NEW MEXICO INSTITUTE OF MINING AND TECHMOLOGY

A MATHEMATICAL AND EXPERIMENTAL STUDY OF THE
WATER~SILICATE INTERVACE TN POROUS EDTA
BY

RAUL A, DEJU

Submitted to the faculty of the
New Mexico Institute of Mininn & Technolognvw
in nartial fulfillment of the requirements
for the degrea of Doctor of Philogonhy
in Geoscience (Ground Water Hwdrology)

March 1269



"TABLE 'OF COWTENTS

ABSTMCT * ® 2 e e e & 4 % ° 5 ® e ® & & s & 2+ 8+ s 3 = . i

GENERAL INTRODUCTION v o & v o v o s 5 € o o o o s s o 2 o« o« 1
Purpose
Outline of the Work
Acknowledgments

CHAPTER 1. SILICATE MINERALOGY « v v o ¢ o vie o o o o o o o 3
Structural Classification of the Silicates
Surface Mineralog
Oxygen-8ilicon Ratio
References

CHAPTER 2, MECHANISM OF SURFACE REACTIOHS . & & 4 » + o « » . 18
Sorption Hodel
Experimental Procedure
Experiments on Sorption Rates
Effect of Detergent Concentyation
Experiments to Relate Oxygen-Silicon
Ratio and Sorption ‘
Reaction Hechanism
Sumnary
References

CEAPTER 3, ELECTRICAL PROPERTIES OF SILICATE MINFRALS . . . . 34
Theoretical Considerations
Experimental
Summary
Symbols
‘ References

CHAPTER 4. MATHEMATICAL TREATMENT OF SORPTION + + v & o &+ « o 71
Definitions
Kinetics
Masg Conservation
Boundary and Initial Conditions
Mathematical Solution
Summary
Symbols
Refarences

CHAPTER 5. EXPERIMENTAL TREATIENT OF SORPTION . . . . . . . . B4
Experimental
Hydrogen Sorption
Desorption
Summary
References



GENLIRAL SUMHARY AND CONCLUSIONS v v v v v v v v v v v v v v 107
RECOIMMENDATIONS FOR FUTURE STUDY & v v v v v v o v o o o o 109
APPENDIX 1. CHEMICAL ANALYSES PROCEDURES . . . +v v v v v .« . 110

PPENDLX 2. PPY~EPMH CORVERSTONS '« & v v 4w v & 4 ¢ ¢ 4 & « . » 123




ABSTRACT

Static, electrokinetic, and column experiments were carried out to
investigate sorption and to verify theoretical models. At the silicate-
water interface, exchange of H' for metal cations takes place. The extent
of such process (a sorption reaction) is related to the 0:5i ratio of the
silicate used. The rate of sorption increases with the ionic mobility.
The region in which sorption occurs in the water-silicate system is de-
ternined byAthe isoelectric point of charge. In this report, a model of
flow through porous madia with sorption is developed. This model shows
the difference between sorption and dispersion. Colum experiments
further illustrate this difference and-give information about rates of

sorption which can be correlated with the crystal structure.

—t



CENERAL INTRODUCTION )

Purpose

The purpose of this report is to discuss the basic properties of
silicate minerals and to present a maﬁhematiéal and experimental model of
the flow of water through a silicate bed. The model includes not only
the physical aspects of flow but also the chemical reactions taking place
at the interface between a flowing liquid and a silicate bed. The model

is restricted to the case of water and silicate minerals. Laboratory

tests have been conducted to substantiate the model.

Qutline of the Work

The problem of ground water contamination is one of growing concern,
not only because of the increasing vpressures on our sources of supply, but
also because oﬁ the increasing necessity to find vehicles of waste dis-
‘posal. Also, the hydrochemistry of waste waters must be understood in
order to dispose properly of them. Similarly, knowledge of surface re-
actions is of critical importance in extractive metallurgy. This is
especially true regarding the froth flotation process of mineral concen-
tration and alllphases'of hydrometallurgical recovery of metals.

To understand these éroblems, we must obtain a better insiéht into
the reactions that take place between water‘and the porous medium through
which it flows. In this report, a model to explain the surface reaction
me;hanism.between water and silicate minérals will be presented. Silicate
minerals were selected because of their imbortance and abundance.

In order to understand the surface reaction mechanism, one must

analyze the electrical properties of the silicate-water Interface. The




electrical properties of interfaces are probably the most important single
factor controlling surface reactions; A theoretical and experimental model
of the electrical properties of the silicate-water interface is presénted in
Chapter 3. This model supports the proposed mechanism for the surface re-
actions taking place at the silicate-water interface.

Once the surface ;eactions and the electrical properties of the silicate-
water interface are understood one can then construct a theoretical model to
predict the fate of a chemical species in solution as it reacts with a solid
through which the solution is percolating. This model includes the effects
of surface reactions and the factors controlling them.

For the first time, the model proposed in this report attempts to com-
bine surface chemistry with the equations of flow rather than considering

only the physical aspects of flow as has been done by others.
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CHAPTER 1

SILICATE MINERALOGY

The basic structural unit of all silicate minzrals is a tetrahedron
with a silicon atom at‘the center and four oxygen atoms at the corners.
The oxygen-silicon distance is sbout 1.6 A and the oxrygen—oxygen distance
about 2.6 A. The different types of oxygen—silicon frameworks in the
various silicates are based eantirely on the combinations of the tetra-
hedral oxygen-silicon groups through sharing of oxygen atoms.

In recent years, infrared spectroscopy has permitted estimation of
the ionic character of the oxygen~silicon bond to be 2.3 times that of the
oxygen—carbon bond. Electronegativity measurements of the two.bonds have
substantiated this finding, since the ionic character amounts to 51 per
cent for the oxygen-silicon bond and only 22 per cent for the oxygen-carbon
bond; this means a ratio of 51 to 22, or 2.3 to l.' On this basis, 1t seems
safe to assume that the oxygen-silicon bond is the strongest one occurring
in éilicate minerals.

The compositions and structures of the most important naturally
occurring silicate minerals have been determined. Table 1 lists the ac-
cented chemical compositions and some of the more imﬁortant physical and
optical properties of the silicates considered in this report. 1In a pre-
vious paper, Dejd and Bhappu (1965) présentedra correlation of some of
these proparties to 0:8i ratios.. Others (DeVore, 1962; Hartman and
Perdok, 1955; and Ramberg, 1952, and 1954) have corrvelated the properties
listed in Table 1 to various stability criteria. DeVore (1962) presents a

very good bibliography on silicate mineralogy.

(5]




Table 1, Physical and Optical Properties of Silicates

Specifiec  Hardness. Crystalline Index of Refraction
sample Formula Gravity Index Form & Color (Na) (n,w,03a,8,Y)
Sampt .

1ivine (Hg,Fe)ZSioq 3,26-3,40 6,5-7.,0 Rhombic, 1.662, 1,680, 1.699
olive green
or grayish
green,
orsterite MgZSioh 3,19~3.33 6,0-7,0 Rhombic, 1.635,1,651, 1.670
white,
greenish,
' ) yellowish,
ayalite FeZSiOl+ 3.91-4.34 6,5 . Rhombic, 1.835, 1,877, 1.886
' yellowish
black.
igite Ca(Mg'Fe)(Sloa) 3,20-3,60 5,0-6.0 Monoclinie 1,712, 1,717, 1,733
((Al Fe) 0 ] dark green
to black,
statite MgO-Si02 3.10-3.43  5,0-6,0 Rhombic 1,650, 1,653, 1,658
grayish, or
yellowish,
or greenish,
odumene LiZO-A12034SiO2 2,64 5.5-6.,0 Monoclinie, 1,660, 1,666, 1.676
white, gray,
green, pink,
or purple.
ornblende  Ca_ (Mg,Fe, Al)5 3.0 - 3.5 5,0-6,0 Monoclinie, 1.629, 1,642, 1,653
(Oﬁ) ((Sl Al) 0 1)2 dark green
Wt to black,
1Iscovite K,0¢3A1,0, 2,70-3,00 2,5-3,0 Monoclinie, 1.561, 1,590, 1,59
6810, w2 ,0 colorless of
pale yellow
oY gray, -
ryl 3Be0+Al1,0,6510, 2,60-2,90 7.5-8.0 Hexagonal, 1.581, 1.575, -
green, blue,
yellow, or
' reddish,
bite Na,0A1,046510, 2,612,646 6,0-6,5 Triclinic, 1.525, 1,529, 1,536
gray or
: colorless,
crocline  K,0A1,0365i0, 2.54-2,57 6,0-6,5 Triclinie, 1.522, 1.526, 1.530
. white,
yellowish,
gray, green,
- : or red,
artz sio, 2.59-2,65 7.0 Hexagonaly 1.544, 1,553 -
- trigonal,
colorless or
colored,
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STRUCTURAL CLASSIFICATION OF TIE SILICATES

As pointed out in the previous section, the bonds between oxygen and
gilicon are so strong that the four oxygens are always found at the cor-
ners of a tetrahedron of nearly constant dimensions and very regular sﬁape.
All the various types of silicates arise from the various ways in which
Si-0 tetrahedra are related to one another, Various types of silicates are
shown in Figures 1 through 4. The classification of silicates is based on
the types of linkages. The structural classification of silicates is given
in many books (Berry and Mason, 1959; Dana, 1955), and is depicted in
Table 2.

Silicate structures also possess additional oxygen atoms, hydroxyl
groups, water molecules, and'catioﬁs which are arranged with the Si~0 tetra-
hedra in such a way as to produce a mechanically stable and electrically
neutral structure. Aluminum plays an important role in the structure of
gome silicates since it is stable in both fourfold and sixfold coordination.
It sometimes replaces Si ih an 510, group and common six~coordination cations
such as Mg+2 and Fe™, 1In some silicate minerals such as the feldspars,
aluminum is present entirely in a single coordination; in others, like the
amphiboles and pyroxenes, it may appear in both fourfold and sixfold co-

ordination.
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(a) (b)

Si0g4
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O Oxygen atom
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Scale of
Angstrom units
0 l 2 3

L " 1 |

Figure 1. Types of linkage of silicop—oxygen
tetrahedra. (a) Independent tetrahedra; (b) double
tetrahedra, and (e¢), (d), and (e) ring structures.

(After Berry and ilason, 1959.)
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Figure 2. Types of linkage of silicon-oxygen
tetrahedra. {a) Single chains; (b) double
chains. (After Berry and Masoa, 1959.)
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Figure 3. Type of linkage of oxygen-silicon
tetrahedra. Sheet structure. (After Berry
and Mason, 1959.)
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Figure 4. ink

te.:; e Type of linkage of oxygen-silicon
rahedra. Three-dimensional network
(After Berry and Mason, 1959.)
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SURFACE MINERALOGY

The interruption of the atomic geometry at the crystal surface is
the cause of many so-called surface phenomena. A crystal system must
minimize all surface phenomena so that the system can acéomodate the sur—
face or interface with a minimum of additional energy. Thus, charge de-
mands must be satisfied, and the atomic coordinations nust be approxi-
mately complete to minimize the effects of the elastic strains, repulsions
of similar charges, and the compositional interruption of the surface.
These adjustﬁents must also produce a minimum of free energy difference
between the crystal, the surface, and the external environment. All ad-
gorption phenomena can be thought of as a device adopted by a given
crystal system in order to minimize the.surface effects. Figure 5 indi-
cates various atomic associations at the quartz surface, all of which tend
to minimize effects caused by the intertuption of the atomic geonetry at

the crystal surface.

11
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Water groups

®0 s O
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Figure 5. Various atomic associations at surfaces;
(a) depicts the oxygen-silicon bonding at a fresh
surface of quartz; (b) depicts the formation of
ozone on a fresh surface of quartz; (c) depicts the
possible hydration of a surface of quartz.
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OXYGEH-SILICON RATIO

ﬁxcept for the case of the nesosilicates, the oxygea-silicen poly-
merization is usually interrupted by the surface. This interruption, as
shown by DeVore (1962), tends to increase the 0:5i ratio and thus would
change the "type" of 8i-0 tetrahedra present at the surface. Table 3 '
lists, and Figures 6 and 7 illustrate, the compositions of surfacg Si~0
tetrahedra for various directions in the silicates. It is scen from Table
3 and Figures 6 and 7 that certain surface compositions deviate markedly

from the mineral composition, and are related more closely to the compo-

sitions of other minerals than they are to their own interiors.

N



Table 3. Surface Oxygen-Silicon Ratios
(after DeVore, 1962)

Composition Combined Composition

;ggggggg . Surface 8i~0 Tetrahedra 8i-0 Tetrahedra
Oliyine (hkl) SiZOB* Si,04¢
Pyroxene - (001) Sin 04 S1,044

(ak0) $1,0% 51,0,,
Amphibole (0oL SizOerand Siy04 51,073

(010) S1,06% 51,01,

(100) $1,05% and $i,05% 81,07,
Mica (010) SiZOS*-' 81,010

(hk0) Si,0¢ and Si,0s*%  +  S1,0y;
Quartz (0001) Si,0f and Si,0,% $iy,0,4

(hhhl) S1,05 and Siy0,% 51,055 and Siq,05q

% §1-0 tetrahedra with the mineral composition, i.e., no polymerization
interruption. The surface Si-0 tetrahedra are single but are listed
in the table as complexes to give whole numbers.

14



Oxygen atoms

Silicon atoms , |
© Water groups

© Hydroxyl groups

Figure 6. Atomic associations at the amphibole surface. The
figure depicts the bonding relaticn and surface compuvsition on
(110) of amphibole. The left side of the diagram depicts
composition with maximum hydrogen association with Si-0 oxygens;
right side illustrates the minimum hydrogen association with
Si-0 oxygens. Structure is schematic and projected on (001).
Bond angles and bond lengths are not exact. (After DeVore, 1962.)



(00N (100)

k-Feldspar (A)

(o1

(1120)

Figure 7. Atomic associations at quartz and
K~-feldspar surfaces. Symbols are the same ds
in the previous figure. (After DeVore, 1962.)
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HECHANISH OF SURFACE REACTIONS

In the previous chapter the properties of various silicate minerals
were discussed from a mineralogical standpoint. HNow the reactions which
occur when these minerals are put in contact with water will be studied.
These reactions occur almost entirely in the surface layer of the min-
erals (Deju and Bhappu, 1965) and are termed sorption reactions.

By sorption I mean the compoéite of all adsorptioﬁ phenonena oécura
ring between the silicate surface and the water in contact with it. For
many vears 1t has been commen in the literature to classify all surface
reactions as being specifically physical adsorption or chemical ad-
sorption. However, for reactions like the ones outlined in this chapter
it is impossible to attempt such a classification since both processes
occur in a combined way and influence each other greatly.

In this chapter a model of sorption .as seen from a chemical bond
standpoint will be presented. On the basis of this model, one can study

the surface reactions between deionized water and a silicate mineral. One

can also study the system of polluted water and silicate. The polluted

.

water will here be represented by water to which a given amount of alkyl
benzene sulfonate (ABS) has been added. Finally, a general surface re-

action for the water-silicate system will be postulated.



SORPTIOH MODEL

It is known that as the oxygen-silicon ratio increases from gquartz
to the olivines, a greater percentage of the oxygen bonding power is
available for bonding to cations other than silicon. Hence, with an in-
creasing oxygen-silicon ratio, there is increasing oxygen-to-metal bonding,
Upon the fracturing of a silicate mineral crystal, the oxygen-metal bond
breaks more easily than the stronger oxygen—silicon bond, resulting in a
negatively charged surface. Then, if the mineral 1s immersed in a liquid
containing hydrogen ions, the negatively charged surface should tend to be
neutralized by hydrogen ions from solution, resulting in a changé of the
solution pH. Thus, an increase in the degree of sorntion of hydrogen ions
must occur as the oxygen-silicon ratio in the crystal structure increases.

Deju and Bhappu (1967) found that for a given silicate mineral the
change of pll with time is given by

Cqt

ApH = Co(l~e 1) | | (1)

where C, and C; are experimentally determined constants. C, is readily

determined since, when t - o,
ApH(») = Co = limit ApH .

C, can be determined by differentiating (1) with respect to time.
|




EXPERIMENTAL PROCEDURE

Sorption Lxperimental Setup

Samples of each mineral used were placed in freshly deionized water
previously adjusted to a desired pH with HC%. The beaker containing the
golid sample and the water was placed under a bell jar from which the air
was displaced at ocnce by nitrogen gas from a tank. All experiments were
carried out in a nitrogen atmosphere. The sample and solution were stirred
gently but continuously during the entire experiment, the stirring speed
heing kept about the same for all rums. Changes in pH were followed with
a Corninglﬁodel 12 pH.meter and recorded on a Heathkit servo recorder

(Figure 8).

Analvtical Procedure

Samples of solution and solid were analyzed before and after each
sorption experiment. Liquids were analyzed using the procedurss outlined
in Appendix 1. Solids were analyzed using an ARL Speqtrographic Analyzer.
Analyses for detergents in solution were carried out using a spectro-
photometric procedure furnished by_Shell Chemical Company (Paik, 1967),

which 1s also listed in Appendix 1.
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Figure 8. Experimental setup.




N3
[pe]

FXPERIMENTS OH SORPTION RATES

Following the experimental procedure outlined, the rate of sorption
of HY ions from water solution by the silicate minerals under cousider-
ation was studied. The experimental results obtained were then corre~
lated with theoretical results obtained using equation (1). Results ob-
tained with water containing rather high concentrations of a common
detergent (ABS) were also compared to the theoretical predictions.

The correlation between experiﬁental and theoretical results is
shovm for a’'sample of glaucophane in Figure 9. ZError analysis of the
correlation gives a mean deviation of #1.2 per cent, which is well within
accuracy limits. It is evident from Figure 9 that as the detergent con-
centration isbincreased the total change(of pH decreases. This seems to
indicate that the detergent is attaching to some of the‘metal cations
present at the surface of the mineral, thus preventing the exchange of

hydrogen for these cations.
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A ApH= 420(1-¢'120h)
B. apH=310(1-¢09388Y
C. ApH=180(1-¢0420Y

Theoretical ===n-=

Experimental

COMPARISON

5

TIME {(in minutes)

OF EXPERIMENTS AND THEORY FOR GLAUCOPHANE

Figure 9.
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EFFECT OF DETERGENT CONCENTRATION

To further examine the effects of concentration on the total pH

change, the maximum change of pH of each silicate mineral was plotted as

a function of ABS concentration. Results are shown in Figure 10, the plot

of which can be divided into three main regions as follows:

Region A. This is the region where the concentration of ABS is éo
high that a minimum nuwmber of hydrogen ions Is sorbed on the surface. This
region extends, in most instances, from concentrations of 1072 M ups The

pertinent equation is

maximum A pH = constant (2)

Region B. 1In this region, the concentration of ABS is less than in
the previous one; therefore, some Hydrogen ion sorption can take place. As
the ABS concentration decreases, the hydrogen ion gorption increases. A
maximum sorption of hydrogen ions finally occurs at the lower end of this
region.

Region C. This part of the plot is also a2 horizontal line, that is,
equation (2) is satisfied., At such low concentrations (below 5 x 1077 M)

of ABS, the role of the sulfonate ion is minimal, and thus maximum hy-

drogen sorption occurs.
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Figure 10.
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EXPERIMENTS TO RELATE OXYGEN-SILICON RATIO AND SORPTION
An increase in the change of pH, that is, in hydrogen ion sorption,
takes place as the oxygen-silicon ratio in the crystal structure in-

creases, the olivines experiencing the greatest change in pH while

quartz shows -almost no change (Fig. 11). 1loreover, the greatest change ‘
in pH occurs during the first three minutes of the reaction. The
results substantiate the sorption model proposed earlier in this chapter.
The attraction of hydrogen iong in some form or other to the surface

of the mineral, however, does not fully explain what goes on during the
reaction. There may also be an ion exchange (hydrolysis) between exposed
metal ions of the lattice and hydrogen ions of water. For this reason,
the crystal surface may gain additionalrhydrogen ions ;nd the li@uld
phase may acquire further alkalinity.

. In order to investiga;e further the mechanism behind the pH change,
the escape of ions from thé solidfs surface into the solution phase was
examined. The ions considered in this study were.Ca, Mg, Fe, Al, Na, K,
Li, and Si0,. All silicates listed in Chapter 1 were investigated in this
fashion. A typical result is shown in Figure 12 for the case of microcline.
The plot for microcline s?ows that the rate at which EV ions are moving from
the iiﬁuid into the surface of the solid is much faster than the rate at
which the metal cations are coming from the solid's surface into the liquid.
However, it‘is important to point out that at equilibrium the amount of
metal ions that have left the solid surface (in milliequivalents) is very
close to the amount of HY ions (in milliequivalents) that have come into

the solid surface. Table 4 illustrates this point for various of the
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Figure 12. TIsotherms for microcline.
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minerals investigated, This table ciearly shows that at equilibrium the
number of ions that left the liquid ﬁhase is equal to the number of ions
that entered it. Thus, one can conclude that the adsorption mechanism
between silicate minerals and water ig controlled bﬁ the physical and
chemical properties of both phases and leads after a given time to a per-

fect exchange of ions between the two phases.
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Table 4. Results of Ion Exchange Tests

4" ions going into

the solid surface M* and MMt ions going

per liter of + Initial Final  dnto solution per
anle solution pH ph liter of solution T T Ions exchanged
i
cyine 1.06 x 101° 4.75  10.50  1.02 x 10%® Mg, Ca, K, Na
(ablende 1.06 % 10%° 4.75 9.80 1.29 x 10%? ¥e,Ca,Mg,K,Ha
Jite 1.06 x 10%° .75 6.01 0,92 x 10%° Ca,K,Na,Ve,Mg
odunene 1.00 x 102! 2,10 2.20 1.25 x 1021 1i, Ca, Mg, Na
odunene 6.02 x 10°° 1.48  1.49  5.98 x 10?0 Ca, Na
odumene 1.90 x 10%° 3.50 8.75  1.80 x 1047 Li, Ca, Na
aite 1.90 x 10%% - 3.50 9.50  1.98 x 1020 Na, K, Ca, Mg
site 1.90 x 102¢ 3.50 9,76  2.00 x 10%¢ ' Na, K, Ca, Mg
2ite 1.90 x 10°¢ 3.50 9.88  1.88 x 10%° Na, K, Ca, Mg
55 Beads® 2.35 x 10'% 4,40 7.90 2,36 x 10!? Li, Na
reldspar) -
3-M, Superbrite measured by a measured by a

determination of pH determination of ppm of
: ions in the liguid before
and after the reaction
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REACTION MECHANISHM
On the basis of the results shown in this chapter one can postulate
the following reactionsto be occurring at the silicate-water interface.
pnHT + MY, > pif ™+ nil Y
(3)

R + - .
prH,0 + MV, > pif % 4 (ap)OE” + n Hpj

where M is the metal cation, Y~ is the anionic part of the silicate

aqueous phase. Also, n is the valence of M and p is the valence of Y.
This reaction mechanism has been further substantiated by Dejﬁ and

sample, overbars represent surface products, and ions indicate species in
Bhappu (1966) and Faust and Hunter (1967).



32

SUMMARY

The reaction between the silicate mineral particles and the acidified
water involves mainly an exchange of metal ifons for hydrogen ions on the

surface of the solid, leading to an increase in pil of the aqueous phase,

The degree of reaction depends directly on the oxygen-silicon ratio of
the silicate structure, being greatest for the olivines.

The degree of reaction was also studied in tﬁe presence of pollutants
(detergents). These studies indicate that the effect of the detergent is
to attach to some of the metal cations present at the surface of the mineral
thus preventing the exchange of hydrogen for these cations.

4 model to explain the behavior of silicate minerals when immersed in
water was presented. This model postulates that the reaction between the

silicate mineral particles and water involves mainly an exchange of metal

ions for hydrogen ioms leading to an increase in pH of the aqueous phase.

The model states that the actual reactions are of the form of equation (3).
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ELECTRICAL PROPERTIES OF SILICATE MINERALS

CHAPTER 3 '

The electrical phenomena occurring at the water-solid interface have
been the subject of almost constant investigation for the past two cen-
turies. The first breakthfough was accomplished by Reuss (1809) who
found that if a potential is applied acfoss a porous plug of wet clay,
separating two portioﬁs of water, then a flow of water occurs from one
side of the plug to the other. This phenomenon has been termed electro-
osmosis.

About 40 years iater, Wiedemann (1852) made quantitative measurements
of electroosmosis in his mass flow rate studies. Then Quinke (1861) dis-
covered that if a liquid is forced through a porous plug of wet clay, a
potential is created. This potential is now called streaming potential.

All of the ahove investigations were experimental in nature and the
quantitative results derived from them were arrived at in an empirical

-fashion.

The development of the theory of electrical phenowena at the water-
-solid interface did not begin until the time of Helwholtz(1879) who based
his theory on the existence of electrically charged layers of opposite
sign at the water-solid boundary.

‘Since the early works of Helmholtz, theoretical investigations on the
electrical properties of interfaces have received detailed consideration
from many investigators; results indicate that a quantitative treatment
présents many difficulties. Even though in most cases only approxi-

mations have been derived, these have proven to be of practical use.



physically reasonable assumptions, and to build a model of the water-solid

In this chapter an attempt is made to begin with a set of simple and
interface. The model is then tested by experimental means and its electri-

cal properties are related to other properties of the water-solid system.

- »
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THEORETICAL CONSIDERATICHS

When a potential difference is externally applied to a liquid con-
taining charged particles, it causes a migration of the particles to the
pole carrying a charge opposite to that of the particles. If the particles

are ions, the phenomenon is called ionic conduction; in the case of mineral

particles, it is called electrophoresis. The present chapter is concerned
only with electrophoresis and other electrical properties of a colloidal

suspension of a mineral.

A Model of a lMineral Particle and Its éurrounding Electric~Lavers.
Generally, a mineral pgrticle in suspension carries a charge on its
surface. This surface charge, together Qith the ions in solution near the
surface to maintain electroneutrality, form a series of electrical layers
around the mineral particle. The ions reéponsible'for the surface charge
are termed surface~charge ions. The potential at the surface of the mineral
is designated by ¥g. Some of the ions near the surface of the mineral are
anchored in a layer directly adjacent to the surface. These ions, which
are said to be in the Stern layer, are strongly held to the surface. The
potential of the periphery of this layer is called zeta potential (¥r).
The remaining ions are leoosely held by electrostatic forces and\constitute
the diffuse layer of counter ions that extends well into the solution. The
surface layer and the Stern layer are grouped into what is called hefe the

dipole layer. Figure 13 is a representation of all these layers.
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Solid-liquid interface

- Slipping plane
Dipole layer
90
Mineral ’ @
Particle y + @
A
e 00
/- b T
Surface Stern loyer lefuse layer
charge ions

X

A Model of a Particle Surface and Its Surrounding Electric Layers

Figure 13.




To represent the electrical properties of a mineral particle sur-
" rounded by a dipole layer, the methoeds of potential theory are used.

The starting point is the divergence theorem

(V-A)dAT = Apdo
T g

dT

i

volume aelement

do surface alement
How we define two functions, u = u(x,y,z) and v = v(x,y,z), having con-
- . r d X - +
tinuous partial derivatives of the second order, Then, if we let A = uVv,

it follows that

e oy . P
(VeuVvy) dT = (uvv)*n do
T o
—F 3~ 3 - 3 v » 3y v A
V. (uiv) = (Bx i+973+75; k) (ufzp i+ 5y 352 k)
— >
Ve (u¥v) = uviv + Vu-Vv
o v » 3V . 3V o 5 3
and uVven = uf‘; i+ 3y 3 + 5 k)-(cosa i + cosB j + cosy L)
— -
uVven = u@Y cosa + ugz-cosB A uaz-cosy = uﬂﬂ_.
X oy oz on -
Thus, we have
> > v .
(uV2y + Vu-Vv)dT = | u Sﬁ‘dc ] ‘ (4)
T o] :

Equation (4) is Green's first identity.




Tnterchanging u and v in (4), one obtains:

o Ju | '
(vv2u 4+ Vv.V)dT = | v = 90 (5)
T o
and subtracting (5) from (ﬁ) we get
‘ o ,
(w2 - vw2uwdl = | [usr - v3-] do . (6)

T g

Equation (6) is Green's symmetric identity.

Consider a point P in x, y, z space and let there be a sphere of radius
a with center at P. Then, we define a function £(Q) on the surface of the
sphere (Q is an arbitrary point on the surface). The function £(Q) is a

continuous function; also let ¢ be a constant. Then

D . - ' .
£0), | £ 1 E@ - E®
ac ac

0'1 Gl
?)d ~ (P
'f"“("“*)c =k + £ & do .
a a
% 9
Let ¢
£(P)
93

Thus,

I, = £p). do = £X). hral = £(P) 4ra~c
aC aC

3

g1




and in the limit as a + 0, we obtain

4nE(P) for ¢ = 2

limit Il =
a-=-20 0 for ¢ < 2,
Now consider
£(Q) ~ f(p
.| fOfE)
a
LB
1, < 22ElE@ = £@] | gy L mexl£Q) = £B] 42
a ) a

01

]

max]f(Q) - f(P)I&ﬂaz"c.
Thus, limit lIzl = 0, since, as a + 0, f(Q) » £(P), and therefore
a~=>0 ‘
£(Q) - £(P) » 0.

It is now clear that

. £(9). _ ¢ 4mE(P) c =2
limit do = { 0 e < 2.

a~>0 a
g

(7

Now, let us apply (6) to the function v = 1/r, where r is the distance from
a fixed point P to the variable point of integration Q. The région of inte-
gration is to be the region inside a given closed surface and outside a
smail sphere dl of radius a centered at P. The region of integration is de-
picted in Figure 14A., -

Ian this region, r is not zero and (6) can be applied without hesitation.

Since 1/r is a harmonic function, that is, satisfies Laplace's equation, it

follows that




and equation {(6) becomes

V24 3 1 13
- T b @ -tw oD
T g
where
IU = (u gﬁ - v %ﬁi do.
0

Let u = u(x,y,z) satisfy Poisson's equation. Then,

4o [ 3
T8 g1 = 2.
r J {u an ‘r on
T o
Consider I,
3 (1y _ 1 du [u - av%E
IO = (u -é—]f; ('i;) - T *an) do = az
Ul 0'1
and therefore by virtue of (7) it follows that
[u - a g-‘i] do
limit I, = limit 2“ = 4mu(?).

a-=>=90 a+00 a

Now, equation (8) becomes

1 3u

bmo 3 1 3u
T 9an

gt = | fuas D -

e ] do + 4nu(P)
T . o

or



= | & Lokde 2 &
u(P) Sdr | g - ugr (P do. (9)

Equation (9) allows one to define physically the concept of the dipole
layer. Let u be the electrostatic potential due to a charge distribution
of surface density p. The potential satisfies Poisson's equation (v? = -4ip).

Since gq/r represents the potential due to a charge g at a distance r from

i

the point of observation, the_term (L/t)pdT where v = x(P,Q) andrp o ()
represents the potential‘at P due to charges within the volume element dT at
Q. Hence, the first term of (9), ff%[pde, represents the potential at P due
to charges within the body T. |
Similarly, the second term in (9), LY%C£? %ﬁ&do, represents the po-

tential at P due to a surface-charge distribution on the surface o. To in-
terpret the term
3
e D1 a0l
o
in (9), let us consider the configuration shown in Figure 14B. Here a charge
-q is introduced at the point Q on the surface and a charge +q is introduced
at a distance AN << r at the point Q; along the outward normal § to g. The
distance from -q to P is 1, and the distance from +q to P 1s denoted by r.

1f we take q = m/AN = dipole moment  yheye m is constant, the potential at
charge separation

P is‘

The limiting configuration of the figure is a dipole; the constant m is the

dipole moment. Thus, the term




A. Regions of integration

Tigure 14,

B. Dipote configurgtion at the surface




represents the potential due to a surface distribution of dipoles having

the moments - £.99 ° A supface distribution of dipoles such as this we will

47

call a dipole laver.

Since the volume integral in (9) is extended only over T, it does not
take account of the charges outside ¢. That purpose is served by the surface
integral in (9). From this viewpoint, (9) shows that the charges outside ¢
can be replaced by a sultable surfacé charge and dipole layer on 0o, withoué
'changing the potential within ¢. If T increases beyond all bounds, Ehe
limiting value of the surface integral can be thought to represent the in-

fluence of the charges at infinity.

A Simplified Close-up View of the Divole and Diffuse Layers.

As was mentioned ia the previous section, our model of a mineral particle
in suspension involves three layers: the surface layer, the Stern layer, and
the diffuse layer. These layers are shown in Figure 13. he surface layer is
the outer layer of ions in the solid phase. The Stern layer is a layer
adjacent to the surface layer but carryiang opposite charge. The diffuse
'layer can be regarded as the layer of ions extending from the Stern layer's
outer boundary deep into the liguid phase.

The diffuse layer is very important but difficult to treat, and there-
fore it has not heen so extensively studied in the literature as the other
two layers.

Gouy (1917) assumed that the ions in the liquid phase followed a

Boltzmann distribution function up to the surface of the particle. This




assumption is rather inaccurate close to the particle's surface. In the
present tréatment we begin by assuming that a Boltzmann function governs
the distribution of ions up to the boundary between the Stern and the dif-
fuse layers,

ni = nygexp{-6; ed(kT)"!} (10)

where ny 1is the concentration of ioms of type i at a point x where the po-
tential is y(x), nyy is the concentration in the bulk of the solution, 6,
is the valence of ions of type i, g is the electronic charge, k is Boltz-
mann's constant, and T is the_temperéture.

The diffuse layer also satisfies Poisson's equation, which here is

written

v2y = - A0 | (11)

where V2 is the Laplace operator, y is the potential a distance x away from
the boundary between the dipole and the diffuse layer, D is the dielectric

constant, and is the space charege per unit volume. is given by
s p & h &

L
p= ] 08;en. (12)

n
V2 = - %;- ) 8; e ny, exp{-6; e P(kT) "1}, (13)

The solution to (13) in its general form is analytically possible but very -

complicated. To simplify the solution, we assume that the particle acts
) |
as an infinitely large plane surface and we average all;ei‘and n;. Then,

|

equation (13) can be solved to obtain the solution -

b= 9, em(xx) - (14)
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where $C is the zeta potential and x is the well known Debye-Hickel function
which is defined by the expression

o = 8mo?e?n
DkT

vhere § is an average of all 0; and n is an average of all njy.
This model gives an approximation to the potential as a function of
distance. The potential drops exponentially as we move outward from the

plane separating the Stern and the diffuse layexs.

Complications in the Theory.

There are many complications in the detailed theory of the electric
layers, especially for particles moving in an electric field (Kruyt, 1952;
Overbeek, 1959; Frumkin, 1946). The effective viscosity in the diffuse
layer is affected by the fact that the ions in it are also moving because

of the field applied. This gives rise to electrophoretic retarvdation.

Briefly, since net charge in the fluid region close to the surface is opposite
in sign to that of the surface, these ions on the whole move relative to the
solution in a direction opposite to that of the surface. In turn, they en-~
train solvent with them (for example, through their hydration shells and at-
mospheres) so that there is a local motion of the medium opposing the motion
6f the charged particle o; surface. Therefore, a more realistic model of
the electric layers as a particle moves in an electric field must also in-
cludé a consideration of the local medium velocity.

There is also a relaxation effect which consists in that, because of

the motion of the particle, the dipole layer lags somewhat behind; again,

the effect is one of retarding the motion of the particle. Deryagin and .



co~workers (1966) studied this relaiation effect and showed that differ-
ential diffusion of ions in the vicinity and toward the surface of a moving
particle may give rise to an added contribution to the electrical potential
which is independent of and perhaps superposed on the zeta potential.
Another point is that the dipole layer region is a source of conduc-
tance and so.is the surface of the particle itself. This conductance is
difficult to evaluate. LeFebre (1267) has studied conductance for the ice-

solution interface.

Derivation of the Zeta Potential Eaguation.

The diffuse layer satisfies Poisson's equation

v2y = - 200 | (15)

where V2 is the Laplace operator, y ié the potential at a point 1ocatéd a
distance x from the outer boundary of the Stern layer, p is the space
charge per unit volume at that same poinf, and D ié the dielectric con-
stant of the medium.

Assume that the liquid under consideration is undergoing laminar
flow, that its viscosity, u, and dielectric constant, D, are uniform
throughout the mobile part of the diffuse layer, and that the bulk of the
potential drop in the diffuse layer takes place in a distance‘ﬁhich is
sﬁall compared to the radius of curvature of the surface.

When an external field of strength E is applied, each volume element
in a layer of liquid of thickness dx at a distance x from the surface will

experience a force
F, = Ep dx, (16)

where F1 has the dimensions of force per unit area.




The viscous drag on the liquid layer is contributed by adjacent layers
that are wmoving at a different velocity. The side of the layer at a dis-

tance x from the surface will be retarded by a force given by:

g = -m (%ﬁﬁ]x', (17)

where v is the liquid velocity; the side at a distance x + dx from the

surface will be accelerated by a force

dv

fx+dx = U ['EE }X+dx‘ (18)

Thus, the net frictional force per unit area on the laver in question is

a dv
o= (a5 Jaran ~ v (& e (19)

At steady state, the total force per unit arsa on the layer is zero:

2
Ep de =1 QL; dx. (20)
dx

We know that for a plane surface

2
v2y = ELJQ' (21)
2
dx

Thus, by (15) and (21) we have

_ohmp Eﬁﬁk ) ' (22)
D dx*
or
2 ' %,
A I | (23)
b de

By (20) and (23) we get

ED d2 . d2v '
AR (26)




Since at x = =, v = v, (electrophoretic velocity), ¥ = 0, and at x = 0,

v =20, =, equation (24) gives

_ED V¥
TR - (25)

A possible use of this equation is in determining the so-called zeta
potential. We can define zeta potential as the electrical potential in
the slipping plane between the fixed and flowing liquid, that is, the po-
tential at the outer edge of the Stern layer. In order to determine the
zeta potential, we measure the electrophoretic velocity ve under a Qertain‘
electric fiéld of strength E and, knowing D and u for the case under con-

sideration, we can determine wc.
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EXPERIMENTAL

The quantity which we measure in électrokinetic studies is electro-
phoretic mobility, that is, the wvelccity at whiéh a given particle moves
when a suspension of these particles is placed in an electric field. The
electrophoretic mobility, as sbhown in the previous section, depends on the
strength of the field, the viscosity of the fluid, the dielectric constant
of the fluid, and the zeta potential. The zeta potential is highly de-
pendent onmsome of the ions present in the dipole layer. Such ions are

usually termed potential-determining ions. In the case of the experiments

2,

with silicate minerals to be described in this paper, the potential-
determining ions are W' and OH™. Thus, zeta potential is a function of
the pH of the solution in which the paréicles are immersed.

The isoelectric point of chargze of a given solid sample whose
potential-determining ions are Bt and OH™ can be defined as the point on
the pH scale at which the sample possesses zero net surface charge énd the
adscrption densities of 1t and OH™ are equal, At the iséelectric point of
charge both the electrophoretic mobility and the zeta potential are zero.

The isoelectric point of charge is a very important parameter in-
fluencing surface phenomena. It determines the range of pl in which a
surface reaction will bhe likely to occur. For example, beryl has its iso-
electric point of charge at pH 3.00, being positively charged below this pH.
Thus, if a sample of beryl is immersed in water at a pH below 3.00, the o
ions in the water will not be attracted to the positively charged beryl

| .
surface, and any surface exchange of #* for metal cations would be highly

improbable under these circumstances.
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Instrumentation

Hoving Boundary Cell

Moving-boundary methods were among the earliest to be used for the de-

termination of electrophoretic mobilities. The Burton cell uses a traveling

telescope to measure the moving boundary. With this technique, it is
essential to have equilibrium between the suspended particles and the liquid.
Also, careful consideration must be given to the type of 1iquid used in the
experimenp;

The Bu?ton cell is highly reliable ‘and has been widely used. However,
experiments with it are very tedious and require several hours to complete,
This may cause errors due to diffusion not detectable with the telescope. A
very complete discussion of the Burtonﬂcell is given by Alexzander and

Johnson (1949).

Mass Transport Cell

Long and Ross (1965) developed a method for determining electrophoretic
mobilities in an effort to obtain an instrument well adapted for fundamental
research, while retaining the main features of earlier mass~transport cells.

The setup of the Long-Ross cell is shown in Fiéure 15. This cell is
made of an acrylic resin (Lucite, Plexiglas), which is machinable. The cell
is ﬁery simple in design and construction. For electrophofetic mobility
measurements, the main circuit components are two electrode procbes and a
recorder with a voltage-divider circuit.

In this cell, the amount of solids tramsported, a (in grams), is given

by the equation




A- Recorder E - Reservoir
B - Electrodes A F - Power Supply
C - Collection Chamber R,- 10 ohms

D - Migration Tube R,- 22x10% ohms
Rl RZ
B
— [ 5
E
c
F _
\
I U— ’ | ’ | | | I
- +

Batteries connected to electrodes. Voltage divider circuit attached to platinum probes.

(ofter Journal of Colloid Science, v. 20, 438-447 (1965))

Figure 15. The Long-Ross mass transport cell.
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where M is the concentration of the solids (gm/ml), G is the potential
gradient (volts/cm), A is the area of cross section of the migration tube
(cmz); Ve is the electrophoretic mobility (em secl/volt em™1), and t is
the time (sec).

This apparatus is most reliable for colloidal particles of high
specific gravity. Comparison of the Long-Ross method with the Burton cell
shows mobility differences of no more than 4 percent.

Errors using this apparatus may be ascribed to convection currents due
to Joule heating of the particles or of the supporting electrolyte,
céunterflow effect, convection currents created by the gravitational fall
of particles, and thermal conductivity properties of and electrostatic
charge effects on Plexiglas. The advantages of this method are many more

than its shortcomings, and reproducible measurements of electrophoretic

mobilities of dispersed particles can easily be made using the Long-Ross cell.

Streaning Potential

Streaming potential is also_frequemtly used in measuring zeta potential
and isoelectric point of charge. This is an indirect way of measurement.
Zeta potentials (wc) can be calculated by determining the difference in po-
tential between the two énds of4a porous plug of particles as a-liquid is
forced through the plug. The equation that relates zeta potential to stream-
ing potential is given by Gaudin and Fuerstenau (1955). Tor aqueous systems

at 25° C, this equation is

by = 9.69 x 10% %A- (¥ in millivolts) 27



(621

where 5 is the streaming potential in millivolts, P is the driving pressure
in centimeters of mercury, and A is the specific conductance of the so-
lution contained inside the plug in ohms " lem™l.

To determine zeta potentials by this procedure, it is necessary
experimentally to measure driving pressure, specific conductance, and
streaming potential. The error in zeta potential values measured in this

manner has been less than 1 percent. TFurther discussion of streaming po-

tential studies is given by Fuerstenau (1956) and Korpi (1960).

Eléctrophoresis Cell

The apparatus used for the electrophoresis experiments described below
is shown in Figures 16 and 17. The cgll and glassware were designed an&
built in the laboratories of the New ﬁexico Bureau of Mines and Mineral
Resources, and the projection apparatus was a Rayoscppe.

This apparatus consists of three main parts: A power supply umit, a
conducting unit, and an opticai system, The power supply used has a range
of 0 to 300 v dec and 0 to 50 milliamps de.

The cohducting unit is composéd of a series of glass tubes that allow
he solution with the particles to pass through the observation reglon and
then to drain at the other end of the unit. This coﬁducting unit is
supplied with two sets of electrodes: An inner permanent platinum elec~-
trode for measurements of electrophoretic mobility when high accuracy is
needed (the electrode separation can be determined extremgl? accurately)
and an outer removable set of electrodes for rapid isoeléctric point of

charge measurements.



e
el

ST

S e

O L
SEBA T
i

sk
Ha
S5

REEl

Homrasis:

KTy

ypparatus

s

is

B

e

q

tograph of electroph

]

E

b

16,

»

P oure

1

Y

i



3
(SN

i
|

10
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B ~ Drainage outlet

C - Cu-Zn clectrode
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Figure 17. Diagram of electrophoresis apparatus.
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The optical system itself consists of two parts: A projector and a lens

filter system. This modification, not previously used, allows the projection

of the images of particles on a screen, thus eliminating the need for tedious

microscopic observations. The heat absorption and blue (color) filters added

to the projector allow the experimenter to minimize convection currents in-
side the cell. It was.shown by Whitney and Blake (1904) that suspended
varticles and not the glass itself are heated.

The author also developed a second modified electrophoresis cell based
partly on the design by Zeta-leter Corporation (Riddick, 1961) and partly on
the cell discussed above. This second electrophoresis cell is shown in
Figure 18. Although less reliable than the electrophéresis apparatus above,
it is more convenient for rapid routine measurewents of isocelectric point
of charge. lMeasurement errors using this_cell are caused mainly by the
thermal conductivity properties of Plexiglas and by convection inside the

tube.

Experiments, Results, and Discussion.

The samples studied are shown in Table 5. All samples were hand picked
and then dry-crushed in a ceramic ball will and screened to obtain a minus
400~mesh size fraction. The sized samples were then run through the
electromagnetic separator to remove iron-bearing materials. Finally, the
samples were crushed in an automatic mortar to obtain a size fraction 2 to
10 microns in diameter., Final particle sizes were determined to an
accuracy of l;1.5 percenf, using a Fisher subsieve sizer. COCne gram of this
size fraction of a minerél was mixed with about a gallon of deionized water.

From this stock suspension, 10 samples of 100 milliliters each were taken,
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Figure 18. Modified electrophoresis cell.
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each having approximately the same degree of ?article dispersion. Every
gample was then adjusted to desired pH with HCL or NalH, and its iso-
electric point of charge was determined.

The isoelectric point of charge was determined by observing the
particles as they moved through the electrophoresis cells described
previously. TFirst, the velocity of the particles was statistically meas-
ured using 20 determinations. Then, the electrophoretic mobility was
plotted as a function of pH to determine the isoelectric point of charge.

Results obtained for the isocelectric point of charge experiments are
shown in Table 5 and Figure 19. It can be seen from Table 5 that for a
series of very pure silicate samples the oxygen-silicon ratio increases as
the isoelectric point of charge increases.

An important point to consider is the observed difference in iso-
electric point of charge between a leached and an unleached sample of the
same mineral, as shown in Table 5. An explanation;may be obtained by using
the model described in the previous chabter for the reaction of theée sili-~
cates when they are in contact with an acid solution.

Let M" be the metal cation, Y~ be the anionic part of the silicate
sample; overbars represent surface products, and ions indicate species in

aqueous phase. The surface reactions may be indicated by the following

equations:
Bt + MY 7 Mt + HY : (28)
H,0 + MY 7 Mt + HY 4+ OH- . o 29

. R A, i
During a leaching process, a large number of the ' ilons may leave

the surface, an equivalent amount of u* ions replacing them. The number of
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ions present on the surface will then be substantially less than for an
unleached sample and the amount of OH™ ion formed as an end product will
also be much less. 1If the leached sample is denoted by A and the unleached
samnle by B, it follows that

0H"] < [oH” 30
[or7], < [oH7], | (30)

and therefore,

[}1+]A final > [H+]B final . (31)

§ince, for the silicates used, H" is the potential-determining factor, as
shown by Dejﬁ and Bhappou (1965a, b),

ip = isoelectric point = k/[Ht], (32)
where k& is the proportiohality constant. Thus (31) becomes

ipé < ipB. L 7 (33)

For this reason, the isoelectric point of charge of the leached and
purifiad sample may be less than that of the impuré sample, as 1s observed
experimentally.,

In reality, equations (28) and (29) probably do not represent the only
reactioﬁs occurring on the surface of the mineral. There may be an entire

set of reactions simultaneously occurring, as indicated in general form by

et o [P—
an++MYn ToM T+ nH Y
_ [ P (3)

* WL o
pnH 0 + MY L pM™ 4+ (np)OH™ + n HY

where n is the valence of M and p is the valence of Y in the silicate

mineral.
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The model discussed in the first section of this chapter completes
the pigture of phenomena cccurring at the éilicate~solution interface. By
electrophoresis experiments the electrophoretic mobility of various sili-
cate minerals was measured (microns/sec/volt/em). Using equation (25) and
recalling that, at 25° C, D=78.54 and p=0.00894 poises, the value of the‘
zeta potential of the minerals under consideration was determined as a
function of solution pH. Then, using equation (14), the potential | was
plotted as a function of relative distance (kx) for several values of [H+]
concentration. Such a plot is shown in Figure 20 for the case of beryl.
Similar plots were made for other mineréls. This type of plot gives a
quantitative view of the electrical potential surrounding a mineral particle
in suspensipn.' Such plots, together with the predicted type of chemical
reaction between water and silicates, and the concept of isoelectric point

of charge, describe the phenomena occurring at the water-silicate interface,
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SUMMARY

A model of a mineral particle and its surrounding electric layers has
been developed. The model shows that the charges outside the particle's
surface ¢ can be replaced by a suitable surface charge and dipole layer on
g, without changing the potential within o.

The electric layers surrounding a mineral particle in suspension were
also closely studied and a model of potential as a function of distance was
constructed.

Phenoména such as electrophoretic retardation, relaxation effects, and
dipole layer conductance are briefly discussed, and their possible effects
on the model are mentioned,

Beginning wifh the assumption that potential satisfies Poisson's

equation in the diffuse layer, the equation

_ kDY
Ve = 4m

was derived.

The various instruments which are used for electrokinetic studies were
briefly discussed. These are: The woving boundary cell, mass transport
cell, streaming potential apparatus, and electrophoresis cell.

Experiments using some of the above instruments were performed using
silicate minerals suspended in water. The isoelectric point of charge was
determined by observing the particles as they moved in the presence of an
electric field. Their velocity was then statistically measured,

|

The isoelectric point of charge increases with the oxygen-silicon
|

ratio.

'
|
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The isoelectric point of charge of a leached sample is less than that
of an unleached sample. This same result can be derived qualitatively
from knowledge of the surface reactions at the water-silicate interface.

Electrophoresis experiments combined with the model described at the
beginning of the chapter were used to determine the electric layers for
several minerals and led to a better understanding of the reactions at
the water-silicate interface.

The iscelectric point of charge of a given sample tells us the range
of pH in which any surface reactions between water and that sample will

occur.
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SYIIBOLS

br = 2eta potential

¢o = surface potential

dT = volume element

do = surface element

r = radius

p = density of charge

q = charge

ni = concentration of ions of type i at a point x where the potential is ¢(x)
nig = concentration of ions of type 1 in the bulk of the solution
0i = valence of ions of type i

e = electronic charge

k = Boltzmann's constant -

T = temperature

X, ¥, 2 = épace variables

time

s
i

D = dielectric constant

9 = average of all 84

n = average of all nj

« = Debye-Hickel function
E = strength of electric field
F = force

f = component forces

Ve = electrophoretic velocity



p = viscosity

m = dipole moment

a = aﬁount of solid transported in Long-Ross cell

M = concentration of solids (gm/ml)

G = potential gradient (volts/cm)

A = area of crbss section of the migration tube (em?)
S = streaming potential (uv)

P = driving pressure

A = specific conductance

it = metal cation (in general) of valence n
Y™ = anion of valence p
ip = isocelectric point

overbars = surface products
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CHAPTER 4

MATHEMATICAL TREATHMENT OF SORPTION

laving defined and described the mechanism of the reaction which
takes place at the water-silicate interface, we are now in a position to
solve the equations of flow as they apply to the water-silicate system.
In this chapter we will derive a mathematical model of flow through
porous media which couples the hydrbdynamic considerations with the
mechanism of reaction postulated in the previous two chapters. The model

will be one-dimensional and will neglect dispersion,

/1



DEFINITIONS

Sorption is a term used to describe the compqsite of all surféce
reactions which take place when two phases are put in contact with one
énother.

Dispersion is a term used to include all phenomena which tend to
cause spreading of one phase, say a fluld stream, into, or onto, another
phase, say a porous medium.

Diffusion is a process which tends toward an equalization of concen-
trations within a single phase. It is usually expressed in terms of
amount of substance passing perpendicularly through a given region of

unit area per unit time.
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KINETICS

in Chanter 2 we showed that the reaction occurring when'a silicate
is placed in contact with a solid is given by equation (3). We also
showed that the rate of fofward reaction between a liquid and the silicate
surface does not necessarlly equal the rate of the backward reaction.
Consider a system where liquid-deionized water passes at a uniform

rate through a homozeneous bed of a given silicate mineral, Let

S = concentration of solute in the solid ohase (mass of solute/volume.
of solid material),
C = concentration of solute in the liquid phase (mass of solute/volume
of liquid),
Ki = proportionality (rate) constants,
t = time, and
Y = porosity.

Then, the rate equation for the reaction betwsen water and a silicate
is given by

_g.ii = Y(X,C - K,5) : ‘ (34)

From equation (34) it follows that if X,S > XK C, then 23 45 negative,

ot
and hence a diminution of solute in the solid phase occurs. Basically,
equation (34) states that sorption and desorption can occur together and
at different rates in a continuous injection system; that is, there can

exist in such a system a mass-transfer resistance that controls any gains

or losses of the solute concentration in the solid phase.




MASS CONSERVATION

From a macroscopic point of view, we can write the law of con-

servation of mass as

. 3C , 3C . 1 38 ‘
AR T ST Lt :
v 3y 3t vy ot 0, (35)

where V = average fluid velocity.

Equation (35) was first derived by Klotz (1946) and assumes no
dispersion. However, Hendricks (1965) proved that in a liquid-solid
system, at the begiuning, sorption exceeds dispersion but under con-
ditions of continued injection, sorption (and therefore surface free
energy) decreases wiﬁh time until the relative magnitudaes of dispersion

and sorption may be of the same order. Thus, equation (35) becomes

X |
%€ _ g 3¢ _ 3¢, 138

ay? dy oty ot’ (36

where D = coefficient of dispersion,
The discussions in this work are restricted to the sorption-

desorption system without dispersion.

74



75

BOUNDARY ARD INITIAL CONDITIOHS

If we take a »oint, ¥ys OR & porous bed, the concentration, 5, at
Y1 will be a function of space, not of time, before the fluid reaches yi.

In mathematical form, we say

S(y,t) = Su(y) t < y/v. (37)

Equation (37) serves as the initial condition. To obtain a boundary
condition, consider the interface between the fluid and the top of the

porous bed. Certainly, along this interface,

Cly,t) = Cy(t) y = 0. (38)



To solve the system

MATHEMATICAL SOLUTION

(35) and side conditions (37) and (38) and apply the transformations

and

8

Then (35) becomes

Equation (41)

total differential

Thus,

AR

Y(t - Y/V)~
9C _ _ 38
Ja 38

implies that there exists a function, F(u,B), with
defined such that

df(a,B) = Sda - CdB.

3F
38 °

—— and C= -

and the initial and boundary conditions become

C(o,

and

t) = Co(8/y) = C,(8) when a = 0,

S(y,t) = 81(¢) when B =0,

Now, using (42) we can change (43) into a differential equation

32F

3B3a 1 38 2 Ja

+K§‘E+Ka_"=00

under consideration, we use equations (34) and

(39)

(40)

(41)

(42)

(43)

(44)

(45)

in F:

(46)
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2 .
Let F(o,B8) = e ' e 2 ¢(a,3), where C, and C, are constants to be
determined and ¢ is a new fuunction in o and B.

Thus, (46) becomes

a2
o : 34 3 -
gt Ea¥Cy) 2 ,(Kﬁcl) F% + KyCyé + KyCyd + CyCio = O, (47)
2
e . ‘
Easg'“ K1K2¢(G:B)' ’ (48)

If ¢, = -~ K, C, = - K,, then (47) becomes
From equations (42) and (45) and the definitions of F and ¢, we obtain
|

_ () L goRe 4 o 1% 38(0,0)
Sl(a) [ Ja JB=O_ Kle ¢(a,0) + e v .
Letting ¢(a,0) = £(a) gives
£'0) ~ K £(a) = 1% (o). (49)

Equation (49) can easily be solved by the method of quadratures to

obtain Kool : '
$(a,0) = £(a) = e 1| 5,(8)de . - (50)
, N
Similarly we can obtain
K,8 :
$(0,8) = g(B) =e 27| - ¢;(\)dx. ' (51)
0
Also, $(0,0) = 0. o (52)

Thus, we must now simultaneously solve equations (48), (50), (51),
and (52). This can be done with a method illustrated by Sokolnikoff and
Redheffer (1958), using an example involving the theory of forced oscil-

lations and resonance. -



After tedious manipulation, we find that

Q
Sa,B) = e KB e 1 g1 ()1, (24K KB (D)) de
0
; |
g 0Ie(2K Ka(B-1) Ydrd
0
u —
+ | @ “‘11;2_2 T, (2VK R B(a-E) )dE
0
5 KK |
+ g' (X) @ Il(ZVkIKza(Bwl) Yarx + £'(a)} , (53)
0 .
and .
7 ‘ d a
Cla,p) = - e K1ot2B) g (1 £1(0)1, (2K G B(a-E) )dE
; |
B8 a -
+ | 8" NI (2K K a(B-R))dr} + | £1(E) ﬁlg_ﬁi@— I, 2/ K, 8(a-E))dE
0 0
8 — L
+ | g'() 3‘-&%‘5 1, [ Kya(Brydr + g'(B) ], (54)
-
0

-8

where 1, and 1, are the zeroth énd first-order modified Bessel functions
of the second kind with imaginary arguments; f'(a) and g'(B) can be
obtained by differentiation of equations (50) and (51).

Thus, the solution £o our problem is given by equations (53) and (54),
_ together with the transformation equations (39) and (40) and definition

equations (50) and (51).
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This solution is rather complex because our original assumptions were
rather general. To use these equations it is best to employ a numerical
appreach with a digital computer (Banks and Ali, 1964). Thus, we now con-
sider the nondimensional ratio C/Cq versus v = vt/y; S/So will not be con-
sidered since it is rather difficult to treat experimentally, and thus éf
no great practical value,

Figure 21 shows the result of the computer analysis. It is important
to examine the figure qualitatively and notice that if the exchange of
ions takes place infinitely fast and with no dispersion (curve A), the
change in coﬁcentration due to the exchange reaction is preserved without
distortion as the interface moves through the colum. Thus, at v = 1
(that is, at t = x/v) the concentration jumps from C/Cq = 0 to C/Cy = 1.
If the reaction requires'a finite length of time, then one obtains curves
of type B, These results can be compared with curve C, which gives the
behavior of dispersion with no sorption (Ogata, 1958; Carslaw and Jaeger,
1959; Banks and Ali, 1964). Figure 21 clearly shows the difference between
a chemical phenomenon such as sorption and a purely mechanical phenomenon
such as dispersion. This difference should be easy to see in an experi-

mental check of the model presented here.

30



SUMARY

In the previous two chapters we established the reaction mechanism
at the silicate-water interface. Once we have established that the re-

action mechanism is given by equation (3) we can translate the mechanism

into differential equation form, that is,

%f;i = v(X,C - K,5), (34)

where S = concentration of solute in the solid phase (mass of sclute/
: volume of solid material),

C = concentration of solute in the liquid phase (mass of solute/
volume eof liquid),
K;i = proportionality (rate) constants,
t = time, and
¥ = porosity.

Then, solving equation (34) together with the differential form of the law

of conservation of mass and with appropriate boundary and initial conditions,
we can obtain a solution which gives us the changes of concentration of so-
lute as the water passes thréugh the bed as a function éf both spaée and time.
Figure 21 depicts these changes for the mechanism preposed and compares them
'to the changes expected for a dispersion mechanism without a chemical

reaction.




e}
(o

(V2]
li

concentration of solute in the solid phase (mass of solute/volume of
solid material)

(@}
i

concentration of solute in the liquid phase (mass of solute/volume of
liquid)

i = proportionality (rate) constants

t = time

Yy = porosity

V = average fluid velocity

D = coefficient of dispersion

vy = vertical space coordinate

I, = zeroth order modified Bessel function of the second kind with imaginary
argument ‘

I1 = first order modified Bessel function of the second kind with imaginary

argunent
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" CHAPTER 5

EXPERTMENTAL TREATMENT OF SORPTION

In the previous chapter a model of sorption was presented, This
model was valid for first order kinetics and ion exchange where the rate
of forward sorntion was not necessarily ecqual to the rate of backward
sorption (desorption), This model will now be experimentally checked for
the system silicate-water. In this system forward sorption will be the
movement of hydrogen ions from the solution phase to the solid surface,
Backward sorption (desorption)‘will refer to the motion of cations from
the solid surface to the liduid phase, The rates of sorption and de-
sorption are nét considered equal and in most cases differ considerably,

In this chapter the results of column experiments with the svstems
glass beéds—water, soda microcline-water, spodumene-water, and forsterite-
water are reported, The four svstems used cover the whole range of sili-

cates and vary considerably in properties, The attempt in this chanter

will be to look at trends in general rather than specific details applicable

only to a given silicate family,




EXPERTMENTAL

Set-un

AR

To substantiate the theoretical discussion and the models rresented in
the previous chapters column experinents were conducted, Tigure 22 depicts
the set-up. The column'was three inches in outside dianeter and was made of
quarter~inch Lucite; the shower head on ton minimizes any dispersion effects.

he water used in the experiments was first distilled and then passed
through two beds of mixed resin ion exchanger, (Water nroduced in this
fashion is comparable to triple-distilled water.) Tt was then acidified to
the dasired pH, ﬁsing HCSL prior to its entrance into the coluwmn,

The pl monitoring 8quipment‘consisted of two Corning Model 12 $H meters,
two sets of Corning pH electrodes and two leathkit servo recorders.,

All cation and chloride monitoring was done using the analvytical

techniques presented in Appendix 1,

Materials

Column exveriments were conducted with samples of glass beads, soda
microcline, spodumene, and forsterite, Mineralogical data on these samples
appear in Table 1, Chemical analyses were run on the four solids ﬁsed and

are reported in Table 6,
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Figure 22. Setup for column experiments.
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Table 6. Cnemical Analyses

: Glass Beads Soda Microcline
Constituent Percent Normalized Percent Normalized
A . Percent Percent
Si02 71.20 72.11 67.02 06,22
Al203 .0.60 0.61 19,86 18.62
Fel 0.42 0.43 0.06 0.06
K20 0.19 J.19 8.13 8,03
Ca0 9.63. 9.75 0.04 0.04
Na0 14.34 14,52 5,10 5.04
g0 2.21 2.24 0.00 0.00
Li20 0,00 0.00 0.00 0.00
H20 0.15 0.15 1.00 0.99
Bel 0.00 0.00 0.00 0.060
TiO2 0.00 0,00 0.00 0.00
MnO 0.00 0.00 0.00 0.00
Total 898.74 100,00 101.21 100.00

Spodunene Forsterite

Constituent Percent Hormalized Percent Normalized

- ' Percent Percent
S5i0, 64.24 63.03 38,60 37.76
Al,0D3 25,52 25.04 4.76 4,66
FeQ .17 0.17 8.00 7.83
Ko0 0.84 0.82 2 0.16 J.160
Ca0 0.12 0.12 2.92 2,86
Na,0 3,08 3.02 4,38 4,28
£gd 0.01 0.01 39.14 58.29
Li,0O 6.14 6.02 G.00 0.00
H,0 1.80 1.77 3.89 3.81
BeO 0,00 0.900 0.00 0.00
TiO» 0.00 0.00 0.25 0.24
¥no- 0.00 0.00 0.11 0,11

Total 101.92 106.00 102.21 100.00



Tn all experiments the column was filled with a nearly homogeneous
samnle of the solid being used, The size distribution in all samples,

determined by sieve analysis, follows:

Mesh Size

U.S5.. Sieve Mumber yA Fraction

' +80 0
-80+100 ’ 50
~100+140 50

-140 : trace



HYDROGEN SORPTION

Zamples of all four materials used were packed in eaqual columns to a

height of 13,20 ecmg, Acidified water at an initial pH of 3,00 was passed

. .
[Xe}

through the colummn at a constant rate of 10,5 cc/min, The result of moﬁi-
toring the pil on all four samples is shown on figures 23, 24, 25, and 26,
These figures depict the behavior of the non-dimensional ratio. [H*Y] / (1351
as a function of time and v = vt/x, where [H}] is the concentration of

hydrogen ions in the inflowing water, [lI*] is the concentration of hvdrogen

ions in the effluent at time t, v is the flow velocity, and x is the bed
length,
Figures 23 and 24 resémble the sorption behavior described by the model
of the previous chapter, The rate of sorption of soda microcline.is also
seen to be less than that of the glass beadsf In the case of the two higher
silicates investigated (spodumene and forsterite) the rates of hydrogen ion
sorption are extremely slow, being less for forsterite than for spodumene,
This is to be expected since it was pointed out in Chapter 2 (page 19) that
for a silicate mineral the higher the oxygen-silicon ratio the greater the
amount of hydrogen sorption possible and thus it takes lénger to achieve
surface equilibrium, . i
Similar sorption curves were obtained for various experiments where beds
of different lengths were used. As the bed length is reduced, however, the
experimental error increases maximizing any dispersion effects, |
On the basis of the derivation of the previous chapter and figures 23,
24, 25 and 26, one can conclude that the phenomenon occurring between the
|
|
|

solid and the liquid is one of sorption and not a purely mechanical
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phenomenon such as dispersion, ;f the phenomenon in question were dispersion,
then C/Co must equal 0,5 ﬁhen v = 1 and from the experiments this is clearly
not so. ' o

Dejﬁ and:Bhappu (1969) have further discusséd hqw one can experimentally
distinguish dispersion and sorption using the theoretical model and column
experiments with glass beads,

Chloride in the water due to HCL addition was monitored using both a

chloride electrode and the chloride analysis procedure reported in Appendix 1,

No changes in the chloride concentration were observed in any of the experi-

ments reported,



"DESORPTION

In the previous section the moyément of hydrogen ions from the liquid
to the solid surface was discussed, In order for these ions to occupy po-
sitions on the solid surface some of the cations originally present on the
solid surface must move into the liquid phase, This latter movement is
termed - desorption,

The main cations showing desorption in this study are Nat, K+, Lit,
Catty Mgtt, A1ttt Fett| and Tettt, The amounts of these cations in the

water percolating through a solid bed were determined by the analytical
methods outlined in Appendix 1. Samples of the percolating water were ana-
lyzed at relatively close intervals of time, Specific ion electrodes were
tried for Catt bBut failed due to interference from other cations, ‘Thus,'all
analyses reported were doné chemically in most cases irmediately or within a
short time after withdrawing the sample,

Figure 27 shows the desorption curves for sodium, potassium, calcium,
and magnesiun on glass beads, The corresponding sorption isotherm is shown
in Figure 23, As was pointed out in Table 6 these beads had 14,34% Na,0,
9.63% Ca0, 2,21% Mg0, They also contained small traces of K,0, Fe0, and

A1203. Figure 27 shows that considerable desorption of both Nat and Ca™t

occurred with smaller desorption of Hg++ and only a trace of K" appeared in
the effluent, The desorption of monovalent cations seems to occcur prior to
that of ‘divalent cations, In the case of trivalent cations no desorption
occuéred until the desorption of divalent cations was completed,

The sample of soda microcline contained 8,132 K,0 and 5,10% ﬁazo_ Its

desorption curves are shown in Figure 28, Even though potassiim is present
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in larger amount than sodium, the soaium,desorbed faster and to a greater
extent than the potassium, This may be due to:
(1) a tighter bonding of the potassium ions to the
the crystal lattice, and/or
(2) the larger ionic mobility of sodium,

Figure 28 shows that the desorption of monovalent cations was almost
complete after 100 minutes, Tigure 29 shows the desorption curve of Al+Ht+
for the same soda microcline, AlTH desorption did not start until after
about 100 minutes at which point thé pll was about 4, A peak in the A1
desorption curve did not occur until about 400 minutes, As was pointed out
before, this shows that A1 does not desorb considerably until the divalent
and nonovalent cations have completed their desorption, In the case of A1t
the phenomena described can be similarly explained by a consideration df
ionic mobilities or of the solubility of Al(OE)3 in the pi range in question,

Figures 30, 31, and 32 for spodumene and forsterite show the same order
of desorption described above for the glass beads and the soda microcline,

On the basis of all the experiments performed, an order of desorption
from faster to slower can be established as follows:

monovalent ~divalent trivalent
cations > cations > cations

or more gpecifically,

Lit >iat > & > vt > catts pettos a1t 2

which is the same order of relative ijonic mobilities worked out for ion
exchange resins (Dow Chemical Co., 1959),
In the case of the forsterite sample, even though there was 8 per cent

Te(, the desorntion of iron was very minimal and at best only in the range

oo
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of a few parts per billion, lMlost of the iron found in solution was in the

R

form of Te'™ and traces of Telttt were found once the pH went below 4, This

is,. df course, what one would expect from the solubility of the various iron

cormlexes as a function of pi, Bhappu, Johnson, Brierlev, and Peynolds (1968)

have worked out such solubility curves for the iron system and their curves
well agree with the extent of iron desorption in my experiments., lHowever,
since the iron desorption was so small, I would not like to make any quanti-
tative statement in this respect because of possible inaccuracies in the
method of analysis for such low concentrations of ;ron.

Silica behaved almost identically in all column experiments regardless
of the bed being used, Silica dissolved initially up to about 6,45 ppm when
the outflowing water was at pll values larger tham 9, Then, its solubility
declined slley until it leveled off at about 2 pon when the pil reached about

by
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Column experiments consisting of water percolating through beds of

|
|
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glass beads, soda microcline, spodumene, and forsterite were conducted to

vefify and expand the theoretical model presented in the previous chapter.
The expeérimental curves of hydrogen sorntion for glass beads and soda
microcline resemble the theoretical curve of the previous chapter. The
surface reaction between water and glass beads is much faster than that
between water and microcline. For the two higher silicates used, the rates
of reaction were so slow that no correlation with the theory was practical
since surface equilibrium could not be achieved in a reasonable time for

laboratory observation.

experiments conducted.

In order for the hydrogen ifon to océupy positions id the solid surface,
desorption must occur and scme of the cations originally present on the
solid surface will move into the liquid phase. Desorption curves were
plotted fér each of the four systems under consideration. A correlation was
found between rates of desorption and ionic mobilities, the greater the

.

|
|
|
|
|
No changes in the chloride content of the water were observed in the
|
|
\
|
|
|
mobility, the faster the desorption.
Iron does not come into solution very easily and even in a forsterite
‘sample where the Fel content was close to 8 per cent, no water sample was

found to have more than a few parts per billion, mostly in the form of Fett,

Silica (at high pH values) initially dissolved up to about 6.45 ppm

but, as the pH decreased, its solubility went down to about 2 ppm, at which |

point it leveled off. ‘



The experiments performed in this chapter, togéther with the theo~
retical model in the previous chapte%, confirm that sorption does occur
at the water-silicate interface and allow a clear distinction between
sorptive and dispersive behavior. Yo correlation of rate constants be-~
tween model and experiment was attempted due to the experimental diffi-
culties involved in determining rate constants, especially in reactions

involving mineral systems.

10
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NERAL SUMMARY AND CONCLUSIONS

The purpose of this work was to investigate the reactions taking
place between water and the porous medium through which it flows. The
elements considerad are the surface reactions at the liquid~solid inter-
face and the flow eguations. The theoreatical model developed, coupled
with the column experiments, helps in the understgnding of the mechanism‘
of surface reactions vccurring when water percolates through a porous bed.
The results presented show that sorption is the controlling process’
effecting changes in water quality. The silicate—water system is used
because of.the abundance- and importance of the silicate minerals.

All sorption phenomena at the silicate-water interface can be con-
ceived as adjustments to produce a minimum of free energy difference
between the crystal, the surface, and the external environment.

The reactions between fhe gilicate mineral pafticles and acidified
water involve an exchange of metal ions for hydrogen ilons on the surface
of the so0lid leading to an increase of pH of the agueous phase.'

The degree of exchange as measured by the change of hjdrogen ion
activity of the water is related to the 0:3i ratio of the minerals.

The rate of sorption of cations from the mineral surface is d;termined
by the ionic mobility which is an index dependent on both the ionic size
and the cation valencg. The rate of sorption decreases from the monovalent
to the trivalent cations and from smaller to larger cations. This is the
same behavior as has been observed with ion exchange resias.

In addition to the chemical characteristics, the electrical proper-

ties of the interface are very important. The isoeslectric point of charge




of a given silicate sample determines the range of pH in which surface
reactions will occur. For this reason, a model of the electric layers
surrounding a mineral particle in suspension is constructed and the re-
sdlting equations are used to obtain a better understanding of the
reactions at the water-silicate interface.

Next, a model of flow through porous media with sorption is de-
veloped. This model shows the difference between sorption and dispersion.
The colunn experiments with various minerals substantiate the model and
furnish information about rates of sorption.

In briéf, this work shows how important it is to consider surface
reactions in studying hydrochemistry, especially when considering minerals

containing metal catioms.




NDATIONS FOR FUTURE STUDY

The hydrochemical model presented here should be further
generalized by extending it te two and three dimensions.

An interesting but complex nroblem would be to combine the modal of
sorntion presented here with diffusion and dispersion.

An experimental set-up to study surface reactions at a solid-liquid
boundary under vressure and at high temperatures should be dévised.

More minerals with various cations on the surface should be studied
to further expand the scheme of desorption rates presented here.

The hydrochemicél results presented here should be used to predict

hydrochemical behavior in the field.

Systems other than water and silicates should be studied.
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APPENDIX 1. CHEAICAL AﬁALYSES PROCEDURES

1.1 Procedure for Aluminum Analvsis in Water Samples

Type of method: colorimetric
Ontimum range: 0-3.0 ppm

Reagents: AluVer - Hach #7299 »okts,
Bleach - Hach #940 pkts.

Technique: (1) Measure 50 mls of samnle into a 125 ml erlenmever flask,
50 mls of distilled water into a second, and 50 mls standard solution
(2 ppm A2) into a third.
(2) To each flask add contents of 1 nkt., AluVer and swirl to
scolution. A pink color will develop if AL is present. ‘
(3) Immediately divide each sample into two 25 ml parts.
(4) To one portion of each add contents of 1 »kt. bleach
(#940) and swirl to mix. The pink color should disappear. ;
(5) Let stand 30 minutes and read A525 for sach sample
against its bleached countercart as reference solution, recording as A,
B, and C for pairs 1, 2, and 3, respectively.

Al‘(ppm) = 2(A-B)/(C-B)

Interference: This method is subject to slight interference from iron
(10 ppm Fe = 1 ppm AL).

1.2 Procedure for Caleium Anzlysis in Water Samnles

EDTA method, calcein indicator, indirect titration hased on H. Diehl,
"Calcein, Calganite and 90-dihydroxybenzene,” G.F.S. #199 p. 29.(1963).

1. Xeasure aliquot to contain less than 10 mg Ca into a 500 ml conical
Phillips) flask. g
for Ca < 109 ppm, take 100 mls
150~-200 ppm, 50 mls
200-400 ppm, 25 mls
400-1000 ppm, 10 mls

2. Add 5 mls each (concentrated) nitric and perchloric acids and 0.2
gms KCY and evaporate to dryness. Add 5 mls HCR (concantrated) and
evaporate just to dryness. Do not hake.

3. Cool, add 2-3 drops (conc.) HCL and 10 nls of distilled 1,0 and
warm to solution. Dilute to 100 mls with distilled water.




4. Add, swirling to miz after each addition:
(a) 0.2-0.3 mg ascorbic acid powder
(b) excess standard (0.005 M) EDTA solution (1 ml = 0.2 mg Ca)
(¢} 5 nls of 207 triethanolamine in distilled water
{d) 5 mls KOH-KCH buffer
(e) 0.05 gz of modified calcein indicator powder
A lavender (orchid) color should develon in 1~2 minutes.

5. Add s

tandard (0.005 M) Ca solution until the violet color fades and
a fluoresc

ent green color appears.

6. Back titrate dropwise with the standard (0.005 M) EDTA solution until
the green color vanishes and the non-fluorescent purple reappears. (Sen-—
sitive to 0.05 ml (1 drop) or less EDTA sln.)

Calculations: V = vol. EDTA sln - f x vol. Ca sln. where f = (vol EDTA
soln)gpq/(vol Ca soln)ged '

Ca ppm = V x 401 M (100 ml sample aliquot)
V x 802 M (50 ml sample aliquot)

=V x 1604 M (25 ml sample aliquot)

=V x 4010 ¥ (10 ml sample aliquot)

]

»

There are no interfering elements.

Solutions Required: 1. KOH-KCY Buffer - dissolve 224 gms KOH and 40 gns
XCY in water and dilute to 4 liters, Store in l-gallon polyethylene
bottle (160 g HNaOH + 30 gms NaCl may be used to make &4 liters buffer).

2, Standard Calcium Solution - 500 ppm. Dissolve 2.498 gms primary-
standard grade CaCOz in minimun HCZ and dilute to two liters. Use to che
standardization of standard LDTA solution.

3. Standard Ca solution - 0.005 M. Dissolve 2.000 gms primary-
standard grade CaCO3 in 10 mls HCY, boil off CO,, and dilute to 4 liters.
Store in a l-gallon polyvethylene bottle. Determine ratio, f, of concen-
tration of standard EDTA solution to the concentration of the Ca
solution by pipetting 10, 15, 20, and 25 ml, respectively, into 500 nl
erlenmeyer flasks, diluting to 100 wmls and titrating as directed for
sample, starting at step #4,

£ = (vol EDTA sln)grg/(vol Ca soln)geg -
(use average of the 4 values determined)

4, Standard EDTA solution - 0,005 M. Dissolve 7.446 gms primary-
standard-grade disodium ethylenediaminetetra-acetate dihydrate (GFS #365)
in distilled water and dilute to 4 liters. Store in a l-gallon poly-—
athylene bottle. Chack the wolality against 10 mls aliquots of the 500
non standard calcium solution. Pipet the 10 ml zliquot (= 5.0 mg Ca)
into a 500 nl erlenmeyer flask. Dilute to 100 wmls and treat as sample
starting in step 4. '

111
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3.3 Procodure for Chloride fnalvsis in Water Samples

g 4
t

To 25 wl samnle add 3 drops of dinhenvl carbazone bromonhenyl blue in-
dicator., Heutralize the sample with 0.05 ¥ HNQ, until blue indicator
coler zoes to weaw vellow. If T coior is not blue, add =
drop of NalH to cobtain the rate slowly with mercuric
nitrate to first permanent pi ‘

Indicator: .5 ams diphenylcarbazene + .05 gms bromophenol blue +
100 nls of 95% ethyl alcohol (kaep in a dark bottle).

Calculations: ppm = 20 (ml titration)

1.4 Procedure for Iron Analyvsis in Yater Samnlas

TPTZ ~ Extraction HMethod of Collins and Diehl (Jourazal of larine
Research, 1960).

Reagents: 2, &4, 6 ~ Tripyridyl-s-triazine (TPTZ) 0.001 M,
Dissolve 0,321 gns ot TPTZ (CFS #221) in a few drops of HCL and dilute
to 1 liter with defonlzed water.
~ Hydroxylammonium Chloride 10% (iron free) solution. Dissolva 10

ams of hydroxzylammonium chloride in 109 mls of water. Add 1 ml of
G.00L M TPTZ and 1 gm of sodium perchlorate. Add 10 ml of nitro-
benzene and shake the wixture for 1 minute. Allow the mixture to stand-
in a separatory funnel for a few wminutes and then drav off the lower
nitrobenzene layer and discard it. Store the water solution of the iron-
free hydroxylammonium chloride in a glass bottle with a plastic cap with
a polyethylene liner.

Sodium Acetate-bfcetic Acid Buffer. 2 M Sodium Acetate-2 M Acetic
Acid (iron free). Dissolve 16.4 gna of sodium acetate and 11.5 mls of
acetic acid in 100 mls of H,0. Add 1 ml of 0.001 M TPTZ, 1 ml of 10%
hyvdroxylammonium chloride solution, and 1 gm of sodium perchlorate. Add
10 ml of nitrobenzene and shake the mixture for 1 minute. Allow the
mixture to stand in a separatory funnel for a few minutes and then draw
off the lower, nitrobenzene layer and discard. Store the solution in a
glass bottle with a plastic cap with a polyethylene liner. )

Sodium Perchlorate 10% {(iron frze) solution. Dissclve 10 gms of
sodiun perchlorate in 100 mls of water. Add 1 ml of 0.001 M TPTZ and
1 m1 of 10% hydroxylammonium chloride solution. Add 10 mls of nitroben~
zene and shake the mixture for one minute., Allow the nixture to stand
in a separatory funnel for a few minutes and then draw off the lower
nltrobenzene layer and discard. Store the sclution in a glass bottle
with a plastic cap with a polyethylene liner. ' 3

Standard Ironm Solution (1) 10.0 ug Fe per ml; 1.00 pg Fe per ml,
Weigh carefully 0.0702 g of ferrous ammonium sulfate aand transfer to a
1-liter volumetric flask. Add iron-free water to dissolve the salt, add
2-5 mls-of concentrated sulfuric acid, dilute exactly to the mark with
iron—free water and mix well. Pilpet 100.0 ml of this solution into a
second l-liter volumetric flask, add 2.5 ml of sulfuric acid, dilute to
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the mark with iron-f{ree water, aﬁd mix well, The first of these solutions
ontains 10 g of iron ner ml, the second contains 1 ug of iron ner ml.
Standard Tron Solution (2) 0.050 ug Fe per ml. Pipet 50.0 ul of the

standard iron solution containing 1,00 ug Fe per ml into a 1-liter volu-
metric flask. Add 2.5 ml of sulfuric acid, dilute to the mark with

deionized water and mix well, This solution will contain 0.05 ug Fe per ml.

Cleaning of Glassware: Clean the glassware to be used with concen-
trated nitric or concentrated hydrochloric acid or a mixture of the two,
oreferably by soaking the glassware overnight.

Procedure., DPipet 100.0 ml of the water into a 125-ml separatory
funnel. Add 2.0 ml of 10%, iron-free hydroxylammonium chloride solution,
2.0 ml of 10%, iron~free sodium nerchlorate solution, 5.0 ml of 0.001 M
TPTZ, and 5.0 ml of 2 M sodium acetate-2 1l acetic acid buffer. If the
previous treatment of the sample, such as wet ashing, has introduced much
acid, neutralize with ammoniunm hydroxide to oH & to 5 as determined with
a bit of indicater paper. Add 10 ml of nitrobenzene, shake for one
minute, allow the phases to separate and gently swirl the funnel to dis-
lodge any drops of nitrobenzene clinging to the upper walls. Drain the
nitrobenzene layer into a 25-ml volumetric f£lask and repeat the extraction
with another 10-ml portion of nitrobenzene. Dilute the combined extracts
to 25.0 ml with ethanol. Measure the absorbancy of the solution at 595 =
using a 5-cm cell and a mixture of nitrobenzene and ethanol (4:1) in th@
solvent cell. Run a veagent blank through the entire operation and sub-
tract the absorbancy fouad for it from that of the unknown solutien.

Then, prepare a calibration curve following the above procedure but
using various volumes from 0 to 50 ml of the standard iron solution con-
taining 50.0 ug Fe per liter.

The above procedure gives total iron values. For Fe™ analysis
oiit the addition of 10% iron-free hydroxylammonium chloride solutiom.
liowever, standards nmust be reduced. V '

Taken from: The Iron Reagents: Bathophenanthroline, 2, 4, 6-Tripyridyl-
S-Triazine, Phenyl-2-Pyellyl Ketoxime by Harvey Diehl, and G. Frederick
Smith (GFS C.C. 1960).

1.5 Procedure for Lithium Analvsis in Water Samnles Using Atomic
Absorption Spectronhotometry .

Analvytical Solutions
Stock Solution - 1000 »pm lithium in aqueous solution

Lithium Standards - 25-ml solutions containing 2.5, 3, 7.5, and 10 ppm
lithium

‘Optimum Working Range - 1 to 10 ppm (in aqueous solution)

OPRRATING CONDITIONS




114

Instrument Settings

Yodel’ 303 “odel 290
Waveleagth - 6708 A RANGE - VIS COARSE SELECT
- VAVELENGTH ~ 335 ELEMEHT - 951.6
Slit SLIT - 5 (3 mm, 40 A) - 7 A
Source - Hollow cathode SOURCE - 15 ma LA CURRENT - 5 ma
Fuel - Acetylene FLOW! - 9.0 FUEL FLOW - 14.0
(Oxidizing Flame)
Oxidizer - Air ' FLOWZ - 9.0 ATR FLOW2S3 - 14,0

Filter FILTER - IN Red (290-1070)
Footnotes:

lon fuel flowmeters having two fleat balls, flow is indicated by the
upper {plastic) ball when the oxidant is air.

20xidant flow is the sum of the flows through the nebulizer and the
auxiliary orifice,

30n sarly instruments, ADJUST FLAME control is set to 14.00.

Acetylene pressure should be § psig. Oxidant pressure should he set to
30 psig at the bumer regulator for the Model 303, when either air or
nitrous oxide is used. ’ '

ADDITIONAL ARALYTICAL INFORMATION

Sample Preparation — The samples should be diluted to put the lithium
within the range from 1 to 10 ppm in agueous solutions.

Sensitivity and Detection Limit ~ The standard conditions provide a sen-
sitivity better than 0,07 ppm lithium for 1% absorption. It is not diffi-
cult to achieve a detection limit of 0.905 ppm lithium in aqueous solutions.

Other Analyvtical Lines — Gatehouse and Willis list a sensitivity of 15 ppm
1Li /1% absorption at 3233 A,

Flame ~ Lower temperature flames than the air-acetylene specified here
will improve the sensitivity somewhat (2 times for air-coal gas) and will
reduce the interaction with other alkali metals. See the discussion under
cesium for more information.

Lamps — Absorption depends very little on lamp current, but the current
must not be too high or the cathode will melt,



kin-Elmer bismuth lamp has a bismuth-lithium alloy cathode and can

r
d for lithiun determinations. The neon fill gas in this lamn, used
o

c
lithium 6708 A line. For routine lithium determinations, therefore, the
single-element, argon-filled 1ithium lamp is to be preferred.

ifodel 303 Hodal 290
Bi-Li Lamp Current 30 ma Source 12 ma
Slit 2 (0.1 mm, 1.3 4) Slit 2 A

1.6 Procedure for llarnesium Analysis in Water Sarnles Using Atonic
Absorntion Spectrophotometry

ANALYTICAL SOLUTIORS
Stock Solution ~ 1000 ppm magnesium in agueous solution

Magnesium Standards — 25 ml solutions containing 0.5, 1.0, 1.5, and 2.0
npr magnesium

Optimum Working Range - 0.2 to 2 ppm (in aqueous solution)

QPERATING CONDITIOHNS
Instrunmant Settines

Model 303 Modal 290

Wavelength - 2852 A PANGE - UV COARSE SELRECT

WAVELENGTH - 285 ELEMENT - 209.5
Siit SLIT -~ 5 (3 mm, 20 A) 7 A
Source - Hollow cathode SOURCE - 6 ma LAMP CURRENT ~ 4 ma
Fuel - Acetylena - FLow! - 9% FUEL TLOW - 14.0%
(Reducing flame) ’
Oxidizer - Air FLOW? -~ 8 ATR FLOW2:3 ~ 14.0

1on fuel flowmeters having two float balls, flow is indicated by the
upner (plastic) ball when the oxidant is air.

20xidant flow is the sum of the flows through the nebulizer and the
auxiliary orifice.

30n early instruments, ADJUST FLAME control is set to 14.00.
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feetylene pressure should be 8 nsic. Oxidant presgsure should he sat to
la at the burner re”u‘“to for the odel 303, ipn either air or

b
oxlde is used.
*Use a standard solution of 1 ppm magnesium and adjust th acetylene flow
to obtain maximum absorntion.

ADDITIONAL ANALYTICAL INFORIATION

Sample Prevaration - Almost any material can be analyzed for magnesium by
simply putting the sample into solution and dilutias until the magnesium
content is in the O.L to 2 ppm range. If aluminum is present at high
levels, it may be necessary to use lanthanum or strontium to remove the
potential interference.

L

A

sensitivity and Detection Limit ~ When the standard conditions are used,
the sensitivity is usually about 0.01 ppm Mg for 1% absorption. The
signal-to-noise ratio is very favorable and it is possible to achieve a
detection. limit of 0.003 ppm in aqueous solutions.

<

ther Analytical Lines - In unpublished data, D. C. Ianning has found that
the magnesium ground state line at 2025 A has a sensitivity of about 2 ppm

“ o
.

agnesium for 1% abgorptlon.

2

Flame - A rich air-acetylene flame is preferable for the determination of
magnesium by atomic sbsorption. The sensitivity of the magnesium analysis
is about the same in the air-acetylene and the air-hydrogen flames. Ex~
perience with calciun indicates that the anionic interfarences will be
smaller in an air-acetylene flame, The sensitivity is less in liquid
petroleun gas glames and the tendency toward anionic interferences is

much lncreased.

Lamps ~- The absorption of magnesium in an air~acetylene flame decreases
considerably as the lamp current is increased.

A Ca-Mg lamp is available and will save analysis time when a number of
g r v
such dual determinations must be run. The operating curreats for this
lamp are as follows:
Model 303 Model 290
15 ma 5 ma

1.7 Procedure for Potassium Analysis in Water Samples Using Atoinic
Absorntion Snectrophotometry :

ANALYTICAL SOLUTIONS

Stock Solution - 1000 ppm potassium in aqueous solution
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Potassium Standards — 25-ml solutions containing 2.5, 5, 7.5, and 19 vpn
potassiun '
Optinmunm Jorking Range ~ 1 to 10 npm (in aqueous solution)

OPERATING CONDITIONS
Instrument fettines

HModel 303 Madel 290

Wavelength — 7665 A RANGE - VIS COARSE SELECT
: WAVELENGTH* - 383 ELEMENT* - 1167.6

Slit : © SLIT - 4 (1 mm, 13 A) 7 A
Source - Arc discharge SOURCE - 350 mat LAYP CURRENT ~ 350 ma™
Fuel — Acetylene FLOW! - 9.0 FUEL FLOW - 14.0
(Oxidizer - Air)
Oxidizer - Air FLOWZ - 9.0 ATR FLOWZ>3 - 14,0
Filter FILTER - IN Red (290-1070)
Footnotes:

lon fuel flowmeters having two float balls, flow is indicated by the
upper (plastic) ball when the oxidant is air.

20xidant flow is the sum of the flows through the nebulizer and the
auxiliary orifice.

30n early instruments, ADJUST FLAME control is set to 14.00,

Acetylene pressure should be 8 psig. Oxidant pressure should be set to
30 pgig at the burner regulator for the Model 303, when either air or
nitrous oxide is used.

*Wait a few minutes after the source is turned on before making the wave-
length setting. A bright argon line near the potassium line appears
earlier and may lead to confusion if the wavelength is set immediately.

TIf drift or instability is observed after lamp warmup (20 to 30 min.),
use the next higher lamp current setting available.

ADDITIONAL ANALYTICAL INFORMATION

Sample Preparation - A wide variety of industrial and biological materials
can be analyzed for potassium by putting them into solution in a suitable
solvent. The dilution should provide a potassium concentration in the
range from 1 to 10 ppm in solution. If an acetylene flame is used, sodium




may interfere slightly if present at much hicher levels than the
potassium. This effect can be avoided by approximately matching the
sodium content of the potassium standards with that of the sample. The
match need be no batter than 207 of the amount present. )

Sensitivity and Detecticn Limit - Under the standard conditioms, the sensgi-
tivity is about 0.1 ppm potassium for 1% absorption. The detection limit
is less than 0.005 ppm potassium when scale expansion is used. Catehouse
and Willis indicate that the potassium determinaticn is more sensitive in

a rich low-temperature flane.

Other Analytical Lines - Gatehouse end Willis list a sensitivity of 5 ppm
for 1% absorption at the notassium line at 4044 A,

Interferences -~ Potassium absorption is enhanced in the presence of Na, Li
and Cs, especially in a high-temperature flame. This is discussed in more
detail in connection with cesium.

3

Lamps - A hollow cathode lamp iz also available for potassium determination
but the detection limit is poorer. Lamp currents:

Model 303 | Model 290

25 ma 10 ma

1.8 Procedure for Silica Analvsis in ¥Water Samples

All samples in this study contained low amounts of silica. The colori-
metric procedure below applies only to samples in the low range (< 12 ppn
preferably 0-5 ppm).
(1) Pipet 25 ml of sample into each of two erlenmever flasks, and 25 ml
standard (2 ppm) into a third.
(2) To each add 1 pkt molybdate powder (Hach #759) and 1 pkt acid powder
(Hach #735). .
(3) Swirl to dissolve and let stand 10 minutes.
(4) To each add 1 pkt of 0.1 gm oxalic acid (Hach #763), swirl to
solution and let stand two minutes.
(5) To #1 and #3 add 1 pkt amino acid powder (Hach #804), swirl to mix
and let stand 5 mlnutes,
(6) Read A700 for sample and standard against the blank (Flask #2).

Silica (ppm) = 2A(sample)/(A standard)

1.2 Procedure for Sodium Analysis in Water Samnles Usine Atomic
Absorption Swectrophotometry

REAGENTS
Sodium chloride
Water, freshly distilled in an all-glass still and stored in polyethylene.




AMALYTICAL SOLUTIORS

Stock Solution — 1000 ppm sodium in agueous solution

Sodium Standards - 25-ml solutions containing 1, 2, and 3 ppm sodium
Optimum Working Range -~ 0.3 to 3 ppm sodium

OPERATING COWDITIONS
' Instrument Settings

HModel 303 HModel 290
Wavelength - 5830 A ZANGE - VIS COARSE SELECT
WAVELENGTE - 295 ELEYEET.* 730.8
8lit SLIT - 3 (0.3 mm, 4 A) 7 A
Source - Arc discharge SOURCE - 700 ma® TAMP CURRENT —~ 700 ma%®
Fuel - Acetylene FLowl - 9.0 FUEL FLOW - 14.0
(Oxidizing flame)

Oxidizer - Air PLOUZ = 9.0 AIR FLOWZ2»3 -~ 14,0
Footnotes:

lon fuel flowmeters having two float balls, flow is indicated by the
upper (plastic) ball vhen the oxidant is air.

20xidant flow is the sum of the flows through the nebulizer and the
auxiliary orifice.

30n early instruments, ADJUST FLAME control is set to 14,00.

Acetylene pressure should be 8 psig. Oxidant pressure should be set to

30 psiz at the burner regulator for the Model 303, when either alr or
nitrous oxide is used.

*If drift or instability is observead after lamp warmup (20-30 min,), use

the next hisher lamp current setting available.

ADDITIONAL ANALYTICAL IWFORMATION

Samole Preparation — If soluble in aqueous solvents, almost any material
can be analyzed for scdium by simply putting the material into solution
and diluting it to the optimum anmalytical range of 0.3 to 3 ppm. TNon-

aqueous solutions require standards in the same solvent.

119




120

Sensitivity and Detection Limit -~ Under the standard conditions, the sen-

sitivity is about 0,04 ppm sodium per 1%Z absorption. An increase of about

two times will result from the use of a low-temperature flame, Since

there is very litile noise associated with this analysis, it is easy to

achieve a detection limit of less than 0,005 ppm sodium with the odel 303, ‘

A detection limit of 0.02 ppm sodium has been obtained with the lodel 290,
Slight improvements in these detection limits are obtainable by use of the
Boling burner heeds to reduce noise due to dust particles in the flame,

Other Analvtical Lines — The 3302 A resonance line of sodium yields a.
sensitivity of about > ppm sodium for 1% absorption and provides a con-
venient way to avoid the need to dilute more concentrated solutions of
gsodium,

Interferences - Robinson shows no interference from 53000 ppm Li or X on

the determination of sodium, Experience with other alkali metals in the
air-acetylene flame indicates that large concentrations of another alkali

metal will alter the proportion of the metal that is ionized, and |
since for the alkalis a considerable fraction of the metal is ionized at |
the temperature of an air-acetylene flame, a significant quantitative

error can result, This is a problem only if another alkali is present at ‘
a much higher concentration than the sodium, Sodium can be determined at

levels of less than 1 ppm, even in calecium salts, without any interference
from the calcium present.

Lamps ~ The arc discharge lamp used for the determination of sodium usually
requires about twenty to thirty minutes to warm up. Some lanps require
higher currents than the recommended 700 ma to produce a stable discharge,
Other lamps require a higher current for starting but will operate at a
lower lamp current, No current available from the Lamp Power Supply will
damage the lamp, Increase the lamp current until the arc has the charac-
teristic yellow-orange color of the sodium discharge.

of only five minutes, but does not provide the energy available from the
arc discharge lamp., Use the following operating conditions:

Model 303 , Model 290
S1it 4& (1 mm, 13 A) 20 A
Lamp current 25 ma 10 ma

1,10 Procedure for Surfactant (Anionic) Analyéis

SCOPE

; . i . .
1, This method describes a procedure for the determination of
anionic surfactants such as sodium alkyl aryl sulfonates, petroleum sul-

A hollow cathode lamp is available for sodium, It requires a warmup time
- |
fonates, and sodium or ammonium alkyl sulfates, 3Decause of the small
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quantity of compound required for a determination, 0.1 to 0.4 mg, the
method is applicable to dilute solutions and to highly colored materials
such as new or used eagine oils, Carboxylic acids and their salts do not
interfere,

METHOD SUMMARY

2. The surfactant is allowed to react with an agueous solution of
nethylene blue chloride and the resulting colored methvlene blue-surfactant

salt is extracted with chloroform. After the extracts are washed with
water the surfactant is determined colorimetrically.

APPARATUS

3. Photoeslectric Colorimeter. Any spectrophotometer or photo-
electric colorimeter equipped with an interference filter transmitting
light at 650 mu may be used., This procedure is written for a Beckman
rodel B Spectrophotometer equipped with 1 cm cells.,

4. (a) Chloroform, cp.
(b) Methvlene Blue Solution. Dissolve 0.1 g of methylene blue
chloride (USP) in 100 ml of distilled water.
(¢) iHydrochloric Acid, cp, 6 W,

APPARATUS STANDARDIZATION

5. (a) Prepare &4 standards, using a material which contains a
nreviously deternined (see Note 1) amount of the particular surfactant for
which analysis is to be made, by accurately weighing out portions to con-
tain approximately 0.0002, 0.0004, 0.0006, and 0.0008 meq (approximately
0.1 to 0.4 mg). Continue as directed in Sections 6(b) and 6(c).

Note 1. Analysis of surfactants for use in preparation of
standards can be made most rapidly by the Methylene Blua
Titration method.
(b) If the material is colored, weigh out another portion, to
contain between 0.0002 and 0.0008 meq, for use as a color blank. Treat
as in Sections 6(b) and 6(c) but omitting the methylene blue solution.

(c) Obtain a corrected absorbance for each standard by use of
the calculations in Section 7(a). Plot the corrected absorbances against
milliequivalents of surfactant.

PROCEDURE

6. (a) Weigh an amount of sample into distilled water or chloro-
form, whichever is more appropriate, so that after suitable dilution, an
aliquot portion of 20 ml or less will contain between 0.0002 and 3.0008
milliequivalents.




(b) Heasure this portion into a 125-ml separatory funnel and
add water and/or chloroform until approximately 20 ml of each is present,
Heutralize the mixture by adding 6 N hydrochloric acid dropwise, ﬁsing an
indicator paper, and add 3 or 4 drops in excess. Add 1 ml of the methy-
lene blue solution, stopper the funnel, and shake gently for 1 minute,-
venting the funnel coccasionally., Allow the fuanel to stand for 5 minutes
and carefully drain the lower (chloroform) layer into a second 125-mi
separatory funnel containing approximately 20 ml of distilled water.
Stopper the second funnel, shake it for ome minute and allow it to stand
for five minutes, Carefully drain the chloroform laver through a plug of
cotton in the vortex of a filter funnel into a 100-ml volumetrie flask.
Hake three additional extractions with 20-ml portions of chleroform. Fach
time, transfer the chloroform layer to the second funnel, wash with 20 ml
of fresh distilled water as before and collect in the volumetric flask,
Wash the filter funnel and cotton with chloroform and dilute to the mark.

(¢) Within one hour measure the absorbance relative to distilled
water using the Deckman llodel B Spectrophotometer adjusted to transmit

(d) Make a blank determination on the reagents by repeating the
entire procedure but omitting the sample.

(e) If the samnle is colored, make a color blank determination
by repeating the entire procedure on a similar sized portion of sample but
omitting the methylene blue solution.

7. (a) Correct the absorbance obtained for the sample by subtracting
the alisorbance of the reagent blank (Section 5(d)) and the absorbance of
the blank color blank by means of the following expression:

l . BxD
Corrected Absorbance = A - TeTT T E

where:

A = absorbance obtained for the sample,

B = absorbance obtained for the sample color blank,

C = weight of sample taken for sample color blank, grams,

D = welght of sample taken for analysis, grams, and

E = absorbance obtained for the reagent blank.

(b) Cbtain the milliequivalents of surfactant present from the
calibration curve. Caleculate the surfactant content of the sample by
means of the following exprassion:

' ) (109)

Anionic Surfactant content, milliequivalents/lOO g = L*%és“—"

where:
F
W

i

weight of sample contained in portion extracted.

surfactant present, obtalned from calibration curve, milliequivalents, and
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APPENDIX 2. PP:-EPM COXNVERSIONS

ppm

ppm

ppm

ppm

0.14411
0.04350
0.02558
0.04990
0.08224
0.03582

0.05373

0.11160 -

0.02820

0.01639

0.03333

0.020562

epm

epm

epm

epm

epm

epm

epm

epn

apm

epm
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