation. Observed
changes in carboxylic and phenolic acidity indicate that cleavage of ester linkages was the
dominant DOM hydrolysis process. The approximately 1.25:1 ratio of phenolic to carboxylic
acidity increase produced by fractionation implies that hydrolysis of functional groups other than
ester linkages between aliphatic and aromatic (phenolic) components in the core DOM structure
occurred. Release of aliphatic and oligosaccharide fragments from DOM molecules due to ester
bond hydrolysis aso correlates with the observed formation of low molecular weight (< 1 kDa)
non-UV 54 absorbing DOM.

Further work is needed to help differentiate between the influences of pH induced
colloidal iron oxide loss and DOM hydrolysis on the formation of low molecular weight DOM
fragments and to examine the impact of physicochemical property ateration on the chemical

reactivity of DOM. The types of physicochemical property alteration observed in this study can
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be expected to occur to some degree in most DOM extraction and fractionation procedures, since
pH manipulation is generally used in some fashion in common analytical methods. Therefore,
caution must be exercised when extrapolating the physicochemical properties or chemical
reactivity of DOM in its natural state from studies of extracted material.

Application of the DMM Fractionation Protocol for simultaneous concentration and
chemical fractionation of DOM derived from aguatic or terrestrial environmental samples may not
be appropriate in situations where the chemical reactivity of isolated DOM is to be evaluated.
Increased molar DOM concentration or changes in metal distribution and speciation could
influence interpretation of observed experimental results. For example, use of fractionated DOM
for evaluation of drinking water treatment processes may result in observed behavior
uncharacteristic of the unfractionated source water. Loss of potentially catalytic colloidal iron
oxide surfaces and decreased association of DOM with these surfaces could substantially alter
coagulation behavior or result in underestimation of halogenated by-product formation following
disinfection with aqueous chlorine.

The DMM Fractionation Protocol appears more appropriate for investigating the
physicochemical characteristics of environmental samples such as the phase distribution and
chemical speciation of naturally occurring and contaminant metals. Separation of colloidal
material by ultrafiltration against a 100 kDa AMW cutoff membrane prior to chemical
fractionation could be incorporated to define the phase distribution of metals, and the chemical
speciation of DOM complexed metals defined by subsequent fractionation of the ultrafilter
permeate. Application of this modified DMM fractionation scheme could prove useful for

studying the fate and transport of hazardous metals in aguatic and terrestrial environments.
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Chapter 4

Alteration of Dissolved Organic Matter Reactivity with Aqueous
Chlorine Produced by Resin Based Fractionation of the Dissolved
Material Matrix of Natural Waters

Abstract

Chlorination of aquatic dissolved organic matter (DOM) resultsin
formation of avariety of halogenated organic disinfection by-products, some of
which are suspected human carcinogens. DOM is commonly concentrated and
chemically fractionated from large volumes of natural water to facilitate the study
of DBP formation. This study was conducted to evaluate the alteration of DOM
reactivity with agueous chlorine induced by chemical fractionation. Chemically
discrete hydrophobic and hydrophilic acid, base, and neutral DOM fractions
isolated in a previous study were chlorinated at a Cl,/DOC ratio of 3:1 (w/w) and
the chlorine demand and formation of trihalomethane species monitored for 7 d.
The impact of fractionation on DOM reactivity with chlorine was evaluated by
comparing the Cl, demand and THM formation of unfractionated whole water
with those of the whole water mathematically reconstituted from its substituent
DOM fractions. Both specific Cl, demand (mmol DCl./mmol DOM) and specific
THM formation (mmol THM/mmol DOM) decreased due to fractionation.
Specific THM yield (mmol THM/mmol DCl,) also decreased following
fractionation. Incorporation of Br' in THM species decreased after fractionation,
and was linearly related to Br'/Cl, and Br/DOM molar ratios. Decreased specific
Cl, demand and Br” incorporation were attributed to fractionation induced molar
DOM concentration increase. Decreased specific THM formation was not
adequately explained by increased molar DOM concentration, and fractionation
induced loss of colloidal iron was aso implicated.
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I ntroduction

Chlorination has been widely used as an oxidation and disinfection unit operation in
drinking water and wastewater treatment practice. Formation of halogenated organic disinfection
by-products (DBPs) has been variously reported and has been a source of concern due to
potential health related effects of several identified DBPs. Of the chemically identifiable
hal ogenated organic DBPs formed during chlorination of drinking water, trihalomethanes and
hal oacetic acids are typically formed in highest concentration, with lower concentrations of
hal oacetonitriles, haloketones, chloropicrin, chloral hydrate, cyanogen chloride, and chlorinated
phenols among others (1-3). However, the mgority of chlorine demand results in formation of
chemically unidentifiable halogenated organic molecules, collectively termed total organic
halogens (TOX) (2,4).

The reactive components of dissolved organic matter (DOM) and reaction pathways
responsible for production of halogenated DBPs are generally not well understood. Numerous
treatability studies have been conducted in an effort to evaluate and optimize DBP precursor
removal processes such as coagulation and filtration, and to evaluate the use of alternative
oxidants. A variety of anaytica procedures, utilizing various physical and chemical separation
driving forces, have been used to extract and chemically fractionate large quantities of DOM
source material from natural waters. Processes which have been used for preparative DOM
extraction and fractionation include low temperature vacuum distillation, lyophilization, freeze
concentration, coprecipitation with inorganic salts, ultrefiltration, reverse osmosis, solvent
extraction, and sorption on various solid surfaces such as aumina, carbon, and a variety of ionic
and non-ionic polymeric organic resins. The relative merits of these processes have been
presented in several excellent literature reviews (and references therein) (5-7); however, none has
proven completely satisfactory due to incomplete DOM recovery or other practical limitations.

A preparative extraction scheme based on selective sorption of DOM constituents onto,
and subsequent pH dependent elution from, non-ionic XAD-8, MSC-1 cation, and Duolite A-7
weakly basic anion exchange resins (8-10) has been shown capable of virtualy complete DOM
recovery (11). Termed the Dissolved Material Matrix (DMM) Fractionation Protocol (11), this

scheme simultaneoudly extracts and fractionates DOM into hydrophobic and hydrophilic acid,
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base, and neutral fractions. lonic and colloidal inorganic components are also segregated among
the six discrete DMM fractions.

The chemistry of complex mixtures such as natural waters is not adequately described by
the sum of its component characteristics due to intermolecular forces among DOM molecules
(12) and sorptive interactions between DOM molecules and colloidal mineral surfaces. Extraction
and fractionation of DOM inevitably leads to some degree of DMM alteration, primarily through
disruption of DOM intermolecular forces and sorptive interactions. In a previous study, the
DMM Fractionation protocol was shown to result in increased molar DOM concentration, which
was attributed to pH induced hydrolysis of DOM ester constituents and loss of colloidal iron
oxides due to incomplete resin elution (13). The objective of this study was to evaluate the
alteration of DOM reactivity with agueous chlorine resulting from use of the DMM Fractionation
Protocol to smultaneously extract and chemically fractionate the dissolved and colloidal

components of a natural water.
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Materials and M ethods

Sample Preparation and Analytical Methods

The natural waters analyzed in this study were derived from a single surface water sample
collected from Lake Drummond near Suffolk, Virginia. Aliquots of DMM fractions and
unfractionated whole water working solutions (~10 mg/L NPDOC) previoudly prepared to study
fractionation induced DOM property alteration (13) were used to evaluate changesin DOM
reactivity with agueous chlorine produced by application of the DMM Fractionation Protocol.
Measured DOM chemical reactivity parameters were analyzed on a per mole DOM (specific)
basis, since chemical fractionation of Lake Drummond water has been shown to result in an
increase in DOM molar concentration due to pH induced DOM hydrolysis reactions and
decreased DOM association with colloidal iron oxides (13). Molar DOM concentrations were
determined from NPDOC mass concentrations by assuming an average fractional DOM carbon
content of 0.51 (mg C/mg DOM) (7,14-16), and applying the number average apparent molecular
weights (AMW)) previously reported for Lake Drummond whole water and extracted DMM
fractions as conversion factors (17).

Residual free chlorine was measured by amperometric titration usng Standard Method
4500-Cl (18) for the purpose of determining specific chlorine demand as a function of contact
time in chlorinated Lake Drummond whole water and DMM fraction samples. Analytical grade
potassium iodide was added to 100 mL of chlorine-demand-free water buffered to pH 7 with
phosphate and, depending on residual chlorine concentration, 5 mL to 20 mL of sample added.
lodide reduced to iodine by free chlorine was back-titrated with 0.00564 N phenylarsineoxide. A
Fisher Scientific computer-aided titrimeter was used for al free chlorine analyses. Specific

chlorine demand (mmoal Cl,/mmol DOM) at any given contact time (t) was calculated as,

Initial chlorine dose - chlorine residual (t)
DOM '

Specific Chlorine Demand (t) = (@D

Trihalomethane (THM) formation was used to evauate the chemical reactivity of DOM
samples with agueous chlorine. Samples were chlorinated in accordance with Standard Method

5710 B. (19) subject to the following exceptions. 1) since preliminary investigation determined
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that chlorine demand was not accurately predicted by the procedure outlined in the standard
method, all samples were chlorinated at a uniform Cl,:NPOC ratio of 3:1 (mg:mg), 2) areduced
sample volume of 125 mL was used due to limited availability of several DMM fractions, and a
minimum residual of 1 mg/L Cl, at 7 d was used as the criteriafor avalid THM test. Chlorinated
samples were stored at 25°C in the dark for 0.25 d to 7 d, after which each sample was divided
into three 25 mL aliquots for THM analysis and the remainder used for residua chlorine
determination. Residual chlorine in the THM analysis sub-samples was quenched with N&SOs.

Trihalomethane concentrations were measured by purge and trap GC analysisin
accordance with EPA Method 501.1 (20). The purge and trap GC system consisted of a Tekmar
3000 Purge and Trap Concentrator, a Tremetrics 9001 Gas Chromatograph, a Tracor 1000 Hall
Detector, and a Hewlett-Packard 3396 Series || integrator. A 5 mL aliquot of sample was
injected into the purge vessal and sparged with helium for 8 min at 30°C and 5 psig back-
pressure. Volatile sample analytes were collected from the carrier gas by a Tenax trap (30.5°
0.32 cm) during the purge cycle. Accumulated volatile analytes were transferred to the GC
column (Supelco 2-3068: 2.4 m, 2.0 mm i.d., 60/80 mesh Carbopack B, 1% SP-1000) by passing
helium carrier gas through the trap at 180°C for 4 min: the GC temperature program and trap
desorption cycle were initiated simultaneoudly. After analyte desorption, the trap was regenerated
at 225°C for 10 min. In order to reduce the analyte separation time, the GC temperature program
specified by EPA Method 501.1 was modified: the GC oven temperature was initially maintained
at 65°C for 3 min, then raised to 220°C at 15°C/min and held for 2 min Previous experience
using these analysis conditions showed no adverse impact on THM separation or method
sengitivity (21). The Hall detector temperature was continuously maintained at 850°C during
THM andysis.

Evaluation of DOM Reactivity with Aqueous Chlorine
The extent to which the DMM Fractionation Protocol atered DOM reactivity with

agueous chlorine was evaluated by comparing whole water chemical reactivity parameters with
corresponding chemical reactivity parameters mathematically reconstituted from DMM fraction
parameters. Specific chlorine demand (mmol DCl,/mmol DOM) and specific THM species

formation (mmol THM/mmol DOM) were used as the chemical reactivity parameters for these

comparisons. A mathematical reconstitution procedure similar to one used previoudy to examine
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physicochemical property alteration produced by sequential chemical and size fractionation (13)
was employed to compare unfractionated and reconstituted whole water reactivity parameters.
The chemical fractionation scheme used to evaluate the ateration of DOM reactivity with
agueous chlorine is graphically illustrated in Figure 3.1. For each chemical reactivity parameter F
evaluated, a set of fractionation coefficients & jfiidescribes the segregation of that reactivity
parameter into DMM fractions resulting from chemical fractionation. Reconstituted whole water
chemical reactivity parameters F~ were calculated from the associated sets of fractionation

coefficients & ;i This process is represented mathematically as,

- (=1,...6) )

T
I

. moa
—

.ﬂ

If no alteration of DOM reactivity with agqueous chlorine occurs due to chemical fractionation,
then each reconstituted reactivity parameter and its corresponding measured whole water

reactivity parameter should be equal, or

F =F ©)

Thus, the extent to which the equality in EQ. (3) is not satisfied may be used as a measure of the

alteration of DOM reactivity with aqueous chlorine resulting from chemical fractionation.
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Whole Water

Figure4.1: Schematic representation of DMM solute chemical fractionation scheme.
Coefficients represent the proportion of a DOM property which passed the associated
chemical fractionation step.
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Results

Specific Chlorine Demand

The specific chlorine demand (mmol Cl,/mmol DOM) as a function of contact time for
DMM fractions recovered from Lake Drummond water, unfractionated Lake Drummond whole
water, and whole water mathematically reconstituted from DMM fractions are given in Figure
4.2. The ultimate chlorine demand at a contact time of 7 d varied significantly among the Lake
Drummond DMM fractions; with a cluster of low values between 10.3 and 10.7 mmol Cl,/mmol
DOM for the HPO-B, HPI-B, and HPI-N fractions, dightly higher values of 11.7 and 14.8 mmol
Clz/mmol DOM for the HPI-A and HPO-N fractions, and a maximum value of 67.9 mmol
Clo/mmol DOM for the HPO-A fraction. Although not easily discernible in Figure 4.2, the
ultimate specific chlorine demand of the DMM fractions was related to DOM hydrophobicity, as
hydrophobic DMM fractions had higher values than hydrophilic DMM fractions of similar acid
base character. However, specific chlorine demand (mmol Cl,/mmol DOM) was not correlated
with absolute chlorine demand (mg Cl./L), as residual chlorine after the 7 d contact time was less
than 2 mg Cl,/L for the HPO-B, HPI-B, and HPI-N DMM fractions, but between 4 and 8 mg
Cl,/L for the remaining fractions. The specific chlorine demand curves for unfractionated and
reconstituted Lake Drummond whole waters diverged with increasing contact time: the
difference between the unfractionated and reconstituted specific chlorine demand curves increased
with contact times up to 1 d, after which the reconstituted specific chlorine demand was
approximately 8 mmol Cl,/mmol DOM lower than the unfractionated specific chlorine demand.
The kinetics of chlorine consumption, as evaluated by the dope of the specific chlorine demand
curvesin Figure 4.2, were characteristically high at low contact times and then gradually
decreased with increasing contact time. Thistype of temporal responseis typical during
chlorination of drinking water, and is related to decreases in both available chlorine and DOM
DBP precursor siteswith time. Theinitia specific rate of chlorine demand (mmol Cl,/mmol
DOM -d) for the HPO-A DMM fraction was approximately 5 times higher than the initial specific
chlorine demands of the remaining DMM fractions, and remained measurably higher for all
contact times. At contact times of greater than 3 d, the rates of chlorine demand for the HPO-B,
HPI-B, and HPI-N DMM fractions were |lower than for the remaining DMM fractions; probably

due to the low residual Cl, in these fractions at high contact time. Also, the rate of chlorine
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consumption observed for unfractionated L ake Drummond whole water was higher than the
reconstituted whole water value for contact times less than 1 d, after which these rates were

samilar.
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Figure 4.2: Specific chlorine demand of Lake Drummond DMM fractions, unfractionated whole
water, and whole water mathematically reconstituted from DMM fractions.
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Specific Trihalomethane Formation

The formation of chloroform, bromodichloromethane, and total trihalomethane species as
afunction of contact time were determined at an applied chlorine to NPDOC ratio of 3:1 (mg
Cl,/mg NPDOC) for Lake Drummond DMM fractions, unfractionated Lake Drummond whole
water, and whole water mathematically reconstituted from DMM fractions (Eg. 2) as shown in
Figure 4.3 to Figure 4.5. Considerable variation existed among the specific quantities of
trihalomethane species formed in the Lake Drummond DMM fractions.  The HPO-A fraction
exhibited the highest specific CHCI; formation of the Lake Drummond DMM fractions, 1.6 mmol
CHClz/mmol DOM at a 7 d contact time, while the specific CHCI; formation of the remaining
DMM fractions was less than 0.3 mmol CHCIs/mmol DOM. The reative trend in specific CHCl3
formation of the DMM fractions was similar to that observed for specific chlorine demand. At a
contact time of 7 d, the unfractionated whole water specific CHCl; formation was 1.0 mmol
CHCl3s/mmol DOM compared with avaue of 0.60 mmol CHClz/mmol DOM for the
mathematically reconstituted whole water.

The substantialy higher specific CHCI; formation of the HPO-A fraction was primarily
related to its much higher initial CHCI; formation rate. As evaluated by the slope of the CHCl3
formation curves given in Figure 4.3, the initiadl CHCI; formation rate of the HPO-A fraction was
10 to 15 times higher than the initial CHCI; formation rates of the other DMM fractions. The
specific CHCI; formation rates of the remaining DMM fractions were also lower than that of the
HPO-A fraction for contact times greater than 0.25 d. The specific CHCI; formation rates of the
HPO-B, HPI-B and HPI-N fractions were nearly O for contact times greater than 3 d. However,
caution must be exercised when interpreting the considerably lower CHCI; specific formation
rates of these DMM fractions, since these fractions contained relatively low residual Cl,
concentrations at contact times greater than 3 d (1.2 to 1.6 mg Cl,/L). The specific CHCl;
formation rate of the unfractionated L ake Drummond whole water was initially higher than that of
the mathematically reconstituted whole water, with the difference increasing for contact times up
to 2 d and then remaining relatively constant.

The patterns of specific CHCI,Br formation exhibited by the Lake Drummond DMM
fractions, unfractionated whole water, and mathematically reconstituted whole water were

dramatically different than those of CHCI; formation. As seen by comparison of the specific
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THM formation datain Figure 4.3 and Figure 4.4, the specific CHCI,Br formed in each Lake
Drummond DMM fraction was less than 10 percent of the specific CHCI; formed, and only the
HPI-B, HPO-B, and HPI-A DMM fractions exhibited significant CHCI,Br formation. Specific
CHCI,Br formation in the unfractionated and reconstituted whole waters were al'so markedly
distinct compared to specific CHCI; formation, as the reconstituted water exhibited 72 percent of
the whole water working solution specific CHCI,Br formation. The kinetics of specific CHCI,Br
formation were faster than for CHCI; formation, with CHCI,Br formation largely complete at a
contact time of 0.25 d. The low levels of brominated THM species formed in Lake Drummond
derived water samples was consistent with the low Br™ concentrations of these waters. Due to the
low level of brominated THM species formation, the total specific THM formation for Lake
Drummond derived water samplesillustrated in Figure 4.5 was quite similar to the specific CHCl3

formation observed in Figure 4.3.
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Specific chloroform formation of Lake Drummond DMM fractions, unfractionated

whole water, and whole water mathematically reconstituted from DMM fractions.
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Bromine Incorporation in THM Species

Incorporation of brominein THM species was strongly correlated with Br™ concentration
for Lake Drummond derived water samples. Bromide concentrations of Lake Drummond DMM
fractions and unfractionated whole water are listed in Table 4.1. The brominated fraction of
THM species (THM -Br/TTHM) appeared linearly related to the initial Br/Cl, dose ratio for Lake
Drummond DMM fractions and unfractionated whole water, as seen in Figure 4.6. The
incorporation of bromine in THM species in Lake Drummond derived waters was also observed
to be correlated with Br/DOM molar ratio, as demonstrated by the general trend of increasing
brominated THM species specific yield (THM-Br/DOM) with increasing Br/DOM molar ratio
shown in Figure 4.7. Brominated THM fractions and specific brominated THM yields of the
HPO-N and HPI-N DMM fractions are not shown in Figure 4.6 and Figure 4.7, asthe [Br] in
these fractions was less than the MDL of 0.03 niM (2.4 ng/L). The greater than 100 percent
recovery of Br' may be due to trace contamination of HCI used to acidify the agueous sample

after the first pass through the XAD-8 resin column.

Table4.1: [Br]" of Lake Drummond DMM fractions, unfractionated whole water, and whole
water mathematically reconstituted from DMM fractions.

Fraction [Br] THM -Br Incorporated
(mM) Fraction of Br

HPO-A 0.032 0.52

HPO-B 0.34 0.81

HPO-N ND ND

HPI-A 0.33 0.72

HPI-B 0.66 0.57

HPI-N ND ND
Unfractionated 0.10 0.81
Reconstituted 0.14 0.64

ND — Not determined due to [Br] < MDL
'Single replicates
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Figure 4.6: Bromine substitution in THM species versus initial Br'/Cl; ratio of Lake Drummond

DMM fractions, unfractionated whole water, and whole water mathematically

reconstituted from DMM fractions. HPO-N and HPI-N DMM fractions not shown

since[Br] <MDL. R?=0.96.
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Discussion
THM Speciation and Formation Kinetics

The distribution of THM species was dominated by CHCI3, which accounted for 99
percent of TTHM at 7 d contact time. The only brominated THM species detected was CHCI,Br.
The low concentrations of THM -Br species measured in this study were likely related to the low
[Br] (<1 mM) inall Lake Drummond derived waters. Formation of THM -Br was observed to be
dependent on the initial Br/Cl, and Br/DOM molar ratios for al Lake Drummond derived waters,
as has been previoudy reported in the literature (22,23). As demonstrated in Figure 4.6 and
Figure 4.7, this dependence appeared to be generaly linear for waters of differing DOM chemical
character (DMM fractions and whole water), suggesting that Br'/Cl, and Br/DOM molar ratios
may be the controlling factorsin THM-Br formation rather than DOM chemistry.

Brominated THM species displayed faster formation kinetics than CHCI;, consistent with
previous studies of THM formation rates (22-24). Examination of Figure 4.3 and Figure 4.4
indicates that CHCI,Br formation in Lake Drummond derived waters was largely complete after 1
d, while CHCIl; formation continued throughout the 7 d test period. The faster formation kinetics
displayed by THM -Br species has been attributed to the relative effectiveness of HOC| and HOBr
as halogenating agents. HOCI acts preferentially as an oxidant, whereas HOBr behaves
predominantly as a substituting agent (25). During chlorination of natural waters HOBr is rapidly
formed due to oxidation of Br" by HOCI (26). In the present study, rapid depletion of the low
initia Br concentrations in Lake Drummond derived waters also may have contributed to the low
specific THM -Br formation rates observed at contact times greater than 1 d.

The preferentia segregation of Br” into certain DMM fractions may influence the observed
distribution of brominated DBPs. Based on the resin extraction steps of the DMM Fractionation
Protocol, Br” would be expected to be isolated in the HPI-A fraction eluted from Duolite A-7
anion exchangeresin. The HPI-A DMM fraction displayed measurable [Br’] and CHCI.Br
formation. Unexpectedly, the HPI-B and HPO-B DMM fractions had higher [Br] and similar
CHCI,Br formation compared with the HPI-B fraction. Association of Br™ ions with positively

charged basic DOM molecules may explain the presence of Br in the basic DMM fractions.



Christopher J. Tadanier Chapter 4 — DMM Reactivity Alteration 133

Distribution of Chlorine Demand Among DMM Components

The reactivity of Lake Drummond DOM, as evaluated by oxidation with agueous chlorine,
was markedly altered following extraction and chemical fractionation. Asillustrated in Figure 4.2
the specific chlorine demand of unfractionated Lake Drummond whole water was substantially
higher than that observed for the comparable mathematically reconstituted water. The 27 percent
decrease in specific chlorine demand exhibited by the reconstituted water after 7 d contact time
may have been due to increased reaction of chlorine with inorganic DMM constituents,
diminished production of either THM or non-THM disinfection by-product (DBP) species,
increased DOM molar concentration produced by fractionation (13), or a combination of these
factors.

Aqueous chlorine (as HOCI) may be consumed in oxidation-reduction reactions with
inorganic constituents in natural waters. The decrease in specific chlorine demand (mmol
DCl,/mmol DOM) observed for the reconstituted whole water may have been related to increased
reduction of chlorine by one or more of the reduced inorganic specieslisted in Table 4.2. The
total concentration of these reduced inorganic species present in unfractionated Lake Drummond
whole water was previously determined (HPIC and AES) to be 10.8 nM (13). When compared
to the applied chlorine dose of 840 mM HOCI (30 mg/L Cl,), reduced inorganic species could
account for only about 1 percent of total chlorine demand. Therefore, the substantial decreasein
specific chlorine demand attributable to chemical fractionation must be a DOM related
phenomenon.

The impact of DMM fractionation on DOM reactivity with aqueous chlorine is more
explicitly illustrated by consideration of the specific THM yield (mmol THM/mmol DCl,), or
fraction of chlorine demand which isincorporated in THM species. The specific THM yields of
CHCl3 and CHCI.Br in unfractionated and reconstituted Lake Drummond whole waters were
calculated by dividing the specific THM datain Figure 4.3 and Figure 4.4 by the specific chlorine
demand datain Figure 4.2, respectively. Specific THM vyield as a function of chlorination contact
timeis shown in Figure 4.8. Suprisingly, the specific THM yields of unfractionated and
reconstituted whole waters were relatively constant with contact time. Specific THM vyield
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Table 4.2: Possible oxidation-reduction couples of agueous chlorine with major inorganic
components in natural waters.

Reaction Type Reaction
Fe' 0 Fe* +e
Fe’" + 3H,0 U0 Fe(OH)sem + 3H + €
Mn** + 2H,0 U MnOgyg + 4H" + 2¢
Oxidation Mn* + 4H,0 U MnO, + 8H" + 5¢
NH, +2H,0 U NO, + 8H" + 6¢
NH," +3H,0 U NO; + 10H" + 8¢
NO; + H,OU NO; +2H" + 2¢
H,S+4H,0 U SO,” + 10H* + 8¢
Reduction HOCI + H" +2¢ U CI + H,0

data indicate that CHCI; formation accounted for between 1.5 and 2.5 percent of total chlorine
demand at 7 d contact time, whereas, CHCI,Br production contributed less than 0.1 percent of
total chlorine demand. The specific THM yields of reconstituted water were substantially lower
than those of comparable unfractionated whole water. The relatively minor contribution of
inorganic chlorine demand and low specific THM yields of unfractionated and mathematically
reconstituted L ake Drummond whole waters indicates that formation of non-THM organic DBPs
must have constituted the vast majority of total chlorine demand.

The 27 percent decrease in specific chlorine demand observed in this study may be related
to the 33 percent increase in molar DOM concentration produced by application of the DMM
Fractionation Protocol to Lake Drummond whole water (13). The non-specific chlorine demands
(mmol Cl,/L) of unfractionated and reconstituted whole waters were nearly equal for contact
times less than 7 d, as demonstrated in Figure 4.9. Also, the non-zero slope of whole water
chlorine demand curves at 7 d contact time shown in Figure 4.2 indicates that the ultimate specific
chlorine demand of Lake Drummond whole water was not realized in this study. These
observations support the notion that increased molar DOM concentration was largely responsible

for decreased specific chlorine demand.
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THM Formation
The formation of THM species in chlorinated Lake Drummond whole water was markedly

reduced following chemical fractionation. Both specific TTHM formation and specific TTHM
yield decreased as shown in Figure 4.5 and Figure 4.8. Possible explanations for the 43 percent
decrease in whole-water specific TTHM formation observed include increased inorganic chlorine
demand, increased molar DOM concentration, or decreased association of DOM with catalytically
active iron oxide surfaces. As previously noted, the maximum possible inorganic chlorine demand
was quite small and would not have substantially affected the availability of chlorine for organic
DBP formation. Nor does the 33 percent increase in DOM molar concentration produced by
fractionation fully explain the observed decrease in specific TTHM formation, as indicated by
comparison of Figure 4.5 and Figure 4.9. The influence of iron oxide surfaces on the decreasein
specific TTHM formation deserves further consideration, since the other explanations postul ated
here do not adequately account for the observed results.

Transition metal oxides of iron, manganese, and titanium are known to participate in a
variety of oxidation-reduction reactions in both natural and engineered systems due to their ability
to participate in charge transfer reactions with sorbed or surface complexed organic and inorganic
ligands (27). The tendency of transition metal oxides to participate in oxidation-reduction
reactions stems from their ability to readily donate or accept electrons from or to their low energy
valence shell 3d orbitals. Iron oxide surfaces are known to catalytically enhance the oxidation of a
variety of sorbed organic molecules which are common constituents of DOM (28). Examples of
environmentally relevant oxidation-reduction reactions involving iron oxide surfaces include
reductive dissolution of natural metal oxide and phyllosilicate minerals (29), photooxidation of
low molecular weight halogenated carboxylic acids (30), photochemical degradation of
biologically recalcitrant chelating agents such as EDTA (31), and the photochemical -oxidation of
natural DOM in surface waters (32,33). The cataytic activity of mineral oxide coated filter media
surfaces has been used during drinking water treatment for removal of nuisance metals by
precipitation (34).

The decrease in THM species formation observed in this study is consistent with the loss
of catayticaly active colloidal iron oxide surfaces produced by chemical fractionation of DOM.

In a previous study, application of the DMM Fractionation Protocol to a separate aliquot of the
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Lake Drummond whole water working solution used in this work resulted in a 54 percent lossin
iron, which was primarily associated with colloidal material (13). Reaction mechanisms leading to
CHCI; formation generally involve sequential chlorination of aromatic rings, followed by ring
opening and hydrolysis. The formation of CHClI; by this general scheme has been demonstrated in
several aromatic model compound chlorination studies (35-40) and model compound reaction
pathway intermediates have been identified in chlorinated natural waters (38,41). Itisaso well
known that the halogenation of aromatic compounds is catalyzed in the presence of iron at
ambient temperature and environmental pH (42,43).

Although no direct experimental evidence of enhanced halogenated DOM DBP formation
in the presence of colloidal transition metal oxide surfaces has been reported in the literature, due
to the known catalytic activity of these surfaces for other types of DOM oxidation processes it
seems reasonabl e to assign at |east some portion of the reactivity of agquatic DOM with chlorine to
their presence. Indirect support for the catalytic role of colloidal iron oxide surfacesin the
formation of THM species has been reported by the finding that addition of 10 mg/L of a
preformed colloidal hematite surface (a-Fe;Os) to Lake Drummond whole water increased
TTHM production by approximately 15 percent (44).
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Conclusions
The distribution of THM DBPs between brominated and non-brominated species formed
in chlorinated Lake Drummond derived waters was found to be primarily related to [Br].
Formation of brominated THMs (CHCI,Br) was linearly related to the initial Br/Cl, and Br/DOM
molar ratios, and relatively independent of DOM chemical character. Segregation of Br™ into
certain DOM chemical fractions occurs during application of the DMM Fractionation Protocol,
potentially altering the formation of brominated DBPs in chlorinated natural waters.

Alteration of DOM chemical reactivity with aqueous chlorine was observed in this study.
Specific chlorine demand and specific TTHM formation both decreased following application of
the DMM Fractionation Protocol to Lake Drummond whole water. The 27 percent decreasein 7
d specific chlorine demand was consistent with a 33 percent increase in molar DOM concentration
noted in a previous study of fractionation induced DMM physicochemical property ateration.
The 43 percent decrease in specific TTHM formation observed was not fully explained by
increased molar DOM concentration, or any potentia decrease in chlorine availability due to
competing inorganic reactions. Based on the substantial fractionation related loss of colloidal iron
oxides previously reported and known catalytic activity of iron oxide surfaces in halogenation of
aromatic organic compounds, the decreased specific THM formation observed in this work may
be related to decreased association of DOM with iron oxide surfaces.

The findings of this study have implications for the use of chlorination as an oxidation or
disinfection process in drinking water and wastewater treatment. The formation of halogenated
organic DBPs was shifted toward non-THM (non-regulated) species following chemical
fractionation of aguatic DOM, ostensibly due to the loss of catalytically active colloidal iron
oxide surfaces. A similar changein iron speciation is produced by coagulation, which effectively
removes colloidal material during conventional drinking water treatment and in some chemical
wastewater treatment systems. Further work is needed to elucidate the role of iron in organic
DBP formation in chlorinated waters and to assess the impact drinking water and wastewater
treatment practices may have on interactions between iron speciation and subsequent DBP

formation potential.
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