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Abstract

Organic matter was extracted from a moderately colored, eutrophic surface water and fractionated into eight compound classes based on relative hydrophobicity and acidity.  Each of these fractions was characterized with respect to molecular size distribution, organic charge, and specific UV absorbance (SUVA).  The results showed that humic acids had a large high molecular weight (>500 AMU) component.  Fulvic acid had a large low molecular weight (<500 AMU) component.  Among other fractions, hydrophilic acids and bases were low in molecular weight.  The median molecular weight for the hydrophilic neutral fraction was just below 1000 AMU.  All the acidic fractions had a net negative charge.  The hydrophilic acid fraction had the largest negative charge (-45 mEq/g carbon at pH 7).  Fulvic and humic acid had lesser negative charges (-12 and -8 mEq/g carbon at pH 7).  The basic and neutral fractions had little or no charge.  Determination of SUVA showed that fulvic and humic acids had the highest absorbance (4-5 L/m-mg carbon).  The hydrophilic neutrals and bases, and weak hydrophobic acids had SUVA values in the ranges of 3-4 L/m-mg carbon.  The other fractions had low SUVA values (1-2 L/m-mg carbon).  Based on these results, the potential for removal of these fractions during alum coagulation was discussed.  Among the isolated fractions, the acidic ones have negative charge and hence should interact well with the positively-charged aluminum hydroxide surface.  They should be well removed during coagulation.  The basic and neutral fractions have little or no charge and hence will not interact as strongly with the aluminum hydroxide surface.  Among fractions with similar charge, those with higher molecular weights are expected to be better removed (i.e., humic acids > fulvic acids).  Those with the highest charge (hydrophilic acids) may be too highly solvated to be well removed.
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INTRODUCTION

Reckhow:

The new disinfectants/disinfection byproduct rule is forcing utilites to re-examine their entire systems, from watershed to water source to treatment plant to transmission to distribution system.  The aim is to minimize disinfection byproduct formation while maintaining adequate disinfection.  Frequently this leads to attempts at: (1) minimizing precursors in the raw water, (2) maximizing precursor removal in the plant, (3) optimizating disinfection (i.e., type of disinfectant, dose, pH, points of addition), and (4) eliminating long-residence-time “dead ends” in the distribution system.  All of these actions involve a complex interplay of actions and outcomes.

Mathematical models have been developed for predicting the effect of process and water quality changes on overall treatment performnace

Bose:

It is well known that natural organic matter (NOM) present in drinking water supplies reacts with chlorine to form disinfection by products (DBPs).  New regulations which will seriously restrict the allowable concentrations of these DBPs in potable water will soon be promulgated1.  Thus, there is an urgent need for research into methods for reducing the concentrations of DBPs in water supplies.  One way of controlling DBPs is through removal of precursor compounds (i.e., the dissolved NOM) by coagulation2.  The movement towards enhanced coagulation practices in the United States comes from the recognition that coagulation can be a very effective strategy.

Several mechanisms have been proposed for the removal of NOM during coagulation in water treatment.  The two mechanisms most often mentioned by researchers are charge neutralization/precipitation and adsorption of NOM on aluminum hydroxide flocs3.  Unfortunately optimal removal of NOM during coagulation is a victim of competing treatment objectives.  Conventional water treatment is geared towards efficient removal of turbidity, not necessarily NOM.  Also, current knowledge of these mechanisms is incomplete.  A more fundamental description of the interaction of organic matter with coagulants is required to fully understand their removal processes and devise an optimal removal strategy.

Aquatic NOM is a conglomeration of a large number of vastly different compounds having very different chemical properties.  One way to understand the interaction with coagulants of such a complex entity is to isolate the NOM into more homogeneous compound classes and examine the properties of these fractions that are relevant to their interaction with coagulants.  It is hoped that with this information one can predict the potential for removal of the different fractions during coagulation, explain prior empirical observations, and propose improved schemes for organics removal.

Hesse:

Coagulation with aluminum or iron salts is widely used to remove organic matter and turbidity from public water supplies.  Concerns over the formation of disinfection byproducts has forced engineers to re-optimized their coagulation processes with special emphasis on total organic carbon (TOC) removal.  This effort has also been stimulated by pending regulations calling for enhanced coagulation (
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{Pontius 1993 #300}
).

The determination of optimal coagulation conditions, and the assessment of coagulation performance has always been a largely empirical exercise.  Water samples are treated at bench-scale using standardized "jar-test" procedures, and optimal dose, optimal pH and overall process performance are determined experimentally.  While we have acquired some general knowledge about stoichiometry of coagulant doses and optimal pHs for an average water, very little is know about the specific impacts of raw water quality on these literature values.  Furthermore, we know very little about how changes in water quality through institution of watershed management practices, water pretreatment (e.g, preoxidation), blending of waters from different souces, seasonal variations, etc., would impact coagulation processes.

The purpose of this research was to determine coagulation behavior for a diverse group of waters, and interpret this behavior based on known characteristics of the waters.  Waters prepared from natural organic matter (NOM) extracts were chosen for this work because they 

represent a range of NOM molecule types that could be encountered in raw waters

are natural organics all

represent the extremes 

all waters are composed of these groups,

all waters may be simulated as some combination of these groups

Bose purpose:

The objectives of this research were to fractionate a sample of aquatic NOM in a meaningful fashion, and to describe the organic charge, molecular size and specific UV absorbance (SUVA) characteristics of the fractions.  The method described by Leenheer and Noyes4 was used for primary NOM fractionation.  A secondary fractionation using ultrafiltration was chosen for further analysis of the most abundant primary fractions.  Forge Pond in Granby, MA was chosen as the water source.  Eight primary fractions were isolated; Fulvic acid (FA), Humic acid (HA), Weak Hydrophobic acids (WHYA), Hydrophilic acids (HAA), Hydrophobic neutrals (HYN), Hydrophilic neutrals (HN), Hydrophobic bases (HYB), and Hydrophilic bases (HB).  A complete description of the extraction procedure can be found elsewhere5.  The relative abundance of these fractions is shown in Figure 1.

Background

Several mechanisms have been proposed for the removal of NOM during coagulation in water treatment.  The two mechanisms most often mentioned by researchers are charge neutralization/precipitation and adsorption of NOM on aluminum hydroxide flocs3.  Unfortunately optimal removal of NOM during coagulation is a victim of competing treatment objectives.  Conventional water treatment is geared towards efficient removal of turbidity, not necessarily NOM.  Also, current knowledge of these mechanisms is incomplete.  A more fundamental description of the interaction of organic matter with coagulants is required to fully understand their removal processes and devise an optimal removal strategy.
Aquatic NOM is a conglomeration of a large number of vastly different compounds having very different chemical properties.  One way to understand the interaction with coagulants of such a complex entity is to isolate the NOM into more homogeneous compound classes and examine the properties of these fractions that are relevant to their interaction with coagulants.  It is hoped that with this information one can predict the potential for removal of the different fractions during coagulation, explain prior empirical observations, and propose improved schemes for organics removal.
Bose:


Two important mechanisms of NOM removal during coagulation often cited by researchers are charge neutralization/precipitation and adsorption of NOM on aluminum hydroxide flocs3.  The first mechanism involves the neutralization of charge on organic matter by changes in pH or metal complexation.  This may lead to the formation of neutral compounds, which if present in excess of their solubilities will precipitate and be removed.  The second mechanism involves the adsorption of NOM on aluminum hydroxide flocs by surface complexation or partitioning due to hydrophobic interactions, and the subsequent removal of these flocs.  There is general agreement among researchers that NOM has the potential to be removed by both of these mechanisms21,22, however there is considerable controversy regarding the relative importance of these mechanisms on the removal process.  It should also be recognized that these two mechanisms represent limiting cases, whereby there is a spectrum of intermediate pathways that can come into play (e.g., adsorption of complexed organics, co-precipitation).

The physical and chemical nature of NOM determines whether it will be removed from solution during coagulation, and if so by what mechanism.  Solution characteristics such as pH, ionic strength and temperature, and other factors including the presence of complexing metal ions, alum dose and operating characteristics of the coagulation process are also important. The interaction between NOM molecules and alum occurs mainly through binding sites on NOM molecules and complexing groups produced from the alum (both in dissolved phase, and on the aluminum hydroxide surface).  Due to the hydrophilic nature of most NOM molecules, adsorption to aluminum hydroxide flocs solely due to hydrophobic forces is not considered to be important.  Specifically, the following properties of NOM molecules determine their interaction with coagulants, and removal by either precipitation or adsorption; (1), the concentration of binding sites on organic molecules, (2) the net charge, (3) the strength of Lewis bases on the NOM, (4) the concentration of H-bonding groups, (5)the extent of solvation, and (6) the molecular weights.

MATERIALS AND METHODS

Source and Isoloation of NOM

General Characterization

Molecular Size Distribution and Fractionation.


Ultrafiltration was used to determine the molecular weight distribution of all organic fractions and to further sub-divide the two most abundant primary fractions, Fulvic acid (FA) and Hydrophilic neutrals (HN). The hydrophilic YM* series of ultrafiltration membranes were used (YM5, YM2  and YCO5) with 250 mL stirred cells** .  Molecular size fractionation of fulvic acid and hydrophilic neutrals was conducted so that the various size classes of these two fractions would be physically separated from each other.  This was necessary to ensure adequate precision in the chemical characterization of these secondary size fractions.  Use of the more common, parallel ultrafiltration, would have introduced too much error, because the properties of the various permeates would have had to have been numerically subtracted from each other to get the properties of the individual size fractions.  Instead, ultrafiltration was performed in series mode for these two fractions, such that the organic matter retained by a given ultrafilter was of a size that was between the rating of that membrane and the next larger one.  The first sample to be processed by this method was fulvic acid (FA).  Nine liters of a 5 mg/l TOC solution was passed through membranes rated at 30,000, 10,000, 5000, 1000 and 500 AMU, one membrane at a time.  The stirred ultrafiltration cell was connected to a 5-liter fiberglass reservoir+ for long-term operation.  After each 10-liter volume was processed, the system was rinsed with 2 liters of high purity water (super-Q$).  The rinse water was recycled so as not to lose any of the TOC.  In addition, the rinses were collected in incremental volumes and reapplied in the same order in the next stage of filtration.  This approximated plug flow regime for series processing.  Figure 2 shows the UV absorbance of the filtrate at each step of the process.  It was noted that very little TOC or UV absorbing material was removed by the 30,000 and 10,000 AMU filters.  Because of this low yield in the 10,000 + AMU size range, all fractions greater than 5000 AMU were combined and concentrated to a volume of 250 mL.  Thus, four size fractions (>5000, 1000 - 5000, 500-1000, <500) were isolated.  These were then rotary evaporated++ to a volume of 100 mL each, and stored for later use.  The hydrophilic neutral fraction was processed in a similar way, though an initial volume of 7 liters was used.  Since the sole purpose of performing ultrafiltration on all other primary fractions was to obtain TOC versus molecular size data, parallel ultrafiltration was used for these fractions as per Amy et al.6.
TOC Measurement.


TOC measurements were made by the persulfate-ultraviolet oxidation method in accordance with accepted procedures (APHA et al.7).  The TOC analyzer% was calibrated with a 10 mg/l (as carbon) potassium hydrogen phthalate (KHP) standard before each run.  Measurements were made in triplicate in all cases unless stated otherwise.

Organic Charge Measurement.

Already Presented in Water Research paper still under review (Bose 2)


Base titrations were performed on all NOM fractions.  The data was used to determine organic charge of the NOM fractions at various pHs.  Organic charge was determined by performing a simple charge balance, as described below.

The primary standard for acid/base titrations was 0.01 M potassium hydrogen phthalate (KHP).  This was prepared by dissolving 2.0423 g in 1000 mL of super-Q water.  A  base titrant (0.1 N NaOH), was prepared by dissolving 4 g of dry NaOH pellets in 1000 mL of super-Q water.  This was stored in an air tight environment to prevent the adsorption of dissolved carbon dioxide.  The base titrant was standardized by titrating it against 0.001 M KHP. Such titrations were done in triplicate and the end point of the titration (and hence the actual strength of the standard) was determined by Gran analysis.  The acid titrant was prepared by diluting 8.3 mL of concentrated HCl in 1000 mL of super-Q water for a final strength of 0.1 N.  This was standardized by titrating against the previously standardized NaOH titrant.  All titrations were performed under nitrogen to prevent interference from atmospheric carbon dioxide.

Charge densities of organic matter were calculated from the concentrations of major inorganic cations and anions in the sample.  The calculations are based on simple principles of electroneutrality :
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To find the charge at various pHs, proton titrations were performed.  The pH-dependent charge was then calculated from the titration data using the above equation.  For most NOM samples only sodium, sulfate, nitrate and chloride, in addition to hydrogen and hydroxyl ions, needed to be considered.  Most of these inorganic ions were derived from acids and bases added during the extraction and fractionation processes which were incompletely removed during subsequent desalting of the fractions.  The concentration of each ion was very carefully determined in each sample by atomic absorption spectroscopy%%, and ion chromatography#.  In one case (for hydrophilic bases) ammonia## had to be measured and in another (hydrophilic acids) chlorate was significant. These were evidently present in raw pond water and were isolated along with the organic matter.  All primary fractions had silicon in various quantities, probably as a part of their ash content.  The significance of its presence will be discussed later.

Proton titrations were performed in duplicate on 25-mL aliquots of the primary and secondary organic fractions.  The sample TOCs were 20-150 mg/L depending on the amount of organic matter available.  Samples with low salt content were adjusted to an ionic strength of  approximately 0.15 with potassium chloride.  The experimental conditions used here represent a compromise between a desire to use realistic conditions (i.e., low TOC, low ionic strength) and a need for high concentrations for obtaining highest accuracy in the proton titrations.

Samples were initially acidified to pH 3, allowed to equilibrate under pH-stat conditions for 10 minutes, then brought slowly up to pH 8.0.  The volume of base added was recorded at each step, and the pH and base addition data were directly written to a computer file.  The titrations were concluded by rapid addition of base to pH 10.  This quick addition of base to pH 10 is thought to minimize the effects of ester hydrolysis8.  All titrations were conducted under nitrogen to avoid catalytic oxidation.  These titrations were performed using a dual-channel automatic titrating system@ .  This system continuously adjusts the incremental titrant addition to the instantaneous buffering capacity of the solution being titrated, thereby optimizing the positioning of data along the titration curve.

Titration data often show considerable error at extreme pH values due primarily to non-linear pH electrode response.  To determine the extent of this type of error, blank titrations of high purity water were performed in the same way as the experimental titrations with NOM.  The results of these blank titrations were represented along with their companion NOM titration.  The systematic error in electrode response shows up as a non-zero net organic charge for the ‘ghost’ organic matter in the blank.  The same TOC value is used for the calculations of the real NOM in the experimental and the ‘ghost’ NOM in the accompanying blank.  Non-linear electrode response was then compensated for by subtracting the interpolated blank charge from the experimental charge.  Figure 3 shows a typical uncorrected titration curve, the corresponding blank titration and the resulting corrected titration curve.

Aluminum Complexation

Present a little and cite Bose 5??

Specific UV Absorbance determination.


The specific UV absorbance (SUVA) was determined by measuring the UV absorbance of NOM fractions at 254 nm using 1 cm path length quartz cells and a double beam spectrophotometer@@ and dividing it by the measured TOC.  The measurements were done in triplicate, and the average values of these measurements are reported in this paper.  In addition the numbers are all multiplied by 100 to convert from units of L/cm/mg-carbon to  L/m/mg-carbon.

Process Testing with NOM

Preparation of Aquatic Organic Matter Solutions for Study


Nearly all AOM solutions were prepared at the same dissolved organic carbon (DOC) concentration using the same procedures.  Only the waters used for jar testing differed.  The procedures used for all but the jar tests were as follows:

1. Concentrated AOM stock solutions were removed from refrigeration and allowed to reach room temperature.  Sufficient volume of AOM stock was added to organi-pure water to obtain a final DOC concentration of 10 mg/L.

2. Reagent-grade sodium bicarbonate was added to produce either a 2 mM or a 10 mM concentration in this salt.

3. The pH was adjusted to either 7.0 or 8.5 with reagent-grade HCl or NaOH.

4. The solution was mixed slowly for 2 hours.

5. The pH was again measured, and re-adjusted if necessary.

Ozonation


Ozone reactions were conducted in batch systems.  A batch system has the advantage of being more easily monitored and controlled with respect to ozone dose and ozone consumption.  Ozone was produced from USP-grade oxygen using a Wellsbach laboratory ozonator.  Consumption of ozone in solutions containing organic matter was monitored using the indigo method (Bader & Hoigne, 1981).  Concentrations of ozone in organic-free stock solutions were determined by direct UV absorbance (assuming an absorptivity at 260 nm of 3000 M-1cm-1.


The procedure used in treating all solutions in this work is as follows:


1. Prepare a large volume of acidified organi-pure water.

a. Prepare the requisite volume of organi-pure water (500 mL - 4.5 L) and store it momentarily in a single large borosilicate glass vessel.

b. Add sufficient volume of concentrated reagent-grade HCl to bring the pH to 4.5.  Record this volume.


2. Prepare an ozone stock solution:

a. Turn on ozone generator and feed gas.  Equilibrate system at high voltage setting (90 VAC) and low flow rate (1 liter/min).

b. Fill a gas washing bottle or other suitable vessel made of borosilicate glass with a sufficient volume of acidified organi-pure water (500 mL to 4 L).

c. Place the vessel in-line so that it receives product gas from the generator.  Allow the ozone to bubble through the pH 4.5 water for 30 min.

d. Take the contacting vessel off-line and quickly measure the concentration (CO3) of ozone stock solution using direct absorbance at 260 nm.  Use a sample of un-ozonated, acidified organi-pure water as a blank.

3. Calculate the required amount of ozone stock solution (VO3) and acidified organi-pure dilution water (VDil) needed.  These volumes may be determined from the following equations:

                           VAOM = VT(0.5)
(1)

                          VO3 = VT*(dose)/CO3
(2)

                       VDil = VT[(0.5-(dose)/CO3)] (3)

                      VT  =  VAOM + VO3 + VDil
(4)

     where: VT is the desired final total volume, VAOM is the volume of the 2x AOM concentrate needed, and "dose" is the desired ozone dose in mg/L.  Note that if the intended ozone dose is zero, then VO3=0, and VAOM= VDil= 0.5*VT.

4. Quickly add the dilution water to the AOM concentrate and measure the pH.  If it has drifted substantially, re-adjust to the desired value.

5.  Re-check the ozone stock concentration, and add the requisite volume to the partially diluted AOM concentrate.  This should bring the total volume up to the desired level (VT).

Coagulation Studies

Preparation of Clay


A research-grade montmorillonite clay (American Petroleum Institute Reference Clay #26, Smectite clay from Clay Spur, WY) was used.  It was prepared by placing the clay in the sodium cation exchange form and sizing by centrifugation to yield a stable suspension of particles with a size less than 1 micron.

Preparation of Waters for Jar Testing


Solutions containing AOM fractions and turbidity were prepared as follows:



1. Measure out about 1,200 mL of fresh Super-Q water.



2. To this add the following and mix well:



     a. NaHCO3  (10-3 M)



     b. CaCl2   (10-3 M)

3. Add the requisite amount of AOM stock solution to yield a final DOC of about 10 mg/L and mix (dilution during batch ozonation drops this DOC to 5 mg/L).

4. Add sufficient clay suspension to give a final concentration of 20 mg/L and shake slowly for 12 hours (again, this value drops to 10 mg/L after ozonation).

5. Adjust to pH 5.5 with HCl or NaOH and add Super-Q water to reach a final volume of 1.35 L.

Jar Testing Procedures


Jar testing was conducted at pH 5.5 using alum as a sole coagulant.  In order to conserve AOM, volumes of 150 mL in 250 mL beakers were used.  This was the minimum volume that could be used with the narrow Phipps & Bird paddles while still maintaining complete submergence of the paddles.  The jar tests were conducted as follows:

1. A 900 mL sample of the test water (either ozonated or un-ozonated) is brought to 20`C and pH 5.5. The following initial measurements are made: pH, turbidity, soluble UV (254 nm) absorbance (Whatman glass fiber filter, GF/C, effective pore size 1.2 mm), and DOC

2. Six 150-mL aliquots are transferred to 250-mL beakers. The coagulant (alum) is added.  NaOH or HCl is added concurrently, to maintain a pH of about 5.5.  This is carried out under intense mixing using a magnetic stirrer.

3. The 6 beakers are then transferred to a 6-place jar test apparatus (Phipps and Bird).  An additional 2-minute rapid mix period (100 rpm; G of 70 to 75 sec-1) is followed by a slow mix period of 30 minutes (25 rpm; G of 10 sec-1).

4. At the end of a 1-hr settling period the following measurements are made: pH, turbidity, soluble UV and DOC.

Table 2. Characteristics of Organic Fractions from Forge Pond.

Fraction
Percent of Total Carbon#
Organic Charge at pH 7@ (meq/g-C)
ST (meq/g-C)

(Al Complexing Sites)$ 
ST/Organic Charge$ 

Raw Water
100




Hydrophobic Fractions 





      Acids





          Weak
3.7
-4.3
ND*


           Fulvic Acid
37.6
-12.5
0.8
6%

           Humic Acid
7.1
-8.2
1.0
12%

      Bases
1.6
+1.8
ND


      Neutrals
7.9
-1.8
ND


Hydrophilic Fractions





      Acids
8.1
-45
0.3
1%

      Bases
2.8
+3.8
ND


      Neutrals
22.2
-1.9
0.5
26%

Lost Acids+
8.3




Total (accounted for)
99.6




+  Carbon lost during processing the acidic fractions.

* Not Determined

# from 
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@ from 
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$ from 
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TABLE 3

Proposed Assignments for Organic Fractions+
Fraction


Hydrophobic Fractions 


      Acids


          Weak
tannins; phenols; intermediate MW alkyl monocarboxylic acids (C5-C8), dicarboxylic acids (C8-C11)

          Strong*
fulvic acids; humic acids; high MW alkyl monocarboxylic acids ((C9), and dicarboxylic acids ((C12); aromatic acids

      Bases
amphoteric proteinaceous materials; high MW ((C12) alkyl amines; alkyl pyridines; aromatic amines

      Neutrals
hydrocarbons; high MW ((C6) methyl ketones; furans; most ethers; high MW ((C5) alkyl alcohols, and aldehydes; lactones; pyrrole

Hydrophilic Fractions


      Acids
hydroxy acids; sugar acids; sulfonic acids; low MW alkyl monocarboxylic acids (C1-C4), and dicarboxylic acids (C2-C7)

      Bases
low MW (C1-C11) alkyl amines; amino acids; purines; pyrimidines; pyridine; hydroxy pyridines  

      Neutrals
polysaccharides; Low MW (C1-C4) alkyl alcohols,                            aldehydes, and ketones; poly-ketones; amides 

+Based on: Leenheer and Noyes, 1984; Leenheer et al., 1982; and correlations between capacity factors and octanol: water coefficients (Figure 2).

*Includes Fulvic Acid and Humic Acid fractions


Thurman and co-workers (Thurman et al. 1978) have determined that common usage of XAD-8 resin for extraction of NOM does not lead to saturation of the resin.  Also, liquid-solid phase partitioning is not is not limited by mass transfer (i.e., there is equilibrium partitioning) as long as hydraulic loading rates are at 20 bed volumes per hour or less.  Consequently, solute retention is determined by hydraulic throughput and affinity of the organic matter for the resin, whereas organic loading or hydraulic loading rate are of lesser importance.


Hydraulic throughput is quantified by means of the k'cutoff parameter which depends on the void volume of the XAD-8 column (Vo) and the total volume of water applied (Ve) once the end of the adsorption cycle is reached (equation 1)  Organic resin affinity is characterized by the specific compound capacity factors (k') which are a form of resin:water partition coefficient.  Compounds with a k' equal to the k'cutoff are at 50% breakthrough just as the adsorption cycle ends (Aiken, 1987).  A small number of k' values have been determined experimentally assuming linear partitioning (Thurman et al., 1978).  Comparison of these data show that they correlate well with published octanol-water partition coefficients (from Sangster, 1989; see Figure 1).


 k'cutoff = (Ve/Vo)-1
(1)


Log(k') = 1.08 + 0.76*log(kOW)

This correlation allows the use of octanol-water partition coefficients for assessing retention on XAD-8.  For example, in this study, the first stage XAD-8 adsorption ended with a k'cutoff of 375 and a second stage value of 17.5.  These correspond to kOW values of about 90 and 1.6, respectively.  Based on these correlations, one can discriminate which compounds should be completely retained (i.e., the hyrophobics), and which should only be largely unretained (i.e., the hydrophilics).  These are shown graphically in Figure 2.  Two lines must be used to represent the acidic compounds, because they are applied to the resin at two different pHs. 


Table 2 presents a summary of some simple organic compounds and how they would be separated using the fractionation scheme used in this research.  This table was compiled from actual determinations of specific compounds following extraction (Leenheer et al., 1982) as well as logical deduction based on resin properties and principles of ion exchange (Leenheer and Noyes, 1984; this discussion).  It should be noted that loss of the more volatile components of the hydrophilic neutrals (.e.g, low MW alcohols, aldehydes and ketones) is likely during final volume reduction by vacuum rotary evaporation.

Results

General NOM Characterizations

Molecular Size Distribution and Fractionation.


Figure 4 shows the apparent molecular weight distribution for the two major fractions, fulvic acid and hydrophilic neutrals.  These were processed in series mode with substantial sample concentration in the retentate.  The median size was about 500 AMW for fulvic acid and just below 1000 AMW for hydrophilic neutrals.  These data compare well with other data on aquatic fulvic acid.  For example, Malcolm9 reported that the molecular weight of Ogeechee river fulvic acid was in the range of 650 - 950 as determined by small angle X-ray scattering.  Amy et al.6 used parallel ultrafiltration to study five natural waters.  They found 12 - 45 % of the TOC to be in the  < 500 AMU size fraction, 30 - 70 % below 1000 AMU and 5 - 65 % of the TOC above 5000 AMU.  Essentially all (95 - 100%) of the TOC was less than 10000 AMU.  


Figure 5 shows analogous size data for five of the remaining six fractions.  These data were collected using parallel ultrafiltration.  A 3000 AMW cut-off filter had to be substituted for the 5000 AMW filter, because the manufacturer discontinued the sale of the latter mid way through this research.  Hydrophobic bases were not examined, because so little of this material was isolated.  As expected, the humic acid showed the highest average molecular size.  Hydrophobic neutrals and hydrophilic acids were dominated by small molecules.  


Caution must be exercised in the interpretation of ultrafiltration data for size analysis.  The molecular weights are at best, approximate because ultrafiltration can only separate based on molecular size.  This size must then be transformed into an effective or "apparent" molecular weight (AMW).  The compounds used by the manufacturer for membrane calibration may behave very differently from natural organic matter.  Also factors other than molecular size (e.g. charge) can affect separation by ultrafiltration.  For example, accompanying tests in our laboratory showed that oxalic acid (MW 88) is significantly retained by the 500 AMW filter at neutral pH.  It is likely that charge repulsion is responsible for the low flux of this compound.

Organic Charge Determination.


Net organic charge was determined by means of a charge balance at each step of the proton titration.  Figure 6 shows such charge curves for the eight fractions.  The charge at pH 8 is of special significance because this value is often adopted as a measure of the total carboxylic acid content (Bowles et al.8).  The discussion that follows is based on the charge at pH 8 unless otherwise indicated.


The fulvic acid fraction showed a charge of -13 mEq/g-carbon.  This is in good agreement with other studies of extracted aquatic fulvic acids.  Reckhow et al.10 found an average of -10.5 mEq/g-carbon charge from titration of five aquatic fulvic acids.  Oliver and Thurman11 found an average of -10.2 mEq/mg-carbon from titrating eleven aquatic fulvic acids.  Others have reported aquatic fulvic acid acidities in the range of 9-13 mEq/g-carbon12,13,14,15.  The negative charge (or carboxyl content) determined for the Forge Pond fulvic acid is on the high end of the range reported in these studies possibly due to the low capacity factor used in this work during the separation of the fulvic acid from the hydrophilic acids.  This would tend to cause retention of the more hydrophilic and highly-charged material in the fulvic fraction.


The humic acid fraction showed about -8.5 mEq/g-carbon charge.  Reckhow et al.10 found an average of -7.5 mEq/g-carbon charge from the titration of five aquatic humic acids.  Oliver and Thurman11 calculated an average charge of -8.4 mEq/g-carbon from titration of two aquatic humic acids.  The weak hydrophobic acid fraction had less charge, about -5.5 mEq/g-carbon.  This would be expected based on the neutral extraction procedure used to obtain these compounds.  The hydrophilic acid fraction was very highly charged, having about 45 mEq/g-carbon of negative charge.  This corresponds to 1 carboxylic group for every two carbon atoms.  This value is probably somewhat higher than the actual carboxylic content.  The hydrophilic acids proved to be slowly oxidized in the UV - Persulfate based TOC analyzer.  This produced ‘time-out errors’, which resulted in some negative bias in the estimated TOC values and a corresponding positive bias in the specific charge.  Regardless of the actual TOC it is clear that this fraction has a much higher charge density than other fractions.  Other studies have shown that aquatic organic fractions having charges in excess of 30 mEq/g-carbon can be readily isolated (e.g., Collins et al.16).  A less selective extraction process (i.e., one employing a higher capacity factor) would undoubtedly have produced a hydrophilic acid fraction with a lower charge, yet greater abundance (such as reported by McKnight et al.13).  As expected, the basic fractions (hydrophilic and hydrophobic bases) showed a modest positive charge at pH 8.  The hydrophilic base fraction had excessive amounts of inorganic ions and hence the calculation of organic charge is probably less accurate.  Both neutral fractions showed small negative charges at pH 8.  The hydrophilic neutrals were nearly uncharged around pH 5, which is close to the pH of the mobile phase during resin separation of the strong acids and hydrophilic neutrals.  The position and slope of the titration curve generally agrees with Cheshire's17 description of the average soil carbohydrate (i.e., 7 neutral, 2 acidic, and 2 basic sugars).


Figure 7 shows charge as a function of effective size for the fulvic acid and hydrophilic neutral fractions.  As expected, the hydrophilic neutral size fractions are all relatively uncharged.  Furthermore, all of the four size fractions attained a net zero charge in the pH range 4-5 (data not shown).  Fulvic acid size fractions show an inverse relationship between effective size and charge.  In particular, the highest size fraction (>5000 AMU) exhibits a very high charge.  This may be in part due to the underestimation of this fraction's TOC.  Like the hydrophilic acids this material was slowly oxidized by the UV - Persulfate method.


All fractions contained measurable amounts of silicon.  The hydrophilic neutrals had the largest amount, 59 mEq/g C.  Some of this was in the form of silicic acid, which would partially neutralize the base titrant at pHs greater than 8.5.  This would introduce errors to the hydrophilic neutral charge titration at higher pH values.  Silicon concentrations in all other fractions were 1-3 orders of magnitude below this value.  The hydrophilic base fraction had a substantial amount of dissolved ammonia.  This will also consume base at higher pH values during titration.  For this reason the titration curves of these two fractions are shown to pH 9 only.

To further aid in the presentation of results, organic charge was apportioned into two components, the strong and the weak acidity.  The overall organic charge at pH 8 for each fraction is shown in Figure 8a.  For the acidic fractions this charge can be considered to be a measure of total carboxylic acidity.  For the basic and neutral fractions it is merely the difference between the carboxylic acidity and the concentration of protonated basic groups.  The organic charge at pH 4 (Figure 8b) is a measure of strong carboxylic acidity for the acidic fractions.  In fractions with a substantial amount of basic functional groups (e.g., amines), the strong acidity defined as above may be negative.  The difference between the charge at pH 8 and pH 4 (Figure 8c) is considered to be a measure of the weak carboxylic acidity for acidic fractions.  These kinds of designations are important in describing the reactions and partitioning behavior of NOM.  For example, weak acid groups will only be partially protonated in most natural waters.  These groups will also be the most likely to form hydrogen bonds with other dissolved species or with metal oxide surfaces.  Note that among the acidic fractions, the humic acids have the highest concentration of weak acidity, followed by the fulvic acids, the weak hydrophobic acids and the hydrophilic acids.

Specific UV Absorbance.


UV absorbance was measured on all organic fractions.  Results for the eight primary fractions are shown in Figure 9.  The values are presented as specific UV absorbance (L/m/mg-C), obtained by normalizing the UV absorbance to 1 mg/L TOC.  UV absorbance was measured at 254 nm, a wavelength commonly used for characterizing natural waters and NOM.


The humic acid fraction had the highest specific absorbance at 6.3 L/m/mg-C.  This compares well with the average value of 5.8 L/m/mg-C (range 4.9-7.4) reported by Reckhow et al.10.  The fulvic acid had the second highest SUVA, 4.4 L/m/mg-C.  This also compares well with the average value of 3.6 L/m/mg-C (range 2.9-4.3) reported by Reckhow et al.10.  As expected, the hydrophilic acids absorbed the least of the four acid fractions.  These compounds are expected to be composed primarily of low MW oxo-acids with little aromatic content.  The hydrophobic base and neutral fractions showed a very low SUVA.  Surprisingly, the hydrophilic base and neutral fractions both had high (3-4) specific absorbances.  Based on the results presented in Figure 9, it may be concluded that the acidic fractions of NOM (specifically, Fulvic and humic acids) are responsible for a large fraction of the UV absorbance of NOM.  These fractions together make up 45 percent of the TOC of Forge Pond water, and account for 64 percent of the UV absorbance.


Specific absorbances for the size fractionated samples are shown in Figure 10.  Higher MW fulvic acid fractions tend to have higher specific absorbances.  Positive correlations have previously been observed with aquatic NOM when comparing molecular size to SUVA (e.g., Amy et al.6, Gilbert18, Collins et al16.) or to color (Oliver and Thurman11).  This has been attributed to the greater degree of aromatic content of the larger molecules.  This pattern is, however, not observed for the hydrophilic neutrals.  Studies of soil-derived NOM have often shown an inverse relationship between absorbance and size (Butler and Ladd19, Swift et al.20).  Terrestrial NOM is thought to contain higher concentrations of carbohydrates than aquatic samples.

Jar Tests With Organic Fractions


Jar tests were conducted on solutions of all eight AOM fractions.  The solutions were prepared so that the DOC was in the range of 3-5 mg/L.  They were buffered with 1 mM bicarbonate at pH 5.5, and clay turbidity was added to each.  One set of solutions was tested without prior ozone treatment and a duplicate set with a dose of 1 mg O3/mg-C.  The fulvic and humic acid solutions were also treated at a dose of 0.3 mg-O3/mg-C.  An unozonated control not containing organic matter was also run.  Turbidity, dissolved organic carbon and UV absorbance were measured on the settled waters.


Figures 106 - 113 show raw data for all of the jar test experiments.  The humic acid solution exhibited elevated turbidities until good settling floc was formed, beyond which excellent removal was observed (Figure 106).  DOC and UV absorbance data reflect the destabilization of the organic fraction, which approaches completion near the dose for formation of a settleable floc.  This organic fraction also shows a very clear deterioration in removal of turbidity and DOC following ozonation.  For example, a 20 mg/L alum dose applied to the unozonated sample resulted in excellent removal of DOC, UV absorbance and turbidity, and higher doses offered little improvement.  However, ozonation caused a deterioration at this alum dose with respect to all 3 water quality parameters measured.


Some of the other fractions show elements of the behavior described for humic acid.  For example, both ozone doses resulted in a small, but consistent deterioration in DOC removal in the fulvic acid solutions (Figure 107).  Although turbidity removal may have been improved for the fulvic acid waters by pretreatment with intermediate ozone doses, the higher dose failed to show an improvement.  The hydrophilic acids also showed modest deterioration in DOC removal following ozonation (Figure 111).  Most of the remaining fractions showed little net effect of pre-ozonation at 1 mg-O3/mg-C (data not shown).


Figure 115 summarizes DOC removals for all unozonated fractions.  These data have been normalized to the starting DOC concentration so that all eight data sets may be more directly compared.  First, it should be noted that a very wide range exists in the susceptibility of these fractions to removal during alum coagulation.  At a moderate alum dose (e.g., ~12 mg/mg-C) a removal of 80% was observed for the humic acid; 65% for the fulvic acid; 35-45% for the hydrophilic acids, hydrophilic neutrals, and weak hydrophobic acids; 25-35% for the bases; and only about 10% for the hydrophobic neutrals.  This illustrates the hydrophilic nature of aluminum hydroxide precipitate.  Note that the hydrophilic neutrals were more readily removed than the hydrophobic neutrals.  The latter group is probably not as capable of interacting with the aluminum hydroxide surface either through surface complexation or hydrogen bonding.  Neither of the base fractions were well removed.  This is may be due to charge repulsion between the cationic organics and the positively-charged aluminum hydroxide surface.


Data on UV absorbance (Figure 116) showed the same trends.  There was, however, a consistently higher removal of UV absorbance than DOC.  This underscores the polydisperse nature of natural organic matter, even when it has been pre-fractionated.  Turbidity measurements are summarized in Figure 117.

Discussion

Implications of NOM Characterization for Removal by Coagulation


Based on the data presented in Figures 6, 7, and 8, it is evident that the acidic fractions (fulvic, humic, weak hydrophobic, and hydrophilic acids) have a substantial amount of negative charge at neutral pH.  This is due to the presence of a large number of deprotonated acidic functional groups most of which are undoubtedly carboxyl groups.  These functional groups can potentially interact with positively charged aluminum species formed by the addition of alum (both in the dissolved phase, and on the aluminum hydroxide surface).  It is well established that strong surface complexes can form between aluminum oxides and carboxyl and hydroxyl functional groups on organic molecules (e.g., Kummert and Stumm23).  Thus it is expected that these acidic fractions will interact well with coagulants, and thereby be removed during coagulation.  The main mechanism for removal of these fractions is probably adsorption on aluminum hydroxide flocs.  Most of these fractions are too highly charged to be completely neutralized by metal complexation in the soluble phase (e.g., ST/organic charge in Table 2 does not exceed 26%).  Hence it is unlikely that charge neutralization/precipitation plays an important part in their removal.  Empirical studies with model compounds suggest that organics with a low density of oxygenated functional groups will form less stable surface complexes on aluminum oxides24,25.  On the other hand, when the organic charge density gets too high, the potential adsorbate becomes too highly solvated and adsorption is not favored.


High carboxylic charge density may also be negatively correlated to the concentrations of weak carboxyl groups (due to inductive and resonance effects26).  Because these weak acid groups tend to form hydrogen bonds, they may contribute substantially to NOM adsorption on alum floc.  Superimposed over this is the tendency of larger molecules to be better removed by aluminum salts, all else being equal (e.g., same charge density).  Limited studies conducted with natural organic matter seem to support some of these hypotheses27,28.

It is widely accepted that humic substances (humic and fulvic acids) are the organic fraction that is most readily removed in coagulated waters.  Of these compounds, the humic acids are more completely removed than their corresponding fulvic acids29,30,31.  Both groups of compounds have similar charge densities, probably close to the optimum for removal by aluminum and iron coagulants.  However, the humic acids are higher in molecular weight (Figures 4 and 5), and therefore form stronger complexes.

Compounds with lower negative charge densities (weak hydrophobic acids, neutrals and bases) are likely to be less well removed by adsorption to alum floc.  This is especially true for the organic bases.  These compounds have a net positive charge at neutral pH and should therefore exhibit electrostatic repulsion with the positively-charged aluminum hydrolysis species.  If adsorption to floc is less likely for these compounds, charge neutralization and precipitation may be more likely.  In particular, the weak hydrophobic acids and the slightly anionic hydrophilic neutrals may be able to complex enough aluminum and divalent metals (e.g., calcium) to neutralize their negative charge.  They might then be removed by direct precipitation or co-precipitation.  The only group with a charge density greater than the humic substances is the hydrophilic acids (Figure 8).  This group is composed of small, highly-charged and highly-soluble organic compounds.  Its unlikely that they would be well removed by alum coagulation.  In fact, they are so well solvated that they are even difficult to isolate from water by modern analytical methods.

The humic substances (fulvic and humic acids), which are expected to be best removed by coagulation also have the highest SUVA values (Figure 9).  This explains why coagulation generally removes UV absorbance of water to a greater extent than the TOC.  This also supports the use of SUVA as a surrogate for the humic content of a natural water (Edzwald32). 

Observed Removal of DOC

General DOC curves


Most of the DOC removal curves show a steep decline at low alum doses, followed by a plateau or very gradual decline at higher doses.  Removal of DOC can be characterized for each NOM fraction by the ultimate percent removal (approximate level of the plateau) that can be achieved at high dose, and the alum dose required to first reach that plateau (slope of steep portion).  Figure 118 shows both of these for each fraction as estimated from Figure 115.  The values expressed for the hydrophilic acids represent lower limits, as it is not clear that a plateau was ever reached.  Note that the stoichiometry of DOC removal follows a pattern that is correlated to the net charge (bottom portion of Figure 119), however the percent removable DOC does not.

Removal of neural & basics


The density of acidic-OH and carboxyl groups can be very important in NOM coagulation.  Despite difficulties in studying the chemistry of coagulation with Al salts, there is a growing consensus that removal of DOC by alum at neutral to slightly acidic pHs occurs due to adsorption to aluminum hydroxide (e.g.: Hunt and O'Melia, 1988; Dempsey, 1989).  The catalytic effect of fulvic acids on aluminum hydroxide precipitation (Snodgrass et al., 1984) may extend the adsorption-precipitation to lower pHs than previously recognized.  Like other aluminum oxides, amorphous aluminum hydroxide is a rather polar phase that is capable of forming surface complexes and hydrogen bonds with carboxyl and hydroxyl functional groups on organic solutes (e.g., Kummert and Stumm).  Therefore, compounds that do not have substantial numbers of functional groups of this type may not be well removed, regardless of other characteristics.  An example of this class of compound is the hydrophobic neutrals.  Figure 115 shows that these compounds were almost completely resistent to alum coagulation.  In contrast, compounds classified as hydrophilic neutrals are well removed, even though they have a strong affinity for water (i.e., they do not strongly adsorb to hydrophobic resins such as XAD-8).  This group is thought to be composed largely of polysaccharides, and they probably have a high density of carbonyls and aliphatic-OH groups.  As a general rule, increasing molecular size encourages adsorption through the establishment of multiple binding sites.  While simple monosaccharides such as dextrose may not be removed at all by coagulation (Sridharan and Lee, 1972), polysaccharides are more likely to be removed.  Although they have functional groups capable of interacting with the aluminum hydroxide surface, bases are poorly removed during alum coagulation.  This may be due primarily to charge repulsion.  At pH 5.5 both aluminum hydroxide and organic bases have a net positive charge.  Eberle et al. (1976) noted that the presence of basic functional groups resulted in decreased adsorption of organic matter to alumina.

Removal of acids


Removal of the acidic compounds is closely tied to the density, geometry and strength of the acid groups.  Adsorption to the precipitating floc surface is favored by the presence of large numbers of acidic groups (carboxyl and phenolic-OH).  As charge density increases, the existance of neighboring functional groups becomes more likely.  A certain fraction of these groups will posess a geometry that can lead to strong chelates with Al.  Also as charge density increases, the average acidity of the sites increase (i.e. the ratio of strong to weak carboxyl acidity increases).  As the strength of a simple carboxylic acid increases, it becomes a weaker Lewis base, and therefore a poorer ligand.  However, strong acids often derive their acidity to inductive effects from nearby carboxylic acid or hydroxy groups.  When this happens, there is an opportunity for aluminum chelation, which far outweighs any drop in the electron donating properties of any one of these groups.  For example, the simple alkanoic acids decrease in acidity with increasing MW, whereas they show slightly stronger complexation constants with Al (Martell and Smith, 1977).  The diacids and other polyfunctional compounds exhibit orders of magnitude stronger binding with Al even though their first pKa's tend to be much lower.  Thus, we would expect that increases in Al complexation capacity should parallel increases in acidity.  Furthermore, increases in Al complexation are expected to result in stronger surface complexes on aluminum oxides (Kummert and Stumm, 1980).  This is reflected in the acid data to a point.  The weak hydrophobic acids have a charge density of only 4.3 meq/g-C.  This compound group was not as well removed as the more highly charged fulvic and humic acids.  However, the most highly-charged group, the hydrophilic acids, were also poorly removed.

probably most favorable for compounds of high molecular weight and intermediate charge density (Figure 118).  However, the stoichiometry of coagulation is probably more closely related to the charge density of the organics (Figure 119).  Fulvic and humic acids probably have a near optimal density of carboxyl groups for good removal by alum.  Humic acids are removed to the greatest extent of all eight fractions for several reasons.  First, their greater size allows for more attachment sites per molecule.  Second, the intermediate charge density may encourage the formation of lateral bonds in an adsorption layer (Thebault et al., 1981), or it may simply represent an optimal balance between multiple surface binding sites and excess free anionic groups that can cause electrostatic repulsion of other humic molecules.  Lastly, the higher amine content of humic acids may also work in its favor.  Eberle et al. (1976) concluded that compounds with a mixture of basic and acidic functional groups were especially strongly adsorbed by alumina.  Some members of this group may also undergo direct complexation-precipitation via the formation of "aluminum humates" (Hall and Packham, 1965; Albert, 1976).  The stoichiometry of humic acid removal is also quite favorable, due to its low organic charge density.

  In contrast, the hydrophilic acids are so highly charged that they quickly render the aluminum hydroxide surface negatively-charged and thereby limit surface coverage.  This results in a high stoichiometric requirement of alum in accordance with its high charge density (Figures 118 and 119).  This group of organics may also be effectively removed, although such high doses are needed that they are not normally removed in practice.  The weak hydrophobic acids probably represent a class of hydrophobic organics that is midway between the highly charged humic and fulvic acids and the uncharged neutrals in its properties.  They have a low density of functional groups so that interactions with the polar aluminum hydroxide surface are weak, but not as weak as for the hydrophobic neutrals.  Accordingly, their extent of removal and stoichiometry of removal are midway between the two groups.

Charge stiochiometry


Figure 119 and the above discussion suggest that a stoichiometry exists between alum dose and organic charge density when considering DOC removal.  The slope of the regression shown in this figure is 0.2 mg-Alum/meq organic charge, which corresponds to 1 mole of Al per 1.6 equivalents of organic charge.  However, because the regression line does not pass through the origin, the stoichiometry for any individual fraction is larger than this value.  For example, a line connecting the origin with the point representing fulvic acid would have a slope of 0.7 mg-Alum/meq organic charge.  This translates to about 8.5 mg-alum/mg-fulvic-C or 0.7 mg-Al/mg-fulvic-C.  The corresponding values for the humic acid would be 4.5 mg-alum/mg-humic-C or 0.4 mg-Al/mg-humic-C.  Edzwald (1979, 1986) and Narkis and Rebhun (1977) have reported stoichiometries for alum coagulation of humic acid, fulvic acid and colored waters in the range of 0.4 to 0.6 mg-Al/mg-C at pH 5.5-6.0.  Van Benschoten and Edzwald (1990) proposed that this same mass ratio exists among filterable species (post-coagulation, pH 5-7) containing aluminum and DOC.  The intercept in Figure 119 may be interpreted as being the stoichiometric alum requirements for a hypothetical uncharged molecule with an affinity for the aluminum hydroxide precipitate.  As one adds charged groups to this hypothetical molecule, it will require more space on the hydroxide surface, or more aluminum-based cationic charge to reach electroneutrality.  The regression slope (0.2 mg-Alum/meq organic charge) would then be proportional to the number of additional aluminum atoms needed per additional organic charge.  It does not appear that this additional aluminum is used in complexation of non-binding functional groups, as the specific complexation of monomeric Al by these fractions is rather low (see Table 2).

Ultimate Removal


The removabilities shown in the bottom of Figure 118 are generally in agreement with earlier results.  Reckhow and Singer (1984, 1990) showed that TOC removals of up to 65% could be achieved by alum coagulation of an aquatic fulvic acid and a colored surface water at pH 5.5.  Edzwald (1986) reported that 70-85% of terrestrial fulvic acid TOC and 50-70% of colored surface water TOC could be removed by alum coagulation at pH 5.5.  This suggests that aquatic humic acids behave like terrestrial fulvic acids, and that aquatic fulvic acids are good models for AOM in colored waters.

Ozonation


In most cases ozonation had no significant effect on DOC removal.  This may be partly due to a lack of data and the difficulty of measuring small differences in DOC from separate experiments in an accurate fashion.  Due to limitations in the quantity of the AOM fractions, it was not possible to repeat any of the tests.  However, there were significant differences in three of the fractions.  Both the fulvic acid and the hydrophilic acids showed a small deterioration in DOC removal following ozonation, and the humic acids exhibited a substantial reduction in DOC removal.  The poorer DOC removal for the humic acid was at the high ozone dose and at intermediate alum doses.  This is also where the largest difference was seen with turbidity removal.  The small deteriorations in removal of fulvic acid and hydrophilic acids were evident at the higher alum doses.  The detrimental effects of preozonation on removal of DOC by subsequent coagulation have been noted previously (e.g., Albert, 1976; Reckhow and Singer, 1984; 1990).

Observed Removal of Turbidity


Effects of the various organic fractions on turbidity removal may also be tied to charge and hydrophobicity.  In the absence of added organic matter, a classic removal curve was observed, including charge neutralization, re-stabilization, and sweep coagulation.  The weakly interacting fractions; the hydrophobic neutral, the hydrophobic bases and the hydrophilic bases; were expected to show behavior that is similar to the case without organic matter.  This is true for the first two, but not for the hydrophilic bases.  It's possible that the high inorganic ionic background catalyzed aluminum hydroxide formation so that settleable floc was formed at low alum doses.  All other fractions showed delayed formation of settleable floc, and no re-stabilization.  The former is probably due to higher negative charges on the clay from adsorption of anionic organic compounds, or perhaps higher steric resistence to particle collision.  The latter may be a result of accelerated precipitation kinetics from catalysis by organic anions.  It is well established that humic and fulvic acids can adsorb to naturally-occurring clay particles and increase their stability to coagulation (e.g., Tipping and Higgins, 1982; Gibbs, 1983).  Other natural organic materials, such as the hydrophilic neutrals, may behave in a similar fashion (Kohl and Taylor, 1961; Saini and MacLean, 1966; Parfitt and Greenland, 1970; Parfitt, 1972).


The humic acids and weak hydrophobic acids showed substantial reductions in turbidity at 20 mg/L alum dose.  Figure 119 shows that a stoichiometry also existed between alum dose and organic charge density when considering turbidity removal.  The slope of the regression shown in this figure is 0.2 mg-Alum/meq organic charge.  This is identical to the slope based on DOC removal (below) and corresponds to 1 mole of Al per 1.6 equivalents of organic charge.  Despite the identical slopes for the two regressions in Figure 119, the intercepts were different.  Apparently, formation of settleable turbidity preceeded formation of particulate organic matter.


The effects seen in the top of Figure 117 are probably not due to difference in steric hindrance of inter-particle contacts.  If this were the case, the larger humic acids and weak hydrophobic acids (Figure 11) would require the highest alum doses.  Furthermore these effects cannot be attributed to delayed precipitation due to complexation of aluminum.  The aluminum complexation capacities of the various fractions were too small to account for differences in alum dose of more than 1 or 2 mg/L.


It is also interesting to note that even the hydrophilic acids were capable of stabilizing the clay particles.  This means that in the absence of other organic matter, this group of compounds would adsorb to the clay surfaces and affect their behavior to a significant extent.  In whole waters containing a mixture of organic substances, there is bound to be a strong competition for sites on suspended clays.  It is likely that only the most strongly-adsorbed compounds will occupy those sites (e.g., the humic acids).


Ozone treatment will oxidize dissolved organic substances as well as the adsorbed coating on the clay particles.  Whether or not this oxidized coating will subsequently desorb is not known.  However, if it does, there will be other partially oxidized organics ready to take its place.  Since ozonation increases charge density, it seems logical that it can only increase particle stability in the absence of other complexing metals such as calcium.  However, in the presence of calcium and the predominance of certain classes of organic compounds, the reverse might occur.  Compounds such as the hydrophilic neutrals and the smallest size fraction of the fulvic acids showed reduced net charge following ozonation in the presence of moderate amounts of calcium.  Therefore, waters that are dominated by the hydrophilic neutrals (i.e., waters of high algal productivity) may show beneficial effects of ozonation.  This is in agreement with some full-scale experience.  The benefits of preozonation on subsequent coagulation are often most clearly observed at times of high primary productivity (Reckhow et al., 1986b).

Conclusions

Natural aquatic organic matter is made up of a wide range of compounds of differing chemical and physical properties.  In this work, aquatic NOM was isolated from a surface water and separated into eight primary fractions based on charge and hydrophobic properties.  Fully half of this material was classified as non-humic in nature.  With the current interest in optimizing organics removal, it is important that treatment and characterization studies consider the non-humic fractions as well as the humic fractions.   This study is a step in that direction.  The following conclusions can be drawn from the observations presented in this paper.

1.
Sixty five percent of the organic matter in Forge Pond water was of acidic nature, 30 percent was neutral, and 3-4 percent basic.

2.
The humic fractions were acidic and hence had negative charge.  Fulvic acid was more negatively charged (-13 mEq/g C, at pH 8) than humic acid (-8 mEq/g C, at pH 8).  They also had high color content, and hence a high SUVA (6 and 4.5 L/m-mg C, for humic and fulvic acids respectively).  Humic acid had a dominant high molecular weight component with nearly 70 percent of TOC>3000 AMU.  Fulvic acid had a dominant low molecular weight component with 50 percent of TOC < 500 AMU.

3.
The hydrophilic acids were very highly charged (-40 mEq/g C, at pH 8), and had a low  SUVA value (1 L/m-mg C).  They also had a substantial low molecular weight component with 50 percent of TOC<500 AMU.  Weak hydrophobic acids on the other hand, were the lowest charged among the acidic fractions (-5 mEq/g C, at pH 8).  They had a SUVA of 3.5 L/m-mg C.

4.
The non acidic fractions had low organic charges, ranging from -2 mEq/g C for hydrophilic neutrals to 2 mEq/g C for hydrophobic bases, at pH 8.  SUVA values ranged from 3-4 L/m-mg C for hydrophilic neutrals and bases, and from 1-2 L/m-mg C for hydrophobic neutrals and bases.

5.
There was a positive correlation between organic charge and molecular weight for various sub fractions of fulvic acid.  The same was true for SUVA versus molecular weight.  No such relationships were evident for hydrophilic-neutral molecular size fractions.

6.  Based on the properties evaluated in this study, the acidic NOM fractions are expected to be better removed by alum coagulation than the basic and neutral fractions.  Suggested removal mechanism for acidic fractions is adsorption on aluminum hydroxide flocs.  For basic and neutral fractions it is probably a combination of adsorption and charge neutralization/precipitation, although these fractions are expected to be less well removed.

7.  It is clear from these data that neither molecular size, charge, nor hydrophobicity alone determine removal characteristics in alum coagulation.  Rather, one must consider all of these properties.
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Figure 1.  Relative Abundance of NOM Fractions Isolated from Forge Pond Water


(FA: Fulvic Acid, HA: Humic Acid, HAA: Hydrophilic Acid, WHYA: Weak Hydrophobic Acid, HN: Hydrophilic Neutral, HYN: Hydrophobic Neutral, HB: Hydrophilic Base, HYB: Hydrophobic Base)


(From Bezbarua and Reckhow5)

Figure 2.  Permeation Characteristics for UV Absorbance Over the Course of a Series         Ultrafiltration of Fulvic Acid
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Figure 10.  Specific UV Absorbance of Various Size Fractions of Fulvic Acid and Hydrophilic Neutrals




Figure 1. Correlation between capacity factors (k') and octanol-water partition coefficients (kOW) for 18 low molecular weight compounds (data from Thurman et al., 1978 and Sangster, 1989).




Figure 2. Theoretical fractionation of some simple low MW organic compounds based on their octanol-water partition coefficients.  All are n-alkyl derivatives with the indicated total number of carbon atoms.  

It is assumed that all ionic forms have kOW values of zero.  (kOW values are from Sangster, 1989).  
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Figure 4.  Size Distibution of DOC in the two Major NOM Fractions as determined by UF
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Figure 5 .  Size Distibution of DOC in five of the six Minor NOM Fractions as determined by UF
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Figure 9.  Specific Ultraviolet Absorbance (SUVA) for all Eight NOM Fractions.  (The composite absorbance was calculated from the Product of the SUVA and the abundance of each fraction).
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Figure 10.  Specific Ultraviolet Absorbance (SUVA) versus Apparent Molecular Weight for the Two Major NOM Fractions



Figure 115.  Summary of DOC removal during jar testing for all 8 Unozonated Fractions
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Figure 116.  Comparative removal of UV absorbance during jar testing of eight AOM fractions.
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Figure 117.  Comparison of settled turbidity during jar testing of eight AOM fractions.
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Figure 118. Characteristics of DOC coagulation for the eight AOM fractions.
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Figure 119.  Stoichiometry of coagulation for the eight AOM fractions.
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Figure 111. Ozonation and Coagulation of Hydrophilic Acids
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