
Coagulation of submicron colloids in water treatment

Item Type Dissertation-Reproduction (electronic); text

Authors Chowdhury, Zaid Kabir

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:16:48

Link to Item http://hdl.handle.net/10150/191139

http://hdl.handle.net/10150/191139


COAGULATION OF SUBMICRON COLLOIDS IN

WATER TREATMENT

by

Zaid Kabir Chowd.hury

1

A Dissertation Submitted to the Faculty of the

DEPARTMENT OF CIVIL ENGINEERING AND ENGINEERING MECHANICS

In Partial Fulfillment of the Requirements

For the Degree of

DOCTOR OF PHILOSOPHY

WITH A MAJOR IN CIVIL ENGINEERING

In the Graduate College

THE UNIVERSITY OF ARIZONA

1988



THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE

As members of the Final Examination Committee, we certify that we have read

the dissertation prepared by 	Zaid Kabir Chowdhury

entitled 	Coagulation of Submicron Colloids in Water Treatment

and recommend that it be accepted as fulfilling the dissertation requirement

for the Degree of Ph.D.  

1/zr,fri 	 g 
Date

4. 7L-4"--- 	 3/25 /1 9t3 
Date

Date 

-z6e-/ FJ/-QL.,,b 4

z 
Date

Final approval and acceptance of this dissertation is contingent upon the
candidate's submission of the final copy of the dissertation to the Graduate
College.

I hereby certify that I have read this dissertation prepared under my
direction and recommend that it be accepted as fulfilling the dissertation
requirement.

ct,/  3/2 0/0   
Dissertation Director  Date

2

GU-17v	 (21/1/1-1g	 2/2 A) t,
Date



STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfillment of requirements for
an advanced degree at the University of Arizona and is deposited to the University
Library to be made available to borrowers under the rules of the Library.

Brief quotations from this dissertation are allowable without special permis-
sion, provided that accurate acknowledgement of the source is made. Requests for
permission for extended quotation from or reproduction of this manuscript in whole
or in part may be granted by the head of the major department or the Dean of the
Graduate College when in his or her judgement the proposed use of the material is
in the interest of scholarship. In all other instances, however, permission must be
obtained from the author.

3

SIGNED.



ACKNOWLEDGEMENTS

I wish to express my sincere thanks and appreciation to my thesis advisors,

Professors Gary L. Amy and Roger C. Bales for their guidance and technical as-

sistance throughout this research and my program of study. The counsel provided

by Professors Raymond A. Sierka, Curtis W. Bryant, and Soroosh Sorooshian, who

also served on my thesis examining committee, is greatly appreciated.

Special thanks to David G. Kebler for helping me setup the pH-stat experi-

ments, David Bentley for extending training and support for the use of Scanning

Electron Microscope, Savat Er for his help running the coagulation experiments.

Dale Newkirk of MWD of Southern California extended his help in obtaining data

from two operating water-treatment plants.

My wife, Sharmeen Chowdhury, provided spiritual support while pursuing the

degree program and helped me all along in my research by being near my side.

My mother always is my source of encouragement throughout the whole learning

process.

Financial support for this research was provided by USEPA through grant no.

R-812325-01-0.

4



TABLE OF CONTENTS 

Page

Acknowledgement 	  3

Table of Contents 	  5

List of Figures 	  8

List of Photos 	  11

List of Tables 	  12

Abstract 	  14

1. Introduction 	  16

1.1. Motivation for work 	  21

1.2. Research Objectives 	  22

2. Background 	  24

2.1. Overall conceptual model 	  24

2.2. Conceptual chemical model 	  25

3. Materials and methods 	  32

3.1. Materials 	  32

3.1.1. Particles 	  32

3.1.2. Natural Organic Matter 	  32

3.2. Experimental Design 	  36

3.3. Batch coagulation experiments 	  38

3.4. p11. stat experiments 	  40

5



6

3.4.1. Mobility experiments 	  41

3.4.2. Stoichiometric ratio experiments 	  43

3.5. Analytical methods 	  48

3.5.1. Solids—liquid Separation Process 	  48

3.5.2. Scanning Electron Microscope 	  49

3.5.3. Atomic Absorption Spectrophotometer 	  51

3.5.4. Microelectrophoresis 	  51

3.5.5. Other Instruments 	  52

3.6. Field Sampling 	  52

4. Experimental results 	  54

4.1. Seeded growth at• different pH values 	  54

4.2. Seeded growth at different particle concentration 	  62

4.3. Seeded growth with NOM 	 65

4.4. Effect of other ligands 	  68

4.5. Statistical analysis of data 	  71

4.6. Electrophoretic mobility 	  72

4.7. Aluminum hydroxide precipitation stoichiometry 	  82

4.8. Field data analysis 	  87

5. Discussion 	  98

5.1. Aluminum speciation and solubility 	  100

• 5.1.1. Aqueous Complexes 	  100

5.1.2. Solubility relations 	  106

5.1.3. Supersaturation ratios 	  111

5.1.4. Implications for precipitation rate 	  118

5.2. Surface speciation with compleJdng ligands 	  119



7

5.2.1. Model Description 	  119

5.2.2. Mobility/surface charge modeling 	  127

5.2.3. Implications for precipitation rate 	  138

5.2.4. Implications for precipitation stoichiometry 	  140

5.3. Applications to water treatment 	  147

5.3.1. Particle stability and removal 	  147

5.3.2. Rapid-mix operation 	  149

5.3.3. Water treatment plant performance 	  150

6. Conclusions 	  152

6.1. Relative rates 	  153

6.2. Conditions for one or another process dominating 	  54

6.3. Submicron colloid removal in water treatment plant 	 155

6.4. Recommendations for future research 	  156

Appendix A: Preliminary results; Paper presented and published

in the proceedings of American Water Works Association Conference,

Kansas City, MO. June 14 - 18, 1987  
	

158

Appendix B: A chapter in "Influence of Aquatic Humic Substances

on Fate and Treatment of Pollutants", Advances in Chemistry Series

219, American Chemical Society (1987) 	  170

Appendix C: Computer programs used for experiments and analyses . 	  183

Appendix D: Other experimental data 	  216

Appendix E: References 	  240



List of Figures

2.2.1. Parallel processes leading to incorporation of alox colloids

into larger floc 	  26

2.2.2. Monomeric aluminum hydrolysis products; speciation

as a function of pH 	  28

3.1.1. Number concentration versus turbidity for hydrous aluminum oxide	 34

3.1.2. Titration curves for soil fulvic acid and aquatic humic

substances 	  37

3.4.1. Schematic of pH stat 	  42

	

4.1.1. Effect of pH on particle removal at Al = 0.5 mg.14 -1   55

	

4.1.2. Effect of aluminum dose on particle removal at pH = 6.5   57

4.6.1. Electrophoretic mobility of hydrous aluminum oxide colloids

in the absence and presence of natural organic matter 	  74

4.6.2. Effect of NaHCO3 on the mobility of hydrous aluminum

	

oxide colloids   76

4.6.3. Effect of dissolved aluminum concentration on the mobility

of hydrous aluminum oxide colloids 	  78

4.6.4. Effect of dissolved aluminum concentration on the mobility

of organic-coated hydrous aluminum oxide colloids 	  79

4.6.5. Electrophoretic mobility of hydrous aluminum oxide colloids

	and freshly precipitated Al(OH) 3 (s)   81

4.7.1. Stoichiometric ratio versus time in the absence of particles 	  83

4.8.1. Flow diagram of conventional water treatment plant,

showing sampling points 	 88

8



4.8.2. Log-normal size distribution for supramicron particles

	

from Mills Filtration Plant   94

4.8.3. Log-normal size distribution for submicron particles

	

from Mills Filtration Plant   95

4.8.4. Profiles of total particle number concentration along the

process train for Mills and Weymouth Filtration plants 	  97

4.8.5. Profiles of volume average diameter along the process train

for Mills and Weymouth Filtration plants 	  98

5.1.1. Speciation of various aluminum complexes from pH 4 to pH 9	 . 105

5.1.2. Measured and calculated dissolved aluminum versus pH in the

absence of particles 	  108

5.1.3. Measured and calculated dissolved aluminum versus pH in the

presence of particles 	  109

5.1.4. Measured dissolved aluminum concentration within the first

minute after start of precipitation 	  112

5.2.1. Model of amphoteric oxide surface;

a) Proton coordination, h) Ligand and cation coordination .	 . . 120

5.2.2. Effect of changing capacitance value on mobility-pH

relationship 	  131

5.2.3. Effect of changing ApK on mobility-pH

relationship 	  133

5.2.4. Measured and calculated mobility-pH data for hydrous

aluminum oxide colloids 	  134

5.2.5. Measured and calculated mobility-pH data for hydrous

aluminum oxide in presence of a) NaHCO 3 and h) Al3+ 	  136

5.2.6. Measured and calculated mobility-pH data for hydrous

9



10

aluminum oxide colloids at varying NaHCO3 concentration . . 137

5.2.7. Speciation of surface sites in the presence of dissolved 

aluminum, bicarbonate and hydroxide 	  139

D.1. Stoichiometric ratio experiment; alum and NaOH addition to

the reactor (at pH 5.5 and 6.5) in the absence of hydrous aluminum

oxide colloids. 	  231

D.2. Stoichiometric ratio experiment; alum and NaOH addition to

the reactor (at pH 7.5) in the absence of hydrous aluminum

oxide colloids. 	  232

D.3. Stoichiometric ratio experiment; alum and NaOH addition to

the reactor at pH 6.5 in the presence of hydrous aluminum

oxide colloids. 	  233

D.4. Effect of pH on overall stoichiometric ratio of NaOH to Al

in the absence of hysrous of aluminum oxide colloids 	  234

D.5. Effect of pH on overall stoichiometric ratio of NaOH to Al

in the presence of 1x109 L-1 hydrous aluminum oxide colloids	 • 235

D.8. Effect of pH on overall stoichiometric ratio of NaOH to Al

in the presence of 5x109 L -1 hydrous aluminum oxide colloids	 . 236

D.7. Effect of hydrous aluminum oxide particle concentration on

overall stoichiometric ratio of NaOH to Al at pH 5  5	   237

D.8. Effect of hydrous aluminum oxide particle concentration on

overall stoichiometric ratio of NaOH to Al at pH 6  5	   238

D.9. Effect of hydrous aluminum oxide particle concentration on

overall stoichiometric ratio of NaOH to Al at pH 7  5	   239



List of Photos 

3.1.1. Hydrous aluminum oxide particles on 0.1pm Nucleopore filter.	 . . 33

3.5.1. Control experiment; Discrete particles retained on 5pm

prefilter before coagulation 	  45

3.5.2. Control experiment; Prefiltered discrete particles retained on

0.1 pm filter before coagulation 	 46

3.5.3. Control experiment; Floc retention on 5m prefilter

after coagulation 	  47

3.5.4. Control experiment; Nonflocculated particles passing through the

prefilter, retained on 0.1 pan filter 	 48

4.1.1. Coagulated precipitate-coated model particles (exp 5-1; table 4.1.1)	 59

4.1.2. Enmeshed model particles in Al(OH) 3 (s) floc (exp 1; table 4.1.1. . .	 61

11



List of Tables

2.2.1. Half life of several adsorption reactions 	 29

3.5.1. Summary of control experiment 	  50

4.1.1. Summary of seeded coagulation experiment in the absence

of NOM 	 56

4.1.2. Summary of replicate seeded coagulation experiment 	  58

4.2.1. Seeded coagulation experiments under different initial

particle concentration 	  63

4.3.1. Summary of seeded coagulation experiments in the presence

of NOM 	 66

4.4.1. Summary of seeded coagulation experiments evaluating effect

of ligands 	  69

4.5.1. Statistical analysis of results (n60/no) by

Duncan's Multiple Range test 	  73

4.7.1. Observed stoichiometric ratios of Na0H/A1 	  84

4.8.1. Mills Filtration Plant; Field data (9/24/87) analysis 	  90

4.8.2. Mills Filtration Plant; Field data (11/9/87) analysis 	  91

4.8.3. Weymouth Filtration Plant; Field data (11/9/87) analysis 	  92

5.1.1. Aluminum hydrolysis constants 	  101

5.1.2. Solubility constants for aluminum hydroxide 	  103

5.1.3. Relevent reactions in solution 	  107

5.1.4. Supersaturation ratios for experimental conditions 	  116

5.2.1. Relevent reactions involving solid surface 	  122

5.2.2. Surface characteristics used for modelling 	  125

12



13

5.2.3. Relevent equilibrium constants used as initial estimate 	  126

5.2.4. Calculated stoichiometric ratios for unseeded precipitation 	  144

5.2.5. Calculated stoichiometric ratios for seeded precipitation 	  146

D.1. SEM evaluation of coagulation (no added particles) 	 217

D.2. SEM evaluation of coagulation (with uncoated colloids) 	  218

D.3. SEM evaluation of coagulation (with coated colloids) 	  219

D.4. Aluminum residuals (1-min experiments) 	  220

D.5. Stoichiometric ratio experiment; Effect of pH, Organics = 0,

Alox = 0 	  221

D.6. Stoichiometric ratio experiment; Effect of pH, organics = 0,

Alox = 1x109 L-1 	  222

D.7. Stoichiometric ratio experiment; Effect of pH, organics = 0,

Alox = 5x109 L-1 	  223

D.8. Stoichiometric ratio experiment; Effect of soil fulvic acid,

pH = 6.5, Alox = 0 	  224

D.9. Stoichiometric ratio experiment; Effect of FA coating on paticles

pH = 6.5, Alox = 1x10 9 L— 	  225

D.10. Stoichiometric ratio experiment; Effect of salt river NOM,

pH = 6.5, Alox = 0 	  226

D.11. Stoichiometric ratio experiment; Effect of NOM coating on

particles, pH = 6.5, Alox = 1x109 L-1 	  227

D.12. Stoichiometric ratio experiment; Effect of of sulfate,

pH = 6.5 	  228

D.13. Stoichiometric ratio experiment; Replicate analysis,

pH = 6.5, Organics = 0, Alox = 0 	  229'

D.14. Stoichiometric ratio experiment; Effect of Al addition

rate, pH = 6.5, Alox = 0 	  230



ABSTRACT 

Hydrous aluminum oxide colloids of 0.5 Am diameter were used to study the

coagulation of submicron particles under water-treatment conditions. The research

was aimed at understanding the effects of pH and ligands (organic and inorganic)

on precipitation of the added coagulant and their influences on incorporation of the

colloids into larger flocs. The reduction in the concentration of submicron particles

as a result of alum coagulation was monitored by conventional jar-test experiments.

Scanning electron microscopy was used for submicron particle counting.

Up to three orders of magnitude reduction in submicron particle concentrations

were observed in jar-test experiments. Higher pH (i.e., 7.5) and alum dose (i.e.,

1.0 mg L-1) favored homogeneous precipitation of aluminum hydroxide, whereas

heterogeneous precipitation occurred at lower pH (i.e., 6.5) and alum dose (i.e.,

0.5 mg L-1 ). Homogeneous precipitation, involving formation of Al(OH) 3 (s) from

aqueous species, formed large masses of light-weight flocs that can effectively remove

submicron particles by subsequent coagulation. Heterogeneous precipitation, which

involves precipitation on the surfaces of the seed particles, resulted in destabilized

particles that can efficiently coagulate with each other. The presence of ligands,

inorganic (e.g., HCO 3— ) and organic (e.g., functional groups of humic substances)

inhibited the coagulation process, reducing particle removal up-to 250 fold. While

these ligands inhibit coagulation by modifying particle surfaces, they may enhance

the precipitation reactions of aluminum hydroxide. The presence SO 42— enhanced

precipitation relative to NO.

Electrophoretic mobility values were used to derive equilibrium constants for

aluminum speciation and precipitation reactions, both on the surface of particles

14
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and in solution. The adsorption of ligands lowered the pHiep , by almost 2 pH

units in the presence of HCO3— , and to a pH of less than 3 in the presence of

organics. Aluminum species elevated the pHiep by 1 pH unit. Stoichiometric ratios

of aluminum hydroxide precipitation were determined using a pH stat. This ratio

(1.9 to 3.7) is a function of pH, and concentrations of particles and organics. These

results were modeled as spherical precipitates (OH/A1 =3) with adsorbed aluminum

species (OH/A1 = 1 to 4).

The results of this research suggest that the aluminum precipitation pathway

dictates the removal of submicron particles. Submicron particles provide most of

the surfaces from particulate matter, thus suggesting the importance of surface

precipitation for their removal. Samples from water treatment plants indicated 1.5

to 2.0 log removal of submicron particles. These plants were operating at higher

pH values (above 7.5) relative to that of maximum removal experiments in labo-

ratory. Plant operations can be optimized by careful control parameters affecting

supersaturation ratio, thus improving removal of submicron particles.Such opti-

mization should include efficient rapid mixing to achieve uniform upersaturation

ratios, proper coagulant dose, and possibly better pH control.



Chapter 1

Introduction

Particulate matter enters natural waters via weathering of rocks and through

biological processes. Particles in natural water and wastewater spans several orders

of magnitude in size ranging from 0.005 inn to 100 Am (Stumm, 1977). Water-borne

particles can be inorganic or organic in character. Whatever the source, it is the

chemical nature of the surface and the particle size that controls their removal either

via natural coagulation in lakes or by the engineered removal through coagulation

in water treatment plants.

Most important among inorganic submicron particles in natural waters are;

colloidal precipitates of various minerals, clay and other mineral fragments from

erosion processes, asbestos fibers, etc. Bacteria, viruses, fragments of organic de-

brie, and other microorganisms form the class of biological submicron particles.

In a study on removal of metal ions from lake water, Sigg (1987) observed that

surface area provided by organic particles are of primary importance. Oxides of

iron and manganese provided a similar order of surface sites. Although carbonate

precipitates provided a significant fraction of solid mass, oxides provided most of

the available mineral surface.

Surface waters are often polluted by fecal material. About 100 different types of

pathogenic viruses has been isolated from fecal material (Gerba, 1985). Zerda et al.

(1985) found favorable adsorption of viruses on oxide surfaces, which is indicative

of the potential transport of viruses through treatment plants. Avnimelech (1982)

provided evidence on flocculation of turbidity-causing clay particles with algal cells.
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They observed successful flocculation of clay materials with four different species of

algae in the presence of an electrolyte (NaC1 and/or CaCl2)•

Particles smaller than 1 Am are usually designated as being colloidal. Settling

velocities of these particles are less than 30 m yr -1 , which prevents their removal by

gravitational settling (Stumm, 1977). For submicron particles, the settling velocity

is even lower (e.g., for 0.5 Am particles, the settling velocity is approximately 7 m

yr-1 ). Submicron particles can therefore, stay in suspension unless incorporated

and removed along with the larger particles.

The number concentration of submicron colloids in the source water for treat-

ment is often not quantified. O'Melia (1980) noted that when only the settling veloc-

ities of particles are considered the concentration of submicron particles should not

reduce significantly in lakes, while the supramicron particle concentration should

decline. From experimental results he suggested that considerable removal of submi-

cron particles occurs in lakes. He speculated on high coagulation efficiency and the

ability of differential sedimentation to scavenge submicron particles, as the causes

of the reduction in submicron particle concentration in natural lakes, thus implying

the importance of coagulation of submicron particles. McGuire et al. (1982) and

Bales et al. (1984) reported 10 8 L-1 to 10 12 L-1 asbestos fiber (0.03-0.04 Am in

diameter and 0.1 to 3.0 Am in length) concentrations in northern California sur-

face waters. This concentration is several orders of magnitude higher than that of

supramicron particles. Fiber removals of 2 to 3 orders of magnitude were observed

in natural lakes and in water treatment plants. Bales et al.(1984) also speculated

on their removal in four southern California lakes, suggesting that most removal of

submicron particles is due to scavenging by larger supramicron particles via the pro-

cess of differential sedimentation. Often the supramicron particles are of biological

origin.

17



Most source waters available for municipal water supplies contain both

supramicron and submicron particles. Particles in the supramicron range are the

prominent cause of turbidity and have been studied in considerable detail regarding

their removal by alum coagulation. Stumm and Morgan (1962) emphasized the im-

portance of specific chemical interactions in the coagulation process. They discussed

the older chemical theory (Thomas, 1934) of particle destabilization as it applies to

water treatment. Stumna and O'Melia (1968) were the first to provide a thorough

and organized representation of alum coagulation using supramicron silica particles

as the source of turbidity. These authors noted a stoichiometry involved between

the coagulant chemical and the surface sites and concluded that by judicial choice

of coagulant dose and pertinent conditions chemical coagulation can be brought to

a point where particle transport controls the subsequent aggregation and removal.

Since then numerous investigations on alum coagulation have evolved. Some

of the most important publications are discussed here in brief. Hahn and Stumm

(1968) studied the kinetics of coagulation using silica particles and concluded that

all chemical steps are very fast relative to the physical steps and thus, transport of

colloids by Brownian diffusion is rate limitting. O'Melia (1985) reported on the per-

formance of a packed-bed filter in particle removal. He observed the importance of

particle growth for improved efficiency of filters. Submicron particles can penetrate

the filter resulting in excessive head loss, thus necessitating aggregation prior to fil-

tration. Letterman and Vanderbrook (1983) studied alum coagulation of kaolinite

suspensions. They observed that the surface charge of particles is determined by

the precipitate coating and that the pH and sulfate concentration have an impor-

tant effect on the charge of the precipitate coated particles. Sricharoenchaikit and

Letterman (1987) observed that sulfate concentration has an effect on the rate of

orthokinetic coagulation. The rate is first order at low sulfate concentration but at

higher sulfate concentration the rate equations needed to be modified depending on

18
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sulfate concentration and pH. In all of the studies mentioned above, high concen-

tration (in most cases higher than that of natural waters) of supramicron particles

(e.g., kaolinite, silica, polystyrene latex etc.) were used to represent water-borne

particles.

The effect of organic coatings on particle stability was studied by several re-

searchers. Felix-Filho (1987) studied the stabilizing effects of humic substances on

alumina particles. He concluded that a very small concentration (< 1 mg L -1 )

of humic substance can sufficiently stabilize particles. This effect was observed to

be more significant at higher pH's. Tipping and Higgins (1982) determined rate

constants for perikinetic coagulation of hematite particles in the presence of hurnic

substances. According to these researchers the humic substances stabilize the col-

loids and reduce the rate constant several orders of magnitude. Gibbs (1983) found

that the coating on natural particulates inhibit their coagulating efficiency. He de-

termined that the coagulation rate becomes significantly faster when the organic

coating is removed from the surface. He also concluded that the effect of adsorbed

organics is more pronounced than those in the dissolved phase.

Chemical precipitation of the coagulant cation has been studied by many re-

searchers. Snodgrass et al. (1984) studied supramicron particle formation and

growth from dilute aluminum solution. He studied the effect of sulfate, and fulvic

acid on the rate of particle formation and concluded that both of these factors ac-

celerate the particle formation process. Holmes et al. (1968) discussed the kinetics

of aluminum ion hydrolysis in dilute solution. They concluded that aluminum hy-

drolysis reactions are basically diffusion controlled with very high rate constants.

VanStraten et al. (1984) studied the precipitation reaction of aluminum from super-

saturated aluminate solutions. They concluded that the supersaturation ratio at the

start of the precipitation process is important in determining the mineral phase of

the precipitate, forming more stable phases at increased degrees of supersaturation.



Attempts have been made to model the chemical aspects (Letterman and Iyer,

1985) and physical aspects (Lawler et.al., 1980, Lawler et. al., 1983, Farley and

Morel, 1986 etc.) of the coagulation process. Chemical modelling involves assump-

tion of reactions governing the process of coagulation and simulating the process

with known or derived constants to describe them. Physical modelling involves as-

sumption of differential equations governing particle aggregation and removal and

solution of these equations in terms of experimental parameters pertaining to the

process.

Experimental observations of the various researchers mentioned above points to

the importance of surface site concentration and the concentration of various ions

present in natural waters. Submicron particles offer the most significant portion

of the surface site concentration in natural waters due to their small size. Alum

coagulation of such particles should be addressed in terms of surface complexation

and subsequent heterogeneous precipitation. A more rigorous understanding of the

overall aluminum precipitation reactions, including prior adsorption onto surface

sites at a particle concentration resembling that of natural waters, is required to

properly apply alum coagulation in water treatment for the removal of submicron

particles.

Submicron particles often escape detection by traditional means and pass

through water treatment plants unless incorporated into larger flocs (e.g., McGuire

et al., 1983, Bales et al., 1984). Submicron particles including entities such as clay,

metal oxides, silica, and asbestos fibers provide significant amount of sorption sites

for viruses (Gerba, 1984), heavy metals (Sigg, 1987) etc. and thereby can transport

these materials through the treatment process train. Moreover, chemical addition

during treatment can form submicron particles (e.g., Al(OH) 3 formed during alum

coagulation). Submicron particles transported through the treatment plant will end

up in the finished-water storage reservoir, where they can post flocculate and form

20



slime layers. Submicron particles in the distribution system can be of potential

hazard to consumer health. Optimizing the performance of water treatment plants

for submicron particle removal will enhance the removal of adsorbed metals and

viruses etc, while at the same time meeting the proposed more stringent turbidity

standard (Federal Register, 19).

1.1. Motivation for work

Particle removal in water treatment via flocculation, sedimentation and/or fil-

tration, is preceded by a rapid mix step to provide contact between particles and

added destabilizing chemicals. The objective in the flocculation step is to destabilize

(i.e. either eliminate or reduce the electrostatic barrier) so that these destabilized

particles can stick to collectors (e.g., filter media or floc).

Because of their small size, submicron particles can pass through the treatment

train without settling in the sedimentation basin or adhering to the sand grains in

the filtration unit. These particles need to be incorporated into larger floc in order

to be removed either by settling or attaching to filter media. Yao et al. (1971) con-

cluded from numerical simulation of experimental data with particle aggregation

equations that a particle of 1 Ara diameter has the minimum contact opportunity.

They also noticed that changing the surface chemical properies of particulates en-

hances their removal in the filtration unit via improved attachment.

Chemically the process of incorporation starts through one of two parallel,

competing processes:

a. heterogeneous precipitation of added coagulant.

b. homogeneous precipitation of added coagulant.

It is probably true that one of these mechanisms will take prominance in removing

particular colloids from water, depending on specific ranges of values of certain
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parameters, whereas at different values of these parameters the other mechanism

will be more effective.

A colloid that coagulates slowly with other particles would tend to pass through

a sand filter. It may still be effectively removed, however, if it is incorporated into

floc via heterogeneous precipitation of added flocculant chemicals during the rapid-

mix step of water treatment. On the other hand, if floc formation proceeds without

concurrent incorporation of colloids, their removal may be small due to subsequent

slow coagulation.

Optimizing this heterogeneous precipitation may then be used to improve the

removal of a particular size or identity of colloid. In fact, this heterogeneous precip-

itation should favor removal of submicron (versus larger) colloids; the precipitation

rate should depend on surface area, and submicron colloids have large surface area.

Rates of these two competing processes (a and h) will depend on the particle

to be removed, its surface characteristics, and the solution conditions affecting the

rate of precipitation (i.e. supersaturation ratio, which depends on pH, complex-

ing ligands, precipitating cation concentration); solution conditions also affect the

identity of the solid precipitate formed (i.e. Al hydroxide vs. Al-hydroxide-fulvate).

1.2.Research Objectives:

The coagulation of submicron colloids was studied during this research. The

overall objectives were to study the rate and extent of removal of these colloids under

water-treatment conditions and to explore the inherent chemistry of the coagulation

process.

Specific research objectives are as follows:

1. Study the removal of submicron colloids under water treatment conditions.

Natural water particle concentrations (10 9 L -1 ) of monodispersed hydrous alu-

minum oxide colloids of 0.5 tzra diameter were used as model colloids. Two impor-

tant mechanisms for the removal process were studied:



a. precipitation of aluminum hydroxide onto pre existing colloids (i.e.,

heterogeneous precipitation) followed by self coagulation of the destabilized colloids

(i.e., aggregation)

and

b. homogeneous precipitation of aluminum hydroxide followed by coagu-

lation with the submicron colloids (i.e., enmeshment)

2. Study the relative rates and importance of homogeneous and heterogeneous

precipitation as controlled by:

a. the supersaturation ratio (n) for aluminum hydroxide precipitation (i.e.

pH and dissolved aluminum concentration) with n ranging from 1.0 to 100 for a pH

range of 5.5-7.5

and

b. the presence of complexing ligands (i.e. HCO3— , SOr and natural

organic matter)

3. Study the rates and extents of precipitation reactions using the knowledge

of equilibrium speciation among solution and surface species in the system via:

a. chemical equilibrium modeling of aluminum hydrolysis and surface spe-

ciation,

b. relating species concentration to relative rates (i.e. providing examples

of the kinetics of the process as applied to the experiments),

and

c. Stoichiometry of Al-OH incorporation into floc.

Experimental results and discussions are provided on: (1) the conceptual model

of parallel processes involved in the coagulation step of water treatment, (2) exper-

imental results to illustrate the importance and rates of the processes involved, (3)

interpretation of rates of processes in terms of chemical complexation.
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Chapter 2

Background

2.1. Overall conceptual model

Alum coagulation in water treatment involves: 1) coagulant addition, 2) mixing

and dilution of coagulant, and 3) coagulant precipitation. The coagulant is generally

added as a low-pH concentrated solution. As mixing and dilution of the added

coagulant solution occurs, the pH "seen" by the coagulant increases to that of the

raw water due to the presence of alkalinity (i.e., buffer) in the water. At an increased

pH level the concentration of coagulant exceeds the solubility limit resulting in the

commencement of precipitation. The precipitation pathway (i.e., homogeneous or

on surface) is important because it determines the mechanism of subsequent removal

of particulates via particle growth and incorporation into larger flocs.

Considering physical aspects of the rapid-mix unit, the high-concentration slug

of chemical coagulant injected into the rapid-mix unit is diluted and mixed with

the surrounding water following a sequence involving: 1) dilution to several small

pockets of coagulant, and 2) complete mixing resulting in uniform coagulant con-

centration in the water. The first step of dilution to several small pockets occurs

within a very short time frame (fraction of a second), due to the turbulent mix-

ing provided by the rapid-mix unit. Relatively high pH, and high alkalinity (i.e.,

pH buffer) of the water surrounding these pockets of coagulant can initiate the

hydrolysis reactions along the periphery of these pockets leading to precipitation.

At the same time, differences in concentration between the pockets of coagulant
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and the surrounding water drives the system towards achieving an uniform con-

centration. Time scales of attaining a uniform concentration could be shorter than

that revired for precipitation since metal hydroxide precipitate formation from

the added coagulant is a multi-step process that proceeds through a sequence of

multiple complexation and dehydration. Thus it can be expected that the process

of precipitation is not complete at the end of rapid mix and aqueous complexes

of coagulants as well as precipitated solids pass on to the flocculator unit of the

water treatment process train. Aqueous and surface chemical interaction should

therefore take place in the rapid mix unit and also in the flocculator unit. As the

precipitation rate decreases with time (i.e. with reduction in fl), control of the co-

agulation process shifts from chemical to physical, depending on relative time scales

for mixing/transport (physical steps), vs. precipitation (chemical steps)

2.2. Conceptual chemical Model

Particle formation, growth, and the coagulation steps involving precipitation

from dilute aluminum salt solutions are illustrated on Fig 2.2.1 for three chemically

distinct situations. From left to right, these are: 1) aluminum hydroxide precip-

itation under homogeneous conditions, 2) aluminum hydroxide precipitation onto

the surface of seed colloids (either in the absence or presence of adsorbed-organic

functional groups), and 3) precipitation of aluminum hydroxide with incorporation

of natural organic matter. The left and right pathways are conceptually similar to

the models of Snodgrass et. al. (1984) and De Hek et al. (1978) for precipitation

from solution.

The formation of mononuclear hydroxy complexes is fast, with a half life on

the order of 10 -4 seconds or less (1t1=4.44x109 M-1 sec-1 ) for Al0H 2+ (Holmes

et al., 1968). No rate constants are reported in the literature for aluminum-ligand
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complexation reactions. But for comparison purposes Hahn and Stumm (1968) sum-

marized the rate constants for reactions between the copper monohydroxo complex

and proton as 10 1 0 sec -1 and that for the formation of Fe3+ complexes with Cl- ,

SCN- , and S0 24- are on the order of 103 sec -1 . Further hydrolysis of the initial

monomers to produce Al(OH)t and smaller polymeric species are thought to be

the next steps (Stumm and Morgan, 1962), proceeding in parallel at rates that

should depend on pH and monomer concentration. At higher pH values, Al(OH)§,

and Al(OH) 4- , form as the next hydrolysis products. The predominant solution

species expected under the experimental conditions of this research are Al0H2+,

and Al(OH)1- at pH values of 5.5 and 6.5, and Al(OH) at pH of 7.5 (Fig 2.2.2).

In the presence of surface sites of organic functional groups, surface or organic

complexation proceeds simultaneously with the stepwise hydrolysis of aluminum

monomers. Calculations using the rate constant (k i =4.1x105 M-1 sec-1 ) reported

by Yasunaga and Ikeda (1986), shows that, the adsorption of phosphate on -y-Al2 03

has a half life of less than 1 second at concentrations (3.0x10-6 M) similar to the

minimum expected aluminum monomer concentration in our system. Other relevent

half-life calculations according to the same author are presented in Table 2.2.1.

Burgess, (1978) noted that the water-exchange rate with A13+ cation has a first-

order rate constant of 0.16 sec -1 . Aluminum-monomer adsorption on the hydrous

aluminum oxide surface should have a similar kinetic order as the size of ions should

not be very different. Aluminum monomer adsorption should therefore be expected

to take place at times ranging from a fraction of a second to a few seconds. At the

same time complexation of monomeric or small polymeric aluminum species with

fulvic acid should also proceed (Snodgrass et. al., 1984). These heterogeneous steps

involve both transport and reaction, and will thus depend in part on the relative

concentration of surface sites or fulvic acid and on the mixing regime.
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TABLE 2.2.1. Half Life of Several Adsorption Reactions'.

Reaction	 t1/2 for
adsorption reactio
(sec)

Silica/H+	 11.5
Fe2 03 /H+	 1.39
7-Al203/Phosphate	 0.81
1-Al203/Chromate 	 6.29  

4/2 for
desorption reaction
(sec) 
0.015
4.33
0.30
0.04      

°Reference; Burges, J., 1978
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The rate of polymerization from the monomeric aluminum complexes is con-

siderably slower. For example the rate constants for the formation of binuclear

Fe3+ hydroxo complexes is on the order of 1-102 sec — According to equilibrium

relationships (Smith and Martell, 1978) for pH values ranging from 5.5 to 7.5 very

small concentrations (10 - 100 itg L -1 ) of aluminum are in the solution phase, with

most of the added aluminum forming Al(OH) 3 (S) the precipitate. For solutions su-

persaturated with respect to aluminum, formation of Al(OH) 3 (s) can be visualized

as the next hydrolysis step.

Binding of aluminum species at favorable sites on the surface will induce precip-

itation via heterogeneous nucleation. Growth could be limited by either transport

of reactive species to the surface (physical) or by the rate of adsorption/growth

on the surface (chemical). This latter, chemical step depends on the concentration

of reactive surface sites. The original colloids will then be enmeshed into larger

precipitates via a combination of floc growth and floc aggregation.

Although heterogeneous nucleation and growth rates are faster than those un-

der homogeneous conditions (Swodoba-Colberg, 1985), the left hand pathway will

dominate where the solid-surface concentration is very low, supersaturation is high,

and mixing is poor. In a recent review on precipitation from electrolyte solutions,

Nielson (1986) suggested that the precipitation rate can be either transport con-

trolled or surface controlled depending on particle size and mixing conditions. For

particles with a radius of less than 5 Am precipitation reactions should be sur-

face controlled as the settling velocity (disappearing rate) is lower compared to the

bulk diffusion of solutes. Transport controlled reactions should be more important

for bigger particles because of the faster settling velocity. Nielson (1986) divided

the surface process into adsorption, surface migration, dehydration of ions and in-

tegration in the growth sites. Generally adsorption is the slow rate determining
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step whereas, surface migration and integration at growth sites are relatively fast

steps. The submicron particles formed via precipitation lead to the formation of

supramicron floc, which include the original colloids, by crystal growth, ripening

and aggregation (Snodgrass et. al., 1984)

Reactions with dissolved organic matter can be overlaid onto either the homo-

geneous or heterogeneous case as these organic compounds can either form com-

plexes with aluminum hydrolysis products or adsorb onto precipitated solid phase

aluminum hydroxide (VanBenschoten et. al., 1987) as well as on the surface of seed

particles (Davis, 1982). VanBenschoten (1987) concluded from experimental data

that organic-Al complexation is favored at low Al and pH conditions, whereas ad-

sorption onto precipitate is favored at high Al and pH (above 6). Dempsey (1984)

observed from experimental results that, at relatively lower concentrations (less

than 10mg L -1 ) of dissolved organic matter (humic and fulvic acid) the prominent

reaction is adsorption onto solid phase. Snodgrass et. al. (1984) concluded from

laboratory studies, that the rate of complexation of fulvic acid with monomers

or small polymers of aluminum is faster than homogeneous growth of aluminum

hydroxide nuclei.



Chapter 3

Materials and Methods. 

3.1. Materials

All chemicals, such as Al2(SO4)3 . 18H20, Al(NO3)9H20, NaCl, NaHCO3 etc.

were procured as analytical reagent grade solid and used without further purifi-

cation. Stock solutions were made in several steps, starting with a 1 M solution

and successive dilutions to the desired concentration. Final solutions were filtered

through prewashed 0.22 Ara membrane filters.

3.1.1.  Particles

Hydrous aluminum oxide colloids were synthesized by hydrolyzing aluminum

sulfate at an elevated temperature (98 ± 2 °C) according to a procedure developed

by Brace and Matijevic (1973). Analysis by scanning electron microscope (SEM)

and microelectrophoresis, showed that these particles are spherical with an average

diameter of 0.5 ± 0.1 Am (see Photo 3.1.1) and a pHi.p of about 7.8 in 0.01 M

NaCl. Minor differences were observed between batches of particles, presumably

due to incomplete removal of sulfate during hydrolysis and centrifugation. Stock

suspension was found to have an approximate particle concentration of 10 11 L -1 ,

as established by SEM counting. Number concentration and turbidity relationship

for these model particles are shown in figure 3.1.1.

3.1.2. Natural Organic Matter 

Dissolved natural organic matter (NOM) from two different sources was eval-

uated: soil fulvic acid, and aquatic humic substances (fulvic and humic acids). Soil
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Photo 3.1.1. Hydrous Aluminum Oxide Particles on 0.1pm Nucleopore Filter.
(Average Diameter: 0.5±0.1pm, pHi ep =7.8 in 0.01M NaC1)
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Fig 3.1.1. Number concentration versus turbidity for

hydrous aluminum oxide
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fulvic acid was isolated from a Michigan peat soil. The procedure involves: 1) mixing

peat soil with 0.1 M NaOH for 18 hours, 2) centrifugation and membrane filtration

to separate dissolved humic substances, 3) separation of humic-acid fraction by

filtration after lowering the pH to 1.0, 4) extraction of the fulvic acid component

in n-butanol, and 5) desaltation and drying of the butanol solution of fulvic acid

(Collins, 1985).

Aquatic humic substances were derived from water collected from the Salt

River, Arizona. The isolation was done following a procedure described by Thurman

and Malcolm (1981). This procedure involves: 1) 0.45 Am filtration and acidification

to pH 2.0, 2) adsorption of the humic substances on XAD-8 resin (Rolm'and Haas)

from the acidified water, 3) elution of adsorbed humic substances using 0.01 M

NaOH, and 4) desaltation of the desorbed humic substances using an ion exchange

resin. The average apparent molecular weights (AMW) of the humic materials were

determined by ultrafiltration (Amy, et. al., 1987) and organic-carbon measurement.

This procedure involves: 1) measuring the total dissolved organic carbon of an un-

fractionated sample, 2) passing aliquotes of samples through several ultrafiltration

membranes (representing apparent molecular weight cut-offs of 30K, 10K, 5K, 1K,

and 0.5K), 3) discarding first 20 mL of filtrate from each filter and 4) measuring

dissolved organic carbon on each fraction, allowing calculation of apparent molecular

weight. Natural organic matter from the aquatic source was found to have an

average apparent molecular weight of 5,700, whereas, the soil derived fulvic acid

exhibited an average apparent molecular weight of 10,000.

Carboxylic acidities, indicative of charge density, were determined by poten-

tiometric titration (Perdue and Reuter, 1984) from pH 3 to pH 8. Potentiometric

titration was performed using a pH stat. As a preparation step, all samples for
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titration experiments were purged with N2 gas at a pH of 3.0 for a 12-hour pe-

riod to remove interferences from dissolved CO 2 . The titration procedure involves:

1) adding 0.01 M NaOH to the purged sample at a constant rate and 2) noting

the pH change for each addition. Titration curves (Fig 3.1.2) were developed for

distilled deionized water and an aqueous solution of natural organic matter (dis-

solved organic carbon was measured prior to titration). The difference between the

amount of base needed for solutions of natural organic matter and distilled water,

and the known dissolved organic carbon concentration, were than used to calculate

the carboxylic acidity from the following equation:

meq of base for NOM — meq of base for D.W.
CarboxylicAcidity = 	 (3.1.1)

Organic carbon(gm)

The carboxylic acidity of aquatic natural organic matter was 5.09 meq g-C -1 and

that of soil derived natural organic matter was 7.27 meq g-C -1 .

3.2 Experimental Design. 

Two types of batch experiments were performed, both aimed at understanding

relative rates of the precipitation/coagulation processes. Incorporation of submicron

colloids into larger floc was studied in a jar-test apparatus. A pH stat was used for

the evaluation of the stoichiometry of the process.

Primary variables in the jar-test experiments were: 1) pH (5.5-7.5), 2) applied

aluminum concentration (0.1-1.0 mg L -1 as Al), 3) initial particle concentration

(1.0x109 - lx10 1° L-1), and 4) ligand concentration (i.e., applied bicarbonate,

sulfate, and natural organic matter concentration). Variables monitored during the

experiments were: 1) concentration of discrete submicron particles at several points

in time throughout the experiment and 2) dissolved aluminum concentration at the

end of the experiment.
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Figure 3.1.2 Titration curves for blank, soil-fulvic acid (25 mg L -1 as C), and
aquatic-humic substances (33 mg L-1 as C). Base added was 0.01 M NaOH. Each
sample was purged with N2 to remove dissolved CO2.



Primary variables for the pH-stat experiments were: 1) particle concentration

(0 - 5x109 L-1 ), 2) ligand(i.e., sulfate and natural organic matter) concentration,

and 3) pH values (5.5 - 7.5). The ratio of hydroxide ion to aluminum added was

monitored during these experiments.

3.3. Batch coagulation experiments. 

Coagulation experiments were conducted using rectangular plexiglass beakers

(10 cm x 10 cm x 15 cm) of 1.5-liter capacity with a conventional jar-test apparatus

(Phipps-Bird, Richmond, Virginia) fitted with an overhanging rectangular stainless

steel mixer (4 cm x 1 cm). Each coagulation experiment lasted for 60 minutes

with 1-minute of rapid mix (G > 300 sec -1 ) and 59-minutes of slow mix (G = 100

sec -1 ). Samples were taken for particle enumeration throughout the experiment.

The first sample was taken to establish the initial particle concentration (n0). Three

subsequent samples at 1, 30 and 60 minutes were taken to monitor particle number

concentration (ni, n30, and neci respectively) during coagulation. The last sample

was also used for measuring residual dissolved aluminum and particle mobility.

With the exception of three experiments (at NaHCO 3 = 0.002 M and 3x10-5 M),

ionic strength was maintained at 0.01 M with NaHCO3 stock. In experiments with

lower NaHCO 3 concentration, total ionic strength was established at 0.01 M with

NaC1 solution. Three aluminum doses (0.1, 0.5, and 1.0 mg L-1 as Al) and three

pH values (5.5, 6.5, and 7.5) were studied. An additional alum dose of 2.0 mg L-1

Al was studied in conjunction with the NOM-coated particles. One coagulation

experiment was done with Al(NO3)3 . 9H20 as the coagulant instead of alum.

To run a coagulation experiment, stock submicron particle suspensions were

diluted with particle-free water to achieve the desired initial number concentra-

tion (1x109 L-1 - 30x109 L -1). The turbidity of these suspensions was <1 NTU.
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Particle-free water was produced by continuous filtration of distilled deionized wa-

ter through a 0.22 Am cartridge filter. One—liter of the synthesized suspension was

first sonicated and then mixed for an hour to insure uniformity. The pH of the

suspension was adjusted subsequent to the NaHCO3 addition. At time zero, alum

(Al2(SO 4)3.18H20) was introduced in the form of a stock liquid solution (0.5 g

L-1 as aluminum). At the 1-minute, 30-minute, and 60 minute sampling times,

10 to 30 mL aliquots of samples were withdrawn from the middle of the beaker

with a large bore pipette and diluted to 50 mL with particle—free water for SEM

evaluation. Higher volumes of samples were processed as the particle concentration

was expected to decrease with the progress of the experiment. pH was continuously

monitored throughout the experiment. Minor shifts in pH due to alum addition were

adjusted during the first 15 seconds of each experiment; thereafter, pH remained

approximately constant (maximum shift, 0.1 pH unit) throughout the duration of

experiment.

Three phases of experiments were run: the first examined the effects of alum

dose, pH, and initial colloid concentration on particle removal, the second investi-

gated the effects of dissolved organic matter, and the third studied the effects of

inorganic ligands such as sulfate, bicarbonate, and nitrate.

In the first phase, experiments were performed on freshly prepared particles.

pH and alum dose were varied as mentioned above. Two additional experiments

were performed as a part of this series, to investigate the effect of initial colloid

concentration (1x109 , 5x109 , and 30x109 L-1 ) on coagulation. In the second phase,

several similar experiments were carried out using particles in the presence of either

soil fulvic acid or aquatic humic substances. Prior to the coagulation experiments,

particles were contacted with the organic matter for more than 12 hours to provide

an equilibrium coating of NOM on the particle surface. Davis and Gloor (1981)

39



reported on similar adsorption experiments, where they showed that 2 - 3 hours

of mixing provides equilibrium adsorption for all practical purposes. The third

phase of experiments paralleled several of the first-phase experiments except for

either different bicarbonate alkalinities (0.002 M and 3x10 -5 M), or the use of

Al(NO3)3 .9H20 as a coagulant instead of alum.

A control experiment at a pH of 6.5 indicated no aggregation of submicron

particles without the addition of alum. In another set of control experiments in the

absence of initial particles, aluminum-hydroxideprecipitates were observed on SEM

photographs at higher and intermediate levels of alum and pH (Al = 1.0 and 0.5

mg L -1 , respectively; pH = 7.5 and 6.5, respectively) while no precipitation was

evident at lower levels of alum and pH (Al = 0.1 mg L — '; pH = 5.5).

3.4. pH atat experiments

Constant-pH experiments were carried out in a 250-mL thermostated stirred

reactor. The pH was controlled by a pH stat operating two Gilmont 2.5-mL mi-

crometer syringe containing either 0.1 M HC1 or 0.1 M NaOH. A pH meter, Fisher

Accumet 825MP, was used for pH measurement. This meter was equipped with a

reference and a Ag/AgC1 electrode. The micrometer syringes were driven by a step-

ping motor and controlled by an Apple II+ computer. The computer was equipped

with a real time clock and a data aquisition system, AI13 by Interactive Data

Structures Inc. This data aquisition system is a 16-channel, 12-bit analog-to-digital

converter. The recorder output from the pH meter was amplified and connected

to a channel of the AI13. Digital output from AI13 was calibrated with standard

pH buffers at the start of the experiment. A basic program was used to convert

the AI13 signal to millivolts, compare to set point, and actuate a relay to operate

the stepping motor. The stepping motors were controlled by a STM103 Slo-Syn
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translator module, which was activated by signal from the computer. The motor

was on for the duration of the signal, delivering contents to the stirred reactor. The

signal duration was adjusted by the computer program (Appendix C) depending

on the difference between set-point and actual pH values. Sampling intervals for

pH control were determined by the print interval of the pH meter. The minimum

possible sampling interval was 2 seconds for the Fisher Model 825MP pH meter. A

schematic of the constant-pH reactor setup is shown in Fig 3.4.1. Syringe tips were

kept submerged in the reactor solution to provide a smooth and continuous rate

of addition. The reactor contents can be isolated from the atmosphere and purged

with compressed gas.

3.4.1. Mobility Experiment

For measurements of electrophoretic mobility, stock suspensions of hydrous

aluminum oxide particles were sonicated and diluted to the desired concentration

(1x109 L-1 to 5x109 L-1 ). Stock NaC1 solution was added to this suspension

to achieve the desired ionic strength (0.01 M). A 200-mL portion of this dilute

suspension was poured into the constant pH reactor, adjusted to the experimental

pH, and then purged with compressed N2 gas inside the pH stat for at least 12

hours to remove dissolved CO2. For experiments with organic—coated particles,

the required amount of natural organic matter (soil or aquatic) was added to the

reactor prior to the purging step with 12 hours provided for equilibration. Mobility

measurements were made by withdrawing a 10-mL sample with a large-bore pipet

from the middle of the reactor. In experiments conducted to examine the effects of

dissolved aluminum on particle mobility, an hour of equilibration time was provided

between the successive addition of aluminum sulfate stock.
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3.4.2. Stoichiometric-ratio experiment

The pH stat was also used for studying stoichiometric ratios. The acid buret

was filled with aluminum stock solution and the pH-stat program was modified (Ap-

pendix C) to allow a constant addition rate (8.15x10-7 mol min-1) of aluminum.

The base buret was controlled by the pH stat to compensate for the lowering of

pH due to aluminum addition and thus maintain a constant pH. Steps of addition

were made small and frequent to minimize "discreteness". Reactor contents were

purged with compressed N2 gas so that the ratio obtained was not masked by the

presence of atmospheric CO2. At each addition of aluminum, molar ratios of NaOH

to aluminum were calculated by the program and printed out at periodic intervals.

Changes in the successive values of OH/A1 ratio decreases as the system approaches

steady state and comes to a constant value after several minutes into the experi-

mental run. The ratio of NaOH to aluminum was calculated by determining the

incremental amounts of these added chemical, once the system approached steady

state, representing the ratio of OH to Al in the material leaving the solution phase.

This ratio of incremental amount of NaOH to incremental amount of aluminum was

used as the stoichiometric ratio in the following analysis.

Experiments to evaluate the stoichiometric ratio of OH-Al in the precipitate

phase were performed for pH = 5.5, 6.5, and 7.5; particle concentration = 0, 1x109

L -1 , and 5x109 L -1 ; natural organic matter = 0, 0.1 mg L -1 , 1 mg L-1 , and 5

mg L-1 as C. Two sources of aluminum, aluminum sulfate and aluminum nitrate as

well as two sources of organic matter, soil fulvic acid and aquatic humic substances,

were examined during this series of experiments.
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3.5. Analytical methods. 

3.5.1 Solids-liquid separation. 

For the purpose of evaluating the performance of the coagulation process, two

methods of solids-liquid separation were used, one involving 47-mm-diameter mem-

brane filters and the other with a lab-scale sand filter.

Filtration of coagulated suspension through a 5-pm Nucleopore filter under

a slight vacuum (produced by an aspirator) was found to capture all the flocs,

whereas all the discrete (unincorporated) submicron particles were found to pass

through the pores. This observation provided an operational definition of flocs as

that material captured on a 5-pm membrane. A prefiltration step was thus used to

separate flocs from the suspension. The filtrate through the prefilter was used to

prepare SEM specimens on a 0.1- 4m Nucleopore polyca,rbonate membrane filter to

monitor the concentration of submicron particles through the coagulation process

by direct counting. SEM photographs of 5-pm filter specimens permitted direct

examination of flocs and incorporated particles.

A control experiment was run to verify the validity of the operational definition

of flocs versus discrete particles. An untreated sample (e.g., no alum) was sequen-

tially processed through two membranes as outlined above. The 5-pm filter (Photo

3.5.1) retained virtually no discrete particle while the 0.1-pm filter (Photo 3.5.2)

captured the discrete particles for subsequent enumeration. This same water was

treated with 0.5 mg L-1 aluminum at a pH of 6.5. After 60 minutes of coagulation

and flocculation, floc retention by the 5-pm filter is portrayed in Photo 3.5.3 while

capture of residual discrete particles passing through the 0.1-pm filter is portrayed

in Photo 3.5.4. Enumeration of particles captured on the 5-pm and 0.1-pm filters

after 60 minutes of flocculation (Photo 3.5.3 and Photo 3.5.4) indicated a
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Photo 3.5.1. Control Experiment: Discrete Particles Retained on 5pm Prefilter

Before Coagulation.
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?brat° 3.5.2. Control Experiment; Prefiltered Discrete Particles Retained on

0.1gia Filter Before Coagulation.
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Moto 3.5.3. Control Experiment; Floc Retention on 5p.m Prefilter After Co-

agulation..

47



Photo 3.5.4. Control Experiment; Nonflocculated Particles Escaping the Pre-

Eiter. Retained on 0.1ym Filter.

48



total number of submicron particles within three percent of the particles initially

present (Photo 3.5.1 and Photo 3.5.2). The results of this control experiment are

summarized in Table 3.5.1.

As a second method of solids-liquid separation, a lab-scale sand filter was used.

This filter was fabricated from one-inch diameter plexiglass tubes and stainless

steel fittings (Collins, 1985). Filter media consists of 25 cm of silica sand (0.29

to 0.42 ram) supported on 5 cm of gravel. As a preparation step, this filter was

backwashed with more than 50 pore volumes of particle free water. Approximately

300 mL of the final flocculated suspension was passed through the mini-filter to

provide conditioning while the next 50 mL of filtrate was captured for quantification

purposes. The filter was gravity fed with a constant head on top of the filter media.

3.5.2 Scanning Electron Microscope. 

A scanning electron microscope (SEM), Model Hitachi IS1-IDS130 (dual stage),

was used for enumeration of submicron particles. Samples were prepared by filter-

ing suspensions of discrete submicron particles through a 0.1-Am Nucleopore poly-

carbonate membrane filter and mounting a small piece of the filter (approximately

2 mm x 2 mm) on an SEM stub. Poly-carbonate membranes provided uniform

vertical holes and facilitated microscopic observations. The range of magnification

needed to visually discern 0.5-Am particles could be as low as 400. In some cases,

especially with the initial sample and stock, higher concentrations of particles led

to the use of higher magnifications; up to 7000. Minimum possible magnification

was used to allow viewing of a larger area of the mounted sample and minimize

errors due to spatial variation. Sample volumes of 10 to 30 mL were used for SEM

sample preparation, depending on the expected number concentration. Particles

were counted directly on the screen or on polaroid photographs taken during an

SEM session.
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Table 3 5 1 Summary of control experiment
pH=6.5, NaHCO3=0.01M, & Aluminum=0.5mg L -1

Time

(min)

Particle	 concentration	 (No	 L-1 )

on 5pm
Prefilter

on 0.1pm
Filt r

Total

0

60

5.41x107

1.44x109

1.39x109

4.47x107

1.44x109

1.48x109
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At least 15 particles were counted per screen. Photographs were used for number

of particles exceeding 50 per frame. Up to 500 particles were counted on a single

photograph.

3.5.3 Atomic Absorption Spectrophotometer. 

A Perkin—Elmer model 360 atomic absorption spectrophotometer equipped

with a HGA-400 graphite furnace was used for the purpose of measuring dissolved

aluminum concentration. Wall atomization on a graphite tube was used for the

actual measurement of aluminum concentration, which involves: 1) drying at 120

°C, 2) pretreatment at 1500 °C, 3) atomization at 2500 °C, and a final step of 4)

cleaning at 2650 °C. These steps were chosen in accordance with the EPA method

202.2 (1983). This procedure was used to verify the alum stock concentration (0.5

g L-1 ), as well as for measuring residual aluminum at the end of experiments.

Residual aluminum measurements were made on filtrates derived from 0.1-/.4m fil-

tration. The calibration curve for aluminum analysis is characterized by a small

Beer's Law range (0 to 100 jig L-1 ), making several dilutions necessary before the

measurement.

3.5.4. Microelectrophoresis.

Electrophoretic mobility measurements were made on a Rank Brothers (Cam-

bridge, England) Mark II microelectrophoresis device. A flat cell set up with a

dark-field condensor was used for the purpose. The electrodes were coated with

platinum black to ensure uniform conductivity. For each value of mobility at least

20 particles were timed in the device under constant voltage, with an equal number

of particles at each stationary level (Black and Smith, 1962) and at either polarity

setting. Mean mobility was calculated by averaging the reciprocal of travel time

using:
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DL
Mobility(Am sec -1 /volt cm-1 ) = vc i-7 (3.5.1)

52

where, D is the travel distance (ktra), t is travel time (sec), L is cell length (cm), and

V is applied voltage (v). Measurments were made under a constant voltage setting

with applied voltage varying from 60 to 80 volts depending on the velocity of the

particles. Coefficient of variance of measurements were < 5 percent for all cases.

3.5.5. Other Instruments

For measurements of dissolved organic carbon, a Dohrman DC-80 total carbon

analyzer was used. This instrument operates on the principle of oxidizing carbona-

ceous matter by potassium persulfate in the presence of ultraviolet light. Prior to

injecting the sample into the instrument, a 15-mL portion of the sample was acid-

ified and purged with nitrogen gas to drive off inorganic carbon from the sample.

Measurements were made by injecting a 200-AL to 1.0-mL sample into the carbon

analyzer.

During coagulation experiments, pH measurements were made using an Orion

811 microprocessor pH/millivolt meter equipped with a combination pH/mV elec-

trode. The pH meter was calibrated on a daily basis by measuring the mV reading

for 5 pH standards. A calibration curve developed with these mV readings was used

for converting subsequent mV measurement to pH values for the samples.

A Hach Model 2100A turbidimeter was used for turbidity measurements. The

instrument was standardized using AEPA-1 turbidity standards (1 NTU and 5

NTU) manufactured by Advanced Polymer Systems, Inc. (Redwood, CA)

3.6. Field Sampling. 

Field sampling were done on two operating water-treatment plants. A clean

stainless-steel bucket was used to procure grab samples from selected locations



along the treatment process. The bucket was cleaned with distilled water and sub-.

sequently rinsed with particle-free water. Samples were brought into the laboratory

located inside the plant. Relevent analyses were performed according to the pro-

cedure mentioned above. In addition to measuring solution parameters, such as

turbidity, dissolved aluminum, and organic carbon, samples were prepared for SEM

evaluation of submicron particles. Supramicron particle counting were performed

in the field laboratory using a 12-channel HIAC particle counter. The sensor asso-

ciated with the counter had a range of 2 to 150 Ara.
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Chapter 4

Experimental results. 

4.1. Seeded Growth at different pH values. 

In most experiments conducted at pH 6.5 and 7.5, there was greater than a two—

log removal of the seed colloids after 60 min. Removal is defined as incorporation

into flocs that are retained on the 5-Am filter. There was little difference between

the 60-min values for pH 6.5 vs 7.5 (Fig 4.1.1). The difference was greatest at the

lowest alum dose of 0.1 mg L-1 as Al, where removal at pH 6.5 was slightly better

than that at pH 7.5. Removal after 1 min was greatest for pH 7.5 experiments at

all alum doses (Table 4.1.1), after which time observed removals at pH 6.5 were

better. An increase in the alum dose from 0.1 to 0.5 mg L-1 improved removal,

but a further increase to 1.0 mg L-1 had no effect (Fig 4.1.2). In fact, at pH levels

of 6.5 and 7.5 removal was slightly better at a 0.5 mg L-1 aluminum dose than at

a 1.0 mg L-1 aluminum dose. At pH 5.5, less than 50 percent removal occurred in

all cases (Fig 4.1.1), with the removal increasing from about 25 percent at 0.1 mg

L-1 aluminum to about 50 percent at 1.0 mg L-1 .

Three replicate runs (Table 4.1.2) were carried out on the pH 6.5, 0.5 mg

L -1 A1 experiment. The 60-minute n/no values for each replicate were within 45

percent of the three-experiment average (log(n/no) within 10 percent), indicating

good reproducibility. The one and 30-minute data exhibited smaller deviations from

the mean.

For equal dissolved aluminum concentrations, homogeneous precipitation was

observed to be more favorable at pH 7.5 vs. pH 6.5. SEM photographs show that
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Figure 4.1.1 Effect of pH on particle removal at Al = 0.5 mg.L-1 . (A-pH; 5.5,
04)11; 6.5, and OpH; 7.5, NaHCO3=0.01 M)

55



56

C4
4-5

CI
05

CO
0

0
40

co
40

It-
It-

CA
05

CO
C4

,-.4
4,31

.... ci ei oi ei c.i ci 6 d d

0co ao a* 01 03 0 V 00 .)14 .2
02 'di 0 00 50 5-1 4,4

a.--..
o
g

--....

.5311 ci ci .4 ci ci ci d 6 6

o
ra .-1

05
o
eti

1-•
50

10
at

04
5-I

C4
5-1

•VI
*-1

'01
5-)

C4
3-I

....II ..4 ci .4 ....4 ci ci d 6 6
1:".o"
o

„.• te) 5-4 40 Cl Id 'CM Cl 01 00
40 50 01 C0 04 0- 0 0 5-12 —; d d .4 6 d d 6

G
o
....1
x
0

..,
I
0

.6
01
o

t..
ci

co
.0

4
-5-1

Cl
to

04
to

0-
t-

)-1
40

00
05

0 Z Vi di di 3-1 4 It: 0:.) 4 4

,
..-,
.

1
E
4.4

...."	 .41c:
;..	 >

A
5
8

el
0

-4,
C:1
*4

c4,

`111
00

-4

o	 ct	 ap	 co	 co	 ci
05	 0	 00	 0	 0	 50

CS	 .4	 6	 ci	 ci	 ti
+	 +	 +	 +	 +	 +

:10	 --'
0	 'r

0 0 00 4511 '40 V. 0 0 0 0 50 0
CO .;..., CO 40 00 0 CO CO ••4 14 .4
E
g.

4 eli 'I' 7' 71 7.1 7; + + -I-

......

..••
.F.

ki lei cti d. cci ,...4 ci d el
I 1.4 t... ot t... 40 )-5 04 )-1 3-4 GO

14

-.4	 to

,

.
3 4 o to .-1 o 10 )-1 0 50 •-1

4 .4 d d •-i d 6 .4 d d

= to KW 10 101010 V, 10 10 10

05 0: 0: 0. cC; 6 00 Ili 54i 55:1

05
X W

41 3-4 01 110 elf 50 00 /05 00 01



4

57

-0.5

10	 20	 30	 40	 60	 60

Time (min)

Figure 4.1.2 Effect of aluminum dose on particle removal at pH = 6.5. (DA1;

0.1 mg L -1 , 0-Al; 0.5 mg L-1 , andA-Al; 1.0 mg L-1)



TABLE 4 1 2 Summary of replicate series for
experiment 5 (Table 4.1.1)

Parameter Run 1 Run 2 Run 3 Mean±C.V.*

nox109 4.38 4.85 4.54
-log(ntin0)6 1.23 1.34 1.20 1.25± 16%
-log(nsoino) 2.29 1.97 2.16 2.12± 38%
-log(neo/no) 2.81 2.45 2.36 2.50± 46%
-log(nfino)b 3.23 3.29 3.86 3.38± 58%

nt = Number of discrete particles per liter at time t
b 	= Number of discrete particles per liter after sand filtration

Mean and coefficient of variance were based on nano numbers
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Photo 4.1.1. Coagulated precipitate-coated model aluminum hydrous oxide
colloids (exp 5-1, Table 4.1.1). Experiment pH was 6.5 and alum dose was 0.5 mg

as AI.



flocs formed at pH 6.5 (Photo 4.1.1) are compact in nature with apparent

aggregation of precipitate-coated colloids, whereas photographs of flocs formed at

pH 7.5 show large masses of homogeneous precipitates (Photo 4.1.2) with model

particles sticking onto the precipitated mass. These large precipitate masses were

also observed without the seed particles at a pH of 7.5 in control experiments

conducted separately.

The observed precipitation sequence is qualitatively in accord with the con-

ceptual model described in Chapter 1. Aluminum precipitation is fast and was

completed within the first minute (rapid mix) after coagulant addition, i.e., before

the first sample was taken. At the end of rapid mix (mean velocity gradient >

300 sec -1 ), better removal was observed at pH 7.5 (log removal ranging from 0.96

to 1.65) versus pH 6.5 (log removal ranging from 0.74 to 1.26). This trend shows

that the rapid coagulation of particles with the homogeneous precipitate is effective;

more homogeneous precipitate is expected at pH 7.5 versus pH 6.5 because of dif-

ferences in aluminum solubility and HCO 3— complexation. At the end of rapid mix

the experiment continued for another 59 minutes, during which time the suspension

was slowly mixed at a mean velocity gradient of 100 sec-1 . Time dependent (1 to

60 min) data presented in Table 4.1.1, show that removal at pH 6.5 increases at a

faster rate and results in a better removal at the end of the experiment (60 mm).

For pH 6.5, log removals ranged from 2.14 to 2.54 at the end of the slow-mix period,

whereas, the range was 1.69 to 2.43 for pH 7.5 experiments. Hence, the experimen-

tal observations suggest that self coagulation of precipitate-coated ( destabilized)

particles is more efficient under slower mixing mixing conditions of longer duration,

whereas, coagulation of colloids with the homogeneous precipitate mass is efficient

under faster mixing conditions.
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Photo 4.1.2. Enmeshed aluminum hydroxide colloids in fresh Al(OH)3(s) pre-
cipitate (exp 1, Table 4.1.1). Experiment pH was 7.5 and alum dose was 1.0 mg
L-1 .
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At pH 5.5 the removal mechanism is presumably self coagulation of the seed

particles. As the destabilization is not as complete in comparison to pH 6.5, due to

similar charges on the seed particles and aluminum complexes, the coagulation rate

is significantly slower resulting in less than 50 percent removal even at the highest

aluminum dose (1.0 mg L-1 ). SEM photographs showed small compact flocs of few

seed particles. The floc morphology was not differentiatable from the flocs shown

in Photo 4.1.1 except that the flocs were smaller.

The second method of solids-liquid separation, namely the use of lab-scale sand

filters, provided better removal in all cases than the sequential-membrane-filtration

technique. Sand filtration was applied only on the last sample (60 min). Data

from the sand filtration analysis are reported in Table 4.1.1. The efficiency of

sand filtration, ranged from 20 percent better removal (log removal 0.13 vs. 0.21

at pH=5.5 and Al=0.1 mg.L -1) to 30 times higher removal (log removal 2.43 vs.

3.92 at pH=7.5 and Al=0.5 mg.L -1). The better removal observed during sand

filtration suggests that the estimates derived from membrane filtration analysis are

conservative relative to the actual field situations.

4.2 Seeded growth at different particle concentrations 

Two additional experiments were run at a pH of 6.5 to examine the effect of

initial particle concentration (1x109 vs 30x109) on coagulation. These results are

shown in Table 4.2.1. Increasing the initial concentration of seed particles by 3 fold

(no = 10x109 and 30x109) resulted in almost a 25-fold increase in percent particle

removal after 60 minutes. A 10-fold decrease in the initial concentration (no =

10x109 and 1x109) resulted in a 10-fold decrease in percent particle removal after

60 minutes.
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TABLE 4 2 1 Summary of seeded coagulation experiments
evaluating initial particle number concentration.
(experiments conducted with NaHCO3=0.01M,

in absence of organic matter)

Exp pH Init. Al n0x109 -108 (Nino)

mg L-1 No. L-1 t=1 t=30 t=60
1 6.5 1.0 0.78 1.19 1.39 1.42
2 6.5 1.0 11.4 0.99 1.95 2.39
3 _	 6.5 1.0 28.5 3.42 3.76	 . 3.78
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As noted previously, the coagulation process at the pH (6.5) of these experi-

ments involves predominantly heterogeneous precipitation followed by self coagula-

tion of destabilized colloids, which depends on the number of collisions between the

particles and on growth of the submicron particles to larger diameter particles. A

higher initial particle concentration increases the number of collisions and leads to

formation of more larger particles. This in turn provides additional contact opportu-

nities for the aggregation of submicron particles, resulting in improved performance

of the coagulation process. About 91 percent (final log removal = 3.42) of the total

removal was achieved within 1 minute at the higher initial particle concentration,

whereas, 84 percent (final log removal = 1.19) of the total removal occurred within

the first minute for the lower initial particle concentration, indicating a faster rate

of particle removal with higher initial particle concentrations. Particle removal was

observed to increase during slow mixing (log removal increasing from 1.19 to 1.42

for low no and 3.42 to 3.78 for high no in progressing from mixing times of 1 to 60

min). For the high initial concentration of particles, the removal remained fairly

constant during the slow mixing step. At a high no, the collision rate and growth

of larger particles are high resulting in extensive removal during the high-intensity

mixing of the first minute of the experiment. A smaller number (ni = 1x107 L-1 )

of discrete particles remained in the system for the high no experiment compared

to low no experiment (ni = 5x107 L-1 ), which reduces the collision rate during

slow-mixing for the high no experiment further than for the low no experiment.

For this reason slow mixing was found to be relatively more effective for the low no

experiment. The number concentration after the rapid-mix step for the medium ini-

tial particle concentration experiment was quite high (1x109 L-1 ) compared to the

lowest or the highest initial particle concentration experiments. The higher particle

concentration at the end of rapid-mix for this experiment induced the significant
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increase in particle reduction (log removal increasing from 0.99 to 2.39) during the

slow-mix step.

The final concentrations of discrete seed particles were found to be 3.0x107 L-1 ,

4.6x107 L -1 , and 4.7x106 L-1 for the low, medium, and high initial concentrations

respectively. The relative values of the low and high initial particle concentration

experiments suggest that, not only is a higher percent or log removal achieved

at higher concentrations, but a better absolute removal (resulting in a lower final

concentration) can be obtained at higher initial concentration of colloids. The

difference between the final concentrations from the low and the medium initial

concentration experiments seem to be reversed, but the magnitude of these two

number concentrations are not much different and is within experimental error. A

higher no should favor more heterogeneous precipitation, due to more surface area

available for deposition of the added Al. These observations were based on the fact

that the particle surface characteristics are unchanged and the removal conditions

are optimum.

4.3 Seeded growth with Natural Organic Matter

The addition of NOM to the system caused a negative shift in electrophoretic

mobility and diminished particle removal at all pH values (Table 4.3.1). For exam-

ple, at pH 7.5 the mobility shift was insignificant, but the 250-fold particle removal

in the absence of NOM dropped to near zero in the presence of NOM. The initial

mobility at pH 5.5 was positive without NOM (+1.60 Am sec -1 /volt cm-1 ) and

negative with NOM (-2.30 Am sec -1 /volt cm-1 ). Particle removal at pH 5.5 was

slightly better in the presence of NOM compared to removal in the absence of NOM

(30 vs 50 percent for 0.5 mg L -1 Al after 60 min). At low pH values, aluminum
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forms positively charged complexes that can more efficiently adsorb on to nega-

tively charged particles (created by the screening of the particle's positive charge by

the natural organic matter), resulting in more efficient heterogeneous precipitation,

as is evidenced by the ability of NOM to increase particle removal at pH 5.5.

The shift in mobility at pH 6.5 followed a similar pattern. The initial values

were -1.60 Am sec -1 /volt cm-1 without and -2.67 Am sec -1 /volt cm-1 with NOM,

respectively. In all experiments without NOM, the mobility of particles changed

from negative to positive at the end indicating the occurrence of heterogeneous

precipitation (e.g., the mobility changed from -1.60 Am sec -1 /volt cm -1 to +1.01

Am sec-1 /volt cm-1 at an Al dose of 0.5 mg L -1). In experiments with NOM,

the mobility of particles remained negative at the end, even with 2.0 mg L -1 Al

(-0.80 Am sec-1 /volt cm-1 ), which is indicative of incomplete destabilization of the

colloids. A higher alum dose would probably produce a destabilization similar to

that observed in the absence of NOM. This indicates a higher stoichiometric ratio

for destabilizing colloids in the presence of NOM. Colloid removal at pH 6.5 with

NOM was poor for 0.1 to 1.0 mg L -1 Al, being less than 80 percent in all cases.

At an aluminum dose of 2.0 mg L-1 with soil NOM, the 200-fold colloid removal

was comparable to that without NOM in conjunction with Al doses of 0.5 to 1.0

mg L-1 . With the aquatic NOM, removal was poor (10 to 15 fold) even at 2.0

mg L-1 Al. Aquatic NOM can adsorb more strongly on the particle surface as

indicated by the more negative initial mobility observed with aquatic NOM (-4.54

Am sec-1 /volt cm-1 ) versus soil NOM (-2.67 Am sec-1 /volt cm-1 ) when the same

concentration (5mg L -1 as C) was applied in both cases. Better binding of aquatic

NOM compared to soil NOM could be the reason for the poorer removal in the

presence of aquatic NOM versus soil NOM.
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Evaluation of SEM photographs from these experiments did not provide any

new information. The flocs formed at pH 6.5 were similar in character to those

shown in Photo 4.1.1. (uncoated particles). These observations suggest that ag-

gregation of precipitate-coated colloids is still the dominant removal mechanism.

Natural organic matter is either adsorbed onto the colloid surface or is present in

the aqueous phase. As removal was measured in terms of remaining discrete colloid

concentration only, coprecipitation of aluminum and NOM was not directly evident

from the results.

4.4 Effect of Other Ligands. 

Three additional experiments (Table 4.4.1) were done by varying the amount

of bicarbonate initially present in the system. Two experiments were done with

HCO3— = 0.002 M using 1.0 and 0.5 mg L-1 Al. The third experiment was done

with the equilibrium concentration of HCO3— resulting from CO2 in the atmosphere,

which was calculated to be 3x10-5M at pH = 6.5 (Pco, = 0.03 atm, plçai = 6.3,

pK a2 = 10.25, and pKH = 1.5). Prior to this experiment, the reactor contents

were equilibrated with the atmosphere by vigorous mixing in an open container. In

experiments with added bicarbonate, the pH of the sample went up with NaHCO3

addition, which was subsequently adjusted to the experimental pH value.

Comparing results from the experiments using 1.0 mg L-1 Al and varying

amounts of bicarbonate (3x10-5 M, 0.002 M, and 0.01 M), it is evident that particle

reductions were quite different for the first two experiments but they were similar for

the second two experiments. The particle reductions at the end of the experiments

were 2-fold, 300-fold, and 350-fold for the three experiments with increasing HCW

concentration, respectively. It is interesting to note that the particle reduction
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TABLE 4 4 1 Summary of seeded coagulation experiments
evaluating effect of ligands (HCO3,

(all experiments conducted in absence of NOM)

Exp. pH Init. Al
mg L-1

NaHCOa ,
mol L -1

n0x109

No. L-1

-log(nt/no)
t=1 t=30 I	 t=60

1 6.5 1.0 0.002 3.82 0.74 2.14 2.48

2 8.5 0.5 0.002 3.48 0.17 2.20 2.20

3 6.5 1.0 0.00003 3.84 0.17 0.19 0.29

4 6.5 1.0e 0.01 4.24 0.92 0.99 1.31

a From Al(N0s)3 . 91120
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observed at 0.01 M HCO decreased when the alum dose increased from 0.5

mg L-1 to 1.0 mg L-1 , while at 0.002 M HC0i- , the performance improved from a

150-fold reduction to 300-fold reduction with a similar increase in alum dose.

The role of HCC:q is three-fold: (1) it acts as a pH buffer, (2) it enhances

aluminum hydrolysis reactions through possible ligand complexation, and (3) it

may specifically adsorb on the surface, changing the pHi.p (Kebler et al., 1987).

Bicarbonate ion has an ability to alter the chemical-physical characteristics of the

aluminum hydroxide precipitate via ligand complexation and adsorption. Moreover,

the kinetics of aluminum hydrolysis are enhanced by higher initial HCO;- concen-

trations. For example, an increase in the HCW/S0,2i — ratio from 0.5 (exp 3, Table

4.5.1) to 35 (exp 1, Table 4.5.1) to 180 (exp 5, Table 4.5.1) increased log removals at

the end of the first minute from 0.17 to 0.74 to 0.99, respectively. As evident from

the experiments with organic-coated particles, a lower pHi.p should inhibit the co-

agulation process, requiring higher alum doses. While HCW ion reduces the pHi.p

of particles, its presence in solution enhances the hydrolysis/precipitation reactions

of the coagulant. Thus, its overall effect is to enhance the process of coagulation.

One experiment was run where aluminum was supplied from Al(NO3)3 . 9H20

instead of alum as in the case of other experiments (Table 4.5.1). The experiment

(pH = 8.5, Al = 1 mg L-1 , HCW = 0.01 M) in which alum (HCOVS0,24 —

180) was used as a coagulant produced a 250-fold reduction in colloid concentra-

tion, whereas, only 20-fold reduction was observed when aluminum was supplied

from Al(NO3)3 (HCOVN0i- 90). The presence of sulfate improved removal by

approximately 15-fold under similar conditions of pH and aluminum concentration.

Snodgrass et al. (1984) concluded that sulfate ion weakly sorbs onto aluminum

hydroxide and enhances precipitation kinetics. Moreover, sulfate can promote nu-

cleation of Al(OH) 3 (8) by forming complexes with aluminum hydrolysis species and
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providing cross—linking, permitting Al(OH)3(s) particle formation and growth (Let-

terman et. al., 1983).

The experimental data indicate that all of the inorganic ligands present in

the coagulation experiments; HCW, SOr, , and NW, affect the coagulation pro-

cess, possibly through ligand complexation and subsequent coprecipitation of the

ligands and the coagulating metal ion. Violante (1985) reported that organic and

inorganic ligands inhibit crystalization of pure aluminum hydroxide and shift the

system toward coprecipitation for ligand/A1 ratios ranging from 0.02 to 15. Hsu

(1979) suggested the following order for inhibition of pure Al-hydroxide precipitate

formation: phosphate>silicate>sulfate>chloride>nitrate>perchlorate. In the ex-

perimental system for this research, the molar ratio of HCW to Al ranged from

50 (NaHCO3 = 0.002 M) to 270 (NaHCO3 = 0.01 M), whereas the SQ24 — /A1 ratio

was 1.5 for alum and NOVAI ratio was 3.0 for Al(NO3)9H2 0. For these molar

ratios, especially in the presence of HCW, coprecipitation of Al with ligands was

expected. Evaluation of experimental results indicate a general increase in the rate

and extent of colloid removal in the presence of ligands. The following order of

effectiveness of ligands on Al-precipitation is evident from the experimental data:

S0,21 — >HCW >NW. Although the effect of HCW appears to be greater, SOr

produces a significant variation in the precipitation extent at much lower concen-

trations (on the order of 10-5 M) relative to HCW (on the order of 0.01 M). It is

expected that at incremental SQ2t— concentrations similar to those of HCW will

more strongly influence the extent of precipitation.
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4.5 Statistical Analusis of Data

Results of all experiments were ranked according to observed removals (n6o/no)

using the Duncan's Multiple Range (DMR) Test(Montgomery, 1976 and Dowdy,

1983) and are reported in Table 4.5.1. The experiments with best removals, based

on the ratio of n60/no, appear at the top of the table. The DMR test provides a

means of comparing groups of data based on values of a certain parameter. Like a

students t—test the DMR test indicates whether differences in parameter levels are

statistically significant. The t—test allows comparison of pairs of data only, whereas,

the DMR test allows ranking of a larger data set. The DMR test conducted herein

defines statistical differences in the parameter n6o /no at the 95 percent confidence

level. The DMR test takes into account replicates for each experiment and com-

pares the means of data. In this research, it was not possible to replicate all of

the experiments. Experimental error was defined from the one set of replicate ex-

periments. A letter rank was assigned to each experiment. The same letter rank

for two or more experiments indicate a statistically insignificant difference between

their parameter levels whereas, different letter ranks indicate a significant difference

at the 95 percent confidence level. According to the rankings, a pH of 6.5, a bicar-

bonate of 0.01 M, a higher initial particle concentration, or the absence of organics

all in general improve performance significantly over other conditions.

4.6 Electrophoretic Mobility

Electrophoretic mobilities of experimental colloids with and without organic

coatings are portrayed in Figure 4.6.1. As expected, the net effect of an organic

coating was to impart a more negative character to the mineral surface. Specific

adsorption of organic matter on the surface of submicron particles lowered the piliep
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Table 4.5.1. Statistical analysis of results (n60/no)
by Duncan's Multiple Range test.

Exp.a pH
Al dose
(mg L -1 )

NaHCOs
(M)

n0x102
L-1 neo/no

D1VIR
ranking

Comment

B-3 6.5 1.0 0.01 28.5 1.66x10-4 a
A-5 8.5 0.5 0.01 4.59 2.88x10-3 b
D-1 6.5 1.0 0.002 3.82 3.31x10-3 c
A-2 7.5 0.5 0.01 5.27 3.71x10-3 d
A-4 6.5 1.0 0.01 11.4 4.07x10-3 d
A-1 7.5 1.0 0.01 4.09 4.16x10-3 d
C-2 8.5 2.0 0.01 4.43 5.62x10-8 e Soil NOM
D-2 8.5 0.5 0.002 3.48 6.31x10-3 f
A-6 8.5 0.1 0.01 7.52 7.24x10-3 g
A-3 7.5 0.10 0.01 5.08 2.04x10-2 h
B-1 6.5 1.0 0.01 0.78 3.80x10-2 i
D-4 6.5 1.0 0.01 4.24 4.90x10-2 j Al((NO)3)3
C-9 8.5 2.0 0.01 3.54 6.61x10-2 k Aquatic NOM
C-4 6.5 1.0 0.01 4.59 2.14x10-1 1 Soil NOM
C-1 5.5 0.5 0.01 4.35 4.79x10-1 m Soil NOM
D-3 8.5 1.0 0.00003 3.84 5.13x10-1 m No added bicarb.
A-7 5.5 1.0 0.01 6.77 5.25x10-1 m
A-8 5.5 0.5 0.01 4.81 7.24x10-1 n
C-7 6.5 0.5 0.01 4.10 7.41x10-1 no Aquatic NOM
A-9 5.5 0.1 0.01 4.78 7.41x10-1 no
C-2 7.5 0.5 0.01 4.43 8.32x10-1 op Soil NOM
C-8 8.5 1.0 0.01 3.74 9.33x10-1 p Aquatic NOM
C-5 6.5 0.5 0.01 4.86 9.77x10-1 p Soil NOM
C-6 6.5 0.1 0.01 5.04 1.00 p Soil NOM

a The prefix A indicates exps. from table 4.1.1 and 4.1.2;
B indicates exps. from table 4.2.1; C indicates exps. from
table 4.3.1; and D indicates exp. from table 4.4.1.
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Figure 4.6.1 Electrophoretic mobility of hydrous aluminum oxide colloids at

constant ionic strength of 0.01, in the absence of any organics(0), in the presence

of 5.0 mg L-1 (as C) soil fulvic acid (A), and in the presence of 5.0 mg L -1 (as C)

aquatic organic matter (+)•



from 7.8 to <3. Due to the very high conductivity of aqueous solutions below

pH 3, no mobility measurements were made at pH levels lower than 3, and hence the

exact plitep of the organic coated colloids could not be determined. On an equal

mass basis (5 mg L -1 as C), the mobility curve with aquatic humic substances

falls below that for soil fulvic acid (Fig 4.6.1). For example, mobilities of the

experimental colloid at a pH of 5 were +4.3, -2.1, and -3.2 Am sec -1 /volt cm-1

for no organics, soil fulvic acid, and aquatic humic substances, respectively. The

reason for a larger shift in mobility with aquatic humic substances versus soil fulvic

acid could be due to a higher carboxylic acidity (7.27 versus 5.09 meq g-C -1) and

thus a higher concentration of dissociated carboxyl groups at all pH values.

The electrophoretic mobilities of aluminum hydrous oxide particles in 0.01 M

NaCl, 0.005 M NaHCO 3 , and 0.01 M NaHCO3 are portrayed in Figure 4.6.2 as a

function of pH. For the 0.005 M NaHCO 3 experiments, the total ionic strength was

adjusted to 0.01 M with NaCl. It is evident that HCCq ion affects particle mobility,

changing the pHiep from 7.8 in 0.01 M NaC1 to 6.0 with 0.005 M NaHCO3, and

to 5.9 with 0.01 M NaHCO3. A change in the pHiop with the addition of HCO;

ion suggests specific adsorption of this ion on the colloid surface, as the total ionic

strength was equal for all three experiments. There was a large shift in plliep (from

7.8 to 6.0) for an increase in HCO3— concentration from zero to 0.005 M compared

to a small shift (6.0 to 5.9) for an increase in HCO3— concentration from 0.005 M to

0.01 M. This trend suggests that there may be a limited number of available sites on

the colloid surface to bind the HCO 3— ion and these sites are occupied at the lower

concentration (0.005 M). This observations has strong implications for coagulation

of these colloids. The presence of HCO 3— /CO3 — makes the surface more negative,
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but at the same time aqueous species of this ion can expedite the precipitation

of coagulant species via complexation and buffering, thus resulting in a net increase

in the coagulation efficiency. The precipitation rate of Al(OH)3(s) depends on the

precursor concentration; HCO3- can take part in aluminum complexation and in-

duce favorable effects on precipitation by increasing the aluminum-bearing complex

concentration. HCO 3- can also screen the charge on the surface of fresh precipi-

tates, making further adsorption and precipitation more favorable. As a result of

its buffering capacity, the pH remains constant, which would otherwise drop to a

value of higher aluminum solubility, upon the addition of alum.

Mobilities were measured for uncoated and NOM-coated colloids (Fig 4.6.3 and

Fig 4.6.4 respectively) in the presence of increasing aluminum concentration (0 -

2500 Ag L-1 ). These experiments were performed under constant pH (either 6.5 or

7.5) conditions. Natural organic matter from both sources (soil and aquatic) was

applied at a pH of 6.5 in separate experiments. A total ionic strength of 0.01 M

was provided by NaC1 addition. For uncoated colloids a decrease (less positive) in

mobility was observed under both pH conditions. Mobility of the uncoated particles

decreased from +3.2 Am sec-1 /volt cm-1 to +1.9 Am sec-1 /volt cm-1 at a pH of

6.5. At a pH of 7.5 the mobility change was from +1.1 Am sec -1 /volt cm-1 to +0.5

Am sec-1 /volt cm -1 for the uncoated particles.

For NOM-coated particles the mobilities were negative before alum addition

(-2.7 Am sec -1 /volt cm-1 for soil NOM and -4.3 Am sec -1 /volt cm-1 for aquatic

NOM). An increasing concentration of aluminum resulted in a positive shift in

mobility. Mobility values of -0.8 Am sec -1 /volt cm-1 for soil NOM, and -1.6

Am sec -1 /volt cm-1 for aquatic NOM coated colloids at an aluminum concentra-

tion of 2000 Ag L-1 were observed. Similar observations were reported by Kebler

et al. (1988) for experiments with aluminum-coated silica particles.
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Figure 4.6.3 Electrophoretic mobility of hydrous aluminum oxide colloids under
increasing applied aluminum concentration at pH of 6.5 (D) and 7.5 (0)
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Figure 4.6.4 Electrophoretic mobility of hydrous aluminum oxide colloids under
increasing applied aluminum concentration at pH of 6.5, in the presence of 5.0 mg
L-1 (as C) soil fulvic acid (0)  and aquatic organic matter ( 0).
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The experiments described above suggest an intermediate value of pHiep (be-

tween 7.8 for fresh colloid vs <3 for organic coated colloid) for fresh A1(OH)3(s)

precipitate. In a separate experiment the mobility of fresh A1(OH) 3 (s) was mea-

sured as a function of pH in the presence of atmospheric CO2 (Figure 4.6.5). The

pHicp was approximately 7.0. This plliep is higher than that reported by Hayden

and Rubin (1974). Letterman (1979, 1983) suggested that adsorption of aluminum

hydrolysis species and coating by precipitated Al(OH)3(s) determines the net sur-

face charge of the composite particle. Mobility measurements made in the absence

of atmospheric CO2 with increasing aluminum concentration (Fig 4.6.3) show that

the mobility change was asymptotic with aluminum concentration, reaching a value

of +1.9 gm sec -1 /volt cm-1 at a pH of 6.5 and +0.5 Arn sec-1 /volt cm-1 at a

pH of 7.5. Although these values are somewhat different from the reported mobil-

ity of fresh Al(OH)3(s) (Fig 4.6.5), it is expected that the mobility of these fresh

precipitates would be closer to the values obtained for aluminum coated colloids,

if measured in the absence of atmospheric CO2. Experimental results reported in

Fig 4.6.4 show that mobility was still negative at an aluminum concentration of

2000 gg L-1 . The steep nature of the curves suggests that complete coverage of

the NOM coated particles with aluminum precipitates had not occurred at this alu-

minum concentration. It should be noted that while the particles are coated with

NOM, some aqueous NOM is also present, which can compete for the aluminum

added. The mobility values measured at the end of batch coagulation experiments

(Table 4.1.1) shows that with increasing alum dose, the mobility of the particles

approaches that of fresh Al(OH) 3 (s), thus supporting the above hypothesis.
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4.7 Aluminum hydroxide precipitation stoichiometry

A series of 23 experiments were run to examine the stoichiometry of aluminum

precipitation. An illustrative plot of the OH/A1 ratio versus time appears in Fig

4.7.1. The system was initially undersaturated and thus values of this ratio increase

with time at the beginning of the experiment. Precipitation commences as soon as

a certain supersaturation is attained, bringing the system back to a saturated state.

As the system becomes saturated, the OH/A1 ratio becomes relatively constant.

During the period of saturation, the amount of marginal additions of NaOH and

aluminum were noted, and the ratio was calculated based on several incremental

additions near the end of the experiment. This calculated value is indicative of the

stoichiometry of the process. As the system reaches steady state, this calculated

ratio indicates the ratio of these two species in the precipitate phase.

A summary of experimental results appears in Table 4.7.1. It can be seen that

the stoichiometry of the process, as indicated by the ratio of OH/A1, is influenced

by pH, the presence or absence of initial particles (i.e., homogeneous versus hetero-

geneous nucleation and growth), and the presence or absence of NOM. The effect

of sulfate ion is also shown in the table by a comparison of results derived from

aluminum-sulfate versus aluminum-nitrate addition.

In the absence of either initial particles or NOM, the stoichiometric ratio varied

from 2.30 to 3.72 for a pH range of 5.5 to 7.5. Based on the observed plliep of 7.0

for freshly precipitated material, one would expect a stoichiometric ratio of 3.0 at

a pH of 7.0 for the electrically neutral solid; i.e., Al(OH) 3 (s). The ratio increased

with increasing pH with empirical formulas of; A1(OH)3:p- (s), Al(OH)3,0 (s), and

Al(OH)N— (s) at pH values of 5.5, 6.5 and 7.5, respectively. Thus, the particles
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TABLE 4.7.1. Observed stoichiometric ratios of Na0H/A1

Colloids
no

(No. L -1 )

NOM
Conc
(mg L-1 as C)

NOM
Source

pH
Na01-1/A1
Ratio

Aluminum Sulfate Experiments
0.0 5.5 2.300

0 0.0 6.5 2.99
0 0.0 7.5 3.72

1x109 0.0 5.5 2.02
1x109 0.0 6.5 2.12
1x109 0.0 7.5 2.02

5x109 0.0 5.5 1.92
5x109 0.0 6.5 1.92
5x109 0.0 7.5 2.34

0 0.0 AHS 6.5 2.99
0 1.0 AHS 6.5 3.06
0 5.0 AHS 6.5 2.68

0 0.0 SFA 8.5 2.99
0 1.0 SFA 6.5 2.99
0 5.0 SFA 6.5 2.00

1x109 0.0 6.5 2.12
1x109 0.1 AHS 6.5 3.12
1x109 1.0 AHS 6.5 2.88
1x109 5.0 AHS 6.5 2.98

1x109 0.0 6.5 2.12
1x109 0.1 SFA 6.5 3.14
1x109 1.0 SFA 8.5 2.93
lx109 5.0 SFA 6.5 2.16

Aluminum Nitrate Experiments
0.0 6.5 3.000

1x109 0.0 6.5 2.89
0 1.0 AHS 6.5 2.98
0 1.0 SFA 6.5 2.89

a AHS: aquatic humic substances, SFA: soil fulvic acid
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should have zero charge at a pH of 6.5, based on the precipitation stoichiometry.

At pH values lower than the pHiep , sorption of H+, Al3+ and positive hydroxya-

luminum complexes (with an OH/A1 ratio < 3.0) on the precipitating solid phase

would lead to a ratio of OH/A1 of less than 3, thus explaining the positive charge

associated with the precipitate below a pH of 6.5. Conversely, at higher pH values,

negative hydroxyaluminum complexes, characterized by a OH/A1 ratio >3.0, are

predominant. Sorption of OH — and these complexes results in a ratio of OH/A1 in

the precipitating phase of greater than 3.0, with a net negative charge associated

with it.

In the presence of initial colloids and the absence of NOM, the observed stoi-

chiometric ratios decreased at each of the pH levels investigated in comparison to

observed ratios in the absence of initial colloids (i.e., lower OH/A1 ratio). In these

experiments, the dissolved Al concentration was on the order of 10-7 M whereas the

added colloids provided a surface-site concentration on the order of 10-9 M (based

on an assumed surface site density of < 1 sites nm-2), indicating a large excess

of dissolved Al versus surface sites. In fact, due to precipitation from the aqueous

phase, the actual surface-site concentration increased, reducing the surface-site ex-

cess. Some of the added aluminum and OH— adsorbs directly on the surface of the

initial particles. Precipitation on the surface involves a OH/A1 ratio of <3 because

of the lower charge associated with adsorbed aluminum species. The significant

drop in OH/A1 at pH levels of 6.5 and 7.5 could be due to the adsorption of Al on

predominantly preexisting surfaces (i.e., added Al forms a thin precipitate coating).

It is likely, however, that a combination of heterogeneous precipitation (OH/A1 <

3) and homogeneous precipitation (OH/A1 < 3 at pH=6.5) results in an overall

ratio of less than 3.0. With an increase in surface-site concentration, heterogeneous

precipitation should become even more prominant (due to more Al adsorption at
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a higher surface concentration) and result in a smaller ratio of OH/Al. This trend

presumably reflects the lower supersaturation ratio required for heterogeneous as

opposed to homogeneous nucleation (van Straten et al., 1984). As the initial par-

ticle concentration was increased from 1.0x10 9 L -1 to 5.0x109 L -1 , the observed

ratio further decreased, ostensibly due to the even lower required supersaturation

ratio for heterogeneous nucleation with additional initial particles due to a decrease

in the thermodynamic barrier for nucleation and growth via reduction in surface

tension (van Straten et al., 1984) .

In the absence of initial colloids and the presence of NOM (carboxylic acidity

concentrations were on the order of 10 to 10-7 M, based on the experimentally

determined carboxylic acidities), the ratio of Na0H/A1 generally decreased with

increasing NOM concentration. Fulvic/humic acids react with aluminum to form

aluminum-fulvate and aluminum-humate precipitates. Some degree of coprecipita-

tion can be expected involving aluminum fulvate/humate and Al(OH)3(s). It is

interesting to note the difference between the two NOM sources: lower stoichio-

metric ratios were observed for the soil fulvic acid as opposed to the aquatic humic

substances. The former material is characterized by a higher molecular weight and

lower carboxylic acidity (and hence lower charge density), attributes that make

destabilization of the soil fulvic acid easier.

At pH 6.5, the presence of NOM generally resulted in higher stoichiometric

ratios than with particles alone. OH/A1 ratios were essentially the same with or

without particles present. This may be due to a relatively high concentration of

organic functional groups compared to surface sites. In addition to solid-phase NOM

(i.e., sorbed onto colloids), there is still aqueous-phase NOM that interacts with

dissolved aluminum resulting in coprecipitation of aluminum and organic ligands.
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In comparing results for aluminum derived from aluminum sulfate versus alu-

minum nitrate, there was no difference when neither initial particles nor NOM

were present. When initial particles were present in the absence of NOM, a higher

stoichiometric ratio(2.89 vs. 2.12) was observed for aluminum nitrate. This is in-

dicative of a stronger interaction of SO42— with the surface sites compared to NO 3— .

In contrast, in the presence of NOM and absence of initial particles, slightly lower

stoichiometric ratios (2.98 vs. 3.06) were observed when aluminum nitrate was used.

4.8 Field Trip Data Analysis

As an extension to the lab scale experimentation, operating water-treatment

plants were sampled for various parameters, including submicron and supramicron

particle concentrations, pH, turbidity, residual aluminum and organic carbon con-

centration. Two water treatment plants were sampled; the H.J. Mills Filtration

Plant located in the Riverside County, and the F.E. Weymouth Filtration Plant lo-

cated in Laverne, both in the southern California. Both of the treatment plants are

operated by The Metropolitan Water District (MWD) of southern California. The

Mills plant receives water from northern California via an aqueduct, whereas the

Weymouth plant generally receives water from Colorado River, although the source

water for the Weymouth plant is alternated between California State Project water

(from northern California) and Colorado River water, depending on availability.

Both plants were sampled at various locations as indicated in the flow diagram of

Fig 4.8.1. No thickener pond samples were analyzed for the Weymouth plant. The

Mills plant (California State Project water) was sampled twice, on September 4th

and November 9th, 1987 to observe seasonal variations in the parameters analyzed.
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The Weymouth plant (Colorado River water) was sampled only on November

9th, 1987. A comparison of data from the two plants should provide insight into

the influence of source water on performance. Data from the two field trips to the

Mills plant are summarized in Tables 4.8.1 and 4.8.2, respectively. Data from the

Weymouth plant are summarized in Table 4.8.3. Important operational parameters,

such as flow and chemical dosage, are also indicated in the tables for the particular

dates. Computer programs and outputs for these calculations are shown in appendix

C.

The Mills filtration plant was operating at 80.75 MGD during the high sum-

mer demand period. The flow was 22.6 MGD during the low-demand winter

time. The Weymouth filtration plant is a larger installation and was processing

227 MGD water during the winter sampling period. The Mills plant uses alum,

Al2 (SO4)3,18H20, as the primary coagulant (alum doses of 3.9 mg L -1 during

September and 2.5 mg L-1 during November). In addition to alum, small doses

(1.9 mg L-1 during September and 1.2 mg L -1 during November) of Cat-Floc-T,

a cationic polymeric coagulant aid was used. A filter aid (0.01 mg L-1 ) was used

before the filtration unit process. Caustic soda (6.4 mg L-1 in summer and 4.5 mg

L -1 in winter) was applied to provide pH buffering before the water reaches the

distribution network. The Weymouth plant uses a cationic polymer (WT20) as the

primary coagulant at a dosage of 0.25 mg L-1 . Neither coagulant aids, filter aids,

nor caustic soda were needed for this plant.

A procedure similar to that employed in the laboratory study was used for

differentiating flocs from the discrete particles (5 Am prefiltration). Total Particle

number concentrations, TPN, are reported in Table 4.8.1, 4.8.2, and 4.8.3 for both

optical particle counting (> 2 Am) or scanning electron microscopy (< 1 Am).
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Volume-average diameters, d u were calculated from the measured number con-

centrations. Particle number concentrations in the raw water of the Mills plant were

slightly higher during the summer season (submicron = 40x109 L-1 , supramicron

= 1x107 L -1) compared to the winter season (submicron 20x10 9 L -1 , supramicron

= 5x106 L-1) but the particle surface charges as indicated by the electrophoretic

mobility were similar (-1.15 Am sec' /volt cm-1 versus -1.20 Ara sec-1 /volt cm-1 ).

The water to the Weymouth plant had a smaller submicron to supramicron particle

ratio (submicron = 3x10 9 L-1 , supramicron = 9x106 L-1 ) than the Mills plant.

Particle-size distributions were approximately the same for all of the samples.

Two representative size distributions, one for the supramicron and one for the sub-

micron particles, are shown in Fig 4.8.2 and Fig 4.8.3, respectively. In these figures

the particle size-distributions for the raw and finished waters are portrayed. These

graphs only shows the particle size distribution in the raw and finished water, which

can only indicate effectiveness of treatment via particle growth, not removal. It is

evident from Fig 4.8.2 that the supramicron particle-size distribution has changed

from the raw to the finished water indicating a steeper function for the finished

water. A steeper function is indicative of more larger particles and hence effec-

tive treatment in growing particles. Fig 4.8.3 on the other hand does not show a

significant change in the particle-size distribution function, indicating insignificant

particle growth for the submicron particles. Similar conclusions can be drawn from

the parameter volume-average diameter (d e) as discussed in the following para-

graph.

Log removals in submicron-particle concentration were
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1.6 and 1.8 for the two sampling dates of the Mills plant. The correspondingremoval

for the Weymouth pinant was only 0.4. Similar log removals were observed for

supramicron particles (1.6, 1.9 and 1.0 for the three samples, respectively). Fig 4.8.4

shows the reduction in particle concentration (both submicron and supramicron)

during treatment. Corresponding changes in volume average diameters are indicated

in Fig 4.8.5. The effectiveness of coagulation of supramicron particles is indicated

by the increase in volume average diameter, d u (for example d u increased from 7

pm to 12 pm for the summer sample of Mills plant as the water progresses from

the raw influent to floccultor effluent). The d„ value should show a decrease after

the removal unit process such as sedimentation and filtration. However, this trend

cannot be seen on the graphs shown, which might be an artifact created by the

particle counter, as it is encountering widely varying particle concentration for the

first few steps compared to last few steps.

Removal is indeed represented by the n total particle number, TPN and turbid-

ity (from >1 NTU,to about 0.1 NTU). Most of the supramicron-particle removal

took place during filtration. There is no such clear drop in submicron-particle

concentration at any particular unit process. Submicron particles were not very ef-

fectively coagulated as shown by a relatovely constant d u (approximately 0.5 pm).

These particles (submicron) are removed as a result of incorporation into bigger

flocs, occurring over several unit processes including rapid mix, flocculation and

sedimentation as well as filtration.

During the summer season the recovery of backwash water through sedimen-

tation in an open pond at the Mills plant was effective, reducing the submicron

particle concentration from 40x109 L -1 to 5x109 L-1 and the supramicron particle

concentration from 7x106 L - 1 to 5x106 L -1 . During the winter sampling time the
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backwash flow was very small and the pond was not effective at all in removing

submicron particles (12x109 L-1 ) although there was a significant reduction in

supramicron particles (2x106 L-1 to 1x106 L-1 ). The concentration of sub-

micron particles in the influent water was significantly higher than the pond return

water (40x109 L-1 versus 5x109 L-1). During the slimmer sampling at the Mills

plant the flow through the thickener pond was continuous, providing slow agitation

that would tend to enhance removal of particulates as the water should be rich in

coagulant chemicals.

The Mills plant uses alum as a coagulant whereas, the Weymouth plant uses

polymeric coagulant. Residual aluminum concentration was close to the equilibrium

concentration in all the samples analyzed. The Mills plant was more effective in

particle removal compared to the Weymouth plant, a result attributable to either

a relatively lower initial pH (8.0 versus 8.3) and/or coagulant type. Both source

waters were low in total dissolved organic carbon concentration (approximately 3.0

mg L'). About a 30 percent reduction in organic carbon was achieved at either

treatment plant.
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Chapter 5

Discussion

5.1  Aluminum Speciation and Solubility

5.1.1. Aqueous Complexes 

The extent and rate of aluminum precipitation depends on the concentration of

reactants and thus on the aluminum dose and speciation/complexation in solution.

Besides the OH- complexes discussed in terms of Fig 2.2.1, aluminum can form

complexes with surfaces and other ligands such as SO 42- , HCO3- /CO32- , natural

organic matter, etc. Values of constants describing such complexation are needed

to model the precipitation chemistry.

Monomeric and polymeric complexes of aluminum with OH- have been re-

ported by many researchers (e.g., Davis and Hem, 1987; Apps et al., 1986; May

et al., 1979; Baes and Mesmer, 1976; Hayden and Rubin, 1974; Matijevic et al.,

1964; Akitt, 1972 and 1981 etc.). A compilation of literature values of equilibrium

constants for the first four hydrolysis reactions is presented in Table 5.1.1. There

is almost unanimous agreement about the first hydrolysis constant (pK = 4.99),

whereas strong disagreement is noticable among various authors on the second (pK

range from 9.3 to 10.1) and fourth (pK range from 22.2 to 23.0) hydrolysis con-

stant. The third hydrolysis constant for Al(OH)3 is not reported by all authors

(pK range from 16.84 to 15.0). However, using a particular set of constants should

yield consistent results despite the differences.
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TABLE 5.1.1 Aluminum hydrolysis constants

Source
_

PKI pK2 0(3 p1C4

Baes and Mesmer, 1976 and
Smith and Martel, 1976 4.99 9.30 15.0 23.0

May et al., 1979 4.99 10.1 - 22.2
Apps et al., 1986 5.02 10.21 16.84 22.25
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Sulfate complexation of aluminum has also been reported in the literature (Behr

and Wendt, 1962 and Letterman and Iyer, 1985). pK values of -3.21 and -5.11 were

reported by Behr and Wendt for complexation of one or two SOT groups to A13+,

respectively. Letterman and Iyer arrived at pK values of -3.02 and -4.92 by fitting

titration data to an equilibrium complexation model. The nature of these constants

points to the importance of SOT complexation at low pH values, in the pH range

of 2 - 4 and in the presence of millimolar concentrations of SOT.

Letterman et. al. (1979) noted the importance of HCOVCOr- in aluminum

precipitation. Although the importance of HC0i- has been noted, it is not clear

how this anion affects the process of flocculation. Some authors (Hanna and Rubin,

1970) suggested possible complex formation with A13+. However, no equilibrium

constants describing such complexation were found in the literature. Smith and

Martell (1976) reported an equilibrium constant for the association of one HCO -3-

with Fe2+ with a pK value of -1.10. A similar equilibrium constant was assumed

for modelling purposes to represent association of HCO -3- with A13±. The pK value

for Fe2+ complexation was adjusted, based on the ratio of pK values for SOT

complexation with A13+ (pK = -4.04) versus that with Fe2+ (pK = -3.89). This

value was used as the initial estimate of the constant (pK = -0.95) representing

HC0i. complexation with A13±.

Complexation of aluminum with organic matter was discussed by Backes and

Tipping (1987), Pott et al. (1985) and Young and Bache (1985). These authors

suggested that such complexation is important only at very low pH values, not

relevent in this research. Snodgrass et. al. (1984) noted the importance of organic

matter for aluminum precipitation at pH 5.5. They observed an increase in the
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Reaction

H2CO3 ==H 	 HCO;

HCOW ==H + COr-

H20	 H+ 0H-

H2X6 e==> H+ + HX-

HX— -4=> H+ + X2—

A13+ + H20 -4=> A1(011) 2+ H+
A13+ 2H20 -4=> A1(OH) + 2H+

A13+ 3H20 -4=> A1(OH)g ± 3H+

A13+ 4H20 -4=> A1(OH)Z + 4H+
2A13+ 2H20 -4=4. Al2(OH)1+ + 2H+
3A13+ 4H20	 A13(011):+ + 4H+

A13+ SOr <:=> AlSO:
A13+	 2S01 — -4=> Al(SO4);
A13+	 3H20 .1=4- A1(OH)3(s) ± 3H+ 

pK

8.30

10.25

14.0

2.8

13.4

5.02

10.21

16.84

22.0

7.70

13.90

-3.02

-4.92

9.00

No.

1.

2.

3.

4.

5.

6.

7.

8.

9.

TABLE 5.1.2 Relevent reactions in solutiona

- For reference see text

- X represents generalized organic function group
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aluminum precipitation rate in the presence of fulvic acid. These authors sug-

gested a possible aluminum-fulvate precipitation pathway but did not make any

effort to obtain equilibrium constants for such complexation.

Relevent aqueous complexation reactions along with equilibrium constants as-

signed to each reaction are reported in Table 5.1.2. Values of equilibrium constants

chosen for aqueous complexation reactions as well as the solubility constant have

an impact on the pH dependency of dissolved aluminum. Constants used for equi-

librium calculations were chosen on two criteria; namely, availability and the ability

to represent the experimental results. Hydrolysis constants reported by Apps et

al. (1986) along with a suitable solubility relationship (discussed in the next sec-

tion) provided a good approximation of experimentally derived dissolved aluminum

data. Total dissolved aluminum concentration was calculated by summing the var-

ious aqueous species. The calculated total aluminum concentration was compared

with the experimental observation. Equilibrium constants were modified in a step-

by-step manner to obtain a good visual (i.e., graphical) fit of the experimental data.

Hydrolysis constants reported by Apps et al. (1986) provided good simulation of

experimental data. The fourth hydrolysis constant was chosen to be 22.0 instead of

that reported by Apps et al. (22.25) to account for the relatively higher dissolved

aluminum concentration observed at higher pH levels.

Equilibrium calculations were performed with constants from Table 5.1.2 for

aluminum complexation reactions alone. Fig 5.1.1 shows the speciation of such

complexes. It is evident from the figure that polymeric hydroxy complexes and

complexes with SOr have a negligible effect on speciation (log C values of less

than -15.0) for the pH range examined during this research. These complexation
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Figure 5.1.1 Speciation of various aluminum complexes from pH 4 to pH 9. See

text for references on reactions used.
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reactions were omitted in further evaluation. In the next iteration of equi-

librium calculations, Al3+ complexation with HCO3— was included, but it did not

appear to have any effect on equilibrium aluminum concentration even after chang-

ing the log K value from 0.95 (initial estimate) to 10.

5.1.2. Solubility Relations 

Several researchers have reported on the equilibrium constants for aluminum

precipitation reactions. The values of pK reported by various authors range from

6.42 for diaspore (Apps et al. 1986) to 10.8 for amorphous solid (Stumm and

Morgan, 1981). Stumm and Morgan (1981) did not report on the source of the

constant. This disagreement arises from the consideration of different solid phases of

the precipitate. Table 5.1.3 lists solubility constants reported by various researchers.

Hem and Robertson (1967) observed a pK of 9.35 for microcrystalline gibbsite

formed under acidic conditions Ataritharaja (1982) and Johnson (1982) used a pK

value of 10.37 (according to Hayden and Rubin, 1974) for constructing stability and

removal diagrams. Dempsey (1987) observed that a pK value of 9.18 along with the

constants reported in Smith and Martell (1976) provided a good fit of data derived

in a study of fulvic-acid removal using alum. A pK value of 9.44 along with the

constants from May et al. (1979) also provided a good estimate of his data.

The precipitation reaction of aluminum was considered along with the aque-

ous speciation reactions mentioned above to calculate equilibrium speciation, using

Mineql (Westall et. al., 1976). A solubility constant of 9.0 provided a good simula-

tion of dissolved aluminum data. This constant is indicative of the fresh precipitate

expected under the conditions of this research.
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TABLE 5.1.3. Solubility constants for aluminum hydroxide

107

Source pK Mineral Form

9.00
8.11
8.77
7.00
6.96
6.42
9.35
10.8

Smith and Martell, 1976
May et al., 1979

"
Apps et al., 1986

”
»

Hem and Robertson, 1967
Stumm and Morgan, 1981

Not specified
Synthetic Gibbsite
Natural Gibbsite
Gibbsite
Boehmite
Diaspore
Microcrystalline Gibbsite
Amorphous 
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Figure 5.1.2 Measured and calculated dissolved aluminum versus pH in the
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Calculated values of dissolved aluminum concentration are shown in Fig 5.1.2

and Fig 5.1.3 along with measured concentrations under different experimental con-

ditions. These measurements were made in association with the jar-test experiments

discussed earlier. Residual aluminum was measured after 1 hour of precipitation

during the coagulation experiments. Measured residual aluminum for different ini-

tial aluminum concentrations are represented in the figures in the absence (Fig

5.1.2) and in the presence (Fig 5.1.3) of initial colloids. The close resemblence of

measured and calculated values of dissolved aluminum suggests that the system is

approaching equilibrium at the end of the reaction timeframe of 1 hour. Scatter in

the experimental data may be indicative of the consideration of an incomplete set

of reactions for calculation purposes. Some data scatter is also expected because of

the lower precision of atomic-absorption spectrophotometry at such low aluminum

concentrations.

At a pH of 5.5 experiments with or without initial particles produced similar

residual aluminum (,-, 10/2g L -1 ). At a pH of 6.5 slightly higher dissolved aluminum

concentrations (,--, 25/.4g L -1 ) were observed in the presence of particles versus in

the absence of particles (,-, 10Ag L-1). At a pH of 7.5 in the absence of particles,

the residual aluminum concentration varied from 65 izg L -1 for an initial aluminum

concentration of 100 jig L -1 to 115 Ag L -1 for an initial aluminum concentration

of 1000 Ag L -1 . In the presence of particles, however, the residual aluminum

concentration was found to vary from 75 - 95 tig L -1 under similar conditions.

Generally, slightly higher residual aluminum concentrations occurred in association

with higher applied aluminum doses, suggesting that precipitation equilibrium was

not attained during the experiment.
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A separate series of experiments conducted to analyze samples for dissolved

aluminum concentration during the first minute after commencement of precipi-

tation (Fig 5.1.4) showed that concentrations close to the aforementioned 1-hour

values are obtained within a very short period of time (less than one minute). This

observations is consistent with the assumptions made in chapter 2 about the rates

of precipitation.

Analytical calculations and experimental measurements suggest that the pH of

minimum solubility is between 6.0 and 6.5. Of the three pH conditions examined,

aluminum is most soluble at pH 7.5 (65 - 115 Ag L -1 ). Solubilities at pH values of

5.5 and 6.5 are comparable (10 - 15 Ag L -1 ).

5.1.3. Supersaturation Ratio 

Precipitation, or the formation of a solid phase from a solution, can be con-

sidered to occur in several distinct steps: 1) nucleation, 2) growth, 3) ripening and

4) recrystallization (aging) (Lieser, 1969). Steps 1 and 2 are important from the

viewpoint of aluminum precipitation as it applies to water treatment. As discussed

in chapter 2, nucleation from aluminum solution can take place on surface sites or

from aqueous complexes. The conceptual model described in chapter 2 speculates

on fast nucleation rates in the range of several seconds to a few minutes. Once nuclei

are formed either on the surface of seed particles or from aqueous complexes, growth

occurs around them leading to the formation of a large precipitate mass, producing

homogeneous flocs or precipitate coating on seed particles. Steps 3 and 4 involve

longer time frames in the range of hours to days, and hence are not important from

the viewpoint of water treatment. Precipitation of hydroxides is a relatively more

complex process than precipitation of sparingly soluble salts, as chemical reactions

also occur during the formation of the solid phase. The thermodynamic driving
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force for the formation of a nucleus can be expressed in terms of solution

supersaturation. Nancollas and Reddy (1974) expressed solution supersaturation,

S, as follows:

= (m — mo)S   
Ino

(5.1.1)

where m is the concentration of the species of concern in the supersaturated solution

and mo is the equilibrium concentration in a saturated solution. The supersatura-

tion ratio ( (1) is expressed as follows:

11=S+1 = 121
m.

(5.1.2)

where mo can be calculated from the consideration of the complexation and precip-

itation reactions mentioned above.

The change in free energy, AG (kcal mol-1 ,) due to nucleation is given by

(Leiser, 1969; Stumm and Morgan, 1981):

AG = —n(141 — 1L2) + al'	 (5.1.3)

where, n is the number of molecules in a nucleus, Ai and 112 are the chemical

potentials (kcal mol-1) in the solution and surface phases respectively, a is the

surface tension (kcal cm-2), and F is the nucleating surface area (cm2 mol-1 )

equivalent to the surface area of a spherical aggregate, consisting of n number of

molecules, each with a volume of v. Thus, F is given by:

F = n2/3 (3v) 213 (47) 1/3 	(5.1.4)
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The difference in chemical potentials is given by:

— IL2 = kT ln!
a2

(5.1.5)

where al and a2 are the activities of the nucleating species in aqueous and precip-

itate phases, respectively. In this equation k stands for the Boltzman's constant

(1.38x10-23 J K-1 ) and T is absolute temperature (°K). The ratio of the activi-

ties can be approximated by the supersaturation ratio, fl, and hence the equation

(5.1.3) for AG becomes:

AG = —n kT ln(11) + a n213 (3v) 21'3 (470 1/3 (5.1.6)

From equation (5.1.6), it is evident that an increase in supersaturation ratio

makes AG more negative and hence precipitation more favorable. For small values

of n, the number of molecules in the nucleus, the second term in the above equation

predominates, making AG positive, which indicates that nuclei formed with fewer

molecules redissolve (i.e., the nucleation reaction is rapidly reversible). However, at

a larger supersaturation, smaller nuclei can exist (due to the predominance of the

first term in equation 5.1.6 which includes the supersaturation ratio) leading to the

formation of homogeneous precipitate. The presence of an initial solid phase (i.e.,

seed) in the solution may catalyze the nucleation process through a reduction in

the energy barrier for nucleus formation (reduction in surface tension, a). A simi-

larity between the seed surface and the precipitating phase reduces the interfacial

energy between the two solids to a value lower than the interfacial energy between

the aqueous phase and precipitate phase (Stumm and Morgan, 1981). Favorable

precipitation sites are those where strong adsorption takes place.
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Supersaturation ratios relevent to this research were calculated based on the

initial applied aluminum dose and the equilibrium concentration of total dissolved

aluminum, including A13+ and other dissolved complexes. For these calculations,

equilibrium analyses were performed in duplicate, once including all complexation

and precipitation reactions and once with the complexation reactions alone. Super-

saturation ratio was then expressed as the ratio of total aluminum-bearing species

from the set with complexation reactions alone to aluminum-bearing species from

the set of calculations with both complexation and precipitation reactions as follows:

= (Al - species without considering precipitation)
(5.1.7)E (Al - species considering precipitation)

Supersaturation ratios for three experimental pH values (5.5, 6.5, and 7.5) and

four experimental aluminum dose (0.1, 0.5, 1.0, and 2.0 mg 14 -1) are presented in

Table 5.1.4. All experiments in this research had an Il > 1.0, hence some degree

of precipitation should occur after initial nucleation. The highest supersaturation

ratios are at pH values of 5.5 and 6.5 (10 - 200 for aluminum doses of 0.1 to 2.0 mg

14-1 ) compared to pH 7.5 (1 - 20 for aluminum doses of 0.1 to 2.0 mg L-1 ). Similar

supersaturation ratios were obtained for another set of calculations based only on

A13+ ion concentration using the following equation:

fl = (A13+ without considering precipitation)
(5.1.8)

(A13+ considering precipitation)

Calculations leading to the supersaturation ratios shown in Table 5.1.4 were

based on the assumption of hydrous complexation only. As explained in section

5.1.1, an attempt to consider other ligands (such as SO42— , HCO 3— , organic functional

groups etc.) in the equilibrium calculations did not prove any significance of
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TABLE 5.1.4 Supersaturation ratios for experimental conditions'

pH

fl	 at	 Given Aluminu m Dose

0.10 0.50 1 .0 2.0

5.5 9.1 45.4 90.9 182

6.5 9.2 45.9 91.7 183

7.5 1.0 5.0 10.0 20.0

- Reactions 6, 7, 8, 9, and 14 from Table 5.1.3

were used for calculation
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such complexation within the pH range of this research. These ligands, espe-

cially HCO3- , were observed to affect the rate and extent of precipitation reactions

although calculating such effects through an equilibrium model proved to be futile.

No effects on speciation could be predicted for what appears to be reasonable values

of constants. HCO 3- /COI- equilibria suggest a higher activity of these ligands at

higher pH values. Actual supersaturation ratios in the presence of these ligands

could be higher than that calculated with the assumption of hydrous aluminum

complexes alone. Faster precipitation in the presence of fulvic acid (Snodgrass et.

al., 1984) is indicative of a higher driving energy for precipitation and thus a higher

apparent supersaturation ratio with organic complexation. Unfortunately, a quan-

titative description of these complexation processes is not possible due to lack of

complexation data and uncertainity about the mixed precipitate.

Supersaturation ratios, n, at Al = 1.0 mg L-1 were calculated to be 91, 92 and

10 for pH values of 5.5, 6.5, and 7.5 respectively. Homogeneous precipitation should

predominate at the highest supersaturation ratio, whereas, a smaller II suggests

conditions more favorable for heterogeneous precipitation. That is a large -AG will

result in rapid homogeneous nucleation and growth. At a smaller -AG, precipitation

depends on the slower process of adsorption and heterogeneous nuclei formation.

In the experiments reported in section 4.1 through 4.4, the contrary apparently

was observed; more homogeneous precipitation at pH = 7.5 compared to pH =

6.5. Almost no precipitation was observed at pH = 5.5. Ligand complexation of

aluminum could lead to higher supersaturation ratios at pH 7.5 compared to pH

5.5 and 6.5, which would explain the experimental observations of predominantly

homogeneous precipitation at pH 7.5 compared to pH 5.5 and 6.5.



In the absence of initial particles, the system is characterized by homogeneous

nucleation in which small precipitates of Al(OH)3 form and subsequently serve as

nucleation sites for further homogeneous particle growth. In the presence of initial

particles, these serve as seed particles or nucleation sites for promoting heteroge-

neous nucleation and particle growth. Experimental observations are consistent

with the fact that a higher degree of supersaturation is needed for homogeneous

versus heterogeneous nucleation.

5.1.4. Implications for precipitation rate 

The rate of nucleation (J, the number of nuclei formed, cm-3 sec -1 ), the first

step in precipitation, is given by:

J = Joexp[—AG/kT]	 (5.1.9)

where J. is a constant, AG is the free energy of nucleation reaction, and k and T

are physical constants described previously.

Lieser(1969) provided an approximation for the above equation as follows:

log(J)	 30  	 (5.1.10)
(log(fI)) 2

where A is a constant for a particular nucleation reaction. This equation suggests

that at higher supersaturation ratios, the nucleation rate, and hence the precipita-

tion rate is faster.

An increase in the amount of applied aluminum increases the supersaturation

ratio (9.2 vs 92 for Al = 0.1 vs 1.0 mg L-1 at pH=6.5). Other conditions (HC0'3-

and pH) remaining constant, an increase in alum dose should force the system

toward homogeneous precipitation. At a pH of 6.5 an increase in alum dose from
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0.5 mg L -1 to 1.0 mg L -1 resulted in a slower removal of particles. The extent

of removal was also slightly reduced. These observations are in accordance with the

formation of more homogeneous precipitate with increasing fl.

Formation of nuclei is preceeded by aqueous complexation reactions. As de-

scribed in Fig 5.1.1, concentration of polymeric aqueous complexes is higher at lower

pH values, suggesting a higher rate of nuclei formation at lower pH values. However,

ligand complexation was not incorporated in the above complexation reactions. As

the ligands of concern in this research, such as HCOi /COr and organic functional

groups, are expected to be present at higher concentrations at higher pH values,

such complexation leading to mixed nuclei formation should predominate at higher

experimental pH values.

5.2.Surface speciation with complexing ligands

5.2.1. Model Description 

The hydrous-aluminum-oxide surface is composed of surface hydroxyls at the

solid/water interface attached to underlying Al ions. These surface hydroxyl groups

are amphoteric in character and can adsorb or desorb H+ ions, resulting in either

a positive or a negative surface (Fig 5.2.1). Cations (e.g., Al3+) can also adsorb,

or form surface complexes, while ligands (e.g., HCO3— ) or organic functional groups

(e.g., carboxylic and phenolic groups) can adsorb or exchange with OH— groups on

the surface. These interactions of H+, ligands, organic functional groups, or cations

at the solid/water interface are responsible for the development of surface charge

(Fig 5.2.1a).
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b) Ligand and cation coordination reactions.

Figure 5.2.1 Model of amphoteric oxide surface. L2— and C 2+ represent diva-
lent ligand and cation, respectively.



Surface adsorption/complexation reactions are assumed to take place as a re-

sult of inner-sphere interactions, which can be described by a constant-capacitance

model (Schindler and Stumm, 1987). These reactions can also be described by a

triple-layer model (Morel et. al. 1981). The more extensive data requirements for

the triple layer model and the relatively higher uncertainity in the data collected led

to the use of a constant-capacitance model to describe surface behavior during this

research. Relevant surface reactions are summarized in Table 5.2.1. Reactions 1 and

2 from the table and Fig 5.2.1a describes the proton coordination reactions at the

hydrous aluminum oxide surface. The following intrinsic equilibrium constants for

reactions 1 and 2 are assumed in the chemical model describing the colloid surface:

f> Al — °HEW- l e:At
KL(int) = {> Al — 011 -21- }

f> Al — 0 — ER1- l e:At
K aa2 (int) =	 > Al — OH}

(5.2.1)

(5.2.2)

where braces indicate surface concentrations in mol L -1 and brackets indicate

solution concentrations in mol L -1 . In addition ik is surface potential (volts), e is the

charge of an electron (1.6X1.0 — 19 Coulomb), k is Boltzmann's constant (1.38x10 -23

J K-1 ) and T stands for absolute temperature (°K). Cation and ligand-adsorption

reactions (general form of reactions 3, 5, and 6, respectively on Table 5.2.1) are also

modelled along the same line with similar equilibrium constants (Fig 5.2.1b):
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TABLE5.2.1. Reactions involving solid surfaces'

No. 	Reaction	 pK

1. >Al-OH4- -4==> >Al-OH + H+
	

7.30

2. >A1-0H -4=> >A1-0 — + H+
	

8.30

3. >Al-OH + COr -4==> >Al-COi + OH-

	 -0.20
4. >Al-OH + HCO -4=> >A1-HCO3 +

	
N/A

5. + Al3+ -4=> >Al-OAl2+ + H+
	

N/A
6. >Al-OH + A13+ -4=> (>Al-0) 2 A1+ + 2H+	 -1.0
7. (>Al-0)2A1+ + 1120	 (>A1-0)2A1-0H + 11+

	
6.63

8. >Al-OH + H2X6 	+ H2 0	 -6.00
9.	 >Al-OH + H2X	 >Al-X— + HSO+ 	 -2.10

- For reference see text

6 - X represent generalized organic functional group
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K. 	 Al — L-1 
L I> Al — OHI[L 2— ][H -1- ] e T

= 
I> Al — 0C+1[Hl eilt
{> Al — 011}[C 2+1

(5.2.3)

(5.2.4)

{(> Al — 0)2C}[H+] 2 
=	 (5.2.5)

I> Al — OHNC 2+1

The surface charge (C m-2), a, arising from the coordination reactions men-

tioned above is given by:

a = F ((pos. species) — E (neg . species))
	

(5.2.6)

where F is Faraday's constant (96,490 C mol-1). In the absence of ligands and

cations other than H+, the above equation simplifies to:

a = FR> Al — OHD — {> Al — 0 — } )	 (5.2.7)

Cation (e.g., Al3+) adsorption at the solid/water interface gives rise to positive

species (e.g., (>A1-0)2A1+), whereas ligand exchange leads to the formation of

negative species (e.g., >Al-0O3— and >Al-X— with X representing an organic ligand

such as salicylate). In the presence of ligands and/or cations these species should

also be considered in eq 5.2.7 to calculate the surface charge.

Two other relationships used in the model were the mass-balance relationship

for surface coordination sites, and the relationship between charge and potential.



Mass balance considerations require that the total surface sites, distributed

among various species (e.g., >A1-0H, (>A1-0)2A1+ etc.), should be a

constant for a particular experiment. This is described by:

ST = {› Al — 0114- } + {> Al — OH} + {> Al — 0 — } (5.2.8)

for the case of only proton coordination. Other surface species need to be considered

in this equation for ligand and cation coordination. The relationship between charge

and potential for the particle surface is given by:
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(5.2.9)

where C (F m-2) is the capacitance, a constant.

Experimental conditions/characteristics were used in the model for calculating

surface charge and mobility. These properties (Table 5.2.2) describing the experi-

mental colloid were derived from either direct measurements or obtained through

a trial-and-error procedure of modifying the literature values (Table 5.2.3) for 'y

-Al2 03 to provide a reasonable fit of experimental data. The number concentration

used is 3.6x109 L-1 , an average from all experiments. This number concentration,

along with an estimated surface site density of 0.8 sites nm-2 , and an assumption

of spherical particles (average dia = 0.5p,m) resulted in a surface site concentration

of 1.41x10-9 mol L -1 for our system. A capacitance value in the range of 1.0 to

3.5 F In-2 is reasonable (James and Parks, 1982) for aqueous colloids. An assumed

value of 2.6 F In-2 provided a reasonable fit of data. The experimental colloids

should have a specific gravity higher than 1 and lower than 2.4; the specific gravity

of



TABLE 5.2.2 Hydrous aluminum oxide
Surface Characteristics used for Modelling

Particle Diameter	 0.50 pm
Surface Area	 8.0 m2 gm-1

Specific Gravity	 2.0

Capacitance	 2.8 F m-2

Surface Site Densitya	 0.8 nm-2

Mass Concentration	 4.74x10-4 gm L-1

Number Concentration	 3.62x109L-1

Surface Site Concentration	 1.41x10-2moles L-1

a - Used for anion adsorption reactions.
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TABLE 5.2.3 Reievent equilibrium constants
used as initial estimates

Reactions	 Constants

'-Al2O3 protonationa 	 pK:1=7.2

(ST=1.3 nm-2 , C=1.3/12.9b, I=0.1M NaC104) 	 plq2=9.5

ry-Al203 protonatione

(ST=1.3 nm-2 , 0=0.89/2.6, I=0.1M NaC104)

a-Fe0OH protonationd

(ST=4.0 nm-2 , 0=1.8/2.9, I=0.1M NaC104)

SO: — adsorption on a-Fe00Hd

(ST=4.0 nm-2 , 0=1.8/2.9, I=0.1M NaC104)

Mg2+ adsorption on 7-Al203 5

(I=0.1M NaC1)

Ca2+ adsorption on 7-Al201

(1=0. 1M NaC1)

Salicylate adsorption on 7-Al203`

(ST=1.3 nm -2 , 0=0.89/2.8, I=0.1M NaC104)

plqi=7.4

pK 2=10.0

plqi=8.4

pK 2=9.25

pK1=5.8

0(1=13.5

pK1 =6.1

pfq=11.4

pig =6.4

pfi;=12.1

pK  =-6.0

plq=-0.6

ST is surface site concentration, K is the equilibrium

constant for a particular reaction and fi is the equilibrium constant for an overall reaction

°Reference Hohl and Stumm, 1976
bFirst value is below pllipc , and the second is above pll.pc

eReference Kummert and Stumm, 1980
dReference Sigg and Stumm, 1981

°Reference Huang, 1981
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gibbsite (Hurlbut and Klein, 1977), the most stable precipitate that could

develop under the conditions prevailing during the formation of model particles.

A value of 2.0 satisfies these limits and at the same time allowed a good fit of

experimental observation.

A surface site density of 0.8 sites nm-2 is somewhat lower than that reported by

other researchers (Kummert and Sturam, 1980; Bales, 1984). The procedure used

in the preparation of hydrous-oxide particles may affect the number of exchangable

sites due to the incorporation of SO:— into the hydrous colloids during formation

via the high temperature hydrolysis. This phenomenon may also be responsible for

the lower pHiep (7.8 in .01M NaCl) of our model particles compared to the reported

value of 9.0 for -y—Al203 (Stumm and Morgan, 1981).

5.2.2. Mobility/surface charge modeling

The model described above was used to calculate surface speciation of vari-

ous species for a pH range covering the experimental conditions for the reactions

listed in Table 5.2.1. A stepwise procedure was adopted for estimating constants

to describe the experimental observations. As a first step the model was used iter-

atively, slightly changing the equilibrium-constant magnitude in each iteration, to

develop resonable constants for proton coordination on hydrous aluminum oxide.

Surface-coordination reactions involving adsorption of either HCO3— /C0g— , or nat-

ural organic matter were then considered, along with the H+ coordination in the

model to derive equilibrium constants for ligand and/or organic-functional-group

exchange reactions. A similar approach was taken to arrive at reasonable constants

for cation ( e.g., Al3+) adsorption by simultaneously considering cation adsorption

and proton coordination reactions.
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The charge developed on a colloid surface is related to the electrical potential

according to equation 5.2.6. Colloid mobility results from the potential at the

slipping plane between the bulk liquid and the electrical double layer associated

with the colloid. This potential is termed the s. (zeta) potential. At the slipping

plane;

(5.2.10)

where the s•-potential (potential at the slipping plane) is directly related to the

electrophoretic mobility of a particle. Smoluchowski (Hunter 1981) showed that

the particle mobility (uE) for very small particle (with ratio of particle radius to

thickness of electrical double layer, xa << 1) is given by:

(5.2.11)

where co is the permittivity of free space; a constant used in Smoluchowski's model,

D is a dimensionless dielectric constant, and ri is kinametic viscosity of water. For

water at 25°C, co = 8.85x10-12 F m-1, D = 79, and n = 8.95x10 -4 N s m-2

Huckel (Hunter 1981) derived an expression for the mobility of a larger particle

(sca >> 1) as follows:

2E0Dg"
UE = 	

3ri
(5.2.12)
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Henry (Hunter 1981) generalized the above equations with a correction for na, a

function of the radius of the particle and the ionic strength of the solution. Henry's

equation is as follows:

2E0DS`
11E = 

3	
f(rca)	 (5.2.13)

n

where a is the radius of the particle and 1//c is the thickness of the electrical double

layer (nm). The thickness of the electrical double layer is a function of ionic strength

(I) according to the equation:

is =	 (5.2.14)
\/ Co DRFT2 ) 'VI

where R is the universal gas constant and T is the absolute temperature. For water

at 25°C this equation reduces to:

n = 3.2880	 (5.2.15)

where I is the ionic strength in mol L -1 , and the unit for ic is run-1 .

Henry's function, f(na), depends on particle shape and size. For spherical

particles with na > 1 (the case with this research) the function is given by:

\ 3	 9	 75 	330
fl(Ka) = 2 — 2tca + 2/s2 a2 n3a3

(5.2.16)

Hydrous aluminum oxide particles used in this research had an average diam-

eter of 0.5 Asa and the ionic strength was maintained at a constant level of 0.01 for

all experiments. Using these conditions in equations 5.2.12 and 5.2.13, the value

of f(na) was calculated to be 1.45. This value of Henry's function and known val-

ues of constants for water at 25°C provides a simplified relationship for calculating

particle mobility from g--potential. Equation 5.2.13 thus, reduces to:
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uE = 0.0756g- (5.2.17)

This simplified equation was used for calculation of the electrophoretic mobility

of a particle for a given set of surface coordination reactions. FORTRAN programs

(Appendix C) were used for conversion of speciation results to mobility-pH rela-

tionship. In the stepwise process of derivation of equilibrium constants, calculated

mobility values were compared with experimentally determined mobilities. In each

iteration equilibrium constants were slightly adjusted to obtain a closer simulation

of experimental data.

Variables characterizing the particle surface; i.e., site density, capacitance, and

surface area; affected the mobility calculations. The values described in Table 5.2.2

provided the best simulation of experimental results. Experimental mobility curves

showed an asymptotic levelling off to a mobility value (± 4.54 Am sec -1 /volt cm-1 )

at low and high pH values. This observation is indicative of fewer available sites for

surface coordination. An iterative procedure showed that a site density of 0.8 sites

nm-2 along with a capacitance value of 2.6 provides for the levelling off of mobility

curve at approximately the experimental values.

A decrease in capacitance generally resulted in a steeper shift from positive

to negative mobility (Fig 5.2.2). A site density of 6 sites nm-2 (used by other

researchers (e.g. Bales, 1984) could not provide for the asymptotic mobility values

even at a capacitance of 10 F m-2. Number concentration, specific gravity and

specific surface area seemed to have little or no effect on surface speciation and

hence on the mobility-pH curves.
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Figure 5.2.2 Effect of Changing capacitance value on electrophoretic mobility
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Equilibrium constants for the surface ionization reactions of -y—Al203 were used

as a starting point to model similar reactions for the hydrous aluminum oxide col-

loids. The experimental pHiep of the model particles (7.8 in 0.01 M NaC1) was used

to modify the literature value of equilibrium constants (pKa l=7.4 and pli02=10.0).

The following equation, derived from equations 5.2.1 and 5.2.2 for a = 0 in equation

5.2.3, was used for this purpose:

Oil + pK2
pHieP =	 2

(5 .2 .15)

Values of ApK (pK2 - Oi l ) were adjusted in an iterative manner. Reducing

the value of ApK resulted in a generally steeper mobility—pH curve. Larger values

on the other hand produces levelling off of the curve near pHi.p (Fig 5.2.3). A PKai

of 7.3 and pKa2=8.3 provided a better fit of the observed mobility—pH relationship

as portrayed in Fig 5.2.4. Symbols in this figure represents experimental mobility

data, whereas the solid line represent model predictions.

Also portrayed in Fig 5.2.4 are the experimental (symbols) and predicted (solid

line) mobility of aluminum hydrous oxide colloids in the presence of 1 mg L -1 as

C, of natural organic matter (NOM) derived from an aquatic source. Natural or-

ganic matter was modelled as salicylic acid because of the probable dominating

influence of the aromatic carboxyl and phenolic groups on complexation. Equilib-

rium constants that provide a better fit to the experimental mobility curve were

the pK 1 =-6.0 and pK2 =-2.10 as opposed to pK 1 =-6.0 and pK2=-0.6 reported by

Kunamert and Stumm (1980) for salicylic acid complexation with -y—Al203. An

increase in the initial concentration of organic matter input to the model does not

lower the pHiep any further. This was also observed experimentally.
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Figure 5.2.3 Effect of changing ApK on electrophoretic mobility versus pH
relationship.
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Figure 5.2.4 Measured and calculated electrophoretic mobility of hydrous alu-
minum oxide at a constant ionic strength of 0.01, in the absence of organics (C),
and in the presence of 1 mg L-1 (as C) aquatic organic matter (A).



It was observed that HCO3- changes the surface characteristics of hydrous alu-

minum oxide resulting in a shift in the mobility-pH relationship (Kebler et. al.,

1987), and a lower piliep (7.8 in 0.01 M NaC1 and 5.9 in 0.01 M NaHCO3) . No

complexation of carbonate species with the oxide surface is reported in the litera-

ture. As a starting point, constants for aqueous complexation of HCO3- with Fe2+,

were used. The derivation of initial estimates for such complexation is discussed in

section 5.1.1. Aqueous complexation was used as the basis for surface complexation

according to the the correlation between equilibrium constants of the solution and

surface phases (Stumm et al., 1980). Reactions 3 and 4 in Table 5.2.1 represent

the CC4- /HCO 3- complexation on the hydrous aluminum oxide surface. HCO 3-

complexation does not seem to be important as this reaction showed almost no

effect on mobility-pH relationship due to the uncharged reaction product. Equilib-

rium constants for CO  complexation reduces the pHiep of the colloids due to the

associated negative charge. A value of pK=-0.2 resulted in a good fit (Fig 5.2.5)

of experimental mobility data for aluminum hydrous oxide colloids in the presence

of 0.01M NaHCO3. This constant also provides a good fit of experimental data at

other concentrations of NaHCO3 (e.g., 0.001 M and 0.005 M; Fig 5.2.6).

AP+ adsorption by hydrous aluminum oxide is indicated by reactions 5 and

6 in Table 5.2.1. Huang (1981) reported constants for Mg2+ (pKi=6.1) and Ca2 +

(pK 1 =6.4) adsorption on 1-Al203. These constants were used as initial assump-

tions for aluminum adsorption on the colloid surface. A range of log K values

for these reactions was examined. Reaction 5 does not seem to contribute to the

increase in pHi.p due to A13+. The log K value for reaction 6 was adjusted to

represent the shift in pHiep observed experimentally. Deletion of reaction 5 did not

produce any difference in the model output. A good fit was obtained at pK -1.0.

Fig 5.2.5 shows measured and calculated values of mobility as a function of pH.
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Figure 5.2.5 Measured and calculated electrophoretic mobility of hydrous alu-

minum oxide at a constant ionic strength of 0.01, in the absence of ligands (0), in
the presence of NaHCO 3 (Q), and in the presence of A13+ ( +).
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Figure 5.2.6 Measured and calculated electrophoretic mobility of hydrous alu-
minum oxide at a constant ionic strength of 0.01, in the presence of increasing
NaHCO 3 concentration (O-no NaHCO3, + -0.005 M NaHCO3, and L -0.01 M
NaHCO3)
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5.2.3.  Implications for precipitation rate

In light of the conceptual pathway described in Fig 2.2.1, aluminum precipi-

tation can proceed in one of three different pathways, namely 1) purely aqueous

complexation leading to homogeneous precipitation, 2) complexation with soluble

ligands leading to coprecipitation and 3) surface complexation of coagulant metal

species and formation of aluminum hydroxide precipitate on the surface. In terms

of this research, the first two mechanisms are termed homogeneous precipitation,

whereas formation of precipitate on the surface is termed heterogeneous precipita-

tion.

Depending on the pH of the system, the extent of surface complexation can

vary. At lower pH values, surface complexation is more prominant as indicating

by the relatively higher concentration of adsorbed aluminum species at lower pH

values (Fig 5.2.7). In the experimental setup of this research, solution concentra-

tion is in excess of surface concentration at all pH levels. Therefore, even with

increased concentration of surface complexes at lower pH values, solution concen-

tration is still significant. Nucleation sites develop around the adsorbed coagulant

species, depending on pH and other parameters. Homogeneous nucleation begins

in the solution phase around dissolved coagulant species, whereas heterogeneous

nucleation begins around species adsorbed on the surface. The rate of nuclei for-

mation depends on the concentration of certain complexes (aqueous Al-complexes

for homogeneous vs surface Al-complexes for heterogeneous precipitation) involving

the coagulant. At higher pH values, solution species are presumably predominant

and hence homogeneous nucleation becomes more important. At relatively lower

pH values, the concentration of surface complexes are significantly higher (increases

by one order of magnitude from pH 7.5 to pH 6.5; Fig 5.2.7), increasing the rate of
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Figure 5.2.7 Speciation of surface sites in the presence of dissolved aluminum,
bicarbonate and hydroxide. X represents a generalized organic functional group.
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heterogeneous precipitation. From the perspective of this research, nucleation

with ligand species is also defined as a homogeneous process. Fig 5.2.7 shows an

increase in concentration of Al-carbonate and Al-organic species at higher pH values

indicating an increase in potential the for homogeneous precipitation rate at these

pH values. The results obtained from the jar-test experiment also suggest the same

trend; more homogeneous precipitates at pH 7.5 and more heterogeneous precipitate

at pH 6.5. Once nuclei are formed, growth continues and leads to the formation of

precipitate either with hydroxide in solution, on the surface of submicron particles,

or in conjunction with ligands and/or organic species. Precipitates developed on

the surface reduce the overall charge density and mobility of these particles.

5.2.4.  Implications for precipitation stoichiometrv 

The precipitation of aluminum hydroxide is represented stoichiometrically by:

Al3+ + 30H — ..4.:4. Al(OH)3(s)

Or

3H20 + Al3+ + 3HCO3 - <==> Al(OH) 3 (s) + 3H2CO3

The above representations indicate a stoichiometric ratio of OH — /A13+ (here-

after referred to as OH/A1) or HCOi /A13+ of 3:1. However, it is important to note

that solid-phase aluminum hydroxide behaves as an amphoteric mineral and thus

exhibits a pH-related charge. Also, there are various dissolved complexes, whose

speciation is strongly pH dependent, present at the time of solid-phase formation.

These complexes can readily adsorb on the newly formed solid phase, resulting in

a net charge associated with the Al(OH) 3 (s). In terms of stoichiometry, proton ad-

sorption/desorption and Al-species adsorption on aluminum hydroxide exhibiting a

charge can be represented by a simple empirical formula; A.1(011)13-11)+ (8).
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After the formation of a homogeneous precipitate, these solid species can serve

as adsorption sites for dissolved species present in the aqueous phase. For the

case of pure aqueous complexation and precipitation, the stoichiometric ratio for

aluminum precipitation should be 3:1. It was observed that even in the absence

of other ligands (e.g., HCO 3— , NOM etc.) the stoichiometric ratio is strongly pH

dependent, varying from 2.3 to 3.72 for a change in pH from 5.5 to 7.5. It should be

noted that the molar ratio of OH/A1 in aqueous aluminum complexes is less than

3 for positive complexes (e.g., A1(OH) 2+ , Al(OH)t etc.) and greater than 3 for

negative complexes (e.g., Al(OH) 41. Positive complexes are predominant below the

pH of minimum solubility (6.0 - 6.5), whereas, negative complexes are predominant

above that pH. Adsorption of these complexes on the precipitated solid phase can

therefore reduce the apparent ratio of OH/A1 in the solid phase, leaving the solution

at pH values below the pH of minimum solubility and vice versa.

Surface complexation of aluminum and subsequent heterogeneous precipita-

tion has a OH/A1 ratio of 1 according to the hypothesized reaction (reaction no. 6)

described in Table 5.2.1. The presence of surface sites in the precipitating system

enhances heterogeneous precipitation. At the same time homogeneous precipitation

proceeds from purely aqueous complexes. Experimental results suggest a combina-

tion of both heterogeneous and homogeneous precipitation, indicated by the de-

creasing stoichiometric ratios with increasing colloid concentration. The observed

ratio decreased from 2.99 without particles to either 2.12 or 1.92 with 1x109 or

5x109 particles per liter, respectively, at a pH of 6.5. The shift in the stoichiomet-

ric ratio toward 1.0 indicates increasing imporismce of heterogeneous precipitation

with increasing seed concentration. The same type of behavior was observed at pH

values of 5.5 and 7.5 also.
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Complexation of dissolved aluminum with natural organic matter decreases

the overall stoichiometric ratio, with the deviation from the no-organic experiment

increasing at increased organic concentration. Other researchers have observed a

stoichiometry in removing humic substances from synthetic waters, as indicated by

a linear relationship between initial concentration versus coagulant dose required

for a given percent removal (Dempsey, 1984). The premise behind this stoichiome-

try is related to a hypothesis of charge neutralization and formation of an insoluble

humate or fulvate from the interaction of metal polycation species with acidic func-

tional groups associated with fulvic/humic acid. Amy et al. (1985), in studying

synthetic solutions of fulvic acid, found a Al(III) dose of about 2 mg L -1 was re-

quired to reduce a 10 mg L -1 as C solution by one-third; hence a stoichiometry of

2.0 mg L -1 Al(III)/3.67 mg L -1 C.

The stoichiometric ratio of hydroxyl to aluminum during precipitation can be

roughly approximated considering a very simple model. In this model Al(OH) 3 (s)

precipitates are assumed to be spherical particles with potential adsorption sites on

the surface; these adsorption sites can be occupied by aquo-complexes of aluminum.

The ratio of OH/A1 in the bulk of the precipitate is 3:1, but the ratio of OH/A1 in

the adsorbed species can vary from 1:1 to 4:1 for simple monomers of aluminum,

depending on the pH conditions. The above assumptions are made for precipitation

in the absence of seed particles. In the presence of seed particles additional surface

sites are provided by the extraneous seeds while the bulk of precipitate remains

unchanged.

L2'



7r p d3
Mb = MW 6X1021

(5.2.16)

ir d2 ST
M. =

6.022x1023
(5.2.17)

Mb + Ms

Mb 3.0 + M, R,
OH/A1 ratio = (5.2.18)

The number of moles present in the bulk of a spherical Al(OH)3(s) particle

(Mb, moles per particle) of diameter d (nra) can be calculated from:
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where, p is the density of the particle (2 g cm-3), MW is the molecular weight (g

mole-9 of the solid material, and 6x1021 is a constant.

The number of adsorption sites on the surface (M., moles per particle) of a

solid sphere of diameter d (nm) is given by:

where, ST is the surface site density (sites mn-2 ) and the denominator is Avagadro's

constant.

The stoichiometric ratio can then be calculated from the following equation:

where R, is the ratio of OH/A1 in the adsorbed species. In the presence of seed

particles the total surface-site concentration should be calculated as the summation

of surface sites provided by the seed particles and those provided by the precipitates.

Table 5.2.4 summarizes the calculated stoichiometric ratios assuming 2 to 500

nm diameter precipitate particles. The adsorbed species was varied from A1011 2+,

which is the predominant aqueous species at low pH's such as 5.5, to Al(OH) 4— ,

which is the predominant aqueous species at high pH's such as 7.5. That is, the

OH/A1 stoichiometry of adsorbed species was assumed to parallel that of aqueous

species. A surface site density of 10 nm-2 was assumed. This is a higher number



TABLE 5.2.4 Calculated stoichiometric ratios for unseeded precipitation'

Precipitate
Dia (nm)

Adsorbed OH/A1 ratio

Lob 2.0' 4.0d

2.0 1.68 2.34 3.66

5.0 2.18 2.56 3.44

10.0 2.44 2.72 3.28

20.0 2.67 2.84 3.16

50.0 2.86 2.98 3.07

100.0 2.93 2.96 3.04

500.0 2.98 2.99 3.01

- Assuming 10 sites nm-2 and 100

- Adsorbed species is Al(OH) 2+

- Adsorbed species is Al(OH)

d - Adsorbed species is a1(OH) 4—
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than that used to model HCO 3— adsorption (see section 5.2.2) presumably to

reflect the smaller size of Al complexes. Computer programs used in the model

calculations are included in Appendix D.

Experimentally determined OH/A1 ratios (2.3, 3.0 and 3.7 at pH's of 5.5, 6.5,

and 7.5 respectively) are in the range of calculated values (1.7, 2.3, and 3.7 for

Al(OH) 2+, Al(OH), and Al(OH) 4— , respectively) assuming a 2 rim equivalent pre-

cipitate particle size. Al(OH) g adsorption on the surface results in a stoichiometric

ratio of 3.0. If it is assumed that Al(OH)t, Al(OH), and Al(OH) Z are the pre-

dominant species at pH's of 5.5, 6.5, and 7.5 respectively, then the calculations

represent the experimental values quite well. The equilibrium speciation diagram

presented in Fig 2.2.2 shows prominance of Al(OH) Z at a pH of 7.5, but no such

clear evidence is seen for the other two pH's. An increase in the size of precipitate

brings the stoichiometric ratio closer to 3.0 as the surface sites become less and less

significant compared to the bulk of the precipitate.

Table 5.2.5 shows the results of calculation for the seeded precipitation case.

Precipitate particles are assumed to be 2 rim and adsorption of aquo-aluminum

species are assumed to take place both on the surface of seed particles and the pre-

cipitate particles. For each type of adsorbed species (OH/A1 = 1, 2, and 4) two sets

of calculations were performed considering different concentrations of initial seed

particles (1x109 L-1 and 5x109 L-1 ). Three different number concentrations for the

precipitate particles are assumed (1x10 12 L-1 , 1x10 15 L -1 , and 1x10 18 L-1 ). The

estimate of precipitate particle concentration is derived from an assumption of equi-

librium using the experimental amounts of added aluminum. For the experimental

design used, the number concentration should be on the order of 10 17



TABLE 5.2.5 Calculated stoichiometric ratios for seeded precipitation'

Adsorbed

011/A1

ratio

Seed

Conc.

(No. L -1 )

Precipitate particle c ncentrationb
(No. L 1)

1x1012 1x1015 1x1018

1.0 1x109 1.02 1.65 1.68

5x109 1.00 1.56 1.68

2.0 1x109 2.01 2.33 2.34

5x109 2.00 2.28 2.34

4.0 1x109 3.99 3.67 3.66

5x109 3.99 3.72 3.66

- Assuming 10 sites n.M-2 and 100

b - Assuming 2 nm diameter precipitate particle
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after about 15 minutes from the start. The ratios calculated at increasing

precipitate particle concentration demonstrate the gradual attainment of steady

state value (for example 2.00 to 2.28 to 2.34 for an initial seed concentration of 5x109

L-1 , considering Al(OH)t adsorption.) as experimentally observed. At a pH of 7.5

the stoichiometric ratio reached a steady state value from a smaller number during

the experiment, whereas Al(OH), adsorption resulted in a higher ratio (4.0) at the

start and gradually reaching a steady state value (3.7). Experimental observations,

however, suggest a slower attainment of steady state at a lower pH compared to a

high pH (fig 4.7.1).

The experimentally observed OH/A1 ratios were lower for the seeded precip-

itation experiments than those calculated from the above simple model at all pH

values. The model assumed above is over-simplified in terms of heterogeneous pre-

cipitation. In fact this model assumes only the adsorption of aquo-aluminum com-

plexes rather than a complex heterogeneous precipitation. If the model can be

modified to include heterogeneous precipitation as postulated previously (i.e., 1:1

ratio for heterogeneous precipitation), it may be possible to reproduce the experi-

mental determinations.

5.3. Applications to water treatment

5.3.1.  Particle stability and removal

Heterogeneous nucleation and precipitation lead to the formation of destabi-

lized particles that form havier, compact flocs. On the other hand, homogeneous

precipitation and subsequent enmeshment of colloids can form lighter flocs that are

harder to separate and produces considerably larger volume of sludge material. For

this reason, heterogeneous precipitation may be preferable in water treatment even

though the sizes of flocs are smaller.
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In water treatment plants, particle removal is monitored through a reduction

in turbidity. Final turbidity of less than 1 NTU is indicative of sufficient removal

of suspended particles. Bigger-size particles impart most of the turbidity in sur-

face waters. A reduction of 1 to 2 orders of magnitude in the concentration of

these particles are sufficient to achieve treatment objectives. While such orders of

magnitude removal in supramicron particles result in < 1 NTU of turbidity, the

final concentration of submicron particles mau still be high. Results of sampling

from both Mills and Weymouth filtration plants showed a high concentration of

submicron particles (> 10 8 L-1 ) in the finished water while maintaining turbidities

much lower than 1 (<0.2 NTU) Optimum conditions for the removal of submicron

particles are more rigorous than those for supramicron particles. Laboratory scale

experiments under strict pH control and high alum dose indicated good removal

of submicron colloids, especially with a sand filter. pH closer to that of minimum

coagulant solubility (6.0 to 6.5) and high alkalinity (indicative of good buffering)

appeared to favor submicron particle removal.

Particulate matter found in natural waters has a negative surface charge in the

pH range relevant to water treatment, due in part to the presence of aqueous-phase

organic substances. Stabilization of particulate matter due to adsorption of organics

was observed to inhibit the process of particle removal. However, increasing alum

dose resulted in good removal (> 3 log removal) of organic-coated colloids. The pH

of optimum removal in the presence of organic substances appeared to shift slightly

downward.

Under the pH conditions prevailing in the water treatment plants (above 7.5)

homogeneous precipitation and subsequent enmeshment was observed to be the

predominant removal mechanism during lab-scale experiments. Presumably, light-

weight flocs were formed in the process train which were more effectively removed
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in the filtration unit rather than the sedimentation unit. This type of removal was

found to be less effective than situations where heterogeneous precipitation pre-

dominates. Electrophoretic mobility of the particles in the water-treatment-plant

samples were negative throughout the treatment process with a small reduction in

magnitude during the rapid mix and flocculation steps, which is indicative of little

adsorption and heterogeneous precipitation on the particle surface.

The Mills filtration plant was using alum as the primery coagulant and a

cationic polymer (Cat-floc T) as the coagulant aid, whereas, the Weymouth plant

was using a polymeric coagulant. In laboratory experiments at a pH of 7.5, and

alum dose of 0.5 mg L -1 as Al, resulted in greater than 250-fold reduction in

uncoated submicron colloids and less than 1.5-fold reduction in organic-coated sub-

micron colloids (applied organic concentration was 5.0 mg L-1 as C). Observations

from the Mills plant show an 80-fold reduction during the summer season (0.3 mg

L -1 Al) and 20-fold reduction during the winter season (0.2 mg L -1 Al). The

Weymouth plant reduced submicron particle concentration by only 1.5 fold. Com-

paring data from lab-scale experiments and water treatment plants shows relatively

better removal under field conditions for the applied alum dose. Lower removal in

the Weymouth plant could be due to use of a different coagulant and lower con-

centration of submicron particles in the raw water. None of the water treatment

plants reduced submicron particles significantly. These situations prabably can be

improved (as shown by high alum dose lab experiments) resulting in much lower

submicron particle concentration in the finished water, through adjustments in alum

dose, optimization of rapid mixing and possibly pH control.

5.3.2.  Rapid-mix operation 

Solubility relationships for aluminum precipitation and experimental observa-

tions suggest a higher fl for homogeneous versus heterogeneous precipitation. The
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rapid-mix step in water treatment and the concentration of submicron particles

(hence surface sites) can induce the system to proceed in one or the other direc-

tion. For example, poor mixing conditions can create zones of high concentration of

coagulant which may lead to homogeneous precipitation before the aqueous coagu-

lant species actually encounters surface sites. Good mixing conditions on the other

hand can break these concentration barriers and lead to heterogeneous precipitation

through prior adsorption of the coagulant species.

Although formation of concentrated pockets of coagulant will enhance the rate

of precipitation by virtue of the increased local supersaturation, it is not the prefer-

able mechanism in water treatment because of subsequent slower colloid removal

rate through coagulation with homogeneous flocs. Heterogeneous precipitation in-

clude two sequential steps of adsorption on the surface and reactions on the surface

leading to precipitation, whereas in homogeneous precipitation the adsorption step

is not needed making it a faster process, especially at a higher supersaturation.

At a lower supersaturation rate of homogeneous precipitation decreases and in such

situations the rates of the two processes can be similar or even the order can reverse,

making heterogeneous precipitation the faster process.

5.3.3. Water treatment plant performance

Two water treatment plants sampled during the field trips showed 1 to 2 log

reductions in supramicron and submicron particle concentration. In a previous

study Bales et. al (1984) reported an average removal of 99 percent (2-log removal)

for asbestos fibers in the Weymouth filtration plant. In laboratory experiments

however, higher log reductions (log removal > 3) were observed, which can be

brought about in water treatment plants optimization of operating parameters as

mentioned above.



Submicron particle concentration in the supematent from the backwash-water

clarifier was approximately of the same order as the raw water, suggesting effective

removal of submicron particles in the solid sludge along with the supramicron parti-

cles. No recycle of predominantly submicron particles were confirmed as postulated

in a recent research (Kennedy Jenks, 1985).
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Chapter 6

Conclusions

Removal of submicron particles from a suspension of monodispersed model

colloids was observed to depend on the supersaturation ratio (f1) of the coagulant

metal ion. The supersaturation ratio in the system is controlled by pH, aluminum

dose, and concentrations of other ligands such as HCO 3— , SO42— , and organic func-

tional groups. Although the calculated supersaturation ratio indicates that the pH

of minimum solubility (hence maximum supersaturation) is closer to 6.5 than to

7.5, experimental observations suggest a higher supersaturation at a pH closer to

7.5. In the calculations it was not possible to include the effect of HCO 3— on alu-

minum precipitation due to lack of equilibrium data. HCO 3— was observed to be

significantly effecting the precipitation reaction.

Experimental observations suggest that the formation of light-weight homo-

geneous flocs of Al(OH)3(s) is predominant at higher pH's (i.e, 7.5), whereas the

formation of heterogeneous precipitate is predominant at lower pH values (i.e., 6.5),

as indicated by a gelatinous coating on the particle surface. At the lowest pH value

used in this research (i.e., 5.5) evidence of precipitation of Al(OH)3(s) was not

clear from the electron micrographs. At a pH of 6.5, the removal mechanism is

predominantly rapid self coagulation (during rapid mix) of the precipitate-coated

destabilized colloids; and at a pH of 7.5 the flocs of Al(OH)3 (s) were found to

scavenge the submicron colloids during slow mixing. Up to three-log reductions in

submicron particles were observed at these two pH values, with the time dependent
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increase in removal being more prominant at higher pH compared to lower pH. At

a pH of 5.5 the removals were insignificant.

In the presence of organic functional groups, the surface sites are pre-occupied

(prior to alum addition) by these ions resulting in a modified surface character of

the particles. This stabilization process inhibits the coagulation of submicron par-

ticles. The removal mechanisms were observed to be the same as those of uncoated

colloids, except that higher aluminum dosages were required to bring about similar

removals. It was also observed that HCO 3— enhances the process of coagulation.

Although HC 0 3- can stabilize particles to some extent, its presence during coagula-

tion provides buffering of pH and possibly participates in the complexation reactions

with aqueous aluminum species. SO 42— ion enhances the coagulation process relative

to NO 3— at similar concentrations.

Experiments on particle mobility indicated that heterogeneous precipitate for-

mation on the surface of submicron particles changes the surface characteristics of

the particles. After precipitation the particle loses its original identity and assumes

the identity of the precipitate phase. Mobility measurements in the presence of

ligands indicated their stabilizing effect on the particle.

6.1.  Relative rates

The aluminum precipitation reaction, the precursor to subsequent aggregation

and removal of colloids, was observed to be fast (requiring less than a minute).

Depending on the concentration of surface sites present during the coagulation

experiments, and the supersaturation ratio of coagulant metal ion, prior adsorp-

tion of aluminum species on the surface sites may become prominant, increasing

the relative predominance of surface nucleation (heterogeneous nucleation) versus
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nucleation from the aqueous phase (homogeneous nucleation). Surface-site con-

centration was not a variable in the coagulation experiments conducted during this

research, but the supersaturation ratio was. It was observed that at lower pH values

(e.g., 6.5) indicative of lower supersaturation, heterogeneous precipitation is more

prominant compared to experiments at higher pH values. It is expected that the

kinetics of aluminum precipitation is reaction limited for both homogeneous and

heterogeneous precipitation. At high supersaturation ratios the reactions leading

to homogeneous precipitation could be relatively faster, but at lower supersatura-

tion ratios the rates of surface reactions (post-adsorption reactions) could be faster.

The difference between the time scales of the two mechanisms is insignificant for

water-treatment-plant operation. Heterogeneous precipitation produces destabi-

lized particles that can successfully aggregate with other destabilized particles, at

a considerably higher speed and efficiency than that of scavenging of colloids by

homogeneous flocs of aluminum hydroxide precipitate.

6.2. Conditions for one or another process dominating

Precipitation of Al(OH) 3 (s) can proceed in one of three different pathways: 1)

hydroxide complexation leading to homogeneous nucleation and growth, 2) surface

interaction of aluminum bearing species leading to heterogeneous precipitation, and

3) organic complexation of aqueous aluminum species leading to coprecipitation.

Solution pH, the relative concentrations of aluminum dose, surface sites, organic

functional groups, and mixing conditions determine the importance of one or the

other precipitation pathway. pH buffering plays an important role in determining

the precipitation pathway, because at no or low buffering the pH of the system goes

down with the addition of coagulant, changing the domain of precipitation. Ho-

mogeneous precipitation is favored by higher supersaturation ratios, which can be
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induced by high alum dose and/or high pH. Lower concentrations of seed particles

and/or ligands also favor homogeneous precipitation. Relatively lower supersatu-

ration ratios along with the presence of large concentrations of seed particles favor

heterogeneous precipitation. Presence of high concentrations of complexing organic

ligands leads to co-precipitation of coagulant and organic matter. This process is

favorable at lower seed concentrations. At higher seed concentrations the organic

matter will be more associated with the particle surfaces. Experimental observa-

tions suggest that in the presence of similar surface-site and aluminum concentra-

tions, homogeneous precipitation predominates at higher pH (e.g. 7.5), whereas,

heterogeneous precipitation predominates at lower pH (e.g. 6.5).

6.3. Submicron Colloid Removal in Water Treatment Plants

Based on laboratory studies one would expect efficient removal of submicron

particles when the pH of the water is close to that of minimum solubility of alu-

minum hydroxide, or at moderate aluminum dosage (lower I-2). At pH values 1 to

2 units above that of minimum solubility, predominant removal mechanism should

be homogeneous precipitation and attachment of submicron particles to the pre-

cipitate mass as observed for the higher-pH laboratory experiments. The presence

of natural organic matter should further inhibit the process of removal, by altering

the surface characteristics of the suspended particles and also affecting aluminum

precipitation.

Data obtained from operational water treatment plants indicate the existence

of a higher pH in the process train. At these pH levels (above 7.5), the particle

destabilization is not usually complete as most of the precipitation follows the path-

way of homogeneous precipitation. This was evident from the electron micrographs

from lab experiments and field sampling. With uch precipitation of coagulant, the
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removal mechanism is through the attachment of colloids to precipitate mass. The

mobility of the particle did not change significantly throughout the treatment plant

indicating incomplete destabilization as expected for the alum dosage used in the

treatment plant.

To optimize for the removal of submicron particles, one should maximize het-

erogeneous precipitation of the coagulant, as this process will render the particles

destabilized, enabling efficient coagulation with similar particles and resulting in

significant (several orders of magnitude) reductions in submicron colloid concentra-

tions. To maximize heterogeneous precipitation, rigorous control of the supersatura-

tion ratio through the control of pH, buffering and alum dose is necessary. Whereas

the control of pH and buffering may be prohibively expensive, supersaturation ra-

tios can be somewhat controlled by alum dose and optimizing rapid-mix operation,

which would minimize localized high supersaturation ratios favoring homogeneous

precipitation.

6.4 Recommendations for Future Research

Effect of HCO 3— on aluminum precipitation is not a well understood process

yet. It is observed that this ion has a positive effect on the precipitation reaction,

but the mechanism of it is not very clear. More experimental studies to determine

whether complexation of HCO 3— or only the buffering capacity is of importance.

Experimental studies can be conducted to obtain data for evaluating equilibrium

constants for such complexation reactions. Comparing the experiments in the pres-

ence and absence of SO 42— showed that this ion also has some positive impact on

aluminum precipitation. More experiments are needed to be performed to evaluate

the mechanism of how this ligand takes part in the precipitation reactions.
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Rapid mixing of coagulant at the addition seems to be an important parameter

determining the precipitation pathway. More experimental study can be carried out

under flash mixing conditions to evaluate how the kinetics of precipitation reaction

is controlled during homogeneous or heterogeneous precipitation. Effect of mixing

under water-treatment-plant mixers can also be evaluated to study submicron par-

ticle removal in water treatment plants. This type of study will provide important

insight for improving performance of water treatment plants.
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INTRODUCTION 

The primary objective of this research was to investigate the chemical coag-

ulation of submicron particles under water treatment conditions. Most natural

water systems contain particles in both the submicron and supramicron ranges.

The removal of larger turbidity-causing particles by conventional water treatment

processes has been studied in considerably more depth than submicron particles.

Submicron particles: including such entities as clay, metal oxides, silica and asbestos

fibres: are of concern in water treatment due to their role in the sorption and trans-

port of contaminants such as pesticides and heavy metals. Moreover, traditional

particle removal processes such as coagulation may form submicron particles (1)

(e.g., Al(OH) 3 ).
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SELECTION/CHARACTERIZATION OF MODEL PARTICLES

A decision was made to select one submicron particle and one supramicron

particle as model particles for experimental evaluation during this research. The

selected submicron particle was aluminum oxide, Al2 03, synthesized according to

the procedure of Matijevic (2). These particles were characterized by scanning elec-

tron microscopy (SEM) and microelectrophoresis, indicating an average diameter of

0.5 pm±0.1 pm and plizp, of 7.2. The initial particle concentration (e.g., #/mL)

of Al203 present in solutions synthesized to study the coagulation process was 1.33

x 106 /mL, corresponding to a turbidity of <0.1 NTU.

The selected supramicron particle was crystalline silica, SiO 2 , isolated from

a batch of commercial material (Min-U-Sil - 15). The particle size distribution

was determined by optical particle counting, indicating an average diameter of 6.3

pm. Electrophoretic mobility was evaluated, indicating a pHspc of 2.7. Coagulation

experiments were run with an initial silica particle concentration of 2.1 x 103 /mL,

corresponding to a turbidity of 0.4 NTU.

The effect of humic substances on particle stability and mobility, as well as on

particle growth were also studied during this research. The humic material studied

during this research consisted of a soil fulvic acid isolated from Michigan peat soil.

EXPERIMENTAL METHODS 

A first phase of experiments was conducted to identify important factors af-

fecting particle destabilization, and particle growth. These experiments evaluated

various types/combinations of the model particles: Al203, Si02, both Al203 and

Si0 2 and neither Al20 3 or SiO 2 (e.g., no model particle). Experiments were per-

formed using rectangular plastic jar test apparatus. Aluminum was added as a

chemical coagulant in the form of alum, Al2(SO4)3.18H20. Mixing intensity was

controlled. At the designated sampling time, a 5 ml sample was withdrawn from



the middle of jar with a large bore pipette, and was diluted to 100 ml for particle

counting. The following conditions were evaluated during this phase of experiments:

Al(III)	 = 0.1,1.0, and 4.0 mg/L

pH	 = 5.5 and 7.5

Fulvic Acid	 = 0 and 5 mg/L as C

NaHCO3	 = 0.001 M

Mixing Intensity: G = 100 sec -1

Sampling time	 = 20 min.

A second phase of research was conducted to more thoroughly evaluate the

chemical coagulation of submicron particles. These experiments evaluated solution

containing either Al203 or no particles at all. An important objective of the Phase-

'I experiments was to study Al(III) dose in more detail. No fulvic acid was present in

Phase-II experiments. The experimental apparatus was identical to that indicated

above. Aluminum was added in the form of alum. In this phase of experiments, a

rapid mix step was introduced at the start of experiments to promote coagulation.

At each of the designated sampling times, a 10 ml sample was withdrawn from

the middle of the jar with a large bore pipette and was diluted to 50 ml for SEM

specimen preparation. Conditions evaluated during Phase-II experiments were:

Al(III)	 = 0.1, 0.25, 0.50, and 1.00 mg/L

pH	 = 5.5, 6.5, and 7.5

NaHCO3	 = 0.01 M

Rapid Mix:	 = 300 sec -1

Slow Mix: G	 = 100 sec -1

Sampling Times:	 0, 1, and 61 min.
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During the Phase-I experiments, pH was maintained constant by adding an em-

pirically determined amount of NaOH simultaneously with the alum while, during

the Phase-II experiments, a higher concentration of NaHCO3 was used in synthe-

sizing the solution, producing a higher buffering capacity and precluding the need

for NaOH addition.

RESULTS

The first phase of experiments emphasized evaluation of particle formation and

growth by optical particle counting using a HIAC model 4100 particle counter (Pa-

cific Scientific Instruments) with an HR-60 (1 to 60 Am) sensor. Results of this

phase of experiments are summarized in Table 1. The results reported for each

experiment in Table 1 include total particle number, TPN, total particle volume,

TPV, and volume average diameter do . The TPN parameter represents the concen-

tration of all particles found within each range detected by the 1.0 to 60 Am sensor.

The TPV parameter is a calculated value based on the assumption of spherical

particles. The d i, parameter is a volume-weighted average particle size. One would

expect particle aggregation and growth to reflect a decrease in TPN with a corre-

sponding increase in dv. The creation of Al(OH) 3 (s) during chemical coagulation

is captured by increases in TPV.

To evaluate the effect of mixing on particle coagulation and aggregation without

any chemical addition, experiments were performed at two pH levels (7.5 and 5.5)

with both types (Al2 03 and Si02) of model particles. No aggregation was observed

in experiments without aluminum addition, designated with a "0-" prefix in Table 1.

Results of experiment 0-B (no model particles) showed no significant particle count,

suggesting that the system used was free of contamination. Results of experiment 0-

C (Al203 only) showed low levels of >1 Am particles, although none were expected
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because of the submicron dimensions of these particles. This result is likely due to

the sensor perceiving a stream of many submicron particles as a few supramicron

particles. The optical particle counter works on a light blockage principle and

discerns differences in particle size as particles migrate through an orifice. Total

particle counts for experiments 0-A and 0-D (with silica) are approximately the

same although the slightly higher particle concentration observed for 0-D suggests

that the submicron Al203 particles were partialy detected by the particle counter

in the presence of supramicron Si02.

Experiments 9 through 16 were performed to evaluate the precipitation reaction

of aluminum hydroxide in the absence of initial particles, with and without fulvic

acid. At pH 7.5 a greater number of smaller particles were formed in the presence

versus absence of fulvic acid while, at pH 5.5, trends were less evident. Considerably

more particles were formed at the higher versus lower alum dose, as well as the

higher versus lower pH level.

Particle growth involving silica with aluminum addition at different pH and

organic condition are reflected in experiments 1 through 8. in all of these experi-

ments, the total number of particles was much larger than in experiments with no

alum addition, because of the initial presence of supramicron particles in these ex-

periments. Due to the formation of smaller Al(OH) 3 particles the values of volume

average diameter, d„, were smaller than for the silica only experiments (0-A). In

all these experiments a common trend of fewer particles with larger volume average

diameter, d„, resulted at lower alum doses with other conditions held constant. At

comparable doses of alum, more particles were formed at higher pH (7.5 vs 5.5).

Results of experiments with fulvic acid showed consistently smaller volume average

diameters than corresponding experiments without fulvic acid.
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Experiments with Al203 as the initial particle correspond to experiments 17

through 24. The results show the same trends with regard to pH and alum dose

variation, as exhibited by the experiments with silica. The major difference observed

was the smaller volume average diameter, an expected result due to the submicron

nature of the initial particles. Four experiments were performed with the initial

presence of both types of particles (experiments 25 through 28). Results show

trends with pH and alum dose similar to experiments conducted with either Al 2 0 3

or silica.

In the second series of experiments, scanning electron microscopy (SEM) was

used as a means of determining submicron particle (e.g., Al203) behavior under

the influence of chemical addition at different pH and alum dose conditions. Eval-

uation of these experimental data was only qualitative. Results of this phase of

experiments are summarized in Table 2. In interpreting the information in this

table, "aggregation" implies that particles appear in a group held together by a

gelatinous matrix while "precipitation" implies the formation of large flocs with

enmeshed particles.

No evidence of aggregation was noticed without chemical addition (exp 0).

In the absence of initial submicron particles and at 1 mg/L alum (as aluminum),

aluminum hydroxide precipitates were observed at high pH (7.5). At the same pH

with 0.1 mg/L Al, no precipitation was evident (e.xp 2).

In experiments 3 and 4 (alum doses of 1.0 and 0.5 mg/L as Al) large masses

of precipitates were observed, with almost all the submicron particles incorporated

into the flocs. As the alum dose was lowered to 0.25 (exp 5) and 0.1 mg/1 as Al

(exp 6), A1(OH) 3 precipitation became less evident although Al2 03 particles were

aggregated with almost all the submicron particles found in the aggregates.
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Experiments 9 through 12 were based on a pH of 6.5. Aluminum hydroxide

precipitates were observed only at the highest alum dose (1.0 mg/L as Al). At lower

alum doses, compact aggregates of particles were formed. The "compactness" of

which decreased as the alum dose was lowered. Aggregation was slower at this

pH versus the higher pH, as reflected by the absence of aggregation in one minute

samples.

Two experiments (e.xps. 13 and 14) were performed at pH 5.5 with alum doses

of 1.0 and 0.5 mg/L as Al. No aggregation was observed at this pH. Experiments

7 and 8 were performed at one tenth of the bicarbonate concentration (0.001 M)

used during most of the phase-II experiments (0.01 M). Even at an aluminum dose

of 1.0 mg/L as Al, no aggregation occurred in these two experiments.

DISCUSSION

In dilute solutions, Al(III) forms small polynuclear hydroxy complexes (dimers

and trimera) almost instantaneously while, in more concentrated solution, larger

polymeric aluminum species are formed (3).

At the concentration range used in this research, large polymeric aluminum

species are not expected. Subsequent to these hydrolysis reactions, formation of

solid Al(OH)3 can proceed along two different pathways depending on the nucle-

ation step. Homogeneous growth starts from the same type of molecules without any

surface site whereas heterogeneous growth advances on pre-existing surface sites.

Our results suggest that both types of processes occurred during the experiments.

When higher doses of aluminum were employed, homogeneous nucleation predomi-

nated. With decreasing alum dose homogeneous nucleation was less evident.

System supersaturation could not be determined precisely because of unavail-

ability of dissolved aluminum data. However, using literature values of equilibrium
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constants, approximate supersaturation ratios characteristic of the system were cal-

culated. These calculation indicated that the system was less supersaturated at pH

5.5 than at pH 6.5 or 7.5 which explains the absence of precipitation or aggregation

at this pH. Although the supersaturation ratio is higher at pH 6.5 than at pH 7.5,

experimental observations indicated that faster and more abundant precipitation

and aggregation occurred at pH 7.5. Supersaturation ratios are greater at higher

alum doses at the same pH, thus explaining the greater total number of particles

in the Phase-I experiments at higher alum dose (4 mg/L as Al) versus lower alum

dose (1 mg/L as Al). Due to lack of data, carbonate complexation with aluminum

could not be accounted for in the calculation of supersaturation ratios. This type

of reaction may be important in these experiments since aggregation was enhanced

by increasing the bicarbonate concentration while maintaining other parameters

constant.

Two distinct mechanisms of particle incorporation into flocs were observed

during this research. At higher alum doses, massive precipitates were formed and

particles were enmeshed in these precipitates (see figure 1) while, at lower alum

doses, particles were aggregated and held together by a gelatinous material (see

figure 2). This second mechanism may be preferable in water treatment even though

the size of flocs are smaller, because at higher doses the first mechanism produces

considerably more mass by precipitation.

In the absence of initial particles, the system is characterized by homogeneous

nucleation in which small precipitates of Al(OH)3 form and subsequently serve

as nucleation sites for further homogeneous particle growth. In the presence of

initial particles such as Al203, these particles serve as "seed" particles or nucleation

sites for promoting heterogeneous nucleation and particle growth. Experimental



observations support the theory that a higher degree of supersaturation is needed

for homogeneous versus heterogeneous nucleation.

CONCLUSIONS 

Alum coagulation of submicron particles occurs according to different mecha-

nisms involving homogeneous or heterogeneous nucleation. The relative predomi-

nance of these mechanisms is influenced by Al(LII) dose, pH and bicarbonate con-

centration.
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Table 1.	 Results of Phase-I Experiments.

Exp. Particle Al F.A. TPN TPV dv

ID Type pH mg/L mg/L (*/mL) (um3/mL) (um)

O-A Si02 7.5/5.5 0 0 2,100 275,000 6.30

0-B None 7.5/5.5 0 0 13 --

O-C Al203 7.5/5.5 0 0 300 --

0-D S102+Al203 7.5/5.5 0 0 2,400 314,218 6.30

1 S 102 7.5 4.0 5.0 114,000 2,750,000 2.89

2 Si02 7.5 1.0 5.0 37,640 1,750,000 3.60

3 Si02 7.5 4.0 0 134,000 5,190,000 3.39

4 Si02 7.5 1.0 0 10,500 2,830,000 6.45

5 Si02 5.5 1.0 5.0 8,150 1,180,000 5.25

6 Si02 5.5 0.1 5.0 9,060 1,360,000 5.31

7 Si02 5.5 1.0 0 8,500 1,800,000 5.96

8 Si02 5.5 0.1 0 9,570 2,040,000 5.98

9 None 7.5 4.0 5 0 149,300 539,000 1.53

10 None 7.5 1.0 5.0 1,190 19,500 2.54

11 None 7.5 4.0 0 192,000 428,000 1.31

12 None 7.5 1.0 0 25,700 51,200 1.26

13 None 5.5 1.0 5.0 12,700 48,600 1.56

14 None 5.5 0.1 5.0 904 14,500 2.52

15 None 5.5 1.0 0 918 56,700 3.95

16 None 5.5 0.1 0 389 20,300 3.73

17 Al203 7.5 4.0 5.0 19,400 290,000 2.47

18 Al203 7.5 1.0 5.0 4,400 141,000 3.18

19 Al203 7.5 4.0 0 11,300 66,100 1.80

20 Al203 7.5 1.0 0 712 7,830 2.22

21 Al203 5.5 1.0 5.0 12,200 228,000 2.65

22 Al203 5.5 0.1 5.0 4,580 135,000 3.09

23 Al203 5.5 1.0 0 19,500 83,200 1.62

24 Al203 5.5 0.1 0 1,430 28,400 2.71

25 SIO	 A2+-1 2-o 3 7.5 4.0 0 43,500 4,650,000 4.75

26 SiO	 A-- 2	 l+-2-0 3 7.5 1.0 0 8,610 1,810,000 5.94

27 Si02+Al203 5.5 1.0 0 9,400 1,230,000 5.08

28 S 102+Al203 5.5 0.1 0 9,990 1,950,000 5.80
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Table 2. Results of Phase-II Experiments.

Exp. Particle Al
ID Type pH mg/L General Observations

O Al203 7.5 0 No apparent aggregation at 1 & 60 min.

1 None 7.5 1.0 Al(OH)3(s) precipitates visible in 1 & 60
min samples.

2 None 7.5 0.1 No apparent precipitation at 1 & 60 min.

3 Al203 7.5 1.0 A1(OH)3(s) precipitates visible at 1 min.
No apparent enmeshment of particles at 1
min. Small to big (-100 um) flocs visible
at 60 min. with enmeshed particles.

4 Al203 7.5 0.5 A1(OH)3(s) precipitates visible at 1 min.
Particles incorporated in flocs (<50 um)
at 1 min. Flocs became larger at 60 min.

5 Al203 7.5 0.25 No A1(OH)3(s)	 precipitation at 1 min.
Small aggregates of up to 10 particles
visible at 1 min. Aggregates grew to 50 um
at 60 min.	 At 60 min,	 some large
A1(OH)3(s) flocs formed without particles.

6 Al203 7.5 0.1 Same as in exp. 5. Aggregated particles
not as compact as in exp.	 5.

7 Al203 6.5 1.0 No apparent aggregation or precipitation.
(.001 M HCO3 - ).

8 Al203 6.5 0.5 No apparent aggregation or precipitation.
(.001 M HCO3 - ).

9 Al203 6.5 1.0 Particles incorporated into A1(OH)3(s)
flocs at 1 and 60 min.

10 Al203 6.5 0.5 No apparent precipitation at 1 & 60 min.
No apparent aggregation at 1 min. At 60
min., compact aggregates appeared.

11 Al203 6.5 0.25 Same as exp.	 10 with less compact
aggregates.

12 Al203 6.5 0.1 Same as experiment 11.

13 Al203 5.5 1.0 No apparent aggregation or precipitation.

14 Al203 5.5 0.5 No apparent aggregation or precipitation.
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Appendix B

Preliminery results: A chapter in Influence of Aquatic Humic Substances
on Fate and Treatment of Pollutants, Advances in Chemistry Series 219,

American Chemical Society (1987). Series-D experiments are part of this research
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THE EFFECTS OF HUMIC SUBSTANCES ON PARTICLE FORMATION, GROWTH,

AND REMOVAL DURING COAGULATION USING ALUMINUM SULFATE

Gary L. Amyl, Michael R. Collins', C. James Kuo I ,

Zaid K. Chowdhury 1 , and Roger C. Bales 2

1 i 	 Engineering Program, Department of Civil Engineering,

2 Department of Hydrology and Water Resources,

University of Arizona, Tucson, AZ 85721

Introduction 

Surface waters contain particles ranging in size from submicron to supramicron

dimensions, as well as aquatic natural organic matter (NOM), including humic

substances. Important objectives of both conventional surface-water treatment and

direct filtration are removal of both turbidity-causing particles and NOM. Total

particle number is reduced during coagulation/flocculation by inducing particle

growth, while subsequent solids-liquid separation (i.e., sedimentation and filtration)

remove floc comprised of aggregated particles and precipitated aluminum hydroxide.

This paper describes research examining: 1) the effect of NOM on the formation,

growth, and removal of particles during coagulation using aluminum sulfate and 2) the

effect of particles on NOM removal.

Experimental Methods 

Four independent series of experiments (A through D) were conducted with

solutions containing a model particle and either aquatic dissolved organic matter (DOM)

or soil fulvic acid. While all experiments evaluated aluminum-sulfate coagulation using

a conventional jar test apparatus, mixing conditions (Table 1) and "post-mixing" sample

processing were different. The principal objective of Series A experiments was to

evaluate particle removal by passing flocculated water through a laboratory sand filter

functioning as a batch-mode direct-filtration apparatus. The dimensions and operating
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conditions of the laboratory sand filter are described elsewhere (I). In contrast, the

major objective of Series B through D experiments was to study particle formation and

growth. In series A, the filtrate was characterized, while in series B-D, the

flocculated suspension was analyzed. For each series of experiments, a preliminary set

of experiments were run to provide a basis for selecting aluminum doses.

The organic substances examined were a soil-derived fulvic acid (series A and D)

and DOM isolated from two surface waters -- the Grasse river (NY) (series B) and

the Edisto river (SC) (series C). DOM was defined as organic matter that passing a

0.45 urn membrane filter. The hydrophobic (humic) fraction of the DOM, which was

used in the experiments, was isolated by adsorption onto an XAD-8 resin (Rolm and

Haas), according to the method of Thurman and Malcolm (2). The average molecular

weight of the DOM was determined by ultrafiltration (2). Carboxylic acidity was

measured by potentiometric titration of the hydrophobic fraction from pH 3.0 to 8.0

(4). Nonpurgeable organic carbon (NPOC) was determined with a Dohrmann DC-80

organic carbon analyzer, while UV absorbance was measured with a Perkin-Elmer

Model 200 UV-visible spectrophotometer.

The Grasse river contained slightly more DOM than the Edisto river (Table 2).

Average NPOC-based molecular weights for the two rivers were comparable, while that

for the fulvic acid was much higher. Carboxylic acidities differed by a factor of two,

but are comparable to values reported in the literature. The characteristics summarized

in Table 2 for the natural waters reflect the original water as well as actual

experimental conditions.

Three different particles were studied: I) kaolinite clay, which contained

significant amounts of submicron material, series A; 2) Min-U-Sil-5 (Pennsylvania

Glass Sand Corp.), series B and C; and 3) Min-U-Si1-15, series D. The Min-U-Sil

materials represent crystaline silica, SiO2. Particle enumeration and size

characterization were done with an optical particle counter (Hiac 4100, Pacific

Scientific Inc.) using a 2.5-150 um sensor (series A and B) and a 1-60 urn sensor
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(series C and D). (The more sensitive sensor was acquired midway through the

research). Two parameters used for particle characterization were the total particle

number (TPN), which represents the summation of particle concentrations observed in

all channels of the particle counter, and the volume average diameter WO, which is a

volume-weighted average. TPN was used to indicate overall particle removal, while d v

indicated particle-size changes. Values of TPN and d v for the initial conditions reflect

only the model particle, while these same parameters for the final water reflect

Al-particle-humic aggregates in the filtered water (series A) or in the flocculated

suspension (B through D).

The Min-U-Sil 5 (Si02) had average dv's of 4.2 and 3.4 um, using the 2.5-150

and 1-60 um sensors, respectively. Addition of the lower-range sensor midway

through the experiments was done to provide more information on smaller-particle

removal. The dv for Min-U-Sil 15 (Si02) was 6.3 urn using the 1-60 urn sensor.

Electrophoretic mobilities were measured on the coagulant suspensions using a

Rank Brothers Mark II microelectrophoresis apparatus. An equilibration time of 12

hours was used for DOM-coating of particles. Electrophoretic mobilities of the model

particles as a function of pH are shown in Figure 1. Without the presence of humic

substances and DOM, mobilities for the two particles, Si02 and kaolinite, ranged from

positive to negative with observed pHi ep values of 2.6 and 4.6, respectively. The

DOM-coated silica exhibited a more negative mobility than the uncoated silica over the

pH range of about 4.0 to 7.0 while the mobility of the DOM-coated kaolinite

remained negative over the pH range of about 3.0 to 6.0. The effects of DOM on

mobility were more pronounced for kaolinite than silica. Also shown in Figure 1 are

mobilities for A1(OH)3(s) formed under conditions of homogeneous nucleation,

indicating that the aluminum hydroxide precipitate formed can exhibit a positive or

negative charge with a pHz,pc of about 6.5.
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Results

The statistical significance of observed differences was evaluated using the

Duncan's multiple range (DMR) test, which has inherent advantages over the

more-commonly used t-test when a number of comparisons are made within a data set

(I). The DMR test also permits a statistical comparison of pairs of parameter values.

The data shown in Table 1 were subjected to a statistical analysis by the DMR test

Comparison of initial and final water characteristics shows an increase in dv ,

a decrease in TPN, and a decrease in NPOC for most experiments (Table 1). The

following specific data comparisons are based on statistically significant differences in

parameter levels at the 95 percent confidence level.

In Series A, fulvic acid more adversely affected particle removal at the lower pH.

Higher fulvic-acid concentrations generally resulted in higher TPN levels in the filtrate

at pH 5.5; at a higher pH of 8.5, no statistically significant differences were found for

TPN levels in experiments with higher versus lower initial fulvic-acid levels. This

may be due to the greater stabilizing effects of fulvic acid on kaolinite clay at the

lower pH, as evidenced by the divergence of the mobility curves below pH 6 (Figure

1). At a pH of 5.5, the fulvic acid would have a lower charge density while the

kaolinite clay would be near its pHiep , thus enhancing adsorption of fulvic acid. The

presence or absence of kaolinite did not influence TPN levels in the filtrate at the

higher pH while TPN trends were less clear at the lower pH. There were no

significant differences in dv for series A; finished-water particle size was controlled to

a large extent by the sand filtration.

Results of series B and C (with the objective of particle growth) indicate that d v

was greater in the presence versus absence of silica, and was also greater when more

silica was present. The effects of silica on TPN levels were less clear; with

Edisto-river DOM, increasing the initial silica concentration resulted in no statistically

significant differences in final TPN. For Grasse-river DOM, the final TPN

concentration was generally highest with 5 NTU of initial silica present. Also, with
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Grasse-river DOM, higher pH and aluminum dose lead to an increases in TPN and

lower values of d v. Conversely, for Edisto-river DOM, higher pH and aluminum dose

resulted in lower TPN levels, with no significant change in d v .

In series D, the presence of silica, with all other factors equal, resulted in lower

TPN levels and higher values of dv. The presence of fulvic acid lead to larger

particles and a smaller TPN when silica was absent; and to smaller particles, yet no

systematic change in DOM when silica was present. This result suggests that an

Al-fulvate system (without particles) provides slightly better precipitation than a

homogeneous aluminum-hydroxide system. Snodgrass et al. (2) also observed that the

average size of particles formed in an aluminum-fulvic-acid solution was larger than

those observed with aluminum alone. In an Al-fulvate-silica system, there are more

competing (pH-dependent) reactions occurring; the extent of particle aggregation is not

expected to be a simple function of alum dose, fulvic-acid concentration, etc.

The presence of kaolinite generally inhibited NPOC removal in series A. This

result is apparently due to the competing reactions between adsorption/precipitation for

particle destabilization/aggregation as opposed to Al-fulvate precipitation. In contrast,

in series B and C the presence or absence of silica had little effect on NPOC removal,

probably reflecting the lesser adsorption of NOM onto silica than kaolinite. Note that

the mobility data reflect a greater effect of NOM on kaolinite than on silica (Figure

1). This is consistent with observations that NOM adsorbs to aluminum (hydr)oxide

surfaces (a portion of kaolinite) to a greater extent than to silica (10,a). For series B

and C, better NPOC removals were observed at pH 5.5 than at 7.0: at pH 5.5, one

would expect a lesser charge density associated with carboxylic groups of the NOM,

thus affecting charge neutralization.

A further analysis of data was conducted to delineate a possible stoichiometry

between NPOC removal and aluminum added. For the seven experiments conducted

with Grasse-river DOM, the ratio of NPOC removed to Al added was 0.99 + 0.28
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mg/mg, while the corresponding ratio for the seven experiments conducted with the

Edisto-river DOM was 0.84 + 0.16 mg/mg.

Discussion 

Particle growth occurred in most of the series B and C experiments, likely due to

having to mixing conditions that were conducive to particle growth. Although a

different particle-counter sensor was used in series B versus C experiments, qualitative

comparisons between the two are still possible. Particles formed with Edisto-river DOM

in the presence of silica were generally larger than those in Grasse-river DOM; TPN

levels were correspondingly lower for Edisto versus Grasse river. One should note that

the Edisto-river DOM was present at a lower concentration (as NPOC) than

Grasse-river DOM, and had a slightly greater carboxylic acidity and molecular weight.

Significant increases in dv (particle growth) did not occur in either series A or D.

Series D experiments used the largest particle and had a high velocity gradient,

approaching rapid-mix conditions. Further, substantial numbers of small

aluminum-hydroxide particles were produced in these experiments. Recall that in

series A, the objective was particle removal and the flocculated water was filtered

prior to analysis. Although TPN levels were significantly reduced, final dv values

(3.6-4.7 urn) were comparable to those in initial waters (d v = 4.3 urn) This is not

surprising, as clean sand filters are most effective in removing particles larger than a

few microns (12). In all experiments, one would expect the initial formation of

submicron precipitates of aluminum hydroxide, Al-fulvate or Al-particle aggregates,

with the subsequent growth of these precipitates until eventually they pass through the

detection limit (1.0 or 2.5 um) of the optical particle counter. In Series D experiments,

it is likely that an observation of particle growth of the original silica particles was

outweighed by the appearance of small aluminum hydroxide floc.

Results show qualitative consistency with the notion of differing removals/growth

due to competing dissolved-aluminum complexation and precipitation reactions that

differ in rate and extent as a function of pH. In the absence of foreign particles or
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humic substances, homogeneous nucleation and precipitation of aluminum hydroxide

occurs, In the presence of foreign particles, heterogeneous nucleation of aluminum

hydroxide onto the initially present "seed" particles occurs. Either homogeneous or

heterogenous nucleation can be the first step in particle formation and growth. When

aluminum hydrolysis species predominate, particle destabilization occurs via adsorption

of the hydrolysis species, creating conditions suitable for subsequent particle

aggregation. Thus, two principal mechanisms involved in particle removal by chemical

coagulation are: 1) "sweep coagulation" in which particles are enmeshed in an

aluminum-hydroxide precipitate and 2) "charge neutralization" whereby particles are

destabilized by adsorbed, positively charged hydrolysis species.

When humic substances are present at lower pH levels (e.g., 5.5), cationic

aluminum species react with negatively charged humic and fulvic acids to form

aluminum-organic complexes and precipitates (ILIA). The observed greater NPOC

removal in the current work at lower pH is consistent with adsorption versus

co-precipitation; the results do not permit an unambiguous conclusion, however. While

these small Al-fulvate/humate precipitates are too small to settle effectively, they can

be removed by filtration. At higher pH levels (e.g., 7.5), humic-substance adsorption

onto aluminum-hydroxide precipitate is more important. Humic substances also adsorb

onto clays, metal oxides, etc., changing their surface identity (10,11,) and stabilizing

the particles.

It is important to recognize that humic substances can affect aluminum-particle

interactions while particles can affect aluminum-humic interactions. Based on the

higher charge density associated with the fulvic acid as opposed to the clay found in a

typical surface water, the coagulant dosage required for charge neutralization will

normally be controlled by the fulvic acid (J..).

Conclusions 

Based on TPN levels, the presence of fulvic acid resulted in a poorer quality of

sand filtrate, with the most adverse effect observed at lower pH conditions. In the
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presence of DOM, greater amounts of initial seed particles resulted in greater values of

d, in flocculated suspensions. The presence of fulvic acid and the absence of initial

particles lead to an increase in d, in flocculated suspensions while the presence of

both fulvic acid and initial particles lead to a decrease in d,.

Particle formation, growth, and removal were significantly affected by initial

particle and organic matter/humic substance concentrations as well as pH and

aluminum dose. The effect of particles on DOM removal differs for kaolinite vs.

silica.

Acknowledgement

Partial financial support for this research was provided by the U.S. EPA under

Grant R-812325-01-0. The contents do not necessarily reflect the views and policies of

the E.P.A.

References 

1. Collins, M.; Amy, G.; Bryant, C., Jour. Envir. Engrg. Div.-ASCE 1987, 112, 2,
30-344.

2. Thurman, E.; Malcolm, R. Environ. Sci. Technol. 1981, 15, 463-466.

3. Amy, G.; Collins, M.; Kuo, C.; King, P. jour. AWWA 1987, 79, 43-49.

4. Collins, M.; Amy, G.; Steelink, C. Environ. Sci. Technol, 1986, 20, 1028-1032.

5. Dowdy, S.; Wearden, S. Statistics for Research, John Wiley, 1983.

6. Collins, Removal of Aauatic Organic Matter and Humic Substances by Selected 
Water treatment Processes, Ph.D. Dissertation, University of Arizona, Tucson, 1985.

7. Kuo, C. Factors Affecting Particle Growth and Related Organic Matter Removal 
During Alum Coagulation, Ph.D. Dissertation, University of Arizona, Tucson, 1986.

8. Chowdhury, Z. Chemical Coagulation of Submicron Colloids, Ph.D. Dissertation,
University of Arizona, Tucson, 1987.

9. Snodgrass, W.; Clark, M.; O'Melia, C. Water Res 1984, 18, 479-488.

10. Davis, J. Geochemica et Cosmochimica Acta 1982, 46, 2381-2391.

11. Davis, J.; Gloor, R. Environ. Sci. Technol. 1981, 15, 1223-1229.

12. O'Melia, C. Jour. Envir. Engrg. Div.-ASCE 1985, 111, 874-891.

178



13. Wiesner, M.; Lahoussine-Turcaud, V.; Fiessinger, F. In Proceedings, AWWA
Conference: Denver, CO, 1986; p. 1685.

14. Hundt, T. In Proceedings, AWWA Conference: Denver, CO, 1986; p. 1199.

15. Gibbs, R. Environ. Sci. Technol. 1983, 17, 237-240.

16. Dempsey, B.; Ganho, R.; O'Melia, C. jour. AWWA 1984, 76, 141-150.

179



Table 1. Summary of Initial and Operational Conditions for Series A, 8, C,

Initial and Operating Conditions	 Initial Water	 Final

D Exps.

Water

Exp. Particle Organic mixing Turb. Al TPN 2 d, NPOC 1PN2 d, NPOC

ID	 Type	 Source	 Cond. 1 pH (NTU) (mg/L)
-1

(miL	 ) (um) (mg/L)
-1

)	 (um) (mg/L)

A-1 none fulvic I 5.5 0 2.0 1,100 - 1.9 90 4.9 1.0

A-2 kaolin fulvic I 5.5 10 2.0 14,000 4.4 1.9 170 4.6 1.1

A-3 none fulvic I 8.5 0 4.0 1,100 - 1.9 90 5.1 0.9

A-4 kaolin fulvic I 8.5 10 4.0 14,000 4.4 1.9 80 5.4 0.8

A-5 none fulvic I 5.5 0 2.0 1,100 7.7 200 4.8 3.4

A-6 kaolin fulvic I 5.5 10 2.0 14,000 4.4 7.7 230 4.7 3.5

A-7 none fulvic I 8.5 0 4.0 1,100 7.7 130 5.0 3.0

A-8 kaolin fulvic I 8.5 10 4.0 14,000 4.4 7.7 110 5.0 3.3

8-1 none Grasse II 7.0 0 2.0 210 - 5.0 930 6.5 2.8

8-2 silica Grasse II 7.0 5 2.0 140,000 4.2 5.0 10,000 8.8 3.0

8-3 silica Grasse II 7.0 10 2.0 290,000 4.2 5.0 5,100 1.2 2.7

8-4 none Grasse II 8.5 0 2.0 210 - 5.0 70 8.5 3.7

8-5 silica Grasse II 8.5 10 2.0 290,000 4.2 5.0 5,700 10.7 3.4

8-6 silica Grasse 11 5.5 5 2.0 140,000 4.2 5.0 3,500 18.5 2.0

8-7 silica Grasse 11 5 3 5 4.0 140,000 4 1 5.0 6,200 14.9 1.7

C-1 none Edisto II 7.0 0 2.0 140 - 4.4 3,500 5.5 2.7

C-2 silica Edisto II 7.0 5 2.0 410,000 3 4 4.4 2,200 25.6 2.6

C-3 silica Edisto II 7.0 10 2.0 820,000 3.4 4.4 1,800 30.6 2.5

C-4 none Edisto II 8.5 0 2.0 140 - 4.4 1,900 6.2 2.9

C-5 silica Edisto II 8.5 10 2.0 820,000 3.4 4.4 1,500 30.8 2.8

C-6 silica Edisto II 5.5 5 2.0 410,000 3.4 4.4 3,200 25.9 2.1

C-7 silica Edisto II 5.5 5 4.0 410,000 3.4 4.4 1,700 26.6 1.9

D-1 silica fulvic III 7.5 0.4 4.0 2,100 6.3 4.9 110,000 2.9

D-2 silica fulvic III 7.5 0.4 1.0 2,100 6.3 4.9 38,000 3.6

D-3 silica none III 7.5 0.4 4.0 2,100 6.3 0 130,000 3.4

0 -4 silica none III 7.5 0.4 1.0 2,100 6.3 0 11,000 6.5

D-5 silica fulvic III 5.5 0.4 1.0 2,100 6.3 4.9 8,200 5.3

D-6 silica none Ill 5.5 0.4 1.0 2,100 6.3 0 8,600 6.0

D-7 none fulvic III 7.5 0 4.0 13 - 4.9 150,000 1.5

D-8 none none III 7.5 0 4.0 13 - 4.9 190,000 1.3

iMixing conditions I: rapid mix G of 300 sec-1 for one minute followed by slow mix G of 60

sec-1 for 15 minutes. Mixing conditions II: rapid mix G of 300 sec
-1 for one minute followed

by slow mix G of 30 sec l for 20 minutes. Mixing Conditions III: single velocity gradient G

of 100 sec -1 for 20 minutes.

2Series A and El are based on a 2.5 to 150 um sensor; a 1.0 to 60 um sensor was used in

series C and D.
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Table 2. Characteristics of Dissolved Organic Matter
and Soil-Derived Fulvic Acid.

Parameter Grasse Edisto Fulvic Acid

NPOC (mg/L) 4.96 4.35 1.94	 or 7.71

UV Absorbance
(cm-1 ,254 nm,pH 7)

0.186 0.164 0.085 or 0.334

Hydrophobic NPOC:

(% of total NPOC) 63 60 73

Carboxylic 6.4 8.5 13.5

Acidity (meg/g)

Ave. Molecular Wt. 	 3,290	 3,570	 9,700

Bicarbonate alkalinity 31 	 24	 50

(mg/L as CaCO3)
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pH
Figure 1.

Electrophoretic Mobilities of Kaolinite (0),A1(OH) 3 (0),
Min-U-Si1-15(4), FA-Coated Min-U-Si1-15(+) and
FA-Coated Kaolinite(x)
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Appendix C

Computer programs used in this research
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REM PROGRAM USED FOR CONTROLLING THE PHSTAT TO
REM MAINTAIN A CONSTANT PH

REM INITIALIZING

0001 HOME : Fl = 0 : F3 = 0 : DAY = 0
0002 M = 10: Z9 = -16384
0003 DDRB = -15870: AC = 0
0004 PB = -15872 : AB = 0
0005 TL = 0.01

0006 D$ = CHR$(4)

0007 W$ = CHR$(23)

REM INPUT VARIABLES

0010 INPUT "EXPERIMENT ID =" ; 1D$

0011 INPUT "ENTER PH SET POINT =" ; SPH

0012 INPUT "ENTER PRINT INTERVAL (MIN)  =" ; PI

0013 INPUT "ENTER ALIQUOT SIZE FOR ACID =" ; MI.

0014 INPUT "ENTER STRENGTH OF ACID (M) =" ; Cl

0015 INPUT "ENTER ALIQUOT SIZE FOR BASE =" ; M2

0016 INPUT "ENTER STRENGTH OF BASE (M) =" ; C2

0017 INPUT "ENTER PH TOLERANCE =" ; TL

0020 ACD = M1 * 0.00025 * Cl / 1000.

0021 BAS = M2 * 0.00025 * C2 / 1000.

REM PRINT INPUT VARIABLES

0030 PRINT D$; "PR#1"

0031 PRINT "EXPERIMENT ID =" ; 1D$

0032 PRINT "MOLE OF ACID PER ADDITION =" ; ACD

0033 PRINT "MOLE OF BASE PER ADDITION =" ; BAS
0034 PRINT "PH TOLERANCE =" ; TL
0035 PRINT "SET POINT PH =" ; SPH

0036 PRINT: PRINT : PRINT: PRINT
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0037 PRINT "TIME(SEC) # ACID # BASE PH"

0038 PRINT "	

0039 PRINT D$; "PR#0"

0040 GOSUB 2000
0041 GOSUB 3000

0042 TO = MIN + SEC/60 + HR*60

0043 GOSUB 7000
0044 HOME
0045 GOSUB 6000
0046 POKE -16368,0

REM MAIN PROGRAM.
REM RUNS EVERYTIME IT RECEIVES A SIGNAL FROM THE PHSTAT

0100 K = PEEK (Z9)

0105 IF K> 127 THEN GOSUB 8000
0110 IF Fl = 0 GOTO 40
0115 GOSUB 2000

0120 DF = ABS(SPH - PH)

0125 IF (PH - SPH) > = TL THEN GOSUB 4000

0130 IF (SPH - PH) > = TL THEN GOSUB 5000

0135 GOSUB 3000
0140 TIME = MIN + SEC/60 + HR*60

0145 IF (TIME - TO) <Pi GOTO 165

0150 GOSUB 7000
0155 TO = TIME
0160 GOSUB 6000
0165 GOTO 100

REM SUBROUTINE TO READ THE PH PROBE

2000 PRINT D$; "IN#3"

2005 VTAB 24: HTAB 1
2010 INPUT PH$
2015 HOME

2020 PRINT D$; "IN#0"
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2025 PH = VAL (LEFT$ (PH$ , 7))

2030 PH = INT (PH * 1000 + 0.5)/1000

2035 RETURN

REM SUBROUTINE TO READ THE CLOCK

3000 PRINT D$; "IN#3"

3005 PRINT D$; "PR#3"

3010 PRINT W$; "C"

3015 INPUT T$

3020 PRINT D$; "IN#0"

3025 PRINT D$; "PR#0"

3030 HR = VAL (MID$ (T$, 12, 2))

3035 MIN = VAL (MID$ (T$, 15, 2))

3040 SEC = VAL (MID$ (T$, 18, 2))

3045 IF Fl < > 0 GOTO 3060

3050 IHR = HR: IMIN = MIN: ISEC = SEC
3055 F1 = 1
3060 IF SEC > = ISEC GOTO 3075

3065 MIN = MIN - 1: SEC = SEC -I- 60- ISEC

3070 GOTO 3080
3075 SEC = SEC - ISEC
3080 IF MIN > = EMIN GOTO 3095

3090 HR = HR - 1 : MIN = MIN + 60 - EMIN

3095 GOTO 3105
3100 MIN = MIN -IMIN
3105 GOSUB 9000

3110 0$ = R1GHT$ (T$, 8) : D7$ = LEFT$ (T$, 11)

3115 RETURN

REM SUBROUTINE FOR ACID ADDITION

4000 POKE DDRB, 255

4005 FOR 1= 1 TO Mi
4010 POKE PB, 1

4015 JJ = 0
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4020 POKE PB 4O

4025 NEXT I
4030 AC = AC + 1

4035 RETURN

REM SUBROUTINE FOR BASE ADDITION

5000 POKE DDRB, 255

5005 FOR 1= 1 TO M2
5010 POKE PB, 8

5015 JJ = 0
5020 POKE PB 4O

5025 NEXT I
5030 AB = AB + 1

5035 RETURN

REM DISPLAY ON SCREEN

6000 HOME

6005 PRINT D7$

6010 VTAB 10
6015 PRINT "PH ELAPSED TIME TIME # ADDITION"

6020 PRINT

6025 TS = TIME * 60.0

6030 PRINT PH; TAB(10) ; HR; ":" ; MIN; ":" ; SEC ; TAB(21) ; OS

6035 VTAB 12: HTAB 33: PRINT AC; "/" ; AB

6040 RETURN

REM PRINT ON PAPER

7000 PRINT D$ ; "PR#1"

7005 IF Fl < > 0 GOTO 7025

7010 PRINT: PRINT : PRINT: PRINT : PRINT D7$ : PRINT : PRINT

7015 PRINT "PH ELAPSED TIME TIME # ADDITION"

7020 Fl = 1: PRINT

7025 PRINT TIME ; TAB(15) ; AC ; TAB(25) ; AB ; TAB(35) ; PH

7030 PRINT D$; "PR#0"

7035 RETURN
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REM SUBROUTINE FOR CHANGING CURRENT SETTING

8000 POKE -16368,0: HOME

8005 PRINT "PARAMETER CHANGE MENU" : PRINT
8010 PRINT "1) RESET PH-SET POINT"

8015 PRINT "2) RESET PRINT INTERVAL"

8020 PRINT "3) RESET ELAPSED TIME"

8025 PRINT "4) RESET ALIQUOT SIZES"

8030 PRINT "5) RETURN TO PROGRAM"

8035 PRINT "6) EXIT"

8040 PRINT "7) RESET PH TOLERANCE"

8045 PRINT : INPUT "ENTER YOUR CHOICE =" ; K9

8050 HOME
8055 IF K9 = 5 THEN RETURN
8060 ON K9 GOSUB 8075, 8085, 8095, 8120, 8130, 8135, 8140

8065 GOTO 8000
8070 RETURN
8075 INPUT "ENTER SET-POINT PH"
8080 RETURN
8085 INPUT "ENTER PRINT INTERVAL"
8090 RETURN
8095 INPUT "ENTER NUMBER OF ELAPSED DAYS =" ; DAY

8100 INPUT "ENTER INITIAL HOUR =" ; HR

8105 INPUT "ENTER INITIAL MINUTE =" ; MIN

8110 INPUT "ENTER INITIAL SECOND =" ; SEC

8115 RETURN
8120 INPUT "ENTER ALIQUOT SIZE FOR ACID =" ; M1

8125 INPUT "ENTER ALIQUOT SIZE FOR BASE =" ; M2

8130 RETURN
8135 END
8140 INPUT "ENTER PH TOLERANCE =" ; TL

8145 RETURN

REM CALCULATION OF ELAPSED TIME
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9000 IF HR > = IHR GOTO 9025

9005 IF F3 = 1 GOTO 9030

9010 DAY = DAY -I- 1

9015 F3 = 1

9020 GOTO 9030

9025 F3 = 0

9030 HR = HR + DAY *24 -IHR

9035 RETURN
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REM PROGRAM USED FOR CONTROLLING THE PHSTAT TO

REM CONDUCT ACIDINIETRIC TITRATIONS (PH3 TO PH10)

REM INITIALIZING

0001 HOME : Fl = 0 : F3 = 0 : DAY = 0
0002 M = 10: Z9 = -16384

0003 DDRB = -15870: AC = 0
0004 PB = -15872: AB = 0
0005 TL = 0.01

0006 D$ = CHRS(4)

0007 W$ = CHR$(23)

0008 SPH = 10.0: ZA = 3.0
0009 M1 = 8: M2 = 8

REM INPUT VARIABLES

0010 INPUT "EXPERIMENT ID =" ; 1D$

0011 INPUT "ENTER STRENGTH OF ACID (M) =" ; Cl

0012 INPUT "ENTER STRENGTH OF BASE (M) =" ; C2

0013 INPUT "ENTER PH TOLERANCE =" ; TL

0020 ACD = M1 * 0.00025 * Cl / 1000.

0021 BAS = M2 * 0.00025 * C2 / 1000.

REM PRINT INPUT VARIABLES

0030 PRINT D$; "PR#1" : PRINT : PRINT: PRINT

0031 PRINT "TITRATION FROM PH3 TO PH10"

0032 PRINT "EXPERIMENT ID =" ; 1D$

0033 PRINT "MOLE OF ACID PER ADDITION =" ; ACD

0034 PRINT "MOLE OF BASE PER ADDITION =" ; BAS

0035 PRINT "PH TOLERANCE =" ; TL

0036 PRINT "SET POINT PH =" ; SPH

0037 PRINT: PRINT : PRINT : PRINT
0038 PRINT "TIME(MIN) # ACID # BASE PH"

190



191

0039 PRINT"	

0040 PRINT D$; "PR#0"

0040 GOSUB 2000
0041 GOSUB 3000

0042 TO = MIN -I- SEC/60 HR*60

0043 GOSUB 7000
0044 HOME
0045 GOSUB 6000
0046 POKE -16368,0

REM MAIN PROGRAM.
REM RUNS EVERYTIME IT RECEIVES A SIGNAL FROM THE PHSTAT

0100 K = PEEK (Z9)

0105 IF K> 127 THEN GOSUB 8000
0110 IF Fl =0 GOTO 40
0115 GOSUB 2000

0120 DF = ABS(SPH - PH)

0125 IF (PH - SPH) > = TL THEN GOSUB 4000

0130 IF (SPH - PH) > = TL THEN GOSUB 5000

0135 GOSUB 3000

0140 TIME = MIN -I- SEC/60 + HR*60

0145 ZB = PH

0146 ZC = ABS(ZB - ZA)

0147 ZD = 0.0999
0148 IF ZC < ZD GOTO 160
0150 GOSUB 7000
0155 ZA = ZB
0160 GOSUB 6000

0161 ZE = ABS(PH - 10.003)

0162 IF ZE < TL THEN GOSUB 7000
0163 IF ZE > TL GOTO 100
0164 STOP
0165 GOTO 100



REM SUBROUTINE TO READ THE PH PROBE

2000 PRINT D$ ; "IN#3"

2005 VTAB 24: HTAB 1

2010 INPUT PH$

2015 HOME

2020 PRINT D$; "IN#0"

2025 PH = VAL (LEFT$ (PH$ , 7))

2030 PH = INT (PH * 1000 + 0.5)/1000

2035 RETURN

REM SUBROUTINE TO READ THE CLOCK

3000 PRINT D$; "IN#3"

3005 PRINT D$; "PR#3"

3010 PRINT W$; "C"

3015 INPUT T$

3020 PRINT D$; "IN#0"

3025 PRINT D$; "PR#0"

3030 HR = VAL (MID$ (T$, 12, 2))

3035 MIN = VAL (MID$ (T$, 15, 2))

3040 SEC = VAL (MID$ (T$, 18, 2))

3045 IF Fl < > 0 GOTO 3060

3050 IHR = HR: IMIN = MIN: ISEC = SEC
3055 F1 = 1
3060 IF SEC> = ISEC GOTO 3075

3065 MIN = MIN - 1: SEC = SEC + 60- ISEC

3070 GOTO 3080
3075 SEC = SEC - ISEC
3080 IF MIN> = I/VIIN GOTO 3095

3090 HR = HR - 1 : MIN = MIN + 60 - IMIN

3095 GOTO 3105
3100 MIN = MIN -IMIN
3105 GOSUB 9000
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3110 0$ = RIGHT$ (T$, 8) : D7$ = LEFT$ (T$, 11)

3115 RETURN

REM SUBROUTINE FOR ACID ADDITION

4000 POKE DDRB, 255

4005 FOR I = 1 TO M1
4010 POKE PB, 1

4015 JJ = 0
4020 POKE PB 4O

4025 NEXT I
4030 AC = AC + 1

4035 RETURN

REM SUBROUTINE FOR BASE ADDITION

5000 POKE DDRB, 255

5005 FOR I = 1 TO M2
5010 POKE PB, 8

5015 JJ = 0
5020 POKE PB 4 O

5025 NEXT I
5030 AB = AB + 1

5035 RETURN

REM DISPLAY ON SCREEN

6000 HOME

6005 PRINT D7$

6010 VTAB 10
6015 PRINT "PH ELAPSED TIME TIME # ADDITION"

6020 PRINT

6025 TS = TIME * 60.0
6030 PRINT PH ; TAB(10) ; HR; ":" ; MIN; ":" ; SEC ; TAB(21) ; 0$

6035 VTAB 12: HTAB 33: PRINT AC; "/" ; AB

6040 RETURN

REM PRINT ON PAPER

7000 PRINT D$; "PR#1"
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7005 IF Fl < > 0 GOTO 7025

7010 PRINT: PRINT: PRINT : PRINT : PRINT D7$ : PRINT : PRINT

7015 PRINT "PH ELAPSED TIME TIME # ADDITION"

7020 F1 = 1: PRINT

7025 PRINT TIME; TAB(15) ; AC ; TAB(25) ; AB ; TAB(35) ; PH

7030 PRINT D$; "PR#0"

7035 RETURN

REM SUBROUTINE FOR CHANGING CURRENT SETTING

8000 POKE -16368,0: HOME

8005 PRINT "PARAMETER CHANGE MENU" : PRINT

8010 PRINT "1) RESET PH-SET POINT"

8015 PRINT "2) RESET PRINT INTERVAL"

8020 PRINT "3) RESET ELAPSED TIME"

8025 PRINT "4) RESET ALIQUOT SIZES"

8030 PRINT "5) RETURN TO PROGRAM"

8035 PRINT "6) EXIT"

8040 PRINT "7) RESET PH TOLERANCE"

8045 PRINT: INPUT "ENTER YOUR CHOICE =" ; K9

8050 HOME
8055 IF K9 = 5 THEN RETURN
8060 ON K9 GOSUB 8075, 8085, 8095, 8120, 8130, 8135, 8140

8065 GOTO 8000
8070 RETURN
8075 INPUT "ENTER SET-POINT PH"
8080 RETURN
8085 INPUT "ENTER PRINT INTERVAL"
8090 RETURN
8095 INPUT "ENTER NUMBER OF ELAPSED DAYS =" ; DAY

8100 INPUT "ENTER INITIAL HOUR =" ; HR

8105 INPUT "ENTER INITIAL MINUTE  =" ; MIN

8110 INPUT "ENTER INITIAL SECOND  =" ; SEC
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8115 RETURN
8120 INPUT "ENTER ALIQUOT SIZE FOR ACID =" ; M1

8125 INPUT "ENTER ALIQUOT SIZE FOR BASE =" ; M2

8130 RETURN
8135 END
8140 INPUT "ENTER PH TOLERANCE =" ; TL

8145 RETURN

REM CALCULATION OF ELAPSED TIME

9000 IF HR > = IHR GOTO 9025

9005 IF F3 = 1 GOTO 9030
9010 DAY = DAY -I- 1

9015 F3 = 1
9020 GOTO 9030
9025 F3 = 0

9030 HR = HR + DAY *24 -IHR

9035 RETURN
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REM PROGRAM USED FOR CONTROLLING THE PHSTAT TO
REM CONDUCT STOICHIOMETRI RATIO EXPERIMENT

REM INITIALIZING

0001 HOME : Fl = 0 : F3 = 0 : DAY = 0
0002 M = 10: Z9 = -16384
0003 DDRB = -15870: AC = 0
0004 PB = -15872: AB = 0
0005 TL = 0.01

0006 D$ = CHR$(4)

0007 W$ = CHR$(23)

REM INPUT VARIABLES

0010 INPUT "EXPERIMENT ID =" ; ID$

0011 INPUT "ENTER PH SET POINT =" ; SPH

0012 INPUT "ENTER PRINT INTERVAL (MIN) =" ; PI

0013 INPUT "ENTER ALIQUOT SIZE FOR ALUMINUM SOL =" ; M1

0014 INPUT "ENTER STRENGTH OF AL SOL (M AS AL) =" ; Cl

0015 INPUT "ENTER ALIQUOT SIZE FOR BASE =" ; M2

0016 INPUT "ENTER STRENGTH OF BASE (M) =" ; C2

0017 INPUT "ENTER PH TOLERANCE =" ; TL

0020 ACD = M1 * 0.00025 * Cl / 1000.

0021 BAS = M2 * 0.00025 * C2 / 1000.

0022 XX = BAS/AL

REM PRINT INPUT VARIABLES

0030 PRINT D$; "PR#1"

0031 PRINT "EXPERIMENT ID =" ; ID$

0032 PRINT "MOLE OF ALUMINUM PER ADDITION =" ; ACD

0033 PRINT "MOLE OF BASE PER ADDITION =" ; BAS

0034 PRINT "PH TOLERANCE =" ; TL

0035 PRINT "SET POINT PH =" ; SPH
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0036 PRINT : PRINT : PRINT : PRINT

0037 PRINT "TIME(SEC) # ALUMINUM # BASE PH RATIO"

0038 PRINT"	

0039 PRINT D$; "PR#0"

0040 GOSUB 2000
0041 GOSUB 3000

0042 TO = MIN + SEC/60 + HR*60

0043 GOSUB 7000
0044 HOME
0045 GOSUB 6000
0046 POKE -16368,0

REM MAIN PROGRAM.
REM RUNS EVERYTIME IT RECEIVES A SIGNAL FROM THE PHSTAT

0100 K = PEEK (Z9)

0105 IF K> 127 THEN GOSUB 8000

0110 IF Fl = 0 GOTO 40
0115 GOSUB 2000

0120 DF = ABS(SPH - PH)

0125 GOSUB 4000 0130 IF (SPH - PH) > = TL THEN GOSUB 5000

0135 GOSUB 3000

0140 TIME = MIN + SEC/60 + HR*60

0145 IF (TIME - TO) <Pi GOTO 165

0150 GOSUB 7000
0155 TO = TIME
0160 GOSUB 6000
0165 GOTO 100

REM SUBROUTINE TO READ THE PH PROBE

2000 PRINT D$; "IN#3"

2005 VTAB 24: HTAB 1
2010 INPUT PH$
2015 HOME

2020 PRINT D$; "IN#0"
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2025 PH = VAL (LEFT$ (PH$ , 7))

2030 PH = INT (PH * 1000 ± 0.5)/1000

2035 RETURN

REM SUBROUTINE TO READ THE CLOCK

3000 PRINT D$; "IN#3"

3005 PRINT D$; "PR#3"

3010 PRINT W$; "C"

3015 INPUT T$

3020 PRINT D$; "IN#0"

3025 PRINT D$; "PR#0"

3030 HR = VAL (MID$ (T$, 12, 2))

3035 MIN = VAL (MID$ (T$, 15, 2))

3040 SEC = VAL (MID$ (T$, 18, 2))

3045 IF Fl < > 0 GOTO 3060

3050 IHR = HR: 'MIN = MIN: ISEC = SEC
3055 F1 = 1
3060 IF SEC > = ISEC GOTO 3075

3065 MIN = MIN- 1: SEC = SEC + 60 - 1SEC

3070 GOTO 3080
3075 SEC = SEC - ISEC
3080 IF MIN> = IMIN GOTO 3095

3090 HR = HR - 1 : MIN = MIN + 60 - 1MIN

3095 GOTO 3105
3100 MIN = MIN -IMIN
3105 GOSUB 9000

3110 0$ = R1GHT$ (T$, 8) : D7$ = LEFT$ (T$, 11)

3115 RETURN

REM SUBROUTINE FOR ACID ADDITION

4000 POKE DDRB, 255

4005 FOR I = 1 TO M1
4010 POKE PB, 1

4015 JJ = 0
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4020 POKE PB 4O

4025 NEXT I
4030 AC = AC +1

4035 RETURN

REM SUBROUTINE FOR BASE ADDITION

5000 POKE DDRB, 255

5005 FOR 1= 1 TO M2
5010 POKE PB, 8

5015 JJ = 0
5020 POKE PB 4 O

5025 NEXT I
5030 AB = AB + 1

5035 RETURN

REM DISPLAY ON SCREEN

6000 HOME

0005 PRINT D7$

6010 VTAB 10
6015 PRINT "PH ELAPSED TIME TIME # ADDITION"

6020 PRINT

6025 TS = TIME * 60.0

6030 PRINT PH ; TAB(10) ; HR; ":" ; MIN; ":" ; SEC ; TAB(21) ; 0$

6035 VTAB 12: HTAB 33: PRINT AC; "/" ; AB

6040 RETURN

REM PRINT ON PAPER

7000 PRINT D$; "PR#1"

7005 IF Fl < > 0 GOTO 7025

7010 PRINT : PRINT : PRINT PRINT : PRINT D7$ : PRINT : PRINT

7015 PRINT "PH ELAPSED TIME TIME # ADDITION"

7020 F1 = 1: PRINT

7025 PRINT TIME ; TAB(15) ; AC ; TAB(25) ; AB ; TAB(35) ; PH

7030 PRINT D$; "PR#0"

7035 RETURN
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REM SUBROUTINE FOR CHANGING CURRENT SETTING

8000 POKE -16368,0: HOME

8005 PRINT "PARAMETER CHANGE MENU" : PRINT

8010 PRINT "1) RESET PH-SET POINT"

8015 PRINT "2) RESET PRINT INTERVAL"

8020 PRINT "3) RESET ELAPSED TIME"

8025 PRINT "4) RESET ALIQUOT SIZES"

8030 PRINT "5) RETURN TO PROGRAM"

8035 PRINT "6) EXIT"

8040 PRINT "7) RESET PH TOLERANCE"

8045 PRINT : INPUT "ENTER YOUR CHOICE =" ; K9

8050 HOME
8055 IF K9 = 5 THEN RETURN
8060 ON K9 GOSUB 8075, 8085, 8095, 8120, 8130, 8135, 8140

8065 GOTO 8000
8070 RETURN
8075 INPUT "ENTER SET-POINT PH"
8080 RETURN
8085 INPUT "ENTER PRINT INTERVAL"
8090 RETURN
8095 INPUT "ENTER NUMBER OF ELAPSED DAYS =" ; DAY

8100 INPUT "ENTER INITIAL HOUR =" ; HR

8105 INPUT "ENTER INITIAL MINUTE  =" ; MIN

8110 INPUT "ENTER INITIAL SECOND  =" ; SEC

8115 RETURN
8120 INPUT "ENTER ALIQUOT SIZE FOR ACID =" ; M1

8125 INPUT "ENTER ALIQUOT SIZE FOR BASE =" ; M2

8130 RETURN
8135 END
8140 INPUT "ENTER PH TOLERANCE =" ; TL

8145 RETURN

REM CALCULATION OF ELAPSED TIME
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90001F HR > = MR GOTO 9025

9005 IF F3 = 1 GOTO 9030

9010 DAY = DAY + 1

9015 F3 = 1
9020 GOTO 9030
9025 F3 = 0

9030 HR = HR + DAY *24 -IHR

9035 RETURN
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C PROGRAM FOR DATA ANALYSIS OF SUPRAMICRON JAR-TEST
C EXPERIMENTS USING MINUSIL-5.

REAL NUMBER,SURFACE,VOLUME,SAN,VAN,TIME,N(6),D (6)

CHARACTER*20 FREAD,FWRITE

WRITE (5,1)

1 FORMAT(' ENTER DATA FILE NAME')

READ(6,2) FREAD

2 FORMAT(A20)

OPEN(UNIT=4,FILE=FREAD,STATUS='OLD')

WRITE (5,7)

7 FORMAT(' ENTER OUTPUT FILE NAME')

READ(6,2)FWRITE

OPEN(UNIT=7,FILE=FWRITE,STATUS='NEW')

READ(4,*)(D(I),I=1,6)

READ(4,*) NSET

WRITE(5,1'NUMBER OF TIME STEPS PER EXPT ?'

READ(6,*)NT

DO 10 I=1,NSET

DO 10 H=1,NT

READ(4,*)TIME,(N(J),J=1,6)

NUMBER=0
SURFACE=0
VOLUME=0

PI=4.0*ATAN(1.0)

DO 5 K=1,6

NUMBER=NUMBER+N(K)

SURFACE=SURFACE-FPI*N(K)*D(K)*D(K)

5 VOLUME=VOLUME+PI*N(K)*D(K)*D(K)*D(K)/6.0
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SAN=SQRT(SURFACE/NUMBER/PI)

VAN=(VOLITME *6.0/NUM.BER/PI)**(1.0/3.0)

WRITE(7,6)I,TIME,NUMBER,SURFACE,SAN,VOLUME,VAN

6 FORMAT(10X,'EXPERIMENT NUMBER = ',I4/

+ 10X,'SAMPLING TIME = ',F4.0,' (min)'/

± 10X,'TOTAL PARTICLE NUMBER = ',E12.4,' (/mL)'/

+ 10X,'TOTAL SURFACE AREA = ',E12.4,' (um**2/mI)'/

± 10X,'SURFACE AVERAGE NUMBER = ',E12.4,' (um)'/

+ 10X,'TOTAL PARTICLE VOLUME = ',E12.4,' (um**3/mI)/

± 10X,'VOLUME AVERAGE NUMBER = ',E12.4,' (um)'//)

10 CONTINUE
STOP
END
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C PROGRAM FOR CALCULATING SPECIES DISTRIBUTION
C USING OUTPUT FROM SURFEQL.

real x(25,25)

character*64 fname,FN2,MES

do 5 i=1,25

do 5 j=1,25

5 x(ij)=0.0

write(*,*)'name of input file ='

read(*,'(a)')fname

WRITE(*,*)'name of output file ='

READ(*,'(A)')FN2

OPEN(3,FILE=fname)

OPEN(4,FILE=FN2,STATUS.'NEW')

write(*,*)'number of columns='

read(*,*)nn

write(*,*)'number of raws='

read(* ,*) mm

rEAD(3,*)((x(ij),j=1,nn),i=1,mm)

do 10 i=1,mm

do 11 j=1,nn

x(i,j)=alog10(x(i,j))

11 IF(J .EQ. 1) X(I,J)=-X(I,J)

WRITE(4,*)(X(i,k),K=1,NN)

10 CONTINUE
STOP
END

203



C PROGRAM FOR CALCULATING ELECTROPHORETIC MOBILITY

TIO 
_C OF MODEL COLLOIDS USING SURFACE SPECIES CONCENTRA-
N
C CALCULATED FROM EQUILIBRIUM CONSIDERATION.

C INPUT FOR THIS PROGRAM CONSISTS OF OUTPUT FROM
C SURFEQL. THE FIRST COLUMN OF INPUT FILE IS THE

C HYDROGEN ION CONCENTRATION AND THE REST ARE SPECIES
C CONCENTRATION IN MOLES PER LITER.

real x(50,50),PH(50),SIGMA(50),zeta(50),epm(50)

INTEGER P(10),N(10)

character*64 fname,FN2,MES

do 5 i=1,50

SIGMA(I)=0.0

zeta(i)=0.0

epm(i)=0.0

ph(i)=0.0

do 5 j=1,50

5 x(ij)=0.0

write(*,1'name of input file ='

read(*,'(a))fname

WRITE(*,*)'name of output file ='

READ(*,'(A)')FN2

OPEN(3,FILE=fname)

OPEN(4,FILE=FN2,STATUS='NEW')

write (*,*) 'number of columns='

read(*,*)nn

write(*,1'number of raws='

read(*,*)mm

READ(3,*)((X(I,J),J=1,NN),I=1,MM)

204



DO 10 I=1,MM

PH(I)=-ALOG10(X(I,1))

write(*,l'aurface area (SA)'

read(*,*)SA

write(*,*)'solids conc (Sc)'

read(*,*)SC

write(*,*)'capacitance.'

read(*,*)cap

WRITE(*,*)'NUMBER OF COLUMNS WITH POSITIVE SPECIES'

READ(*,*)NP

DO 6 I=1,NP

WRITE(*,*) I,'TH COLUMN NUMBER'

6 READ(*,*) P(I)

WRITE(*,*)'NUMBER OF COLUMNS WITH NEGATIVE SPECIES'

READ(*,*)NN

DO 7 I=1,NN

WRITE(*,*) I,'TH COLUMN NUMBER'

7 READ(?) N(I)

DO 11 I=1,MM

DO 12 J=1,NP

12 SIGMA(I)=SIGMA(I)+X(I,P (J))

DO 13 J=1,NN

13 SIGMA(I)=SIGMA(I)-X(I,N(J))

SIGMA(I)=SIGMAW*9649000.0/SA/SC

zeta(i)=10.0*sigma(i)/cap

epm(i)=0.0756*zeta(i)

11 CONTINUE
do 14 i=1,mm

14 WRITE(4, *)ph(i),epm(i)
STOP
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C PROGRAM FOR CALCULATING STOICHIOMETRIC RATIO
C FOR UNSEEDED ALUMINUM HYDROXIDE PRECIPITATION.

real A(50),B(50),C(50),D(50)

character*64 fname,FN2,MES

do 5 i=1,25

B(I)=0.0

C(I)=0.0

5 A(I)=0.0

WRITE(*,*)'name of output file ='

READ (*,'(A)')FN2

OPEN(4,FILE=FN2,STATUS='NEW')

write(*,*)'SURFACE SITE CONC.='

read(*,*)ST

WRITE(*,*)RATIO OF OH/AL ON SURFACE='

READ(*,*)Z

A(1)=2.0

A(2)=5.0

A(3)=10.0

A(4)=20.0

A(5)=50.0

A(6)=100.0

A(7)=500.0

F=1.3426E-23
G=5.2168E-24
do 75 1=1,7

BULK=F*A(I)**3

SURF=G*A(I)*A(I)*ST

B(I).(SURF*Z+BULK*3.0)/(SURF+BULK)
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C(I)=(SURF*0.50*Z+BULK*3.0)/(SURF*0.50-1-BULK)

D(I)=(SURF*0.10*Z+BULK*3.0)/(SURF*0.10+BULK)

75 continue
WRITE(4, 4 )SURFACE SITE CONC.=',ST,'PER SQ. NM'

WRITE(4,7RATIO OF OH/AL ON ADSORBED SPECIES',Z

WRITE(4,1 DIA(NM) 10 	 do 10 1=1,7

WRITE(4,14),D (I) ,C (I) ,B (I)

10 CONTINUE
STOP
END
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C PROGRAM FOR CALCULATING STOICHIOMETRIC RATIO
C FOR SEEDED ALUMINUM HYDROXIDE PRECIPITATION

real A(10),B(10,10),C(10,10),D(10,10),H(10)

character*64 fname,FN2,MES

DO 5 K=1,10

A(K)=0.0

do 5 i=1,10

B(I,K)=0.0

5 C(I,K)=0.0

WRITE(*,*)name of output file ='

READ(*,'(4)FN2

OPEN(4,FILE=FN2,STATUS='NEW')

write(*,l'SURFACE SITE CONC.='

read(*,*)ST

WRITE(*,*)RATIO OF OH/AL ON SURFACE='

READ(*,*)Z

WRITE(*M'SEED CONCENTRATION='

READ(*,*)0

A(1)=2.0

A(2)=5.0

A(3)=10.0

A(4)=20.0

A(5)=50.0

A(6)=100.0

A(7)=500.0

H(1)=1E12

H(2)=1E15

11(3) =1E18
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F=1.3426E-23
G=5.2168E-24
DO 75 K=1,3

do 75 1=1,7

BULK=F*A(I)**3*H(K)

SURF=G*A(I)*A(I)*ST*H(K)+G*500.0*500.0*ST*0

B(I,K)=(SURF*Z+BULK*3.0)/(SURF+BULK)

C(I,K)=(SURF*0.50*Z+BULK*3.0)/(SURF*0.50+BULK)

D (I,K) = (SURF *0.10*Z+BULK*3.0) / (SURF*0.10+BULK)

75 continue

WRITE(4,7SURFACE SITE CONC.=',ST,'PER SQ. NM'

WRITE(4,7RATIO OF OH/AL ON ADSORBED SPECIES',Z

WRITE(4,7SEED CONCENTRATION',0

WRITE(4,7 DIA(NM) 1E12 1E15 1E18 /L'

do 10 1=1,7

WRITE(4,*)A(I),B(I,1),B(I,2),B(I,3)

10 CONTINUE
STOP
END
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C PROGRAM FOR ANALYSIS OF SUPRAMICRON FIELD DATA
C

REAL NUMBER,SURFACE,VOLUME,SAN,VAN,TIME,N(12),D(12),

+ PD(12),NCUM	 CHARACTER*20 FREAD,F WRITE

WRITE(5,1)

1 FORMAT(' ENTER DATA FILE NAME')

READ(6,2) FREAD

2 FORMAT(A20)

OPEN(UNIT=4,FILE=FREAD,STATUS='OLD')

WRITE(5,7)

7 FORMAT(' ENTER OUTPUT FILE NAME')

READ(6,2)FWRITE

OPEN(UNIT=7,FILE=FWRITE,STATUS='NEW')

READ(4,*) NSET

D(1)=3.0

D(2)=5.0

D(3)=7.0

D(4)=9.0

D(5)=12.5

D(6)=17.5

D(7)=30.0

D(8)=50.0

D(9)=70.0

D(10)=90.0

D(11)=110.0

D(12)=135.0

DO 10 II=1,NSET

READ(4,*)(N(J),J=1,12)
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NUMBER=0
SURFACE=0
VOLUME=0

PI=4.0*ATAN(1.0)

DO 5 K=1,12

NUMBER=NUMBER+N(K)

SURFACE=SURFACE+PI*N(K) *D (K) *D (K)

5 VOLUME=VOLUME+PI*N(K)*D (K)*D (K) *D (K) /6.0

SAN=SQRT(SURFACE/NUMBER/PI)

VAN=(VOLUME*6.0/NUMBER/PI)**(1.0/3.0)

NCUM=0
DO 991=1,12

NCUM=NCUM+N(I)

99 PD(I)=NCUM/NUMBER*100.0

WRITE(7,6)I,NUMBER,SURFACE,SAN,VOLUME,VAN

6 FORMAT(10X,'I = ',I4/

+ 10X,'TOTAL PARTICLE NUMBER = ',E12.4,' (/mL)'/

+ 10X,'TOTAL SURFACE AREA = ',E12.4,' (um**2/raL)'/

+ 10X,'SURFACE AVERAGE NUMBER = ',E12.4,' (um)'/

+ 10X,'TOTAL PARTICLE VOLUME = ',E12.4,' (um**3/mL)/

+ 10X,'VOLUME AVERAGE NUMBER = ',E12.4,' (um)'//)

WRITE(7,98) (PD (I) ,I=1,12)

98 FORMAT(10X,'CUM. PERCENT DIST.W1X,12(F7.3,1X)//)

10 CONTINUE
STOP
END
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**PROGRAM GRAF**ZAID K. CHOWDHURY**COMPLETED-2/8/87**UPDATED - 4/2/87 **

* THIS PROGRAM PLOTS DATA IN FILE SPECIFIED BY FNAME
* LASER PLOTS (OPTION 2 OR 3) ARE STORED IN FILE STD00001.DAT
* PRINTRONIX PLOTS (OPTION-4) ARE STORED IN F0R032.DAT
* LASER PRINTS CAN BE GENERATED BY PRINT/QUE=LASER STD00001.DAT 	 *
* PRINTRONIX(DOT MATRIX)CAN BE PRINTED BY PRINT/NOFEED F0R032.DAT *
*********mAIN PROGRAm************************************************

• FNAME = CHARACTER VARIABLE FOR FILE NAME.
• IVIEW = INTEGER VARIABLE FOR VIEW OPTION.

IVIEW = 1 ===> SCREEN DISPLAY.
IVIEW = 2 ===> SHADED LASER PRINT.
IVIEW = 3 ===> UNSHADED LASER PRINT.

• NN	 = NUMBER OF DATA SETS TO BE PLOTTED.
• ND	 = NUMBER OF DATA POINTS IN A DATA 	 SET.
• A,B,C,D,E,F ARE VARIABLES TO STORE AXIS PARAMETERS.
• LHEAD = VARIABLE TO STORE TITLE OF THE GRAF.
• LXNAM = VARIABLE TO STORE TITLE OF X-AXIS.
• LYNAM = VARIABLE TO STORE TITLE OF Y-AXIS.
• NT	 = NUMBER OF LINES OF TITLE.
• ALPHABETS USED:

CAPITAL (DEFAULT) --> '\'
SMALL	 1*.

SMALL GREEK	 1%1

SCRIPT	 'CI

INSTRUCTIONAL	 __> 1:1

*********************************************************************

COMMON/DATIN/ND,IVIEW
CHARACTER*20 FNAME

• DIMENSION AND PLACE REQUIRED GRAPHICS CALLS (NEXT 3 LINES)

DIMENSION IBUF(16)
IBUF(1)=3
CALL IOMGR (IBUF,-104)

• READS DATA FILE NAME

WRITE(6,34)
34 FORMAT(' ENTER INPUT DATA FILE NAME')

READ(5,33) FNAME
33 FORMAT(A20)

OPEN(UNIT=8,FILE=FNAME,STATUS='OLD')

• DETERMINE IF THIS IS A VIEW OR PLOT RUN

WRITE (6,5)
5 FORMAT (' ENTER RUN TYPE; 1=VIEW, 2=LASER PLOT, 4=PNTRNX PLOT')
READ (5,*) IVIEW



IF(IVIEW .EQ. 1) WRITE(6,35)
35 FORMAT(' YOU MAY TYPE Alt-G FOR GRAPHICS DISPLAY')

IF (IVIEW.GT.1) GO TO 2

CALL TK4010 (960)
GO TO 10

2 IF(IVIEW .EQ. 2)CALL TALARS

IF(IVIEW .EQ. 4)CALL PNTRNX
10 CALL FIG1

IF (IVIEW .GT. 1) GO TO 37
WRITE (6,36)

36 FORMAT('ENTER 1=EXIT, 2=SHADOWED LASER, 3=UNSHADOWED LASER,
+ 4=PNTRNX PLOT')
READ(5,*) IVIEW
IF(IVIEW .GT. 1) REWIND 8
IF(IVIEW .GT. 1) GO TO 298
GO TO 37

298 IF((IVIEW .EQ. 2) .0R. (IVIEW .EQ. 3))CALL TALARS
IF(IVIEW .EQ. 4)CALL PNTRNX
CALL FIG1

EXIT ALL GRAPHICS

37 CALL DONEPL
STOP
END

C**********SUBROUTINE PLTSTF**************************************

SUBROUTINE PLTSTF
COMMON/DATIN/ND,IVIEW

SET UP GRAPHICS

CALL GRACE (2.0)
CALL NOBRDR
CALL HEIGHT (0.2)
IF (IVIEW .EQ. 1) GO TO 10
IF (IVIEW .EQ. 2) CALL SWISSM
IF (IVIEW .EQ. 2) CALL SHDCHR (90.,1,0.002,1)
CALL HWROT('MOVIE')
CALL PAGE (8.5,11.0)
CALL PHYSOR(2.5,3.0)
GO TO 15

10	 CALL PAGE (11.0,8.5)
CALL AREA2D (4.7,4.0)
GO TO 16
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15 CALL AREA2D (4.7,5.5)
16 CALL SCLPIC (1.8)

CALL MX1ALF ('STANDARD','\')
CALL MX2ALF ('L/CSTD 1 , 1 *')
CALL MX3ALF ('L/CGREEK','%')
CALL MX6ALF ('SCRIPT','(')
CALL MX5ALF ('INSTRUCTION',':')

CALL YAXANG (0.)
CALL XINTAX
CALL YINTAX
IF (IVIEW.EQ.1) GO TO 20
CALL THKCRV (0.02)

20 CALL FRAME
RETURN
END

c**********FIG 1**************FRom mAIN************************

SUBROUTINE FIG1
COMMON/DATIN/ND,IVIEW
DIMENSION X(100),Y(100),LHEAD(20),LXNAM(20),LYNAM(20)
REAL A,B,C,D,E,F

CALL PLTSTF

YADD = -0.25
YPOS = -1.04
READ(8,*) NT
IF((IVIEW .EQ. 2).0R.(IVIEW .EQ. 3))CALL SWISSL
IF((IVIEW .EQ. 1).0R.(IVIEW .EQ. 4))CALL SIMPLX
CALL HEIGHT(0.15)
CALL CWIDTH('CONDENSED')
DO 19 IT = 1,NT
READ(8,23)(LHEAD(I),I=1,20)
IF(IT .GT. 1) GO TO 18
XL = XMESS(LHEAD,100)
IF(XL .GE. 4.75) XPOS = -(XL-4.75)/2. - 1.5
IF(XL .LT. 4.75) XPOS = (4.75-XL)/2.

18	 YPOS = YPOS + YADD
CALL MESSAG(LHEAD,100,XPOS,YPOS)

19 CONTINUE
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IF((IVIEW .EQ. 2) .0R. (IVIEW .EQ. 4))CALL SWISSM
IF((IVIEW .EQ. 2) .0R. (IVIEW .EQ. 4))

+CALL SHDCHR(90.,1,0.002,1)
IF(IVIEW .EQ. 3)CALL SIMPLX
CALL CWIDTH('NORMAL')
CALL HEIGHT(0.2)

READ(8,23)(LXNAM(I),I=1,20)
READ(8,23)(LYNAM(I),I=1,20)

23 FORMAT(20A4)
READ(8,*)A,B,C,D,E,F

CALL XNAME (LXNAM,100)
CALL YNAME (LYNAM,100)
CALL GRAF(A,B,C,D,E,F)

READ IN DATA INTO X AND Y ARRAYS

READ(8,*)NN
DO 800 KKK=1,NN
READ (8,*) ND
READ(8,*)L
DO 50 I=1,ND
READ (8,*) X(I),Y(I)

Y(I)=2.67*Y(I)
50 CONTINUE

PLOT OUT DATA

CALL THKCRV (0.02)
CALL CURVE (X,Y,ND,L)

DO 700 JJJ = 1,100

X(JJJ)=0.0
700 Y(JJJ)=0.0

800 CONTINUE
CALL ENDPL (0)
RETURN
END
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Appendix D

Other experimental data
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TABLE D.1. SEM Evaluation of Coagulation
No added particles

Exp
no.

Applied
Aluminum

mg/L

pH
Description of SE/v1 Photographs

1 1.0 7.5 Precipitation evident at 1 and 60 min.

2 0.1 7.5 No precipitation observed

3 1.0 6.5 Precipitation observed only at 60 min

4 2.0 6.5 Priecipitation observed only at 60 min
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TABLE D.2. SEM Evaluation of Coagulation
with uncoated Al203 = 1x10 9 /L

Exp

no.
Applied

Aluminum
rag/L

pH
Description of SEM Photographs

1 1.0 7.5 Precipitation Evidient in 1 min.
Precipitation and Aggregation in 60 min.

2 0.5 7.5 Particles are apparently incorporated in flocs at 1 min.
Flocs become denser at 60 min.

3 0.1 7.5 Small aggregates in 1 min. Grwos bigger with time. Mostly
compact aggregates. Some evidence of homogeneous precipitation

4 1.0 6.5 Partricles are incorporated in flocs at 1 and 60 min

5 0.5 6.5 Homogeneous precipitates not evident. Compact aggregates
at 60 min. only

6 0.1 6.5 Similar to exp 5 but the aggregates are less compact.

7 1.0 5.5 No apparent aggregation or precipitation

0.5 5.5 No apparent aggregation or precipitation

9 0.1 5.5 No apparent aggregation or precipitation
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TABLE D.3. SEM evaluation of Coagulation
with coated Al208=1x109 , NaHCO3=0.01, Soil FA=5 mg/L as C

Exp
no.

Applied
Aluminum

mg/L

pH
Description of SEIV1 Photographs

1 0.5 7.5 No clear evidence of fib formation. Mat like substance
covered filter holes

2 2.0 6.5 Formation of flocs evident at 1 and 60 min.

3 1.0 6.5 Same as Exp 1

4 0.5 6.5 Same as Exp 1

5 0.1 6.5 Same as Exp 1

6 0.5 5.5 Same as Exp 1
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TABLE D.4. ALUMINUM RESIDUAL (1 MIN EXP.)
Exp. performed in filtration flask

Exp

no.
plii pHi NaHCO3

(NI)

--Alblank
itg/L

A10
itg/L

A110
AO,

Alm
Agil,

Also
/24/14

A145
p.g/L

Also
itg/L

Allhr

AO,

2 4.0 4.0 0. 17.7 700. 642. 661. 602. 613. 609.

8 5.0 5.0 .001 11.3 500. 436. 392. 388. 386. 363.

3 5.6 4.9 0. 23.0 500. 333. 340. 366. 415. 394. 0.25

9 5.5 5.3 .001 4.1 500. 292. 315. 302. 309. 278. 0.25

7 6.0 6.0 .001 12.2 500. 29.5 12.3 12.8 9.6 6.7

4 6.55 5.04 0. 8.6 500. 382. 325. 321. 331. 319. 7.0

4 6.55 5.05 0. 23.8 500. 379. 309. 325. 342. 340. 7.0

6 6.55 5.70 .0002 12.9 500. 129. 38.5 31.3 34.5 40.4 7.0

10 6.50 6.50 .001 10.4 500. 13.6 8.7 12.8 5.7 12.9 7.0

1 6.50 6.50 .01 10.6 500. 10.1 7.8 14.6 13.3 22.0 7.0

11 7.5 5.3 0. 3.6 500. 115. 113. 103. 87.2 94.6 100.

12 7.55 7.35 .001 8.6 500. 52.8 51.0 52.0 66.5 47.3 100

5 6.55 6.58 .002 10.9 500. 15.4 17.4 13.9 11.7 11.9 100
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TABLE D.5. Stoichiometric ratio Experiment
Effect of pH; Organics=0mg/L, Alox=0

Time PH PH pH
(min) 5.5 6.5 7.5

0 0.00 0.00 0.00
1 0.96 2.45 1.27
2 0.88 2.88 2.77

3 0.92 3.05 3.09
4 1.04 3.11 3.36
5 1.24 3.21 3.45
6 1.36 3.20 3.48
7 1.47 3.23 3.53
8 1.56 3.24 3.57
9 1.62 3.22 3.60
10 1.69 3.20 3.60
11 1.72 3.18 3.61
12 1.76 3.18 3.62
13 1.78 3.19 3.63
14 1.80 3.14 3.63

15 1.82 3.19 3.64
16 1.85 3.17

17 1.87 3.17

18 1.87 3.16
19 1.88 3.14

20 1.90 3.14

21 1.91 3.14

22 1.91 3.14

23 1.92 3.14

24 1.93 3.14

25 1.94 3.14

26 1.95 3.13
27 1.97 3.13

28 1.98 3.13
29 1.99 3.12

30 2.01 3.12

Numbers are ratio of Na01-1/A1
Rate of Al addition = 8.15x10-7molesimin
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TABLE D.C. Stoichiometric ratio experiment
Effect of pH; Organics=0mg/L, Alox=1x109 /1,

Time pH pH pH
(min) 5.5 6.5 7.5

0 0.00 0.00 0.00
1 0.64 1.77 2.00
2 0.68 1.98 2.36
3 0.82 2.18 2.85
4 0.86 2.22 2.68
5 0.85 2.26 2.98
6 0.88 2.34 3.21
7 0.96 2.34 3.04
8 0.95 2.35 3.28
9 0.96 2.33 3.20
10 1.02 2.36 3.27
11 1.05 2.33 3.24
12 1.10 2.34 3.24
13 1.12 2.32 3.23
14 1.16 2.32 3.22
15 1.20 2.31 3.19
16 1.24 2.30 3.12
17 1.29 2.28 3.08
18 1.32 2.29 3.03
19 1.35 2.26 2.98
20 1.38 2.27 2.97
21 1.40 2.93
22 1.44 2.91
23 1.46 2.86
24 1.48 2.85
25 1.50 2.82
26 1.52 2.79
27 1.54 2.75
28 1.54 2.74
29 1.57 2.71
30 1.59 2.70

Numbers are ratio of Na0H/A1
Rate of Al addition = 8.15x10-7mo1esimin
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TABLE D.7. Stoichiometric ratio experiment
Effect of pH; Organics=0mg/1, Alox=5x109 /L

Time pH pH pli
(min) =5.5 =6.5 =7.5

0 0.00 0.00 0.00

1 0.00 2.18 1.27
2 0.37 2.11 1.73

3 0.34 2.18 2.24
4 0.44 2.18 2.36

5 0.55 2.15 2.36
6 0.55 2.18 2.42
7 0.60 2.12 2.42
8 0.65 2.13 2.50

9 0.69 2.15 2.46

10 0.75 2.14 2.47

11 0.80 2.12 2.48
12 0.85 2.14 2.49

13 0.88 2.15 2.51
14 0.87 2.12 2.50
15 0.90 2.11 2.54
16 0.93 2.11 2.51

17 0.96 2.09 2.56
18 0.99 2.09 2.59

19 1.02 2.10 2.58

20 1.06 2.08 2.55

21 1.09 2.08 2.55
22 1.12 2.08 2.56
23 1.15 2.08 2.55

24 1.18 2.09 2.57
25 1.20 2.56

26 1.23 2.59
27 1.24 2.57

28 1.28 2.57
29 1.31 2.57

30 1.32 2.59

Numbers are ratio of Na0H/A1
Rate of Al addition = 8.15x10-7mo1es/min

223



TABLE d.8. Stoichiometric ratio experiment
Effect of Soil Fulvic Acid

p11=6.5, Alox=0

Time
(min)

No

Fulvic Acid
FA=

img/L as C
FA=

5mg/L as C
0 0.00 0.00 0.00
1 2.45 1.85 1.09
2 2.88 1.53 1.16
3 3.05 2.04 1.09

4 3.15 2.46 1.02
5 3.21 2.43 1.06
6 3.20 2.33 1.18

7 3.23 2.49 1.27
8 3.24 2.57 1.31

9 3.22 2.51 1.36
10 3.20 2.61 1.45
11 3.19 2.66 1.43
12 3.18 2.61 1.48

13 3.19 2.66 1.53
14 3.18 2.61 1.58
15 3.19 2.69 1.60

16 3.17 2.66 1.63

17 3.17 2.73 1.66

18 3.16 2.76 1.69

19 3.14 2.75 1.71

20 3.14 2.75 1.73
21 3.14 2.78 1.77

22 3.14 2.78 1.75

23 3.14 2.79 1.77

24 3.14 2.81 1.77

25 3.14 2.84 1.80

26 3.13 2.84 1.80

27 3.13 2.85 1.81

28 3.13 2.85 1.83

29 3.12 2.88 1.84

30 3.12 2.88 1.85

Numbers are ratio of Na0H/A1

Rate of Al addition = 8.15x10-7molesirnin
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TABLE d.9. Stoichiometric ratio experiment
Effect of FA Coating on Particles

pH = 6.5, Alox = 1x10 9 /L

Time
(min)

No
FA

FA=
.1mg/L C

FA=
lmg/L C

FA=
5mg/L C

0 0.00 0.00 0.00 0.00

1 1.77 1.69 1.09 0.14

2 1.98 1.80 1.84 0.07

3 2.18 2.30 1.95 0.18

4 2.22 2.40 2.18 0.55

5 2.26 2.50 2.35 0.74
6 2.34 2.67 2.32 0.91

2.34 2.66 2.42 0.98

8 2.35 2.70 2.42 1.10

9 2.33 2.74 2.55 1.16

10 2.36 2.79 2.51 1.22

11 2.33 2.81 2.55 1.22

12 2.34 2.78 2.56 1.29

13 2.32 2.80 2.58 1.31

14 2.32 2.82 2.63 1.32

15 2.31 2.84 2.63 1.38

16 2.30 2.83 2.63 1.38

17 2.28 2.83 2.68 1.48

18 2.29 2.85 2.67 1.46

19 2.26 2.87 2.69 1.47

20 2.27 2.87 2.70 1.52

21 2.86 2.71 1.56

22 2.88 2.72 1.60

23 2.89 2.70 1.69

24 2.87 2.71 1.62

25 2.86 2.73 1.66

26 2.87 2.74 1.68

27 2.90 2.75 1.68

28 2.89 2.74 1.72

29 2.88 2.75 1.73

30 2.89 2.77 1.76

Numbers are ratio of Na0H/A1

Rate of Al addition = 8.15x10 -7mo1es/min
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TABLE d.10. Stoichiometric ratio experiment
Effect of Salt River NOM

pH=6.5, Alox=0

Time
(min)

No
NOM

NOM =
lmel, as C

NOM =
5mgiL as C

0 0.00 0.00 0.00
1 2.45 0.62 0.63
2 2.88 2.30 1.25
3 3.05 2.46 1.82
4 3.15 2.82 1.98
5 3.21 2.84 2.16
6 3.20 2.99 2.22

3.23 2.81 2.33
8 3.24 2.84 2.34
9 3.22 2.96 2.37
10 3.20 2.87 2.37
11 3.19 2.82 2.39
12 3.18 2.91 2.40

13 3.19 2.89 2.42
14 3.18 2.87 2.43
15 3.19 2.94 2.45

16 3.17 2.88 2.46

17 3.17 2.91 2.48

18 3.16 2.94 2.49

19 3.14 2.94 2.51

20 3.14 2.94 2.51
21 3.14 2.94 2.51

22 3.14 2.91 2.55
23 3.14 2.96 2.55
24 3.14 2.94 2.55

25 3.14 2.94 2.55

26 3.13 2.96 2.54

27 3.13 2.94 2.57

28 3.13 2.96 2.57

29 3.12 2.97 2.57

30 3.12 2.97 2.60

Numbers are ratio of Na0H/A1
Rate of Al addition = 8.15x10 -7molestrain
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TABLE D.12. Stoichiometric ratio experiment
Effect of NOM Coating on Particles

pH = 6.5, Alox = 1x109 /1.,

Time
(min)

No
NOM

NOM =
.1mg/L C

NOM =
img/L C

NOM =
5mg/L C

0.00 0.00 0.00 0.00
1 1.77 2.32 3.09 2.67
2 1.98 2.73 3.32 2.70
3 2.18 2.91 3.35 2.71
4 2.22 2.90 3.33 2.82
5 2.26 2.95 3.22 2.80
6 2.34 3.11 3.34 2.79
7 2.34 3.19 3.21 2.80
8 2.35 3.15 3.23 2.84
9 2.33 3.15 3.25 2.84
10 2.36 3.16 3.24 2.89
11 2.33 3.17 3.19 2.87
12 2.34 3.15 3.18 2.86
13 2.32 3.17 3.19 2.87
14 2.32 3.19 3.19 2.89
15 2.31 3.19 3.19 2.90
16 2.30 3.16 3.16 2.91
17 2.28 3.15 3.13 2.97
18 2.29 3.15 3.13 2.92
19 2.26 3.17 3.15 2.93
20 2.27 3.18 3.13 2.95
21 3.18 3.11 2.93
22 3.19 3.12 2.92
23 3.18 3.12 2.91
24 3.17 3.12 2.91
25 3.16 3.13 2.93
26 3.16 3.12 2.94
27 3.15 3.12 2.94
28 3.15 3.10 2.92
29 3.16 3.09 2.92
30 3.16 3.08 2.93

Numbers are ratio of Na011/A1
Rate of Al addition = 8.15x10-7molesimin

227



TABLE D.12. Stoichiometreic ratio experiment
Effect of Sulfate (A1C13.6H20 added)

pH = 6.5

Time
(min)

Alox=0
Org=0

Alox=1"
Org=0

Alox=0
FA=1mg/L C

Alox=0
NOM=1mg/L C

0 0.00 0.00 0.00 0.00
1 2.84 1.43 2.06 1.03
2 2.97 1.90 1.92 2.32
3 3.26 2.37 1.88 2.66
4 3.28 2.52 1.92 2.64
5 3.19 2.26 1.99 2.70
6 3.19 2.41 1.92 2.68
7 3.26 2.37 1.97 2.68
8 3.28 2.43 1.99 2.72
9 3.24 2.53 2.06 2.81

10 3.24 2.57 2.08 2.84
11 3.17 2.44 2.03 2.86
12 3.26 2.43 2.06 2.86
13 3.11 2.43 2.14 2.82
14 3.11 2.53 2.12 2.88
15 3.13 2.55 2.15 2.90
16 3.11 2.64 2.14 2.88
17 3.13 2.64 2.14 2.84
18 3.10 2.61 2.17 2.88
19 3.11 2.62 2.21 2.93
20 3.08 2.64 2.21 2.93
21 3.04 2.64 2.21 2.86
22 3.04 2.70 2.24 2.91
23 3.00 2.66 2.26 2.95
24 3.04 2.68 2.30 2.93
25 3.00 2.70 2.28 2.93
26 3.00 2.70 2.30 2.97
27 3.02 2.72 2.35 2.99
28 2.99 2.73 2.35 2.97
29 3.00 2.73 2.35 2.95
30 2.99 2.73 2.35 2.93

Numbers are ratio of Na0H/A1
Rate of Al addition = 8.15x10 -7molesimin

** - 1x109 particles/L
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TABLE D.13. Stoichiometric ratio experiment
Replicate Analysis

pH=6.5,Organic=0,Alox=0

Time Run Run Run Run Avg
(min) 1 2 3 4

0 0.00 0.00 0.00 0.00 0.00
1 2.86 2.05 2.45 2.45 2.45
2 3.20 2.84 2.56 2.93 2.88
3 3.36 2.98 2.69 3.18 3.05
4 3.38 3.06 2.77 3.40 3.15
5 3.35 3.18 2.87 3.43 3.21
6 3.32 3.18 2.92 3.38 3.20
7 3.33 3.25 2.99 3.35 3.23
8 3.27 3.23 3.13 3.32 3.24
9 3.26 3.22 3.13 3.27 3.22
10 3.22 3.23 3.13 3.23 3.20
11 3.23 3.22 3.13 3.19 3.19
12 3.22 3.17 3.15 3.18 3.18
13 3.21 3.21 3.14 3.20 3.19
14 3.20 3.16 3.13 3.23 3.18
15 3.20 3.19 3.14 3.22 3.19
16 3.19 3.18 3.11 3.21 3.17
17 3.17 3.20 3.14 3.18 3.17
18 3.14 3.16 3.15 3.18 3.16
19 3.13 3.18 3.12 3.14 3.14
20 3.13 3.17 3.10 3.17 3.14
21 3.13 3.17 3.12 3.14 3.14
22 3.12 3.18 3.13 3.14 3.14
23 3.11 3.19 3.13 3.13 3.14
24 3.11 3.18 3.13 3.12 3.14
25 3.09 3.17 3.13 3.15 3.14
26 3.09 3.18 3.12 3.14 3.13
27 3.09 3.18 3.12 3.13 3.13
28 3.10 3.17 3.12 3.12 3.13
29 3.09 3.17 3.10 3.11 3.12
30 3.09 3.17 3.10 3.11 3.12

numbers are ratio of Na011/A1

Al addition rate = 8.15x10-7 moles/min
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TABLE D.14. Stoichiometric ratio experiment
Effect of Al addition rate

pH=6.5, Alox=0

Time
(min)

Rate of Al
=2.5x10-8
moles/min

Rate of Al
=3.75x10 -8

moles/ min

Rate of Al
7.5x10-8

moles/min

Rate of Al
1.5x10-7

moles/ min
0 0.00 0.00 0.00 0.00
1 1.73 2.25 2.45 2.67
2 2.42 2.88 2.88 3.25
3 2.37 3.08 3.05 3.39
4 2.56 3.44 3.15 3.26
5 2.74 3.45 3.21 3.26
6 2.84 3.50 3.20 3.21
7 2.93 3.43 3.23 3.22
8 2.96 3.44 3.24 3.16
9 2.90 3.44 3.22 3.20
10 2.90 3.43 3.20 3.20
11 2.99 3.41 3.19 3.15
12 2.99 3.40 3.18 3.18
13 3.01 3.38 3.19 3.16
14 3.05 3.39 3.18 3.14
15 3.02 3.35 3.19 3.16
16 3.01 3.34 3.17
17 2.99 3.34 3.17
18 3.01 3.31 3.16
19 3.05 3.28 3.14
20 3.03 3.28 3.14
21 3.03 3.29 3.14
22 3.03 3.27 3.14
23 3.01 3.24 3.14
24 2.97 3.24 3.14
25 3.01 3.24 3.14
26 3.01 3.23 3.13
27 3.01 3.22 3.13
28 3.00 3.21 3.13
29 3.00 3.22 3.12
30 2.99 3.20 3.12

Numbers are ratio of Na0H/A1
- Calculated from data after 5 minutes

230



150

125 -

......

cm	 100 -
so
I-
x

LC)

C‘i	 75 -

(i)
G)
o

50 -

50	 100	 150
	

200

Time (sec)

Figure D.1 Stoichiometric ratio experiment; alum, and NaOH addition (at pH
5.5, and 6.5) to the reactor in the absence of hydrous aluminum oxide colloids.
(NaC1 = 0.01 M).
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Figure D.2 Stoichiometric ratio experiment; alum, and NaOH addition (at pH
7.5) to the reactor in the absence of hydrous aluminum oxide colloid. (NaC1 = 0.01
M).
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Figure D.3 Stoichiometric ratio experiment; alum and NaOH addition (at pH6.5) to the reactor in the presence of hydrous aluminum oxide colloids (Alox = 0,1x109 , and 5x109 L-1 ). (Israel = 0.01 M).
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Figure D.4 Effect of pH on overall stoichiometric ratio of NaOH to Al in theabsence of particles. (NaC1 = 0.01 M).
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Figure D.5 Effect of pH on overall stoichiometric ratio of NaOH to Al in thepresence of 1x109 L -1 hydrous aluminum oxide. (NaC1 = 0.01 M).
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Figure D.7 Effect of hydrous aluminum oxide particle (alox) concentration onoverall stoichiometric ratio of NaOH to Al at a pH of 5.5. (NaC1 = 0.01 M).
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Figure D.8 Effect of hydrous aluminum oxide particle (alox) concentration on
overall stoichiometric ratio of NaOH to Al at a pH of 6.5. (NaC1 = 0.01 M).
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