
The effect of organic compounds on coagulation

Item Type text; Thesis-Reproduction (electronic)

Authors Cormier, Barbara Louise, 1942-

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 20:57:29

Link to Item http://hdl.handle.net/10150/347961

http://hdl.handle.net/10150/347961


THE EFFECT OF ORGANIC COMPOUNDS ON COAGULATION

by
Barbara Louise Cormier

A Thesis Submitted to the Faculty of the
DEPARTMENT OF CIVIL ENGINEERING AND 

ENGINEERING MECHANICS
In Partial Fulfillment of the Requirements 

For the Degree of
MASTER OF SCIENCE 

WITH A MAJOR IN CIVIL ENGINEERING
In the Graduate College

THE UNIVERSITY OF ARIZONA

1 9  7 6



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfill
ment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library,

Brief quotations from this thesis are allowable 
without special permission, provided that accurate acknowl’- 
edgment of 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 
judgment the proposed use of the material is in the inter-r
ests of scholarship. In all other instances, however, 
permission must be obtained from the author,

SIGNED;

APPROVAL BY THESIS DIRECTOR 
This thesis has been approved on the date shown below;

DENNIS R. KASPElfy ft”  Date J
Assistant Professor of Civil - 

Engineering



ACKNOWLEDGMENTS

My grateful appreciation is extended to Dr. Dennis 
R. Kasper for his assistance and advice in the selection 
and pursuit of this investigation and resulting thesis.

My thanks, also, to the faculty members,, graduate 
students, and Environmental Protection Agency who have 
aided in the accomplishment of these goals,

Lastly, a special thanks to my husband, two 
daughters, and mother whose understanding and patience 
allowed me to pursue these endeavors.



TABLE OF CONTENTS

Page
LIST OF ILLUSTRATIONS............. ..  ............. vi
LIST OF TABLES . . .  • . . . . . . .  . .  ............ viii
ABSTRACT . . . . . . .  . . . . . . .  . . .    i-X
CHAPTER

1. INTRODUCTION . .     1
Purpose of the Investigation ..............  2

2. NATURAL WATER SYSTEMS ........................  4
Nature of Colloidal Particles in

Natural Waters..........     4
Nature of Dissolved Inorganics in
Natural Waters . . . . . . . . . . . . . .  7

Nature of Dissolved Organics in
Natural Waters...................... ...  . 8

Naturally Occurring Organics ..........  10
Man-Made Organics . . . .    11

3. REVIEW OF COAGULATION THEORY .  ............  . 18
Coagulation Mechanisms ..........    18

Double Layer Compression . . . . . . . .  19
. Interparticle Bridging................  20.
Adsorption and Charge
Neutralization or Reduction . . . . .  21

Enmeshment in a Precipitate
. (Sweep Coagulation) .    22

Colloids in Aqueous Solution . . . . . . . .  23
Inorganic Metal Coagulant . . . .    25

Reactions of Metal Coagulant
with Water............. ........... 2 5

. Reaction of the Coagulant with
the Colloid ..........  . . . . . . .  26

iv



V

TABLE OF CONTENTS— Continued
Page

4. POSSIBLE ROLES OF ORGANICS IN
COAGULATING SYSTEMS . . . .  . . .  . . . . . .  32
Possible Fates of Organic . . . . . . . . .  32
Factors Influencing the Type and

Degree of Organic Interference ..........  36
5. EXPERIMENTAL MATERIALS AND METHODS .    38

Materials....................................39
A l u m ....................    39
Synthetic Turbid Water . . . .    39
Synthetic Organics ............  . . . .  40
Sewage Sample . . . . . . .  ..........  43
Sewage Dilution Water . . . .    43

M e t h o d s ............   45
Standard Jar Test . . . . . . . . . . .  45
Coagulation Studies— Pure Organics . . .  47
Coagulation Studies— Sewage ..........  48

6. RESULTS AND DISCUSSION . . . . . . .  . . . . . . 50
Initial Studies to Determine 
Experimental Conditions and 
Establish Standard Coagulation
System ............................... . . 50
Buffer Capacity  ..........  51
Identification of Coagulation
Mechanisms..............   53

Establishment of Criteria .    57
Coagulation of Systems Containing
Pure Organics...................... 57

Coagulation of Standard Suspension . . .  59
Alum Precipitation in Standard

Buffered Water   . . . . .  71
Coagulation of Systems Containing
Wastewater   80

Coagulation in Wastewater Systems
Containing Silica Particles ........  80

Alum Precipitation in Wastewater
Systems . . . . . . . . . . . . . . . .  83

7. SUMMARY AND CONCLUSIONS   85
LIST OF REFERENCES 88



LIST OF ILLUSTRATIONS

Figure Page
1. Solubility of Amorphous Silica . . . . . . . . .  24
2. Equilibrium Composition of Solution in

Contact with Freshly Precipitated A1(OH)g . . 27
3. Equilibrium Composition of Solution in

Contact with Freshly Precipitated Fe(OH)^ . . 28
4. Formation of Insoluble Aluminum Hydroxide

at pH 8 . . . . .............................. 30
5. Possible Fates of Organics in the

Coagulating System  ........ ............ 33
6. Particle Size Distribution of Min-U-Sil 5 . . . 42
7. The Effect of Alum Dose on pH with

Varying Concentrations of Sodium
Bicarbonate  ....................  52

8. The Effect of Alum Dose on pH for the
Buffer System with and without Silica
Particles........ .......................... 54

9. The Effect of Varying Silica Particle
Concentration on the Alum Dose . . . . . . . .  55

10. The Change in Residual Turbidity with Alum
Dose for the System Consisting of
5 x 10"3 M NaHCOg’ .............. ............ 56

11. The Change''in Residual Turbidity with Alum
Dose for the Standard Suspension............  58

12. The.Effect of Varying Concentrations of
Na2EDTA on the Coagulation of the
Standard Suspension . . . . . . . . . . . . . .  61

13. The Effect of Varying Concentrations of
Glycerol on the Coagulation of the
Standard Suspension ........................  6 2

vi



vii
LIST OF ILLUSTRATIONS— Continued 

Figure Page
14. The Effect of Varying Concentrations of

Acetone on the Coagulation of the 
- Standard Suspension  ..........   63

15. The Change in Alum Dose for Varying
Concentrations of Citric Acid .     67

16. The Change in Alum Dose for Varying
Concentrations of LAS  ..............   68

17. The Residual Turbidity-Alum Dose Curve
for 30 mg/1 Methanol in System
Containing No Silica Particles............  . 73

18. Residual Turbidity-Alum.Dose Curve for
3 mg/1 LAS in System Containing No
Silica Particles  ..............  74

19. Comparison of Residual Turbidity-Alum
Dose Curves for Filtered Effluent 
and Activated Carbon Treated
Effluent with 50 mg/1 Silica Particles . . . .  82



LIST OF TABLES

Table Page
1. Organic Substances Identified in a

Surface Water ..............................  15
2. Hydrolysis Equilibria of Aluminum and

Iron . . . . . .. . . . . .  . .............. 29
3. Chemical and Physical Properties of

Min-U-Sil 5 . . . . . . . . .    41
4. Organic Compound Used in Experiments ..........  44
5. Analysis of Activated Sludge Effluent

for the City of Tucson's Plant No. 1
at Roger Road . . . . . . .  . . . . . . . . . 46

. 6. Experimental Systems for Studies Using
Wastewater..................................  4 9

7. The Effect of Pure Organics on the
Coagulating System Containing Silica
Particles  ............  64

. 8. Organics Displaying a Linear Relationship
Between Organic Concentration and
Alum Dose  ..........   69

9. Response of Acetic Acid, Dextrose,
Ethanol, Glycine and Methanol in the
Coagulating System with Silica Particles . . .  72

10. Effect of Pure Organics on Alum
Precipitation . . . . . . . . .    76

11. Comparison of Response for Organics
which Required Additional Alum in
Systems with and without Silica Particles . . 77

viii



ABSTRACT

As more stringent standards are implemented on the 
quality of drinking water, especially with respect to 
turbidity levels, the effect of organic substances on the 
coagulation process must be considered to optimize water 
treatment practices„ Of the fifteen organics and wastewater 
which were investigated, it was found that, in a majority of 
cases, the presence of organic substances in the coagulating 
system require additional coagulant to significantly reduce 
the residual turbidity level of the system. It is believed 
that simple organic-coagulant or organic^colloid interr- 
actions do not occur singly but that a combination of 
interactions occur. It was found that some organics exhibit 
an increase in coagulant demand which was directly related 
to the concentration of organic; this increase was explained 
in terms of complexation of the coagulant.



CHAPTER 1

INTRODUCTION

Historically, the chemical coagulation process has 
been used by water treatment facilities to reduce the amount 
of turbidity producing material in drinking water to levels 
which would be aesthetically acceptable to the consumer. 
Today, however, various substances such as pesticides, 
herbicides, and dissolved trace metals can attach or adsorb 
to the particulate matter. Also, pathogens can attach to 
the turbidity producing material shielding them from dis-

. ' Linfectants (Godrey, 1975). Therefore in the future, these 
turbidity producing particles will require removal for 
health reasons. In order to achieve reduced turbidity 
levels, the coagulation process may have to be refined.
One possible refinement will be in the consideration of the 
composition of the natural water source utilized by the 
water treatment plant.

Natural surface waters are a complex mixture of 
colloidal and dissolved substances, organic and inorganic 
in natures. The composition of these natural fresh water 
systems varies from locale to locale, point to point in a 
given system, and day to day. In addition to the inherent 
compositional complexities of any natural water system,



waters today are becoming increasingly more intricate due to 
the fact that various industrial wastes are being discharged 
into them. For instance, two independent laboratories 
demonstrated that there are as many as 66 different 
chemicals, mostly low molecular weight organics, in the 
water at the lower end of the Mississippi River. These 
chemicals stem predominately from 60 industries located 
between St. Francisville, Louisiana, and New Orleans 
(Morgan, 1973; Train, 1975). Another illustration of con
tamination can be seen in a study of Evansville, Indiana, 
municipal drinking water which revealed the presence of 14 
specific organic pollutants— one of which could be traced 
to an industrial outfall 150 miles upstream on the Ohio 
River (Kleopfer and Fairless, 1972).

Although there are steps being taken to curtail the 
amount of pollutants discharged into natural water systems, 
total elimination of industrial pollution is unlikely. 
Therefore, the presence of these wastes and other pol
lutants, organic in nature, must be identified and con
sidered as to potential coagulation interference capabili
ties with respect to water treatment processes.

Purpose of the Investigation
In order to refine water treatment processes to 

attain maximum efficiency and achieve the quality of water 
required by regulations, a more thorough understanding of
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the effect of the organic constituents of the source waters 
on the treatment processes must be obtained.

The purpose of this investigation is to survey the 
individual effects of certain organic compounds on the 
coagulation process using alum as the coagulant. From the 
survey, it is hoped that the principal mechanism by which 
organics interfere with the coagulation process can be 
determined.



CHAPTER 2

NATURAL WATER SYSTEMS

To provide a basis for an understanding of the 
interrelationship between the water to be treated and the 
coagulant, the nature of the components of surface water 
systems requires examination. These components are col
loidal material, dissolved inorganics, and dissolved 
organics.

Nature of Colloidal Particles 
in Natural Waters

Most natural surface waters contain a certain amount 
of turbidity producing material composed of colloidal 
particles which can be inorganic or organic in nature. In
organic colloidal matter mainly consists of hydrous metal 
oxides and clays; the organic colloidal matter is predomi
nately made up of microorganisms, soap and surfactant 
micelles, protein, starches, and pulp fibers (Weber, 19 70, 
p. 64). In addition to the aforementioned organic colloidal 
particles, some, researchers consider color producing mole
cules to^be colloidal in nature (Christman and Ghassemi, 
1966) .

Colloidal particles are sufficiently small that they 
will not settle out of the aqueous phase within a reasonable



length of time under the forces of gravity. True colloidal 
particles are generally considered to have diameters which 
are ly or smaller (Void and Void, 1964, p. 12). Colloids 
have a high ratio of surface area to mass. As a result of 
this high ratio, the properties associated with the surface 
such as electric charge and ionogenic groups become 
important factors in colloid removal.

Most colloidal particles in water and wastewater 
have a negative surface charge. This charge may be acquired 
by surface ionization and/or ion adsorption when the colloid 
is placed in contact with a polar medium (Stumm and Morgan, 
1970). Variations in pH and other ionic constituents of 
the aqueous phase can affect the sign and magnitude of the 
charge on the colloid's surface (Weber, 1970, p. 64).

Colloidal particles have been classified according 
to their affinity to water and behavior in the coagulation 
process. Hydrophobic (water-hating) colloids are thermo
dynamically unstable and can be coagulated by means which 
are predominately physical. Examples of hydrophobic 
colloids include hydrous metal oxides, clays, and micro
organisms. The charge of hydrophobic colloids originates 
from the adsorption of ion from the surrounding medium 
(Weber, 1.9 70, pp. 6 3-67).

Hydrophilic (water-loving) colloids are generally 
thermodynamically stable. Some examples of these are soap 
and surfactant micelles, proteins, starches, and some



colloids derived from sewage and industrial waste pollution 
(Void and Void, 1964). These colloids react spontaneously 
with water to form colloidal suspensions. The removal of 
such organic colloids is more difficult because there can be 
extensive chemical reactions between the coagulant and the
organic surface groups. Under the conditions occurring in
. .

natural waters, the negative charge associated with hydro- . 
philie colloids is predominately due to ionization of iono- 
genic species such as the carboxylic, aliphatic, and 
aromatic hydroxyl, sulfato, phosphate, and amino groups 
(Stumm and Morgan, 1970). There also exists a number of 
colloids with properties, neither purely hydrophobic or 
purely hydrophilic, in between these extremes. In addition, 
hydrophilic sols can become adsorbed on the surfaces of 
hydrophobic colloids, thus imparting hydrophilic properties 
to such material (Stumm and Morgan, 1970). These are 
called protective colloids.

The quantity of colloidal material present in 
natural waters can vary. Turbulent conditions brought about 
by flooding or storms, for instance, can increase the amount 
of colloidal material in the system. In general, dilute 
colloidal suspensions or low turbidity waters are frequently 
more, difficult to coagulate because of the low collision 
probability between the coagulant and the colloid. High 
turbidity waters may require smaller doses of coagulant 
because the collision probability is greatly increased.



7
There is not, however, a direct linear relationship between 
the amount of coagulant required and colloid concentration 
for coagulation by all mechanisms. It should be noted that 
a broad distribution of particle sizes is much easier to 
coagulate than a suspension with a narrow range of particle 
sizes (American Water Works Association, 1971 [AWWA]).

Nature of Dissolved Inorganics 
in Natural Waters

Natural waters are dilute solutions of inorganic
substances of varying concentrations. The principal ions

+ +  4-4- 4- —present in most natural waters - are Ca , Mg , Na , NO^,
Cl , SO^, and P0=. In general, fresh waters used in potable
water systems contain less than 1000 mg/1 dissolved salts.

Salts enter natural waters through: leaching;
runoff; sewage effluent disposal; and industrial, agri
cultural, and mining waste disposal. For example, domestic 

. sewage effluent can contain 3.5 to 9 mg/1 phosphorus and 18 
to 28 mg/1 nitrogen. Agricultural drainage waste can con
tain more than 100 mg/1 nitrogen in the nitrate form (Clark, 
Viessman, and Hammer, 1971) . Excessive amounts of these 
salts can make the water unacceptable for use as drinking 
water and for industrial purposes.

Certain ions, even at dilute concentrations, can 
interfere with the coagulation process. Depending on the 
specific ions, alterations in the pH range of optimum coagu
lation, the time for flocculation, the optimum coagulant



dose, and the residual coagulant in the effluent can occur 
(AWWA, 1971). Briefly, anions can substitute for the 
hydroxide ion in aluminum hydroxide complexes. The princi
pal anions which are known to be responsible for problems in 
water treatment are phosphate and sulfate. In general, 
anions can reduce the optimum coagulation pH. This shift is 
dependent on the valence of the anion, with monovalent 
anions such as chloride and nitrate demonstrating relatively 
little effect and sulfate and phosphate causing marked 
shifts in pH optima.

Cations have been shown to exert relatively little 
influence on coagulation by metal coagulants.

Although it is possible to determine the effects of 
certain specific ions in the laboratory, it is impossible to 
identify an individual ion's effect due to the complex 
mixture of ions present in natural waters. Thus, proper 
coagulant doses and treatment techniques must be adjusted to 
each water on an individual basis.

Nature of Dissolved Organics 
in Natural Waters

Dissolved organic substances occur in all surface 
waters. Depending on the form and quantity, dissolved 
organics can prove detrimental to streams, rivers, and lakes, 
as well as to the use of the water for domestic, industrial, 
and agricultural consumption. These organic substances can 
act as bacterial substrates to unbalance natural ecological



systems thereby.causing high aquatic plant growth and de
pletion of oxygen concentrations which result in fish kills; 
cause complications in water treatment; cause undesirable 
taste, odor, and color problems; and add chemicals which 
can prove harmful to man and animals. In addition, they can 
interfere with chemical reactions involved with many 
industrial processes.

There is a general lack of information on the 
natural and man-made organic constituents in natural waters. 
The primary reasons for this are (1) organic substances 
generally occur at dilute concentrations, (2) they have 
complex chemical structures making them difficult to 
identify, and (3) they can be subject to degradation and 
alteration by the environment. Also, analytical identifica
tion techniques for organics are complicated and are not 
able to detect all organic species present. It has been 
noted that it is not unusual to be able to specifically 
identify less than 50% of the soluble organic content of a 
water (Ohgerth and Spath, 1973) .

Organic compounds found in natural waters are 
frequently classified according to source. The sources of 
organic contamination are organics which result from nature 
(i.e., decomposing vegetation) and those.which result from 
man and man's technology.



10
Naturally Occurring Organics

Organic compounds which are degradation products of 
decomposing vegetation are commonly called humic compounds. 
The degradation products occur widely and contribute the 
bulk of organic matter found in soil and probably in water. 
They are primarily responsible for the odor, taste, and 
color problems in drinking water supplies.

Humic compounds have molecular weights ranging from 
a few hundred to several thousand. The general class of 
humic compounds lack specific chemical and physical charac
teristics. Generally, they are defined as being acidic and 
partially aromatic and, are frequently characterized by the 
presence of organic functional groups as carboxyl, phenolic 
hydroxyl, carbonyl, methoxyl, and quinoid groups (Black and 
Christman,.1963; Nordby, 1959). Humic compounds exhibit 
considerable resistance to microbial decomposition. They 
are the extractive components of plants as opposed to the 
cell wall material. These extractive components can be 
further classified into fulvic acid, humic acid, and humins 
by their solubility.

Fulvic acids are alkali and acid soluble and are 
considered to have the lowest molecular weight. They also 
constitute the largest portion of the extractive fraction. 
Humic acids are soluble in alkali but not in acids and have 
an intermediate molecular weight. Humins are insoluble in 
both acid and alkali and have the highest molecular weight.
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The concentration levels of naturally occurring 

organics in a surface water vary with the amount of vegeta
tion present. Also, different kinds of plants produce dif
ferent amounts of extractive.components. Keeping these 
facts in mind, the following is used to provide perspective 
on naturally occurring organic concentration levelsBased 
on the analysis of several streams in the Seattle area,
Black and Christman (196 3, p. 897) found that organic color 
was produced by 12 to 50 mg/1 of organic compounds. Of 
these, 85 to 90% were in the form of fulvic acid, 8.4 to 
16.6% were hymatomelanic acids (humins), and 0.6 to 21% were 
humic acids. '

Natural organics can act as complexing agents and 
increase the solubility of various di- and tri-valent metal 
ions. This complexing property of some organics can cause 
problems in the coagulation process with metal coagulants.

As techniques are improved and developed for the 
analysis of dilute organic solutions, it is hoped a clearer 
understanding of these naturally occurring organic compounds 
may be obtained.

Man-Made Organics
Man-made sources of organic pollutants include 

industrial, agricultural, and domestic wastewaters. Indus
trial and domestic sewage effluents contribute the largest 
direct volume input and are directly related to areas of
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high population. These wastes can upset the biota of the 
receiving water system by placing high oxygen demands on the 
system, increasing bacterial levels, and being toxic to the 
aquatic life.

Domestic sewage discharged into fresh water bodies 
is required to have received, at least, secondary treatment. 
This treatment does not remove all of the soluble or col
loidal' organic material present. The amount of organic 
matter which is discharged is a function of the type and 
quality of wastewater treatment that it receives. Some 
sewage treatment plants are able to obtain 98% BOD removals 
fairly consistently (Stokes and Hedenland, 1974) where 
others are able to maintain BOD removals of 50 to 95%. In 
general, 80 to 85% BOD removals are the norm, thus reflecting 
a soluble biodegradable organic concentration in the 
effluent of 11 to 15 mg/1. The total amount of soluble 
organics in the effluent may exceed the aforementioned 
values if non-biodegradable industrial wastes enter the 
sewerage system or the strength of the sewage is sufficiently 
greater than 200 mg/1 BOD. In addition, most sewage treat
ment plants are subject tq biological upsets, excess flows 
caused by storm water runoff, or mechanical difficulties. 
These problems can require the bypassing of raw sewage 
directly into the receiving water body. Therefore, the load 
of soluble organic matter on the natural water system can 
be extremely variable.



Examples of some organic compounds found in sewage 
are amino acids, carbohydrates, soluble acids, and deter
gent surfactants.

Industrial pollutants that are organic in nature are 
the by-products of chemical, petrochemical, refining, food 
processing, and paper manufacturing industries. In general, 
industry discharges the largest volume and the most toxic . 
pollutants which are diverse in nature. Frequently, these 
products are non-biodegradable or very slow to degrade; there
fore > they can accumulate in the receiving body. Treatment 
is required of most industrial wastes to control the amount of 
organic and inorganic substances which are allowed to be dis
charged. A petrochemical plant1s effluent discharge standards, 
for example, require that for a 30-day average, the effluent 
should have a COD of 200 mg/I or less and a BOD of 50 mg/1 or 
less (Busch, 1971, p. 312). Other industries have similar 
standards. Unfortunately, these standards are not usually 
strictly enforced. Also, the treatment of these wastes is 
subject to some of the same operational difficulties en
countered by domestic sewage treatment plants, resulting in 
the dumping of these wastes completely without any treatment.

In recent months, the Environmental Protection 
Agency has been investigating the.health, aspects of some 
organics found in drinking water. Initial results seem to 
indicate that certain organic pollutants produced by 
industry may be carcinogenic in themselves and others may
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become carcinogenic when treated with chlorine, at water 
treatment plants. Currently extensive studies are being 
conducted in many large cities in the United States util
izing surface waters as a drinking water source to determine

. ■ ■»

the extent of the suspected carcinogenic materials.
A list of organic substances identified by Grob and 

Grob (1974, p. 306) in an independent study is presented in 
Table 1 to illustrate the type'and number of industrially 
discharged organic compounds found in one surface water.

Wastes from agriculture can be of two types: those
that are the result of animal production, and those which 
result from crop production. Modern methods of raising 
animals require that they be confined in a minimum space and 
fed a concentrated ration. Both of these practices increase 
the pollution potential of animal wastes. Although these 
wastes enter natural waters by means of runoff and leaching, 
their.concentration levels can be high and can produce 
adverse conditions in the receiving water body. In general, 
wastes produced from animals are characterized as being 
similar to that of humans. In the U.S., domestic animals 
produce over 1 billion tons of fecal wastes and over 400 
million tons of liquid wastes per year. This would be 
equivalent to a human population of. 1.9 billion (Rabin and 
Schwartz, 1972, p. 442). It should be noted that steps are 
being implemented to reduce the burden of animal waste 
pollution through waste treatment and recycling.
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Table 1. Organic Substances Identified in a Surface Water

Substance Substance
Heptane
Octane
Benzene
Isononane
Carbon tetrachloride
Trichloroethylene
Nonane
Isododecane
Tetrachlbroethylene
Toluene
Dimethyl disulphide 
Isododecane 
Aminomethylpyridine 
Decahe
Ethylbenzene
2-Methylpentanol-2
1.4-Dimethylbenzene
1.3-Dimethylbenzene 
1,2-DimethyIbenzene 
Isoundecane 
n-PropyIbenzene 
Chloroben zene 
Undecane
4-r Ethyl toluene
3-Ethyltoluene 
Limonene 
Cincol
1,3,5-TrimethyIbenzene 
2-Ethyltoluene
1.2.4-EthyIbenzene 
Isopropyltoluene 
Isododecane 
Dimethyl trisulphide 
Propyltoluene
1.2.3-TrimethyIbenzene 
IsobutyIbenzene 
Dodecane
DimethylethyIbenzene 
MethyIpropyIbenzene 
DimethylethyIbenzene 
Methyli sopropyIbenzene 
MethylisopropyIbenzene

C^-Benzene 
Dichlorobenzene 
Terpene CpoH16° 
Dimethylethylbenzene 
Cg-Benzene
1.2.4.5-TetramethyIbenzene 
Cg-Benzene
1.2.3.5-TetramethyIbenzene 
Terpene CpgHpgO 
Tridecane
Terpene CpoH16°
Cp-Benzene 
Terpene CpoHl6°Camphor 
Cg-Benzene 
Cg-Benzene 
Internal■standard 
(1-chlorodecane) 

Cg-Benzene 
Tetradecane 
Trichlorobenzene 
Cyclocitral 
Caran-4-ol 
Naphthalene 
Pentadecane
1-Phenyl-2-thiapropane
1-Pentadecene
2-Methylnaphthalene 
Hexadecane 
1-Methylnaphthalene 
Molecular weight 182 
DimethyInaphthalene 
Heptadecane 
Diphenyl
1-Heptadecene
Diphenyl ether
Tri-nr-butyl phosphate.
Octadecane
Acenaphthene
tert.-Butyl acetophenone
Nonadecane
Eicosane
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Pesticides utilized in crop production to control 

insects, weeds, and other undesirable forms of life can be 
organic in nature. Pesticides enter surface waters through 
direct application, leaching, and runoff from treated areas. 
Pesticides commonly used nowadays are synthetic organic 
compounds and can be classified according to their chemical 
properties which determine the persistence and behavior of. 
the pesticide when introduced to waterways. The three major 
types of pesticides are: chlorinated hydrocarbons, such as
DDT (now banned from use in the U.S.) and lindane; organic 
phosphorus compounds such as parathion and malathion; and 
carbamates, such as IPG (isopropyl N-phenylcarbamate).

.Pesticide contamination of natural water systems is 
of interest for several reasons. Some pesticides are toxic 
to aquatic life at very low concentrations (less than 1 
mg/1) (Sawyer and McCarty, 1967). They tend to concentrate 
in aquatic plants and animals and, as a result, can be 
potentially harmful to humans who consume products from the 
contaminated environment. Some pesticides are quite 
resistant to biological degradation and can, therefore, 
exist in the environment for long periods of time. In. 
general, chlorinated pesticides may exist for the longest 
time and produce the most toxic effects on aquatic life and 
humans. Organic phosphorus pesticides are less toxic to 
fish life and are more readily degraded. Carbamate pesti
cides have a low.toxicity and are the most readily degraded.
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Other sources of pollution of natural waters can 

arise from the use of the water by recreational and com
mercial vehicles. In most cases, the actual contamination 
caused by these vessels is minimal. However, accidents 
occur which result in the release of large quantities of 
oil, fuel, and other products which can pollute huge 
quantities, of water. The result of accidental spills can • 
be far reaching. Not only is the aquatic life affected but 
the use of the water by normal consumers can be hampered.

(



CHAPTER 3

REVIEW OF COAGULATION THEORY

The primary objective of the coagulation-flocculation 
processes in water treatment is the removal of turbidity 
causing impurities, namely colloidal particles. Although 
colloidal particles are not a health hazard, they do. produce 
an undesirable appearance in drinking water which is 
aesthetically unacceptable to the consumer. Current 
practice is to use chemical coagulants to remove the 
turbidity producing particles since individual colloidal 
particles have settling velocities which are too small for 
removal by simple sedimentation. The coagulants overcome 
the particles' stability and enable the particles to 
aggregate into larger, settleable floes.

Coagulation Mechanisms 
The four particle destabilization mechanisms are:

(1) compression of the diffuse electrical double layer, (2) 
adsorption of polymers and formation of interparticle 
b r i d g e s (3) ion adsorption which results in particle 
surface charge reduction, and (4) enmeshment of particles in 
precipitating coagulant. These mechanisms will be briefly 
reviewed in the following discussion to provide a basis for

„
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examining the possible effects of organics on the coagula
tion process.

Double Layer Compression
The negative surface charge of the colloidal par

ticles in aqueous solution is counterbalanced by electro
static attraction of oppositely charged ions (counter-ions) 
from the aqueous phase. The attraction of counter-ions 
toward the particles results in a concentration gradient 
near the interface of the colloid. Random thermal agitation 
causes the counter-ions to diffuse away from the interface 
back into the bulk solution. These opposing forces of 
attraction and diffusion of the counter-ions produce the 
diffuse double layer about the colloidal particle.

Compression of the double layer is accomplished by 
providing a high concentration of simple indifferent electro
lytes in the bulk solution which results in a higher con
centration of counter-ions in the diffuse double layer. The 
volume of the double layer required to maintain electro
neutrality is lowered and the thickness of the double layer 
is reduced (Weber, 1970, p. 68). As the electrical double 
layer is compressed, the repulsive forces between the col
loidal particles is decreased and the particles approach 
each other more closely. Agglomeration occurs when the 
repulsive forces are reduced to ...the point where the univer
sal, short range Van der Waals attractive forces come into
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play. Verwey and Overbeek (194 8) have developed a theo
retical model describing this mechanism. However, current 
coagulation practice does not consider compression of the 
electrical double layer a primary mechanism because it does 
not adequately describe the complex interactions involved in 
the coagulation process.

Interparticle Bridging
Particle aggregation can be achieved with the use of 

certain synthetic and naturally occurring organic polymers 
which tie or bridge the particles together. This ability of 
polymers to destabilize colloidal dispersions is described 
by a chemical-physical bridging theory developed by LaMer 
and Healy 1963) and LaMer (1964). The polymers capable of 
destabilizing colloids contain certain chemical groups which 
can attach to adsorption sites on the surface of the 
particle. Bridges between particles are formed by attaching 
the different ends of one polymer molecule to two particles. 
The formation of a bridge requires that the polymer attached 
to one particle comes in contact with an unoccupied adsorp
tion site of a second particle. If excessive polymer is 
added to a colloidal system, all adsorption sites are 
occupied and no bridges can be formed. This causes the 
particles tpi restabilize and prevents further polymer- 
colloid interaction.
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Adsorption and Charge Neutralization 
or Reduction

Particle destabilization can be accomplished by the 
adsorption of counter-ions onto the surface which results in 
reduction, neutralization, or possibly reversal of the 
original particle’s surface charge. Ions can be adsorbed as 
the result of London-Van der Waals forces, hydrogen bonding, 
covalent bonding, or electrostatic attraction (Weber, 19 70, 
p. 70; Stumm and Morgan, 1970, p. 473).

The coagulant ions, in the form of the polymeric 
multivalent hydrolysis products, are more readily adsorbed 
at the particle-water interface than nonhydrolyzed metal 
ions. (Stumm and Morgan, 1970, p. 474). Stumm and Morgan 
describe some qualitative reasons for this enhanced adsorp
tion by the polynuclear polyhydroxy species which are 
summarized below. First, the hydrolyzed species are larger 
and less hydrated than the nonhydrolyzed ions. Second, the 
presence of a coordinate hydroxide group apparently en
hances adsorption because they are strongly bound at many 
solid surfaces. Hydroxo-metal complexes may similarly or 
to an even larger extent be adsorbed to the solid surface. 
The complex may be rendered more hydrophobic by the re
placement of an aquo group by a hydroxo group in the co
ordinate sheath of the metal ion. Finally, adsorption 
becomes more pronounced for polyhydroxo polymetal species
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because more than one hydroxide group per molecule can 
attach to the colloidal surface.

If the adsorption of these complex ions onto the 
colloidal surface is to destabilize the particle, then the 
surface area or the number.of available active adsorption 
sites will influence the required coagulant dose. Stumm and 
O'Melia (1968) found it was possible to have a stoichio
metric relationship between the coagulation dose and the 
surface area of the colloid. At low coagulant doses, all 
coagulant species added are adsorbed, and thus increase the 
■ fraction of the surface area of the colloid covered by the 
coagulant. When the surface of the colloid is almost 
completely covered with coagulant, the linear dose-surface 
area relationship does not hold and the coagulant require
ment for particle destabilization may be independent of the 
surface area. In other words, if the colloidal concentra
tion is small and the available adsorption sites are 
occupied, most of the coagulant remains in solution.

Enmeshment in a Precipitate 
(Sweep Coagulation)

Unlike the other mechanisms of particle destabiliza
tion previously described, the mechanism of enmeshment in a 
precipitate does not require any colloidal charge reduction 
or neutralization. In this mechanism, the coagulant con
centrations exceed the solubility limit and cause the rapid 
precipitation of the insoluble metal hydroxide. The
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colloids can serve as nuclei for the formation of the pre
cipitate; they can be trapped in the precipitate as it is 
formed; or, they can be removed by the precipitate as it 
travels through the solution during flocculation and/or 
settling process. Thus, the coagulant dose required has no 
stoichiometric relationship to the colloid concentration. 
This type of removal is frequently referred to as "sweep 
coagulation."

Colloids in Aqueous Solution 
As seen in Chapter 2, colloidal particles may be 

organic or inorganic in nature. For this investigation, a 
relatively well defined colloidal silica, SiOg, was.utilized 
Since colloidal silica is present in most surface water 
supplies.

The solubility of SiC^ can be characterized by the 
following equilibrium equations.

SiC>2 (s, quartz) + 25^0 = Si (OH) ̂  log k = -3.7
SiOgfs, amorphous) + 25^0 = Si(OH)^ log k = -2.7
Si(OH)4 = Si(OH)“ + H+ log k = -9.46
Si(OH)” = Si(OH)~ + H+ log k = -12.56
4Si (OH) 4 — Si406 (OH) g + 2H+ + 4H20 log k = -12.57

The equilibrium constants given are for 25°C and 0.5 M 
NaClO^ (Stumm and Morgan, 1970, p. 325). The solubility 
diagram based on the above equations for amorphous SiC^ is 
shown in Figure 1. Since most natural waters have a pH
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below 9, very little silica occurs in soluble form. That 
silica which does dissolve is present as silicic acid.

Inorganic Metal Coagulant 
When a metal coagulant is added to an aqueous solu

tion, it can undergo various reactions. The extent of these 
reactions is dependent on the amount of coagulant applied, 
the pH, the temperature, and the time of aging. The 
particular coagulation mechanism that predominates depends 
on species present and, therefore, is a function of the 
extent of these reactions.

Reactions of Metal Coagulant with Water
Initially, the metal coagulant, usually a salt of

aluminum (III) or iron (III), dissociates in water and
3+quickly hydrates to form aquometal complex (AlfHgO)^ or 

FefHgO)^). These complexes are acidic in nature. The 
hydrated ions can then undergo a stepwise consecutive re
placement of the HgO molecules in the hydration shell by 
OH ions, eventually forming nonionic and anionic hydroxo- 
metal complexes. A simplified example of the stepwise 
hydrolytic reactions for Al (III) is:

A1(H20) l+ — > A1(H20) 5(OH)2+  > A1(H20)4 (0H)2  >-

AL (H20) 3 (OH) 3 — > A1(H20)2 (0H)~

However, in addition to monomeric hydrometal complexes being
z+formed, multinuclear hydrolysis products, Me^(OH)p ,
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commonly occur. A model of a simple complex containing two 
aluminum ions can be illustrated by the following:

H 4+zA1(H20)4 . A1(H20)4

H

The predominant hydrolysis species which occur can
be seen in the solubility diagrams. Figures 2 and 3, for 
"freshly precipitated" Al(OH)^ (log K = -33) and Fe(OH)^ 
(log K = -38). The hydrolysis equilibria equations for 
aluminum and iron used in the preparation of these diagrams 
are shown in Table 2.

salt exceeds the solubility limit (illustrated as a hatched 
line in Figures 2 and 3) a precipitate is formed. The pre
cipitate formed, usually referred to as the insoluble metal 
hydroxide, can be insoluble polymeric complexes of in
definite size (Stumm and O'Melia, 1968). Using aluminum 
sulfate as an example of an Al (III) salt, the formation of 
the Al(OH)^ can be seen as a function of the salt dose in 
Figure 4.

Reaction of the Coagulant 
with the Colloid

The predominate coagulation mechanisms most 
applicable in municipal water treatment utilizing metal

If the concentration of the Al (III) or the Fe (III)
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treatment (Stumm and O ’Melia 1968, p. 520).
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Table 2. Hydrolysis Equilibria of Aluminum and Iron—

Black and Chen 1967, p. 1179; Stumm and O ’Melia 
1968, p. 521).

Reaction
Log of 

Equilibrium 
Constant (25°C)

AICIH) Equilibria^
Al3+ + H20 = A1(OH)2+ + H+ -5.03
7A13+ + 17H20 = A1?(0H)^ + 17H+ COCOI

13A13+ + 34H20 = Al13(OH)^ + 34H+. -97.6,
Al3+ + 3H20 = Al (OH) 3 (s) + 3H+ — 9 i 1
A1 (OH)3 + 0H_ = Al(OH)™ • -12.74
2A13+ + 2H20 = Al2 (OH)2+ + 2H+ -6.27
6A13+ + 15H20 = Al6 (OH)3^ + 15H+ 1 o

Al (OH)3 = Al3+ + 30H~ -33

Fe(III) Equilibria
3+ 2+ + Fe + H20 = Fe(OH) + H -2.17

Fe (OH) 2+ + H20 = Fe (OH) 2 +  H+ 00LOi

2Fe3+ +  2H20 =  Fe2 (OH)2+ +  2H+ -2.85
3+ - Fe (OH)3 (s) = Fe +  3OH -38

Fe(OH)3 (s) +  OH- =  Fe(OH)^ -5

^Information was taken from both references.



Figure

30

i—Ic
mo

i
CO
o
•—i

Aluminum Sulfate Dose (mg/1).

4, Formation of Insoluble Aluminum Hydroxide at 
pH 8 -- Black and Chen (1967, p. 1967) .



31
coagulants are ion adsorption-charge neutralization and 
sweep coagulation. A minor role can be played by compres
sion of the double layer.

Black and Chen (1967) found that there exists a
relationship between mechanism, species, and pH. At pH less

3+ -4 -6than 4 and Al < ion concentration of 10 . M to 10 M, the
hydrated trivalent specie is the predominant or most active- 
species. Associated with this species is the mechanism of 
double layer compression. In the region between pH 4 and 6, 
One or more of the hydrolyzed aluminum polynuclear multi- 
valent cations may be the predominant species with the 
mechanism involved being ads orpt ion-ch arge neutralization, 
and even charge reversal of the colloidal particle. In the 
pH region between 6 and 8, the metal hydroxide species pre
dominate and the sweep coagulation mechanism prevails. It
was noted that a concentration of aluminum ion higher than 

-41.2 x 10 M that physical enmeshment would be the prime
mechanism of particle removal. When the concentration of

-4aluminum ion was less than 1.2 x 10 M, mutual flocculation 
between the positively charge aluminum hydroxide and the 
negatively charged colloidal particle probably occurs 
(Black and Chen, 19 67). The mutual flocculation concept, 
seems to represent a transitional stage from pure ion ad
sorption to the precipitation mechanism. It should be 
remembered that although one mechanism predominates, other 
mechanisms operate simultaneously to lesser degrees.



CHAPTER 4

POSSIBLE ROLES OF ORGANICS IN 
. COAGULATING SYSTEMS

When an organic enters a natural water system, it 
can undergo numerous reactions prior to and upon reaching 
the water treatment plant. These reactions can alter the 
form and chemical* characteristics of some organics depending 
on the composition of the organic and the nature of the 
aqueous environment to which they are subjected. In turn, 
the products of the reactions could produce completely 
different coagulation responses from the initially dis
charged organics. Since it is impossible to meaningfully 
evaluate the extent and nature of the reactions involving 
organics in a natural water system prior to reaching the 
coagulating system, it is necessary to restrict this in
vestigation to a system in which organic-colloid, organic- 
coagulant, and colloid-coagulant interactions occur.

Possible Fates of Organic 
The possible fates of an organic in a coagulating 

system are illustrated in the schematic diagram shown in 
Figure 5. It can be seen that the fate of the organic could 
be: (1) proceed through the system without exerting any

32
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Figure 5. Possible Fates of Organics in the Coagulating 
System
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effect, (2) interact with the colloid, and (3) interact with
the coagulant.

The first possible fate, remaining in solution in 
the dissolved or solid phase has no effect on the coagula-. 
tidn process. In other words, the presence of the organic 
does not affect the amount of coagulant required for 
particle destabilization.

Another possible fate of the organic is that it can 
interact with the colloid. The principal mechanism of this 
interaction would be adsorption of the organic into the 
surface of the colloid. Two types of adsorption could be 
involved: electrostatic adsorption or specific adsorption.
Electrostatic adsorption results from the general electro
static attraction between an ionized or dipolar organic 
molecule and the oppositely charged sites on the surface of 
the colloid. Specific adsorption is due to either physical 
or chemical interactions between specific elements of the 
organic and the colloid. The precise adsorption mechanism 
is not important, since the net effects of both types of 
adsorption, are the same. Adsorption of the organic could 
reduce or increase the number of active adsorption sites on 
the colloid which are available for interaction with the 
coagulant; therefore, the coagulant dose required for 
colloid destabilization could increase or decrease de
pending on the particulars of the system.
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A third possible fate is that the organic can inter

act with the soluble form of the coagulant before adsorption
or precipitation of the coagulant or the organic could 
possibly interact with the minute coagulant particles and 
prevent their aggregation into settleable sizes. In the 
first case, the organic-coagulant interaction would involve 
a chemical interaction with the aluminum species in solution. 
The species available for such chemical interactions are 
numerous and pH dependent as discussed previously. A 
special case of chemical interaction is displayed by certain 
organics which possess the property of acting as chelating 
agents. These organics have the ability, to seize metal ions
and hold them in a claw-like grip, preventing the ions from
forming an insoluble salt. The pincers of the chelating 
molecule consists of ligand atoms (usually nitrogen, oxygen, 
or sulfur) each of which donates two electrons to form co
ordinate bonds with metal ions (Sawyer and McCarty, 1967, 
p. 35). Chelated species would be unavailable to partici
pate in coagulation by either the adsorption-charge neutral
ization or the sweep mechanisms.

The organic could, also, adsorb to the minute co
agulant floe and prevent their growth into settleable sizes. 
By interaction with the coagulant, the organic will make 
additional coagulant necessary to accomplish the turbidity 
removals required.
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Factors Influencing the Type and Degree 

of Organic Interference
The factors which can influence the type and degree 

of interference with the coagulation process depend on both 
the nature and concentration of the organic and the charac
teristics of the colloidal system.

Basic characteristics of organics which affect the 
coagulation mechanisms are: (1) the solubility in aqueous
solutions,. (2) the hydrophobic or hydrophilic character,
(3) the degree of ionization, (4) the size or the molecular
weight, and (5) the functional or reactive groups present 
and their location on the organic molecule. Although these 
parameters.may appear redundant in some respects, they give 
an indication of the chemical compatibility of the organic 
with the aqueous solution. If an organic is compatible with 
the aqueous phase, it can remain in solution or react with 
the coagulant. The organic which is not compatible with the 
aqueous phase will be more likely to accumulate at the 
solid-liquid interfaces or air-liquid interfaces.

The adsorption mechanism can be affected by the 
molecular size and the location of functional groups. These 
parameters influence the number of molecules which can 
attach to the active adsorption sites on the colloidal sur
face and the alignment the molecules assume at those sites.

Temperature and pH can affect the form and extent of 
reactivity of the organic in the coagulating system.
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Variations in temperature can increase or decrease the rate 
of chemical reactions and the rate of adsorption taking 
place in the system. The pH of the■aqueous solution can 
affect the degree of ionization of the organic, thereby 
influencing the extent to which the organic can or cannot 
participate in interactions with the coagulant or the 
colloid.

Obviously, the amount of organic present in solution 
can influence the degree of interference if specific ad
sorption or chemical reactions are occurring. Equilibria 
are established which are concentration dependent.

This discussion has been limited to the effect of a 
single organic substance in a coagulating system. Since 
surface waters contain a mixture of organic substances, it 
is possible that there may be organic-organic interactions 
or competitive adsorption or complexation reactions which 
may affect the coagulation process.



CHAPTER 5

EXPERIMENTAL MATERIALS AND METHODS

The purpose of this study is to investigate the 
effects of various organic substances on the coagulation 
process utilizing alum as the coagulant. In addition to 
determining the organic1s effect, the predominant mechanism 
of interference caused by the organic substance is to be 
identified where possible.

To accomplish the first goal, a standard colloidal 
suspension in a well defined aqueous solution was prepared 
and coagulated using standard jar test procedures to deter
mine residual supernatant turbidities for varying alum 
dosages. The effect of organics were then evaluated by the 
addition of known amount of organics to the standard suspen
sion, coagulating by the standard jar test, and then com
paring alum doses required to attain specific turbidity 
values. Some indication as to mechanism by which organics 
interfered could be found by using the standard jar test 
procedure on the synthetic water without silica. A reaction 
between the alum and organic could be detected in this • 
manner.

It was considered essential to maintain as much 
uniformity, consistency, and reproducibility as possible

38
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throughout the period of experimentation. To achieve these 
objectives, the synthetic water system was kept simple and 
precautions were taken to assure similar chemical and 
physical conditions in each test.

Materials
Alum

The alum solution was prepared with reagent grade 
aluminum sulfate crystals, A ^  (SÔ ) ̂  ISH^O, and distilled 
water, at a 0.015 M concentration (1 ml = 10 mg alum). The 
solution was allowed to age for a minimum of 24 hours prior 
to use. Checks were made frequently to assure the age of 
the alum solution did not affect its ability to coagulate.

Synthetic Turbid Water
The stock synthetic water utilized in these experi

ments was composed of Min-U-Sil 5 (a product of Pennsylvania 
Glass Sand Corporation, Pittsburgh, Pa., 15235), sodium bi
carbonate, and distilled water. Concentrated solutions of 
the constituents were maintained in separate containers to 
assure no chemical interaction would occur prior to use.
The concentrated solutions were prepared a minimum of 24 
hours before use to permit stabilization of the constituents 
in an aqueous environment.

The Min-U-Sil 5, a well defined crystalline silica, 
was used to represent the colloidal fraction of a natural 
water system. The chemical and physical properties and size
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distribution of Min-U-Sil 5, provided by the manufacturer, 
are presented in Table 3 and Figure 6, respectively. The 
concentration used in the majority of the coagulation 
experiments was 50 mg/1.

Reagent grade sodium bicarbonate, NaHCO^, repre
sented the inorganic salt portion of natural water systems. 
It provided buffer capacity for the coagulation system and . 
did not react or complex with the aqueous alum species or
the silica particles. The concentration of NaHCOg used in

— 3the coagulation studies was 420 mg/1 (5 x 10 M).

Synthetic Organics
For the purposes of these experiments, the organic 

compounds considered were selected because they have been 
identified in natural water or wastewater systems.

The water soluble organic compounds were prepared in 
concentrated solutions (1 gram per liter) and used within 
24 hours of preparation. This was done because some com
pounds showed susceptibility to change in character if 
stored.

Water insoluble organic compounds were prepared by 
placing appropriate amounts of the compound and distilled 
water in a blender and mixing at high speed to form an 
emulsion. The required quantity needed was then quickly 
measured out and added to the synthetic turbid water. These 
solutions were not stored.
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Table 3. Chemical and Physical Properties of Min-U-Sil 5 -- 

From data sheet provided by Pennsylvania Glass 
Sand Corporation.

Chemical Analysis
Silicon Dioxide (SiC^) 99.90%
Iron Oxide (Fe20g) . 023%
Aluminum Oxide (A^Og) .09%
Titanium Dioxide (Ti02) . 009%
Calcium Oxide (CaO) . Trace
Magnesium Oxide (MgO) Trace

Physical Properties
Specific Gravity 2.65
pH 7.0
Porosity None

2Surface Area, cm /g 20,600,0
Avg. Part, Size (Surface Mean) 1,1 P
Oil Absorption, lb/100 lb. Si02^ 44.0

aGardner^-Coleman method,
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Figure 6, Particle Size Distribution of Min-U-Sil 5 —  From 
data sheet provided by Pennsylvania Glass Sand 
Corporation.
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The organic compounds used and the concentrations 

investigated are presented in Table 4.

Sewage Sample
A 37 liter sample of secondary effluent from the 

City of Tucson's Plant No. 1 at Roger Road was obtained.
The sample was filtered, initially, through Celite, a 
diatomacious earth product, to remove the major portion of 
the colloidal matter present. Next, the effluent was 
filtered through 0.45 micron Millipore filter paper and 
stored at 4°C. The filtered effluent contained the soluble 
organic portion of the effluent.

For one portion of the analysis, a 9 liter sample of 
the filtered effluent was mixed with 14 grams of finely 
ground Filtersorb 400 activated carbon. This mixture was 
stirred frequently for 2 hours, then allowed to settle for 
30 minutes. The supernatant was filtered through fluted 
filter paper and then through 0.45 micron Millipore filter 
paper.

Sewage Dilution Water
In order to determine the concentration effects of 

the organic matter present in sewage, the filtered effluent 
was diluted with water containing the same inorganic ions. 
This synthetic solution with the same inorganic composition 
as the sewage was also use to determine the background 
turbidity-alum dose relationship which was compared with the
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Table 4, Organic Compound Used in Experiments

Organic Compounds Concentration Investigated (mg/1)

Acetic Acid 50, 3 0
Acetone 50, 30, 15
Citric Acid 30, 20, 10,
Dextrose 60, 30
Ethanol 50, 30, 15
Glycerol 50, 30, 15
Glycine 50, 30, 15
Lactic Acid 30
LAS 30, 5, :3, 1
Methanol 50, 30, 15
Sodium EDTA 50, 30, 15
Tannic Acid 30, 0.5 , 0 .

d Tartaric Acid 30, 3, :2, 1
Toluene 50, 30, 15
Urea 50, 30, 15
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sewage turbidity-alum dose relationship. This synthetic in
organic solution was prepared from data presented in Table 
5. The ions considered significant were HOO^, SO^, and PO^.

The sewage dilution water was prepared with dis
tilled water and contained 318 mg/1 HCO^ from NaHCO^, 26 mg/1 
PO^ from oven dried KHgPO^, and 167 mg/1 S0~ from HgSO^.
The pH of the filtered effluent was 8.1, thus requiring an . 
adjustment of pH in the sewage dilution water. This was 
accomplished by the addition of 10% NaOH solution until the 
desired pH of 8.1 was reached. A 16 liter quantity of the 
sewage dilution water was prepared so the blank would be 
consistent for the experiments in which it was required.

Methods
Standard Jar Test

The procedure utilized for the jar test was as 
follows. A 500 ml sample of synthetic water was put into 
each of six 1000 ml beakers and placed on a Bird and Phillips 
laboratory stirrer. The paddles of the stirrers were posi
tioned such that the upper edge coincided with the liquid's 
surface. Varying amounts of alum solution (0.1 to 5 ml) 
were pipetted quickly into each sample. The samples were 
then flash mixed for 30 seconds at 100 rpm, after which the 
speed of the stirrer was reduced to 20 rpm for a period of 
30 minutes. The samples were removed from the stirrer and 
allowed to settle for 15 minutes prior to determining
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Table 5, Analysis of Activated Sludge Effluent for the 

City of Tucson’s Plant No. 1 at Roger Road —  
Department of Water and Sewers (1973).

Si0ô 0 24 mg/1
Al and Iron (A^Og) . and (Fe20g) 27 mg/1
Total Iron --
Calcium 8 0 mg/1
Magnesium 18 mg/1
Hardness 22 GPG
Cl~ 99 mg/1
CO3 0
Bicarbonate 318 mg/1
Phosphate (ortho) 26 mg/1
Sulfate 167 mg/1
Sodium and Potasium as Na 90 mg/1
COD 43 mg/1
Grease 13 mg/1
MBAS 0,8 mg/1
PH 7,5
Total Alkalinity as CaCOg 262 mg/1
Total Acidity as CaCOg 18 mg/1
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supernatant turbidity measurements with a Hach Model 2100A 
Turbidimeter. The samples used for the turbidity measure
ments were slowly removed from the 1 liter beaker by means 
of a plastic syringe with the tip cut open to prevent floe 
shear. The sampling depth was 1.5 cm below the surface of 
the liquid.

Coagulation Studies--Pure Organics
The testing of the organic compounds consisted of 

two parts. Initially, the effect of the organic compound on 
the coagulation of the synthetic turbid water had to be 
determined. Secondly, it was necessary to determine if an 
organic-coagulant interaction existed.

To accomplish the first goal, the synthetic turbid 
water was prepared with a given concentration of organic 
compound added. This mixture was stirred periodically for 
one hour prior to jar testing. This holding step allowed 
the adsorption of the organic onto* the colloidal surfaces, 
if it was to occur. The silica suspension was then co
agulated by the standard jar test procedure. If the 
presence of the organic produced a change in the supernatant 
residual turbidity-alum dose relationship from that of the 
system without the organic, the tests were repeated with 
different concentrations of the organic compound. The 
initial concentration of organic....compounds investigated was 
30 mg/1. Other concentrations used may be seen in Table 4.
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The following procedure was used to determine if an 

organic-coagulant interaction occurred. The synthetic water 
with the organic was prepared with the silica omitted.
Since organic adsorption to the colloidal material was not 
possible, no equilibrating period was required. Alum was 
then added to the stock water-organic solution according to 
the standard jar test procedure. The concentration of 
organic used for these jar tests was generally 30 mg/1 
unless otherwise noted.

Coagulation Studies— Sewage
A matrix of jar tests were performed with the. 

filtered sewage effluent, the sewage dilution water, and the 
activated carbon treated effluent. Table 6 shows the 
combination of jar tests which were made. In cases where 
organic matter could be present and silica particles were 
present, the one hour equilibration period.to allow for 
possible adsorption was used and is so noted in Table 6. In 
addition, the synthetic turbid water, as described previ
ously, was used as a dilutant of the polished effluent. In 
this case, the sample coagulated was composed of 50% 
filtered sewage effluent and 50% synthetic turbid water.
A one hour equilibration period was observed.



Table 6. Experimental Systems for Studies Using Wastewater

Min-U-Sil 5 
Concentration 

(mg/1) %•Effluent
% Dilution 
Water

Equilibration
Period

Filtered Effluent 0 100 0 None
Filtered Effluent' 50 100 0 1 Hr
Filtered Effluent 50 50 50 1 Hr
Filtered Effluent 0 50 50 None •
Activated Carbon 
Treated Effluent 0 100 0 None
Activated Carbon 
Treated Effluent 50 100 0 1 Hr
Dilution Water 0 0 100 None
Dilution Water 50 0 100 None



CHAPTER 6

.RESULTS AND DISCUSSION

This investigation consisted of three major groups 
of experiments. Initial studies were conducted to deter
mine the experimental conditions and criteria for establish
ment of a standard coagulation system which was used in 
subsequent experiments. The second group of experiments 
involved coagulation of the standard suspension in the 
presence of pure organics. The final group of studies dealt 
with the coagulation of mixtures of wastewater and the 
standard coagulation suspension.

Initial Studies to Determine Experimental 
Conditions and Establish Standard 

Coagulation System
\In order to determine the experimental conditions 

of the standard alum-silica system, it was necessary to 
select, a buffer concentration which would provide suitable 
buffer capacity without becoming involved in the coagulation 
process. The effect of the silica particles on the buffer 
capacity was considered since the silica concentration was 
varied in several experiments. After the selection of the 
buffer concentration, the coagulation mechanism predominating 
in the system was identified. Finally, it was necessary to

50
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establish the residual turbidity-alum dose curves as the 
criteria against which the results of subsequent experiments 
could be compared.

Buffer Capacity

Buffer Concentration Selection. It was necessary to
select a buffer concentration which would provide the needed
buffer capacity to prevent a significant change in pH due
to the addition of the alum while at the same time not
greatly increasing the total ionic strength. A high ionic
strength would be detrimental to the study because it could
compress the DLVO electrical double layer and result in
coagulation by the indifferent electrolyte mechanism.
Figure 7 illustrates the effect of sodium bicarbonate
concentration of the change in pH due to the addition of
various doses of alum. A maximum•concentration of 5 x 

- 310 M was investigated because it was felt that concen
trations above this would cause substantial indifferent 
electrolyte compression of the electrical double layer. A 
25 mg/1 alum dose resulted in less than 0.5 pH units change

L— 2with the 5 x 10 M sodium bicarbonate system. It was felt 
that this change would be acceptable in the experiments.

Effect of Silica Particles on Buffer Capacity. In 
view of the fact that various doses of alum would be added 
to systems containing from 0 mg/1 to 100 mg/1 silica
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particles, it was necessary to determine the effect of 
silica on the buffering capacity of the bicarbonate system. 
Figure 8 illustrates the relationship between pH and alum 
dose for the systems containing 0 mg/1 and 50 mg/1 silica 
particles. There was no discernible difference in the pH's 
of the system with or without the silica particles.

Identification of Coagulation Mechanisms %
In order to better understand the systems investi

gated an attempt was made to identify the coagulation 
mechanism. Figure 9 illustrates the variation of relative 
residual turbidity with alum dose for suspensions con
taining 25, 50, and 100 mg/1 silica particles. It can be 
seen that the optimum alum dose decreases slightly at the 
higher silica particle concentration. This relatively 
constant optimum alum dose indicates a sweep coagulation 
mechanism. The decrease in alum dose in the higher 
suspended solids system is due to the fact that the 
aggregation rate is dependent upon the number of particles 
present. All three systems can be destabilized; but, since 
the 100 mg/1 system contains more particles, its aggregation 
rate is greater. In order to confirm that predominate
coagulation mechanism was sweep coagulation, the coagulant

-3was added to distilled water containing 5 x 10 M sodium 
bicarbonate. This system contained no silica particles. 
Figure 10 illustrates the change in residual turbidity with
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varying alum doses. It can be seen that the addition of

- i
11 mg/1 alum causes an increase in the turbidity which 
indicates the presence of a solid phase, i.e., precipita
tion occurs. Thus it can be concluded that the predominate 
coagulation mechanism is sweep coagulation.

Establishment of Criteria
In order to evaluate the effects of the pure 

organic in the coagulating system, the establishment of two 
standard curves were required. These curves represent the 
relationship between residual turbidity and alum dose in 
systems with and without silica particles.

The standard curves representing the residual 
turbidity for varying alum doses in synthetic water without 
silica particles has been shown in Figure 10. This curve 
shall be referred to as the "standard buffered water" curve.

Figure 11 illustrates the relationship between the 
residual turbidity and alum dose for the synthetic water 
containing silica particles. This curve will henceforth 
be known as the "standard suspension" curve. As can be 
seen, the range of alum doses used was 0 mg/1 to 50 mg/1 
alum.

Coagulation of Systems Containing Pure Organics ■
The investigation of the effects of pure organics on 

the coagulating system involved two groups of experiments. 
Initial studies were made to determine if the addition of
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various concentrations of an organic to the standard 
suspension resulted in a change in the residual turbidity- 
alum dose response. The second group of experiments was 
concerned with the effect of the organics on the 
precipitation of alum in the standard synthetic water.

Coagulation of Standard Suspension
Jar test experiments were conducted to determine the 

effects produced by the presence of a number of pure organics 
on the coagulation of the standard suspension. Organic 
compounds were investigated individually. From the results 
of the jar tests, residual turbidity-alum dose curves were 
prepared and compared with the curve for the standard 
suspension (see Figure 11). Because the curves for the 
systems containing organics did not necessarily have the 
same shape as that obtained for the standard suspension, a 
segment of the curve had to be chosen for the purpose of 
comparison. It is felt that the most appropriate section 
of the curve is that segment in which the greatest reduction 
in residual turbidity and the smallest increase in alum 
dose occurred. On the standard suspension curve (Figure 11), 
this section corresponds to the alum doses between 10 mg/1 
to 25 mg/1 alum. This 15 mg/1 increase in coagulant 
represents a reduction in residual turbidity of 17 FTU.

Residual turbidity versus alum dose curves typical 
of those observed for the organics investigated are
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presented in Figures 12, 13, and 14 and represent the 
effects of disodium ethylenediaminetetraacetic acid 
(Na2EDTA), glycerol, and acetone, respectively. As can be 
seen, Na^EDTA and glycerol required additional alum to 
achieve a significant reduction in residual turbidity; 
whereas, acetone did not. Note that the addition of varying 
concentrations of N.a2EDTA and glycerol did not produce the 
same type of response with respect to the alum dose. This 
behavior will be discussed later.

A list of pertinent information about the organics 
investigated and their effects on the coagulation of the 
system is presented in Table 7. The entry entitled "delta 
pH" shows the change in initial pH attributed to the addi
tion of the organic to the standard suspension whose initial 
pH was 8.3. The entry entitled "Effect" simply states 
whether the addition of the organic to the standard suspen
sion produced a change in the residual turbidity-alum dose 
response.

Those organics which did affect the coagulation of 
the standard suspension could be categorized into groups.
The first group consists of those organics which exhibit 
stoichiometry between the organic concentrations and the 
increase in alum dose required for coagulation. The second 
group consists of those organics which required an increase 
in alum dose for coagulation; but, the additional alum dose 
required remained unchanged with variations in organic
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Table 7. The Effect of Pure Organics on the Coagulating System Containing Silica 
Particles •

Organic Formula
Concentrations Investigated 

(mg/1) A pH Effect
Acetic ACid ch3cooh . 50, 30 -0.7 at 30 mg/1 Yes
Acetone ch3coch3 50, 30, 15 0 at 3 0 mg/1 None
Citric Acid H3C6H507'H2° 30, 20, 10, 0,5, 0,25, 0.125 0 at 0.25 mg/1 Yes
Dextrose C6H12°6 60, 30 0 at 30 mg/1 Yes
Ethanol ch3ch3oh 50, 30, 15 0 at 30 mg/1 Yes
Glycerol (hoch2)2choh 50, 30, 15 +0.3 at 30 mg/1 Yes
Glycine nh2ch2cooh 50, 30, 15 +0,05 at 30 mg/1 Yes
Lactic Acid CH3CHOHCOOH 30 -0,2 at 30 mg/1 None
LAS NaC18H2.9S03 30, 5, 3, 1 0 at 3 mg/1 Yes
Methanol CH3OH 50, 30, 15 + 0,3 at 30 mg/1 Yes
Na2 EDTA Na2N2C10H14°8 50, 30, 15 0 at 30 mg/1 Yes
Tannic Acid C7 6H52°46 30, HoLOCMOLOO 0 at 0.25 mg/1 Yes
d Tartaric 
Acid

hoco(chohi2
COOH

30, 3, 2, 1 +0.1 at 2 mg/1 Yes



Table 7.— Continued

Organic Formula
Concentrations Investigated 

Cmg/1) A pH Effect
Toluene C6H5CH3 50, 30, 15 +0.05 at 30 mg/1 None
Urea NH2CONH2 50, 30, 15 +0,3 at 30 mg/1 Yes
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concentration. The final group was made up of those 
organics Which did not behave in any consistent manner over 
the range of organic concentrations investigated or produced 
decreases in the alum dose requirements.

Some of the organics investigated resulted in an 
increased coagulant dose directly proportional to the con
centration of the organic added. Data for a system 
exhibiting this behavior was presented in Figure 12, i.e., 
Na^EDTA. Citric acid, linear alkyl sulfonate (LAS), tannic 
acid, and d-tartaric acid displayed similar responses on 
coagulation of the standard suspension. In order to deter
mine the relationship between the alum dose required and 
the concentration of the organic added a residual turbidity 
value of 13.5 FTU was arbitrarily chosen as a point for 
specific comparison. The 13.5 FTU value represents a 50% 
decrease in the turbidity of standard suspension prior to 
coagulation. Two illustrations of the changes in alum dose 
(at 13.5 FTU) with organic concentrations for citric acid 
and LAS are presented in Figures 15 and 16. As can be 
seen, a linear relationship is evident.

A summary of the organics exhibiting stoichiometry 
between coagulant dose and organic added is presented in 
Table 8. It should be noted that these organics were used 
in small concentrations. Attempts to coagulate systems 
with 30 mg/1 of organic in the range of alum doses, 0 mg/1
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Table 8. Organics Displaying a Linear Relationship Between Organic Concentration 
and Alum Dose

A Alum. Dose (mg/1) Molecular . Moles of Organic
Organic Organic Concentration (mg/1) Weight ; Moles of Alum

Citric Acid 160:1 210.06 0.075:4
LAS 42:1 - 318 0.75:1
Na2EDTA 2.8:1 336.1 3.97:1
Tannic Acid 1:2 1700.85 0.0024:1
d Tartaric Acid 6:1 150.04 0.74:1
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to 50 mg/1, did not reduce the residual turbidity at all,
i.e., complete interference with coagulation.

The presence of two organics, glycerol and urea, in 
the standard suspension required additional coagulant to 
obtain a significant reduction in residual turbidity. 
However, the increase in coagulant dose was independent of 
the Organic concentration. Figure 13, referred to previ
ously, illustrates this behavior for glycerol. The amounts 
of additional alum required in systems containing glycerol 
and urea were 6.5 mg/1 and 4.5 mg/1, respectively. The 
residual turbidity of 13.5 FTU was used as a point of 
comparison for the alum doses.

There were five organics investigated which could 
not conveniently be categorized into the former two groups 
or which produced a decrease in the amount of alum required 
for coagulation. These organics were ethanol, glycine, 
methanol, acetic acid, and dextrose. Ethanol, glycine, and 
methanol produced a small increase in alum requirements at 
the organic concentrations of 30 mg/1 and 50 mg/1. Ethanol 
and glycine produced no change in alum requirements at 
15 mg/1 of organic concentration. Methanol caused a slight 
reduction.in alum dose required at 15 mg/1. The addition 
of acetic acid at the concentrations of 30 mg/1 and 50 mg/1 
produced a reduction in the required coagulant dose. Note, 
however, that the addition of 30 mg/1 acetic acid resulted 
in a decrease in pH of the system to 7.6 prior to the
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addition of alum. The addition of dextrose, also, produced 
a slight decrease in the amount of alum required to achieve 
a significant reduction in residual turbidity. Table 9 
summarizes the effects of these organics on the coagulation 
of the standard suspension.

Alum Precipitation in Standard Buffered Water
In order to determine whether there was an inter

action between the organic and the coagulant, each organic 
Was individually added to standard buffered water which 
contained no silica particles. The residual turbidity due 
to the alum precipitation versus alum dose curves were the 
basis of comparison for the systems with and without 
organics.

Figures 17 and 18, showing the effects of methanol 
and LAS on alum precipitation in the standard buffered 
water, illustrate typical responses observed for the 
organics investigated. As can be seen by comparing 
Figure 17 with Figure 10, the presence of the organic 
displaced the curve indicating an organic-alum interaction. 
Additional alum was required before the solid phase became 
clearly observable. For this portion of the investigation, 
Qnly one concentration of the organic was studied. As was 
the case in the experiments with.silica particles, an 
arbitrary turbidity level was chosen as a point at which 
the curves could be compared. The residual turbidity level
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Table 9. Response of Acetic Acid, Dextrose, Ethanol,

Glycine and Methanol in the Coagulating System 
with Silica Particles

Response
Organic

Molecular Concentration A Alum Dose
Organic Weight (mg/1) (mg/1)

Acetic Acid 60,02 30
50

-7.0
-5.5

Dextrose ’ .18 0,06 30 
6 0

-2,0
-2.5

Ethanol. 47,02
15
30
50

0
0.75
2.25

Glycine 75,03
15 
30 
5 0

0
1.0
2.5

Methanol 32.01
15
30
50

-1.0
3.0
3.0
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used was 1.0 FTU. Table 10 presents a summary of the 
behavior of the organics in the systems without silica 
part%(3les. '

From the organic-alum studies on systems with and 
without silica particles, it is possible to categorize the 
organics into four groups. These groups are: (1) organics
which produced an increase in alum dose to reach given 
residual turbidities in both systems, (2) organics which
require additional alum in only the system with silica 
particles, (3) organics which hindered the precipitation 
of alum only in the system without silica particles, and 
(4) organics which produced a decrease in alum require
ments in one or both systems.

Those organics which produced an increased alum dose 
in both systems are listed in Table 11 along with their 
responses for the tabulated organic concentration. It would 
be expected that if a strong organic-alum, interaction 
occurred, the additional amount of alum required in the 
system with silica particles would be the same as that 
required in the system without silica particles. As can 
be seen in Table 9, this did not happen. For instance, 
Na^EDTA, a well defined chelating agent known to complex 
aluminum, required 15 mg/1 additional alum in the system 
with silica particles and 26 mg/1 additional alum in the 
system without silica particles. The Na2EDTA concentration 
was 30 mg/1. Theoretically, 1 mole of alum should combine
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Table 10. Effect of Pure Organics on Alum Precipitation

Organics
Investigated

Concentration
(mg/1) Effect

A Alum Dose 
at 1.0 FTU 

(mg/1)
Acetic Acid 30 Yes -5,5
Acetone 3 0 Yes 1.5
Citric Acid 0.25 Yes 1.5
Dextrose 30 Yes 1.5
Ethanol 30 None
Glycerol 30 Yes 1.5
Glycine 30 Yes 2.5
Lactic Acid 3 0 Yes -5.0
LAS 3 None ——
Methanol 30 Yes 3.5
Na.2EDTA 30 Yes 26.0
Tannic Acid 0.25 Yes 1.5
d Tartaric Acid 2 Yes 1.75
Toluene 30 Yes 2.25
Ure^ 30 None —
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Table 11. Comparison of Response for Organics which

Required Additional Alum in Systems, with and 
. Without Silica Particles

Organic .
Organic 

Concentration 
(mg/1)

A Alum Dose

Standard 
. Suspension -

(mg/1)
Standard 
Buffered 
. Water

Citric Acid 0,25 10,5 1.5
Glycerol 30 6.5 1.5
Glycine 3 0 1.0 2,5
Methanol 30 3. 0 3,5
Na^EDTA . 30 15,0 26.0
Tannic Acid 0.1 16.0 1.5
d Tartaric Acid 2 12.0 1.75
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with 2 moles of Na^EDTA. This corresponds fairly closely 
with the results found in the alum precipitation system 
without silica particles. The possibility then exists that 
the presence of the silica particles hinders the complexing 
ability of the Na2EDTA. This same type of response due to - 
the presence of the silica particles, but to a lesser 
degree, may explain the slight difference in alum require- 
ments in systems containing glycine and methanol. Citric 
acid, glycerol, tannic acid, and d tartaric acid produced a 
response in which the amount of alum required in the system 
with silica particles was much greater than in the system 
without silica particles. For instance, theoretically, 0.25 
mg/1 citric acid should combine with 0.4 mg/1 alum;' i.e.,

; - . ;:.v • ' ■ 3+
assumes 1:1 complex between A1 and citrate. However, 
experimentally, 0.25 mg/1 citric acid appears to require 1.5 
mg/1 alum. If in fact the experimental value more accurately 
describes the behavior of the citric acid and. alum, an 
additional 1.5 mg/1 alum dose should be sufficient to 
achieve a significant reduction in turbidity in the system 
with silica particles. As can be seen in Table 11, this is 
not the case. Similar discrepancies occur with tannic acid, 
d tartaric acid, and glycerol. It appears, therefore, that 
the behavior of these organics in the coagulating system is 
more complicated than complex formation with alum species.

Three organics, ethanol, LAS, and urea, required 
additional alum to attain a significant reduction in
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turbidity only in the system with silica particles. Since 
no organic-alum interactions were detectable in the standard 
buffered water, the predominant mechanism of interference 
with the coagulation of the system appears to be interaction 
of the organic with the colloid.

Two organics, acetone and toluene, affected the pre
cipitation of alum in the systems without silica particles.. 
Acetone and toluene caused an increase in alum requirements 
of 1.5 mg/1 and 2.25 mg/1, respectively. A possible reason 
for this response could be that these organics hindered the 
aggregation of small aluminum hydroxide particles into 
floccules of a settleable size. Residual turbidity values 
are a function of amount, size distribution, shape, and 
settleability of the floe that is formed. In the system 
with silica particles, small turbidity changes could have 
been masked by the presence of the colloidal material.

■ Finally, the organics which affected the coagulation 
process but caused a decrease in the coagulant required in 
one or both systems were acetic acid, lactic acid, and 
dextrose. In the case of acetic acid, a reduction in the 
amount of alum required wqs found in systems with and 
without silica particles. The primary reason for the re
duced alum dose can be attributed to the drop in pH into 
the optimum pH range for alum coagulation caused by the 
addition of the organics; see Figure 2. Lactic acid pro
duced a decrease of 5 mg/1 alum required to reach a residual
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turbidity- of 1.0 FTU in the system without silica particles.
However, in the system with silica particles, the effect of
lactic acid was not apparent. Dextrose required less alum 
in the system with silica particles, while in the system 
without silica particles an additional amount of alum was 
required. The results of the behavior of lactic acid and 
dextrose are presented although the reasons for their 
response in the coagulating system is unclear.

Coagulation of Systems Containing
Wastewater

The investigation involving wastewater effluent was 
concerned with the effect of wastewater dissolved organics 
on alum coagulation. In order to characterize the total 
organic content of the filtered secondary effluent, the COD 
was determined and found to be 21.6 mg/1. Next, two groups 
of experiments were conducted to determine the effect of 
wastewater in systems with and without silica particles.

Coagulation in Wastewater Systems 
Containing Silica Particles

A series of experiments was conducted to determine 
the residual turbidity-alum dose relationship for systems 
containing silica particles and (1) filtered effluent, (2)
filtered effluent after activated carbon treatment, (3)
filtered effluent diluted with isoionic dilution water, and 
(4) filtered effluent diluted with the standard suspension.
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.Initially, small volumes of concentrated silica 

particles were added directly to the appropriate quantities 
of filtered effluent and activated carbon treated effluent 
to prepare 50 mg/1 silica suspensions. These systems were 
then coagulated by the standard procedure. The system con
taining the activated carbon treated effluent required 
significantly less alum (6 mg/1 at 13.5 FTU) than the system 
containing the filtered effluent. These results are 
illustrated in Figure 19.

In order to determine if dilution of the filtered 
effluent would affect the alum dose required for coagula
tion, two approaches were employed. The first approach was 
to use an isoionic dilution water containing inorganic con
stituents at concentrations in the sewage effluent. In this 
way, only the organic concentration was diluted and the 
overall inorganic composition remained constant. The silica 
particles were added directly to the diluted filtered 
effluent. The second approach was to add a quantity of the 
filtered effluent in,the same manner that the pure organics 
were added to the standard coagulation suspension. Adjust
ments wefe made so that the silica particle concentration 
wais maintained at 50 mg/1. With both approaches, the 
organic species were diluted to one-half the concentration 
in the filtered effluent. It should be pointed out that 
while both systems contained organics at the same concentra
tion, the inorganic concentrations differed for the two
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systems. At .13.5 FTU7 the amount of alum required was the 
same for systems diluted by both techniques. This indicated 
that the inorganic ions present in the filtered effluent 
which are known to interfere with the coagulation process, 
in particular phosphate ions, did not exert any detectable 
effect in the segment of the residual turbidity-alum dose 
curve used for coagulation evaluation. '

The residual turbidity-alum dose curves obtained for 
the coagulation of the diluted filtered effluent systems and 
Curve A of Figure 19 (filtered effluent containing silica 
particles) were compared. No significant differences were 
evident. This indicated that the 50% reduction in organic 
concentration did not change the amount of alum required for 
coagulation.

Next, the residual turbidity-alum dose curve for the 
standard suspension (Figure 11) was compared with that for 
the filtered effluent diluted with the standard suspension. 
An increase of 2 mg/1 alum at 13.5 FTU was required for 
coagulation of the system containing 50% filtered effluent.

Alum Precipitation in Wastewater Systems
A study of alum precipitation in systems containing 

filtered effluent and activated carbon treated effluent but 
no silica particles was conducted to determine if the dis
solved organics in sewage interacted with aluminum. It was 
found that the filtered effluent and the activated carbon
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treated effluent responded almost identically in the forma
tion of the solid aluminum hydroxide. A slight increase in 
the amount of residual turbidity produced was noted in the 
system with filtered effluent which was considered negli
gible. No meaningful comparison could be made between the 
standard buffered water curve (Figure 10) and the residual 
turbidity-alum dose curves obtained from the alum precipita
tion of the filtered effluent systems because the initial 
turbidity of the filtered effluent and the activated carbon 
treated effluent (0.45 FTU and 0.4 FTU, respectively) was 
significantly, greater than the initial turbidity of the 
standard buffered water (0.08 FTU). This difference in 
initial turbidity resulted in a shift of the residual 
turbidity-alum dose curves for the filtered effluent and the 
activated carbon treated effluent to the. left and repre
sented a decrease in alum dose of 11 mg/1 at 1.0 FTU.

However, since the formation of the solid phase was 
not altered by the presence of the dissolved organics when 
comparing residual turbidity-alum dose curves for alum pre
cipitation in the systems of filtered effluent and activated 
carbon treated effluent, the increase in alum dose required 
to coagulate the filtered effluent containing silica 
particles cannot be attributed to an organic-alum inter
action. Therefore, the wastewater organics must have 
interacted with the silica particles and modified their 
coagulation parameters.



CHAPTER 7

SUMMARY AND CONCLUSIONS

The objective of this investigation was to determine 
the effects of certain organics on the coagulation process. 
This objective was accomplished by utilizing two types of 
experiments: (1) coagulation studies using well defined
suspensions in the presence of small, known amounts of 
organics; and (2) alum precipitation in the presence of 
organics. The alum precipitation reaction studies were 
conducted because coagulation occurred by sweep coagulation 
mechanisms. There were two basic types of organics added to 
the coagulating systems, pure organics and wastewater 
organics. Standard jar tests were performed and residual 
turbidity measurements were used to evaluate the degree of 
coagulation and precipitation.

The following conclusions may be drawn from this
study:

1. Organics can exert a significant influence on 
coagulation processes using alum.

2. It was found that several organics, in small con
centrations , could require dramatic increases in 
the amount of alum required to bring about coagula
tion and that same organic in larger concentrations

85



could prevent coagulation altogether in the range of 
alum doses surveyed.

3. For certain organics, the increase of coagulant dose 
required to bring about a specific degree of coagu
lation is directly proportional to the concentration 
of organic present. Two of these organics (NagEDTA 
and citric acid) are known to complex aluminum ions..

4. In most cases, the experimental results could not be 
interpreted in terms of simple organic-alum or 
organic-colloid interactions. It is probable that 
several complicated interactions between both dis
solved and solid phases occur simultaneously.

5. In all systems except one, the addition of the 
organic did not significantly affect the initial pH 
of the system. Therefore, the changes in the 
coagulant doses were not related .to pH changes of 
the systems.

Currently, water treatment operators attribute 
changes in the required coagulant doses to variations in raw 
water turbidity levels. However, there are probably many 
instances where such coagulant dose changes are not due to 
turbidity variations but to unmonitored changes in con
centrations of natural or man-made organics. This would 
especially be true in systems experiencing coagulation by 
the sweep mechanism which has coagulant dose independent of
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suspension concentrations; i.e., turbidity levels. Water 
treatment plants should investigate the possible organic 
inputs into their source water and determine which can 
produce significant effects on the coagulation process. 
Considerations concerning seasonal variations and industrial 
disposal practices of organics which affect coagulant doses 
should be made. This information coupled with improved 
procedures for detecting those organics should help to 
refine and optimize water treatment processes.
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