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PREFACE 

The work described in this report is intended to provide insight 

into the identity and rates of important surface-chemical reactions 

occurring on chrysotile asbestos under conditions encountered in 

surface waters of California. Experimental studies of dissolution and 

adsorption reactions comprise the majority of the material presented 

here. The intent of this work was to apply experimental and conceptual 

methods used in surface-chemical and geochemical studies on model 

systems to a potential drinking water quality problem. The results 

described here should provide both a better understanding of the 

environmental fate of chrysotile asbestos praticles in lakes and rivers 

and improved insight into fiber removal in water treatment. 

With the exception of Appendix VII, the material in this report 

was submitted by the author as a Ph.D. thesis at the California Institute 

of Technology in June, 1984. The water-filtration pilot experiments, 

described in Appendix VII, were carried out in July, 1984 as part of 

a continuing contract with The Metropolitan Water District of Southern 

California to study factors important in removal of chrysotile asbestos 

fibers in water treatment. 
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ABSTRACT 

Chrysotile asbestos fibers enter California waters from physical 

weathering of magnesium-silicate, serpentine rocks in mountains of the 

northern and central portions of the state. Chrysotile particles, 

initially positively charged below pH 8.9 because of their 

magnesium-hydroxide surface, become negatively charged due to 

dissolution and adsorption of organic matter. 

Chrysotile suspended in 0.1 M inorganic electrolyte at pH 7-10 for 

up to five days dissolves with magnesium being released in excess of 

the 3:2 Mg:Si to silica molar ratio in the solid. The rate of 

magnesium release exhibits a fractional dependence on hydrogen-ion 

concentration: 

r = k1ICH+JO.24 

The observed rate constant. kl ' , depends on dissolution mechanism, 

specific surface area of the solid and charge-potential relation at 

the surface. Interpreted in tenns of a site-bi ndi ng model for 

adsorption and desorption of protons on the surface, the fractional 

dependence implies that dissolution is limited by a chemical reaction 

inv~ving an average of less than one adsorbed proton per magnesium 

ion released into solution. Silica release from chrysotile shows no 

clear pH dependence. 

The rate of magnesium release is independent of the anions N03-, 

- 2- -Cl ,S04 ,HC03 , oxalate or catechol. Oxalate inhibited and 

catechol slightly enhanced silica release over the pH range 7.5-8.5; 

other anions had no systematic effect. Chrysotile's dissolution rate 

( -15.7 1 2 ) . . 10 rna fcm ·s at pH 8 1S consistent wlth observations on other 

magnesium silicates and brucite. 
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Catechol adsorption onto chrysotile or aluminum oxide (pH 7.5-8.5) 

does not reach equi 1 i b ri urn but inc reases ove r fi ve days. Afte r one 

day the maximum adsorption density (Langmuir adsorption equation) on 

chrysotile is 0.7x10-9 mol/cm2 (50 x 10-6 mg C/cm2), approximately 

one-third of the estimated number of surface sites available for 

proton exchange. The maximum adsorption densi ty for natu ra 1 organi c 

matter was near 30 x 10-6 mg C/cm2 on both chrysotile and aluminum 

ox i de. 

Chrysotile adsorbs sufficient catechol, oxalate, phthalate or 

natural organic matter within one day to reverse its surface charge. 

The extent of reversal is larger than observed for adsorption of the 

same organics on aluminum oxide, because of selective dissolution of 

chrysot i 1 e I souter magnesi um-hyd roxide 1 aye r. 

In reservoirs, submicron-sized chrysoti1e particles coagulate with 

larger (>2 J.l m). negatively-charged particles that subsequently settle 

out. The rate at whi ch freshly-suspended, posit i ve ly-cha rged 

chrysotile fibers coagulate is at least ten-fold greater than the rate 

for aged, negatively-charged fibers coagulate. 

Removal of chrysotile particles in water treatment occurs by 

deposition of fibers onto sand grains in filtration. Capture 

efficiency for single fibers is low; removal is enhanced 10-fold or 

more by incorporating fibers into larger f10cs. Removal of chrysotile 

fibers in water filtration to levels near detection limits (typically 

105_10 6 fibers/L) is possible; consistent achievement of this level 

will require a higher removal efficiency than is routinely achieved in 

treatment plants receiving water fran the California aqueduct. 
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CHAPTER 1 

INTRODUCTION 

The purpose of the research work described in this thesis is to 

develop a better understandi ng of the chemical behavi or and the 

influence of surface chemistry on the physical behavior of chrysotile 

asbestos particles in natural waters and in water-treatment processes. 

Chrysotile particles suspended in lakes and rivers undergo 

dissolution, adsorb organic and inorganic ions fran solution, and 

coagulate with other suspended matter. In water treatment, these 

particles also adsorb dissolved ions, serve as nucleation sites for 

added coagulant chemicals, coagulate with other particles and deposit 

onto sand filter grains. The rate and extent of each of these 

processes depends on chemical reactions that occur on the particle 

surface. The work described here applies recent developments fran the 

surface chemistry of well-deflned, model systems to a particle of 

potential interest in environmental health and engineering. 

1.1. MOTIVATION TO STUDY CHRYSOTILE 

1.1.1. Asbestos in D ri nki ng Wate r 

Asbestos is found in dri nki ng water as a result of natural 

weathering of rocks and soil and due to corrosion of asbestos-cement 

pipe. Chrysotile flber concentrations in the range of 108 fibers/L 

have been consistently found in drinking waters in Everett, Washington 

(Polissar, et al. 1982), California, (Cooper et al., 1978, 1979; 

Hayward, 1984), Thetford Mines, Quebec (Lawrence & Zimmennann, 1976) 

and Beine Verte, Newfoundland (Toft et al., 1981). Fiber levels above 
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106/L have been found in over 80 of 426 water supplies surveyed in the 

U.S. (Millette et al., 1979; 1980). 

There is no di rect evidence to confi nn or deny ali nk between 

i ngesti on of water-borne asbestos and di sease in humans. However, 

elevated risks for lung cancer, mesotheliana and gastrointestinal (GI) 

cancers among occupati onal groups exposed to high level s of ai rborne 

fibers are well documented (Selikoff et al., 1979; Newhouse & Berry, 

1979; McDonald & Liddell, 1979; Michaels & Chissick, 1979). 

Asbestos-related diseases are the leading cause of death among sane of 

these occupational groups. From 13-18 percent of U.S. cancer deaths 

are asbestos related (Lemen et al., 1980). Although the pathogenesis 

of asbestos-related disorders such as pleural disease, lung fibrosis 

and cancer is ln general not known, recent medical evidence suggests 

that asbestos exposure may stimulate or alter certai n responses of the 

immune system (Miller et al., 1983). 

An increased incidence of GI cancer due to asbestos inhalation is 

thought to be d; rectly rel ated to the clear; ng of fibers fran ai rways 

and subsequent i ngesti on. The increased incidence among asbestos 

workers of peritoneal mesothelioma, a cancer of the lining of the 

abdanen, is thought to be caused by flbers penetrati ng i ntesti nal 

walls. These indirect suggestions that ingested fibers cause disease 

in humans provide a basis for water-quality concerns (NRC, 1977). 

A recent eval uati on of dose- response data for GI cancer from 

inhaled asbestos concluded that drinking water containing 0.llx10 6 

fibers/L (adult men) and n.17x10 6 fibers/L (adult women) may lead to 

one excess GI-tract cancer per 100,000 persons exposed over a lifetime 

of 70 years (NRC, 1983). The committee also analyzed epidemiological 
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studies of groups exposed to asbestos in drinking water and concluded 

that their estimates of risk are canpatible with the results of the 

studies. However, the expected risks are below levels that can be 

statistically detected fran available data. The canmittee also 

concluded that there was no basis for selective regulation based on 

fiber size. Neither is there a basis for different regulations based 

on mineral identity. All types of asbestos have been shown to cause 

high incidences of cancer in humans (IARC, 1977). Although evidence is 

inconclusive, some investigators have suggested that relative risks for 

contracting lung cancer fran inhaled asbestos fibers may decrease in 

going fran crocidolite to amosite to chrysotile (Walton, 1982). 

1.1.2. Chrysotile Minerology 

The term "asbestos" is applied to two chemically and 

structurally different classes of naturally-occurring fibrous silicate 

minerals that are important for their high strengths and fire 

resistance -- amphiboles and serpentines. Amphiboles are inosilicates 

(chain silicates) and form crystals by repeat of the chains -- make of 

silica and oxides of iron, magnesium, calcium and sodium -- in two 

directions. Fibers form by shearing small bundles of chains parallel 

to the chai n axi s. Serpenti ne mi neral s are phyll osil icates (1 ayer 

sil icates); crystal s form by repeated alternate stacki ng of the 

infinite magnesium-hydroxide and silica sheets. A mismatch in the 

lattice dimensions between the magnesium-hydroxide and silica sheets 

that combine to make each layer results in a curved rather than a flat 

crystal. Ionic substitution, particularly in the octahedral 

magnesium-hydroxide sheet, may also relieve strain caused by this 

mismatch (Wicks & Whittaker, 1975). Each layer is electrically 
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neutral and adjacent layers are held together by van cler Waals forces 

(Hurlbut & Klein, 1977). Hydrogen bonding may also develop between 

adj ace nt 1 aye rs. 

Chrysotl1e fibers can be thought of as about 40 layers of spiral 

or concentric tubes, as illustrated on Figure 1.1. Of the serpentine 

minerals (chrysotile, lizardite and antigorite) only chrysotile is 

commonly fibrous. Not all chrysotile is fibrous, however, and some 

fibrous material may be antigorite (Wicks, 1979). Antigorite 

typically foms a wave, corrugated sheet and lizardite foms a flat 

planar sheet in crystals. The chemical fonnula for serpentine is 

Mg 3Si 205 (OH)4· 

High-resolution electron microscopy observations of one synthetic 

and five natural chrysotile samples showed fiber diameters ranging 

from 10-60 nn, depending on conditions of growth (Yada, 1971,1979). 

Coalinga, California fiber diameters were log-nonnally distributed 

with a mean outer dimensi on of 280 nn; inner diameter was 8 nm. Both 

concentric and spiral layer structures were common. Yada (1971) also 

noted that outer surfaces of fibers in raw ore were generally smooth 

and clean, suggesting that in fiber bundles, inter-fiber sites are 

void. Filling of chrysotile f,ber centers is uncertain, and thought 

to be variable (Wicks, 1979a). 

In California, serpentine minerals are found primarily in 

magnesium-silicate ultramafic rocks. Ultramafic rocks fonn elongate 

bodies withi n and adjacent to major fault zones of the Sierra-Nevada 

foothills; the most abundant component of these bodies is serpentine 

(Clark, 1960). Large ultramafic bodies are also found in the coastal 

mountains. The chrysotile deposit of largest commercial importance is 
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Fig. 1.1. Chrysotile fiber, concentric layer structure; 
each layer has an outer octahedral sheet of magnesium 
hydroxide and an inner tetrahedral silica sheet. 
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in the coastal mountains of central California, near Coalinga (New 

I d ri a a rea) • 

Asbestos foms other than chrysotile are less canmon in the Sierra 

Nevada and the mountains of the Pacific coast, but may be found 

associated with ultramafics as well. Brucite may occur in fibrous 

form intimately associated with chrysotile or as platey irregular 

9 ra ins. 

The highly-sheared chrysotile ore found in the New Idria area 

consists of friable masses of matted chrysotile surrounding other rock 

fragments (Mumpton & Thanpson, 1975). The latter associated minerals 

are most cOOlmonly 1 i zardite, brucite and magnetite in these 

alpine-type ultramafics (Coleman 1971). Most other chrysotile ores 

consist of vei ns withi n massive serpenti ne rock. Fiber length depends 

on source. For example, fibers from Globe, Arizona or Quebec may 

reach several millimeters in length. Those fran New Idria are 

shorter, up to a few microns in length. Recoverable fiber in the New 

Idria ore is 35-75 percent; in most ores containing veins of 

chrysotile it is less than ten percent. Chrysotile deposits in the 

Klamath mountains commonly consist of a small zone of closely-spaced 

vei ns up to one inch thick. Fibers are oriented perpendicul ar to vei n 

walls (Albers, 1966). Antigorite is the predominant serpentine type 

in other areas in the mountai ns of Cal ifornia, with 1 ittle or no 

lizardite and chrysotile present (Coleman, 1971; Springer, 1974; 

Olmstead, 1971). However, it has been recently suggested that the 

majority of California's serpentine rocks are canposed of lizardite 

only or lizardite plus chrysotile (Moody, 1976; Evans, 1977). 
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The chrysotile content of the principally serpentine, ultramafic 

areas in California varies fran near zero to 100 percent. Ultramafic 

bodies vary in area fran a few square meters to several square 

kilaneters. Most serpentine in California contains insufficient 

chrysotile to warrant mimng. Historically, most mining claims 

contained less than five percent recoverable chrysotile in the 

se rpenti ne ore (Ri ce, 1957), the notabl e exception bei ng ch rysot il e in 

the New Idria area (Wiebelt & Smith, 1959). Essentially all 

serpenti ne contai ns sane chrysotile. Thus as noted by Wicks (1979a) 

and others, naturally-occurring chrysotile will be found in soils, 

streams and lakes in many localities. 

1.1.3. Chrysotile in California Surface Waters 

Chrysotile asbestos fibers are introduced into surface 

waters havi ng thei r origi n in the coastal mountai ns and western slopes 

of the Sierra Nevada as a result of natural weathering of the 

serpentine rock. Tributaries of nearly all the rivers in the northern 

and central portion of the state that flow to the Pacific ocean or 

into the Central valley pass through serpentine. Observed and 

predicted f,ber concentrations below major reservoirs range fran 

lOlO_lOll/l in the northern coast and western Sacramento-valley 

reservoirs to concentrations on the order of 108_l0 lO /l in the 

Sierra-foothill reservoirs (Table 1.1). Fiber concentrations in water 

passing through source-water reservoirs of The Metropolitan Water 

District of Southern California (Metropolitan) decrease as an 

exponential function of time. For example, the approximate one year 

of detention in lake Perris on the east branch of the California 

aquaduct provides a one-log removal of fibers; the three years of 
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Table 1.1 Summary of fiber concentrations in 
California surface watersa. 

Location 

North Coast Rivers 
Northern & Western 
Sacramento Valley Rivers 
Eastern Sacramento 
Valley Rivers 
Eastern San Joaquin 
Va 11 ey Rivers 
Delta Pumping Plants 

California Aqueduct 

Metropolitan Source-water 

Metropolitan Water
treatment Plants 

Conc. leaving, fibers/£ 

Predicted 

1011_1012 

109 _lOll 

109 _1010 

o - 109 

109_ 1010 

108_ 1010 

106_ 109 

Observed 

108_109 

107 

108_109 

109 

106_109 

aAdapted from Bales et al., 1984 (Appendix VI). 
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detention in lakes Pyramid and Castaic on the west branch provides a 

three-log removal. These observations are taken fran a recent 

analysis of chrysotile fiber distribution in major surface waters 

tributary to the California aqueduct and to Metropolitan's water 

treatment plants (Bales et al., 1984). Other recent reports give 

concentrations in selected waters of the state (Hayward, 1984; McGui re 

et al., 1982,1983; Farrell & Qualley, 1982; Cooper et al., 1978, 

1979) • 

In water filtration, fiber removal depends on particle size and 

thus on the extent to which fibers coagulate with added chemicals. 

Approximately two-log removal results for the low coagul ant doses (3-5 

mg/L alum) used at Metropolitan's water treatment plants. 

1.2. SCOPE AND OBJECTIVES 

Specific objectives of this work relate to both water-quality 

engineering and water chemistry. The underlying assumption in this 

relation is that a better understanding of the basic surface-chemical 

reactions on chrysoti1e will contribute to both better insight into 

the environnental fate of these particles and a better control over 

particle removal in engineered systems. These objectives are: 

1. Detennine experimentally the rates at which magnesium and 

silica are released fran the chrysotile surface during 

di ssol uti on. 

2. Interpret the dissolution in tenns of coordination-chemical 

reactions occurring at the surface adsorption of protons 

and adsorpti on of 1 igands -- and the accanpanyi ng shi fts in 

magnesium-hydroxide versus silica character of the surface. 
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3. Infer whether or not the observed dissolution behavior of 

chrysotile is consistent with rates reported for other oxides 

and silicates, and with suggested dissolution mechanisms. 

4. Detennine the extent to which adsorption of major inorganic 

anions found in natural waters influences the dissolution 

rate and surface charge of chrysotile. 

5. Detenni ne the effect on surface charge of adsorbi ng model 

organics and natural organic matter onto aged chrysotile 

particles and onto an aluminum oxide surface. 

6. Relate the extent of adsorption and surface-charge 

development on chrysotile to the rate at which these 

submi c ron-si zed fi be rs coagul ate with 1 a rge r pa rti cl es. 

7. Verify experimentally, under a limited set of well-defined 

conditions, the coagulation efficiency of chrysotile with 

1 a rge r, s il i ca pa rt i c 1 es. 

The scope involves four levels of investigation -- literature 

review, model calculations, laboratory experiments and field 

i nvesti gati ons. Primary emphasi sis on expe rimental work supported by 

model calculations aimed toward meeting the above objectives. The 

latter level, field investigations, is to better define actual 

behavior of chrysotile particles in the systems of interest. 
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CHAPTER 2 

BACKGROUND 

2.1. MOLECULAR MODEL OF SURFACE 

2.1.1. Chrysotile Surface Structure 

Each chrysotile fiber is a single crystal, with the 

external surface of an ideal crystal being magnesium hydroxide. The 

outer hydroxide ions are in a hexagonal-close-packed arrangement, as 

illustrated by the two-dimensional molecular picture of the surface on 

Figure 2.1a. Each magnesium ion is in octahedral coordination with 

six ions, four hydroxides and two oxides. Three of these hydroxides 

lie in the particle surface. The remaining three ions lie in a plane 

beneath tile surface, with the two oxides also fonning the apices of 

underlying silica tetrahedra and the hydroxide lying between the 

apical oxides. Surface hydroxide density for the octahedral layer of 

chrysotile is the same as for brucite (Whittaker, 1956; Deer et al., 

) 2 ( -9 196fi , calculated frOfll unit-cell dimensions to he 12 ion/11ll 2x10 

mol/cm2). Each surface hydroxide is coordinated to three of the 

underlying magnesium ions. 

Removing the outennost hydroxide and magnesium ions without 

further surface rearrangement would leave a surface made up of the 

apical oxides of the silica tetrahedra and the remaining hydroxide 

ions that made up the octahedral coordination of magnesium (Figure 

2.1b). The canbined oxide-hydroxide density for this surface is also 

12 ' / 2 lon nm • 

Du ri ng at 1 east the i niti alone to th ree days it is suspended in 

water, chrysotile dissolves with magnesium being released into 
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a. Magnesium hydroxide surface 

unit cell 

b. Si I ica surface 

Fig. 2.1. Schematic of chrysotile surface layers; 
a) () hydroxide, • underlying magnesium; unit cell 
encompasses 1.5 magne~ium ions and 1.5 surface 
hydroxides; a = 3.13 A; 
b () oxide, (SJ underlying silicon. 
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solution in excess of the 3:2 ratio in pure serpentine (Mg 3Si 20S(OH)4) 

(Luce~ 1969; Hostetler & Christ~ 1968). This is apparently due to 

faster dissolution of the outer brucite (magnesium sheet) relative to 

the immediately-underlying silica sheet making up chrysotile's outer 

layer~ suggesting that the outer surface of a fiber dissolving at or 

below pH's of natural waters becanes more silica-like (Figure 2.1b) 

and less magnesium-like (Figure 2.1a) with time. 

Each hydroxide on the initial ~ irleal chrysotile surface is assumerl 

to be a possible adsorption site for protons~ other cations or anions. 

It is further assumed that removal by dissolution of a given number of 

surface hydroxides coordinated to magnesium ions (>Mg-OH) in the outer 

sheet resul ts in creati on of an equal number of sil ica surface sites 

(>Si-OH) by exposure of the immedlately-underlying sheet. These are 

also possible adsorption sites for protons~ other cations or anions. 

Figure 2.2 is a general schematic of adsorption reactions that are 

assumed to occur at the mixed~ magnesium-silicate surface. 

Phys;cally~ the canponents lying between the apical oxides on the 

silica surface (dashed circles on Figure 2.1b) could be either 

remaining hydroxide ions or adsorbed water molecules replacing 

hydroxides that were removed with the magnesiums. In tenns of the 

surface structure and surface model this distinction is not important. 

Rather the assumption is that on the remaining silica surface the 

surface site density is 12 ion/ni and the sites are alike -- each 

site has an equal probability of being occupied by an adsorbable ion. 

The surface site density calculated for chrysotile is near that 

reported by others for oxide minerals. For example~ the surface site 

density on Ti02 (ionizable >OH) was calculated to be 12.2 ion/ni 
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SOLID 1 WATER 

>Mg-OH 

~ 
>Mg-OH2 + 

~ 
~O-+H20 

Si-OH 
~ 

Si-O-+H 0 
~ 2 

Fig. 2.2. Schematic of possible adsorption reactions on 
chrysotile surface; a) proton adsorption and desorption, and 
b) adsorption of ligands (L21 and cations (C2+). 
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based on a canposite of three exposed crystal faces (Jones & Hockey, 

1971). Bound H20 was responsible for a portion of the estimated 

density. A higher value, 16.8 ion/nn2 , was estimated by Yates for 

a-FeOOH (James & Parks, 1982). The Ti02 value canpares well with the 

site density measured by isotopic exchange (Yates et al., 1980). 

Fiber ends, which make up approximately two percent of the total 

chrysotile particle surface area, are assumed to have the same 

adsorption properties as the face. Aside fran the relative abundance 

of face to edge sites, this may be a necessary assumption in the 

surface-chemical model owi ng to the 1 ack of a method to di st i ngui sh 

between the two in adsorption experiments. Edge-type sites also arise 

due to hol es or pits on the su rface. 

2.1.2. Coordination-Chemical Model 

2.1.2.1. Model Development 

It is assumed that ions adsorb to both >Mg-OH 

sites and >Si-OH sites as inner sphere canplexes and that a 

consta nt-capacitance model cha racte ri zes su rface adsorption (Stumm & 

Morgan,1981). A triple-layer model incorporating elecrolyte binding 

could equally-well or better descnbe adsorption of charged ions on 

the surface (Morel et al., 1981). Three factors contributed to the 

choice not to use the triple-layer model for chrysotile. First, the 

effect on surface charge resulti ng fran changi ng the ionic strength 

within the range of interest, n.DI-D.1 M and pH 7-9, was observed to 

be small relative to the variability in the experimental results. 

Second, data requirements are more extensive for a triple-layer model. 

Third, the additional insight to be gained fran estimating parameters 

In a triple-layer versus a simple constant-capacitance model is small, 
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given the uncertainties in formulating surface species for the mixed 

magnesium-silica surface studied. 

Surface charge is assumed to arise due to ion adsorption and be 

on the su rface, in cont rast to the space cha rge due to i oni c 

substitution in the structurally similar aluminum-silicate clay 

mi neral s. I n the model employed, the foll owi ng i nt ri nsi c equi 1 i b ri um 

constants describe proton coordination: 

s 
{>Mg-OH} [H+] 

e-e1jJ/kT 
K a 1 (1 nt) = + {>Mg-OH2 } 

(2.1) 

- + 
s 

{>Mg-O } [H ] 
e-e1jJ/kT 

K a2 (1 nt) = 
{>Mg-OH } 

(2.2) 

s 
{ >S1 0- } [H+] 

e-e1jJ/kT 
K a s( i nt) = 

{ >SiOH} 
(2.3) 

Concentrations of surface species, in braces, are in mol/cm2 and 

solution species, in brackets, are in mol/L. 1jJ is surface potent1al 

(volts), e is the charge on an electron, k 1S Boltzmann's constant and 

T is temperature. Surface charge-density (C/cm2 is given by: 

(2.4) 

where F is the Faraday. 

Surface cha'rge density, determined experimentally, is calculated 

fran a charged ion balance (electroneutrality) in the suspension, 
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where charge on the surface plus that in solution must equal zero. 

For chrysotile in the pH range 7-9, the expression is: 

CA and CB are the concentrations of acid and base added to hold pH 

consta nt. 

Mass balance requires that: 

ST = {>Mg-OH2 + } +{>Mg-OH} +{>Mg-O- } +{>Si-OH} +{>Si-O-} (2.6) 

ST is the total number of surface sites, assumed to be constant at 12 

2 -9 2) lon/nn (2xlO mol/cm as noted above. It is assumed that initially 

most are magnesium sites, a small fraction are silica sites and 

additional silica sites arise due to preferential dissolution of 

magnesium over silica. At any time Sm + Ss = ST -- the number 

concentration of magnesium sites plus the concentration of silica 

sites must sum to ST' These two quantities are given by the 

difference between the number of magnesium and silica ions removed 

fram the surface: 

The 3/2 tenn on sil1ca reflects the stoichiometric ratio in the solid. 

SsO is the number of silica sites initially on the surface. 
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The rel ation between charge and potential is given by: 

C = a / IjJ (2.9) 

where C is capacitance, a constant in this model. 

The acid-base character of sil ica surfaces has been studied, 

recently by Young (1981). There are no similar reports in the 

1 iterature for a magnesium-hydroxide surface. However, some insight 

into its expected behavior can be inferred from observations on 

similar sol ids. Representative data from the literature that have 

been evaluated using a constant-capacitance model are 1 isted in Table 

2.1. 

2.1.2.2. Predicted Chrysotile Surface Speciation 

The estimated pH of magnesium hydroxide is <12.5 zpc 

(Parks, 1967), suggesting that >M9-OH2+ should be the predominant 

surface species in the pH range of interest in Cal ifornia surface 

waters, 7.5-8.5. The reported pHZPCIS for sil ica are variable, but 

average about 2 (Iler, 1979). At natural-water pHis the surface 

species >Si-O- should predominate. Serpentine minerals have an 

intermediate pH ,estimated by Parks (1967) to be 8.9, based on both zpc 

>Mg-OH and >SiOH being on the surface. Reported values for pH iep for 

freshly-suspended chrysotile fibers are in the range 10-11.8 

(Pundsack, 1955; Martinez & Zucker, 1960). Ahmed (1981) reports a 

pHzpc of 10 for freshly-suspended fibers. 

Constant-capacitance model analyses of sil lca surface properties 

have included three additional equil ibria that may be important in a 

chrysotile-water system, those for binding of monovalent cations 

(sodium or potassium) and magnesium: 
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Table 2.1. Reported Acid-Base Character of Surfaces; Constant 
Capacitance Model. 

Material pKa1 
s pKa2 

s lIpK pHzpc ST' nm -2 Electrolyte 

y-A1 203 
b 7.2 9.5 2.3 8.3 1.3 O.lM NaC104 

y-A1 203 
c 7.4 10.0 2.6 8.7 1.3 O.lM NaC104 

a-FeOOH d 6.4 9.25 2.85 7.8 4 O.lM NaC104 

am-Si02
e - 7.5 - - 5 O.lM NaCl 

am-SiO/ - 6.7 - - 5 O.lM NaC104 

Ti02 9 5.4 6.4 1.0 5.9 - O.lM KCl 

C, (a) 

C/V· cm 2 

1.3/12.9 

0.89/2.6 

1.8/2.9 

1.25 

-

-

aFirst number is capacitance observed below pHzpc ' s~cond is above pHzpc ; 
units are coulombs/volt. cm2• 

bReference: Hohl & Stumm, 1976. 

cReference: Kummert & Stumm, 1980. 

dReference: Si99 & Stumm, 1981. 

eReference: Young, 1981, capacitance and ST values assumed rather 
than observed. 

fReference: Schindler, 1981. 

gReference: Huang, 1981; data of Berube & deBruyn. 
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* s {>Si-ONa}[H+ ] 
(2. 10 ) K c = 

{>Si-OH}[Na+] 

* s 
{>Si-OMg+}[H+] 

e e1J;/kT 
K Mg :: (2.11) 

{>SiOH}[Mg2+] 

* s :: 

H>Sl-0)2M9 }[H+]2 
(2.12) (3 Mg 

{>Si-OH }2[M92+] 

* s Recently-reported values for these constants are p K c :: 9.5 (Young, 

1981), P*KS
M9 

= 7.3 (Schindler, 1981) and P*(3sM9 :: 14.7 (Schindler, 

1981). The predicted behavior for a magnesium-silicate surface is 

shown on Figure 2.3, usi ng these reported constants and with pKal s :: 

8, pK
a2

s = 10, PKas
s = 7.5, C=4 C/V.cm2 and sa = 48.5 m

2
/g. Of the 

silica sites, the species >Si-O and >Si-OH predominate. Adsorption 

of Mg2+ is not considered in the analyses that follow. 

2.1.3. Magnesium-Anion Complexes 

Adsorption of both inorganic and organic anions onto the 

>Mg-OH surface of chrysotile will alter the surface charge and may 

influence the rate at which chrysotile dissolves in natural waters. 

The major anions of interest in California waters are sulfate, 

chloride, bicarbonate, and the anions of carboxylic and phenolic 

groups associated with natural organic matter (NOM). The poorly 

defined and variable character of natural organic matter in California 

waters introduces a high degree of uncertainty into prediction and 

eval uati on of adsorpti on characteristics. To a fi rst approximati on 
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{>M9-OH} 

-2 ~-~{:=~i_=~~}7~-=-==--:--~--=--=--=--l-
- ------------
....J -4 
........ 

--- -------. 
{>si~~07----(5 

E -
c 
.2 -E -C 
<JJ 
0 
C 
0 

U 

C\ 
0 

....J 

-6 

-8 

{>Si-O Mg·} 
.-._._.-.-.-.- . .-._._._._.-.-.-.-._._._._._._._._._._._._._.-

{>Si-O NO} 

.-.-.-.-._.-.-._ ..... _._.-._._.-.-. 

-IO~ ____ ~ ____ ~ ____ ~ ____ ~~ __ --J 

6 7 8 9 10 II 

pH 

Fig. 2.3. Predicted magnesium-silicate surface speciation; 
-3 s ST = 9.7 x 10 M, S = 0.8 ST' S = 0.2 ST' pKa1 = 8, 

ssm s 2 2 
pKa2 = 10, pKas = 7.5, C = 4 C/V • em , sa = 48.5 m /g. 
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the adsorption behavior of hlgher molecular weight organic acids such 

as NOM may resemble that of lower molecular weight carboxylic and 

phenolic acids. In the analyses that follow, low-molecular weight 

organic acids are used to model the behavior of NOM; these analyses 

aid in both predicting and interpreting surface-organic interactions 

on chrysotile in natural waters. 

The relative tendency for specific adsorption of anions on the 

a-FeOOH and y-A1
2
03 su rfaces is obse rved to be rel ated to the tendency 

for the respective metal-anion canplex to fonn in solution (Stumm et 

al., 1980). Canparable equilibria are the tendency of ligands to 

replace OH- on the surface and in solution; for example: 

*K s 
1 

*K 
1 

(2.13) 

(2.14) 

Equilibrium constants for magnesium canplexation with various anions 

are listed in Table 2.2. These equilibria are generally of the form: 

(2.15) 

When canbi ned with the fi rst and second acidity constants for H2A and 

with the MgOH+ canplexation equilibrium constant" this takes the form: 

(2.16) 
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Table 2.2. Magnesium Equilibria at 25 C. 

1 og( [MgL (2-z )-][Ml+r1) (b) 

Anion log K(a) LT = 0.1 M LT = 0.001 M 

EDTA (N2C10H12084-) 8.83 5.38 

Catechol (C6H402
2-) 5.7 -1.56 

NTA (NC6H606
2-) 5.47 3.02 

Silicate (H2Si04
2-) 5.37 -5.27 

Silicate (H3Si0
4
-) 1.24 -3.68 

Salicylate (C7H403
2-) 5.2 -1.15 

Citrate (C6H507
3-) 3.37 2.34 

Carbonate (C03
2-) 2.85 -

Bicarbonate (HC03-) 0.69 -
Oxalate (K1)(C202

2-) I 2.76 2.17 

Oxa 1 ate (S2) 4.24 2.87 

Phosphate (P04
3-) 2.50 1.02 

Sul fate (so/-) 2.28 0.97 

Hydroxide (OH-) 2.21d -
Fluoride (F-) 1.82 0.82 

Phthalate (C
8

H404
2-) 2e 0.1 

Chloride (Cl-) 0.91 -0.09 

Benzoate (C7H402-) 0.1 -1.1 

Nitrate (N03-) f - -
a - (2-z)- 2+ z- -1 . I . K - [MgL ][Mg J[L J ,K s from Martel & Sm,th (1976). 
bM9T = 0.001 M, pH = 8, Kg'S from Martel & Smith (1976). 
CEquil. with PCO = 10-3. ; under these conditions, [CO 2- J = 
10-5.63 and [HCe3-J = 10-3.28; carbonate system K's fr~m 
Stumm & Morgan (1981). 

dSource: McGee &Hostetler (1975). 
eEstimated. 
fNo evidence of complexation. 

1.69 

-3.56 

0.45 

-5.54 

-3.95 

-3.15 

0.03 

-2.78 c 

-2.59c 

-0.09 

-1.66 

-0.98 

-1.03 

-
-1.18 

-1.9 

-2.09 

-3.1 

-
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The relative tendencies for magnesium to form canplexes of this sort 

are canpared in Table 2.2 for 0.1 M and 0.001 M total ligand. For 

example, at pH 8 with 0.1 M concentration of selected ligands the 

relative tendency for Mg2+ canplexation is: oxalate> P04
3- ::5°4

2- > 

F- > Cl- > benzoate> catechol > H3Si 04 -. The orde r is the same at 

0.001 M. At 350 ppm CO2, He03 canplexes with magnesium to a greater 

extent than 0.001 M benzoate but 1 ess than 0.001 M chloride. 

Sul fate and chloride, canmon in natural waters, show sane evidence 

of canplexation with magnesium and thus may coordlnate at a >Mg-OH 

surface and impart sane charge. Bicarbonate, silicate and the weak 

orgamc acid catechol are expected to less strongly bind to the 

su rface u nde r the condi t ions stated. Because H4 Si 04 and catechol are 

weak acids they are only sl ightly dissociated at pH 8. The 

magnesium-anion binding constant (log K of Table 2.2) together with 

the acidlty constants for the anion of interest determine the relative 

importance of the canplex. Oxalate and other carboxylic acids form 

strong magnesium canplexes. No constant was available for 

coordination with the dicarboxylic phthalic acid. Based on equilibrium 

data for other cations and 1 igands, it is estimated that log K for a 

magnesium-phthalate canplex would be about 2. At both 0.1 M and 0.001 

M, phthalate would form slightly stronger canplexes with magnesium 

than would chloride. 

2.2. DISSOLUTION MODEL 

2.2.1. Oissolutl0n Process 

Dissolution is a multi-step process lnvolving both 

redistribution of canponents in space by diffusion and chemical 

reactions at the solid-liquid interface that facilitate flux of 



25 

canponents across the interface. Figure 2.4 shows the steps involved 

in dissolution at the surface of a solid suspended in a moving fluid. 

EHher diffusion (steps a,b,h or i) or chemical reaction (steps c-g) 

may be rate limHing. 

For a reacti on-l imited process, steps c-g recogni ze that 

dissolution occurs preferentially at sHes of higher energy, 

conslstent wHh the accepted terrace-ledge-kink (TLK) model of growing 

or subliming solid surfaces (Boudart, 1975). For example, H is 

suggested that cation release fran an oxide may proceed Similarly to 

vaporization of metal in vacuum or anodic dissolution of metal 

(Valverde & Wagner, 1976): 

z+ . z+ z+ z+ Me (klnk) ~ Me (step) ~ Me (ads) ~ Me (aq) 

Electron-transfer, ion-exchange or canp1exation reactions may alter 

the rate of cati on transfer fran ki nk sHes to bul k sol uti on by 

slow; ng or speed; ng a surface-chemical reacti on or changi ng the rate 

of diffusion. For example, Stumm et a1. (1983) suggest that 

prot onati on of su rface >MOH groups and 11gand exchange -- formati on of 

suHable inner-sphere canp1exes of the form >ML -- weaken remaining 

metal-oxlde bonds and enhance detachment of the >M-L or >M-OH2 group. 

Alternately, specifically-adsorbing solutes may block access to 

surface sHes and prevent proton or ligand attack. 

The rate of a surface reacti on may be 1 imited by both the total 

surface area and the number of reactive sites per unit area that are 

available for reaction (Wadsworth, 1975). In laboratory experiments, 

the inHia1 concentration of kink sHes, or sites of higher energy, 

may be different fran the steady-state number present at later stages 

of dissolution. Size reduction by gnnding the parent material 
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Fig. 2.4. Dissolution process. 
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creates fresh surfaces; the distribution of energy levels of surface 

sites will depend on the relative number of cracks, tips and 

dislocations formed and on the particle-size distribution. These 

surface properties are determined by the intensity and duration of 

grinding. The dissolution rate for freshly-ground material typically 

decreases over several hours or days to a steady-state value, whereas 

pre-weathered material exhibits steady-state dissolution frOOl the 

outset (Holdren & Berner, 1979; Schott et al., 1981; Stumm et al., 

1983) • 

Where dissolution is limited by surface reaction, large 

well-developed etch pits are observed to form at point,S of excess 

energy such as surface dislocations. For transport-controlled 

dissolution, attack is more rapid and more uniformly distributed over 

the surface (Berner, 1981). 

Dissolution may be diffusion limited, either in bulk solution 

(Rickard & Sj~berg, 1983; Zutic & Stumm, 1982), or through a surface 

precipitate or leached layer that forms when SOOle solid cOOlponents are 

released into solution at a faster rate than are others (Wadsworth, 

1975; Luce et al., 1972). A surface leached layer could result frOOl 

+ + selective exchange of cations for H (or H30 ); a surface precipitate 

could result from reformation of surface material as selective ions 

are removed, or frOOl precipitati on of less-sol uble, amorphous material 

as a well-ordered crystal dissolves. In addition to the sequence of 

Figure 2.4, two additional steps would occur: b.2) diffusion of 

reactive species through the surface layer and b.3) diffusion of 

dissolved species away, through the surface layer. 
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2.2.2. Chrysotile Dissolution 

Chrysotile dissolves according to the overall reaction: 

Mg
3

Si
2

0
5

(OH)4(s) + 6H+ ~ 3Mg2+ + 2Si02(aq) + 5H20 

Past studies of chrysotile dissolution have found that magnesium is 

released into solution in excess of the 3:2 ratio in pure chrysotile. 

This was observed for dissolution of a significant fraction of the 

solid at acidic pH (Morgan et al., 1973) and during at least the 

initial one to three days of dissolution near netural pH (Luce, 1969; 

Hostetler & Christ, 1968). Selective removal of the outer brucite 

(Mg(OH)2) layer could account for the greater magnesium release at 

short times. Continued release of magnesium at a higher rate could 

result in build-up of a sil lca surface 1 ayer. A surface gel or 

leached layer may fonn on chrysotile under natural-water conditions in 

1 't' F' t 1 t 1 H Mg2+ b at east two S1 uat 1 ons. 1 rst, a ow to nell ra p, may e 

undersaturated and removed to solution while released silica 

precipitates as an amorphous surface layer due to oversaturation. 

Second, the chemical affinity for dissolution may he sufficient to 

enable fonning a new lower-entropy surface phase by rearrangement of 

components remai ni ng after the more-soluble Mg2+ is removed, fonni ng a 

surface leached layer. Recent experimental evidence on feldspars, 

amphiboles and pyroxenes suggests that these do not occur to an extent 

sufficient to control reaction rate. Rather, chemical reaction at the 

mineral-water interface controls dissolution (Aagaard & Helgeson, 

1982; Berner & Schott, 1982; Berner & Holdren, 1979; Berner, 1978). 

Evidence on serpentines is inconclusive (Thomassin et al., 1977). 

Berner (1978) observed that for selected minerals there is a 

reasonably good correlation between the solubility of a mineral and 
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the rate-control 1 ing mechanism by which it dissolves. Minerals with 

solubil ities on the order of 10-3 mol/L or lower (pH 8 in water) tend 

to be 1 imited by surface reaction and those more soluble are 1 imited 

by transport. Surface-reaction 1 imited dissolution is generally 

s10wer than dissolution 1 imited by transport in solution. This 

correlation would be true if preCipitation, the reverse of 

dissolution, involved a rate-l imiting chemical step that was common to 

several different mineral s and that occurred at approx imately the sane 

rate in different minerals. For a reversible reaction kdiss = 

Keqkprec' where kdiss and kprec are the rate constants for dissolution 

and precipitation respectively and Keq is the equil ibrium solubil ity 

product. If k is of similar magnitude for different minerals, prec 

then kdiss is proportional to Keq. If the rate-limiting step in 

precipitation involves loss of one or more water molecules, analogous 

to sol ution compl exation (Morel, 1983), then it is unl ikely that kprec 

for a variety of minerals could be approximately equal. Water 

exchange rates for different cations vary by several orders of 

magnitude. Concepts of common rate-l imiting steps or quantitative 

rel ations between K and kd · on k have not been incorporated eq lSS prec 

into theories of nucleation and crystal growth. 

Based on the correlation between solubility and dissolution 

mechanism, brucite dissolution should be transport 1 imited and sil ica 

dissolution, reaction-rate 1 imited. This suggests that chrysotile 

should be either reaction 1 imited or a mix of reaction and transport 

1 im ited. 

Experimental results on chrysotile dissolution in strong acid can 

be interpreted as being either transport or reaction-rate 1 imited. 
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For example, from 25 to 250 hours is required to release into solution 

70 percent of the total magnesium from chrysotile suspended in 1 M Hel 

(Morgan et al., 1973). As a function of the original surface area 

(assuming 50 m2/g) the average dissolution rate is on the order of 

10-13_10-12 mol/cm2·s. The amount of magnesium released in these 

experiments was proportional to the square root of time, which is 

consistent with a transport-controlled reaction (Luce et al., 1972). 

Electron micrographs of the fresh and magnesium-leached material 

showed 1 ittle change in fiber morphology, suggesting that both 

reactants (protons) and products (magnesium ions) diffused through an 

outer, porous sil ica layer that became progressively thicker as 

d issol ut ion proceeded (Morgan et al., 1973). It is not known if the 

sil ica remained as a leached 1 ayer due to slow dissolution or 

dissolved and reprecipitated from a saturated solution. Chowdhury 

(1975) observed release rates for magnesium from chrysotile on the 

order of 10-15 mOl/cm2s at pH 7 and 37 C, which is considerably lower 

than the rate in strong ac id. (Surface area of the mater ial was not 

reported in his experiments, so a value of 50 m2/g was assumed.) 

The calculated diffusion coefficient from the data of Morgan et 

al. (1973), estimated following Luce et al. (1972), is on the order 

of 10-16 cm2/s. This is near the 10-17 cm2/s estimated for magnesium 

leaching from chrysotile in 0.1 Noxal ic acid (Thomassin et al., 

1977) . 

Ionic diffusion coefficients in sil icate minerals are in general 

not known, and may range from 10-10 to 10-30 cm2/s (Petrovic, 1976) 

versus the 10-5 cm2/s for ionic diffusion in water (Sherwood et al., 

1975). Values for a surface-leached layer will depend on the 
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structure of the pores, or diffusion channels, through the sol ide 

Pe trov ic sugges ts that d iffus ion through an anorphous al uminum 

hydroxide precipitate in feldspars should proceed with diffusion 

coeffic ients comparabl e to those for d iffus ion through 

comparably-sized porous sol ids, on the order of 10-9-10-6 cm2/s. That 

is, dissolution that impl ies diffusion rates much smaller than these 

is too slow to be d iffus ion controll ed. 

These order-of-magnitude comparisons fail to suggest whether 

chrysotile dissolution in strong acid is reaction-rate or diffusion 

1 imited. The diffusion 1 imitation could be in a surface-leached layer 

rather than a precipitate coating. Observations do, however, provide 

an upper bound on the expected dissolution rate in low pH media such 

as stomach acids -- 10-12 _10-13 mol/cm2·s, which corresponds to 

complete dissolution of a single fiber within a few days. 

2.2.3. Reaction Kinetics 

2.2.3.1. Theory 

Mineral dissolution involves simultaneous, 

mul ti-step chemical processes that transform sol id species into 

sol ution spec ies and al so rearrange spec ies remain ing in the sol id 

phase. For example, release of cations from an oxide may involve 

surface attack by protons, water dipoles and coordinating 1 igands at 

the sane or different types of surface sites (e.g. edge vs. face 

sites), with each reaction occurring at a different rate. In many 

cases a single process at a single type of site will dominate. 

The overall reaction rate for dissolution can be defined as: 
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1 dn \I ds 
r = - s dt = - Sdt (2.17) 

which has un its of mol cm-2·s-1• n is the amount of reac tan t in the 

system (mol), S is the crnoun t of surf ace area in the system (cm2), s 
the reaction progress variable, \I relates the change in moles of 

reactant to the change in the progress variable, and t is time. 

Rates for heterogeneous reactions such as catalysis or dissolution 

are properly referred to per unit of reactive surface area, or 

is 

preferably, per unit active site (Boudart, 1975). The number of surface 

sites is generally not known with as much certainty as is the unit 

surface area and most recent investigators report rates per unit surface 

area of sol id. In some cases rates are reported per un it mass of sol id, 

with specific surface area also given. 

For a process involving a sequence of reversible reactions, the 

rates of which can be formulated from transition-state theory, the 

overall rate can be expressed as a function of the free energy change of 

the system (Boudart, 1976): 

r =r(1 _ e-A/ oRT ) (2.18) 

r is the overall rate of trre forward reaction, A is the total affinity 

of the over~l reaction: 

A = LkO kAk (2.19) 

and ° is the over all s to ic h iometr ic n umber a f the reac t ion. Ak is the 

affinity of step k in the forward direction, equal to the negative of 

the free energy change for the reaction. ok is the stoichiometric 

number of the kth reaction step and is equal to the rate of the kth step 

relative to the rate of the overall reaction; it is conveniently defined 
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as d~k/d~, where ~k is the progress variable for step k (Aagaard & 

Hel geson, 1982). (J is def ined by the quan t ity (J kAk/~Ak • 

Figure 2.5 shows schematically the concept of a reaction barrier for 

a single elementary step corresponding to the formation of an activated 

complex for going from reactants to products (Gardiner, 1969; Hammes, 

1978). 

For a Single step, j, within the sequence being rate determining, 

r ::: r/ OJ and Aj »~kAk for k ::: j. Then formul at ing rj from 

transition-state theory as the rate of decay of an activated compl ex 

(Lasaga, 1981; Dibble & Tiller, 1981; Aagaard & Helgeson, 1982), (2.18) 

becomes: 

r ::: 1 kT C~ 
~h J 

J 
(1 -A·/o·RT) - e J J 

where k is Boltzmann's constant, T is temperature, h is Planck's 

constant, and cT is the concentration of the activated complex 
J 

(2.20) 

Far from equ il ibr ium Aj is 1 arge and the exponent i al term is small. 

Writing (2.20) in terms of the activated complex precursors, the species 

that react to form the activated complex in step j, and far from 

equilibrium, gives: 

1 kT K.f 
r::: - _.-J. 11 a -Vij () 

OJ h Yjf i i 2.21 

Here K
j 
f is the equil ibrium constant for the reaction leading to 

formation of the activated complex, Yj f is the activity coefficient for 

the activated complex, ai are the activities of components in 
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Fig. 2.5. Free energy change (AGO) for single, 
reversible step in dissolution involving 
activation barrier that corresponds to formation 
of activated complex in the forward (tG~f) and 
reverse ((Go r ) directions; Af ~ ~G~ (see text). 
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equil ibrium with the activated complex, and vij are the stoichiometric 

coefficients in the equilibrium reaction. 

2.2.3.2. Kinetic Model for Chrysotile Dissolution 

Possible activated-complex precursors for 

pH-dependent dissolution of magnesium hydroxide can be formulated in 

terms of the degree of surface protonation, or extent of proton 

adsorpt ion at surface >Mg-OH sites. If adsorpt ion of a s ingl e proton is 

sufficient to bring about release of one magnesium ion into solution, 

the concentration of activated complex should be proportional to 

{>Mg-OH 2+}, and (2.21) would be: 

where kl 
1 

=-
cr· 
J 

kT K.f 
---1. h ,r Ylj 

+ surface species >Mg-OH2 

+ r :: k1 {>Mg-OH2 } (2.22) 

Y+ is the activity coefficient for the 

If more than one adsorbed proton is involved 

in forming the activated complex, then the probabil ity that adsorbed 

protons will occupy adj acent sites must be cons idered. The formul ation 

is analogous to that for reactions involving surface catalysis (Boudart, 

1975; Hill, 1977). Figures 2.6 and 2.7 illustrate possible physical 

pictures for adsorption of two protons at adjacent sites on a hydroxide 

surface. As noted above, each surface hydroxide is a potential proton 

adsorption site, each underlying magnesium is coordinated to three 

surface hydroxides and each surface hydroxide is coordinated to three 

underlying magnesiums. Figure 2.6 is a plan view, showing an edge, or 
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Fig. 2.6. Plan view of magnesium hydroxide surface illustrating 
release of magnesium resulting from adsorption of protons at 
adjacent sites; magnesium. , hydroxide 0, adsorbed proton + , 
C: water molecules. 



a) 

b) 

c) 

37 

" / I 
HO-Mg-OH 

X >(1 " 
HO-Mg-OH +2H+ ~""-X /"<1 
HO-Mg-OH / "I HO OH J' Complexation 

" / I HO-Mg- OH 
X XI 

H 0-:'" M -'OH + X g/ 2 

HO - 'Md" bH + 

HO/ "OH 2 

, / I 
HO -Mg- OH 

X X' + HO-Mg-OH2 
'X X' HO ~Mcf - OH2+ 

/ "I 
HO OH 
/ 

" / I HO- Mg-OH 
X >(' + 

HO-Mg-/9H2 

HeX /~6H + 
~ /\ 2 

Mg,\ 
HO/ 'OH / 

Activated Complex Formation ~ 

" / I " / I HO-Mg-OH HO-Mg-OH 
X/ XI + V '/1 

HO- M9~/ H2 + 4 H
2
0 -~, HO/ Mg~'OH + 

X 'J I + "/ ' 1 2 
HO "'/ 'l'. OH HO 'OH + 
~'" / 2 / 2 ~Mg.\ 

/HO~ 'OH OH2 
H20,~ /OH2 

/ g, Detachment 

H20 I OH 
OH 

Fig. 2.7. Schematic of chemical steps for release of one 
magnesium from chrysotile surface; a) complexation of protons 
at adjacent surface sites, b) formation of activated complex 
involving lengthening of bonds between magnesium ion and 
structural oxides, and c) detachment of magnesium from surface 
and coordination with water molecules. 
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hole in the surface where dissolution will preferentially occur. 

Coordination at adjacent surface hydroxides is illustrated. 

Concentration of positive charge near a single magnesium ion results in 

a change in the position or bonding of that cation in the solid lattice 

and eventually in release of a Mg2+ ion into solution. This is depicted 

in the schematic of Figure 2.7. An analogous picture could be developed 

for adsorption of three protons on adjacent sites. 

Following Boudart (1975) and Hill (1977), the probability of two 

adjacent sites being occupied is proportional to the square of the 

probability that one site is occupied, where the probability of 

occupying anyone site is independent of the probability of occupying 

any other site. In the present case, the probability that anyone 

surface >Mg-OH site is ocupied by a proton is {>r~g-OH/} Sm- 1 , the 

fraction of surface sites that are protonated. The total concentration 

(mol/cm2 ) of pairs of sites on the surface is l/2(Zl Sm), where zl is the 

number of nearest neighbors to any given site, a constant. The factor 

1/2 accounts for each pair belng counted twice. For the concentration 

of pairs of protonated sites being C2 , the fraction of pairs of sites 

that are protonated is C2 (1/2(z
l
Sm))-1. ThlS is equal to the square of 

+ 2 -2 the fraction of sites that are protonated, {>Mg-OH
2 

} . Sm • This gives 

zl 1 2 
C

2 
= { >M9-OH

2
+} 

"2 Sm 
(2.23) 



39 

An analogous argument for three adjacent sites would give: 

Zl Z2 1 + 3 
C = -- -- {>Mg-OH } 

3 6 S 2 2 
m 

(2.24) 

where z2 is the number of nearest neighbors to each pair of sites. 

Substituting (2.23) into (2.21) for the case of the activated complex 

involving two adjacent protonated sites gives: 

(2.?5) 

whe re 

Analogous expressl0ns for the i nfl uence of adsorbed protons and 

anions in the dissolution of aluminum oxide have been presented (Stumm 

et al., 1983). Substitution of (2.1) and (2.2) into (2.22) gives an 

expression in tenns of hydrogen ion concentration: 

r = k S 1 m (2.26) 

Simil a r express; ons waul d result for the cases of two (2.25) or th ree 

proton adsorption. Over a 1 imited pH range an approximation of the 

fall owi ng form can be used (Stumm et al., 1983): 

(2.27) 
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KI and a are empi rical constants, with 0 < a 2. 1. In general, an 

approximate expression for dissolution rate based on equilibrium 

adsorpt i on of protons is: 

n is an integer, likely one, two or three and kl incorporates kl' KI, 

Sm and other constants, dependi ng on n. 

Figure 2.8 shows the expected dissolution rate for values of n of 1 

(2.22), 2 (2.25), and 3, using the same equilibrium constants as on 

Figure 2.3. The curves are nonnalized to zero at pH 9 to pennit 

comparing the expected slopes for these three cases. The slopes (an 

values) are 0.3,0.6, and 1.0 for n = 1,2, and 3, respectively. 

2.2.3.3. Observated Kinetic Behavior of Other Minerals 

Two sets of data are reported in the literature in 

the framework outlined above. For dissolution of 6-A1 20 3 , Stumm et al. 

(1983) reported a rate expresslon of the fonn of (2.28) with an = 0.4 

and n = 3 over the pH range 3.5-6. Pul fer et al. (1983) reported an = 1 

for dissolution of bayerite (y-Al(OH)3) over the pH range 3-4. 

Interpretation in the same manner implies n > 3, which seems unlikely 

based on su rface geanet ry. 

Wirth & Gieskes (1979) investigated dissolution of vitreous silica 

fran pH 6-10, with an = -0.5 observed. An evaluation in terms of 

surface charge, with >51-0- being the species of interest, suggests that 

n = 2, or two OH- ; nv 01 ved in the rate-dete rmi ni ng step. 
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3 protons per Mg2+ released; rates 
normalized to zero at pH 9. 
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2.3. PARTICLE-PARTICLE INTERACTIONS 

2.3.1. Coagulation in Natural Waters 

2.3.1.1. Existing Models 

Both deterministic (O'Melia, 1980; Lawler et 

al., 1980; Hunt, 1980) and stochastic (Val ioulis, 1983) models of 

coagulation have been applled to predict particle removal and 

particle-size distributions in dilute suspensions. The fonner method 

uses an empi rical coagulation-efflciency factor (a) to account for 

particle interaction and non-ideal behavior. The latter incorporates 

functions to describe hydrodynamic interactions and uses linear 

approximations to describe electrostatic forces between interacting 

double layers. Both methods treat spherical particles. In principle, 

either could be modHied to describe behavior of non-spherical particles 

and could express coagulation efficiency in terms of fundamental 

chemical properties of a system. 

For a deterministic model, the rate of dlsappearance (L- 1 s-l) for a 

given size and type of particle (indicated by 1) is given by: 

-anI L k n, 
ill 

(2.29) 

where ki is the coagulation rate constant (LIs) and ni is the 

concentration (L- 1) of size i particles. n1 is the concentration of 

size 1 particles. This is a simpliflcation of the general equation used 

to predict size dlstributions (Friedlander, 1977) that considers 

formation of size 1 particles from aggregation of smaller particles as 

well. 
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a. should be a function of particle type and size, but in practice is 

generally observed only for a suspension of different particle sizes and 

assumed to be constant for given chem7cal conditions (lawler, et a1., 

1983). For a fully destabil ized particle, a = 1. Stumm (1977) suggests 

that a. may be from 0.1-1.0 in seawater, but that lower val ues 

characterize estuaries (0.01-0.1), rivers (10-4_10-3) and lakes 

(10-5-10-4 ). The highest ex. values measured in laboratory experiments 

are on the order of 0.5 (Birkner & Morgan, 1968), but values on the 

order of 0.01-0.1 are more commonly reported (Edzwald et al., 1974; Hahn 

& Stumm, 1968; Eppler, 1975; Gibbs, 1983). Many of the higher values 

are for estuarine waters and seawater. 

Calculated values for k i for three coagulation mechanisms 

Brownian diffuSion, fluid shear and differential sedimentation -- are 

shown on Figure 2.9.(a) From these calculations it is clear that in the 

(a) Equations used to calculate k i are as follows: for Brownian 

diffusion, k i 
1 

where f = 3TI~d; (sphere) T.' - i 
1 

8TIl1al 
and f1 = ln2p+0.5' the Stokes 

friction factors for flow parallel and perpend7cul ar to acyl inder axis 

(Happel & Brenner, 1973; the average friction factor (f
ll 

/3 + 2f1 /3) 

appl ies to random orientation and was derived by Fuchs (1964) for a 

prolate ell ipsoid. For fluid 

3 (d1 + d i ) G 
shear, k i = 6 ; for 

( 2 2 2 = TIg pp-p)(d l +d i ) (d i -d1 ) 

k i 72].1 differential sedimentation, 
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Fig. 2.9. Rate constants for coagulation of chrysotile 
fibers (0.05 wm dia. by 0.5 wm long) with larger spherical 
particles in water at 20 C with low fluid shear (G = 1 s-l) 
and high density (r; p = 2.6 g/cm3); adapted from Hunt (1980) 
and a I Me 1 i a (1980). 



45 

presence of larger particles, removal of submicron fibers by 

differential sedimentation dominates. 

In this first-order estimate, the coll ision radius is assumed to be 

fiber length rather than diameter. This assumption is val id if fiber 

rotation is fast relative to transl ation; otherwise coll ision radius 

should be based on the preferred orientation or distribution of particle 

orientations. The orientation of axisymmetric particles is determined 

by the combined effects of shear-induced rotation and rotary Brownian 

motion, which in turn affects transl ational movement (Cerda & van de 

Yen, 1983). For a spherical particle, the distance a point on the 

surface moves by translational and rotation~ diffusion are 

approx imately equal (Lykl ema, 1976). In the absence of shear flow and 

for long times, Brownian rotation resul ts in equal probabil ity for any 

given orientation of a non-spherical particle, i.e. random orientation 

(Fuchs, 1964). The preferred orientation of a rod-shaped particle under 

weak Brownian motion and in the presence of a simple shear is along the 

flow (Leal & Hinch, 1971). 

k = 1.4 x 10-16 g·cm2s-1, Boltzmann's constant; T = 293 K; V = 0.01 

g·cm-2s-1, viscosity; G = 1 s-l, fluid shear rate; 9 = 980 cm·s- 2; Pp = 

2.6 g·cm-3, particle density; p = 1.0 g·cm-3, water density; a1 = 2.5 x 

10-6 cm, fiber radius; d1 = 5 x 10-5 cm, fiber length; p = d/2ai = 10; 

di = size of type i particle. 
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An analysis of the fiber orientation was not accounted for in the 

calculated rate constants of Figure 2.9. Orientation was assumed to be 

random and rotational diffusion was assumed to be fast rel ative to 

translation. The effect of having fibers al igned in a flow would be to 

reduce the call ision radius and thus the rate constant. The magnitude 

of this uncertainty in rate constant is unimportant (small) in the 

current context (southern Cal ifornia surface waters) for two reasons. 

First, coagul ation rates are greater at di 1 arge, in which range 

d i ~ d i + d1 whether one uses fiber length or diameter for d1• Second, 

the approx imat ion of other part icl es as spheres of diameter d i 

introduces a simil ar uncertainty into the call ision-radius forms. 

2.3.1.2. Model Appl ied to Fiber Removal 

Removal of asbestos fibers in natural waters 

occurs by coagulation with larger particles that subsequently settle 

out. Part icl es with a settl ing vel oc ity greater than the overflow rate 

of a reservoir should be removed to a large extent. The Stokes settl ing 

velocity for 0.5 ~m by 0.05 ~m fibers is on the order of 30 cm/yr.(b) 

To be removed in source-water reservoirs of The Metropol itan Water 

District of Southern Cal ifornia, fibers should coagulate with particles 

1 arger than about 2-5 m in size. 

(b) Calcul ated from Stokes law for acyl inder; average for settl ing 

2g( p- )a2 9 
parall el: u = 9~ . "4 (£n 2p-0. 72), and perpend icul ar: 

u = 
2g( -)a2 p 9 

8" (Q,n 2p+0. 5 ) to the fiber axis; a is the 

fiber radius and p is the fiber aspect ratio -- half length 

divided by radius (Lerman, 1979). 



47 

From the rate constant for differential sedimentation as graphed 

on Figure 2.9: 

(2.30) 

it is apparent that k i does not depend on d1 for d1 « d i • That is, 

removal of submicron-sized asbestos fibers is not a function of fiber 

size. 

In tegration of (2.29) from t = 0 to t gives: 

D 
n1/n 1 = exp(-at~.niki) (2.31) 

1 

where n10 is the initial concentration of type 1 particles. The 

relative concentration of type 1 particles at any time is then 

calculated from the size distribution of type i particles and the 

corresponding kils. 

2.3.2. Deposition in Sand Filters 

2.3.2.1. Model Predictions 

Deposition of submicron-sized particles onto 

mill imeter-sized sand grains in deep-bed fil tration occurs primarily 

by Brownian diffusion. Interaction due to fluid shear and particle 

settling are important for larger particle sizes (Yao et al., 1971). 

Following the development of DIMel ia and coworkers (OIMel ia, 1980), 

deposition is given by: 

dn 1 _ 3 (I-f) 
dL - - 2" d

2 
anI n 1 (2.32) 

where L is depth in the bed, d2 is grain (collector) diCfTleter, f is 

bed porosity, n1 is the number concentration of type 1 particles and 
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is collection efficiency. n1 is the single-collector contact 

efficiency, given for Brownian diffusion by: 

n1 = 4 Pe-2/ 3 

where Pe is the Peclet number. 

(2.33) 

Figure 2.10 shows calculated contact efficiencies for the three 

deposition mechanisms -- Brownian diffusion, interception and particle 

settl ing for different-sized particles.(c) Calculations are presented 

for spherical particles and for fibers of 0.05 ~ diameter. 

Chrysotile fibers, fall ing in the 0.1-1 jlm size range (length), should 

be removed primarily by Brownian diffusion; settl ing becomes important 

only above 1 jlffi. The contact efficiency is in the range of 10- 3 for 

0.5 jlm fibers and decreases at 1 arger sizes. Incorporat ion of 

submicron-sized fibers into 10-30 jlm sized spherical flocs with a 

density of 1.05 g/cm3 by coagulation would result in a contact 

efficiency (by settl ing) of up to 10-fold higher. An even higher 

value would result for a more dense floc. 

(c) n1 is given for Brownian diffusion by: 

, adapted from Vao, et al. (1971) and Levich 
kT 2/3 

n1 = 6.4 (V
o
d

2
f1) 

(1962); f1 is given in footnote (a). For spherical particles, Vao et 
kT 2/3 

Brownian diffusion n1 = 4 Pe-2/ 3 = 0.9 ( d d V ); 
jl 1 2 a 

al . (1971) give: for 

2 

~ ~ (:~) and for sed imen tat ion for fluid shear n1 
2 g(pp- p)d1 

; d2 = 0.05 cm, Vo = 0.34 cm·s-1 (5 gpm·ft-2), the nl = 18jlVo 

approach velocity of the fluid; other values are in footnote (a). 
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Total partiel e removal in a fil ter is given by the integrated form 

of (2.31): 

n /n 0 = exp 1 1 (2.34) 

Optimum removal occurs when particles are fully destabil ized (a=1) by 

chemical addition. Water filters at Metropol itan contain 50 cm of 

anthracite (d2 = 0.1 cm) underlain by 20 cm of sand (d2 = 0.05 em). 

Predicted values for n1/n 1
o using these parameters and f = 0.4 are 

given in Table 2.3. Three cases are illustrated: fiber removal 

wi thout coagul at ion pr ior to fil trat ion; removal following coagul at ion 

of fibers into loose, low density flocs; and removal following 

coagulation into dense flocs. These calculations illustrate that 

Significant fiber removal in sand fil ters is expected only if fibers 

are first coagulated into larger, loose floes of 20 ~m or greater in 

size or into dense flocs of 5 ~m or greater in size. 

2.3.2.2. Reported Removals in Water Filtration Studies 

Resul ts of pilot-pl ant studies on asbestos fiber 

removal are reported for three different waters: Duluth, Minnesota, 

on Lake Superior water containing amphibole fibers (Logsdon, 1979); 

Seattle and Everett, Washington, on water originating in the Cascade 

mountains containing chrysotile fibers (Kirmeyer, 1979); and Quebec 

surface waters containing chrysotile fibers (Hunsinger et al., 1980). 

Fiber removal has al so been mon itored in full-sc al e pl an ts in 

Minnesota (Logsdon et al., 1983), Washington (Logsdon et al., 1981) 

and Southern Cal ifornia (McGuire et al., 1983). 
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Table 2.3. Predicted Fiber Removal in Water Filtrationa 

Particle size, n1 
nIl 0 Mechanism 

llm 
n1 

b 

no coagulation 

0.1 1.4 x 10-3 0.3 B 

0.5 8.3 x 10-4 0.5 B 

1.0 6.0 x 10- 4 0.6 B 

coagulation (pp = 1.05 ) 

1.0 1.6 x 10-4 0.9 B 

10 1.4 x 10-3 0.3 B, I , S 

20 5.6 x 10-3 0.01 I , S 

25 8.8 x 10-3 0.0008 I , S 

coagulation (pp = 2.6) 

1.0 4.2 x 10-4 0.5 B, S 

3.0 2.3 x 10-3 0.15 S 

5.0 6.5 x 10-3 0.005 S 

aFrom Figure 2.8 and equation (2.32). 
bB = Brownian, I - interception, S = settling. 
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These studies were designed to identify the operating conditions 

that achieved max imum fiber removal, generally by varying the dose of 

inorganic salt and organic polymer added prior to filtration. the 

mechanism of fiber removal and the important chemical variables in 

that mechanism were not addressed. 

Sand filtration preceded by coagul ation with alum (30-50 mg/L) was 

shown to reduce fiber concentrations in a raw water from Quebec from 

1.3xl09 fibers/L to below 105 fibers/L (Lawrence & Zimmerman, 1976). 

Fibers were incorporated into the aluminum hydroxide floc formed in 

co agul at ion. Polymer add it ion (0.5-1. 0 mg/L) was requ i red to ac hi eve 

high removal of the resulting turbidity. Further pilot tests of a 

Canadian surface water spiked with chrysotile asbestos fibers to 

106-107/L achieved approximately a one order-of-magnitude fiber 

removal; coagul ant additions were 30 mg/L alum and 5 mg/L activated 

sil ica (Hunsinger et al., 1980). 

Reductions in chrysotile fiber levels by 10-1000 fold were 

achieved in a direct-filtration pilot study on Tolt river water. 

Washington (Kirmeyer. 1979). Infl uent concentrations were 106_107 

fibers/L. Alum (3-10 mg/L) was the primary coagulent; in some cases 

1 ime (1-4 mg/L) or cationic polymer (2-3 mg/L) was added. A non-ionic 

or anionic polymer (0.02-0.3 mg/L) was added as filter aid. 

From these studies it is apparent that fiber removal can vary from 

near zero to over 99.99 percent in a given treatment plant. depending 

on the operating conditions. Mean removals of about 99 percent are 

typically observed in Metropol Han's pl ants (Bales et al •• 1984). 
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CHAPTER 3 

MATERIALS AND METHODS 

Most particles used in this experimental work were fran natural 

ore, have heterogenous surfaces, are of non-unifonn size and contain 

variable amounts of impurities. The objective in using natural 

material rather than model particles is to relate this work more 

closely to the weathering behavior of natural silicate minerals, 

particularly chrysotile asbestos, in freshwaters. Chrysotile 

characterization work reported in this section is aimed toward 

defi ni ng the range of its physical and chemical properties, both in 

the laboratory and in natural-water systems. 

3.1.1. Ch rysoti 1 e 

The starting material is raw chrysotile (Calidria) ore 

fran the Union Carbide Corporation mine near Coalinga, California. As 

received, the material is moist and includes particles fran about five 

m; 11 imeters down to one mic ron in si ze. Canponents of the ore i ncl ude 

mag net i te, 1 i za rd i te, b ruc ite and trace impu rit i es, along with 

sh ort-fi be r ch rys otil e (Mumpton & Thanpson, 1975). Laboratory methods 

used to purify particle samples are generally harsher and of shorter 

duration than natural weathering, where physical impacts are of low 

intensity and chemical attacks are by weaker acids. Chrysotile 

purification procedures were designed to minimize both structural 

damage to fibers and changes in particle surface. 
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3.1.1.1. Chrysoti 1 e Preparati on Procedure 

The method used to separate fibers fran the raw ore is 

illustrated on Figure 3.1. The raw ore was hand sorted by texture and 

color to remove obvious impurities such as massive serpentine or large 

mag netite fragments, suspended in dei oni zed water and soni cated to 

release fibers. Separation involved diluting, stirring with a 

magnetic bar to collect magnetite and decanting to remove larger, 

heavier material. It was assumed that impurity brucite would dissolve 

away; the dissolution rate for brucite is about lOOO-fold faster than 

that for chrysotile. The lack of excess magnesium in the processed 

ore was taken as evidence that impurity brucite was not present. 

Separation of magnetite fran chrysotile by sonication and stirring in 

water occurred within minutes. Simple grinding fails to separate the 

two minerals (Allen & Smith, 1975). 

Afte r gravity settl i ng, suspensi ons were cent ri fuged to sepa rate 

solids fran supernatant. Resulting solids were washed with deionized 

water and recentrifuged until the centrate reached a constant 

conductivity. The paste was then dried in an oven at 70 C. The dried 

cake was placed in an alumina dish with a movable puck and crushed by 

oscillating for 30 seconds in a Spex Shatterbox. By this procedure 

about 50 grams of raw ore can be processed in one day, yielding about 

30 g rams of fi be rs. 

Sane initial consideration was given to making synthetic 

chrysotile, but physical characteristics of the resulting fibers 

(Yang, 1961) do not resemble those of the natural material found in 

California. Further, synthetic fibers may contain relatively high 
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Fig. 3.1. Chrysotile ore purification procedure. 
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fractions of impurity brucite or silica (Hostetler & Christ, 1968), 

the two starting materials for synthesis. 

3.1.1.2. Chrysotile Chemical Characteristics 

Chemical canposition of the purified ore was detennined 

by digestion in HF and aqua regia in a teflon bomb (Bernas, 1967) 

using the molybdate-blue method of Strickland and Parsons for silica 

(Fanning & Pilson, 1973) and atanic absorption spectrophotanetry (AAS) 

for cations. Na
2
SiF

6 
was used as a silica standard and Baker 

analytical standard (1 mg/ml in HN03 ) for magnesium. Results are 

listed in Table 3.1. Iron accounts for about 3.4 percent of the 

cation in the octahedral layer. A similar level is reported in a 

typical analysis by Union Carbide, also listed in Table 3.1. The more 

extensive analyses of Mumpton and Thanpson (1975) are shown as well. 

In addition, the purified ore contains about 0.5 percent magnetite, 

determined from the amount of residue collected on the magnetic spin 

bar in one five-day, constant-pH experiment. 

The resul ti ng chemical fonnul a for the analyses done as pa rt of 

this work is (Mg,Fe)3Si2.205.1(OH)4' versus Mg 3Si 205 (OH)4 for pure 

serpentine. The magnesium to silica ratio in this work is lower than 

for the other reported analyses. Apparent molar ratios of magnesium 

plus iron to silica are 1.36 in the current work, 1.54 for the Union 

Carbide analysis and 1.57 for Mumpton and Thanpson's analyses. 

Analysis of centrate fran ore purification showed dissolved magnesium 

concentrations near 2 mg/L; this is much lower than the nearly 100 

mg/L needed to account for the reported differences. Rather, the 

differences are assumed to be due to different purification and 

cleaning procedures, as well as raw-material differences. 
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Table 3.1 Calidria Ore Composition 

Weight Pe rcent 

This 
Ca rbi dea Thanpsonb Component Work Uni on Mumpton & 

MgO 39.70 41.9 42.41 

5i02 45.44 42.8 41.40 

A1 203 < 1 0.5 0.13 -
Fe203 4.62 4.0 5.02 

CaO 0.18 0.11 0.26 

NiO 0.03 0.33 0.03 

Mn02 0.09 - -
K20 0.15 - -
Na 20 NOc - -
H20 & CO2 9.8d 13.5 13.47 

aAnalysis supplied by Union Carbide Corp., with ore. 

bAverage of three reported analyses; reference: Mumpton and 
Thanpson, 1975. 

cNone detected. 

dEstimated by subtracting sum of other canponents fran 100. 
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Trace metals associated with chrysotile are generally found in 

impurity minerals rather than as substitution products in cf)rysotile 

(Reimschussel, 1975). The organic content of a hand-sorted, mill ed 

Quebec chrysotile was detennined by extraction with benzene and 

cyclohexane to be fran 0-50 ppm (Gibbs, 1971). The extract contained 

a peak at C
2

, with a unimodal distribution about that point. It is 

not known if the organics are part of the crystal or are adsorbed on 

the surface. The organic material is thought to have its origin 

either: 1) fran circulating groundwater, 2) of magmatic origin, 3) of 

sedimentary origin, or 4) fran distillation of pre-existing oil pools. 

Percolation of surface water and sample contamination during 

processing were considered unlikely. Speil and Leinweber (1969) also 

note that chrysotile contains natural organic impurities. They report 

that cyclohexane extraction of 11 u.s. and Canadian milled samples 

yielded fran 40-500 ppm organics. 

3.1.1. 3. _Ch rysotil e Phys ica1 Cha racte ri sti cs 

The surface area of the purified fibers, measured 

by si n91 e-poi nt BET ni t ragen adsorpti on usi ng a Quantasorb system 

(Quantachrane Corporation), ranged fran 40.3 to 57.7 m2/g. A 

representative value is 48.5 m2/g; this is used in suhsequent 

calculatl0ns. 

Figure 3.2 shows the distnbution of flber lengths in the purified 

ore; also shown are the overall distnbutions for samples taken fran 

the Feather river and fran Metropolitan's source-water reservoi rs 

(McGui re et al., 1982; Bales et al., 1984). The natural-water samples 

have a flatter distribution, reflecting breakup of the larger fibers 

and disappearance of the smallest size particles. Techniques for 
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further separati ng fibers by length (Spurney et a1., 1979) were not 

applicable here. 

The size distribution for the purified Calidria ore was obtained 

fran raw ore without intense gri ndi ng. Langer et al. (1978) report 

nearly the same size distribution for Calidria ore dispersed in one 

percent amyl acetate. Following milling for one minute, their size 

distribution was shifted down and to the right, with a slope nearer 

that of the natural-water samples on Figure 3.2. Longer milling 

shifted the size distribution further down and to the right. 

Spurney at al. (1979) note that although use of wetting agents or 

organic sol vents such as methyl a1 coho1, ethyl al cohol, isobutyl 

alcohol, etc. facilitates preparing chrysotile suspensions, these 

organics may adsorb and change surface physical-chemical properties, 

making the resulting fibers unsuitable for representative biological 

experiments. These investigators used only double-distilled water to 

suspend fibers during the sample preparation. They state that surface 

properties in an aqueous suspension remained practically unchanged 

during fiber size-separation experiments. 

Lange r et a1. (1974) noted that g ri ndi ng Quebec ch rys ot il e ina 

Waring blender for 30 minutes produced irregular rather than straight 

fiber edges; some fibers exhibited a defonned and collapsed central 

capillary. Spex milling produced sane crushed fibers, but no 

irregular edges were noted. Speil and Leinweber (1969) show an 

el ect ron mi c rog raph of Spex-mill ed ch rysot il e in whi ch none of the 

origi nal structure is evident. X-ray diffracti on confi nned that the 

fiber structure was destroyed. They suggest that structural changes 

were caused by manentary localized temperature surges in a fiber as it 
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absorbed the impact ene rgy. They confi nned thi s by canpa ri ng fi be rs 

that were ball milled wet versus dry. Wet milling precludes high 

localized temperatures. Langer et ale (1978) also note physical 

structural and surface damage as well as decreased hemolytic activity 

for fibers as milling time is increased. 

The above considerati ons indicate that the short mill i ng time (30 

seconds) used in the present work had little effect on the size 

distribution of fibers originally present in the ore. Also, 

sonication produces fibers with a size distribution similar to that 

achieved with an organic dispersing agent -- amyl acetate in the work 

by Langer et ale (1978). The purified ore exhibited 

electron-diffraction patterns characteristic of chrysotile and 

revealed no damage due to processing. Figure 3.3 shows typical 

transmission electron micrographs of the purified ore and of fibers 

separated fran natural waters. 

3.1.2. Brucite 

Th ree diffe rent Mg (OH)2 mate ri a 1 s we re used. I niti a 1 

potenti ometic surface-charge experiments were done with Mg(OH)2 powder 

reagent (MC/B Manufacturing Chemists), which is ~ 95 percent magnesium 

hydrox1de. BET surface area, measured by single-point nitrogen 

adsorption, is 45 m2/g. The second and third were natural brucite 

(Mg(OH)2) from a mi ni ng area in Nevada and are tenned Lodi brucite and 

Gabb brucite, respectively. Both were obtained as rocks, through 

Wards Natural Science Establishment, Rochester, New York. The raw ore 

was broken and hand sorted to remove obvious impurities, then crushed 

with a mortar and pestle. Analyses by the same method as above for 

chrysotile indicated that the first material was about 48 percent 
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Mg(OH)2 and the second material was 100 percent Mg(OH)2. Surface 

areas were measured to be 0.67 and 1.96 m2/g respectively. 

3.1.3. Aluminum Oxide 

Adsorption experiments were carried out using "Aluminum 

Oxide C" (Alox), which is manufactured in Gennany and was obtained 

fran Oegussa Corporation, Teterboro, New Jersey. It is reported to 

consist predanonantly of y-A1 203 (Kummert & Stumm, 1980). Prior to 

its use, the alumina was washed once with 0.1 M NaOH and seven times 

with double-distilled water (Hohl & Stumm, 1976). The suspension was 

then centrifuged between washi ngs, with sane loss of fi ne material in 

the centrate. The washed material was stored in distilled water for 

approximately one year pri or to use. Stock suspensi ons for 

experiments were made by drying a portion of the washed alumina at 110 

C, grinding lightly with a mortar and pestle to break large 

aggregates, and transferring the required amount toO.01 M NaC1 

solutions. Surface area of the washed material, measured by 

single-point BET nitrogen adsorption, is 82 m2/g. This is lower than 

the 100 m2/g reported for the unt reated colloid and the 130 m2/g 

reported for the washed colloid by others (Kummert & Stumm, 1980). 

The lower val ue may ref1 ect both the removal of fi nes duri ng washi ng 

and failure to break aggregates before making surface-area 

measu rements. 

3.1.4. Sil ica 

Silica (Si02) was Min-U-Sil 30 obtained fran Pennsylvania 

Glass Sand Corporation, Berkeley Springs, West Virginia. The 

manufacturer reports a silica content of 90.7 percent, a specific 
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gravity of 2.65, a surface area of 0.54 m2/g and a mean particle size 

of 8.8 ~m. This is a non-porous material. 

The cleaning procedure was less rigorous than that used by Vuceta 

(1976) and Young (1981); the latter noted 1 ittle difference in 

adsorption characteristics of cleaned versus uncleaned material. 

Sil ica was heated at 500 C for 24 hours to remove organic impurities. 

It was then washed successively with 4 M HN03 and 4 M NaOH. Following 

each wash, sil iea was rinsed with double-distilled water until the pH 

of the supernatant was the same as the pH of the double-distilled 

water. Washed sil ica was dried overnight at 130 C. It was planned 

that many of the fines would be removed in the supernatants. The 

resulting particle size distribution (Figure 3.4) suggests that coarse 

material was lost, however. 

3.2. OTHER MATERIALS AND CHEMICALS 

Acid and base used for the constant-pH experiments was made from 

Dilut-it analytical concentrate (J.T. Baker). Other chemicals were 

reagent grade; solutions were filtered through 0.22 ~m Mill ipore 

filters prior to use. Nitrogen gas was "Matheson-grade," containing 

less than 0.5 ppm CO2• Gas was further cleaned and humidified by 

bubbl ing successively through 5 M KOH and 0.5 M KOH and two vessels 

containing distilled water. Nitrogen-carbon dioxide mixtures were 

from Matheson, certified to be within one percent of the stated CO2 
content. 

3.3. EXPERIMENTAL DESIGN 

Insofar as possible, experiments were designed to model 

conditions in water del ivered to Southern Cal ifornia through the east 
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and west branches of the Cal ifornia aqueduct. Major ions are Na+, 

HC0
3

- and S042-: ionic strengths are 0.009 M and 0.013 M in the east 

and west branches respectively. Table 3.2 1 ists characteristics of 

the water entering Metropolitan's treatment plants. Adsorption and 

mobil ity experiments were carried out in '\i 0.01 M NaCl/NaHC03 

solutions. Dissolution rates were generally measured in 0.1 M 

solutions; using 0.1 M electrolyte assured that ionic strength 

remained nearly constant despite addition of mill imol ar amounts of 

magnesium to solution. 

3.3.1. Potentiometric Experiments 

Dissolution and surface-charge behavior were monitored in 

constant-pH, cOr'JStant-temperature suspensions of two grams of 

chrysotile per 200 ml of 0.01-0.1 M electrolyte (KN03• NaN03• NaCl or 

Na 2S04). Some experiments were done with either catechol 

(l,2-dihydroxybenzoic acid, Cf)H4{OH)2) or oxalic acid (C2H204) 

present. Duration was from three to five days, chosen as sufficient 

to establ ish a 1 in ear dissolution rate after the initial one-day 

non-l inear dissolution start-up period. A constant-pressure nitrogen 

or nitrogen-carbon dioxide (350 ppm) abnosphere was maintained by 

bubbl ing gas through the suspensions. Fifty such experiments were 

carried out; experimental parameters are 1 isted in Table 1 of Appendix 

II. 

Surface charge density, as defined by equation (2.4) was inferred 

from the amount of ac id or base added in excess of that needed to 

d isso 1 ve the miner al : 

F 
a - sa (3.1) 
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Table 3.2 Characteristics of Metropolitan Surface Waters for 1981-82 
Water Yea r 

West Bra nch a East Branch
b 

Prope rty Uni ts Average Range Average Range 

Silica, Si02 mg/L 14.1 13.0-15.4 13.3 11.8-16.0 
Calcium mg/L 44 36-55 22 19-27 
Mag nes i urn mg/L 18.1 16.0-20.5 12.9 9.5-15.5 
Sod; urn mg/L 51 44-58 50 34-65 
Potassi urn mg/L 2.8 2.5-3.2 2.n 1.5-3.4 

Bi ca rbonate mg/L 126 118-140 87 72-105 
Sul fate mg/L 106 85-133 46 34-73 
Chl or; de mg/L 58 43-66 67 40-95 
Ni t rate mg/L 1.7 0.6-2.7 3.1 1.0-6.1 
pH -- 7.8 7.4-8.1 8.0 7.8-8.3 

Total di ssol ved rng/L 359 334-385 260 201-309 
solids 

Total ha reI ness mg/L 183 162-2l8 107 92-129 
Spec; fie mho/em 617 604-635 477 377..:565 

e ond uctanee 
Turbidity ntu 1.3 1.0-2.2 2.0 0.9-5.4 
Tempe ratu re deg.C 14.0 12.1-19.0 14.9 9.0-24.0 

aCastaie L. effluent, sampled at Jensen water treatment plant. 

bSilverwood L. effluent, sampled at Devils Canyon afterbay. 
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s is the specific surface area of the particles used in the 

experiments and a is the particle concentration. No measure of 

su rface cha rge dens ity was avail ab 1 e from expe ri rnents with 

bicarbonate t catechol or oxalate present as uncertainties in 

speciation ann canplex formation were large relative to other tenns in 

equation (3.1). The amount of catechol or oxalate adsorbed to the 

solid surface was detennined throughout the experiment hy measuring 

changes in solution concentration. 

At intervals fran approximately 12 to 24 hours samples were 

withdrawn with a 10 ml Plastipdk syringe and passed through a fl.1)J!n 

Nucleopore filter for analysis of dissolved magnesium silica and 

organics. 

To verify that particle concentration did not affect results, 

eXpl~r;lIlents at pH 8 were run us; ng 0.18, 1.0 and 2.0 grams of 

chrysotile per 200 ml; the dissolution rate per gram of solid added 

was the same in each case, as shown on Figure 3.5. To veri fy that the 

glass canponents were not contributing signific~nt concentrations of 

silica, parallel experiments were run using brucite (magnesium 

hydroxide) as the starting material. Above pH 9.5, dissolved silica 

in the brucite experiments was approximately 5 percent of that in the 

chrysotile experiments. This amount l'ias from the beaker, pH electrode 

or glass tube used to bubble in nitrogen gas. 

Experimental conditions were designed such that both magnesium and 

silica were Far from solubility equilibrium (Figure 3.1)). In 

suspensions IvHhout carbon dioxide, Mg(OH)2(s) controls magnesium 

solubility, whereas M9C0
3

(s) is controlling for PC0
2 

= 10-3 •5 • In 

nearly all cases experimental conditions were set up to operate to the 
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left of the brucite curve of Figure 3.6. By excluding CO2 fran the 

dissolution experiments, magnesite could not form. 

Chrysotile activity products have been detennined experimentally 

for periods fron three months (Hostetler & Christ, 19(8) to two years 

(Luce, 1969). These reflect steady-state dissolution and are not true 

equilibrium constants. Solid-aqueous solution equilibrium diagrams 

for the MgO-Si0 2-H 20 system (Hemley et al., 1977) suggest that at 25 C 

talc is the stable phase in waters with the canposition like that of 

California aqueduct water. Slow reactions apparently prevent its 

fonnation over the short times (months) that fibers are suspended in 

rivers and reservoirs of the state. Fonnation of minerals other than 

those shown on Figure 3.6 was not considered, either in diss~ution 

experiments or in mooelling dissolution in natural waters. 

3.3.2. Electrophoretic Experiments 

Electrophoretic mobility of chrysotile was measured on 

5-10 mg/L suspensions, again at constant pH. Conditions were chosen 

to parallel those of the potentianetric experiments, but with solids 

concentration approximately 1000-fold lower. Electr~yte 

concentrations were generally 0.01 M. 

Mobility measurements were made on chrysotile suspensions aging up 

to 820 hours in 0.01 M NaCl. Durati on of most experiments was fran 40 

to 100 hours. In many cases more than one experiment was perforined 

under the same conditi ons to detenni ne the reproducibil ity of results. 

Tile mobility of chrysotile in the presence of three low-molecular

weight organic anions -- phthalate, oxalate, and catechol -- was 

detennined. In a typical experiment, the mobility of chrysotile at 

constant pH in 0.01 M NaCl was monitored for 24 to 48 hours, a known 
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concentration of organic acid was added, and mobility was monitored 

for 24 to 48 hours longer. The mobility of chrysotile in the presence 

of NOM was detenni ned ina series of experiments at pH 8. 

To distinguish the effects of dissolution and adsorption on 

chrysotile mobil ity, a series of experiments was carried out usi ng 

aluminum oxide (Alox). In the absence of organic matter and at 

constant pH, the mobility of Alox is constant. Mobility changes upon 

addition of organic matter are due to adsorption, versus a combination 

of adsorption and dissolution on chrysotile. Two organics, catechol 

and NOM were used in experiments with Alox. Stock aluminum oxide 

suspensi ons for mobil ity experiments were from 10 to 40 mg/L. 

3.3.3. Adsorption Experiments 

Adsorption of catechol, oxalate and NOM were measured in 

parallel with electrophoretic experiments. Conditions were like those 

of the potentianetric experiments. As with the electrophoretic 

experiments, electrolyte concentrations were generally 0.01 M. Ionic 

strength changes in the range 0.002-0.1 M were observed to not 

strongly influence NOM adsorption onto aluminum oxide (Davis, 1(80). 

Stock ch rysotil e and a1 umi na suspensi ons we re 100 mg/L and 800 mg/L 

respectively. Organic concentrations were higher in the adsorption 

experiments, to maintain the same solid-to-organic ratio as in the 

mobility experiments. Batch adsorption experiments lasting up to 36 

hours were also carried out. These were at room temperature (rv25 C) 

and open to the atmosphere; pH was held constant. 

Some initial batch experiments were done with two other organic 

acids -- salicylic and phthalic. Both adsorbed to a smaller extent 
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onto chrysotile than did either catechol or oxalic acid. Further. 

magnesium interfered with UV absorbance measurements of salicylic and 

phthalic acids even at acid pH's. 

3.4. APPARATUS 

3.4.1. Constant-pH Setup 

Two constant-pH experiments were run concurrently. Each 

suspension was in a constant-temperature (25 C) jacketed glass beaker 

under either a nitrogen or nitrogen-carbon dioxide atmosphere. Each 

beaker was equipped with either a Radiometer or Orion Ross combination 

electrode. These were connected to an Orion SOIA pH meter via an 

automatic switching box. In many cases the switching box was not used 

and the electrodes were connected to separate Orion SOIA pH meters. 

In most cases, radi ometer ABUll autoburettes were used to add acid or 

base. For some experiments a Gilmont 2.5 ml micrometer syringe driven 

by a steppi ng motor was used. An Apple II+ camputer system recorded 

pH and controlled autoburettes. Figure 3.7 is a schematic of a 

typical setup. 

The Apple II+ camputer was equipped with a real-time clock and an 

Interactive Structures, Inc. AI13 data acquisition system. which is a 

16-channel, 12-bit, analog-to-digital converter. The recorder output 

of each pH meter was amplified and connected to a channel of the AI13. 

Both the AII3's and the pH meter's digital outputs were calibrated 

with standard pH buffers at the outset of each experiment. A basic 

program was used to convert the AI13 signal to millivolts, campare it 

to a predefined set point, and actuate a relay that toggled the 

Radiometer autoburettes. The latter were set to deliver a constant 

volume, 0.1 ml. each time. The stepping motors on the micrometer 
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syringes were controlled by an STMI03 Slo-Syn translator module, which 

was activated by a signal of predetermined duration from the computer. 

A machine-l anguage subroutine was used to activate and sampl e the 

AI13 outputs, average 5000 conversions, and store the result. Both pH 

meters coul d be sampl ed in 1 ess than one second. Sampl ing of the 

signals was done at about ten-second intervals. When a single pH 

meter was used with two electrodes via the switching box, each 

electrode was sampled for about one minute before switching. Each 

time one of the autoburettes was activated, the time of day and 

burette number were printed out. The AI13 signal was printed out at 

ten-minute intervals to enable 1 ater verifying that pH remained 

constant. In some cases one-minute intervals were used. 

Schematic diagrams of the control circuits and 1 istings of the 

computer programs are in Appendix V. 

3.4.2. Electrophoresis 

Electrophoretic mobil ity was measured using a Rank 

Brothers (Cambridge, England) particle micro-electrophoresis 

apparatus, Mark II, equipped with acyl indrical cell and 3 mw HeiNe 

laser illuminator. The greater illumination provided by the laser 

enabled viewing chrysotile particles in the 0.1 j.lm size range; many of 

these are not visible with the Rank Ills white 1 ight. The rectangular 

cell and white 1 ight were used for aluminum oxide particles. 

From 20 to 40 particles were timed in each sample, half at each 

stationary level. Voltage gradients ranged from 4 to 12 V·cm-1 with 

the cyl indrical cell and from 8 to 16 V·cm-1 with the rectangular 

cell. Mobil ity did not depend on field strength for the cyl indrical 
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particles; a dependence at higher voltage gradients has been noted 

(van der Drift et al., 1979). For chrysotile, the uncertainty 

(standard deviation) for a single sample was typically less than 0.25 

~m·s-1V·cm-1 and was typically less than 0.1 ~m·s-1V·cm-1 for Alox. 

Resul ts are reported as electrophoretic mobil ity rather than zeta 

potential. The ratio of particle radius to double-layer thickness for 

these experiments is from 10 to 15; Smoluchowski's equation should 

thus apply at the smaller observed mobil ities (Hunter, 1981). 

3.5. NATURAL ORGANIC MATTER 

Dissolved natural organic matter (NOM) was concentrated from a 

190-1 iter surface-water sample taken on December 5, 1983 from Castaic 

reservoir. Chemical analyses of water from the reservoir are 1 isted 

in Table 3.2 (west branch). The long-term average detention time for 

Castaic and Pyramid reservoirs combined is three years. The range of 

detention times resulting from demand variations and short circuiting 

have not been computed. Water from the California aqueduct flows by 

gravity through Pyramid and then through Castaic. At times water is 

pumped from Castaic back into pyranid. The capacity of Castaic is 0.4 

km 3, area is 9.0 km 2 and maximum depth is 100 m. Pyramid is about 

one-half of the size of Castaic. 

Water was collected in 20-1 iter pl astic carbouys that had been 

rinsed successively with 0.1 M NaOH, G.I M HCl and double-distilled 

water. The sampl ing location was the Cal ifornia Department of Water 

Resources station 2, near the reservoir's outlet structure. Care was 

taken to avoid collecting water contaminated by the sampl ing boat's 

engine. Sa.'l1ples were acidified to pH 2 with HCl within two hours of 
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sampl ing and stored at 4 C. Extraction onto XAD-8 was begun the same 

day and was completed within 48 hours. 

The extraction column was 5.4 cm 1.0. and 50 cm long. 500 cm 3 of 

XAD-8 that had been previously extracted in a Soxhlet apparatus and 

stored in methanol was packed. Cleanup after packing followed that 

used by Dempsey (1981). Glass wool was used as a support. The 

column, support and tubing were rinsed by recircul ating 0.01 M HCl for 

2 hours, 0.01 M NaOH for 2 hours and 0.01 M HCl for 2 hours. This was 

followed by soaking overnight in methanol before packing the resin. 

All 190 1 iters of lake water were pumped through the column in a 

downflow mode at the rate of 6 L/hr. A Minarex variable-speed 

peristalic pump with sil icon-rubber tubing was used. Other connecting 

tubing was glass. Total organic carbon (TOC) and ul traviolet 

(UV)absorbance over the range 240-300 nm in the column effluent were 

periodically monitored. 

The column was eluted by first lowering the 1 iquid level to just 

above the resin, then pumping in an upflow mode one 1 iter of a sodium 

hydroxide solution maintained at pH 10 with a Radiometer autoburette. 

This solution was recirculated at 5.4 L/hr until obvious color was 

removed from the resin. Double-distilled water was used to displace 

the final volume of eluent. 1.5 1 iters of 90 mg/L TOC eluent was 

recovered. It was filtered through a 0.45 ~m Mill ipore filter and 

stored in a brown glass bottle in the dark at 4 C until used. 

A titration curve for the stock NOM solution is shown on Figure 

3.8. The plotted points were determined from the amount of base 

needed to titrate the NOM solution less that needed to titrate 0.01 M 
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NaCl under 1 ike conditions. Both solutions were adjusted to pH 2 with 

0.1 M HCl at the outset. Titration of carboxyl groups appears to be 

complete at about pH 7.5. This contrasts with the titration curves 

publ ished by Tipping (1981a) for NOM from three British lakes, where 

the inflection occurred in the pH range 6-6.5. A second, smaller 

inflection appears at pH 10.5. 

3.6 CHEMICAL AND ANALYTICAL TECHNIQUES 

Ul traviolet (UV) and visible absorbance measurements were made 

using a Beckman Acta ClII. Figure 3.9 shows UV scans for various 

dilutions of the NOM stock, acidified to pH 2. Absorbance is 1 inearly 

proport ion al to concen trat ion in the range 240-280 nm. Sc ans for 

filtered samples from the adsorption experiments, acidified to pH 2, 

were parallel to these curves. Concentrations were determined from 

three points on the scan -- 240, 260 and 280 nm. A Dohrmann DC50 

series with manual injection was used for TOC an~yses. 

Reproducibil ity was generally ~ 0.5 mg/L. A Dionex ion analyzer was 

al so used for oxal ate analyses, however agreement with TOC was poor 

and standards c~ ibration non-l inear. A Varian AA6 atomic absorption 

spectrophotometer was used for magnesium and other cations. 

Transmission electron microscopy was done on a Phill ips 201 

equipped with selected area electron diffraction (SAED). Two 

different sample preparation methods were used. For qual itative 

an al yses a o. 01 ml drop of suspens ion was pl aced on a carbon-coated 

300-mesh copper grid and allowed to dry. For quantitative analyses, 

50-100 ml of suspension was filtered through a 0.1 ~m Nucleopore 

fil ter, the fiber was carbon coated, a portion of the filter was 
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pl aced carbon-s ide down on a copper grid in a Jaffe wick washer, and 

the filter was allowed to evaporate. This is a modification of the 

U.S. Environmental Protection Agency's recommended procedure for 

determining the concentration of asbestos fibers in water (Anderson 

and Long, 1980). 

3.7. COAGULATION 

Coagul ation experiments were designed to determine the 

approximate rate at which chrysotile fibers coagulate with larger 

sil ica particles in a dilute suspension. Two different reactors were 

used -- a one-l iter pyrex beaker and a 0.9-1 iter pyrex sett1 ing 

column. The column was 53 cm long by 4.6 cm in diameter and was 

mounted on teflon ends. Holes were drilled in the teflon to enable 

fill ing and withdrawing sampl es. 

Two stock suspensions were prepared in 0.01 M NaCl -- 61 mg/l of 

Min-U-Sil 30 sil ica and 49 ~g/L chrysotile. A 350 ppm CO2 atmosphere 

was maintained over both. The chrysotile suspension was made from 

dilution of an initially-prepared 3.7 mg/L solution that was 

subsequently diluted to 191 ~g/L. Size distributions of the 

chrysotile and sil iea are shown on Figures 3.2 and 3.4 respectively. 

The number concentration of sil ica particles was determined to be 

109/L by Coulter counter and 2xl08/L by counting on the TEM (a) The 

lower TEM number and the TEM size distribution used in subsequent 

calculations because the Coulter counter showed a high background 

(a)The average count was 18 partiel es on a section of each of six 

squares of a 200-mesh copper grid; standard deviation was two per 

square. 
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count in the sample blank, suggesting that the number of sil ica 

particles in the smaller size ranges was overestimated due to 

contamination. 

Electrophoretic mobil ity of the sil ica in the stock suspension was 

-1.8 ~m·s-lV·cm-1. An initial mobility measurement made on the 

chrysotile suspension showed a mobil ity of +0.7 ~m·s-lV·cm-1. Because 

of the opposite mobil ities it was assumed that there would be no 

electrostatic barrier to aggregation of chrysotile with s11 ica. 

Prel iminary experiments showed qual itatively that sil ica particles 

did not coagulate with each other. Chrysotile fibers were difficult 

to disperse, but once dispersed did not appreciably coagulate with 

each other. Fibers were dispersed by simultaneously sonicating and 

stirring the stock suspensions. The 49 ~g/L suspension was prepared 

by dilution from the 191 ~g/L suspension after it was verified by TEM 

analysis that fibers were dispersed. The 49 ~g/L stock suspension was 

sonicated for 8-10 hours each day for four days and stirred 

continuously before being added to the coagulation reactors. 

On the four days preceding the coagulation experiment, 50 ml 

samples of the 49 ~g/L chrysotile suspension were analyzed by TEM for 

total fiber count. At least 50 fibers were counted in each of six 

different grid sections. Results were very reproducible, as indicated 

in Table 3.3. The number counted was also in the range of the number 

estimated from the average particle size and specific gravity, lending 

further confidence to the TEM an~ytic~ technique. 

The 49 ~g/L chrysotile suspension was spl it into two portions and 

diluted to 4.9 ~g/L. Sil iea stock was added to one portion, with a 



Date 

5-7-84 

5-8-84 

5-9-84 

5-10-84 

Predicted b 

83 

Table 3.3. Total fiber count of 49 ~g/L 
chrysotile stock suspension. a 

I 109 Fi bers/L 

Hours Ave. 

1 2.9 

24 2.8 

48 2.3 

72 2.7 

-
I 

5 

S. dev. 

0.3 

0.5 

0.3 

0.3 

-

aNumbers reported were determined from six photographs taken in six 

different grid squares of the 300-mesh copper grid; from 40-70 fibers 

were counted on each photograph, the area of which corresponded to 

approximately 4xlO- 4 mm2 on the original filter. 

bBased on 1011 fibers/mg, the value calculated for average yield of 
unifonTl, 0.05 ~m dia. by 0.5 jJm long fibers. 
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resulting s11 iea concentration of 11.1 mg/L (3.6x107 particles/L). 

The mixed sil ica-chrysotile suspension was then spl it between the two 

reactors. The pyrex beaker was stirred continuously at a rate just 

sufficiently fast to keep particles in suspension. The column reactor 

was inverted twice daily to allow the sil ica to settle through the 

chrysotile suspension. Samples were analyzed by TEM after five days 

to determine the change in fiber concentration in suspension. A 

three-day sampl e of the col umn reactor was al so analyzed. Sarnpl es of 

the 4.9 ~g/L ehrysoti1e suspension with 10 si1 iea present were 

an a 1 y zed d ail y by T EM. 



85 

CHAPTER 4 

RESULTS AND INTERPRETATION OF EXPERIMENTAL WORK 

4.1 WEATHERING BY DISSOLUTION 

Th ree re1 ated processes we re foll owed in the constant-pH 

chrysoti1e experiments -- disso1ution t adsorption and surface charge 

development. Interpretation of the latter two was augmented by other 

constant-pH adsorpti on and e1 ectrophoretic experiments. 

4.1.1. Surface Coordination of Inorganic Ions 

4.1.1.1. Development of Surface Charge on Chrysotile 

Results of a typical constant-pH disso1ution t 

surface-charge experiment are shown on Figure 4.1. Concentrations are 

expressed per unit surface area of sol ids present and do account for 

dilution by the acid or base that was added to hold pH constant and 

for removal of samples. 

Figure 4.2 shows the surface-charge development for representative 

experiments done at di fferent pHI sin 0.1 M KN03 and NaCl. The 

initial 24-48 hour rise could be due to slow achievement of 

steady-state proton adsorption or to slow breakup of fiber bundles 

into individual fibers. Although chrysotile is crushed to break up 

the solid cake that forms during sample preparation (section 3.1.1)t 

many clumps of particles are visible in a fresh suspension. After the 

first daYt a suspension looks more uniform with no large clumps 

visible. Breakup of larger particles to expose more surface area 

should result in a greater total proton uptake t which would give a 

greater calculated surface charge. The decrease at longer times is 

+ 1 i kely due to removal of positively-charged >Mg-OH2 sites in the 
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Fig. 4.2. Surface charge in constant-pH, dissolution 
experiments; 10 giL chrysotile, N2 atm., 25 C, 0.1 M 
a) KN03, b) NaCl; pH values from 7 to 10. 
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outer brucite sheet and accompanying exposure of underlying >SiO-

sites on the surface. 

The average surface charge at longer times (72-120 hours), shown 

on Figure 4.3, is zero at pH 8.9. Differences in the observed surface 

charge in KN0 3 , NaCl and Na 2S04 med ia are small, suggesting that 

either the ions present interact similarly with the surface or the 

interaction is too weak to be observed at these concentrations. 

Different ions are expected to complex more or less strongly with the 

surface, as discussed in section 2.1.3. For exanple, the constants in 

2-Table 2.2 suggest that for 0.1 M S04 at pH 8, most magnesium should 

be present as d MgS04 crnnplex; whereas MgCl+ accounts for less than 

half of the magnesium at pH 8 in 0.1 M Cl-. As noted in Table 2.2, 

the equil ibrium constant fo:' MgS04 is 20 times that for MgCl+ (log K 

of 2.28 vs. 0.91) and there is no evidence of a M9N03+ complex. The 

lack of observed difference plus the lack of difference in surface 

charge for a 0.01 M versus 0.1 M S042- solution suggests that 

inorgan ic an ion-surface interac tions are weak. In the absence of 

+ adsorption of ions other than H and OW the species contributing to 

surface charge are given by (2.4) and the pH iep is equivalent to the 

pHzpc ' 

4.1.1.2. Estimation of Surface Equil ibrium Constants 

From a least-squares fit to the data and for the 

initial surface assumed to be entirely magnesium hydroxide, PKa1
s is 

estimated to i)e near 7.7, with no systematic differences apparent 

hetween the three electrolytes NaCl, Na 2S04 and KN03 (Figure 4.4). 

The corresponding constant capacitance from this fit is 4.8 C/V cm 2). 

Considering the surface speciation and charge relationships (2.1)-
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(2.4) together, taking the initial surface to be 10 percent sil ica (90 

percent magnesium hydroxide), and given a pHzpc of 8.9, a better fit 

s s s to the data is obtained using pKa1 = 8.0, pK a2 = 10.0, pKas = 7.5 

and C = 4.0 C/V cm2• These values were arrived at by iteration and 

are used in the interpretations of dissolution rate data that follow. 

Lines with the same slope as these best-fit 1 ines for pKa1 sand PKa2
s 

are also plotted on Figure 4.4. These 1 ines are not directly 

comparable to the plotted points, as the points are based on an 

initial magnesium hydroxide surface and the 1 ines are based on a mixed 

magnesium hydroxide-silica initial surface. The relation derived in 

prel iminary experiments for brucite, which suggests a capacitance of 

3.1 C/V cm 2 and a lower PKa2
s (9.6). is also shown. The latter 

experiments were "fast" titrations and a~e described in Appendix IV. 

The calculated relation of pH vs based on the above constants is 

shown on Figure 4.3. The model describes observations best near the 

pHzpC and deviates most at high pH. The fit could be made better by 

using different capacitances above and below the pHzpc ' which would 

add one more fitting parameter to the model. As is apparent from the 

data of others, the charge-potential relations on metal-oxide 

amphoteric surfaces may be quite different above and below the pHzpc 

(Hohl & Stumm, 1976; Kummert & Stumm, 1980; Sigg & Stumm, 1981). 

4.1.2. Dissolution of Chrysotile 

4.1.2.1. Oissolution Stoichiometry 

The different extents of magnesium and sil ica 

released into solution in the presence of the four inorganic anions 

stud ied are shown on Figure 4.5. Resul ts for the two organ ic an ions 
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studied are shown on Figure 4.6. The more rapid magnesium release 

during the first few hours of each constant-pH experiment has two 

possible explanations. First, it could be due to preferential 

dissolution of fine-grained impurities and dissolution at surface 

discontinuities. These discontinuities result in part from the 

grinding done during sample preparation causing dislocations in the 

crys tal s truc ture; these d isl ocat ions yiel d II hig her-energy" surf ace 

sites, more accessible to proton attack. Discontinuities may also be 

present in the parent material, before sample preparation. For 

feldspars and pyroxenes, it has been shown that a steady-state 

dissolution rate occurs essentially from the outset of dissolution in 

pre-weathered (washed, HF-etched) material. That is, removal of 

higher-energy surface sites in a prior step yields a more homogeneous 

starting material. Using freshly-ground material, feldspar and 

pyroxene dissolution rates are initially high and decl ine to 

steady-state after about five and 20 days respectively (Holdren & 

Berner, 1979; Schott et al., 1981). The same effect has been observed 

on -A1 203 (Stumm et al., 1983). 

Second, the initial release could reflect rapid dissolution of a 

portion of a uniform outer brucite layer. The initial rate is 

approximately 1000-fold faster than the constant magnesium release 

rate that occurs after the first day. Sil ica dissolution occurs at a 

constant rate essentially from the outset. This initial rate for 

magnesium release from chrysotile is of the same order of magnitude as 

that for brucite dissolution (Figure 4.7). The gradual decl ine in 

rate could in part reflect a decrease in the total number of surface 
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magnesium sites as well as a decrease in the number of higher-energy 

sites. Extrapolating the 1 inear portion of each magnesium curve to 

the initial time gives an estimate of the number of magnesium surface 

sites initially removed. Intercepts range from 0.05 to 0.35x10-9 

mOl/cm2, or approximately 5-15 percent of the total number of surface 

sites. 

Although the actual co;nposition of the outer surface (fraction Sm 

vs. 5s ) was not known at the outset, the magnitude of the surface 

charge observed and the small amount of Mg2+ dissolved during sample 

preparation (section 3.1.1) suggest that Sm > Ss initially. Thus the 

apparent small shift in surface cOlllposition could not account for a 

lOOO-fold decl ine in dissolution rate. The decl ine must then be due 

to renov~ of higher-energy sites created during s~nple grinding. The 

fact that sil ica release is 1 inear from the outset supports this 

conclusion. 

Chowdhury and Kitchener (1975) observed preferential release of 

magnesium from chrysotile at broken fiber ends or pl aces where fiber 

bundles were danaged. This direct, although qual itative, observation 

further suggests that the more rapid initial dissolution is due to 

surface discontinuities. 

On the average, the ratio of mol a: '1lagnesium to silica release 

rates is about 2.0 over the pH range 7-9, versus the 1.5 molar ratio 

in the sol id. This suggests that the outer surface, initially 

magnesium hydroxide, becomes more sil ica-l ike with aging time in 

water. In contrast, dissolution behavior reflecting magnesium, iron 

and s n ic a mol ar rat ios in the sol id was observed for other s il icate 
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minerals, including 01 ivine (Grandstaff, 1980), fayalite and bronzite 

(Schott & Berner, 1983) and d iops ide and tremol ite (Schott et al OJ 

1981) Dissolution of three other layer s11 icates -- antigorite, talc 

and phlogophite -- over several weeks also showed magnesium being 

released at a faster rate than silica (Lin & Clemency, 1981). 

The shift from a magnesium hydroxide to sil ica surface should 

resul t in a gradual decrease in the rate of magnes ium rel ease from 

chrysotile and an increase in the rate of sil ica release. Eventually 

the dissolution rates for the two components should converge to a 

steady-state ratio of 3:2 for Mg:Si and the surface composition should 

renain constant. This was not observed in any of the five-day 

dissolution experiments. 

4.1.2.2. Comparison with Brucite Dissolution 

Magnesium is released from brucite at a rate that 

is 1 inear from the outset (Figure 4.7). Results from two different 

natural samples are plotted. There is 1 ittle pH effect over the range 

7.5 to 8.5, but the Gabb brucite dissolved about 5-fold faster than 

did the Lodi brucite. This difference is though to be due to using 

different reactors and different stirring rates in the two sets of 

experiments, as brucite dissolution is thought to be diffusion 1 imited 

in this pH range (Vermilyea, 1969). The strong dependence on reactor 

design for diffusion-limited dissolution has been noted by others 

(Sj~berg & Rickard, 1983). 

The observed brucite dissolution rates are about 1000-fold greater 

than the rates for magnesium release from chrysotile, very likely due 

to the stronger binding of Mg2+ to the sil ica tetrahedra in 

chrysot il e. 
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4.1.2.3. pH Dependence of Chrysotile Dissolution Rate 

The rate of release of magnesium from chrysotile 

decreases at higher pH. At pH 10 the solution is near saturation 

with respect to magnesium hydroxide, resulting in a low driving force, 

or affinity for dissolution. At pH 11 it is above saturation. At pH 

9.5 the solution is 10 percent of saturation, at pH 9 it is about 3 

percent and at pH 8 about 0.04 percent (Figure 3.6). At the lower 

pHis the solution is far from equil ibrium and the affinity of the 

dissolution reaction is large. Far from equil ibrium the rate of a 

chemically-controlled dissolution reaction is assumed to be 

independent of the magnitude of the affinity (Dibble & Tiller, 1981). 

Rather, the rate is a function of the concentration of a distinct 

reactive surface species (eqn. 2.20-2.21). 

The apparent rates from Figure 4.5 are shown as a function of pH 

on Figure 4.8. Following (2.28), the resulting rate law for release 

of magnesium into solution is: 

(4.1) 

The constant k1' depends on the dissolution mechanism, the specific 

surface area of the sol id and the charge-potential relation at the 

surface. These three factors are assumed to not vary significantly 

over the pH range 7-10 of the experiments. 

Figure 2.3 shows that below the pHzpc ' the dominant charged 

species on a magnesium-hydroxide surface is >Mg-OH2+. Equation 2.27 

gives an approximation for the concentration of this species in terms 

of [H+]. For the observed change in a with pH (Figure 4.3), the 

exponent a in (2.27) is calculated to be 0.32, implying that n = 0.75, 
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or less than one surface >MgOH2+ group is formed to release one Mg2+ 

ion into solution. 

Data for sil ica release during chrysotile dissolution in 0.1 M 

KN03 are also shown on Figures 4.5, 4.6 and 4.8. The rate increases 

from pH 8.5-11, but also increases below pH 8.5. For dissolution of 

vitrous silica, the rate decreases from pH 10 down to pH 6 (Wirth and 

Gieskes, 1979). At the lower pH (7.0-8.5) in the chrysotile system, 

sil lca release follows more closely the magnesium release rate. This 

is consistent with Mg 2+-catalyzed dissolution of sil ica; however no 

such enhancement has been observed in previous sil ica experiments 

(Wirth & Gieskes, 1979). Taken as a whole, the sil ica data show no 

significant pH dependence. 

4.1.2.4. pH Dependence of Initial Magnesium Release 

A second observed pH effect was on the initial 

extent of magnesium release into solution, or the "intercept" referred 

to in section 4.1.2.1. In going to lower pHis, the Mg-release curves 

of Figure 4.5 have both a greater slope and and a greater initial rise 

during the first day of each five-day experiment. Figure 4.9 

illustrates this increase, characterized by the zero-time intercept of 

the straight-l ine portion of the curves. 

Considering that hydrogen-ion concentration changes by 1000-fold 

in going from pH 10 to pH 7, the change in intercept is small -- about 

a factor of three. The change is systematic, however, and may reflect 

an initial diffusion 1 imitation on dissolution at certain 

higher-energy surface sites. This suggestion is consistent with the 

slow ('\.0 20 hrs.) achievement of a steady-state charge due to proton 

adsorption apparent on Figure 4.2. Surface charge may reach a 
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steady-state value only after higher-energy sites have been dissolved 

away by proton attack. 

The increase in intercept and initial slope at lower pH suggests 

that dissolution at the higher-energy surface sites is more pH 

dependent than dissolution at the more-predominant, lower-energy 

sites. The higher-energy sites at edges or dislocations are 

1 ess-tightly bound in the crystal and may adsorb protons to a greater 

extent and dissolve via an activated complex involving a single 

proton. Lower-energy sites may involve either coordination of a 

single proton or attack by H20 dipoles to form an activated complex. 

The latter has been suggested as a mechanism for feldspar dissolution 

at neutral v) alkal ine pH (Aagaard & Helgeson, 1982). 

These considerations suggest that a single-term rate expression of 

the form of (2.21), where a single type of sU:'face complex controls 

the overall reaction rate, is a greatly simpl ified view. These 

exper imental data for the hetrogeneous chrysot il e surface do not yiel d 

information concern ing the nature of the activated compl ex, but do 

suggest that a proton is involved. The rate expression (2.25) is a 

further simpl ification of the species involved. 

4.1. 2. 5. Effect of Inorgan ic Ions 

The effect of solution electyrolyte on dissolution 

at pH values from 7-9 is illustrated on Figure 4.10. The differences 

in magnes ium rel ease rates in all four med i a are small. There is a 

small apparent enhancement in initial extent of dissolution in going 

from N0 3- to Cl- to 5°4
2- as supporting anion. This is consistent 

with the relative tendency of these 1 igands to form solution complexes 

withnagnesium (Table 2.2), suggesting that inorganic electrolyte ions 
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have a small but perceptible tendency to form complexes at the 

magnesium hydroxide surface. 

Figure 4.9 also illustrates the sl ight enhancement in initial 

mag~esium release in going from N0
3 

to Cl- to S042-. The presence of 

an effect only early in the dissolution suggests that 1 igand attack is 

more important at the higher-energy surface sites. The oversimpl ified 

nature of (2.21) is further rein fo .... ced by the small but percept ib 1 e 

anion effect. Two ions not studied in this work, F- and P0
4

3-, were 

shown previously to enhance the initial ( 60 min.) dissolution of 

magn,~siUJn fr'olTl chrysotile to a greater extent at pH 7.0 than did 

so/-, Cl- or N0
3

- (Gupta & Smith, 1975). The effects of HC0
3

- are 

mixed (Figure 4.9), but generally are greater than for N0
3

- and Cl-. 

The effect of anions on sil ica release is arnbiguous. there being 

an S042- inhibition at pH's 8.0 dnd 9.0, but a possible enhancement at 

pH 8.5. As noted ahove, parallel reaction pathways for silica release 

in the presence of complexing cations as well as possible interfering 

anions preclude postulating a rate law or mechanism. 

Changing the S042- or N0
3

- concentration from 0.01 to 0.1 M at pH 

8-8.5 had no significant effect on release of either magnesium or 

sil iea in these experiments. This is consistent with observations by 

others. The effect of ionic strength (0.01-0.3 M KC1) on the rate of 

release of sil ica from diopside and enstatite was negl igible (Schott 

et al., 1981). Ionic strength effects (0.1-3.5 M NaCl) for 

dissolution of vitreous sil ica (pH 6-10) were apparently due to 

changes in surface charge, or OH- adsorption, brought about by the 

higher electrolyte concentrations (Wirth & Gieskes. 1979). 
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4.1.2.6. Effect of Low Molecul ar Weight Organic Ions 

As the data on Figure 4.6 suggest, catechol and 

oxal ate have no strong systematic effect on the release rate of 

:nagnesium froln chrysotile. This is further seen on Figure 4.11 where 

rates are plotted as a function of pH. There is a small but 

systernatic increase in the initial extent of dissolution in the 

presence of increasing concentrations of these organics at constant pH 

(Figures 4.12 and 4.13); the effects of oxalate and catechol are 

comparable. Because oxalate forms a stronger solution complex with 

inagnesium than does catechol in this pH range (Table 2.2), it was 

predicted that oxalate would enhance dissolution to a greater extent. 

Us ing photoel ec tron spec troscopy (XPS), Thomass in, et al. (1977) 

observed no difference in chrysotile dissolution rates in 0.01 N 

versus 0.1 Noxal ic acid. This led them to conclude that diffusion of 

oxalate ions to the particle surface did not control reaction rate. 

Subsequent experiments showed a difference in initial dissolution 

rates, involving complete dissolution of the surface layer, for 0.1 N 

versus 10-4 Noxal ic acid (Thomassin et al., 1980). This difference 

may simply ren ect the changes in pH. It is concl uded that in 

general, the presence of oxal ate at the surface has no effec t on 

chrysotile's dissolution rate. Simil iarly, phthalate had no effect on 

the dissolution rate of enstatite, diopside or tremol ite in the pH 

range 1-6 (Schott et al., 19.31). 

In con tr as t to the observed 1 ack of effec t for' rnagnes i um rel ease 

froln chrysotile, dissolution ofo-A1 203 was reported to follow a 

general rate law (Furrer & Stumm, 1983): 
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+ 3 r = kH {>Al-OH
2

} + k' t>Al L} + k" hAl LH} + ••• L - L- ( 4.2) 

This rate 1 aw was appl ied in the pH range 2.5-6 in the presence of 

oxal ate, sal icyl ate, citrate and benzoate. Grandstaff (1977) measured 

01 ivine dissolution rates over 8 days in the presence of varying 

concentrations of phthal ate and EOTA and fit data to the general 

express ion: 

(4.3) 

In the presence of 0.001 M 1 igand and at pH 4.5, the relative 1 igand 

effect on dissolution rate decreased in the order: 

EOTA "'citrate> oxalate> tannic» succinate> phthalate> 

acetate .2: Cl-

Dissolution was strongly dependent on the organic anion concentration 

and in the absence of organics was strongly pH dependent over the 

range studied (3-5). 

These two expressions -- (4.2) written in terlns of surface species 

and (4.3) written in terms of the observable solution concentrations 

-- are compatible descriptions of hydrogen-ion and 1 igand catalyzed 

dissolution. 

Catechol had a sl ight enhancing effect on '511 ica release at pH's 8 

and 8.5, but the effect is mixed at pH 7.S. Catechol can complex both 

s11 ica and cations and is known to enhance sil ica dissolution in 

neutral to sl ightly-alkal ine solutions but inhibit dissolution in 

more-~kal ine solutions (Iler, 1979). The nature of the catalytic 

effect is uncertain. Oxalate inhibits s11 ica release with increasing 
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rH ove:-- the range 7.5-8.5. Oxal ate shoul d adsorb to >Mg-OH rather 

than >Si-OH surface sites and thus not directly affect sil ica release. 

The inhibiting effect may be due to the more negative surface charge 

resulting from oxalate adsorption with an accompanying decrease in OH-

concentration near the surface. 

4.2. RELATION BETWEEN ADSORPTION OF ORGANIC MATTER, DISSOLUTION 

AND SURFACE CHARGE 

It is generally assumed that simple anions adsorb to oxide 

surfaces by 1 igand exchange with surface >M-OH and >M-OH/ groups 

(Schindler, 1981). At constant pH a Langmuir isotherm is typically 

used to describe anion-adsorption data. As part of a more general 

surface rnodel (eqn 2.1, 2.2, 2.4 and 2.8), a pH-independent relation 

of the form: 

*K S = 
a { >M-HA} 

is typically used (Stumm & Morgan, 1981). 

(4.4) 

Chrysotile was dissolving throughout the ex~eriments and did not 

:"each solubil ity 0:-' adsorption equil ibr'ium over the times studied. 

Adsorpt ion d atd dre therefore in t'~rpreted in terms of a s impl e 

Langrnu ir' adsorpt ion equat ion and are not incorporated in to the general 

surface model that rel ates extent of adsorption to surface charge. 

The quasi-equilibrium interpretations that follow enable making 

rel ative comparisons between extents of adso:'ption and magnitudes of 

surface charge for different organics and at different pH's and 

organic-to-surface ratios. 
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4 • 2 • 1. Ad s 0 rp t ion 

4.2.1.1. Catechol Adsorption Density 

The amount of catechol adsorbed to both 

chrysotile and y-A1 203 was observed to increase during the first 15-36 

hours of constant-pH adsorption and dissolution experiments (Flgure 

4.14). For canparison. the observed relations at 21 hours are userl. 

These data can be fit to a Langmui r adsorpti on equati on of the general 

form: 

(4.5) 

giving the results shown on Flgure 4.15 for catechol on chrysotile. r 

is the extent of adsorption or adsorption density and can be expressecl 

in both mass (mg/cm2) and molar (mol/cm2) units; r is the maximum m 

adsorption density. expressed in the same units. C is the solution 

concentration of adsorbate. expressed in the corresponding mass (mg/L) 

or molar (mol/L) units; K is the adsorption equilil)riwl1 constant. or 

afflnity for adsor~tion. and has units of reciprocal concentration. 

It should be recognized that the chrysotile-organic systems are 

not in equilibrium and thus the Figure 4.15 plots are not equilibrium 

isotherms; rather the fitted curves provide a convenient means of 

comparing the extents of adsorption under different cond~tions. As 

can b(~ seen from the full set of data on Figure 4.14. different fitted 
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curves would resul t fran usi ng the 13-hour versus 22-hour versus 

36-hour results. The constants r m and K were detenni ned as shown on 

Figure 4.16. The average intercept of the plots for chrysotile 

(Figure 4.16) yields arm value of 0.73 x 10-9 mol/cm2 , which 

corresponds to 4.4 i on/ 11lJ2, or about one thi rd that of Sp the 

estimated surface hydroxide site density. This is in the same range 

as the estimated maximum density of H
2
0 or OH- exchangeable groups of 

O.5x10-9 mol/cm2 on the similiarly-shaped geothite particles (Tipping, 

1981). The curves shown on Figure 4.15 use the individual values of 

f m• However, there would be 1 ittle difference in thei r shape usi ng 

the average rm along with corresponding fitted Kls. Given the limited 

range of data, no attempt is made to fit a pH-independent relation of 

the fonn of equation (4.4). 

The inc rease in aff; ni ty for catechol at higher pH is cons; stent 

with the predicted increase in magnesium-catechol complexation in 

solution at high pHis (Figure 4.17). For stronger acids such as 

oxalic acid (Figure 4.17), no change in solution cooplexation over the 

pH range 6-9 is predicted. The greater catechol adsorption in going 

fran pH 7.5-8.5 could be due to adsorption on >Si-OH as well as >Mg-OH 

surface sites. As noted above, the catechol enhancement of silica 

dissolution at neutral to slightly-alkaline pH is consistent with the 

greater observed catechol adsorption in this pH range. In tenns of a 

Langmui r rel ati on, the affinity (K) for anion adsorption should 

decrease at higher pH due to greater electrostatic repulsion from the 

lower surface charge, and the maximum adsorption density should 

decrease due to fewer >r~-OH and >M-OH2 + sites (Tippi ng, 1981). The 
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bi ndi ng of catechol to both >Mg-OH and >Si -OH sites cou1 d exp1 ai n why 

the results on Figure 4.17 are counter to this. 

Effects of catechol and oxalate adsorption were also measured in 

the dissolution experiments described in section 4.1.2.6. The amounts 

of each adsorbed showed a general increase with time over the five 

days of each experiment (Figure 4.18). At the lower catechol 

concentration (0.001 M), adsorption density falls at the lower end of 

the Figure 4.15 isothenn. For the higher concentration (0.01 M), 

adsorpti on dens ity a nd sol uti on concent rati on a re above that reported 

on Figure 4.15. The observed adsorption densities in the dissolution 

experiments are consistent with the Figure 4.15 curves, however. 

4.2.1.2. Adsorption of Oxidized Polymers of Catechol 

At longer times the UV absorbance peak for catechol 

was observed to broaden as well as become smaller in magnitude (Figure 

4.19). This was accompanied by a darkening in color of the 

suspensions. The initially-clear catecho1-chrysotile suspensions 

became darker in color with aging time and became very black after 

several days. Catechol solutions aged without chrysotile present 

remained much clearer when kept at pH 2 but became colored, although 

more slowly, when allowed to age at near neutral or higher pH. No 

attempt was made to exclude trace amounts of oxygen from the 

nitrogen-carbon dioxide gas mixture used in these experiments. It is 

known that reaction of oxygen with mono- and po1yhydric phenols, 

especially in alkaline media, gives rise to dark-colored, very complex 

mixtures of poorly defined products (Mihailovic & Cekovic, 1971). In 

experiments with catechol present, it was necessary to add base to the 
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reactor to maintain a constant pH. This is consistent with a reaction 

of the fonn: 

~OH 

VOH 

The a-quinone products may then react further to fonn complex 

(4.6) 

humic-acid type polymers as the main products (Musso, 1963). T~e 

broadening of the peak for catechol in the presence of manganese oxide 

W3S cited by Stone (1983) as evidence for oxidative polymerization of 

catechol. 

The da rkeni 09 of the suspensi Of) a.nd h I~oadeni n9 of the UV 

absorbance peaK is enhanced in the presence of the chrysotile surface. 

This effect could rf~flect reduction of Fe(III) impurities in the 

ch rysotil e. No attempt was made to canfi nn thi s, but it is known that 

;:e(III) does oxidize phenols (Mihail ovic & Cekovic, 1971). 

Alternately, dJsorption of catech~ at >Si-OH or >Si-O sites, with 

the accompanyi n9 higher 1 ocal O~ cancentrati on, could enhance the 

oxidation by ejtfler iron or molecular oxygen. 

The apparent increased adsorption of catechol at longer times, 

e v i (j e nt 0 n b ot h Fig u re s 4. 14 a nr:! 4. 18, i s the nth e re s u It 0 f two 

effects. First, adsorption of polymeriled species, of higher 

molecular \¥e~:J\lt than catechol, at constant molar ddsorption density 

results in a greater removal of organic material fran solution. 

Seconrf, adsorpti on densi ty Wd':) inferred fran the reduct; on in IJ" 

absorhance peak at A = 256rrn. A porti on, though not all, of the 
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reduction in peak magnitude was associated with polymerization in 

solution -- polymerized species cause a broadening of the peak. 

Two measu rements of the amount of catechol that cou1 d be desorbed 

frOOl the chrysoti1e at pH 12 showed recoveries of at least 50 percent 

of that missing fran solution. Concentrations were too low to confinn 

by TOC and there was a substantial broadening of the absorbance peak 

of the desorbed catechol, probably due to increased oxidative 

polymerization at the high OH- concentration in the desorption 

suspensi on. 

4.2.1.3. Oxalate Adsorption Density 

Oxalate adsorption also exhibited a gradual 

increase with time in the dissolution experiments. The adsorption 

densities, up to approximately O.6x10-9 mo1/cm2 are slightly less than 

those for catechol. In studying the adsorption of oxalate and 

benzoate onto goethite, Parfitt et a1. (1977) observed equilibrium 

withi n two hou rs a nd one week, respect i ve 1y. Oxalate ad s orpt i on was 

near zero at pH 8 and increased to 110 jlmo1/g ('V0.1x10-9 m01/cm2 ) at 

pH 4.2. Oxalic acid is a COOlmon plant acid and is found to persist in 

soils. Simi1iar1y, oxalate adsorption on gibbsite dropped off frOOl 

20-30 jlmo1/g ('V0.05x10- 9 m01/cm2) at pH 5 to near zero above pH 7 

(Parfitt et a1., 1977a). At low solution concentrations, oxalate 

adsorbed as a bidentate 1 igand, but only to edge sites of the 

gibbsite. Relative concentrations of edge and face >A1(OH)(OH
2

) sites 

were estimated to be 60 and 2000 jlmo1/g respectively. Oxalate appears 

to adsorb more strongly onto chrysotile than onto either gibbsite or 

goethite. 
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4.2.1.4. Adsorption of Other Organics 

The ability of chrysotile to adsorb a variety of 

other organics has been studied in connect; on with manufactu ri ng 

asbestos products (Novak, 1953a; Hodgson, 1965; Pundsack & 

Reilllschussel, 1967) and health-related studies (Schnitzer, 1974; 

Morgan et a1., 1977; Desai & Richi1rds, 1978; Valerio et al., 1979). 

For example, adsorption of l\erosol OT (dioctyl ester of sorliUin sulfo 

succi nate) to chrysotil e freshly suspended in water i nvol ves 

chl~fIlisorption of its polar head to the surface, making the fiber 

-9 2 
organophilic. Surface coverage is O.3x10 mol/em for one monolayer 

(Otouma & Take, 1975). In general, it has been observed that organic 

anions wit~ hydroxyl and carboxyl groups readily adsorb to the 

positively-charged c'lrysotile surface and disperse fibers. Long-chain 

organics witl1 multiple functional groups adsorb to the greatest 

extent. In health-related studies, it has been observed that 

positively charged (uncoated) fibers react to rl much greater extent 

with body c(~lls and membranes than do negatively charged (organic 

coated) chrysotile fibers (Light & Wei, 1977). 

4.2.1.5. Adsorption of Natural Organic Matter 

The amount of natural organiC matter (NOM) adsorbed 

to chrysotile at pH 8 redche~1 d steady value after about 20 hours; 

adsorption of NOM on Y-A1 203 showed no systematiC difference from 

1.5 t,) 26 !-tours (Figure 4.14). The latter is consistent with results 

of Davis (1980), who reported that in a 72-hour experiment, adsorption 

of NO~1 extracted from Lake Urnersee sediment onto Y-A1 203 at pH 5 

reached a constant value after about one hour. For adsorption of 

aquatic humus onto iron oxide, Tipping (1981) observerl constant values 
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within 116 hours. Figure 4.14 shows the extent of NOM adsorption as 

measured by UV absorbance. The NOM data can also be fit to a Langmuir 

equation. as shown on Figure 4.20. The maximum adsorption density of 

26x10-6 mg C/cm2 on chrysotile is approximately 50 percent of the 

equival ent mass val ue for catechol (53x10-6 mg C/cm2). 

At most ""60 percent of the NOM was removed fran solution in the 

chrysotile-NOM experirnents and rv 40 percent in the Alox-NOM 

expe riments. ve rsus the rv 33 pe rcent removal for canpa rabl e su rface 

loadings in the system studied by Davis (1982). The apparent amounts 

-6 -6 adsorbed in these three cases are approximately 8x10 • 5xlO • and 

3x10-6 mg C/cm2 respectively. At ten-fold lower surface loadings (rv 

-6 /? ). 1 O.5xl0 mg C cm- adsorbed DaV1S observed over 50 percent NOM remova 

at pH 8 and a maximum removal of rv66 percent at pH 5. Tipping (1981) 

observed fran 10 to 30 percent removal of aquatic humus in the 

presence of goethite at pH 8 and fran 50 to 90 percent removal at pH 

5. The amounts adsorbed were in the range of 3-9 mg humics/g (rv 

20-60xl0-6 mg/cm2) at pH 8. The humic material was 50-60 percent 

carbon. In estuarine studies. Hunter found that a relatively constant 

and sigmficant fraction of terresterial NOM is surface active --

defined in this case as being adsorbable at the mercury-solution 

interface (Hunter. 1983; Hunter & Liss. 1982). 

The fraction of NOM removed fran solution (adsorbed) in the 

current expe riments is at 1 east as much as. that ohse rved by those 

noted above. In a source-water reservoir such as Castaic with 102_10 3 

cm2/L of suspended and colloidal particle surface area and 2-3 mg C/L 

the available loading is 103_10 4 greater than in the conditions of 

these expe riments. 
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Results of these adsorption experiments are consistent with three 

points that have been recently suggested by other studies. First, 

because of the high surface loadings, ch~nges in suspended particle 

concentration over at least one to two orders of magnitude will have 

little effect on the amount of NOM in a water. For example, it is 

observed that dissolved NOM is conservative in the mixing of rivers 

into estuaries, a situation where certain inorganic colloids such as 

i ron that are stabilized by NOM are removed by coagulation and 

sedimentation (Hunter, 1983). 

Second, the surfaces of suspended and colloidal material in 

natural waters are almost canpletely covered with NOM (Hunter, 1980; 

Davis, 1982; Baccini et al., 1982). This is expected, as a high 

fraction ('\..30-60 percent) is adsorbable and molar adsorption 

densities for model organics are high. On sane solids, only a fraction 

of the surface offers strong adsorption sites. For example, only the 

edge sites of gibbsite adsorb fulvics at pH ~ 7, with face sites 

contributing to adsorption at lower pH; soil fulvic acid is adsorbed 

onto gibbsite and goethite by a ligand-exchange process (Parfitt et 

al., 1977b). The adsorption densities in the current work are 

sufficiently high to suggest that NOM adsorption occurs over most of 

the ch rys ot i 1 e su rface. It was noted above that the r for catechol m 
corresponds to one molecule per three surface >Mg-OH groups, and that 

at pH 8, r m for NOM is about 50 percent that for catechol. 

Third, material actually adsorbed may be only the most active or 

most-strongly canplexing. Perdue and Lytle (1983) showed that proton 

and copper binding by aquatic humus can be modelled by a Gaussian 

distribution of binding sites. Preferential binding of the most 
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reactive NOM may selectively concentrate other species such as 

dissolved cations at the particle surface. 

The pH dependence of NOM adsorpti on was not measured in these 

experiments. Adsorption is reported to increase with decreases in pH 

in the range 5-9 for goethite (Tipping~ 1981a; Parfitt et al •• 1977b). 

gibbsite (Parfitt et al •• 1977b) and y-aluminum oxide (Davis. 1982). 

This is consistent with carboxyl or hydroxyl acid groups in the NOM 

binding to the oxide surface. 

4.2.2. Adsorption and Surface Charge 

Natural particles in both freshwater and seawater are 

observed to have a fai rly unifonn. negative mobil ity due to adsorpti on 

of NOM. In seawater. the magnitude of the mobil ity decreases with 

increasing ionic strength due to compression of the electrical double 

layer (Hunter. 1980). In California freshwaters ionic strengths are 

too low to have an appreciable effect on mobility. The primary 

variables are pH and concentration of canplexing cations. 

4.2.2.1. Chrysotile Surface Charge in Inorganic 

Electrolytes 

The positive to negative shift in mobility of 

chrysotile particles aging in a non-binding electrolyte at constant pH 

is illustrated on Figure 4.21. This shift occurs as the surface 

becanes more silica-like and less brucite-like due to preferential 

release of magnesium during dissolution. Qualitatively similiar 

behavi or was observed for chrysoti 1e suspended ina pH 4 acetic acid 

solution. with the mobility going fran +2.3 to -0.4 in 80 hours 

(Chowdhury & Kitchener~ 1975). At pH 6.8. the change was from +2.3 to 

+2.0 in 48 hours. Acetic acid fonns only weak canplexes with 
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Fig. 4.21. Mobility of stock chrysotile suspension; solids conc. 
10.0 mg/L, 25 C, 0.01 M NaCl, 350 ppm C02 in N2 atm., pH 8.0. 
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magnesium, so the charge reversal was apparently due to dissolution 

rather than adsorption. In other experi!nents where pH was not held 

constant but allowed to chdnge as the particle dissolved, the PH iep in 

water dropped from 11 to 9 over 70 days (Smith & Trivedi, 1974). 

Freshly-suspended, natural-chrysotile samples fran different sources 

also frequently exhibit widely-varying mobilities, reflecting 

differing ratios of outer brucite to outer silica area (Erkova et al., 

1981) • 

Part of the negat~"e charge observed during aging could be due to 

readsorption of dissolved H3Si04 ions at >Mg-OH surface sites. 

However, the data of Ahmed (1981) suggest that silicate concentrations 

below those needed to precipitate silica fron solution (10- 3•5) have 

little effect on chrysotile mobility. The silicate to chrysotile 

ratio in his work was not reported. Dissolved silica concentrations 

in the current experiments are on the omer of 10-6 M, based on the 

above-reported dissolution results. This suggests that the surface 

charge will not be appreciably affected by dissolved silica. 

Dissolved silica in the east branch of the California aqueduct 

:werages about 13 mg/L and is about 14 mg/L in the west branch (Table 

) -3 oS 3.2, or ahout 10 • mol/L. Two observations suggest that this 

concentration is below the level needed to affect the surface charge. 

Fi rst, the mobil i ties reported by Ahmed for IJP to two hours agi ng 

,., 1 ( I )" -3 3-3 0 lndlcate cnarge reverSd A,)ove pH 6 ln g01ng fran 10 • to 10 • M 

sillca; only a one-'.Jnit change in mobility (+3 to +2) was reported in 

going fran In-5 •O to 10-3• 3 M silica at pH 8. Second, at 10-3 M total 

s11 ica and total magnesi urn in sol uti on, the extent of 

rnagnes1um-to-si1ica canp1exation at pH 3 is small. The ratio of 
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complexed to not complexed magnesium was calculated to be 10-3•7 

(Table 2.2). 

The general shi ft toward a lower pH iep has been observed for other 

oxide minerals, and was assumed to be due to loss of soluble cations 

(Smith & Trivedi, 1974). Later shifts to higher values were assumed 

to be due to readsorption of cations as the solid dissolved and the 

solution neared saturation. As suggested in section 2.1.2, 

readsorption of dissolved Mg2+ is unimportant in detennining the 

charge on chrysotile in these experiments. There is no experimental 

evidence to contradict this suppositi on. 

In the absence of specific adsorption, the pH iep ' measured by 

electrophoretic mobility, should equal the pH ,inferred from zpc 

potentiometric experiments. The data on Figure 4.22 are consistent 

with this equality. The pHzpc for chrysotile was found to be 8.9 

(Figure 4.3). Initial mobilities of suspensions in the pH range 5-8 

are positive. Similar behavior was observed in experiments by others 

(Ahmed, 1981; Smith & Trivedi, 1974); these are shown on Figure 4.22 

for reference. In thei r experiments, pH was not held constant, but 

was determi ned at the begi nni ng of each mobil ity measurement. 

4.2.2.2. Consistency of Surface Charge and Dissolution 

Results 

One check on the consistency of the dissolution, 

surface-charge and mobil ity data is to compare the extent of charge 

reversal due to dissolution, predicted from the surface-chemical 

model, with the extent of charge reversal observed in the mobil ity 

experiments. From Figure 4.8, the magnesium and silica components 

d · 1 (H 8) 1 90 -16 -16? . 1SS0 ve p at. x10 and O.73x10 mol/cm--·s respect1vely. 
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Fig. 4.22. Initial mobility of chrysotile; results of 
Ahmed (1981) and Smith & Trivedi (1974) shown for 
reference; current data are taken from mobility vs. 
time results of Appendix III. 
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Assuming that these rates hold as the surface becomes more 

silica-like, the fraction of silica on the surface of a chrysotile 

fiber is directly proportional to time. Using the surface-equilibrium 

constants derived in section 4.1.1, the surface charge can then be 

computed as a function of time (Figure 4.23). This calculation 

suggests that the surface charge at pH 8 should be zero after about 

ten weeks, which is about five-fold longer than the two-week observed 

time for mobil ity reversal (Figure 4.21). 

This lack of close agreement between the two sets of data reflects 

the oversimpl i fied nature of the surface-chemical model userl to 

describe the compound, heterogeneous chrysotile surface. The 

charge-potenti al rel ati on and surface acidity constants were 

determi ned for a 1 imited set of conditi ons and are not expected to fit 

data taken under greatly different experimental conditions. For 

example, the surface-acidity constants were determined during five-day 

experiments, during which time the surface was made up of a large 

fraction of >Mg-OH sites and a smaller fraction of >Si-OH sites. 

Adsorption of protons at the >Mg-OH sites was responsible for the 

positive surface charge below pH 8.9 and the charge-potential rel ation 

was detennined largely by the nature of the more abundant >Mg-OH sites 

rather than by the >Si-OH sites. The same charge-potential relation 

would not necessarily apply to a surface with a greater fraction of 

>Si-OH sites. Further, the acidity constant for the >Si-OH sites, 

K s (2.3), was assumed, based on previous studies on a silica surface as 

with no >Mg-OH sites present. Because of the initially small relative 

abundance of >Si-OH sites on chrysotile, varying the value of Kas s 

over an order of magnitude had little effect on the model fit to the 
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surface charge results in the five-day experiments. The magnitude of 

Kas s has a greater effect on the calculated charge for a surface with 

a greater fraction of >Si-OH sites, corresponding to the larger times 

on Figure 4.23. 

4.2.2.3. Effect of Model Organic Anions 

The addi ti on of organic ani ons makes the su rface 

charge and mobility of chrysotile negative in two ways -- by 

adsorption of negatively charged species to the surface and by 

enhancing release of magnesium from the surface. Results of a ten-day 

mobility and adsorption experiment are shown on Figure 4.24. The 

effect of adsorbed catechol in giving chrysotile a negative mobility 

is apparent duri ng the f; rst 24 hours after add; ng the organic. 

During that time, only about 15 percent of the catechol is adsorbed, 

which corresponds to 40 percent of the maximum adsorption density. 

The UV-absorbance peaks for catechol showed a progressive 

broadening in this experiment (Figure 4.25), like that noted above in 

the dissolution experiments (Figure 4.19). Along with this 

broadening, or apparent oxidative polymerization, is a decrease in the 

magnitude of the negative mobility. This is consistent with 

oxidation of adsorbed organics to form uncharged, polymeric species. 

That the decrease in absorbance at A= 256 nm is associated with 

catechol removal from solution was confirmed by the TOC analyses shown 

on Figure 4.24. Other mechanisms for reduction of the magnitude of 

the mobility, such as shifting the plane of shear due to polymer 

adsorption (Kavanagh et al., 1975), charge neutralization by 

counterions, or changes in the double-layer parameters seem less 

likely. 
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Fig. 4.24. Chrysotile surface charge and mobility resulting 
from catechol adsorption; pH 8, 0.01 M NaCl, 25 C, N2-C02 
(350 ppm) atm., solids 10.9 mg/L (mobility) and 1.02 g/L 
(adsorption); 1.9 x 10-9 mol/cm2 catechol added. 
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A series of subsequent experiments examined the charge reversal 

apparent on the middle portion of Figure 4.24, from one day prior to 

organic addition to several days after organic addition. Aliquots 

were withdrawn fran the stock suspension whose mobil ity is shown on 

Figure 4.21, catechol or Dxal ic added, and the effect noted. Parallel 

adsorption experiments were run. All mobility curves showed 

qualit-itively the same behavior, as dld those for preliminary 

experi:nents done with phthal ic acid (Appendix III). Withi n 24 hours 

after adding the organic, a new, lower steady-state mobility value was 

reached. Figure 4.26 summarizes thesA latter steady-state values for 

the range of conditions studied. If charge reversal was due only to 

anion adsorption at the ~aximum densities suggested by Figures 4.15 

and 4.18 there should be little charge enhancement :)eyond an organic 

to surface molar ratio of one. The presence of an enhancement at 

higher ratios suggests either multi-layer adsorption, increased 

magnesium removal llke that observed on Figure 4.13, or both. 

The effect of dlfferent initial mobilities, prior to organics 

addition, was small; this was evidenced by the similar post-addition 

mobilities for pH 8, equimolar catechol and surface, for initial 

mobilities of from +1 to 0 (Figures 4.26 and Appendix III). Oxalate 

has 1 ess of an effect on chrysotil e mobil ity than does catechol, 

consistent with the above-noted lower adsorption of oxalate on the 

surface. The mixed effect of catechol and oxalate on d~ssolution of 

the magnesium-hydroxide layer was noted on Figure 4.11 and 4.13. 

However the lesser adsorption of oxalate is counter to the stronger 

magnesium-oxalate solution canplexation equilibria noted in Table 2.2 
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and on Figure 4.17. These mobil ity data provide additional evidence 

that catechol adsorbs to both >Si-OH and >Mg-OH surface sites. 

That the negative charge on chrysotil e is due to a comb ination of 

anion adsorption and enhanced magnesium hydroxide dissolution can also 

be seen by comparing the Alox and chrysotile mobil ities of Figures 

4.26-4.28. The pH iep of Alox in the absence of org an ic matter is seen 

from Figure 4.28 to be about 9.4, which is near the pHzpc of 8.9 for 

chrysotile. From 10-3 to 10-2 mg C/cm2 (catechol) causes a small 

charge reversal of Alox at pH 8 (Figure 4.27) due to adsorption. The 

sane concentrations cause a greater charge revers~ on chrysotile. 

Concentrations on the order of 10-4 mg C/cm2 at pH 8 cause a charge 

reversal on chrysotile but not on Alox. From Figure 4.14 it is seen 

that catechol adsorhs more st;--ongly onto Alox than onto chrysotile. 

The greater magnitude mobil ity on chrysotile in the presence of 

catechol (Figure 4.27) is then due 1 argely to enhanced dissolution 

rather than greater adsorption. 

4.2.2.4. Effect of Natural Organic Matt(~r 

Adsorpt ion of NOM in the range 10-5_10-3 mg C/cm2 

caused greater charge reversal on chrysotil ethan did either oxal ic 

acid or catechol. NOM is co'nposed of a distribution of carboxyl and 

hydroxyl acidic functional groups that are available to bind to the 

surface and give a negative charge to the surface. The greater 

magnitude mobil ity at lower organic adsorption densities suggests that 

NOM contains a greater abundance of acidic groups that are 

deprotonated at this pH. 
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Mobil ity was also lower on Alox in the presence of NOM than in the 

presence of catechol. Little change in mobility was observed in going 

from 10-4 to 10-3 mg C/cm2• Charge reversal at low organic 

concentrations is consistent with the findings of Tipping and Cooke 

(1982), who observed reversal of mobil ity with adsorption of as 1 ittle 

aquat ic humus as 10 mg/g ('V 60xlO-6 mg/cm2) onto goethite at pH 7. 

Less negative charge was conferred per unit mass of humics adsorbed as 

adsorption density was increased by a factor of three. In the 

presence of Ca2+ and Mg 2+, 1 ittle change was observed in going from 20 

to 60 mg/g adsorbed. These sane divalent cations are known to 

interact strongly with humics in sol ution (Dempsey, 1981) and adsorbed 

on the surface of goethite particl es (Tipping & Cooke, 1982). In the 

latter case, mobil ity decreased with increasing cation concentration. 

The mobility of Alox in the presence of NOM was not pH dependent 

(Figure 4.28) in the pH range 4-10. This is in contrast to the 

results of Davis (1982), where at least a one-unit mobility change was 

observed over a simil iar pH range for organic concentrations about 

20-fol d lower. 

Particles in samples taken from the Feather river in May, 1983 all 

showed mobil ities of -1.1 +0.5 ~m·s-lV·cm-1. The chrysotile fiber 

concentration in these samples was on the order of 108/L and the 

concentration of larger (2-100 ~m) particles was about 107/L. This 

suggests that even far upstream in natural waters, chrysotile fibers, 

as well as other particles present, have a negative charge due to 

adsorption of NOM. The magnitude of that charge is equal to or lower 

than that observed in the laboratory, with 1 ittle variation in 
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individual mobil ities despite the wide range of particle sizes and 

presumably particle identities in the river-water samples. This is 

consistent with observations by others. For example, after several 

successive exposures to seawater, mobil ities of three model particles 

-- A1 203, a cationic polymer and a hydrophobic organic polymer -

converged to a negative value 1 ike that observed for natural particles 

(Hunter, 1980). Initial mobil ities were positive. 

The mobility of two samples taken from Castaic reservoir in 

August, 1983 had the same mobil ity as the earl ier Feather river 

1 1 1 0 3 • -IV· -1 s amp es -- -. 2:.. 11m s cm. Chrysot il e added to filtered 

Castaic water (pH 8.5) acquired a negative mobil ity (-1.5) within a 

few hours; the mobility remained constant overnight. 

4.3. COAGULATION 

From 5 to 50 fold reduction in fiber concentration was observed in 

the two five-day coagulation experiments. Results are shown in Table 

4.1. This reduction is apparently due to coagul ation of fibers with 

silica particles. The experimental blank -- a 4.9 gIL chrysotile 

suspension with no silica present -- showed a relatively constant 

fiber concentration. 

Following equation (2.31), up to a 600-fold reduction in 

chrysotile fiber concentration is expected over the five-day period 
( a) It is assumed that differential sedimentation is primarily 

( a) 0 6 1 n1/n 1 = exp(-a~niki); from Table 11.10, niki = 14.8x10- s- for 

the s il ica suspens ion used in t~is exper iment; for a = 1 and t = 

0.43xl06 s, nl /n i
O = e-6•38 = 0.0017. 
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Table 4.1. Total fiber count in coagulation experiments. 

108 Fi bers/l 

Date Hours Ave. S. dev. 

4.9 ~g/l blanka 2 4.0 1.6 

5-10-84 24 2.0 0.8 

5-11-84 28 2.8 0.4 

5-12-84 48 1.8 0.4 

5-16-84 b 144 0.7 0.6 

Stirred beaker c 

5-16-84 120 0.05 0.08 

Settling column 

5-14-84 d 68 1.7 0.6 

5-16-84 a 120 0.5 0.2 

aNumbers reported were determined from six photographs taken in six 
different grid squares of the 300-mesh copper grid; an average of 
8-18 fibers were counted on e~ch photograph, the area of which 
corresponded to approximately 4xl0- 4 mm2 on the original filter. 

blower value due in part to problems with sample preparation. 

cThree fibers were counted in an area corresponding to approximately 
10-3 mm 2 on the original filter. 

dEighteen fibers were counted in an area corresponding to approximately 

10-3 mm2 on the original filter. 
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responsible for particle contact. Fluid shear may be important in the 

stirred beaker; although the shear rate was not determined, the 

analysis of section 2.3.1.2 suggests that the rate constant for 

fluidshear is about 10-fold lower than the constant for differential 

sedimentation for the particle size range of interest. Results of the 

experiments, however. showed ten-fold greater fiber removal in the 

stirred reactor than in the settl ing column, suggesting that fluid 

shear is important. 

There is qual itative agreement between the removals predicted from 

coagul at ion theory and observed in the exper iment. Fres hly suspended, 

positively-charged chrysotile fibers coagulate with larger, 

negatively-charged sil ica particles with a high efficiency. An a 

value in the range 0.01-0.1 characterizes the process. In Cal ifornia 

surface waters it is observed that weathered. negatively-charged 

chrysotile fibers coagulate with the larger particles present at a 

slower rate -- a is on the order of 0.001 (Bales et al., 1984). The 

lower rate. or efficiency. in natural waters is apparently due to the 

more uniform negative surface charge on all particles, brought on by 

adsorption of NOM. 

Other explanations are possible for the effect of NOM. For 

ex anpl e, Ii pp ing and Higg ins (1982) observed that adsorbed hum ics 

enhance stabil ity of hematite particles; the mechanism is thought to 

be steric stabilization, as electrophoretic mobil ities changed 1 ittle 

with changes in humic concentration from 1-20 mg/L. Estuarine 

particles in general have highly uniform surface properties in spite 

of their potentially variable and mixed composition (Hunter, 1983). 
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CHAPTER 5 

CONCLUSIONS 

The research work described in this thesis provides insight into 

the chemical behavior and the influence of surface chemistry on the 

physical behavior of chrysotile asbestos particles in natural waters 

and in water treatment processes. Chrysotile fibers are present in 

surface waters of central and northern California at concentrations 

from 10 7 to 1011 fibers/L as a result of natural t physical weatheri ng 

in the Sierra Nevada and coastal mountai ns. Two important chemical 

processes that occur on the surface of chrysotile particles suspended 

in natural waters are adsorption of organic matter and dissolution t or 

chemical weathering. Both processes cause a reversal of chrysotile's 

surface charge and affect the rate at which fibers coagulate with 

other suspended matter. In water treatment, the surface identity of 

the fibers influences the rate and extent to which they adsorb or 

serve as nucleation sites for added coagulant chemicals, coagulate 

with other particles t and deposit onto sand filter grains. 

5.1. CHRYSOTILE DISSOLUTION 

5.1.1. pH Dependence of Chrysotile Dissolution 

Over the pH range 7-10 chrysotile suspended in 0.1 M 

inorganic electrolyte for up to five days dissolves with magnesium 

being released into solution in excess of the 3:2 magnesium to silica 

molar ratio in the solid. The rate of magnesium release (mol/cm2·s) 

exhibits a fractional pH dependence: 

(5.1) 
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where [H+] is the hydrogen ion concentration in solution (mol/L). k1 

is the observed dissolution rate constant and depends on the 

dissolution mechanism, the specific surface area of the solid and the 

charge-potential relation at the surface. Interpreted in terms of a 

site-bindin~ model for adsorption and desorption of protons on the 

surface, this fractional dependence implies that the dissolution rate 

is limited by a chemical reaction involving an average of less than 

one adsorbed proton per magnesiwn ion released into solution. Silica 

relt~ase fron chrysotile shows a weaker pH dependence and the rate 

cannot be characterized by a simple equation like (5.1). The rate at 

which chrysotile dissolves (10- 15 •7 mol/cm2·s at pH 8) ~s consistent 

with the rates observed for other magnesium silicate minerals and for 

magnesium hydroxide; the magnitlJde of the rate further confinns that a 

chemical reaction rather than diffusion of reactants (protons) to the 

stlrface is rate limiting. 

Chrysotile suspended in inorganic electrolytes exhibits a rapid 

but declining rate of release of Mg2+ into solution for 12-24 hours, 

followed by a slower, constant rate of release for the following four 

to five days. The rate of silica release is linear fron the outset. 

Up to 15 percent of the outer magnesium hydroxide surface is released 

into sol'ltion (based on a 100 percent magnesium-surface initially) 

during the initial 12-24 hour period. After the first day magnesium 

r(~lease follows equation (5.1), \~hicf-t is a smaller pH dependence than 

observed on other silicate and oxide minerals (Figure 5.1). For 

example, the follol'ling are reported: bronzite, [H+]O.5; diopside, 

[H+JO.7; enstatite, [H+]O.8; forsterite, [H+Jl.O; cS-aluminum oxide, 

[H+J1.0; and bayerite, [H+]1.0, all at acidic pH's. Although data are 
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3 8.4 
Ca lcite (Rickard & Sjoberg, 1983) 

2 5 8 
Brucite (Vermilyea, 1969) 

(this work) 7.5 8 7.58.5 _ • Brucite 

(Lin & Clemency, 1981) 8.5 R . 
• rllC, te 

(Schott et al., 1981) 2 6 Diopside 

(Schott & Berner, 1983) 6 
• Bronzite 

(Pulfer et al., 1984) Bayerite 3 4 

(Lin & Clemency, 1981) 6.3 • Antigorite 

(this work) Chrysotile (t~g ) 
7 10 

(this work) 8 11 -Chrysotile (S i ) 

(Grandstaff, 1980) Forsterite 3 5 

(Schott et al., 1981) Enstatite 2 6 

(Lim & Clemency, 1981) Talc 
5 • 

10 6 
(Wirth & Gieskes, 1979) Vitreous s il i ca 

(Wood & Walther, 1983) pH independent silicates • 
I 

8 10 12 14 16 

-log Rate t mol /cm2 . s 
Fig. 5.1. Dissolution rates for a variety of minerals at 25 C; length of 
bar indicates range at rates observed; numbers above each bar indicate pH 
over which rate was measured. 
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not directly canparable because different pH ranges were studied, the 

lower pH dependence for magnesium release from chrysotile suggests 

that magnesium hydroxide is more easily dissolved than minerals such 

d h k b H 0 h h H 0+ b as aluminum oxide, an t at attac y 2 rat er t an 3 may e more 

important in chrysotile dissolution. 

5.1.2. Effect of Anions on Chrysotile Dissolution 

The inorganic am ons N0
3 
-, Cl-, HC0

3 
- and S04 2- and the 

ort]ani cs catecl,ol and oxal ate affect the rate of magnesi urn rel ease 

only duri ng the initial 12-24 hours of each experiment. After that 

peri od, rates with and without organics present were the sa1nf:'. 

Oxalate inhibited silica release. The nature of this inhibition is 

unclear, as oxalate is not known to interact directly with a silica 

2+ 
surface. If Mg plays a role in tht> release of silica, the oxalate 

inhibition could be due to formation of magnesium-oxalatp. conplexes. 

There is no independent evidence for Ml+ being involved in silica 

dissolution, however. Catechol had a 'slight enhancing effect on the 

release of silica from chrysotile, which is consistent with the 

enhancement reported for dissolution of silica in tfle presence of 

catechol. 

5.1.3. Attainment of Steady-State Dissolution 

Chrysotile dissolves w1tf-t the ratio of magnesium to 

silica released being near 2.0 in the pH range 7-9, which is greater 

than the 1.5 molar ratio in chrysotile. If dissolution occurs only, 

or primarily, at the surface, the rClte of magnesium release shoulri 

dilninish as the fraction of surface that is magnesillm hydroxide 

diminishes and the rate of silica release increase dS the fraction of 

surface that is s11 ica increases. Eventually a surface of constant 
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composition should result and the ratio of the dissolution rates 

should reflect the mol ar ratio in the material. This did not occur 

during the five-day experiments; several days to weeks may be required 

to reach this steady state. 

5.1.4. Consistency of Chrysotile Dissolution with Rates for 

Other Mineral s 

The dissolution rate for chrysotile is compared with 

rates reported for other sil icates and oxides on Figure 5.1. These 

rates span nearly nine orders of magnitude, from the diffusion-limited 

dissolution of calcite at pH 3 (10-8 mol/cm2s) to the reaction-l imited 

dis sol uti 0 n 0 f s i 1 ic ate s (1 0-17 mo 1 / cm 2 s) • 

The minerals containing magnesium hydroxide layers exhibit 

decreasing dissolution rates with increasing structure, from brucite 

to antigorite and chrysotile to talc. All four miner~s involve the 

stacking of semi-infinite brucite sheets composed of magnesium in 

oc tahedral coord inat ion with ox ide and hydrox ide. In ant igor ite and 

chrysotile each octahedrally-coordinated brucite sheet is bonded to a 

sheet composed of sil ica tetrahedra (t-o structure), with the resul t 

that magnesium is less easily removed than in the absence of the 

tetrahedral sheet. In talc each octahedral sheet is sandwiched 

between two sil ica sheets (t-o-t structure) and the dissolution rate 

for the magnesium component is lowest. There are no data available 

concerning the pH dependence of talc dissolution, but the rate at pH 5 

is near the 10-17 mOl/cm2s val ue (based on Si02) estimated by Wood and 

Walther (1983) for the pH-independent dissolution of feldspars and 

micas; it is expected that the rate for talc would decl ine only 

sl igh~y above pH 5. 
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It has been suggested that both solubility and dissolution rates 

for silicates should decrease with increasing structure -- increasing 

sharing of oxides by silica tetrahedra -- in the order: neso"v soro> 

ino > tecto~ phyllo (Hurd et al., 1979). In canparing the more rapid 

dissolution of fayalite (Fe
2
Si04 ), an olivine (nesosilicate), to the 

slower rlissoll1tion of bronzite (FeO.3M91.7Si206)' a pyroxene 

(inosilicate), it was suggested that dissolution of an ~ivine is 

easier and faster because it involves no breaking of strong Si-O bonds 

(Schott & Bernel', 1983). In olivines, silica tetraherlra are linked by 

other cations (Ml+, Fe2+, etc.) and do not share oxides, whereas in 

pyroxenes adjacent sil ica tetrahedra share two corner oxides. 

Canparing the dissolution rates of Figure 5.1 for magnesium silicates 

wit1 differing degrees of structure (s flaring of oxygens i'l silica 

tetrahedra) fails to give the same consistent pattern. Forsterite 

(Mg 2Si0
4

), an olivine, dissolves at about the same rate as enstatite 

(M9 ZSi 206), a pyroxene. Diss~ution of about the same or faster rate 

is observed in chrysotile and antigorite, serpentines 

(phyll os11 icates), where sil ica tetrahedra share three corner oxygens. 

Apparently the nature of the octahedral sites strongly influences the 

release of sil ica fran these chemically similar minerals. 

5.2. ADSORPTION AND SURFACE CHARGE 

An ideal, unweat!lert~d fiber has a magnesium-hydroxide outer 

surface and fibers freshly suspended in water of pH below 8.9 have a 

positive surface charge. Particles aging in natural waters acquire d 

negative surface charge by rapid (within hours) adsorption of natural 

orSjdnic matter and by slower (within days) dissolution of the outer 
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magnesium-hydroxide sheet and accompanying exposure on the surface of 

the underlying silica sheet. 

5.2.1. Adsorption of Organics onto Chrysotile and Aluminum 

Oxide 

The amount of catechol that is lost from sol uti on 

(adsorbs) in the presence of chrysotile or aluminum oxide in the pH 

range 7.5-8.5 does not reach equilibrium but increases over five days. 

After one day the maximum adsorption density on chrysotile, estimated 

-9 2 ( using a Langmuir adsorption equation, is 0.7xlO mol/cm 50 mg 

C/cm2). This is approximately one-third of the estimated number of 

-9 2 surface sites available for proton exchange, 2xlO mol/cm. The 

correspondi ng maximum density for adsorpti on of natural organic matter 

-6 2 -6 2 was 26xlO mg C/cm on chrysotile and 32xlO mg C/cm on aluminum 

oxide. These densities suggest that in California surface waters, the 

surfaces of chrysotile fibers and clay particles should be essentially 

compl etely covered with NOM. 

The steady increase in amount adsorbed with time in each 

experiment is apparently due to further adsorption of oxidized 

polymers of catechol. Oxidation and polymerization of catechol is 

enhanced in the presence of both chrysotile and aluminum oxide 

su rfaces. The oxi da nt in these expe riments was ei the r mol ecul a r 

oxygen, present in trace amounts in the N2 gas used to excl ude CO2 

from the reactor, or Fe(III), present as an impurity in the 

ch rys oti 1 e. 

The adsorption densities and charges resulting from adsorption of 

catechol and oxalate onto chrysotile were comparable. Oxal ic acid is 

a stronger acid, should bind to >Mg-OH sites to a greater extent than 
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catechol, and should be present as an anion, whereas catechol should 

be an uncharged spec ies, in the pH range 7-9. Bind ing of catechol 

onto both >Mg-OH and >Si-OH sites could account for its adsorption and 

surf ace-charge behav ior. Some charge revers al upon adsorpt ion of 

catechol occurred within one hour and a near-constant charge was 

reached within 24 hours. 

5.2.2. Chrysotile Surface Charge 

At pH v~ues below the pHzpc (8.9), chrysotile's surface 

charge is initially positive, but becomes negative due to both 

dissolution and adsorption. For example, at pH 8 in 0.01 M NaCl, 

chrysotile's surface charge (electrophoretic mobility) is initially 

positive but becolnes zero after about two weeks and is negative 

thereafter. The positive-to-negative shift is due to the faster 

dissolution of the positively-charged brucite sheet relative to the 

negatively-charged sil ica sheet in chrysotile's outer layer. 

Chrysotile adsorbs sufficient catechol, oxalate, phthalate or natural 

organic matter within one day to reverse its surface charge. 

The surface charge of freshly suspended chrysotile fibers changes 

Illore rapidly during the first day as proton uptake and the rate of 

magnesium release reach steady-state values. Particle breakup may be 

partly responsible for the initi~ change. Surface charge then 

changes rnor'e slowly, reflecting the relative rates of magnesium and 

sil ica release. After four weeks, further changes in surface charge, 

(electrophoretic mobility) are slow, possibly reflecting a new steady 

state in dissolution wherein magn(~sium and s11 ica release rates are in 

a ratio that more closely reflects the Mg:Si mol ar ratio in the sol ide 
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Chrysotile's surface charge was the same in the presence of the 

different inorganic anions N03-, Cl-, HC03- and S042-, suggesting that 

adsorption of these anions is weak. 

In the pH range 7.5-8.5, adsorption of catechol and NOM on 

aluminum oxide (at the same or higher adsorption densities) causes a 

sm~ler charge revers~ than on chrysotile. Aluminum oxide has a 

pH iep of 9.4, near that of chrysotile aged for less than one week. 

The larger charge reversal on chrysotile reflects an enhanced ranoval 

of the surface brucite 1 ayer accompanying the rapid (order of hours) 

adsorpt ion. 

5.2.3. Surface Chemical Model 

A constant-capacitance model can be used to relate 

surface charge to adsorption and desorption of protons over a 1 imited, 

1.5-2 pH-unit, range. The best-fit model parameters are PKa1
s 

= 8.0, 

pK 2s = 10.0 for >Mg-OH and pK s = 7.5 for >Si-OH, and a capacitance a_ as 

of 4 C/V.cm2• Poorest fit for any of the combinations of constants 

tried is at higher pH values, 10-11. Best fit is below the pHzpc • 

5.3. FIBER REMOVAL IN NATURAL WATERS AND WATER TREATMENT 

In reservoirs, submicron-sized chrysotile particles coagul ate with 

1 arger (> 2 ~m) particles that subsequently settle out. In four of 

The Metropol itan Water District of Southern Cal ifornia's source-water 

reservoirs, approximately one-log removal occurs for each year of 

detention time. This is based on long-term averages; no annual or 

seasonal variations are accounted for. 

Coagul ation efficiency for freshly-suspended, positively-charged 

chrysotile fibers with larger, negatively-charged silica particles is 

in the range 0.01-0.1. Electrostatic barriers should be absent, as 
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the silica and chrysotile are oppositely charged. In natural waters, 

ehrysotile fibers are coated with NOM, are negatively charged, and 

coagul ate more slowly. Efficiency is near O.OOL 

The observed chrysotile dlssolution rates at pH Ii suggest that 

conplete dlssolution of a fiber would requi re at least 5-10 years. As 

tile residence time for suspended particles in California surface 

waters is shorter, up to three years, dissolution is not rli rectly 

resJ.lonsible for fiber removal. 

~'~'I\oval of chrysotile particles in water treatment occurs by 

deposition of coagulated fibers onto sand grains in filtration. 

Capture efficiency for single fibers is low; re!ooval is enhancerl frOll 

10- to IOO-fold by incorporating fibers into larger floes that have a 

greater capture efficiency. 
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CHAPTER 6 

RECOMMENDATIONS 

The surface-chemical studies of chrysotile described in chapters 1-5 

have motivated additional questions regarding the chemical weathering of 

natural minerals, the aggregation of colloids in natural waters and the 

deposition of submicron sized particles in water treatment by filtration. 

6.1. CHEMICAL WEATHERING 

The technique used in the potentiometric experiments could be 

appl ied to other minerals. It enables determining both dissolution rate 

and surface charge in the same constant-pH experiment. Measuring both 

enables interpreting the dissolution rate in terms of the number of 

hydrogen ions adsorbed on the surface, or the number involved in the 

rate-l imiting step in dissolution. Holding pH constant during 

dissolution of a heterogeneous material such as chrysotile is necessary 

if the pH dependence of the rate is to be determined, because the time to 

reach a steady-state rate after changing pH may be long -- from hours to 

days. It is recommended that the methods employed in the d issol ut ion 

experiments be appl ied to other oxides and sil icates that dissolve at 

comparable rates. 

Insight into the importance of sil icate structure on dissolution rate 

of phyllosil icates could be determined by studying the dissolution of 

talc under conditions 1 ike those used for chrysotile. Talc has two 

tetrahedral sil ica sheets for each octahedral magnesium-hydroxide sheet 

versus the one-to-one ratio in chrysotil e. It is recommended that the pH 

and temperature dependence of talc dissolution be studied over the pH 

range 6-9. 
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Additional experimental determinations of dissolution rates are 

needed to confirm the importance of crystal structure on dissolution 

rates across the broad cl ass of s 11 icate mineral s. Specu1 at ion that 

5 il icate hydrolys is at low temperatures ('V 25 C) is independent of or 

only weakly dependent on structure and pH is not well documented. It is 

recommended that exper iments with wel1-charac ter' i zed magnes i um s i1 kates 

be carried out as a first step in the investigation of these dependences. 

Determination of an activation energy for dissolution of weathered 

chrysotile in the pH range 7-9 could further clarify the dissolution 

mechanism. Past determinations of activation energies have considered 

only one component -- magnesium and have not been done at constant pH 

(e.g •• Choi and Smith, 1972). It is recommended that chrysoti1e 

dissolution experiments be carried out over the temperature range 10-40 C 

at pH 8 and at one or more additional pH values in the range 7-9. 

It was projected that at longer times -- fro:n two to seven weeks 

the ratio of the rates of magnesium and sil ica release from chrysoti1e 

should equal the 3:2 ratio of magnesium and sil ica in the sol id. It is 

recommended that ane ar more lang-term dissolution experiments on a 

well-characterized chrysotile be carried out to confirm this projection. 

It is not known if chrysotile dissolving at neutral pH over long 

times (months) in a solution near saturation with regard to sil ica 

solubility builds up a surface layer of different composition than the 

original solid. Indirect evidence indicates that this may be the case 

for dissolution at acidic pWs. It is recommenderl that surface 

characterization accompany long-term dissolution exper~nents to determine 

surface versus bul k sol id rnagnesium-to-sil ica mol ar ratios and to 

determine if a new sol id phase forms on the surface. 
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Brucite dissolution is apparently transport 1 imited, as evidenced by 

its 1 inear dependence as hydrogen ion concentration and by its dependence 

on suspension stirring rate. It is recommended that the pH and transport 

dependences of brucite dissolution be determined in a system with 

well-defined transport, such as a rotating disk electrode. 

6.2. PARTICLE AGGREGATION AND DEPOSITION 

Results of the coagul ation experiments carried out as part of this 

work suggest that submicron-sized chrysotile fibers readily coagulate 

with oppositely charged particles from 1 to 10 ~ in size. It is 

recommended that coagulation experiments be continued in three areas. 

First is a quantitative measurement of coagul ation rate for chrysotil e 

with oppositely-charged, model particles over a several-day period. 

Second is measurement of the same rate for fibers wi th particl es of 1 ike 

charge; charge of fibers could be reversed by adsorption of natural 

organic matter. Third is carrying out of the same experiments with a 

monodisperse suspension of model particles rather than the heterodisperse 

chrysotile particles; this should give a more confident measure of 

coagulation efficiency for submicron-sized particles. 

Removal of fibers in water filtration depends on the degree of 

aggregation that occurs prior to passage of fibers through the filter 

media. A primary area for study is the nucleation of coagul ant sol ids 

Al(OH)3' Fe(OH)3' etc. -- onto chrysotile fibers and the ensuing 

coagul ation. It is recommended that as a first step the rate and extent 

of coagulant deposition onto chrysotile be determined under 

well-controlled conditions and that the resul ting aggregates be 
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characterized by size and identity. ThlS should be done in parallel with 

work on model pa rti cl es. 

6.3. PILOT FILTRATION STUDIES 

It is reconrnended that pilot filtration studies focus on the 

importance of operati ng variables speci fic to removal of cf'Jrysotile 

flbers. Fran three to six well-characterized pilot runs should be 

carried out on water to which a known conc~ntration of weathered fibers 

is -3dded. Initial variables to be addressed are coagulation tilne, 

coa~ulant dose and pH. Order-of-magnitude variations in coagulant dose 

and cOctgulation time should be used. Characterization by particle 

counting, turbidity Inf~aSUrelllent, transmission electron Illicroscopy, and 

!nobn ity meaSllreinent should be done at three poi nts ~ n the pll ot setlJp 

before rdP~d mixlng, after coagulation and after filtration. 
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APPENDIX II 

SUMMARY OF EXPERIMENTS 
AND SAMPLE CALCULATIONS 

Tables in this appendix provide clarification for the results 

presented in Chapter 4. Table 11.1 lists conditions for other dis

solution experiments. Tables 11.2 - 11.5 illustrate the calculation of 

results from the set of dissolution data corresponding to Figure 4.1. 

Table 11.6 is data from one adsorption experiment. Tables 11.7 - 11.9 

list conditions for the mobility experiments. Table 11.10 gives the 

values used to estimate coagulation efficiency in Section 4.3. 
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Table 11.1. Parameters for Chrysotile Constant pH Dissolution Experiments. 

Solids 1 
conc. Duration Acid or 

Date pHa Electrolyte g/£ hrs. Oreb Basec Comments d 

10-30-82 8 0.1 M KN03 10 22 V 0.01 M HN03 N2 flowmeter problems 

10-30-82 9 0.1 M KN03 10 22 V 0.01 M HN03 stirrer failure; excess 
acid added 

11-4-82 8 0.1 M KN03 5 88 V 0.01 M HN03 autoburette & N2 flow-
meter problems 

11-4-82 9 0.1 M KN03 5 88 V 0.01 M HN03 excess acid added; auto-
burette problems 

11-13-82 10 0.1 M KN03 5 94 V 0.1 M KOH --

11-13-82 11 0.1 M KN03 5 94 V 0.1 M KOH --

11-19-82 8 0.1 M KN03 10 72 V 0.01 M HN03 --
11-19-82 9 0.1 M KN03 10 72 V 0.01 M HN03 --
11-24-82 10 0.1 M KN03 10 95 V 0.1 M KOH --
11-24-82 11 0.1 M KN03 10 95 V 0.1 M KOH --

12-6-82 8.5 0.1 M KN03 10 98 V 0.01 M HN03 --
12-6-82 9.5 0.1 M KN03 10 98 V 0.1 M KOH 0.01 M HN03, t > 48 

1-2-83 8.5 0.1 M Na2S04 10 95 V 0.1 M HN03 --
1-2-83 9.5 0.1 M Na 2S04 10 95 V 0.1 M KOH 0.01 M HN03, t > 48 

1-16-83 8 0.1 M NaCl 10 120 V 0.01 M HN03 --

1-16-83 8.5 O.lMNaCl 10 120 V 0.01 M HN03 --
1-22-83 8.5A O.lMNaCl 10 120 VI 0.01 M HN03 AA problems 

1-22-83 9 O.lMNaCl 10 120 VI 0.01 M HN03 AA problems 

1-30-83 7.5 0.1 M NaCl 10 120 VI 0.1 M HN03 0.01 M HN03, t ~ 24 

1-30-83 9.5 O.lMNaCl 10 120 VI 0.01 M HN03 0.1 M NaOH also 

2-6-83 7.5 0.1 M KN03 10 120 VI 0.1 M HN03 0.01 M HN03, t ~ 24 

2'-6-83 9A 0.1 M KN03 10 120 VI 0.01 M HN03 --
2-13-83 7.93 NaN03 10 120 VI 0.2 M HN03 350 ppm CO2 atm. 

2-13-83 8.27 NaN03 10 120 VI 0.2 M HN03 350 ppm CO2 at,n. 

2-21-83 9.35 NaN03 10 120 VI 0.02 M HN03 350 ppm CO2 atm. 

2-21-83 9.2 NaN03 10 120 VI 0.02 M HNO. 
.j 

350 ppm CO2 atm. 

2-28-83 9.1 NaN03 7.5 120 VI 0.1 M HN03 350 ppm CO2 atm. 

2-28-83 8.15 NaN03 7.5 120 VI 0.1 M HN03 350 ppm CO2 atm. 

3-7-83 8 0.01 M KN03 10 120 VII 0.01 M HN03 AA problems 

3-7-83 8 0.05 M Na 2S04 10 120 VII 0.01 M HN03 AA problems 
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Table 11.1. (Continued) -2-

Solids 

pHa conc. Duration 
Oreb Acid or 

Date Electrolyte g/ Q~ hrs. Basec Comments 

3-13-83 8.5 0.005 M Na2S04 10 120 VII 0.01 M HN03 AA problems 

3-13-84 8.5 0.05 M Na 2S04 10 120 VII 0.01 M HN0 3 AA problems 

4-2-83 8A 0.1 M KN03 10 120 VII 0.02 M HN03 --
4-2-83 8.5A 0.1 M KN03 10 120 VII 0.02 M HN03 --
4-10-83 8A 0.1 M NaCl 10 120 VII 0.01 M HN03 --

4-10-83 8 0.005 M Na2S04 10 120 VII 0.01 M HN03 --
6-16-83 8B O.lMNaCl 10 120 VIII 0.02 M HCl --
6-16-83 8C 0.1 M NaCl 10 120 VIII 0.02 M HCl --
6-30-83 7 O.lMNaCl 10 120 VIII 0.1 M HCl --
6-30-83 7 0.1 M KN03 10 120 VIII 0.1 M HN0 3 --

7-18-83 8 O.lMNaCl 10 120 VIII 0.02 M HCl 0.0001 M catechol 

7-18-83 8 0.1 M NaCl 10 120 VIII 0.02 M HCl 0.001 M catechol 

7-24-83 8 0.1 M NaCl 10 120 VIII 0.02 M HCl 0.01 M catechol; 
0.05 M NaOH 

7-24-83 8.5 0.1 M NaCl 10 120 VIII 0.02 M HCl 0.01 M catechol; 
0.05 M NaOH 

7-30-83 7.5 0.1 M NaCl 10 120 VII I 0.02 M HCl 0.001 M catechol 

7-30-83 7.5 0.1 M NaCl 10 120 VIII 0.02 M HCl 0.01 M catechol; 
0.01 M NaOH 

8-5-83 8 0.1 M NaCl 10 120 IX 0.02 M HCl 0.001 M oxalate 

8-5-83 8 0.1 M NaCl 10 120 IX 0.02 M HCl 0.01 M oxalate 

8-11-83 8.5 0.1 M NaCl 10 120 IX 0.02 M HCl 0.001 M oxalate 

8-11-83 8.5 0.1 M NaCl 10 120 IX 0.02 M HCl 0.01 M oxalate 

8-17-83 7.5 0.1 M NaCl 10 120 IX 0.02 M HCl 0.001 M oxalate 

8-17-83 7.5 0.1 M NaCl 10 120 IX 0.02 M HCl 0.01 M oxalate 

aSubsequent experiments done at same conditions as a previous experiment are noted by 
a letter: A, B, C, etc. 

bBatches of 20-30 grams were prepared as needed for these experiments; small variations 
between batches were apparent. 

cUsed to maintain constant pH; if both acid and base were needed, the second is noted 
under comments. 

dN2 atmosphere used unless otherwise noted; last 12 experiments were done with organics 
present as noted. 



Ti me, a 
hr 

a 
3.667 

12.830 
24.250 
36.500 
46.670 
60.500 
72.500 
83.000 
97.830 

107.100 
120.000 

I 
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Table 11.2. Typical data for chrysotile dissolution; 
experiment pH 8A, 0.1 M NaCl. 

I I 
a~~!~,a Sol ids Conce nt rat i on,J:!mol /L 

Vol ume, a c 

pH b c onc. , d S' e OHf a ml L gil MgT 'T CA-C B 

a .2000 8.306 10.000 a 0 2.609 0 
15.4 .2074 8.003 9.285 287.34 23.34 1.296 715.0 
23.1 .2071 7.981 8.953 371. 50 40.53 1. 232 1047.0 
27.0 .2030 7.982 8.787 404.60 56.28 1.237 1213.0 
30.0 .1980 8.018 8.659 427.50 67.37 1.342 1341.0 
31.8 .1918 8.018 8.581 450.40 73.82 1.342 1419.0 
33.7 .1857 7.998 8.497 491.10 92.79 1. 281 1503.0 
34.6 .1786 8.02l 8.456 483.00 103.50 1.353 1544.0 
35.4 .1714 7.994 8.418 552.30 116.10 1.271 1582.0 
36.3 • Hi43 7.943 8.374 537.00 120.40 1.131 1626.0 
36.8 .1568 8.003 8.349 544.60 132.50 1.296 1fi51.0 
37.1 .1491 7.992 8.333 582.80 139.30 1.266 1667.0 

aFrom Table 11.4. 

og 

141. 9 
306.2 
405.8 
488.3 
520.6 
523.7 
581.1 
480.3 
554.8 
565.4 
505.1 

bCalculated from Table rrL5 data: pH = a + mv/b; where a ~ 7.0 and b ~ 
59 mv; actual values used we re dete nni ned by cali brat i on with standa rd 
pH buffers. 

c Calculated from: (prev. conc. x prevo vol.)/(curr. vol. + sample vol.). 

dFrom atomic absorption results. 

eFrom spectrophotometric results. 

fCalculated by [OH-] = exp(2.303 x (pH - 14 + 0.1101)) where 0.1101 is 
the activity coefficient for OH- for I = 0.1 M, calculated by the 
Davies eqn. and 14 is pK • w 

gSurface charge: 0 = CA-C B - 2[Mg 2+]-[M90H+]+[H3Si04-]+[OH-]; where 

2+ + 2+ . [Mg ] = 0.9997 MgT' [MgOH2 ] = MgT - [Mg ], and [H3S,04] = 0.0175 

SiT; the speciation coefficient for Mg2+ is calculated using P*Kl = 
* 11.2; the speciation coefficient for H3Si04- is calculated using p K1 = 

9.86; both coefficients are pH dependent. 
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Table 11.3. Typical results for chrysotile dissolution; 
experiment pH 8A, 0.1 M NaCl. 

Concent rat ion, 10-9 mol / cm 2 b 

Time, a 
MgT SiT CA-C B 0 pKal 

s 

hr 

0 
3.666 .0638 .0052 .1588 .0315 

12.83 .0856 .00g3 .2412 .0705 
24.25 .0949 .0132 .2846 .0952 
36.50 .1018 .0160 .3193 .1163 
46.67 .1082 .0177 .3409 .1251 
60.50 .1192 .0225 .3647 .1271 
72.50 .1178 .0252 .3765 .1417 7.259 
83.00 .1353 .0284 .3874 .1176 7.237 
97.83 .1322 .0296 .4002 .1366 7.271 

107.10 .1345 .0327 .4077 .1396 7.275 
120.00 .1442 .0345 .4125 .1250 7.261 

aFran Table 11.2. 

(c) 

bCalculated fran Table II.2 quantities by: (soln. 'conc./solids cons.)/ 

SA; where SA is the specific surface area of chrysotile in these 

expe riments, 485,000 cm2 /9. 

cl\pparent equilibrium constant, of the fonn of eqn. 2.1; calculated 

by: log(OO)-log(5M-OO) + pH - 0.1101; where SM is the number of 

magnesium-type sites, given by 0-[>5iO-J, where >Si-O- is defined by 

eqns. 2;3, 2.5, 2.8, and 2.9. The quantity 0.1101 is the activity 

c oe f f i c i e nt for H + • s For 0<0, PKa2 is calculated similarly. 



Time 
hour 

0 
1.000 
2.500 
3.666 
5.000 
7.000 

10.000 
12.833 
16.000 
20.000 
24.250 
30.000 
36.500 
42.000 
46.666 
54.000 
60.500 
66.000 
72.500 
78.000 
83.000 
90.000 
97.833 

102.000 
107.170 
114.000 
120.000 
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Table II.4 Typical data for chrysotile dissolution; 
experiment pH 8A, 0.1 M NaCl. 

CA-C B 
(c) 

Acig Sampl e Vol ume, b 

added, ml withd rawn, L j1mol/L 
L 

0 0 .2000 0 
8.3 0 .2083 398.46 

12.9 0 .2129 605.92 
15.4 .008 .2074 714.95 
17 .2 .008 .2092 794.84 
19.3 .008 .2113 886.32 
21.5 .008 .2135 980.24 
23.1 .016 .2071 1047.30 
24.4 .016 .2084 1103.20 
25.8 .016 .2098 1162.50 
27.0 .024 .2030 1212.80 
28.7 .024 .2047 1285.80 
30.0 .032 .1980 1340.00 
31.1 .032 .1991 1388.60 
31.8 .040 .1918 1418.80 
33.0 .040 .1930 1472 .10 
33.7 .048 .1857 1503.0n 
34.1 .048 .1861 1521. 20 
34.6 .056 .1786 1543.90 
35.0 .056 .1790 1562.80 
35.4 .064 .1714 1581.60 
35.8 .064 .1718 1601. 20 
36.3 .072 .1643 1625.60 
36.4 .072 .1644 1630.70 
36.8 .080 .1568 1651.00 
36.9 .080 .1569 1656.30 
37.1 .08H .1491 1667.00 

aVolume of acid or base added, calculated from Table 11.5. 

bVolume of suspension, calculated from (prevo vol. + vol. acid added -
v~. sample withdrawn). 

c 
Calculated by: {prevo vol. x prevo CAC B + (amt. added since prevo x 
molarity))/(cur. vol.). 
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Table 11.5 Typical auto burette use and pH record; 
experiment pH 8A, 0.1 M NaCl. 

2 04/12/83 15;30;00 
204/12/83 lS,36;3Z 
2 04/12/83 15,40;00 
2 04/12/83 15;50;00 
2 04/12/83 15;5:';55 
2 04/12/83 Ib;OO;OO 
2 04/12/83 16;10;00 
2 04/12/83 16;20;00 
2 04/12/83 Ib;30;OO 
2 04/12/81 1\');3,~;55 

2 04/12/83 16;40;00 
204/12/83 16j50;QQ 
2 04/12/83 17;00;00 
2 04/12/83 17 nO;00 
2 04/12/83 17;20;00 
204/12/83 17;30;00 
2 04/12/83 17;40;00 
2 04/12/83 17;48;0.~ 

204/12/83 17;50;00 
204·/12/83 18;00;00 
2 04/12/83 18;10;00 
2 0·4-/12/83 18;20~{)0 
20·:\,/12/83 18;30:00 
2 04/12/83 18;40;00 
2 04/12/83 18;49;38 
204/12/83 18;50;00 
20·4/12/8319;00;00 
2 04/12/83 19;05;47 
20·4/12/8319,l();00 
2 04/12/83 19,20:00 
204/12/8319;3();OO 
204/12/8319;40;00 
2 04112/83 19;50;00 
2 04/12/83 19 ;55; 20 
2 04·/12/83 20;00;(>0 
2 04/12/83 20;10;00 
2 0·<\,/12/83 20;20;00 
204/12/83 20;30;00 
2 0·~/12/83 2:);.1.0;00 
2 04/12/83 20;50;00 
2 04/12/83 21 ;00;00 
2 04/12/83 21;00;02 
2 04/12/83 21;10;00 
2 O'~/12/83 21 ;2:J~")0 
2 04/12/83 21;30;00 

day I date I time I 

1475 -68.9 
ABU11 .1 333 
1503 -,S4 ,.~ 
149() -66.6 
ABU11 .2 353 
1480 
1477 
1473 
1472 
ABUt! ~1 

1504-
1494-
1487 
1483 
1478 
1474 
H74 

-~8, 1 
-58.5 
-69.1 
-·59.4 

334 

-68.5 
-69 
-69 

1767 

1775 
1761 

1799 
1784 
17'17 
;.., .... 
1701 
.i.i ; ... 

1775 

1717 
.1.; . ..;; 

1773 
17L ,) . w_ 

-- --~J.~ 

-31. Q 
J 

-34,,3 

-27.9 
-~,,,, ~ ....,·w to "T 

-29 
-29 

_"1''''\ " ..... ·w .. -r 

-31" 9 

-::.3 

0 . J , 
'w 

ABU11 ~1 335 
15()() -65 It 1 
14 9 1 
1t86 
1481) 

1475 
1472 

-6·6,5 

-~·8 .1 
-,s8.9 

ABUt1 ~1 ~jO 

1489 -6,~ .7 
1496 -~5.7 

A~Ull .2 
~.!89 -,~~ > 7 

1 ~:34 -67> 5 
147'3 -68,5 
1475 -68,9 
H72 -S9.1. 
A'8!Jt1 11 
1504 -M.5 

1487 

1479 
1475 
1474-
14·~8 

-65~7 
.~ -.:;/ 

-68,2 
-68,9 
-69 
-70 

,t::t;) 
. ..:..;; 

337 

ABU!! ~1 338 
1499 -65,2 
1488 -S7 
1480 -,':9,1 
AIl3 & mv 
signal for #1 

177r. 
~ i I.i 

1"7 L 1 
.l.; ...; ... 

17L7 
.£.J ..... j 

170-: .' \.,.'. 

1 ""'_.':) 
•• : i \oJ 

-:3.? .. 3 

-ZC6 
-34.1 

-27.3 
-'29.9 
_'1.':) Q 

..;.. I • ; 

_ !. ..... "7 
..... 'w,,1 

-3:2.3 
1770 _~., '7 
.l.; i , ""' ...... 

1ft..7 _"7'"! ~ 
.".J "'*Ii \oJ ....... _ 

1773 -32.3 
't7!7 _""'ti 7 
.... ' .. i ww .. ...J 

177-: _"1'1 ""'! 
.... i i .; ...; .... 9_ 

17LL _"77 t:: 
... ; \oof..... W"". W 

177"1 
J.i l .... 

-3~ 

~771 -3:2.5 
AIl3 & mv 
signal for #2 

which autoburette and 
number of consecutive 
additions 
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Table 11.6 Typical data for catechol adsorption onto chrysotile; pH 8, 
0.01 M NaCl, 1.021 giL chrysotile, roan temperature and atm. 

Concentrati on, mmol/L Catechol Adsorbeda 

catechol catechol 10 -9mol I cm2 10 -6mg C/cm2 

added remai ni ng 

Sampl e at 0.6 h rs. 
0.408 0.389 0.038 2.8 
0.715 0.703 0.028 2.0 
1.021 1.000 0.On4 4.6 
1.327 1.272 0.115 8.3 
1.634 1.522 0.218 15.7 

Sampl e at 6.4 h rs. I 
0.408 I 0.353 0.111 8.0 
0.715 0.633 0.166 11.9 
1.021 0.912 0.220 15.8 
1.327 1.179 0.299 21.5 
1.634 1.433 0.406 29.2 

Sample at 15.4 h rs. 
0.408 0.293 0.232 16.7 
0.715 0.556 0.321 23.2 
1.021 0.819 0.408 29.3 
1.327 1.107 0.444 32.0 
1.634 1.343 0.588 42.3 

Sample at n.7 h rs. 
0.408 0.297 0.224 16.2 
0.715 0.551 0.331 23.9 
1.021 0.795 0.456 32.8 
1.327 1.083 0.493 35.5 
1.634 1. 351 0.572 41.1 

aCalculated using SA = 485000 cm2/g for chrysotile. 
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Table 11.7 Chrysotile mobility experiments reported 

Prior to 

Condi t ions organic addition 

Mobil ity, Duration 

Date pH atma elecb orgC -1 \.lm·s V·em -1 hours 

5-16-83 5.0 N K - +3.1 25 

5-18- 83 6.0 N K P +3 24 

5-20- 83 7.5 N K P +2.1 41 

5-23-83 8.0 N K P +3 ->- 0 46 

5-26-83 7.5 N K P +2 32 

5-28-83 8.5 N K - +3.0++0.5 46 

9-21-83 8.0 N N C 0 19 

9-28-83 8.2 C N C -1 21 

10-2-83 8.0 C N C +2 22 

10-7-83 7.5 C N C +3 23 

10-13-83 8.0 C N C +1.5+-1 190 

aN = N2 atm ; C = 350 ppm CO2 in N2. 

bK = 0.01 M KN03; N = 0.01 M NaCl media. 

cp = phthalate; C = catechol. 

After 
organic addition 

Mobil ity, Duration 
-1 -1 

IJITI·S V·cm hours 

- -
+2 24 

0 21 

-0.5 + -2 7 

-0.5 19 

- -

-2.1 72 

-2 76 

-1. 3 75 

> -0.9 77 -

-1. 4 50 

Organic 

1 oweri n9, 
1O-9/cm2 

-

0.006 

13 

NO 

NO 

-

2 

2 

2 

2 

2 
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Table 11.8 Chrysotile mobility experiments using aged stock suspension. 

Prior to organics After organi cs Organic loading addition add it ion 

Mobility Duration, Mobi 1 ity, Duration 

Date pH Cond. a -1 -1 llm·s V·cm hours b -1 -1 11m. s V· Clll hours -9 2 10 mol/cm 

11-11-83c 8.0 - +2 ~ -1 820 - - -
11-15-83 8.0 C +1.2 145 -1.1 53 2 

11-20-83 8.0 C +1.1 216 -0.6 52 0.2 

11-22-83 3.0 C - - -1.1 39 2 

11-25-83 8.0 C -0.1 336 -1.9 52 20 

11-25-83 8.0 C -0.1 336 -2.2 52 200 

11-28-83 8.0 0 0.0 415 -0.7 42 20 

11-28-83 8.0 0 0.0 415 -0.9 42 200 

12-01-83 8.0 0 - 483 -0.6 19 2 

12-01-83 8.0 0 - 483 -0.8 19 0.2 

12-04-83 7.5 C -0.5 557 -1.8 68 20 

12- 04- 83 7.5 C -0.5 557 -2.1 68 200 

12-10-83 8.5 C -1.1 698 -2.2 58 20 

12-10-83 S.5 C -1.1 698 -2.4 58 200 

12-13-83 8.0 NOM -1. 0 771 -1. 7 31 -

12-13- 83 8.0 NOM -1. 0 771 -2.0 31 -

12-15-83 S.O NOM -1. 0 820 - 46 -

aO. 01 M NaCl, 350 ppm C1 2 in N2 atm. for a 11 experiments; organ i cs: C ca techo 1 , 

o = oxalate, NOM = natural organic matter. 

bDuration stock aged before adding organics to this aliquot. 

CStock suspension; for plot of mobility, see Fig. 4.21. 

-6 2 10 mgC/cm 

-
144 

14 

140 

1400 

14000 

480 

4800 

48 

4.8 

1400 

14000 

1400 

14000 

180 

1300 

18 
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Table 11.9 Alox mobility experiments reported. 

Mobility prior to After organics addition Organic loading 
organics addition, Mobi 1 ity Duration 

Date pH Cond. a -1 -1 
~·s V·an -1 -1 

~·s V·an hours 1O-9mol / an2 

2-29-84 7.0 C +0.8 +0.5 70 25 

2-29-84 8.0 C +0.4 +0.2 70 25 

3-05-84 8.0 C -0.2 -1. 0 26 25 

3-05-84 9.0 C -0.4 -0.9 26 2.5 

3-07-84 8.0 NOM +0.6 -0.7 22 -

3-07-84 8.0 NOM +0.5 -0.6 22 -

3-11-84 8.0 C +0.5 -0.4 39 14 

3-11-84 8.0 C +0.5 -0.8 39 140 

aD. 01 ~1 NaCl 350 ppm CO 2 in N2 atm for all experiments; organics: C = catechol, 

NOM = natural organic matter. 

10- 6mg/an2 

180 

180 

1800 

180 

1800 

180 

1000 

10000 
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Table 11.10. Coagulation Rate Constant for Chrysotile-Silica Suspension 

(a) n. k (b) k.n. 
d. cum. 1 1 1 1 

1 
106 L- 1 10-lL' s-1 -6 -1 

flm fractiona 10 s 

1.1 0.34 12.2 0.00 0.00 

2.3 0.59 9.0 0.02 0.18 

3.7 0.77 6.5 0.13 0.85 

5.2 0.91 5.0 0.50 2.50 

6.7 0.94 1.1 1.38 1. 52 

8.2 0.98 1.4 3.09 4.33 

9.7 0.99 0.4 6.06 2.42 

10.2 1.00 0.4 7.41 2.96 

Total - 36 - 14.76 

aFrom Figure 3.4. 

bFrom eqn. (2.30). 
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APPENDIX III 

EXPERIMENTAL DATA 

Tables 111.1 - 111.28 give data from the dissolution experiments 

carried out in NaCl or KN03 electrolyte that were used in the results 

and interpretation of Chapter 4. Data for experiments in NaHC03 and 

H2S04 are available upon request. Figure 111.1 - 111.23 are mobility 

results for the chrysotile and alox experiments. 
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TABLE III • 1 . PH ., o . 1 t1 NACL ( . 
ACID SOLIDS CONCENTRATION, Ut10L/L 

TIME ADDED VOL. CONC. --------------------------
HR. t1L L PH G/L t1G-T SI-T (OH-) CA-C8 Q 

0 0 .j 7 10 0 0 0 ,I-

3.667 7 .199 7 9.662 493 27.13 .1289 1643. 656.6 
12.5 14 .198 7 9.334 864.1 '52.69 .1289 2266. 538.2 
23.5 17.2 .1932 7 9.185 768.4 83.88 .1289 2548. 1012. 
36.5 19.8 .1878 7 9.063 902.4 120.4 .1289 2780. 975.4 

49.67 23 .183 8.911 976.4 147.4 .1289 2901. 948.4 
62.17 26 .178 7 8.768 1027. 176.9 .1289 3016. 962.3 
69.17 27.3 .1713 7 8.704 1088. 190.6 .1289 3066 . 890.1 
84.83 30.2 .1662 7 8.559 1162. 222.0 .1289 3182. 857.3 
99.67 32.7 .1607 7 8.432 1197. 253.5 .1289 3283. 888.4 
108.7 33.8 .1538 7 8.375 1207. 262.2 .1289 3328. 914.2 
117.8 35 .147 7 8.310 1301 . 280.6 .1289 3380 778.5 

TABLE III.IA. PH 7, (I. 1 t1 NACL 

ACID SAt1PLE 
TH'lE ADDED I...JITHDR '')OLUt-lE CA-CB 

HR. t1L L L Ut10L/L 

0 (I '") 
.1- 0 

1 .6667 ~, .,. 
I:. • ..J .2025 1234.6 

3.6667 7 .008 .199 1642.5 
6 10 .008 .202 1915.1 
8 11.6 .008 .2036 2057.3 

10 12.8 .008 .2048 2162.4 
12.5 14 .016 .198 2266.3 

16 15.3 .016 .1993 2382.0 
20 16.3 .016 .2003 2469.9 

23.5 17 .j , . ~ .024 .1932 2548.4 
30 18.7 .024 .1947 2682.8 

36.5 19.8 .032 .1878 2780 . 1 
38.733 20.2 .032 .1882 2795.4 

42 21 .032 .189 2825.9 
49.667 23 .04 .183 2901 .1 

1:-
·_'0 24.6 .04 .1846 2962.6 

62.167 26 .048 .178 3015.6 
69.167 27.3 .056 .1713 3066.2 

76 28.6 .056 .1726 3118.4 
84.833 30.2 .064 .1662 3181.6 

92 31.4 .064 .1674 3230.5 
99.667 32.7 .072 .1607 3282.7 
108.67 33.8 .08 .1538 3328.3 
117.83 ,..,.,. 

.:!~I .088 .147 3380.0 
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TABLE III .2. PH 7.5, o . 1 t'1 NACL 

ACID SOLIDS CONCENTRATION, UMOL/L 
TH1E ADDED ',}OL. CONC. --------------------------

HR. ML L PH G/l t1G-T SI-T (OH-) CA-CB Q 

0 0 ~, 6.143 10 0 0 .0179 7") . .::.. ... '-

3.42 3.1 .1931 7.526 9.847 441 ~. . ,;. 27.15 .4324 1527. 644.7 
11 .25 4.7 .1847 6.765 9.766 640.4 48.67 . 0750 2286. 1006 . 
24.15 5.1 .1751 7.452 9.745 764.8 79.8:, .3650 2497. 968.2 

49 8.3 .161 ?507 9.979 850.? 142.0 .4142 2632. 931 .5 
72.58 11 . 1534 7.406 ,-, ".-,,.., 907.3 189.2 .... , "":r,C' 2749. n5.0 '7. C • .:JL I ·':'1:.C' ... ' 

~:;'6. 58 13.4 .1453 7 .487 Q.712 961 .6 227 . 1 .3951 .-, :,t=c 
LQ·_!,_I. 933.2 

119.4 15.3 .1586 7 .444 8.370 974.8 2'57.4 ~ ·.3~582 2943. '7'94.3 

lA8LE 11 I .2A. PH 7 .5, \} 1 t,! t··lACL 

fKl D ::;At"IPlE 
T Tt-IE ADDED td ITHDR l')OLU~1E CH-C8 

HR. t'll l l UI'IOl/L 

(I (I ~, 7':' .L ,k. 

1 93 .201':;'3 956.4<:;-
'j 2. t, .2026 1284 .0 ~ 

3.42 ,., 
,j. 1 .01 1 '131 1527. 1 

4 '" 3.43 • (I 1 19343 1 6 '7'~':' • 0 • .J 

6 OJ '7 . 01 1937 1832 . 1 "-' . 
8.5 4 • (I 1 194 19B3.9 

1 1 .-. r: 4.6 . 02 1846 2286 . 1 • L·_' 

16 4. 7 .02 · 1847 233','.0 
20 4 q n ~, 

I _IL 1849 2444.6 
24. 15 '" 0") 1 75 2497.4 '-' · ~, 

30 5.6 .03 1756 25"23110 
36 6.4 .03 · 1764 2556.9 
42 7.2 .03 1772 2590 c-. ~, 
49 ,... ~. . 04 16B2 2632 . 1 Cr. L 

54 8 0 
". u .04 1688 2658.3 

60 r, t::' 
., • --I .04 · 16.95 2t.88. ~I 

66 10 .2 .04 1702 2718.7 
7,":1 C'~I 
I k. oJ'-' 10 • $' .05 1609 2748.5 

78 1 1 t= .05 1615 2775.4 .. _' 
B4 1~' .-, . .::., L ,05 1622 2806. ,!, 
90 1 ") .. ? 

,,;.... " • [I'':' 1627 2828.7 
'7\~' • 5E: 13.3 .06 1533 2855. 1 

102 13.8 .0.:5 1538 2878.:3 
108 14.2 .0':' 1542 289'!,.8 
1 14 14. 7 .06 1547 2919.7 

1 1 9.42 15.2 .07 1452 2,142.5 
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TABLE 111.3. PH 8B~ 0.1 M NACl 

AC I D SOLI DS CONCENTRAT ION. Ut10l/l 
TH1E ADDED VOL. CONC. --------------------------

HR. Ml l PH G/l MG-T SI-T (OH-) CA-CB Q 

o .2 7.999 10 0 0 0 o 
2.167 

9 
22.33 
31.83 
45.83 
57.83 
70.33 
77 .67 
9~: .5 

105.7 
117.7 

5.3 .1973 8.019 9.742 267.7 14.18 1.346 516.3 -17.5 
8.2 .1842 7.935 10.00 376.3 35.54 1.109 798.6 47.68 

10.3 .1783 8.024 9.888 469.4 60.44 1.361 1015 78.62 
11.4 .1714 7.999 9.827 505.9 76.36 1.284 1131. 122.2 
12.8 .1648 8.027 9.747 579.2 97.95 1.372 1284. 129.0 
13.5 .1575 7.985 9.706 615.9 110.3 1.245 1363. 134.8 
14.2 .1502 8.019 9.663 669.2 132.7 1.346 1446. 111.2 
14.6 .1426 8.029 9.638 659.1 134.8 1.377 1495. 180.7 
15.4 .1354 7.962 9.584 687.5 150.3 1.180 1598. 227.2 
16.2 .1282 8.02 9.527 769.2 176.4 1.349 1707. 172.5 
16.9 .1209 7.894 9.476 735.2 180.6 1.010 1806. 339.6 

TABLE III .3A. PH 8B. 0.1 M NACL 

ACl D SAt1PLE 
TH1E ADDED t~ITHDR I)OLUt1E CA-CB 

HR • t1L L L Ur10L/ l 

o 
1 

2.1667 
4 
6 
8 
9 

12 
16 
20 

22.333 
24 

31.833 
36 
42 

45.833 
54 

57.833 
66 

70.333 
77.667 

84 

102 
10~':'.67 

114 
117.67 

(I 

4.1 
5.3 
6.4 
7.2 
7.9 
8.2 
8.8 
9.5 

10.1 
10.3 
10.5 
11.4 
11.9 
12.5 
12.8 
13.3 
13.5 

14 
14.2 
14.6 
14.9 
15.4 

16 
16.2 
16.6 
16.9 

.2 (I 

.2041 401.76 
.008 .1973 516.32 
.008 .1984 624.34 
.008 .19S'2 702.16 
.008 .1999 769.73 
.024 .1842 798.55 
.024 .1848 860.89 
.024 .1855 933.11 
.024 .1861 994.59 
.032 .1783 1015.0 
.032 .17851036.3 

.04 .1714 1131.4 

.04 .1719 1186.3 

.04 .1725 1251.7 
.048 .16481284.3 
.048 .16531340.9 
.056 .15751363.4 
.056 .158 1422.4 
.064 .15021445.9 
.072 .1426 149: •. 2 
.072 .1429 1534.0 

.08 .13541598.4 

.08 .136 1679.6 
.088 .1282 1706.:. 
.088 .1286 1763.4 
.096 .1209 1805.8 
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TABLE I I I .4. PH 8C. o . 1 M NACL 

ACID SOLIDS CCNCENTRAT ION. Ut10L/L 
TH1E ADDED VOL. CONC. ---~-----------------------

HR. t'll l PH G/L r'1G-T 51-T (OH-) CA-C8 Q 

(I (I .2 8.0l1' 10 0 0 0 
2.167 6.1 .1981 7.982 9.704 266.8 11 .6 1 ·-1" c: 

• ~ ..... I ..... ' 592.0 59.79 
9 9 ,:1 .1855 7.982 ~'r 935 366.3 17.72 1 .235 919.4 188.4 

22.33 11 .9 .1799 8.027 9 .808 431 . 1 26.81 1 .372 I1t,3. 302.7 
31 .83 13.5 .1735 7.915 9.721 476.7 :::0.64 1 • (it,D 1329. 377 .4 
45.83 15.3 .1673 7.943 9.622 524.2 40.13 , 

.129 1521 474.3 .l 

57.83 16 .16 8.027 sa .581 ~5~52.6 '52.18 1 ~I:'-" · .:., / .::. 1 ~:.':;'8 . 49:,. (I 
70.33 16.7 .1527 8.007 9 .540 573.7 60.44 1 .309 1678. '533.1 
77 

,~ . ':." 1 t,. 9 .1449 8.026 'f I 527 590.2 ,~,5 I 2,~ 1 .367 17('2 '524. 1 
93.5 17 1 .... ·7 

• -J .. 8.019 ?S21 618.7 7 C;" 62 1 • 34t, 1"715. 479.9 
105.7 1 -., r", 

/ • J . 1299 7.832 ':;'.459 6:79.3 8f:.66 . t:7:,t, 1834 477 .8 
117.7 18.3 .1223 7.973 9.429 t,56.3 9'") 7 ,c,, 

. L. • I" 7 1 .21 1 1890. 5:30.0 

TABLE I 1 I .4A. PH 8C~ 0 . 1 ,"1 r',lACL 

ACID SAr'lPLE 
TH'IE ADDED ilJITHDR '.)OLUt'lE CA-CB 

HF.:. t1L L L Ur10L.c/L 

0 0 .2 0 
1 4.6 .2046 44':;'. ,5,~, 

2.166 ? 6. 1 .008 .1981 591 .95 
4 7 r: • ,,_1 .008 1 '7'9~5 728. 14 
6 8.5 . 008 .2005 824.26 
B 9 ~, .008 .2012 890 ,-.,-, . .:. I 7 ':. 

9 9.5 .024 1855 91 ':;' .43 
1 2 1 I) c-, 

, .:,a .024 · 1863 1001 .4 
16 1 i . 1 .024 1871 1082.6 
20 1 1 7 .024 1:377 1 143. 1 

22.333 1 1 .9 .032 17c/ Q 1 163. 1 
24 12.2 .032 1802 1 194.5 

31 .833 13. :' .04 · 1735 1329.2 
'").1. ._' .... ' 14. 1 .04 · 1741 135'3.5 
42 14.9 .04 1749 1478.6 

4:,. 8~:3 15.::: .048 1673 1520 .. ,. 
54 15.9 .048 1679 15:36.9 

57.833 16 .056 . 1 t, 1597.9 
66 16.5 .05,;5 1,S05 1655.2 

70 .:''':'':. le, . i .064 1 ~527 1,:,78. 1 • '-'._= ... ' 
77 .667 16. 9 .072 144'7' 1702.0 

84 It,. '7 .072 1 449 1 702.0 
9"3.:5 1 7 .08 137 1714.6 

102 17. t, .08 1 ':'7 /. .I. '.-' I ,_, 17'7'4.4 
105.67 17.9 .088 1299 1834.0 

i 14 jE:.2 .088 · 1302 1 875.8 
i / .67 1" .:. .096 122::', -I,""'lr.r, .8 1 () , '-' 1 Dc,:r 
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TABLE I II .5. PH 8.5A, o . 1 t1 NACL 

ACID SOLIDS CONCENTRAT I ON, UMOL/l 
TIME ADDED VOL. CONC. ---------------------------

HR. ML L PH G/l t1G-T 5I-T (OH-) CA-CB Q 

0 0 .2 8.682 10 0 0 6.197 -.002 
3 9.5 .1995 8.531 9.547 271 .9 16.09 4.373 453.5 -85.1 

10.25 14.5 .1945 8.505 9.313 333.4 29.48 4.124 686.9 25.77 
24 19 .189 8.512 9.103 387.2 44.65 4.189 897.5 129.6 
48 23.1 .1831 8.519 8.909 464 77 .38 4.255 1091 . 171 .1 

74.5 25.4 .1754 8.522 8.799 510.1 105.0 4.288 1201 . 191 .0 
96 27.2 .1672 8.495 8.709 533.2 130.2 4.027 1291 . 235.2 

120 28.6 .1586 8.481 8.637 571.6 153.9 3.903 1363. 231.9 

TABLE III.5A. PH 8.5A, o . 1 t1 NACL 

ACID 5At'IPLE 
TIt'IE ADDED I,.)1THDR \)OLUt1E CA-CB 
HRS. t1L l L Ut10L/l 

0 0 .2 -.002 
1.5 7.3 .2073 352.14 

'J 9.5 .01 .1995 453.46 ~, 

6 12.2 .01 .2022 580.93 
9 13.9 • (I 1 .2039 659.47 

10.25 14.5 .02 .1945 686.87 
12 15.2 0') .1952 720.27 
15 16.3 .02 .1963 772.27 
18 17.3 .02 .1973 819.04 
24 19 .03 .189 897.47 
30 20.4 .03 .1904 964.40 
36 21 . '5 .03 .1915 1016.3 
42 22.4 .03 .1924 1058.3 
48 23.1 .04 .1831 1090.7 
54 'j'-' 7 

~,J.. , .04 .1837 1119.8 
60 24 .04 .184 1134.3 
66 24.5 .04 .1845 1158.3 

74.5 25.4 .05 .1754 1201 .3 
78 25.8 .05 .1758 1221.3 
84 26.2 .05 .1762 1241 .2 
90 26.6 .05 .1766 1261.1 
96 27.2 .06 .1672 1290.6 

102 27.5 .06 .1675 1306.2 
108 27.7 .06 .1677 1316.6 
114 28.1 .06 .1681 1337.3 
120 28.6 .07 .1586 1363.0 
124 28.9 .07 .1589 1379.3 
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TABLE I I I .6. PH 9, 0.1 t1 NACL 

ACID SOLIDS CONCENT RAT lON, Ut10L.lL 
TIt1E ADDED 'JOL. CONC. ---------------------------

HR. t'lL L PH G/l t1G-T SI-T (OH-) CA-CB Q 

0 0 .2 8.296 1(1 0 0 2.549 -.002 
3 5 .195 9.026 9.756 245 19.59 13.68 243.9 -229. 

1 (1.2'5 B.5 .1885 9.026 9.584 298.8 44.13 13.68 415.9 -161 
24 11.7 .1817 9.028 9.424 356.4 83.85 13.74 575.9 -110. 
48 16. 1 .1761 9.0U, 5'.201 479.4 149.2 13.37 798.7 -124. 

74.5 18.9 .1689 9.026 9.057 502.4 215.5 13.6B Q42.? -15.8 
96 20.7 . 1607 S- .018 8.962 ~,63. r;' 262. :' 1;::.42 103:::. -:36£:, 

120 22.7 .1527 9.024 8.852 610 3i1 4 13.63 1148. -11. 0 

TABLE I I I .6A. PH .-, 
(I • 1 t'1 NACL 7 • 

ACID SANPLE 
TH'lE ADDED I,.JITHDF: '·.)OLU~'lE CA-CE: 

HR. r1L L L Ut"10L/L 

(I 0 "j 
.,;.. -.002 

1 t: 
• ,_I 3.4 • I) 1 .1934 167.16 
3 5 • (I 1 .195 247.84 
,~, 6.9 • (I 1 .1,'69 341 .94 
9 B.l · [11 .1981 400.44 

10.2'5 r, c: 
O •. _! .02 .1885 419.79 

1 .-, 
L 15.2 .02 .1952 748.62 

1 t: ...... ' 9. t· .02 .1896 475.37 
18 10.4 .02 .1904 515.39 
24 11 , ...- .03 .1817 579.71 
30 1 .-, 'J 

..J • ..:.. .03 .1832 656.84 
3t, 14.4 .03 .1844 717.64 
42 15.3 .03 .1853 762.73 
48 16.1 .04 .1761 802.43 
54 16.8 .04 .1768 83B.85 
60 17. '5 .04 .1775 874. ~'8 
66 18.2 .04 .1782 910.82 

·74.5 18.9 .0:1 .16B9 94~,. 39 
78 19.2 .05 .1692 962.44 
84 is' .6 .05 .1696 983.75 
90 20.1 .05 .1701 1010.3 
'16 20.7 .06 .1607 1041 r, 

• 7 

102 21 ~, .06 .1612 1069.6 .L 

108 21 .7 .06 .1617 10'7'1. ~: 
114 ':1'-;' 'j 

..:....:.. . ..:... .06 .1 ~,22 1124.7 
120 22.7 .07 .1527 1152.0 
124 23.1 .07 .1531 1175.1 
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TABLE 111.7. PH 9.5, o . 1 t1 NACL 

ACID SOLIDS CONCENTRATION, UMOL/L 
TIME ADDED VOL. CONC. --------------------------

HR. ML l PH G/l t1G-T 51-T (OH-) CA-CB Q 

0 0 .2 9.286 10 (I 0 24.88 -19.3 
3.42 . 5 .1905 9.523 9.975 224 33.26 42.91 -124 -517 . 

11 .25 2 .182 9.517 9.897 245.5 35.87 42.41 -44.9 -481 . 
24.15 2.2 .1722 9.509 9.886 282.9 60.01 41 .58 -33.9 -536. 

49 2.2 .1622 9.471 9.886 334.9 103.8 38.15 -33.9 -628. 
72.58 2.2 .1522 9.432 9.886 383.5 151 .2 34.86 -33.9 -712. 
96.58 2.2 .1422 9.403 9.886 418.6 185.8 32.61 -33.9 -772. 
119.4 2 1 ~,?? . ,,_ ... 9.42'1' 9.88C::, 436.1 204 34.59 -48.0 -812. 

TABLE III. 7A. PH 9.5, o . 1 t1 t~ACL 

ACID SAt1PLE 
TIt1E ADDED l.)ITHDR I,)OlUt1E CA-CB 

HR. ML L L Ut10L.lL 

0 0 .2 -1~'.31 

1 -.26 .19974 -14<;'.5 
2 .4 .2004 -129.1 

3.42 c- .01 .1905 -124.0 • ...! 

4.5 .5 .01 .1905 -124.0 
6 .8 • (I 1 .1908 -108.1 

8.5 1 .7 .01 .1917 -60.63 
11 .25 2 .02 .182 -44.91 

16 2.1 .02 .1821 -39.39 
20 2.1 .02 .1821 -39.39 

24.1':' 2 ? · ~ .03 .1722 -33.88 
30 2.2 .03 .1722 -33.88 
36 2.2 .03 .1722 -33.88 
42 2.2 .03 .1722 -33.88 
49 2 ? .- .04 .1622 -33.88 
54 2.2 .04 .1622 -33.88 
60 2.2 .04 .1622 -33.88 
66 2.2 .04 .1622 -33.88 

72.58 ? ~, 
~ . .(. .05 1 c- ?:;. . --, ......... -33.88 

78 2.2 .05 .1522 -33.88 
84 2 ? · ~ .05 .1522 -33.88 
90 2.2 .05 .1522 -33.88 

96.58 2 'j 
• L. 

.06 .1422 -33.88 
102 2.06 .06 .14206 -43.77 
108 2 .06 .142 -48.01 
114 2 .06 .142 -48.01 

119.42 2 .07 .132 -48.01 
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THBLE I I I .8. PH 7.5. CATECHOL r-1t10L/L 

ACID 
T It'IE ADDED 

SOLIDS 
CONC. 

CONCENTRATION. UMOL/L 
I,)OL. 

HR. t1L L PH G/L MG-T 51-T (OH-) CA-CB CAT-T Q 

(I (I .2 7.687 10 o o 1000 
:::.5 11.4.20147.475 '7'.4614::::2.4 l1.c, .38431079. 
9.5 16.9 .1969 7.478 9.209 674.7 17.96 .3873 1582. 

2:, 21.6.19'167.509 :3.1'9:, 844.7 23.c,] .41:,c, 2011. 
33.5 2~.2 .1822 7.487 8.966 927.1 27.62 .39~0 2067. 

47.83 22.9 .1729 7.509 8.932 1025. 34.2 .4156 2136. 
59.17 22.Q .1629 7.500 8.932 1022. 39.18 .4076 2136 . 
"1 ,67 .-,'-, ...:,.:.. 114::' , . 410::: 2147. 
E:3.5":"~ .14327.47::3 :::,';15 lUE:l, 51.-;':-3 .3873 2::'0 
~5.33 Lj.d .1338 7.398 8.878 1115, ~8,96 .3222 2244, 
i 07 • :3 2 ::~ ~ e . 1 238 7 I :52 i ":. 3? 8 t 1 9 1, 72. 48 . 42:; '.3 2 2 ~'+ 4 . 
119.5 Lj,j .1138 7.509 8.878 122~, 85.79 ,4156 2244. 

TABLE III .SA. PH 7.5, CATECHOL MMOL/L 

T Ir1E 
HI", 

14 
; , 
":'0 

20 
25 
30 

42 
47.8'33 

9(1 

-i IC
, .333 

l(i2 
lO?3':= 

1 1 .~ 

Ae I L' SAilF'L E 

::: , I~' 

14,3 

18. 1 
iC:.'7' 
19.6 
20.7' 
21 It. 

22 

22.7 
22.9 
.-,--, .-, 
L£...7 

23 
23.2 

-:,':.: .i ..:... ,_, , I_' 

-,"-, (i 
.::.,;. , C> 

2318 

:-.. -' r. 
..::. :, ~ c· 

CA-CB 
L L. ur-10L .. 'L 

.01 .2014 1078.5 

.01 .20431347.1 

.01 ,:'2;::'3'~ 1492.1 

.02 .19'::''7' 1581.':, 
~02 ~19~31 1693_1 
.02 .1'7'891766,7 
.02 .1'?961830.7 
.02 .20Co 19:3(1,2 
.03 .1916 2010.~ 
.03 .192 2048.4 
.04 .1822 2067.~ 
.04 .1827 2116.1 
.05 .17292135.7 
.05 .1729 2135.7 
.0'::' .162':;' 2135.7 
.06 .163 2146. 7 

.07 .153 2146." 

.07 .1532 2170.0 

.08 .1432 2170.0 

.os .1436 2219.6 

.09 .13:33 2244.4 
,0 0 .1338 2244.4 

.1 • .123E~ 2244.4 

. [1 .1138 2244.4 

7<;' 1 132.7 

55t. ~~35. 1 

26;' -207. 
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TABLE I II .9. PH 7.5, CATECHOL 10 t1MOL/L 

ACID SOLI OS CONCENTRATION, Ut10L/L 
TIt1E ADDED I,)OL. CONC. --------------------------------

HR. t1L L PH GIL t1G-T 5I-T (OH-) CA-CB CAT-T Q 

0 0 .2 7.498 10 0 0 0 10000 
3.5 12.5 .2025 7.516 9.412 623.2 18.96 .4223 1177 . 8190 122.3 
9.5 16.8 .1968 7.507 9.216 868.7 29.19 .4141 1568. 

25 19.8 .1898 7.507 9.078 1066. 46.21 .4141 1845. 7660 -108. 
33.5 20.3 .1803 7.507 5' .054 1106. 52 .4141 1892. 

47.83 .8 . 1711 7.490 9.014 1173. 62.44 .3980 1661 7410 -:d (I. 
59.17 2.9 .1632 7.498 8.905 1233. 78.73 .4060 1520. 
71 .67 3.6 .1535' 7.498 8.867 1354. 110 .:, .4060 1470. 7459 -1 (162 
83.5 4.7 .145 7 .498 8.804 1335. 127.9 .4060 1389 

95.33 4.7 .135 7.61B 8.B(l4 1280. 141 . (I t:"~lr'J 
, ... '·:"'_'L 1389 6880 -1008 

107.3 .6 . 1 2:':,6 7.507 8.765 1350. 164.1 .4141 1471 . 
119.5 . 7 .11 :,7 7 .495 8.758 1409 . 184.1 . 4028 1486 . 7350 -1158 

TABLE I I I • 5'A . PH 7 <= CATECHOL 10 t1t'10L/L . .; . 
ACID SAt'lPLE 

TH'IE ADDED I,<)ITHDR ',)OLUt1E CA-CB 
HR. t·1L L L Ut10L/L 

(I 0 .2 0 
1 7 .207 676.33 
2 9.8 .2098 934.22 

3.5 12.5 .01 .2025 1176.5 
6 15 .01 .205 1406.0 
8 U .. l .01 .2061 1505.3 

,-, <= 
., •. J 16.8 0') . - .1968 1567.9 
12 17.5 .02 .1975 1633.2 
14 18.1 .02 .1<;'81 1688.8 
16 18.6 .02 .1986 1734.9 
20 19.3 .02 .199:3 1 7$'9 . 1 
'je: 
.:.. . ..! 19.8 .03 .1898 1844.6 
30 20.2 .03 .11'02 1882.8 

33.5 20.3 .04 .1803 1892.3 
42 20.3 .04 .1803 1892.3 

47.833 ,-. .05 .1711 1661.0 • Co 

54 1.9 .05 17?? 
• I~"'" 1586.5 

59.167 2.9 .06 .1632 1519.6 
66 :3 .:, .06 .1638 1477.4 

71.667 3.6 .07 .153':;0 1470.4 
78 4.1 .07 .1544 1433.2 

83.5 4.7 .08 .145 1389.0 
90 4.7 .08 .145 1389.0 

95.333 4 7 . , .09 .135 1389.0 
102 .6 .09 · 1 3~56 1471.3 

107.33 .6 . 1 .1256 1471.3 
114 .7 . 1 · i 257 1486.1 

119.5 .7 . 11 .1157 1486.1 
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TABLE 111.10. PH 8, CATECHOL o . 1 ~'1MOL/L 

ACID SOLI DS CONCENTRATION. Ut'10L/L 
TIt1E ADDED \}OL. CONC. -------------------------------

HR. t1L L PH G.lL t1G-T 31-T (OH-) CA-CB CAT-T Q 

0 0 .2 7.910 10 0 0 0 100 
2.833 7 .197 7.974 9.662 364.1 19.03 1 .214 676.3 60 -46.1 
13.67 13.3 .1933 8.026 9.362 593.1 46.46 1.367 1275. 43 94.11 
23.92 16.3 .1863 7.981 9.21'7' 756.7 68.97 1 . 233 1 5t, 1 . 26 52.17 
35.5 18.2 .1782 7.986 9.126 780.9 89.02 1 .248 1748. 

47.:,8 19.5 .1695 8.021 9.060 882.2 121 • 1 1 . 3'51 1880 . 1 'J 0_' 11 j'. 7 
59.33 20.2 .1602 7 .984 9.023 881 .4 129.1 1 . 243 19~A . 

71 .5 20.6 .1506 7. ':;'65 9.000 960,'5 160 1 .190 1999. (I 82.09 
81.42 21 .141 

., 
.' 9"'~' •. r"L 8.977 917 166.1 1.209 2047. C' 216.9 

,?~5.25 21 .6 .1316 8.006 8.1'39 1008. lS'5.3 1 .307 2123. (I 111 .8 
106.3 21.9 .1219 8.012 8.91B 976.3 199.3 1 . 324 2164 . 0 215.7 
119. E: 22 I 1 . 1121 8.021 8.904 1016. 222.7 1 .351 2193. (I 166.4 

TABLE I I I .1M. PH 8 ~ CATECHOL 0 • 1 r1t"lOL/L 

ACID SAt'lPLE 
TH'lE ADDED I"IITHDR ''')OLU~'1E CA-CB 

HR. r'lL L L Ut10L/L 

[I (I .2 (I 
4 ~, .2042 411 .36 

2.:3333 ~ .01 .197 67,!>.33 
4 II --, 

0 • ..:: .01 .1982 793.32 
6 9,7 .01 .1997 937.59 
8 10.9 .01 .2009 1051 t: 

• ~I 

10 11 r. 
.7 .01 .2019 1 145.3 

12 12.7 • [I 1 .2027 1219.7 
13.667 13.3 .02 .1n3 127~5.1 

16 14 .2 O? · - .1942 1361 .9 
20 15.4 n? · -- .1954 1476.4 

23.917 16.3 .03 .1863 1561 .3 
30 17.4 .03 .1874 lc.c,9.5 

35.S 18.2 • D4 .1782 1747.'5 
42 19 .04 1 .,.-, 

, .10 .. 7 1829.0 
47 • ~583 19.5 .05 • 1 ,~95 1879.7 

'54 20 .0:, .17 1 ~'32 • '~I 
5'~' J 333 20.2 .06 .16Q2 1':;'54,2 

t.,e. 20.5 .06 .160'5 1 r,'S7,"7' 
71 t: 

• oJ 20.6 .07 .1506 199'i.1 
78 20.8 .07 .1508 202::::. (I 

,;;i 
'_I.l .417 21 · OS .141 2046.8 

9(1 21 c:: .08 .1415 21 10.2 .. _' 

95~25 21 .6 .0'1 .1316 2122.9 
102 21 .8 .09 .1318 21 :,0. (I 

106.33 21 • '7 • 1 .1219 2163.5 
1 14 22 . 1 1 ';,:;, . ~- 2178.2 

119.83 22.1 · 11 .1121 2192.8 
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TABLE III .11. PH 8, CATECHOL 1 MMOL.lL 

ACID SOLI DS CONCENTRATION, UMOL/l 
TIt1E ADDED VOL. CONC. -------------------------------

HR. t1l l PH G/l t1G-T SI-T (OH-) CA-CB CAT-T Q 

0 0 .2 7.297 10 0 0 0 1000 
2.833 7 .197 7.990 9.662 414.4 22.65 1 .260 676.3 900 -87.4 
13.67 13.7 .1937 7.989 9.344 714.9 63.25 1.255 1312. 790 -59.8 
23.92 It, .2 .1862 7.994 9.225 897.c., 113.1 1 .270 1550 680 -194. 
35.5 16.9 .1769 8.014 9.190 970.2 146.6 1 .332 1619. 

47.58 17.7 .1677 8.014 9.149 1016. 18:,.3 1 .332 1702. 480 -292. 
59.33 18 .158 8.006 9.133 1032. 208.4 1 .306 1735. 

71.5 18.2 .1482 7.994 9.121 1154. 255 1 .270 1758. 380 -518. 
81.42 18.6 .1386 7.947 9.097 1233. 280.1 1 .142 1807. 
95.25 19. 1 .1291 8.007 9.064 1261 . 307.4 1 .311 1872 . 280 -623. 
106.3 19.3 .1193 8.014 9.050 1213. 310.9 1 .332 1900. 
119.8 20 . 11 7.990 8.997 1265. 330.4 1 .260 2006. 250 -499. 

TABLE III .11f~. PH 8. CATECHOL r'lr10L/'L 

ACID SAt'lPLE 
TH1E ADDED I..~ITHDR t'}OlUr'lE CA-CB 

HR. t'lL L L Ut10L./L 

0 (I .-, 0 .4--

4 .204 392 .16 
2.8333 7 .01 .197 676.33 

4 8.3 .01 .1983 803.01 
6 9. Sf • (I 1 .199)' 956.66 
8 11.2 .01 .2012 1079.7 

10 12.2 .01 .2022 1173.3 
12 13 • (I 1 .203 1247.5 

13.667 13.7 .02 .1937 1311 .-, 
• ? 

16 14.5 .02 .1945 1388.8 
20 15.6 .02 .1956 1493.4 

23.917 16.2 .03 .1862 1550.0 
30 16.8 .03 .1868 1609.3 

.-.C' t:" 16.9 .04 .1769 1619.1 ..j\-I. --I 

4 r
, ..::. 17.4 .04 .1774 1670.9 

47.583 17.7 .05 .1677 1701.9 
54 18 .0:1 .168 1734.6 

59.333 18 .06 .158 1734.6 
66 18.2 ,06 1 r::.-,.; 

I ... 10 .. 1757.7 
71.5 18.2 .07 . 1482 1757.7 

78 18.5 .07 .148:, 1794. :' 
81. 417 18.6 .08 .1386 1806.8 

90 19 .08 1 .-,.-, 
• .~ 7 185'1.1 

95.25 19. 1 OQ · .' .1291 1872.2 
102 19.3 .09 .1293 1900.2 

106.33 19.3 . 1 .1193 1900.2 
114 lQ 7 . 1 .1197 1 ','60.7 

119.83 20 · 11 . 11 2005.8 
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TABLE 111.12. PH 8, CATECHOL 1 0 ~1~10L/L 

ACID SOLIDS CONCENTRATION, UMOL/L 
T H'lE ADDED I)OL. CONC. -------------------------------

HR. t1L L PH G/L t'lG-T 51-T (OH-) CA-CB CAT-T Q 

(I 0 .2 8 10 D 0 (I 

3.083 7.2 .1972 8.116 9.653 561.5 28.1 1.682 695.0 8800 194.6 
11.25 10.5 .1905 8.014 9.494 849.7 46.31 1.331 1013. 8400 -92.4 

23 .183 8.029 9.371 Q98.7 57.53 1.379 823.5 7840 -619. 
34.08 - .1735 7.997 9.345 1110 82.87 1.280 768 
47.25 ,4 .1,~,39 :::.OUl 9.3241140, 'il.S3 1.331 t,:t1.2 7690 -1083 
57.92 1.1 .154(~ 7.997 ?284 1179.105.41.280435.8 
71.08 2.7 .1462 8.016 '7'.18<;' 1263. 147.4 1.~:36 -80.8 7530 -2072 
82.08 4.6 .1381 8.006 9.071 1185. 155.7 1.30':=' --721. 
95.08 6.4 .1299 7.997 8.954 1202. 202.6 1.280 -1355 6250 -3313 
105.3 6.4 .1199 8.026 8.954 1302. 252.1 1.368 -1355 
118.9 6.4 .1099 :3.069 8.954 1300. 282.7 1.5,05' -13':.':· Y:'C,O -3485 

TABU:: .l! 1 . 12~1. PH B. CATECHDL 1 G nr'10L/L 

H CI D ':;Af'1F'L E 
TInE ADDED WITHDR VOLUME CA-CB 

HR. ML L ~ UMOL/L 

8 

I} 

4 
7.2 
7.9 

9 
9.6 

10 10.2 
11 . :~15 10 .5 

i':; 1 I) • ::: 

16 10.8 
20 10.8 
23 (I 

30 
34.083 

4/.25 
54 

71.0:33 

95.0:::3 
102 

105.25 
11 4 

iJ 
• 1 
.4 
.9 

1.1 
1 .9 

.-, ,-, 

.J. '7 

4.6 

6.4 
6.4 
6.4 
~ .. 4 
6.4 

.-., . .: (I 

.2liil392.16 
.01 .1972 694.98 
.01 .1979 763.27 
.01 .199 869.60 
.01 .199,5927.11 
.01 .2002 984.27 
.02 .1905 1012.7 
.02 .19(\;:: 1042.6 
.02 .1\;'08 1042.6 
.02 .1908 1042.6 
.03 .183 823.46 

.04 .1735 768 

.04 .1 7 36 738.76 

.05 . U,3';' (~51.22 

.05 .1644 497.18 

.06 

.06 
.1 ':i46 
.1':':14 

435.82 
176.17 

.07 .1462 -80.81 

.07 .1474 -487.2 

.08 .1381 -721.2 

.08 .13'::;'4 -11::;1. 

.09 .1299 -1355 I 

.09 .129 Q -1355. 
.1 .119:;' -1355. 
.1 .1199 -1355. 

.11 .1099 -1355. 
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TABLE III .13. PH 8.5, CATECHOL 10 t1MOL.lL 

ACID SOLIDS CONCENTRATION, UMOL/L 
TIt1E ADDED VOL. CONC. -------------------------------

HR. ML L PH G/L t1G-T SI -T (OH-) CA-CB CAT-T Q 

0 0 .2 8.447 10 0 0 0 
3.083 1 .4 .1914 8.501 9.930 ':-'02.6 38.83 4.087 139.0 8600 804.1 
11 .25 3.7 .1837 8.447 9.813 798.9 68.54 3.602 374.9 8580 444.5 

23 0 .1761 8.507 9.686 985. t, 98.82 4.136 47.61 8140 -:339. 
34.08 .8 .1691 8.481 9.524 1076. 137.6 3.898 -444. 
47.25 3.8 .1629 8.4'7'3 9.314 111 2 . 178.9 4.007 -1307 7330 -2098 
57.'12 " t-

,~, ':"1 . i 556 8.481 9.163 1137. 216.9 3.898 -2100 
71 .08 10.7 .1498 8.484 I-' ,-,,,:,.") 

CI I 'J ......... 1136. 253.4 3. '7'29 -3359 6580 -4341 
82.08 1 .-, ,-, 

..).7' .143 8.481 8.735 1180 269.7 3,898 -4335 
95. OS 15.7 .1 ~:48 8.484 :3. t,27 ':;'9B.2 ---:'71;.· 3.929 -4':;'03 5370 -5842 ~ r \.,.' I" 

105,3 16. t, 01 ..-,1:'7 
• i Ld, 8.527 8.569 981 .:. 291 7 4.336 -5202 . " . , 

1 1t::.'? 17.1 .1162 8.501 " t:' .-,t:' 
1;.1. ,_r.:'_ ... 1 1003. 3£:2.1 4.087 -:1379 5100 -6377 

TABLE I I I . 13A. PH:3 .5. CATECHOL 10 t·1: i A./i_ 

ACID SAt1PLE 
TH1E ADDED t~ITHDR ',)OLUf'lE CA-CB 

HR. f'iL I I Ur"10L/L '- '-

(I 0 ,2 I) 

0 .2 0 
3.0833 1 .4 .01 .1914 139.03 

4 'J .01 .192 201 .0':;' ,.. 
6 3.4 .01 .1934 344.41 
8 3.7 • (I 1 .1937 374.86 

1 (I 3.7 • (I 1 .1937 374.86 
11 .,,,, ._..J 3.7 0" · - . 1837 374.86 

14 .r-, ..., .02 .1837 374.86 ,,: •• I"" 

16 3.7 .02 .1837 374.86 
20 3.7 .02 .1837 374.86 
23 0 .03 .1761 47.61 
30 0 • O~: .1789 -109.6 

34.0::::3 .8 .04 .1691 -444.4 
42 .-, 1::' 

t; ..... 1 .04 .1716 -937.6 
47.25 3.8 .05 . i 629 -1307. 

54 I:' .-, 
-.1, ,J. .0:, .1644 -17:,1 

57.917 .. '" o. ,_, .06 .1556 -2100. 
1~ltl 9 .06 .1581 -2858 . 

71 . 083 10.7 .07 .1498 -3359. 
7t! 12.7 .07 .1518 -3974. 

82.083 1':( q 
"-. " • Ot! .143 -4335 . 

90 1 t:" .-, 
_, I L • (I t: .1443 -4746. 

95.083 15.7 .0':;- .1348 -4903. 
102 1 t,. 3 .09 .1354 -:d 02. 

105.25 16.6 • 1 .1257 -5202 . 
1 14 16.9 . 1 .126 -5308. 

118 . ~'2 17. 1 · 11 .1162 -5379. 
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TABLE 111.14. PH 7.5, OXALIC ACID t1MOL/L 

ACID SOLIDS CONCENTRAT I ON, Ut10l/L 
TIt1E ADDED 'JOL. CONC. -------------------------------

HR. t1L L PH G/L t1G-T SI-T (OH-) CA-CB OXA-T Q 

0 0 .2 7 C" .,J 1 (I (I (I 0 1000 
3.5 14.5 .2045 7.484 9.324 527.6 18.35 .3927 1352 1000 1364. 

9 19.7 .1997 7.499 9 .093 678.7 26.17 . 4069 1814 . 930 14:,0. 
24.83 26.8 .1968 7.445 8.781 877 33.28 . 3588 2439 . 860 1603. 
34.83 29 .189 7.552 8.684 938. '1' 41 . 1 . 4595 2633 . 
48.6:7 30.'7' .1809 7.411 8.597 1019 48.21 .3317 2806. 750 1569. 
C' " i.,. ,,_'0 I Ul 31 .9 .1719 7.479 8.550 1081 . 58.17 . 3881 2900 . 
72.67 33 .163 7.411 8.495 1108. 68.84 .3317 3009 720 1 C" '? ,JO~. 

,-, r, C-
':-L , ._1 :33.6 .1:,36 7. :,47 8.464 1148. 76.66 .4541 3071 

98.17 34.5 .1445 7 .479 8.415 1141 . 88.03 . 3881 31?0 . 690 1625. 
108.2 ~,C" ., "-' .135 7 .516 8.386 1177 . 99.41 .4232 :3228 
120.8 35,5 • 1255 ?476 8.355 1219. 110.8 . 3851 3290 . 630 1525. 

TABLE 111 .14A. PH 7 C" , •... ..' " O/ALIC ACID 1 t"1t-1 (I L/' L 

ACID SAr1PLE 
T It1E ADDED I.,JITHDR '-,JOLUt-1E CA-CB 

HR. t·1L L L l1r10L/L 

(} (I 'J 0 .... 
1 8.1 .2081 778.47 
'J 11 .211 1042.? "-

.-, t::' 14.5 .01 .2045 1352.0 • .:. I ,_I 

t, 17.2 .01 .2072 1595.0 
r\ 1 (", r, • [I 1 .2089 1744.8 c' .:. • 7 

9 19.7 .02 .199? 1814.4 
1 .-, 

L. 21 .6 .02 .2016 1985.8 
14 22.7 .02 .2027 2083.6 
16 23.6 .02 .2036 2162.8 
20 25.2 .02 .2052 2301 .8 

24.833 26.8 .03 .1968 2438.8 
30 28.1 .03 .1981 2554.0 

34,833 --,r, 
L'J' .04 1 r,,-, 

I CI7 2632.9 
42 30.1 .04 · 1901 27:33.4 

48.667 3~.'!' I 0 ~5 • 1 eo 9 280~5 I 8 
54 31 .4 .05 .1814 285:3.2 

58.667 31 .9 , O~, .1719 2900.3 
66 32.5 .06 .1725 2959.8 

721t.,!:.,7 3':' ~, .07 .163 3009.0 
78 33.4 .07 .1634 3050.6 

82.5 33.6 .0::: .1536 3071 .:' 
• ,_I 

90 34.1 .08 · 1 ~541 3126.3 
98.167 34.5 .0'7' 144~, 3169.9 

102 34.8 .09 .1448 3204.8 
108.17 ~,C" 

."._1 . 1 .1::::5 3228.D 
114 35.3 • 1 .1353 3265.2 

120.83 3~5. 5 . 11 11255 3289.9 
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TABLE III.15. PH 7.5, OXALIC ACID 10 t1MOL 

ACID SOLIDS CONCENTRATION, UMOL/L 
TIME ADDED VOL. CONC. -------------------------------

HR. t1L L PH G/L MG-T SI-T (OH-) CA-CB OXA-T Q 

0 0 .2 7.5 10 0 0 0 10000 
3.5 20 .21 7.479 9.091 673.2 23.95 . 3881 1818 . 10200 11358 

9 26.5 .2065 7.571 8.818 858.8 26.78 . 4798 2364 . 
24.83 34.3 .2043 7.532 8.497 1074. 35.97 .4384 3006 9900 11425 
34.83 36.4 .1964 7.469 8.411 1176. 39.51 .3791 3179. 
48.67 38.2 .1882 7.261 8.334 1210 46.57 ;2349 3332. 9300 10837 
58.67 38.9 .1789 7.547 8.303 1199. 49.4 . 4541 3393 . 
72.67 39.8 .1698 7.445 8 ?'? ..... 0 ..... 1257. 55.76 .3588 3477 . 9200 10781 
82.5 40.2 .1602 7.515 8.242 1296. 60.01 . 4215 3515 . 

98.17 40.7 .1507 7.539 8.217 1239. 62.83 . 4453 3567 . 8600 10267 
108.2 41 .141 7.470 8.200 1246. t.7.08 . 3806 3599 . 
120.8 41.2 .1312 7.506 8.189 1323. 72.73 .4133 3623. 8900 10476 

TABLE III.15A. PH ~ r:: l $ __ I ~ OXALIC ACID 10 f·1~'10L/L 

ACID SAt1PLE 
TIt-'IE ADDED !"IITHDR i,)OL. CA-CB 

HP. j·'IL L L Ut10L./L 

Q (I • 1- (I 

1 11 . ::: .211 ::: 1069.6 
2 15.4 .2154 1429.9 

? c 
.,;.J. "_I 20 .01 .21 1818.2 

6 23.3 .01 .2133 2099.5 
r. 
c· 2~5. 6 • I) 1 .2156 2290.4 
9 26.5 O? . ~ .2065 2364.1 

12 28.9 .02 .2089 2566.7 
14 30.2 .02 .2102 2674.5 
16 31.2 .02 .2112 2756.5 
20 32.9 .02 .2129 2894.2 

24.8::::3 34.3 .03 .2043 3006.0 
30 35.5 .03 .2055 3105.2 

34.833 36.4 .04 .1964 317S.j' 
42 37.4 .04 .1974 3264.1 

48.667 38.2 .05 ,1882 3331.6 
54 38.6 .05 .1886 3367.0 

~58 I ~~67 38.9 .Ot. .178S' 3393.4 
66 39.4 .06 .1794 3439.7 

?2.667 39.8 .07 .1698 3476.5 
78 40 .07 .17 3'~96. 0 

82.5 40.2 .08 .1602 3515.4 
90 40.5 .08 .1605 3546.2 

98.167 40.7 01"· • "7 .1'507 3:,ot..6 
102 40.8 .09 .1508 3577.5 

108.17 41 . 1 .141 359.9.3 
114 41.1 . 1 .1411 3610.9 

120.83 41.2 . 11 .1312 3622.5 
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TABLE 111.16. PH 8, Q)(ALI C ACID, 1 t1MOL.lL 

ACID SOLI DS CONCENTRATION, Ul'10L.lL 
TIt1E ADDED VOL. CONC. -------------------------------

HR. t1l l PH G/L t1G-T 81-T (OH-) CA-CB OXA-T Q 

(I 0 .2 9.09:, 10 0 0 0 1000 
4.667 11.9 .2019 7.946 9.438 469.6 26.68 1 .138 1123. 
11. 17 16.2 . 1962 7. '1'33 9.242 603.2 34.64 1 .103 1517. 980 1358 . 
24.67 21.3 .1913 8.039 9.007 756.5 51.29 1. 411 1985. 900 1435. 
36.67 23.8 .1838 8.002 8.891 795.8 60.7 1.295 2218. 
4q '7 .' .0, ?' 'j _0 • .:.. .1762 8.039 8.777 913.7 80.97 1 .411 2447. 940 1625. 

62.:1 27.5 .1675 7.746 8.712 896 84. :1'7' .7183 '-1~7r 
L...J, ... .1 • 

72.33 28.4 .1584 7 • ~'51 8.666 1010 102.3 1 .152 2668. 850 1559. 
84.83 29 .14S· 7.980 8.,:S33 1002. 111. (I 1 .231 2734. 
9t .. 83 29.4 .1394 8.039 8.610 1089. 134.2 1 .411 2780 860 1525. 

107 29.8 .1298 711'75 ,. C'r,C' 
C" \0010 ... 1 1073. 137.1 1 .216 2829. 

1 'j' .-:. 
. l.;.:...l ,.,j 30.3 .1203 7.972 8.552 1165 . 160.3 1 .207 2895. 830 1455. 

TABLE Il1.16A. PH 8, OXALI C ACID 1 t'lt'10L/L 

ACID SAt'lPlE 
T WE ADDED I..JITHDR '.)OLUt1E CA-CB 

HR. t'll L L Ut10l./L 

0 0 .2 (I 

1 tl .206 582.52 
'j 8.3 .2083 796.93 .:.. 

4.6667 11.9 • (I 1 .2019 1123.2 
6 12.9 .01 .2029 1216.2 
8 14.4 .01 .2044 1354.1 

10 15.5 .01 .2055 1453.9 
11.167 16.2 .02 . 15'62 1516.8 

14 17.5 .02 .1'175 1638.5 
16 18.4 O? · - .1984 1721 .8 
20 19.9 O? · - .1999 1858.9 

24.667 21 .3 .03 .1913 198:,.1 
30 22.8 .03 .1928 2125.3 

36.667 23.8 .04 -t r.o:ro 
• j 0 ... 1,-' 2217.5 

42 25.1 .04 .1851 2342.4 
49. ': .. !,7 26.2 .05 .1762 244':,.7 

54 26.8 .05 .1768 2506.3 
62. ~J 27.5 .06 .1675 2:175.3 

66 27.1' .06 .1679 2616.8 
72.333 28.4 .07 .1584 26:.68.4 

78 'j ~-, i 
,i-I:). i .07 .1587 2701 . 1 

84.833 29 • (I E: .149 2733.8 
nl 29.1 .08 .1491 2745.4 

S16. :33~: 29.4 .0'7' .131'4 2780.0 
102 29.6 .09 .1396 2804.7 
107 29.8 • 1 .1298 2829.3 
114 30.1 . 1 .1301 2868.9 

121 .33 30.3 · 11 .1203 2895.2 
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TABLE 111.17. PH 8, O)(ALI C ACID 10 MMOL.lL 

ACID SOLIDS CONCENTRATION, UMOL.lL 
TIME ADDED t..)OL. CONC. -------------------------------

HR. t1L L PH G/L t1G-T 8I-T (OH-) CA-CB OXA-T Q 

(I (I .2 9.197 10 0 0 0 10000 
4.667 18.9 . 2089 7.932 9.137 691.6 17.27 1 .102 1727 . 10200 11232 
11 .17 25.3 .2053 8.018 8.865 856.7 20.16 1 .343 2270 9700 10912 
24.67 31.8 .2018 7.958 8.593 1014. 22.34 1 .169 2814. 8900 10288 
36.67 34.5 .1945 7.898 8.479 1085. 28.85 1 . (I 1 9 3041 
49.67 37 .187 7.918 8.372 1146. 36.81 1 .068 3256. 8500 10040 

62.5 38 .178 7.984 (", ~'?7 o. V"-, 1171 . 39.71 1 .241 3345. 
72 .33 39 .169 7.853 8.281 1177 43.55 . 9192 3438 . 9100 10799 
84.83 40.4 .1604 8.018 8.213 1273. 47 .1 ,~, 1.343 3574. 
96.83 42.3 .1523 7.944 8.117 1265. 48.62 1 .133 3767. 8500 10311 

107 44.1 .1441 7.984 8.022 1222. 48.62 1 .241 3:;'56. 
121.3 45.7 .1357 7.881 7.934 1273. 52.24 .9790 4133. 8800 10981 

TABLE III .17A, PH R - , OXALIC ACID 10 t1t10L/L 

ACID SAt1PLE 
TH'lE ADDED i,.JITHDR l")OLUt1E CA-CB 

HR. t1L L L Ut10L./L 

0 0 .2 0 
1 9.7 .2097 925.13 
2 13.4 .2134 1255.9 

4.6667 18.5' • I) 1 .2089 1726.8 
6 20.5 .01 .2105 1865.7 
8 22.7 .01 .2127 2053.3 

10 24.5 .01 .2145 2203.9 
11.167 25.3 .02 .2053 2270.0 

14 27.1 .02 .2071 2424.1 
16 28.1 .02 .2081 2508.6 
20 30.1 .02 .2101 2675.1 

24.~,67 31.8 .03 .2018 2814.1 
30 33.3 .03 .2033 2940.9 

36.667 34.S .04 .1945 3041.0 
42 35.9 .04 .1959 3162.2 

49.667 37 .0:, .187 3256.2 
54 37.4 .05 .1874 3292.0 

62.5 38 .06 .178 3345.3 
66 38.4 .06 .1784 3382.6 

72.333 39 .07 . 16:;' 3438.4 
78 39.5 .07 .1695 3487.2 

84.833 40.4 .08 .1604 3574.4 
90 41.2 .08 .1612 3655.9 

96.833 42.3 • OS' .1523 3766.7 
102 43.1 .09 .1531 3851.5 
107 44.1 . 1 .1441 39:,6.3 
114 44.9 . 1 .1449 4044.9 

121 .33 45.7 . 11 .1357 4132. :' 
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TABLE III.18. PH 8.5, OXALIC ACID t1MOL/L 

ACID SOLIDS CONCENTRAT ION, UMOL/L 
TIt1E ADDED VOL. CONC. -------------------------------

HR. ML. L PH GIL t1G-T 5I-T (OH-) CA-CB CAT-T Q 

0 0 .2 8.5 10 0 0 0 1000 
3.833 6.4 .1964 8.548 9.690 316 21.39 4.551 620.2 712 754.1 
10.17 8.1 .1881 8.524 9.607 360.9 2::: • 56 4.308 786.5 
24.67 Q r. 

." .0 .1798 8.509 9.521 457.6 35.11 4.159 958.6 809 913.2 
36.33 10.3 .1703 8.504 9.494 461 39.45 4.112 1011 . 
50.17 10.6 .1606 8.534 9.478 519.7 48.83 4.411 1045. 782 847.4 
58.17 10.8 .1508 8.514 9.466 540.4 52.45 4.208 1068. 

74 11. 1 .1411 8.524 9.447 568.1 59.84 4.308 1106. 687 710.8 
86 11 .4 .1314 8.492 9.427 576.7 64.93 4.000 1146 
In 11 .6 .1216 8.467 9.413 626.7 77 .29 3.772 1175. 681 .556.4 

107 11 . t. . 1116 8.524 9.413 607.8 77 .29 4.308 1175. 
121 .3 11 .6 .1016 8.472 9.413 657.8 89.65 3.817 1175. 781 701 .6 

TABLE I I 1 .18A. PH 8.5, OXALIC ACID 1 t1t'lOL .. iL 

ACID SAt1PLE 
TH'lE ADDED 1..J1THDR l)OLLW1E CA-CB 

HR" t1L L L Ut10L/L 

0 0 .2 (I 
4 .;. . ~ .2042 411 .36 

2 5.4 .2054 525.80 
.-, c· .-, .-, .-, 
';", ,-,.:,a.:;.,:. 6.4 • [I 1 .1964 620.16 

6 7 'J ..... .01 .1972 698.78 
8 7 ~ •• I .01 .1977 747.59 

10.167 8.1 .02 .1881 786.46 
1 'J .. 8.4 .02 .1884 817.06 
14 8.7 O? · ~ .1887 847.56 
16 9 .02 .189 877.96 
20 9.4 .02 .1894 918.34 

24.667 9.8 .03 .1798 958.56 
30 10 . 1 .03 .1801 990.27 

36.333 10.3 .04 .1703 1011.4 
4~' 
.~ 10.4 .04 .1704 1022.5 

50.167 10.6 · O~, .1606 1044.8 
54 10.7 .05 .1607 1056.5 

5B.it.? 1 (1.8 .06 .1 :,08 1068. ;:: 
66 10.9 .06 .1509 1080.9 
74 11 . 1 .07 .1411 110~,.9 
-,r. 11.2 .07 .1412 1119.3 ... 0 

B6 11 .4 • DB .1314 1146. C! 

90 J 1 r-
1 ......... ' .08 .1315 11,::)0.3 

,-,~ ., t 11.6 .09 .1216 1174.7 
102 11 .6 .09 .1216 1174.7 
107 11 . .:. . 1 . 111 .:. 1174.7 
114 11 .6 . 1 .1116 1174.7 

121 '-1'-1 

• ,=1 . .) 11 .6 · 11 . 101 ~. 1174.7 
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TABLE III.19. PH 8.5, OXALIC ACID 10 t1t10L/L 

ACID SOLI OS CONCENTRATION, UMOL/L 
TH1E ADDED VOL. CONC. -------------------------------

HR. ML L PH GIL MG-T SI-T (OH-) CA-CB OXA-T Q 

0 0 .2 8.5 10 0 0 0 10000 
3.833 11.6 .2016 8.537 9.452 492 .1 22.84 4.434 1096. 10400 11223 
10.17 15.6 .1956 8.468 9.268 600.9 19.95 3.789 1464. 
24.07 19.7 .1897 8.503 9.078 818.4 22.84 4.099 1845. 9800 10678 
36.33 21.1 .1811 8.508 9.011 832.2 22.84 4.148 1978. 
50.17 2? ? _. - .1722 8.528 8.957 884 25 4.348 2087. 9100 10041 
58.17 23.1 .1631 8.477 8.910 975.5 30.06 3.865 2180. 

74 24.5 .1545 8.477 8.834 1026. 33.66 3.865 2331 . 9300 10216 
86 25.3 .1453 8.44:, 8.789 1076. 38.75 3. :,B6 2422. 
97 25.8 .1358 8.383 8.759 1095. 42.39 3.115 2483. 9600 10550 

107 26 .126 8.52:1 8.746 1053. 42.39 4.314 2508. 
121.3 26.3 .1163 8.486 8.725 1150. 49.66 3.941 2550 9400 10294 

TABLE I I I . 1 9A . PH 8.5. OXAL 1 C ACID 10 ~1t10L/L 

ACID SAt'lPLE 
ADDED WITHDR ~)OLUt1E CA-CB 

TIr1E t'lL L L Ut10L/L 

0 0 .2 0 
1 7 .207 676.33 
2 9.3 .2093 888.68 

3.8333 11 .6 .01 .2016 10$'6.4 
6 13.3 .01 .2033 1254.5 
8 14.5 .01 .2045 1364. :' 

10.167 15.6 .02 .1956 1464.2 
12 16.3 .02 .1963 1 :,30 .3 
14 17 O? · - .197 1595.9 
16 17.7 .02 .1977 1661 . 1 
20 18.7 O? · - .1987 1753.4 

24.667 19.7 .03 .1897 1844.7 
30 20.5 .03 .1905 1921.0 

36.333 21.1 .04 .1811 1977 .7 
42 21.6 .04 .181 t, 2027.4 

50.167 22.2 .05 .1722 2086.5 
54 22.7 .05 .1727 2138.4 

58.167 23.1 .06 .1631 2179.7 
66 23.9 .06 .1639 2266.7 
74 24.5 .07 .1545 2331.3 
78 24.8 .07 .1548 2365.6 
86 25.3 .08 .1453 2422.4 
90 25.5 .08 .1455 2446.5 
9"" . { 25.8 .09 .135B 2482.6 

102 25.9 .09 .1359 2495.5 
107 2t, . 1 .126 2508.4 
114 26.2 . 1 .1262 2536.1 

121 .33 ~,.: ~, 

£.\-1, ..:' · 11 .1163 25~50 . [I 
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TABLE III .20 PH 7 ~ 0 . 1 t1 KN03 

ACID SOLIDS CONCENTRATION, Ut10L.lL 
TIt1E ADDED '')OL. CONC. -------------------------

HR. t'lL L PH G/L t'lG-T 31-T 

0 0 .2 7 1 (I (I (I 

3.667 6.6 1986 7 9.681 460 1 27.84 
12.5 12.4 1%4 7 9.406 c:"'" t= .,0 I. ,_I 57.69 
r,,.., I:" 15.4 1914 7 9.264 c·,/ ,I 83 L.::J. ,..I 

36.5 1 7 ('", 

• :> 1859 7 9. 14:, 77:3.5 103. ,:5 
49.67 21 1 181 1 7 B. '?90 862.'1 156.3 
152. 1 7 -,).:, c· ..:.,.._, • I_' 1758 7 8.:358 91'7'. f: 179.3 
69. 17 25 169 .., 8.798 1080 191 ,-, 

• c' 

84.83 29.2 1652 7 ,-, t:' flC' 9'50 .:;0 209 ,;; c, I ._to .... 1 · '-' 

99.67 38.8 1 t,68 7 ,-, 1 13 1 154. 18t: . 1 c, • 

108. 39. ':) 11:",·",-, 7 8.089 1 168. 220 r:-... '-' ,_I,,! .,) · .' 
1 1 ,~ 39.8 1 :,18 7 8.064 127:-3. 227 7 i 1'_' 

TABLE II I .20A. PH 7. 0.1 M KN03 

AC ID Sf;t1PL E 
~IME ADDED WITHDR VOLUME CA-CB 

HR ML L L UMOL/L 

" o 

10 
12.5 

20 
.-:.,:: t::' 
..:.,,,,,1, .... 1 

30 

38 733 
42 

62.167 
69 167 

76 
84 833 

6 6 
9 1 

10 4 
11 4 
12 4 

14 c' 
15 4 
16.8 
17 9 
18.2 

21 1 

23.8 

26 1 
29 2 

117 :::3 39,E 

202'5 1234 6 
008 .1986 1607 (I 

.008 2011 1835 6 

.008 .2024 1952 ":; 

.OOE .2034 2041 0 
016 1964 2128 9 
016 19 7 6 2237 4 
U16 1986 2326 9 
024 1914 2397 8 

.024 1928 2525 6 
032 1859 2624 ( 
032 1862 2636 6 
032 187 2668 1 

04 1811 2749 5 
04 .1825 2805 1 

048 1758 2856 0 
.056 169 2904.5 
056 1701 2950.3 
064 1652 3076 5 
064 1728 3381 0 
072 1668 3456 8 

088 ,1518 3496 7 

( OH-) CA-CB Q 

(I 

1289 1607 686.9 
1289 2129. 994.0 
1289 2398. 1044 
1 289 2625. 107::: . 
128'7' 2750 1024. 
1 2:39 2856 1017. 
1 .-,,-,,-, 2905. 745.2 ';:07 

1 2:::9 3077 1 17:, . 
1289 34'S7. 1 149. 
1289 3476. 1 141 
1289 3497 941 I:" . '-' 
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TABLE 111.21. PH 7.5, o • 1 t1 KN03 

ACID 
TIt1E ADDED I')OL. SOL I D---Ut10L.lL --- UMOL.lL 

HR. ML L PH G/L MG-T 51-T SI- (OH-) CA-CB Q 

0 0 .2 5.445 10 0 0 .0036 3.59 
5 3,7 .1937 7.084 9.818 461.6 65.27 .3649 .1565 1820. 897.2 

13 7" 1 . 1871 7.490 9.649 544.2 58.56 .3274 .3983 2098 1010. 
24.5 10.6 .1806 7.516 9.472 600 99.34 .5553 . 4225 2243. 1044 . 

48.15 14.1 .1741 7.499 9.292 691.5 137.7 .7696 .4062 2391 . 1009. 
72 17.8 .167t: 7.490 9.098 769.6 179.7 1 .005 .3983 2549. 1 (I 11 . 
97 20.1 .1601 7.419 8.975 819.7 215.8 1 .206 .3378 2650 . 1012. 

120.2 '?? I:" _"-. ,_I . 1525 7.507 8.843 910 255.7 1 .430 .4143 27:18. 940.0 

TABLE III • 21A. PH 7.5, (I • 1 ~'1 KHO~: 

ACID SAt1PLE 
TH1E ADDED I,HTHDR I)OLUt1E CA-CB 

HR. t'lL L L Ut'10L/L 

0 (I .2 3. ~59 
1 " .2019 944.62 .7 

2 2.6 .2026 1286.9 
~, C' 
..) • ,_I 

3 ,;. 
.~ .2032 1578.3 

C ":r ..., 
• (I 1 .1937 1819.9 -' ...; I l 

7 4 .01 .194 1971 .7 
10 5.7 • (I 1 .1957 2041 c . -' 
13 7 • 1 .02 .1871 2098.0 
16 8.3 .02 .1883 2148.4 
20 9 t;-

.J .02 .1895 2198.1 
24. ,=, 10.6 .03 .1806 2243.1 

30 11 .8 .03 .1818 2294.3 
36 13 .03 .183 2344.8 
42 14 .03 .184 2386.5 

48.15 14.1 .04 .1741 2390.6 
54 15.7 .04 .1757 2459.9 
60 1 ,~, . ,=, .04 11765 2494.1 
66 17 ';, .. ~ .04 " 1772 252:3.'7 
72 17.8 .05 .167::: 2548.9 
78 18.4 .05 .1684 '1c ..... c c: 

i- 0.-1.1 ,_I • ,_, 

84 1$' .1 .05 .1691 2606.2 
90 19.4 .05 .1694 2619.3 
97 20.1 • Do • U,Ol 2649.7 

102 20.6 .06 .1606 2672.6 
108 21 ~, 

ilL .06 .1612 26':;'9. ::: 
114 21 .9 .06 .1619 2731 .4 

120 . 17 'ij ~ 
""' .... 1 __ 1 .07 .1 :125 2758.2 

1 ?7 23.2 .07 11532 2791 .-: . . -' 
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TABLE 111.22. PH 8, 0.1 M KN03 

ACID 
TH'lE ADDED 

HR ~'1L • 

o 
2 7 

12.58 
26.58 
48.33 
60.42 

70 5 
:::5.17 
QS.42 
10';'.:3 

12C 

o 
2 7 
8.6 

12 1 
14 

14 :::: 
15 1 
15 7 

16 i 

16. 7 

I..}OL. 
L 

SOLI OS 
CONe. 

PH G/l 

CONCENTRAT ION, U~10l/l 

MG-T 8I-T (OH-) CA-CB Q 

.2 7.858 10 0 0 .9292 0 
1947 7.928 9.B67 282.1 18 08 1 092 671.3 108.:. 
1926 7.976 9.577 381.3 40.61 1 219 1240. 479.1 
1881 "7 920 9.406 435.6 66.52 1.072 1575 705 7 

182 8.006 9.312 511 1 99.38 1.306 1759 739 
1749 7.1'14 9.271 540 7 120.3 1.057 1:339 7,;S0 5 
1671 
1597 
1521 

.1446 
1367 

7.987 
7.891 
;. q42 
7.996 
:;:.003 

... 255 570.4 
9.222610.B 

... ~ 162 683 ,,_, 

136.2 
~ '7 .-:' Ij 
.1 ........ 

171 .5 
lB4 5 
193.1 

1.251 1870 
1.003 in:,. 
1 127 1 ':;':30 
1 • :';'7 7 2C; 39 

717.1 
703. ,~, 
741 CI 
\~::3E. 8 

7ABLE ~'. 22A PH 8, 0 1 M KN03 

~ ,~, 

1 U 

16 
20 
24 

26 ~583 

4 '-, 
'-

,50 41 
66 

'"":'~, C' . L _, 

90 
'7'5 4"' 

10::: 
109 83 

114 
119 7:. 

Ae I D :3At1F'lE 
ADDED I,n 1HDR I)OL. CM-CB 

t'll L L UrEiL L 

o 
1 3 
1 ';-
2 ~. 

4 
6 2 
i 7 
8 6 
q 7 

10 B 
11 6 
1:' 1 
12.5 
13 2 
13 6 

14 
14 4 
14. ::: 
14 9 
15. i 

15 7 
15 ':;.-
16. 1 
16.4 

1,,,:, 6 

16 7 

OOB 
00:; 

.008 
008 

.01.;S 
016 
016 
016 
024 

.024 
024 
024 
032 
0:32 

04 

2 (I 

.2013 406 15 
2019 594 75 
1947 ,:,/1.34 

196 799 54 
19:::2 1012. 
1997 1155 3 
1926 1239 ::: 
1937 1346 4 
1948 1451 7 

1Q 56 1527 6 

1::::::1 1:,74 7 
1 ~::85 
1 :;::92 

1d1. 

1824 
i 74::: 

161.:, 8 
j 6E: 1 ::: 
17:2i) 4 

175S ;' 
17'-;';::: r 

~ ,-.. -, ,-. ...., 
..l C'':'D " 

04 • i~:i 184'7' 1 
048 1,;S71 H::6;'~' 

048 1673 1891 5 
056 1597 19 34 7 

050 1599 195: _ 
064 1521 1979 9 
064 1524 20.c • 
07 2 1446 2038 :; 
07 2 1446 2038 9 

0::: 1367 2051 3 
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TABLE I I I .23. PH 8, 0.01 ~1 KN03 

ACID SOLIDS CONCENTRATION, Ut10L/L 
TIt1E ADDED IJOL. CONC. -------------------------

HR. t1L L PH G/L t1G-T 8I-T 

0 0 .j . .:.. 10 0 0 
5.167 15.9 .2059 7.994 9.264 332.3 24.09 

24 25.9 .2059 7.968 8.834 454.9 68.18 
48.75 31.3 .2013 8.004 8.609 572 .1 116.8 

72.5 33.5 .193:, 7.989 8.516 .~.:,4. 7 163.3 
95.75 ':)c-.,J"_' .185 8.011 8.450 717.6 197.7 
119.8 36,';' .1769 8.004 8.364 7'")C' C' 

, ..:.. ... I • .J 226.5 

TABLE III .23A. PH 8. 0.01 M KN03 

AeI D E;At"IPLE 
T WE 

HF:. 
ADDED WITHDR VOLUME CA-C8 

Ut··10L./L 

o 

2 
,-, c.,:, ,._1 

r"IL 

I) 

6.9 
'f.9 

13 

7 18.5 
10 22.2 
13 23.7 
16 23.8 
20 24.5 
24 25.9 
30 26.4 
36 26.9 
42 28.8 

48.75 31.3 
54 32.4 
60 32.8 
,:)C. :33.1 

72.5 33.5 
78 33.6 
:::4 34.2 
90 34.6 

95.75 
102 
1 (I::: 36.4 
114 36.7 

L L 

.2 0 

.2099 471.,~,:, 

.213 610.33 
.01 .205,' 736.4:, 
.01 .2085 851.97 
.01 .2122 1011.5 
.01 .2137 1074.6 
.01 .2138 1078.7 
.01 .2145 1107.9 
.02 .205,' 1165.5 
.02 .20641186.9 
.02 .2069 1208.2 
.02 .20881288.2 
,03 .2013 1391.3 
.03 .2024 1438.1 
.03 .2028 1455.0 
.03 .2031 1467.6 
.04 .1935 1484.4 
.04 .1936 1488.8 
.04 .1942 1515.1 
.04 .19461532.5 
.0:, .18:, 1:,49.9 
.05 .1857 1581.7 
.05 .1864 1613.3 
.05 .1867 1626.8 
.06 .ins 163'5.8 

(OH-) CA-CB Q 

.72 
1 .070 736.5 73.34 
1.009 1166. 257.9 
1.095 1391 . 250.2 
1.057 1484. 178.9 
1. 112 1550. 119.3 
1 .095 1636. lB9.9 
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TABLE 1 I I .24. PH 8.5, o . 1 t~ KN03 

ACID SOLIDS CONCENTRAT ION, UMOl/l 
T1t1E ADDED ~}Ol . CONC. -------------------------

HR. t1l. l. PH G/l ~'lG-T S1-T (OH-) CA-CB Q 

0 0 .2 7 .598 10 0 0 .5102 0 
2.7 1 .7 .1937 8.506 9.916 244.3 19.77 4.135 425.6 -58.5 

12.58 4.7 .1887 8.456 9.765 309 32.59 3.680 724.1 110 .4 
2t,.5::: ...- .183 8.340 9.647 3:\7.5 4'-' 77 

'7 ," " 2.816 956.2 244.9 
48.33 0 

L' , '? .176<;' 8.378 9.547 403.3 54.41 3.080 1152. 349.3 
60 4') r, 'J .16n 8.351 9.526 451 c' 63.43 2.:::93 1 1':;'5. 294. ':y' . ~ '7 ..... 1 • '_I 

70.5 9 .:.' .1613 8.490 q <=,., , 48c,.8 71 .17 3.977 1195. 22c,.1 '" '-' • ._IL·:) 

85 r 17 '7' t= .1575 :::.446 9.2:35 503 54.54 3.596 1218. 216.3 . ~, 
95.42 9.5 .1455 8.31':;- 9 ,52t, 524.6 52.3 2. ,~:37 1218. 172. 1 
109.8 9 ':. ,1378 B.437 9.:11)7 '540.7 91 I-, -, :3. ~52,~, 1256. 1 :30 . 1 .. '_I .. :. / 

120 '7' ,-, ,1298 8.:302 9.5C? 538 96.52 2.585 1256. 1 f34. 7 .0 

TABLE J T I 24A PH r. c: 0 1 t"l K~'103 j Co -' , 

riCIU SAr'lPLE 
'-r' Ii'lE ADDED I"JITHDR I,,)OL U~-C8 I 

HR r'iL L L UrlDL/L 

0 0 2 0 
::: 200t: -. r= .. 79 L ,_11 

c 1 2 20 1 2 376- cf4 , .. · ,- 1 7 .008 1 937 4~'''' C" ,-, t- . ... £..'-' · .... !e' 

4 2 t= 

-' 008 1 945 506 09 
.... 3 t, · 008 1 956 61 '" ._' ;,-, 

,.. .t:. 

10 4 .4 008 1 964 694 68 
1 2 r-o'~' 4 7 (I 1 6 i 887 724 1 ~, --'\""-' L 

1 6 5 .4 0 1 6 1 E:94 795 ~37 

20 6 1 .0 1 6 1 90 1 866 08 
24 6 · 7 0 1 6 · 1 907 926 . 28 

26 58:3 7 024 • :=:~' 95t, 24 · . " ,_ .:J 

30 7 1 · 024 · 1 831 966 64 
:;:6 7 :3 024 1 838 1 039 1 
42 r. ';' 024 1 843 1 090 (~) ,;J · ,-' 

4:::. ,-,.-,.-, r-, ,-, 032 1 h,9 j 1 51 '7' I~':".~ 0 · ;1 " 
54 9 1 I) 32 1 771 1 1 73 :) · "-

50 4 1 '7' ') 04 1 ,~,9:3 1 1 '1'4 c:-
'-' . '-, 

'~'~' 9 :3 04 1 69:3 1 1 94 c:-· '-' ...,,..., t= 5' ~, 048 1 61 ':'1 . 1 94 t= 
.' 1:. -, · ,:. · '-' l '-, 

78 I:;' ~ 048 1 .. j . .:; 1 i r. ,'i c:-· w' t,.1 :-~ -' 
,-,t:" i ':' ,..-

':;1 r:: 056 j c::: ..... , r= , -; 1 '7 - , l 
__ ':; __ 1 

i "- , . -
,-, i:: O~I'.~' 1-3:35 1 21 

-, 
7U 7 -1 

95 .. ~ ~ "7 '? '" 064 , 455 1 21 "tj ~, 1 .. 

1 02 9 6 064 1 456 . 230 . 6 
1 1:1 ':7- 8:;: ;' ::: 072 1 ,-,..., ,-, . .:',.. ':' 1 25c. 4 

1 , 4 9 ,'-, .072 l 378 1 25~, 4 , C' 
i 1 '7' -,r= '7' r, 08 1 298 1 25t. 4 , .. ._' c' . 
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TABLE I I I .25. PH 9, o .1 t·1 KN03 

ACID SOLIDS CONCEN1 RAT 1 ON. LW10L/L 
TIt1E ADDED ',)OL. CONC. -------------------------

HR. t1L L PH GIL ~'\G-1 S1-1 

0 0 .2 ':;0 .444 10 0 0 
'" 6.5 .1965 9 .027 9.685 257.6 26.64 .J 

13 9 .9 .1899 B.993 '7' .520 314.5 :,0.31 
24.5 12.1 .1821 9.005 9.411 362.5 77.51 

48.15 14, 1 .1741 8.996 9 .309 426.1 13:3.3 
72 15.1 .1651 9.001 9.256 484.1 183.2 
97 16 .156 8.993 9.20'!, 523.6 20'7'.3 

120.2 16.7 .1467 9.005 9 .165 575.5 243.9 

TABLE ,I I • 25A. PH :;'. 0.1 1"'\ ~:J~03 

T It1E 
HF:. 

ACI D ;3Ar··1PLE 
ADDED I..,JITHDR i.)OL. CA-CB 

U~·10L/L r1L L L 

(I o 
-:' ") 
-' ~ "-' 

5.2 
.-, t: 1:''' 
';;I •. J "_I I CI 

5 6.5 
/ 7.7 

10 9 
1:::: 9.9 
16 10.6 
20 11 .4 

24.5 12.1 
30 12.8 
36 13.2 
42 13.7 

48.15 14.1 
:,4 14.5 
60 14.8 
66 14.'7' 
72 15.1 

84 
90 
97 

102 
108 
114 

120 17 
1?7 

15.2 
15.5 
15.7 

16 
16.2 
1 ." r.; 
.1 0. __ ' 

16. :. 
16. 7 

17. 1 

.2 
.2033 
.2052 

.-,~ ,-, 
-L." • 0 

134 97 
387.13 

.01 1956 405.84 

.01 1965 449.78 

.01 1977 507.75 

.01 199 569.76 

.02 1899 612.21 

.02 1906 646.69 

.02 1914 685.79 

.03 1821 719.73 

.03 1828 755.26 

.03 1832 775.45 

.03 1837 800.56 

.04 1741 820.54 

.04 1745 841.:,9 

.04 1748 857.30 

.04 1749 862.53 

.05 1651 872.97 

.05 .1,552 :::78.49 

.05 1655 895.03 

.05 

.06 

.06 

.Ot. 

.06 

.07 

.07 

1657 1'06.02 
156 

15t,2 
.1 ~5~,5 

1565 

922.45 
934.08 
951.45 
951. 4~:' 

1467 96:3.00 
1471 987.58 

(OH-) CA-CB Q 

35.83 -27.8 
13.71 449.8 -42.1 
12.67 t,12.2 14.00 
13.03 719.7 35.66 
12.77 820.5 29.08 
12.92 873.0 -16.4 
12.67 9~'~' ~ . LL 1 __ 1 -:::6.7 
13.03 963 -87.2 
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TABLE 111.26. PH 9.5, 0.1 M KN03 

ACID 
TIME ADDED VOL. 

HR. ~'lL L 

(I 0 .-, 
• L 

2 ,,~ 1 ~ 1915 • .i-,-I a ,_I 

6.58 'j 
i.. 

0 .... 1828 
1 1 .92 2 ,-, 

.0 17 ?r, 1_0 
.-,.-, .OB 1 ,-, 162':;' L..L l ,_, 

48 - a2 1531 
77 c,·-:· - I:: ~, 1434 . '-"-' .. ).,:, 
9"7.8:3 - • ::33 1337 

CONCENTRATION, UMOL/L 
SOLID ------------------------

PH GIL MG-T 8]-T (OH-) CA-CB Q 

7 .. 596 10 0 (I .6400 (I 

9.510 9 .926 230 ,.., 14.75 41 .68 74.44 -340 • c' 
r, .509 s= .859 274 r, 1 t. I 55 41 1::7 141 .4 -361 7 7 .. _I, 
9.503 9 .859 279 .8 21 .96 41 .02 141 .4 -369 
9 .479 '7' .E53 301 ·-.r. • ::: 1 ""',e. 1,-1 r,'-, .98 -469 . Le, ':''-'' e,l .: .. .:. 
7.420 ,~ .841 356 I:: 66 .6 33 .86 "-, ,-, .3 -694. .J -·':'7 

q .4f;7 " .822 402 I:: 1 02 ~, 39 .51 - ,~, 1 (I -790 7 -, l .i:.. 

'? .4'73 9 • :30 1 404 ~, 121 .6 40 1 1 8"' 
, -80t; - _'L " 
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TABLE 111.27. PH 10, o . 1 t1 KN03 

BASE SOLIDS CONCENTRATION, UMOL/L 
TIME ADDED VOL. CONC. -------------------------

HR. t'IL L PH G/l t1G-T SI-T (OH-) CB-CA Q 

0 0 .2 10.06 10 0 0 146.3 146.3 
1.42 .35 .19 10.08 10 163.4 15.77 153.8 321 .3 -479. 

4 .33 .18 10.06 10 197.0 41 .51 147.1 310.8 -526. 
11.3 .41 .17 10.05 10 223.4 93.72 144.3 355.2 -591 . 

21.55 .59 .161 10.04 10 239.5 168.8 141 .6 461 .1 -684. 
49.55 • S'l . 151 10.04 10 280.0 285.4 140.7 65~' .8 -889. 
96.05 1. 41 .141 1 (1.04 10 303.5 326.9 140.7 991.0 -1239 

TABLE I I I .27A. PH 1 (I, o . 1 t'l i<NO:3 

BA:3E SAt'lPlE 
TH'lE ADDED 1,..JlTHDR I·')OL. CA-CB 

HR. ~'1L l L Ur·10L/L 

0 0 .2 146.29 
1 ;j .-, . '.'::' .36 .01 .1':;0036 32'5.70 

'j 
..; .32 • I) 1 .19032 304.75 
4 .32 .02 .18032 304.7'5 
6 .-, ··~r .02 .18032 304.75 • ..:JL 

"? <= ~, <= .02 .1f:O:35 321 .34 .. • __ I 
• ':;;,_1 

9 r,c: 
• .::J __ I O? . - .18035 321 .34 

11 ,.:i .41 .03 · 17041 354.49 
15 .44 .03 .17044 372.03 
F' Co' .51 .03 .17051 412.93 

21 .55 .59 .04 .16059 459.63 
24 .62 .04 · 1,~,O62 47C' .?? 

I '.-'. ~~ 

30 .71 .04 · 1 6071 533.96 
36 .78 .04 .16078 577.26 
42 .83 .04 .16083 608.17 

49.55 .91 .05 · 1509'1 657.59 
54 9':1 .. '-' .05 .15093 670.75 
60 • :~6 .05 .1 :,o'n, 690.49' 
72 1 .04 .05 .15104 743.09 
::::4 1 .15 .05 .15115 815.32 

96.05 1 .41 .06 .14141 985.64 
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TABLE I I I .28 PH 11, O. 1 t1 KN03 

BASE SOLIDS CONCENTRATION, UMOL/L 
T I t1E ADDED ~}OL . CONC. -------------------------

HR. t1L L PH GIL MG-T SI-T (OH-) CB-CA Q 

o o .2 10.97 10 o o 1208. 1208. 
1.42 1.2 .1912 10.94 9.940 64.24 53.67 1120. 1797. -740 

4 1.5.181510.959.92560.8250.011160.1951 -851 
11.3 1.':;' .171<:' 10.95 9.903 42.27 163.1 1158. 216'::,. --929. 

21.55 2.6 .1626 10.96 9.863 30.C~ 221.0 1164. 2563. -1243 
49.55 4.1.154110.95 '7'.773 22.25 312.6115 7 • ;:454. -2040 
96.05 6.8 .1468 10.94 9.604 11.02 486.3 1114. 5116. -3562 

T A E: LEI I I . 2:::A • F' H 11. Ci. 1 t'l r(N [I;: 

BASE \':;At'lPLE 
i ! rlE ADDED I..'JITHD~: i,)OL CA-CB 

HP t"lL L L Ut1C,:_ / f 

(: 0 2 i 20 7 ::: 
.1 42 j 2 0 1 1 91 2 < ?97 D . · 1 

,-

: 1 4 0 1 1 91 4 1 89? ~, - · , 
1 '" 02 

, 
:::1 t: 1 950 '7' 'i -' 1 '-, 

i:, ; 6 02 1 81 6 2004 q 1 

... t:; i 02 1 :31 7 20 ~5E: ,:, 
- . ,. '-' 
,:; 1 0 02 1 81 ~, 21 1 ":' 7 '..! C' .:.. 

1 1 - 1 5' 03 
, 

71 )' 21 6t, c:--: . '- 1 '-' , <= '1 1 03 , 721 2280 'j 
.l ,.J .:.. 1 .:.. 

1 B ,- ,'" 03 1 723 23~r:3 6 ~ .:' · ,"'),; cr: 2 ,S 04 1 626 2563 '1 ..:.. .~ .... 1,_1 .:.. 

24 - 04 j ~~S27 2623 1 L .... , 
30 'J 1 .-, :; , 631 2B6 "i 9 .' I)~ " 
36 ':' 4 04 1 ,~34 3040 3 '-' 

42 :;; 7 04 1 'Ii""":' 321 ,-, 0 0·,:'1/ c' 

49 55 4 1 05 1 541 3453 9 
54 4 -, 05 1 543 3579 0 . . .:, 
60 4 i 05 1 546 :37 6,~: , 

'-' · -.72 '" 05 1 [;:<= 40 , 4 5 '-' ._10_1 . 
:::4 5 7 • Ct 5 1 557 4446 0 

96 D5 6 
{-, 

Cit. 1 4t,8 51 1 c:. 4 . C' J. 
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~ 10 mg/L solids 
N2 atm. 

2~ ______ ~ ______ ~ ______ ~ ______ -J 

4 

en E 3 
....... (.) 

E ....... 
::1.> 

.. 
~ -

o 

Fig. IILI. 

10 20 
Time, hours 

30 

Chrysotile mobility at pH 5 in 
0.01 M KN03. 

~ 10 mg/L solids 

40 

~ 0.6x10- 11 mol/cm2 phthalic acid 
N2 atm. 

Add 
Organic 1 ________________ ~ ________ ~ ______ ~ ______ ~ 

o 10 20 30 40 50 
Time, hours 

Fig. III.2. Chrysotile mobility at pH 6 in 0.01 M KN03. 
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7.7 mg/L solids 

N2 atm. 
13x10- 9 mol/am2 phthalic acid 

10 20 30 
Time, hours 

Add 
Organic 

40 50 60 

Fig. 1II.3. Chrysotile mobility at pH 7.5 in 0.01 M KN03· 
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3 

-2~----~------~----~~----~------~~--~ o 10 20 30 40 50 60 
Time, hours 

Fig. III.4. Chrysotile mobility at pH 8 in 0.01 M KN03. 
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Add 
Organic 

+ 

:0 0 

.4.79 mg/L so li ds 

04.69 mg/L so 1 ids 

N2 atm. 

phthalic acid o 
~ 

-1 

-2 ______ ~ ______ ~ ____ ~~ ____ ~ ______ ~ 
o 10 20 30 40 

Time, hours 

Fig. IlL5. Chrysotile mobility at pH 7.5 'in 
0.01 M KN03. 

50 
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3 • 9.5 mg/L solids 

011.2 mg/L solids 

N2 atm. 

E 2 
~ 0 
E ......... 
:l > 

.. 
1 ~ -

.0 
0 
~ 

0 

-1~ ____ ~ ______ -L ______ ~ ______ ~ ____ __ 

o 10 20 30 40 50 
Time, hours 

. Fig. 1II.6. Chrysotile mobility at pH 8.5 in 0.01 M KN0
3

0 
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.. 5.74 mg/L solids 
08.93 mg/L solids 

N2 atm. 
Catechol 2x10- 9 mol/cm2 

>; -1 -

(/) E ......... 

E 
Co) 

......... 
::1.. > 

.. 
~ -

.0 
0 
~ 

-2 

-3~------~------~~------~------~~----~ o ro ~ ro 00 100 
Time, hours 

Fig. 111.7. Chrysotile mobility at pH 8 in 0.01 M NaCl. 

Or------,-------.------Ir------~----~ 

-1 

-2 

Add 
Organic .. 5.62 mg/L solids 

o 5.30 mg/L solids 

350 ppm CO2 atm. 

catechol 2x10- 9 mol/cm2 

-3~ ____ ~ ______ ~ ______ ~ ______ ~ ____ ~ 
o 20 40 60 80 100 

Time, hours 

Fig. 111.8. Chrysotile mobility at pH 8.2-8.3 in 0.01 M NaCl. 
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3~------~------~~------~------~------~ 

2 

0 

-1 

Organic 

• 8.8 mg/L solids 

() 5.55 mg/L solids 

350 ppm CO2 atm. 
catechol 2x10- 9 mol/cm2 

-2 ________________ ~ ______ ~~ ______________ ~ 

o 20 40 60 80 100 
Time, hours 

Fig. 111.9. Chrysotile mobility at pH 8 in 0.01 M NaCl. 
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.. 8.79 mg/L solids 

() 11.50 mg/L solids 

350 ppm CO2 atm 
-9 2 catechol 2x10 mol/em 

-1~ ______ ~ ______ ~~ ______ ~ ______ ~ ______ ~ 

o 20 40 60 80 100 
Time, hours 

Fig. 111.10. Chrysotile mobility at pH 7.5 in 0.01 M NaCl. 
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2r------r-----,------~----~------~----~ 

.6.72 mg/L 
o 6.85 mg/L 

350 ppm CO2 atm. 
catechol 2x10-9 mol/cm2 

::l > 0 Add 
Organic 

:0 
o t 
:E -1 

-2~------~------~------~-------L------~------~ o 40 80 120 160 200 240 
Time, hours 

Fig. 111.11. Chrysotile mobility at pH 8 in 0.01 M NaCl. 
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a. 

1.021 gil solids 

350 ppm CO2 atm. 

catechol 2x10- 9 mol/cm2 

o~------~--------~------~----~ 
-~ 0 ~ 40 00 

Time, hours 

2~--------~----~r-----~r-----~ 
b. 

10.25 mg/L solids 
350 ppm CO

2 
atm. 
-9 2 catechol 2x10 mol/em 

E 
(.) 

"-::t. > 0 .. 
>. -

J:l 
0 
~ -1 

-2~------~~-------~----~~-----~ 
-20 0 20 40 60 

Time, hours 

Fig. III.12. Chrysotile mobility at pH 8 in 0.01 ~1 
NaCl; a) UV absorbance measurements of 
solution concentration; b) mobility. 
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1.0..----
a. 

0.75 
Ol 
C 
C 
0 
E 0.50 G) 

a= 
c 
.2 - 1.021 gIL solids Co) 
0 
~ 0.25 350 ppm CO2 LL. 

-9 2 catechol 0.2x10 mol/em 

0 
-20 0 20 40 60 

Time, hours 

2r----------.--------.----------.----------.---------1I--------, 

~ E 
E Co) 

...... 
:l > 
~ -

:.0 
0 
~ 

b. 

Add 
-9 2) Organic (2x10 mol/em 

0 ~ 
-1 10.25 mg/L solids 

350 ppm CO2 atm. 
catechol 0.2x10- 9 mol/cm2 

-2 
-20 0 20 40 60 80 100 

Time, hours 

Fig. III. 13. Chrysotile mobility at pH 8 in 0.01 M NaCl. 
a) UV absorbance measurements of solution 

concentration; 
b) mobil ity. 
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10.25 mg/L solids 

350 ppm CO
2 

atm • 

• catechol 20x10-
9
mol/cnf 

()catechol 200x10- 9 moll 

cm2 

E ......... 
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.. -1 
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.. 
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:0 
0 
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-2 

-3 ________ L-______ L-______ ~ ____ ~ 

-20 0 20 
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40 60 
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-1 

Fig. III.14. Chrysotile mobility at pH 8 
in 0.01 M NaCl. 

10.25 mg/L solids 

350 ppm CO
2 

atm . 

• oxalic 20x10- 9 mol/cm
2 

()oxalic 200x10- 9mol/cm2 

-2--------~------~------L-----~ o 20 40 
Time, hours 

Fig. 111.15. Chrysotile mobility at pH 8 in 
O. 01 ~1 NaCl. 

60 



225 

10.25 mg/L solids 

350 ppm CO2 atm. 
-9 2 

~ E 0 "' (.) e, 
• oxalic 2xl0 mol/em 

-9 () oxalic 0.2xl0 mol/em 
:1..> .. 
~ -
:g -1 
~ 

.. .. 
0.0----0 

~ E 
E (.) , 
::t.. > .. 
~ -

.D 
0 
~ 

-2~----__ ~ ________________ ~ ________ _ 
-20 o 20 

Time, hours 
40 60 

Fig. 111.16. Chrysotile mobility at pH 8 in 0.01 M 
NaCl. 

1 ~-------r------~r-------~-------'------~ 

o 
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10.25 mg/L solids 

350 ppm CO2 atm. 
-9 2 .catechol 20xl0 mol/em 
-9 2 () catechol 200xl0 mol/em 

-3~ ______ ~ ______ ~ ________ ~ _______ ~ _______ ___ 
-20 o 20 40 60 80 

Time, hours 

Fig. 111.17. Chrysotile mobility at pH 7.5 in 0.01 M NaCl. 
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O~------~------~-------r------~ 

-3 

10.25 mg/L solids 

350 ppm CO
2 

atm . 

• catechol 20x10- 9 mol/cm2 

()catechol 200x10- 9 mol/cm 2 

-4~ ______ ~ ______ ~ ________ ~ _________ __ 

-20 o 20 
Time, hours 

40 

Fig. IIL18. Chrysotile mobility at pH 8.5 in 
0.01 M NaCl. 
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Fig. IlLI9. Chrysotile mobility at pH 8 in 
0.01 M NaCl. 
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2r-------~----~~----~~----~~-----. 

40.14 mg/L solids 

en E , 
(.) 

E , 
:t. > .. 
~ -

350 ppm C02 atm. 
catechol 2.5 x 10-9 mol/cm2 

~ ·----_~.~--~.~----.----.~DwH~7~----.----.~. 
OQ pH 8 t9-<> 0- --o~--~----O 

.D 0 0 
:IE 

-1~------~--------~------~--------~--------
-20 o 20 40 60 

Time, hours 

Fig. 111.20. Alox mobility at pHis 7 and 8 in 0.01 M NaCl. 

1~------~------~--------,-------~--~ 

40.14 mg/L solids 
350 ppm C02 atm . 

en E 
'E (.) 0 , 

.. pH 8, catechol 2.5 x 10-9 mol/cm2 
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:t.> 
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~ -
:0 
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-2~------~------~~ ______ ~ __________ __ 
-10 o 10 20 30 

Time, hours 

Fig. 111.21. Alox mobility at pHis 8 and 9 in 0.01 M NaCl. 
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40.14 mg/L solids 
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• NOM 1.8 x 10-4 mg/cm2 
o NOM 1.8 x 10-3 mg/cm2 

-2 ________ ~ ______ ~ ______ ~ ______ ~ 
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Fig. III.22. Alox mobility at pH 8 in 0.01 M NaCl. 

~ E 0 
E CJ 
::1..~ .. 
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-1 10.71 mg/L solids 
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• catechol 14 x 10-9 mol/cm2 
o catechol 140 x 10-9 mol/cm2 
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-20 o 20 40 

Time, hours 

Fig. III.23. Alox mobility at pH 8 in 0.01 M NaCl. 
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APPENDIX IV 

BRUCITE SURFACE TITRATIONS 

A series of initial investigations was undertaken to detennine the 

acid-base behavior of an >Mg-OH surface in a system with no silica 

present. These preliminary experiments were also designed to test the 

applicability of rapid acid-base titrations of the sort commonly used 

on >Fe-OH, >Al-OH t >Zn-OH t >Ti-OH and >Si-OH surfaces. It was hoped 

that results of thesp. expe riments shaul d be used to p redi ct the 

behavior of >Mg-OH sites on chrysotile. 

Model 

A constdnt-capacitance model of the surface was used to predict 

and interpret surface equilibria. Relations used are as follows: 

s 
{>Mg-OH} [H+] 

e-eljJ/kT 
KaI = + {>Mg-OH2 } 

(IV.I) 

s 
{>t·1g-0-} [H+] 

e-eljJ/kT 
Ka2 = 

{>Mg-OH} 
(IV.2) 

(IV.3) 

+ a :: F ({>Mg-OH
2 

} - {>Mg-O-}) (I V.4) 

C :: a/ljJ 

(IV.5) 

(IV.6) 



[MgOH+][H+] 

[Mg2+] 
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(IV.?) 

Surface concentrations are in mOl/cm2 , a is surface charge in 

coul/cm2 and sa is the surface area concentration in cm2/L. The 

electroneutrality condition (IV.S) includes dissolved magnesium 

species~ given by (IV.6) and (IV.7). Otherwise tenns have thei r 

standard definitions (Stumm & Morgan, 1981). 

Ma te ri a 1 sand Met had s 

Titrations were done at 25 C in jacketed glass beakers through 

which nitrogen gas was bubbled to exclude carbon dioxide. This gas 

was first passed through a 1.0 M NaOH solution and two distilled water 

rinses to remove carbon dioide and humidify the gas. The electrolyte 

was reagent-grade 0.1 M KN03, which was filtered through a 0.22 ).lm 

Millipore filter prior to use. KOH and HN03 used to maintain constant 

pH were made from Dilut-it ampoules (J. T. Baker). Initial 

electrolyte OH- concentrations were made by combining appropriate 

volumes of 0.1 M KN03 and 0.1 M KOH to make 500 ml of solution. The 

meter was calibrated against known OH- concentrations, made by 

dilution of the KOH reagent. 

The source of particles was Mg(OH)2 powder fran MC/B Chemicals. 

Atomic absorption spectrophotOOletry (AAS) analysis of three solutions 

of thi s powde r gave a mag nes i urn content that was 99.5 pe rcent of that 

of a pure Mn(OH)2 powder. Surface area detennined by BET nitrogen 

adsorption was 45 m2/g. Surface site density (ST) was estimated to be 

12 i on/ 1llI
2 , or 2xlO-9 mol /cm2• 
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Dissolved magnesium concentrations during these experiments were 

determined by AAS on 15 ml samples withdrawn and filtered through 0.22 

~m Millipore filters that had been previously washed with acid and 

deionized distilled water. 

Initial solutions (pc OH near 2.2) were allowed to equilibrate, 

Mg(OH)2 powder was added, raising the pC OH to a value from 2.7-3.2, 

and allowed to equilibrate for 45 minutes. The suspension was then 

titrated with base to a pCOH of approximately 2.3. The suspension was 

then titrated with acid to a pC OH near 3. Acid and base additions 

were made at two minute intervals. The time required to reach a 

steady pH-meter reading between each titrant addition varied from 10 

minutes at low pCOH to several hours at the higher pCOH's studied, 

however drifts were generally less than 0.1 mv per minute after about 

four minutes time. Only fast-titration adsorption and dissolution 

were studied in these experiments. 

Experimental Results 

Figure IV.! shows fast-titration curves for a series of four 

experiments done with different solids concentrations. The observed 

small differences between forward and reverse titrations in each 

experiment are expected, as the system was not allowed to equilibrate 

at each step. Both adsorption of protons and dissolution of the 

particle may account for the difference. In the absence of 

dissol uti on, the four sets of data should yield a si ngle curve. As 

Figure IV.2 illustrates, three sets of data fall close together and 

the fourth set, for 40 giL, fall s further away. Only the 

base-titration points are plotted. Difference in surface charge at a 

given pCOH are approximately ± 25 percent of the range measured, and 
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3.4 r-----r-----,-----,-----r----,------r----, 

3.0 

2.6 

o 40 gil 
• 30 gil 
x 20 gl I 
~ 10 gil 

2.2 L--_---1L-_---l __ ---L __ ---L __ ~ __ --'-__ ---' 

-0.2 -0.6 - 1.0 - 1.4 -1.6 
-9 2 

CA- CS ' 10 mol/em 

Fig. IV.l. Fast-titration curves of brucite suspensions; 
0.1 M KN03, 25C, N2 atm.; forward titration was from high 
to low pCOH. 
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-40 gil 
C\J 

E 44 
(.) 

030 gl I 
6 

" x 20 gil 
::l 
0 6 610 gil (.) 6 

ID 6 I -0 - x 
~ 36 -b 

cn N 
0 
~ 
a. 

- -
28L-__ ~ ____ -L ____ ~ ____ L-__ ~ ____ -L ____ i-____ L-__ ~~-__ ~ 

2.2 2.4 2.8 3.0 3.2 

Fig. IV.2. Brucite surface charge as a function of pCOH for 
forward titration. 

12 

-30 gil 
x40 gil 

" 

10 
............. f.L------ average 

10 20 30 40 

-a-, 10-6 coul /cm 2 

Fig. IV.3. Determination of surface equilibrium constant 
fro~ forward titration 0& brucite. 
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could be due in part to a suspension effect at higher solids 

concentration. A second possible error is in the magnitude of soluble 

magnesium as measurements were made only at the 1 CNier sol ids 

concentrations. KS
a2 is estimated to be 10-9•6 (Figure IV.3) based on 

the 30 and 40 giL data; other data cover a narrower range of surface 

charge and no slope is estimated. The capacitance correspondi ng to 

the average curve on Figure IV.3 is 3.1 farads. Model fit to the 

titration data using these constants is illustrated on Figure IV.4. 
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3.4~----~----~----~-----.------r-----. 

3.0 

2.6 

• 30 g/ I 

x 40 9 / I 

2.2~ ____ ~ ____ ~ ____ ~ ____ ~ ____ ~ ____ ~ 
-0.3 -0.5 -0.7 -0.9 

CA - Ce t 10-9 mol / cm 2 

Fig. IV.4. Model fit to data for forward titration of 
brucite. 
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APPENDIX V 

SCHEMATICS OF EXPERIMENTAL SETUP 

AND COMPUTER PROGRAMS FOR EXPERIMENTAL CONTROL 

Simple electronic circuits were used to interface pH and 

autoburette equipment with the Apple 11+ computer. Figure V.I shows 

the overall schematic that enabled using one of two possible control 

schemes: a) one pH meter connected to a switching box that allowed 

sequentially determining the pH in reactors 1 and 2 at about one 

minute intervals, and b) two pH meters, one connected to each reactor. 

In the second case, the switching obx was not used and the pH of each 

was determined at six-second intervals. 

Figures V.2 and V.3 are circuit diagrams for the individual 

components. Section 3.4.1 is a functional description of the 

experimental setups. 

The Apple 11+ basic programs used for control are 1 isted in Tables 

V.1 and V.2. The first program takes data from two pH meters and 

controls two ABUll autoburettes via the computer's game-paddle 

outputs. The second program uses the switching box to take data from 

two reactors with a single pH meter; two autoburettes are controlled 

via the game-paddle outputs. Sl ight modifications were necessary to 

use the John Bell 6522 parallel interface to control the ABUII 

autoburettes or the Slo-Syn stepping motors driving the micrometer 

syringes. 
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pH Meter A 

electrodes 
AII3 12-bit 

~
t200mv 

analoQ output 

L ____ J==t--glass electrode------f---i 
reference electrode-->-------I I--_-----J 

pH Meter 8 

Ref 

Reactor I Reactor 2 

Fig. V.I. Schematic of pH measurement and autoburette control. 



input from 

pH meter 

± 200 m V 

------j 
I +Vcc 

~-_../ o-+I---i.~ 

I 
I I 
I I ------- .. 

-Vee 

DPST 
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>---r------I~ to AID converter 

Vo 

1K 
RA 2 50 K (adjustable) 

Filter. Amplifier 

Fig. V.2. Schematic of amplifier, filter; typical of two; 
power supply 12-15 V, 0.7A, Standard Power, Inc. 



Inverter 
Buffer 
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0) Relay 

R lO-EI -X2-V52 
6V DC Relay 

• 

• 
(To Autoburette) 

From 
pH Meter 

Ref -Ref 

, 2 

Transistor (to pH • lect rodes ) 

b) Switching Box 

Fig. V.3. Schematic of a) relay to toggle autoburettes, typical 
of two; and b) switching box for pH electrodes. 
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Table V.I. Basic program for two pH meters and ABUII's. 

90 HH'lH·1: :;::::::1 44 
100 F = - 16384: REM KEYBOARD S 

TROBE 
110 B = 256:BX = B * B 
120 DS = CHR$ (4) 
1 ~.-, ·=.at F'R I r···1T D·$· ~ "BLOAD (3ET5/1 
138 Y = 6.651701:X = 1933.91 
139 Yl = 6.437056:Xl = 2143.20 
150 L = 10 
170 Rl = - 16295:R2 = - 16296 
180 R3 = - 16293:R4 = 
200 E 1·$ = /I ": E2·$ = I! !I 

232 N = 5000 
2;::4 N1 = 19 
235 POKE 27,Nl + 1 
236 t···j2 == 155 

- 1.::;.294 

240 INPUT "PRINT INTERVAL 0.1 1 
10 t··1IN ";P 

241 IF P < > 0.1 AND P < > 1 AND 
P < > 10 THEN GOTO 240 

242 IF P = 0.1 THEN J = 18 
243 IF P = 10 THEN J = 15 
244 IF P = 1 THEN J = 16 
251 I t···JPUT "US I r-··jG ABU II·? "; (}$ 
252 IF LEFT$ «(l$·, 1) <: :> " .. (" THEr·~ 

GOTO 300 
253 INPUT "SET POINTS (MV) = ";C 

, Cl 
254 H-lPUT /I PF:EC 1::::1 Ol···j 0···1(.) = /I; D 
255 INPUT /I(A)CID OR (B)ASE IN A 

8 U 1 1 ** 1, ** 2 .? /I; E 1 .$ , E 2·*· 
256 I FEU:· -::: >- /I A /I At···lD E 1 .$. -::: "> 

/I 8" OF.: E2·* -::: :>" A" At"-·lD E2·$· .::: 
:> "8/1 THEN GOTO 255 

257 H1 = 100 
2.:;:·0 I HPUT ":::;ET Al fie A2 C·( .. · .. l··D"; AC 

.*. 
270 IF AC·* = "··t /I THEt"··j n·lF'UT" A 1 

, A2 "; AI, A2 
300 HOt··1E 
310 POKE - 16368,0: REM RESET 

KE···(BOAF:D ::;:;TROBE 
320 FMT = PEEK (50164): REM GET 

CL()Cf{ FC)RI·"lAT 
330 IF FMT -::: 16 THEN POKE 50164 

,Fr1T + 16 



Table V.l. (cont.) 

400 PRINT D$;"IN#3" 
410 PRINT D$;"PR#3" 
420 INPUT T*· 
430 F'R I NT D'$;" I r-··J#O " 
440 PRINT D$;"PR#O" 
445 VTAB 3: HTAB 1 
450 POf<:E 26, N2 
460 CALL 38144 

241 

480 V = (BX * PEEK (8) + B * PEEK 
.; 7) + PEE~::: (6» ./. t···J 

500 S = (V - X) / Y 
510 POKE 26,N2 
520 CALL 38216 
540 VI = (BX * PEEK (8) + B * PEEK 

(7) + PEEK (6» / N 
560 81 = (Vi - Xi) / Yi 
600 M = VAL ( MID$ (T$,J,l» 
620 130:3UB 700 
625 VTAB 5: HTAB 1 
630 IF M <: ) L THEN 130SUB 800 
640 L = t'l: I.,) = 0 
,542 
64,::, 

1.)1 = 0 
II = 11 + 1 

,548 
650 

I F I 1 <: 12 THEN 130TO 660 
IF El$ = "A" THEN 130SUB 200 

o 
IF E2$ = "A" THEN 130SUB 201 

." C"C' 
I!-_I"_I 

0 

0 

o 

IF 

IF 

El'$ = 

E2$ = 

" B" THEN GOSUB 210 

II 811 THEN GOSUB 211 

660 K = PEEK (F): REM CHECK KEY 
BOARD STROBE 

670 IF K <: = 127 THEN GOTO 400 

680 INPUT "(E) EXIT, (C) CHANGE, 

690 

692 

695 
700 
710 
712 
713 
714 

( R) RE:3TART " ; G'l$, 
IF LEFT$ 
END 
IF LEFT$ 
GOTO 300 
GOTO 200 
PRINT T$ 

( G!'$ , 1 ) 

«(J*·,I) 

')TAB 6: HTAB 12 
P R I NT " A I 1 3 I NT 
PRINT " 
PRINT " --------

715 VTAB 8: HTAB 14 
720 PRINT INT (V); 
730 PRINT" " ; 

= "E" THEN 

= " R" THEN 

" . , 
____ II 



Table V.l. (cont.) 

740 8 = ( INT (8 * 1 0 ) ) 
741 F'P I t··n :::; 
742 F'PINT" 
7 4 4 F' F: nn H.JT (I .. ) 1 ) ; 
74,:::;, F'P I NT " " . • 
74:::: 
74'7' 

::::00 
:::: 10 

'-"-It::' 1;)£..._1 

::::::::0 
::::40 
:;::41 
::::50 

Sl = ( It··.JT (:::;1 * 10» 
F'PINT :::;1 
F:ETUF:N 
F'F:INT D·$·; "F'F:#l" 
F'F: I HT T$·; 
F'F.:INT " " . . 
pF:lt··n Ir-..JT (! . .); 

PF: I t·..JT " " . , 
:3 = ( It··n (:::; * 

F' F: I NT :::;; 
1 0 ) ) 

F'F:It'.n II 

PPI HT INT 
PP I t·,jT II 

" . • 
(I .. ) 1 ::. ; 
II • 

• 

./. 10 

" . , 

/' 10 

."" 1 0 

::;:::::0 :31 =.:: It···n (:::;1 * 10»./10 
B::;:1 PPINT :::;1 

892 HC)t"'lE 
:395 PETUPt-··j 

242 

2000 IF 8 + D { C THEN GOSU8 22 
00 

2005 11 = 0 
2006 PETUPt···j 
2010 IF SI + D { [1 THEN GOSU8 

2::::00 
2015 11 = 0 
2020 F:ETUPN 
2100 IF 8 - D > (THEN G08U8 22 

00 
2105 II = 0 
2106 F.:ETUFl·j 
2110 IF 81 D > (1 THEN G08U8 

2300 
2115 II = 0 
21 20 PETUF:i···j 
2200 POf<E F:2. 1 
2210 FOP I = 1 TO H1 
2220 j.;::v·T I 
22::::0 F'Of<E F: 1 .0 
2240 PF.: nn D·$·;" F'P# 1 " 
2250 PP I t··n T$·; 

" . • 



Table V.1. (cant.) 

2270 
2271 
2272 
2275 
22::::0 
2285 

F'F:H-H IIAE:Ull #1"; 
Al = Ai + 1 

F'R I t··H " 
PRIt·..JT A1 

" . • 

F'R I t·..JT D·$·;" PR#CI " 
HOt"'lE 
RETURN 

2300 POI{E R4. 1 
2310 FOR I = 1 TO HI 
2320 NEXT I 

2340 
2350 
2360 

2:371 
'-"-,-'~r 
":'·~l L 

2:375 

2~:'710 

F'CII<E R3. 0 
P R I NT D$;" P R # 1 Ii 

P F: H-H T$·; 
PRINT II " : 
PRH-H IIAE:Ull #2": 

A2 = A2 + 1 
PR H..JT " 
PRINT A2 

il • , 

F'F~ H..JT D·$·:" PP#O " 
HOt···1E 
RETUFT·l 

243 
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Table V.2. Basic program for two reactors and ABUII's with a 
single pH meter and a switching box. 

90 HIMEM: 38144 
100 F = - 16384: REM KEYBOARD S 

TROBE 
110 
120 
137 

B = 256:BX = B * B 
D$ = CHR$ (4) 

PRINT D$;"BLOAD GET5" 
138 Y = 5.940607:X = 
139 Yl = 5.940340:Xl 
150 L = 10 

1945.98 
= 1945.84 

170 Rl = - 15872 
180 R3 = - 16295:R4 = 
190 R5 = - 16293:R6 = 
195 HI = 100 
200 El$ = " ":E2$ = 
210 R7 = 0 
232 N = 5000 
234 N1 = 19 
235 POKE 27,Nl + 1 
236 N2 = 155 

II II 

16296 
16294 

240 INPUT "PRINT INTERVAL 0.1 1 
10 MIN n;p 

241 IF P < } 0.1 AND P < > 1 AND 
P ( ) 10 THEN GOTO 240 

242 IF P = 0.1 THEN J = 18 
243 IF P = 10 THEN J = 15 
244 IF P = 1 THEN J = 16 
251 INPUT "USING ABU11? ";Q$ 
252 IF LEFT$ (Q$,I) ( > "Y" THEN 

254 
255 

256 

GOTO 300 
INPUT "SET POINTS (MV) = ";C 

,Cl 
INPUT "PRECISION (MV) = ";D 
INPUT "(A)CID OR CB)ASE IN A 

BUll #1, #2 ? ";El$,E2$ 
IF El$ ( ) "A" AND El$ ( > 

"B" OR E2$ < > "A" AND E2$ ( 
> "B" THEN GOTO 255 

260 INPUT "SET Al & A2 (Y/N)";AC 
$ 

270 IF AC$ = "Y" THEN INPUT "AI 
, A2 ";Al ,A2 

300 HOME 
310 POKE - 16368,0: REM RESET 

KEYBOARD STROBE 
320 FMT = PEEK (50164): REM GET 

CLOCK FORMAT 
330 IF FMT ( 16 THEN POKE 50164 

,FMT + 16 
390 POKE - 15870,255 
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Table V.2. (cont.) 

400 POKE Rl,R7 
405 IF R8 > 100 THEN GOSU8 1100 

410 F:8 = R8 + 1 
420 GOSU8 1200 
450 PDf<E 2.~., N2 
4.;::,0 CALL :38216 
470 IF R7 = 0 THEN GOTO 500 
480 V = (8X * PEEK (8) + 8 * PEEK 

(7) + PEEK (6» / N 
490 S = (V - X) / Y 
495 GOTO 600 
500 VI = (8X * PEEK (8) + 8 * PEEK 

(7) + PEEK (6» / N 
510 :31 = (\)1 - >(1) .. ,/ \'1 
600 M = VAL ( MID$ (T$,J,l» 
620 GOSU8 700 
625 VTA8 5: HTA8 1 
6:30 IF M < > L THEN GOSU8 800 
.540 L = t"'1 
646 II = I 1 + 1 
648 IF II < 12 THEN GOTO 660 
649 IF R7 = 0 THEN GOTO 655 
,::;:.50 IF E 1'*, = "A" THEr···j GD:::;U8 200 

o 
652 IF El$ = "8" THEN GOSU8 210 

,~,5:3 

1~155 

.:::;,57 

660 

o 
Gcno 660 
IF E2'$ = I1AII 

0 
IF E2·$· = " 8" 

0 
1-< = PED::: (F) 
80ARD :3TF~08E 

THH·j GOSUB 201 

THH·l GOSUB 21 • ! 

. F~Et"'1 CHEO< ~:::E'{ . 
670 IF K <: = 127 THEN GOTO 400 

,::;,::::0 I t"~PUT " (E) E)< IT. (C) CHAt···lGE. 
( F:) RE:::;TART " : Gf*· 

.::;,''7'0 IF LEFT*· ( C}$, 1 ) = II Ell THEr··~ 

H·lD 
,L '-"j 
_'7.l... IF LEFT$ (Gt$ • 1 ') = "R" THB..J 

GOTO ::::00 
,::,':;'5 GOTO 200 
700 F'R H..JT T*·, RE: 
710 1·.)TA8 6: HTA8 I .-, 

L 
-':' of 2 PP I t··.JT "AI 1 .-. INT t·'11 .. ) " I"~ .i .:;. 

713 PR I t··.JT !; " . • 
71 4 F' PI t··.JT " -------- " ...,. 

'" '·.)TAB 8: HTA8 1 .-' 
! '-' 

.... 
720 F'R I t··.JT It···lT .:: \) : 
7:30 F'P H-.JT " " , 



Table V.2. (cont.) 

740 
741 
742 
744 

;3 = " I r· .. JT (S *10» .. · .. ··10 
PRINT :3 
F'RINT " 
PRINT INT 
PRH·jT " 

(l.) 1 ) ; 
" . . 

" . , 

74 7 ~; 1 = 0:: un (~=; 1 * 10:;'::0 /. 1 I] 
""74':;:' PF: I I"--JT ~=; 1 
7,~,O RETURN 
::::00 PRINT D'$;" PR#l" 
:;::10 F'RH-H T$; 
:320 

::::40 
::::41 
::::50 
::::60 
f:70 

F' F.: I r..JT " " . 
~ 

PRINT INT (t.) : 

PRINT " " . , 
s = ( I NT (~; * 1 (I ) ) 

PRINT S; 
PRINT " " ; 
PRII·..JT It·-n (~.)1); 

F'R H'~T " " . , 

./ 10 

f:? 5 S 1 = ;:: I NT (:::; 1 * 1 0 » .,/ 1 0 

:::: :;:' 0 F'R n·JT D·$·;" F' R # 0 II 

:;::'"7'2 HOt"'lE 
::;: ,;. 5 F: ET U Ft··j 
~100 P:3 :: 0 

246 

~ .. of ,-, 
.l 1 .:. U I r- r-:...., r r: .... = 1 THEr··j GOTC) i 14C. 
1120 F7 :::: 1 
11:30 GOTO 1160 
1140 R7 :::: 0 
11,;::.0 RETUF.:t···J 
1200 PRINT D$;"IN#3" 
1 21 (I PF.: I t--n D·$·:" F'R#:=:" 
1 ,;:20 I NFUT T$ 
1230 PF.: H..JT D·$·;" H-.J#O II 

: 240 F'R I t···iT [:"$;" F'R#O" 
1250 VTAB 3: HTAB 
I 2,~,O RETURt···j 
2000 IF 8 + D ( C THEN G08U8 22 

00 
2005 T 1 = 0 J. 

2006 RETUFt-·j 
20 1 0 I F ::n + D -:: C 1 THEr···j GO~:;UB 

2300 
20 15 T 1 = 0 I 

2020 PETURN 
21 00 I F .- - D .=. > C THEN G08UB 22 

00 
21 05 I 1 :::: 0 
2106 RETLiRt···J 
2110 IF 81 - D J C1 THEN G08UB 

2300 



Table V.2. (cont.) 

2115 Ii = 0 
2120 FETUF<l·j 
2200 POf<E P4. 1 
2210 FOR I = 1 TO h 

2220 r···jE:/T I 
22:30 F'm<E F::::. 0 
2240 PFHn [4·;" P~~l' 
2250 PF I t··n T$·: 
2260 PF I NT iI' ~ 
2270 Pf': I NT "AEU I; ±:i: 

2271 Ai = Ai + 
2272 PFINT" 
2275 Pf': I NT Ai 
22BO PRINT D·$·;"PF#C" 
22:::;:5 Hm'lE 
2290 RETURt···~ 

2300 POI<E ~:':::" J. 
2310 FOR I = 1 TO Hi 
2320 HEXT r. 

2:3:30 
2340 
2350 
23,~,O 

P 01< E F.: ,:; , 0 
PR n·n D·$·;" F'P# l' 
PRH·lT T$·: 
PF.: I r·n " !! .. , 

2370 PFH·.jT "A8Ul1 #2';; 
2:::71 A2 = A2 + 
2372 PR I t·-.n " " • 
'-:"-:l7!:' 
",,- ... 1,' ._1 

2380 
'-'--"-Ie:' "'::'':IC,_I 

2390 

PR I t··.JT A2 
PR I t··n D·$·:" PR#O " 
Hm'lE 
RETURN 

247 



CC 

AA 

BB 

DD 
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Table V.3. Assembly listing of program to take data from 
pH meters and store average of 5000 data points 
in memory. 

LDA #0 .,::.... ... :;t,"-; 

TA"'( r-, ; 

TA>< ~ A .. ·:. , 

:::;TA 06 1-·,.···. 
.=I! H 06 

3TA r,7 
j " 

:::;TA 07 
f;TA 08 ::::;TA 0::::: 

LDA #50 LDA #C:-'J 
"_I.&.-

3TA OCODO :::::TA OCODO 
LDA OCOD1 GG LDA OCOD1 
CLC CLC 
AND #OF At···lD #OF 
ADC 07 ADC 07 
3TA 07 :::;TA 07 
BCC AA BCC EE 
INC 08 I t···lC 08 

LDA OCODO EE LDA OCODO 
CLC CLC 
ADC 06 ADC 06 
::::;TA O'~J 3TA 06 
BC:C: BB Br:r: FF 
CU::: C:LC. 
LDA 07 LDA 07 
ADC #01 ADC #0 1 
:::;TA 07 STA 07 
E:CC BB BCC FF 
It···lC 08 INC 08 

I t'-l>< FF I t···l>< 
CP>< lA CP>< lA 
BNE CC Bt···lE e'-' il'" 

I ~·r( I j' .. j\' 
CF""( 1 B C:PY' 1 B 
BEl] DD BEG! HH 
LDA #OFF LDA #OFF 
:::;TA lA 3TA lA 
LDA #0 LDA #0 
TA>< TA>< 
CLC CLC 
BI-:r: CC BCC GG 

PT::::; HH ~:T::::; 
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APPENDIX VI 

Chrysotite Asbestos in 
California Surface Waters: 
From Upstream Rivers 
Through Water Treatment 
Roger C. Bales, Dale D. Newkirk, and Steven B. Hayward 

Concentrations of chrysotile asbestos fibers in surface waters in California are estimated from 
a mass-balance model that takes into consideration natural weathering of serpentine rock in 
the Sierra Nevada and coastal mountains and removal of fibers by coagulation in reservoirs. 
Fiber concentrations range from lOS IL in waters from the western slope ofthe Sierra Nevada 
foothills in the central part ofthe state to 1012/L in rivers in the northwest part ofthe state. As 
predicted, fiber removals of from 90 to 99.8 percent were observed in reservoirs with 
detention times of from 0.5 to 3 years. Removal of submicron-sized fibers in water treatment 
plants also ranged from 90 to 99.8 percent, depending on the degree of coagulation prior to 
filtration. 

As a result of the natural weathering 
of serpentine rock, chrysotile asbestos 
fibers are found in some surface waters 
originating in the western slopes of the 
Sierra Nevada and in the coastal moun· 
tains of California. Individual fibers are 
typically 0.03-0.04 /-Lm in diameter, and 
fiber bundles are often up to 0.1 /-Lm in 
width. Fiber length depends on source; 
deposits in California yield short fibers, 
90 percent of which are from 0.1 to 3.0 
/-Lm long. This small size results in 
chrysotile fibers passing through reser· 
voirs and through water treatment 
plants that are designed for turbidity 
removal. 

This article describes the input, trans· 
port, and removal of chrysotile fibers 
delivered to Southern California through 
the State Water Project. Comparisons 
are made with other water sources. The 
input of fibers to natural waters is 
estimated from the areal distribution of 
chrysotile deposits in specific river 
basins and from the apparent physical 
weathering rate for rock in those basins. 
Fiber removal occurs by coagulation 
with larger particles during transport 
through rivers, reservoirs, and the Cali· 
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fornia Aqueduct. Further removal takes 
place in water filtration plants. Model 
predictions are compared with field data 
that had been accumulated by the Air 
and Industrial Hygiene Laboratory 
(AIHL) of the State of California De
partment of Health Services and The 
Metropolitan Water District of Southern 
California (Metropolitan). 

Background 
The term asbestos is applied to the 

fibrous forms of two chemically and 
structurally different classes of naturally 
occurring silicate minerals: amphiboles 
and serpentines. These fibrous minerals 
are important commercially because of 
their strength and resistance to fire. 
Amphiboles are less common in Cali
fornia than serpentines. Further, most 
commercial asbestos used in the United 
States originates from serpentine. 

Chrysotile is a magnesium silicate 
serpentine mineral that is structurally 
similar to the clay kaolinite. In Cali· 
fornia, the serpentine group of minerals 
(chrysotile, lizardite, and antigorite) are 
found primarily in magnesium silicate 
ultramafic rocks. Ultramafic rocks form 

elongate bodies within and adjacent to 
major fault zones of the western Sierra 
Nevada foothills; the most abundant 
component of these bodies is serpentine. I 
In the Klamath Mountains of northwest 
California, ultramafic rocks generally 
crop out as bodies that follow the contour 
of the mountain range. These rocks are 
serpentinized and in many places are 
highly sheared.~ The largest ultramafic 
body in that area is virtually continuous 
for 160 km. Occurrences in other coastal 
mountains in Northern California are 
similar. The chrysotile deposit of great
est commercial importance is in the 
coastal mountains of central California 
near Coalinga (New Idria area). Major 
ultramafic bodies in California are shown 
in Figure 1. 

Of the serpentine minerals, only chry
sotile is commonly fibrous; however, not 
all chrysotile is fibrous. Some fibrous 
material may be antigorite.3 Serpentine 
layers can intergrow closely with talc, a 
structurally similar magnesium silicate. 
Other asbestos forms are less common 
in the Sierra Nevada and the mountains 
of the Pacific coast than chrysotile, but 
they also may be found associated with 
ultramafics. For example, one sample 
from the Cascade Mountains consisted 
of four minerals-anthophyllite (an 
amphibole variety of asbestos), talc, 
chrysotile, and lizardite-in contact or 
within a few tens of angstroms of each 
other.· Brucite, a magnesium hydroxide 
mineral, may occur in fibrous form 
closely associated with chrysotile or as 
platey irregular grains. 
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The highly sheared chrysotile ore 
found in the New Idria area consists of 
friable masses of matted chrysotile sur
rounding other rock fragments,S which 
are most commonly lizardite, brucite, 
and magnetite in these alpine-type ultra
mafics.6 Most other chrysotile ores con
sist of veins within massive serpentine 
rocks. Thirty-five to 75 percent of the 
fiber in the New Idria ore is recoverable; 
in most ores containing veins of chryso
tile, recoverability is less than 10 per
cent. Chrysotile deposits in the Klamath 
Mountains commonly consist of a small 
zone of closely spaced veins up to 1 in. 
thick, with the fibers oriented perpen
dicularly to the vein walls. 7 Antigorite is 
the predominant serpentine type in other 
areas of the mountains of California, 
with little or no lizardite and chrysotile 
present. 6,8,9 However, it has recently 
been suggested that the majority of 
California's serpentine rocks are com
posed of lizardite only or of lizardite plus 
chrysotile.lO, 1\ 

Occurrences of ultramafic rock in se
lected river basins in California are 
shown in Figure 2; the quantities of 
ultramafic rock in north coast and cen
tral valley river basins are summarized 
in Table 1. 

The chrysotile content of the princi
pally serpentine, ultramafic areas in 
California varies from near 0 to 100 
percent. Ultramafic bodies vary in area 
from a few square metres to several 
square kilometres. Only the larger occur
rences are shown in Figures 1 and 2. 
Most serpentine in California does not 
contain sufficient chrysotile to warrant 
mining. Historically, most mining claims 
contained less than 5 percent recoverable 
chrysotile in the serpentine ore,12 the 
notable exception being chrysotile in the 
Coalinga area. 13 

Since all serpentine contains some 
:hrysotile, naturally occurring chryso
tile will be found in soils, streams, and 
lakes in many localities,14 

Wass-balance model 
The transport of chrysotile particles 

n natural waters can be represented by 
I mass-balance model, such as that 
iepicted in Figure 3. In any well-mixed 
tream or reservoir, the mass flux of 
ibers leaving (advection out) equals ad
'ection in, plus input by weathering, 
,Ius deposition of airborne particles, 
~ss coagulation and sedimentation, plus 
esuspension, 
In an upstream river, advection in and 

esuspension are zero at first approxi
lation. Deposition of airborne particles 
lay be important in certain cases, such 
s in areas with large deposits of ex
osed, sheared chrysotile. High rates of 
sbestos deposition, on the order of 1 
Ig/m2/d, would be required to influence 
le total fiber flux, even in downstream 
1annels such as the California Aque-

AY 1984 

250 

N , 

1 
50 100 150 200 250 
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Figure 1. Areas of ultramafic rock relative to major rivers in California 

duct. Deposition also depends on short
term climatic variations and is neglected 
in the long-term averages estimated in 
the present model. The observed chryso
tile flux should thus equal the input by 
weathering less removal by coagulation 
and sedimentation, Fiber concentration 
is assumed to equal fiber flux divided by 
the flux of the water. Owing to the short 
travel times (order of days), coagulation 
in upstream rivers is small and, there
fore, neglected, In a slowly flowing river 
or an aqueduct below upstream storage 
reservoirs, resuspension will also con
tribute to the fiber concentration, The 
amount of resuspension depends on flow 
velocity, For long-term estimates, it is 
assumed that res us pension is due to 
relatively constant scouring of sediment 
deposited by high flows, The change in 
fiber concentration during water treat
ment is due to coagulation with larger 
suspended flocs and deposition onto sand 
grains during filtration. 

Methods of calculation 
Input by weathering. Suspended sedi

ment is introduced into a river both by 
weathering of soils in the tributary 
basin during rainfall and subsequent 

runoff and by erosion of the river bank, 
For long-term estimates of serpentine 
weathering, it is assumed that only the 
former process is important. Insufficient 
data are available to allow calculation of 
seasonal or even annual variations. The 
equation used to estimate the long-term 
average input by weathering of chryso
tile to a river is: 

WRxAxFx Y 
III = H'D 

(1) 

where n] = fiber concentration in num
ber/L, WR = weathering rate in 
tons/kmz/year, A = area of ultramafic 
rock in kmz, F= fraction of chrysotile in 
serpentine, Y=fiberyield in number/ton, 
and WD = water discharge in Llyear. 
The parameters in this model are esti
mated from field data for drainage basins 
in California, 

Coagulation and sedimentation. Particles 
with settling velocities greater than the 
hydraulic loading of a reservoir should 
settle out and be retained in the reservoir 
sediment, Submicron-sized particles, 
which have a much lower settling velo
city, should pass through a reservoir 
without settling, unless they coagulate 
with larger particles and then settle out. 
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It IS assumed that chrysotlle fibers are 
characteristically 0.5 "m long; fibers 
observed in natural waters in California 
are typically 0.05-0.10 "m in width and 
0.5-1.0 "m in length (Figure -4). The 
settling velocity for random orientation, 
calculated using Stokes law for a fiber of 
0.5-"m length suspended in water at 
20°C, is on the order of 10-l m/year. 

In reservOIrs with detention times of 
approximately one year, mineral parti
cles larger than about 2-5 "m in size 
should be removed to a large extent. 
Analyses of two sets of four samples 
taken from the Feather River in :vIay 
and August 1983 showed that particles 
in the 2- to -t-"m range are more abun
dant than larger particles I Figure 5). 
With about 5 percent of the particles 
bemg larger than 10 "m. The total 
number of particles in the 2- to 100-"m 
range was on the order of 10' L. [n the 
size range below 2 "m. only asbestos 
fibers were counted (by electron micros· 
copy). For these model calculations It is 
assumed that fibers are removed by 
coagulation with a constant number of 
larger spherical particles. This assump
tion implies that although larger parti
cles are removed bv sedimentatIOn and 
coagulation. the nu-mber and size distri
bution of these particles are at steady 
state. The rapid (relative to reservOIr 
detention tlmeSI achievement of steady 
state for coagulating particles In the 2· 
to 100-"m range can be seen from the 
expenments of Hunt" and the recent 
calculations of Valioulis.:· For model 
calculations. the concentration of 2- to 
100-"m particles IS assumed to be 10'L. 
with the size distribution that is shown 
on Figure 5 and a density of 2.6 gicmJ. 
corresponding to a high minerai fraction 
in the suspended matter. On a mass 
basis this IS approximately 1-2 mglL. 

The rate I L . Sl-: at which chrvsotile 
particles aggregate with larger pa-rtlcles 
can be expressed as: 

(2) 

where a is the coagulation efficiency 
Ithe fraction of colliSions that result in 
aggregation I and k, IS the coagulation 
rate constant I Lsi. The number of fibers 
per litre is nl. and the number of larger 
particles of size I per litre is n,. The rate 
constants t1lustrated In Figure 6. to
gether With the size distribution data of 
Figure 5. show that colliSions between 
0.5-"m particles and larger particles 
should occur pnmanly by sedimentation 
of the larger particles rather than by 
flUid shear or BrOWnian diffUSion. In 
this case the rate coeffiCient IS gJven by' 

where Pp and p are the densities Ig'cm-I 
of the pdr:id;s and the water. respec· 
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tlvely: " is viscosity 10.010 g/cm/s for 
water at 20°C); and d , and d, are fiber 
length (cm I and larger· particle diameter 
(cm). respectively. Fiber length rather 
than fiber diameter IS used for coagula
tion if rotational diffusion IS faster than 
transitIOnal diffUSion. If this IS not the 
case. some smaller length or distribution 
of lengths should be used. For the present 
calculations. the highest rates occur for 
d,» d" where k, in Eq 31s insensitive to 
Ii ber length. 

For d, »d,. substitutIOn of Eq 3 Into 
Eq 2 and integration Yield: 

[ 
--f('''> - '" ] 

": II:'=CX.P ---.-(}{~I,d,'· 
;"2 • 10',... I 

,-II 

where liS time In seconds. For completely 
destabilized particles la ; 1.01. essentially 
complete removal is expected over a one· 
year detentIOn time. However. for like
charged particles that repel each other 

on approach. a may be substantially 
lower. For a ; 0.001. a removal of 90 
percent IS expected In one year; for a S 
10-'. fiber removal IS inSignificant. In 
laboratory coagulation expenments. " 
"alues up to 0.5 have been reported:" 
however. values of 0.01-0.1 are more 
common.'-" :vIany of these reports are 
for seawater and estuarine waters. which 
have a much higher iOniC strength than 
the waters being conSidered here I sO. i 
versus SO.OII. suggesting that a lower a 
\'alue may be appropnate. 

:-';0 measurements of coagulatIOn effi· 
Clencv for fibers In natural waters are 
available. [n natural waters. suspended 
particles adsorb dissolved organics and 
thus acqUire surfaces of like charge. 
Limited electrophoretiC mobility mea
surements of chrysotlle fibers suspended 
in Feather River water suggest that the 
magnitude of the suriace charge is rela
tively low,. mobility -I to -2 ["m/s]/ 
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TABLE 1 
CharacteTlstlcs oj selected ril'fT basins 

~orth Coast 
TnnHY River 
Trlnn .... River 
Klama'rh RI .... er 
\1ad River 
Eel River 
Eel River 
Russian River 

River 

~orthern and western Sacramento Valle\' 
Sacramento RI .. er . 
Sacramen[Q, :-.1cCloud. and Pit nvers 
Clear Creek 
Co([onwood Creek 
'Stonv Creek 
Cach'e Creek 
Cache Creek 
Putah Creek 

Eastern Sacramenw Vallev 
Feather River . 
.\;orth Yuba River 
Yuba Rilier 
Bear RI .... er 
American River 

Eastern San Joaquin Valley 
Cosumnes River 
~1okelumne River 
Calaveras River 
Stanislaus River 
Stanislaus River 
Tuolumne River 
Tuolumne River 
~1erced RI"er 
San Joaquin RI .... er 
Kings River 
Kaweah River 
Kern River 

Location 

CI.Ir Engle Lake 
A, Hoopa 
A,Orleans§ 

I At Arcata 
, Lake Plllsburv 
, A.I Scolla 
At Guerne\ II Ie 

.\00'" e Lake Shasta 
Lake Shasta 
Whlskevtl) ..... n Reser ..... olr 

I At Co(tonwood 
Black But(e Reservoir 

, Clear Lake 
'.-\( Rumsev 
Lake Berr):essa 

Lake Oro ..... llIe 
~ew Bullards Reser. olr 
At :v1arvs ..... lIle 
;..ie ..... Clmo Far West ResenOlr 
Folsom Reservoir 

.\' ~lcConnell 
Pardee Resen OIr 
Sew Hogan Reser ..... olr 

, Sew ~1elones Reservoir 
, Tulloch Lake 
Hereh Hetch ... Re~er\olr 
Don Pedro R~servOlr 
Lake ~1cClure 

, ~lIlIerron Re~er\"olr 
Pine Flat ReservOir 

: Kaweah Reservoir 
, Lake Isabella 

Drainage 
Area-t 

.,"2 

I ~90 
~ 390 

11950 
11tiO 
~50 

,; 1Jt;i) 
J .~O 

I 100 
16630 

.,)20 
2.00 
1910 
I 3~Q 
250U 
1.90 

93.0 
I :!~O 
3.70 

730 
.. ~20 

I &lO 
13uO 

9 .. 0 
:! .30 
2540 
I IIlO 
3970 
2690 
.250 
.000 
1450 
3 J80 

'Source: L'SGS Water·Da,a Repts. CA·ol·2. CA·ol·J. CA·III·4. discharge mcludes dl'ers10n, 
-:!.6 km': 1.0 sq ml. 1.23 km J : 10 acre·t, 
:Source' Caltt. D" :-Ames Geol., Geol ~Iaps oi Caitf.. scale 1250 000 
§lneludes Klamath. Salmon. Scott. and Shasta nvers 
·-Ineludes diverSIOn from TrinHY River 

I .)2 
~ r;; 
~ 19 
I Jl 
I).tl'! 
Ii .9 
1..UI 

103 
- 3:-
I) .1 
1)7':1 
I) 5:> 
OJ I 
1)00 
IUri 

322 
I .,-

119 
1).1 
J J .. 

1)-,:-

1l9Y 
I) 19 
I I~ 
I I~ 
1).,,9 
I 72 
I 19 
:!.II 
2.01 
I) S; 
I) ,,2 

[V:cm)) in the pH range 7.5-8.0, Stumm" 
has suggested that a ,'alues on the order 
of 10-'-10-" may apply to rivers and of 
10-"-10-3 may apply to lakes, In the 
following analysis. It is assumed that a 
= 0.001 and that coagulation of fibers 
With larger particles occurs at the rate 
predicted by Eq 4. 

ResullMnsion. During periods of heavy 
runoff, water from Arroyo Pasajero, near 
Coalinga. enters the California Aqueduct. 
Large quantities of asbestos-containing 
sediments are Introduced into the aque
duct during these times,,3 The sediments 
are deposited and remain on the bed of 
the aqueduct until scoured and resus· 
pended by passing water. 

In principle. given the channel charac
teristics Idimensions. material. slope. 
roughness), the nature of the bed mate
rial (size, weight), and the flow rate. the 
extent of scouring and res us pension can 
be predicted. However, because of the 

uncertainty and variability of these fac· 
tors, no predictions are made as part of 
this model, Rather, attention IS drawn to 
the fact that the relatively abundant 
field data indicate an increase in ehrvso· 
tile concentration of from two- to ten'fold 
for flows passing through the aqueduct. 
For example, the more than 160 samples 
collected by the California Department 
of Water Resources IDWRl. DIVISion of 
Operation and ~aintenance, as part of 
ItS sediment-removal project IAugust 
1980-0ctober 1982) show chrvsot!le as
bestos levels in the aqueduct above Coa
linga to be on the order of 5:< l()<i fibers. L 
and levels in the aqueduct below Coalin
ga on the order of 2 x 10' fi bers,' L" The 
concentratIOn depends on the flow rate 
(scouring velocity) 10 the aqueduct. The 
geometric mean of 12 different samples 
removed uuly 1981-June 1982) from the 
Delta and Tracy pumplOg plants at the 
head ends of the California .-\queduct 
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and the Delta-;-!endota Canal, respec· 
tlvelv. and analvzed bv .-\IHL IS 1.8 ' 10' 
fiber's, L.;' HO\~'ever, - se\'eral samples 
taken upstream and downstream of 
Coalinga 10 the same month show 
statistically slgntficant Increases. Based 
on these observations, an IOcrease bv a 
factor of four 's assumed 10 the model, 

Water treatment. Particle remo\'al duro 
109 water filtration IS estimated by uSing 
the spherlcal·collector model of O';-!el· 
ia. 26 r In thiS model, removal in a packed 
bed IS related to t he effiCiency of a Single 
spherical collector: 

where L IS bed depth Icml, d, IS grain 
,collector' diameter 'em}, and f IS bed 
porosltv: n and a are as noted preVlous
Iv: and ry IS contact efficlencv IdlmensIOn
less}, gIven for Browntan- dliiusIOn In 
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terms of the Peclet number. [ntegratlOg 
Eq 5 yields: 

n,. n I') • e<p [- ~, H10ry d
L 

] - . 
16) 

where '7 can be calculated from the 
hvdraulic charactenstlcs of the bed: 
h;wever. experimental results by Yao" 
suggest that a valueon theorderof2.6 x 
10- 1 is applicable for submicron-slzed 
partlcles. It is assumed that -for water 
filtratIOn a = 1: i.e .. particles are fully 
destabilized by additIon of chemicals. 
Filters at y!etropolitan contain SO cm of 
anthracite Id, = 1.0 mm) underlain by 20 
cm of sand Id, = 0.5 mm). LSlng these 
values and/= 0.40. n,/n,o is predicted to 
be 0.1. Coagulatlon of fibers Into partlcles 
larger than I "m in size will improve the 
efficiency of fiber capture 10 a packed 
bed. For example. Yao" observed '7 = 
0.01 for i.6-",m latex spheres. ApplYlOg 
this v'alue of '7 to Eq 6 for the conditions 
stated above. n,ln,o would be 3 x 10-'. 
Significant coagulatIOn preceding filtra· 
tIon would be required to incorporate all 
fibers into coagulant particles on the 
order of 7- 10 I'm in size. [n addition. 
single fibers have been observed In 
fimshed waters from filtration plants. 
Because of the relatively low coagulant 
dosages applied 13-7 mg alum: Li and 
short coagulation times 120 min I. It IS 
assumed that fiber removal IS bv a 
combination of individual-fiber depOsl' 
tlOn onto sand grains and capture by 
larger flocs: the removal efficiency IS 
expected to be within the predicted range 
of 80-99.97 percent. The larger v'alues 
correspond to greater coagulation before 
or dunng filtration. 

Results 
Weatherinl. Table 2 summarizes 

weathering rates for selected river baslOs 
in :-Jorthern California. These estimates 
were determined from sediment gauglOg 
stations on nvers. as sedimentation rates 
I n reservoirs have not been measured. 
Based on these data. values of 0.1::0.05 
mm/vear (265 metric tons/ km'/vear 
and '0.5::0.2 mm/vear 11320 metric 
tons/km"vearl are ~sed for the central· 
valley river basins and the north·coast 
river baslOs. respectively. 

[t IS assumed that the relative areas of 
ultramafic rock 10 different river baslOs 
are accurately reflected by these values 
and that the actual area is wlthlO 20 
percent of that shown 10 Table 1. The 
areas were reproduCi billty-measured 
from 1 :250 OOO-scale maps: uncertainty 
varies and is 10 general not known. [n 
additIOn. It is assumed that ultramafic 
rock IS 100 percent serpentine and that 
serpentlOe 10 the areas covered bv thiS 
analYSIS is S::3 percent chrysotile.· 

The estimated long-term IOPUt by 
weatherlOg of chrysotile to selected riV
ers. uSing Eq 1. IS noted in Table 3. 
ConcentratIOns are based on 10" fi-
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TABLE 2 
Weathering rates for selected rlUer basins 

Weathering. 
Area- I Discharae- Rate Penod 01 

River Location ,,"2 JrmJ/.vrar mm/yM' Record 

:';orth Coast 
Trinity RIver Clair Engle Lake 1790 152 ,) 138' 
~ad River At ~rcata 1260 I 32 1)605: 1957-~4 
Rfdw()od Creek At Onck 720 11)0 I) 39<j i97;-dl 
Eel Rl\er At Scoria ;1)60 .; 49 069" 195';-';7 
Eel RI .... er At 5cotla 8060 .; ~9 I) 37~ 1975-80 
Dry CreeK 

C~n'tra! Valle\ 
At RUSSian River ~20 I) 28 !) 2Q1j 19;5-81 

Sacramento RIver Lake Shasta 16';30 ~ 37 ,) 119' 
Cuttonwood Creek At Cottonwood .! ~OO () 75 (jllti n 19:30-,.,7 
Stonv Creek Black Butte ReserVOIr 1911) I) 55 I} lOOn 1957-~2 
Feather RI\'er i Lake Oroville -,; 10 ") 16 I) 052:: 1 1902-';2 
American RIver Folsom Lake j 820 J 34 '111'1' 
(osumnes RI\.t'r At .\1cConnell 1880 1)4-6 I) u28§§ 1900-tlri 

·Source L'SGS Water· Data Rep<s C\ 01-2. (..1·81·3 (A·dl ~ 
~Re~er\"olr deSIgn \alue. :source L'S Bureau 01 ReclamatIOn. Demer. (.)io penod ,)! record not gl\en 
:L'SGS Water· Resources InvestIgation 26·75 
~l'SGS Water· Data Rep" (..1·75·2 through CA·ol-2 
·'L·SGS WaterSupplv Paper !9oti, 1971, 
'·L·SGS Water~upplv Paper 1798-) .19;2, 
::l'SGS Water Resources in\t'stlgatlon 78·20 
3gl'SGS \"'ater Resources Imt'~!1gauon .:;0·';-4 

Filur. 3. :v!ass-balance model shOWing transport of chrysotlle particles In natural 
waters 

bers/mg I.average fiber size 0.05-0. I-I'm 
diameter. O.S-l.O-",m length. and specific 
gravity of 2.6) and the flow volumes 
gwen In Table 1. 

CoalulatiOfl. Coagulation removal is 
estimated by using Eq 4 and the deten
tIOn times (Table 1) for upstream reser· 
voirs. Short-Circuiting of flow IOtO and 
out of a reservOir results In less than the 
estimated removal. Coagulation may also 
be less If particles are not as fully 
destabilized as assumed la < O.OOIL 

The resulting fiber concentrations are 
also shown 10 Table 3. Forthe uncertain
ties noted above. the IOput of fibers by 
weathering should be within a factor of 
five at the values stated. Results from 
the AIHL monitoring program for surface 
waters for which fiber concentrations 
could be predicted are summarized In 
Table 3. 2; Overall. estimates are at least 
10 times higher than observations. 
Higher predicted values suggest that 
weathering estimates are too high. coag
ulatIOn estimates are too low. or both. 

The only reservoir for which compar
able upstream and downstream values 
are available is Lake Oroville. Two sets 
of four grab samples-three above the 
reservoir and one below-showed little 
difference between upstream and down· 
stream fiber concentrations. The first 
set was taken dunng spnng runoff 10 

early \!ay 1983 and the second 10 August 
1983_ Total particles 10 the 2-100-",m 
range were also similar. ThiS suggests 
that removal of fibers by coagulation 10 

upstream reservoirs is small. 
Fiber concentrations In water deliv· 

ered through the Callforma :1.queduct to 
y!etropolltan are reduced three to four 
orders of magnitude by coagulation 10 

source-water reservoirs. by filtration. 
and. in some cases. bv d(lutlon with 
Colorado River water 1 Figure 7). Further 
dilution. with local groundwater. occurs 
In distributIOn pipelines and reservOIrs_ 

Observed removals 10 reservoirs. 
shown 10 Table 4 and Figure 8. agree 
well with the predicted expenmental 

)OlR:--iAL .-\ V.-W A 



• Or 

" 
a . , 

" r 

~ 'J6,. 

,. r 

Fieun 4. Distribution by size of 
chrysotile fibers in natural waters 
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Flcun S. DistributIOn by sIze of par· 
tlcles in the 2-40'l'm range (particle· 
size instrument with multichannel 
capability was usedforanalysis; points 
are average counts of 8 samples from 
the Feather Riverand IS samplesfrom 
Lake Perris) 

Fieure 7. Concentrations of asbestos fibers in source·water reservOIrs and 
filtration plants of The Metropolitan Water District of Southern California (fiber 
concentrations given in 10· fibers! L) 

relationship (Eq 4). A coagulation effi· 
clency (0) of 0.001 charactenzes these 
observations for the coagulation rate 
constants of Figure 6 and the particle· 
size distribution of Figure 5. One possible 
explanation for the deviation between 
observed and predicted removal is that 
the number of larger particles available 
to coagulate with fibers changes sea· 
sonally owing to runoff and decreases 
with time owing to sedimentation. 
However, both the total number (10'/ll 
and the size distrIbution (log· normal) of 
2-100'l'm particles in Lake Perris In' 
fluent and effluent remain fairlv con· 
stant throughout the year (Figure 5). 
Vanations of fiber concentrations and 
total 2-100'l'm-parricle concentratIons 
with depth in Lake Silverwood were 
noted preVIOusly." These limited obser· 
vatlons do not prOVIde a sufficient baSIS 
for suggesting a depth·dependent coagu· 
lation model. Dissolution is another fac· 
tor that mav cause some reductIon in 
fiber concen'tratlOns in reservoirs with 

I,IAYl984 

detention times of several years. ~ea· 
sured dissolution rates indicate that it 
takes 5-10 years to completely dissolve 
fibers suspended in water at pH 8,19 
Therefore, size reduction of most fibers 
and dissolution of on Iv the small fiber 
fragments are expectt!d In the waters 
studied In this research, 

Fiber concentrations In waters enter· 
Ing and leaVing the reservOIrs' follow a 
log· normal distributIOn \ Figure 91 Geo· 
metric means are shown In Figure 7 and 
in Table 5 when suffiCIent data eXIst. In 
other cases, the median is used. For 
Lake PerrIs, the median and geometric 
mean differ by about 7 and 32 percent for 
effluent and influent. respectl\'ely, 

Treatment plant. Fi ber removal I n water 
treatment plants. determined from the 
ratio of influent to effluent concentra· 
tlOns. ranged from near Q to more than 
99.9 perCe-!1t \ Figure 101. Three plants 
showed mean removals of approXImately 
99 percent: one had nearly 99,9 percent 
removal (Table 5). ~lodel predictions 

1 
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Plrl.C:. 0 ......... < - .. ", 

Ficun 6. Rate constants for coagula· 
tion of chrysotile fibers ,O.OS·l'm 
diameter, 0.5·l'm length) with larger 
sphencal particles In water wIth low 
fluid shear and high density Ik, in 
cmJIs; water temperature = 2OOC: G = 
I S·I; Pp = 2. 6 glcmJ; calculated after 
Hunt'S and O'Melia26) 
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Ficur ••• PredIcted and actual fiber 
removal In reservoirs Idata points 
from Table 4) 

suggest that removals :::99.9 percent can 
only be achieved as a result of Significant 
coagulatIon of fibers with larger floc 
either before or dUrIng filtration. The 
lower removals may correspond to less 
effective coagulation. Over the two·year 
perIod of the study, the plants were 
operated for optimum turbidity removal. 
With an objectIve of 0.1 ntu for the 
finished water. Limited sampling prIor 
to thiS perIod Indicated that better fiber 
removal was often. but not always, asso· 
clated wl[h the optimized conditions." 

Conclusions 
Weatherine. Input of chrysotile fibers 

by weathenng results In concentratIOns 
of from 10 'u to 10" fibers, L In upstream 
rivers and reservoirs I Table til. Coagula· 
tlOn In upstream reservoirs should reo 
duce that fiber concentration bv one to 
three orders of magnitude, depe~dlng on 
detention time. Fiber levels observed In 

the Feather, AmerIcan. and nearby rIvers 
are from 30 to 100 times lower than 
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TABLE 3 
Estimated and obsert'ed chrysotile jiber concentratIOns for selected TIl'" basins 

River 

\orrh C\>a~[ 
Tnnl!" Rll.er 
Klamath River 
Eel RI\er 
RUSSian RL\ef 

\'orthern and western 
Sacramento Valle .. 
Sacramento RL\ e'r 
:-;coo'.' Creek 
C Jche Creek 
Putah (reek 

Eastern 'Sacramenw
San Joaquin Valley 
F~a[her River 
\orth Yuba River 
Bear RJ'~·er 

American River 
~okelumne River 

Location 

Clair Engle Lake 
:\t Orleans 
Lake Pdlsburv 
,-\{ GuernY'>llfe 

Lake Shasta 
Black Butte Reservoir 
Ct:'ar Lake 
Lake Berryessa 

Lake Oro\,'1I1e 
~~W Bullards ReserVOir 
~~W Camp Far 
West ReservOir 

Folsom Reser-lolr 
Pardee ReserVOir 

Estimated Input I I Observed 
___ b::.;Y,--W_e::.;a::.;t:.:.h:..:e.:.n:..:·n":"O-__ REes,!!:~tle:V Estimated Concentration 
mrtr;~ , Coagulation Concentrallon ___ -:fc.i_IH_TS

_._L ____ Sumber of 
IOHs<y,ar:m_/ L '/ilHrs / L {Nrcrut /ibrr" L 'tedian Ran"e Obsen:alions 

44 900 295 .29 0( 10 Io! 

72 ~OO : 10.1 1.0 x 10" : 
990 2 1 2 I .: 1O 11 i 

';900 3.4 3.~ < 10 II : 

2~ 000 32 J2 . lOll 

2000 J ~ J ~ • 10:1 , 
360 !:! 12 '" 10 II 

~ 100 90 90 • 10 II . 

J 700 071 7' I ~ 10;0, 

500 090 '4.0 • 10 10 

290 O.il '7 I "( 1010 
! 
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·Vanous samples taken near l"konom ranger ::Haoon. :\prd 19~2 
"'Water treatment plant ra ..... water. Apnl 19~2 
:8elow Lake Oro\"llle. 'September 1982. ;"'la~ 1983. and .-\ugU::H 1983 
~At ;"'1 a r .... 5 .... 11 Ie. September 19~2 
"A, H,ghway 70. April 1982 

1 nVanous ..,amples taken below Fobum Rese('.·olr. December 1980-Januar .... 19t12 
:::.\lokelurnne Aqueduct. ~larch 1982: fiber removal may ,xcur between rese('.Qlr and sampling point 

TABLE -l 
Fiber rernUl'a/11l dou·nslream suurfc·u:utt'r feit'TI'UlfS 

Concentralion of Fiberllii- Remo\·al ot Fiberllii.t 

Volume Detention Time' 
lOti /ilHrs. L 

Sumber of 
,,,rrr,,t 

Reservoir 11m') : .. ·rar Influent Effluent Obser\ a(ions+ Obsen·ed Predicted~ 

Lake Pvramld-La5taH':·· o.oJ JO 9dO L~ 
·500-19001 iI) 19-~:;1 

Lake Silver ....... ood 00% 01 980 720 
(500-\9001 '"210-17'001 

Lake Pern~ !) i3 1.3 720 26 
<210-17001 .J .!-L")t)J 

Lake SkInner I) 055 0.5 26 I 1 'T 

,J 2-150) .: I 5-JO, 

-l'pper \alut' 15 geumet!"lC :TleJn: range IS In parentheses 
"Influent. diluen{ lor Lake Perri"; and Lake SkInner. Influent and effluent were ..,amplt'd on ... arne da~ 
:Based on geomt'rru.: meln vi Influent and dfluen[ 
~Frc)rn Eq • 
"·CIJnsldered J~ J ..,Ingle unit Ikt'au:>t' \Ioater I", penodH,:all ... pu;nped from (a~(al( ~!) P~1""Jmld 
n·Caiculated \ Jiuc:-.... ..:urrt"l"tt:'d !IJr dilution v..lth l()iuradu RIver water 

predicted. This difference could be due 
to either lower·than·predicted Inputs or 
greater·t han ·predlcted coagu latlon. Sin· 
gle samples taken In these r1\ers. above 
the reservoirs. showed concentrations 
approximately 100 times lower than 
predIcted. suggesting that weathering 
estimates are too hIgh. The weathering 
model may thus prOVide only a relative 
estimate of concentrations In these riV
ers. InsuffiCient data are available to 
draw conclUSIOns about predictIOns In 
other areas. Some of this difference 
could be due to uncertalntv In the fiber 
counts. The preCiSIOn of analysis IS 
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35-65 percent:'" accuracy IS thought to 
be WIthin an order of magnitude for the 
lower counts In natural waters. 

The predICtion of Input of fibers by 
weathering could be Improved bv focus
Ing on the field monitoring of upstream 
rivers at a few representative locations. 
IntenSive sampling of thIS sort would 
all<)w the use of the relative model estl' 
mates to establish order·of·magnltude 
concentrations for other surface waters. 
These order·of· magn It ude es t1mates 
would prOVide a level of certainty com
mensurate with a more extensive but 
less frequent field-monitOring program. 

it") ~~ ~9 

:4 !."; .!:! 

I ~ l.~ "" ~"7 7 

,., I" '" 7'"2 

Coalulation. Improvements In the 
coagulation portion of the modd for 
upstream waters are pOSSible In three 
areas. F,rst. coagulation of all particle 
sizes could be conSIdered. rather than 
assuming that larger partIcles are In 
steadv state. Second. measurement of e> 

value~ for subm,cron,slzed particles In 

well·charaC(erlzed svstems IS needed to 
reInforce the value 'observed here Ie> = 
1).1)01,. Third. field sampling and labora· 
torv analvses to determine the Identltv. 
Size. and surface properties of suspended 
particles would Improve knowledge of 
actual reserVOir conditions. As more 

jOL'R:-IAL AWWA 
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TABLE 5 
Fiber removal in lL'ater treatment plants 

Concentration of Fibers'_I06 lilHn/ L Removal of Fiber. 
l"r~'t.1 Facility Influent Effluent 

Jensen 2.2 $006t 
,0 19-~51 1'£0057 .. 56. 

Weymouth 510 3.4 
,27-13001 ,0.37 -311 

990 

Diemer 350 ~ I 99.2 
0150-13001 ,0 1~-2001 

\1i1ls 590 13 
'230-19001 ,0 11-58, 

Skinner 13 $016' 
1"0.1I-81l1 1,£1] 071-2.3\ 

-l'pper ,"alue IS geometnc me3n. or median where noted. or 1 ~ or 1.1 obser .... anons. range 15 In 
parenthe5.es 
T:\1edlan lies at or below thLs detection limn 
:Medlan at or above this \ alue. some effluenr samples were belo\,\,; detectlon limn 

TABLE 6 
Predicted and r)bserl'ed tiber (onantralwns 

Sarnplin~ Location 

:\orrh·coast rIvers 
\I)rthern and western Sacramento Val!t"~ n\"ers 
Eastern Sacramento Valle ... flVer" 
Ea50tern San JoaqUin Vai!ey (nt'r" 
Delta pumping plant'" 
lallfornla .-\queduc! 
\1etropohtan "'Qurct;" water 
\tt'{ropontan \\ater \rearment plants 

Concentration of Fibers in \\"ater Lea\"inJj( 
Sampling Location' 

Predicted 

10'-10' , 
10'-1-10: 1 

1 !)'-I- 1 0 III 
I)-In'" 

11) 1_\0. 01 

IO'~- 11} :11 

11)"_10" 
10·_11)-

lilH,.. L 

il)" 
10 ,Il 

10'-10' 
10-

10"_104 

10
4 

10"_10 4 

10 ·'-10-' 

-The range ot \alue5 reported reflects both \"anabdltv ~twet'n different location.., and tlme"i 
and uncertainty In the preCISion and accurac~ of fiber anal..-"e.., 

.')' ~ 

~ . 

Figure 9. Distribution of observed 
fi ber concentrations in Lake Perns 

research is carried out. It IS possible that 
chrvsotlle could be used as an indicator 
of the behaVIOr of other mineral particles. 

Fi ber concentrat ions Increase approx
imately fourfold as water passes through 
the California Aqueduct. However, most 
fibers are later removed by coagulation 
with larger particles and subsequent 
sedimentation In downstream source
water reservoirs. Residence times of 
about one year result In an almost 10-
fold reductIOn In fiber concentration: 
longer reSidence times, about three 
vears, result m a lOOO-fold reduction 
, Treatment plant. Water treatment 

I,IAY 1984 

Filur. 10, Distribution of observed 
fiber removal In water treatment 
planes 

plants that are deSigned for turbidity 
removal conslstentlv achieved about 99 
percent fiber removal by a combination 
of coagulation and filtratIOn. Higher 
removals, 299.9 perent, were observed 
in only a few cases, which represent 
enhanced coagulatIOn before or dUring 
filtration. The filtration model was used 
only to estimate the range of removals 
poSSible, as it fads to capture the phYSI
cal nucleation and coagulation processes 
that accompany depOSitIOn of particles 
onto sand grams. However. It does illus
trate the importance of coagulation In 
removing submlcron-slzed asbestos fib-

ers during filtration, To design operating 
conditions for the removal of 5ubmlcron
sized chrysotile fibers during filtration, 
three levels of investigation are need
ed-laboratory-scale, pilot-scale, and 
full-scale, Questions such as the effi
ciency and means of fiber capture in 
coagulant floc and the deposition of 
fibers on filter media for variOUS chemI
cal and phYSIcal conditions could be ad· 
dressed by a program of research Inte' 
grated with field· testIng and mOnttOrIng. 
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APPENDIX VII 

PILOT FILTRATION STUDIES 

Consistent removal of chrysotile asbestos fibers in water 

fil tration to levels near detection 1 imits (typically 105_10
6 

fibers/L) will require a higher effie iency of removal than is 

routinely achieved at water' treatment pl ants of the Metropol itan Water 

District of Southern Cal Hornia (Metropol itan). At Metropol itan's 

pl ants, 99 percent or better fiber removal occurs 50 percent of the 

time and 99.9 percent removal occurs about 10 percent of the time 

(Bales et al., 1984). 

Model s of particl e removal in water fil tration pred ict that even 

fully destabil ized submicron-sized particles have a very low capture 

effie iency in sand fil ters -- 1 ess than 50 percent removal is 

expected. Coagulation of fibers into large, loose flocs of 20 ).lmor 

larger in size or dense floes of 5).lm or larger in size is needed to 

achieve significant (>99 percent) fiber removal (see Chapter 2). 

Important variables that affect the degree to which fibers are 

incorporated into larger floes include coagulant chemical choice, 

efficiency of chemical mixing, chemical dose, detention time in the 

coagul ation tank, pH of the water. anount of natural organ ic matter 

present in the water, and number of other particles (non-fibers) 

initially present in the water. 

The purpose of the work described below is to determine the 

importance of order-of-magn itude changes in two of these v ar i abl es -
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coagul ant dose and coagul ation time. The removal achieved with two 

different filters -- deep sand and mixed anthracite-sand media -- is 

also investigated. These prel iminary experiments will ~so be used to 

establ ish a protocol for any more extensive water-filtration studies 

for asbestos removal that Metropol itan may undertake in the future. 

Background 

It has been demonstrated in both pilot and full-scale plants 

that fiber removal exceed ing 99 percent can be achieved by coagul ation 

and filtration (Logsdon et al., 1981; McGuire et al., 1983). Even 

under constant operating conditions and for the same influent water, 

however, s ing1 e observ at ions of removal in a plant vary from 1 ess than 

90 percent to greater than 99.9 percent (Logsdon et al., 1983; Bales 

et al., 1984). It has not been demonstrated that either consistent 

removal of 99.9 percent or more of fibers present or consistent 

achievement of fiber concentrations in treated-water near the 

detection limit (approximately 105/L) can be accompl ished with 

coagul ation 1 ike that used by Metropol it an • 

In a series of over 200 granular-media pilot filtration runs at 

Duluth, Minnesota, the concentration of amphibole asbestos fibers in 

the finished water was reported to be below the treatment goal of 4 x 

i04 fibers/L in 52 of the 57 sampl es analyzed (Bl ack& Veach, 1975). 

In only 8 of the 57 samples was chrysotile fiber concentration below 

the 4 x 104/L goal. Influent fiber concentration averaged 0.6 x 106/L 

for amphibole and 0.3 x 106/L for chrysotile. Observed removals 

ranged from 20 to over 99 percent, and averaged ~ 93 percent for 

amphibole and 84 percent for chrysotile. It was observed that the 

amphibole fiber concentrations were at or near the detection 1 imit 
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more frequently when effluent turbidity was below 0.2 units, and that 

removal was generally better when effluent turbidity was below 0.1 

units. On this basis if was recommended that finished water turbidity 

should not exceed 0.1 unit (Logsdon & Symons, 1977). 

A series of over 170 granular-media pilot filtration runs on the 

Toft river supply to the city of Seattle showed consistent removal of 

amphibole fibers to the detection 1 imit of 104/L (Kinneyer, 

1979). In 50 percent of the over 120 scmples analyzed, the chrysotile 

fiber concentration was below the analytical statistically Significant 

level of 2 x 104/L. Average raw-water chrysotile concentration was 7 

x 106 fibers/L, and average removal was near 99.0 percent. Removal s 

of 99 percent or better and 95-99 percent were more frequen tl y 

associated with effluent turbidities of below 0.1 units; removals 

lower than 95 percent wp.re more frequently associated with turbidities 

above 0.1 unit (Logsdon et al., 1981). 

Operating experience at the Lakewood filtration plant in Duluth in 

the period 1977-1980 showed reductions in amphibole fiber 

concentrations from near 108/L in the raw water to below 10
5 

/L in the 

filtered water for over 80 percent of the nearly 120 samples analyzed 

(Logsdon et al ., 1983). The 1 evel s in nearl y hal f of the 

finished-water samples were below the detection 1 imit. Finished water 

turbidity was consistently below 0.1 units. 

Metropol itan's water treatment plants receive raw water with 

100-fold higher concentrations of chrysotile than do these at Seattle 

or Duluth; higher removal efficiencies -- greater than 99.9 percent 

are needed to achieve the same finished water concentrations. 

Finished water turbidities of 0.1 units at Metropol itan's full-scale 
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plants are not correlated with low fiber concentrations as suggested 

by the Seattle and Duluth experience (McGuire et al., 1983). It has 

been suggested that turbidity levels from individual filters may 

correlate well with fiber levels whereas the turbidity measured on a 

combined flow from several fil ters may not, due to determination of a 

single filter (Logdson, 1983). 

Direct experience with and close monitoring of the treatment of 

water with crysotile fiber levels near 109/L is 1 imited to 

Metropol itan's five water treatment pl ants plus two Canadian studies 

reported in the 1 iterature (see Chapter 2). The Duluth experience 

suggests that it is possible to consistently achieve 99.9 percent 

removal of influent fibers (cll1phibole). A longer detention time in 

the flocculation tank (40 min.) plus the presence of a sedimentation 

tank (140 min. detention), higher coagulant dose (9 mg/L alum) plus 

other differences distinguish the Duluth plant from Metropol itan's 

pl ants. The critical importance of optimizing the coagul ation step 

preced ing fil tration for fiber removal in any pl ant is generally 

recognized, however (Logsdon, 1983). 

Materials and Methods 

Metropol itan's portable pilot pl ant was set up at the Joseph A. 

Jensen water filtration plant in Sylmar, California for these studies. 

The Jensen pl ant receives water from the state water project through 

Castaic reservoir. Refer to Chapter 3 for a description of Castaic 

reservoir and characteristics of water del ivered from it. 

The pilot pl ant is mounted in a trail er and has four parall el 

direct-filtration treatment units. A schematic of the main flow 

through the units is shown on Figure VII.l. Conditions used for the 
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two days of studies performed are listed in Table VII.I. Filters 1 

and 3 were dual media, 50 cm of anthracite (1.0 mm effective size, 

1.54 uniformity coefficient) underlain by 20 cm of sand (0.45 mm 

effective size, 1.50 uniformity coefficient). Filters 2 and 4 

contained 70 cm of sand. The filter media was new and had not been 

previously used. Infl uent water without chemical s added was passed 

through the fil ters for one day and the fil ters were backwashed once 

prior to the experiments. Fines were removed during backwashing and 

intermixing of sand and anthracite in filters 1 and 3 occurred. 

During the pilot runs filters were monitored hourly for head loss 

and effl uent turb id ity. A Hach 2100A turb id imeter was used for the 

data reported below; on-l ine turbidity measurement was also avail able. 

Measurements of part icl e size and total coun t (?..2]..1m) on at 1 eas t two 

sanples from each filter effluent during each run. Measurements were 

al so made on pl ant infl uent and coagul ation-tank effl uent. A Hi ac 

PC320 was used for counting particles in the 2-100 ~ size range. 

Aluminum concentrations in at least one sample per run taken at each 

of the eight locations -- the effluent from each coagulation tank and 

from each fil ter. Two fractions were determined -- that passing a 5 

~ Mill ipore filter and that passing a 0.22 vn filter. Analyses were 

done in Metropol itan's laboratory by using a Perkin Elmer 503 atomic 

absorption spectrophotometer; detection 1 imit (fl ane) is 0.05 mg/L. 

Mobil ity measurements were made with a Rank Brothers Mark II 

instrument. Filter effluent, coagulation tank influent, and plant 

influent samples were also collected for counting the number of 

chrysotile fibers present using transmission electron microscopy 

(TEM) • 
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Table VII.l. Pilot Plant Operating Conditions. 

Condition 

Chemical dose, mg/L 
Alum 
Polymer 
Chlorine 

Rap id mix tan k~ 
Flow rate, L/min (gpm) 

tank 1 
tank 2 
tank 3 
tank 4 

Detention time, min 
tank 1 
tank 2 
tank 3 
tank 4 

Shear rate, 5-1 

Coagul ation tanks 

Detention time, min 
tank 1 
tank 2 
tank 3 
tank 4 

Shear rate, s-1 

F il ter col umns 
Loading, cm/s (gpm/ft2) 

column 1 
col umn 2 
column 3 
col umn 4 

Filter area, cm 2 (ft2) 

Duration of run, hr 

Run 1 

5 
1.5 
1.0 

2.0 (0.52) 
2.5 (0.67) 
6.3 (1.67) 
7.7 (2.04) 

3.9 
3.1 
1.3 
1.0 

1000 

34.6 
26.8 

6.1 
5.0 

50 

0.36 (5.36) 
0.36 (5.33) 
0.34 (5.08) 
0.35 (5.11) 

81 (0.0873) 

6 

aMeasured at coagul at ion tanks once each day. 

Run 2 

30 
1.5 
1.5 

2.2 (0.58) 
2.0 (0.54) 
7.7 (2.05) 
6.6 (1.74) 

3.6 
3.9 
1.0 
1.2 

1000 

31.0 
33.3 

5.0 
5.8 

50 

0.34 (5.08) 
0.29 (4.24) 
0.34 (5.02) 
0.32 (4.72) 

81 (0.0873) 

5 



265 

To assure that the water being treated contained a constant and 

measurable concentration of chrysotile fibers, a stock suspension of 

chrysotile (10.9 mg/L) was fed to the 1 ine coming out of the influent 

constant-head tank. Feed rate was 0.018 L/min; diluted with the 

combined flow to the four rapid mix tanks (18.5 L/min), this gives an 

expected influent concentration of 0.011 mg/L, or approximately 109 

fibers/L. The stock suspension was prepared by suspending 495 mg of 

chrysotile in 500 ml of deionized water, sonicating the suspension for 

three hours, then diluting to 45.4 L with 0.01 M NaCl. The NaCl 

solution was prepared using Jensen plant deionized water; this water 

is passed through strong acid and strong base ion exchangers, but not 

treated for removal of natural organic matter. 

Resul ts 

Fiber concentrations in all eight filter effluents were near 

106/1 iter or lower. There were no systematic differences in fiber 

removal over the conditions studied. 

Figure VII.2 shows head loss and turbidity data for the eight 

cases. At the higher coagul ant dose (30 mg/L alum), turbidity rose 

rapidly after the first hour. At the lower coagulant dose, turbidity 

remained in the range 0.1-0.2 units. Head loss profiles were similar 

under the two coagul ant doses. The deep-bed sand fil ters exhib it a 

steeper rise in head loss with time than the dual-media fil ters, 

possibly reflecting greater capture of floc. The runs with the 

shorter coagul ation time prior to fil tration generally exhib it greater 

head loss with time. For the dual-media filters this could be due to 

capture in the anthrac ite of the 1 arger floc that may be formed at the 

longer detention time; with a lower mass of floc passing to the 
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smaller-grained sand, head loss should be less. The scrne explanation 

would not apply to the deep-sand filter, however. At the higher 

coagulant dose the runs with a shorter coagul ation time ~so exhibit 

greater turbidity breakthrough. 

As shown by the data of Table VII.2, dissolved aluminum 

concentrations (0.22 ~m filtered) are lower in the effluent from the 

dual-media filters (1 and 3) than from the deep-sand filters (2 and 

4). The reverse is true for the anount of aluminum in the colloidal 

size fraction (passing the 5 flm but retained on the 0.22 j..lm fil ter). 

The relative ~uminum concentrations are consistent with, but less 

distinct than, the relative turbidities noted above. Differences in 

dissolved and colloidal aluminum between the effluent from filters 

preceded by longer versus shorter coagul ation times are small; 

relative concentrations are consistent with more aluminum being in the 

larger size fractions for longer times. The reason for lower aluminum 

concentrations in run 2, which had a six-fold higher alum dose, is not 

known. Considering the data as a whole, the suggestion is that the 

extents of coagulation and nucleation are similar for both alum doses 

and detention times studied. 

For run 2, the amount of alum added, 30 mg/L as A1 2(S04)3 • 18H
2

0 

or 2.43 mg/L as Al, is sl ightly lower than the amount observed in the 

effluents from coagulation tanks 1 and 3. Analyses of the alum stock 

or aluminum concentration in water just below the point of addition 

were not done, however. 

Electrophoretic mobility measurements, 1 isted in Table VII.3, show 

that mobil ities of particles going to the filters are generally 

smaller in magnitude than the mobility of the chrysotile stock. The 
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Table VII.2. Aluminum concentrations in pilot runs.
a 

Run 1 Run 2 
T lme, Cone., mg/L T lme, Cone., mg/L 

Loc at ion hr. 0.22 l1m 5 l1m hr. 0.22 l1m 5 l1m Total 
1 

Pl ant infl uen t 0 - <0.05 2.8 - <0.05 0.07 

Coagul at ion 1 2.3 0.22 0.30 2.0 0.10 0.15 2.59 
effl uent 

Co agul at ion 3 1.0 0.17 0.27 2.3 0.08 0.10 2.77 
effl uent 

F i 1 ter 1 effl uent 4.7 0.10 0.17 1.3 <0.05 0.08 -

Fil ter 2 effl uent 5.0 0.20 0.19 1.5 0.07 0.09 -

Fil ter 3 effl uen t 5.2 0.16 0.23 1.7 <0.05 0.08 -

F il ter 4 effl uent 5.5 0.20 0.22 1.8 0.08 0.13 -

aSampl es were either unfil tered (total) or passed through a Mill ipore 
filter (0.22 l1m or 5 l1m pore size). 
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Table VII.3. Mobil ity and pH measurements a 

Mobil ity measurements pH measurements 
Location Time Val ue, ].lm/s Time Val ue 

V/cm 

Chrysotile stock 
7-5-84 - -1.05 - 8.56 
7-10-84 0730 -0.93 0730 8.31 
7-12-84 - -0.98 - 4.71 

Plant influent 
7-10-84 0745 -0.45 0745 7.90 
7-12-84 0830 -0.54 0855 7.95 

Rap id mix tank 
infl uent 

7 -12-84 0910 -0.30 - -
Co ag u 1 at ion tank 1 

7-10-84 1130 -1.02 1030 7.69 
7-12-84 0915 'V -0. 30 0900 7.38 

Co agul at ion tank 2 
7-10-84 - - 1030 7.68 

Coagul ation tank 3 
7-10-84 1145 -0.36 1030 7.66 

Coagul ation tank 4 
7-10-84 - - 1030 7.63 

Fil ter 1 
7-12-84 0920 -0.76 0855 7.27 
7-12-84 - - 1045 7.30 

Filter 2 
7-12-84 - - 1045 7.30 

Filter 3 
7-12-84 - -0.83 1045 7.30 

Filter 4 
7-12-84 - - 1045 7.27 

aEffluent samples from the coagulation tanks and filters. 



270 

mobil ity of particles present in the plant influent is low, and no 

significant reduction in magnitude occurs during coagulation. 

Table VII.4 1 ists fiber counts on samples that were analyzed by 

TEM. There are no obvious differences between fiber levels in 

effluents from the four filters; all are in the range 105_106/L. This 

suggests that removal was on the order of 99.9 percent for all 

conditions studied. Because of problems with sample preparation, only 

8 of the 16 filter samples collected were analyzed. It is not known 

if an increase in effluent fiber concentrations accompanied the 

turbidity increases after the first hour in filter runs at the higher 

coagulant dose. 

Samples were also taken from coagulation tanks for analysis by 

TEM, but because of the large number of particles present it was not 

possible to get a fiber count. In the coagul ation tank influent, both 

fibers and other, amorphous particles were present. Fibers were 

generally in bundles of four or more, suggesting that dispersion and 

mixing of the chrysotile stock with the plant influent was not 

adequate. Fewer fibers were observed in the coagul ation tank 

effluent; this may be due to coagulation of fiber bundles with floc 

particles. 

Conclusions 

Both filter media used -- deep sand and mixed anthracite and sand 

are capable of reducing fiber levels by more than 1000-fold, to 

l06/L or lower. No differences between the effectiveness of the two 

media were observed under the conditions of the pilot runs described 

above. A more intensely monitored pilot experiment is needed to 

distinguish media performances. Head loss increases as the filter 



Loc at ion 

Fil ter 1 

Fil ter 2 

Fil ter 3 

Fil ter 4 

Plant influent 

271 

Table VII.4 Particle and fiber counts by 
transmission electron microscopy 

TEM coun t, 106/L 
Date Time Fibers Other 

7-10-84 1200 <0.2 3.1 
7-10-84 1330 0.5a 2.9 
7-10-84 1330 0.2 -
7-12-84 0930 <0.2 1.4 

7-10-84 1400 <0.2 1.4 
7-12-84 0930 0.4 3.2 

7-10-84 1330 1.1 a 2.7 
7 -10-84 1330 0.5 -
7-10-84 1400 0.2 3.9 
7-12-84 0950 <0.2 1.4 

7-10-84 1330 32a -

aSampl e anal yzed by Montgomery 1 aborator ies. 

partlcl es 
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Tab 1 e V I 1. 5. Particle counts by Hiac; pilot runs of 7-12-84 

Location Time Count, 106/L 

Filter 1 930 4.7 
1210 39 

Fil ter 2 930 7.9 
1210 21 

Fil ter 3 930 6.0 
1210 47 

Fil ter 4 930 11 
1210 29 

Coagul ation 1 1430 . 190 
1430 130 

Plant influent 1430 72 
1430 78 
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runs progressed were greater in the deep-sand filters; turbidity of 

effluent from the deep-sand filters was as good or better than 

turbidity of effluent from the dual-media filters. 

There were no distinguishable differences in fiber removal between 

filters preceded by coagulation with 30-minute versus six-minute 

detention time. Head loss increases and effluent turbidity were 

generally lower from filters preceded by the longer detention times. 

Particles in the plant influent have a low surface charge 

(mobil ity is small) and are not destabil ized further by coagul ant 

chemicals. The important step in coagulation is floc formation and 

incorporation of fibers into the larger floc to permit more efficient 

fiber removal in the filters. 

Use of high coagulant doses had neither a beneficial nor a 

detrimental effect on fiber removal. Turbidity breakthrough occurs 

sooner and head loss increases are greater at the higher coagul ant 

doses. The extent of fiber removal after turbidity breakthrough was 

not determ ined • 

Recommend a t ion s 

A more intensive set of pilot fil tration studies coupled with 

bench-scale experiments should be used to design improved treatment 

for removal of asbestos fibers. Both types of experiments should 

focus on achieving reproducible and consistent results, particularly 

with regard to fiber levels through the treatment process. 

Bench-Scale Experiments. Bench-scale studies should be carried 

out for the purpose of optimizing the coagul ation step in water 

treatment. Obj ect ives shoul d focus on gain ing a better unders tand ing 

of the rates and important variables affecting the rates of nucleation 
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and coagulation in a dilute fiber suspension (e.g. state project 

water). Recommended objectives include determining: 

1. the rate and extent to which submicron chrysotile fibers 

coagulate with larger, 2-20 ~m particles, 

2. the identity, density, and size distribution of particles in 

the coagulation reactor, and 

3. the rates of floc formation in a fiber suspension by 

homogeneous versus heterogenous nucleation. 

On the order of 30-40 separate experiments, carried out under 

well-controll ed cond it ions, shoul d be adequate to iden tify the major 

effects. Variables to be investigated include pH, coagul ant 

concentration, coagul ant chemical used, fiber concentration and 

chern ic al mix ing. An al yt ic al tec hn iques to be used inc 1 ud e all of 

these employed in the pilot studies described above. In addition, 

appl ication of an in situ particle counting technique for sub-micron 

sized particles would highly desirable. 

Pilot-Scale Experiments. A modification of the way fibers are fed 

into the pilot plant influent is needed to achieve better dispersion 

of fibers and to enable sampl ing to verify that the influent fiber 

concentration is constant. The chrysotile stock should be more dilute 

(near I-2mg/L rather than the 10.9 mg/L used in the work described 

above) and fed at a higher rate to the pl ant infl uent in a turbul ent 

mixing tank. Chemicals should be fed downstream of this initial 

mixing tank. Before starting pilot experiments, the fiber 

concentration in the spiked influent should be monitored for at least 

three days to verify establishment of a steady influent level. 



275 

The approach used in these prel iminary experiments, that of 

intensely monitoring a small number of runs, should be retained in 

further pilot studies. Primary emphasis for monitoring should be on 

head loss and turbidity for general filter performance and on counting 

by electron microscopy for fiber removal. Access to an electron 

microscope to enable next-day counting of filter sanples will be 

essenti~ for efficient use of pilot-pl ant resources, unless a more 

rapid particle-counting technique for fibers can be developed as part 

of the bench-scal e work. Feedback is needed to ver ify reproduc ib il ity 

of fiber levels and set operating variables. Particle counting, 

m icroel ec trophores is, pH measurement and al urn inurn anal yses s houl d be 

used selectively on future experiments. 

The scope of pilot experiments should include investigation of 

three variables: coagulant dose, filter media and plant loading. As 

the prel iminary pilot studies failed to show better removal at higher 

coagulant doses, it is recommended that performance at lower alum 

doses (2-8 mg/L) be documented. As before, polymer dose should be 

adjusted for optimum turbidity removal. Differences in fil ter media 

should be investigated over multiple full runs; fiber levels in filter 

effluent should be determined throughout and especially near the end 

of a fil ter run. 


