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ABSTRACT

Conventional treatment for problems associated with iron in ground-
water supplies involves the physical removal of the iron from these
waters. For this process, the unit operations of sedimentation and
filtration are utilized. However, while this technique has been proven
reliable, the associated capital, operating, and maintenance costs can
be prohibitive for small low tax-based communities. Treatment by the
addition of sodium silicate and sodium hypochlorite/chlorine to these
iron bearing waters provides a recently exploited and relatively in-
expensive alternative to conventional treatment. This technique does
not remove the iron from the water but sequesters or stabilizes it such
that it does not settle out in the distribution system and without the
usual attendant "red water" problems. However, this method has been
developed largely on an empirical basis. The objective of this inves-
tigation was to establish the chemical basis for success of the silicate
hypochlorite treatment and to provide associated information that
would allow optimization of treatment conditions.

In this investigation, a model groundwater at pH 7.0 containing
2 mg Fe2+/L, 0 mg/L dissolved oxygen, and an alkalinity of 150 mg/L as

CaCO3 added as NaHCO., was dosed under anoxic conditions with a variety

3)
of sodium silicate solutions and sufficient 0.1% sodium hypochlorite
(added separately) to oxidize all of the ferrous iron present. Where
pH control was necessary, all sampling was done under a blanket of

ultrapure nitrogen with the inclusion of sufficient carbon dioxide
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admixed to provide a pH of 7.0. The major criterion for treatment
success was % iron filterability, i.e., the fraction of total iron
passing a 0.1 um membrane filter. Total iron, pH, and turbidity were
also measured routinely on a set schedule of 0,1,3,5,7, and 10 days post
treatment. In one experiment, filterability was based also on ultra-
filtration, and samples were taken also for particulate characteriza-
tion and identification by transmission electron microscope (TEM). A
variety of sodium silicate types (m-ratios 3.75, 3.22, 2.5, and 1.8)

and dilutions (undiluted, 1/10,1/50,1/100, and 1/500 aged 24 hours)

were used for dosing (8 to 15 mg SiOz/L). Some of these silicate solu-

tions were characterized by reactivity coefficients, K, and P,, based

1 0’
on the rate of reaction of the solutions with molybdic acid as deter-
mined from changes in optical density measured at 400 nm. Theoretically,
K1 and P0 are inversely and directly related, respectively, to the
level of silica polymerization in the silicate solutions.

In the preliminary phases of the investigation, the optimal sequence
of chemical application was found to be silicate applied 15 to 150
seconds ahead of the hypochlorite oxidant. Also, pH control was an
important experimental condition. Thus, a given silicate dosage was
less effective at the lower controlled pH(7.0) than at the higher pH
levels (8 to 8.3) attained in the system for which the pH was un-
controlled.

Analysis of the data generated from treatments based on varying

m-ratios and dilutions of the dosed silicate solutions showed that for

typical treatment conditions (1) higher m-ratio silicates provided



more effective iron stablization and (2) higher silica concentrations
in the feed solution produced better levels of iron stabilization.

Thus, the tso's, times elapsed to 50% filterability, for undiluted
silicates of m-ratios 3.75, 3.22, 2.5, and 1.8 were 9.8,6.7,5.8, and 2.4

days, respectively, and the the t_..'s for undiluted, 1/10,1/50,1/100,

50
and 1/500, 3.75 ratio silicate were 9.8,8.7,6.2,5.5, and 2.1 days,
respectively, for doses of 13-15 mg SiOZ/L.

The unifying interpretation of these results was that feed silicate
solutions with higher levels of silica polymerization were more effec-
tive at stabilizing aqueous ferric iron. This conclusion was verified
in large part by statistical analyses applied to models representing
either treatment effectiveness (tso) or % iron filterability as the
dependent variable in terms of the measured parameters, including the
reaction coefficients P0 and to a lesser extent Kl' The critical
importance of time elapsed since treatment, and silicate dose was also
substantiated. Detailed analysis by ultrafiltration for various treat-
ments supported the premise that the role of the silicate in effecting
iron stabilization was to disperse the "iron" particles limiting their
coalescence, growth, and subsequent sedimentation. Examination of
treatment particulates did not provide any consistent trends with
regard to the development of crystallinity with time or silicate dilu-
tion. Where some mineral identification was possible, the best charac-
terizations were as an unnamed iron oxide hydroxide.

The treatment mechanism was readily explained in terms of classical

colloidal double layer theory. It was assumed that the treatment
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silicate combined with the iron particulates to produce a pszc lower
than for the iron particulate alone, favoring the production of a net
negative surface charge at treatment pH and, as a consequence, particle

dispersion. This last process disfavors coagulation and sedimentation.

vii



SECTION

TABLE OF CONTENTS

I. INTRODUCTION .

II. LITERATURE REVIEW

Aqueous Iron Chemistry .

Ferrous Iron Oxidation
Iron Precipitates . .
Iron Precipitate Solub111ty .

Aqueous Silicate Chemistry .

Silicate Solubility . .
Concentrated Sodium S111cate So]ut1ons
Effects of Dilution . . .
Characterization of S111cate So]ut1ons

Interaction of Silica with Iron and Other

Metal Ion Systems

True Solutions of S111cate
Colloidal Interactions

Iron Treatment by Sodium Silicate and Chlorine .

III. METHODS AND MATERIALS

Kinetic Characterization of Silicate Solutions
Silicate Dilutions . .

Iron Filterability (<O. lpm) .. .

Iron Filterability (U]traf11trat1on)
Transmission Electron Microscopy

Routine Chemical Analyses .

Statistical Analysis

IV. RESULTS AND DISCUSSION .

Silicate Characterization

Iron Filterability .

Lag-time effects

pH Control/No Control Effects w1th S111cate

Dilutions .

Silica Dose 0pt1m1zat1on

Effect of Silicate Dilution on Treatment
Performance . .

Statistical Ana]ys1s

Ultrafiltration .

Characterization of Iron Particulates

viii

PAGE

11
14

18
19
22
27
30
31
37
42
54

54
56

60
61
62
65
65

79
82

89
104

111
136
146

156



TABLE OF CONTENTS (continued)

SECTION
V. GENERAL DISCUSSION .
VI. CONCLUSIONS
VII. RECOMMENDATIONS FOR FURTHER WORK .
BIBLIOGRAPHY
APPENDIX

VITA

ix

PAGE

162

172

175

176

182

193



TABLE

10.

11.

12.

LIST OF TABLES

Chemical Composition and Critical Treatment Parameters
for Successfully Field-Treated Water Systems (Dart and
Foley (5)) e e e .. e e e e e

Properties of Liquid Silicates Used in Investigations (26).

Reaction Coefficients Derived from the Reaction
of Undiluted Sodium Silicates with Molybdic Acid
with Time at 400 nm and 25-26°C . e e

Reaction Coefficients for Dilutions of 3.22 Ratio
Sodium Silicate at ~21°C, and ~14 mg SiOZ/L .

Fraction of Total Iron Present as Ferrous Iron at the
Start of Individual Treatments within Various
Experiments

Data on Lag-Time Effects for 3.22 Ratio Sodium
Silicate at 9-10 mg SiOZ/L with No pH Control

Data on Dilution Effects for 3.22 Ratio Sodium
Silicate at ~10.5 mg Si02/L with No pH Control

Data on Dilution Effects for 3.22 Ratio Sodium
Silicate at ~9 mg Si0 /L pH Controlled and
Uncontrolled ...

Data on Silica Dose Effects for Undiluted and
1/100 Dilution of 3.22 Ratio Sodium Silicate
with pH Controlled e e e e e e

Data on Dilution Effects for 3.22 and 3.75 Ratio
Sodium Silicates at ~13 mg S10 /L with pH
Controlled .o .

Data on Dilution Effects for 2.5 and 3.75 Ratio
Sodium Silicates at 13-14 mg Si0 /L with pH
Controlled - .. . .

Data on Dilution Effects for 1.8 and 2.5 Ratio
Sodium Silicates at 13-15 mg Si0 /L with pH
Controlled . S,

PAGE

46

57

71

75

80

87

95

97

110

116

122

132



13. Comparative Effectiveness of Various Dilutions of
Selected Sodium Silicates at Maintaining Iron
Filterability . . . . . . . . . . . . . ..o 134

14. Statistical Models Applied to Dilutions of 3.22
Ratio Sodium Silicate with t_., the Time to 50%
Filterability, as Dependent 9griab1e e e e e e e e e e e 138

15. Probability Significance of Individual Independent
Variables in Models Applied to Dilutions of 3.22
Ratio Sodium Silicate with t 0’ the Time Elapsed
to 50% Filterability, as Depgndent Variable . . . . . . .. 139

16. Statistical Models Applied to Undiluted 3.75,
3.22, 2.5, and 1.8 Ratio Sodium Silicates with
% Iron Filterability as Dependent Variable . . . . . . . . . 141

17. Probability Significance of Individual Independent
Variables in Models Applied to Undiluted 3.75, 3.22,
2.5, and 1.8 Ratio Sodium Silicates with % Iron
Filterability as Dependent Variable . . . . . . . . . . .. 142

18. Statistical Models Applied to Dilutions of 3.22
Ratio Sodium Silicate with ¥ Iron Filterability
as Dependent Variable . . . . . . . . . .. .. ... ... 144

19. Probability Significance of Individual Independent
Variables in Models Applied to Dilutions of 3.22
Ratio Sodium Silicate with ¥ Iron Filterability as
Dependent Variable . . . . . . . . . . . .. .. .. ... 145

20. Data on Dilution Effects for 3.22 and 3.75 Ratio
Sodium Silicates at 12-14 mg Si0,/L with pH
Controlled and Detail on Filterability by
Ultrafiltration e e e e e e e e e e 154

21. Selected Area Diffraction Data for Particulate
from the 1/100 Dilution of the 3.22 Ratio
Sodium Silicate--Day 10 (Sample A-10) e e e e e e e e e 160

Al. Raw and Converted Optical Density Data for the
Reactijon of Undiluted 3.75 Ratio Sodium Silicate
with Molybdic Acid with Time at 400 nm and 25-26°C . . . . . 183

A2. Raw and Converted Optical Density Data for the
Reaction of Undiluted 3.22 Ratio Sodium Silicate
with Molybdic Acid with Time at 400 nm and
25-26°C . . . . e e e e e e e e e e 184

xi




A3.

A4.

AS5.

A6.

A7.

A8.

A9.

Al10.

Raw and Converted Optical Density Data for the
Reaction of Undiluted 2.5 Ratio Sodium Silicate
with Molybdic Acid with Time at 400 nm and 25-26°C

Raw and Converted Optical Density Data for the
Reaction of Undiluted 1.8 Ratio Sodium Silicate
with Molybdic Acid with Time at 400 nm and 25-26°C

Raw and Converted Optical Density Data for the
Reaction of Undiluted 2.50 Ratio Sodium Silicate
with Molybdic Acid with Time at 400 nm and 20-21°C

Raw and Converted Optical Density Data for the
Reaction of Undiluted 3.22 Ratio Sodium Silicate
with Molybdic Acid with Time at 400 nm and 20-21°C

Raw and Converted Optical Density Data for the
Reaction of 1/10 Dilution of 3.22 Ratio Sodium Silicate
with Molybdic Acid with Time at 400 nm and 20-21°C

Raw and Converted Optical Density Data for the
Reaction of 1/50 Dilution of 3.22 Ratio Sodium Silicate
with Molybdic Acid with Time at 400 nm and 20-21°C

Raw and Converted Optical Density Data for the
Reaction of 1/100 Dilution of 3.22 Ratio Sodium Silicate
with Molybdic Acid with Time at 400 nm and 20-21°C

Raw and Converted Optical Density Data for the

Reaction of 1/500 Dilution of 3.22 Ratio Sodium
Silicate with Molybdic Acid with Time at 400 nm
and 20-21°C e e e e e e e e e e e

xii

185

186

187

188

189

190

191

192



FIGURE

1. Solubility Diagram for Amorphous Ferrlhydrwte
(am. )Fe(OH) (S) (10) ... .

2. Solubitlity Diagram for Silica, S1'02 (10)

3. Optical Density vs. Time for the Reaction of Molybdic
Acid with Undiluted 1.8, 2.5, 3.22, and 3.75 Ratio
Sodium Silicates at 25- 26°C

4. Percent Unreacted Silica vs. Time for the Reaction of
Molybdic Acid with Undiluted 1.8, 2.5, 3.22, and 3.75
Ratio Sodium Silicates at 25-26°C and 2.5 Ratio at
21°C e e e e e e e e e e e e

5. Percent Unreacted Silica vs. Time for the Reaction of
Molybdic Acid with Undiluted, and 1/10, 1/50, 1/100,
and 1/500 Dilutions of 3.22 Ratio Sodium Silicate at
20-21°C

6. Silicate Reactivity Coefficients Derived from the
Reaction of Molybdic Acid with Dilutions of 3.22
Ratio Sodium Silicate at 21°C e e

7. Lag-Time Effects for Undiluted 3.22 Ratio Sodium
Silicate: Iron Filterability e

8. Lag-Time Effects for Undiluted 3.22 Ratio Sodium
Silicate: Turbidity e e e e e e

9. Lag-Time Effects for Undiluted 3.22 Ratio Sodium
Silicate: pH e e e e e e e e e

10. Lag-Time Effects for Undiluted 3.22 Ratio Sodium
Silicate: Total Iron e e e e e e

11. Dilution Effects for 3.22 Ratio Sodium Silicate at
~10.5 mg SiOz/L--No pH Control: Iron Filterability

12. Dilution Effects for 3.22 Ratio Sodium Silicate at
~10.5 mg SiOz/L--No pH Control: pH

13. Dilution Effects for 3.22 Ratio Sodium Silicate at

LIST OF FIGURES

~10.5 mg Si02/L--No pH Control: Turbidity

Xiii

PAGE

17

21

67

69

74

77

83

84

85

86

91

92

93



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Dilution Effects for 3.22 Ratio Sodium Silicate at
~10.5 mg SiOz/L--No pH Control: Total Iron

Dilution Effects for 3.22 Ratio Sodium Silicate
at ~9 mg Si0,/L--pH Controlled vs. Uncontrolled:
Iron Fi]teragility, 0 to 10 days e

Dilution Effects for 3.22 Ratio Sodium Silicate
at ~9 mg Si0,/L--pH Controlled vs. Uncontrolled:
Iron FilteraBility, 0 to 164 days A

Dilution Effects for 3.22 Ratio Sodium Silicate at

~9 mg SiOZ/L--pH Controlled vs. Uncontrolled: pH .

Dilution Effects for 3.22 Ratio Sodium Silicate
at ~9 mg S102/L--pH Controlled vs. Uncontrolled:
Turbidity . . e e e e e e e

Dilution Effects for 3.22 Ratio Sodium Silicate
at ~9 mg S102/L--pH Controlled vs. Uncontrolled:
Total Iron .°. .. e e e e e e e e e

Silica Dose Effects for Undiluted 3.22 Ratio Sodium
Silicate--pH Controlled: Iron Filterability .

Silica Dose Effects for 1/100 Dilutions of
3.22 Ratio Sodium Silicate--pH Controlled:
Iron Filterability . e e e e

Silica Dose Effects for Undiluted and 1/100
Dilutions of 3.22 Ratio Sodium S111cate--pH
Controlled: Turbidity . e e .

Silica Dose Effects for Undiluted and 1/100
Dilutions of 3.22 Ratio Sodium S111cate--pH
Controlled: pH e e e e e e e e .

Silica Dose Effects for Undiluted and 1/100
Dilutions of 3.22 Ratio Sodium S111cate--pH
Controllied: Total iron e e e .

Dilution Effects for 3.22 Ratio Sodium Silicate
at ~13 mg Si0 /L--pH Controlled: Iron Filter-
ability . . e e e e e e e .

Dilution Effects for 3.22 Ratio Sodium Silicate
at ~13 mg SiOz/L--pH Controlled: Turbidity

Dilution Effects for 3.22 Ratio Sodium Silicate
at ~13 mg SiOz/L--pH Controlled: pH

Xiv

94

98

99

100

101

102

105

106

107

108

109

112

113

114



28. Dilution Effects for 3.22 Ratio Sodium Silicate
at ~13 mg SiOZ/L--pH Controlled: Total Iron . . . . . . 115

29. Dilution Effects for 3.75 Ratio Sodium Silicate at
~13 mg SiOZ/L--pH Controlled: Iron Filterability . . . . 118

30. Dilution Effects for 3.75 Ratio Sodium Silicate at
~13 mg SiOz/L--pH Controlied: Turbidity . . . . . . .. 119

31. Dilution Effects for 3.75 Ratio Sodium Silicate at
~13 mg SiOZ/L--pH Controlled: pH . . . . . .. .. ... 120

32. Dilution Effects for 3.75 Ratio Sodium Silicate at
~13 mg SiOZ/L--pH Controlled: Total Iron . . . . . . . . 121

33. Dilution Effects for 2.5 Ratio Sodium Silicate
at 13-14 mg SiOZ/L--pH Controlled: Iron Filter-
ability e e e e e e e e e e e e e e e 124
34. Dilution Effects for 2.5 Ratio Sodium Silicate
at 13-14 mg SiOZ/L--pH Controlled: Turbidity . . . . . . 125

35. Dilution Effects for 2.5 Ratio Sodium Silicate
at 13-14 mg SiOz/L--pH Controlled: pH . . . . . . . . .. 126

36. Dilution Effects for 2.5 Ratio Sodium Silicate
at 13-14 mg SiOz/L--pH Controlled: Total Iron . . . . . . 127

37. Dilution Effects for 1.8 Ratio Sodium Silicate
at 13-15 mg Si02/L--pH Controlled: 1Iron Filter-
ability e e e e e e e e e e e e e e 128
38. Dilution Effects for 1.8 Ratio Sodium Silicate
at 13-15 mg SiOZ/L--pH Controlled: Turbidity . . . . . . 129

39. Dilution Effects for 1.8 Ratio Sodium Silicate
at 13-15 mg SiOz/L--pH Controlled: Total Iron . . . . . . 130

40. Dilution Effects for 1.8 Ratio Sodium Silicate
at 13-15 mg SiOZ/L--pH Controlled: pH . . . . . . . . .. 131

41. Iron Filterability for an Undiluted 3.75 Ratio Sodium
Silicate System at 12.5 mg Si0,/L under Controlled
pH Using Standard Filtration afd Ultrafiltration . . . . . 147

42. Iron Filterability for a 1/100 Dilution of 3.75 Ratio
Sodium Silicate System at 14.1 mg Si0,/L under Con-
trolled pH Using Standard Filtration gnd Ultrafiltra-
tion . e e e e e e e e e e e e e e e e e

148

XV




43.

44,

45.

46.

47.

48.
49,

Iron Filterability for an Undiluted 3.22 Ratio Sodium
Silicate System at 13.9 mg Si0
Using Standard Filtration and a1traf11trat1on

Iron Filterability for a 1/100 Dilution of 3.22 Ratio
Sodium Silicate System at 13.8 mg $i0,/L Under Con-

trolled pH Us1ng Standard Filtration gnd Ultrafiltra-

tion .

Dilution Effects for 3.22 and 3.75 Ratio Sodium
Silicates at 12-14 mg SiOz/L--pH Controlled:
Turbidity e e e e e e e e e e e

Dilution Effects for 3.22 and 3.75 Ratio Sodium
Silicates at 12-14 mg SiOz/L--pH Controlled:
pH . .. e e e e e e e e e

Dilution Effects for 3.22 and 3.75 Ratio Sodium
Silicates at 12-14 mg SiOZ/L--pH Controlled:
Total Iron . . . . . . . T . . . . . . ..

Iron Particulate--Plate

Selected Area Diffraction Pattern--Sample Al0

XVi

/L under Controlled pH

149

150

151

152

153

158
159



I. INTRODUCTION

In the USA, groundwater is the common source of water for smaller
communities. However, despite quality usually superior the surface
waters, nevertheless groundwaters do commonly contain dissolved in-
organic material some of which must be removed prior to industrial or
municipal use of the water (1). Accordingly, well waters are often
treated to remove the major hardness cations, calcium and magnesium, as
well as iron and manganese (1).

Iron in groundwaters occurs primarily in the reduced divalent
ferrous state. This in itself presents no toxicity or aesthetic
problems within the range of typically observed concentrations.
However, deliberate or incidental aeration of these same waters
oxidizes the ferrous iron to the trivalent ferric state which, at
normal groundwater pH levels, reacts readily with water to form very

.

insoluble precipitates i

situ. These red iron precipitates can

present a problem in terms of both color and turbidity, although there
is no associated toxicity. This "red water" presents primarily an
aesthetic problem by being unappealing, and also by the staining of
taundry and plumbing fixtures. 1In these instances, water treatment for
iron removal has customarily been recommended.

The Maximum Contaminant Level for iron in U.S. drinking waters is
0.3 mg Fe/L (2), a concentration commonly exceeded in groundwaters.
Thus, in the midwestern states of Iowa, Indiana, I11inois, and Michigan
this iron concentration is exceeded in greater than 50% of the public
groundwater supply systems (3). Moreover, in Tennessee, average iron

1



concentrations in excess of 0.3 mg Fe/L are common to all but one of
the major aquifer types Zurawski (4).

Conventional water treatment for the removal of iron is usually an
oxidation-flocculation/clarification-filtration or an oxidation-
detention-filtration sequence depending on whether or not, respectively,
water softening is to be accompliished also (1). Oxidation is effected
typically by aeration, although the strong oxidants chlorine or per-
manganate are valid alternatives. The success of this conventional
treatment has been well established. However, the construction and the
operation and maintenance costs for such a system may be prohibitive
for small low-tax-based communities.

Less expensive alternative treatment systems do exist. Notably,
the Ontario (Canada) Ministry of the Environment has successfully
reduced iron related problems for groundwaters by the application of
commercial sodium silicate solutions and hypochlorite or chlorine gas
to the groundwater at the well head (5,6). By this treatment iron is
not removed from the water but is stabilized and prevented from per-
cipitating while the water is in the distribution system. However,
despite the general success of the treatment process, variability in
various aspects of the process indicate uncertainty regarding the
treatment mechanism and the need for further investigation.

The broad objective of the investigation reported herein is to
provide a better understanding of the chemical mechanisms controlling
the effectiveness of the treatment in the stabilization of the iron
(sequestration) in water thus maintaining high level iron filter-

ability. More specific objectives include 1. to establish the role of



pH in iron sequestration by silicate solutions; 2. to establish the
role of silica polymerization in iron sequestration by silicate solu-
tions; 3. characterization of particulates generated in iron filter-
ability experiments in terms of size distribution as well as identifi-
cation of mineral phases; 4. generation of a model equation relating
iron filterability to readily measured experimental parameters such as
time, silicate concentration, etc. 5. to determine the optimal silica

dosage formula for iron sequestration in terms of pH and forms and

amounts of silicate.




II. LITERATURE REVIEW

As a background for the presentation of the experimental procedures
and results of this investigation, relevant iron and silica chemistry
is discussed. Initially, the topics of iron and silica are treated
separately, and then as these materials interact with each other.
Finally, a detailed examination of the silicate-hypochlorite treatment

for iron stabilization is presented.

Aqueous Iron Chemistry

The literature on iron chemistry is extensive. However, only
those aspects of direct relevance to the understanding of the treatment

procedure in question have been presented here.

Ferrous Iron Oxidation

Iron in groundwater is usually in the ferrous (Fe2+) form. Upon
oxidation to the ferric form the iron is subject to hydrolysis to
hydrous ferric oxide at normal groundwater pH levels of 6 to 8. The
rate of Fe2+ oxidation is affected by several factors as is the nature
of the precipitate formed. The iron precipitate, which is very insol-
uble, may be formed and flocculated rapidly and then removed from the
system, as in conventional water treatment. Alternatively, the preci-
pitation/aggiomeration rate may be inhibited by chemicals such as
silicates and the iron allowed to remain in the delivered water, the

subject of the current investigation.



The kinetics of oxidation of ferrous iron by molecular oxygen have
been well established (7, 8, 9). The appropriate kinetic equation for

pH > 5.5 is as follows (7):

- 2+ -
—9115%—1 = K[FeZ*] [OH ]2P0 1
2

where

13 -1 -1 -2

K=8.0(x2.5) x 107" min ~ atm ~ mol at 20°C

2+

[Fe™ ] = ferrous iron concentration, M

t = time, minutes

[OH ] = hydroxyl ion concentration, M

PO2 = partial pressure of oxygen, atm.
Significantly, the oxidation rate is dependent upon hydroxyl concentra-
tion squared, making the reaction rate particularly sensitive to pH,
being substantially more rapid at alkaline pH levels than at acid or
neutral ones. At pH < 3 the oxidation rate is independent of pH (8).
Catalysts, especially Cu2+ and C02+, in trace quantities, as well as

anions that form complexes with Fe(IIl), e.g., HP042

reaction rate markedly (10). Conversely, complexation of Fe2+ might be

, increase the

expected to inhibit the oxidation of Fe2+. Nevertheless, perhaps

because of Fe3+ complexes tend to be stronger than Fe2+ complexes, the

net result is catalysis of Fe2+ oxidation by complexes.




For a fixed level of OH concentration and of P0 , conversion of
2

equation (1) to the integral form followed by rearrangement yields:

t = In([Fe?*1 /[Fe?*1,) / (KIOH 1%P, ) 2
o t 02
where
t = time, min
[Fe2+]o = initial concentration of Fe2+, M
[Fe2+]t = Fe2+ concentration at time t, M
At P0 = 0.21 atm, i.e. normal atmospheric oxygen levels, and pH = 8,
2
to g =" time for 90% conversion, is 8 seconds. Changing the pH to 5.5

without altering the other conditions procedures to_gzs 10 hours.

At higher iron concentrations, 5-10 mg/L, in the presence of
autocatalytic action by the colloidal precipitate formed, it was found
that expanding equation 1 to account for this effect describes the

process rate adequately, thus (11):

2+

2dlfe d =k ron 1 + k. MFepptdy [0,300H77 [Fe®"1 3
where
Ko =2.3x 1014 ]iter3 mo]e-3 sec-1 at 25°C
K _=731§ "1 el at 25°C
5,0 iter mole sec at 2
K=2.5x 1010 liter mo]e-1 / mg of precipitate as Fe at 25°C



Kw = equilibrium product for water
[02] = oxygen concentration, M

[Fe_ .1 = concentration of iron precipitate in mg/L as Fe at

PPY™  time, t

Equation 3 was most applicable within the pH range 6-7 and inaccurate
at pH > 9.

Schenk and Weber (12) observed that, within the tested concentra-
tion range, 0.1 to 1mM, silicic acid enhanced the oxidation of ferrous
iron (< 5 x 10-55) by molecular oxygen. This augmented oxidation rate
occurred in addition to the well-documented hydroxyl effect (7) and is

presented in the following quation:

- 2+ - -
—d[fﬁ—l = (KP, [OH 12 + Ke; [H4S1'04]0'5[0H 1%-3yrre?*7 2
2

where

13 1iter2 mo]e-2 atm 1 min,

K=2.1(x0.5) x 10

.8 (£ 0.3) x 103 liter mo'le-1

>
1}
-

Si

[OH ] hydroxyl concentration, M

[H4Si04] = silicic acid concentration, M

P0 = partial pressure of oxygen, atm
2

2+

[Fe™ ] = concentration of ferrous iron, M



It was suggested that the rate constant KSi may have been a func-

tion of the P0 of the system. However, no mechanistic explanation
2

regarding the role of silicic acid in the oxidation process was offered.
The complexing ability of H4S‘i04 for Fe(III) may well be involved also.
The rate of oxidation of ferrous iron by molecular oxygen in acid
solution is very dependent upon the nature of the anions present. The
rate increases as the complexing affinity for ferric iron increases.
Thus, at a given pH, the rate decreases in the series pyrophosphate,
phosphate, chloride, sulfate and perchlorate (13). Cher and Davidson
1955 (14) examined the oxidation of ferrous iron in phosphoric acid
solutions within the pH range 1.1 to 1.7 and derived the following

relationship:

2+
dfFe™ ] - 2+ -52
at Kp[Fe ]P02 [H2P04 ] 5
where

Ky = 4.5 (£ 0.3) atm ! mote™? hr'l at 30°C
[H2P04-] = concentration of dihydrogen phosphate, M

[F92+] and P0 are as given earlier
2

The pK1 and pK2 values for H3P04, i.e., 2.2 and 7.2, respectively
(10), dictate that H2P04- ions provide a substantial proportion of
phosphate species in the pH range of 1.2 to 8.2. However, calculations

show that completion from the "hydroxyl" mechanism for ferrous iron



oxidation (7) would make the "dihydrogen phosphate" mechanism (14)
virtually irrelevant at pH levels of neutral or above.

Huffman and Davidson (13) investigated the oxidation of ferrous
iron by molecular oxygen in 1F H2504. It was found that the reaction
proceeded by bimolecular and termolecular mechanisms at elevated tem-

peratures (140-180°C) and by a termolecular mechanism at 30.5°C. The

rate equation for the low temperature reaction was:

_ 2+, _ 2+.2
d[Fe” ] = Kt[Fe ] P0 6
dt 2
where
K, =2.78 x 10°° M1 sec™d,
[Fe2+], P0 , and t are as given earlier in the text.
2
The rate constant Kt was also given by:
K = Ku + KSK[SO42-] 7
t 7-2
1+ K[SO4 ]
where
Ku = rate constant for an uncatalyzed subreaction
KS = rate constant for a sulfate catalyzed subreaction
K =

formation constant FeSO4 complex

[5042-] = sulfate concentration, M
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As for the phosphate dependent system, the sulfate system would be
dominated by the hydroxyl system at pH levels of neutral or above.

Ferrous iron is also readily oxidized by aqueous chlorine. Crab-
tree and Schaefer (15) examined the production of Fe3+ from the Fez+ at
pH 1 following the addition of standardized aqueous chlorine. Levels
of ferric ion were monitored via the measurement of absorbance at 335
nm. Experimental conditions included a temperature of 30°C and an

ionic strength, p = 1.0. The rate equation for the oxidation of ferrous

iron by chlorine is:

2+
_QLE%__J = 2K[Fe2+][2012] 8

where

[z 012] = [Clz] + [Cl3 ]

total active chlorine species in solution

K = 3.2 x 1010 [(-11,200 + 100) / RT] M
T = 278 - 303°K

[C1']=1M

R = universal gas constant

1.987 cal / °K. M

0.0825 L atm / ° K M



11

The reaction was considered to be independent of pH within the range
tested, i.e., pH 1-2. Because the active agent in aqueous free chlor-
ine systems is hypochlorous acid (1), HOCl, which has a pKa = 7.6, it
is anticipated that at neutral pH levels equation 8 would not be appli-
cable unmodified, or at least not without a different rate constant

value.

Iron Precipitates

Ferric iron, the oxidation product of ferrous iron, is readily
hydrolyzed in aqueous systems at pH levels of neutral and above (10).
The actual composition of the resultant precipitate would be a function
of the composition of the solution in which the reactions occurs, in as
much as this would control coprecipitation. Other conditions of pre-
cipitation, such as equilibration time and temperature, would also
influence the nature of the isomorphs formed.

Information on iron compounds is voluminous. However, as previous-
ly stated, this discussion will not be comprehensive, but will be
confined to those compounds of direct relevance to likely precipitates
formed in water treatment plant (WTP) systems.

The iron precipitate in WTP's has been variously considered to be
Fe(OH)3 (ferric hydroxide), FeCO3 (ferrous carbonate or siderite), and
FeCOB-Fe(OH)Z, depending on the level of oxidation in the system.

While the last pair of compounds has been suggested, their actual

occurrence in water treatment systems has not been verified ambiguously

(16). Furthermore, in typical water treatment the level of oxidation,
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whether produced by molecular oxygen (aeration) or by strong oxidants,
along with the rapid mix conditions, would be sufficient to readily
oxidize all ferrous forms to ferric precipitates.

The oxidation-hydrolysis product of ferrous iron is commonly
referred to variously as ferric hydroxide or hydrous ferric oxide,
"Fe(OH)s". The compound ferric hydroxide does not exist as such. The
material characterized as ferric hydroxide is 1ikely a mixture of
ferric oxide and hydrous ferric oxide gels (ferrihydrite). Stumm and
Morgan (10) suggest that oxide hydroxides of Fe(III) precipitated in
natural waters are often mixtures of amorphous material and goethite
(a-FeO0OH). However, the thermodynamic stability of these precipitates
may be characterized by their solubility products given by ([Fe3+]
[OH-]3 = Kso)’ implying some behavioral similarity to Fe(OH)3.

The range of possible ferric iron oxides, oxyhdroxides, and hydrox-
ides, as described in several sources, has been summarized by Robinson
(16) as given below:

Fe304 (magnetite)

u-Fe203 (hematite)

Y-Fe203 (maghemite)

o-Fe0OH (goethite)

B-FeOOH (akagenite)

Y-FeOOH (lepidocrocite)

6-Fe0OOH

Ferrihydrite (amorphous ferric oxides and hydrous ferric oxide
gels)
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These iron compounds represent the range of compounds occurring in
a variety of environments, and it is 1ikely that only a few of these
are possible in WTP systems because of the narrow range of precipita-
tion conditions therein.

Schwertman and Taylor (17) examined the effects of pH, tempera-
ture, initial Fe(III) : Fe(IIl) ratio, total iron concentration, and
rate of air flow and of oxygen transfer on the iron compound formed.
They observed the following:

1. A rapid oxidation rate favored the formation of Y-FeOOH,

while a slow rate favored Y-Fe203.

2. High initial Fe(lIIIl) : Fe(II) ratios favored formation
of ferrihdrite, whereas ~ 10%¥ Fe(III) yielded Y-Fe203,
and 100% Fe(II) pure Y-FeOOH.

3. Higher temperatures favored Y-Fe203.

4. pH levels of 6-7 favored formation of Y-Fe203.

Applying these findings to water treatment systems suggests the pre-
dominance of Y-FeOOH, based on likely rapid oxidation rates and very
Tow Fe3+ concentrations in groundwater. However, the natural pH levels
around 6-7 suggest the formation of Y—Fe203.

Given enough time (100-500 hrs) Y-FeOOH will transform to a-FeQOOH
(goethite), but the process is retarded in the presence of silica.
Again, the small detention time of water in WIP's and the customary
presence of silica in groundwater favor Y-FeOOH over a-FeOOH. However,
the presence of silica has a variable effect on the preferential forma-
tion of Y-FeOOH. Robinson (16) and Robinson et al. (18) identified
the iron precipitates resulting from the aeration of a model ground-

2* = 10 mg/L)

water (neutral pH, alkalinity = 400-500 mg/L as HCO -, Fe
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at 20-25°C with the inclusion of varying amounts of silica added as
sodium metasilicate. Examination of the resultant precipitates by
X-ray diffraction revealed that at silica concentration of < 7 mg/L the
product was crystalline lepidocrocite (Y-FeOOH) and at higher silica
concentrations it was amorphous. Schwertman and Thalman (19) also
examined the iron precipitate produced by the aeration of ferrous iron
using higher concentrations of iron (> 700 mg Fe/L) and observed that
as the silica/iron ratio was increased less Y-FeOOH was formed. How-
ever, the resultant product rather than becoming gradually more amor-
phous, as found by Robinson et al. (18), instead included ferrihydrite
in progressively larger amounts.

The discussion suggests that the aeration product in WTP's is
likely to be Y-FeOOH or amorphous ferrihydrite. For either of these
forms the mechanism by which silicates would stabilize ferric iron, the

subject of this investigation, will likely remain the same.

Iron Precipitate Solubility

The success of aeration or any other alternative oxidation process,
as a stage in iron removal, is dependent in large part on the solubility
of the precipitate generated by the hydrolysis of the resultant ferric
iron. Discussion in the previous section (10) suggests that the likely
precipitates resulting from water treatment processes are some combina-
tion of Y-FeOOH and amorphous ferrihydrite. The solubility equation
for either of these compounds can be expressed as for Fe(OH)3. Thus,

the solubility equilibrium for Y-FeOOH can be written as:

FeOOH(s) + 3H" = Fe3* + 2H,0 9
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The solubility product is given by:

c*K = LEEE:J mo]_2 1iter2

so +.3

[H]
= [Fe3™y ([%£:1>3
K, = Sk, (k% = Fe®*y [oHT T 10
where

cKso = conventional solubility product
c*K = solubility product for the solubility reaction

written with H+ ion as a reactant
Kw = jon product for water

Equation (10) is the form used to represent the solubility of amorphous
ferric hydroxide, also called amorphous ferrihydrite. Equations for
the solubility equilibria between amorphous ferric hydroxide and each
of several hydroxyl ferric complexes, and the corresponding solubility

products are presented below for a 3M NaC10, solution at 25°C (10):

(am)Fe(OH). (s) = Fe3* + 30" K= 2.0 x 10737 11
3 SO

(am)Fe(OH) 5(s) = FeOH?t + 200 Ky = 3.2 x 10028 17

(am)Fe(OH).(s) = Fe(OH).F + O K . = 2.5 x 107 13
3 2 s2

(am)Fe(OH),(s) + O = Fe(OH),~ K, = 3-16 x 1070 14
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Similar representations for FeOOH are given thus:

3 3

(am)Fe0OH(s) + 3H' = Fe ' + 2H

3

20 K. =3.5x10
SO

+ - 1
+ 2H20 KSo =4.0 x 10 16

15

a-Fe00H(s) + 3H' = Fe

Equations 11 and 14 can be used to produce a solubility diagram
(Figure 1) from which the concentration of any dissolved ferric or
hydroxy-ferric species in equilibrium with amorphous ferric hydroxide
can be determined for any given pH, within the range represented.

Based on Figure 1, for amorphous ferric hydroxide the highest
solubility occurs at Tow pH levels -- <2.0, whereas the minimum solubil-
ity occurs at ~ pH 9 where the predominant dissolved iron species,

10

Fe(OH)4- and Fe(OH)2+, are at ~ 10 M concentration. Amorphous ferric

hydroxide ((am.)Fe(OH)3) is virtually insoluble within the pH range 4-13.

3+

Based on equation 15, at pH 2 the concentration of Fe” , the likely

predominant dissolved ferric species in equilibrium with amorphous

FeOOH, would be 3.5 x 10°3

M, i.e., significantly less than the levels
sustained by amorphous ferric hydroxide (Figure 1). Also, in the
absence of the specific equilibrium expression values it can be assumed
that at higher pH levels amorphous FeOOH would sustain Fe(III) con-
centrations broadly similar to those for amorphous ferric hydroxide.
Thus, whether the ferric percipitate resulting from aeration be FeOOH

or (am)Fe(OH)3, within the pH range of natural wates, the equilibrium

concentrations of ferric iron would be vanishingly small.
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am-Fe (OH)3(s)
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Figure 1. Solubility Diagram for Amorphous Ferrihydrite,
(am.)Fe(OH)3 (S) (10).




18

Aqueous Silicate Chemistry

Sodium silicate, used here in iron stabilization, is just one
member of an extensive family of compounds, the silicates. Silicate
minerals constitute greater than 90% of the earth's crust. The funda-
mental unit in all of these minerals is the regular silica tetrahedron
consisting of a silicon ion surrounded by four oxygen ions subtended at
equal solid angles. The Si-0 bond is very strong (452 KJ/mol) and this
stability allows a wide range of silicate structures, both natural and
synthetic. No attempt will be made to cover the topic of silicates in
depth. Such a treatment is already provided by Iler (20, 21). The
coverage will be limited to aspects of silicate chemistry of direct
relevance to the understanding of the silicate treatment mechanism for
iron stabilzation. The terms "silica" and "solution" are each subject
to a variety of interpretations. However, in the current discussion
the terms will be used in the following sense: 1. The term silica
will be used, unless otherwise designated, in its most general sense,
j.e., to comprise all forms of silicon dioxide represented by the
formula (S1'02-xH20)n where x is from 0 to 2, and n is from 1 to infinity
(22). 2. Also, although clear silicate liquids may contain colloids
these will be described as solutions even though colloids may be present.

In accordance with Anderson et al. {23) the term true solution will

indicate the absence of colloids.
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Silicate Solubility

Silicates have finite measurable aqueous solubilities. Thus,
the abundance of silicates at the earth's surface and the consequent
contact with rain water or other water in hydrologic transition results
in the commonly observed natural dissolved silica concentrations of 5
to 35 mg/L S1‘02 is river water and 5 to 15 mg/L SiO2 in sea water (21).
Furthermore, Roy (24) reviewed the literature and concluded that the
silica in natural waters was in true solution rather than colloidal as
claimed by other researchers.

The commonly soluble form of silica is monomeric, i.e., each
molecule contains only one silicon atom which is generally formulated
as Si(OH)4 and called monosilicic or orthosilicic acid (29). Silicic
acid is often written as Si(OH)4 rather than H4S1’04 to emphasize that
metalloids (Si, B, Ge) similar to metal ions have a tendency to coordi-
nate with hydroxo and oxo ligands (10). Monosilicic acid is essentially
nonionic in neutral and weakly acidic solution, but is readily ionized
in alkaline solution. However, it is not salted out of water nor can
it be extracted by neutral organic solvents (21). Monosilicic acid

. . . . -3
remains in the monomeric state at concentrations of < ~ 2 x 10

M(~
120 mg/L as SiOz) at 25°C. But, like multivalent metal ions, metalloids
like Si tend to form multinuclear species (10). This is evident when
at concentrations in excess of 2 x 10-3M monosilicic acid polymerizes,

usually rapidly, at first forming polysilicic acids of lTow molecular

weight and then larger polymeric species readily recognizable as col-

loidal particles (21).




20

The solubility of silica (Si02) is characterized by the following

equilibria (10):

Sioz(s, guartz) + 2H20 > Si(OH)4 log K1 -3.7 17

5102 (s, amorphous) + 2H20 > S1(OH)4 log K2 = =-2.7 18

ST(0H), > STO(OH),™ + H' log K, = =9.46 19
. - . 2~ + -

S10(0H)3 -> S102(0H)2 + H log K4 = -12.56 20

4 Si(OH)4 > 51406(0H)62- + 20" + 4H20 log K4 = -12.56 21

Alternative values for some of the solubility constants have been cited

by Iler (21), viz., log K, = -9.8 and log K, = -12.16.

3 4

These equations, together with the appropriate equilibrium constants,
can be used to generate ths solubility domains presented in Figure 2
(10). Although Figure 2 does not include individual equilibrium lines
for all of the multinuclear Si-0-OH species postulated to exist (10),
it is a sufficiently accurate representation for most purposes. Thus,
as is congruent with past observations and evident from Figure 2, at pH
< ~ 9 and S1'02 concentration < 2 x 10-35, monosilicic acid remains in
the monomeric form. Furthermore, Si(OH)4 is the dominant soluble form
under the conditions just stated. Under alkaline conditions the solubil-
ity of silica is enhanced by the ionization of silicic acid (25) as

well as the formation of multimeric silicates (10). However, it should

be recognized that Figure 2 is only an equilibrium diagram, and, as
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such, it does not factor in kinetics which is commonly a major determi-
nant of the distribution of species observed in natural or laboratory
situations. Thus, the experimentally observed silicate speciation is
typically and primarily a function of S1'02 concentration, pH, equilibra-
tion time, and also sample history. Notably, the stippled portion of
Figure 2 is the domain of stable multimeric silicate species. Commer-
cially produced alkali metal silicate solutions such as the concen-
trated sodium silicate here used in iron stabilization treatments, fall

within the multimeric domain (10).

Concentrated Sodium Silicate Solutions

The liquid sodium silicates are manufactured by fusing varying
proportions of soda ash (NaZCOS) with specially selected silica sands
(SiOZ) in furnaces at temperatures ranging from 1100 to > 1300°C (10,

26, 27). The relevant generalized reaction is:

Na CO3 + nSi02 -+ Na

2 0-nSi0, + CO 22

2 2 2

The resulting soluble glass is dissolved in hot water under pressure
and then filtered to remove any insoluble glass and unreacted sand
(27). Although soluble sodium silicates with n values ranging from 0.5
to 4 are commonly produced (27), the sodium silicate with n = 3.22 is
the most generally applied commercial silicate solution (28). Where
the ratio, n, is 1.0 a distinct compound -- sodium metasilicate,
(Na251'03)n is formed. At higher values of n (n > 1) distinct compounds
have not been identified. The soluble silicates form clear or opales-

cent colloidal solutions in water which behave as non-Newtonian liquids
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at all but the lowest concentrations. This is attributed to the

formation of micelles from the polymeric anions especially at SiOZ/NaZO

ratios above 2.
Conceptions of the composition of the soluble silicate systems
vary but are in basic agreement. Thus, Pearce (27) considered soluble

silicate micelles to be constituted mainly by discrete 5104- orthosili-

cate ions, together with pyrosilicate 512076-, Tinear trisilicate

. . ey . 8- s
13010 , cyclic tetrasilicate S14012 and polysilicate structures of

higher complexity. Iler (29) suggested that concentrated solutions

S

with molar SiOZ/MZO ratios of 1/1 to 1/2 consist mainly of Si032 and
H35103- ions, but proposed that in solutions of higher ratios an
increasing proportion of the silica forms extremely small 3-dimensional,
internally condensed silicate polymer ions or charged particles. These
charged particles are in solubility equilibrium with dissolved silica
monomer, Si(OH)4, which in turn is in equilibrium with monomeric sili-
cate ions. Iler (21) elaborated further, suggested that particles as

well as monomeric species both acquire negative charges by partial

ionization of surface OH groups to Si0 anionic sites thus:

Si(0H), + OH - (H0)3$1'0- + H,0 23

2" 4 H.0 24

(H0)3SiO + 0H - (HO)ZSiOZ 2

- . 2-
+ Z0H - S1n0(4n-nx)/2(0H)nx-zoz

Sin0(4n-nx)/2(0H)nx

25
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where

z = the number of charges on a polymer containing n silicon
atoms

Relatedly, Falcone (30) cited data indicating that the pKa's of these
surface hydroxyl groups start at ~ 9.5 for the simple monomeric silicic
acid and decrease continuously with increasing polymeric complexity to
a value of about 6.5 for silica gel. This conception could be helpful
in understanding the role of sodium silicates in iron stabilization.

Importantly, the polysilicate fraction of the soluble silicates at
equilibrium is not comprised of a wide range of polyion or particle
sizes because small particles are more soluble than the larger ones.
This differential solubility causes rapid redistribution of silica
until all of the charged particles are within a relatively uniform size
range (21). Iler (29) concluded on the basis of ultrafiltration experi-
ments that colloidal species are present in solutions of sodium silicates
having SiOZ/NaZO ratios > 2/1 and that a higher ratios a greater propor-
tion of the silica is presented as polysilicic ions or particles gener-
ally > 30 nm in diameter. There appears to be a consensus among
researchers that the lower 1imit ratio for the appearance of colloidal

silica species is SiOz/Nazo = 2 (21).

Effects of Dilution

Dilution of the mixture of polymeric and monomeric silica species

present in commercial liquid silicates produces varied results depending
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on the manner of dilution with regard to aging, silica concentration,
and pH. For optimal applications of these silicates in water treatment
and corrosion prevention, understanding the role of dilution in silicate
solution composition is important.

Iler (21) suggests that the reduction in hydroxyl ions and pH
resulting from the dilution of these alkali metal silicates hydrolyzes
the silicate ions and ultimately produces a disproportionation of the
original system into one consisting of a higher polymeric species of
colloid along with a residual silicate of lower Si02/Ha20 ratio. This
theory seems to conflict with the findings of 0'Connor (31) who examined
the effect of dilution on the level of polymerization and the proportion

of silica in the polymeric form for 3.3 ratio SiOZ/Na 0 silicate in the

2
range of 1 to 30% silica. The silica was characterized in terms of the
reactivity of a given solution with molybdic acid as monitored colori-
metrically with time for the development of the silicomolybdic acid
color complex. The results showed that with increasing dilution, for
the predominant silica forms, the level of polymerization and the
proportion of total silica in that form both decreased.

Apparently, the dilution technique exerts significant control over
the resultant silica speciation. McGarry and Hazel (32) diluted 3.45
SiOZ/KZO ratio potassium silicate solutions from 10% to 0.03% SiO2 in
various ways, and examined the resultant particle size distributions by
electron microscopy. Direct dilution from 10% to 0.03% S'iO2 yielded

89% of the observed particles being from 1 to 5 nm in diameter. Dilu-

tion from 10% to the intermediate concentration of 0.3¥% followed by
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aging at that concentration before final dilution to 0.03% produces
particles with a number average diameter of 8 nm. Because the 0.03%
S1'02 silica concentration falls within the monomeric domain, at the
prevailing pH, it is evident that the presence of silica particles and
differences between solutions prepared by the different techniques are
both transient conditions. This view is supported, in part, by the
investigations of Hazel (33) of the same dilutions used by McGarry and
Hazel (32). He found, based on interaction between the silicates and

the cationic dye pinacyanol chloride, that the 0.03% Si0, solution

2

prepared from aged 0.3% Si0, solutions, with time, gave the same dye

2

reaction color (blue) as the 0.03% Si0, solution prepared directly from

2
2 solution. Because the dye is red when it is adsorbed, the

the 10% Si0
above results indicate that with time both dilution systems produce
similar distributions which are low anionic microparticles.

Lehman and Shuldener (34) found that undiluted 3.22 ratio sodium
silicate (400,000 mg SiOZ/L) to 1400 and 700 mg SiOZ/L showed decreases
of molybdate-reactive, presumably monomeric, silica to about 76 and 88%,
respectively, within 24 hours, and down to 71 and 78%, respectively,
within one week. In contrast, dilutions to 350 mg SiOZ/L and less were
completely molybdate~reactive within a few hours. The combinations of
pH (9 to 10.5) and silica concentrations, and the observed reactivity
are consistent with the solubility domains presented in Figure 2 above.

Sedium metasilicate solutions at ~ 1300, 65, and 13 mg Si02/L were 100%

molybdate-reactive for the entire period of investigation -- 8 days

(34). The pH of the 1300 mg Si02/L solutions was 12.1, placing it
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within the domain of monomeric silica along with the 65 and 13 mg
SiOZ/L solutions.

Thus, it is apparent that the domains presented in Figure 2 do
hold in the long run, i.e., at equilibrium. However, the occurrence of
alternate intermediate metastable states is common and is likely a
function of pH, silica concentration, dilution history, and equilibra-

tion time at each change of solution conditions.

Characterization of Silicate Solutions

An old and rudimentary method for characterizing the composition
of silicate solutions is on the basis of rates of reaction with molybdic
acid. Molybdic acid reacts only with monomeric silica to form the
yellow silicomolybdic acid (21). Because this reaction occurs at pH
1-2 where silicic acid polymerizes or depolymerizes least rapidly,
samples taken from rapidly polymerizing or depolymerizing solutions are
fixed at the moment they are mixed with the molybdic acid reagent (21).
Moreover, because monomeric silica reacts with molybdic acid very
rapidly (within 2 minutes), the polymerization/depolymerization of the
silica is the rate 1imiting reaction. This last circumstance allows
the polymeric silica distribution for a given system to be described by
rate coefficients based on the rate of color development in the molyb-
date reagent.

Accordingly, the reaction of molybdic acid with silica constituents
varies inversely with the degree of polymerization of the silica (35).

Alexander (35) observed that with excess molybdic acid reagent the rate
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of reaction with monosilic acid followed a first-order reaction rate

law:
-dP_. = K P 26
dt

where
Px = the concentration of monometer at time, t,

and Kx = the specific reaction rate constant

A similar representation with a smaller KX was obtained for a
silica dimer (Px = concentration of dimer). Alexander (35) postulated
that equation 26, above, would be generally applicable to any given
silicic acid polymer, and that the rate constant would vary not only with
the degree of polymerization (the number of silicon atoms in the molecule),
but also with different isomers. However, plots of the logarithm of
molybdic acid-reacted silica vs time were non-linear for silicates with
SiOZ/NaZO ratios of 3.25, 4.0, and 10.0, perhaps because the systems
each included a mixture of polymers.

A more sophisticated equation, based on the same reactivity-rate

principles, was developed by 0'Connor (31):

0.435K1 -Klt
% color developed = - 0.565] P e +
K -K °
o1
K1 -Kot
0.435 (100 - P (1 + Jl] e + 56.5 27
° Ko-Kl

where

K, = the rate constant for the formation of B-silicomolybdate
complex from depolymerization of polysilicate,

1
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o
i

the initial level of polysilicate,

K
0

the rate constant for the spontaneous conversion of
B-siticomolybdate to the less color absorbent a-silicom-
olybdate complex.

By this technique a silica solution is described by two coefficients:
Kl’ which is indicative of the complexity of major polymer fraction,
and Po’ an indicator of the fraction of the total silica represented

by this polymer.

In similar characterizations of silicate solutions by color develop-
ment, Iler (21), rather than use a complicated expression (31), instead
included a constant factor of 3.5%/hr to compensate for the conversion
of B- to a-silicomolybdic acid as measured at 410 nm. Garrett and Walker
(36) developed a procedure for measuring silicomolybdic acid at 329 nm,
the isobiestic point for a- and B-silicomolybdic acids. Furthermore,
the extinction coefficient at 329 nm is significantly greater than at
410 nm. However, presumably because the "color" development reaction
takes 15 minutes to reach a maximum, this method has not been applied
to the kinetic analysis of silicate solutions.

In further development of this molybdate-silicate reaction techni-
que Iler (29), in addition to examination of whole solutions, also
applied the method to selected fractions of silicate solutions. Speci-
fically, silica sols were extracted with tetrahydrofuran (THF) for the
selective removal of the colloidal fraction. The success of this
extraction technique is due in large part to the immiscibility of THF

with water, and to the stability of silica in the THF (as compared to
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in water), in addition to the selectivity of THF for the silica colloids.
The separated colloidal fraction was then reacted with molybdic acid
and the pattern of color development at 410 nm analyzed, and compared
with the color development pattern for the unextracted sols.
Ultrafiltration has also been used to characterize silicate solu-
tions (21, 29). Commercial silicate solutions were diluted with an
equal volume of water, aged for about a one week, filtered through fine
filter paper to remove traces of suspended matter, and then ultrafil-
tered. For a 3.75 SiOZ/NaZO ratio sodium silicate, membranes with nomi-
nal pore diameters of 18, 24, 33 and 523 excluded 38, 25, 15, and 0%,
respectively, of the silica present. In another series of tests using a
single type of membrane with 1BX pores, solutions with molar SiOz/NaZO
ratios of 2.4, 3.25, and 3.75 excluded 7, 14, and 25%, respectively, of
the silica. The main conclusions, from these and other studies, were
that colloidal species are present in sodium silicate solutions having
SiOZ/NaZO ratios of greater than 2/1, and that at higher ratios a greater
proportion of the silica is present as polysilicate ions or particles
generally greater than 30 nm. Ultrafiltration has been used also to
investigate the polymerization of silicic acid at pH = 1.74 (22). Other
techniques utilized to characterize silicate solutions include nuclear

magnetic resonance (NMR) (37) and light scattering (38).

Interaction of Silica with Iron and Other Metal Ion Systems

Interactions between silica and metal ion systems exist on a

continuum, ranging from reactions occurring in true solution all the
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way to colloidal ones. For convenience, this discussion will deal
initially with reactions (interactions) that appear to be occurring
primarily in true solution, followed by those involving colloidal

systems in any way.

True Solutions of Silicates

The majority of investigations in this area relate to the nature
of iron-silicate complexes. In several of the instances discussed here,
although the total experimental silica concentration fell within the
domain of silica polymers at equilibrium, freshly prepared "solutions"
were used in an attempt to examine reactions that occurred primarily in
true solution prior to significant polymerization. Early conceptualiza-
tion, without quantitation regarding formation or stability constants,
was presented by Hazel et al. (39). These authors measured decreases
in the pH of ferric (0.025 - 0.1M) and aluminum (0.01 - 0.2M) salt
solutions upon combination with fresh silic acid solutions (2.5%). The
observed final pH values in each instance was less than the correspond-
ing individual initial pH of both the acid and the salt. This augmented
acidic response could not be duplicated by substituting strong minearl
acids for silicic acid. This was considered to be prima facie evidence
of a special interaction between ferric ion (and aluminum ion to a
lesser extent) and silicic acid. Initial pH values ranged from 2.21 to
3.27 for silicic acid, 1.77 to 2.12 for ferric chloride, and 3.07 to 3.42

. . .t .
for aluminum salts. Associated changes in H concentration ranged from

7.2 x 10°% to 3.0 x 1073 M.
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Similar experiments performed with silicic acid aged for 45 hours
to 10 days produced smaller changes in pH than were observed with the
fresh material. The reduction in pH decrease was attributed to poly-
merization of the silicic acid with aging, the suggested source of H
ions being the structure =SiOH. Relevant alternative chemical equations

for the reaction were 1. for the unhydrated ferric iron:

n(=si0H) + Fe » [(=5i0) - Fe]3™M* 4 oy * 28
or 2. the two-step reaction:

Fe3" + 1,0 > FeOH”" + H' 29
followed by:

=Si0H + FeOHZ* » =Si-0-FeOHZ® + H,0 30

2

Presumably, the reaction presented in equation 30 drives equation 29 to
the right producing H' ions beyond the equilibrium levels present in
the ferric chloride solution prior to mixing the silicic acid. Equa-
tion 30 was offered, without follow up, by the authors as being consis-
tent with the observation that silicates can discharge the color of
iron from alkaline solution. This phenomenon may be due to the removal
of the Fe3+ from further interaction with OH ions by the reaction
presented in equation 30. Notably, the proposed reactions were not
examined in terms of basic chemical parameters such as stability con-

stants.

Aluminum salt solutions of pH and concentrations similar to the

ferric solutions yielded smaller pH decreases than the latter indicating
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a weaker interaction. Similar experiments with barium chloride, lan-
thanum chloride, copper sulfate, and chromic chloride indicated that
there were no significant interactions for the first three salts, while
the interaction of chromic chloride with silicic acid was slight.

More recently, several researchers (40, 41) have characterized the
ferric-silica interaction in greater detail generating some of the
previously mentioned chemical constants. Weber and Stumm (40) used UV
absorbance measurements of dilute acidic solutions of ferric iron and
silicic acid to demonstrate the existence of iron silicate complexes.
Silicic acid solutions, freshly prepared in order to limit polymerization
effects, ranging in concentration up to 5 x 10-zﬁ (300 mg SiOZ/L) were
combined with ferric perchlorate ([Fe3+] < 10-4ﬂ; < 5.6 mg Fe/L) in
dilute perchloric acid (pH < 3.5) and the absorbances monitored at 272

nm, the isobiestic point for the Fe3+ - Fe0H2+

equilibrium.

By combining equations for the equilibrium quotients for the first
hydrolysis reaction of ferric jon with water (QH) and the hypothetical
interaction of ferric iron with silicic acid (Ql), with equations for

the absorbances due to iron and iron-silicic acid species the following

relationship was derived:

+.4-n
A=p- C(AADIH]

1 q;[ST(0R),]

-+
[1+ Qy/IH'1] a1 ‘

where

>
il

absorbance of a mixed silution of Fe(III) and Si)OH)4

Ao = absorbance for the Fe(III) in the absence of Si(OH)4
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A1 = the hypothetical absorbance if all the Fe(III) were in
the form of silicatoiron(III) complex

n = number of H's in the silicates-iron complex

No absorbance was expected from the silicic acid at this wavelength.
For Fe(III) concentrations < 5 x 10'5g (< 2.8 mg Fe/L) each plot of A
VS (A-Ao) / [Si(OH)4] for a series of solutions of varying Si(OH)4
concentration but the same formal concentration of FeT and H+, yielded
a straight line indicating the predominance of a single silicatoiron
complex for the experimental conditions. Further, normalization by
plotting A/[Fe,] vs (A-A ) / [Si(OH),] [Fe ] x 10> also yielded a
straight 1ine. The exponent of the concentration of Si(OH)4 in this
relationship was 1.0 and indicated that there was one mole ligand per
mole metal ion. Inconsistent results at Fe(III) concentrations
>5 x 10'5m were attributed to the formation of polynuclear complexes.
Data analysis produced an equilibrium quotient Q1 for the complex

in question:

3+ +

Fe> + si(oH), ~ FeOSi(OH)32+ + H 32

Q1 = 0.57

Combination of values from equation 32 with a Titerature value for the
first dissociation constant for Si(OH)4 yielded the concentration

stability constant for the silicato-ferric complex thus:

K= 0y /Ks: comy = [FeOSi(OH)32+]/[Fe3+[SiO(0H)3-] =
4

1.8 x 10° 33
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It should be emphasized that this reaction (equation 32) is most relevant
at low pH values where free ferric ion and its first hydrolysis product
are the significant iron species competing for the silicate. Olson and
0'Melia (41), also examined the interaction of ferric iron with silicic
acid using spectral measurements within the range 200 to 400 nm. They
used freshly prepared monomeric silicic acid and in some instances
exceeded the solubility of amorphous silica (2 x 10-35), but abandoned
any system showing evidence of precipitation. They considered only

monodentate formation thus:

3 +

Fe3t + S1(0H), FeOSi(OH)32+ + H 32

An equation was derived relating the ratio of solution absorption
per mole of iron to the molar absorptivity coefficient for FeOSi(OH)32+
and the inverse of the equiiibrium constant for reaction. Furthermore,
it was suggested that a plot of the data conforming to the derived
equation would be linear only over the range for which the monodentate
complex predominated.

Plots of data for 1. [Fe;] = 5.6 x IO-SE (3.136 mg Fe/L) and [sig]

=5 x 1072M (3000 mg 510,/L), and 2. [Fe ] = 4.2 x 10™%M (23.52 mg
Fe/L) and [SiT] =4.0 x 10-2M (2400 mg SiOZ/L) each at 280, 290 and 300
nm were presented. The plots were linear between pH 1.69 and pH 3.0,

and nonlinear between pH 3.0 and 4.80. Nonlinearity was attributed to
polymerization effects. Execution of the experiments at multiple tem-

peratures allowed the measurement of several thermodynamic data for

equation 32: AG® = + 0.80 kcal/mole, AH® = + 3.73 kcal/mole, S° = +
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9.83 cal/mole-deg. The equilibrium constant for the equation was: K =
0.250 (25°C, p = 0.1 % 0.02). Alternative measurements based on polaro-
graphic data (half-wave potential) yielded K = 0.34.

Both of the values for K were similar to but less than the value
(K = 0.57) obtained by Weber and Stumm (40). Spectral curves obtained
agreed with patterns from the literature for Fe3+ and Fe0H2+ but not
for FeOH(H20)52+.

Although the experimental silica concentrations exceeded the
solubility of amorphous silica, the authors thought that speed of
execution eliminated preexperimental S1‘02 polymerization as a factor in
the outcome of the experiments. Furthermore, the lack of precipitate
formation after several days of equilibration, for the one system
tested in this way, and the linearity of the relevant plots seemed to
confirm that SiO2 polymerization was not a factor between pH 1.5 and
3.0. Silicic acid polymerization rates are lowest at ~pH = 1 and
increases with increasing pH (21). The use of Fe concentrations in
excess of 2.8 mg/L, the lower limit for the formation of polynuclear
Fe-OH complexes (40), did not seem to be a factor at pH < 3.0.

An additional role demonstrated by silicic acid is as a catalyst in
the oxidation of ferrous iron by molecular oxygen (12). Schenk and
Weber (12) observed that within the tested concentration range, 0.1 to
1mM, silicic acid enhanced the oxidation of ferrous iron (< 5 x 10’53).
This augmented oxidation rate occurred in addition to the well-

documented hydroxyl effect (7) and is presented in the following equa-

tion:




~dlPetID] - (kp, [0H 1% + Kg,[H,si0,1% 5r0H™ 1% 5)rFe?* 4
2 i~ 47 74

where

K=2.1(20.5) x 102312 mote Zatm lmin~1

and K. = 1.8 (£0.3) x 105 L mo1~!

Si

It was suggested that the rate constant KSi may have been a function

of the P0 of the system.
2
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Notably, these authors also observed that monomeric silica retarded

the hydrolysis of ferric iron. Silica concentrations in the < 120 mg
SiOZ/L and iron in the 0.56 to 56 mg Fe/L ranges were utilized. In a
solution of 5.6 mg Fe/L, it was observed that after 100 minutes there
was 7.5 and 3 times as much filterable (< 0.45 pm) iron in systems

containing 60 and 6 mg SiOz/L, respectively, as in the silica-free

system. However, these experiments were conducted at pH 3.5, and it is

unclear as to the extent to which these silica-derived differences can

be extrapolated to higher more common natural pH levels.

Colloidal Interactions

This discussion deals with the interaction of silica in the dis-
solved and crystalloidal or colloidal forms with metal ions, primarily
ferric, hydrolyzed and polymerized to varying extents. The primary
interest in these types of investigations is an assessment of the role

of silica species in the sequestration of iron, either directly from




38
experiments with ferric iron or, alternatively, by analogy from other
metal ions.

Hazel (42) investigated the ability of sodium silicate solu-
tions to convert the surfaces of iron oxide sols from positively to
negatively charged, a process favoring dispersion of these colloids.
Silicates employed ranged in SiOz/NaZO ratio from 1/1 to 4/1. Solu-
tions of the silicates at 2000 mg/L SiO2 were prepared fresh daily and
diluted immediately to 200 mg/L with water or 0.02 N HC1, and
appropriate volumes used in the tests. Iron oxide sols, aged for 1
week, were diluted to 200 mg iron oxide/L immediately before use. The
concentration of iron oxide in actual test systems was 80 mg iron
oxide/L.

It was observed that when the initial pH levels of the silicate
solutions were unadjusted, the more alkaline silicates (lower SiOz/Na 0

2

ratio) discharged the iron oxide surface at lower Si0, concentrations.

2
In contrast, when varying initial silicate pH was eliminated by pre-
adjusting the silicate pH to a given level, the reverse trend prevailed,
i.e., the more silicious silicates (higher SiOz/NaZO ratios) discharged
the surfaces at lower concentrations. In general, decreasing the
initial silicate pH shifted the recharging concentrations to higher
values and extended the observed coagulation over a wide range of

silica concentrations. Also, for a decreasing initial pH, the more

silicious, higher ratio silicates were more effective than the more

alkaline silicates. Thus, it is apparent than the more polymeric
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silicates are the more effective at changing the surface charge of
ferric oxide sols from positive to negative, starting from a given pH.
Also, aging the silicates for 24 hours only affected the per-

formance of the higher ratio silicates, reducing their effectiveness.
This result is consistent with the aging of silica polymers at certain
concentrations which produces a lesser charged material, and thus less
effective counterions (21). One-to-one electrolytes such as NaCl had
no effect on the mobility of the ferric oxide sols. In contrast, CaCl2
at 66.6 mg/L Ca increased the silica concentration needed to produce
negative mobility. This observation is readily explained by classical
colloidal double layer theory invoking the Schultze-Hardy charge ratio

2+ by the ferric oxide

rule (10), and by specific adsorption of Ca
surfaces (43). For each of the silicates, beyond the isoelectric point
of fefric oxide sols, as additional silicate was added to ferric oxide

surfaces became more negative and passed from a zone of coagulation to

one of dispersion.

Relatedly, Cameron and Liss (44) conducted laboratory experiments
to see what substances including metasilicates could hold iron at 1 mg
Fe/L in dissolved form (< 0.45 pm) in oxygenated water at pH 6 to 7.
Metasilicate stabilized iron (90% < 0.45 ym) at a silicate-to-iron
ratio of 1000, i.e., 687 mg SiOZ/L, whereas at 77.4 and 7.8 mg SiOz/L
only 11¥ and 0%, respectively, of the iron was stabilized. It was
acknowledged that iron-silicate complexes might have been playing a

role, but it was also suggested, without actual testing, that the

adsorption of excess negatively charged silicic acid sols on positive
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colloidal iron oxide particies may have been important in producing the
observed iron stabilization. Notably, among the metasilicate concen-
trations used, only 687 mg SiOz/L was high enough to allow the exist-
ence of multimeric/ polymeric forms of silica.

Interactions of other metals with silicates can elucidate Fe-Si
interactions by analogy. Hazel et al. (45) investigated the interac-
tion between Zn2+ and various sodium silicates. A series of potentio-
metric titration curves (pH vs mls or meq of NaOH or Na silicate)
showing an inflection point that varied with both the form of silicate
and the anion of the zinc salt was presented. Orthosilicate (SiOZ/NaZO
ratio = 1/2), metasilicate (SiOz/NaZO = 1/1) and "E" brand silicate
(SiOZ/NaZO = 3.29/1) were used as silicate titrants. Titration of 0.4N
ZnSO4 with 0.1N titrant shifted the point of inflection from 75% equiva-
lents with NaOH to 100.2, 104, and 109% of base as the silica content
of the titrant increased. The results obtained with the NaOH were
consistent with the previously observed formation of the basic salt,
3Zn(0H)2-ZnSO4. Shifts in the inflection point beyond 100% equivalents
of base were considered to be a measure of the amount of free base
(silicate anion, hydroxyl ion) absorbed by the precipitate.

The titration of zinc sulfate with a combination of titrants, i.e.,
a predetermined volume of metasilicate followed by titration to comple-
tion with NaOH, moved the inflection point progressively from 75% equi-
valents to 104% equilivalents, as the proportion of sodium metasilicate
was increased from 0 to 100%. In the titration of ZnSO4 with the 3.29

ratio silicate the slow settling of precipitate was attributed to the
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peptizing action of adsorbed colloidal silicic acid. The similarity
between this observation and the dispersive action of high-ratio sili-
cates on ferric oxide sols (42) is obvious. Further, in general, the

amount of silica in precipitates was variable but increased with the

|

silica content of the titrant.
Notably, under certain circumstances, silicates containing a high

proportion of silica reacted with Zn2+ ions without the formation of a

precipitate, although the usual precipitation plateau of Zn(OHZ) was

exhibited by the potentiometric curve. This phenomenon is attributable

to a "silica"-associated inhibition of particle association and growth

or possibly dispersion. In the titration of Zn with E brand silicate

the reaction is the same with and without precipitation. Precipitation

was a function of the zinc concentration, higher concentrations producing

more precipitation, and of mixing rate during titration, higher rates

leading to less precipitation. The ability of E brand silicate to

delay the precipitation of an+ is analogous to observations made with

Fe3+ with similar silicate solutions by Dart and Foley (5, 6).
Falcone (30) also examined the role of silicate polymerization on

2+

the interaction of silicate with Ca2+, MgZ+,Cu Silicates with

SiOZ/NaZO ratios of 0.5, 2.0 and 3.8, and NaOH were compared with their

ability to lower the activity of Ca2+, M92+, Cu2+ in chloride or per-

chlorate solutions, as measured by ion selected electrodes. At a given
pH, for both Caz+ and MgZ+, NaOH and orthosilicate (0.5 ratio) produced

similar cation activity reductions. Progressively higher ratio sili-

. . - - 2+ 2+
cates yielded correspondingly greater reductions in Ca~ . For Mg
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little differences in performance was observed between the 2.0 and 3.8
ratio silicates although in both instances the cation activity reduction
was greater than for NaOH or orthosilicate. Similar trends were observed
for Cu2+ but, drift in the current data made the magnitude of differ-
ences in activity reduction among dilutions less clear. It should be
noted that although the 3.8 ratio silicate tended to yield a greater
activity reduction than the 2.0 ratio silicate at an equivalent pH,
because of its lower base strength, the 3.8 ratio system contains more
SiO2 when the solution pH values are equivalent. Significantly, in the
Ca2+ and Mg2+ studies, precipitates, when observed, appeared immediately.
In contrast, for Cu2+, which is chemically more similar to Fe3+ than to
Caz+ or M92+, precipitation occurred only on aging. The presence in

the higher ratio solutions of colloidal size silicate anions with more
acidic surface silanol groups that readily adsorbed nucleating metal

ion hydroxides was offered as an explanation for the silica-enhanced

metal ion activity reduction.

Iron Treatment by Sodium Silicate and Chlorine

The primary alternative to conventional iron treatment by removal
from water supplies has been the treatment with sodium silicate and
chlorine. The latter treatment does not remove the iron from the water
but seeks only maintain the iron in a form that produces neither a
visible settleable precipitate nor a highly colored water. Earliest
published record of this technique occurred in 1950 (46), but it was

not well exploited until the late 1960's to early 1970's (5, 6).
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Despite moderate to good success, this treatment process is not widely
used, being Timited largely to the relatively small municipal systems
in Ontario, Canada.

In 1950 in Miami, Florida, concentrated sodium silicate was used
by Henry to prevent the settlement of iron from chlorinated unsoftened
water, as an interim measure until the completion of a conventional
softening plant (46). Preliminary experiments were conducted with
samples of unaerated groundwater taken carefully at the well head so as
to exclude air (02) and then, with a few exceptions, dosed in the field
at the time of collection and brought to the laboratory for analysis.
The chemicals tested included polyphosphates, mono-, di- and trisodium

phosphate, as well as concentrated sodium silicate (S1'O2 / Na,0 = 3.22)

2
solution. Based on the results of these preliminary tests, the sodium
silicate and polyphosphate were field-tested on a small well-built up
subdivision on well water. Sodium silicate gave good treatment, in
sharp contrast with polyphosphates which yielded poor treatment and/or
objectionable turbidity. In the field treatment, the silicate was
diluted 9-fold to provide a 3.2% Si02 feed solution and dosed contin-
uously at 15 mg SiOZ/L. In the field, the iron was held in suspension
for 3 days, only half as long as for comparable laboratory systems.
Significantly, the observation of the Tyndall effect from clear success-
fully-treated waters, suggested that the iron was in fact present as
small particles, perhaps colloidal, rather than in true solution.

Conflicting results were evidenced with regard to the ordering of

chlorination and silicate applications. Henry (46) observed that



chlorine-before-silicate provided the best treatment. This is in
contrast to the findings of F. E. Hale, cited by Henry (46) as a per-
sonal communication. Hale obtained best treatment of groundwater in
Jamaica, New York by applying sodium silicate before chlorine. The
treatment was not implemented in Jamaica, NY because there was an
associated yellow color. It was also found in laboratory tests that
with "activation" of the silicate by bubbling with CO2 prior to dilu-
tion, the treatment was ~ 100% more effective (46). However, this
modification was not field-tested.

Dart and Foley (5, 6) of the Ontario Ministry of Environment
examined iron treatment problems in Ontario, Canada. It was noticed
that groundwaters high in silica (30-40 mg SiOZ/L) were resistant to
conventional iron treatment, but that in systems with 0.3-10 mg Fe/L
and high silica, there were few "red water" complaints although the
iron had not been removed satisfactorily. Based on this experience as
well as Henry's (46) and Hazel's (42), it was decided to explore the
silicate-chlorine treatment procedure as a means of bypassing the
filtration needs for waters with low levels of iron (5, 6).

Initial laboratory evaluations of the chlorine/silicate treatment

44

using 3.22 ratio sodium silicate yielded the following conclusions (5):

1. Higher pH favored silicate stabilization of iron, a pH
of > 7.5 was best.

2. Silica-to-iron requirements were not linear. Higher
iron concentrations required increasingly higher silica
doses for stabilization.

3. Hardness increased silica requirements.
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4, Fresh concentrated silicate was more effective than
dilute or "activated" silicate at stabilizing iron.

5. Simultaneous addition of silicate and chlorine provided
the best treatment.

6. Bapid mixing and cold water improved stabilization of

iron.

Based on successful laboratory results the procedure was tested on
four municipal water systems. The chemical composition of the raw
waters along with critical treatment parameters for these four systems
are presented in Table 1. These water systems were all low-iron systems
three of them having < 0.7 mg Fe/L and the other, Gravenhurst, 1.45 mg
Fe/L. The pH levels were neutral or slightly above. Gravenhurst was a
soft water system while the other three provided medium hardness waters.
In all instances about 2/3 of the hardness was calcium hardness.
Background silicate concentrations ranges from 15 to 20 mg SiOz/L.
Silicate feed was at or near full strength in the three instances (all
except Gravenhurst) for which the requisite information was given.
Satisfactory treatment was achieved with Tow in-stream silicate addi-
tions of 2.7 to 6 mg SiOz/L. An important prerequisite for successful
treatment was considered to be total and immediate oxidation of all
iron at the point of silicate application.

Subsequently laboratory tests of the iron filterability in response
to 3.22 ratio silicate treatments using a filter of asbestos fibers
matted in a Gooch crucible, were performed. Results showed that for
each of the three waters tested there was a plateau of low iron filter-

ability followed by an abrupt and significant increase in filterability
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at a certain threshold silicate dose. For the one instance where a

direct comparison could be made, i.e., for Markham (town) water, the
threshold dose observed in the laboratory, ~7 mg SiOZ/L, was significant-
ly Tower than the dose needed to achieve satisfactory treatment in the
field, 2.7 mg SiOZ/L. In other laboratory experiments it was also

noted that the more alkaline oxidants had lower silicate requirements.
Thus, hypochlorite chlorination required the least, hydrogen peroxide
somewhat more, and gaseous chlorine chlorination of the greatest amount of
silicate for iron stabilization (5).

The success of the silicate treatment in the stabilization of
filterable iron was hypothesized by Dart and Foley to be due to the
formation of the silicate iron (Felll) complex, FeSiO(OH)32+, which
prevented or at least inhibited the polymerization of ferric iron into
iron flocs. In support of that contention Dart and Foley (5) provided
calculations to show that at pH 7.5, orthosilicate at ~12 mg SiOZ/L and
iron at ~11 mg Fe/L, the iron would exist primarily almost exclusively
in the complexed form. However, iron precipitates were not considered.
Data provided by subsequent experimentation (6) suggested to Dart and
Foley alternative explanations (to be discussed later) for the observed
phenomena. Significantly, no exact dose formula based on standard
water analyses has yet been provided.

In their later work Dart and Foley (6) extended the silicate-chlorine
treatment to several other communities with the restriction that the
iron content of the waters be < 1.3 mg Fe/L. From all reports the

treatments were successful with maximum in-stream dosage levels of 6.2
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mg SiOZ/L. In the absence of a valid dosage formula on-site jar-tests
were developed and standardized. One percent (1%) sodium hypochlorite
and freshly prepared ~1% 5102 silicate solutions were used in these
tests leading to the requisite dosage. It was observed, as before (5),
that on exceeding a critical level of S1'02 addition the amount of
filter-retained iron dropped abruptly to much lower and usually insigni-
ficant levels (6).

Most importantly, characterization of the stabilized iron was
attempted, using strong and weak base as well as strong and weak acid
resins, as cited below:

1. Anion exchange resins

a. Chloride form

1. strong base (Nalcite SBR)
2. weak base (NC-2077-1)

b. Hydroxyl form

1. strong base (Nalcite SBR)
2. weak base (NC-2077-1)

2. Cation exchange resins
a. Sodium form
1. strong acid (Permutit Q)
b. Hydrogen form
1. strong acid (Permutit Q)
2. weak acid (Nalcite CCR-2)
Quantitative removal of all of the stablized iron was obtained with
each of the anionic exchange resins tested. In contrast, simultaneously

quantitative silica removal was observed consistently on only the
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strong base and the weak base resin in the hydroxyl form. Only one of
the seven tests on chloride-form resins provided anything approaching
quantitative (98%) silica removal. Iron removal on cation-exchange
resins was inconsistent and, in general, poor. Silica removal by the
same cation exchange resins was, with the exception of one water, nil.
For the cationic Fe-Si complex proposed earlier by Dart and Foley (5),
quantitative removal of Fe and of Si by a cation exchange resin would
be expected.

However, these results suggest that the iron in the treated waters
was consistently in the anionic form regardless of the contribution of
the silicate to the complex. Furthermore, and perhaps significantly,
silica removal on the OH-form resins for which the effluent pH was >11,
was quantitative, whereas removal by the Cl-form with effluent pH
8.5-9.4 resin was poor. For the one water providing quantitative
removal on the C1 -form weak base resin the effluent pH was pH 9.8 A1l
of this, together with the fact that the pKa of silic acid is 9.5-9.8
(depending on the source) (10), suggests that the silica may be retained
by the resins in the silicate ion form, unassociated with iron.
However, all previous evidence indicates that it is the combination of
silicate in some form and the iron together that produces the stabilized
form of iron. Thus, it would appear that the resin experiments (6)
produced questionable results, and perhaps there is a reaction occurring
at the surface of the resin that splits the stabilizing complex into

its Fe and Si components.
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In this regard, Dart and Foley (6) also observed, in filtration
experiments, that when silicate-stabilized iron contacted precipitated
iron (hydrous ferric oxide) retained by the filter the stabilized iron
was removed from solution, i.e., negating the effect of the silicate.
Conceivably, a similar mechanism may have been responsible for the
conflicting ion exchange results presented above.

Nevertheless, Dart and Foley (6) offered a mechanism for the role
of the silicate on the stabilization of iron. They invoked the inter-
vention of monovalent orthosilicate anion in the normal iron polymeriza-
tion by suppression of positive catalysts, such as dihydroxyl ferric
ion. Their suggested sequence of reactions in the absence of silicate

was as follows:

Fe(OH)2-4H20+ + Fe(OH)4'2H20- > (OH)ZFe-O-Fe(OH)2~6H20 +

H20 34

(HO) ,Fe-0-Fe(0OH),+6H,0 + H - (OH) JFe-0-Fe(OH)-7H o 35
2 2 72 2 2

(H0)2Fe-0-Fe(0H)-7H20+ + Fe(OH),-2H,0" »

(OH)2Fe-0-Fe(0H)-0-Fe(0H)2-9H20 + HZO 36

However in the presence of orthosilicate anion the resultant reaction

was hypothesized to be:
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Fe(OH)2~4H20+ + H3S1'04-2H20- +0H - Fe(0H) 4051 (O0H) 5 -

5H20 + H20 37

They also recognized the silicate-iron complex as a metastable state.
Detracting from the theory of Dart and Foley (6) is the fact that

at pH 7 and 8, the pH of most of treated waters, orthosilicate anion

provides a very small fraction of the added silicate (pKa H4S1'04 =

9.5-9.8). Also, several critical questions regarding their results

remain unaddressed, such as:
1. Why were freshly prepared 3.22 silicate dilutions more
effective at iron-stabilization than the silicate, pre-
sumably orthosilicate, negative to the untreated waters?

2. Why were freshly prepared silicate dilutions more effec-
tive than aged ones?

3. Why were undiluted or only moderate (e.g., 1/50) dilu-
tion of 3.22 silicate concentrate more effective in
treatment than more dilute silicate “solutions"?

4. Why does the Ca2+ ion increase the S$i0, dose required
for iron stabilization although it forﬁs neither strong
complexes nor insoluble precipitates with silicate?

These and other questions will be addressed in the experimental research
to be reported in this investigation.

In their earlier work Dart and Foley (5) found that hardness
increased the silicate dose required for iron stabilization. More
recently, Dart (47), went further to state that because silicate
is inactivated by calcium and magnesium ions, hard water cannot be

dosed with silicate prior to oxidation of the iron unless the total

silica in the treated water exceeds the total hardness equivalents
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available. This would leave some silicate free for combination with

the iron. Dart (47) provided a dosage formula:

mg SiOz/L addition = [(total CaCO,hardness)* 0.6 + 1.07*

3

(mg/L Fe+ Mn)] - [(mg/L Si0, of raw H20)] 38

2

This formula was recommended for waters of hardness < 30-40 mg/1 CaCO3

and iron < 10 mg/L Fe. Holden (48) examined the effect of calcium ions

" on iron treatment with 3.22 ratio sodium silicate and could find no

simple stochiometric rule for determining the necessary silica dosage

in the presence of calcium. Furthermore, the literature provides no
evidence of a strong calcium-silicate interaction. Spectulation suggests
perhaps a double-layer counterion effect due t the calcium ijons.

However, the need for further experimentation to clarify the role of
calcium (and magnesium) in the silicate treatment of iron is obvious.
Other results of Holden (48), indicated that in contrast with calcium
which increased the necessary sodium silicate dosage for iron stabiliza-
tion, sodium, chloride, sulfate, and bicarbonate had much smaller

effects and did not increase silicate dosage significantly.



ITI. METHODS AND MATERIALS

Kinetic Characterization of Silicate Solutions

Silicate solutions to be used in the treatment of iron systems
were characterized in terms of their distribution of nomeric and poly-
meric silica species. This characterization was effected indirectly by
quantifying the rates of reaction with molybdic acid of monomeric
silica whether present in the original solution or resulting from the
subsequent depolymerization of more complex forms of silica. The
procedure was carried out according to the method of 0'Connor (31).
The molybdic acid reagent as described by Alexander (35) was prepared
by combining 40 m1 of ammonium molybdate solution (10 g/100 ml1) with
100 m1 of 1IN H,50, and making the combined solution up to 1 liter.
This molybdic acid reacted with monomeric silica to produce B-silicomolyb-
date initially (49). An aliquant of appropriately aged silicate solution,
10 pt to 5 ml, was added to a dry 400 ml1 glass beaker, 200 ml of molybdic
acid added rapidly to the beaker and the mixture well-agitated by a
magnetic stirrer. After two minutes of mixing, a portion was trans-
ferred to a 1 cm quartz cell and the rate of color development at 400
nm measured on a Perkin-Elmer Hitachi 200 double-beam spectrophotometer
fér a period sufficient to allow full color development. Experiments
were conducted at 21 and 25°C. Duplicate samples of the B-silicomolyb-
date formed in each experiment were heated in capped linear polyethylene
(LPE) bottles at > 90°C for > 3 hr, sufficient for complete conversion

to a-silicomolybdate. Because B-silicomolybdate converts spontaneously

to a-silicomolybdate, this latter measurement with extended heating is
54
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necessary, along with the ratio of extinction coefficients for the two
species, to calculate the optical density of B-silicomolybdate corres-
ponding to the total amount of S1°02 present. The ratio of extinction
coefficients for B- as compared with a-silicomolybdate is 1.77 at 400
nm (31).

Mathematical analysis of the pattern of color development allowed
derivation of coefficients indicative of the degree of silica polymer-
ization as well as of the proportion silica in the polymerized form. A

measure of the color development is given by:

0.435K1 -Klt
% color developed = - 0.565 Poe +
K - K
o 1
K t
0.435 |100 - P (? + Kl ) e ° +56.5 27
O S ——
K -K
o 1
where
K1 = the rate constant for the formation of B-silicomolybdate
complex from depolymerization of polysilicate,
Po = the initial level of polysilicate,
Ko = the rate constant for the spontaneous conversion of

B-silicomolybdate to the less color absorbent a-
silicomolybdate complex

An index of the ¥ S1’02 remaining uncomplexed by molybdic acid is given

by (31):

100(ODT - ODt)/ODT = 100 - % color developed 39
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where
ODt = the optical density of the solution at time t, and 0D
is the total optical density of the B-silicomolybdate
complex corresponding to the total amount of SiO2
present.
Analysis of experimental data for the % 51'02 remaining uncomplexed by
molybdic acid, by means of NLIN a nonlinear regression program (50)

using fixed values for Ko’ allowed estimation of values for K, and Po‘

1

Silicate Dilutions

Four different commercial silicate solutions produced by the
Philadelphia Quartz Corporation, i.e., S35, N, Star, and Starso, with
molar Si02/Na20 ratios of 3.75, 3.22, 2.50, and 1.80, respectively,
were used in this investigation. The properties of these silicates are
presented in Table 2. In addition to the undiluted silicate solutions
themselves, four dilutions of each -- 1/10, 1/50, 1/100, and 1/500,
were tested routinely. One dilution of 1/25 of the N silicate was used
for one experiment. Dilutions were prepared by dispensing 1.0 or 2.0
mL of the undiluted solution by means of a gas-tight syringe (Hamilton
Gastight #1005) into an appropriately-sized volumetric flask and made
up to volume, with mixing, with freshly deaerated, deionized distilled
water. A positive displacement syringe, as opposed to the more commonly
used gravity-drained volumetric pipettes, was needed for the accurate
dispensation of the undiluted silicate solutions which were viscous and
dried rapidly upon exposure to the atmosphere. The dilutions were aged

for 10 min or 24 hr as appropriate for the designated experiments

regarding rate of reaction and/or iron filterability.




Table 2.

Properties of Liquid Silicates Used in

Investigations (26)

57

Weight Ratio

Product Name $i0,/Na,0 Si0,, Content Densi&ya pH
2" T2 2
% g/cm
S35 3.75 25.3 1.31 11.1
N 3.22 28.7 1.38 11.3
Star 2.50 26.5 1.40 11.9
Starso 1.80 24.1 1.43 12.9
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Iron Filterability (<0.1 um)

In each of these experiments a standard model groundwater was pre-
pared having a pH of 7.0, dissolved oxygen (D0O) ~ 0 mg/L, iron as Fe2+
3 added as NaHC03.
Experimental variables included forms and amounts of silicate added, pH

at ~ 2 mg/L, and an alkalinity of 150 mg/L as CaCO

control/no control, mixing regimes at silicate dosing, and the lag

between silicate and hypochlorite additions. Silicate doses ranged from 8
to 14 mg SiOZ/L. Experiments were conducted in a constant temperature
room at 20-21°C.

Preparation and treatment of the standard model groundwater was as
follows: 1. 22 Titer of deionized distilled water (turbidity < 0.08
NTU, specific conductance < 1 uS) were collected in an acid-washed
Nalgene carboy modified to have a spigot at the base; 2. this water
was chilled to 20-21°C in the constant temperature room for 18-24 hr;

3. the water was sparged with filtered (< 0.45 pum), prepurified nitro-
gen (99.999% NZ) gas at ~ 3 L/min to reduce the DO to < 0.1 mg/1; 4.

dry sodium bicarbonate, dissolved rapidly in a small volume of deaerated
water was added to the bulk of the water to provide an alkalinity of

150 mg/L as CaCOB; 5. the pH of the water (8.6-8.7) was then adjusted
to pH 7.0 by adding CO2 to the N2 continuously sparging the model
groundwater; 6. dry ferrous chloride, FeC12°xH20, was dissolved rapidly
in about 100 mL of deaerated water taken from the carboy and then added
to the remainder of the model groundwater; 7. the solution was allowed

to equilibrate for 15 min while mixing was provided by the vigorous
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sparging of the N2-C02 gas mixture with the DO and pH being monitored
continously; 8. Samples for the measurement of turbidity were taken;
9. model groundwater was dispensed via the spigot at the base of the
elevated reservoir (carboy) into a 2 liter LPE bottle under the same

anaerobic N2-C02 atmosphere used for sparging. All sampling and dosing

for the 2 liter bottles were conducted under an Nz:ggzatmosphere except

when there was no pH control; 10. a 10 mL sample was taken from the 2

Titer bottle for Fe2+ analysis; 11. the solution in the 2 L bottle was
dosed with silicate and sodium hypochlorite as follows: a) silicate
was added rapidly to quiescent model groundwater; (b) at time, t = 0,
i.e., when all of the silicate was added, the solution was mixed vigor-
ously for 15 seconds with the stirrer set at maximum (velocity gradient,
G = 5900 sec-l); c) at t = 15 sec, 15 seconds of no active mixing was
initiated; d) at t = 30 sec 7 m1 of 0.1% sodium hypochlorite solution
were added: 3) at t = 40 sec, 45 seconds of vigorous mixing at maximum
stirring rate were initiated; 12. post-dosage samples were then drawn
for turbidity, total iron and filterable iron analyses. The withdrawal
of each sample for iron analysis was preceded by 15 seconds of mixing
at maximum stirrer rate; for filterable iron the filtrate from passing
sample through a 0.1 pm cellulose Micro Filtration Systems (MFS) mem-
brane was used; 13. pH and DO were then measured on the dosed system
and samples taken for the measurement of free chlorine (100 mL) and
alkalinity (100 mL); 14. the head space of the dosed bottle was then
filled with N -C02 mixture, the bottle capped and put in the shaker;

2
15. steps 8 through 14 were repeated for each treatment.



On days 1, 3, 5, 7, and 10, samples were taken routinely for the

measurement of turbidity, total iron, and filterable iron. The pH was
measured directly on the solution/suspension before and after the
mixing associated with the sampling which was as follows: 1. 30
seconds at the maximum mixing setting; 2. 10 seconds at a setting of
4; 3. withdrawal of sample for turbidity analysis; 4. 10 seconds of
mixing at a setting of 10; 5. withdrawal of sample for filterable
iron; 6. 10 seconds of mixing at 10; 7. withdrawal of sample for
total iron analysis; 8. if appropriate, fill bottle headspace with
N2-C02 mixture and return bottle to shaker for continued shaking at 1
rpm. Where pH control was maintained, it was effected by performing
all mixing and sampling under an N2-C02 mixture appropriate for a pH of
7.0 in the solution/suspension and then filling the headspace with the

same N2-C02 mixture for the intervening periods.

Iron Filterability (Ultrafiltration)

Samples for ultrafiltration were prefiltered through a 0.1 pm MFS
cellulose nitrate membrane filter to reduce potential clogging problems
with the ultrafiltration membranes. The resultant filtrate was then
passed through either a 1000 molecular weight (MW) cut off or a 200,000
MW cutoff MFS ultrafiltration membrane. The 1000 MW cut off membrane
system was run under a pressure of 55 psig, whereas for the 200,000 MW
cut off system a pressure only slightly greater than atmospheric was
sufficient to provide adequate filtrate flow. Immediately before

ultrafiltration the prefiltered solution to be processed was made 0.1M
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in NaCl with dry salt, to reduce polarization effects. The volume of
solution for processing was initially ~ 60 mL for each unit; ~ 5 mL
were used to rinse the insides of the ultrafiltration unit, the first 5
mL of ultrafiltrate were discarded, the next 25 mL saved for analysis
and the remaining retentate discarded. Ultrafiltration membranes were
soaked for at least 25 hr in ~ 0.01IN H,S0,, then for 10-15 min in
deionized distilled water and then finally, flushed with deionized
distilled water (~10 mL and ~ 90 mL for the 1000 MW cut off and the

2000,000 MW cut off membrances, respectively) prior to sample pro-

cessing.

Transmission Electron Microscopy

A transmission electron miscroscopy (TEM) investigation of formvar
(polyvinylformate)-coated copper grids plated with particulates produced
by the silicate-hypochlorite treatment was conducted. The particulates
were examined at 100 KV in bright field (BF) and by selected area
electron diffraction (SAD) using a Philips Model No. EM300. The camera
constant for selected area diffraction pattern (SAD) analysis was
calibrated using an aluminum diffraction standard. Identification of
crystal]ine particles was effected using a PDP-11/34 computer (RSX-11M
operating system), equipped with software for analyses of particles/
phases having known d-spacings. The program DSPACE was employed and
required initial inputs including the d-spacing for the sample, the

maximum acceptable error in the diffracted (transmitted) radiation

angle, minimum intensity of lines, and the data base to be searched for
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comparisons. Supplementary inputs included the elements that were
required to be in the sample (Fe, 02, H2) and optional elements (Si,
Na). The output from DSPACE was processed through another program,
CARD, which printed out the names and d-spacing of the matched com-
pounds determined by DSPACE.

The deposition of particulates on the forvmar-coated grids was
accomplished as follows. The grid was placed in a circular recessed
area machined into the transverse face of cylindrical carbon stub (1 x
X 0.25 in) retained in place by a thin steel wire wrapped vertically
around the stub in a single strand. The stub, with the grid gacing
upward, was then placed in a glass centrifuge tube which was then
filled with the test fluid (suspension). The tube (along with others
similarly prepared) was then centrifuged at 2700 rpm and for 30 min.
The grid was then elutriated gently in situ three times with freshly

deionized distilled water and then dried at room temperature.

Routine Chemical Analyses

Solution/suspension pH values were measured after equilibration
for > 1 min, with a combination glass electrode using an Orion Model
407-A Ionanalizer. Turbidities were measured on a Hach 2100A turbidi-
meter after ~ 1 min equilibration. Total iron was determined on acidi-
fied filtered or unfiltered samples by atomic absroption spectrometry
at 248.3 nm primarily on a Perkin-Elmer Model 403 and in the final
stages of the investigation on an Analytical Laboratories Video 12 spec-

trophotometer. Ferrous iron was determined by the method of Stumm and
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Lee (7) using bathophenonthroline which forms a highly-colored complex
with ferrous (Fe2+) but not with ferric (Fe3+) iron. This complex was
extracted from the aqueous system into hexanol and the absorption

measured at 533 nm. Reactive sjlica and total silica were determined

by the formation of silicomolybdate complex followed by the measurement
of absorption at 410 nm (51). For the total silica analysis the color
reaction phase was preceded by digestion at ~100°C in the presence of

excess bicarbonate. Total silica was also measured using the Video 12
absorption spectrophotometer at 251.6 nm. Alkalinities were determined

by potentiometric titration (51). Free chlorine was measured by the N,

N - diethyl-p-phenylenediamine (DPD) method (51) as modified by Hach (52)

for rapid field determinations. Dissolved oxygen (DO) concentrations

were monitored with a Yellow Springs Instrument Company Model 54 meter
using a submersible polarographic probe. Samples for iron analysis by
atomic absorption spectrophotometry were acidified routinely to < pH 2

with ultrapure concentrated nitric acid as recommended by the USEPA (53).

Statistical Analysis

The experimental iron filterability data were transformed and
grouped in accordance with data availability and desired goals, and
then examined by multiple linear regression analysis by the Statistical
Analysis systems (SAS) (50) general linear models (GLM) package. In
the first data grouping which included only those filterability experi-
ments involving dilution of 3.22 ratio silicate, the dependent variable

was t50, the time taken for the filterability to decrease to 50%, and
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the independent variables were silica dose, and the silicate reactivity
coefficients K1 and PO. For both of the other two data groupings, the
dependent variable was ¥ iron filterability and the independent vari-
ables time, silica dose, K1 and PO' However, while one grouping
included only undiluted silicate treatments for all of the four
silicate types used, the other grouping was restricted to data from
experiments with the various dilutions of the 3.22 ratio silicate.

The objective of the statistical analysis was to develop, in each
instance, an equation (model) that would be a good predictor of the

dependent variable. Interpretation of the statistical significance of

the various independent variables in such equations was then used to

generate a mechanism for treatment effectiveness.




IV. RESULTS AND DISCUSSION

The broad objective of this investigation was to establish the
factors controlling the ability of various types of sodium silicates at

different dilution levels to sequester aqueous ferric iron, generated

in situ. Treatment effectiveness was judged primarily by the resultant

iron filterability through a 0.1 pm membrane filter although turbidity
and total iron were also instructive. In addition, for a few selected
instances the iron filterability was evaluated further by means of
ultrafiltration. Furthermore, to assist in understanding the mechanisms
controlling their performance, the various silicate solutions were also
characterized in terms of their reactivity coefficients with molybdic
acid.

In the discussion to follow, the silicate characterization data
are presented first. These are followed by the analysis of data for
the iron filterability and associated parameters. This format faci-
litated the logical incorporation of silicate characteristics into the

discussion of associated iron filterability patterns.

Silicate Characterization

Four types of commercial sodium silicate solutions were examined.
These silicates were identifiable by their individual SiOz/NaZO ratios,
i.e., 3.75, 3.22, 2.50, and 1.80. The corresponding product names and
other relevant properties are presented in Table 2. C(Clearly, these
dense, viscous, concentrated, alkaline "solutions" would require special

care in handling if used in the undiluted form. Of special importance

65




66

was the fact that higher SiOz/NaZO ratio silicates show higher levels
of silica polymerization (21). Earlier evidence suggested that sili-
cate dilution (6, 48) and silicate SiOz/NaZO ratios (42) likely played
a significant role in the effectiveness of silicates in maintaining
iron filterability (6, 48) or dispersing iron oxide sols (42). As
a result, at the outset of this investigation, the level of silica
polymerization in the feed silicate solutions was hypothesized as the
key element in treatment success. The level of silica polymerization
was varied by two methods: (1) by using different types of sodium
silicates to provide a range of SiOZ/NaZO ratios as given in Table 2,
and (2) by varying the silicate concentration of the feed stock (or
dilution of the original concentrate) used for dosing, viz., undiluted
concentrate, and 1/10, 1/50, 1/100, and 1/500 dilutions of the concen-
trate. If the chemical nature of the silica in these different silicate
solutions could be readily determined, then the mechanism by which they
effect iron sequestration could be ascertained with more certainty.
Characterization of the silicate solutions was based on the analy-
sis of the rate of color development (absorbance) at 400 nm produced by
the reaction of the silicate solution with molybdic acid (31), in
accordance with equation 27 discussed earlier. Typical absorbance data
‘necessary for the mathematical analysis are provided in Figure 3 and
Tables Al - A4, for undiluted silicates with Si02/Na20 ratios, herein-
after also referred to as m-ratios, of 3.75, 3.22, 2.50, and 1.80,

respectively. It was clear from the figure that these silicates,

although dosed at similar final in-beaker concentrations of 17 to 20 mg
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Figure 3. Optical Density vs. Time for the Reaction of
Molybdic Acid with Undiluted 1.8, 2.5, 3.22,

and 3.75 Ratio Sodium Silicates at 25-26°C.
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SiOZ/L, each exhibited its own distinct pattern of color development
with time. The rate of approach to maximum optical density decreased
with increasing m-ratios. Because molybdic acid reacts only with the
monomeric silica, this pattern was indicative of the increasing silica
polymerization with increasing m-ratios (31). Higher polymers depoly-
merize more slowly than the lower ones.
Transformation of the raw optical density data to give the pattern

of change of percent unreacted silica with time was done by use of the

formula (31):

% unreacted 5102 = 100 (ODT - ODt)/ODT 40
where

ODt = optical density at time t

ODT = maximum optical density for total silicate as

B-silicomolybdate.

These data for the undiluted silicates with m-ratios of 3.75, 3.22,
2.50 and 1.80 are included in Tables Al - A4, respectively, and plotted
in Figure 4. Predictably, the rate of decrease of the percentage of
unreacted silica was most rapid and slowest for the silicates with
m-ratios 1.80 and 3.75, respectively. The development of characteris-
tic coefficients from the data in Figure 4 was done in accordance with

the equation (31):

0.435K i
o - 0.565 Pt 4
o K

% color developed =

0.435 [100-P, (} + Ky ) e Kot + 56.5
Ko = Ky

27
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where
K1 = the rate constant for the formation of B-silico-
molybdate complex from depolymerization of polysili-
cate,
P0 = the initial level of polysilicate,
K0 = the rate constant for the spontaneous conversion

of B-silicomolybdate to the less color absorbent a-
silicomolybdate complex.

The percentage of unreacted silica is given by:
% unreacted silica = 100 - % color developed 41

Equations 40 and 41 only approximate the amount of silica remaining
unreacted or uncomplexed because of the continuous conversion of B- to
a-silicomolybdate complex, which has a lower extinction coefficient,
and P

1 0
were derived from the system of analysis used, because of the inclusion

as discussed earlier (31). Nonetheless, valid vaues for K

of K0 in equation 27 to correct for the conversion of B- to a-silico-
molybdate. The derived reaction coefficients are presented in Table 3
for the reaction of the undiluted silicates with molybdic acid at
25-26°C. By the technique used, K1 was indicative of the complexity of
the major silica fraction present and P0 indicative of the fraction of
the total silica represented by this polymer.

For the silicates tested the magnitude of K1 increased as the
m-ratio decreased. Thus, K1 increased progressively from 0.012 to
0.133 m1’n_1 as the corresponding m-ratios decreased from 3.75 to 1.80

(Table 3). These results were consistent with earlier findings of Iler
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Table 3. Reaction Coefficients Derived from the Reaction of
Undiluted Sodium Si]icatesawith Molybdic Acid with
Time at 400 nm and 25-26°C

SiOZ/NaZO ) 0
ratio 1 _0
m'in_1 %
3.75 0.012 87.0
3.22 0.016 85.7
2.50 0.045 81.1
1.80 0.133 81.2

a. Ky = 0.00117 min"l for 25°C (31)
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(21). It was reasoned that the rate-limiting step in the color develop-
ment for the reaction of complex silicates with molybdic acid was the
depolymerization of the complex silicates to monosilicic acid (31).
Furthermore, the more complex silicates with more multiple bonding
would depolymerize more slowly than the simpler silicates (31). The
data also showed a positive correlation between the P0 and m-ratio
values, although the values for the 2.50 and 1.80 ratios silicates were
effectively identical. Also included in Figure 4 is a plot for undiluted
silicate with m-ratio = 2.50 at 21°C. The corresponding optical density
data are given in Table A5. As might be expected a comparison of the
traces for the 2.5 ratio silicate at the two temperatures, i.e., 21 and
25°C, showed a faster reaction, i.e., a more rapid decrease, at the
higher temperature. Because the filterability experiments were conduct-
ed at 20-21°C, it was decided to collect most of the silicate-molybdic
acid reactivity data at 21°C. Silicate reactivity data collected at
both temperatures would be useable with validity, provided the data
from each temperature group are applied separately.

Reactivity data were also obtained for the silicate with m-ratio =
3.22 in greater detail. This silicate, also called N silicate (Table
2) is the most commonly used commercial liquid silicate. Moreover, it
is the only silicate, so far, that has been reported as being applied
to the sequestration of iron in water treatment (5, 6, 26). Thus, N

silicate was tested in undiluted form, and as 1/10, 1/50, 1/100 and

1/500 dilutions as well.
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For any given dilution of concentrated silicate, determinants of
the distribution of silicate moieties include the manner of dilution and
the age of the resultant system. The greater the time of aging the
more likely that the distribution of silicate species will be in accor-
dance with an equilibrium system as represented by Figure 2. After
some preliminary testing with solutions aged for 10 minutes and for 24
hours, it was decided to utilize solutions aged for 24 hours, primarily
because it was considered to be in better agreement with the likely
field application conditions. The silicate dilutions were prepared by
diluting the appropriate aliquot of undiluted silicate to the appro-
priate volume with mixing, within a few minutes.

Raw and transformed optical density data for the reaction of
undiluted and four dilutions of 3.22 m-ratio silicates with molybdic
acid, at 21°C are presented in Tables A6 to Al0. The corresponding
semilog plots of percent unreacted silica vs. time, and the derived
reactivity coefficents are presented in Figure 5 and Table 4, respec-
tively. The patterns for the various dilutions were readily disting-
uishable from each other. A qualitative assessment of these patterns,
shown in Figure 5, suggested that as the feed solutions became more
diluted the initial decrease in percent unreacted silica was more rapid,
as was the transition to a flatter plateau. The plot for the undiluted
silicate is truncated at 140 minutes for the convenience of uniform
presentation in the figure; it actually continues decreasing until 340
minutes have elapsed, down to about 9% (Table A6). In the examination

of Figure 5, the reader is reminded that the Y-axis is on a logarithmic
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Table 4. Reaction Coefficients for Dilutions of 3.22 Ratio
Sodium Silicate at ~21°C, and ~14 mg SiOz/L
5102 K0 used K1 P0
Dilution % min-lxlo4 min—lxloz %
undiluted 28.7 2.77 1.19 (13.4%)a 86.5 ($1.2%)
3.02 1.19 (%3.3%) 86.6 (%1.2%)
1/10 2.87 2.77 3.78 (£3.3%) 80.4 (+1.5%) |
3.02 3.79 (£3.2%) 80.4 (£1.5%)
1/50 .574 2.77 3.63 (26.4%) 59.6 (%2.9%)
3.02 3.64 (6.3%) 59.6 (+2.9%)
1/100 . 287 2.77 1.20 (£12.7%) 39.5 (3.05%)
3.02 1.20 (£12.7%) 39.5 (+3.06%)
1/500 .0574 2.77 2.58 ($17.2%) 13.6 (3.8%)
3.02 2.59 (217.2%) 13.6 (3.8%)

a. Number in parentheses is standard deviation as a ¥ of the estimate
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scale and as such, except for the 1/100 dilution, the silica concentra-
tions at which the individual traces plateau are not markedly different
from each other. The anomalous behavior of the 1/100 dilutions is
unexplained at this time. A quantitative assessment of these curves
is represented by the values presented in Table 4. The trends in these
values are better illustrated in Figure 6. The P0 values showed a
significant positive correlation with the concentration of silicate in
the feed solution. This pattern was very similar to that obtained by
0'Connor (31). Notably, the undiluted, and 1/10, 1/50, 1/100 and 1/500
dilutions of the 3.22 ratio silicate provided ¥% Si02 concentrations of
28.7, 2.87, 0.574, 0.287, and 0.0574, respectively, and corresponding
P0 values of 86.6, 80.4, 59.6, 39.5, and 13.6%, respectively. O0'Connor
used 3.3 ratio silicate and obtained P0 values of 65 to 90% for solu-
tions with silica concentrations of 2 to 30%, respectively. These
results all suggested that as the solutions were made more dilute there
was an associated decrease in the proportion of silica in a polymeric
form (as indicated by P0 values).

In contrast, the relationship between derived K1 values and the
S1'02 concentration was not nearly as clear. Figure 6 showed a dis-

tinctly parabolic relationship between K, and log %Si0. values with a

1 2

maximum occurring at about 1.8% Si0 This concentration corresponded

2
to about a 60/100 dilution of the 3.22 ratio silicate. 0'Connor ob-

served a monotonic increase in K1 values as the 3.3 ratio silicate was

diluted from 30 to 2% 5102. This pattern corresponded well with the

results presented here for 3.22 ratio silicate for similar silica
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concentrations. However, for the current investigation three of the
test concentrations (corresponding to 1/50, 1/100, and 1/500 dilutions),
occurred significantly below the lowest concentration tested by 0'Connor
(31).

Currently, it is unclear as to the extent to which the decrease in
K1 at greater dilutions (lower concentrations) is real or due to arti-
facts attributable to our method of curve analysis. It was observed
that as the traces (Figure 5) showed increasing curvature with increas-
ing dilution, the NLIN curve-fitting program (50) experienced greater
difficulty in regenerating (predicting) the early limb of the individual
curves. This inadequacy produced increasing errors in the derived
parameter values (Table 4), and probably also greater inaccuracies in
K1 as well. Nonetheless, these values for K1 and P0 will be used in
the interpretation of the iron filterability data, with due allowance
for error. Although the other silicates with m-ratios 3.75, 2.5, and
1.8, were not examined in as great detail, it is logical to expect that
similar patterns of P0 and perhaps K1 would prevail for the same com-
bination of dilutions.

Thus, on the basis of the silicate-molybdic acid reactivity analy-
ses, the following conclusions will be carried forward to the next
section on iron filterability: (1) higher ratio silicates exhibit a
higher level of silica polymerization as reflected in K1 and P0 values;
(2) for a given ratio silicate, greater dilutions produce lower levels

of silica polymerization in the resultant "solutions'. These ideas

will be examined quantitatively for the various silicate systems, in

accordance with the data at hand.
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Iron Filterability

The primary objective of this investigation was to examine the
fundamentals of the treatment process with a focus on the role of silica
polymerization in selected stock silicate "solutions" in effecting the
stabilization of aqueous iron. In the standardized test system, ferrous
iron at 2 mg/L, present in a water with alkalinity at 150 mg/L as CaCO3
added as NaHC03, was treated by sodium hypochlorite and sodium silicate
to sequester the iron. Because at pH levels near or above neutrality
hypochlorite oxidizes ferrous iron almost instantaneously (54), it was
assumed that upon addition of excess hypochlorite, under the prevailing
experimental conditions here, the iron present initially as ferrous was
converted rapidly and completely to ferric iron.

Testing the various hypotheses for this investigation required
that, initially, essentially all of the iron present be in the ferrous
form. For example, to determine the importance of the sequencing of
oxidation of the ferrous iron and the introduction of the sodium sili-
cate, all of the iron needed to be in the ferrous form initially.
Furthermore, if it were found (as was in fact the case) that the sili-
cate needed to be added before iron oxidation, then it would always be
necessary that the iron be completely in the ferrous form, for good
treatment effectiveness by the silicate application technique.

Accordingly, testing for ferrous iron at the time of treatment was
a critical part of this investigation. The results of ferrous iron
testing are presented in Table 5. These values represented averages

for samples taken either (1) before and after all treatments as a
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Table 5. Fraction of Total Iron Present as Ferrous Iron at the
Start of Individual Treatments within Various

Experiments
Experiment Fraction of total iron present as ferrous
No. Description Average Coefficient of Variation
% %
I1  Lag-time 96 1.2
III No pH control testing 39 1.6
V pH control/no control
testing 95 0.85
VI Silica dose optimization 96 1.5
X Dilution effects 3.22 and
3.75 silicates 94 2.0
XI Dilution effects 3.75 and
2.5 silicates 94 1.6
XII Dilution effects 2.5 and
1.5 silicates 96 2.0
XIII Ultrafiltration 99 0.76

a. For this experiment three samples were taken before the application
of the first treatment and three more at the application of the last
treatment.
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group, as was the case for the lag-time experiments or (2) immediately
after the transfer of water for each bottle (treatment), as for the
remainder of the experiments. Thus, one way or the other, there was at
least one ferrous iron value for each test treatment (2 liter bottle).
The average fractions of the total iron as ferrous iron ranged from 94
to 99%, and the coefficient of variation, a measure of the variability
among individual values, ranged from 0.76 to 2.0% (Table 5). These
results verify that, for all of the experiments in this investigation,
the iron was present substantially in the ferrous form for the initia-
tion of each of the applied treatments.

For the development of a standardized testing system that would
best reveal differences in the effectiveness of the primary target com-
parisons, some preliminary testing was done. Accordingly, early test-
ing examined of the effect of (1) experimental mixing/dosing condi-
tions, and (2) control of the pre-and post-treatment pH levels.

In general, for this investigation the primary indicator of treat-
ment success was the level of iron filterability (<0.1 um) achieved,
higher filterabilities being preferable. Measurements of the other
routinely measured parameters--turbidity, pH, and total iron, provided
corroborative evidence/explanations or the controls necessary for the
interpretation of the observed iron filterability patterns with time.

In the presentation of the data for each of the iron filterability
experiments, the full details are provided in tabular form. This is in
contrast with the corresponding figures in which only selected repre-

sentative data are plotted where the inclusion of all of the data would

produce a crowded confusing picture.
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Lag-Time Effects

The effects of the lag-time, i.e., the time elapsed between the
sodium silicate and sodium hypochlorite additions, were investigated by
varying this experimental condition all the way from adding the hypo-
chlorite two minutes ahead of the silicate, to adding the hypochiorite
2% minutes after the silicate addition. The results are presented for
iron filterability, turbidity, pH, and total iron in Figures 7,8,9, and
10, respectively, and also in Table 6. In each instance the silicate
was added in undiluted form and the pH was uncontrolled.

Figure 7 showed that the optimal treatment sequence was--addition
of silicate ahead of hypochlorite with a lag-time of 15 to 150
seconds--,as evidenced by the associated iron filterabilities of 95 to
100%. In sharp contrast, where the hypochlorite was added before the
silicate, the iron filterability was essentially zero from the time of
initial combination of reactants. Adding the silicate and hypochlorite
simultaneously was less than optimal, and that occurrence was readily
explained by an examination of the prevailing mixing conditions. The
volume of undiluted viscous sodium silicate needed to provide the
desired dosage was a very small, ~0.05 mL, as contrasted with the ~7 mL
of 0.1% sodium hypochlorite solution, and both were combined into a
treatment volume of 2L. Consequently, for the simultaneous addition of
hypochlorite and silicate, the hypochlorite, i.e., the oxidant, was
effectively mixed in before the silicate. The resultant reduced iron

filterability was consistent with the finding for the other instance

where hypochlorite was added before the silicate.
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The implications of the results from the iron filterability tests
were corroborated by the result for the turbidity studies (Figure 8,
Table 6). For consistent experimental conditions, higher turbidities
were associated, broadly, with lower filterabilities. Accordingly,
based on turbidities, the optimal treatment sequence was----addition of
silicate ahead of hypochlorite with a lag of 15 of 150 seconds. The
higher turbidities for the simultaneous silicate and hypochlorite
addition (>0.30 NTU) and for the addition of hypochlorite ahead of the
silicate (1.3 NTU) were consistent with the lower iron filterabilities.

Figure 9 showed that over the duration of the experiment there was
a progressive increase in pH from ~7.0 to ~8.0, and also that there
were no significant differences in pH among the various treatments.
The increase in pH with time was attributable to the gradual equilibra-
tion of the treatment systems, for which the alkalinity is due in major
part to "carbonate", with atmospheric carbon dioxide (COZ)' The biggest
difference in hydrogen ion concentration amoung the treatments occurred
initially, where the pH values ranged from 7.0 to 7.1. The similari-
ties in pH values and in trends among the treatments indicated that the
observed differences in iron filterabilities were not pH effects.
Similarly, the constancy of total iron values among treatments and over
the duration of the experiment (Figure 10, Table 6), eliminated vari-
ability of total iron concentrations as a determinant of the observed
variability in iron filterability values among treatments.

These results from the lag-time experiment demonstrated the in-
ability or at least the reduced ability of silicate to intervene in the

growth of ferric hydrolysis product particles unless the silicate was
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already present when the ferric iron was formed. These conclusions
agree in large part with the findings of Dart and Foley (5). For
successful iron sequestration, they found that the optimal application
of silicate always proved to be near-simultaneous with chlorination
(oxidation), and that lower efficiencies commenced at plus or minus 15
seconds from the time of iron oxidation. However, these results were
in sharp contrast with those of Henry (46) who obtained best iron
stabilization when chlorination was applied before the sodium silicate
treatment. Henry (46) also found that polyphosphate needed to be
applied ahead of chlorination for satisfactory iron stabilization.
There was no obvious explanation for these differences. However, it
may have been due to (1) the presence of extraneous constituents in the
natural waters tested, or to (2) peculiarities of his test system which
used sedimentation out of the top two inches of water, rather than

filtration, to examine for iron sequestration.

pH Control/No Control Effects with Silicate Dilutions

The pH of the system has been found to play a significant role in
the success of the treatment. Thus, reduced silica dosages for satis-
factory treatment have been observed at higher pH levels (>7.5) (5).
Also, pH controls the speciation of treatment chemicals as well as
being a critical design parameter for many chemical treatment systems.
For these reasons, pH was selected as a test variable in this inves-
tigation. Furthermore, to broaden the applicability of the pH testing,

silicate dosage, and dilution in the stock feed solution were also

included as associated experimental variables.
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Attempts to establish useful experimental conditions led initially
to the examination of several variables including pH, dilution of sili-
cate in stock feed solutions and mixing conditions. For both the con-
trolled and uncontrolled pH systems, the initial pH was 7.0. However,
for the uncontrolled system with the equilibration of with atmospheric
C02, as favored by the periodic mechanical mixing at sampling, the pH
gradually drifted upwards. In contrast, for the controlled pH system
the pH was returned to 7.0 at each sampling, as described in the Methods
and Materials section. Figures 11,12,13, and 14, and Table 7, show
the effect of stock feed solution dilution on iron filterability, total

iron, turbidity and pH, in the absence of pH control. Iron filterability

was essentially 100% for the undiluted silicate and the low dilution
(1/10 and 1/50) stock feed solutions. The 1/500 dilution system was
unfilterable from the earliest measurements at time zero. The 1/100
dilution system was initially filterable (80%) but this value decreased
within the first day to zero. However, the 1/100 dilution was applied
at a dosage of ~4.9 mg SiOz/L, while the remaining dilutions were
applied each at about 10 mg SiOz/L. The pH results (Figure 12) showed
a general upward trend with time, attributable, as before, to a gradual

equilibration with atmospheric CO The values were bracketed by the

2
"plots” for the 1/10 and 1/50 dilution systems on the low side and by
the undiluted system on the high side. The 1/100 and 1/500 dilution
systems exhibited intermediate pH values that were quite similar to
those of the undiluted silicate system. Differences in system pH

values among treatments did not explain (contribute significantly to)

the observed differences in filterability. Higher pH levels favored
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increased iron filterability according to Dart and Foley (5) and yet
the 1/500 dilution system, despite its higher pH levels, showed sig-
nificantly lower Fe filterabilities than the 1/10 and 1/50 dilution

systems which showed higher pH values.

The turbidity patterns (Figure 13) corroborated the iron filter-
ability results, higher turbidities being associated, grossly, with
lower filterability. Accordingly, the turbidities for the undiluted,
1/10 and 1/50 systems were similar and low (0.11 to 0.23 NTU) whereas
for the 1/100 and 1/500 dilution systems the turbidities were substan-
tially higher (0.53 to 0.84 NTU). Constancy in the total iron patterns
eliminated this parameter as a factor causing the observed differences
among treatments (Figure 14).

Overall, these results showed that, under uncontrolied pH condi-
tions the higher dilution (more dilute) stock silicate solutions were
less effective than the lower ones (more concentrated) at maintaining
significant iron filterability. It is l1ikely that for some dosage
lower than 10 mg SiOz/L, a difference in iron filterability would be
observed among the undiluted, 1/10 and 1/50 dilution systems, under
conditions otherwise similar to those prevailing for Figures 11, 12,
13,and 14.

The next experiment provided a comparison of varying silicate
dilution systems, under controlled and uncontrolled pH conditions. The
data for iron filterability, total iron, turbidity, and pH are given in
Table 8 and Figures 15 to 19. Figure 15 showed that for the dosage of
~9 mg SiOZ/L, under controlled pH conditions, all except the 1/500

dilution systems exhibited almost maximal iron filterability through
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Figure 15. Dilution Effects for 3.22 Ratio Sodium Silicate
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day 1, which then in every instance decreased to almost zero by day 3.
For the 1/500 dilution system, the initial iron filterability was only
58% and decreased to zero by day 1. As for the previous test systems
(Figures 11 to 14), here the conditions of dosage and pH did not allow
differentiation in performance among most of the dilutions. For the
systems with the pH controlled at ~7.0, higher doses of silica would be
required to provide distinctions in performance among the various
dilution systems.

In sharp contrast with controlled-pH systems, for the one treat-
ment without pH control, i.e., the 1/50 dilution at a dose of ~9 mg
SiOz/L, the iron filterability remained at > 90% for up to 164 days.
Moreover, the role of pH was demonstrated well by the fact that upon
the adjustment to pH 7.0 of a subsample from the uncontrolled-pH system
(day 161), the iron filterability fell to approximately zero within
three days after the change (Figure 16).

Figure 17 showed the pH to be between 7.05 and 7.25 for the con-
trolled pH systems, whereas for the uncontrolled pH system the pH rose to
as high as 8.35 on day 10 and 8.5 on day 161 (not shown in Figure 17).
The pH adjustment of the subsample of the uncontrolled pH system was also
verified (Figure 16).

The turbidities (Figure 18) repeated previously observed patterns,
i.e., low turbidities (0.14 to 0.30 NTU) were associated with high iron
filterability, and high turbidities (0.41 to 0.69 NTU) with minimal iron

filterability. Total iron concentrations remained between 1.91 and 2.09

mg Fe/L and indicated 1ittle or no abnormalities (Figure 19).
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Because of the results of the pH control/no control experiments,
it was felt that the controlled pH (at 7.0) would be a more stringent
test of the iron treatment technique, would minimize pH variability with
time as a factor, and would thus allow a clearer distinction among the
performances of various silicate treatments. As a result the remaining
iron filterability experiments were conducted under conditions that con-

trolled the pH at ~7.0.

Silica Dose Optimization

The next experiment was conducted to demonstrate the effect of a
range of silica doses on iron filterability. This represented an attempt
to establish a dose of undiluted silicate that would produce maximal iron
filterability for the entire 10 day experimental duration, and yet allow
a distinction in performance among the corresponding test dilutions. The
resultant data for iron filterability, total iron, turbidity, and pH are
presented in Figures 20 and 21,22,23, and 24, respectively, and Table 9.
These results showed that increased silica doses produced increased iron
filterability, i.e., high filterability was maintained for a longer
period, whether the feed silicate was an undiluted or a 1/100 dilution
system. The undiluted silicate was more effective than the 1/100 dilu-
tion feed solution at maintaining high iron filterability, for any given
dose. Thus, a dose of 11.2 mg SiOZ/L of undiluted silicate (Figure 20),
maintained a 95% iron filterability until almost day 5, while 11.4 mg
$i0,/L of 1/100 dilution produced a > 95% filterability until only 2%

days had elapsed. However, higher doses of the 1/100 dilution solution

can be used to compensate for the superior effectiveness of undiluted
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silicate. For example, 11.4 mg SiOz/L of 1/100 dilution solution main-
tained high iron filterability more effectively than 9.3 mg SiOZ/L of
the undiluted silicate.

Turbidities (Figure 22) showed the characteristic pattern of low
turbidity in association with high iron filterability and vice versa.
The pH patterns (Figure 23) verified pH control to be at around 7.1,
and the total iron data (Figure 24), showed that the total iron values

were in fact around 2 mg Fe/L.

Effect of Silicate Dilution on Treatment Performance

A more detailed investigation of the role of feed stock solution
dilutions dosed at ~13 mg SiOz/L was presented for N silicate. These
results are shown in Figures 25,26,27, and 28, and Table 10. A clear
association between feed stock dilution and treatment effectiveness was
demonstrated. Thus, for a given silica dose, increasingly dilute stock
solutions produced progressively less effective maintenance of high
iron filterability. 1In Figure 25, the effectiveness of the undiluted
and the 1/10 dilution treatments were quite similar, with the latter
being slightly better on day 7. The distinctions among the other
dilutions were clearer. Thus, a level of 50% iron filterability was
observed on days 1, 4.2, and 6.4, for the 1/500, 1/100, and 1/50 dilu-
tions respectively. For a consistent trend, given that the undiluted
and 1/10 dilution systems were dosed at the same level, 12.9 mg SiOZ/L,
the former solution should have been more effective than the latter.
The apparent reversal in effectiveness was attributed to errors in the

filterability measurements; these are magnified on the sloping limbs of
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Figure 25. Dilution Effects for 3.22 Ratio Sodium Silicate
at ~13 mg SiOz/L--pH Controlled: Iron Filter-
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Figure 26. Dilution Effects for 3.22 Ratio Sodium Silicate
at ~13 mg SiOZ/L--pH Controlled: Turbidity.




114

8.5-

8.0+

= 7.5-

@l undiluted
O———01/500

6.5

| | ] ] | | ¥ | ¥ 1

0 I 2 3 4 5 6 T 8 9 10
TIME ELAPSED, DAY

Figure 27. Dilution Effects for 3.22 Ratio Sodium Silicate
at ~13 mg SiOz/L--pH Controlled: pH.
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curves. Variability in silica concentration measurement probably also
contributed to the apparent effect. Thus, while the average value for
the silicate dose was 12.9 mg Si02/L for both dilutions, the coeffi-
cients of variability for undiluted and 1/10 dilution systems were
0.85% and 0.35%, respectively. The turbidity values presented in
Figure 26 showed similar trends to the iron filterabilites patterns
shown in Figure 22. As filterabilities went down the corresponding
turbidities went up. Thus, the turbidities for the undiluted and 1/10
silicate solutions showed similar values and progressively higher
turbidities were shown for the 1/50, 1/100, and 1/500 dilutions.
Figures 27 and 28 showed the pH and total Fe values over time, and
indicated that the desired control of these two parameters was achieved
and that they did not contribute to the observed differences among
treatments. In the examination of these data it should be noted that
there are slight but real differences in the silica doses which help to
determine the comparative effectiveness of various treatments.

Data for the comparison of the treatment effectiveness of various
dilutions of 3.75 ratio silicate dosed at 13 to 13.6 mg SiOZ/L are
presented in Figures 29 to 32 and in Tables 10 and 11. Figure 29
showed a clear progressive decrease in effectiveness at maintaining
continued high iron filterability in going from the undiluted to higher
dilutions of silicate solution. This finding agreed with the results
obtained for the 3.22 ratio silicate, and was consistent with the
notion that higher levels of polymerization in the feed silicate solu-
tion are more effective at the stabilization of aqueous ferric iron.

The turbidity data (Figure 30) corroborated the findings for iron
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Figure 30. Dilution Effects for 3.75 Ratio Sodium Silicate at
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filterability in accordance with the previously demonstrated inverse
relationship between those two parameters. The pH and total iron data
(Figure 31,32, respectively) indicated good system control with no
background anomalies.

Data for the comparison of the treatment effectiveness of various
dilutions of 2.5 ratio silicate dosed at 13.2 to 13.9 mg SiOz/L are
presented in Figures 33 to 36 and in Table 11. Figure 33 showed a
progressive decrease in effectiveness at maintaining extended high iron
filterabilities in going from the undiluted to the higher dilution
silicate solutions. The filterability patterns for the 1/10, 1/50, and
1/100 dilutions between days 3 and 5 were almost identical. This may
well be, in part, a function the inadequate resolution resulting from
too large a sampling interval. In other words, with a smaller sampling
interval between days 3 and 5, the data would probably have shown
steeper decreases for the higher dilutions resuiting in a greater
separation among these treatment filterabilities. Nonetheless, the
overall trend fits the pattern of the previously discussed silicates--
3.75 and 3.22 ratios. The turbidity data (Figure 34) supported the
filterability patterns (Figure 33), as before. The pH and total iron
data (Figure 35, and 36, respectively) again indicated good system
control with no background anomalies.

Data for the comparison of the treatment effectiveness of various
dilutions of 1.8 ratio silicate dosed at 13.2 to 14.6 mg SiOZ/L are
presented in Figures 37 to 40 and in Table 12. Figure 37 showed only

a small difference in performance among the undiluted and the three

lowest dilutions (1/10, 1/50, 1/100) of this silicate. This was
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Figure 34. Dilution Effects for 2.5 Ratio Sodium Silicate

at 13-14 mg SiOz/L--pH Controlled: Turbidity.
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Figure 35. Dilution Effects for 2.5 Ratio Sodium Silicate
at 13-14 mg SiOZ/L--pH Controlled: pH.
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Figure 36. Dilution Effects for 2.5 Ratio Sodium Silicate
at 13-14 mg SiOZ/L--pH Controlled: Total Iron.
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at 13-15 mg SiOz/L--pH Controlled: Iron Filter-
ability
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Figure 38. Dilution Effects for 1.8 Ratio Sodium Silicate

at 13-15 mg SiOz/L--pH Controlled: Turbidity.
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Figure 39. Dilution Effects for 1.8 Ratio Sodium Silicate
at 13-15 mg SiOZ/L--pH Controlled: Total Iron.
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probably due, in part, to the varjability in dosages--undiluted at 13 mg
SiOZ/L and 1/10 at 14.6 mg SiOZ/L, and to the limits of resolution
between the 1/50 and 1/100 system traces produced by the two-day sampl-
ing interval at that "point". In contrast to the others, the 1/500
dilution never demonstrated any ability to sequester iron even on day
zero. Thus, the 1.8 ratio silicate showed the same trends in filter-
ability as related to dilution of the feed solutions as demonstrated
for the other test silicates--3.75, 3.22, and 2.5. Notably, none of the
1.8 ratio silicate solutions were especially effective at maintaining
iron filterability as compared with the higher ratio silicate systems.

A comparison of the relative effectiveness of the various silicate
types and dilutions was facilitated by the summary data presented in
Table 13. Here, effectiveness was measured by the time taken for the

iron filterability to fall to 50%, t for each treatment. The 50%

50°
filterability was selected as the level for differentiation because, in
general, it occurred within the zone of most rapid decrease in iron
filterability with time for each treatment and thus allowed the clearest
distinction among treatment performances. Examination of the data in
Table 13 readily confirmed the trends discussed previously for dilution
of each silicate type, and additional ones with regard to differences
among the various types, as a group. Thus, except for the t50 values
for the 3.22 ratio undiluted and 1/10 dilution values which seem to be
reversed, in general, for each ratio silicate there was a decrease in
t50 value with increasing dilution in each silicate stock solution for

a given silica dose. A decrease in t50 values indicated a reduced

effectiveness at maintaining iron filterability. This result agreed
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Table 13. Comparative Effectiveness of Various Dilutions of ge]ected
Sodium Silicates at Maintaining Iron Filterability

Time elapsed to 50% filterability for silicate with m-ratio of

Dilution 3.75 3.22 2.5 1.8
------------------ Days======-=-s---mccccmcneeeo.

undiluted 9.8 6.7 5.8 2.4
1/10 8.7 7.6 4.1 2.4
1/50 6.2 5.9 4.0 2.0
1/100 5.5 4.2 3.8 1.9

1/500 2.1 1.0 1.1 0

a. at 13-15 mg SiOz/L
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with the findings of Dart and Foley (6) that undiluted was the most
effective dilution of 3.22 ratio silicate at sequestering aqueous iron.
Moreover, comparison of t50 values among silicate types by dilution
demonstrated a general trend of increased effectiveness with increase
in m-ratio value. Thus, for the undiluted treatments, the t50 values
were 2.4, 5.8, 6.7, and 9.8 days, for the 1.8, 2.5, 3.22, and 3.75
ratio silicates, respectively. This trend was consistent with in-
Creased effectiveness being associated with those silicates having
higher levels of silica polymerization.

As discussed earlier in the section on silicate characterization
K1 and P0 values for the silicate solutions were quantitative indicators
of the state of polymerizaton of silicates. Accordingly, simple regress-
ion analysis of filterability and silicate reactivity data provided
good statistical support regarding the role of silica polymerization in
maintaining iron filterability. Simple regression equations for the
relationship between the t50 values for the undiluted silicates (Table

13) and the corresponding K1 and P0 values (Table 3) individually were:

t

50 8.71 - 49.1 K1 42

and

t

50 -60.2 + 0.793 P0 43

In both instances n, the number of statistical samples, was 4. For
equation 42, the correlation coefficient, r = -0.908 and was signifi-
cant at greater than the 95% probability level. For equation 43, r =
+0.834, which was significant at greater than the 90% probability

level. Because of the small number of samples no attempt was made to
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do any multiple regression analysis on these data using K1 and P0
together as independent variables. Nonetheless, these correlation
equations (numbers 42 and 43) showed that, for the undiluted silicates,
the effectiveness of the treatment was directly and inversely related

to the K1 and P0 characteristics, respectively, of the silicate solu-

tions.

Statistical Analysis

In order to establish objectively the relative importance of the
measured variables in the determination of the iron filterability, more
extensive statistical analyses were conducted. For this purpose,
multiple linear regression was the method of choice. By this tech-
nique, a selected dependent variable is expressed as a function of the
measured independent variables, based on the data fed into the system.
The resultant multiple regression equations were analyzed by a general

linear models GLM procedure (50) and had the following general form:

Yi = B0 + 81X12 + BZX12 + ==~ + Bp-lxi(p-l)
. 44
+ Ei
where
Yi = response of the dependent variable on the
ith observation,
X.., X;,,=== = values of the independent variables on the
il 12 . N
ith observation.
BO’ Bl,--- = coefficients derived from the regression

process

i = observation number

Ei = mean of the error distribution of Y.
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Multiple linear regression analysis was conducted on three sets of
iron filterability-silicate reactivity data as determined by the nature
of the data available, and by the desired relationship. For the two
major sets, the primary independent variables included time, silica
dose, percent polymer (Po) of silicate solution, and the reactivity
coefficient (Kl) of the silicate solution, with the ¥ iron filter-
ability as the dependent variable. For the third data set, the depen-
dent variable was the time taken for the ¥ iron filterability to
decrease to 50% (tso), whereas the independent variables included only

silica (5102) dose, Kl’ and P The t50 values were considered to be a

0
coarse assessment of treatment effectiveness with higher tso's being
associated with better effectiveness.

The regression models applied to the third data group are pre-
sented in Table 14 along with the corresponding values for the various
tests of significance as applied to each model as a whole. The third
group included only data from experiments with the various dilutions of
N silicate (Tables 8, 9, 10). Results in Table 14 showed the best
models, as indicated by R2 values, to be numbers 1 and 3, which
included three independent variables involving SiO2 dose, P0 and Kl' A
comparison of models 1 and 2 showed that although dropping K1 as a
variab]e'reduced the predictability of t50 based on R2 values, never-
theless, the significance of the level of predictability remained
comparable, based on PR>F values. Table 15 gives the results regarding
the significance of the contributions of individual independent vari-
ables to model predictability. A survey of these results (Table 15)

showed P0 by itself, squared, or combined with Kl’ to be the most
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significant, except when included with 5102 dose in model 2. K1 was
consistently the least significant except when multiplied by with P0 in
model 4.

The major variables controlling treatment effectiveness, based on
by the above analysis, were PO--the percent polymer, and the silica
dose, both of which were positively related to t50.

Regression models applied to iron filterability and variables for
treatments involving only undiluted solutions of the four silicate
types are presented in Table 16, along with their statistical tests of
significance. Based on R2 values the variables in model number 4
accounted for the highest proportion (0.586) of the variability in %
iron filterability, followed closely by model number 1 -- the addition
of each variable raised to unit power. Nevertheless, the low values
for PR>F indicated that all of the tested models accounted for the
observed variability of the ¥ iron filterability well. The signifi-
cance of the contributions by the individual independent variables are
shown in Table 17. Time, as represented by the variable DAY, either
alone or combined with Kl’ was consistently the most significant inde-
pendent variable. In model 1, which includes individually each of the
four independent variables used, the order of significance was
DAY>Si02>K1>P0. Furthermore, when P0 was dropped from model number 1

to produce model number 2, the decrease in R2 value (Table 16) was mini-

mal. Where P0 was not included, K, was more significant than SiO2 dose.

1
Notably, as shown by model number 1 in which each variable is
included individually, the variables DAY and K1 were inversely propor-

tional, and P0 and S1'02 directly proportional to ¥ iron filterability.
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Regression models applied to iron filterability and variables for
treatments involving the range of dilutions for the 3.22 ratio silicate
alone are presented in Table 18, along with their statistical tests of
significance. Based on R2 values the variable in models 1 and 2
accounted for the highest proportion (0.595) of the variability in %
iron filterability. However, the low values for PR>F showed that all
of the tested models accounted well for the observed variability in %
iron filterability. The significance of the contributions by the
individual independent variables are provided in Table 19. A compari-

son of the values for models 1 and 2 showed the variables DAY, P,, and

0)
1 In fact, omitting K1 from
model number 1 produced no measurable reduction in predictability of %

S1'02 to be significant, and more so than K

iron filterability. In general, the variables DAY, PO’ and Si0, were

2
significant contributors whatever the form in which they were included.

As observed for the earlier models for ¥ iron filterability, this

variable was again inversely related to DAY and K,, and directly related

1’
to S102 and PO’

The insignificance of P,, for the models involving the iron fil-

0’
terability of undiluted silicates (Tables 16 and 17), and Kl’ for the
models involving the iron filterability of the various dilutions of the
3.22 ratio silicates (Tables 18 and 19), provide an apparent contradic-
tion which is readily explained. For the undiluted silicates, the
variable P0 showed a narrow range of values (Table 3) as well as almost

identical values for two different ratio silicates (2.5 and 1.8).

These factors contributed to the observed weak relationship between %

iron filterability and P0 values (Tables 16 and 17). For the various




144

"uotje|ndod ayy uL uoLIBLUBA JO JuUNOWE BY)} SBQLUISAP pue ‘QQT SaWL} ‘ueaw

3yl AQ papLALp 3|QELJABA JU3PUADIP BY] JO UOLIRLASP PUBPUBIS = UOLJBLUBA JO JUSLILJL80D = "A°) P
"LL®M 3| qeideA Juspuadap 8yl J404 SIUNOIDER |Spow 3YJ UBYY |[BWS SL ‘4 < ¥d ‘A3LLLqeqouad aouedtjiubts
Y3 JI  "40JUd 3y} Jo duenbs ueaw ay3 Aq PapLALP [3pow 3y} JO 3uenbs ueaw 8Y3 4O OLIBL AYF SL 4 D
"Lapow ay3 Aq 40y pajunodde 3q ued I[qeiJeA JUIPUIASP Y} UL UOLIBLUBA YDNW MOY JO 3UNSEaW B S| A d
%otz 38 | _utw up Ty pue g up Og tskep ur ava t1/6w up Spis e
LT 100000 8.°8  61I5°0 Ty« % 921 + Ava 29'8 - %015 827G + 9°2T = 1114 ¥ °9
8Tt 10000 2v°'8€  9I5°0 NANowmv x« %d §£00°0 +
2°018) x ava w50 - ,(P0is) T62°0 + THT = 114 % g
166 10000 86°8F  9/5°0 %o1s « A0 9L¥°0
+ %4 x ,Ava 69100 + VD £2'8 - 2706 = 1114 % b
6Tt 10000 $0°8E  ¥IS'0 ,(Cots) 9ze70 + 4 6v00°0 - Y §¥8°0 - LT°G = 1114 % ¢
¢'8t 100070 8L°26 GBS0 %015 86°6 + Od €59°0 + AVO €678 - £1°§9- = 1114 ¥ ‘2
v'8€  T000°0  £2°65  S65°0 01s T°0T + ™ 682 - %4 5970 + AVA €6°8 - 2'99- = 1114 ¥ T
pAD A< 4 2 oL 3POK

UOUT % YILM 33BIL[LS WNLPOS OLjey

3Lqelaep juapuadaq se A3iilqedal|ty
2Z°€ 40 suoiinpig o3 pai|ddy s|apoy [e213SL3EIS

‘8T @iqe)



145

‘81 3[QR] U} ISOY) S IWeS 3y} 3Ue SUIQGWNU |3poy D

‘a|qej4ea Juadpuadap ayy uy uogjeiaea
341 01 AJuediytubys $3INQ443U0D 3|GRIARA JUBPUICIPU} By} UL UOLIR|JBA UIY] (| PWS S| ‘/1/< dd ‘K3t11qeqoad 3duedyyubys ayy 41 q

301z 18 | urm uy Ty pue *x up Og tshep uy ava t1/bw vy Zoys e
20000 --- .- --- .- --- --- === §100°0 ---  ---  T1000°0 9
--- 1000°0 1000°0 --- - 2000°0 - .- e — s
- --- - 10000 1000°0 - == 100000 --- eeaee oo v
—- --- - --- --- 10000 10000 10000  --- == e .o €
--- - —-- - --- .- .- -~ 10000 --- 10000 T000°0 z
--- --- --- --- --- .- --- --- 10000 £T16°0 1000°0 10000 R

% Losnla Cusnaea Zorsigen Qagen Cos) % S fas N %  #eq “ON ,13POW

A\—\ < dd

a1qetaep Juapuadaq se A31|19ead) 14 UOU] X UIIM 27ED1 (1S WNipOS 041RY 22°E 4O
suo1Ing1g 03 pay|ddy s{apow up sa|qeluep juapuadapu] (enpratpu] go aduedyylubrs A)j|qeqoad  6f aiqe)




146

dilutions of the 3.22 ratio silicate, the relationship between K1 and
silica concent-ration in the various dilutions (Figure 6) was incon-
sistent. This irregularity was attributed to the inability of the
selected computer program, from which K1 values were derived, to fit
the observed data for the more dilute silicate solutions which showed
zones of sharp curvature. These inconsistencies contributed to the
observed weak relationship between % iron filterability and Kl values
(Tables 18 and 19).

The relative magnitudes of the R? values are useful in making
comparisons among the various models and instrictive in suggesting or
explaining mechanisms. However, none of the RZ values are high enough

to allow the models to be used for engineering design purposes.

Ultrafiltration

In order to provide a more detailed understanding of the changes
in particle size distribution of iron particulates with time, filter-
ability was examined further by applying ultrafiltration, in addition
to 0.1 um-filtration, to selected silicate treatments. The resultant
iron filterabilities and associated data for treatments with 3.75 ratio
and 3.22 ratio silicates, each as undiluted and 1/100-dilution solu-
tions, are presented in Figures 41 to 47, and Table 20.

The general trends for standard (<0.1 um) iron filterability were
the same as before for these dilutions--essentially complete or sub-
stantial filterability being maintained through day 5 for all treat-

ments. Also, while the high filterability continued through day 7 for
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both of the undiluted silicates, for the 1/100 dilutions the filter-
ability had decreased significantly by that point, but more so for the
3.75 than for the 3.22 ratio material. The undiluted-silicate treat-
ments provided better continued filterability than the 1/100 dilution
treatments. As is consistent with the results of the earlier experi-
ments, for similar silica doses, the 3.75 ratio silicates provided
better treatment (higher filterability) than the 3.22 ratio silicates
for the undiluted treatments. However, surprisingly, the 3.22 ratio
silicate produced a more extended filterability than the 3.75 ratio
silicate at the 1/100 dilution. This result was inconsistent with the
previous experimental results. This apparent anomaly can be explained
by the inability of the analytical methods used to establish real
differences in silica doses at the necessary desired level of accuracy.

The use of ultrafiltration allowed a more complete understanding
of the change in iron filterability with time and of the effect of
filter pore-size selection on the observed apparent filterability. The
1,000 and 200,000 molecular weight (MW) cutoff ultrafilters correspond
to approximate pore-sizes of 12 and 743, respectively. On day 0, the
iron filterability was essentially identical for all of the four treat-
ments, based on the 0.1 pm cutoff. However, closer examination based
on ultrafiltration (Figure 41-44) revealed that, in fact, even on day 0
the undiluted treatments provided higher iron filterabilities than did
the 1/100 dilutions for both the 3.22 and 3.75 ratio silicates. However,
these differences were more readily observed for the <200,000 MW cutoff
than for the <1,000 MW cutoff iron filterabilities. For the 1/100

dilution treatments, by day O for the <1,000 MW cutoff and by day 1 for
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the <200,000 MW cutoff data, the iron filterabilities were reduced to
~1% or less. 1In contrast, for the undiluted silicate treatments, the
<200,000 MW cutoff iron filterability was substantial on day 0 (95 and
81% for the 3.75 and 3.22 ratio silicates, respectively), and signifi-
cantly greater than 1% through day 5. The iron filterabilities based
on the <1,000 MW cutoff filter were all very low even on day 0, for all
treatments. However, what little differences there were, occurred on
day 0, with values of 4 and 2% for the undiluted 3.75 and 3.22 ratio
silicates, respectively, and 1% for the rest.

These ultrafiltrability results support the notion that in effect-
ing the sequestration of aqueous ferric iron the role of the silicates
is to control the growth of ferric iron particulates. At comparable
silica doses, the undiluted silicates limited particulate growth more
so than the 1/100 dilutions. These differences were apparent from the

earliest stages of interaction and at the smallest particle sizes.

Characterization of Iron Particulates

Assuming that the role of the silicate is in fact to retard the
growth of iron particulates, the question arose as to the nature of
these iron particulates. As a result, in conjunction with the ultra-
filtration studies discussed above, unfiltered samples were taken
periodically from each treatment, appropriately prepared, and examined
by transmission electron microscopy (TEM). Particles deposited on the
grids were analyzed by bright field (BF) and selected area electron
diffraction (SAD) techniques. The former allowed determination of

particle size and morphology whereas the latter technique provided
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information for the identification of any mineral phases present. Upon
application of SAD to a particle, the absence of well defined diffraction
lines indicated an amorphous character whereas distinct diffraction
lines indicated the presence of crystalline materials, the definition
of the lines being the criterion for crystallinity. Diffraction patterns
are fingerprints for mineral phases. Comparisons of these patterns for
unknown samples with those for known minerals with regard to inter-
planar(d-) spacings and intensity can be used to identify the unknowns.
TEM was applied to samples taken from four treatments, viz.,
undiluted and 1/100 dilutions of the 3.22 and 3.75 ratio silicates
dosed at approximately 13.5 mg SiOz/L. The TEM analysis did not reveal
any consistent trends with regard to the development of particle crystal-
Tinity with time, or silicate dilution. Some crystallinity was observed
with samples taken from as early as day 0, and amorphous material as
late as day 10. Well defined particles tended to be most often plates
and sometimes scrolls. A picture of one such plate is shown in Figure
48. The SAD pattern for a plate derived from the 1/100 dilution of the
3.22 ratio silicate treatment on day 10 (sample Al0) js presented in
Figure 49. This is an example of a clearly crystalline particulate.
The d-spacings of the crystalline particles were calculated based the
measured positions of the different rings in the diffraction patterns
such as these. Table 21 gives the d-spacings of the rings observed for
sample Al0, together with qualitative estimations of their intensities.
A computer search of the Joint Committee on Powder Diffraction Standards
(JCPDS) files was conducted with the stipulation that the elements Fe,

0, and H be present and other elements such as Na, and Si be optional.



Figure 48.

Iron Particulate--Plate
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Figure 49. Selected Area Diffraction Pattern--Sample Al0.
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Table 21. Selected Area Diffraction Data for Particulate from
the 1/100 Dilution of the 3.22 Ratio Sodium Silicate--
Day 10 (Sample A-10)

Diffraction Diffraction
Line no. Ring Radius Spacing Intensitya

o

mm A
1 7.5 3.4767 W
2 8.75 2.980b VW
3 9.9 2.634b VW
4 11.9 2.191b MS
5 12.4 2.103b S
6 17.3 1.507b L
7 20.5 1.272b V§
8 21.75 1.199b S
9 23.75 1.098b W
10 25.5 1.023 W
11 31.1 0.838 W
12 33.5 0.778 W
13 35.75 0.729 VW
14 40.5 0.644 VW
15 42.5 0.613 VW

a. W
Vs

Very Weak; W = Weak; S = Strong; MS = Medium Strong;
Very Srong.

b. Matches a line for iron oxide hydroxide.
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The best agreement, albeit still poor, between lines from the unknown
sample (A10) and from a reference sample was obtained for an unnamed
iron oxide hydroxide (Fe 0 OH). Partial matches in d-spacings were
also observed for lepidocrocite and akagenite. Particulates from iron
treatment systems have been identified as lepidocrocite (18). No
matches were seen for mineral phases including Si. Work by Robinson et
al. (18) at different iron and silicate concentrations suggested

that, above a certain threshold value, metasilicate favored the for-
mation of amorphous particulates. In this investigation, the inclusion
of silicate in particulates may have favored amorphous characteristics,
but the resultant absence of well defined diffraction rings prevented
identification. Large particles (5-10um) were observed on day 10 for
some of treatments. However, because concentration of particulates by
centrifugation was part of sample preparation, the size of these late

experiment samples which were absent from initial samples imply nothing

more than general particle growth with time.




V. GENERAL DISCUSSION

The objective of the silicate-hypochlorite procedure for the
treatment of iron in groundwaters is to oxidize the ferrous iron under
conditions that allow the resultant ferric iron to remain sequestered
or stabilized, such that the iron will not settle out either in the
treatment plant or in the water distribution system. Because at pH
levels near or above neutrality hypochlorite oxidizes ferrous iron
almost instantaneously (54), it can be assumed that upon addition of
excess hypochlorite under the other experimental conditions of this
investigation, the iron present initially as ferrous would be converted
rapidly and completely to ferric iron. In neutral or alkaline water
the ferric ion produced would be hydrolyzed rapidly to hydrous ferric
oxide or some similar compound (10). Because of the very limited
solubility of this material, ferric ion concentrations in excess of a
fraction of a mg/L would favor its precipitation (10). It has been
proposed that the primary role of silicate in iron treatment is to
limit the growth of particulate ferric iron species (44, 46). This
aspect of the mechanism has been verified indirectly by the results of
ultrafiltration studies presented earlier in the text. It was shown
that differences in the effectiveness among various silicate treatments
occurred not only in the <0.1 um fraction but also in the <1262, and
<74X fractions. The pattern of filterability with time showed a
gradual growth of particle size, with the more successful treatments
growing more slowly. The predominance of iron particulates, as in-

0
dicated by low values for the <12A fraction, on day 0, also implies a
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minimal contribution in terms of quantity (proportion), from iron-sili-
cate complexes (which are soluble).

If the function of the silicate is to limit the growth of ferric
iron particulates, then it is likely that this is best accomplished if
the silicate is already present in the system when the ferric iron is
generated. By and large, experimental findings have been in agreement
with this concept. Thus, Dart and Foley (6) obtained best treatment
with approximately simultaneous application of silicate and oxidant
(chlorine or hypochlorite) or with the silicate just ahead of oxidant.
Data presented here earlier conformed to these ideas, and in fact
showed that the application of the oxidant two minutes ahead of the
silicate achieved no treatment at all. Nevertheless, some caution is
advised with regard to generalization, since Henry (46) observed
better treatment applying chlorine ahead silicate. Evidently, there
were some unknown factors prevailing which allowed results that would
seem to be unexpected.

The results presented and discussed earlier also provided ample
evidence that the level of silica polymerization in the dosed silicate
is a critical factor in the success of the treatment. The role of
silica polymerization was addressed by using treatments that varied
this parameter by two different methods, viz. (a) by varying the
SiOZ/NaZO ratio of the silicate, and (b) by varying the dilution (and
thus the silica concentration) of the dosed silicate. Earlier inves-
tigations by Iler (21) had indicated that increases in the SiOZ/NaZO

ratios of soluble silicates above 2 were accompanied by an increase in
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the complexity of the predominant silica polymer form. Also, 0'Connor
(31) had examined the effect of dilution on a 3.3 ratio silicate regard-
ing the nature of polymerization. 0'Connor's method was based on the
analysis of the rate of reaction of the silicate with molybdic acid as
monitored by measurement of absorbance at 400 nm, and yielded two
coefficients, K1 and PO’ which were considered to represent, respec-
tively, the level of complexity and the fraction of silicate provided
by the major silica polymer present. Furthermore, Dart and Foley (6)
obtained better treatment with undiluted rather than diluted silicate,
and Holden (48), in preliminary tests, had also observed progressively
better treatment with lesser dilution of the dosed silicate solution.
Application of 0'Connor's technique for the characterization of
silicates to the silicates used in the various treatments, in c;mbina-
tion with the effects on iron filterability represents a major con-
tribution of this investigation. Visual examination of the appropriate
figures, as presented earlier, showed clearly that (1) for a given
ratio silicate at a given silica dose, the treatment was more effec-
tive, i.e., the lTevel of iron filterability remained higher for longer,
as the dosed silicate was less dilute, undiluted being the most effec-
tive, and (2) for a given dose and dilution, the higher ratio silicates
were more effective at maintaining iron filterability. These tenden-
cies were more generally substantiated by the statistical application
of multiple linear regression models to the data grouped in accordance
with measured variables. Accordingly, for treatments involving un-
diluted silicates of varying ratios, for the models tested, the vari-

ables controlling ¥ iron filterability in order of significance were
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DAY(time) >Si02 dose >K1>P0. In fact, PO’ because it did not vary much
among undiluted silicates proved to be relatively insignificant as a
predictor. Also, for the treatments involving the various dilutions of
the 3.22 ratio silicate, for the models tested, the variables controll-
ing % iron filterability in order of significance were DAY = 5102 dose
= P0 > Kl‘ K1 was a poor predictor of % iron filterability, in this
instance, because of poor values for this variable, for the more dilute
silicate solutions. Importantly, the ¥ iron filterability was inversely
correlated with time (DAY) and Kl’ and directly correlated with S1'02
dose and PO. Because higher values of K1 indicate more rapid reaction
with molybdic acid and thus a lower silicate complexity (31), and
higher P0 values correspond to having more silicate in the polymer
form, the above results were consistent with the conclusion that more
complex silica and higher proportions of polymeric silica in the dosed
silicate favor iron stabilization.

Hazel (42) working with sodium silicate of m-ratios ranging from
1/1 to 4/1, examined the ability of sodium silicate solutions to con-
vert the surfaces of aged iron oxide sols from positively to negatively
charged, a process favoring dispersion of these colloids. It was
observed that for silicate added at a given pH, the higher ratio sili-
cates were more effective at discharging (or changing charge to nega-
tive) oxide surfaces, a result that agrees well with the findings of
this investigation. He also found that decreasing the initial silicate
pH shifted recharging concentrations to higher values. This result is

analogous to the finding in this investigation that allowing the system



166

PH to drift upward lowered the silica dose needed for effective treat-
ment.

Any proposed mechanisms to explain the observed effects of the
various silicates on iron filterability dispersion must account for (1)
the superior performance of the higher ratio silicates and lesser
dilutions, (2) the reduction in silica dose requirement with an increase
in system pH, (3) the increased silica dose requirement for Ca2+ over
equivalent concentrations of Na+, (4) progressively lower filterabili-
ties with smaller filter pore sizes, and (5), rather fast transition
from high filterability to low filterability after a period of time.
The mechanisms proposed will address only the first four requirements
at this time.

A plausible mechanism is one based on the concepts of point of
zero charge (PZC), double layer theory, and equilbrium silicate species
distribution characteristics. The pszc of a colloidal particle is the
pH at which the net charge on the particle is zero (10). At higher and
Tower pH values the net charge on the particle would be negative or
positive, respectively. For metal oxides in constant jonic strength
solutions, coagulation occurs at pH values in the neighborhood of the

pszc, as was observed by Hazel (42). When the silicate treatment is

applied, the iron particles (hydrous ferric oxide for the sake of

argument) are associated with polymeric silica, initially. The pHpzc

of the combination particle is the weighted average of the pHch's of

the individual particles (10). The pszc of the hydrous ferric oxide

is ~8.5(10). The pKa of monomeric silica is ~9.8, the pszc of silica
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gel is ~2.0, and as implied by Falcone (30) the pszC of other poly-
meric silica lies in between these end points with the more complex
silica having the lower pHch values. Thus, the more complex the
silicate polymer the lower will be the pHch of the iron-silica par-
ticle. For the experiments conducted at pH = 7, and the ones where the
pH is uncontrolled and drifts higher, these combination particles
should be overwhelmingly negatively charged, a condition favoring
dispersion of these particles.

There are at least two alternative explanations, which are not
necessarily mutually exclusive, accounting for the reversal of dis-
persion, or flocculation, following treatment. These are based on
charge reduction or on simple collision theory. If the overwhelming
majority of the post treatment iron is in the particulate form (as
implied by the pH-solubility requirements for Fe3+ (10)), then particle
growth, as indicated by decreasing iron filterability, must be achieved
by the joining or agglomeration of particles. In a constant ionic
strength system, because opposite charges attract and like charges
repel each other, a change in particle surface charges favoring reduc-
tion in repulsion would favor the coalescence of particles, and per-
force, particle growth also. However, this may not be a necessary
requirement for the occurrence of agglomeration, since hydrophobic
colloidal systems, such as these treatment systems, are not thermo-
dynamically stable and will eventually flocculate (55), because of
particle collisions.

A simple scenario accounting for charge reduction with time is as

follows. Because the monomeric form of silica is the equilibrium
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species at the concentrations (<15 mg 5102/]) used in this investiga-
tion (Figure 2), with time, the silica moieties of the iron-silica
particles depolymerize. With silica depolymerization the pszc of the
combination particle gradually increases, eventually making the pre-
vailing pH appropriate for the coagulation of particles. By the same
mechanism, it is clear that at a higher pH the particles are likely to
be more negatively charged, favoring dispersion of particles and higher
iron filterability.

The validity of charge reduction via is silicate depolymerization
as a relevant mechanism is challenged in the treatment system (Figure
16) for which, at a pH of 8 to 8.5, the ¥ iron filterability remained
elevated for 161 days until the pH was lowered to 7 at which time the
filterability decreased rapidly. The question arises as to why a
change in pH would allow a silicate not to depolymerize for such a long
time, and Togically, is charge reduction then a necessary mechanism.
The explanation is simple. The depolymerization of the silica is
incomplete. The work of Robinson (16) and Robinson et al. (18), in
which iron particulates were increasingly amorphous in the presence of
increasing levels of metasilicate during the oxidation of ferrous iron,
implies that silicate is being incorporated into the cell structure of
the iron particulates, causing disruption. In this investigation, it
is likely that some of the silica associated with the iron is surfi-
cial, while the remainder is incorporated more deeply. As a result,
the depolymerization occurs only or mainly at the particle surface and
is incomplete in terms of the entire particle. At the elevated pH in

the uncontrolled pH system (8 to 8.5) (Figure 16), which is already in
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the neighborhood of the pszc of the iron particie by itself, the
charge contribution from the entrapped silica moiety need not be much
in order to favor dispersion. More than likely, in the actual treat-
ment system, charge reduction and collision work together to bring
about coagulation.

Dart and Foley (6) and Holden (48) observed that the presence of
Ca2+ ions (hardness) in the system increased the silica dosage needed
for effective treatment. Dart and Foley (6), observed that a five-fold
increase in silica was required to stabilize iron when hardness was

increased from 0 to 1,000 mg/L as CaCO Holden (48), in one of his

3
experiments, found that a silica dose of 16 mg SiOz/L stabilized 2 mg
Fe/L through day 10 in the absence of CaC]z, whereas this same silica
dose stabilized the iron for less than five days in the presence of 25
mg/L CaC]2 as CaC03. In a follow up experiment, about 25 mg SiOZ/L was
required to stabilize the iron through day 10 in the presence of 25

mg/L CaCl, as CaCO,. The CaC]2 at 25 mg/L as CaCO3 increased the

2 3

required dose by a factor of ~1.6. Based on free energy calculations
Holden showed that under the prevailing treatment conditions, mineral
phases such as wollastonite (CaSiO3) should not precipitate, nor should
species such as CaOSi(OH); and (Ca[OSi(OH)3]2)° represent significant

2+ effect could not be

sinks for added silicate. Furthermore, the Ca
reproduced by substitution of Na'® at comparable ionic strengths. The
Ca2+ effect was thus left basically unexplained.

However, this Ca2+ effect is readily explained within the mechan-

ism proposed by this author in this discussion, to which standard
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double layer (DLVO) theory is applicable. By applying the Schultze-
Hardy Valency rule to double layer theory with some simplifying assump-
tions it has been shown that the critical coagulation concentration of
mono- and divalent ions are in the ratio (1/Z)6 or 100 : 1.6, where Z
is the ion valency (10). Applying this concept to the current inves-
tigation, it is likely that under the conditions of iron treatment the
coagulating effect of Ca2+ is substantially greater than for Na+ neces-
sitating a marked increase in silica dosage to counteract the valency

2+ is the

effect. Yet another contributor to the "silica demand" of Ca
effect of specific adsorption of Ca2+ by iron oxide type surfaces (43).
Specific adsorption of the divalent cation Ca2+ would raise the pszc
of the hydrous ferric oxide present. This then increased the silica
dose required to lower the pHpzc of the Fe-Si combination particle such
that at pH 7 or above it is substantially negatively charged, favoring
dispersion and thus filterability.

Efforts in this investigation to identify the particulate iron
phase during the duration of the experiments met with moderate success.
When a crystalline mineral phase could be identified it turned out to
be an unnamed iron oxide hydroxide (FeOOH) with some similarities to
lepidocrocite and akagenite. Lepidocrocite has been identified as a
common particulate phase produced by the oxidation of model ground-
waters (18, 19). Robinson et al. (18) observed that increasing the

silica to iron ratio in the aerated system favored the production of

amorphous iron. In this investigation amorphous material was obtained,
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but silica dose was not a variable. Surprisingly, no correlation could
be made between occurrence of crystalline phases and time into the

experiment.



VI. CONCLUSIONS

1. Silicate solutions could not be universally well character-
ized in terms of reactivity parameters, K1 and PO’ based on mathemati-
cal analysis of the rate of reaction of the solution with molybdic
acid. The model, which is based on the equation (number 27) from
0'Connor's work (31), in its present form and as exploited by our
nonlinear analysis system was inadequate for dilute (<0.3% 5102) sili-
cate solutions. These solutions reacted with molybdic acid to yield
"log unreacted silica vs. time" curves each with two distinct phases of
markedly differing slopes, a conformation not well reproduced by the
model as it is. However, while statistical models based on the reacti-
vity parameters were not good enough for engineering design purposes,
they were nonetheless useful for the elucidation of mechanisms involved
in the treatment of iron by sodium silicates.

2. For successful iron treatment, the optimal sequence of chemi-
cal application was sodium silicate applied, with mixing, 15 to 150
seconds ahead of the oxidant, sodium hypochlorite.

3. At higher pH levels, such as those produced when the pH was
controlled by atmospheric CO2 (8 to 8.5), significantly lower silica
doses were required to obtain the desired iron stabilization than where
the pH was controlled at ~7.0.

4. Under conditions of controlled pH, for a given ratio silicate
(1.8,2.5,3.22,3.75) at a given dose (13-15 mg Sioz/L), the more concen-
trated feed solutions were progressively more effective than the more

dilute solutions at producing the desired iron stabilization.
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5. Under conditions of controlled pH, among silicate solutions
of differing m-ratios, at a given silica dose, the level of observed
iron stabilization improved progressively with increasing m-ratios.
This trend should hold for any given dilution, such as 1/10, 1/50 or
undiluted, although differences become obscured when dealing with the
more dilute solutions.

6. Statistical analysis of the relationship between treatment
success, and silicate m-ratio and dilution, verified the importance of
silica polymerization, as represented by K1 and PO’ in controlling the
effectiveness of silicate solutions at stabilizing aqueous ferric iron.
The critical roles of time and silica dose were also substantiated.

7. Detailed analysis by ultrafiltration of particle size distri-
bution for various treatments supported the premise that the role of
silicate in effecting iron stabilization was to disperse the iron
particulates, Timiting their coalescence, growth, and subsequent sed-
imentation.

8. The role of silica polymerization in determining the effective-
ness of the silicate treatment was readily explained in terms of clas-
sical double layer theory as applied to treatment-generated colloids
that were a combination of iron and silicate particulates. Essentially,
the more complex silica was more effective at lowering the pszc of the
combination particulates, which in turn helped certify that the colloi-
dal surface charge would be negative at the prevailing pH (7.0). This
surface charge condition favored dispersion.

9. The examination by transmission electron microscopy of parti-

culates generated in treatment did not provide any consistent trends
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regarding the development of crystallinity with time or dilution.
Where tentative mineral identification was possible, the best character-

ization indicated the particle to be an unnamed iron oxide hydroxide.




VII. RECOMMENDATIONS FOR FURTHER WORK

Modification of the 0'Connor model for the characterization of
silicate solutions in terms of reactivity with molybdic acid, to
make it fully applicable to dilute silicate solutions.

Use of model developed in item 1 above to complete examination of
the connection between silicate solution reactivity character-
istics and treatment effectiveness for the range of dilutions and
each of silicates used in this investigation.

Quantitative examination of the effect of Ca2+ on the silicate
dose required for effective treatment.

Development of a generalized dosage formula for iron treatment by
the silicate technique.

Examination of the role of zeta potentials in the flocculation and
iron filterability patterns of treatment systems.

More quantitative analysis regarding the size, morphology, and
identity of iron/silica particulates produced during treatment.
Examination of silica filterability along with iron filterability
to assist in establishing the role of silicate depolymerization in

the Toss of iron filterability with time.
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Table Al. Raw and Converted Optical Density Data for the Reaction of
Undiluted 3.75 Ratio Sodium Si]gcate with Molybdic Acid
with Time at 400 nm and 25-26°C

Time ODt Unreacted S1’02 Time ODt Unreacted SiO2
min % min y 4
3.0 0.063 90.2 70.0 0.402 37.5
4.0 0.078 87.9 80.0 0.424 34.1
5.0 0.090 86.0 90.0 0.440 31.6
6.0 0.102 84.1 100.0 0.455 29.2
7.0 0.114 82.3 110.0 0.467 27.4
8.0 0.124 80.7 120.0 0.479 25.5
9.0 0.133 79.3 130.0 0.488 24.1
10.0 0.142 77.9 140.0 0.496 22.9
11.0 0.151 76.5 150.0 0.503 21.8
12.0 0.159 75.3 160.0 0.509 20.8
13.0 0.167 74.0 170.0 0.514 20.1
14.0 0.175 72.8 180.0 0.518 19.4
15.0 0.182 71.7 190.0 0.522 18.8
20.0 0.216 66.4 200.0 0.526 18.2
25.0 0.245 61.9 210.0 0.528 17.9
30.0 0.271 57.9 220.0 0.530 17.6
35.0 0.2% 54.3 230.0 0.532 17.3
40.0 0.315 51.0 240.0 0.534 17.1
45.0 0.334 48.1 250.0 0.534 17.0
50.0 0.350 45.6 260.0 0.535 16.8
55.0 0.365 43.2 270.0 0.535 -
60.0 0.379 41.1 280.0 0.535 -

oD

0D

optical density at time t; 0D, =
total silica as B-silicomolybdate; ¥ unreacted SiOz=100

(ODT-ODt)/ODT;

maximum optical density for

0.643; total silica = 17 mg SiOZ/L.
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Table A2. Raw and Converted Optical Density Data for the
Reaction of Undiluted 3.22 Ratjo Sodium Silicate
with Molybdic Acid with Time at 400 nm and
25-26°C?

Time oD Unreacted SiOZ Time oD Unreacted SiO2
min % min ) 4

3.5 0.106 86.3 70.0 0.548 29.0
4.0 0.117 84.8 80.0 0.571 26.0
5.0 0.135 82.5 90.0 0.589 23.7
6.0 0.151 80.4 100.0 0.604 21.8
7.0 0.168 78.2 110.0 0.616 20.2
8.0 0.183 76.3 120.0 0.625 19.0
9.0 0.195 74.7 130.0 0.634 17.9
10.0 0.210 72.8 140.0 0.639 17.2
11.0 0.222 71.2 150.0 0.645 16.5
12.0 0.233 69.8 160.0 0.649 15.9
13.0 0.245 68.3 170.0 0.654 15.3
14.0 0.256 66.8 180.0 0.655 15.2
15.0 0.266 65.5 190.0 0.658 14.8
20.0 0.313 59.5 200 0.659 14.6
25.0 0.349 54.8 210 0.660 14.5
30.0 0.387 49.9 220 0.660 14.5
35.0 0.416 46.1
40.0 0.442 42.8
45.0 0.465 39.8
50.0 0.486 37.1
55.0 0.504 34,7
60.0 0.520 32.6
a. ODt = optical density at time t; OD, = maximum optical density for
total silica as 5-silicomo1ybgate; % unreacted Si02=100
(ODT ODt)/ODT,
ODT = 0.772; total S1’02 = 20 mg/L.
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Table A3. Raw and Converted Optical Density Data for the Reaction of
Undiluted 2.5 Ratio SodiumaSilicate with Molybdic Acid with
Time at 400 nm and 25-26°C

Time oD Unreacted 5102 Time oD Unreacted Si02
min % min %

2.0 0.152 79.2

3.0 0.195 73.2
4.0 0.233 68.0

5.0 0.265 63.6
10.0 0.376 48.4
11.5 0.401 45.0
15.0 0.449 38.4
17.5 0.477 34.6
20.0 0.502 31.1
25.0 0.541 25.8
30.0 0.572 21.5
35.0 0.596 18.2
40.0 0.613 15.9
45.0 0.627 14.0
50.0 0.637 12.6
55.0 0.645 11.5
60.0 0.650 10.8
65.0 0.655 10.2
70.0 0.658 9.7
80.0 0.660 9.5
90.0 0.661 9.3

a. 0D, = optical density at time t; OD, = maximum optical density for
total silica as B-si]icomo]ybgate; % unreacted Si02=100
(ODT-ODt)/ODT;

oD 0.729; total silica = 19 mg SiOZ/L.
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Table A4. Raw and Converted Optical Density Data for the Reaction of
Undiluted 1.80 Ratio Sodium Si];cate with Molybdic Acid
with Time at 400 nm and 25-26°C

Time oD Unreacted Si0.,. Time oD Unreacted S$i02

min y 3 2 min %

. 646
. 645

2.5 0.257 62.3

3.0 0.29 56.6

4.0 0.362 46.9

5.0 0.414 39.3

6.0 0.452 33.7

7.0 0.480 29.6

8.0 0.503 26.3

9.0 0.521 23.6

10.0 0.537 21.3
11.0 0.550 19.4
12.0 0.562 17.6
13.0 0.573 16.0
14.0 0.580 15.0
15.0 0.589 13.6
20.0 0.616 9.7
25.0 0.630 7.6
30.0 0.639 6.3
35.0 0.644 5.6
40.0 0.645 5.4
0 © 5.3

0 o0 5.4

a. 0D_ = optical density at time t; OD, = maximum optical density for

t total silica as B-si]icomo]ybaate; % unreacted Si02=100
(ODT-ODt)/ODT;
ODT = 0.682; total silica = 17 mg SiOZ/L.
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Table A5. Raw and Converted Optical Density Data for the Reaction of
Undiluted 2.50 Ratio Sodium Si];cate with Molybdic Acid
with Time at 400 nm and 20-21°C

Time 0D Unreacted Si0 Time oD Unreacted Si0

min % 2 min % 2

3.0 0.122 83.1 70.0 0.614 15.1
4.0 0.156 78.4 80.0 0.627 13.3
5.0 0.188 74.0 90.0 0.638 11.8
6.0 0.214 70.4 100.0 0.645 10.8
7.0 0.237 67.2 110.0 0.652 9.8
8.0 0.259 64.2 120.0 0.656 9.3
9.0 0.278 61.6 130.0 0.659 8.9
10.0 0.295 59.2 140.0 0.661 8.6
11.0 0.311 57.0 150.0 0.663 8.3
12.0 0.326 54.9 160.0 0.664 8.2
13.0 0.340 53.0
14.0 0.353 51.2
15.0 0.365 49.5
20.0 0.417 42.3
25.0 0.458 36.7
30.0 0.490 32.2
35.0 0.515 28.8
40.0 0.537 25.7
45.0 0.555 23.2
50.0 0.570 21.2
55.0 0.584 19.2
0 O 7

.595 17.

a. ODt = optical density at time t; 0D, = maximum optical density for
total silica as B-silicomo]yb&ate; % unreacted SiOz=100
(ODT-ODt)/ODT;

ODT = 0.723; total silica = 19 mg SiOZ/L.
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Table A6. Raw and Converted Optical Density Data for the Reaction of
Undiluted 3.22 Ratio Sodium Silgcate with Molybdic Acid
with Time at 400 nm and 20-21°C

Time oD Unreacted Si0 Time 0D Unreacted Si0

.278 46.
.291 44,
.303 42.
.314 39.

360.
380.
400.

.475
.476
.475

-
OWOWWYWWOWWOo

min t % 2 min t % 2
3.03 0.056 89.3 65.0 0.325 37.7
3.17 0.059 88.7 70.0 0.334 36.0
3.5 0.063 87.9 80.0 0.351 32.8
4.0 0.070 86.6 90.0 0.366 29.9
4.5 0.075 85.6 100.0 0.379 27.5
5.0 0.081 84.5 110.0 0.390 25.3
6.0 0.091 82.6 120.0 0.400 23.4
7.0 0.100 80.8 130.0 0.408 21.8
8.0 0.109 79.1 140.0 0.416 20.3
9.0 0.117 77.6 150.0 0.424 18.9
10.0 0.125 76.1 165.0 0.433 17.0
11.0 0.132 74.7 180.0 0.440 15.7
12.0 0.138 73.4 195.0 0.446 14.6
13.0 0.145 72.2 210.0 0.453 13.2
14.0 0.152 71.0 225.0 0.457 12.5
15.0 0.158 69.7 240.0 0.461 11.7
20.0 0.185 64.6 260.0 0.465 10.9
25.0 0.209 60.0 280.0 0.469 15
30.0 0.229 56.1 300.0 0.471 8
.0 0.247 52.7 320.0 0.473 4
.0 0.264 49.5 340.0 0.474 2
.0 0 7 0 (4] 0
.0 0 3 0 0 9
.0 0 0 0 0 0
.0 0 8

b bW
oo chowm

a. 0D, = optical density at time t; 0D, = maximum optical density for
total silica as B-si]icomo]yb&ate; % unreacted Si02=100
(ODT-ODt)/ODT;

0D

0.522; total silica = 14 mg SiOz/L.
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Table A7. Raw and Converted Optical Density Data for the Reaction of
1/10 Dilution of 3.22 Ratio Sodium S;]icate with Molybdic
Acid with Time at 400 nm and 20-21°C

Time 0D Unreacted Si0 Time oD Unreacted Si0

min t % 2 min t % 2
3.25 0.125 76.1 18.0 0.318 39.1
3.67 0.135 74.2 19.0 0.325 37.8
4.0 0.144 72.4 20.0 0.332 36.5
4.5 0.156 70.1 21.0 0.338 35.3
5.0 0.166 68.2 22.0 0. 345 34.1
5.5 0.176 66.3 23.0 0.350 33.0
6.0 0.183 65.0 24.0 0. 356 31.9
6.5 0.194 62.9 25.0 0.362 30.8
7.0 0.202 61.3 30.0 0.385 26.3
7.5 0.211 59.6 35.0 0.403 22.9
8.0 0.217 58.5 40.0 0.418 20.0
8.5 0.225 56.9 45.0 0.431 17.5
9.0 0.231 55.8 50.0 0.442 15.4
9.5 0.238 54.4 55.0 0.451 13.8
10.0 0.244 53.3 60.0 0.458 12.4
11.0 0.257 50.8 70.0 0.468 10.4
12.0 0.268 48.8 80.0 0.476 8.9
13.17 0.279 46.6 90.0 0.481 7.9
14.0 0.287 45.1 100.0 0.486 7.1
15.0 0.295 43.5 110.0 0.489 6.4
16.0 0.304 41.9 120.0 0.491 6.1
17.0 0.312 40.3 130.0 0.492 5.8
140.0 0.493 5.7
150.0 0.492 5.8

a. 0D, = optical density at time t; OD, = maximum optical density for
total silica as B-si]icomo]ybsate; % unreacted Si02=100
(ODT-ODt)/ODT;

oD

0.5225; total silica = 14 mg SiOZ/L.
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Table A8. Raw and Converted Optical Density Data for the Reaction of
1/50 Dilution of 3.22 Ratio Sodium S;1icate with Molybdic
Acid with Time at 400 nm and 20-21°C

Time ODt Unreacted 5102 Time ODt Unreacted SiO2
min -4 min y 4
3.25 0.222 59.8 18.0 0.395 28.5
3.5 0.229 58.5 19.0 0.399 27.7
4.0 0.243 56.0 20.0 0.404 26.8
4.5 0.254 54.0 21.0 0.409 25.9
5.0 0.264 52.2 22.0 0.413 25.2
5.5 0.275 50.2 23.0 0.416 24.6
6.0 0.284 48.6 24.0 0.421 23.8
6.5 0.292 47.1 25.0 0.425 23.0
7.0 0.299 45.8 30.0 0.441 20.1
7.5 0.306 44.6 35.0 0.453 17.9
8.0 0.313 43.3 40.0 0.462 16.3
8.5 0. 319 42.2 45.0 0.469 15.0
9.0 0.325 41.1 50.0 0.475 13.9
9.5 0.331 40.0 55.0 0.480 13.0
10.0 0.336 39.1 60.0 0.484 12.3
11.0 0.34¢6 37.3 70.0 0.490 11.2
12.0 0.355 35.7 80.0 0.494 10.5
13.0 0.362 34.5 90.0 0.497 10.0
14.0 0.369 33.2 100.0 0.498 9.8
15.0 0.376 31.9 110.0 0.499 9.6
16.0 0.383 30.6 120.0 0.499 9.6
17.0 0. 388 29.7 130.0 0.499 9.6

0D, = optical density at time t; 0D, = maximum optical density for

t total silica as B-silicomo]ybsate; % unreacted SiOz=100
(ODT-ODt)/ODT;
ODT = 0.522; total silica * 14 mg SiOz/L.
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oD

tota
(ODT

1 silica as
-ODt)/ODT;

B-silicomolyb

Zate;

% unreacted $i0,=100

0.5195; total silica = 14 mg SiOz/L.

2

Table A9. Raw and Converted Optical Density Data for the Reaction
of 1/100 Dilution of 3.22 Ratio Sodium Silicage with
Molybdic Acid with Time at 400 nm and 20-21°C
Time ODt Unreacted Sio2 Time ODt Unreacted Sio2
min % min %
3.0 0.269 48.2 30.0 0.391 24.7
3.5 0.283 45.5 35.0 0.394 24.2
4.0 0.294 43.4 40.0 0.396 23.8
4.5 0.303 41.7 45.0 0.397 23.6
5.0 0.311 40.1 50.0 0. 399 23.3
5.5 0.318 38.8 55.0 0.400 23.0
6.0 0.323 37.8 60.0 0.400 23.0
6.5 0. 329 36.7 65.0 0.400 23.0
7.0 0.333 35.9 70.0 0.400 23.0
7.5 0. 337 35.1
8.0 0.341 34.6
8.5 0.344 33.8
9.0 0. 347 33.2
9.5 0.350 32.6
10.0 0.353 32.1
11.0 0. 358 31.1
12.0 0.362 30.3
13.0 0.365 29.7
14.0 0. 368 29.2
15.0 0.370 28.8
20.0 0.380 26.9
25.0 0.387 25.5
a. 0D, = optical density at time t; OD, = maximum optical density for
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Table A10. Raw and Converted Optical Density Data for the Reaction
of 1/500 Dilution of 3.22 Ratio Sodium Si]icage with
Molybdic Acid with Time at 400 nm and 20-21°C

Time ODt Unreacted 5102 Time ODt Unreacted S1’02
min % min %
3.5 0.381 13.4
4.0 0.384 12.7
5.0 0.388 11.8
6.0 0.391 11.1
7.0 0.393 10.7
8.0 0.394 10.6
9.0 0.3945 10.3
10.0 0.3945 10.3
11.0 0.3945 10.3
12.0 0.3950 10.2
13.0 0.3950 10.2
14.0 0.3950 10.2

a. OD_ = optical density at time t; OD,. = maximum optical density for
total silica as B-si]icomo]ybgate; % unreacted Si02=100
(ODT-ODt)/ODT;

0D

0.440; total silica ® 12 mg SiOZ/L.
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